RECENT DEVELOPMENTS IN

American Laboratory

High-field nmr spectroscopy
of biological systems

By k. Oldfield, H.S. Gutowsky, R.E. Jacobs, 8.Y. Kang, M.D. Meadows, D.M. Rice, and R.P. Skarjune

N THE PAST TWO or three years there have been a
I number of welcome developments in nuclear
magnetic resonance studies of biological systems,
especially those involving high-field investigations
of membranes and proteins, In this publication two
of these developments of current interest are report-
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ed: high resolution "*C Fourier transform studies of
protein structure in soluticn with a sideway-spin-
ning 20-mm sample tube probe and high-field deu-
terium quadrupole-echo studies of model and biol-
ogical membrane structure using *H-labeled lipids.
Two “*home-built’’ Fourier transform nmr spec-
trometers are used for these high-field studies of
membrane and protein structure in the authors’
laboratory (Figure I). Their construction is de-
scribed below.'»? These spectrometers operate with
*‘wide-bore’”  superconductive magnets, each
having a room temperature access of about 3 in.
Large-bore magnets, although not essential for all
nmr investigations of biological systems, facilitate
the study of single-carbon atom sites in proteins by
enabling relatively large sample volumes to be used.

Figure 1 High-field nmr spectrometers used 10 obtain data. The 5.2-tesla deuterium instrument {34 MHz), left, and the
3.5-testa G instrument (37.7 MHz}, right. The superconducting solencids are not shown.
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= In addition, wide-bore magnets can accommodate
" complex probe assemblies: for example, those used
in variable-temperature “‘magic-angle’ proton-de-
- coupled carbon-13 experiments.
~ There are two main reasons why the study of pro-
teins in solution by "*C nmr requires large volumes
of sample. First, the solubility of proteins is typical-
ly only 20 mAf; thus, the sample concentration is
usually a good deal lower than for small organic
molecules. Second, because of their size, the protein
molecules have a long rotational correlation time,
and therefore, in many instances, only the mini-
mum nuclear Overhauser effect is observed.”* As a
result, a larger sample volume is essential to offset
the corresponding decreases in sensitivity.

‘ Inslrum_ontation

. Results using 20-mm sample tubes were reported
' in American Laborarory some years ago using a
: . Spectrometer that operated at 14,000 G with a con-

. ventional iron-core electromagnet.’ In the last three
o or four years higher-field instruments using super-
-+ conducting solenoid magnets have been introduced

- in order to further improve spectrometer sensitivity,

- although in all instances the gains expected on theo-
retical grounds* have not been realized. The princi-
pal reason for the less than optimum performance

~ - at high field lies in probe design. In a conventional

electromagnet, the dc magnetic field H, is horizont-
al (z-axis) and the orthogonal rf magnetic field is

created in a vertical cylindrical solenoid coil. This

arrangement is good from an rf standpoint. More-
. over, for high resolution nmr the sample is readily
- spun about the vertical axis (Figure 2a*).

Now in a superconducting solenoid (whiéh for

" most nmr applications consists of a niobjum/titan-

.:, _ium coil immersed in a bath of liquid helium) the dc-
. magnetic field H, is vertical (z-axis) (Figure 2). -
- Thus, the orthogonal rf magnetic field has to be -

-~ "about a horizontal axis, and it is conventionally

provided by a pair of Helmholtz or saddle coils.. .

This arrangement permits the sample to be spun

about a vertical axis, with ease of removal (and in- ..
sertion) of the sample from the probe with, for ex- - h
ample, a pneumatic ejection system. Unfort_u-;,-»-','-' i

5

" *Reprinted from the Journal of Magneric Re.ronu&, in prm. o

* 1978, Copyright 1978 by the Academic Press. B
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~ ", Flgure 2 The three principat magnet
+ and rf coll conligurations used ins: -
nmr spactrometers, a) Conventions!
horizontal electromagnet with cyjin-
drical solenold rf coil. Sample spins
about y-axis. b} Vertical solenoid

magnet with Helmhoitz rf coil, Sam-
ple spins about zaxis. c} Vertical.
solenoid magnet with cylindrical;
solenoid rf coll. Sample spins about
y-axis. The iarge rectangles in b ang
C represent vertical sections througs
the solenoid magnet. The 20-mm.
sideways-spinning tube (SST) probe
" used to obtain natural sbundance

focated on the inside of the probe assembly.

