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ABSTRACT

Multidimensional nuclear magnetic resonance (NMR) spectroscopy has enabled detailed characteriza-
tions of protein structures and dynamics that are closely linked to functions. However, it leads to a large
sensitivity loss in applications to high molecular weight proteins, which is caused by spin relaxation dur-
ing the frequency discrimination period in the indirect dimension. Here, we describe a selective coher-
ence transfer scheme, which enables us to selectively observe 'H nuclei bonded to >N or '3C nuclei
with specified resonance frequencies. By utilizing this scheme, we achieved a 2.5- to 6-fold increase in
signal height per unit of time with this scheme by avoiding the relaxation loss in the indirect dimension,
as compared to the conventional two-dimensional heteronuclear correlation spectroscopy. We also
demonstrated the effectiveness of this approach with applications to the membrane protein KirBac1.1,
and characterized the functionally relevant conformational exchange process in both detergent micelles
and a reconstituted membrane environment, corresponding to the apparent molecular masses of 220 kDa
and 300 kDa, respectively.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Solution nuclear magnetic resonance (NMR) spectroscopy has
emerged as a powerful technique for studying protein structures,
interactions, and dynamics on timescales ranging from picosecond
to second, under physiological conditions. In biomolecular applica-
tions of NMR, we usually conduct multidimensional NMR experi-
ments with '>N- and/or '3C- enriched samples, by exciting the 'H
nuclei and then transferring the initial 'H magnetization to the
scalar-coupled '°N and/or '3C nuclei [ 1-5]. With these techniques,
we extend the crowded 'H NMR spectra in an additional dimension
labeled with a '>N or '3C resonance frequency, and thus we can
avoid severe signal overlaps and comprehensively analyze the
TH-15N and/or 'H-'3C correlations of proteins. In conventional mul-
tidimensional NMR experiments, the initial '"H magnetizations are
transferred to the attached >N or '3C nuclei during the preparation
and mixing periods, and then the frequency discrimination in the
indirect >N or '3C dimension is performed by recording multiple
interferograms obtained with increased delays, which are subse-
quently subjected to a Fourier transformation.

The multidimensional NMR spectroscopy has enabled detailed
characterizations of protein structures and dynamics that are
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closely relevant to physiological functions, however, it leads to a
substantial loss in sensitivity when applied to high molecular
weight proteins [6], membrane proteins [7], and proteins inside
living-cells (in-cell NMR) [8]. In these applications, the effective
rotational correlation times of proteins greatly increase and hence
a large part of the observable magnetization is lost, due to spin
relaxation during the magnetization transfer and frequency dis-
crimination periods. For example, in order to resolve the reso-
nances of proteins that differ in a few tens of Hz in the indirect
dimension, we have to evolve the magnetization for tens to hun-
dreds of milliseconds during the frequency discrimination period.
Assuming a molecular mass of over 20 kDa, which roughly corre-
sponds to a rotational correlation time longer than 10 ns as esti-
mated on the basis of Stokes’ law [9], the relaxation loss is
expected to be at least several tens of percent. This limited sensi-
tivity also greatly hampers the quantitative evaluations of protein
dynamics proved by specifically designed relaxation experiments,
such as Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion
(RD) [10-12] and chemical exchange saturation transfer (CEST)
[13] experiments, which require the quantifications of signal inten-
sities with a few percent of accuracy. Therefore, it has become
increasingly important to develop NMR methodologies that can
be extended to these biologically important, but challenging
systems.
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Although multidimensional NMR experiments are mandatory
to comprehensively analyze the NMR spectra of proteins, it is not
always necessary to cover the entire bandwidth in the indirect
dimension in practical applications. This is because we can usually
identify the signals that serve as sensitive probes for the functional
states of proteins (hereafter referred to as “probe signals”) [14-17].
Therefore, if we can selectively observe these probe signals by uti-
lizing a priori knowledge of their resonance frequencies, then we
can improve the signal sensitivity per unit of time by avoiding
the relaxation loss during the frequency discrimination period,
and characterize the functional states of proteins more deeply
and accurately from them. It would also be helpful to improve
the signal sensitivity in the relaxation experiments, because the
sensitivity loss during the relaxation delay and the requirements
to measure the multiple two-dimensional (2D) spectra usually pre-
clude us from obtaining high quality data that enable the extrac-
tions of accurate exchange parameters. To date, several
sophisticated methods for selectively observing the probe signals
have been developed [18-24]. However, because these methods
rely on the use of relatively long selective pulses or spin-lock field
irradiations, a substantial relaxation loss usually occurs during
these irradiation periods, and hence their applications to high
molecular weight proteins have been very limited. In addition,
these methods were mainly applied to simple scalar-coupled
two-spin systems, and thus their applicability to side-chain methyl
spin systems in high molecular weight proteins has not been
demonstrated [25,26].

In this report, we describe an optimized coherence transfer
scheme utilizing a single-field polarization transfer, which enables
us to selectively observe 'H nuclei bonded to >N or 'C nuclei with
specified resonance frequencies. Although the intrinsic sensitivity
and the coherence transfer efficiency were almost the same with
the conventional two-dimensional spectroscopy, we could achieve
a 2- to 6-fold increase in the sensitivity per unit of time with this
scheme by avoiding the relaxation loss in the indirect dimension.
We demonstrated that this scheme can be efficiently applied to
both the amide 'H-'°N and side-chain methyl 'H;-'3C spin systems
in high molecular weight proteins. We also incorporated the selec-
tive coherence transfer scheme in CPMG RD and CEST experiments,
and showed that we could quantitatively characterize the confor-
mational dynamics of proteins by selectively observing the probe
signals. The effectiveness of this approach was also demonstrated
with applications to the membrane protein KirBacl.1, in both
detergent micelles and a reconstituted membrane environment,
corresponding to apparent molecular masses of about 220 kDa
and 300 kDa, respectively.

2. Results
2.1. Coherence transfer by selective continuous-wave irradiations.

Considering that the signal sensitivity is dependent on the magni-
tudes of the gyromagnetic ratios of the excited and observed nuclei,
itis desirable to design experiments which directly excite and detect
'H nuclei with the highest gyromagnetic ratio among the spin 1/2
nuclei in proteins. Therefore, we focused on scalar-coupled 'H-A
(A = 3Cor I°N) two-spin systems, and aimed to observe the 'H nuclei
bonded to the A nuclei with specified resonance frequencies, by uti-
lizing coherence transfer via scalar-coupling. In order to selectively
irradiate the A nuclei, we used a selective continuous-wave (CW)
irradiation, with strength on the intermediate perturbation regime,
i.e., between the effective transverse relaxation rate and the
J-coupling constant [2], because we can selectively perturb the spin
polarization with a short irradiation time, as compared to phase- and
amplitude- modulated selective pulses.

Fig. 1a shows the proposed coherence transfer scheme in the
1H-1>N two-spin system, in which the selective CW irradiation is
applied to the scalar-coupled '°N during a 'H spin-echo sequence.
The scheme is analogous to the modified cross polarization scheme
proposed by Pelupessy and Chiarparin [20], and the single field
polarization transfer (SFPT) scheme proposed by Castellanos et al.
[27], in which selective CW irradiation is applied to the 'H nuclei,
and not to the heteronuclei. We hereafter refer to this scheme as
heteronuclear SFPT (HSFPT). In order to test this scheme, we first
applied the HSFPT scheme to the 'H-!’N two-spin system of
[indole-'>N] DL-Tryptophan (J=—98.7 [Hz]), and compared the
results with those obtained using the conventional insensitive
nuclei enhanced by polarization transfer (INEPT) scheme [28]
(Fig. 1b). We separately recorded in-phase H, and anti-phase 2H,-
N, coherences, expressed by using the Cartesian product operators
[9], by changing the phases of the >N pulses immediately before
the detection period, and then quantitatively evaluated the effi-
ciency of coherence transfer. When we used the CW field of
55 Hz, which is about half of the J-coupling constant, the in-
phase H, coherence diminished and successively evolved into the
anti-phase 2H,N, coherence as the transfer time t became longer
(Figs. 1a and S1). This result indicates that we can achieve coher-
ence transfer between the 'H and '°N nuclei by applying the CW
field to the >N nuclei, which is similar to that observed in the con-
ventional INEPT scheme (Fig. 1b). The key difference between these
two schemes is the rate of the coherence transfer, as shown in the
plots of the amounts of the coherences as a function of 7 (Fig. 1c).
In the INEPT scheme, the in-phase Hy and anti-phase 2H,N, coher-
ences oscillate with the frequency of 7/, and hence the complete
transfer to the anti-phase was achieved at around 5 ms (~1/2|J])
and the inversion of the in-phase coherence was achieved at
around 10 ms (~1/[J]). In the HSFPT scheme, the efficient transfer
to the anti-phase coherence and the inversion of the in-phase
coherence were achieved at around 9 and 13 ms, respectively,
and both were slightly longer than those in the INEPT scheme.
We also observed similar results in the 'H-!3C two-spin system
of [ring-2-'3C] L-Histidine (J = 221.7 [Hz]) (Fig. S2).

In order to gain physical insights into the coherence transfer
efficiency, we described the transfer of magnetization in a tilted
doubly rotating frame [20]. Here, we assume a weakly-coupled
TH-A two-spin system with a scalar coupling constant J, and a
CW irradiation with the amplitude of w, is applied to the A nuclei
after an initial /2 H, pulse to create an in-phase H, coherence. We
also assume that the system is on-resonance for both the 'H and A
nuclei. Then, the Hamiltonian in the doubly rotating frame can be
expressed by the following equation.

H = Wi Ax + 21JHA, (1)

We can define the tilted doubly rotating frame by performing a
rotation of —mt/2 about the y axis for both spins. The Hamiltonian in
the frame is expressed by the following equation.

HT = WA, + 21H, A, )

This Hamiltonian can be rewritten in terms of single transition
operators spanning the double quantum (DQ) and zero quantum
(ZQ) spaces.

