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a b s t r a c t

The design, construction, and performance of a cross-coil double-resonance probe for solid-state NMR
experiments on lossy biological samples at high magnetic fields are described. The outer coil is a Modified
Alderman–Grant Coil (MAGC) tuned to the 1H frequency. The inner coil consists of a multi-turn solenoid
coil that produces a B1 field orthogonal to that of the outer coil. This results in a compact nested cross-coil
pair with the inner solenoid coil tuned to the low frequency detection channel. This design has several
advantages over multiple-tuned solenoid coil probes, since RF heating from the 1H channel is substan-
tially reduced, it can be tuned for samples with a wide range of dielectric constants, and the simplified
circuit design and high inductance inner coil provides excellent sensitivity. The utility of this probe is
demonstrated on two electrically lossy samples of membrane proteins in phospholipid bilayers (bicelles)
that are particularly difficult for conventional NMR probes. The 72-residue polypeptide embedding the
transmembrane helices 3 and 4 of the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) (res-
idues 194–241) requires a high salt concentration in order to be successfully reconstituted in phospho-
lipid bicelles. A second application is to paramagnetic relaxation enhancement applied to the membrane-
bound form of Pf1 coat protein in phospholipid bicelles where the resistance to sample heating enables
high duty cycle solid-state NMR experiments to be performed.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

There are two basic design strategies for probes for multiple-
resonance NMR experiments. Either a single resonator, such as a
solenoid coil, is tuned to two or three frequencies, or multiple res-
onators, each of which is tuned to one or two frequencies, are used.
At high fields, the advantages of using a multiple resonator ap-
proach become more pronounced; these include the use of dedi-
cated resonators optimized for their frequency of operation, and
the reduction of complexity that results from physical isolation
rather than relying solely on circuit elements, such as traps and fil-
ters, to provide electrical isolation of the frequencies. Furthermore,
as magnetic field strengths increase, so do the differences in reso-
nance frequencies between the low gamma nuclei (i.e. 15N and 13C)
most commonly used in studies of proteins and 1H. The frequency
difference problem is most readily solved by the use of multiple
resonators; an extreme example is Electron Paramagnetic Reso-
ll rights reserved.
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nance (EPR) probes designed to perform Electron Nuclear Double
Resonance (ENDOR) experiments where there is no choice but to
use individual resonators optimized for the gigahertz electron res-
onance and the megahertz nuclear resonances frequencies [1]. The
drawbacks of multiple resonator probes are chiefly geometric, with
one or more of the resonators sacrificing filling factor in nested
arrangements.

The most commonly implemented probe design for solid-state
NMR consists of a single resonator (typically a solenoid coil) dou-
ble- or triple-tuned with a Cross-Waugh type of circuit [2–4] or a
variation that employs transmission lines [5,6]. In these probes a
solenoid coil with between 4 and 7 turns is typically employed be-
cause its inductance represents a good compromise: high enough
for low frequency operation (e.g. 70.9 MHz 15N at 16.4 T) and
low enough so that the resonator can be effectively tuned to the
much higher 1H resonance frequency (e.g. 700 MHz for 1H at
16.4 T). As magnetic field strength increases this inductance
trade-off becomes more problematic with the disparate frequen-
cies placing opposing demands on the inductance of the coil.

For the study of proteins and other biopolymers by solid-state
NMR there are two additional factors to be considered. The first
is the high dielectric strength of the samples, which typically

http://dx.doi.org/10.1016/j.jmr.2009.08.009
mailto:sopella@ucsd.edu
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


88 C.V. Grant et al. / Journal of Magnetic Resonance 201 (2009) 87–92
contain large amounts of water and salts. These electrically lossy
samples can significantly reduce the probe Q (quality) factor and
shift the tuned frequency down substantially, resulting in a loss
of probe efficiency and a circuit design challenge to accommodate
a large tuning range. In addition, lossy biological samples are very
efficiently heated during RF irradiation [7–9]. Several technologies
have emerged in recent probe designs, each seeking to prevent the
undesired and deleterious sample heating that originates from the
conservative electric fields generated by the multiple-tuned reso-
nator. For example, the scroll coil has a reduced electric field at
the sample and a relatively low inductance resulting in a reduction
in sample heating [10,11]. Other types of resonators can also be
employed to reduce RF heating by minimizing the conservative
electric fields within the sample volume [12,13]. Recently, we have
described an approach based on the principles of a Faraday shield,
the strip-shield insert, that localizes the undesirable electric fields
outside of the sample volume, effectively shielding the sample
from the heating effects of a solenoid coil [14].

