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Abstract

Solid-state NMR spectroscopy of half-integer quadrupolar nuclides has received a lot of interest recently with the advent of new
methodologies and higher magnetic fields. We present here the extension of our previous low temperature method to an 18.8 T
system. This new probe entailed a total redesign including a cross coil and variable capacitors that are operational at cryogenic
temperatures. The limitations to sensitivity are also discussed; including a new diode network, the utilization of a cryogenic band
pass filter, and the consequences of the RF profiles of the coil. Further, details of the spectroscopy of quadrupolar nuclei in a protein
are discussed, such as the observation of the outer transitions and how to distinguish them from the desired +1/2 transition.

© 2004 Elsevier Inc. All rights reserved.

1. Introduction

A long term aim of our research is to obtain a thor-
ough understanding of the bioinorganic chemistry of
zinc and magnesium by investigating proteins and syn-
thetic analogues that are designed to mimic both the
structure and function of the active sites of metal de-
pendent proteins. One of the vehicles to obtain this
objective is through the use of the spectroscopy of zinc
and magnesium. The typical oxidation state for zinc and
magnesium is +2 and is stable with respect to either
oxidation or reduction. With this oxidation state both
atoms have a closed shell electron configuration. A di-
rect consequence of this is the absence of characteristic
adsorption bands in its UV/Vis spectroscopy. Likewise,
EPR spectroscopy is also unavailable.

The basic thrust of our developmental efforts over the
past several years has been to characterize Zn>* and
Mg?* sites in proteins using NMR spectroscopy. The
simplicity of this sentence belies the fact that as little as
three years ago most of the NMR community would
have described such an experiment as prohibitively dif-
ficult. We have developed a means to directly observe
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these metals in proteins via a low temperature solid-state
NMR experiment [1,2]. Therefore, our interest is to ex-
ploit this new technology to define the mechanistic de-
tails of how divalent metal cations (Zn>*, Mg>*, and
Ca’*) augment the chemistry of the proteins to which
they bind. Moreover, we want to establish a relationship
between magnetic resonance parameters for the metal
and the structure of these metals in metalloproteins. The
magnetic resonance parameters are sensitive measures of
charge, ligand type and number, and the symmetry
of the metal site. All of these parameters are a reflection
of the potential chemistry that occurs at the metal site.
Therefore, such relationships should aid in the devel-
opment and delineation of the correlation between
structure and function for this important class of
proteins.

Since our initial report of our low temperature
methods, we have refined many of the particulars. These
details include the balancing of the double tuned coil
used in our 9.4 and 11.7T probe designs. Likewise, we
have developed a cross coil design for our implementa-
tion of the low temperature experiment at 18.8 T. We
have also explored low temperature duplexers that make
more efficient use of the low temperature preamplifier
which we introduced in our initial report. Finally, these
methods have enabled us to routinely observe Zn’>* or
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Mg?* within proteins or protein complexes with mo-
lecular weights in excess of 40kDa. In analyzing the
results of these experiments we have noted some special
details which are unique to the spectroscopy of these
quadrupolar nuclides. Hence, we outline these issues
here.

2. Experimental methods
2.1. Probe construction

The design of our current low temperature, double
resonance probe implemented at 9.4 T was discussed in a
previous paper [1]. The relevant details are that an Ox-
ford continuous flow cryostat is utilized to regulate
temperature and transmission lines are used to move the
tuning elements out of the magnet (and thus the cold
area). The only change we have made to the initial probe
circuitry is that the proton channel is now balanced.
This design was duplicated with the appropriate change
in the internal A/4 for use at 11.7 T. While this was easily
done, the same cannot be said for extending this tech-
nology to 18.8 T. First, we set the constraints that the
sample size should be no less than 5 mm and that the low
frequency channel of the probe needed to have a 5 or 6
turn solenoid sample coil. The sample size limitation
was set to facilitate experiments on the sample at dif-
ferent magnetic fields without unpacking and repacking,
as well as to maximize sample within the coil. The
number of turns of the solenoid was set to keep the in-
ductance high. This allows for reduced capacitance
values in tuning the circuit as well as improving effi-
ciency and RF homogeneity. However, this high in-
ductance prevented the coil from being tunable at
800 MHz. Also, the length of wire used for a 5 turn,
Smm solenoid is longer than a A/4 at 800 MHz. To
overcome this situation, we have constructed a cross coil
arrangement where the proton coil is a 5Smm saddle coil
machined out of oxygen-free copper. This coil is 22 mm
long with a 0.019in. wall thickness and a 12 mm win-
dow. A drawing of the cross coil arrangement is de-
picted in Fig. 1. The proton coil is covered with a Teflon
sleeve for insulation from the X-coil, which is a 5 turn
solenoid wound from 20 gauge round wire. This geom-
etry (inner saddle coil) was chosen to get the highest
proton field possible with minimal power.

