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Precise Measurement of RDCs in Water and DMSO Based Gels Using a
Silicone Rubber Tube for Tunable Stretching

Grit Kummerlowe, Felix Halbach, Burkhardt Laufer and Burkhard Luy*

Technische Universitit Miinchen, Department Chemie, Lehrstuhl Il fiir Organische Chemie, Garching, Germany

Abstract: Residual dipolar couplings (RDCs) are of great interest for the structure determination of biomacromolecules as
well as of organic molecules like synthetic or natural products. Their accurate measurement requires a proper degree of
alignment for the molecule under investigation. As has been shown recently, a stretching device based on a flexible sili-
cone rubber tube provides an easy, rapid, and reversible variation of alignment strength. We show in this article that such
an apparatus is not limited to gelatin, but can also be used with covalently cross-linked hydrogels and even gels with polar
organic solvents like DMSO. Using sucrose and a cyclic hexapeptide, we were able to demonstrate that the approximately
linear relation of alignment with the extension factor of the stretched gel allows the measurement of RDCs with high pre-
cision if corresponding spectra are acquired at various alignment strengths. The method seems to be widely applicable to
the structure determination of molecules of arbitrary size using standard 5 mm NMR equipment.

INTRODUCTION

Residual dipolar couplings (RDCs) with potentially high
structural information content can be measured in partially
aligned samples for which so-called alignment media are
needed [1-3]. Next to classical liquid crystalline phases, me-
chanically stretched polymer gels form a second class of
alignment media [4] which are applicable to a wide range of
solutes and solvents [5-12]. Based on gelatin as the polymer
gel [13], Kuchel ef al. recently developed a remarkable appa-
ratus for rapid and reversible gel stretching [14] and demon-
strated its usefulness by the distinction of enantiomers using
RDCs and other anisotropic parameters [15].

Here, we will demonstrate that the stretching device is
not limited to gelatin but can also be used with other aqueous
gels and even DMSO-based gels. Furthermore, using sucrose
and a cyclic hexapeptide as easily accessible test samples,
we will show that the scalability of anisotropic parameters
with respect to the extension factor allows the precise meas-
urement of RDCs.

STRETCHING APPARATUS AND GEL PREPARA-
TION

Following the fundamental principles of Kuchel et al.
[14], we redesigned a stretching apparatus to fit into a stan-
dard 5 mm high resolution probehead as shown in Fig. (1).
Silicone tubing (high quality tubing, VWR, outer diameter 4
mm, inner diameter 2.4 mm), placed inside an open-cut
NMR-tube and fixed with a PTFE plug at the bottom, is used
as an expandable container for the swollen gel with the sol-
ute molecule inside. When stretching the silicone tubing, the
polymer gel is stretched as well, which in turn leads to par-
tial alignment and measurable anisotropic NMR-parameters.
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For verification of the alignment properties of the stretch-
ing apparatus, we prepared a 40% (w/v) sample of porcine
gelatin with an approximate Bloomgrade of 250 dissolved at
50°C in D,0. As a solute molecule for measuring RDCs we
added 43 mg of sucrose to a final concentration of approxi-
mately 500 mM. Gelatin is a special gel which can be re-
casted inside the rubber tube by a simple heating and recool-
ing cycle, as it is cross-linked via hydrogen bonds only. In
order to test how far the apparatus is applicable to conven-
tional polymer gels with covalent cross-linking, we prepared
several gel samples using published protocols with gel di-
ameters adjusted to accomodate for the dimensions of the
stretching apparatus. The results presented in this article
were obtained using the following gel preparations:

The poly(acrylamide) (PAA) gel was prepared from a
solution of 8.55% (w/v) acrylamide and 0.45% (w/v) N,N*-
methylenebis(acrylamide) with 0.1% (w/v) ammonium per-
sulfate and 0.1% (v/v) N,N,N‘ N*-tetramethylethylendiamin
for cross-linking [5]. Radical polymerization was allowed for
1 h within glass tubes of 2.4 mm inner diameter. Gels were
washed three times with water to remove free acrylamide
before they were dried at room temperature.

Poly(acrylonitrile) (PAN) gels were obtained by cross-
linking PAN with accelerated electrons [11]. For preparation
a PAN/DMSO-d¢-solution (280 g/L) was filled in PTFE
tubes of 2.4 mm inner diameter and irradiated with 10 MeV
electrons. Total irradiation doses were 320 kGy (for the su-
crose sample) and 480 kGy (for the peptide sample).

Dried polymer sticks were placed inside the silicone tub-
ing and a solution (~100 uL) of the substance of interest
(500 mM sucrose in D,O for PAA gel, 200 mM sucrose in
DMSO-ds and 50 mM peptide in DMSO-d¢ for the PAN
gels) was added. Samples were allowed to swell and equili-
brate for approximately 48 hours.

