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Abstract: Glycopeptide antibiotics of the vancomycin group bind to bacterial cell wall analogue precursors,
and typically also form dimers. We have studied the interplay between these two sets of noncovalent bonds
formed at separate interfaces. Indole-2-carboxylic acid (L) forms a set of hydrogen bonds to the glycopeptide
antibiotic chloroeremomycin (CE) that are analogous to those formed by N-Ac-p-Ala. The ligand/CE dimer
interactions (in L/CE/CE/L) are shown to occur with positive cooperativity and structural tightening at the
dimer interface. From theoretical considerations and from other data, it is inferred, but not proven, that in
the exercise of positive cooperativity, the interface that will be tightened to the greatest degree is the one
that lies in the shallowest free energy well.

Introduction the DNA studies above. Ladder formation and dissociation
exhibit many indications of positive cooperativitZollectively,

these examples indicate that the center portions of such
structures are formed with positive cooperativity relative to the

Noncovalent interactions are most frequently the basis for
the multitude of recognition processes that occur in Nature. In
the formation of such noncovalent interactions, cooperativity
is a common feature. When noncovalent binding interactions ends. .
occur with positive cooperativity, then the observed binding . In th!s paper, we explorg by proton NMR spectroscopy ',[he
energy is greater when the interactions occur together than Wherpgh_tgm_ng of noncove_ll_ent |nterfac§s_formed by glycopeptlde
they occur in isolation from each other. Conversely, when the antlblt_)t|cs due to po_smve _cooperatl_wty_. We also consider t_he
interactions occur with negative cooperativity, then the observed role, in structural tightening, of kinetic vs thermodynamic

binding energy is less when the interactions occur together thans'["jlbllltles of _noncov_a!em interfaces. i i
when they occur in isolation. Glycopeptide antibiotics of the vancomycin group bind to

The occurrence of positive cooperativity among structures bacterial cell wall analogue precursors, and typically also form

that are important in Nature causes changes in the dynamics Oid!mers. Thus, two sets of nqncovalent.mteractlons can k,)e
the structures. For example, in DNA duplexes it is observed Simultaneously made and studied to see if they are made with
that the structures are frayed at the ends of the duplex to a greatePOSitive Or negative cooperativity. Indole-2-carboxylic acid

degree than they are in the middle. The reduced dynamics of(19and, L) can form 4 hydrogen bonds to the glycopeptide
the central base pairs of the DNA duplex are demonstrated byantlblotlcs (Figure 1¥.These hydrogen bonds are analogous to

their slower NH exchange ratég he dissociation constant of those formed by the bacterial cell wall precursor analdgue-

the second base pair of the-&i(CGCGATCGCG) self- p-Ala. As in the case of natural ligands, indole-2-carboxylic

complementary duplex is close to the square of the constant@Cid can bind into two faces of the dimer (Figure 2). Previous
for the terminal pair: which is an indication of positively work has shown that when indole-2-carboxylic acid binds to

cooperative binding. In a similar manner, amide proton ristocetin A, the binding of this ligand is negatively cooperative
' yyith respect to dimerization of the antibiofiowe therefore

exchange data demonstrate that the ends of an alanine-based™ e . . )
peptide helix are fraye¥iPositive cooperativity is also important ~ d€cided to study the binding of indole-2-carboxylic acid to the
antibiotic chloroeremomycin (CE, Figures 1 and 2), in the

in the formation of noncovalently bound aggregates of synthetic i A ) .
materials. For example, a series of conjugated zinc porphyrin €XPectation that this binding would also occur with negativey
oligomers, from the dimer through to the hexamer, form stable CO0Perativity with respect to dimerization of the antibiotic. In
ladder complexes with linear bidentate ligafdEhe proton this event, the binding is shown to be positively cooperative.
NMR spectra of these ladders show how upon addition of excessResults and Discussion

ligand the terminals of the ladder structure fray, analogous to .
9 I uetd y gou The proton NMR spectrum of 20 mM CE in the presence of

(1) Embrey, K. J.; Searle, M. S.; Craik, D. Bur. J. Biochem1993 211, 50 mM ligand at pH 6 in the region from 8 to 12 ppm is
437—-447. i ; i i i ;

(2) Nonin. S.: Leroy, J. L.: Gueron, MBiochemistryL995 34, 10652-10659. reproduced in Figure 3a. It is evident from this spectrum, in

(3) Rohl, C. A,; Baldwin, R. LBiochemistry1994 33, 7760-7767.