Further, the length of transmission line required to go
from sample center out of the cryostat (1654 mm) in-
troduced a parasitic resonance into the proton tuning
circuitry, which directed most of the power applied away
from the sample coil. We have therefore moved our
tuning elements back inside the cryostat near the coil
arrangement. A schematic diagram of the probe layout
is shown in Fig. 2. The variable capacitors for
both channels are rated for operation at cryogenic
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Fig. 1. CAD diagram of the (A) saddle coil machined from O,-free
copper with a length of 22 mm, wall thickness of 0.0191n., and a 12 mm
window and (B) the cross coil arrangement showing the Telfon sleeve
wrapping the inner coil and the outer five turn saddle coil.

Fig. 2. CAD drawing of the cryogenic probe developed for use in an
Oxford cryostat with a length of 1654 mm and an opening of 30 mm,
where (A) is the cross coil at sample center, (B) the location of the
proton channel capacitors, Voltronics NMKT10HVK (1-10pF) for
tune and NMAT25HVK (1-23 pF) for match, (C) the observe tune
and match capacitors which are both special order Voltronics V2642
(3-23 pF) cryogenic, variable capacitors, (D) four vacuum tight, mo-
tion feed-thru’s with o-ring seals (which were manufactured in-house),
and (E) RF feed-thru’s for supplying power to the probe head. Me-
chanical and RF couplings have been omitted for clarity.
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temperatures, and the adjustments are made with vac-
uum tight rotary feed-thru’s (indicated on Fig. 2) [3].
This probe functions well at 18.8 T giving a 5.5 us proton
n/2 pulse width with only 20 W. The Hartmann-Hahn
condition [4] for ®’Zn only requires 30 W to match that
proton field and 110 W gives a 5.5 ps ©’Zn selective mt/2.

2.2. Transmitter[receiver network

The network at 9.4 T now consists of an active Trans-
mitter/Receiver (T/R) switch in which the through diodes
are back-to-back PIN diodes (for increased isolation)
from the high power amplifier to a N-type tee and then
into a 27 MHz band pass filter (Microwave Circuits) with
a 10 MHz pass band designed to operate while immersed
in liquid N; and then to the NMR probe. The PIN diodes
are synchronized to the receiver gate generated by the
console. The other side of the teeisa /4 at 25 MHz, which
goes to the cryogenic Miteq preamplifier (input protected
by eight sets of anti-parallel 1N914 diodes to ground, four
sets on each end of a diode to ground box).

The consoles used in these experiments are as follows:
Varian Infinity at 9.4 T, Varian Unity at 11.7 T, and
Varian Inova at 18.8 T. For all instruments the broad-
band preamp supplied with the console was not utilized.
Rather a cryogenic narrow band tuned (5 MHz centered
on the ®’Zn frequency) preamp from Miteq was used
(immersed in N;(/)—77K) at each field. The network
described above was put into use on the 9.4 T system.
The other systems use passive networks with 1N914
diodes and standard high power low pass RF filters. The
outputs of the cryogenic preamplifiers are routed back
into the standard console downconverter, then into the
receiver boards. On the 11.7 and 18.8 T systems, we di-
verge from the standard configuration again as the
output from the narrow band receiver is routed to the
wideline ADCs (5 MHz). This allows use of the narrow
band audio filters (typical value is 50 kHz) for further
noise reduction.

2.3. Simulations

The simulations were all performed using the pro-
gram SIMPSON [5] on several systems (SGI Origin
2000—8 CPUs and 23-Racksaver Dual P4 2.4 GHz Xeon
nodes combined with 8-Racksaver Dual Pentium III
1.26 GHz nodes into a Beowulf cluster running the
Rocks clustering software utilizing a gigabit Ethernet
interconnect).

