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ABSTRACT. Cross-polarization magic-angle spinning and rotational-echo double resot¥@haad°N

NMR experiments have been performed on intact cellsStdphylococcus aureukbeled with
p-[1-%C]alanine and PN]glycine or with [1+3C]glycine andL-[e-1*N]lysine. The cells were harvested
during stationary or exponential growth conditions, the latter in media with and without the addition of
vancomycin. The results of these experiments allowed the in situ determination of the relative concentrations
of peptidoglycan cross-links (the number of peptide-stealanines covalently linked to a pentaglycyl
bridge) and bridge-links (the number of peptide-stem lysines covalently linked to a pentaglycyl bridge).
The concentration of cross-links remained constant in the presence of vancomycin, whereas the number
of bridge-links decreased. These changes suggest that vancomycin (at therapeutic levels) interrupts
peptidoglycan synthesis i. aureudy interference with transglycosylation.

Vancomycin and other closely related glycopeptide anti- double resonance (REDORY—11). Such experiments are
biotics inhibit the biosynthesis of the peptidoglycan of the well suited to explore the effects of vancomycin on cell wall
cell wall of Gram-positive bacterial]. The antibiotics do metabolism in vivo.
not penetrate into the cytoplasm of the cell but apparently In this paper we describe the use of solid-state NMR to
form complexes with the-Ala-p-Ala carboxyl termini of determine the effect of vancomycin on cell wall assembly
peptidoglycan precursors outside the cell membrane. Thisin normalS. aureusduring active cell division. The results
binding presumably interferes with transglycosylase activity of solid-state NMR experiments performed §€- and**N-

(2, 3) and possibly transpeptidase activity as wé)l, poth labeled cell walls and cell wall precursors in whole cells are
of which are essential for the synthesis of new cell wall. interpreted in terms of the effect of therapeutic levels of
The former extends the glycan chain and the latter cross-vancomycin on the relative concentrations of peptidoglycan
links the peptide stems with subsequent elimination of the cross-links and bridge-links. These are direct measurements,
terminalp-Ala. Recent experiments on permeabilized cells not inferences, made in situ, without perturbation of the cell
of Gram-negativéEscherichia colisuggested that vancomy- wall. The experiments are performed on intact cells so that
cin inhibited transpeptidase rather than transglycosylasecell wall and cytoplasmic peptidoglycan precursors are
activity (4). In general, however, it is difficult to determine measured together. The combination of results on cross-links
whether just one or the other of the vancomycin inhibition and bridge-links suggests that vancomycin (at therapeutic
mechanisms predominates in vivo or whether both mecha-levels) interrupts peptidoglycan synthesisSn aureusby
nisms are operating]. interference with transglycosylation.

Stable isotope labeling of Gram-positi&aphylococcus EXPERIMENTAL PROCEDURES
aureusis efficient because of the ready incorporation of

exogenous alanine, glycine, and lysit. (This means that Growth and Labeling of CellsStable isotope labeling was
13C and®®N labels in these amino acids are incorporated in performed withS. aureugATCC 6538P) grown on a defined
the bridges, bridge-links, and cross-links of the cell wall medium (SASM) as described by Tong et al. and Kim et al.
peptidoglycan (Figure 1). Detection of the labels is possible (6, 11). Bacteria were grown in SASM in which the natural
by magic-angle spinningC and’>N NMR and their through- ~ abundancev-alanine, glycine, oc-lysine was replaced by
space proximities b¥2C{ 5N} and!5N{23C} rotational-echo  b-[1-**CJalanine andPN]glycine or by [143C]glycine and
L-[e-*N]lysine. In the p-[1-1*C]alanine and PN]glycine
experiments, each flask contained 380 mL of SASM.
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Ficure 1: (Top) Schematic representation of an idealized version
of the cell wall peptidoglycan o8. aureudqafter Stryer). A four-
unit peptide stem (triangles) having the sequendda-p-Glu-L-
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Ficure 2: Growth ofS. aureushowing absorbance at 660 nm as
a function of time and vancomycin conentration. Vancomycin was
added to the growth media at 0.2 OD.

ambient temperature using a four-frequency transmission
probe. Other experimental conditions included 2 ms 50 kHz
IH—-13C and'H—1°N matched cross-polarization transfers,
50 kHz B, fields for the*C and!*N x pulses, and 80 kHz
proton decoupling. The chemical shift scale of & NMR
spectra was referenced to external liquid tetramethylsilane
and that of thé>N NMR spectra to external solid ammonium
sulfate.