HT = _(l)erQz + TC.]ZQx + wrfDQz + TE.]DQX

7 H, - A, _ H, +A,
ZQZ - 2 ’ DQZ - 2 (3)
7Q, = HeAc + HyAy, DQ, = HyAc — HyA,

7Q, = HyA, — HiA,, DQ, = H,A, + HiA,
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Fig. 1. Coherence transfer experiments in the 'H-'>N two-spin system using the HSFPT and INEPT schemes. (a) The pulse sequence of the '°N-selective HSFPT 'H 1D with
selective detections of the in-phase H, and anti-phase 2H,N, coherences (left). 15N-selective HSFPT 'H 1D spectra of [indole-'>N] DL-Tryptophan with different transfer times
T are shown (right). The CW field strength was set to 55 Hz. Unless otherwise specified, pulse phases are along the x axis. Filled and open rectangles represent 90° and 180°
pulses, respectively. (b) The pulse sequence of the '*N-edited INEPT 'H 1D with selective detections of the in-phase H, and anti-phase 2H,N, coherences (left). °N-edited
INEPT 'H 1D spectra of [indole-'°N] DL-Tryptophan with different transfer times t are shown (right). (c) Plots of the signal intensities observing the in-phase H, or anti-phase
2H\N, coherences as a function of 7. Dots (H,) and triangles (2H\N,) represent the experimentally observed values, and the lines represent the simulated values obtained from

the density matrix calculations.

The vector representations of the coherence transfer in the DQ
and ZQ spaces are shown in Fig. S3. If the initial density operator
can be represented as ZQ, + DQ, (Hy in the original frame), then
the coherence transfer can be represented as the precession of
the ZQ, and DQ, components around the effective field,

Weff = 4 /wff + m2J2. Under the conditions that the s value is equal
to 7|J] (|J]/2 in Hz) and the 7 refocus pulse about the z axis (7 refo-
cus pulse about the x axis in the original frame) is applied at the
center of the period, the initial density operator, ZQ, + DQ,, evolves
into the transverse component - ZQ, - DQ, (=2H,A; in the original
frame) and subsequently to - ZQ, - DQ, (=—H, in the original
frame) around the effective field, wes = v27|J|, which describes
the experimentally observed coherence transfer in the previous

section. Our numerical calculations showed that we can achieve
the most efficient transfer to - ZQ, - DQ, and the complete inver-
sion to — ZQ, - DQ,, with the total transfer times of 0.94/|J| and v2/|
J|, respectively.

Collectively, these results demonstrate that the selective
coherence transfer via scalar-coupling can be achieved by applying
the CW field to heteronuclei, if the CW field of |J|/2 Hz is
sufficiently weak to discriminate the different spins of the
microenvironments. For the backbone amide 'H-'>N (J ~ —90 Hz)
and the aliphatic 'H-'3C (J ~ 120-150 Hz) two-spin systems, the
CW field of |J|/2 Hz is usually sufficiently weak for discriminating
the different spins in proteins, thus making it feasible to apply this
scheme for selectively observing 'H signals with improved
sensitivity.
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2.2. °N-selective HSFPT 'H 1D experiments and comparisons with
TH->N HSQC

We then applied the HSFPT scheme to observe the backbone
amide 'H-'°N correlations in high molecular weight proteins, and
compared the results with those obtained from a heteronuclear
single quantum coherence (HSQC) experiment (Fig. 2a), which is
based on the conventional INEPT scheme. Fig. 2b shows the pulse
sequence for measuring the °N-selective HSFPT 'H 1D spectrum,
in which the CW field is applied to the >N nuclei to selectively
observe amide 'H-'’N correlations of interest. In the !°N-
selective HSFPT 'H 1D experiments, the in-phase H, coherence
coupled to the irradiated °N is selectively phase-inverted, and
then the differential spectrum with and without the CW irradiation
is obtained to subtract the rest of the 'H signals. As mentioned in
the previous section, we can achieve a phase-inversion of the in-
phase H, coherence most efficiently, when we use the CW filed

of |J|/2 Hz and the total transfer time of v2/|J|. However, as the

relaxation loss during the transfer period is severe in high molec-
ular weight proteins, the shorter transfer time to avoid the relax-
ation loss is optimal for achieving maximum sensitivity. At the
same time, the use of a slightly stronger CW field is beneficial
under the conditions of a short transfer time, because the in-
phase H, coherence evolves faster with the stronger CW field
(Figs. S1 and S2). In order to quantitatively evaluate these contri-
butions and find the optimal conditions for high molecular weight
proteins, we calculated a homogenous master equation for the
TH-N two-spin system, following the formalism introduced by
Allard et al. [29], which includes both the radio frequency and
relaxation superoperators. We found that we can efficiently invert
the in-phase H, coherence by using a CW field of about 50 Hz and
the total transfer time of about 12 ms for proteins with the rota-
tional correlation time of 10-30ns, therefore, we hereafter
adopted these conditions (Fig. S4). Under these conditions, we
observed 'H-°N HSQC and '>N-selective HSFPT 'H 1D spectra of
[Val-'>N] maltose binding protein bound to B-cyclodextrin (MBP)

a s b . - : d  Black: HSQC (¢,=0, 1st slice)
- selectwe HSFPT 'H 1D
i 5‘ HYSQCM o Green: *N-selective HSFPT 'H 1D, Val183
1/2 T/2 Red: *N-selective HSFPT 'H 1D, Val261
LAl i N M w ol e SM
a N 7\ 2
Hz 3-9-19
o .¢3 3 43 50 ‘ on/off
*N [ [l [ [eare]  ™N H cw ﬂ [cARP]
gl glg2 g3 g3 gl —
al
Grad_[| | I Grad__ || f\ Val261
C 'H-NHSQC *N-selective HSFPT 'H 1D 10 9 8 7
t, un= 92.6 (ms), 128 cosine and 128 sine points 4,096 scans, with and without CW H chemical shift (ppm)
16 scans / t, point Val183 e
1 - .
15N-Val] MBP 114.2 ppm I 1 R, = 80's
Val183 ”
105 " S e o
z § 1 10 9 6 g 12
§110 * / i \al181 w10 ;
= Val183 123.2 ppm E 8 Rz - 40 s
£ £ ;
%115 . . Val181 @
3 s o v 6 R 20 &
3 QSERNSSS ¥ S = 20s
£ 120 S 11 10 9 8 7 6 11 10 9 8 7 6 4 2eft
2
2125 . ** Val1s1 129.0 ppm 2
® . ""-TVa|261 0 — 11—
130 *Vaiz6i . el A‘ 16 40 64 88 112136 160 184 208 232 256 ?omplex points
67 267 467 667 867 1063 t max(ms
m 10 9 8 7 6 1 10 9 8 7 6 10 9 8 7 6 ! (ms)
"H chemical shift (ppm) "H chemical shift (ppm) H chemical shift (ppm) f
t, un= 13-2 (Ms), 32 cosine and 32 sine points 4,096 scans, with and without CW ® Experiment — Calculation  Experiment — Calculation
16 scans / t, point (X4 scale) Val183 = 14 val181 2z 14 val183
15N 2 2
N-Val] MBP vartga 142p0m | § o ) 5 o
105 i N 3 08 ~94 Hz B 0.6 ~94 Hz
e 1 10 9 8 7 6 5 04 * S 04
5110 0 / £ E 5
= 5 02 . 5 02
£ Valis3 Val181 z R LI N et
G115 [ 0 yestr=tgte T ettt 0y T T et
5 0 ) 200 -100 0 100 200 200 -100 0 100 © 200
'g 120 3 0 0 e 1 10 9 3 7 ps 1 10 9 P 7 ps ®N offset frequency (Hz) N offset frequency (Hz)
s o
2125 o 1" Val1g1 1298 pom
2 0 Val261 X =
130 et B M
11

"H chemical shift (ppm)

140 9 8 7 6

10 9 8 7 6
H chemical shift (ppm)

10 9 8 7 6
H chemical shift (ppm)

Fig. 2. 'H-">N HSQC and '°N-selective HSFPT 'H 1D spectra of ['°N-Val] MBP. (a) The pulse sequence of the "H-'>N HSQC. Unless otherwise specified, pulse phases are along
the x axis. Filled and open rectangles represent 90° and 180° pulses, respectively. Open shapes represent water selective 90° pulses. The value of the INEPT transfer time 7 is
set to 5.5 ms. The >N decoupling during acquisition is achieved with a 1.3 kHz GARP4 field [90]. The following phase cycling scheme is used: ¢1 = {x, —x}; $2 = {2(x), 2(—X)};
3 = {4(x), 4(—x)}; receiver = {x, —x, X, —x, —x, X, —X, x}. Quadrature detection is achieved via states-TPPI of phase ¢1 [91]. The duration and the amplitude of the sine-shaped
pulsed magnetic field gradient applied along the z axis: G1 = (1 ms, 25 G/cm); G2 = (1 ms, 40 G/cm); G3 = (1 ms, 15 G/cm). (b) The pulse sequence of the '*N-selective HSFPT
'H 1D. The CW field strength is set to 50 Hz, and the value of the transfer time t is set to 12 ms. 5 denotes a short delay for compensating the gradient pulse length. The
following phase cycling scheme is used: ¢1 = {—x, x}; d2 = {x, —x}; d3 = {4(y), 4(-y)}; ¢4 = {2(x), 2(—x)}; $5 = {2(—x), 2(x)}; receiver = {x, —x}. The spectra with or without the
CW irradiation are acquired alternately, and a difference spectrum between them is recorded. The 3-9-19 sequence can be replaced with a water flip-back sequence. The
duration and the amplitude of the sine-shaped pulsed magnetic field gradient applied along the z axis: G1 = (0.5 ms, 15 G/cm). (c) '"H-'>N HSQC (left) and '°N-selective HSFPT
H 1D (right) spectra of [Val-'>N] MBP. 1D slices of Val181, Val183, and Val261 extracted from the 'H-'>N HSQC spectrum are shown for comparison. The carrier frequencies
in the HSFPT spectra are set to 114.2 ppm for observing Val183, 123.2 ppm for observing Val181, and 129.0 ppm for observing Val261. The maximum t; (t; max) Was set to
52.6 ms (top) or 13.2 ms (bottom), and the signal intensities were scaled in such a way that the total measurement time is equal to that of the HSFPT 'H 1D spectra. (d)
Comparison of the signal heights between the first slice of the HSQC (t; = 0) (black) and the >N-selective HSFPT 'H 1D spectra observing Val183 (green) and Val261 (red). The
numbers of scans are the same for these experiments. The [Val-'>N] MBP sample was used. (e) Plots of the theoretical values of Shsrpr/Shsqc as a function of the number of t;
complex point or t; max, calculated with different effective relaxation rates. The increment in each t; complex point was set to 417 ps, which corresponds to the spectral width
of 2400 Hz. (f) Plots of the intensities of the Val181 and Val183 signals as a function of the >N offset frequency. The apparent FWHM values are shown. Dots represent the
experimentally observed values, and the lines represent the simulated curves obtained from the density matrix calculations.
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at 20 °C (1.~ 28 ns), and found that we were able to selectively
observe 'H amide signals from restricted >N bandwidths in the
15N-selective HSFPT 'H 1D spectra (Fig. 2c).