All prepared samples could easily be stretched by the
silicone-based stretching device with very good long-term
stability of the hydro gels. The PAN/DMSO samples, in our
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experience, were stable for more than two weeks and cou-
pling measurements could easily be achieved. However, after
about one month the gels suddenly started to shrink to their
original, dry size. We looked at this effect in more detail: six
similar PAN/DMSO gels were placed in small glass vials
which were evacuated and flushed with argon several times
to ensure an inert atmosphere. Subsequently, half of the gels
were covered with dry DMSO to see if residual DMSO on
top of the gel has an influence. For each of the equivalent
sample preparations, one of three gels was kept under argon,
one was given access to air by opening the vial and to one
water was added. Gels stored under argon were stable over
several months. The gel with free access to air shrank within
a few days, the one only covered by DMSO within a few
weeks. When water was added to the gels, the effect was the
strongest: the one not covered by DMSO shrank instantane-
ously, while the one covered with DMSO started to shrink
just after a critical concentration of water was reached and
within few hours had returned to its dry size. The experi-
ments lead us to the interpretation that the stretching device
allows water in the form of humidity to diffuse slowly via
the silicone rubber tubing into the gel which then is respon-
sible for the observed gel shrinking.

RDC MEASUREMENT

After preparing the polymer gel samples in the stretching
apparatus, we decided to measure heteronuclear 'H,"*C one-
bond couplings that contain the most easily accessible
RDCs. For their measurement we used the so-called CLIP-
HSQC pulse sequence, a t,-coupled HSQC with pure absorp-
tion lineshapes [16]. Experiments for sucrose dissolved in
the various gels were acquired on a Bruker DMX 600 MHz
spectrometer, using the hard pulse version of the CLIP-
HSQC as described in [16]. 8192 x 128 data points were
recorded with spectral widths of 8 ppm (‘H) and 50 ppm
(C), respectively.

Experiments concerning the peptide cyclo(—Arg—Nal—
Ala—Gly—D-Tyr—Arg-) (Nal = 2-Naphthylalanine) were imp-
lemented on a Bruker Avance 500 MHz spectrometer with
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4096 x 512 data points in the 'H and "*C dimension and cor-
responding spectral widths of 10 and 80 ppm. The pulse se-
quence was implemented using broadband excitation and
inversion pulses as described in [16] (BEBOP and BIBOP
pulses of 337.5 and 307.5 ps and 10 kHz rf-amplitude [17])
on the carbon channel, allowing the center of the carbon
spectrum to be set at 40 ppm with aromatic signals folded
into the spectrum without loss in sensitivity. Depending on
the degree of stretching, 72-104 scans per increment were
recorded, leading to an overall experiment duration of 14-
20 h per experiment.

The resulting CLIP-HSQC of sucrose in unstretched
gelatin at 293K is shown in Fig. (2) as an example. While the
methylene moieties show identical proton chemical shifts
and do not allow reliable coupling extraction, all methine
heteronuclear one-bond couplings can be measured from
non-overlapping signals. For two signals corresponding to
H1’-C1” of the glucose ring and H5-C5 of the fructose ring,
the cross peaks are also shown in the insets at various stages
of stretching of the silicone tubing. Cross peaks drawn in
blue indicate stretched gelatin, while red cross peaks mark
spectra measured in compressed gelatin. Gel compression in
this case was achieved by heating the fully stretched gelatin
sample to 50°C and subsequently releasing the recooled sili-
cone tubing. As expected, the compressed gel shows anisot-
ropic parameters with opposite sign compared to the
stretched gel.

The extracted one-bond heteronuclear couplings 'Tcy =
'Jew + Dey are shown in Fig. (3A). Clearly, the approxi-
mately linear relation of the measured D¢y couplings with
respect to the extension factor E (the difference in length
between the stretched and unstretched gel divided by the
length of the unstretched gel) [15], and the quadrupolar split-
ting of the solvent Avq are evident. This finding corroborates
the original data on the measurement of *Na" and '**Cs”
quadrupolar coupling constants using the stretching appara-
tus [14]. The about linear scalability appears to be a general
property of the stretching device.