""C spactre uses the contiguration
c shown in c. i

nately, it is now well known that Helmholtz-pair
coils give decidedly inferior performance to a sole-
noid geometry. The rf field is inhomogeneous, thus
compounding the difficulties of relaxation measure-
ments, but more importantly, coil Q's are lower,
which means that transmitter power is wasted and
signal-to-noise ratios are decreased. These facts
have been known for some time by solid-state
workers using superconducting magnets, who, not
having the complication of sample spinning (until
recently), have used a horizontal solenoid coil
(Figure 2b) as the obvious solution, Interesiingly,
the same commercial superconductivity instrument
manufacturers who use Helmholiz coils for solution
work also use solenoid coils on their instrumenis de-
signed for solid-state investigations.

The performance differences between rf solenoid
and Helmholtz coils have recently been thoroughly
investigated, both experimentally and theoretically,
by Hoult and Richards.” They conclude that sole.
noids give about a twofold beiter signal-to-noise
ratio than Helmholtz-coil geometries. The question
thus arises of the feasibility of adopting a solenoid-
coil geometry for high resolution nmr studies ina
superconducting solenoid magnet. It may be signifi-
cantly more difficult 10 overcome problems such as
de magnetic field inhomogeneity when the sample
lies on its side, since, in general, only relative low
order radial correction coils (X°, Y?) are provided
with solenoid magnets, while axial correction coils
are usually available up to Z*, The choice of these
gradients has been tailored 10 fit the conventional
vertically spinning sample tube, where sample
tength along the z-axis is usually about twice the
sample breadth (in the X, Y plane). In addition, for

Figure 3 A 20.mm sideways-spinning tube probe. The sample
rides on alr-besrings al each end of the tube. A Heimholtz
coll is used for proton-decoupling; the “*C rf solenoid coif is
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Flgure 4 Line shape and spinning-sideband
performance of the sideways-spinning 20-
mm tube probe. a) Ethytene giyco! spec-
trum obtained using the Fourier transiorm
method fat 35°, C frequency 37.7 MHzZ,

'H trequency 150.0 MHz, single-frequency
decoupting, 5.8 w decoupling power, 21-
sec recycle time, 22-usec 90° pulse width,
100-Hz spectral width, zero acquisition
deigy time, 2 x 2048 data points, 1 scan,
1000-Hz 4-pole Butterworth iow-pass fil-
ters, no fine brogdening). The sample
volume was 6.5 mi and the spinning rate
about 70 revisec. An inhomogeneity broad-
ening of abou! 0.3 Hz is inferred, b) As in(a)
except 128 scans, 1000-Hz speciral width,
1.5-Hz line brosdening. Spinning side-
bands are about 0.6% maln peak inten-

B

good high resolution spectra, we must be able to
maintain stable horizontal sample spinning, with no
degradation of magnetic field homogeneity due to
formation of **bubbles.”

We have recently constructed sideways-spinning
sample probes for 20- and 30-mm sample tubes and
find with our probe and magnet combinarion that
none of the above considerations causes any resolu-
tion problems for carbon-13 studies of macromole-
cules, Figure 3* is a photograph of the 20-mm tube
sideways-spinning probe' operated at about 37.7
MHz in a wide-bore 35.2 kG superconductive mag-
net (Nicolet Nalorac Corp.). This magnet has a he-
lium bore of 5.0in., a room temperature bore of 4.0
in., and a room temperature access of about 3.0 in.

24 NOVEMBER 1878

sity.!

when equipped with room temperature shim coils
(2,2, 2 Z, X, Y, XZ,YZ, X’- Y*, XY, X?, and
Y* gradients).