We then compared the intrinsic sensitivities of these two
schemes, by comparing the signal height of the first slice of
TH-15N HSQC (t; = 0) with those of the '>N-selective HSFPT 'H 1D
spectra obtained with the same number of scans. We found that
the signal heights were almost the same between them, reflecting
the fact that the total magnetization transfer times are not very dif-
ferent between these two schemes (Fig. 2d). These results indicate
that the intrinsic sensitivity of the '>N-selectice HSFPT scheme is
comparable to that of the 'H-!N HSQC. Although the intrinsic sen-
sitivity of these two schemes was almost the same, when we com-
pared the signal heights of the '>N-selective HSFPT 'H 1D spectra
with the cross sections of the 'H-'N HSQC spectra, we could
observe significant increases of 2.5- to 6-fold in the signal height
in the N-selective HSFPT 'H 1D spectra, as compared to the
'H-1>N HSQC spectrum recorded with the same measurement time
(Fig. 2c). The increase in the signal height is attributed to the fact
that the relaxation loss during the t; period is avoided in the HSFPT
spectra, and this increase in the signal height strongly depends on
the maximum length of the evolution period in the indirect dimen-
sion (t1,max), Which defines the resolution in the indirect dimension
(Fig. 2c). We should note that the increase in the signal height also
leads to the improvement in signal-to-noise ratio in the direct
dimension (Fig. S5a). This is because the experimentally observed
noise levels are similar in the direct dimension, when the 2D HSQC
and 1D HSFPT spectra are recorded with the same measurement
time and the same number of free induction decays are co-added.

We then quantitatively evaluated the increase in the signal
height in the '>N-selective HSFPT 'H 1D spectra, as compared to
the 'H-'>N HSQC spectra. The signal height, S, of a discrete Fourier
transformed spectrum can be represented by the following equa-
tions, assuming that M equidistant points between O and t; max
are sampled and n complex interferograms are co-added [2]. s*(t)
represents an envelope function, which can be described with an
effective relaxation rate R, ¢ during the t; period.

-1 £1.max
S= § €k 4
n kzos < M > ( )
s¢(t) = s°(0)exp(—Raept) (5)

In the indirect dimension of the "H-'>N HSQC spectrum, the sig-
nal height, Sysqc, can be represented using the following equation.

M-1 t
Shsqc = ns°(0) Y exp (-Rz‘e,fk 1}\“2AX> (6)
k=0

In the case of the '°N-selective HSFPT 1D spectrum, the signal
height obtained with a single scan is almost equal to the s® (0) of
the HSQC, as mentioned above, and 2 nM scans can be co-added
with the same measurement time. This is because the 2 compo-
nents (cosine and sine components) per each complex point are
recorded in the indirect dimension of the HSQC. Therefore, the sig-
nal height in the HSFPT spectrum, Sysgpr, Obtained with the same
measurement time as that in the HSQC, can be represented by
the following equation.

SHSFPT = anSe(O) (7)

In the case of the 'H-'>N HSQC spectrum of [Val-'>N] MBP, the
Ry rates of Val183 and Val261 were about 55 s~ for both resi-
dues, as estimated from the signal decay in the t; period, and the
values of t; max and M were set to 52.6 ms and 128 points, respec-

tively (Fig. S5¢). By using these parameters, the increase in signal
height in the HSFPT scheme, Sysppr/Susqe, can be calculated as
6.1, which is consistent with the experimentally observed increase
in signal height. In these calculations, the contributions of the lon-
gitudinal relaxation, which can affect the initial equilibrium mag-
netization, were not taken into account, because the 'H spin
states at the beginning of the detection period were the same
between these two schemes (in-phase H, coherernce), and the dif-
ference in the longitudinal relaxation during the HSQC or HSFPT
sequence was expected to be very small. Theoretically, under the
same experimental conditions, the increase in the signal height
in the HSFPT scheme is expected to be larger than 2.5-fold for pro-
teins with molecular masses larger than 20 kDa, which roughly
corresponds to the rotational correlation time of 10 ns [9,29]. The
increase in the signal height is also dependent on the number of
the t; complex point and t; yax, because the relaxation loss during
the t; frequency discrimination period can be partially prevented
when we reduce the number of the complex point. Fig. 2e shows
the plots of the theoretical values of Sysgpr/Susqc as a function of
the number of t; complex point or t; max, calculated with different
effective relaxation rates. For example, under the conditions of the
effective relaxation rates between 40 and 60 s~!, the increase in
signal height in the HSFPT scheme is expected to be over 3-fold
as compared to the two-dimensional HSQC with the spectral reso-
lution of 40 Hz (t;max =25 ms). These results indicate that the
increase in the signal height in the HSFPT scheme would be rela-
tively modest if we compromise the spectral resolution in 2D mea-
surements, however, at least 2-fold increase in signal height is
expected in the HSFPT scheme, which certainly represents a useful
enhancement.

We also characterized the selectivity in the >N dimension, by
recording the ’N-selective HSFPT 'H 1D spectra of Val181 and
Val183 with different '°N offset frequencies. Fig. 2f shows the plots
of the signal heights as a function of the >N offset frequency. The
apparent full widths at half maximum (FWHMs) were about 94 Hz
in both cases, showing that we can separately observe the '°N-
selective HSFPT 'H 1D spectra when the difference in the '°N res-
onance frequency is larger than about 100 Hz. Considering the dis-
persion in the resonance frequencies of the amide !°N, this
bandwidth would be sufficient for selectively observing the amide
signals of interest. In support of this notion, all of the Val amide
signals could be resolved in the '’N dimension in the !°N-
frequency-swept HSFPT 'H 1D spectra of [Val-'>N] MBP (Fig. S6a).

2.3. Applications of the HSFPT scheme to the side-chain methyl 'Hs;-'3C
spin system

To directly observe high molecular weight proteins whose
molecular mass is on the order of tens of thousands Daltons, it is
particularly beneficial to observe the 'H-'3C correlation in the
side-chain methyl 'Hs-'3C spin system, because a large enhance-
ment in the sensitivity can be achieved, derived from the methyl
transverse relaxation-optimized spectroscopy (methyl-TROSY)
effect [25,26]. In addition, the chemical shifts of the methyl car-
bons are well dispersed, reflecting the distributions of the side-
chain rotamers [30-32], making it feasible to selectively observe
the methyl signals that serve as sensitive probes by using the
HSFPT scheme. Therefore, we set out to extend the application of
the HSFPT scheme to the side-chain methyl 'Hs-'3C spin system.
We applied the HSFPT scheme, which was established in the
two-spin system, to the methyl 'H;-'>C spin system of [2-13C]
sodium acetate (J=127.1 [Hz]) (Fig. 3a). We then compared the
results with those obtained using the INEPT scheme (Fig. 3b). We
could observe the phase-inversion of the in-phase H, coherence
most efficiently when we used the CW field of 70-90 Hz and the
total transfer time of 9-11 ms (Fig. S7a). Similar results were also
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Fig. 3. Applications of the HSFPT scheme to the methyl 'H-'3C spin system. (a) The pulse sequence of the '3C-selective HSFPT 'H 1D with selective detections of the in-phase
Hy and anti-phase 2H,C, coherences (left). The CW field strength was set to 86 Hz. Unless otherwise specified, pulse phases are along the x axis. The ¢1 and ¢rec phases are
changed as described in Fig. 1a. Filled and open rectangles represent 90° and 180° pulses, respectively. Plots of the signal intensities observing the in-phase H,, or anti-phase
2H,C, coherences as a function of 7 (right). The [2-'3C] sodium acetate sample was used. (b) The pulse sequence of the *C-edited INEPT 'H 1D with selective detections of the
in-phase H, and anti-phase 2H,C, coherences (left). The ¢1 and ¢rec phases are changed as described in Fig. 1b. Plots of the signal intensities observing the in-phase H, or
anti-phase 2H,C, coherences as a function of 7 (right). The [2-'*C] sodium acetate sample was used. (c) The pulse sequence of the 'H-'>*C HMQC [25]. The value of the INEPT
transfer time 1 is set to 3.9 ms. The 3C decoupling during acquisition is achieved with a 3.3 kHz WALTZ16 field [92]. The following phase cycling scheme is used: ¢1 = {x, —x};
62 ={2(x), 2(y), 2(—x), 2(—y)}; receiver = {x, —x, —x, x}. Quadrature detection is achieved via states-TPPI of phase ¢1 [91]. The duration and the amplitude of the sine-shaped
pulsed magnetic field gradient applied along the z axis: G1 = (1 ms, 15 G/cm); G2 = (0.5 ms, 20 G/cm). (d) The pulse sequence of the '*C-selective HSFPT 'H 1D. The CW field
strength is set to 70 Hz, and the value of the HSFPT transfer time 7 is set to 11 ms. The following phase cycling scheme is used: ¢1 = {x, —x}; $2 = {2(x), 2(—x)}; receiver = {x,
—x}. The duration and the amplitude of the sine-shaped pulsed magnetic field gradient applied along the z axis: G1 = (0.5 ms, 15 G/cm). The spectra are acquired alternately
with or without the CW irradiation, and a difference spectrum between them is recorded. (e) 'H-'3C HMQC (left) and 'C-selective HSFPT 'H 1D (right) spectra of [u-2H,
1le51-"2CH3] MBP. 1D slices of Ile9, Ile33, and 11e226 extracted from the 'H-'>C HMQC spectrum are shown for comparison. The carrier frequencies in the HSFPT spectra were
set to 9.6 ppm for observing Ile33, 11.6 ppm for observing 11226, and 14.6 ppm for observing Ile9. The maximum ¢t; (t; max) Was set to 60.6 ms (top) or 15.1 ms (bottom), and
the signal intensities were scaled in such a way that the total measurement time is equal to that of the HSFPT 'H 1D spectra. (f) Comparison of the signal heights between the
first slice of the HMQC (t; = 0) (black) and the '*C-selective HSFPT 'H 1D spectra observing 11e226 (green) and Ile333 (red). The numbers of scans are the same for these

experiments. The [u-2H, Ile31-3CH;] MBP sample was used.

obtained when we used the [u-2H, Ile1-'3>CH3] MBP sample (t. -
~ 65 ns at 4°C) (Fig. S7b). These results agreed well with those
expected from the formulation in the two-spin system, indicating
that the HSFPT scheme can also be applied to the side-chain
methyl 'H;-13C spin system.

