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ABSTRACT. Solid-state NMR experiments with stable isotope-lab&&phylococcus aurelsve provided
insight into the structure of the peptidoglycan binding site of a potent fluorobiphenyl derivative of
chloroeremomycin (Eli Lilly LY329332). Rotational-echo double resonance (REDOR) NMR provided
internuclear distances from tA#- of this glycopeptide antibiotic to natural-abundad®eand to specific

13C and®™N labels biosynthetically incorporated into the bacteria from labeled alanine, glycine, or lysine
in the growth medium. Results from experiments with intact late log phase bacteria and cell walls indicated
homogeneous drugpeptidoglycan binding. Drug dimers were not detected in situ, and the hydrophobic
fluorobiphenyl group of LY329332 did not insert into the bilayer membra@neodel of the binding site
consistent with the REDOR results positions the vancomycin cleft around an un-crosssiAkaeb-

Ala peptide stem with the fluorobiphenyl moiety of the antibiotic near the base of a second, proximate
stem in a locally ordered peptidoglycan matrix.

Vancomycin is reserved for the treatment of serious Gram- stems with subsequent elimination of the termmalla. Cell
positive bacterial infectionlj. Although vancomycin was  wall and septa thinning ensudf) because the balance
introduced in the United States in the 1960s, its clinical use between new cell wall synthesis at the cell membrane surface
greatly increased in the 1980s because it was one of a fewand enzymatic degradation of outer layers that normally
antimicrobial agents capable of killing methicillin-resistant functions to accommodate cell growth and division is
staphylococci, including strains @taphylococcus aureus dramatically perturbed.

(2-5). V_ancom_ycm an_d other closely_ rel_ate_d _glycopgptlde Clinical isolates of glycopeptide-resistant enterococci were

ager_1ts (ie., telcqplamn and avoparcm_) inhibit the biosyn- first characterized in Europe in 19887 18). Resistant

gﬁezri.ogigi%i‘g'gﬁg%?ca; gzrth; braecgirt'ﬁ:aceg Vf[’.(aj]cl)(lﬂgn of strains spread because they can colonize the lower gas-
ganizal : uctu peptidogly trointestinal tract in the presence of most antibiotics. They

S. aureusare shown in Figure 1.) The antlblqtlcs form are now a global problem and are a major source of hospital-
complexes with thep-Ala-p-Ala carboxyl termini of the : . i : .
peptidoglycan precursor, presumabhacetylglucosamine- based infections in the United States. Because of the ability
N acetymuramy peiapeptde-pyrophosphoryndecapre- oSS ST 10 v on e s bt o
nol (lipid 1) (7—11). Binding of vancomycin to lipid I bl the y o y P going
could interfere with transglycosylase activity2(-14) and microbia _ erapy 19). _ _ _ _
possibly transpeptidase activity as welb), both of which ~ The basis of enterococci glycopeptide resistance, which
are essential for the synthesis of new cell wall. The former is induced by exposure to glycopeptides, is the substitution
extends the glycan chain and the latter cross-links the peptideof b-lactate om-serine forp-alanine as the terminal residue
of the carboxyl terminus of the peptidoglycan precursor.
" This work was supported by NIH Grant GM51554. Several vancomycin-resistant phenotypes (e.g., VanA, VanB,
* To whom correspondence should be addressed. Phone: 314'935VanC) have been characterize2D), and additional geno-
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* Department of Molecular Biophysics, Washington University LYPES (€.g.vanD,vanE) have been recognized, 22). Most

School of Medicine. _ _ o contain a cluster of three genes essential for glycopeptide
$ Department of Chemistry, Washington University. resistance. These genes encode enzymes that respectively

1 Abbreviations: AS & — S whereS and § are rotational-echo .
double resonance signal intensities with and without dephasing pulses,Catalyze the production af-lactate b-Lac) from pyruvate,

respectively; EDTA, ethylenediaminetetraacetic acid; HEPE®2- preferentially ligatep-Lac to p-Ala, and preferentially
hydroxyethyl)piperazind¥-2-ethanesulfonic acidir, the number of hydrolyze p-Ala-D-Ala (22). The p-Ala-p-Ala to p-Ala-p-

alanyl ['®C]carbonyl carbons that are dipolar coupled to each fluorine ; ; _
of LY329332: lipid II, N-acetylglucosaminé+-acetylmuramyl-pen- Lac alteration reduces the potency of vancomycin 1000-fold

tapeptide-pyrophosphorylundecaprenol; LY329332, 4-fluorobiphenyl (23)- In contrast, most laboratorg4) and clinically isolated
derivative of chloroeremomycin; REDOR, rotational-echo double (22) glycopeptide-resistant strains 8f aureushave thick-
resonance; RMSD, root-mean-square deviation; SAStgphylococcus  aned cell walls, some with enhanced antibiotic binding in
aureus synthetic medium; TPPM, two-pulse phase modulatidn; ' .

magic angle spinning rotor period; Tris, tris(hydroxymethylami- the outer cell wall layers. However, the potential for transfer
nomethane. of avangene cluster t&. aureuss a real and present danger.
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FiIGUrRe 2: Chemical structure of a derviative of chloroeremomycin
(Eli Lilly and Co. compound no. LY329332). This derivative differs
from vancomycin by attachment of 4-epivancosamine to the sixth
amino acid position of the vancomycin backbone and by the
attachment of a 4-fluorobiphenyl moiety to the 4-epivancosamine
of the fourth amino acid position.