Figure 4a shows a typical carbon-13 nmr line
shape obtained from a sample of ethylene glycol in
the 20-mm SST probe, which contains about 6.5 ml
of sample (both sample and radiofrequency coil
length are ! in.}. The observed line width is about
0.5 Hz, of which about 0.2, Hz is natural lipe
width. Inhomogeneity broadening of about 0.3 Hz
thus is obtained, fairly routinely. Since our probe
was developed to facilitate studies of single-carbon

*Figures 3 and § are reprinted from the Journal af Magnetic

Resoncnce, in press, 1978, Copyright 1978 by the Academic
Press.
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Figure § Proton-decoupled natural-abundance ''C
Fourier transform nmr spectra obtained using a

5

deways-spinning 20-mm tube probe with 6.5 mi of

simple. al Hen egg-white Iysozyme (EC 3.2.1.17,

1ma Chemical Co., Type t, further purified by
romatography on drethylaminoethyl-Sephadex) in

219 mM, gH 3.3 about 35°, "'C frequency 37.7

VHZ
1369-Hz bandwidth, 4.4-w decoupling power, 3.0-sec

'H krequency 150.0 MHz, noise modulation of

A
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A
|

recycle time, 22-.usec (90°) puise width, 8547-Hz '[ M‘ B
spectral width, 350-usec acquisition defay time, 2 x / H L_J,/J

3192 data points, 15216 scans, 5000-Hz 4-pole b

Butterworth fow-pass titers, 1.5-Hz line broad-

°nmg) b Bovine pancreatic ribonuciease A (EC 1 | | 1 ] | t 1 )
2 7.7 18, Sigma Chemucal Co., Type A} in H:O (17 200 180 120 80 40

M pH 4 3y 23554 scans, all gther conditions as in

atom sites in proteins, this resolution is more than
adequate. In addition, spinning side bands are typi-
cally 0.5-1.0% (Figure 46). Air bubbles or sample
vartexing does not cause shimming problems since
an “‘air-tube” forms along the spinning axis of the
sample. Homogeneity changes are very small be-
cause of this symmetric arrangement.

The sensitivity of the probe is paramount in im-
portance. We obtain a root-mean-square signal-to-
noise ratio of about 230:1 with a single 90° pulse on
a 6.5-mt sample of neat dioxane, when using quad-
rature phase detection and utilizing a 1.5-Hz line
broadening (due to exponential multiplication of
the free-induction decay). This is comparable to
that obtained by commercial systems operating in

PPM from TMS

the 3.5-4.2 tesla field range with Helmholtz of coil
probes, but which use up to twice our sample vol-
ume. For microsamples and for very high frequency
applications—for example, in a 360-MHz (8.5-
tesla) proton instrument—it is clear that the signal-
to-noise ratio gains of the SST probe will be even
more impressive due to the increased difficulties at
these high frequencies of winding Helmheliz coils
for either micro or very large samples.

Our 20-mm SST probe was designed principally
to study protein structure using natural-abundance
carbon-13 Fourier transform nmr spectroscopy.
Figure 5 shows typical "*C signal-to-noise ratios
achieved when using about 6.5 ml of aqueous hen
egg-white lysozyme (EC 3.2.1.17) and bovine pan-

AMERICAN LABORATORY : 25
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Figure 8 Proton-decoupled natural-abundance '*C normal
and spin-echo Fourier transiorm nenr spectra of 8.5 mi
agusous solution of hen egg-white lysozyme (EC
3.2.1.17) obtained using a sideways-spinning 20-mm tube
probe. &) Hen egg-white lysozyms (described in Figure
o8) In 10 (19 mM, pH 2.8, about 37°, 3C frequency