The major difference between the methyl 'Hs;-'3C four-spin and
1H-13C two-spin systems is that the maximum transfer efficiency is
lower in the methyl 'Hs-'3C spin system. In the methyl 'H3-13C
spin system, a maximum of 75% of the initial in-phase magnetiza-
tion could be phase-inverted, in contrast to the result that almost
all of the initial in-phase magnetization could be phase-inverted
in the two-spin system (Figs. 3a, S2, and S7). In order to examine
the cause underlying this difference, we conducted density matrix
calculations using the bases of the eigenfunctions for the methyl
1H;-13C spin system introduced by Kay and co-workers [26]. Our
density matrix calculations showed that the transitions involving
the outer energy levels of the spin 3/2 manifold do not efficiently
evolve during the on-resonance '>C CW irradiation, which prevents
the transfer of the 'H polarization to 3C at the maximum effi-
ciency. Since these outer transitions correspond to the outer lines
of the methyl '3C quartet, they efficiently evolve when 3C CW is
irradiated with about +] Hz offset from the '3C resonance fre-
quency, resulting in a broad '3C offset profile as compared to the

two-spin system (Fig. S8a). In high molecular weight proteins,
the relaxation rates of these outer transitions are very large, due
to the intra-methyl dipolar interactions, and hence rapidly dimin-
ish before the detection period [25]. Therefore, we can safely
neglect the contributions from these transitions and observe a
sharp offset profile similar to that obtained in the two-spin system
(Fig. S8b).

We then observed the 'H-'>C HMQC and '3C-selective HSFPT 'H
1D spectra of [u-2H, Ile51-'3CH5] MBP at 4 °C (7. ~ 65 ns), and com-
pared the signal heights between them, and found that we were
able to selectively observe the 'H methyl signals from the
restricted '3C bandwidths (Fig. 3c-e). We then compared the
intrinsic sensitivities of these two schemes, by comparing the sig-
nal height of the first slice of 'H-'>C HMQC (t; = 0) with those of
the '3C-selective HSFPT 'H 1D spectra obtained with the same
number of scans, and found that the intrinsic sensitivities of these
two schemes were almost the same (Fig. 3f). When we compared
the signal heights of the '>C-selective HSFPT 'H 1D spectra with
the cross sections of the 'H-'>C HMQC spectra, we could observe
significant increases in the signal height of 2.2- to 4-fold in the
13C- selective 'H 1D spectra, as compared to the 'H-'>C HMQC
spectrum, depending on the t; vax. Also, we were able to observe
marked increase in the signal-to-noise ratio in the direct dimen-
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sion (Fig. S5b). It should be noted that, in the HSFPT scheme, only
the '3C nuclei are irradiated and the mixing of the slow and fast
relaxing transitions is minimal. Therefore, the HSFPT scheme can
benefit from the methyl-TROSY effect similarly as in the case of
the HMQC scheme, and can be effectively applied to high molecu-
lar weight proteins.

We also characterized the selectivity in the '>C dimension, by
recording the 3C-selective HSFPT 'H 1D spectra with different >C
offset frequencies. The apparent FWHMSs were about 92 Hz when
using the CW field of 70Hz and the transfer time of 11 ms
(Fig. S8b). In the '3C-frequency-swept 'H 1D spectrum of MBP
recorded with the static magnetic field strength of 14.1 Tesla
(600 MHz 'H frequency), we could not separately observe some
I[le methyl signals in a crowded region. However, we were able
to resolve these signals with the static magnetic field strength
of 22.3 Tesla (950 MHz 'H frequency), reflecting that the differ-
ence in the resonance frequency linearly increases with the static
magnetic field strength (Fig. S6b). These results support the utility
of the ultra-high field NMR and the feasibility of applying this
scheme to the side-chain methyl groups in high molecular weight
proteins.

2.4. Applications of the HSFPT scheme to relaxation experiments

We applied the selective HSFPT scheme to relaxation experi-
ments, to maximize the sensitivities. We designed the CPMG RD
and CEST experiments with !°N- or '3C-selective observations, by
either replacing the INEPT sequence with that of the HSFPT, or sim-
ply adding the >N- or 3C-selective HSFPT sequence just before the
detection period. Fig. 4a shows the pulse sequences for a !3C-
selective HSFPT '3C single quantum (SQ) CPMG RD experiment,
based on the reported 2D version of the sequence [33]. As com-
pared to the 2D version of the sequence, the forward and reverse
INEPT blocks were replaced with the HSFPT sequences using the
CW field of 90 Hz and the transfer time of 6 ms, and the t; fre-
quency discrimination period was removed. We tested this
sequence using the [u-?H, Iled1, Leus2, Valy2-'3CHs] T4 lysozyme
mutant (7. ~ 30 ns at 4 °C), which exists in a two-state exchange
process with an exchange rate (kex) of about 610s~! [34,35]
(Fig. 4b), and confirmed that accurate exchange parameters could
be obtained by fitting the dispersion curves (Fig. 4c). We should
note that substantial increases in the signal height up to 3.4-fold
were observed, and the errors in the dispersion profiles signifi-
cantly decreased with the HSFPT scheme.

We also designed the pulse sequences of >N SQ CPMG RD
[36], 'H SQ CPMG RD [37], and '>N CEST [13] with '>N-selective
observations for the 'H-!°N two-spin system (Figs. S9 and S10);
and 'H-'3C multiple quantum (MQ) CPMG RD [38] and '3C CEST
[39] with '3C-selective observations for the methyl 'H3-'3C spin
system (Figs. 5a and S11), based on the reported 2D versions of
the sequences. By applying these sequences to the FF domain
[40,41] and the T4 lysozyme mutant [34], we confirmed that
the microsecond-to-millisecond conformational exchange pro-
cesses could be characterized with sufficient accuracy and
improved sensitivity per unit of time. We should add that, in
the applications to the H-based relaxation analyses ('H SQ CPMG
RD and 'H-'3C MQ CPMG RD), signal artifacts were observed by
simply replacing the INEPT sequence with that of the HSFPT,
because the magnetization transfer pathways were less rigorously
selected in these 'H-based experiments (Fig. S12). In these cases,
we could efficiently remove these artifacts by adding the whole
15N/13C-edit 'H 1D HSFPT sequence just before the detection per-
iod instead of replacing the INEPT sequence to that of the HSFPT
(Fig. 5a and S9b).

2.5. Comparisons with other selective polarization transfer
experiments.

We compared the sensitivity and selectivity of the HSFPT
scheme with those obtained with other selective coherence trans-
fer schemes. In this section, we will mainly focus on the compar-
ison with the selective cross polarization (CP) scheme, in which
the weak spin-lock fields are simultaneously applied to both
scalar-coupled nuclei to transfer the polarization, based on the pre-
vious report that the selective CP scheme showed superior sensi-
tivity and selectivity to those obtained with selective INEPT or
selective excitation schemes [19,20,24].

We first compared the signal height of the HSFPT scheme with
that of the selective CP scheme in the 'H-'>N two-spin system
(Fig. S13a). Fig. S13b shows the comparisons between the '°N-
selective 'H 1D spectra obtained with the HSFPT and the selective
CP schemes. Although both schemes exhibited similar signal sensi-
tivities for [indole-'>N] DL-Tryptophan, the HSFPT scheme exhib-
ited about a 1.8-fold higher signal height for ['°N-Val] MBP
(tc ~28ns at 20°C) than that obtained with the selective CP
scheme. This is because the HSFPT scheme requires a shorter trans-
fer time than the selective CP scheme (total 12 ms in the HSFPT vs.
21.6 ms in the selective CP), and hence the relaxation loss is smal-
ler in the HSFPT scheme. These results support the notion that the
HSFPT scheme is more beneficial in applications to the 'H-'°N two-
spin systems of high molecular weight proteins, as compared to
the selective CP scheme.

We also compared the sensitivities in the methyl "H3-'3C spin
system, and demonstrated that the HSFPT scheme exhibited about
3.7-fold higher signal height than that obtained with the selective
CP scheme (Figs. S13c and d). Notably, we could observe an increase
in the signal height by using the HSFPT scheme, although the trans-
fer time of the HSFPT scheme was not much different from that of
the selective CP scheme in the methyl 'H5-'3C spin system (total
9 ms in the HSFPT vs. 10.6 ms in the selective CP), and the increase
in the signal height was commonly observed for both [2-13(C]
sodium acetate and [u-2H, Ile51-3CH;] MBP (7. ~ 65 ns at 4 °C).
Our density matrix calculations showed that, in the selective CP
scheme, the initial in-phase Hy coherence was converted to the
in-phase 0.29 x C;x coherence, whereas the initial in-phase Hy
coherence was converted to the anti-phase 0.84 x 2C,H, in the
HSFPT scheme. These results indicate that the polarization transfer
efficiency is intrinsically low in the methyl 'Hs-'3C spin system,
which is in contrast to the result that almost complete polarization
transfer from the initial in-phase Hy to the in-phase Ny can be
achieved in the 'H-'°N two-spin system, if the relaxation loss is
not considered (Fig. S13e). From these results, we concluded the
HSFPT scheme shows superior performance in sensitivity, not only
with high molecular weight proteins but also with smaller ones. It
should also be noted that the continuous irradiations on 'H can lead
to the mixing of the slow and fast relaxing transitions and hence
accelerate the relaxation loss during the transfer period, further
supporting the effectiveness of the HSFPT scheme, especially in
the methyl 'Hs-'3C spin systems of high molecular weight proteins.