Fig. (1). Stretching apparatus redesigned for 5 mm standard high resolution NMR probe heads. The flexible silicone tube (A) is placed inside
an open-cut 5 mm NMR tube (B) and fixed with a PTFE plug (C) at the bottom. Plastic clamp and brass screws (D) are used to fixate the
stretched silicone tube at the top of the device. Inside the assembled apparatus a reddish-brown poly(acrylonitrile)/ DMSO gel is ready to be
stretched. The stretching of the gel is demonstrated in the supporting information.
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Fig. (2). CLIP-HSQC [16] of sucrose in 40% gelatin. The black
spectrum corresponds to the isotropic stage (non-stretched). Peaks 1
to 6 belong to the fructose ring, while 1’ to 6” belong to the glucose
ring of sucrose as named within the structure shown in Fig. (3).
Insets show two signals (C1’-H1’ and C5-HS5) of various stages of
stretching (blue) and compression (red). Peaks are separated in the
vertical direction according to the corresponding quadrupolar split-
ting Avq of the solvent D,O. The linear dependence between ob-
served 'Tcy-couplings and the quadrupolar splittings is evident.

The 'Tcy coupling constants were extracted by selecting
a slice of the CLIP-HSQC at the appropriate carbon fre-
quency and manually shifting a copy of the slice until the
corresponding multiplet components were centered with re-
spect to each other. Although the signal to noise ratio of the
sucrose spectra seems to be sufficient for a highly accurate
coupling measurement, extracted couplings deviate up to 2.6
Hz from the linear fit. For most deviations, the choice of Be-
frequency for the slice and the variation of line shapes within
the multiplets (due to spectral artifacts or slight second order
contributions [16]) seem to be responsible for the differences
in individual coupling extractions. However, due to the lin-
ear relationship of RDCs with the quadrupolar splitting of
the deuterated solvent, a linear fit through couplings meas-
ured at different stretchings leads to a slope that can be ex-
tracted with a significantly higher precision than would be
possible from individual experiments. This slope is directly
proportional to the RDCs and represents a parameter that is
independent of a specific alignment strength.

RDC measurement using the stretching apparatus is not
limited to gelatin as the orienting medium. Covalently cross-
linked poly(acrylamide) prepared e.g. as described in the
previous section is well-known as an alignment medium for
water-soluble organic molecules and biomacromolecules [5,
6, 18, 19], and, if the diameter of the precast gel is adjusted
to fit inside the silicone tube, can also be used in the rubber-
based gel stretching apparatus. RDC measurements on a 9%
poly(acrylamide) sample containing approximately 500 mM
sucrose were carried out in the same way as described for
gelatin. Since the hydrogel is covalently cross-linked, heat-
ing up the gel will not change its shape and only measure-
ments of the stretched gel are possible. The resulting 'Tcy
coupling constants for sucrose are shown in Fig. (3B) with
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respect to Avg. Interestingly, the slopes of individual me-
thine groups are different for PAA as compared to gelatin,
indicating different resulting alignment tensors for the two
media.

DMSO is an important solvent for pharmaceutical and
many synthetic applications and we were interested to test
the compatibility of the stretching device with this polar or-
ganic solvent. Silicone rubber tubing does not swell or
change its shape in any way when it is brought in contact
with DMSO and indeed RDC measurements using
poly(acrylonitrile)/DMSO-dg gels [11] are possible. With the
gel prepared as described in the previous section and using
the same measurement procedures as for gelatin and PAA,
'"Ten coupling constants for sucrose could be extracted in
PAN/DMSO-dg as shown in Fig. (3C).

As a second test molecule we used the small cyclic pep-
tide cyclo(—Arg—Nal-Ala—Gly—D-Tyr—Arg—) (Nal = 2-Nap-
hthylalanine). The peptide is soluble in DMSO and we pre-
pared a sample with a PAN/DMSO-d¢ gel as described
above. Like for sucrose we acquired several CLIP-HSQC
spectra at different stages of stretching and measured corre-
sponding 'Tcy coupling constants for all methine and methyl
groups (Fig. 4).

DISCUSSION

We have demonstrated that the stretching apparatus
originally developed by Kuchel ef al. [14] can be used to
precisely measure residual dipolar couplings due to the scal-
ability of the anisotropic parameters with the extension fac-
tor Z. As shown for sucrose, the linear relationship can be
used to fit the slope with very high precision from a number
of CLIP-HSQC experiments. RDCs and in particular the
scaling of alignment might also be used to vary overlap
among signals of interest [20], which gives another tool to
enhance the accuracy of the desired dipolar couplings.

The downside of the stretching apparatus designed for 5
mm NMR-tubes is, of course, decreased sample volume.
Since the silicone rubber tube is placed inside the conven-
tional glass tube, the active sample volume is considerably
reduced. This is even more the case when the rubber tube is
stretched in order to be able to measure RDCs. Compared to
a conventional gel sample made of a polymer stick swollen
inside a standard 5 mm tube [21], the sensitivity decreases
approximately by a factor of 3 to 5, depending on the degree
of stretching. Specially designed silicone tubings with thin-
ner walls and larger diameters might improve the situation.