(4) Taylor, P. N.; Anderson, H. LJ. Am. Chem. Soc999 121, 11538~ (5) Groves, P.; Searle, M. S.; Chicarelli-Robinson, I.; Williams, DJHChem.
11545. Soc., Perkin Trans. 1994 659-665.
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Figure 1. Chloroeremomycin monomer bound to indole-2-carboxylic acid.  Figure 3. Amide region of the 1-D proton NMR spectra of chloroeremo-
mycin (CE) plus ligand (L) at relative CE:L concentrations of (a) 20 mM:
50 mM, (b) 20 mM:25 mM, (c) 20 mM:10 mM, (d) 20 mM:4 mM, and (e)
20 mM:0 mM in 9:1 HO:D,O measured at pH 6. The resonances due to
W, Wo*, W4, and wi* can be seen to move upfield as the ligand concentration

H - O }EAntibiotic decreases. The ligand NH is indicated, as is the more clustered region in
\g\ S : Hep
,

part e, which contains theawws*, ws, ws*, w7, and w* resonances.
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Figure 2. Representation of the 2:2 complex formed by the dimer of . . .
chloroermomycin and two molecules of indole-2-carboxylic acid. Hydrogen Indole-2-carboxylic acid concentration (M)
bonds are indicated by dashed lines and protpfsabeled, as are the  f£jgyre 4. Plot of chemical shifts vs concentration of added indole-2-
NH-protons v4, ws, Wa, Ws, and v in one-half of the dimer. carboxylic acid for protons y (circles) and w (squares) of chloroeremo-

mycin (20 mM) measured at pH 6. Binding constants are calculated by
conjunction with the spectra obtained at lower concentrations curve-fitting using Kaleidagraph 3.0 (Abelbeck software).

of ligand, that_ the signals due to the NH protongws,wa,ws, of ligand concentration can be used to obtain binding curves
O ) . G(Figure 4). Using curve-fitting methods, indole-2-carboxylic acid
the chlqroergmomycm dimer is afsymmeﬁm'he two halveg was found to bind into the higher affinity site wilktig/dimer =

of the dimer interface are nonequivalent, anq the two environ- gn4 4 150 ML, and into the lower affinity site Withigaime:
ments (annotated as w and w* where assigned) are in slow _ 100+ 25 ML,

exchange on the NMR time scale. As the concentration of the

Iiga_nd is_gradually lowered from that us_e(_j_to obtain Figure 3a, bound dimer can only become equivalent through dissociation
thq gr:ve ::'%gref Stf) totSe, tftleg\tnhresoréancetlrr]ntlally moves to_\lf\;]a_\rd of the asymmetric antibiotic dimer (and its recombination in

. Igb erne 6;1 aftas E.r :j? € than rc:es dgﬁvesona?f(.:e... IS q the alternative manner). Since these pairs of signals are not time-
'i Fcausﬁe_ t € t.WO. in l:ngbsr[es a\I/e ! erent. ‘Z lnmels, an averaged, there must be a considerable barrier to dissociation
the low affinity 5|t_e '”'“? y becomes 1ess occupie toalarger e ligand-bound dimer. From the coalescence temperature
extent than the high affinity site as the dilution proceeds. The (285 K) of the % pair of signals (Figure 5), this barrier is 62

) . . . ;
chemical shift change of theaand vg* resonances as a function 4 kJ mol. In contrast, the two indole-2-carboxylic acid ligands

(6) Prowse, W. G.; Kline, A. D.; Skelton, M. A.; Loncharich, RBiochemistry can EXChange between the two halveg O_f the_ dimer at a rate
1995 34, 9632-9644. that is fast on the NMR time scale. This is evidenced by the

The pairs of w and w* signals in the two halves of the ligand-

J. AM. CHEM. SOC. = VOL. 124, NO. 15, 2002 3915



ARTICLES Shiozawa et al.