Second, we compared the selectivity of the HSFPT scheme with
that of the selective CP scheme. We measured the '’N- or 3C-
frequency-swept spectra and compared the FWHMs between
these two schemes. In the 'H-!°N two-spin system, the apparent
FWHM in the HSFPT scheme was about 94 Hz with the CW field
of 50 Hz and the transfer time of 12 ms, as shown in the '>N-
frequency-swept  spectra of [!°N-indole] DL-Tryptophan
(Fig. S13f). In contrast, the apparent FWHM in the selective CP
was about 42 Hz with the spin lock field of 40 Hz and the transfer
time of 10.8 ms, which were nearly the optimal conditions for the
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Fig. 4. '>C SQ CPMG RD experiment with the HSFPT scheme. (a) The pulse sequence of the '*C-selective HSFPT '*C SQ CPMG RD experiment. Unless otherwise specified, pulse
phases are along the x axis. Filled and open rectangles represent 90° and 180° pulses, respectively. Open shapes represent water selective 90° pulses. The CW field strength is
set to 90 Hz, and the value of the HSFPT transfer time T, is set to 6 ms. The value of the delay Ty, is set to 4 ms. 5 denotes a short-delay for power-switching. The '>C decoupling
during acquisition is achieved with a 3.3 kHz WALTZ16 field [92]. The following phase cycling scheme is used: ¢$1 = {x, —x}; $2 = {2(x), 2(—x)}; receiver = {x, —x, —x, x}. The

duration and the amplitude of the sine-shaped pulsed magnetic field gradient applied along the z axis: G1 = (0.5 ms, 4 G/cm); G2 =

G4 =(0.5ms, 8 G/cm); G5 =

(1 ms, 25 G/cm); G3 = (0.3 ms, 12 G/cm);

(0.3 ms, —10 G/cm); G6 = (0.7 ms, 8 G/cm). (b) 'H-'3C HSQC spectrum of [u-2H, Ile1, Leus2, Valy2-'3CH;] T4 lysozyme mutant and 1D slices of

Val71, Val103, and Val149 extracted from the 2D '*C SQ CPMG RD spectra are shown [33] (left). The 1D spectra of >C-selective HSFPT '*C SQ CPMG RD experiments observing
Val71, Val103, and Val149 are shown for comparison (right). The results of the reference (black), vcpmc = 50 Hz (blue), and vepyg = 1,000 Hz (red) are overlaid. (c) '3C SQ
CPMG RD curves of Val71, Val103, Val149, and Ile150 obtained from the 2D experiments (left), and the 1D HSFPT experiments (right).

selective CP transfer (the spin lock field of v/3|J|/4 Hz and the
transfer time of 1/|J]). A comparison of these two results indicated
that the selective CP could achieve about 2.2-fold better selectivity
in the >N dimension, owing to the use of the weaker CW field and
the longer transfer time. However, under these conditions, rela-
tively large sidebands were observed in the selective CP experi-
ment, which were caused by off-resonance dips observed at
around +J Hz in the excitation profile [20]. In order to obtain a
clean excitation profile in the selective CP scheme, the stronger
spin lock field of 70 Hz, which roughly corresponds to 3|J|/4 Hz,

should be used. Under these conditions, the apparent FWHM in
the selective CP scheme was about 77 Hz, which was comparable
to that obtained with the HSFPT scheme. In the methyl 'Hs-13C
spin system, the selectivity in the '>C dimension was comparable
between these two schemes, as demonstrated by the results that
the FWHMs in these two schemes were almost the same in the
13C-frequency-swept spectra of [u-?H, Iles1-'*CH;] MBP
(Fig. S13g). This is because the strength of the CW field and the
transfer time are nearly the same in both the selective CP and
HSFPT schemes.
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Collectively, we concluded that, as compared to the selective CP
scheme, the HSFPT scheme shows better performance in sensitivity
and a comparable selectivity under practical conditions in both the
TH-'5N and methyl 'Hs-'3C spin systems of high molecular weight
proteins. The loss of sensitivity is one of the critical factors limiting
the applications of NMR to high molecular weight proteins; there-
fore, the sensitivity gain in the HSFPT scheme is a major advantage
over the selective CP and other selective polarization transfer
schemes. However, when we consider the applications to relax-
ation experiments, the selective CP has still a big advantage over
the HSFPT scheme that the selective CP results in the in-phase
15N or '3C coherence, which has a favorable relaxation property
as compared to the anti-phase coherence. Therefore, the selective
CP is sometimes preferred for relaxation measurements in the
applications to the 'H-'>N or 'H-!3C two spin system, and the
application of the HSFPT is beneficial especially in the applications
to the methyl 'Hs-!3C spin system, where the selective CP is not
very efficient.

2.6. Applications of the HSFPT scheme to a high molecular weight
membrane protein, KirBac1.1

To demonstrate the effectiveness of the HSFPT scheme, we
applied the scheme to the membrane protein KirBac1.1, which
has an apparent molecular mass of over 200 kDa as a tetramer in
detergent micelles [42,43]. KirBac1.1 is a prokaryotic homologue
of an inwardly rectifying potassium channel in eukaryotes, and
86Rb* intake assays and electrophysiological analyses of KirBac1.1
have shown that the channel exhibits a basal K*-permeation activ-
ity in the absence of ligands [44-46]. Although the crystal structure
of KirBac1.1 has been solved, the K*-permeation gate located in the
transmembrane (TM) region adopted a closed conformation, and
therefore the molecular mechanism for the basal K*-permeability
of the channel has remained unclear. Previously, we have shown
that the TM region exists in a conformational exchange process
on the microsecond to millisecond time scale, and proposed that
the conformational plasticity of the TM region is responsible for
the basal K*-permeability [47]. However, quantitative evaluations
of the exchange process were quite difficult, due to the protein’s
large molecular weight.

To quantitatively characterize the conformational dynamics of
the TM gate, we conducted the 'H-'>C MQ CPMG RD experiment
with the HSFPT scheme on [u-2H, Iled1-'>CH3] KirBac1.1 in n-
dodecyl-pB-D-maltopyranoside (DDM) micelles. The protein has
an apparent molecular mass of about 220 kDa, assuming the
DDM micelle size of 72 kDa (Fig. 5b). We set the '3C frequency
on-resonance to the Ile138 residue ('>C 12.9 ppm), which exhib-
ited a significant exchange contribution in our previous analyses
[47]. Under these conditions, we could simultaneously observe
the 1le89 signal, with a 3C chemical shift similar to that of
[le138. Fig. 5b shows the comparisons of the signal sensitivities
between the HSFPT scheme and the reported 2D HMQC-based
scheme, which clearly indicated that a significant increase in the
signal height, up to 4-fold, was achieved by incorporating the
HSFPT scheme. Thanks to the increase in the sensitivity, we were
able to detect a large dispersion for Ile138, as well as a small but
significant dispersion for 11e89 (Fig. 5c). By fitting the dispersion
curves to the theoretical formula assuming a global two-state
exchange [38], we obtained the exchange rate of 920+ 2605 !
and the minor state population of 11 + 7%. The obtained chemical
shift differences were larger in the '3C direction than the 'H direc-
tion for both residues, consistent with our previous results that the
exchange contributions for the differential MQ relaxation rates
were relatively small and the 'H chemical shift differences were
expected to be small for both residues [47]. From the peak shift
analysis between the 'H-'>C HSQC and HMQC spectra [48]

(Fig. S14a), we estimated the population of the major state with
the lower field value of the '3C chemical shift (L state) to be 89%,
and the minor state with the higher field value of the *C chemical
shift (H state) to be 11%. Using these kex and population values, the
lifetimes of the L and H states were estimated to be 9.6 ms and
1.2 ms, respectively. These values are reasonably consistent with
the single channel behaviors of KirBac1.1, in which the duration
times of the different K*-conducting states are on the order of 1
to 100 ms [46], supporting our proposal that the observed confor-
mational exchange process is closely related to the regulation of
the K*-permeation.

To further investigate the functional implications of the
observed exchange process, we analyzed a mutant with the substi-
tution of a positively charged residue located on the membrane
interface, Arg148, which forms intra-subunit interactions between
the transmembrane helices. We conducted 86Rb* intake assays to
evaluate the K*-permeability, and found that the R148K mutant
exhibited higher K'-permeability than that of the wild type
(Fig. S14b). We then measured the 'H-'>C HMQC spectrum of the
R148K mutant, and found that the Ile138 signal was split into
two signals, with chemical shifts roughly corresponding to those
of the H and L states in the wild type (Figs. S14c and d). These
observations strongly suggested that the R148K mutant exists in
a similar conformational equilibrium to that observed in the wild
type, and the exchange rate between these two states is slowed
down in the R148K mutant. The two Ile138 signals in the R148K
exhibited the similar signal intensities, reflecting the fact that the
H and L states are nearly equally populated in the mutant, and that
the population of the H state is significantly higher than that in the
wild type. Together with the results of the 8Rb* intake assays, we
presumed that the H state is responsible for the high K'-
permeability.

