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Abstract

The pursuit for more sensitive NMR probes culminated with development of the cryogenic cooled
NMR probe. A key factor for the sensitivity is the overall resistance of RF circuitry and sample.
Lowering the coil temperature to ~25 K and the use of superconducting coil material has greatly
reduced the resistance contribution of the hardware. However, the resistance of a salty sample
remains the same and evolves as the major factor determining the signal-to-noise ratio. Several
approaches have been proposed to reduce the resistance contribution of the sample. These range
from encapsulating proteins in a water cavity formed by reverse micelles in low viscosity fluids to
the optimal selection of low mobility, low conductivity buffer ions. Here we demonstrate that
changing the sample diameter has a pronounced effect on the sample resistance and this results in
dramatic improvements of the signal-to-noise ratio and shorter /2 pulses. We determined these
parameters for common 5 mm NMR tubes under different experimental conditions and compared
them to the 2, 3 and 4 mm tubes, in addition, 5 mm Shigemi tubes were included since these are
widely used. We demonstrate benefits and applicability of studying NMR samples with up to 4 M
salt concentrations in cryogenic probes. Under high salt conditions, best results in terms of short
/2 pulses and high signal-to-noise ratios are obtained using 2 or 3 mm NMR tubes, especially
when limited sample is available. The 4 mm tube is preferred when sample amounts are abundant
at intermediate salt conditions.
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1. Introduction

The introduction of cryogenic probes has dramatically increased the inherent sensitivity of
nuclear magnet resonance experiments [1-5]. Typically, a sensitivity gain by a factor of
three to four relative to conventional room temperature probeheads [6-9] can be achieved in
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low conductivity organic solvents. This gain in performance is reduced for aqueous samples
due to the increased conductivity and is further degraded in the presence of moderate
amounts of salt [10,11]. Consequently, measurements of biomolecules in aqueous solutions
are inherently compromised and are generally preferred to be studied under low salt
conditions (<50-100 mM). Nature however is not limited to these “ideal” conditions and
high salt environments are not uncommon. Elevated ionic conditions are often required for
solubility and to prevent aggregation. Additionally, conformational transitions in nucleic
acids and proteins, or folding studies, often require high ionic strength environments.
Titration experiments are another example where a ligand is observed at the beginning of a
titration, demanding high sensitivity, and the substrate might require a high salt
concentration for solubility.

The requirement of high salt concentrations in biomolecular NMR is often not the only
limitation; sample availability and limited solubility are other important considerations. This
necessitates the use of methods providing the highest sensitivity offered by cryogenic
probes. Unfortunately, the performance gain these probes can offer is negated by high salt
concentrations, occasionally to the point where the experiment is not feasible anymore.

Wand has proposed using reversed micelles in organic solvents, where the biomolecule is
encapsulated in a water cavity [12-17]. This lowers the overall dielectric contribution of the
sample, which is beneficial for cryoprobe applications and addresses the slow tumbling of
larger molecules [10,18-20]. The method has been successfully demonstrated but sample
preparation remains challenging and its generalization is still under investigation [21].

In another approach, Détsch et al. investigated the effect of different electrolytes on probe
performance [11]. The conductivity of a sample is not only impacted by the concentration
and type of buffer, but also by its ion mobility. Comparing a variety of popular buffers,
substantial differences in the sample resistance were observed which result in sensitivity
differences by up to a factor of 4. Nevertheless, high conductivity/mobility buffers are often
unavoidable and in many cases the choice of buffer is dictated by the behavior of the
biomolecule.

It has been recognized for some time that the solubility of proteins can often be maintained
and improved in the presence of dipolar ions such as glycine or argenine [22,23]. Arumugam
et al. [24] prepared NMR samples of lysozyme and glucose containing either 0.77 M a5-
glycine or up to 0.2 M NaCl. As expected, NaCl containing samples exhibited much longer
pulse widths and reduced signal to noise ratios compared to the same samples in presence of
high amounts of glycine.