When setting up the apparatus, one has to take care in
choosing the right silicone rubber tubing. In our experience
some silicone tubings have non-concentric holes and very
rough surfaces which significantly reduce shimming capa-
bilities. We also found tubing with paramagnetic filling ma-
terial that resulted in spectra with line widths of 40 Hz and
broader. With the high quality silicone tubing used in the
experiments shown here, we were able to generally obtain
linewidths of about 2 Hz which improved even further for
higher extension factors, as the active volume decreases and
the sample in the center of the By-field is more easily
shimmed. Of course, multiplet complexity might considera-
bly increase upon alignment (see e.g. linewidth considera-
tions in [7]), in which case the broad effective signal widths
cannot be attributed to the stretching apparatus.
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Fig. (3). The dependence of one-bond CH-couplings (' Ty = 'Jey + Dey) of sucrose on the quadrupolar splitting (Avq) of the solvent and the
extension factor (2) of the used gels. The slopes of individual CH-groups differ for sucrose in gelatin/D,O (A), compared to sucrose in
PAA/D,O (B) and in PAN/DMSO (C) indicating different alignment or conformational properties of the solute.

The stretching device with its rapid and reversible scaling
of alignment significantly improves the flexibility and accu-
racy of RDC measurements. Long-range 'H,"*C and one-
bond "*C,”*C RDCs, for example, are approximately one
order of magnitude smaller than corresponding heteronuclear
'H,"C one-bond couplings. With the stretching apparatus it
should be possible to tune the size of RDCs in such a way
that optimal conditions for their measurement are obtained.
In contrast to other procedures, like the scaling using vari-
able angle sample spinning [22, 23], standard liquid state
NMR equipment with its superior Bp-homogeneity can be
used.

The method is not limited to sucrose and the peptide
shown, but by now has been applied to several other samples
in our laboratory including natural products and uniformly
isotope-labeled proteins (data not shown). The stretching
apparatus seems to be applicable whenever the solute mole-
cule diffuses into a specific gel and this gel does not influ-
ence the stretching capability of the rubber tubing. Silicone
rubber tubing appears to be compatible with practically all
aqueous gels and also allows measurements using highly
polar organic solvent-based gels like PAN/DMSO. However,
silicone tubing, especially in the stretched state, seems to
allow water to diffuse inside the sample. This implies limita-
tions when a sample has to be free of water. Since silicone
rubber swells in most apolar organic solvents (see e.g. [8,
24], where silicone is used for gel preparation), it cannot be
used inside the stretching apparatus for solvents like chloro-
form, benzene, or dichloromethane. Tubing made out of

fluorinated elastomer materials as e.g. Viton® or Kalrez”
might solve this solvent compatibility issue in the future.
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Fig. (4). One-bond 'Tcy -couplings of methine and methyl groups

of cyclo(—Arg—Nal-Ala—Gly—D-Tyr—Arg—) with respect to the

quadrupolar splitting (Avg) of DMSO-dg (bottom axis) and the ex-

tension factor (Z) of the PAN gel (top axis). For the assignment of

the peptide see the supporting information.

Any kind of alignment medium, if based on liquid crys-
talline phases or stretched polymer gels, might influence the
average conformation of a given solute molecule. When
measuring couplings in isotropic solution and inside the
alignment medium, conformational changes in the two dif-
ferent environments can potentially lead to erroneous RDCs.
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A tremendous advantage of the presented approach is that
couplings with varying alignments can be measured in the
same sample using the stretching apparatus. This way errors
resulting from separate preparations of isotropic and aligned
samples can be excluded.

CONCLUSION

Using the principle setup provided by Kuchel et al. with
gelatin [14], we were able to demonstrate that a rubber-based
stretching apparatus can be used to induce tunable alignment
for a number of hydrogels and a gel consisting of
poly(acrylonitrile) and DMSO. 'T¢y splittings can be meas-
ured for a number of different alignment strengths, allowing
RDC-measurements of high precision from the slope of 'Tcy
couplings vs the quadrupolar coupling Avq of the deuterated
solvent. The ease of scaling the alignment, the relatively good
shimming properties of the apparatus and the full compatibil-
ity with standard 5 mm high resolution NMR equipment make
the method widely applicable to the structure determination of
all kinds of polar molecules, including e.g. most compounds
of pharmaceutical interest and biomacromolecules. The exten-
sion of the approach to apolar solvents seems to be possible
and is currently under investigation in our laboratory.
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the data presented in Fig. (3), as well as the assignment and a
CLIP-HSQC recorded on the hexapeptide are provided.
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