To further validate this model, we conducted molecular dynam-
ics simulations to evaluate the rotameric state of Ile138. The '3C
chemical shifts of the Iled1 methyl carbon reflect the distributions
of the side-chain y, angles (gauche-: 9.3 ppm, trans: 14.8 ppm),
and the higher filed value of the '>C chemical shift indicates that
the fraction of the gauche- conformation is increased [31]. We used
two coordinates as the initial structures, the crystal structure of
KirBac1.1 in which the transmembrane K'-gate adopts the closed
conformation and Ile138 adopts a trans rotamer (closed structure),
and the homology model constructed from the crystal structure of
the KirBac3.1 S129R mutant, in which the K*-gate adopts the open
conformation (open structure) [49] (Fig. S14e). During the 20 ns
simulation using the closed structure, the side chain of Ile138
mainly adopted the trans rotamer, because the formation of the
gauche- rotamer was prevented by the steric hindrance with the
side-chain of Met135 (Figs. S14e and f). In contrast, during the sim-
ulation using the open structure, the Ile138 side chain adopted
both the trans and gauche- rotamers to similar extents, because
the orientation of the transmembrane helix was changed and
fewer van-der-Waals contacts were formed in the open structure.
We calculated the fractions of the gauche- rotamer from the
20 ns trajectories, and found that the fraction of the gauche- rota-
mer in the open structure (55%) was significantly larger than that
in the closed structure (11%) (Fig. S14f). These results also support
our notation that the H state, defined in the NMR analyses repre-
sents the conformation, which is responsible for the high K'-
permeability.

To confirm that the observed conformational exchange process
in the DDM micelles reflects that in a native membrane environ-
ment, we conducted 'H-'>C MQ CPMG RD experiments using
[u-2H, TIled1-3CH;] KirBacl.1 reconstituted into nanodiscs
(KirBac-nanodiscs), which closely mimic KirBac1.1 in the native
membrane environment [50,51] (Fig. S14g). Despite the lower
sample concentration and the increased apparent molecular mass
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Fig. 5. '"H-'3C MQ CPMG RD experiments of KirBac1.1 with the HSFPT scheme. (a) The pulse sequence of the '>C-selective HSFPT 'H-'3C MQ CPMG RD experiment. Unless
otherwise specified, pulse phases are along the x axis. Filled and open rectangles represent 90° and 180° pulses, respectively. The values of the delays t, and 1}, are set to 3.4
and 1.0 ms, respectively. The CW field strength is set to 90 Hz, and the value of the HSFPT transfer time 1. is set to 8 ms. The '*C decoupling during acquisition is achieved with
a3.3-3.6 kHz WALTZ16 field [92]. A 40 ms 'H spin-lock field (10 kHz, y axis) is applied after acquisition (SLy), which eliminates the transverse components of magnetization
[93]. The following phase cycling scheme is used: ¢1 = {x, —x}; $2 = {2(y), 2(—y)}; &3 = {4(x), 4(y)}; receiver = {x, —x, X, —X, —X, X, —X, x}. The duration and the amplitude of the
sine-shaped pulsed magnetic field gradient applied along the z axis: G1 =(1 ms, 5 G/cm); G2 = (0.6 ms, 20 G/cm); G3 = (0.2 ms, —20 G/cm); G4 = (1.2 ms, —24 G/cm); G5 =
(0.6 ms, —24 G/cm). The spectra with or without the CW irradiation are acquired alternately, and a difference spectrum between them is recorded. (b) "H-*C HMQC spectrum
of [u-2H, lled1-'3CHs] KirBac1.1 in the DDM micelles, and 1D slices of Ile89 and Ile138 extracted from the 2D 'H-'3C MQ CPMG RD spectra are shown [38] (left). The 1D spectra
of 13C-selective HSFPT 'H-'3C MQ CPMG RD experiments observing 11e89 and Ile138 are shown for comparison (right). The results of the reference (black), Vepwg = 50 Hz
(blue), and vcpymc = 1,000 Hz (red) are overlaid. The mapping of I1e89 and Ile138 on the crystal structure of KirBac1.1 is shown (PDB ID: 1P7B)[43]. Only two facing subunits of
the tetramer are shown for clarity. (c) "H-'>C MQ CPMG RD curves of 11e89 and Ile138 obtained from the 1D HSFPT experiments. The results obtained with KirBac1.1 in the
DDM micelles are shown on the left, and those obtained with KirBac1.1-nanodiscs are shown on the right.

of the KirBac-nanodiscs, which was estimated to be about 300 kDa Taken together, these results demonstrate that the conforma-
[52], we were able to obtain dispersion curves by utilizing the tional exchange process of the TM region is closely related to the
HSFPT scheme (Fig. 5¢). If we assumed that the '*C and 'H chemical regulation of the K'-permeability across the membrane, and the
shift differences between the two states were the same in the DDM shift in the relative populations of the two states is the underlying
micelles and in the nanodiscs, then we could obtain the exchange mechanism for the increased K'-permeability in the R148K
rate of 1790 + 530 s~! and the minor state population of 13 3% in mutant.

the nanodiscs. We found that the relative populations of the two

states were nearly the same in the DDM micelles and nanodiscs.

The small difference in the exchange rate probably reflects the fact 3. Discussion

that the structure of the transition state between the two exchang-

ing states is slightly stabilized by ~0.4 kcal/mol in the membrane In this study, we developed the HSFPT scheme, which enables
environment. us to selectively observe the 'H nuclei bonded to the '3C or >N
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nuclei, with specified resonance frequencies. We demonstrated
that '>N- or '3C-selective 'H HSFPT spectra can be obtained in
the 'H-'>N and methyl 'H3-'3C spin systems in high molecular
weight proteins, and a significant improvement in the sensitivity
per unit of time can be achieved by avoiding the relaxation loss
during the frequency discrimination period. We also applied the
HSFPT scheme to the CPMG RD and CEST experiments. The effec-
tiveness of the scheme was demonstrated in the applications to
KirBac1.1 in both detergent micelles and a reconstituted mem-
brane environment, corresponding to the apparent molecular
weights of 220K and 300 K, respectively. We revealed that the
TM region forming the K*-gate exists in a conformational exchange
process that is closely linked to the regulation of the K'-
permeability across the membrane.

Although we have mainly focused on the improvement in sen-
sitivity so far, we should note that the scheme also greatly
improves the time resolution in applications to real-time NMR
[53], when the signals of interest are unresolved in the 'H dimen-
sion. Under the white Gaussian noise assumption, the n-times gain
in sensitivity results in n?>-times improvement in the time resolu-
tion with the same sensitivity, making it possible to characterize
faster kinetic processes and/or obtain accurate kinetic parameters
with the HSFPT scheme. It should also be noted that the HSFPT
'H 1D measurement requires a minimum of two scans to measure
one 1D spectrum, therefore the incorporation of the HSFPT scheme
would also help in reducing the sampling intervals. Furthermore,
the HSFPT would be also useful for the analyses of spin connectiv-
ity, by incorporating the selective off-resonance methods such as
CODED and spin-state selective off-resonance decoupling (SITAR)
[54-56].

When we consider net coherence transfer efficiency from the
in-phase Hy coherence to the anti-phase 2H\N,/2H,C, coherence,
the transfer efficiency is usually lower in the HSFPT scheme than
in the INEPT scheme, because the transfer time is longer in the
HSFPT scheme (9.9 ms in the HSFPT and 5.6 ms in the INEPT for
the "H-">N spin system, and 6.0 ms in the HSFPT and 3.9 ms in
the INEPT for the 'H3-'3C methyl spin system). Thus, the increase
in the signal height in the HSFPT scheme is achieved solely by
avoiding the relaxation loss in the frequency discrimination period,
which compensates the lower transfer efficiency of the HSFPT
scheme. When we compare the coherence transfer efficiency with
other transfer schemes in the case of highly deuterated proteins,
the transfer efficiency is expected to be lower in the HSFPT scheme
as compared to the relaxation optimized coherence transfer
schemes, such as TROSY [57], cross-correlated relaxation-induced
polarization transfer (CRIPT), cross-correlated relaxation-
enhanced polarization transfer (CRINEPT) [58,59], polychromatic
selective polarization inversion (PC-SPI) [60], and the other opti-
mally designed coherence transfer schemes utilizing optimal con-
trol theory [61-63]. However, the HSFPT scheme enables us to
observe the '"H NMR signals from the restricted >N-bandwidth,
hence the scheme is quite advantageous when the >N resonance
frequency of the signal of interest is available. In addition, we
should note that these relaxation optimized sequences have been
focused on the main-chain 'H-'>N and aromatic side-chain
'H-13C two-spin systems, and the coherence transfer scheme that
can be applied to the "H;-'3C methyl spin system has not been well
established so far. Since methyl groups are highly sensitive and
exhibit favorable relaxation properties in high molecular proteins,
the HSFPT would be quite beneficial in the applications to high
molecular weight proteins with molecular masses on the order of
hundreds of kDa.

Liu and Prestegard have developed MD-DIRECT, in which NMR
signals from a restricted '>N-bandwidth can be recorded without
coherence transfer by utilizing a N/'3C frequency selective
decoupling [64]. The higher signal sensitivity can be achieved in

the MD-DIRECT method as compared to the HSFPT scheme in
ultra-high molecular weight proteins, because the MD-DIRECT
scheme is completely free from sensitivity losses during the coher-
ence transfer period. However, the HSFPT is still advantageous in
some points. First, the NMR signals obtained with the HSFPT
scheme exhibit singlet line-shape, which is in contrast to the
MD-DIRECT scheme which results in a triplet line-shape with cen-
tral and outer lines of opposite phase. The single line-shape is bet-
ter suited for quantitative analyses as compared to the triplet line-
shape, especially when multiple signals are observed and degener-
ated in the 'H dimension. Second, the selectivity in the >N/3C fre-
quency is higher in the HSFPT, because we can use weaker radio
frequency fields in the HSFPT scheme than in the MD-DIRECT
method.

One of the major drawbacks of the HSFPT scheme is that the
information of the resonance frequencies must be used. For exam-
ple, in the CPMG RD experiments using the HSFPT scheme, we have
to know the resonance frequencies of the signals that exhibit sig-
nificant dispersions in advance. This application is apparently
unrealistic; however, it is usually easy to roughly estimate the
exchange contributions by recording several vcppg points, or by
simply measuring the transverse relaxation rates. In addition, the
numbers of signals that show significant exchange contributions
are very limited in many cases [65-67]. Therefore, an effective
approach would be to first identify the feasible candidates for the
selective observation, and then observe these signals with
improved sensitivity by using the HSFPT scheme. Another draw-
back is that the HSFPT scheme is relatively susceptible to the arte-
facts originating from the strong nearby signals, or signals from
unwanted magnetization transfer pathways. This is because the
Fourier transformation is not performed in the indirect dimension,
which usually shifts these artefacts to the centers or edges of the
spectral window. Therefore, care should be taken to avoid observ-
ing these artefacts, especially when the signal of interest is located
in a crowded region.