An alternative approach is to use a low inductance resonator at
the 1H frequency while employing a solenoid coil for the low fre-
quency channels in a cross-coil configuration [15–18]. Here, we de-
scribe a cross-coil double-resonance probe using two singly tuned
resonators, a Modified Alderman–Grant Coil (MAGC) tuned to the
1H frequency and a solenoid coil tuned to the low gamma 15N fre-
quency. These two resonators are nested to form a compact cross-
coil pair. The low inductance MAGC is on the outside, and due to its
low inductance and relatively small filling factor, it minimizes the
effects of RF heating, Q damping, and frequency shift induced by
the presence of a lossy sample. The inner coil is a multi-turn sole-
noid optimized for low frequency operation. This probe has a more
compact resonator geometry then previously described examples
of cross-coil probes [16–18] and a different circuit topology.
2. Results

The MAGC [19,20] shown in Fig. 1 is machined from a solid rod
of oxygen free copper. The geometry of this coil has been opti-
Fig. 1. The Modified Alderman–Grant Coil (MAGC). Three parallel strings of four
series ceramic chip capacitors can be seen in the 10.25 mm bottom gap of a 9 mm
ID MAGC coil of 0.5 mm thick oxygen free copper. A top gap of 0.5 mm running the
length of the long axis of the MAGC is located in the top portion of the coil.
mized to create a homogenous B1 field in the central region, which
is occupied by the 5 mm ID multi-turn inner solenoid coil in the
completed probe shown in Fig. 2. The MAGC in Fig. 1 has a thick-
ness of 0.5 mm, an ID of 9 mm, a total length of 1.5 cm, and a win-
dow length (bottom gap) of 10.25 mm. The window occupies 280o

of the coil. Three parallel strings of four ATC chip capacitors in ser-
ies bridge the window (bottom gap) of the MAGC. The 0.5 mm slot
(top gap) that runs the entire length of the coil reduces unwanted
Fig. 2. Photograph of the completed circuit assembly in the NMR probe head. The
MAGC and inner coil of white Teflon coated wire resides at the top most level.



Fig. 4. 1H resonance nutation plot for a 160 uL sample in 5 mm flat bottom NMR
tube. The observed 1H NMR signals from H2O in the sample are plotted as a function
of pulse duration in microseconds.

Table 1
Summary of probe performance.

Channel Nutation frequency, power Homogeneity (A810/A90) � 100%

1H 67 kHz, 250 W 86%
15N 50 kHz, 350 W 80%
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inductance along the long axis of the MAGC. With the capacitors in
place, the resulting assembly produces a B1 field orthogonal to the
long axis of the MAGC, through the window [19,20]. The inner sole-
noid coil produces a B1 along the long axis of the solenoid/MAGC
pair. As such, the resonators are in a cross-coil configuration
(Fig. 2) with orthogonal B1 fields that minimize inductive coupling
and RF interference.

The resonance frequency of the MAGC is determined by the to-
tal capacitance in the bottom gap. In this example, the MAGC alone
resonates at approximately 800 MHz with 3.7 pF capacitance in the
bottom gap (C7* in Fig. 3). The final frequency is reduced when
incorporated into the probe circuit by the effects of the coil leads,
stray inductance in the total circuit, and stray capacitance between
the outer MAGC and the inner solenoid coil. The relatively low
inductance of the MAGC ensures a concomitantly small voltage
drop across the coil, and a relatively high current flow through
the circuit, requiring attention to the choice of capacitors, particu-
larly those at position C7*. The high current nature of the circuit
led to the use of the smaller B case ceramic chip capacitors from
American Technical Ceramics (www.atceramics.com), which we
have found to be much more effective at dissipating heat than
the larger E case ATC capacitors that are more commonly used in
solid-state NMR probes because of their voltage handling
capabilities.

The 1H circuit diagrammed in Fig. 3 has been tested extensively
and, when properly implemented, is reliable and electrically well
behaved at RF powers up to 350 W. The variable capacitor C2 ad-
justs the match, and the variable capacitor C11 tunes the circuit.
The variable capacitor C3 is used to balance the circuit. All of var-
iable capacitors are from Voltronics Corporation (www.voltronic-
scorp.com). The final probe assembly with a 48 mm OD is
pictured in Fig. 2. Variable temperature control is accomplished
as previously described [10].

