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By Adam Allerhand, Ray F. Childers, Roy A. Goodman, Eric Oldfisld, and Xavier Yéerh

Increased sensitivity in BC FT
NMI USING 20-mm SAMPLE TUBES |

is rapidly becoming as familiar

in the chemical laboratory as
continuous-wave (cw) nmr. The
advantages of FT nmr, first de-
scribed in detail by Ernst and An-
derson in 1966, have already
been demonstrated in numerous
published studies.** To this date,
the greatest incentive for the de-
velopment of FT nmr instrumen-
tation has been natural-abundance
BC nmr spectroscopy of large
molecules of chemical and bio-
logical interest, The pioneering
work ot Grant® and Roberts® dem-
onstrated the resolution and sim-
plicity (relative to proton nmr) of
proton-decoupled C spectra of
complex molecules. The develop-
ment of FT instruments has made
BC nmr a truly practical spectro-
scopic tool. Nevertheless, the
sensitivity of currently available
equipment is not sufficient for
many important chemical and bio-
logical studies. This report de-
scribes a simple and inexpensive

Founmn TRANSFORM (FT) nmr
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procedure for increasing the sensi-
tivity in **C FT nmr by a factor of
about three, with respect to cur-
rently available equipment — the
use of spinning sample tubes with
an outside diameter of 20 mm
(18-mm id.). It is interesting to
speculate as to why a high-resolu-

" tion nmr probe for such tubes

was not developed earlier and in-
corporated into commercial FT
nmr spectrometers (which were
described in a series of articles in
American Laboratory in March,
1972). Perhaps there was undue
pessimism about possible techni-
cal difficulties, such as poor mag-
netic field homogeneity over a
large sample volume and prob-
lems with large diameter coils. We
have encountered no such prob-
lems, however.,

To overcome as much as pos-
sible the inherently poor sensi-
tivity and low natural abundance
(1.1% ) of the ¥C nucleus, exisi-
ing high-resolution nmr instru-
ments utilize not only the FT tech-
nique, but depend also on three
other factors: 1) The nuclear
Overhauser eflect (NOE),7 which
here results in an increase in spec-
tral intensity when strong irradia-
tion at the proton resonance fre-
quency is introduced during the
BC nmr experiment. The NOE
attains a maximum value of 2.988
when the rate of molecular rota-
tion is much greater than the res-
onance frequency.™® and the "'C
nuclei are undergoing purcly *C—
'H dipolar relaxation.” The latter
is nearly always the case for pro-
tonated carbons.? but is often not
true for nonprotonated ones. 2)

Signal averaging: In order to
achieve satisfactory signal-to-
noise ratios with currently avail-

-able equipment, it is nearly always .

necessary to digitally accumulate
an appreciable number of spectral
scans. We will consider a {ptal ac-
cumulation time of about one day
to be a reasonable upper limit for
a single spectrum. 3) Large sam-
ple wbes: While most proton nmr
studies are made in sample tubes
with an outside diameter of 5 mm,
most existing *C nmr instruments
utilize tubes with a diameter of 12
or 13 mm, :

With currently available instru-
mentation, 0.01 M is now gen-
erally accepted as the lowest prac-
tical concentration for observing
single-carbon resonances in na-
tural abundance®* when the maxi-
mum NOE factor of 2.988 occurs,
For carbons without any NOE,
the lower limit is, of course, about
0.03 M. Frequently, effective mo-
lar concentrations are rmuch lower.
This is particularly true in studies
of biopolymer solutions where
large molecular weights preclude
high molar concentrations and
where the NOE may be nearly
nonexistent because of the slow
molecular rotation.? For example,
in the *C FT nmr studies of pro-
teins that have been reported so
far*t8-12 single-carbon resonances
are either not observed or barely
detectable.

