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Abstract: The factors that give rise to binding enhancements when a strongly dimerizing vancomycin-group
antibiotic (chloroeremomycin) binds to a model cell surface of vancomycin-resistant enterococci (VRE) have
been semiquantitated. The model cell surface is comprised of vesicles to which have been anchored cell wall
precursor analogues of vancomycin-resistant bacteria (which terminate-lactate) via a hydrophobic
docosanoyl (&) chain. Using'H and'°F NMR spectroscopy, a large binding enhancement at the model cell
surface (compared to the binding of an analogous ligand in free solution) has been observed. This enhancement
can be partitioned into two distinct factors: a simple concentrating factor arising from an increase in local
concentration of ligand when it is located at the vesicle surface and a factor arising from the cooperative
interaction of species mutually bound to the membrane surface. The overall enhancement to binding at a
surface compared to binding in free solution was found to be a factor%f1i®. In contrast, no significant
surface binding enhancement was observed for the weakly dimerizing antibiotic vancomycin.

Introduction or -Lys-D-Ala-p-Lac). The membrane surfaces used were sodium
The widespread occurrence of bacterial resistance to mos,t(?lodeCyI _sulfaltoelgmcellegtsmall un_||ame||ar (prfgsphaudylcho-
line) vesicles®13 or actual bacterial surfacés!? The derived

common antibioticsincluding the antibiotics of “last resort”, bindi cant dint tven thoudh
the vancomycin-group (glycopeptide) antibiotics, means that Inding constants were expressed In lerms or kven though
we did not take into account the potential complications in

there is now an urgent need to develop further ourunderstandingOlefining the appropriate standard state for the binding of a

of their mode of action. The vancomycin-group antibiotics act . .

by binding to bacterial cell wall precursor peptides which temp_lated aggfeg"’.‘te ata surf_acg. In this paper, we lllustrate the

terminate in the sequence-Ala-p-y-Glu-L-Lys-p-Ala-p-Ala.2 validity of expressing these blndln.g constants in terms of M

Vancomycin-resistant bacteribowever, synthesize mucopep- but also demonstrate that the derived values are dependent on
! the concentration of the membrane-anchored cell wall peptide

tides which terminate with the sequencelys-p-Ala-D-lac- . )
tate®~7 and analogues of these precursors bind to the antibiotics (R-LysD-Ala-0-Lac, where R includes a hydrophabic group that
with a much lower affinity in free solution tham-Ala-ter- can act as a membrane anchor) per unit of volume swept out
minating precursorg? by an anchored peptide at the vesicle surface (which defines
In previous work -We have modeled the binding of vanco- the “surface” concentration of the anchored peptide). The results
' and conclusions presented here have implications for studies

mycin-group antibiotics binding to cell wall precursors growing = . S
at the surfaces of bacte 14 Specifically, we quantitated the of the activity of glycopeptide antibiotics and more generally
' for the interaction of dimeric species with receptors at surfaces.

binding of vancomycin-group antibiotics to membrane-anchored

cell wall precursor analogues (terminating in -Lyshla-p-Ala, . .
P 9 ( 9 Results and Discussion
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Figure 1. Structure of chloroeremomycin.

Scheme 1

tide attached to a4g membrane anchor via a suggthosphate
linkage, and therefore a glycine residue was inserted between
the pentapeptide and the membrane anchor in order to mimic
the width of this linkage. The former of these ligands was used
to measure binding constants to antibiotic in free solution (since DOCOSANOYL LIGAND ANTIBIOTIC DISPLACED
it cannot anchor to vesicles). The latter ligand can insert into COMSKEJE/;'I“CCSEORED [%I(OAEREETEEBE%\'BN
small unilamellar vesicles via its N-terminal lipophilic anchor.

Vesicles are a much better model of bacterial membranes than
SDS micelles, since they are much larger and thus have a radiu
of curvature which better approximates that of a bacterial cell.
Unfortunately, direct observation of an antibietieggand com-
plex on the surface of a vesicle by NMR is not possible due to
the large size and slow correlation time of the vesicular aggre-
gate which results in severe line broadening of the NMR sig-
nals!® Competition experiments, in which the antibiotic is dis-
placed from an anchored complex on the vesicle surface into a
complex in free solution by the addition of nonmembrane-an-
chored cell wall precursor analogues circumvent this problem