It is essential to balance [21] the circuit in order for the MAGC to
exhibit optimal efficiency, homogeneity, and power handling capa-
bilities. Because it is difficult to theoretically determine the correct
value of the balance capacitor, we balance the circuit empirically;
the capacitance of C3 is adjusted while monitoring the B1 homoge-
neity and nutation frequency. Following this procedure RF homo-
geneity of 86%, the ratio of the amplitude of the nutation curve
following an 810� pulse to that of a 90� pulse expressed as a per-
centage, is measured for a typical 160 ll bicelle sample in a
5 mm flat bottom NMR tube filled to an approximate depth of
10 mm. The 1H resonance nutation plot is shown in Fig. 4, and
the performance and homogeneity data are summarized in Table 1.
Fig. 3. Circuit diagram for the probe shown in Fig. 2. L1 represents the MAGC and L2 is th
C4 = 6.8 pF, C5 = 6.8 pF, C6 = 6.8 pF, C8 = 6.8 pF, C9 = 6.8 pF, C10 = 6.8 pF, C12 = 4.7 pF, C1
into the MAGC (Fig. 1) and consists of three parallel strings of four series ceramic chip ca
1–10 pF.
It should be possible to replace the variable capacitor C3 with a
fixed capacitor of the determined value, and this would free up
valuable space for additional circuit elements in triple-resonance
implementations of this basic design.

The inner coil is approximately seven turns, with an inner diam-
eter of 5 mm, wound from 20 AWG round wire (Alpha Wire Com-
pany, www.alphawire.com) with a PTFE (polytetrafluoroethylene)
coating of 0.25 mm, which serves as an insulating dielectric layer
between the inner and outer coils to prevent arcing between the
coils. The inner coil is driven by a standard tuning circuit in a con-
figuration that is balanced by the appropriate choice of capacitor
C17. Circuits without capacitor C17 are approximately 5% more
efficient; however, having a capacitor in this position is essential
to achieve good 1H frequency to 15N frequency isolation across a
broad range of values of the trim capacitors C13 and C15. As a re-
sult, the value of C17 is optimized for its isolation effects rather
than strictly as means of electrically balancing the inner coil with
regard to the 15N voltage.
e seven turn 5 mm inner solenoid coil. The values of the capacitors are: C1 = 2.2 pF,
4 = 47 pF, C16 = 120 pF, C17 = 120 pF. The capacitance C7* is 3.7 pF total integrated
pacitors. Capacitors C2, C3, C11, C13, and C15 are variable capacitors with a range of
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Fig. 5. Sample temperatures measured by chemical shifts plotted as a function of
the average RF field deposition, a B1 field of 50 kHz was used. The dashed lines are
linear fits to the experimental data with slopes of 0.032 (�C/kHz2) for the 699.9 MHz
1H irradiation (squares) and 2.02 (�C/kHz2) for the 70.9 MHz 15N irradiation
(triangles). 1H B1 fields were measured directly using the heating sample, 15N B1

fields were determined indirectly using a bicelle sample.
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The RF heating effects have been measured as previously
described [10,11]. We assessed sample heating by monitoring the
1H chemical shift of the H6 resonance of Na5[TmDOTP] (Macrocyc-
lics, www.macrocyclics.com), the sodium salt of the complex
between the thulium ion and the macrocyclic chelate 1,4,7,10-tet-
raazacyclodecane-1,4,7,10-tetrakis(methylene phosphonate) [22].
The Na5[TmDOTP] sample included an additional 70 mM of NaCl
so that its dielectric properties are comparable to the ‘‘worst-case”
lossy aqueous samples that we study, such as protein-containing
phospholipid bilayers [10]. The Na5[TmDOTP] containing test sam-
ple, was loaded into a 5 mm sample tube to a depth of approxi-
mately 10 mm, which corresponds to a volume of 160 ll. The RF
induced heating was measured for both the 1H channel
(700 MHz) and the 15N channel (70.9 MHz) using the pulse se-
quence described previously [10]. In both cases, the sample tem-
perature following RF heating is monitored using the chemical
shift of H6 of Na5[TmDOTP]. Fig. 5 illustrates the heating effects
at both the 15N and 1H frequencies by plotting the sample temper-
ature change (�C) as a function of the B1 field deposition, which is
the product of the square of the B1 field and the duty cycle. Typical
Fig. 6. Experimental NMR spectra of lossy biological bicelle samples aligned magnetical
state MAGC NMR probe. (A) One-dimensional 15N chemical shift spectrum of uniformly
spectrum of uniformly 15N-labeled Pf1 major coat protein. The 15N and 1H average RF fi
solid-state NMR experiments on stationary lossy samples are in the
range of 4–10 RF field deposition for 1H irradiation. Thus, the 1H
channel is expected to elevate the sample temperature by no more
then 0.4 �C under the same experimental conditions where a con-
ventional double tuned solenoid coil probe would elevate the sam-
ple temperature by 10 �C. RF irradiation through the inner coil
results in a small, but non-negligible heating at the 15N frequency
of 70.9 MHz, a consequence of using a high inductance solenoid
coil. Typical solid-state NMR experiments on lossy samples are in
the range of 1–2 average RF field deposition for 15N irradiation.
Thus, it is expected that the probe described here will elevate the
sample temperature by less than 4 �C during typical experiments.

