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Abstract: Studying protein components of large intracellular complexes by in-cell NMR has so far been
impossible because the backbone resonances are unobservable due to their slow tumbling rates. We
describe a methodology that overcomes this difficulty through selective labeling of methyl groups, which
possess more favorable relaxation behavior. Comparison of different in-cell labeling schemes with three
different proteins, calmodulin, NmerA, and FKBP, shows that selective labeling with [**C]methyl groups on
methionine and alanine provides excellent sensitivity with low background levels at very low costs.

Introduction ditional advantages because of their high mobility and con-
The recent development of in-cell NMR experiments allows comitant slow relaxation. Finally_, methy_l protons, unli_ke ami_de
researchers to characterize the conformation and dynamics of°Protons, do not exchange chemically with water, again yielding
proteins and other macromolecules inside their natural environ- Nigher sensitivity. These features are particularly crucial for
ment, the cytoplasm of cells? In a previous publication, we studying proteins that exist in larger complefeX' However, .
investigated the requirements for observing proteins in the €S same advantages, and the abundance of methyl groups in
bacterial cytoplasm, and we demonstrated that bacteria grown Variety of molecules found within the cell, would likely give
in uniformly 1*N-labeled medium do not give rise to significant 1S€ t0 high levels of background. In this paper, we describe a
background signals that obscure the observation of a particularStrategy for labeling calmodulin, NmerA, and FKBP methy|
protein? Our in-cell NMR investigations have shown that if an  9rOUPS as probes for a variety of in-cell NMR experiments while
unbound protein reaches a certain threshold level of intracellular 2SO Minimizing signals of the cellular environment.
expression{150uM),% its nuclear magnetic resonances become Experimental Section
detectable while other proteins within the cell remain largely
unseen because either they are too dilute or they relax too Suspensions of bacteria for in-cell NMR experiments were prepared
quickly. The sensitivity of in-cell NMR experiments could be as described previously by first growing the samples to an optical
further increased approximately 3-fold if methyl groups were density of .1.2 _in ur!IgbeIed LB met_jium, foIIowed‘ by harvgsting and
used as probes because the three protons coupled to one carbdfSUSPension in minimal M9 medium at an optical density of 1.8.
nucleus offer a greater intrinsic sensitivity than the single amide Expression of calmodulin, NmerA, and FKBP was induced by adding

. . . 0.4 mM of isopropyl thiogalactoside (IPTG) for 4 h. In the case of full
proton—-amide nitrogen pair. Methy! groups offer further ad- 13C labeling, the M9 mediufd contained 2 g/L'C-labeled glucose.

t Graduate Group in Biophysics, UCSF. Labeling of methyl groups with pyruvate was carried out in M9 medium
* Graduate Program in Chemistry and Chemical Biology, UCSF. made with BO containing 3 g/L*3C-labeled and protonated pyruvate.
ﬁgniversity of IFrngfurt. al Chemi oSk For these experiments the bacteria were grown from the beginning in
epartment of Pharmaceutical Chemistry, . ; ;
(1) Serber, Z.; Keatinge-Clay, A. T.; Ledwidge, R.; Kelly, A. E.; Miller, S. th.e DzO/_I\/I9/py'ruvate medium and.were transfgrreq o fresh mgdlu.m
M.: Détsch, V.J. Am. Chem. So@001, 123 2446-2447. prior to induction. The concentrations of methionine and alanine in

(2) Serber, Z.; Ledwidge, R.; Miller, S. M.; ‘Bsch, V.J. Am. Chem. Soc. the amino acid type-selective experiments were 250 and 100 mg/L,
2001, 123 8895-8901.
(3) Serber, Z.; Dtsch, V.Biochemistry2001, 40, 14317-14323.
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Figure 1. Sections of two'3CH-HSQC spectra taken from a bacterial ~ Figure 2. Two 3C,'H-HSQC spectra of calmodulin measured on minimal
sample grown on minimal medium containitig-labeled glucose with (A) medium containing!3C-labeled and protonated pyruvate i@ The
and without (B) overexpression of calmodulin. bacterial sample in panel A overexpressed calmodulin; the sample in panel