and allow the measurement of surface-binding affinities (Scheme
1)_10,13

al.’> The second method relied on a similar principle, but used
?\I-a-acetyl-Lys(\l-e-acetyl)D-Ala-D-AIa (Ac-KAA) as the com-
peting ligand andH NMR spectroscopy to observe the restitts.
Antibiotic which is bound to the surface-anchored ligand is not
observed in thetH NMR spectrum due to the severe line
broadening that occurs when it is associated with the vesicle.
Integration of antibiotidH NMR signals (arising from antibiotic
complexed with Ac-KAA in free solution) enabled the deter-
mination of the concentration of antibiotic displaced from the
vesicle surface by Ac-KAA, and hence, the concentration of
antibiotic bound to the surface-anchored ligand could be
calculated from the difference between this value and the known
o ) total concentration of antibiotic. The binding constant between
In the present work, antibiotic bound to anchored ligand at the antibiotic and the surface bound ligand was then calculated
the surface of a vesicle was displaced into free solution by twWo 55 described by Sharman et al. by using equations analogous to
methods. First, by the addition of the fluorinated peptide- those used in th&F NMR method'® Representative NMR data
acetyl-Lys(\-e-trifluoroacetyl)o-Ala-D-Ala (TFAc-KAA).*° In for both*H and'°F methods can be found in the refereri€és
this method, TFAc-KAA was titrated into a solution containing  jied above.
the antibiotic/an_chored-ligand/vesicle aggregate. Two signals Analysis of Binding in Free Solution.We give an analysis
were observed in th&F NMR spectra; free (unbound) TFAC-  for the binding of a strongly dimerizing antibiotic chloroeremo-
KAA and TFAc-KAA bound to antibiotic in .sqlu't|on (not mycin (also known as LY264826B, Figure 1); such strongly
attached to the vesicle). The amount of antibiotic bound to gimerizing antibiotics are important because of the potential for
TFAC-KAA in solution was calculated by integration of the  hejr adaptation to give compounds active against vancomycin-
bound TFAc-KAA signal in the'= NMR spectra. This was  registant enterococ®i.The dimerization constantKgim) of
then used to calculate the amount of antibiotic bound to the chloroeremomycin is & 10° M1 in the presence of ligan.
membrane-anchored ligand. The affinity of TFAc-KAA forthe  Therefore, at the concentrations used in the NMR experiments,
glycopeptide antibiotic chloroeremomycin in free solution was e dimeric form of the antibiotic will be approximately

measured by UV difference s_pectrpphotoméﬁ'ﬁy using an completely populated, and only the equilibria shown in Scheme
equation derived from a consideration of the equilibria present, 5 need be considered.

the binding constant between the antibiotic and the surface | principle the two values oK; andKs (Scheme 2) could
bound ligand could be calculated as described by Entress etye gifferent, not only because the second binding event oc-

(15) Entress, R. M. H.; Dancer, R. J.; O'Brien, D. P.; Try, A. C.; Cooper, (16) Williams, D. H.; Maguire, A. J.; Tsuzuki, W.; Westwell, M. S.
M. A.; Williams, D. H. Chem. Biol.1998 5, 329-337. Sciencel99§ 280, 711-714.
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Scheme 2 [A]
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The factor of 2 in this equation is due to the fact that ligand
ANTBIOTIC LicAND can bind dimer in either of two sites but can dissociate from
only one (the binding site which has ligand bound).
Scheme 3 The second binding event can also be treated as a bimolecular
ANTIBIOTIC association. If L is again taken as the concentration of free ligand
DIMER in the total volume of the aqueous solution, then
m (CvleTLr-_cvr\\lAAEIT\l/TEsAF’a\‘:NLS SkIJ(EHOR) K2 — 2[A,) 1 @
VESICLE SURFACE KY [AIL]

The factor of 2 in this equation reflects the fact that the ligand
can now bind dimer in only one site but can dissociate from
either of two sites. However, since the associating entities are
anchored to the same vesicle, the ligand is much more likely to
encounter anchored ;AIn the second step than was A to
encounter anchored L in the first step. As a consequédfiee,
will be greater tharkVs. In the second step, the anchored ligand,
in relation to its probability of finding the membrane-attached
Aj, would have to be regarded as existing at a concentration
greater than that available for the first step. This concentrating
factor is the ratio of the volume available to the ligand in the
aqueous solutiorMyq soiy to the volume swept out by the ligand
on the lipid surface \(sy). Assuming that the hydrophobic
docosanoyl chain is inserted into the vesicle, the volume swept
out by the peptide headgroup is approximately equal to (the
length of the peptide headgroup) (area of vesicle surface),
integrated over all vesicles. In estimating this value, we take

different1® We can therefore assume that the binding sites of the length of the peptide headgroup to correspond to that of the

chloroeremomycin do not differ significantly and thus assume ext_ended form, i.e., when it IS approximately I|_near. This value
Ky = Ko. defines the total volume available to the peptide at the surface

of the vesicle, within which any other conformation (where the
peptide headgroup is not in its extended form) must exist. Thus,
for a given concentration of phosphatidylcholipg the volume
swept out by a ligand\sur) in one liter of solution Yaq soiy iS

curs when the first ligand is already bound but also because
the dimer of chloroeremomycin is asymmet{dé However,

we have previously shown that only in the case of the
glycopeptide ristocetin A are the tw¢, affinities significantly

Solution binding constant$g,) were determined by plotting
the change ifH NMR chemical shift of an antibiotic amide
proton as a function of ligand concentrati®Ks is calculated
such that it is thequilibrium constant for the binding of ligand
per mole of antibiotic binding siteThus, assuming; is equal
to Ky, we can approximate Vg = Yanrs — ()

Koo = Ky

sol

wherey is the length of the peptide -Gly-Ala-p-y-Glu-Lys-
o ) ) (N-e-acetyl)p-Ala-p-lactate,r is the radius of the vesiclé\a
For the binding of chloroeremomycin to the bacterial mucopep- js Ayogadro’s constant, and is the average number of
tide analoguel, K; was determined to be 2068 200 M1, phosphatidylcholine molecules per vesicle.

Analysis of Binding at the Vesicle SurfaceFor binding at Estimatingy to be 27 A (estimated from a CPK model of

the vesicle surface, we can consider a dimer binding to twWo {he peptide)r to be 50 nm (ca. 100-nm diameter vesicles were
vesicle-anchored ligands in a simple two-step process, with yseq in all experiments), argto be 1.5x 10° for 100-nm

equilibrium constantsK*: and K"z (Scheme 3) vesicles [calculated by dividing the surface area of a 100-nm
” o vesicle by the area occupied by a phosphatidylcholine molecule
A+ 2L :LAl FL= A, headgroup in the vesicle (422! and multiplying by two as

the vesicle is a bilayer], then

where A is antibiotic dimer, Ais singly bound dimer, Ais
doubly bound dimer, and L is anchored ligand.

