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Abstract

RF heating of solid-state biological samples is known to be a destabilizing factor in high-field NMR experiments that shortens the
sample lifetime by continuous dehydration during the high-power cross-polarization and decoupling pulses. In this work, we describe
specially designed, large volume, low-E N—'H solid-state NMR probes developed for 600 and 900 MHz PISEMA studies of dilute
membrane proteins oriented in hydrated and dielectrically lossy lipid bilayers. The probes use an orthogonal coil design in which separate
resonators pursue their own aims at the respective frequencies, resulting in a simplified and more efficient matching network. Sample
heating at the 'H frequency is minimized by a loop-gap resonator which produces a homogeneous magnetic field B; with low electric
field E. Within the loop-gap resonator, a multi-turn solenoid closely matching the shape of the sample serves as an efficient observe coil.
We compare power dissipation in a typical lossy bilayer sample in the new low-E probe and in a previously reported >N—'H probe which
uses a double-tuned 4-turn solenoid. RF loss in the sample is measured in each probe by observing changes in the "H 360° pulse lengths.
For the same values of 'H B, field, sample heating in the new probe was found to be smaller by an order of magnitude. Applications of
the low-E design to the PISEMA study of membrane proteins in their native hydrated bilayer environment are demonstrated at 600 and
900 MHz.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Solid-state NMR experiments in conductive and dielec-
trically lossy protein samples are hindered by significant
sample heating from high-frequency irradiation during
cross-polarization (CP) and decoupling pulses [1-3]. Alter-
nating electric currents induced in the conductive sample
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by the RF coil heat the sample internally during 'H pulses
[4-9]. This radio-frequency heating of biological macro-
molecules results in NMR lineshape distortions [10], a
decrease in signal-to-noise (S/N) ratio [11], requires long
recycle delays and can destroy the sample by dehydration.

Samples of mechanically aligned membrane proteins
consist of hydrated lipid bilayers with varying buffer con-
centration and low protein-to-lipid ratios. To aid S/N for
these dilute samples, larger sample volumes are preferred
and rectangular (“flat”’) double or triple-tuned solenoids
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are frequently employed as transmit/receive coils to
maximize filling factor and sensitivity given the rectangular
nature of the sample preparation [12-16]. While solenoids
are sensitive and efficient, at higher frequencies they also
generate considerable conservative electric field. Dielectric
losses associated with conservative electric field were
shown to be responsible for nearly all of the internal
RF heating in membrane protein preparations [3]. Loss
of sample hydration during multi-millisecond "H pulses
is often observed in the form of water droplets forming
on the interior walls of the sample container. Dehydra-
tion of a sample may distort the bilayer and/or protein
structure and introduce inhomogeneous broadening in
the spectrum. It may also cause a probe to de-tune and
slowly lose S/N throughout the duration of an experi-
ment [13]. The RF energy which is lost to sample heating
leads to degradation of "H decoupling and CP efficiency,
with larger sample volumes only exacerbating this prob-
lem. A previously reported 8 x 6 x 12 mm flat-coil sole-
noid [16] sees its '"H RF field drop by a factor of 2 at
600 MHz with certain hydrated bilayer preparations (An
example of decoupling heating inside a typical sample is
given in Section 2.3 below). Variations in bilayer hydra-
tion and salinity are therefore highly inconvenient
because each sample change requires a significant amount
of spectrometer time for restoration of optimal CP condi-
tions. In addition, the RF circuit may be unable to
accommodate large tuning shifts and changes in Q upon
loading different samples. This may limit the range of
sample preparation techniques or require frequent circuit
modification.

Various approaches to minimize sample RF heating
have been described in the literature. Invasive techniques
from solution NMR that minimize inductive resistance
by sample concentrating [17,18] or using low-conductivity
buffers [18] require serious sample modifications and are
unsuitable for oriented lipid samples. When circumstances
allow, freezing the sample can slow molecular motions
responsible for the dielectric loss [19,1] and special hydra-
tion-controlled sample cells can be used to prevent lipids
from dehydrating at lower frequencies [13]. Shielding con-
servative electric fields with Faraday shields is a common
practice in probes for solution NMR and in coils for
MRI [6,20]. However, when used within multi-turn sole-
noids in solid-state experiments, the reduction in self-reso-
nant frequency brought by distributed capacitance between
the windings and the Faraday shield limits both the 'H fre-
quency and the sample size. Alternatively, reducing the
inductance of the coil can decrease the conservative electric
field over the sample. The easiest way to lower inductance
of a solenoid is to reduce the number of turns. An equiva-
lent to the single turn solenoid, the loop-gap resonator [21—
25] has been used in MRI and in vivo spectroscopy but has
found limited use in solid-state NMR [26,27]. A scroll [28]
is another example of a relatively low-inductance coil that
shifts conservative electric fields to the outside of the sam-
ple area by the nature of its geometry [29,30]. Despite often

excellent performance at high frequency, the use of low-in-
ductance coils in a multiply tuned coil network leads to
inefficient performance at lower frequencies such as '*N.
Scrolls, in particular, are limited in sample volume because
distributed capacitance between successive turns brings
down their self-resonant frequency. Such side effects make
low-inductance coils less desirable for sensitivity-limited
experiments such as '°N detection in dilute proteins, where
larger sample volume and efficient low-frequency channels
are often required.

It can be argued that some of these challenges arise from
the practice of using the same coil for both high and low
frequencies. A justification for using a single sample coil
has been to produce equal spatial RF field profiles for both
frequencies in CP experiments. However, Paulson and col-
leagues [31] have shown that significant CP field mismatch
in a double-tuned solenoid coil occurs when its electrical
length becomes comparable to 1/4 of the 'H wavelength,
making the above argument irrelevant for the combination
of high-field strengths and large sample volumes described
in this manuscript. A cross-coil probe design becomes more
attractive at higher fields [9] and allows each coil to address
its frequency-specific tasks, permitting substantial simplifi-
cations in the RF circuit. Commercially available cross-coil
probes have been developed to reduce decoupler heating in
high-field magic angle spinning applications and have
recently been compared favorably to solenoids and scroll
probes [9]. These probes are designed for smaller samples
and use a different design for the resonators and matching
network than described here.

We present here large volume flat-coil low-E probes
developed for '°N studies of dilute oriented membrane pro-
tein samples at fields up to 900 MHz. Instead of using a sin-
gle double-tuned coil, these probes employ separate
orthogonal resonators optimized to perform at their
respective frequencies. A low-inductance loop-gap resona-
tor reduces RF heating of biological samples and provides
excellent B, homogeneity at the high 'H frequency, while a
multi-turn solenoid secures efficiency for the >N observe
channel. We describe the design for an interchangeable
"H-'>N sample coil assembly and the rest of the probe cir-
cuitry. A hydrated, dielectrically lossy bilayer sample is
used to quantitatively compare internal sample heating at
600 MHz in the new low-E probe and in a previously
reported comparable probe with a single sample solenoid
[16]. Functionality of the new probes is demonstrated by
two-dimensional '"N-'H PISEMA spectroscopy per-
formed at 600 and 900 MHz. Three significant membrane
protein systems are used here to demonstrate the capabili-
ties of the probe design. The first two are sarcolipin (SLN)
and phospholamban (PLN), 31 and 52 amino acid residue
integral membrane proteins, respectively, expressed in car-
diac muscle and involved in the regulation of calcium traf-
ficking through direct inhibition of Ca*"ATPase [32,33].
The third system is piscidin-3 (P3-NH,), a 22 amino acid
long antimicrobial peptide found in mast cells from fish
[34-37]. Low-E probes have made it possible to repeatedly
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study without damage these and other samples of aligned
membrane proteins at 900 MHz.