3. Results and discussion
There are some caveats for using these transmission

line probes, which we will now discuss. The first pertains
to the lines themselves, we have found that these lines

must be airtight. That applies not simply to the top
(room temperature) end, but to the bottom (which re-
sides inside the cryostat) as well. Sealing the top is a
necessity, as even a small pinhole will cause the lines to
fill with condensed liquid Nj. An indication of this is
that within 4 h (depending upon the size of the leak) the
proton tuning will begin to drift rapidly. This can push
the tuning as much as 10 MHz lower than the proton
frequency. Caution should be taken in warming this
probe, as the transmission line is now a pressurized
vessel. The cold end must also be sealed tightly as a
partial pressure of helium in the transmission lines will
cause that line to break down and arc. We have also
discovered a frequency dependence to the materials used
in plugging the lines. Our initial plugs were machined
out of Teflon, however, this material when cold will arc
at 500 MHz and above. We have switched to using
Vespel and have had no difficulties with it at any of our
fields. To make the upper seal air tight we use a non-
conductive epoxy, and a fine coating of epoxy between
the lower plugs and the stainless steel makes the other
seal. The Teflon plugs also had the habit of leaking after
several thermal cycles, and over time (4-6 months) the
probe would condense enough water inside the trans-
mission lines that they would have to be opened, dried,
and resealed.

The other issue with these probes is a question of
optimal sensitivity. The whole purpose of our method is
to push sensitivity as high as achievable to observe these
spins in a dilute environment. The target of our interest
is to obtain NMR data from a nuclide with a mass of 25
or 67 Da in a protein of typically 30-50kDa. We have
found that the stainless steel construction of our trans-
mission line is still necessary to prevent undue heat being
conducted down to the sample area. However, this in-
troduces a time lag to the probe reaching thermal
equilibrium. An indication of the thermal equilibration
is that the proton tuning will drift slightly over the first
12 h after being cooled from room temperature.

Once the probe has reached thermal equilibrium, the
noise floor is then at its minimum value while the signal
content should be at its maximum. The ambient noise of
the system is the next target when boosting sensitivity.
The cryogenic preamp has already demonstrated a re-
duction in noise as the typical room temperature pre-
amplifier has a noise figure of approximately 1.3 versus
nominally 0.2 for one at 77 K. We have pursued other
possible noise sources such as the low pass filter between
the probe and the receiver network. As detailed above,
we have incorporated a hermetically sealed band pass
filter capable of being submerged in liquid N, into our
system. The surprising information was that this filter
did not improve its noise figure upon cooling to 77 K.
However, the overall effect of the new PIN diodes
combined with the new filter was an improvement in
S/N of around 15%.
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Generally, when investigating half-integer quadru-
polar nuclides by solid-state NMR methods the princi-
pal observable is the central or £1/2 transition for that
spin. The experiment we are utilizing is CP [6] followed
by a CPMG train of 7 pulses [7]. Consider a spin 5/2
nucleus such as “’Zn or Mg with an unknown value of
Cq; there are two possible extremes that one can find
with these experiments; first, for a small value of Cq4
where the central transition lineshape is narrow and
totally contained within the excitation region, and sec-
ond that Cy is large and expected lineshape is quite
broad (requiring several subspectra to reconstruct the
complete spectrum [8]). A further question is the selec-
tivity of these experiments for the +1/2 transition. These
transitions (|3/2| < |1/2]; |5/2| <= |3/2|) all overlap
as indicated in the simulated data in Fig. 3 where the top
spectrum is a spin 5/2 lineshape with an 7 of 1 and the
lower spectrum is the same except with an 1 of 0. One
can see that for # = 1 there is significant overlap of in-
tensity centered on the +1/2 transition.