: 3 | -
M ]L_ B - $ch, M “Gulliver effect” (25, 31) because the vancomycin derivative
¢ e =0 g-0 2;‘, is immobilized just as Gulliver was by the Lilliputians: by
N~ ’cu,i.: ]wm ] acombinationof many, weak tie lines. However, vancomycin
9:: Disogiutamine 9 o derivatives in which the aglycamAla-b-Ala binding moiety
=0 M | orsogitonine has been altered or removed still retain some activity in vivo.
NHLCH,CH,CH,CH—H ]L-l)'sine orcge-lnk o stom This result has led to the suggestioB2) that some
Mmm[ NLOS 2 »,J.o 7 glycopeptide antibiotics may also target enzymes necessary
Ot 1010y A Lhare for cell wall synthesis as well as the immediate cell wall
M precursors.
cross-ink CHiGH D-alanine .
P g;o . Rotational-echo double resonance (REDOR) has proven
cmg_Ho D-alanine to be highly versatile in providing structural insights with

atomic resolution for complicated heterogeneous solids such
FicUrRe 1: (Top) Schematic representation of an idealized version as amyloid plaques3@), membrane protein helical bundles
of the cell wall peptidoglycan o8. aureug(after Stryer). A four (34, 35), insect cuticle 86), and spider silk§7) that cannot

unit peptide stem (triangles) having the sequenéda-p-Glu-L- be analyzed by X-ray diffraction or solution-state NMR.

Lys-d-Ala is attached to every second sugar of the glycan backbone : e
(open circles). Cross-linking between glycans occurs through REDOR has also been used previously for the compositional

pentaglycy! bridges (dark circles) connecting the carbonyl carbon @nd structural analysis of th€C- and *N-labeled pepti-
of p-Ala of the fourth position of one stem with thenitrogen of doglycan ofS. aureug39). In this paper we report the results
L-Lys of the third position of another. (Bottom) Chemical structure of REDOR solid-state NMR experiments with the 4-fluo-
O o o g, ODIPRENY| derivative of chloroeremomyci, a vancomyoin
The five residue stem on thé right has ﬁo cross-link toila. analogue S'm'la_r to the widely S_tUd'Ed Lilly LY333328'
except that fluorine replaces chlorirgd. The experiments
were designed to characterize the in situ structure of the
antibiotic binding site in stable isotope labeled mature
peptidoglycan of cell walls and whole cells 8f aureus.

Solution-state NMR Z5—28) supports the biochemical
evidence 7—11, 29) that vancomycin forms complexes with
thep-Ala-p-Ala terminus of a peptidoglycan stem. The NMR
studies were pf qrug complexes_ with model peptldes and EXPERIMENTAL PROCEDURES
showed that binding of vancomycin teAla-p-Ala involves
the formation of five hydrogen bonds. This hydrogen bond  Vancomycin Detuiative. LY329332 (Figure 2) is a chemi-
network is perturbed by the replacement of the pentapeptidecal derivative of the naturally occurring glycopeptide chlo-
terminalp-alanine byb-lactate, which eliminates one H-bond roeremomycin, which is obtained synthetically by alkylating
and reduces vancomycin binding affinit$Q). (with 4-fluorophenylbenzaldehyde) the 4-epivancosamine

Vancomycin derivatives with improved potency against attached to the phenolic hydroxyl group of the fourth amino
both enterococci and staphylococci often have a hydrophobicacid backbone position. Chloroeremomycin itself differs from
chain of variable length attached to the vancomycin disac- vancomycin by the presence of 4-epivancosamine at the sixth
charide amide nitrogen (Figure 2). Although these derivatives amino acid backbone position. LY329332 is 1000-fold more
may have only a modestly increased affinity for model potentthan vancomycin in standard tests against vancomycin-
peptides in solution, their greatly increased potency implies resistant enterococci().
highly specific binding in situ. This specificity is possibly Growth and Labeling of Cell Walls and Whole Cells. S.
enhanced by intermolecular interactions between the anti-aureus(ATCC 6538P) cells were grown in a defined medium
biotic (dimer formation) and between the antibiotic and the (SASM), essentially as described by Tong et 38)(SASM
cell-lipid bilayer (membrane anchoring). The combination contained the following on a per liter basis: 10 g of
presumably leads to an overall reduced molecular mobility p-glucose 1 g each of KHPOy-3H,0, KH,POy,, and (NH;)o-
in the site of cell wall assembly and has been called the SOy; 0.2 g of MgSQ-7H,;0; 10 mg each of MnSEH-0,
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FeSQ-H,0, and NaCl; 5 mg each of adenine, cytosine, mL of ice-cold 5 mM HEPES, pH 7.0, in an 80 mL
guanine, uracil, and xanthine; 2 mg each of calcium lyophilization flask to which LY329332 was added for a 5
pantothenate, thiamin hydrochloride, and niacin; 1 mg each min incubation on ice. To this was added concentrated
of pyridoxine hydrochloride, riboflavin, inositol, CuSO trehalose, to produce a suspension of drug-complexed cell
5H,0, and ZnS@7H,0; 0.1 mg each of biotin and folic  walls in 18 mM trehalose and 5 mM HEPES, pH 7.0, at a
acid; and 0.1 g of all 20 common amino acids. The pH was final volume of 10 mL. The flask was placed in a regulated
adjusted to 7.0, and the medium was filter-sterilized by low-temperature bath (endocal ULT 80; Neslab Instruments

passage through a 0.2m membrane filter. To prepare
samples for NMR spectroscopy, bacteria were grown in
SASM in which the natural-abundance amino acids were
replaced byL-[e-**N]lysine, [113C]glycine, or b-[1-3C]-
alanine, either singly or in pairs. The cell wall sites that were
targeted for labeling are shown in Figure 1 (bottom).-A%
mL SASM starter culture was grown overnight from a single
colony at 37°C at 250 rpm in a Environ-Shaker (Lab-Lines
Instruments, Inc., Melrose Park, IL). Two milliliter aliquots
of this were used to inoculate 300 mL of sterile SASM in 1
L flasks, which were grown under the same conditions to

Inc., Newington, NH) set to-6 °C. After equilibration at
—6 °C, the bath was set t640 °C. The suspension froze at
approximately—14 °C. After 2 h at—40 °C, the flask was
cooled in liquid nitrogen and attached to a lyophilizer. After
a vacuum of 5 mTorr was achieved, the liquid nitrogen was
removed to begin lyophilization. Intact cells from a 300 mL
mid log phase growth were initially complexed with
LY329332 in a fashion similar to that of cell walls, in 18
mM trehalose and 5 mM HEPES, pH 7.0, at a final volume
of 10 mL. This excipient mix was abandoned in favor of 40
mM triethanolamine hydrochloride, pH 7.0, at a final volume

mid log phase, an absorbance of 1.0 at 660 nm. Intact cellof 12 mL. Triethanolamine buffer produced a superior cake
NMR preparations were made from a single 300 mL growth; after lyophilization that supported the weight of the bacteria
cell walls were typically prepared from parallel growth in  without collapse. We believe that this desirable effect is due
three flasks. Bacteria were harvested by centrifugation atto hydrogen bond interactions of buffer hydroxyl groups with