- 37.7 MHz, 'H fraquency 150.0 MHz, nolse-modulation of

- 1800-Hz bandwidth, 5.6-w decoupling power, 8.0-sec re-

- cycle time, 22-usec (90°) puise width, 8547-Hz spectral
width, 350-usec acquisition delay time, 2 x 8192 dsta
points, 12,000 scans, 5000-H1 4-pole Butterworth fow-
pass fliters, 1.5-Hz line broadening). b-e) As in (8) but
spin-echo spectra obtained vsing the Carr-Purcelf
method with the lollowing + values and delay times: b} §

msec, c) 20 msec, dj 40 msac, e} 150 msec, and f) spin-

" lock l: T spectrum with 40-msec spin-lock pulse.®

e ety e s g BN

a e g

- -« Figure 7, right. Naturatabundance *C Fourier trans-
-+ form nmr specirs of hen sgg-white lysozyme (EC. ,
3.2.1.17}, obtained under conditions of weak proton
. dacoupling, in the presence of varlogs moie fractions
. . of the denaturing agent urea, The speciral region
' shown tontains aromatic and Ct of arginine reso- -
Wior MEACES. . .. LU v e e ey
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| creatic ril;onucleasc A (EC 2.7.7.16). Clearly, in-

strumentation improvements have brought very
welcome signal-to-noise ratio increases in the six
years following the first réport of resolved single-
carbon atom sites in proteins in American Labora-
tory.! The improved sensitivity of the SST probe fa-
cilitates, for example, relaxation studies on single-
carbon atom sites in proteins.

Figure 6 shows the results of a two-pulse, Carr-
Purcell experiment' in the aromatic region of an
aqueous solution of hen egg-white lysozyme.® In the
normal (unrelaxed) "*C Fourier transform spectra
(Figure 6a), two types of resonance may be distin-
guished'*: broad resonances, which arise from pro-
tonated (methine) carbon atoms, and relatively nar-
row resonances, which arise from nonprotonated
aromatic carbons.'® The very short transverse relax-
ation times of the methine carbon atom resonances,
due to efficient carbon-hydrogen dipolar relaxa-
tion, means that at long r values there is no refocus-
ing of magnetization from these sites, However,
nonprotonated carbon atoms have relatively long
spin-spin relaxation times, due to weak dipolar in-
teractions and chemical shift anisotropy,” so that in
a partially T.- relaxed spectrum it is possible to

UREA M
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completely eliminate all contributions nethir

* “'aromatic carbon atom sites, as shown for example
. in Figure 6. The method is thus an alternative to
“convolution-difference spectroscopy. '

e

Carbon-13 studiss of protein denaturation

Using the 20-mm SST probe we are investigating
the denaturation of proteins by reagents such as
urea, guanidinium chioride, and 2-bromoethanol.
High signal-to-noise ratios are of course essential in
order to detect possible intermediate partially un-
folded species present only in low concentrations.
Figure 7 shows representative results from a dena.
turation study of hen egg-white lysozyme with urea
as the denaturant. It is seen that as urea is added, a
new, simpler "*C spectrum grows, while the more
complex spectrum of the native protein disappears.
For example, the group of § lines (6 carbons) near
110 ppm in the bottom spectrum is replaced by a
single line at the top. No evidence 1o date has been
found for intermediate species by *C nmr, and the
process clearly seems to be a conversion between
1wo states.

Nonetheless, prior to denaturation there are sev-
eral sizable chemical shift changes, interestingly, in
residues that are known to be in or near the active
site of the enzyme (Trp 62 and 108). An understand-
ing of the significance of these chemical shift
changes probably will require a much better knowl-
edge of the mechanisms governing the chemical
shift nonequivalences observed in the native pro-
tein. As an approach to this problem, we are at-
tempting to establish empirical relationships be-
tween the observed chemical shifts of Trp € atoms
and their environment, using the (crystalline) pro-
tein structure coordinates. For example, the torsion
angles about a—f and B—r (and other) bonds
might be correlated with the chemical shift of o
Other possible factors that might influence or domi-
nate the chemical shift of € include hydrogen
bonding to the N¢' hydrogen, distance to the peptide
carbonyl group, distance 1o the surface electrical
double layer, and proximity of charged groups such

as = CO; ™, However, no clear picture _h_as_evplvgd_.;..‘,.-.