NMR studies of domains of the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR) in phospholipid bilayers are very
challenging because of the sample heating that occurs with these
lossy samples. The initial samples containing the TM3/4 V232D
segment of CFTR would form ordered and well-aligned bicelles
only at low concentrations, near the threshold of solid-state NMR
detection. Increasing the protein concentration resulted in
precipitated protein and 15N NMR powder pattern line shapes in
the spectra. Typically, salt concentrations are minimized in sample
preparations due to the deleterious effects that solvated ions have
on NMR probe performance and because of the RF heating that is
enhanced by the conductivity of the sample [19,23]. However, it
was found that CFTR would reconstitute successfully in q = 3.2
bicelles only in the presence of an electrically significant amount
of added salt. The final sample preparations contain 50 mM NaCl.
The spectrum displayed in Fig. 6A is consistent with a well-aligned
membrane protein that has a significant fraction of its residues in
transmembrane helices. This illustrates the value of this
probe design for dealing with tuning changes induced by lossy
samples.

In a second example, the membrane-bound form of Pf1 coat
protein in similar q = 3.2 bicelles was studied with the addition
of 20 mM Cu–EDTA to the solution to reduce the value of 1H T1

and hence the duration of the recycle delay required for the exper-
iments [24,25]. By using a 1.5 s recycle delay, we were able to ob-
tain a two-dimensional spectrum (Fig. 6B) in one-fourth the time
previously needed. Notably, no significant line broadening is ob-
served due to sample heating when it is compared to the spectrum
obtained with a recycle delay of 6 s.
3. Discussion

The MAGC in a cross-coil probe offers several advantages over
conventional designs that utilize a double- or triple-tuned solenoid
ly with their normals perpendicular to the magnetic field using the cross-coil solid-
15N-labeled CFTR TM3/4 V232D. (B) Two-dimensional 15N–1H separated local field
eld depositions (kHz2) are 0.4 and 4.6 for (A) and 5.2 and 11 for (B).

http://www.macrocyclics.com
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coil. The low inductance outer 1H MAGC coil is very effective at
reducing RF heating. The simple tuning circuit utilizes a minimum
number of tuning elements for the inner coil and provides freedom
to choose an inner coil of optimal inductance for the low frequency
detection channel. This contributes to good sensitivity in direct
detection experiments. This implementation offers potential
advantages compared to other cross-coil low-E probes. The outer
MAGC is relatively compact, which improves the performance of
the 1H channel, and results in a compact overall resonator struc-
ture that fits inside narrow bore magnets. The main disadvantage
of this design results from the very same properties of the MAGC
resonator that minimize the RF heating, namely the low induc-
tance of the MAGC and its relatively low filling factor, which would
render the coil rather insensitive for direct observation of 1H sig-
nals. For 1H-detection, the design could be reversed, placing the
MAGC coil on the inside and the low frequency solenoid coil on
the outside of a nested cross-coil pair.

Taken together, the advantages resulting from the compact
cross-coil design and the optimization of the respective high and
low frequency coils enables the study of lossy biological samples
and the use of high duty cycles in solid-state NMR experiments
that require high RF power irradiations in high field magnets.
4. Experimental

4.1. Expression and purification

The 15N labeled form of the CFTR TM3/4 V232D helical hairpin
construct was expressed and purified as previously described
[26–28]. In each of these constructs, wild type Cys225 was changed
to an Ala to avoid disulfide bond formation between different heli-
cal hairpin molecules. cDNA encoding for residues 194–241 (TM
segments 3 and 4, with the mutation at position 232) of CFTR
was subcloned into PET-32a. This construct also contains a fusion
protein (thioredoxin) to aid in solubilizing the hydrophobic CFTR
fragment, an S-tag for detection by Western blots, and a His-tag
for purification purposes. In the construct employed in the present
work, the S-tag from the vector (KETAAAKFERQHMDS) was re-
moved by using Stratagene’s QuikChange site-directed mutagene-
sis kit for which forward (GGTTCTGGTATGCCAGATCTGGGTACC)
and reverse (GGTACCCAGATCTGGCATACCAGAACC) primers were
designed. The resulting constructs were transformed into BL-21
cells in M9 medium (M9 salts: 0.8% Na2HPO4 (w/v), 0.4% KH2PO4