With a small value of Cq one has to consider the
strength of the RF fields used during the echo train. Too
strong a pulse will severely distort the resulting data [9]
set such that it does not resemble a pure quadrupole
lineshape (and may prevent a simulation optimization
from converging). The regimes to avoid are where the
RF field strength (wgrp) for the © pulses is comparable to
the quadrupolar splitting, i.e.,

|(UQ/CORF‘ >3 (1)

and where the wgg is less than the second order quad-
rupolar lineshape, i.c.,

Za)é/(wowkp) >0.1. (2)
Here, wq is defined as
wq = Cy/21(2] — 1) (3)

or Cy/20 for a I = 5/2. This is exemplified in the Mg
spectra of Fig. 4. The top two spectra are magnesium
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Fig. 3. Simulated lineshapes for a spin 5/2 nucleus at 9.4 T with a Cq of
4MHz an 5 of (A) 1.0 and (B) 0.0.

acetate acquired with CP and a m pulse of 4 us and an
optimized simulation with quadrupole parameters of
Cyq=3.02and n, = 0.72. The bottom spectra are the same
sample acquired utilizing a 15 pus © pulse width and its
respective simulation calculated with Cy = 2.81 MHz with
gy = 0.68. These parameters were independently opti-
mized showing that by using an exact density matrix
calculation one can approximate the lineshape to extract
values of Cy and 5 to within 10% error. However these
numbers would be less reliable for those nuclides that
have significant shift anisotropy contributions to the
lineshape, such as %/Cu or ¥/%Rb [10,11], as well as
distortions due to pulse width. It is also worth noting that
there are values of C; where one cannot fulfill the in-
equalities mentioned above. For example, a Mg or 7Zn
(o =25 MHz at 9.4 T) with a C4 larger than 8§ MHz does
not satisfy the requirements, hence one would have to rely
on using an exact calculation or use multiple overlapping
experiments to piece the lineshape together.

In the second extreme, where Cj is large, the problem
is more difficult to quantify. The ¢’Zn solid-state NMR
spectra of each of the protein samples investigated thus
far seems to have a value of 5, near 1. Under the con-
ditions of our experiment, it has been difficult to deter-
mine the edges of our lineshapes as each side trails off
slowly to baseline rather than a distinct break. However,
using the width of the center feature one can estimate
the value of Cq. The question of selectivity further
complicates these determinations as the outer transitions
are also excited (even with selective pulses). The
3/2 <= 1/2 transition has a Hartmann-Hahn match
condition very close to the +1/2 transition [12].

VuBin = 0yz,B1zn, 4)
o= [I(I+1) —m(m—1)]"", (5)

where y and B, are the gyromagnetic ratio and RF field
for each respective nucleus. The factor o for a 5/2 spin
(like Zn or Mg) is 3 for the +1/2 transition, however
for the 3/2 <= 1/2 transition this factor is /8. The
theory behind the single and multiple quantum CP
match conditions has been discussed previously [13].
The problem is further complicated when one considers
the RF is most likely not homogeneous across the whole
sample. This is worse still if the RF profile is different for
each channel (hot spots on different turns of the coil).
The RF profile can (and should) be checked using a
network analyzer to probe the tuning deflections on
each channel as a function of moving a conductive wafer
inside the coil. Examples of this are shown in Fig. 5
where we have mapped a double tuned solenoid probe
used at 11.7T and the cross coil 18.8 T probe. One
should note the apparent “hot spot” on the saddle coil,
this region of the coil is the loop (or turn) away from the
leads. One should expect a gain in S/N of 20-30% if the
two profiles can be flattened out. The double tuned
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Fig. 4. Experimental and simulated Mg NMR data at 9.4 T and 50 K. The experimental spectrum of Mg(OAc) - 4H,0 acquired using 4 pis m pulses
is shown in (A) with the simulation using finite pulse widths in (B) and the experimental spectrum acquired using 15 ps « pulses and its corresponding

simulation are in (C) and (D), respectively.
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Fig. 5. RF field plots for the proton and X-channels of (A) double tuned solenoid and (B) cross coil where the x-axis is the position of the conductive
disk from the center of the coil. The open circles (-O-) are the proton channel and the filled circles (-@®-) are the X circuit.

solenoid suffered in this way, however with a balanced
proton channel, the RF profile was centered to match
the low frequency side (which is not balanced in this
case). This in effect improves the RF homogeneity across
the coil and allows more of the sample to be at the
Hartmann-Hahn match condition which results in an
increase in S/N. This issue has been recognized by
commercial probe vendors and they have directed their
efforts toward improving their technology [14].