Xy di 7f di 7d di jd
(a) M (a) |
(b) d o
(b)
\M\\JL\ e u
(©) J
@ 9
m
@ *
(e) ¢
* *

T T T T T T T T 1

680 675 670 665 660 655 650 645 ppm f T T T T T T : ; T : T
) o o . 67 66 65 64 63 62 61 60 59 58 ppm
Figure 5. Splitting of the resonances due to the asymmetric dimer into

two signals: 2 mM chloroeremomycin, 100 mM indole-2-carboxylic acid  Figure 6. Relative populations of thesxmonomer and dimer peaks as a

in D,O at pD 6 at (a) 290, (b) 285, (c) 280, and (d) 275 K. function of indole-2-carboxylic acid concentration. Chloroeremomycin (0.25
mM) with (a) 0, (b) 0.2, (c) 0.5, (d) 2, and (e) 10 mM of indole-2-carboxylic
acid in DO at pD 6 and 290 K. m: xmonomer, d: xdimer, asterisked

fact that the signals due to ligand give only one (time-averaged) signals are derived from impurity of the indole-2-carboxylic acid. In part

set of resonances (see, for example, the sharp indole NHC the signal for the xdimer is under the two dimer signals for 7d and 7f.
’ p'e, P In parts a and b, thepmonomer signal was overlapped with another signal

resonance at 10.48 ppm in Figure 3a). This fast exchange ofgye to the monomer, from which it is separated in part ¢ and subsequent
the ligand is confirmed by the behavior of the w and w* parts of the titration.
resonances. Since these resonances move gradually from the
chemical shifts observed in free antibiotic to those observed in asymmetric halves of the dimer are separated by a relatively
ligand-bound antibiotic (Figure 3), the chloroeremomycin dimer small chemical shift, they split from singlet to doublet signals
is in fast exchange on the NMR time scale with the chloro- on lowering the temperature (Figure 5). Theresonance of
eremomycin dimer bound to indole-2-carboxylic acid. Thus, the the dimer was recognized through its NOESY cross-peak to
depth of the free energy well for removal of either of the indole- the W5 resonance of the dimer’ and was then correlated to the
2-carboxylic acid ligands from their respective binding sites is x, resonance of the monomer by a transfer of saturation
less than the depth of the free energy well for dissociation of experiment.
the dimer interface of the ligand-bound dimer. Indeed, the |ndole-2-carboxylic acid was titrated into a solution of the
difference in the relative depths of these wells is likely to be antibiotic at a sufficiently low concentration such that at the
large since the dimerization constant is much larger than the peginning of the titration, a population of thgmonomer signal
ligand binding constants (see following sections). could be observed (Figure 6). As the titration proceeds, the
The dimerization constant of chloroeremomycin in aqueous population of the x monomer signal decreases (Figure 6),
solution at pD 6 and 290 K, as determined in the present work showing that ligand binding is positively cooperative with
from the relative intensities of several peaks due to monomer respect to dimerization. The relative populations of the antibiotic
and due to dimer, is (1.6 0.4) x 10° M1, We have also dimer and monomer signals at 100 mM concentration of indole-
measured this dimerization constant under the same conditions2-carboxylic acid and 0.05 mM antibiotic (spectrum obtained
in the presence of a high concentration (100 mM) of indole-2- at 800 MHz to optimize sensitivity) give the dimerization
carboxylic acid, i.e., of the complex shown in Figure 2. The constant of the ligand-bound dimer as#&) x 1®* M~L. Since
measurement was made by direct observation of the relativethe dimerization constant of the antibiotic in the absence of
intensities of the xresonance in the ligand-bound dimer and ligand is (1.04+ 0.4) x 10° M1, the binding of ligand is
in the ligand-bound monomer. The assignment of these signalspositively cooperative with respect to dimerization by a factor
was aided by noting that where the signals due to the two of about 6.