We incorporated the 20-mm
probe into an existing “home-
built” *C FT nmr spectrometer
which originally had a 13-mm
probe.® It is pertinent to our dis-
cussion that this spectrometer was
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SENSITIVITY continusd

built around a Varian 12-in. high-
resolution electromagnet with a
field strength of 14.2 kG, corre-
sponding to **C and 'H resonance
frequencies of 15.18 MHz and
60.37 MHz, respectively. The
same type of magnet is part of the
Varian HR-60, DP-60, and DA-
60 series high-resolution nmr
spectrometers. The 2C excitation

Figure 1 Homogeneity test of the 20-mm probe. Natural-abundance
3G free induction decay (15.18 MHz) of neat liquid ethylene glycol,
single scan, with proton-decoupling, phase dstected about

(radiofrequency pulse) and sig-
nal detection are shared in a single
coil. A separate coil is used for
proton-decoupling. With about
300 w of C rf power, we get a
90° pulse of about 15 psec. This
corresponds to a value of ¥H, of
17 kHz, which is more than ade-
quate for **C nmr at 15.18 MHz,
10 w of 'H rf power is sufficient
for proton-decoupling in most
cases. The probe body (38-mm
thick) was built in our machine

004 M Sucrose
1024 scons
37 minutes

H HOH,C o_ H

0 CHOH

10 Hz off resonance.

shop, except for the spinner as-
sembly, which was made by Wil-
mad Glass Company. Wilmad is
also the supplier of our 20-mm
precision glass tubes, which we
routinely spin at about 20 Hz.
One limitation of our 20-mm
probe for some applications is the
small available temperature range
of 5°=85°C. Furthermore, about
9 ml of sample is required, as op-
posed to 2 ml with a 12-mm tube.

Qur first spectra indicated that
the homogeneity of the magnetic
field was remarkably good. Fig-

ure I shows the time-domain sig-
nal (induction decay) following a
single 90° pulse applied to a sam-
ple of cthylene glycol. This decay
corresponds to a line’ ‘width of

"0.3 Hz. A natural Jine Width of

0.15 Hz was inferred from spin-
lattice relaxation measurements. -
Thus, the inhomogeneity broad-
ening is only 0.15 Hz, It is ap-
parent that the Varian 12-in.
electromagnet provides an ex-
tremely homogeneous magnetic
field. We must add that an in-
homogeneity broadening of 0.15

Figure 2 Proton-decoupled natural-abundance PC FT nmr spectrum of
agueous 0.04 M sucrose at 35°C oblained at 15.18 MHz with 4096 points in
the tims domain, 8 62.5-ppm spectral width, 2.17-sac recycle lime, and
1024 accuruiations. A digitai filter added 0.3 Hz lo the line widihs.
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13 mm Probe - 180 min

20 mm Probe - 23 min
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Figure 3 Prolon-decoupled natural-abundance
4096 points in the time domain, a 62.5-ppm spectral width, 5.28-
Spectra weors recorded mora than 8 hr afler fructose was aissof
Bottorn: 20-mm probe, 35°C, 256 accumulations.

Hz is achieved under optimum
conditions (temperature, etc.),
but 0.3 Hz is obtained routinely,

Figures 2, 3, 4, 5, and 6 show
some representative results ob-
tained with the use of 20-mm
sample tubes. The signal-to-noise
ratio (peak height-to-rms noise
ratio) of the protonated carbons
of 0.04 M sucrose in water is
about 20 after less than 40 min of
signal accumulation. There is thus
a three-fold improvement in sen-
sitivity with respect to 12-mm or
13-mm sample tubes.? This means
that a given signal-to-noisa ratio
is achieved with the 20-mm probe
in about one-ninth of the time re-

" quired with a 12-mm or 13-mm

probe. For example, more than §
hr of signal accumulation would
be needed to get the spectrum of
Figure 2 with the use of existing
commercial FT nmr equipment.
This estimate is based on pub-
lished data® and spectra of 0.04 M
sucrose kindly supplied to us by
several manufacturers.

Figure 3 compares directly two
spectra taken under the same con-
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Figure 4 Proton-decoupled
naluraf-abundance “C FT pmr
spectrum of dextran {NRRL
B-512(F) clinical size, 0.19 g/m!
waterf at 50°C, obtained at 15.18
MHz in a 20-mm probe, with 2048
poinis in the time domain, 125-ppm
spectral width, 0.574-sec recycle
time, 4096 accumulations, and a
digital broadening of 1.2 Hz.
Horizontal scale is in ppm upfield
from CS,. Branching, & charac-
teristic of dextrans, is not shown
in the structural formula,
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RC FT nmr spectra of fructose (0.35 g/ mi water) obtained at 15.18 MHz with
sec racycie time, and a digital filter broadening of 0.15 Hz,
ved. Top: 13-mm probe, 42*C, 2048 accumulations.
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Figure 5 Prolon-decbup!ed natural-abundance C FT nmr spectra of chlorophyll a (1.45 g in 7.8 mi chtoroform and 0.6 mf
methanol) at 35°C, obtained at 15.18 MHz in a 20-mm probe, with 2096 points in the time domain, 1024 accumuyiatiohs, ang
0.3-Hz digital broadaning. Main spectrum: 250-ppm spectral width, 8.44-sec recycle time. insert {uptield): 62.5-ppm sweep