(w/v), 0.05% NaCl (w/v), and 0.1% 15NH4Cl (purchased from Cam-
bridge Isotope Laboratories) in 1 L water, pH adjusted to 7.5). Prior
to cell growth, the medium was supplemented with biotin and thi-
amine (1 mg/L of each); sterile MgSO4 and CaCl2 stock solutions to
final concentrations of 1 mM and 0.3 mM, respectively; 3 g of glu-
cose for expression of 15N isotopically labeled TM3/4 V232D. The
cells were grown at 37 �C and induced at an O.D. of 0.6 with
0.1 mM IPTG, followed by overnight shaking at room temperature.
Harvested cells were sonicated in 20 mM Tris, pH 8.0, and then
centrifuged. The soluble fraction was supplemented with NaCl
(150 mM), b-mercaptoethanol (20 mM), imidazole (5 mM), and
0.1% Triton X-100, and then applied to a nickel affinity resin (from
Qiagen) pre-equilibrated under the same conditions as the protein
mixture, and binding was allowed to proceed overnight at room
temperature. Elution was performed with the same equilibration
buffer containing 400 mM imidazole. Eluted fractions were then
treated with CaCl2 (5 mM) and thrombin (15 U). Thrombin-treated
TM3/4 V232D was purified by RP-HPLC on a C4 semipreparative
column (Phenomenex) using an acetonitrile gradient. Protein-con-
taining fractions were obtained by monitoring A215, and evapo-
rated under nitrogen until they contained less than 20%
acetonitrile. The resulting fractions were then lyophilized. The
yield was typically ca. 18 mg of TM3/4 V232D (>95% pure) per
1 L of minimal M9 medium. The sequence of the TM3/4 construct
obtained in this manner is GSGMPDLGTDDDDKAM194GLA
LAHFVWIAPLQVALLMGLIWELLQASAFAGLGFLIDLALFQAG-L241GLE
HHHHHH, which contains residues 194–241 as numbered in full-
length CFTR (TM3/4).

Uniformly 15N labeled Pf1 was prepared as previously described
[29], and purified using a previously reported procedure [30].

4.2. Bicelle sample preparation

The uniformly 15N-labeled TM3/4 V232D segment of CFTR and
Pf1 major coat protein were reconstituted into bicelles as previously
described [31,32]. 1,2-di-O-hexyl-sn-glycero-3-phosphocholine
(6-O-PC) and 1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine (14-
O-PC) were purchased from Avanti Polar Lipids (www.avantilipids.
com). About 3–8 mg of lyophilized proteins were dissolved in
9.5 mg of 6-O-PC and then the clear solution was added to 45.6 mg
of 14-O-PC, yielding the protein-containing bicelle samples with a fi-
nal molar ratio of long chain to short chain lipids (q) of 3.2 and the
total lipid concentration of 28% (w/v). A final concentration of
50 mM NaCl and 20 mM Cu–EDTA were added to the CFTR and Pf1
samples, respectively.

4.3. NMR spectroscopy

The NMR experiments were performed on a spectrometer that
consisted of a Bruker Avance console interfaced to a Magnex
700/62 mid-bore magnet with a 1H frequency of 699.9 MHz. The
ID of the room temperature shims is 48 mm. All samples were
equilibrated in the magnetic field at constant temperature for at
least 30 min prior to the NMR measurements. The one-dimen-
sional 15N NMR chemical shift spectrum of the CFTR sample was
obtained by a 1.0 ms cross polarization with SPINAL-16 [33] 1H
decoupling during the 10.2 ms acquisition period using a B1

radio-frequency strength of 50 kHz. The CFTR sample temperature
was regulated at 42 �C. The two-dimensional separated local field
SAMPI4 [34] spectrum of Pf1 sample resulted from a total of 48
t1 increments and 512 t2 complex points with 64 scans for each
t1 increment. The B1 radio-frequency strength of 42 kHz and 1.5 s
recycle delay with 5 ms acquisition time were used. The sample
temperature was regulated at 40 �C. All chemical shifts are refer-
enced externally by setting the 15N resonance of ammonium sul-
fate to 26.8 ppm at room temperature. NMR spectra were
processed using NMRpipe [35].
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