3916 J. AM. CHEM. SOC. = VOL. 124, NO. 15, 2002
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Figure 7. Plot of chemical shifts vs concentration of added indole-2-
carboxylic acid for protonsdimer (squares, right scale) angimonomer
(circles, left scale) of 0.25 mM chloroeremomycin inat pD 6 and 290

K.
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Figure 8. Representation of (a) the thermodynamics of formation and (b)
the kinetics of dissociation of the 2:2 complex of chloroeremomycin and
indole-2-carboxylic acid. In the absence of cooperatisityyould be formed

and notD’. Under such circumstances, by definition bétho C, andB to

D, correspond tAAGgim, and bothA to B, andC to D correspond to 2«
AGiigimonomer IN the case of positive cooperativily is formed and nobD.
Under these circumstances, the free energy of dimerization of the antibiotic
when bound to ligandAGaimsig) iS, relative toAGgim, increased by the
value of the positive cooperativity. Similarly, the sums of the free energies
of ligand binding to the two sites of the dimeAG* igidimer + AGiigidimer),
relative to 2x AGiigimonomes are also increased by the value of the positive
cooperativity. In part b, the barriers to be surmounteddadio E and for

D' to E are arbitrary except insofar as they are known to be much less than
the corresponding barriers for dimer dissocation.

Additionally, although the xdimer signal shows a significant
downfield shift during the whole of the titration, thg monomer
signal shifts downfield only toward the end of the titration
(Figure 7). This observation implies that indole-2-carboxylic
acid has a lower affinity for the monomeric form of the antibiotic
than for the dimeric form. In light of the known binding
constants of the ligand into the two halves of the dimer (see
above), the binding constant of indole-2-carboxylic acid to
monomeric antibiotic can be calculated. Such a calculation
makes use of a thermodynamic cycle (Figure 8). In this figure,
the ovals represent molecules of chloroeremomycin, and the

they are not associated; where they are stacked vertically, they
are associated. Thus, two molecules of ligand-bound monomer
are represented by levBl one of antibiotic dimer by leveC,
and one molecule of ligand-bound dimer by lewlin the
(hypothetical) circumstances that this ligand-bound dimer could
be formed without (positive) cooperativity. Since positive
cooperativity operates in practice, this means Bias produced
instead oD and the free energy of the former is more negative
than the free energy of the latter.

In Figure 8, the hypothetical ligand-bound dini2that would
be formed in the absence of positive cooperativity is a very
useful reference point in understanding the origin of the positive
cooperativity. InD, each ligand molecule would be able to bind
as strongly to dimer as it does to monomer (i.e., the free energy
benefitsA to B andC to D would be equal). In practice, the
dimerized states of the antibiotics (either ligand-bound, or
ligand-free) have the two disaccharide units (Figure 1) arranged
in a head-to-head manner, but the two peptide backbones
arranged in a head-to-tail manrfef. This is why the dimers
are asymmetric, and can exhibit two ligand-binding sites with
different affinities.

It is evident from Figure 8 that:

ZAG'Iig/monomer—i_ AGdim + AGpos coop:
AGdim + AG*Iig/dimer + AGIig/dimer

Therefore:
(Klig/monome)2 x 6= K*IigldimerKIig/dimer =600x 100

Thus, Kiigmonomes the binding constant of indole-2-carboxylic
acid to the antibiotic monomer, can be calculated as @b
M~ This value allows the conclusion that upon titration of
indole-2-carboxylic acid into a solution of the antibiotic as
described above, the ligand will first bind into the higher affinity
site of the dimer (mainly in the concentration range of ligand
from 0 to 3 mM). Subsequently it will bind largely into the
lower affinity site of the dimer and to the antibiotic monomer
(which have very similar affinities). It is for this reason that
the chemical shift of xin the dimer is affected throughout the
titration, whereas that of;4n the monomer changes largely in
the latter part of the titration (Figure 7).