2. Methods
2.1. Sample cell

The preparation of mechanically oriented membrane
samples is described in detail in our previous article [16].
The new probes described in this manuscript are designed
for the same sample preparation with one exception. The
original rectangular sample container was made in-house
and had outer dimensions of 8 X 6 mm and a wall thickness
of 1 mm. New Era Enterprises has since developed a thin-
wall Pyrex sample cell that accommodates the same glass
slides. The New Era cell walls are 0.5 mm thick, which
reduces the outer dimensions to 7.5 x 5.5 mm for better fill-
ing factor. The sample volume inside expanded a little,
making room for ~10% more slides than before. Sample
clearance in the new probes has been reduced accordingly,
resulting in 25% overall improvement in filling factor for
the observe channel. The sample cells are factory-sealed
at one end while the other end is sealed with beeswax.
These sample cells are available from New Era Enterprises,
Vineland, NJ, p/n SK-190505-1.

2.2. Measuring RF losses due to internal sample heating

A convenient way to quantify the extent of RF sample
heating in a given probe is to compare the values of RF
input power required to produce identical 90° pulse
lengths in a lossy biological sample (Py;,) and in a non-
lossy reference (Py). The power P, delivered to the probe
with a non-lossy sample is dissipated in the coil inductor
and other circuit components such as isolation traps,
capacitors, and connecting leads. RF loss in each compo-
nent is proportional to the square of voltage across it,
which means it follows the square of the By field produced
in the sample coil. The biological sample adds dielectric
(P.) and conductive (P,,) losses induced by the conserva-
tive and non-conservative electric field components,
respectively [5,6]. Assuming for the moment that, for
the same Bj, loss in the probe circuit itself is the same
for the two samples, the difference in input power
Pheat = Poio — Pni = P.+ P, must then end up heating
the biological sample. The same measurement can be
done more precisely by comparing 90° pulse lengths (or
RF fields fi = w/2n) measured with a lossy sample
(T9obio) and with a non-lossy reference (tgpy) at the same
power level P;,. Holding P;, constant eliminates the effect
of errors that often accompany measurements of pulsed
RF power. In the latter case, the fraction of RF input
power diverted to sample heating can be expressed as:

2 2
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The loss factor e, alone should not be used to compare
sample heating in different probes with different coils, or
at different frequencies. A less efficient probe circuit with
the same loss factor will deposit more power into the
sample while achieving the same RF field f;. For a heat
sensitive sample, a spectroscopist should choose a probe
with minimal heat deposition gy, = Pheat/fTh» Which is
the cost of producing the required RF field f] in terms
of power Py, deposited in the sample. The heat deposi-
tion coefficient ¢peo; combines sample loss factor og,eqc With
probe circuit power efficiency # in the absence of sample
loss:
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Because heating losses in the sample are proportional to
E, V/Gneat 18 proportional to E/B, (at constant irradiation
frequency), a parameter conveniently derived from coil
simulations that can be used to compare the suitability of
different sample coils [9].

As noted above, the simple measurement of oy, in Eq.
(1) is correct only if the presence of a lossy sample does not
redistribute losses between the probe’s isolation traps and
other components. This assumption is valid as long as
v/fi (volts per kHz) across the lossy circuit components
remains unchanged, which is true for probe circuits where
one side of the coil is grounded. However, for a balanced or
partially balanced solenoid with the zero voltage node set
somewhere between its ends, the ratio of voltages at oppo-
site ends of the coil determines the relative loss contributed
by each side of the circuit. Sample-to-sample retuning of
the probe may shift the voltage node along the coil and
change the power dissipated in the various circuit compo-
nents. As a rule, we balance the 'H circuit before each
Tgp mMeasurement to maintain equal voltages at the ends
of the coil [16].

We suspect that the RF loss mechanism in the mechan-
ically aligned membrane sample might not be accurately
modeled by a saline sample. The membrane sample, con-
sisting of repeated layers of glass plates, lipid membranes,
and buffer, may have an average dielectric constant consid-
erably smaller than bulk water. Also, the membrane sample
may be subject to RF losses caused by oscillating dipoles
interacting with the 'H electric field, in addition to the
expected ion conductivity. The contribution to RF loss
from oscillating dipoles has its maximum at the critical fre-
quency w, = 1/7, where 7 is a dipole’s correlation time. In
bulk water w, is very high (~20 GHz) and such contribu-
tion is minimal. But correlation times of constrained water
molecules in the interfacial region of the lipid bilayers are
10-100 times shorter [38-40], resulting in more efficient
RF power absorption. For this reason, we use a typical
bilayer sample preparation serving as a lossy biological ref-
erence in our measurements of oeq;.

n
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To prepare the reference sample, 100 mg of lipids
(DMPC:DMPG in 3:1 molar ratio) were dissolved in
organic solvent and deposited onto 5.7 x 12X 0.03 mm
glass slides. Once the solvent had evaporated, drops of
phosphate buffer (100 mg total) at pH 6.0 were added to
each slide, resulting in a ~50% hydration level and
~40 mM phosphate buffer concentration. The slides were
then stacked and the stack was inserted into the sample
cell. The resulting stack of sample slides occupied the max-
imum volume available in the sample cell container.
Another rectangular cell containing 6 X 4 x 9 mm of 100%
neutral paraffinic oil served as a non-lossy reference sam-
ple. The difference in dielectric constant of the lossy and
non-lossy samples may vary the electrical length 7, of the
loaded sample coil and the v/f; values at its ends. A signif-
icant difference in n, would therefore change the loss in the
isolation traps and tuning components in spite of balanc-
ing. To verify the appropriateness of Eq. (1), the electrical
length of the coil was measured with each reference sample.
To determine 7, of the loaded coil, its lowest self-resonance
frequency fsg was measured with both ends afloat. This fre-
quency, obtained with a Vector Network Analyzer (VNA)
and a pickup loop, corresponds to the 4/2 excitation mode
which has a zero voltage node in the middle and zero cur-
rent at the ends. The number of wavelengths 7, in the load-
ed coil at operating frequency f'is then n; = f/2fsg. For the
sample coils discussed and compared in this manuscript by
means of Egs. (1) and (2), the difference in the electrical
length when loaded with above reference samples did not
exceed 5% (see Section 3), a shift that should not have a sig-
nificant effect on the loss in the probe circuit, and which we
can safely neglect.

2.3. Extent of internal sample heating

To illustrate the extent of the heating problem where lip-
id bilayer samples are concerned, we refer to the previously
reported 600 MHz '"N-'H solenoidal flat-coil probe [16],
which is a balanced variation of the double-tuned Cross—
Waugh design [41] using a 4-turn, 8 x 6 X 12 mm rectangu-
lar solenoidal sample coil. Input power of 65 W was needed
to obtain a 'H f; value of 50 kHz in a paraffinic oil refer-
ence (note that in terms of size and frequency (n; = 0.27)
this solenoid is larger than most flat coils used in other lab-
oratories). In the same article, we reported a preparation of
piscidin-1 peptide in oriented hydrated lipid bilayers
(DMPC:DMPG, 3:1 molar ratio, 20:1 lipid:peptide ratio,
hydration level ~50%, total sample weight ~200 mg depos-
ited on 55 5.7 x 12 x 0.03 mm glass slides at pH 6.0 in phos-
phate buffer). When loaded into the coil, this sample
reduced the 'H channel efficiency by a factor of 2. Obtain-
ing the same level of "H decoupling field for this lossy sam-
ple required ~260 W of input power, meaning that 195 W
or 75% of the input "H power heats the biological system.
Assuming a sample heat capacity of 3.5 J/g °C [3], and con-
sidering that '"H decoupling pulses are too short for any
substantial heat transport to take place, the increase in

sample temperature during a single 10 ms, 50 kHz decou-
pling pulse can be estimated as AT =195x0.01/
(3.5%0.2) =2.8 °C. In our experience with this probe and
sample, long recycle delay times and ample cooling air were
required to avoid damage to the bilayers. Still, these mea-
sures did not guarantee that the set temperature was in fact
the sample temperature and that there were no temperature
gradients across the sample. To carry out repeatable and
non-destructive experiments over a wide range of sample
hydration and salinity with this and with more lossy sam-
ples, one must attempt to reduce the magnitude of the
high-frequency electric field interacting with the sample
inside the RF coil.