The first binding event involves an antibiotic dimer in free ) )
solution associating with one of the membrane-anchored ligands. ThUS, the concentrating factdtq soifVsur is
For this binding event, the relevant concentrations of L and A
are their molar concentration in the aqueous solution.

V.= 340 (cn)

surf

Vagson_ 1000 2.94
V, 34
(17) Groves, P.; Searle, M. S.; Mackay, J. P.; Williams, DSttucture surf P P

1994 2, 747-754. . . .
(18) Prowse, W. G.; Kline, A. D.; Skelton, M. A.; Loncharich, R. J.  The position of the equilibrium will also be affected by at least

(4)

Biochemistry1995 34, 9632-9644. - four other factors. First, the peptide headgroup of membrane-
(19) Batta, G.; Cristofaro, M. F.; Sharman, G. J.; Williams, DCGtem.
Commun.1996 101-103. (21) New, R. R. CLiposomes-a practical approagxford University

(20) Bardsley, B.; Williams, D. HChem. Commurl997 1049-1050. Press: Oxford, 1990.
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bound L which binds to Ais not simply randomly orientated  Table 1. Variation in Binding Constantq") for Chloroermomycin
at the surface of the vesicles but rather orientated in a geometry!© 2 with Phospatidylcholine Concentratiqn

which is probably favorable for association. Second, we have  p, mm KY, M~1(*F) KY, M~1(H)
previously shown that in strain-free associations where (for two 5 (7.2+ 0.3) x 10° (1.2+0.7)x 10°
otherwise analogous binding events) there is an entropic 10 (2.5+£0.3) x 10° (5.0£1.8) x 10°
advantage of one over the other, there is also an associated 15 (1.4£0.3)x 10°

enthalpic benefit (since the restriction of motion favors bond- 58 ggi 8-3 x ig g‘lli g-g; x ig
i 22,23 i i i i i . Z) X . .0) X
ing). Third, the binding of a second ligand may provide a 10 (1.0+ 0.2) x 10° (18<0.8) x 16°

cooperative enhancement to the binding of the ligand already
bound. Fourth, these benefits may be offset by a geometry of 2 Values determined from bofid and'sF NMR methods are given.
the membrane-templated complex which is less than ideal. The Chloroeremomycin an@ concentrations are fixed at 0.2 mM and 1
benefit toK¥2 over KV+ from the combined operation of these mM, respectively.
four effects is not predictable, and thus we therefore allow for 107
them by the introduction of a facton. Thus, the total factor
by which binding will be enhanced as a result of binding at the
membrane surface rather than in solution is represented by
2.94m/p.

In summary, if the input parameter used to deterni{iteis
the molar concentration of membrane-bound ligand in the
aqueous volume of one liter, th&\¥= will be derived (using eq
2) as being much larger thad€¥: and is predicted to vary with
the vesicle concentration. However, if the ligand-concentrating
and ligand-orientating effects of the vesicles can be allowed
for, thenK"2 would be expected to have a value closeKta. (b)
This is because, apart from the effect of an increase in the 10
effective concentration and binding affinity of ligand due to 0 0.01 0.02 0.03 0.04 0.05
anchoring in the membrane, the two processes are essentially p (M)
physically the same event. Therefore, as a good approximation,
we can write

108

(a)

KY/M!

10°

Figure 2. Variation ofK¥ with phosphatidylcholine concentratiop) (
(a) Values determined fromiH NMR spectroscopy and (b) those

_ 2.94mK" determined byF NMR spectroscopy.

P p = 10 mM, after which it decreases. A possible explanation

We note that the dimensions of eq 5 are appropriate sinse {0 the lowerK¥ at a lipid concentration of 5 mM is steric
a dimensionless factor, and 2.p4¢ also dimensionless [aratio  crowding at the vesicle surface, where the close proximity of
of two volumes (eq 4)]. If the overall measured equilibrium the ligands relative to each other makes antibiotic binding less

constant for the binding of antibiotic dimer in free solution to favorable. At this low lipid concentration, there are 25 lipid
two vesicle-bound ligands is expressed Kis per mole of molecules available at the external surface of the vesicle for

K2 M (5)

antibiotic binding site then each antibiotic dimer (taking into account the fact that the vesicle
is a bilayer). If the antibiotic sits at the vesicle surface by
> 92m contacts through the face bearing the sugars (for which there is
K'=VvK"K"2=K", /=—— (6) supportive evidenéd), then the appropriate cross section of the
P antibiotic dimer has an area of500 A2, whereas the cross-

sectional area of 25 lipid molecules at a vesicle surfacelid00
mean ofKY: andK"2 simply assumes that the average free ener- A - Thus, since the cross sec_tlonal area of the antibiotic _dlmer
is approaching that of the available vesicle surface (per dimer),

gy of binding a ligand to antibiotic is given by the arithmetic . . : . I
mean of the free energies of binding in the two associative stepsthe possibility of steric crowding appears plausible. In addition,

depicted in Scheme 3. Equation 6 predicts t4tis depen- there will be a significant accumulation of positively charged

dent on the vesicle concentration; the smaller this value, the ant|b|0t|c_ on the surface at low. _Therefore, another pos§|ble
largerK. explanation for the decrease im whenp < 0.01 M is

. . - electrostatic repulsion.