Sy

yet. : . R S e

A possible reason for this is that we have assu
the structure of the protein to be the same in solu-
tion as in the crystal. Fortunately, an answer to this
possibility now appears feasible. High resolution

[

"C nmr spectra can be obtained for solids by com-

bining dilute-spin double resonance'* with “magic.

angle’” sample spinning,'s='* Dilute-spin double res- ; -

~ onance has the effect of removing carbon-hydrogen .

from methine

dipolar interactions; *“‘magic-angle’” sample spin- .

Eooottead il sed v
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Figure 8 a) Energy-level diagram for the spin | = 1 dau-
terium nucieus showing etfect of lirst-order electric
quadrupole interaction on Zeeman levels, assuming
asymmelry pararmeter of n = 0 (axially symmetric elec-
tric fieid gradient). b} Line shapes for ( + 1—0) and
{0~ = 1} transitions of 'H nucleus in & C-D bond ff=1,
n =0}, showing spectral singuiarities {frequency separa-
tion vo/2) and distribution edges or steps (trequency
separation vo, where vq is 3e'qQI2h or 255 kHz),

ning removes line broadening cffects due 10 static
chemical shielding anisotropies, even at spinning
frequencies that are less than the breadth of the
powder pattern, expressed in frequency units.'*
Thus, it is possible, at least in principle, to obiain
specira of crystalline proteins with resolved single-
carbon atom resonance lines, We hope it will soon
be possible to compare chemical shifts of erysialline
proteins directly with those found in solution, a
comparison that may reveal structural dif ferences.

Membrane structure by deuterium nmr

A second major interest in the authors’ labora-
tory lies in the determination of biological mem-
brane structure, using a combination of deuterium
nmr, neutron-diffraction (with D. Waorcester, Uni-
versity of London), and Raman-scattering (with R.
Bansil, Boston University) measurements on spe-
cifically *H-labeled membrane systems, Deuterium
nmr of *H-labeled model smectic liquid crystalline
membranes and biological membranes was firsi re-
ported some six or seven years ago using 8-MHz
continuous-wave amr instrumentation,'s"’  gl.
though studies of nematic phases were reported as
carly as 1965."* The deuterium nucleus has a spin |
= 1 and thus possesses an electric quadrupole
moment. The interaction between this electric quad-
rupole moment and the electric field gradient at the
deuterium nucleus gives rise to a **‘quadrupole split-
ting”" of the nuclear Zeeman energy levels so that
separate transitions corresponding to + 1«0 and

— 1 may be observed (Figure 8). The splitting is

- - dependent upon the orientation of the field gradient
med.

(C—D bond) with respect to A, and in a “'rigid"”
crystal powder it gives rise to the line shape shown
in Figure 85, Molecular motions will tend to aver-
age out the splitting because of this angular depend-
ence 5o that information about the motions may be
extracted from the line shape and magnitude of the

splitting, %' R

Unfortunately, ‘H-nmr studies, as well as having
inherently low sensitivity, have the additional diffj.



begin dolg gcquisition

Figure 8§ Normal and quadrupole spin-gchy
*H Fourier transform nmr spectra of df-
myristoylphosphatidyicholine labeted as
CO: at the 6' position of the 2-chain,
Spectra were oblained trom about 50 my
-of phospholipid dispersed in deuteriym de
pleted water at 50°. aj Normal fres-induc.
tion decay and Fourier transform speg-

culty that the 'H-nmr powder pattern line shape
may be 0.2 MHz in breadth. Conventional pulse

. Fourier transform experiments are therefore not
feasible because finite spectrometer recovery times
after a radiofrequency pulse {e.g., 50 usec) cause
unacceptable phase and amplitude distortions in the
frequency domain spectra. Fortunately, however, a
sequence of two 90° pulses gives essentially com-
plete refocusing of the magnetization and provides
a quadrupolar echo™* (or solid echo). Data ac-
quisition may thus be started at the echo maximum,
eliminating phase and most amplitude errors, and
resulting in significant improvements in signal-to-
noise ratios. The pulse sequence and an example of
its effectiveness are illustrated in Figure 9.

