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We describe how the proportion &1C in bacterial membranes
can be reduced by growth dAC-depleted glucose and how this MMM
expedites the detection of ligand binding to membrane proteins.

The hydrophobic membrane bilayer surrounding living cells is
inherently impermeable to the great majority of hydrophilic solutes
required for cell nutrition and to many of the waste products and/ ‘
or toxins that must be excretédConsequently, the membrane
contains a variety of proteins that each aid the translocation of
specific substrate(s) through the membrane. The strucaggvity ."'— GalP
relationships of these proteins have proved difficult to elucidate:
they are of low natural abundance in the membrane, they are very
hydrophobic and refractory to aqueous isolation methods, and even s
when purified in nondenaturing detergents, they are very difficult
to crystallize to employ X-ray or electron diffraction for
determination of structure. We have addressed these problems; firsi

we devised strategies for amplifying expression of typical membrane L o

transport proteins in the experimentally tractable bacterium F9ure 1. *3C CP-MAS NMR spectra at 75 MHz of membranes containing
. . 300 nmol GalP. (A) Natural abundance membranes, {&)-depleted

Escherichia colf and second, we have helped develop solid-state mempranes. Inset is an SDS-PAGE separation of proteins iiGkgepleted

magic angle spinning (SS MAS) NMR methods to measure binding membranes, showing the overexpressed (ca. 40%) GalP protein.

of BC-ligands to the overexpressed proteindn important
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advantage of these methods is the use of biological membranes Glucose F°"sf°""
containing overexpressed transport proteins in their active natural
state and without the need for their purification. However, in the E

case of manyC-labeled ligands, substantial natural abunddice

resonances in proteins and lipids in the membrane obscure the signal

from the added labeled ligand. An example of this is the binding

of the well-characterized inhibitor, forskolid, to the E. coli D
galactose-FI symport protein GalP. GalP is the bacterial homologue
of the human GLUTL1 glucose transport protéiand forskolinl

is a highly specific inhibitor of both proteirtsUsing membranes
containing GalP, C-1 of the substrate gluc@sesonates in a clear
region of the natural abundané¥ spectrum (at ca. 90 ppréfe
Easily, the most accessible labeling site in the inhibitor forskblin — 7T T 7T

is C-22 (21 ppm¥e¢ but forskolin that is labeled at this position 100ppm 50 0

gives an NMR signal which overlaps with the natural abundance Figure 2. 3C CP-MAS NMR spectra at 75 MHz of GalP membranes. (B)

methyl signals from the protein and lipids and is swamped by them. **C-depleted membranes as in Figure 1B, {&)-depleted membranes
30umol (10 mM) [143C]-p-glucose [Cambridge Isotope Laboratories], (D)
as C+ 500 nmol (167uM) [22-13C]forskolin [preparation as ref 3c], (E)
spectrum D minus spectrum B.

OH
HO 2 In a novel approach to overcome, or at least minimize, this
HO 2 oH problem, we have grown tHe. coli cells that overproduce the GalP
OH transport protein of*C-depleted-glucose {3C < 0.07%—compare
1 2 with 1.1% natural abundance) in a minimal salts medium. As

illustrated above this strategy demonstrably reduced signals due to
t Astbury Center for Structural Molecular Biology. natural abundanc®C (Figure 1) and substantially improved the
*Institute of Materials Research. detection of labeled inhibitor bound to the protein (Figure 2).
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The GalP protein was overexpressed3 L of minimal salts be obsered simultaneouslin these membranes. For forskolin tight
mediun? supplemented with 18 mMS3C-depleted b-glucose binding is observed, while for glucose significant exchange takes
(Spectra Stable Isotopes, Spectra Gases Inc., Columbia, MD 21045place during the time scale of the NMR experiment.
in a 5-L Bioflo 3000 fermenter aerated at 10 L/min with mixing at It is clear from Figure 1B+£2B) that3C-depleted membranes
500 rpm. Unavoidably, somehistidine (80 mg/L), thymine (20 allow detection of labels over the enth spectral range, whereas
mg/L), and thiamine (0.1 mg/L) containing normal levels'&E previously high backgrounds limited the regions of the spectrum
had to be included, together with carry-over (3.2%) of nort¥@t where enriched signals could be observed.
containing constituents of the rich medium (2X tryptone/yeast  The spectra shown here are for a sample which was prepared
extract) used for inoculum growth. After 24 h of growth to an from 13C-depleted glucose, but the sample is inevitably
Asgo nm = 1.34, the cells were harvested (15 g wet weight) and a contaminated with materials containing normal level$36fin the
preparation made of inner membradeBS| mass spectrometry  inoculum, and in added auxotrophic requirements. From the unused
confirmed the low level of*C-isotope in the glucose to 0.07%. nonmembrane fractions of the. coli we can now prepar&C-