2.4. Electric field in the solenoid

It has been demonstrated recently [3] that the conserva-
tive part of the electric field (V x E, = 0) is responsible for
nearly all of the RF heating experienced by sample cells of
aligned membrane proteins. If we could reduce the conser-
vative electric field £, without affecting the desired magnet-
ic field B;, problems of sample heating would be alleviated.
Reducing the number of turns is a straightforward route to
minimizing the conservative electric field in a sample sole-
noid. In an elongated solenoid where length is larger than
diameter, the conservative electric field is approximately
just the driving voltage applied to the terminals of the sole-
noid divided by its length. For a solenoid of length / and
inductance L operating at Larmor frequency w, with driv-
ing voltage wlLl,

EC:G)TL[. (3)

For a finite single-layer solenoid wound on a former of
any cross-section, the axial component of magnetic field gen-
erated by current / at point 7 (see Appendix A) is given by

S . Q
B.(F) = ,uozﬂ, (4)

where i = NI/l is the linear current density, NV is number of
turns in the coil, and Q is the solid angle subtended by the
coil winding at observation point 7. Neglecting wavelength
effects at the Larmor frequency w, the current amplitude
required to generate a target RF field f; = w;/2n (in Hz
units) is given by

_ 8mfil

1= 5
THNQ’ ©)

where 7 is the gyromagnetic ratio of the nucleus. Combin-
ing Eqgs. (3) and (5) gives us an expression for the suitability
of the RF coil: the ratio of conservative electric field to
magnetic field:

E. SnLB,
N mNQ

(6)

If we make the approximation that L ~ N2, the expression
becomes
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and so it is clear that reducing the number of turns reduces
sample heating for a given B, field.

The expression wLl for voltage in the above equations
neglects wavelength effects and so applies to coils operating
significantly below self-resonance. As the solenoid electri-
cal length increases and its self-resonance frequency
approaches the Larmor frequency, coil impedance will
increase as well, adding further to the electric field. This
is yet another reason to minimize the number of turns. A
single-turn solenoid made from a wide conductive strip,
also known as a loop-gap resonator (LGR), will reduce
RF losses considerably and is known to provide excellent
By homogeneity [26,27]. Use of a coil with such low-induc-
tance in a multi-tuned circuit, however, will lead to exces-
sive power dissipation in stray leads and trap inductors,
and may result in diminished efficiency, especially in the
low-frequency channel. Since sample dielectric loss depends
strongly on frequency [6,8,29,9], the vast majority of sam-
ple heating occurs from RF irradiation at the 'H frequen-
cy. It makes sense therefore to implement this low-E coil
for the '"H decoupling channel and retain a multiple turn
solenoid as an efficient observe coil for lower frequencies
where sample heating is of minimal concern.

2.5. Details of the sample coil assembly

The '>N-'H flat-coil probes presented here utilize sepa-
rate orthogonal RF coils, each optimized to perform at its
respective frequency and driven by a balanced single-reso-

nance circuit. The outer low-E 'H coil is a rectangular
loop-gap resonator (Fig. 1A) that produces a magnetic field
along the y-axis. It is made from 0.35 mm thick, 14.2 mm
wide copper strip formed around a 15 x 9 mm rectangular
block. The ends of the strip are terminated by non-magnet-
ic chip capacitors (100B series, American Technical
Ceramics) completing the LGR. Low-inductance leads sol-
dered at both sides of the gap provide both electrical con-
nections and mechanical supports for the free-standing
resonator, which is connected to the '"H matching network
below by means of two non-magnetic brass screws
(Fig. 3A). The inner, "N observe coil is a 5-turn
7.7x5.7x 11 mm ID rectangular solenoid, which is placed
next to the sample in order to maximize sensitivity. The
solenoid is made by forming round copper wire of
0.8 mm diameter (American Wire Gauge 20) into grooves
in a collapsible rectangular 7.6 x 5.6 mm block. The block
is then removed, leaving a rectangular coil that closely
matches the size of the sample cell for best filling factor.
The resulting air gap between the wires in the solenoid is
1.2-1.3 mm. Thin 0.8 mm slides made from low-loss dielec-
tric (Rexolite™, Boedeker Plastics, Inc., Shiner, TX) are
affixed to the top and bottom of the inner observe solenoid
by drops of epoxy (H54 epoxy, Epotek, Inc., Billerica,
MA). The Rexolite plates hold the solenoid in the correct
position and reduce the chance of arcing to the LGR. Dur-
ing final assembly, the solenoid is slid into the outer 'H res-
onator so that the leads come out on the same side in the
horizontal (x—y) plane as depicted in Fig. 1A. There they
are terminated by flat washers that are screwed to elevated
terminal posts that connect to the '°N circuit below the
Teflon variable temperature chamber (Figs. 3A, 6). The

Fig. 1. Mechanical design of the "H-'>N low-E flat-coil assembly: (A) '*N observe solenoid is inserted orthogonally inside the "H loop-gap resonator; (B)
side windows are cut in the loop-gap resonator for sample insertion along x-axis; (C) a slot is cut on top of the 'H loop-gap resonator to reduce '°N eddy

currents.
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Fig. 2. Dimensions for the "H loop-gap resonator. Parameter gap depends
on the number and size of chip capacitors employed in the resonator.

inner, 125 nH solenoid produces its magnetic field in the x-
direction, orthogonal to the y-axis field of the LGR.

The 'H resonator used in this cross-coil assembly is
essentially a 1-turn rectangular solenoid wound orthogo-
nally around the '*N solenoid. The obvious dilemma posed
by such an arrangement (Fig. 1A) is how to place samples
inside if both ends of the '°N coil are blocked by LGR. To
address this issue, two rectangular windows (7.6 X 5.7 mm)
were cut in the opposite sides of the 'H resonator to allow
unobstructed sample insertion along the x-axis (Fig. 1B).
In addition, a 0.8 mm slot in the top of the 'H resonator
(Fig. 1C) was added to reduce eddy currents induced by
the observe solenoid, as further explained in the next
section. Fig. 2 shows the exact physical dimensions of the
'"H coil form. The parameter gap depends on the
arrangement of fixed capacitance and is discussed further
in Section 2.7. The resulting 'H coils have an inductance
of about 10 nH. It is worth noting that while we derived

A

the shape of our loop-gap resonator from a wide single-
turn solenoid, one can arrive at a similar geometry by
starting with the Alderman—Grant coil [20] and modifying
it as was done in an application to ESR force microscopy
[42].

Note that the use of solderless terminal connections
allows for fast switching between coil assemblies of various
sizes and geometry. A flat-coil assembly with the sample
opening rotated by 90° (Fig. 3B) allows information about
other components of the chemical shift tensor to be
obtained, while a scaled-down assembly using a 6-turn
7 x 3 x 9 mm inner solenoid may be useful for preparations
where sample quantities are limited (Fig. 3C).