1000@ for 10 min at 4°C in a Sorvall GS-3 rotor and  the bacteria because triethylamine hydrochloride was not
washed once by resuspension in 300 mL of ice-cold 25 mM effective at the same concentration. It is possible that

potassium phosphate buffer, pH 7.0 (cell walls), or twice in
300 mL of ice-cold 5 mM HEPESNaOH or 40 mM
triethanolamine hydrochloride, pH 7.0 (intact cells). Washed

triethanolamine hydrochloride, a volatile buffetlf, may
be a better water replacement reagent for some lyophilized
samples than disaccharides such as trehalti®e (

cells were pelleted and used for preparation of peptidoglycan Binding AssayOne microliter of a 15 mg/mL isolated cell

cell walls or were resuspended in cold buffer for preparation
of an intact cell NMR sample.

Peptidoglycan Cell Wall IsolationVashed cells from 900
mL of mid log phase growth were resuspended in 50 mL of

wall suspension was added to 280 of solutions containing
vancomycin (or LY329332) of varying concentration. After
being mixed and vortexed, the resulting cell wall complex
was centrifuged at 25@or 15 min at 4°C. The concentra-

cold, sterile 0.025 M potassium phosphate, pH 7.0, containing tion of antibiotic in the supernatant was determined by optical

5 mg of DNase | (type II; Sigma-Aldrich, St. Louis, MO)

density measurements at 280, 290, 295, and 305 nm,

and transferred to the 60 mL chamber of a Bead-Beater calibrated by solutions of known concentration.

(Biospec Products, Bartlesville, OK), which was one-third
full of 0.5 mm diameter glass beads. Cell disruption 4€0
employed ten 1 min cycles separated by 1 min cooling

REDOR NMRSolid-state NMR was performed using a
six-frequency transmission line prob&3j having a 12 mm
long, 6 mm inside diameter analytical coil and a Chemag-

periods. Glass beads were removed from the broken cellsnetics/Varian ceramic spinning module. Lyophilized cell wall
with a coarse sintered glass funnel and washed with 100 mLand whole cell samples were contained in thin wall Che-

of 10 mM NaEDTA. The filtrate was centrifuged at'€ in

a Beckman Ti 50.2 rotor at 25090or 30 min. The crude
cell wall pellet was resuspended in-180 mL of ultrafiltered
nuclease-free grade | water (Solution 2000 water purifier,
model 2002BL; Aqua Solution, Inc., Jasper, GA) and added
dropwise with stirring to 100 mL of boiling 4% sodium
dodecyl sulfate. After being boiled for 30 min, the suspension
was allowed to cool fo2 h with stirring, after which it was

magnetics/Varian 5 mm outside diameter zirconia rotors. The
rotors were typically spun at 6250 or 7463 Hz with the speed
under active control to withia=2 Hz. The spectrometer was
controlled by a Tecmag pulse programmer. Radio-frequency
pulses for3P (202 MHz),**C (125 MHz), and*N (50.7
MHz) were produced by 1 and 2 kW American Microwave
Technology power amplifiersH (500 MHz) and'°F (470
MHz) radio-frequency pulses were generated by 1 kW

allowed to stand unstirred overnight at room temperature. It Creative Electronics tube amplifiers driven by 50 W Ameri-

was then sedimented by centrifugation at 6apfa® 20 min

can Microwave Technology power amplifiers. Thepulse

at room temperature and washed three times with water. Thelengths were &s for 3P, 10us for 13C and®N, and 5us

pellet was resuspended in 60 mL of 0.01 M Tris buffer, pH
8.2, containing 16 mg each of trypsin (type I; Sigma-Aldrich,
St. Louis, MO) and chymotrypsin (type Il; Sigma-Aldrich,
St. Louis, MO) and 5 mg of DNase |. The suspension was
incubated at 37C with stirring for 16 h and then sedimented
at 10000@ for 1 h at 20°C and washed three times with
water. The yield was typically 55 mg of isolated cell walls.
Lyophilization of Cell Walls and Intact Cells Complexed
with LY329332Each NMR sample contained 2«@ol (3.6
mg) of LY329332 in a complex with isolated cell walls or
intact cells. Cell walls (20 or 40 mg) were diluted in 9.75

for 1°F.

REDOR was used to restore the dipolar coupling between
heteronuclear pairs of spins that is removed by magic angle
spinning @4). REDOR experiments are always done in two
parts, once with rotor synchronized dephasing pulSgar{d
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 intensityAG = & — 9 for the
observed spin in the two parts of the REDOR experiment is
directly related to the corresponding distance to the dephasing
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spin @5). REDOR dephasing is generally plotted¥S, or 0.5 — — 0.4
AYS so that homogeneous decay,)( of the observed
magnetization is removed. Typical REDOR pulse sequences
are found in the literature both in simpléd5) and refined
forms (33—36). The accuracy of distance measurements
using °F dephasing pulses was confirmed using the two-
bond coupling of PF]polycarbonate as described previously
(46). Standard XY-8 phase cyclingtl) was used for all
dephasing pulses. A 12 T static magnetic field was provided
by an 89 mm bore Magnex superconducting solenoid.
Proton-carbon cross-polarization transfers were made in 2
ms at 50 kHz. Proton dipolar decoupling was 100 kHz during Log [Vancomycin Free (uM)]
data acquisition; TPPM of thi# radio frequency48) was

~0.3

~0.2

(umoles/mg)