In conclusion, we established the HSFPT scheme that enables us
to selectively observe the 'H nuclei bonded to '>C or >N nuclei
with specified resonance frequencies. By utilizing the HSFPT
scheme, we achieved significant improvements in the sensitivity
as compared to the conventional 2D experiments based on the
INEPT scheme, in the applications to high molecular weight pro-
teins. Most multidimensional NMR experiments exploit the INEPT
transfer scheme, and the INEPT block can be relatively easily
replaced with the HSFPT block, therefore the HSFPT scheme can
be similarly incorporated into other types of NMR experiments,
such as Ry, Ry, ZZ-exchange [68], and heteronuclear-edited NOESY
experiments, in a similar way as we demonstrated in the applica-
tions to the CPMG RD and CEST experiments. From these view-
points, the HSFPT scheme would serve as a general scheme in
biomolecular applications of NMR, and would further facilitate
the investigations of structural dynamics of biologically important
proteins with high molecular weights, which have been difficult to
analyze by conventional NMR methodologies.

4. Methods
4.1. Sample preparations

The ['°N-indole] DL-Tryptophan (CIL) was dissolved in 90% H,0
and 10% D,0 solution at a concentration of 20 mM. The [ring-2-13C]
L-Histidine (CIL) was dissolved in 99% D,0 solution at a concentra-
tion of 20 mM. The [2-'3C] sodium acetate (CIL) was dissolved in
99% D,0 solution at a concentration of 50 mM.

The E. coli MBP (residues 1-370) protein was expressed in E. coli
cells. For '°N-Valine labeling, the plasmid encoding MBP was trans-
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formed into E. coli ML24 cells (Addgene bacterial strain #61915)
[69,70], and the cells were grown in M9 medium supplemented
with 50 mg/L °N-Valine and other non-labeled essential amino
acids. For methyl selective labeling, the plasmid encoding MBP
was transformed into E. coli BL21-CodonPlus(DE3)-RP cells (Agilent
Technologies). The cells were grown in deuterated M9 medium,
and 50 mg/L of [methyl-'3C,3,3-2H,]-a-ketobutyric acid (for Iles1)
was added 1 h prior to the induction [71]. The proteins were puri-
fied sequentially with Q sepharose (GE) and Amylose Resin (New
England Biolabs), as described previously [47]. The NMR sample
consisted of 0.5-0.8 mM MBP, 2 mM B-cyclodextrin, 20 mM
sodium phosphate buffer (pH 7.2), 3 mM NaNjs, and 0.1 mM EDTA,
in 10% D,0 (for ['°N-Val] MBP) or 99% D,O0 (for [u-2H, Ile51-'3CHs]
MBP).

The C54T, C97A, L99A, G113A, R119P T4 lysozyme mutant (resi-
dues 1-164) was expressed in E. coli BL21-CodonPlus(DE3)-RP cells
(Agilent Technologies). For methyl selective labeling, the cells were
grown in deuterated M9 medium, and 50 mg/L of [methyl-'3C,
3-2H,]-a-ketobutyric acid (for Iles1) (CIL) and 300 mg/L of [2-
methyl '3C, 4-?Hs]-acetolactate (for Leus2 and Valy2) (NMR-Bio)
were both added 1 h prior to the induction [71,72]. The protein
was purified sequentially on Hitrap SP (GE) and 26/60 Superdex
75 pg (GE) column, as described previously [34,35,73]. The NMR
sample consisted of 1.2 mM T4 lysozyme mutant, 50 mM sodium
phosphate buffer (pH 5.5), 25 mM NaCl, 3 mM NaNs, and 2 mM
EDTA in 99% D,O0.

The HYPA/FBP11 FF domain (residues 250-319), including an
N-terminal GST-tag, was expressed in E. coli BL21-CodonPlus
(DE3)-RP cells (Agilent Technologies) and purified as described
previously [41,47]. The protein was first purified with Glutathione
sepharose (GE). After the cleavage of the GST-tag with thrombin
(Sigma-Aldrich), the FF domain was further purified using a Hitrap
SP column (GE). The NMR sample consisted of 0.6-1.0 mM FF
domain, 20 mM potassium phosphate buffer (pH 6.8), 50 mM Na(l,
0.2 mM NaN3, and 0.1 mM EDTA in 10% D,0.

The KirBac1.1 (residues 1-321) protein, including an N-terminal
His10-tag and an HRV-3C protease recognition site, was expressed
in C41(DE3) E. coli cells (Lucigen) and purified as described previ-
ously [43,47]. The cells were grown in deuterated M9 medium,
and 50 mg/L of [methyl-'3C,3,3-2H,]-a-ketobutyric acid (for Ile51)
was added 1 h prior to the induction [71]. First, the protein was
solubilized with 30 mM of n-decyl-B-D-maltoside (DM) (Dojindo)
and purified with HIS-Select resin (Sigma-Aldrich). After cleavage
of the His10-tag with HRV-3C protease (Novagen), the protein
was further purified by size exclusion chromatography on a Super-
dex 200 Increase 10/300 GL (GE). The DM was exchanged on a
DEAE sepharose column (GE) to n-dodecyl-d25-B-D-maltoside
(FB Reagents). The NMR sample consisted of 0.2-0.4 mM KirBac1.1
(as a monomer), 10 mM HEPES-KOH (pD 8.0), 100 mM KCl, 1 mM
EDTA, and 10 to 20 mM n-dodecyl-d25-B-D-maltoside in 99%
D,0. For the nanodisc reconstitution, a lipid mixture comprising
75% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE) and 25% 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-
rac-glycerol) (POPG) (w/w) (Avanti Polar Lipid) was dissolved in
30mM DM. The MSP1 protein was prepared as previously
described [74,75]. The His-tagged KirBacl.1 protein, lipid, and
MSP1 were mixed to the respective final concentrations of 50 uM
(as a tetramer), 14 mM, and 280 pM, dissolved in about 30 mM
DM, and incubated at 4 °C for 1.5 h. The KirBac1.1-rHDL nanodisc
was assembled by removing the DM by adding 80% (w/v) of Bio-
Beads SM-2 (Bio-Rad) and mixing at 4 °C for 1.5 h. The KirBac1.1-
rHDL was further purified with HIS-Select resin (Sigma-Aldrich).
After cleavage of the His10-tag with HRV-3C protease (Novagen),
the protein was further purified by size exclusion chromatography
on a Superdex 200 Increase 10/300 GL (GE). The NMR sample con-

sisted of 22 uM KirBac1.1-nanodisc, 10 mM HEPES-KOH (pD 8.0),
100 mM KCl, and 1 mM EDTA in 99% D,0.

All mutants were constructed with a QuikChange® Site-directed
Mutagenesis Kit (Agilent Technologies).

4.2. NMR analyses

All experiments were performed on Bruker Avance 400, 600,
800, or 950 MHz spectrometers equipped with room temperature
BBFO (400 MHz), room temperature triple resonance (600 MHz),
or cryogenic triple resonance (600, 800, and 950 MHz) probes. All
spectra were processed by the Bruker TopSpin 2.1 or 3.1 software,
and the data were analyzed using Sparky (T. D. Goddard and D. G.
Kneller, Sparky 3, University of California, San Francisco, CA). The
average noise level was calculated by dividing the peak-to-peak
noise by 2.5, which was measured from a signal-free region. The
TH chemical shifts were referenced to the methyl 'H of 3-(trime
thylsilyl)-1-propanesulfonic acid sodium salt, and the '3C and >N
chemical shifts were referenced indirectly [76]. The CW field
strength was calibrated using the pulse sequence developed by
Guenneugues et al. [77].

The '>N-selective HSFPT 'H 1D spectra for [!°N-indole] DL-
Tryptophan were recorded at 25 °C with the Bruker Avance 400
spectrometer. The CW field strengths were varied between 11
and 218 Hz, and the values of the transfer time t were varied
between 2 and 33 ms. The '3C-selective HSFPT 'H 1D spectra for
[ring-2-'3C] L-Histidine were recorded at 25 °C with the Bruker
Avance 400 spectrometer. The CW field strengths were varied
between 12 and 207 Hz, and the values of the transfer time t were
varied between 1 and 32 ms. The '3C-selective HSFPT 'H 1D spec-
tra for [2-13C] sodium acetate were recorded at 25 °C with the Bru-
ker Avance 400 spectrometer. The CW field strengths were varied
between 13 and 199 Hz, and the values of the transfer time t were
varied between 1 and 32 ms. For the measurement of the '3C-
frequency-swept HSFPT 'H 1D spectra, the '3C carrier frequencies
were varied between —400 and + 400 Hz from the methyl '3C res-
onance frequency in increments of 5 Hz. The CW field strength
was set to 70 Hz, and the value of the transfer time t was set to
11 ms.

The '>N-selective HSFPT 'H 1D spectra for [Val-'>N] MBP were
recorded at 20 °C with the Bruker Avance 600 spectrometer. The
CW field strength was set to 50 Hz, and the value of the transfer
time T was set to 12 ms. The reference 'H-'>N HSQC spectrum
was recorded with 1024 (*H) and 256 ('°N) points (128 cosine
and 128 sine components), and the acquisition times were set to
61.0 and 52.6 ms, respectively. The pulse sequence of the reference
HSQC is implemented in the TopSpin2.1 software (Bruker) as
‘hsqcfpf3gpphwg’. The '>N-frequency-swept HSFPT 'H 1D spectra
were recorded at 20 °C with the Bruker Avance 600 and 950 spec-
trometers. The '°N carrier frequencies were varied in increments of
10 Hz. The CW field strength was set to 50 Hz, and the value of the
transfer time 7 was set to 12 ms. The assignments of the Val amide
signals were obtained from the previous report [78].