To test this theoryKY was determined for the binding of A L - .
chloroeremomycin to vesicle-anchor@dat a range of lipid oli::q?rt'\;'lzn'nggonooﬁegtr']\ggérggewhgh;?ﬁ?;' cgr?szgntthlc?r
concentrations at constant ligand concentration, using ttth \I?vhether it varies withp. From eq 6 it is possible to calculate
NMR and%F NMR techniques (Table 1 and Figure 2). The : q P

overall trends observed by the two quite different NMR methods fs%roi?cf?)élzlf(fje((::(t)icglen;[rrl?etls(,);ng?ﬁbk(escz)lL?tri]gnFbli?]l:jri?] B)C’Oﬂgiem
are remarkably consistent, although there is a systematicwhiCh was measurgd 0 be 200§Msee above) '%hus from
difference between the two data sets insofar as the proton ' '

experiments giv&" values which are a factor of ¥B0 greater €q 6
than the'SF experiments. As expected from thedky,increases Z(Kv

2
with decreasing lipid concentration but reaches a maximum at m= % K_vl) @)

In deriving eq 6, we note that taking¥ as the geometric

(22) Searle, M. S.; Sharman, G. J.; Groves, P.; Benhamu, B.; Beauregard,

D. A.; Westwell, M. S.; Dancer, R. J.; Maguire, A. J.; Try, A. C.; Williams, v i i ini i
D H.J. Chem. Soc.. Perkin Trans.iD96 27812786, Values ofK¥2andmdetermined at different lipid concentrations

(23) Searle, M. S.; Westwell, M. S.; Williams, D. H. Chem. Soc., from both IH and 1°F NMR methods are given in Table 2.
Perkin Trans. 21995 141—151. Although theH NMR method gives values ain that are
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Table 2. Variation inm with Phosphatidylcholine Concentration lipopeptide in the vesicles increases (ass reduced), the
(p) as Determined by Each NMR Method lipopeptide-antibiotic dimer complexes have an increasing
9k 4 tendency to associate together on the vesicle surface. This
p, MM K2 m Kv2 m ph;s_gocrjr_]enpr:j is Iﬁno;/vrt:_ in” celéuular syst?mfs_ where fli\éall_ent
antibodies induce “patching” and “capping” of immunoglobulin
13 %‘ﬁi ig 5% Igi igo g.llox 100 receptors on the cell membrane of lymphocyfes? The
15 9.8x 10P 25 possible occurrence of associations between complexes in the
20 2.5x 10° 8 29x 1¢° 9.8x 108 present work implies that as the entropic cost of such associa-
30 2.2x 10 1 2.2x 10 110 tions is reduced (upon increasing lipopeptide-to-vesicle ratio),
40 5.0x 10* 0.3 1.6x 10 110 the favorable interactions between adjacent complexes can
overcome the adverse entropy component. Relevant to this
105 suggestion is the recent determination by Loll et al. of the crystal
structure of vancomycin bound to the truncated lighiraicetyl-
108 p-alanine in which there exists an extensive array of interactions

between two vancomycin molecules in the face-to-face config-
uration2 Although this interaction could be an artifact of crystal

1000 packing, it is consistent with the cooperativity observed in the

m (a) present work. This work suggests that bacteria which express
100 more of the “resistant” peptide on their surface will then become
more susceptible to vancomycin antibiotics via enhanced
10 binding.
L (b) Conclusion
0 0.01 0.02 0.03 0.04 0.05 Lipopeptides which terminate in -Lys-Ala-D-Lac have been

P (M) synthesized and allowed to insert into vesicles, thereby generat-

Figure 3. Variation inmwith phosphatidylcholine concentratiop)( ing assemblies which simulate VanA and VanB resistant
(a) Values determined frorH NMR spectroscopy and (b) those bacteria. It has been shown that a strongly dlmer!2|r1g antibiotic
determined by'F NMR spectroscopy. (chloroeremomycin) shows strongly enhanced binding to these

assemblies relative to the corresponding binding in free solution.
systematically higher than those calculated fromfffeNMR Using two independent NMR probe$’f andH), we have
method (Table 2 and Figure 3), both data sets show a generakhown that surface binding of chloroeremomycin to the resistant
trend in thatm increases with decreasing vesicle concentration bacteria cell wall precursor analogues varies as a function of
(until the surface of the vesicle cannot bind antibiotic without vesicle concentration. At the lowest vesicle concentration

steric crowding-see above). examined (5 mM phosphatidylcholine) there is a decrease in
At a lipid concentration op = 0.01 M (where the maximum  binding ascribed to crowding at the vesicle surface. However,
cooperativity is expressedi'2 is in the range 3x 10’ M1 as the vesicle concentration is lowered in the range-400