NMR vendors have introduced a rectangular sample tube design taking advantage of an
optimized electric field (£-field) distribution [25] inside the sample [26-28]. A sensitivity
gain of 20-35% has been demonstrated for moderately salty solutions. However, specialized
hardware such as probes and tubes are required which may not be available.

With respect to the sample distribution in the probe, alternative distributions are possible.
Here we demonstrate the effect of the sample radius on probe sensitivity under high salt
conditions. We show that 3 or 4 mm NMR tubes have substantial advantages over a5 mm
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tube when salty samples are measured. The susceptibility matched NMR tubes (Shigemi
tubes) have also been included in this study since they are widely used and require typically
only half the sample volume compared to a regular 5 mm tube. A systematic investigation on
a protein sample in 0.5 M NaCl is presented, exploring two commonly occurring situations.
In the first case, the sample is soluble in abundance, leading to a comparison between the
different NMR tube arrangements at the same sample concentrations. The second case
represents the often encountered situation where the amount of sample is limited. Therefore
we compared different tube arrangements at the same, low amount of sample, e.g. varying
concentration.

In addition, this NMR tube arrangement allows the use of samples with up to 4 M NaCl in
the cryogenic probe while still obtaining a sensitivity advantage over the conventional room
temperature probes. We also show salt effects on spin systems, which are only visible under
these extreme high concentrations and now are observable even on cryogenic probes.

2. Results and discussion

2.1. Factors affecting the signal-to-noise ratio

The two main factors that impact the signal-to-noise ratio (S/N) are (1) the overall
resistance/geometry of the coil and (2) the environment of the sample [29-31]. The latter is
generally the only component under user control. For a cryogenically cooled probe the coil
and sample temperature differ drastically which results in adjusted quality factor and
temperature. Following the analysis given by Kelly et al. [11] we obtain:

1

S/N -
VB(LAT, )+ R (T+T,)

1

where 7 denotes temperatures for RF-coil (C), preamplifier (A) and sample (S), while R
stands for resistance of coil (C) and sample (S) respectively. In cryogenic probes the term
Rc(Tc + Ta) has been reduced by lowering the RF-coil temperature, use of low resistant
coil material and cooling the preamplifier, directly affecting the S/N ratio. In the remaining
term, the sample temperature is dictated by the measuring condition which leaves the sample
resistance as a parameter to be optimized:

R, x wzm’:, )

where o is the angular frequency, r represents the conductivity, given by Zc;gi;, where cis
the concentration, g the charge, and X\ is the mobility of the different ionic species in the
sample, and rg is the sample radius. As was shown previously, choosing buffers with low
conductivity and low mobility is preferred [11,24].

This work addresses the other variable in Eq. (2), where a change in the sample radius is
expected to have a major impact on the sample resistance and hence the S/N in high salt
solutions.
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2.2. NMR spectroscopy in high salt solution using cryogenic probes

2.2.1. Probe tuning—The salt tolerance is dependent on probe design and differs
somewhat between probes. For our cryogenic probe TH{13C,1°N} we observe that for
standard 5 mm sample tubes and from 1 to 4 M NacCl solutions, the probe could not be tuned
and matched. By using micro tubes the total amount of salt in the probe is reduced while
maintaining high ionic strength conditions. Small diameter NMR tubes were shown
previously to enable high salt experiments on biomolecules utilizing regular probes [32].
With a 3 mm tube, we were able to obtain tuning/matching characteristics for 0.5-4.5 M
NaCl sample that are identical to samples that did not contain any salt. Even higher salt
concentrations, approaching the solubility limit, could readily be tuned/matched for 2 mm
tubes.