The data in Fig. 6 shows a %7Zn spectrum of human
carbonic anhydrase (CA) II at pH 5 collected at 9.4T
(sample mass 125mg, and =15% water), which is a
perfect example of the problem. When this work was
started the expected width of the lineshape was un-
known, except that we anticipated a large value of Cg.
The ab initio molecular orbital theory predicted Cy was
on the order of 35-40 MHz, which would have an edge
of the lineshape around 1-1.3 MHz higher in frequency
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Fig. 6. Experimental and simulated ©’Zn NMR data for human carbonic anhydrase (pH 5), where (A) is the experimental data set acquired at 10 K
and 9.4 T and (B) and (C) are simulations using ideal pulses and Cqs of 40 and 10 MHz, respectively. The spectrum in (D) is calculated using the
parameters of (C) including the contributions from the 3/2 <= 1/2 and 5/2 <= 3/2 transitions.

than our isotropic chemical shift. To acquire this data
the sample was cooled to 10K and the CP/QCPMG
experiment was applied stepping the transmitter fre-
quency 30kHz from -900 to +660kHz, then finally
from +1.19 to +1.33 MHz in an attempt to define the
edge of the spectrum. Each experiment represents two
contacts of CP and 512 transients taken every 30s (or
~4.3h). As it turns out the narrow species in the center
was the whole +1/2 spectrum (rather than an impurity
with a narrow lineshape) [15]. The shelf of spikes in both
directions was indeed the 3/2 <= 1/2 transition, as
verified by data collection at other fields. The simulated
powder spectrum in Fig. 6B is the £1/2 transition alone
for a Cy of 40 MHz, while the simulation in Fig. 6C was
calculated using a value of 10 MHz. The spectrum in
Fig. 6D represents a simulation combining all of the
transitions for a Cq of 10 MHz. These predicted data sets
were calculated using ideal pulses.

In an attempt to analyze this data a SIMPSON cal-
culation was written utilizing finite pulse widths and a
complete density matrix calculation. The results of that
calculation demonstrated that the QCPMG train also
populates the outer transitions even with selective w
pulses. To simulate more closely how the experiment is
actually performed the transmitter frequency in the

simulation was moved every 20kHz (from -200 to
+200kHz, and in coarser steps outside that range), a
dataset “acquired” using a QCPMG sequence (no CP),
followed by a sky projection of the data to reconstruct
it. The resulting simulation assuming a 10 MHz Cq is
compared with the experimental spectrum in Fig. 7.
The simplest method to determine if the completed
data set falls into this situation (assuming you know
something about the sample purity) is to simulate the
lineshape using only the central transition as in Fig. 6B
and compare the width of the central portion of the
lineshapes to see if the calculated spectrum adequately
describes the breadth of this feature. If not (as in this
case) the likelihood is that the outer transitions are also
being observed. The spectrum can also be acquired at
higher field (i.e., from 9.4 to 18.8 T), which allows the
separation of the second order quadrupolar lineshape
from the first order lineshape of the outer transitions. By
doubling the field the central transition lineshape has
half of the width of the lower field, while the
3/2 <= 1/2 contribution remains the same (thus
dropping in intensity relative to the central transition).
The results of this are shown in Fig. 7C where we have
the simulated 9.4 T data, and then replicate the calcu-
lation changing only the field to 18.8 T. One could
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Fig. 7. (A) Experimental ®Zn spectrum of CA, pH 5, from Fig. 6A and simulated QCPMG experiment for a Cq of 10 MHz and an 5 of 1.0 at (B)
9.4T and (C) 18.8 T allowing all observable coherences to be detected. The offset was stepped from —200 to 200 kHz in 20 kHz increments, then in
50kHz steps from 200 to 500 and —200 to —500 kHz, finally in 100 kHz steps out to —800 and +1300 kHz. Each spectrum is the result of a sky

projection.

therefore use this method to completely map out the
outer transitions as well, if sufficient sensitivity is
available (and spectrometer time).