2.6. Reducing >N eddy currents in low-E resonator

Alternating flux from the ends of the >N solenoid
shown in Fig. 1B will induce eddy currents as it passes
through the sample access windows of the 'H resonator.
Eddy currents will tend to flow around the rectangular win-
dows on the inside and outside of the resonator, counter-
acting the RF field produced by the '°N solenoid and
thereby reducing the >N B, over the sample. Consider,
for example, contour Aw that traces the edges of the win-
dow in plane x =Xx( and is collinear with the x-axis as
shown in Fig. 4A. Let ®w(xo) be the flux through that
window. The electromotive force (emf) induced around
Aw on either side of the window by an alternating '°N field
By is given by

0Dy (x 0 = .
emf(sy) = ~220) =~ [ By e
= 015y Pw(xo)-
Together with the opposing window at x = —x,, these co-

rotating eddy currents form a ‘“Helmholtz” pair along
the x-axis.

To interrupt the path for eddy currents, a narrow slot
was placed along the top of the 'H resonator, merging
two windows into a single opening as shown in Figs.

Cc

Fig. 3. Photographs of different low-E cross-coil assemblies: (A) horizontal flat-coil structure with 7.5 x 5.5 x 11 mm sample aperture; (B) vertical flat
coil—with the sample opening rotated by 90°; (C) small flat coil for sample-limited preparations with 7 x 3 X 9 mm sample aperture. Coil assemblies are

interchangeable by means of four non-magnetic brass screws.
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Fig. 4. lllustration for discussion of *N eddy current reduction in 'H
resonator. °N observe solenoid is not shown for clarity—its B, field
direction along the x-axis is highlighted.

1C, 2, and 4B. The emf around the merged contour By
consisting of both windows and a slot (Fig. 4B) is the
sum of emf around individual windows. The normals
to the opposite windows in contour Byw are of different
signs 7i(—xp) = —i(xp), resulting in Pw(—xg) = —Pw(xo)
and

emf = w15y Pw(—x0) + w15y Pw(xp) = 0.

Since the net emf around By vanishes, we can conclude
that slotting the 'H resonator prevents '°N eddy currents
from forming around the sample windows. This cancels
current induced in the outer surface of the resonator
and reduces eddy currents that form inside. Residual
eddy currents are still expected to form on the inside

Table 1

Reducing '*N eddy current loss in the 'H coil

'H coil 5N 199 Power lost to eddy Extra power to
(ps) currents compensate loss

None 53 — —

Fig. 1B 7.3 47% +90%

Fig. 1C 6.0 22% +28%

5N 90° pulse lengths were measured using '*N-labeled glycine at 240 W of
input power.

of the wide window frames at x = +x; and within the
top resonator strips that are in close proximity to the
solenoid wire. NMR measurements were conducted to
determine the loss in N B, due to the proximity of
the LGR. The results are summarized in Table 1. Intro-
ducing the outer 'H resonator with two separate sample
windows (Fig. 1B) caused a 27% drop in "N B, at
60.8 MHz and required almost doubling the RF power
to match the B, field of the '°N solenoid alone. Merging
the sample windows with a slot along the top of the 'H
resonator (Fig. 1C) reduced the induced eddy currents
enough to recover more than half of the '’N power effi-
ciency (kHz?/W) that was lost to the 'H resonator. We
conclude that while slotting the LGR does not complete-
ly eliminate '°N loss associated with coupling to the ob-
serve solenoid, it does reduce such loss to an acceptable
level.

2.7. RF circuit for 600 MHz low-E probe

The intrinsic isolation between channels provided by
orthogonal resonators greatly reduces the need for isola-
tion traps and the loss associated with these traps, often
the dominant source of RF loss in a single coil probe.
Instead, each coil can be driven by an optimized single-res-
onance circuit. The RF circuitry employed in the 600 MHz
low-E probe is illustrated in Fig. 5. The thick outline rep-
resents a rectangular single-turn 'H coil L, that surrounds
the observe solenoid L;. Tuning and matching of the 'H
channel is accomplished by adjusting variable capacitors
C; and (1, respectively. Another variable capacitor C, is
a symmetry load responsible for balancing the low-E reso-
nator. Although the resonator loop is too short for 'H
wavelength effects to be of significance, balancing equalizes
the voltage at the ends of the 'H coil L, and so reduces the
probability of arcing [43,31,16]. Symmetry capacitor C, is
adjusted to center the virtual ground in the middle of the
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Fig. 5. RF circuit of the 600 MHz low-E '"N-'H flat-coil probe. The low-
E coil assembly consists of a 5-turn rectangular >N observe solenoid L,
inside a low-inductance "H loop-gap resonator Ly — C, (thick outline).
Coil inductance values are Ly~ 10nH, L,~ 125nH. Dashed lines
represent detachable capacitors that allow retuning to other observe
nuclei. The sum of values of chip capacitors (Cga + Cgp) is about 45 pF
for the >N circuit.
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"H coil inductor, as described previously [16]. Probing the
virtual ground is done through the exhaust hole on top
of the VT sample chamber, with the RF shield cover
closed. A pair of 0.3-3 pF variable capacitors are used
for C, and C; (RP-VC3-6, Polyflon Co., Norwalk, CT),
while a 1-25pF variable capacitor is used for C
(NMAT25HYV, Voltronics Corp., Denville, NJ).

Although a single-turn solenoid Ly may reduce sample
heating, it will only be efficient if the main 'H tuning capac-
itance Cy is mounted directly across it and the resonant fre-
quency of the resulting loop-gap resonator is brought very
close to the 'H frequency. Otherwise, RF losses in coil
leads, terminal posts and other stray conductors including
screws inside variable capacitors will greatly diminish 'H
channel efficiency. Power loss in these elements is propor-
tional to I3, where Is is the stray current flowing through
Ci, G5, and Cs, outside of the loop Ly — Cy that contains
the sample. The ratio of stray current to current /, in induc-
tor L, that generates the 'H By field in the sample is given
by
Is . . O
—=1 +](DC()(R() +J(ULO) =1- 7+](DC0R0
IO (O

? 1)

. —1

=1 60(2)+JCL)0 QO ) (8)
where ® is the '"H Larmor frequency, w, is the reso-
nance frequency of the Lo— C, loop, and R, is the
resistance associated with it. R, includes resistive loss
in sample inductor Ly, loss in the capacitor C,, radia-
tion loss, and can be estimated from measuring the Q
of the resonator at frequency w,. From Eq. (8), stray
losses are minimized when the resonance frequency g
of loop Ly— C, is brought as close to w as feasible.
The resonant frequency w, was measured on the bench
using a probing loop and a VNA. The values of the
chips forming capacitance C, were adjusted until
(wo/2m) fell in a 10 MHz range (628 + 5 MHz) slightly
above the 'H frequency. Essentially, the chips are used
to pre-tune the coil while the rest of the matching cir-
cuit is used for fine tuning of the 'H channel. By intro-
ducing C,, the ratio of stray current to current in the
coil is reduced to

s 2@ 7O L 00 A2 x 28/628 A 0.09. 9)
1y o
Current in the 'H circuit is therefore highly localized to
the Ly — Cy loop, drastically reducing the power loss in
the outside matching network. The second term jQ,' in
Eq. (9) is much smaller than the first term within the
above wo range, indicating that loop Ly — Cj is not in
fact self-resonant. The lower limit for w, is set by the
values and ranges of variable capacitors C;, C,, and
C3;, and by the desire to provide a sufficient tuning
range for the 'H channel (~15MHz). Because this
probe is designed for interchangeable RF coils, the tun-
ing range of its 'H circuit must accommodate all reso-

nators whose f, = wy/2n falls in the specified 10 MHz
range and allow for sample-dependent tuning shifts at
the same time. A 15 MHz tuning range in a 600 MHz
probe may be considered small under other circumstanc-
es, since a good 'H tuning range is often required to
counter shifts in probe resonance with different samples.
Such shifts, however, are primarily the result of sample
interaction with the 'H electric field, which is substan-
tially reduced in this coil. The '"H resonance shifts ob-
served in the 600 MHz low-E resonator are on average
5 times smaller than in a comparable flat-coil probe
[16] that uses a double-tuned solenoid (see Af/f in
Table 2).