B was not induced.
respectively. When alanines were labeled, the M9 medium was
supplemented with amino acids and nucleotides according to Cheng etuseful than >N labeling for in-cell NMR studies unless
al.;** this was later referred to as supplemented M9 medium. For the resonances with unique chemical shifts (like high-field-shifted

drug binding studies, 2 mg of phenoxybenzamine hydrochloride methyl groups) are used as probes for the protein.

(Calbiochem) were added to 50 mL of bacterial culture half an hour . . . . .
before the NMR sample was prepared. Selective Labeling with Pyruvate.In previous experiments

All NMR experiments were measured on a Bruker Avance 500 MHz We were able to obtain background-free NMR spectra when we
NMR spectrometer equipped with a cryogenic probe except for the switched from full**N labeling to amino acid type-selective
alanine-labeled samples, which were measured with a room-temperaturdabeling, for example witd®N-labeled lysine. We wanted to
probe. Each spectrum consisted of 1024 complex points in the acqui- test whether analogous labeling approaches would decrease the
sition dimension and 60 complex points in the indirect dimension. NMR 13C packground signal level. Several different labeling schemes
experiments were carried out at 3¢. Sensitivity comparison with & haye heen developed recently that allow for selective protonation
sample doubly labeled with*N]lysine and methyt**C]methionine of methyl groups in otherwise fully deuterated proteifits

were carried out by measurifdgC,'H and**N,*H heteronuclear single \Whil iqinallv desi dt id | Overh ffect
guantum coherence (HSQC) spectra at the same time in interleaved lie originally designed (o provide nuciear Overhauser etiec

mode. (NOE) information for high molecular weight proteins, these
schemes could be applied to in-cell NMR applications. Most

Results ; ; ;
importantly, a scheme that allows for selective labeling of all

Full 13C Labeling. To investigate the potential for observing methyl groups simultaneously would minimize the costs. Kay
side-chain resonances and in particular methyl groups, we grewand co-workers have published such a method based on the use
a bacterial sample on standard minimal medium containing 2 of protonated anéfC-labeled pyruvate as the sole carbon source
g/L 13C-labeled glucose and induced calmodulin expression. in 2H,O/M9 medium!* They have shown that methyl groups
Figure 1A shows thé3C H-HSQC spectrum of calmodulin in ~ become highly protonated while other side-chain positions
the Escherichia colicytoplasm. remain highly deuterated. Therefore, we tested the effectiveness

To investigate if the large number of peaks seen in the of pyruvate as the carbon source for in-cell NMR experiments.
spectrum are calmodulin peaks or background signals, we Panels A and B of Figure 2 compare spectr&otoli grown
repeated this experiment without induction of calmodulin (Figure on M9 medium containing 3 g/E3C-labeled and protonated
1B). The similar patterns of the two spectra suggest that many pyruvate obtained with and without expression of calmodulin,
of the signals are background peaks, most likely from small respectively. While the number of peaks in both spectra is
molecules, rather than calmodulin side-chain resonances. Onlyconsiderably reduced relative to the spectra obtained with
in the high-field-shifted region, which does not contain reso- glucose-based media, the spectrum measured without induction
nances from small molecules, can calmodulin methyl group of calmodulin does show a considerable level of background,
resonances be identified unambiguously. This very high back- consisting mainly of broad, overlapping peaks in the methyl
ground level starkly contrasts with the low background level region. In contrast, the peaks obtained with the calmodulin-
previously observed iA*N,'H-HSQC-based in-cell NMR ap-  expressed sample are better defined with a substantially different
plications. The greater abundance of carbon rather than nitrogenpattem_ Thus!3C labeling with pyruvate is superior to glucose
in small molecules is the most likely reason for the excessive 544 the majority of the peaks in Figure 2A are likely to be
'3C background level. In addition, many nitrogen-bound protons .z imodulin resonances. A quantitative analysis of the spectrum