REDOR experiments are always done in two patt®),(
once with rotor-synchronized dephasing puls®safd once
without (&). The dephasing pulses change the sign of the
heteronuclear dipolar coupling, and this interferes with the
spatial averaging resulting from the motion of the rotor. The
difference in signal intensityAS= & — S) for the observed
spin in the two parts of the REDOR experiment is directly

Lys-D-Ala is attached to every second sugar of the glycan backbonerelated to the corresponding distance to the dephasing spin.

(open circles). Cross-linking between glycans occurs through
pentaglycyl bridges (dark circles) connecting the carbonyl carbon
of p-Ala of the fourth position of one stem with tkenitrogen of
L-Lys of the third position of another. (Bottom) Chemical structure
of the peptidoglycan ofs. aureuswith three sites identified for
potential labeling: cross-link, bridge-link, and pentaglycyl bridge.
The five-residue stem on the right has no cross-link tmisla.

Exponential phase cells grown without vancomycin (one
flask) were harvested at QR = 0.7 and stationary phase
cells (four flasks) at Ok = 1.3. When vancomycin was
added during growth, it was added (to five flasks) for a final
concentration of 2Qug/mL at ODyso = 0.2 and harvested
100-120 min later at Ol = 0.4. In the [113C]glycine
and L-[e-1*N]lysine experiments, each flask contained 300
mL of SASM. Vancomycin at a final concentration of 0, 6,
or 23ug/mL was added at Ofgy = 0.2, and the cells were

REDOR dephasing is generally plotted 9S, or ASS as

a function of the dipolar evolution time (the number of rotor
cycles multipled by the rotor period) so that dependence on
the homogeneous decaly) of the observed magnetization

is removed. Typical REDOR pulse sequences are found in
the literature in both simplel@) and refined forms{—10).

The REDOR spectra of intact cells &. aureusreported
here were obtained wittN dephasing pulses fdfC{*°N}
experiments and witA3C dephasing pulses fofN{3C}
experiments, as described by Tong et €J. (

RESULTS

Growth and Labeling of S. aureushe time course for
growth of S. aureusn the presence of vancomycin is shown
in Figure 2. Normal growth is arrested for a vancomycin

harvested at 50 min, which corresponded to one doubling concentration of about 28g/mL approximatst 2 h after
time of the nontreated cells. Bacteria were harvested by administration of the drug. Th&p of vancomycin forS.

centrifugation at 100apfor 20 min at 4°C and washed three

aureus(ATCC 6538P) cell wall binding was estimated by

times by resuspension and repelleting in cold, sterile 0.025Kim et al. ) at 3.6uM.

M potassium phosphate buffer, pH 7.0. The final pellets were

frozen and lyophilized for NMR.

CPMAS and REDOR NMRCross-polarization magic-
angle spinning'*C and >N NMR spectra of cells were
acquired with a Chemagnetics/Varian CMX-300 spectrom-
eter operating at 300.02 MHz fdH, 75.45 MHz for3C,
and 30.40 MHz for'SN. Experiments were performed at

Labeling byp-[1-1*C]Alanine and [°N]Glycine. Under
stationary growth conditions, some glycine is used in purine
synthesis, and this accountk3] for the aromatic nitrogen
peak at 215 ppm (Figure 3, bottom left). However, most
glycine is incorporated into the pentaglycyl bridges of the
cell wall peptidoglycan. The glycy#®N label incorporated
into cytoplasmic protein is minor, as has been established
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FicUrRe 3: 30 MHz15N{3C} REDOR spectra for cells &. aureus
labeled byp-[1-%C]alanine andN]glycine and harvested under
stationary growth conditions (left) and exponential growth condi-
tions in the presence of 28)/mL vancomycin (right). The REDOR
differences are shown as a function of the number of rotor cycles

of dephasing. The full-echo spectra after eight rotor cycles are at
the bottom of the figure. The REDOR differences have been scaled
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FIGURE 4. 75 MHz 13C{1*N} REDOR spectra for the samples of
Figure 3. The dotted lines in the expansions of the full-echo spectra
compare the relative intensities of a spinning sideband of¥be
labeled carbonyl carbon peak at 175 ppm with the natural abundance
13C sugar carbon peak at 75 ppm.