When arranging for the C, capacitance, it is important
to realize that because inductor Ly has only one turn, C,
will be subject to very high current. Since wg ~ w, the cur-
rent experienced by C, inside the low-E resonator is ~I,
and can be easily estimated from Eq. (5). The total solid
angle Q subtended by the loop-gap resonator is about 3w
(see Appendix A). Therefore, a '"H RF field of 100 kHz,
for example, requires a current I, of about 70 A. We
arranged a number of chip capacitors in parallel across
the gap in inductor L in order to carry this relatively large
current. The fixed non-magnetic chip capacitors we used in
the early stages of development (25 and 11 series from Vol-
tronics Corp., Denville, NJ) tended to fail after few hours
of experiment, with the 25 series chips cracking apparently
from internal heat build-up despite ample ventilation. In
tests with a soldering iron, we observed that the chips from
Voltronics required longer to cool than the otherwise sim-
ilar non-magnetic chips (ATC 100C and 100B series) from
American Technical Ceramics, Huntington Station, NY.
Subsequently, we have used Voltronics chips only where
current is limited. And although more prone to voltage
breakdown than the physically larger 100C series, 100B
chips actually have a smaller effective series resistance
(ESR) that allows them to withstand higher currents and
longer pulses. Their smaller case allows for grouping more
chips in parallel which further decreases the ESR of the
entire assembly. We used two variations of 'H coil with
gaps of 6.4 and 9.9 mm, each accommodating 4 parallel
bridges of series-connected chip capacitors. The smaller
gap accommodates capacitor bridges made of two series-
connected chips while the larger gap is wide enough to fit
three chips in series. The 'H resonator with wider gap will
therefore withstand more voltage and reach higher B
fields, albeit at the expense of somewhat lower efficiency.
In this text we will refer to the 6.4 and 9.9 mm gap resona-
tors as coils I and II, respectively. An additional coil 111
with smaller dimensions for use with sample-limited
preparations (Fig. 3C) has only two chips arranged in par-
allel within its 3.0 mm gap. The chip capacitors employed
in each resonator were screened for signs of residual mag-
netism occasionally found in the non-magnetic series made
by ATC.

The >N observe circuit employs a 5-turn rectangular
sample solenoid L (125 nH) which provides better efficien-
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S cy at its low 60.8 MHz operating frequency than an LGR.
ces The solenoid is driven by a separate single-resonance bal-
anced circuit that, as in the 'H circuit, reduces by half

the voltage at its ends and allows the coil to generate twice

the RF field for a given voltage rating of its tuning capac-

EER itors. This makes it possible to use relatively smaller trim-
mer capacitors for Cs, Cg, and C; (NMNT10-6, 1-10 pF,

. Voltronics Corp., Denville, NJ). The observe nucleus can

§ § :S: be easily changed by replacing one or more of the chip

capacitors Cga, Cgp, C7, and Csa, that are screwed to cop-
per terminals located throughout the circuit (Fig. 6).
Capacitors Cgp and Cgp are responsible for coarse tuning
of the observe channel. These two 100C series chips localize
low-frequency current to a short loop between the ends of

O o O

T=v the observe coil and minimize current flowing into the larg-
er variable capacitors Cg and C;, which are used for finer
tuning. Matching the observe circuit to 50 Q is done with
variable capacitor Cs. Additional capacitance Csp, if

- e needed for even lower observe frequency, may be screwed

T to the terminals in parallel with Cs. Tuning capacitors Cg
and C; have their extended shafts connected by a 3-gear
mechanism to a single tuning rod that changes positions
of both pistons at the same rate, expanding the range over
which the observe channel can be tuned without re-adjust-
ing circuit balancing and matching. For each observe

- nucleus range set by Cg, balancing of the solenoid is

< ° (.{]l

S =

-8

dheat 18 @ fraction of 'H input power lost to heating in the bilayer sample,  is probe power efficiency, and gpea correlates loss in the sample with RF field magnitude (see Section 2.2). Af/fis 'H resonance

shift for bilayer reference. Agioe/Aooe is B; homogeneity over 6 x 4 x 9 mm volume. '’N B, fields were measured with *N-labeled glycine.
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accomplished by affixing the proper chip capacitor C;5 in
parallel with the variable trimmer C;. To verify the align-
ment of lipid bilayers via *'P detection, the low-frequency
channel may be retuned to 242 MHz by removing all chip
capacitors and by placing a matching inductor in parallel

Fixed tuning capacitors Cga and Cgg are subject to the
highest current and voltage amplitudes in the '°N circuit.
The achievable RF field f; in the ">N channel is therefore
limited by their ability to withstand these adverse condi-
tions during milliseconds-long pulses. Using Eq. (5) and
the formula for solid angle from Appendix A, the peak
current amplitude 7/ required to generate an f; of just
50 kHz in the '°N solenoid (Q~ 3.3m) is approximately
48 A. To split the current and to reduce the possibility of
heat build-up in capacitors Cg when operating at high f
fields, it is prudent to select chips Cga and Cgg with similar
values. Using two chips of smaller value in parallel reduces
the total ESR and results in less internal heating. At
f1 =50 kHz, the voltage amplitude across the capacitance
Cg is oL I1=2mx61-10°x125-1072 x 48 ~ 2.3kV, close
to the 2.5kV declared voltage rating of the 100C series
ATC chip. During initial tests, a corona formed at the
termination plates of capacitors Cy shortly before the '°N
RF field reached 50 kHz in 2 ms long pulses. Fortunately,
the arcing discharge chose a path through the air which
is less destructive to the chip than a path through the
dielectric. Attempts to use a larger 100E series chip rated
to withstand more voltage (3.6 kV) yielded no improve-
ment in achievable RF field, suggesting that voltage gra-
dients formed around these chips that exceeded the
relatively poor dielectric strength of the room air. On
close inspection, one can note the presence of conductive
bands around the capacitor termination plates that extend
toward the center of the capacitor by ~1 mm (Fig. 7a).
They are added to aid with wave-soldering to PC boards
and contribute no more than 0.1 pF to the overall value
of a 100C or 100E series capacitor. These bands have
razor sharp edges (<30 pm) that generate high electric

Fig. 7. Preparation of the ATC 100C series chip capacitor for service in
the high-voltage location (Cga). Razor sharp PC board bands (a) are filed
off (b) and the remaining edges are covered with Corona Dope coating (c).

fields resulting in corona discharge at the edges of the
bands. To correct the problem, the bands were removed
from the dielectric substrate with sandpaper, leaving only
termination plates without sharp edges (Fig. 7b). A coro-
na-suppressing coating (GC Electronics, p/n 10-4702 or
10-5002, other agents described in [44]) was then applied
around the edges of the conductive plates to deny access
to air molecules (Fig. 7c). The combination of these two
steps improved the N RF field to at least f; = 71 kHz
in milliseconds-long pulses, with Cg made of 100C series
chips. Higher f; values were not attempted. To avoid
damage to the probe, it is necessary to provide sufficient
ventilation to elements of RF circuit both underneath
and inside the variable temperature chamber, even if the
sample is studied at room temperature. Neglecting to pro-
vide adequate ventilation (15-20 L/min) may lead to fail-
ure of fixed capacitors Cg or Cy from the internal heat
build-up.