in these small molt_acules will exc_hange very fast with the bulk by peak integration is still problematic, however, due to the
water, thus effectively broadening their resonances beyond

detection. These results demonstrate thatf@llabeling is less

(14) Rosen, M. K.; Gardner, K. H.; Willis, R. C.; Parris, W. E.; Pawson, T;
Kay, L. E.J. Mol. Biol. 1996 263 627-636.

(13) Cheng, H.; Westler, W. M.; Xia, B.; Oh, B. H.; Markley, J. Arch. (15) Goto, N. K.; Gardner, K. H.; Mueller, G. A.; Willis, R. C.; Kay, L. B.
Biochem. Biophys1995 316, 619-634. Biomol. NMR1999 13, 369-374.
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Figure 3. Comparison of background levels ¥C H-HSQC spectra of calmodulin samples grown orefhy'3C]methionine without overexpression (A),

with overexpression of calmodulin (B), and with a wash step (C). The spectrum in panel C was measured with a smaller spectral width than the spectrum
in panel B. Only the free methionine and the nine methionine resonances of calmodulin are visible. The insets in panels A and B show the enlarged peak
areas.

overlap of protein resonances with broad background peaks,by far. Very strong peaks in NMR spectra may lead to spectral
especially for proteins that reach lower expression levels than artifacts and also may overlap with and mask smaller peaks.
calmodulin. To test if the amount of free methionine in the in-cell sample
Methionine Labeling. On the basis of this result, we wanted could be reduced, the cells were washed in methionine-free
to explore more selective labeling techniques with single amino minimal medium prior to final sample preparation. The spectrum
acid types. Due to their isolated position, methionine methyl shown in Figure 3C was obtained with a sample induced in 50
groups belong to the slowest relaxing spins in proteins. At the mL of minimal medium containing 12.5 mg of methyl-group-
same time, fhethy}*C]methionine is considerably less expen- labeled methionine, then harvested and resuspended in 50 mL
sive than other methyl group-labeled amino acids. For these of methionine-free minimal medium, followed immediately by
two reasons we wanted to explore the possibility of utilizing centrifugation and final sample preparation. The result shows
methionine methyl groups as protein probes for in-cell NMR that~90% of the free methionine (and the other products) can
experiments. Potential background signals could arise from thebe removed by a single washing step. Longer washing times
fact that methionine is a substrate f&: coli's adenosyl- did not result in significantly better suppression of the free
methionine synthetasé S Adenosylt-methionine, the product  methionine peak, suggesting that most of the free methionine
of this enzyme, is a methyl donor in a wide variety of reactions, is actually in the extracellular milieu and not contained in the
including methylation of DNA, RNA, and proteins. In principle, cells.
therefore S-adenosyk-methionine holds the potential for a high Detection of methyl groups should significantly increase the
level of background signal by transferring te-labeled methyl sensitivity of in-cell NMR experiments due to the fact that three
group to many other molecules. Panels A and B of Figure 3 protons rather than one proton contribute to the signal intensity
show the comparison of tw&C,'H-HSQC spectra measured  and due to the slower relaxation. To test3€ methyl group
with E. coli cells that were grown on minimal medium |apheling of proteins indeed increases the sensitivity, we prepared
containing fnethy4*3C]methionine without and with expression 4 sample of calmodulin doubly labeled with bofiN]lysine
of calmodulin, respectively. In the absence of induction, only and P3C]methionine and measured botN,'H-HSQC and
the very intense peaks of the free methionine and some potentiallsc,lH_HSQC spectra simultaneously at 25, 50, and 75 min after
metabolic products with very similar chemical shifts can be j,qction of protein expression. The three spectra as well as
observed, demonstrating that tHe-labeled methyl group of  ejeciive traces are shown in Figure 4. In #K,'H-HSQC
methionine does not create a significant level of background spectrum, only the most flexible lysine that is located at the
signal. Figure 3B shows that, in addition to the free methionine, very C-terminus of calmodulin at 125 ppm is visible in the 25
only the calmodulin methionine peaks are visible. The spectral min spectrum (the strong peak in the spectrum, located at 129
width of the spectrum shown in panel C is smaller than the ppm in thelSN dimension, is not a calmodulin resonat®eln
spectra n panels7A and B, to better show the expected NN€ contrast, the methyl groups of the methionines of calmodulin
caimodulin peaks! are all visible even at the earliest time point. Comparison of
The peaks of the free methionine and its potential metabolic he intensities at the later time points indicates that detecting
products in the spectra of Figure 3A,B are the most prominent methionine methyl groups is indeed roughly 3 times more