Using the quadrupole-echo pulse sequence, we
have been investigating the structures of model and
biological membranes, We are particularly interest-
¢d in the interactions of cholesterol, and a variety of
proteins and polypeptides, with the phospholipid
molecule dimyristoylphosphatidylcholine (DMPC
or lecithin) (see structure below) in smectic
liquid crystalline model membrane systems.
In addition, we are investigating the struc-
tures of intact biological membranes, in particular
those from Escherichia coli, Acholeplasma faid-
lawii B (PG9), and the LM cell line of transformed

- mouse fibroblasts, Gains in spectrometer sensitivity
inthe last six or seven years now permit study of
very small quantities (~200 l) of even mammalian
cell membranes that contain biosynthetically incor-
porated ‘H-labeled species.?* With recent develop-
ments in techniques for incorporating fatty acids
into cell membranes, for example by blocking fatty
acid synthesis with avidin,* one may obtain up (o
98% fatty acid homogeneity in a normal function-

H

: o—r'—o‘-cn.—ﬁﬂl-cﬂ,foc—cn.cn.cmcu,cmcu,cu,CH.CH,CH
o "o '

AT e L

CHr . O=C~CH.CH,CH.CH.CH.CH/CH,CH.CH.CH,CH.CHICH, . 2-chain)
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trum, obtained using 90* pulse excliation
b} Fres-induction decay and Fourier trans.
form obtained by use of the quadrupole
spin-echo pulse sequence. ™" An undis.
torted powder spectrum s obtained by
use of the two-pulse sequence.

| 1| i I [ J

1
=20 0 20 40
Kilohertz

]
~40

Figure 10 Dsuterium quadrupole-echo Fourier transform nmr
spectra of 2{3,'3'-dy} dimyrisroyfphosphaﬂdy!choﬁne -3¢
mole%h cholestero! dispersions, at 30°C. &) Sample prepare 1
by dissolving the lecithin and cholesters! in chiorotorm, then
removing solvent at iow temperatures. b) Sample prapsred by
dissolving tecithin and cholestero! in Chioroform, then remov-
ing solvent by rotary evaparation at ~40*C). c} Spectrum of
sample used Infajatter six reeze-thaw cycies in liguid nitro-
gen. o) Spectrum of sample prepared as in & but containing 2
wi% 1-myristoyl lysolacithin,

ing cell membrane, so that realistic comparisons be-
tween model and biological membranes should now
be possible,

Lecithin-cholesterol interactions

Figure 10 shows 34-MHz deuterium nmr spectra
obtained on the lecithin/cholesterol system, where
we have utilized a DMPC molecule containing a

1CH:CH,CH, {I-chain)
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NMR SPECTROSCOPY continved

specifically enriched methylene group at position 3’
of the 2-chain. Cholesterol has the effect of increas-
ing the order parameters of the CD segments of the
hydrocarbon chain.?»'* As shownin Figure 10, how-
ever, the nature of the sample is affected by the
method of its preparation. Lecithin samples cop-
taining 30 mol% cholesterol give 2-component
spectra (Figure 10a) when prepared by dissolving
the dry compenents in chloroform, quenching to
liquid nitrogen temperatures, and then rapidly eva-
porating the solvent in a lvophilizer. However,
when the solvent is removed by rotary evaporation
at temperatures above 7., the gel-liquid crystal-
phase transition temperature of the pure lecithin.,
the spectra have one component (Figure 104).