(*°F data) to 16° M~ (*H data). Thus, the surface cooperativity mM phosphatidylcholine, the binding increases as a function
expressed in terms of the extent to which the second binding of decreasing vesicle concentration, as predicted by theory. It
event is promoted over the first (i.e. K%/K"1) is in the range has been possible to separate the enhancement of binding due
1.5 x 10* to 5 x 105. At this lipid concentration, the simple  to a simple surface concentration effect from other effects
concentrating effect is predicted to enhaite(relative toK"z) (expected to include surface cooperativity and orientation effects
by a factor of only 300, and therefore effects due to other aspectsinvolving the lipopeptides). These latter influences are concluded
of surface cooperativity (the net effects in) are also large to give a net enhancement of 1 to 2 orders of magnitude
(Table 2). It must be noted that in our theory, the surface (depending on the NMR method employed) per mole of
cooperativitym is exercised in the second binding stéfy2f lipopeptide bound to the surface. Perhaps the most striking result
only. The surface cooperativigyer mole of antibiotic binding from our work is that the second binding event of Scheme 3
site is +/m since in the model we have used there is no corresponds to a value & in the range 3x 10" M~ (*°F
cooperativity exercised in the first binding step. At a lipid data) to 16° M~ (*H data) at 10 mM phosphatidylcholine and
concentration of 10 mM, this corresponds to a binding enhance-1 mM lipopeptide. Bearing in mind that this binding is to a
ment (in excess of the simple concentrating effect) of ap- -D-lactate-terminating peptide, the experiments and the analysis
proximately 10 and 150 per mole of antibiotic binding site for - —

the 19 and’H NMR methods, respectively. Under the same , (Z2)11 1 108, & 001 1 (uhere e et cooperannty &
conditions, the surface binding constakt, for the weakly is in the range 262.5%. If the excluded volume effect due to ligand is a
dimerizing antibiotic vancomycin was measured (using both the favorable one, the maximum error incaused by ignoring this effect will

19 andH NMR methods) to be<10* M~1, emphazing the lie in the range of 20% (gb = 0.01 M) to 2.5% (ap = 0.04 M), which

. . R . is not enough to significantly affect the values in Table 2.

importance of dimerization in the expression of enhanced sur- (25) Taylor, R. B.; Duffus. P. H.. Raff, M. C.: de Petris, Sature New
face binding. Thus, whep = 10 mM, the surface binding  Biol. 1971 233 225-229.

constant to the-Lac terminating pep“de is 25.9(:) to 500 9&26) KOZSOWEZI’,23N. S.; Faltin, Z.; Kosower, E. M. Immunol. Methods
(°H) times less tp vancomycin than to chloroeremomycin. 1 (;7;1Jéou];';igndn, L. Y. W.: Singer, S. Broc. Natl. Acad. Sci U.S.A.
Our results raise the question of whyshould vary withp. 1977 74, 5031-5035.

At this point we must note that excluded volume effects (the  (28) Loor, F.; Forni, L.; Pernis, BEur. J. Immunol1972 2, 203-212.
surface that is inaccessible due to being already occupied by14§23)2333292‘gg”°”' L. Y. W.; Walker, G.; Haung, H. $.Immunol 1990
other ligands) are not significant and cannot explain the =30y oI, P. J.; Bevivino, A. E.; Korty, B. D.: Axelsen, P. H. Am.
p-dependence ai.2* We suggest that as the concentration of Chem. Soc1997, 119, 1516-1522.
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indicate the remarkable enhancement of binding that is achievedGlu-Lys(N-e-acetyl)p-Ala-p-lactate (analogu#)] such that when 400

due to concentrating and cooperativity effects. uL of the ligand solution was added to the NMR tube, the antibiotic
would be >90% bound by ligand based on an estimated binding
Experimental Section constant for the association. The pH of the ligand solution was

readjusted to 4.5 with NaOH and HCI. Aliquots of the ligand solution
Materials. Chloroeremomycin was provided by Eli Lilly and Co;  were added to the NMR tube (rising fromu& initially, to 100 xL at
XV1-E L-a-phosphatidylcholine and acetic anhydride were purchased the end of the titration) and the change in chemical shift of the antibiotic
from Sigma; 1,3-diisopropylcarbodiimide (DIC), diisopropylethyamine protonw,?° was recorded after each addition. The association constant
(DIEA), 4-(dimethylamino)pyridine (DMAP), and triisoproplsilane  was determined by performing a least-squares curve fit on a plot of

(TIPS) were purchased from Aldrich; 2-chlorotrityl chloride re$ing- change in chemical shift ofvo, vs ligand concentration using the
Fmoco-alanine, N-a-Fmoc-alanine, N-a-FmocN-e-acetyl+ -lysine, commercial software packadéaleidagraphversion 3.1.2 (Abelbeck
N-o-Fmocb-glutamic acidy-tert-butyl esterN-a-Fmoc-glycine, 1-hy- Software). The value obtained (2080200 M™?) lies within a factor