0

so thatAS'S is determined by comparison to the full-echo spectrum Table 2: 75 MHzC{**N} REDOR Dephasing o8. aureusihole

for eight rotor cycles. Magic-angle spinning was at 5 kHz.

Table 1: 30 MHZ!*N{*3C} REDOR Dephasing 08. aureusihole
Cells Labeled by -[1-**C]Alanine and °N]Glycine

ASS (amide nitrogen)

no. of rotor  stationary exponential growth
cycles growth —vancomycin -Fvancomycifi
8 0.08 0.07 0.07
12 0.08 0.09 0.07
24 0.10 0.10 0.09
48 0.15 0.15 0.14
72 0.20 0.20 0.19

2 Magic-angle spinning at 5 kH2.20 ug/mL.

by direct comparison of spectra of whole cells and cell walls
extracted from whole cells$j. The bridge amide glycy*N
label appears at about 90 ppm. The minor peak near 10 pp
is due to the bridge amine glycytN label, and the even
smaller peak near 0 ppm is due to free amine in the
cytoplasm 6). The intensity of the 10 ppm peak relative to
the 90 ppm peak is-23%, which, because there are five
glycines in a bridge, indicates that some-115% of the

pentaglycyl bridges are open (not cross-linked). Open bridges

end in a glycylamine rather than a glycyl peptide cross-link
to ap-Ala carbonyl carbon (see Figure 1).

The N{**C} ASS of the cross-linked amide nitrogen
peak of the stationary growth sample after eight rotor cycles
is 0.08 (Table 1). This establishes a lower limit for i€
isotopic enrichment at the-Ala cross-link as 40% (5x

Cells Labeled by -[1-13C]Alanine and }°N]Glycine
ASS (carbonyl carbon)

exponential growth

no. of rotor stationary
cycleg growth —vancomycin  +vancomycifi
8 0.12 0.13 0.12
12 0.11 0.14 0.11
24 0.14 0.16 0.13
48 0.20 0.19 0.18
72 0.26 0.24 0.22

aMagic-angle spinning at 5 kH2.20 ug/mL.

tribute to the dephasing. Changing the dipolar evolution time

from 1.6 ms (8 rotor cycles) to 14.4 ms (72 rotor cycles)

increases th&N{°C} dephasing by a factor of-23 (Figure

3, top left, and Table 1). This result is consistent with
revious measurement§)(and indicates that the bridge is
n a compact conformatiorig).

In general, cells harvested under exponential growth
conditions with and without the presence of vancomycin
result in®>N{*3C} and*3C{**N} REDOR spectra and labeling
patterns similar to those of cells harvested under stationary
growth conditions in the absence of vancomycin (Figures 3
and 4, Tables 1 and 2). An exception is that incorporation
of labeled [°N]glycine into purines is totally suppressed by
vancomycin (Figure 3, bottom expansion). Vancomycin-
induced pressure on cell wall synthesisSnaureusappar-
ently resulted in the routing of all available glycine to
peptidoglycan precursors.

0.08). The factor of 5 arises because only the directly bonded The'*C{**N} AS'S; for cells harvested under exponential

13C—15N pair contributes to the eight rotor cycl&S (the

15N signal for this pair is totally dephased) even though all
five labeled glycyls contribute t& (6, 12). Thep-Ala *3C
isotopic enrichment is not dependent on vancomycin (Table
1). Only a lower limit can be established for enrichment

growth conditions with the alanirgglycine-labeled pair has

no dependence on the administration of vancomycin (Figure
4 and Table 2). Thé3C{**N} REDOR dephasing for this
pair of labels measures important cross-links between stems
(see Figure 1), as will be described in detail in the Discussion.

because glycine can be incorporated intact into cytoplasmic Labeling by [113C]Glycine and L-[¢-**N]Lysine. The

protein, and this fraction contributes & but not to AS
This utilization appears to be minor. The 40% lower limit
for p-Ala is close to the 4550% °C isotopic enrichment
determined for similarly labeled isolated cell walls for which
there was no cytoplasmic interferen@. (

For longer evolution times (more rotor cycles), glycyl
bridge nitrogens distant from the cross-link site also con-