The orthogonal coil design can be expected to provide
good intrinsic isolation between the 'H and >N circuits.
For the 600 MHz circuit shown in Fig. 5, transmission
between the >N and 'H ports at the >N frequency was
measured to be less than —40dB. The addition of
L, — C4, a small, half-turn low-voltage 'H trap, at the
entrance of the "N channel reduced transmission at the
"H resonance frequency from —10dB down to —35dB.
Due to its location in the circuit, the 'H trap contributes
almost no loss, extending the length of a 90° pulse by a
mere 5%.

2.8. RF circuit for 900 MHz low-E probe

A 'N-'H flat-coil probe for the new 900 MHz ultra-
wide bore magnet [45] was constructed using the same 'H
resonator and observe coil designs as those used in the
600 MHz low-E probe (Figs. 1C and 3A), with capacitance
Cy chosen to give f;, ~ 970 MHz for the low-E resonator.
However, the driving voltage required to produce the same
RF field inside identical coils is proportional to spectrom-
eter field strength (see Eq. (6)). Therefore the voltages in
the 900 MHz probe are 1.5 times higher than at 600 MHz
for the same experimental conditions, and so it was neces-
sary to modify the RF circuit (shown in Fig. §). Two fixed
value chip capacitors Cy were placed in series with the '°N
variable capacitors Cs, Cs, and C; to reduce voltage across
these components. Without voltage dividers Cy the air at
the edge of the anode of Cg or C; was ionized at a '°N
RF field approaching 55 kHz. With Cy in place, we were
able to achieve at least 70 kHz for 2 ms pulses. Other
changes included moving 'H matching trimmer capacitor
C; (NMQM6G, 0.5-6 pF, Voltronics Corp.) in-line with
the 50 Q input and adding chip capacitor Csg in parallel
with C; to maintain electrical balance of the 'H resonator.
Because of increased voltage in the 'H circuit, proper
adjustment of the voltage balance at the ends of coil L is
crucial to the probe’s ability to generate a high decoupling
field.
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Fig. 8. RF circuit of the 900 MHz low-E '>N-'H flat-coil probe.
Additional voltage dividers Co are inserted to protect N variable
capacitors and 'H matching capacitor C; is located in-line with a 50 Q
cable. Coil inductance values are Ly~ 10 nH and L; ~ 125 nH.

3. Results
3.1. Comparing low-E and single-solenoid probes

Internal sample heating by the 'H channel was measured
in several large volume '"N-'H, PISEMA capable static
probes for aligned samples. These probes include newly
developed probes for 600 and 900 MHz that use a low-E
coil assembly. The new probes were compared with the pre-
viously reported 600 MHz 'N-'H PISEMA probe
employing a double-tuned 4-turn rectangular solenoid
[16] and with a very similar version built for a 400 MHz
spectrometer. The results of the comparison are presented
in Table 2. All probes discussed in Table 2 were made for
similar sample size. Different gap sizes (gap = 6.4 and
9.9 mm, Fig. 2) were tested for the low-E resonators at
600 MHz. Electric field presence in each probe was gauged
by the "H 360° pulse lengths obtained with lipid bilayer and
with non-lossy reference samples. Incident RF power was
measured with an Agilent E4416A peak RF power meter
by inserting a Werlatone C1795 directional coupler at the
base of each probe after obtaining pulse length values.
The fraction of 'H input power heating the sample (otpeat)
and sample heat deposition per kHz> of B field (¢neat) Were
then determined from Egs. (1) and (2). To get meaningful
results using Eq. (1), the probes were balanced at the 'H
frequency before each 13590 measurement as described in
Section 2.2. To determine the role that might be played
by self-resonance effects, the self-resonance frequency fsg
of the 4-turn solenoid was measured to be 1044 and
985 MHz when loaded with non-lossy and biological refer-
ence samples, respectively. The effect of changing the sam-
ple on the electrical length n; of the solenoid is therefore
only 5% (see Section 2.2). For single-coil probes at 400
and 600 MHz, it is safe to conclude that the changing from
non-lossy to biological reference sample does not signifi-
cantly affect the loss in the Cross—Waugh matching net-
work. Sample dependent effects in the single-turn LGR
will be even smaller than in the 4-turn solenoid. The mea-

surement of sample loss factor oy, by means of Eq. (1) can
therefore be considered accurate for probes discussed here.
Table 2 also compares 'H resonance shifts Af/f observed
upon insertion of a hydrated bilayer sample as another use-
ful indicator of electric field inside the coil. B; homogeneity
Asi00/Agge in Table 2 was measured for both channels over
the 6 x4 x 9 mm volume, using 100% neutral paraffinic oil
and '"N-labeled glycine. Table 2 includes the maximum
sustainable 'H decoupling field and comparison of RF
fields produced by the N channel at 700 W of input
power.

The reduction in sample heating is best illustrated by
comparing heat deposition coefficients ¢pe,q 1n  the
600 MHz low-E probe (lines 3 and 4 in Table 2) to those
of the double-tuned 4-turn solenoid at the same frequen-
cy (line 2). Coefficient ¢pea, @ measure of RF power
deposition in the biological sample at identical '"H RF
fields f;, has been reduced by 17 times in low-E coil I
and by 11 times in low-E coil II. Coil I, with its smaller
value of the gap parameter, is more efficient and produc-
es the least sample heating. However, coil II reaches a
higher B;. The much smaller shift of the '"H resonance
upon sample insertion Af/f also indicates reduced interac-
tion with electric field in the new probes. Among other
interesting parameters, the "N channel in the low-E
probe is 73% more power efficient. We attribute this
partly due to the elimination of lossy traps made possible
by the orthogonal arrangement of RF coils, and partly
because the number of turns in the observe solenoid is
not restricted by "H wavelength, allowing for higher turn
density. One might expect the 'H power efficiency 5 of
the low-E probe to be much worse than that of the sole-
noid due to the 3.3 times larger volume of the low-E res-
onator. However, the superior efficiency of the single
resonance 'H circuit in the low-E probe makes up for
the difference in filling factor. As shown in Table 2,
the low-E probe with coil I has the same 'H efficiency
as the double-tuned solenoid. The low-E probe with coil
IT is somewhat less efficient, which can be attributed to
using more chip capacitors in the gap of a resonator.
With three chips in series for each capacitor bridge that
forms C,, the total ESR of Cy capacitors in coil II must
be nearly 50% larger than in coil I with its two chips per
bridge. Because of its larger size and shorter electrical
length, the low-E 'H resonator maintains excellent B;
homogeneity over the sample region (Fig. 9A). The
observe coil homogeneity (Fig. 9B) is similar or slightly
lower than in the single-solenoid probe.

3.2. Sample heating at 900 M Hz

For a given RF field f;, the amount of "H power dissi-
pated in the bilayer sample in a 900 MHz low-E probe is
4 times larger than in its 600 MHz counterpart (Table 2,
coils II), yet it is still just 37% of the power dissipated in
the double-tuned 4-turn solenoid probe at 600 MHz. A
similar solenoid probe tuned to 900 MHz would provide
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Fig. 9. B nutation profile at "H (A) and >N (B) frequency across the
6 x4 x 9 mm rectangular volume in a 600 MHz low-E probe.

a better comparison with the 900 MHz low-E probe. While
we were not successful in tuning this large volume solenoid
to 900 MHz (its electrical length in air would become
>0.47), the sample heating and RF homogeneity in such
probe is expected to be significantly worse than at
600 MHz. It is worth noting that when the frequency is
raised from 400 to 600 MHz, the RF heating in the lipid
bilayers increases proportionally to /2, as seen from mea-
surements of gy, in identical solenoids. But from 600 to
900 MHz, the increase in sample heating is larger than f°,
according to measurements with the same low-E coil.
Despite this worrisome observation, the amount of 'H
sample heating in 900 MHz low-E probe is still slightly less
than in the 400 MHz probe with a double-tuned 4-turn
solenoid. To reduce any risk of dehydrating the sample,
the 900 MHz decoupling field was not pushed above the
minimum value sufficient for each sample under study.
To date, the aligned samples studied in the 900 MHz

low-E probe have exhibited no signs of damage after
demanding PISEMA experiments and we have been able
to re-use them later for other experiments. Yet because of
the large rise of heating in lipid membranes at 900 MHz,
it is important to invest in further refinements to the low-
E coil for use at ultra-high NMR fields.