sensitive than detecting lysine amide protons.

(16) Matthews, R. G. IfEscherichia coli and Salmonella typhimuriuénd ed.;
Neidhardt, F. C., Ed.; ASM Press: Washington, DC, 1996; Vol. 1, pp-600
611. (18) Ou, H. D.; Lai, H. C.; Serber, Z.; @sch, V.J. Biomol. NMR2001, 21,

(17) lkura, M.; Kay, L. E.; Bax, ABiochemistryl99Q 29, 4659-4667. 269-273.
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Figure 4. N,'H-HSQC spectra (AC) and!3CH-HSQC spectra (BF) measured with a bacterial sample expressing calmodulin doubly labeled with
[**N]lysine and methyt'3C]methionine. Spectra in panels A and D were acquired simultaneously (in an interleaved way) 25 min after induction. Spectra in
panels B and E were acquired 50 min after induction. Spectra in panels C and F were acquired 75 min after induction. One-dimensional slices taken at the
indicated position are shown above each panel. The strong peak located at 129 pprifin’theéd1SQC spectrum is not a calmodulin resonate.

Alanine Labeling. The main disadvantage of using methio- (supplemented M9 medium). Figure 5C shows a spectrum of
nine as a probe is its low natural abundance in proteins, with NmerA expressed and labeled witmégthyt*3Clalanine inE.
just 2.4% of all amino acids. An attractive alternative would coli, and Figure 5D shows a spectrum of the corresponding
be alanine, since it belongs to the most frequent amino acidsuninduced control sample grown on the same supplemented M9
found in proteins (8.3%), is commercially available in a methyl- medium. The supplemented M9 medium significantly reduces
group-only 13C-labeled form, and is quite inexpensive. We the amount of background signals. Figure 5E shows a section
therefore wanted to test the suitability of alanine for in-cell NMR  of an in-cell3C H-HSQC spectrum of NmerA measured with
experiments. Figure 5A shows th&C 'H-HSQC spectrum of a higher resolution, showing the expected 13 alanine peaks of
NmerA in the bacterial cytoplasm labeled witngthyt13C]- NmerA, the free alanine (highest peak), and a small number of
alanine, and Figure 5B shows the corresponding spectrum ofbackground peaks. These results demonstrate that alanine methyl
uninduced bacteria, both recorded in standard M9 medium. In groups are useful probes for proteinskn coli and that the
addition to strong signals in the methyl region, many additional amount of background peaks can be minimized by use of
peaks can be seen throughout the entire spectral width, indicatingsupplemented M9 medium.
that significant amounts of background signals exist. This is  In-Cell NMR of FKBP. On the basis of the results presented
due to the central role that alanine plays as a precursor inabove, isotopically labeled methionine and alanine methyl
multiple E. coli biosynthetic pathways. However, selective groups are attractive probes for in-cell NMR experiments. As
labeling with15N-labeled alanine has been reported with special mentioned in the Introduction, methyl groups also offer the
medium enriched in certain amino acids and nucleotides advantage of slow relaxation, which combined with their