— 0.1

Vancomycin Bound

; : ; Ficure 3: Binding of vancomycin (open circles, left-hand scale)
used throughout both dipolar evolution and decoupling and LY329332 (closed circles, right-hand scale) to isolated cell

periods. walls of S. aureusThese data show that the enhanced potency of
Calculated REDOR DephasinDephasing was calculated ~ LY329332 (which is 1000-fold greater than that of vancomycin

using the Bessel function expressions given by Mueller et 2gainst yar;)go(;nycin]:fr'eiis;ant e?terocog[p(]il) ils not _rrilatgld to an

— . 1 increase in binding affinity for mature peptidoglycan. The dissocia-
al'_(49) and de E Ca'"e,r'e and Fretign@ fqr aspin /2, tion constant for vancomycin is in reasonable agreement with values
pair. For the [1**Clalanine cell wall data, this expression for pinding of vancomycin ta-Lys-p-Ala-p-Ala tripeptide model
was summed over a Gaussian distribution of dipolar cou- compounds.

plings corresponding to a distribution of isolat&€C—*°F

pairs. The distribution parameters (mean and width) and for whole cells, although qualitatively cell wall and whole
overall scaling were allowed to vary to minimize the root- cell binding was similar. Estimates of binding site occupancy
mean-square deviation (RMSD) between the experimentalin whole cells were made by comparison to that of cell walls.
and calculated dephasing1j. Because only a fraction of REDOR NMR.The *C{**F} REDOR full-echo NMR
peptidoglycan binding sites were occupied, scaling (deter- spectrum (Figure 4, bottom left) of LY329332 complexed
mined by the results of the binding assay) was necessary towith cell walls isolated fromS. aureus(16% binding site
account for'3C labels that are not near'® label. These  occupancy) grown on media containing PC]glycine is

13C |abels contributed only to the full echo but not the dominated by the carbonyl carbon peak at 171 ppm (Figure
REDOR difference. For the dephasing calculation of the 1). This peak arises from labeled carbons in the pentaglycyl
bridge labeled by [£2C]glycine, a five glycyla helix was bridge and has a chemical shift consistent withoaelical
assembled and energy minimized using Insight Il (MSI, San conformation for the bridge5@). (All cytoplasmic proteins
Diego, CA). The grid position of a singlF label relative =~ and amino acids have been removed from the sample.)
to the pentaglycyl helix was varied, and the RMSD was Isotopic **C enrichment of glycine for this sample is
minimized between the experimental and calculated dephas-estimated at 65%3@). The peak near 70 ppm is due to the
ing. A 20% weighting was assumed for the contribution to sugar carbons of the excipient trehalose. Natural-abundance
dephasing from each of the five carbonyl carbons of the helix. [**C]peptidoglycan peaks appear between 20 and 60 ppm.

Modeling.A model of the complex of the fluorobipheny Their weak intensities are consiste_nt \{vith no signi_ficant
chloroeremomycin derivative LY329332 was generated using natural-abundance background contribution to the major 170
Insight | and Swiss PDB Viewer (Glaxo Wellcome Re- PPM peak. L _ . .
search). The conformation of the cleft of the vancomycin _ONly the pentaglycyl™*C label is associated with a
analogue (binding pocket) was modeled using hydrogen bongSignificant REDOR difference signal (Figure 4, top left). The
restraints from solution-state NMR results of vancomycin rglatlve intensities of the REDOR differences for the spinning
bound to the -Lys-p-Ala-p-Ala tripeptide 81). This model sndebgnds after &, are different from those Qf the corre-
was manually docked into the peptidoglycan structure SPOnding full echoes, a comparison which is particularly
without energy minimization. POV-Ray (team-coord@ _notlce_able for spinning at _3125 Hz (Flgure 4, right). After
povray.org) was used to create the illustration of the cell 1USt éight rotor cycles of dipolar evolution, only the glycyl
wall complex. Spacings between glycan chains were takenfarb‘ignyl carbon closest to the fluorine (with the strongest
from low- and medium-angle X-ray diffraction of bacterial ..c T dipolar coupling) contributes to the REDOR dif-

peptidoglycan$2). Stem and bridge lengths were estimated ference signal. Differences in dephasing rates for the

from previous REDOR experiment8é). sidebands of this label indicate a preference in the orientation
of the 3C—°F vector relative to the'fC]carbonyl carbon
RESULTS chemical shift tensorl).

The3C{*°F} dephasingASS) for the sum of centerband

Binding AssayA nonlinear least-squares fit to an inde- and sidebands of the pentaglycyl bridge increases by more
pendent, identical binding site model (Figure 3) yield&d than a factor of 4 for a change of dipolar evolution time
= 3.6uM (vancomycin) and 4.5M (LY329332), withBmax from 5 to 20 ms (Figure 5). This dephasing is consistent
(as total number of binding sites per milligram of isolated with that expected from multiple dipolar couplings. (Details
cell wall) = 0.45 umol (vancomycin) and 0.3%:mol of the calculated dephasing shown in Figure 5 by the solid
(LY329332). The binding of vancomycin was slightly more line are in the Discussion.)
complicated for whole cell suspensions. No attempt was Cell walls isolated fron5. aureugyrown in the presence
made at a quantitative determination of binding constants of p-[1-'3CJalanine have incorporation of label inrAla at
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FIGURE 4: 13C{1°F} REDOR NMR spectra for a complex of LY329332 with the cell wallsSofaureuggrown on media containing [13C]-

glycine. REDOR differencesA(S) are shown at the top of the figure and the full echd®} &t the bottomAS= & — S whereSandS

are the signal intensities with and withd& dephasing pulses, respectively. Expanded frequency scale plots of the carbonyl carbon regions
of the REDOR spectra after eight rotor cycles of dipolar evolution (only the signal of the labeled carbonyl carbon n&&réstiephased)

are shown to the right of the figure. The dissimilarity of the REDOR difference and full-echo spectra (dotted lines) indicates an orientational
preference for thé3C—1% internuclear vector relative to th&*Clcarbonyl carbon chemical shift tensdrlj.
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FIGURE 5: 13C{1°F} REDOR dephasingASS) as a function of
the dipolar evolution timet, for a complex of LY329332 with the
cell walls (circles) ofS. aureugrown on media containing [¥C]-
glycine. The binding site occupancy fori2nol of the antibiotic
complexed to the cell walls was 16%. The solid line shows the
calculated dephasing assuming t#&—19F distances of the model
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FiIGURE 6: 13C{1%F} REDOR dephasingASS) as a function of
the dipolar evolution timet, for complexes of LY329332 with
whole cells (squares) and cell walls (circles)&faureusgrown