Importantly, the thermodynamic cycle (Figure 8) illustrates
that the positive cooperativity is the same whether measured as
(i) the increase in binding affinity of two molecules of ligand
to dimer over their affinity for two molecules of monomer or
as (ii) the increase in dimerization constant in the presence of
ligand vs its absence. The positive cooperativity is a property
of the whole bound system and not of any particular interface.
For example, in the case of the system shown in Figure 2, it is
the increase in binding energy of the bound system as it exists
in reality over that expressed bABjig/monomert AGgim (Figure

The thermodynamics of binding (Figure 8a, see also the
summary of data in Table 1) are determined by the difference
in free energies of free and bound states. However, it appears
likely that the tightness of binding is a measure of the depth of

squares represent molecules of indole-2-carboxylic acid. Free (7) Groves, P.: Searle, M. S.; Mackay, J. P.; Williams, D Sttucture1994

energy is represented vertically, and is more negative at lower
levels. Where the molecules are shown spread out horizontally,

2, 747-754.
8) Groves, P.; Searle, M. S.; Waltho, J. P.; Williams, D.JHAm. Chem.
Soc.1995 117,7958-7964.
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Table 1. Thermodynamic Parameters of the Various CE:L Table 2. Chemical Shifts (ppm) of the Protons x4, in Monomeric
Complexes and Dimeric Chloroeremomycin (CE), Both in the Absence and in
the Presence of Indole-2-carboxylic Acid (L)?
change of
states equilibrium constant (M~1) free energy change (kJ mol-1)® AdX4 (CE)monomer 5.70 0X4 (CE:L)monomer 5.79
At0C  Kam (1.0+0.4) x 10 AGgim ~27.8 A CBmer oo s CEDame 0.0
1/2 (A’tO B) Klig/monomer 100+ 25d A(-\"Iig/moncumer —-11.1 i :
gigg Eii:;’/';?mer ec()%i ?58( 102 igiil?;lllcfmer :igzll aData obtained in aqueous solution at pD 6.0 and 290 K.
EtoD’ Klig/dimer 100+ 25 AGiig/dimer —-11.1 ) o
DtoD’ AGros coop -4.3 peptide backbone$ 14 Therefore, changes in tightness at

specified points of the three interfaces can in principle be

aThe states written in bold are described in Figuré 8alculated from . _
the equilibrium constant$.Data obtained in aqueous solution at pD 6.0 assessed from changesdinalues for thex-CH and NH proton

and 290 K; 0.02 mM CE? Calculated from known equilibrium constants probes. The changes invalues that are of interest are (i) the
(see text)* Data obtained in agueous solution at pD 6.0 and 290 K; 0.05 dimer interface formed in the presence or absence of ligand

mM CE and 100 mM indole-2-carboxylic acitiData obtained in aqueous . : ; :
solution at pH 6.0 and 290 K; 20 mM CE and varying concentrations of and (ii) the ligand interfaces formed in the monomer vs the

indole-2-carboxylic acid (see Figures 3 and 4). imer.