2.2.2. 90 degree pulse—The dependence of the ©t/2 pulse on very salty sucrose samples
with sample diameters of 2 and 3 mm versus a regular 5 mm tube is shown in Fig. 1A. For
samples in 5 mm tubes the ©/2 pulse rose very rapidly, more than doubling before reaching
salt concentrations of 1 M; beyond which the probe could not be tuned. This severely
degrades the performance of most experiments, especially those containing spin lock and
decoupling elements. As anticipated, the increase of the pulse length is much less dramatic
for smaller tube diameters. In the case of the 3 mm tube the pulse length increases from 8.5
us at 0 M NaCl to 12.5 ps at 4 M NaCl, representing an increase of only 51%. An even more
modest increase of only 18% is observed for the 2 mm sample tube under the same
conditions. Interestingly, an initial rapid increase in pulse length is seen for 0-0.5 M NaCl
while much smaller increases are observed from 1-2 to 2-4 M, respectively. Therefore the
high salt behavior cannot be linearly extrapolated from data at 0-1 M NaCl. These results
clearly demonstrate that it is not the salt concentration alone that determines the pulse length
and signal-to-noise degradation. If the same data is plotted (Fig. 1B) to reflect the amount of
salt present in the active volume, the curves are closer together. However, the larger diameter
tubes still exhibit a markedly poorer performance demonstrating that the location of the salt
with respect to the receiver coil is dominating. This arises from the dependence of /s on the
tube diameter in Eq. (2) and provides a rationale for the experimental observation that in
very low ionic strength solutions the tube diameter has only a small effect on the signal-to-
noise ratio while under very high salt conditions the size of the NMR tube is absolutely
crucial.

2.2.3. High salt effects observed on sucrose—The 1D H spectra of 10 mM sucrose
samples in either 0 or 4 M NaCl, respectively, are shown in Fig. 2. They are quite similar
except for a distinct difference observed in the region between 3.6 and 3.7 ppm. This change
is presumably due to the increased electrostatic screening in 4 M NacCl solutions that result
in a structural change of the disaccharide. Ultimately however, we are interested in
biomolecular applications of high salt NMR. A key measurement is the 1H-13C
heteronuclear single quantum correlation experiment (HSQC) [33-37], which employs a
large number of 7/2 and w pulses on the 1H and 13C channels, particularly for the sensitivity
enhanced echo/antiecho version [38]. In addition, heteronuclear decoupling is used during
acquisition. These features are expected to have a negative impact on high salt solution
spectra. The HSQC spectra of sucrose under different salt conditions are shown in Fig. 3. It
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is evident that HSQC data high salt solutions can be acquired. Interestingly, at 4 M NaCl, the
fructose methylene group at 3.58 ppm (F1) exhibits an obvious AB spin pattern at 500 MHz
(Fig. 3), while F6 is an AX spin system in high salt solutions. High sensitivity and high salt
solution data are not mutually exclusive. Moreover, new effects may be manifested by these
solution conditions.

2.2.4. Signal-to-noise comparisons for a sucrose test sample—The signal-to-
noise behavior for the sucrose test sample in a 3 mm NMR tube was investigated in more
detail. Fig. 4 summarizes the comparative results of the S/N determination of a 1D 1H
proton spectrum and a 1D trace of H/13C HSQC spectrum recorded at different salt
concentrations. In both cases the S/N dependence on the salt concentration is similar. The
drop in S/N is most pronounced between 0 and 1 M NaCl, while further increases in the salt
concentration up to 4 M NaCl resulted in only a modest drop. In the case of the 1H
measurement the signal-to-noise ratio was reduced by a factor of 2.55 going from 0to 4 M
NaCl solutions. A similar result was also obtained from the HSQC experiments where a
reduction by a factor of 2.35 was observed, despite the larger number of pulses applied and
the use of 13C decoupling. As anticipated, the 13C pulses are virtually unaffected by the salt
concentration. The fact that we observe essentially the same reduction in S/N for both
experiments indicates that at the end of the HSQC sequence the same amount of transverse
magnetization is created; regardless of the salt concentration. This is supported by the
observation that on our cryoprobe for 3 mm NMR tubes and 4 M NaCl the intensity of the
450° pulse is greater than 97% of the 90° IH pulse.