MAS SS NMR spectra were generated by means of cross depleted materials for future use in the growth experiments, thus
polarization (CP). IF3C CP-MAS NMR, matched HartmarHahn diminishing further the'3C-background. Now that the binding of
spin lock fields allow transfer of magnetization frotd spins to forskolin is measurable in unfrozen samples, methods for quantitat-
13C spins via the dipolar coupling between théiflhe weaker the  ing velocity and equilibrium constants can be applied.
coupling the slower the transfer. For rigid solids dipolar coupling ~ In conclusion: obtrusivé*C-backgrounds can be a problem in
is strong and CP transfer is efficient. It can produce gains in signal- *C NMR-based studies of ligand binding to membrane transport
to-noise ratios over simple directly excité8C spectra sincéH proteins in their natural state in native membranes. This is largely
nuclei have higher equilibrium magnetization and typically relax solved for the bacterial galactose-tsymport protein GalP by
faster. In solution the dipolar coupling is averaged to zero by growing the producing organisi. coli on **C-depleted glucose
molecular tumbling, and thus no significant transfer occurs. Thus, (**C = 0.07%) as the main carbon source. GalP is a paradigm for
CP may be used to edit spectra from small molecules to display transport proteins found in organisms from cyanobacteria, eubac-
only those that are immobilized by bindifg. teria, parasitic protozoa, fungi, and plants to animals, including

A 13C CP-MAS NMR spectrum was obtained for normal inner mammals such as humat&.Not only will this **C-depletion
membranes oE. coli and compared with an identically acquired Method have widespread applicability in NMR studies of ligand
spectrum obtained from membranes of the bacteria growtion  binding in transport systems, but also of any membrane pfotein
depleted glucose (Figure 1, A and B, respectively). A marked that can be overexpressed in a bacterial host grown in a suitable
reduction in background, by a factor of between 5 and 8, was Mmedium. Applications in high through-put screening of drugs for

observed for the latter, most significantly in the region® ppm
but elsewhere too, notably in the carbonyl region.
As previously foun& in membranes withoufC-depletion, the

particular targets are envisaged.
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signal that was only detected with difficully Nonetheless, use of
[21,2233C,]forskolin 1 in a double quantum filtration (DQF)
experiment allowed clear observation of bound forskolin-86

°C. But under these conditions the predominant signal obtained
for the substrate [1,2%C;]-D-glucose 2 arose from sugar im-
mobilized in solid water. This temperature was necessary for the
satisfactory observation of the forskolin resonance, but unfortu-
nately, it prevented any exploration of the relationships associated
with the simultaneous binding of substrate and inhibitor. The
efficiency of DQF experiments is also less than 100%, leading to
reduced signal intensify.

With 13C-depleted membranes, the NMR signal for [223-
forskolin 1 can be clearly observed (Figure 2D), particularly in the
difference spectrum (Figure 2E). The reduced background (Figure
2B =1B) means that the exact line shape observed in this trace is
of reduced significance. The clear, relative enhancement of the
signal due to the inhibitot that is shown in Figure 2E now permits
quantitative studies on the mechanistic relationship between bound
sugar substrates and the inhibitor forskolin. Importantly for further
NMR studies of bindingpboth sugar substrate and inhibitor can
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