3.3. RF fields in low-E probes at different frequencies

Table 3 lists power efficiencies of several low-E X—'H
flat-coil probes built for different spectrometer frequen-
cies. All probes listed there have identical sample dimen-
sions, with the exception of the small 600 MHz flat coil
for sample-limited preparations (coil III). The third and
fourth columns in Table 3 indicate the arrangement of
Cop chips (see Section 2.7) and the frequency f, to which
the 'H resonator was tuned before being installed into
the probe, respectively. 'H RF fields were measured using
the 100% neutral paraffinic oil sample described above.
Testing each probe with 10 ms pulses at the 'H frequency
ensured that arcing does not occur during the longest
decoupling pulses used in our PISEMA experiments. A
similar arcing test was done for the observe nuclei of
interest (X = '°N, *C, or *'P) with pulse durations t cho-
sen from typical experiments. Pulses were repeated every
2s (1's for *'P) with cooling air flow for the RF circuit
set at 15-20 L/min. In spite of its large volume, the
low-E resonator can deliver '"H RF fields of up to
100 kHz at f= 600 MHz or less. Because voltage across
the coil is proportional to By (Eq. (6)), the 'H field of
the 900 MHz probe is limited by the possibility of arcing
across the chip capacitors C, placed in the gap of the 'H
resonator. Near its 60 kHz £; limit, the 900 MHz 'H coil
must be well balanced to avoid ionization forming at
either side of Cp. In the N circuit of 600 and
900 MHz probes, corona discharge originally formed
across the plates of Cg capacitors at f; values close to
50 and 35 kHz, respectively. Modifying these chip capac-
itors as described in Section 2.7 of this article suppressed
arcing and extended the limits of RF field achievable by
the >N coil to at least 70 kHz.

Table 3

RF fields f; = w,/2n achieved in the X—'H low-E flat-coil probes at various frequencies with different resonators

Field f Sample 'H coil 'H coil £ X coil # of 'Hfi kHzat W ’'PfikHzatW "“CfikHzatW "NfikHzatW
MHz aperture mm  gap mm MHz turns and L, 7=10ms T=1ms T=2ms T=2ms

300 75x55x11 9.9 309 6t, 150 nH 100 at 243 100 at 150 100 at 212 84 at 517

500 7.5x55x11 9.9 515 5t, 125 nH 105 at 300 100 at 255 110 at 400 80 at 700

600 75%x55x11 6.4 630 5t, 125nH 76" at 156 — — 71 at 700

600 7.5x55x 11 99" 627 5t, 125nH 100%at 342 80 at 150 — 71 at 700

600 7x3x%x9 3.0 623 6t, 135nH 100 at 170 — — 90 at 495

900 7.5x55% 11 9.9" 970 5t, 125 nH 60" at 176 — — 70 at 800

LY arge size low-E coils I and 1T elsewhere in the text, differing by the number of fixed capacitors.

"MSmall size low-E coil III for sample-limited preparations.

"H RF field was measured in 100% neutral paraffinic oil. No arcing occurred during pulses with duration 7 chosen from typical experiments. Pulses were

repeated every 1 s for phosphorous and every 2 s for other nuclei.
& Arcing occurs at higher RF field values.



P.L. Gor’kov et al. | Journal of Magnetic Resonance 185 (2007) 77-93 89

3.4. PISEMA capabilities

The experimental capabilities of the '"N-'H low-E
probes are demonstrated in Figs. 10 and 11. Experiments
were conducted using a Bruker 600 MHz (14.1 T) wide
bore spectrometer and the 900 MHz (21.2 T) ultra-wide
bore NMR magnet at the National High Magnetic Field
Laboratory equipped with a Bruker 900 MHz Avance
Console. Low-E cross-coil assemblies with 'H coil II were
used at both fields. Fig. 10 shows 2D PISEMA spectra of
>N-Leu sarcolipin (panel A) and '*N-Leu phospholamban
(panel B) in oriented DOPC/DOPE lipid bilayers obtained
using the 600 MHz low-E probe. All 6 leucines present in
SLN and 10 leucines in PLN are well resolved, with line-
widths of ~4 ppm and 1000 Hz in the "N chemical shift
and ""N-'H dipolar coupling dimensions, respectively.
Each spectrum was obtained in approximately 40 hours
with cross-polarization and Lee—Goldberg RF fields of
68 kHz. In both spectra the observed PISA wheels are
characteristic of a-helices having 3.6 residues per turn. Full
analysis of PISEMA spectra on uniformly and selectively
labeled SLN and PLN samples allowed for the topological
characterization of both proteins within the lipid bilayer,
providing an important first step toward the understanding
of Ca®*ATPase inhibition within cardiac myocytes [33,46].
Fig. 11 shows the 2D "N PISEMA spectrum of a single
site '°N-labeled amidated Piscidin-3 (15N-Leu20 P3;-NH,,
FIHHIFRGIVHAGRSIGRF['°N-L,,-TG- NH,) orient-
ed in DMPC/DMPG, obtained with the 900 MHz low-E
probe [36]. As indicated by the N chemical shift of
49.2 ppm, the amphipathic helix is aligned approximately
parallel to the bilayer surface and is exposed to a very dif-
ferent dynamic environment than the SLN and PLN trans-

membrane helices described above. An inset allows for
comparison of an expanded region of interest in the
900 MHz spectrum with a similar spectrum (blue overlay)
obtained at 600 MHz. Both piscidin-3 spectra were collect-
ed with "H decoupling fields of 60 kHz at 40 °C. It took
half the spectrometer time to collect the spectrum at
900 MHz. Notably, the '>’N NMR line in the chemical shift
dimension of P;-NH, is narrower at 900 than at 600 MHz,
illustrating the advantage of higher field. Overall, this
900 MHz PISEMA spectrum shown here with 2.2 ppm
chemical shift and 500 Hz ">N-'H dipolar linewidths is
an excellent example of solid-state NMR study of a biolog-
ical sample under physiologically relevant conditions. Sim-
ilar quality 1D "N and 2D "N PISEMA spectra were
previously reported for other single site '’N-labeled pisci-
dins with the 500 and 600 MHz low-E probes [37,36]. Stud-
ies in Figs. 10 and 11 illustrate the excellent spectral quality
obtained with low-E probes when used with well-aligned
sample preparations.