The absence of residual solvent has been verified
by 'H nmr spectroscopy in benzene/methanol solu-
tions. Furthermore, the 2-compeonent samples give
reproducible spectra ¢ven when the samples are in-
cubated above T, for several wecks {sample integri-
ty being checked periodically by thin-laver chroma-
tography), although mild sonication or passage
through a series of freeze/thaw ¢ycles converts the
sample into the “'normal’’ one-component svstem,
These results suggest that incomplete mixing or a
phase separation occurs in these samples during
preparation. The effects we have seen, however, are
most pronounced in lecithin labeled at the 3 posi-
tion of the 2-chain, and are removed on addition of
small (~1%) quantities of impurity molecules such.
as lysolecithin. The observation of a metasiable
lecithin/cholesterol sysiem may have biological in-
plications, and may also help account for the wide
range of lecithin/cholesterol **phase-diagrams’ ex-
isting in the literature.

Results similar to those shown in Figure 105 have
been obtained by us on DMPC’s labeled at one of
positions 3', 4', 6', 8', 10", 12, or i4". In such
spectra, the quadrupole splitting can be related to
the projection of a C—C segment along the molecu-
lar axis, and the chain length can be determined as a
sum of the projections. We have used this approach
to determine the membrane thickness in the Jeci-
thin/cholesterol system, employing a variety of
mathematical models similar to those previously
used by Petersen and Chan’* and by Seelig and
Seelig.”* Deuterium-labeled cholesterol was used as
a probe of melecular tilt within the bilayer.? The
chain lengths obtained are very insensitive to both
the model and the tilt angle,” and are within experi-
mental error the same as distance determinations
made using high resolution neutron diffraction
{Table 1).? With this independent verification of the
nmr method, one may now apply it (o intact bio-
logical membranes, where sample orientation is im-
practical for neutron diffraction.




Protein-fipid interaciions

Another application of 'H nmr is to study the
interaction between proteins (and polypeptides) and
lipids in model membrane systems specifically la-
beled with deuterium. Conventional wisdom dic-
tates that proteins be surrounded by a “‘halo” of
rigid “boundary’’ lipid. Some evidence exists to
support this view.*+’* We find, however, that with
the systems cytochrome b,,?’ cytochrome oxidase,*
bacteriophage fl coat protein,’ gramicidin A,»
mellitin,” and myelin proteolipid apoprotein (N-
2).' there is a dynamic disordering of the terminal
methy! region of the lipid bilayer above and below
T.. in the presence of the polypeptide chain. Typical
resuits are shown in Figure //. Time-scale differ-
ences between the EPR® and 'H nmr experiments
may account for the apparent lack of immobilized
boundary lipid in the atter.

Determination of the structure of intact, func-
tional biclogical membranes is the primary goal of
our *H nmr, neutron, and Raman spectroscopic in-
vestigations. Earlier studies showed that large quan-
tities of *H-labeled farty acids could be incorporat-
ed into functional plasma membranes of the pleuro-
preumonia-like organism Acholeplasma laidiawii
B."" More recently, H-labeled choline head groups
have been incorporated into a line of mammalian

OMPC

j\/L_\A
GRAMICIDIN A A B

MYELIN PROTEOLIPID
APOPROTEIN C

Kiiohertz

Figure 11 Deuterium quadrupole-echo Fourier transiorm
ame spectra of 2(14°, 14°, 14'.d5 dimyristoylohospha-
tidylcholine showing the dynamic disardering atffect ot 8
polypeptide and 3 protein on the terminal methy! region
ol the bijayer. a) Pure DMPC #t 30°. b) DMPC bilayer
containing 50 wt % gramicidin A. Sample was prapared
by removing solvent (benzene 95%, MeOH 5%) by Iyo-
phitization.™ ¢} DMPC bitayer containing 67 wi % beet
brain proteclipid apoprotein.

Before.

Dial out baseline drift
and noise.

Our new and unique Kontes Baseline Corrector
can modify the output signal from an analytical
instrument and compensate for electronic drift,
background noise, or other stray electronic
signals, '

The resultant clean, corrected baseline can then
be reduced to significant data by means of a
standard chart recorder, digital integrator, or
other EDP hardware.