) ) ) ] The tightness of the dimer interface in the absence and
the free energy well in which the ligand lislo understand ,resence of the ligand can be estimated from the chemical shift
why this might be the case, we extend the analysis of Figure 8. o546 of the xresonance in the absence and presence of the
We now consider the relative depths of the free energy wells jigang. The data for the xresonance (Table 2) indicate that
in which the isolated dimer and the ligand bound monomer lie, qsitive cooperativity causes tightening of the dimer interface
with respect to dimer dissociation and ligand dissociation, (0.96> 0.78 ppm), in agreement with earlier wofid®We note
respectively (Figure 8D). If these interfaces are tightened throughp ot the figand (indole-2-carboxylic acid) is aromatic. It is
the expression of positive cooperativity, which one is likely t0  yerefore possible that a ring current effect from the indole could
be tightened to.the gregter degree? cause a larger chemical shift difference for thergsonance

We have earlier e§tabI|§h(_ed from the NMR datg that the depth yap, that due to structural tightening alone. However, the slightly
of the well for the dissociatiol”’ to E (loss of a ligand from e ater parrier to dissociation of the dimer in the presence (62
the dimer) is less (and probably much less) than that of the 3 4, molY) compared to absence of the ligand (&04 kJ
well for the dissociatiorD’ to B (dissociation of the ligand-  51-1) jndicates that there is indeed some tightening of the
b‘?“,“d dimer). For the case of the absence of positive COOPer-gimer interface due to the positive cooperativity. Although the
ativity, we can also be confidant that the depth of the well for change in well depth is relatively small (2 kJ mb) it is reliable
loss of ligand K= 100+ 25 M™%, D to E) should be much g6 'it is unambiguous that the coalescence temperature of the

less than that for dissociation of dimé¢ [= (1.0+ 0.4) x 10° dimer resonances in the absence of the ligand (280 K) is slightly
M~1, D to B]. Indeed, we have established the barrier to the lower than in the presence of the ligand (285 K).

latter process to be very large (60 4 kJ mol?l) through
coalescence of nonequivalent proton resonances in different
halves of the asymmetric dimer. The situation is summarized

However, it is not possible to establish whether the ligand/
antibiotic interfaces are tighter in the dimer than in the monomer
since the appropriate reference points for the ligand/monomer

in Figure 8b. . . . interface are not available. This is because the dimerization
In the absence of positive cooperativity, the available thermal . «ont of the ligand-bound CE is very large 62) x 10P

energy will result in the popul.ation of state§ much closer to the M-1]. Therefore, the relatively broad amide NH resonances are
transition state for loss of a ligan® (to E, Figure 8) than for not of sufficient intensity to be observed at the very low

dls_st())_mgtl_on O]f the dlr’?lebﬂ 0B, dFlgure_S)_. TEU_S'bthﬁ "Qa”‘:]/ concentrations of antibiotic (0.05 mM) necessary to populate
antibiotic Interfaces will be more dynamic in their behavior than yhe 19 even a small extent in the ligand/monomer complex.

will the dimer interface. When the positive cooperativity is

expressedl to D), we mgst con§|der the templating effects to assess the effects of relative barriers upon structural tighten-
of one set of noncovalent interactions upon another. It seems aing, we note other experimental d&tIn the cases of strongly

_pt:ysflcally r_iasotnable cbor:tclusélon tlh"’:t tthe more ordbereg_ dlm(irdimerizing antibiotics, the greater dimerization constants of these
'?‘ erlgce c\;\;l QE. as a efer emp ahe okl]mproye onding Ia antibiotics in the presence of the aliphatic ligaN¢g\N-di-Ac-
the ligand/antibiotic interfaces, rather than vice versa. In Lys-p-Ala-p-Ala vs its absence (e.g., ca.”10s ca. 16 M~

summary, the more strongly bound interactions can be used ©for eremomycin) is associated with only a small tightening of

!|m|t thg motion of, and improve the bonding at, Fhe. set .Of the dimer interface (difference inox4 values= 0.02 ppm). In

mteractlons_ thaF was the weaker set when ma_de n !SOIat'On'the cases of weakly dimerizing antibiotics, the greater dimer-

Therefore, in this system we should expect a Ilgand _lnterface ization constants of these antibiotics in the presenchl,bf

to have the greater potential to tighten than the dimer interface.
A sensitive probe for structural tightening is available from (10) Asakura, T.; Taoka, K.; Demura, M.; Williamson, M. ®.Biomol. NMR