7122 J. AM. CHEM. SOC. = VOL. 126, NO. 22, 2004



Methyl Groups as Probes for Proteins and Complexes ARTICLES
A B 3¢/
- o ppm
'] [}
o 6?&’_ 3¢/ ppm
.,
o o
L . 14
® .
® ]
o . .
E L 14 d
@ ¢ Y ° v % . —
- - = 50 . / R
. . )
C D
o o =10 a
d A 3
L x4 e - Fu '
% o S [}
s A 1l5 0l7
° . )
. L% L 16
° ° T T
N 3 TH/ ppm 1
. " Figure 6. Section of al3C,'H-HSQC spectrum of FKBP in the bacterial
. b= 50 cytoplasm labeled with3C on the methyl groups of methionines. The very
. e strong peak in the center of the spectrum represents the free amino acid.
T T T T ; The arrows mark the resonance positions of two of the three methionine
4 1 4 1 H/pm

Figure 5. Comparison of in-cell spectra of bacterial samples grown on
standard M9 medium (A, B) and supplemented M9 medium (C, D):
E. colisamples carrying a vector with the NmerA gene with (A) and with-
out (B) induction on standard M9 medium, aBdcoli samples carrying a
vector with the NmerA gene with (C) and without (D) induction on
supplemented M9 medium. (E) Section 0f&,!H-HSQC spectrum of the
sample in panel C but measured with a shorter spectral width iA3@e
dimension.

intrinsic high sensitivity could make larger complexes become
visible. To test this hypothesis, we performed in-cell NMR
experiments with the peptidylprolyl isomerase FKBP?:20
During our initial search for a model system to develop in-cell
NMR techniques, we had tested FKBP since it is small, highly
soluble, and can be easily overexpressed to high levels in
coli cells. Surprisingly, we were unable to detect any NMR
resonances of FKBP #N,'H-HSQC experiments with bacterial
cells, even with the use of high levels of deuteration and
TROSY-based pulse sequenéésDisrupting the bacterial
membrane by adding lysozyme to the bacterial slurry in the
NMR tube, however, allowed us to observe the norted|*H-
HSQC of FKBP. This result suggested that FKBP is involved
in larger complexes inside the bacterial cell that reduce its
tumbling rate sufficiently to broaden its resonance lines beyond
the detection limit. Disrupting the cellular membrane releases

FKBP from these complexes and makes it observable. Figure

6 shows al®CH-HSQC spectrum of FKBP labeled with

methionine in the bacterial cytoplasm. The center of the spec-
trum contains the methyl group resonances of free methionine
as well as some methionine metabolic products. The two very
broad peaks indicated by the arrows represent two of the three

internal methyl groups of FKBP2 A more detailed analysis of
these methyl group peaks and the behavior of FKBP inBide
coli cells will be given elsewhere. This result demonstrates that
the favorable relaxation behavior of methionine methyl groups

(19) Michnick, S. W.; Rosen, M. K.; Wandless, T. J.; Karplus, M.; Schreiber,
S. L. Sciencel 991, 252 836—839.

(20) Moore, J. M.; Peattie, D. A.; Fitzgibbon, M. J.; Thomson, J.Nature
1991, 351, 248-250.

(21) Pervushin, K.; Riek, R.; Wider, G.; Whrich, K. Proc. Natl. Acad. Sci.
U.S.A.1997 94, 12366-12371.

(22) Xu, R. X.; Nettesheim, D.; Olejniczak, E. T.; Meadows, R.; Gemmecker,
G.; Fesik, S. WBiopolymers1993 33, 535-550.

peaks in FKBP.

can indeed be used to observe larger complexes inside cells
even if their backbone resonances are unobservable.