It is instructive to compare the observed salt dependence of the S/N ratio to the predicted
behavior (Fig. 4). As a first approximation only the sample contribution in Eq. (1) is
considered. This approximation, although reasonable at high salt concentration, fails as
expected at low salt. A more realistic treatment includes both probe and sample
contributions; this approach produces an acceptable agreement over the entire salt range
shown in Fig. 4. Additionally, HSQC spectra for 3 and 1 mM sucrose samples, all at 4 M
NaCl, have been recorded and represent more realistic sample concentrations. The measured
signal-to-noise ratios correspond well with the expected values for each concentration even
at very high salt concentrations (data not shown).

For cryogenic probes and aqueous solvents in absence of salt the sensitivity gains are
typically in the range of 2.0-3.2 relative to a conventional probe. Our data obtained for 3
mm tubes shows that we incur a sensitivity loss of a factor of 2.35-2.55 compared to the
same sample containing no salt. Therefore, by using 3 mm tubes our cryogenic probe
exhibits, even at 4 M NaCl, comparable sensitivity to a conventional probe for a sample
without salt.

Based on the assumptions inherent in the fit of the S/N data shown in Fig. 4 rough guidelines
can be obtained for tube diameter selection and constant concentration samples. For this we
define that when the S/N advantage offered by the larger diameter tubes drops to 20-25% of
the value in absence of NaCl a smaller tube would be advantageous. At 500 MHZ a switch
from 5 to 4 mm tubes should be considered at >0.2 M NaCl, from 4 to 3 mm at >0.6 M and
from 3 to 2 mm at salt concentrations >2.2 M. This roughly corresponds to the salt

J Magn Reson. Author manuscript; available in PMC 2016 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

\oehler et al.

Page 6

concentrations where the 90° pulse is 40% longer than in absence of salt, providing a handy
rule of thumb. It should be noted that the limits are dependent on the NMR experiment, the
level of S/N loss one is willing to tolerate and the field strength. The performance
degradation is more severe for higher fields (Eg. (2)), lowering the limits for switching to
smaller tubes. Clearly, if the sample amount is limiting and the sample is soluble at higher
concentration smaller tubes are to be preferred at elevated salt concentrations.

2.3. Systematic comparison of signal-to-noise data on a protein sample

To compare the signal-to-noise effect on a larger biomolecule we recorded several HSQC
experiments on a 22 kDa PolX polymerase. The 1H-1°N HSQC is a key experiment in
protein studies and employs a large number of 7/2 and = pulses on the 1H and 15N channels,
particularly for the sensitivity enhanced [39-41] echo/antiecho version [38]. The recorded
spectra exhibit well-resolved peaks for most residues as shown in Fig. 5. The aim was to
compare the 3, 4 and 5 mm tubes including 5 mm Shigemi tubes at either constant
concentration or constant protein mass. The former situation is encountered when the protein
is available in abundance; the concentration is ultimately limited by the protein solubility,
which may be increased through the addition of salt. This concentration is used to assure the
highest possible protein mass in the RF-coil region. It is however quite common, that only a
limited amount of the biomolecule is available. Under these conditions the protein mass
remains constant but the sample concentration depends on the tube diameter.

2.3.1. Constant protein concentration—Experiments were performed on a 0.48 mM
protein sample in 0.5 M NaCl buffer. All samples were measured under identical acquisition
and processing conditions. Experimental setup and results are summarized in Table 1a. This
table shows, that the reduced volume and therefore the reduced amount of protein in the 3, 4
mm and Shigemi tubes does not translate into a proportional reduction of signal intensity.
The intensity loss is substantially smaller than expected for the 3 and 4 mm tubes, but for the
5 mm Shigemi tube a signal increase of 15.2% is observed. The gain matches the added
volume of 13.6% provided by the advanced Shigemi tube through a larger inner diameter of
the sample area. It also explains the slightly larger 7/2 pulse length, since the coil to sample
distance is reduced, which has a major impact on the 7/2 pulse length as seen above.