widlh, 2.32-sec recycle tima.

ditions on our spectrometer, with
the use of 13-mm and 20-mm
probes, The sample is fructose,
more than & hr after dissolving it
in water, so that anomeric equilib-
rium is nearly reached. Assign-
ments have been given else-
where.’® The 20-mm probe should
be very useful for studying minor
anomers in equilibrium solutions
of saccharides, and for following
the Kinetics of anomerization of
the predominant species.

Another profitable area for the
20-mm probe is in studies of poly-
saccharides. Figure 4 shows a
spectrum of dextran strain NRRL
B-512(F), clinical size (molecu-
{ar weight about 75,000). The six
large resonances come from the
main backbone of a-glucopyra-
nose units, Branching gives rise to
the small resonances. In particu-
lar, the small resonance at about
132 ppm upfield from CS. repre-
sents free CH.OH groups. Rela-
tive integrated intensities can be
used for quantitative studies of
polysaccharide branching.

Figure 5 shows natural-abun-
dance **C spectra of chlorophyll
a. Nearly all of the 55 carbons are
resolved into individual reso-
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nances, Previous *C nmr studies
of chlorophyll*!® were made on
BC-enriched materials.

Qur primary motivation for de-
veloping the 20-mm probe was
the desire to observe single-carbon
resonances of proteins in solution.

" Even small proteins, such as ribo-

nuclease A and hen egg-white
(HEW) lysozyme, contain more
than 500 carbons, In spite of this,
BC nmr studies?®! of these pro-
teins indicate that there may be
sufficient chemical shift differ-
ences to resolve many single-
carbon resonances, especially in
the aromatic region of the spec-
trum. Figure 6A shows a 13C
spectrum of native HEW lyso-
Zyme (CnuHunounNu:Sn). Figure
6B shows the unsaturated carbon
region, observed with greater digi-
tal resolution than in Figure 6A,
The region of the spectrum from
peak 1 to peak 22 in Figure 6B
encompasses the aromatic reso-
nances (Figure 6C). We have
shown'? that the numbered (nar-
row) resonances 1-22 are caused
by nonprotonated carbons anly.
There are 28 nonprotonated aro-
matic carbons in tysozyme (Figure
6C). The majority of peaks 1-22

are single-carbon resonances, ob-
served with a signal-to-noise ratio
of about 9. Assignments will be
given elsewhere.!? As an example,
peaks 18-22 can be assigned to
the y-carbons of the six trypto-
phan residues. As expected, de-
naturation removes their large
chemical shift nonequivalence.
It should be noted that 40 hr
of signal accumulation was used
to get the highly resolved spec-
trum of Fipure 6B. Many bio-
chemical studies will require
greater sensitivity than we now
have. However, our experience
with 20-mm sample tubes sug-
gests that development of nmr
probes with much larger tubes is
a practical and relatively inexpen-
sive answer to the problem of low
sensitivity in ®C nmr spectro-
scopy of large molecules. We have
already started to develop a probe
for “extremely large™ nmr tubes
(we hesitate to commit ourseives
yet to an exact size). A large-gap
electromagnet (or large-bore
superconducting magnet) may be
required. In the meantime, the
20-mm probe has significantly in-
creased the range of applications
of *C FT nmr in our laboratory,
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width, 1.38-sec recycle time, 32,768 accumuliations (12 hr total time}, and 1.2-Hz digital broadening. Horizontal scala Isin

pem uplield from C8,. B PC spactrum of tha unsaturated carbons of HEW fys
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lime), and 0.15-Hz digitaf broadening. C Structure of aromatic aming acid residues,
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