Drug Binding. One of the advantages of in-cell NMR
experiments is that it can be used to study drpgptein
interactions in their natural environment. While amide protons
are usually detected in drug binding assays due to their higher
chemical shift dispersion, the higher sensitivity of methyl groups
would allow researchers to perform these experiments at lower
concentrations. For calmodulin, many different drugs have been
found that bind to the hydrophobic pocket created by the two
halves of the proteif® This hydrophobic pocket is lined with
methionines, which makes the methionine methyl group an
excellent indicator for drugcalmodulin interactions. We ex-
pressed calmodulin containing methyl-group-labeled methionine
in E. coliand added the drug phenoxybenzamine hydrochloride
to the minimal medium. In panels A and B of Figure'3G H-
HSQC spectra of in-cell calmodulin samples without and with
phenoxybenzamine are compared. While no differences in
chemical shift can be detected, some of the peaks in the
spectrum in Figure 7B show increased line broadening, indicat-
ing a weak interaction with the drug. This result is in agreement
with reports that phenoxybenzamine interacts with calmodulin
only in its calcium-bound ford# and with our own results
demonstrating that calmodulin in the bacterial cytoplasm exists
mainly in the calcium-free apo forfsuggesting that at most a
weak interaction should be observable. To investigate if and
how much of the drug had been taken up by the bacteria, we
harvested the cells by centrifugation and measured a one-
dimensionalH spectrum of the supernatant. As can be seen in
Figure 8A, no sign of the drug could be detected. In contrast,
the resuspended bacterial pellet showed strong signals of the
drug (Figure 8B). Further investigations showed that after cell
lysis almost all of the drug was still associated with the cell
debris, suggesting that phenoxybenzamine is mainly associated
with the bacterial membrane. The high local concentration of
phenoxybenzamine near the bacterial membrane is most likely

(23) Veigl, M. L.; Klevit, R. E.; Sedwick, W. DPharmacol. Ther1989 44,
181-239.
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structure-function relationship of proteins in their intracellular
environment by NMR spectroscopy, it is necessary to develop
labeling schemes that allow the selective observation of side
chains or certain groups of side chains on the protein of interest.
In a previous publication we had shown that histidine side chains
can be observed by adding labeled histidine to the minimal
medium?* This allowed us to determine the protonation and
A B ) tautomerization state of histidines in the intracellular environ-
ment. In this paper we have extended these side-chain labeling
3C/ppm schemes for in-cell NMR applications to methyl groups. In
principle, the detection of methyl groups should be 3 times more
0 sensitive than the detection of amide protons. This ratio, which
is based on the number of protons attached to the heteronucleus,
is further increased by the slow relaxation of the methyl groups
and the fact that they do not chemically exchange with the water.
During previous investigations we had estimated that the
detection limit for a protein in the intracellular environment is
approximately 150uM.3 This paper demonstrates that this
) detection limit extends to much lower levels when methyl groups
@ are used as probes-50 uM). Furthermore, for proteins that
form large complexes with other cellular components and that
cannot be detected by amide-proton-based experiments, methyl-

= 20 group labeling is an attractive alternative to study their intra-
2'0 1l5 2'0 1l5 cellular behavior.
’ ' 1H/' ' Methyl groups can also be used to investigate the interaction
ppm

of proteins with drugs in the cellular cytoplasm.A recent
;fgtuglgmgg_rlg%zﬁg;;] “o”d‘)ui{:;"iﬁli';ﬂ;ﬂ.iﬁi, :ﬁglcgi g;giﬁ?éoignnqum investigation has found that within a set of 191 crystal structures
of the drug phenoxybenzamine Hydrochloride while the sample in panel A of proteln_—llgand complexes 92% Of the ligands had a heavy
did not have any additives. atom within 6 A of amethyl group, while only 82% had a heavy
atom within the same distance of an amide prdfofihis fact,
combined with the considerably higher sensitivity, makes methyl
groups very attractive alternatives to amide protons for monitor-
ing protein—drug interactions by in-cell NMR experiments.
The most significant drawback of methyl groups is their
comparison to amide protorasarrow chemical shift dispersion,
which in in-cell NMR experiments is further reduced by the
broader line width as compared to in vitro studies. One possible
solution to this problem is the reduction of the total number of
resonances through selective labeling schemes. In in-cell NMR