droxybenzotriazole (HOBt), and benzotriazole-1-yl-oxy-tris-pyrrolidino-  of 2 of the values obtained for othar-Lac terminating ligands, both
phosphonium hexafluorophosphate (PyBOP) were purchased fromat ph 4.5 and pH 715
Novabiochem; lithiune-lactate, dimethylformamide, dimethyl sulfox- Synthesis of Precursor for Solid-Phase Synthesi#l-a-Fmoc-b-
ide, and tetrakis(triphenylphosphine) palladium (0) were purchased from glutamic acid-y-tert-butyl ester-a-allyl ester. N-o-Fmoco-glutamic
Fluka; N-docosanoyl-Gly-Alae-y-Glu-Lys(N-e-acetyl)p-Ala-p-lactate acid-y-tert-butyl ester (0.5 g, 1.16 mmol), HOBt (0.2 g, 1.47 mmol),
was synthesized according to the previously published procétlure.  and PyBOP (0.77 g, 1.47 mmol) were dissolved in allyl alcohol (10
Preparation of Phosphatidylcholine Vesicles. Typical Preparation mL). After stirring for 15 min, DIEA (0.2 g, 1.47 mmol) was added
of Vesicle Suspension, Phosphatidylcholine Concentration 10 mM. and the solution stirred for 15 h. Excess allyl alcohol was removed
Type XV1-E L-a-phosphatidylcholine from fresh egg yolk (Sigma, 64 under reduced pressure and the crude mixture chromatographed over
mg) was dissolved in chloroform (10 mL) which had been rendered silica (chloroform) to afford puréN-a-Fmoco-glutamic acidy-tert-
ethanol-free by passage through a column of activated alumina. Thebutyl estere-allyl ester (520 mg, 96%) as a white solid. The product
solution was then evaporated under reduced pressure to yield a thingave the expected spectra by FT-ICR electrospray mass spectrometry
film on the wall of the flask which was dried under high vacuum for  (Cy7H3206N, [M + H]* found: 466.19792, calculated: 466.222%.
2 h. The flask was flushed with argon, and@or pH 7.4 NaHPO, NMR (500 MHz; CDC}, 300K) 6 1.44 (9H, s, 3x CHjz), 1.95-1.99
buffer (50 mM, 8 mL) was added. The mixture was shaken for 30 min (1H, m, Gluf), 2.12-2.20 (1H, m, Glug), 2.41-2.50 (2H, m, 2x
and sonicated for 30 min to yield a slightly turbid suspension of vesicles. Glu-y), 4.20 (1H, t,J 7.2 Hz, Fmoc CH), 4.354.42 (1H, m, Glue),
This suspension was then passed 17 times through a 100-nm pore siz&.48 (2H, d,J 7.2 Hz, Fmoc CH), 4.64 (2H, d,J 7.0 Hz, CH), 5.25
polycarbonate filter in an Avestin Lipofast Basic extrusion apparatus, (1H, d,J 9.0 Hz, CHjs), 5.38 (1H, d,J 14.0 Hz, CHang), 5.40 (1H, d,
to yield a clear suspension of vesicles, phosphatidylcholine concentra-J 7.2 Hz, Glu NH), 5.93-5.99 (1H, m, CH), 7.35 (2H, t) 6.1 Hz
tion 10 mM. The samples in D were adjusted to pH 7.0 with NaOD/  Fmoc), 7.40 (2H, tJ 6.1 Hz, Fmoc), 7.61 (2H, d] 6.1 Hz, Fmoc),
D,0O and DCI/DO solutions, and these deuterated samples were used7.79 (2H, d,J 6.1 Hz, Fmoc).
for the*H experiments. Control experiments showed that the competi-  N-a-Fmoc-b-glutamic acid-a-allyl Ester. N-a-Fmoco-glutamic
tion experiments were pH insensitive in the range pH-7.@. All acid-y-tert-butyl esterei-allyl ester (520 mg, 1.12 mmol) was dissolved
quoted pD values were measured using a Corning pH meter fitted with in dichloromethane (10 mL), and triflouroacetic acid (10 mL) added.
a combination glass electrode, and no attempt was made to correct forThe mixture was stirred for 4 h, and the solvent was evaporated under
isotope effects. reduced pressure. The crude mixture was chromatographed over silica
NMR Spectroscopy.All *H NMR experiments were performed on  (9:1 chloroform:methanol) to afford puié-a-Fmoco-glutamic acid-
a Bruker DRX-500 spectrometer at 300 K. Suppression of solvent was a-allyl ester as a white solid (410 mg, 89%). The final product gave
achieved using presaturation for samples dissolved @ br HO. the expected spectra by FT-ICR electrospray mass spectrometry
One-dimensional spectra were recorded using 32k complex data points.(C,sH230sNNa, [M + Na]" found: 432.1395, calculated: 432.1418).
All *H NMR spectra were referenced to 3-trimethylsilyl-2,2,8,3- IH NMR (500 MHz; CDC}, 300K) 6 1.95-1.99 (1H, m, Glug), 2.12-
propionic acid, sodium salt (TSB,= 0.00 ppm). 2.20 (1H, m, Glug), 2.41-2.50 (2H, m, 2x Glu-y), 4.20 (1H,tJ7.2
All %F NMR experiments were performed on a Bruker AM-400 Hz, Fmoc), 4.354.42 (1H, m, Glue), 4.48 (2H, d, 7.2 Hz, Fmoc),
spectrometer equipped with¥/*H probe at 300 K. One-dimensional ~ 4.64 (2H, d,J 7.0 Hz, CH), 5.25 (1H, d,J 9.0 Hz, CHjs), 5.38 (1H,
spectra were typically recorded at 376.47 MHz using 8k data points d,J14.0 Hz, CHang), 5.40 (1H, dJ 7.2 Hz, Glu NH), 5.93-5.99 (1H,