CPMAS ™N NMR spectra of whole cells labeled by
[1-1%C]glycine and L-[e**N]lysine (Figure 5) provide a
measure of thé®N label incorporated as an amide nitrogen
(95 ppm) in peptidoglycan and peptidoglycan precursor
bridge-links and as an amine nitrogen (10 ppm) primarily
in peptidoglycan precursors. Previous work on whole cells
and cell walls labeled by-[e-**N]lysine 6, 11, 14) has
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[1-"*Clglycine and L-{z-1Nlysine Table 4: 75-MHz!3C{!5N} REDOR Dephasing o8. AureusVhol
ol h with ' . 75- _ phasing o8. Aureusihole
exponential growth with vancomyein ) Cells Labeled by [24C]Glycine andL-[e-'*N]Lysine
amlne\
no. of AYS (carbonyl carbon) at
rotor vancomycin concryg/mL)°
0 pg/mL 6 pg/mL 23 pg/mL cycleé‘ 0 6 23
8 0.10 0.10 0.09
_ amide—  — 12 0.11 0.10 0.09
™ 24 0.12 0.11 0.11
LI L LA L B T[T rrrorpr T prrrr[rrrrpro 48 015 014 015
100 50 0 100 50 0 100 50 0 72 0.20 0.18 0.17
S ppm] aMagic-angle spinning at 5 kH2.Exponential growth.

FIGURE 5. 30 MHz®N CPMAS NMR spectra of. aureuscells
labeled by [11*C]glycine andL-[e-**N]lysine and harvested under Despite the nearly 1009%N isotopic enrichment of the

exponential growth conditions as a function of the concentration __..0~an of the bridae-link. the eiaht rotor ¢ GRC{ 15N}
of vancomycin present in the growth medium. The spectra were 9 9 ' 9 4

scaled according to sample weight and total number of scans.  dephasing is 0.10 (Table 4) rather than the expected 0.20
(only one of five carbonyl carbons is directly bondeds

Table 3: 30 MHZ*N{3C} REDOR Dephasing o§. aureusihole and contributes toAS). This reduction is due to the
Cells Labeled by [#3C]Glycine andL-[e-15N]Lysine incorporation of labeled glycyl fragments (not intact glycine)
ASS via pyruvate into cytoplasmic proteinsH). These fragments
i 1 15] i
no.of amide nitrogen (95 ppm) at amine nitrogen (10 ppm) at cqntrlbutg 1o, but r_10tAS The, o . N} dephasing dOUbl.es
rofor  Vancomycin concnug/mL)>  vancomycin concrug/mL)? with an increase in dephasing time to 72 rotor periods,
cycles 0 6 >3 0 3 >3 mimicking the dephasing behavior for the alanigdycine-
8 05 065 060 0 0 0 labeled pair reported in Tables 1 and 2.
12 0.68 0.67 056 0 0 0 The [1+3C]glycine label is also incorporated as a purine

24 0.71 0.63 0.58 0.04 0.03 0.03 C-4 carbon, and the intensity of this peak was dependent on
‘712 0-;8 0-6739 0-62 0-28 0-26 0-8‘71 vancomycin concentration (spectra not shown). The glycyl

: 0.79 : O'_ s 0.6 0. 6_ 013 0. peak at 150 ppm had full intensity for whole cells harvested
* Magic-angle spinning at 5 kH2.Exponential growth. under exponential growth conditions in the absence of
. . . _ vancomycin but had zero intensity for cells grown in the
established thf’ﬂ In mature cells (i) only a minor part of the presence of 23g/mL vancomycin. This result is due to
95 ppm pealg mtensyty |s._due to thg natural abundafide suppression of purine synthesis, as discussed in connection
of cytoplasmic proteins, (ii) the fraction of the 10 ppm peak with the [5N]glycine labeling of Figure 2, and clearly

thatis due to stems in mature peptidoglycan with no bridges j jicates that the cells were metabolizing under pressure by
attached is only 15% of the intensity of the 95 ppm peak, vancomycin.