Overall, the Shigemi tube offers the greatest sensitivity gain in this series and is
advantageous if one can tolerate the longer pulses and additional radiation damping. The 4
mm tube performs nearly as well and is easy to handle, particularly during titrations. At
higher salt concentration, smaller diameter tubes are clearly preferred.

2.3.2. Constant amount of protein—Analogous to the previous measurements, results
from the second case are summarized in Table 1b. Here the total protein amount in the NMR
tube was held constant. Samples were prepared by taking equal volumes from a protein
stock solution, diluting them with the proper amount of buffer and/or D,O as indicated. The
behavior of the ©t/2 pulses are analogous to the previous experiment, which was expected
since the sample was diluted with the sample buffer and the amount of ions in the solution
did not change. In contrast to the previous experiment, the protein concentrations increase as
the diameter decreases and the sample volume becomes smaller. This results in an increased
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sensitivity. Comparing constant sample amounts in the active volume rather than the entire
sample shows that the estimated sensitivity increase of 51.3% by the 5 mm Shigemi tube is
comparable to that of the 4 mm tube, however less then half of the sample amount is
required. The 3 mm tube shows nearly as good a sensitivity gain as the Shigemi tube
although the active and total volumes are smaller than the total/active volume of the Shigemi
tube. This is a consequence of the reduced sample resistance using small diameter tubes.
Clearly, a 3 mm Shigemi tube would combine both of these adantages. A regular 3 mm tube
has several practical advantages; it is easy to handle and shim, has short /2 pulse and
contains only a small amount of solvent in the active volume. This is beneficial for water
suppression because of reduced radiation damping; and in a dual tube arrangement (Section
4) D,0 or reference materials are in the outer tube, thereby separating them from the sample
of interest.

In summary, this comparison shows that when a limited amount of protein is available, one
is served best by either a regular 3 or a 5 mm Shigemi tube.

3. Conclusion

Our results demonstrate that it is possible to measure samples in cryogenically cooled NMR
probes at very high salt concentrations when using smaller diameter tubes. It has been
shown previously that the 7i/2 pulse increases with more salty samples. Specifically we find
that (1) the increase is not linear at very high salt concentrations and (2) the pulse length can
be reduced by using the smaller 2, 3 or 4 mm tubes. By doing so, the overall amount of salt
in the active volume is reduced while keeping the salt concentration in the sample at a high
level and the salt is moved away from the RF coil. As a general rule we conclude that as the
salt concentration is increased, smaller tube diameters are advantageous but due to the
reduced volume, solubility considerations may lead to a compromise between desired
diameter size and available volume.

NMR experiments recorded in high salt solutions can result in changes of the spectra. The
ability to conduct experiments under high salt conditions is intrinsically relevant as
biomolecular conformations and properties are dependent on it, often necessitating high salt
concentrations. We have presented approaches to carry out NMR experiments utilizing
smaller sample diameter tubes to take advantage of the cryogenically cooled probes without
further adjustments.

The comparison of protein samples in medium salt concentration (0.5 M NaCl) at either
constant protein concentration or constant amount addressed a commonly encountered
situation. We find that the sensitivity of high salt samples is disproportionally enhanced in
tubes with a reduced diameter compared to the 5 mm tube and these should be given
preference. The Shigemi NMR tube performed well in terms of sensitivity, but requires long
pulses at moderate salt concentrations and is expected to suffer the same limitations as a
regular 5 mm tube at high salt concentrations. As one might expect, the 4 mm tube is most
advantageous when solubility is an issue, while the 3 mm tube performs best with low
sample amounts. The ease of use is another advantage offered by this arrangement for which
no special hardware is required. Under either constant protein concentration or mass, we
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observe substantial benefits of using the smaller diameter tubes compared to the 5 mm NMR
tube. In addition to an increasing signal and shorter /2 pulses one can avoid H/D-exchange
of the exchangeable protons by the dual tube arrangement when using those smaller tubes.