on media containing-[1-13C]alanine. The binding site occupancy
of LY329332 complexed to whole cells was 33% (solid squares)

shown in Figure 9. The breaks in the calculated dephasing ariseand complexed to cell walls either 33% (open circles) or 16%

from the presence of five significantly differefC—°F dipolar

(closed circles). The full-ech§, of the cell wall sample was used

cgouplings_. The dotted line shows the calculated dephasing if the jn plotting the whole cell dephasing, consistent with the same count
9 label is assumed not to be near one end or the other of the of occupied binding sites indicated by the binding assay of Figure
bridge as shown in Figure 9 but rather is assumed to be near the3 for 2 yumol of LY329332 bound to either 20 mg of cell walls or

middle of the bridge.

the base of the pentapeptide stem, as well as im{Aéa-
p-Ala terminus of the stem. THEC{**F} REDOR dephasing
for these cell wall samples with 16% or 33% of vancomycin

binding sites occupied (Figure 6, circles) is reasonably well

140 mg of whole cells (dry weights). The calculated cell wall
dephasing (solid lines) assumed a Gaussian distribution of distances
for isolated'3C—19F pairs centered at 7.6 A with a width of 1.5 A.
The calculated whole cell dephasing used the same distribution but
was centered at 6.8 A.

described (Figure 6, solid lines) by a narrow Gaussian occupancy). The absolutéC{1°F} REDOR dephasingXS

distribution of13C—1°F dipolar couplings, centered at 7.6 A
with a full width at half-height of 1.5 A. The total dephasing
for cell wall samples (Figure 6, circles) shows that the
fraction of carbons contributing t& that are also coupled
to fluorine is 8% (for 33% occupancy) and 4% (for 16%

for whole cells labeled by-[1-1%C]alanine complexed to
LY329332 (Figure 6, solid squares) is about double that
observed for the corresponding cell wall complex. The full-
echoS, of the cell wall sample was used in plotting the whole
cell dephasing. This scaling seems reasonable because the
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FIGURE 7: 15N{'°F} REDOR NMR spectra for complexes of LY329332 with cell walls (left) and whole cells (righ8. afureuggrown

on media containing-[e-**N]lysine. The binding site occupancy for@nol of the antibiotic complexed to both cell walls and whole cells

was 33%. The REDOR differenceA®) after 112 (left) and 128 (right) rotor cycles of dipolar evolution are shown at the top of the figure

and the corresponding full echoe®)(at the bottom. The absence of a detectable difference signal indicates thatHéF internuclear
separation in both cell wall and whole cell complexes (binding site occupancy of 33%) is greater than 9 A. Each spectrum was the result
of the accumulation of approximately 100K scans. The magic angle spinning was at 6250 Hz.

binding assay of Figure 3 showed equal numbers of occupied The3'P{'%F} REDOR difference for the cell wall complex
binding sites for 2umol of LY329332 bound to either 20 is also negligible (Figure 8, left). The only source of
mg of cell walls or 140 mg of whole cells (dry weights). On phosphorus in this sample is teichoic acid, a polyphosphate
the basis of the binding site assay, the cell walls therefore that represents about 30% of theaureusell wall by weight
represented approximately 15% of the dry weight of the (56). The whole cell complex has a full-echo signal intensity
whole cells. Somewhat strong&C—°F dipolar coupling about three times that of the cell wall complex (Figure 8,
was found for the whole cell dephasing relative to that for bottom right). Most of this increase in intensity is due to
cell walls. The same Gaussian distribution of couplings was cytoplasmic phosphates; the concentration of phosphorus of
used for the whole cell dephasing but was centered at 6.8 Athe headgroups of the membrane bilayer of the whole cells
rather than 7.6 A. The calculated dephasing plateau for theis only about one-tenth the concentration of the main-chain
whole cell complex is 13% (Figure 6). phosphates of teichoic aci®q). The whole cell complex
shows a broad 1% REDOR difference signal (Figure 8, top
right). The centers of the cell wall and whole c&P full-
kecho peaks are shifted from one another by about 400 Hz (2
ppm), presumably the result of the different chemical
ienvironments of the various types ®P in the whole cells.

The N full-echo spectrum of cell walls isolated fro
aureusgrown on media containing-[e-**N]lysine has a
major amide nitrogen peak and a minor amine nitrogen peal
(Figure 7, bottom left). The amide peak is due to lysines in
stems with pentaglycyl bridges attached and the amine pea
to lysines in stems with no bridge attached (Figure 1,
bottom). The relative intensities of the two peaks are about DISCUSSION
7:1. The full-echo spectrum from similarly labeled whole  Potency and Binding AffinityThe dissociation constant
cells shows an amide peak approximately equal in intensity for vancomycin is 3.6:M (Figure 3), in reasonable agree-
to that of the cell wall spectrum (Figure 7, bottom right). ment with values for binding of vancomycin toLys-p-

This result means that the natural-abunddfidecontribution Ala-p-Ala tripeptide model compounds, as determined by
to the amide peak from cytoplasmic proteins is minor. The capillary electrophoresissg), surface plasmon resonance
amine nitrogen peak in whole cells is significantly greater (59), and electron spray ionization mass spectromegfy. (
than that in cell walls (Figure 7, bottom). Because the lysine The dissociation constant for LY329332 (4M, Figure 3)
label does not scrambl8§), we infer that the amine nitrogen is close to that reportedB9) for the chlorinated analogue,
peak arises from the high concentration of peptidoglycan LY333328. These data show that the enhanced potency of
precursors in whole cells that do not yet have pentaglycyl LY329332 and that of the chlorinated analogue (both 1000-
bridges attached, the so-called lipid | and Park’s nucleotide fold greater than that of vancomycin against vancomycin-
(12, 13, 54—55). The whole cell, full-echd>N NMR spec- resistant enterococci) are not reflected in an increase in
trum was scaled assuming that 15% of the dry weight of the binding affinity for mature peptidoglycan.