)
i - i i i 1995 6, 227—-236.
chem|9al shift changes at th'e yarlous |nterfages. It is well (11) Wagner. G: Parci, A.; Whrich, K.J. Am. Chem. Sod983 105,5946-
established that in the association of two peptide backbones™ " 5949.
through the formation of hydrogen bonded networks (e.g., in (12) Wishart, D. S.; Sykes, B. D.; Richards, F. 8. Mol. Biol. 1991, 222,
the formation of3-sheets), increased downfield shiftscefCH (13) Redfield, C.; Dobson, C. MBiochemistryl99Q 29, 7201-7214.

and NH protons indicate shorter distances between the two (1#) Willamson, M. PBiopolymersi99q 29, 14231431

Since the CE/indole-2-carboxylic acid system is not suitable

(15) Calderone, C. T.; Williams, D. HI. Am. Chem. So@001, 123, 6262
6267.
(9) Williams, D. H.; Bardsley, B.; O'Brien, D. Rl. Chem. Soc., Perkin Trans. (16) Williams, D. H.; Maguire, A. J.; Tsuzuki, W.; Westwell, M. Science
2 200Q 1681-1684. 1998 280,711-714.
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di-Ac-Lys-p-Ala-p-Ala vs its absence (e.g., ca. 900 vs ca. 120 studies, and where nonspecific binding effects can therefore be
M1 for dechlorovancomycin) is associated with a relatively excluded with some confidence. Our data give further support
large tightening of the dimer interface (differenceAiix, values to the concept that positive cooperativity will be accompanied
= 0.18 ppm). That the eremomycin dimer lies in a deeper free by structural tightening in a complex. Theoretical considerations,
energy well than does the dechlorovancomycin dimer is and the available experimental evidence, suggest that structural
established by the observation that the former is in slow tightening is preferentially exercised at the noncovalently bound
exchange with its monomeric forkd,whereas the latter is in  interface that lies in the shallower free energy well. The
fast exchange with its monomeric form. It is evident that an considerations emphasize how binding energy can arise remotely
interaction in a shallow well is tightened to a greater degree by from a binding site. In antibodies where somatic mutations
positive cooperativity than is one in a much deeper well. remote from the binding site for hapten increase the affinity
That these correlations are causally related to well depths, for hapten, a long-range effect on binding site flexibility can
rather than to thermodynamic stabilities, is supported by other be considered However, our present considerations indicate
data. Ristocetin A and vancomycin have similar dimerization that the hapten affinity can be increased by structural tightening
constants, but the former has a higher barrier to dissociation of remote from the binding site.
the dimer and forms a tighter dimer interfetce. Experimental Section

The reasons why the binding of indole-2-carboxylic acid is  chioroeremomyecin, as the acetate salt (LY 264826), was obtained
negatively cooperative with respect to the dimerization of from Eli Lilly (Indianapolis) and indole-2-carboxylic acid was purchased
ristocetin A, but positively cooperative with respect to the from Aldrich. All NMR samples were made with 8:D,0 (9:1) or
dimerization of chloroeremomycin, can currently only be a D20 and adjusted to pH 6.0 using DCI. 3-(Trimethylsilyl)propionic-
matter of speculation. It seems possible that the key difference2.2,3,3,-ds acid was used as a reference. The 3-9-19 WATERGATE
lies in the fact that ristocetin A has a tetrasaccharide attachedPulse sequenégor presaturation was used to suppress the water signal
to residue 4, whereas chloroeremomycin has a disaccharide inVhere necessary. All NMR spectra were obtained from Bruker 500
this position. These sugars may well occupy different planes and 600 MHz or Varian Unity 500, 600, and 800 MHz spectrometers

. ; . e at 290 or 280 K.
with respect to the peptide backbones in the antibiotic dimers.
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