The '3C-selective HSFPT 'H 1D spectra for [u-2H, Iled1-'3CHs]
MBP were recorded at 4 °C with the Bruker Avance 400 and 600
spectrometers. The CW field strength was set to 70 Hz, and the
value of the transfer time 7 was set to 11 ms, unless otherwise
noted. The reference 'H-'>C HMQC spectrum was recorded with
1024 ('H) and 128 (*3C) points (64 cosine and 64 sine components),
and the acquisition times were set to 61.0 and 60.6 ms, respec-
tively. The '3>C-frequency-swept HSFPT 'H 1D spectra were
recorded at 20 °C with the Bruker Avance 600 and 950 spectrome-
ters. The 3C carrier frequencies were varied in increments of 5 Hz.
The CW field strength was set to 70 Hz, and the value of the trans-
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fer time 7 was set to 11 ms. The assignments of the Ile methyl sig-
nals were obtained from the previous report [78].

The 'C SQ CPMG RD experiments for the T4 lysozyme mutant
were recorded at 4 °C with the Bruker Avance 600 spectrometer
[33]. The constant-time CPMG relaxation period T was set to
40 ms, and the vcpmg Vvalues were varied between 50 and
1000 Hz. The >N SQ and 'H SQ CPMG RD experiments for the FF
domain were recorded at 25 °C with the Bruker Avance 600 spec-
trometer [36,37]. The constant-time CPMG relaxation period T
was set to 40 ms, and the vcpyg values were varied between 50
and 1000 Hz. The values of the effective relaxation rates measured
in the presence of a vcpvc Hz CPMG pulse train, Ry e (Vepmc), were
calculated using the following equation, where I(vcpmg) and I (0)
represent the peak intensities with and without the relaxation per-
iod T, respectively.

=57

We calculated the theoretical values for R, e using the Carver-
Richard formula [79], where kex represents the exchange rate, Aw
represents the SQ chemical shift difference, and p,, represents the
population of the minor state.
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The exchange parameters were extracted by minimizing the y?
function, where ¢ represents the error in the experimental mea-
surement estimated from the average noise levels. In the global fit-
ting procedure, we simultaneously analyzed the data from
Val71vy2, Val103vy2, Val149y2, and 11e15081 for the T4 lysozyme
mutant; and Lys41, Tyr49, Ser50, Lys59, and Val67 for the FF
domain. The optimization procedure was performed with the in-
house-developed program written in the programming language,
Python 2.7, supplemented with the extension modules, Numpy
1.7 and Scipy 0.11.0. Uncertainties of the parameters were esti-
mated using a bootstrap procedure [80], where a set of 200 data
sets was generated from randomly selected values, while keeping
the total size of the data points the same.

2
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The "N CEST experiments for the FF domain A39G mutant were
recorded at 5 °C with the Bruker Avance 600 spectrometer [13].
The relaxation period Treiax Was set to 500 ms. The °N carrier fre-
quencies were varied between 105.62 and 128.64 ppm in incre-
ments of 0.42 ppm (25 Hz), and the >N CW field of 26 Hz was
applied during the period. The '*C CEST experiments for the T4
lysozyme mutant were recorded at 4 °C with the Bruker Avance
600 spectrometer [39]. The relaxation period Te.x Was set to
500 ms. The '3C carrier frequencies were varied between 17.00
and 26.84 ppm in increments of 0.10 ppm (15 Hz), and the '3C
CW field of 15 Hz was applied during the period.

r=>
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The '3C-selective HSFPT 'H-'3C MQ CPMG RD spectra for [u-2H,
Iled1-13CH;] KirBac1.1 were recorded at 20°C with the Bruker
Avance 600 and 800 spectrometers. The CW field strength was
set to 90 Hz, and the value of the transfer time t was set to 8 ms.
The constant-time CPMG relaxation period T value was set to
20 ms for KirBac1l.1 in the DDM micelles, and 10 ms for the
KirBac1.1-nanodiscs. The vcpyg values were varied between 50
and 1000 Hz for KirBac1.1 in the DDM micelles, and between 100
and 1000 Hz for the KirBac1.1-nanodiscs. We calculated the theo-
retical values for Ryq.efr Using the equation as previously described
[38,81]. The exchange parameters were extracted by minimizing
the %2 function (equation (10)). The optimization procedure was
performed with the in-house-developed program written in the
programming language, Python 2.7, supplemented with the exten-
sion modules, Numpy 1.7 and Scipy 0.11.0. Uncertainties of the
parameters were estimated using a bootstrap procedure [80],
where a group of 200 data sets was generated from randomly
selected values, while keeping the total size of the data points
the same. The 'H-!3C HSQC and HMQC spectra for the peak shift
analysis were recorded at 25°C with the Bruker Avance 800
spectrometer.

4.3. Density matrix calculations

To describe the time-evolution of magnetization, we conducted
density matrix calculations using the Liouville-von Neumann
equation [9]. We considered a spin system in which the 'H spin
is weakly-coupled to the heteronucleus A (= >N or !3C), through
scalar coupling with the coupling constant, J. In the following cal-
culations, the relaxation contributions were not incorporated. The
Hamiltonian in the doubly rotating frame can be expressed by the
following equation, where Q4 and Q4 denote the chemical shift
offset frequencies for 'H and A; and wpx, ®ax Wpy, and gy
are the radio frequency field strengths along the x and y axes for
'H and A.

H = QuH, + QUA; + 21JH,A; + wpHy + wpyHy + @, Ay + wayhy
(1)

The basis sets used for describing the H-A (A = >N or 3C) two-
spin system can be expressed by the following equation. Using
these basis sets, the Cartesian product operators were described
by the direct products of these basis sets [9].

0 1] [0 1
Ac=1 Hy=1
1 0] |1 0
0 —i] [0 —i
A=3|. Hy=3| . (12)
i 0| i 0
1 0] (1 0
A=} H. =1
0 -1 |10 -1

To describe the methyl 'H3-'3C spin system, we used the bases
of the eigenfunctions for the methyl 'Hs;-'3C spin system
introduced by Kay and co-workers [26]. The Cartesian product
operators were described by the direct products of these basis
sets. For separately analyzing the fast and slow relaxing compo-
nents of the in-phase H, coherences, we defined and used the fol-
lowing operator bases;Hf;"“ =Zi(—[1)(2] + [2)(1] — [3)(4] + [4)(3])
andH™ = 1(~2[2)(3| + 2[3)(2| — 5)(6] + [6)(5] + 17)(8] — [8)(7)).
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¢-1[7 o]
CZ:%E) —01}
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Ho-1]0 0 V3.0 00 0 O
2o o 0 0 01 0 O
0 0 0 0 10 0 O
0 0 0 0 00 0 -1
L0 0 0 0 00 -1 0|
[0 —v3i 0 0 0 0 0 O] (13)
V3 0 -2 0 0 0 0 O
0 2i 0 —v3i 0 0 0 O
g1/ 0 0 V3 0 00 00
S ) 0 0 0 0 -i 00
0 0 0 0 i 0 0 O
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01 0 0 0 0 0 O
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The evolution of the density matrix at time t, ¢ (t), can be
described by the solution of the Liouville-von Neumann equation.
The expectation value for an operator O is given by Tr{a0}.

o(t+ 1) =exp(—iHT)o(t)exp(iHT) (14)

We set the initial condition to be equal to a transverse 'H mag-
netization —Hy, which is created by the first /2 H, excitation pulse
applied on a 'H equilibrium magnetization. In the typical calcula-
tions for describing the HSFPT scheme, the following conditions
were used; wax = Wy, Wpx = Wy = Way =0, and Q= Q4 =0, where
wys represents the strength of the weak CW field.

To evaluate the HSFPT efficiency in the presence of relaxation,
we calculated a homogenous master equation for the 'H-'°N
two-spin system following the formalism introduced by Allard
et al. [29]. The overall rotational correlation time was set to 0, 10,
30, or 50 ns, and the magnetic field strength was set to 14.1 Tesla
(600 MHz 'H frequency). The other parameters for calculating the
relaxation matrix elements were set to the same values as
described in the original paper. The CW field strengths were varied
between 0 and 150 Hz, and the values of the transfer time 7 were
varied between 0 and 30 ms.

4.4. 85Rb* intake assay of KirBac1.1

86Rb* intake assays were performed as previously described
[44,47]. All experiments were performed on liposomes composed
POPE and POPG (POPE:POPG = 3:1, Avanti Polar Lipids). The puri-
fied KirBacl.1 protein was reconstituted into liposomes at a
protein-to-lipid ratio of 1:1000 (w/w). The amounts of #Rb* intake

were normalized to the maximal 8°Rb* intake, measured after the
addition of 1.0 pg/mL valinomycin (Calbiochem).

4.5. Molecular dynamics simulations

The all-atom model of KirBac1.1 in the closed conformation was
constructed with the CHARMM-GUI Membrane Builder [82,83],
based on the crystal structure of KirBac1.1 (PDB ID: 1P7B) [43].
To construct the all-atom model of KirBac1.1 in the open confor-
mation, we first constructed the homology model using the crystal
structure of the KirBac3.1 S129R mutant (PDB ID: 3ZRS) by SWISS-
MODEL [49,84], and then constructed the all-atom model with the
CHARMM-GUI Membrane Builder [82,83], based on the homology
model. The structures were embedded into a 75% POPE and 25%
POPG bilayer, and solvated in a periodic water box with a size of
101 x 101 x 126 A3 using TIP3P water molecules. The system
was neutralized with about 150 mM KCl. Molecular dynamics sim-
ulations were performed using the NAMD2.12 software [85] and
the CHARMM36m parameter set [86]. A cutoff distance of 12 A
was used for the van der Waals and short-range electrostatic inter-
actions, and the long-range electrostatic interactions were com-
puted with the particle-mesh Ewald method [87]. Bonds
containing hydrogen atoms were restrained with the SHAKE algo-
rithm [88]. Bonded and electrostatic interactions were computed
every 2 fs. The equilibration of the system was performed accord-
ing to the standard setting of the CHARMM-GUI Membrane Builder
at 310 K, and the production simulations were performed for 20 ns,
at 1 atm and 310 K. The trajectories were analyzed with the VMD
1.9.3 software [89].
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