whole cells is due to cell walls (see previous paragraph). LY329332 Proximity to Stem Alanineg®n the basis of
Neither the cell wall nor the whole cell sample has a compositional analysissg), a 20 mg lyophilized cell wall
significant'>N{*°F} REDOR difference (Figure 7, top) even sample and a 140 mg lyophilized whole cell sample both
though both samples contained LY329332 at 33% oc- have about 12:mol of peptidoglycan peptide stems. The
cupancy. assay of Figure 3 was used to establish that 2rdl of
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Ficure 8: 3P{19F} REDOR NMR spectra for complexes of LY329332 with cell walls (left) and whole cells (righ). efureusThese are
the same complexes who$®N REDOR spectra are shown in Figure 6. The REDOR differente3 &fter 80 rotor cycles of dipolar

evolution are shown at the top of the figure and the full ech&gsat the bottom. The absence of a detectable difference signal for the cell

wall sample indicates that the avera§®—1°F internuclear separation between the phosphorus of teichoic acid and the fluorine of the
vancomycin derivative is greater than 18 A. The spectra on the left were the result of the accumulation of 100K scans, and those on the
right of 250K scans, with a data acquisition period that was commensurate with the rotor period. The spectra are the result of Fourier
transforms of rotor-echo maxima and represent the quantitative sums of the centerbands and all spinning sidebands. The magic angle
spinning was at 7462 Hz (the displayed spectral width).

complexed LY329332 (3.6 mg) corresponds to 33% binding the binding site occupancy, and the third factor is the fraction
site occupancy. This means that half of the stems of the cell of stem alanyl carbonyl carbons that are coupled to a fluorine.

wall and whole cell samples of the peptidoglycans of the
samples of Figures—48 are binding sites (2/12 divided by
0.33 is 1/2). Assuming, to a first approximation, that
LY329332 must complex to stems endingdrAla-p-Ala,
half of the stems end in-Ala-b-Ala and half ino-Ala. The
large number of stems ending inAla-p-Ala is consistent
with the low activity of b,p-carboxypeptidase i%. aureus

Thus,fi; = 2; that is, each vancomycin fluorine is coupled
to just two alanyl carbonyl carbons.

LY329332 Proximity to the Pentaglycyl Bridgén the
basis of the'3C{'°*F} REDOR experiments on cell wall
complexes (Figure 5), thé’F of LY329332 is near a
pentaglycyl bridge connecting two stems. About 50% of
stems are not binding sites and so presumably endAta.

(61, 62). Thus, each peptidoglycan peptide stem has, on Another 15% of all stems have no bridges attached (see the

average, 1.Q-Ala and 1.5p-Ala for a total of 2.5 alanyls
per stem. The alanyl side groups of the teichoic acid
component of the cell walls were removed under the high
pH of the isolation proceduré®) so that the total number
of stem alanyl carbonyl carbons contributing to the cell wall
REDOR S, of Figure 6 is just 2.5. This number, as well as
the cell wallS, was used to analyze the whole cell dephasing,
which is described in the next paragraph. Use of the cell
wall & to scale the whole celASS, avoids counting
contributions from whole cell teichoic acid and cytoplasmic
proteins, which are irrelevant to peptidoglycan binding.
An active alanine racemase $ aureusnsures that both
L-Ala and p-Ala of peptidoglycan stems are equivalently
labeled regardless of whidfC-labeled isomer was provided

lysylamine nitrogen peak, Figure 7, bottom left) and so
necessarily result in adjacent stems ending-idla-p-Ala.

If all stems that are not binding sites are assumed to end in
p-Ala-D-Ala, then an additional 35% of stems must have a
bridge attached but no cross-link connection to an adjacent
stem. This assumption seems extreme. It requires that about
one-third of all attached bridges are open, that is, not part
of cross-links. Direct measure3§,) of the concentration of
open bridges in mature peptidoglycan place this number at
no more than 1615%. In addition, REDOR determinations
of the concentration ofb-[1-*C]Ala-p-[**N]Ala in the
peptidoglycan stems @&. aureusuggest that less than 50%
of all stems end im-Ala-p-Ala (18). Thus, it is possible
that substantially more than 50% of all stems end-Ala

in the growth medium. De novo synthesis of alanine results but that some of these stems may be binding sites in whole

in an isotopic®C dilution to 40-50% for bothL-Ala and
D-Ala of the peptide stems3g) although, for a REDOR

cell peptidoglycan. This situation would decrease the require-
ment for open bridges. Regardless of the situation for full

analysis, the exact isotopic enrichment is not important. The binding site occupancy, we feel that it is safe to assume that

13% value of the dephasing plateau for the whole cell
complex with 33% of the vancomycin binding sites occupied

for low levels of bound LY329332, which is the situation
for all of our experiments, all occupied binding sites are

(Figure 6) can be used to calculate the number of alanyl stems ending im-Ala-p-Ala.

carbonyl carbonsf§) that are coupled to each vancomycin
fluorine as (1/2)(1/3)¢/2.5) = 0.13. The first factor on the
left is the fraction of stems that bind, the second factor is

The distribution of peptidoglycan structures that we will
assume is summarized as follows: At 16% binding site
occupancy, there is one vancomycin for each 12 stems. The
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number of pentaglycyl bridges per bound vancomycin
therefore is (0.85)(12)= 10. The 85% factor is the
experimentally determined fraction of stems with no bridges
attached (Figure 7, left). If there are 10 bridges for each
complexed LY329332, then the expected dephasing plateau
for the carbonyl carbons of the pentaglycyl bridge in intact
peptidoglycan of whole cells is approximately 10%. The
bridges are far enough apart that is unlikely for two bridges
to be near any single LY329332 (cf. below). However,
assuming the same sort of decrease in total dephasing for
the bridge carbonyls of an isolated cell wall sample relative
to a whole cell sample that was observed for the stems in
Figure 6, this plateau would be reduced to about 6%. (The
justification for this reduction in the dephasing plateau is
discussed in more detail in the following paragraph.) The
total observed dephasing shown in Figure 5 is consistent with
the assumptions above about cell wall composition. The 2 0
dephasing, which has not reached a plateau after 22 ms, is Y [A]
about 4%. This value also indicates that most of the glycyl Ficure9: Possible positions for tHéF of LY329332 (small dots)
carbonyl carbons of a bridge near a bound vancomycin arerelative to the pentaglycyl helix (carbonyl carbons in black,iiC
within dephasing range of théF. gray, nitrogens in blue, and oxygens in red) consistent with the