4. Experimental

An AVANCE spectrometer with a Triple Resonance Inverse Cryogenic Probe H{13C 15N}
operated at 500.13 MHz from Bruker BioSpin (Rheinstetten, Germany) was used for NMR
investigation. 3, 4 and 5 mm NMR tubes, part numbers 335-PP-8, 427-PP-8 and 535-PP-7,
respectively were purchased from Wilmad-LabGlass (Buena, NJ). Advanced 5 mm micro
tubes, susceptibility matched for DO (Shigemi tubes), part number Z529451 were
purchased from Aldrich (St. Louis, MO).

4.1. Sucrose test samples

10 mM samples were prepared in D,O in the presence or absence of 4 M NaCl. Additional 1
and 3 mM sucrose samples (4 M NaCl, D,O) were also prepared. For sucrose samples in
small diameter tubes the Bruker Match™ system was utilized.

4.2. Protein samples

Purified and lyophilized PolX polymerase from the African Swine Fever Virus [42,43] was
dissolved in a buffer solution containing 20 mM Pipes, 20 mM MgCl,, 10 mM DTT 0.02%
NaN3, 0.5 M NaCl and adjusted to pH 6.5. For the constant concentration experiments,
aliquots of 475, 285, 152 and 237.5 uL of a 0.5 mM stock solution were pipetted into the
respective NMR tubes (5, 4, 3 mm and Shigemi). Twenty-five microliters of D,O was added
to the 5 mm tube and 12.5 pL D,O to the Shigemi tube to provide 5% D,O for locking
purposes while buffer solution was added to the 3 and 4 mm tubes to achieve the final
volume. In the later arrangement, 250 and 180 uL DO, respectively, containing 20 uM TSP-
d4 was added to a 5 mm outer tube for locking and referencing purposes. The smaller tubes
were inserted into the 5 mm tube. Centering the inner tube was achieved by utilizing the
concave bottom of the 5 mm tube and using adhesive tape for the top portion of the 3 mm
tube. This was not necessary for the 4 mm tube. Equal protein amount samples were
prepared by adding a constant volume (160 pL) of the stock solution to each tube. Again 25
uL D,0O was added to the 5 mm tube and 12.5 uL. D50 to the Shigemi tube for lock purposes
and buffer was added to obtain the final volume, 315, 140, 0, and 77.5 pL into 5, 4, 3 mm
and Shigemi tubes, respectively. A standard 1H-15N HSQC measurement with flip-back
pulse and watergate sequence for water suppression was used. Further parameters were:
spectral width of 7003 Hz, 1024 complex points in the 1H dimension, 1622 Hz with 128
complex points in the 1N dimension and a relaxation delay of 1.2 s. The data was processed
and analyzed using NMRPipe and NMRDraw software [44]. The data was zero-filled in the
acquisition dimension and linear predicted followed by zero filling in the indirect dimension
for a resulting data matrix of 2k x 512. Peak picking and peak intensity measurements were
performed using the same processing software package.
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Fig. 1.

(A?) /2 pulse length of a 10 mM sucrose test samples containing NaCl concentrations
varying between 0 and 4 M. Data was recorded at 295 K using a Bruker Avance 500 for 2
[+], 3[®] and 5 mm [m] NMR tubes. The solid lines correspond to the empirically
determined function: P90 = P90(no salt) + 0.434¢2-5(1 — e[NaClly 'where d is the inner
diameter (ID) in mm and [NaCl] is the molar salt concentration. (ID’s were 1.6, 2.4 and 4.2
mm for 2, 3 and 5 mm NMR tubes.) The 5 mm data were not extrapolated past 1 M because
the probe head could not be properly tuned/matched. (B) Pulse length dependence on
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amount of NaCl in the active volume. The amount of salt is represented as sample tube area
x salt concentration.
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Fig. 2.
NMR spectra of 10 mM sucrose, 100% D,0 in 3 mm tubes. Top trace 0 M NacCl, bottom

trace 4 M NaCl 1H-13C HSQC with water presaturation.
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Fig. 3.