over a spectral width of 6.9 ppm. TfOH was used as an external m, CH), 7.35 (2H, tJ 6.1 Hz, Fmoc), 7.40 (2H, tJ 6.1 Hz, Fmoc),
reference. 7.61 (2H, d,J 6.1 Hz, Fmoc), 7.79 (2H, d] 6.1 Hz, Fmoc).
General Procedure for NMR Titrations. Titrations with Vesicles. Solid-Phase Synthesis ofN-acetyl-Gly-Ala-p-y-Glu-Lys(N-e-
Al titrations were performed at 300 K. The antibiotic concentration ~acetyl)-D-Ala-p-lactate. Solid-phase synthesis was carried out on
used in all the titrations was 0.2 mM, and the lipopeptide concentration 2-chlorotrityl chloride resin (Nova-Biochem).
1.0 mM. The lipopeptide was added to the vesicle solution and the  p-Lactate-2-chlorotrityl Chloride Resin. Lithium p-Lactate (0.38
resulting solution was mixed using agitation only; no sonication was g, 3.9 mmol) was dissolved in a mixture of dimethyl sulfoxide/
used. The competing ligand (Ac-KAA fdH NMR and TFAc-KAA dichloromethane (1:1 v/v, 10 mL) and added to the 2-chlorotrityl
for F NMR) was prepared from a solution identical to that in the chloride resin (1.3 mmoll g resin), and the resulting mixture was
NMR tube, so as not to change the pH or concentration of the other agitated overnight (15 h, undepNand then washed successively with
components in the tube (vesicles, antibiotic, lipopeptide). During the dimethysulfoxide (15 mLx 6), dimethylformamide (15 mlx 6) and
titrations, a total of up to 100L of the competing solution was added  dichloromethane (15 mlx 6) to affordp-Lactate-P.
in 10 uL aliquots to 50QuL of the antibiotic lipopeptide solution. The p-Alanyl-p-lactate-P.N-o-Fmoco-alanine (1.214 g, 3.9 mmol) was
'H NMR method used TSP in water (10 mM) as an external reference dissolved in dimethylformamide (6 mL) and then added to the resin,
(in a glass insert in the NMR tube) for both chemical shift and relative and the resulting mixture was cooled t6@. DIC (492 mg, 3.9 mmol)
peak integrals. Th&F NMR method used TfOH in water as an external  and 4-(dimethylamino)pyridine (24 mg, 0.20 mmol) were dissolved in
reference for chemical shift and relative peak integrals. The proceduresdimethylformamide (4 mL) and added dropwise to the resin mixture
for calculatingK¥ using the!H NMR and *®F NMR methods have over 30 min (0°C, under N), and the mixture was agitated (unde) N
previously been publishe§.1® at room temperature for 6 h. The resin was washed successfully with
Determination of Kso. A solution of antibiotic (5 mM, 1.5 mL) in dimethylformamide (15 mLx 6) and dichloromethane (15 mk 6),
9:1 H,0:D,0 was prepared and adjusted to pH 4.5 with HCl and NaOH. and dried under vacuum for 2 h. Two samples of the resin complex (1
This solution (60Q:L) was added to an NMR tube and a 149 NMR mg, 1 mmol of original resin loading) were placed in solutions of 20%
spectrum was recorded. A part of the remaining antibiotic solution (600 piperidine in dimethylformamide (3 mL) at 290 nm. The average
uL) was used to dissolve an amount of ligamtidcetyl-Gly-Alap-y- absorbance of 0.9 gave an estimated loading of 0.9 mmollattate/
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gram resin. To remove the terminal Fmoc group, a solution of 20%
piperidine in dimethylformamide (7 mL) was added to the resin, and
N2 was bubbled for 15 min. This procedure was repeated twice. The
resin was washed with dimethylformamide (15 mL6) and dichlo-
romethane (15 mix 6). A Kaiser test confirmed complete deprotection
to afford p-alanylo-lactate-P.
Lysyl(N-e-acetyl)-D-alanyl-p-lactate-P.N-a-FmocN-e-acetyl-lysine
(2.60 g, 3.90 mmol), PyBOP (2.03 g, 3.90 mmol), and HOBt (0.60 g,
3.90 mmol) were dissolved in dimethylformamide (6 mL), added to
the resin mixture, and agitated for 10 min before DIEA (1.00 g, 7.8
mmol) was added. The resulting mixture was agitatedsfé (under
N2) and then washed with dimethylformamide (15 mdi 6) and
dichloromethane (15 mlx 6). A negative Kaiser test confirmed the
reaction had gone to completion to afford Fmoc-lyBlyt-acetyl)b-
alanyl-o-lactate-P. The Fmoc group was removed as above to afford
lysyl(N-e-acetyl)p-alanyl-p-lactate-P.
p-y-Glutamyl( a-allyl)-lysyl( N-e-acetyl)-b-alanyl-p-lactate-P.N-o-
Fmoco-glutamic acidet-allyl ester (1.59 g, 3.90 mmol), PyBOP (2.03
g, 3.90 mmol), and HOBt (0.60 g, 3.90 mmol) were dissolved in
dimethylformamide (6 mL), added to the resin mixture, and agitated
for 10 min before DIEA (1.00 g, 7.80 mmol) was added. The resulting
mixture was agitated fo6 h (under N) and then washed with