(iii) the free labeled lysine levels in the cytoplasm are very
small and can be ignored, (iv) only about half of the lysine pscussioN
label is used in non-cell wall synthesis, and (v) isotopic
enrichment of the-nitrogen is close to 100%. Cross-Links. For the p-[1-%*C]Jalanine-[**N]glycine-
Increasing the concentration of vancomycin in the growth labeled pair, thé3C (or 1>N) REDOR difference AS) for
medium from 0 to 23«g/mL increased the amine to amide eight rotor cycles is a direct measure of the peptidoglycan
intensity ratio by about a factor of 2 (Figure 5). However, cross-linking because one-boA#C—°N coupling occurs
this treatment did not affect totaIN label utilization. The only at the cell wallp-Ala bond to the pentaglycyl bridge
absolute sum of amide and amine integrated peak intensitiegFigure 1). Thesé3C andN REDOR differences (scaled
per mg of cell (dry weight) was within 7% across the by the whole cellsy's) of samples grown with and without
treatment conditions shown in Figure 5. vancomycin are essentially the same (Figures 3 and 4).
The eight rotor cyclé®N{*3C} dephasing of the 95 ppm  Furthermore, in the®®C{!*N} REDOR experiment, even
peak (Table 3), which is due exclusively to directly bonded though awhole cellalanyl carbonyl carbofg, is measured,
13C—15N cell wall bridge-links (see Figure 1), is a direct this value is equivalent to eell wall alanyl carbonyl carbon
measure of the glycyl carbonyl carb&iC isotopic enrich- S because the distribution dfC label between cell wall
ment of the pentaglycyl bridgé&). This value changes from  and cytoplasm is unchanged. This conclusion is based on
0.75 for cells harvested under exponential growth conditions the similarity of spectra of cells harvested under stationary
in the absence of vancomycin to 0.60 when vancomycin is growth conditions with no vancomycin and exponential
present (Table 3). This 20% reduction in tH€ isotopic growth conditions in the presence of vancomycin (Figure
enrichment of the glycyl carbonyl carbon under vancomycin 4). For example, there is no significant change in the intensity
treatment indicates that some natural abundaf@sources of the alanyl*C label relative to that of the natural abundance
were utilized to produce additional glycine for cell wall *3C sugar peak (Figure 4, inset, dotted lines), which depends
synthesis. on the concentration of peptidoglycan (including the teichoic
Only the directly bonded3C—'°N pair contributes sig-  acid component), or to that of the natural abundakte
nificantly to the bridge-link dephasing even for longer aliphatic carbon region (Figure 4, 2@0 ppm), which
dephasing times (Table 3). This insensitivity is due to the depends on the concentration of cytoplasmic protein. This
fact that almost full dephasing has already been realized frommeans that the distribution of tR&C alanyl label within the
the directly bonded*C—'°N pair (12). carbon pools of immature and mature cell walls, cell wall
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Ficure 6: Location of the major precursors in the peptidoglycan — withoutvancimycin
synthesis 0. aureugrior to cross-linking [adapted from Navarre
and Schneewindl§)]. The cytoplasmic & lipid species with two
sugars but no pentaglycyl bridge is grouped with lipid | and Park’s
nucleotide because all three have a lysylamine nitrogen. The term
lipid 11 is reserved for the fully competent peptidoglycan precursor
with the pentaglycyl bridge attached, as shown at the right of the
figure. Transglycosylation transforms lipid Il into immature cell
wall, which is initially still membrane bound (dotted line). The
transformation of immature cell wall to mature (cross-linked) cell
wall by transpeptidation is not shown.

FiIGure 7: Schematic representation of the initial relative changes
in the connected metabolic pools associated with peptidoglycan
synthesis and turnover B. aureugesulting from therapeutic levels
of vancomycin. The structural formulas for the cell wall precursors
are shown in Figure 6. The NMR detection of cross-links and
bridge-links for the precursors, immature cell wall, and mature cell
wall is shown at the top and bottom of the figure, respectively.
The pools whose sizes are constrained by the availability of the
Css lipid transporter are bounded by light parallel lines. The
transpeptidase step is assumed to follow transglycosylation, but this
) . . is not essential to the NMR analysis. The changes in pool sizes
precursors, and cytoplasmic proteins has not changed inexpected for an interference with transglycosylation by vancomycin
response to vancomycin. Thus, the observed insensitivity toare indicated by the dotted lines. The true absolute pool sizes are
vancomycin of the®®C{15N} ASS, ratio for whole cells not necessarily represented by the sizes of the circles.
harvested under both stationary and exponential growth » ) .
conditions (Figure 4 and Table 2) shows that the averageaddition, the immature cell wall concentration would decrease
number of cell wall cross-links does not change in the early (0, equivalently, the average glycan chain length would be
Bridge-Links.Although the number of cross-links is not That is, blockage would decrease the total number of bridge-

dependent on the concentration of vancomycin in the growth links. This is true even though vancomycin has no dirept
medium, the number of bridge-links is. The latter decreases Eff€Ct On the cytoplasmic enzymes responsible for attaching

in whole cells ofS. aureusby one-third in the presence of "€ bridge to the peptide stem. Blocking transglycosylation
23 ug/mL vancomycin, as measured in thelfGlglycine— would also effectively sequester thesQipid transporter,