. . REDOR dephasing of Figures 5 and 6. The colors of e
19
We attribute the decreaséC{'°F} REDOR dephasing positions indicate the RMSD between calculated and experimental
plateau of the cell wall complex compared to that of the

) ) ! ' dephasing. The best match shown (red) has a 13% error and the
whole cells (Figure 6) to a partial disruption of nearest

worst match (blue) a 15% error. Most likely placements!®f
neighbor proximities of stems. The isolation of the cell walls relative to the end carbonyl carbons determined by analysis of the
creates fragments that are likely to have reduced possibilitiesSPiNNing sideband intensities of Figure 5 (right) are shown in black.
for 13C—19F coupling. Indeed. the absence of contact with The bridge link site is near the top cluster and the cross-link site
0 ‘coupling. ' _ near the bottom cluster. The absence ofN{1°F} REDOR
the 3P of teichoic acid for the cell wall complex (Figure 8, difference for the amide nitrogen connecting the bridge to the stem
left) is indicative of partial disruption of the peptidoglycan (see Figure 10, left) rules out placement of t¥e near the bridge
long-range order. Paradoxically, the disruption of the pep- link.
tidoglycan structure in whole cells to create isolated cell walls
leads to more homogeneous vancomycin binding (Figure 3).L-Ala at the base of a peptide stem. If the fluorine were near
Presumably, only those peptidoglycan sites that are lockedthe tip of an un-cross-linked sterf; would be 3, which is
into position by multiple covalent cross-links retain their not consistent with the whole cell dephasing plateau of Figure
shape during the cell wall isolation procedure. Thus, the 6. For thep-Ala andL-Ala carbonyl carbons both to be 7.6
LY329332 binding sites in the cell wall sample represent a A from the 19F, they must be on the same stem. Typical
subset of the whole cell binding sites, which leads to more distances from carbonyl carbons on neighboring stems are

link
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0.14
M sideband

\

0.15

Z[Alo

-2

&
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x[i\]2 ‘e
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homogeneous binding.
Figure 9 shows the allowed positions of tH€ relative
to the five carbonyl carbons of a compacthelical bridge

more than 10 A (cf. below). Note that this discussion is based
on carbonyl carbons nétC labels. There are very few stems
having multiple 13C labels because of the relatively low

(38), consistent with the REDOR dephasing of Figures 4 isotopic enrichment.
and 5. These positions were used to calculate the dephasing Model of the Binding SiteA model illustrating these
shown in Figure 5 (solid line). The fluorine can be near one relationships is shown in Figure 10. The model assumes that
end of the bridge or the other but not near the middle (Figure the vancomycin cleft binds to a stem terminatingoihla-
5, dotted line). This orientational preference is consistent with p-Ala. This sort of termination is indicated by a ball at the
that obtained from the differences in the sideband dephasingend of the stem. The cross-link is attached offset from the
rates (Figure 9, black dots). The spread of possible positionsidealized stem cylinder (for example, see the cross-link at
for the fluorine label is an indication of the uniqueness of center, left, of Figure 10). The peptidoglycan ®f aureus
the model given the available signal-to-noise ratios and the has about 1620 layers of glycansgd), only two of which
associated experimental scatter and uncertainty shown inare shown in Figure 10. The center-to-center separation of
Figure 5. The nearest glycyl carbonyl carben5i A from glycan planes is 40 A5Q). In addition, the glycan chains in
the % and the most distant is 11 A, both values accurate to both layers are shown for clarity as strictly parallel, which
20%. The calculated dephasing plateau is 6%. The absenceneed not be the case; chains in adjacent layers may be oblique
of an >N{*°F} REDOR difference for the amide nitrogen or rotated about their long axes relative to one another. In
connecting the bridge to the stem (Figure 7, left) rules out the model, the fluorine of the biphenyl moiety is not near
placement of the fluorine at that end of the bridge (the bridge the L-Ala of the complexed stem, but rather thé\la of a
link end). The fluorine must therefore be positioned near nearest neighbor stem on an adjacent glycan strand. This
the cross-link site of the bridge. nearest neighbor stem is shown with a bridge (85% of all
p-Ala and L-Ala. If the fluorine is near a bridge cross- stems have bridges), and this arrangement is the source of
link, it is necessarily also close to the singldla carbonyl 19F coupling to the carbonyl carbons mfAla and Gly. The
carbon of the cross-link. To satisfy tfw= 2 condition, the complex is presumably stabilized by interactions of the sugars
second alanyl carbonyl carbon must therefore be the singleof LY329332 with proximate glycans. One of these possible



REDOR and Vancomycin Binding Sites Biochemistry, Vol. 41, No. 22, 2005975

Ficure 10: Model of the binding of LY329332 in the mature peptidoglycarsofureusThe glycan strands are shown as gray cylinders,

the peptide stems as blue cylinders, and the pentaglycyl bridges as light blue cylinders. The helical pitch of the glycan chain places adjacent
stems on the same chain at right angles to one another. Stems endiddaifp-Ala have a ball at the end. The vancomycin cleft is shown
attached to a stem (dark blue) endingi\la-p-Ala. The sugar side chains of LY329332 are shown in white, and®th&abel is in green.