Specially designed solid-state circuitry in our
Baseline Corrector permits a broad range of
sensitivity adjustment and a high degree of
baseline determination accuracy.,

Dia! out drift and noise and dial in accy racy and
reproducibility. Baseline Corrector complete,
ready for hook-up $925,

For more details or a demonstration, contact your
Kontes representative or send for Bulletin K-21, .

KONTES .
Vineland, N.J. 08360 - eof

Exclusive Distributon: KONTES OF ILLINOIS, Bvanston, Hilnels -
KONTES OF CALIFORMIA, San Lesndro, Caltarmia '
HOMTES (U.K.) LTD., Carntorth, England A

Circle Raader Service Card No, 113

AMERICANLABORATORY.2 #3,




il

-
A

o
A e

“5_-_5"'" !

= Z <pith
amr 4.5,

Neutron ditfraction® 4.4,

* 30 mol % cholesterol, 23°C,

* Distance from C-2' 10 C-6" in the 2chain of DMPC,

¢ Distance from C-6* to C-12' in the Z-chain of DMPC,

¢ Transmembrane thickness at C-2" of the 2-chain of DMPC.,
¢ Transmembrane thickness at C-6° of the 2-chain of DMPC,
/ Transmembrane thickness at C-12* of the 2-chain of DMPC.

_ - 'Jébﬁ‘ﬁéﬂssn_of Iﬁbilh'lﬁféhbl'bs_i'erol' bilayer structures determined by
" “magnetic resonance spectroscopy and high resolution neutron diffraction
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¥ Neutron data were obiained on oriented muliilayer domains at 86% relative humidity (D.L. Worcester, M. Mcadows, D. Rice, and E,

Oldfield, unpublished results). The estimated error is about + 1.0 A.

cells in tissue culture.’ For the simpler microorgan-
isms like A. laidlawii and Escherichia coli it appears
that significant quantities of membrane lipids may
exist in the rigid crystalline gel phase,” although
quantitation of the amount of this phase has always
been difficuly,’»?

In current work,** we have found that it is rela-
tively simple to quantitate the phase composition
accurately with the deuterium quadrupole-echo
pulse experiment when using specifically labeled
lipids biosynthetically incorporated into an E. colfi
fatty acid auxotroph. Figure /2 shows typical re-
sults obtained using the auxotroph L48-2, generous-
ly provided by Professor David Silbert, into which
has been biosynthetically incorporated terminal
methyl *H-labeled hexadecanoic acid. Deuterium
quadrupole-echo Fourier transform nmr spectra
observed at 3 and 40° are shown in Figures 12 and
12¢, and the corresponding spectral simulations are
given in Figures 124 and 124. It is estimared that the
percentage of solid lipid may be determined to
within ~ 59, 1 Sos® w e s alew

The results outlined in this article represent the

current state-of-the-art in sensitivity for studies of
proteins by **C nmr and of membranes by *H nmr

spectroscopy. However, it should be noted that the
acquisition of spectra with high signal-to-noise ratio
is still exceedingly time-consuming. Further devel-
opments in magnet technology in the direction of
increased fields (and decreased costs) are highly de-
sirable. For deuterium, the low gyromagnetic ratio

means that its Larmor frequency at higher fields :
would be in a region that provides few radiofre-.

L ot
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quency-circuitry difficulties, Thus, fields in excess
of 23.5 T (154 MHz for deuterium, 1000 MHz for
protons) could immediately reduce data acquisition
times by more than an order of magnitude for deu-
terium. The situation as regards protons at such
high fields is, of course, Jess clear.

10kHz
(I

SIMUL ATION

E. coli, 40° c

SIMULATION D

T

Figure 12 Deuterium quadrupole-echo Fourisr transform
nAmr spactra of £, coll ceil membranes contalning bio-
synthetically incorporated 16,18, 16-d hexadecanoic
acid: a} at 3°, b) spectral simuistion of 3* spectrum, c} gt
40°, d) spectral simuiation of 40° spectrum. Both spec-
tre are simulated by two overlapping *H powder pat-
terns.* The 3* spectrum contains 54% solid and the 40
spectrum 33% solid phase lipid.
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