dimethylformamide (15 mLx 6) and dichloromethane (15 mk 6).
A negative Kaiser test confirmed the reaction had gone to completion
to afford Fmoce-y-glutamyl(-allyl)-lysyl(N-e-acetyl)p-alanylo-
lactate-P. The Fmoc group was removed as above to affeyd
glutamyl(-allyl)-lysyl(N-e-acetyl)b-alanyl-o-lactate-P.
Alanyl-b-y-Glutamyl(e-allyl)-lysyl( N-e-acetyl)-D-alanyl-p-lactate-
P. N-a-Fmoc-alanine (1.21 g, 3.90 mmol), PyBOP (2.03 g, 3.90 mmol),
and HOBLt (0.60 g, 3.90 mmol) were dissolved in dimethylformamide
(6 mL), added to the resin mixture, and agitated for 10 min before
adding DIEA (1.00 g, 7.80 mmol). The resulting mixture was agitated
for 6 h (under N) and then washed with dimethylformamide (15 mL
x 6) and dichloromethane (15 mix 6). A negative Kaiser test
confirmed the reaction had gone to completion to afford Fmoc-alanyl-
p-y-glutamyl(e-allyl)-lysyl(N-e-acetyl)p-alanyl-o-lactate-P. The Fmoc
group was removed as above to afford alaowi-glutamyl(-allyl)-
lysyl(N-e-acetyl)p-alanylp-lactate-P.
Glycyl-alanyl-p-y-glutamyl(a-allyl)-lysyl( N-e-acetyl)-p-alanyl-p-
lactate-P.N-o-Fmoc-glycine (1.16 g, 3.60 mmol), PyBOP (2.03 g, 3.90
mmol), and HOBt (0.60 g, 3.90 mmol) were dissolved in dimethyl-
formamide (6 mL), added to the resin mixture, and agitated for 10 min
before DIEA (1.00 g, 7.80 mmol) was added. The resulting mixture
was agitated fo6 h (under N) and then washed with dimethylforma-
mide (15 mLx 6) and dichloromethane (15 mk 6). A negative Kaiser
test confirmed the reaction had gone to completion to afford Fmoc-
glycyl-alanylp-y-glutamyl(e-allyl)-lysyl(N-e-acetyl)p-alanylp-lactate-
P. The Fmoc group was removed as above to afford glycyl-alanyl-
y-glutamyl(@-allyl)-lysyl(N-e-acetyl)p-alanylb-lactate-P.
N-Acetyl-glycyl-alanyl-p-y-glutamyl(a-allyl)-lysyl( N-e-acetyl)-d-
alanyl-p-lactate-P. Acetic anhydride (4.328 g, 42.39 mmol) and
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for 10 min before DIEA (2.96 g, 22.96 mmol) was added. The resulting
mixture was agitated fo6 h (under N) and then washed with
dimethylformamide (15 mlx 6) and dichloromethane (15 mk 6).
A negative Kaiser test confirmed the reaction had gone to completion
to affordN-acetyl-glycyl-alanyle-y-glutamyl-allyl)-lysyl(N-e-acetyl)-
p-alanyl-o-lactate-P.
N-Acetyl-glycyl-alanyl-p-p-glutamyl-lysyl(N-e-acetyl)-D-alanyl-p-
lactate-P. The resin was swollen in dimethyl sulfoxide (6 mL) and
tetrakis(triphenylphosphine) palladium (0) (0.35 g, 0.30 mmol) dissolved
in 1:1 tetrahydrofuran:dimethyl sulfoxide (5 mL) was added. The
mixture was agitated under,Nor 30 min, HOBt (0.08 g, 0.50 mmol)
was added, and the resulting mixture was agitated for 6 h. The resin
was washed thorougly with tetrahydrofuran (15 mt 10) and
dichloromethane (15 mlx 6) or until the washings were no longer
colored. The procedure was repeated to afféracetyl-glycyl-alanyl-
p-y-glutamyl-lysyl(N-e-acetyl)-p-alanyl-o-lactate-P.
N-Acetyl-glycyl-alanyl-p-p-glutamyl-lysyl(N-e-acetyl)-p-alanyl-p-
lactate-P. A solution of trifluoroacetic acid:tri-isopropyl silane;:8
(38:1:1, 10 mL) was added to the resin complex and the mixture agitated
for 1 h, under N. The resulting solution was collected and the resin
washed with trifluoroacetic acid (2 mk 3) and dichloromethane (30
mL x 5), all collected. The combined solvents were removed under
pressure to give a yellow oil. The residue was dissolved in water and
lyophilized to give an off-white powder. The crude product was purified
by reverse phase HPLC and then lyophilized to affgrdcetyl-glycyl-
alanylp-y-glutamyl-lysyl(N-e-acetyl)p-alanyl-p-lactate-P as a white
solid (227 mg, 40% yield based on the initial loadingoefactate on
resin). The final product gave the expected spectra by FT-ICR
electrospray mass spectrometry »d€,012Ns, [M + H]* found:
631.2925, calculated: 631.2933)1 NMR (500 MHz; DMSO«s, 300
K) 6 1.24 (3H,J 7.1 Hz, Ala CH), 1.27 (2H, m, 2x Lys-y), 1.33
(3H, d,J 7.1 Hz, Lac CH), 1.37 (2H, m, 2x Lys-0), 1.42 (3H, d,J
7.1 Hz, Ala CH), 1.50 (1H, m, Lysg), 1.61 (1H, m, Glug), 1.79
(3H, s, acetyl CH), 1.87 (3H, s, acetyl Ckj, 1.99 (1H, m, Glus),
2.19 (2H, m, 2x Glu-y), 2.99 (2H, app q, % Lys-), 3.72 (2H, dJ
5.5 Hz, 2x Gly-a), 4.17 (1H, m, Glue), 4.25 (1H, m, Lysa), 4.32
(2H, m, 2x Ala-a), 4.95 (1H, gJ 7.3 Hz, Lace), 7.77 (1H, m, Lyse
NH), 7.88 (1H, d,J 7.7 Hz, Lyse. NH), 8.04 (1H, d,J 7.3 Hz, Ala
NH), 8.10-8.15 (2H, m, gly NH, glu NH), 8.31 (1H, d, Ala NH), 12.51
(1H, s, Lac OH).
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