10 5 0
B experiments, the use of selective labeling protocols has the
additional advantage of minimizing background signals. In the
case of full*3C labeling, the high level of background signal
prevents (with the exception of the most high-field-shifted
methyl groups) the unambiguous identification of proton methyl
group resonances. In contrast, labeling witlefhyt13C]methio-
I T
10 5

nine produces virtually background-free spectraethyt13C]-

) ) : . . Alanine also proved to be useful for detecting proteins in the
Figure 8. One-dlmens!o_na}H spectra of a bacterial sample expressing . .
calmodulin and containing 40 mg/L of the drug phenoxybenzamine bacterial cytoplasm. Although the alanine spectra show a much
hydrochloride. (A) Supernatant of that sample after harvesting of all cells higher background signal level than the methionine spectra, the
by centrifugation; (B) resuspended bacteria. The strong resonance linesabundance of alanine compared to methionine in proteins makes
belong to phenoxybenzamine hydrochloride. alanine a very useful probe.
responsible for the observed weak interaction between the Methionine and alanine advantageously combine low back-
calcium-free protein and the drug. While the example reported ground signal with low labeling costs. In recent years, additional
here—calmodulin expressed i&. coli—is not a biologically labeling schemes for the methyl groups of valines, leucines,
relevant system, it demonstrates the advantages of in-cell NMRand isoleucines have been proposed based on common precur-
experiments, which are able to detect the protein resonances asors, mainly for structural investigations of very large proteins.
well as the drug. The use of pyruvate has demonstrated the usefulness of more

A

e

1 T T

T
1H/|:7pm 0

Discussion (24) Shimba, N.; Serber, Z.; Ledwidge, R.; Miller, S. M.; Craik, C. S:ideh,

; B ; B ; . V. Biochemistry2003 42, 9227-9234.
T_he Slde_Chams of pmtelns pIay the dom_mant role in deflnlng (25) Stockman, B. J.; Dalvit, ®rog. Nucl. Magn. Reson. Spectro2602 41,
their functions, conformation, and stability. To study the 187-231.
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selective labeling schemes by reducing the background level. Amino acid type-selective labeling techniques with methyl
However, a significant amount of background remained and the groups have an additional very interesting application: extending
labeling costs were considerably higher than the labeling costsin-cell NMR experiments to eukaryotic cells such as yeast, insect
with methionine or alanine. These costs would be even higher cells, or even mammalian cells would be very attractive.
for the use ofx-ketobutyrate on-ketoisovalerate as precursors  However, commercially available media for isotopic labeling
for labeling the methyl groups of isoleucines or valines and of eukaryotic cells are prohibitively expensive. Adding selected
leucines. An additional problem with labeling schemes that |abeled amino acids such aagthyt3C]methionine to unlabeled
produce more than one labeled amino acid is the higher densitymedium for eukaryotic cells creates a very cost-efficient method
of signals that, due to the larger line width of the methyl signals to observe proteins in these cell types. Initial experiments with
in the intracellular environment, would result in more overlap. insect cells have indeed confirmed that addingefhy}'3C]-
Labeling schemes with single amino acids are therefore the mostmethionine to the normal medium does not create a significant
attractive approach for in-cell NMR applications. In addition packground signal level (work in progress).

to methionine and alanine, thiemethyl group of isoleucine
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be produced through methyl-group-labeledketobutyrate. Resonance to V.D. and by NIH (GM66039) to P.O.M. Z.S. was
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leucine have shown that the background signal level would be
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