The data shown in Fig. 8 represents the culmination
of the efforts discussed in this paper. We can now ac-
quire low temperature data at 18.8 T to verify our low
field results. Shown is a sky projection of %7Zn CP/
QCPMG experiments on 60mg (~=10-15% water) of
hCA at pH 5. One can fit these data using a Cq of
9.6 MHz (shown in the figure as a powder lineshape).
Each individual spectral component utilized in the sky
projection of Fig. 8 was acquired at 10K in 45 min of
experiment time (128 transients with a 20s repetition
rate). The lineshape for hCA at pH 5 acquired at 18.8 T
trails off on each edge, however with more signal to
noise the rest of the outer transitions can be detected.
Each section of the spectrum at 18.8 T was acquired
about six times faster than the corresponding spectrum
at 9.4T. This gain was achieved even with the sample
size reduced by a factor of two and a lower filling factor
with the change in coil geometry.

One could also envision the case where there are two
legitimate overlapping lineshapes of both a large and
small Cy. Under these circumstances the outer transi-
tions for the small Cy species could potentially mask the
lineshape of the broad species. The solution is the same
as above; repeat the experiment at higher field paying

close attention the relative ratios of each respective
component. A doubling of the magnetic field strength
will narrow each second order lineshape leaving the first
order lineshape of the outer transitions

Another feature to the calculated data of Fig. 7 is that
there still seems to be distinct discontinuities where the
central transition portion of the lineshape ends. This is
not the case in our experimental data. Indeed, even in
those cases where the outer transitions have not been
observed, the lineshapes are not ideal. This is partially
attributable to static disorder about the metal, which
has been observed before in lyophilized powders via
EXAFS [16]. However, our data are not significantly
improved when utilizing a frozen solution (10% glycerol)
while the EXAFS data were. We have not attempted to
acquire one of these data sets via direct observation (no
CP). However, with the proper doping of paramagnetics
to lower the metal’s T (we typically do not determine
this value) and a low molecular weight system (<5 kDa),
one should have sufficient sensitivity to address the
question of whether the CP is responsible for this dis-
tortion. Most likely is that with Cy’s on this order these
non-crystalline samples have even more disorder intro-
duced by cooling the sample to these temperatures re-
sulting in these features being washed out. That in
combination with the QCPMG train populating multi-
ple states gives rise to the lineshapes we observe.
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Fig. 8. Experimental ’Zn spectrum of CA, pH 5, acquired at 18.8 T and 10K and a simulated powder spectrum of a central transition lineshape
corresponding to a Cq of 9.6 MHz. The experimental spectrum is the result of a sky projection of individual datasets moving the spectrometer

frequency in 10 kHz steps.

4. Conclusions

We have successfully adapted our low temperature
solid-state NMR methodology from a 9.4 T system to a
11.7 T cryostat (both widebore magnets, 49 mm opening
in the Oxford cryostat). Analysis of data acquired on
67Zn-labeled proteins has necessitated a move to higher
fields to facilitate distinguishing the central from the
outer transitions. We have therefore extended this
technology further by constructing a probe at 18.8 T,
within the space requirements of the medium bore
(30 mm opening in the Oxford cryostat). This new probe
makes use of new components that can function under
cryogenic temperatures as well as a cross coil, making
the tuning more straightforward. This new design lends
itself easily to the idea of adding a third channel by
double tuning of the solenoid coil. A prototype of this
probe is being constructed for use on our 11.7 T system.
This probe will also serve to remove any high temper-
ature noise from the variable capacitors as well as im-
prove the efficiency by removing the need for long
transmission lines.

We have tested an active network and a cryogenic RF
filter to further reduce our noise floor. The cryogenic
aspect of the filter appears unnecessary, however use of
a band pass is preferable to a low pass filter. The com-
bination has resulted in a gain of 15% of our S/N. The
next target for noise reduction will be moving the probe
tuning into the cryogenic area of the probe.

We have also demonstrated the RF field strength
dependence on a determination of Cy. While it is not
realistic to expect undistorted lineshapes for our non-
crystalline protein samples, this especially applies to
large Cy lineshapes requiring multiple experiments with
shifting offsets where the quadrupole parameters can
still be extracted. We have excellent sensitivity and while
we can now inconveniently observe the outer transition
lineshapes, we can differentiate them from the desired

central transition. The addition of higher fields helps us
to make this determination as well as boosting sensi-
tivity higher. These methods have afforded us the op-
portunity to examine spins in rare environments,
providing a novel and complementary information to X-
ray crystallographic methods.
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