4. Conclusion and discussion

A special low-E solid-state NMR probe was developed
for PISEMA studies of dielectrically lossy membrane pro-
tein preparations in order to minimize sample heating
from 'H irradiation. RF loss in the sample is minimized
by employing a loop-gap resonator that produces a 'H
B, field with low conservative electric field and excellent
homogeneity. A multi-turn solenoid closely matching the
size and shape of the sample cell forms a sensitive '°N
observe coil inside the loop-gap resonator. Orthogonal
coil placement simplifies the RF circuit by providing iso-
lation between high and low-frequency channels and thus

A B
10
E 0 “ qg L
= § %
o 5
C
s @ )
>
3
8 0] |
3
) o )
T 5 0 ) w
z i
- ¢ L e
-10 T T T T T T
250 200 150 100 50 250 200 150 100 50

®N Chemical Shift (ppm)

Fig. 10. 600 MHz 2D PISEMA spectra of ~3 mg of a ’N-Leu-labeled SLN (A) and ~4 mg of '*N-Leu-labeled PLN (B) in oriented DOPC/DOPE
bilayers. Both PISEMA spectra were acquired at 5 °C with 12 ; increments, ~3 K scans and a recycle delay of 4 s. 'H f; (decoupling) = 50 kHz, cross-
polarization f; = 68 kHz, Lee-Goldberg f; = 68 kHz. The dipolar axis was not adjusted to account for the scaling factor of 0.81 arising from the
application of phase-alternated Lee—Goldberg homonuclear decoupling [47,48]. '*N chemical shifts were referenced to NH4CI at +41.5 ppm relative to
liquid NHj. Spectra are reprinted with permission from [33] (A) and [46] (B) (Copyright (2006) American Chemical Society).
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Fig. 11. Comparison of 900 and 600 MHz PISEMA spectra of piscidin-3
peptide. The slices are from the 900 MHz spectrum. 10 mg of single site
1>N-labeled amidated Ps-NH, were used ('’N-Leuy piscidin-3 in oriented
DMPC/DMPG (3:1), 1:20 peptide to lipid ratio, pH 6). 900 MHz
spectrum (red): 48 ¢, increments with 192 transients each, f (decoupling)
~60 kHz, CP f; ~45kHz. 600 MHz spectrum (blue): 48 ¢ increments
with 256 transients each, f; (decoupling) ~60 kHz, CP f; ~45kHz.
Spectra were acquired at 40 °C with a recycle delay of 4 s. The dipolar axis
in each spectrum was adjusted to account for the scaling factor of 0.81
arising from the application of phase-alternated Lee—Goldburg homonu-
clear decoupling [47,48]. '*N chemical shifts were referenced to a saturated
solution of 'NH,NO;, at +22.3 ppm relative to liquid NH;. Reprinted
with permission from [36] (Copyright (2006) American Chemical
Society).

avoiding multiple isolation traps—a source of major RF
loss in single-coil circuits. The use of separate resonators
allows the 'H coil to be designed to reduce electric fields
and improve 'H homogeneity, whereas the observe sole-
noid, not limited by "H wavelength effects, can have more
turns to gain sensitivity crucial for detection in dilute pro-
tein samples. Particularly significant for dilute prepara-
tions is the ability to accommodate larger sample
volumes at higher frequency due to the short electrical
length and high RF homogeneity of the loop-gap
resonator.

The new, "’N-'H static flat-coil low-E probe for orient-
ed proteins was compared to our previously reported flat-
coil probe with a single, double-tuned solenoid of similar
size [16]. Sample heating in lipid bilayers at the identical
'H frequency and RF field levels (w,/2m) was found to be
reduced by more than a factor of 10 in the low-E probe.
Despite the much smaller filling factor of the loop-gap res-
onator, its '"H B, power efficiency (kHz?/W) was measured
to be comparable to the solenoid in the absence of sample
loss and far better than in the solenoid for a lossy biologi-
cal sample. For the >N channel, B, power efficiency was

measured to be 73% higher in the low-E probe than in
the double-tuned solenoid.

Applications of low-E resonators to the study of mem-
brane proteins in their native hydrated bilayer environ-
ment have been demonstrated at fields as high as
900 MHz. Lowering of electric fields in the sample coil
has allowed for higher 'H decoupling fields without dehy-
dration or other damage to the sample, which is especially
valuable at 900 MHz. The overall experimental time has
been reduced due to a shorter thermal recovery period
(when sample 7 permits) and less time spent adjusting
CP parameters for each sample. These new probes are
now routinely used for N PISEMA studies of dilute
membrane proteins at 900 and 600 MHz spectrometers
in the National High Magnetic Field Laboratory. Scien-
tists who would like to use these probes are invited to
apply to the NHMFL.

The low-E probes described here are expected to benefit
solid-state NMR of other biological and hydrated objects,
especially at ultra-high fields such as 900 MHz. Applica-
tions may include highly hydrated solid samples such as
nanocrystals in a mother solution, collagens, elastins,
bicelles, hydrated polymers, etc. The low-frequency sole-
noid need not be limited to the rectangular and stationary
design demonstrated here. A scaled-down version of this
design made with a round solenoid can be used for MAS
applications or to study proteins in bicelle preparations.
YF-'"H NMR of biological solids, where both '"F and
"H pulses contribute to sample heating, is another area
we expect to benefit from the orthogonal low-E design.
Since the Larmor frequencies of '°F and 'H are only 6%
apart, achieving good isolation between channels is not
trivial in '""F-"H single-coil circuits. On the other hand, a
YFE_'H circuit that utilizes nested and orthogonal loop-
gap resonators will reduce electric fields at both frequencies
and simplify isolation between the ports. This design is not
covered in this manuscript and will be discussed elsewhere.
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Appendix A. Using solid angles to express axial component
of solenoid magnetic field

The axial component of magnetic field produced by a
solenoid of arbitrary cross-section at any point A in space
can be conveniently expressed in terms of the total solid
angle Q at which the current flow is seen by an observer
at point A. Consider any small area element dS on the sur-
face of a solenoid aligned with the x-axis (Fig. 12). From
the Bio-Savart law, the total magnetic field vector dB pro-
duced by this element at the observation point A is given
by

dB = Fog—3 S dS,

where 7 is a vector from element dS to the observation
point A and i is the current density. The axial component
of magnetic field is obtained by projecting dB onto the unit
vector X collinear with the solenoid axis:
" o X [i x 7] (¥ x1i] -7
dB, =%-dB=puy————=dS = yy————4dS
Fo™ 43 Fo 4y

Because % X [ = —ii,

n-r dQ
( ) as = :u'Oi_7

4m3 4n

ndsS - ¥
where dQ = — (73)

,

element dS is seen from observation point A. If the surface
current density value and direction are constant, then the
total axial component of magnetic field at point A is simply

dB, = — Yol —=

is the solid angle at which the area

Fig. 12. Illustration to Appendix A: derivation of axial magnetic field
B, (7) for a solenoid of arbitrary cross-section using solid angles.

B _ Mol 2
B, = 4n/deuoz4n. (10)

Eq. (10) is valid for all points both inside and outside of the
solenoid. For a very long solenoid, the field inside is simply
B, = pyi. At the end of a long solenoid Q = 2m, hence
1_3} = % Hol.

For a finite solenoid of round cross-section with diame-
ter 2a and length 25, from any point A on the axis, the
winding subtends a solid angle Q = 2n(cosg; — cos@,),
where ¢, and ¢, are the regular angles at which the end
rings are seen with respect to x-axis:

l,ui b+x b—x
~ 1t —
2 \/(b+x)2+a2 \/(b—x)2—|—a2

The field at the center of the finite round solenoid (x = 0) is

therefore B,(0,0,0) = uoiL.

Vb + a2
circular loop of wire of diameter d and current / having
radius a > d, the solid angle subtended by the wire is
Q =~ 2nd/a, and the field in the center becomes a familiar

I
formula B,(0,0,0) = ZO
a

Now, consider a finite solenoid of rectangular cross-sec-
tion with sides 2a and 2b and length 2¢. From a point on
the axis (x,0,0), the solenoid subtends the solid angle
Q=4n — Q, — Q,, where Q; and Q, are the solid angles
of the rectangular openings at x = +c.

B.(x,0,0) =

From the center of a

dydz(c + x)

o] fmet2-[ .

=4tan” ab
(¢ +x)\/a2 + b5+ (c+x)°

32
c+x P42 —1—22)

)

ab
(c—x)\/a2+b2+(c—x)2

Q, = 4tan™!

The field at the center of such a rectangular solenoid is

2
B,(0,0,0) = ,uoi<1 - tan~!

ab
EE————— (11)
cvVa:+ b+ cz>
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