Thel%F is 8 A from the carbonyl carbon of theAla at the base of the peptide stem in the center foregroBiddfrom the carbonyl carbon

of p-Ala at the tip of this stem, ah5 A from the carbonyl carbon of Glyof the pentaglycyl bridge cross-linked to this stem. Other
experimentally established distances are in black.

interactions is shown in the center foreground; the other is estimate of the minimum distance assumes that all of the
obscured by the cross-link of the complexed stem in the LY329332 is at the interface, that all of the dephasing is
foreground. The model of Figure 10 is meant to be suggestivedue to headgroup'P, that each headgroup phosphorus of
and should not be considered a final structure. LY329332 the outer lipid layer is coupled to one fluorine, and that the
has been manually docked topaAla-p-Ala terminus of a full-echo 3P signal intensity from half of the bilayer
peptide stem, and the resulting peptidoglycan model of the headgroups is 5% of the teichoic acid, cell wall, full-echo
complex has not been energy minimized. More experimental signal 67). This estimate is inconsistent with the observed
REDOR restraints are needed to refine the model, particularly *°F dipolar couplings td°C labels in alanyl and glycyl stem
restraints to remove some of the ambiguitie$®Bfplacement  and bridge carbonyl carbons. If the fluorobiphenyl tail were

near the pentaglycyl bridge. 8 A below the bilayer headgroup, th¥% would simply be
Binding Site Homogeneit¥he narrowness of the Gaussian too far from the nearest stem to show any measurable dipolar
distributions of distances used to describe #He{!°F} coupling. We therefore conclude that the fluorobiphenyl

REDOR dephasing for cell walls and whole cells labeled moiety of LY329332 is not a preferential membrane anchor,
by [**Clalanine (Figure 6) suggests a strong similarity at least in the mature peptidoglycan samples of Figures 6
between binding sites. The distance and preferred orienta-and 7. We ascribe the minor whole c&P{'%F} ASS of
tional restraints to the nearby3C]glycine-labeled bridges  Figure 8 (right) to incidental®F contact with structural (as
are similarly tight although some variability can be tolerated opposed to cell surface) teichoic aciP.
(Figure 9). We conclude that LY329332 binding to mature A restraint on the formation of LY329332 dimers in
peptidoglycan is uniform and reasonably homogeneous, atmature cell walls is that they must be consistent with the
least in the 6-33% occupancy range. observed3C{'F} ASS of Figures 4-6. This means that
Membrane Anchors and Drug Dimer$he potency of the % must be proximate to a bridge and two nearest
vancomycin derivatives is commonly ascribed to their neighbor stems, as shown in Figure 10. Because most bridges
hydrophobic tails (for example, the fluorobiphenyl moiety are closed at both ends in mature peptidoglycan (i.e., both a
of LY329332) acting as a membrane anchft)( which then cross-link and a bridge link are in place), only one of the
preferentially situates the antibiotic to disrupt peptidoglycan nearest neighbor stems connected by a bridge can have a
synthesis. The anchor is thought to be further stabilized by p-Ala-p-Ala terminus and therefore be a binding site with a
drug dimerization §5—67). Back-to-back dimers are stabi- defined orientational preference. In our modeling, we have
lized by sugarsugar interactions and face-to-face dimers not been able to satisfy the experimental homogeneous
by an array of hydrogen bonds and hydrophobic interactions REDOR restraints using dimers. We conclude that LY329332
(68). Neither a drug anchor nor a drug dimer has been useddoes not form dimers in situ in mature peptidoglycan and
in building the model of Figure 10. If the fluorobiphenyl that the many possible sugar interactions with the glycans
tail of LY329332 were indeed buried in the cell membrane, of the cell walls provide ample stabilization of a monomeric
then the’'P{'%} REDOR difference of Figure 8 (left) would  complex. However, this conclusion may not be true for the
represent an +P internuclear distance of at least 8 A. This binding of LY329332 with immature cell walls and lipid II.
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At the membranepeptidoglycan interface, two proximate
stems need not be cross-linked, the bridge can be open, and

a face-to-face dimer could form.
Vancomycin Mode of ActiorifThe model of Figure 10

describing LY329332 binding to mature cell walls provides
several restraints for the most prevalent binding site available

for glycopeptide antibiotics irS. aureus However, the

structure of this site provides no direct information about
the killing action of LY329332. In fact, some bacteria simply
thicken their peptidoglycan to protect against vancomycin
and its analogue®p—24). Insights into the mode of action

of vancomycins can be gained by the sort of REDOR analysis
illustrated here for mature cell walls, performed instead on

drug complexes with cell wall precursors formedring

growth in actively dividing cells. This work is in progress.

SUMMARY

The 4-fluorobiphenyl derivative of chloroeremomycin
(LY329332, a vancomycin analogue from Eli Lilly Co.)
binds homogeneously as a monomer to a peptide stem of 20.

the mature peptidoglycan of whole cells®faureusWhen

16% of the cell wall binding sites are occupied, there are 12 21-

8.

Kim et al.

Nieto, M., and Perkins, H. R. (197Bjochem. J. 123773~
787.

9. Perkins, H. R. (1982Pharmacol. Ther. 16181—-197.
10. Barna, J. C., and Williams, D. H. (1984hnu. Re. Microbiol.

11.

12.

[N

14.
15.
16.
17.

18.

19

peptide stems and 10 pentaglycyl bridges per bound drug 22

molecule. The hydrophobic tail of LY329332 is not part of

a membrane anchor but rather is near a second peptide stem

and the cross-link site of its attached pentaglycyl bridge.
These proximities are established unambiguously by measur-

ing through-space dipolar couplings betweéé@ and*°N

labels incorporated into the cell walls and the fluorine of
the vancomycin analogue using rotational-echo double
resonance (REDOR) magic angle spinning NMR. Binding
sites of the peptidoglycans of cell wall extracts are similar
to those of whole cells, but with the second stem and attached
bridge sometimes missing. This occurs in the isolated cell
walls presumably because of disruption in the cell wall chain
packing. The disruption is seen in the diminution of the
REDOR dephasing plateau (maximum total dephasing) with

little decrease in the averag@&c—°F dipolar coupling. The

model of the binding site consistent with all available
REDOR distance restraints is, at this point, more than a
cartoon and has some testable predictive capabilities but is

not yet a full molecular structure.
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