L-[3N]lysine labeling experiment by the decrease of the resulting in an accumulation of Park’s nucleotide in the

95 ppm amide peak intensity (Figure 5). There is also about ¢YtoPlasm. Thus, as the number of lysyhitrogens observed
a one-third increase in the 10 pprAieN amine peak intensity ~ 85 amides would decrease, the number observed as amines

(Figure 5), which means that the totiiN label incorporation would increase. This combination is, in fact, observed: cross-
is approximately constant. Because the level of cytoplasmic ks are constant (Figure 4), lysyl amides decrease, and
protein did not change in response to vancomycin (see lysylamines increase (Figure 5). We therefore believe that

discussion of the expanded insets to Figure 4), the increase’ancomycin (qt Fherapeutic Ie.vels) interrupt.s peptido-
in the 15N amine peak intensity must be associated with 9/ycan synthesis irS. aureusby interference with trans-

cell wall synthesis. glycosylation.

Metabolic PoolsA simple interpretation of the observed
combination of constant cross-links and decreasing bridge-
links can be made in terms of peptidoglycan synthesis (Figure o .

6) and changes in the relative concentrations of the mature L gggwds’ P E. (198&ur. J. Clin. Microbiol. Infect. Dis. 8943~
cell wall and the major cell wall precursors (Figure 7). If 2. Matsuhashi, M., Dietrich, C. P., and Strominger, J. L. (1985y.
vancomycin were to inhibit transpeptidase activity, the Natl. Acad. Sci. U.S.A. 5687-594.
concentration of cross-links would decrease as the mature 3:Brotz, H., Biﬁrba”mv G., Reynolds, P. E., and Sahl, H. G. (1997)
cell wall was degradeq and thinned in thg activel_y dividing 4 CE;L;'d:v%ﬁgrﬁyn;.’zéﬁlisgiﬁgﬁq Kohler, 3., Silver, L. L., Kerns,
cell (16). At the same time, the concentration of bridge-links R., Fukuzawa, S., Thompson, C., and Kahne, D. (1&9¢nce
would increase as newly synthesized peptidoglycan was not 284 507-511.
cross-linked and so accumulated as immature cell wall. This 5- van Heijenoort, J. (200X%lycobiology 11 25R-36R.
pattern is not observed; instead, the number of cross-links & Eo?fégefjgigghgﬁg?r;gégéézgogrégé Wilson, G. ., and Schaefer
is constant and the number of bridge-links decreases. On 7 galbach, J. J., Ishii, Y., Antzutkin, O. N., Leapman, R. D., Rizzo,
the other hand, if vancomycin were to inhibit transglycosyl- N. W., Dyda, F., Reed, J., and Tycko, R. (20@lpchemistry
ation, immature cell wall would continue to be cross-linked 39, 13748-13759. _ _ 3 ,
to form new mature cell walls, as old cell walls were 8 Smith, S. O., Kawakami, T, Liu, W., Ziliox, M., and Aimoto, S.

. Y o (2001)J. Mol. Biol. 313 1139-1148.
degraded. This combination would maintain the total number g wang;, J., Balazs, Y. S., and Thompson, L. K. (1®itchemistry
of cross-links approximately constant (see Figure 7). In 36, 1699-1703.

REFERENCES



13058 Biochemistry, Vol. 41, No. 43, 2002 Cegelski et al.

10. Michal, C. A., and Jelinski, L. W. (1998). Biomol. NMR 12 14. Jacob, G. S., Schaefer, J., and Wilson, G. E. (198Bjol. Chem.
21_31*241. ) 258 10824-10826.

11.Kim, S. J., Cegelski, L., Studelska, D. R., O'Connor, R. D., Mehta,  15. Jacob, G. S., Garbow, J. R., Schaefer, J., and Kishore, G. M. (1987)
A. K., and Schaefer, J. (200Bjochemistry(in press). J. Biol. Chem. 2621552-1557.

12. g;"'o”’ T., and Schaefer, J. (1988&lv. Magn. Reson. 157— 16. Navarre, W. W., and Schneewind, O. (1988¢robiol. Mol. Biol.

Rev. 63 174-229.
13. Jacob, G. S., Schaefer, J., Garbow, J. R., and Stejskal, E. O. (1987) 3
J. Biol. Chem. 262254-259. B10202326