10 mM sucrose, 100% D,0, 295 K in 3 mm tubes. Top: 0 M NacCl, bottom 4 M NaCl.

Experiment time: 33 min.
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Fig. 4.
Signal-to-noise data of 10 mM sucrose, 3 mm NMR tube as a function of the NaCl

concentration. S/N analysis of 1D 1H spectra (left ordinate, @) and HSQC trace (right
ordinate, W) for the anomeric proton (0.5 ppm noise region). The solid line depicts the
predicted salt dependence for the 1D data based on Eg. (1).

1

\/crg[NaCI]JrRC (T+T,)/f where [NaCl] is the salt concentration [M] and fis a
proportionality constant. The sample resistance is expressed as c/*[NaCl]. ¢ incorporates

S/N=

several constants and rg is the sample radius [mm]. The following values were obtained for

the radical: \/6.41 x 107"r4[NaCl]+7.43 x 1077, If no salt is present the S/N is primarily
determined by the second term in Eq. (1), while at 2 M NaCl it is assumed that the first term
dominates, therefore the S/N curve may be approximated as A*[NaCI]0-> where k= 792, for
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3 mm tubes (dotted line). This fit provides a simple estimation of the S/N dependency at
high salt concentrations. In either case, the conductivity is assumed to be proportional to the
salt concentration which for high salt solutions is no longer accurate.
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Fig. 5.

500 MHz 1H/15N HSQC of 22 kDa PolX polymerase, 1H, 13C, 15N triple resonance
cryogenic probe 160 pL protein, 3 mm tube, 298 K, /2 H pulse = 10.1 ps, 1k*128 complex
data matrix. Buffer: 20 mM Pipes, 20 mM MgCl,, 0.02% NaN3, 500 mM NacCl, and 10 mM
DTT.
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Summary of experimental conditions and results comparing *H-1°N HSQC spectra measured on a 22 kDa
PolX polymerase in different NMR tubes

(a) Tube 5 mm
Total sample volume (uL) 500
Sample amount in active volume (nmol) 107.4
Estimated sensitivity gain/loss based on the sample amount in the active volume (%) —

/2 H pulse (us) 16.32
Noise estimate 233,540
Median of sensitivity change (%) —

(b) Tube 5mm
Total sample volume (uL) 500
Sample amount in active volume (nmol) 36.2
Estimated sensitivity gain/loss based on the sample amount in the active volume (%) —

/2 1H pulse (us) 16.25
Noise estimate 207,687

Median of sensitivity change (%) —

4mm
300
62.7
-41.6
12.65
198,630
-7.5
4mm
300
35.2
-2.7
12.23
176,990
+52.3

3mm
160
35.0
-67.4
10.10
156,174
-37.0
3mm
160
36.8

1.6
10.09
151,863
+104.8

5 mm Shigemi
250

118.8

+10.6

16.74

229,692

+15.2

5 mm Shigemi
250

80

+120

16.83

214,687
+114.1

The inner diameters of the tubes were 4.24, 3.24, 2.42 and 4.52 mm which with a coil length of 16 mm results in active volumes of 226, 132, 73.6,
and 250 pL for the 5, 4, 3 and 5 mm Shigemi tubes, respectively. (a) Constant concentrations at 0.475 mM and (b) constant protein amount (total
sample 80 nmol) resulting in concentrations of 160, 267, 500 and 320 uM for the 5, 4, 3, and 5 mm Shigemi tubes, respectively. Since the active
volume in a Shigemi tube is equivalent to the total volume, the amount of sample in table (b) of 80 nmol is more than twice of that in the other
samples. The estimated sensitivity gain for a sample with the same amount in the active volume would be 51.3%, which is comparable to the gain
in a4 mm tube. The estimated sensitivity gain is based on the sample amount in the active volume with the 5 mm tube as a reference. The noise

estimate was calculated using the NMRDraw tool. One hundred fourty three peaks were analyzed.
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