
ity on addition of competing monovalent 
ligand will confer a degree of flexibility not 
possible with avidirvbiotin. 
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Lxooperativity lies at the heart of molecular 
recognition, which leads to biological func
tion (I). It is typically exercised when nu
merous weak interactions operate simulta
neously. We may define an interaction be
tween two molecules of A to give A-A 
(dimerization) as being cooperative with 
the binding of B to A if the equilibrium 
constant for the association of two mole
cules of B-A (to give B-A-A-B) is greater 
than that for A + A -^ A-A. Here, we 
investigate the molecular origins of such 
cooperativity and define a method for lo
cating the origins of cooperative binding 
energy. We define the interfacial bindings 
in B-A and A-A as "loose" or "tight." In 
tight binding, the bonds that identify the 
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individual interactions at the interface give 
a relatively large (perhaps near maximal) 
binding energy; that is, the average bond 
lengths are relatively short. In contrast, 
loose binding means that the corresponding 
interactions are associated with longer av
erage bond lengths, which give an apprecia
bly lower binding energy than that avail
able in a tight structure. Loose interactions 
occur when the sum of the favorable bond
ing interactions (enthalpy) is sufficiently 
small to be counteracted by the adverse 
entropy of binding and when there is a 
relatively large amount of residual motion 
in the bound state (2). 

We provide experimental evidence for 
the validity of the above considerations in 
the following sequence of steps: 

1) The occurrence of loose and tight 
interactions, but otherwise involving a 
common set of weak bonds, was shown 
through the use of proton chemical shift 
changes upon association. Using the chem
ical shift criterion, we showed that associ
ated structures involving one interface (B 
+ A -» B-A or A + A -» A-A) tighten at 
that interface as the equilibrium constant 
for their formation increases. 

An Analysis of the Origins of a Cooperative 
Binding Energy of Dimerization 

Dudley H. Williams,* Alison J. Maguire, Wakako Tsuzuki, 
Martin S. Westwell 

The cooperativity between binding of cell wall precursor analogs (ligands) to and anti
biotic dimerization of the clinically important vancomycin group antibiotics was inves
tigated by nuclear magnetic resonance. When dimerization was weak in the absence of 
a ligand, the increase in the dimerization constant in the presence of a ligand derived 
largely from changes associated with tightening of the dimer interface. When dimeriza
tion was strong in the absence of a ligand, the increase in the dimerization constant in 
the presence of a ligand derived largely from changes associated with tightening of the 
ligand-antibiotic interface. These results illustrate how, when a protein has a loose 
structure, the binding energy of another molecule to the protein can derive in part from 
changes occurring within the protein. 
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2 )  I11 cases in I\-hicli strr~ctural richten 
1112 coulil occrir at rv-o ilifferent interfaces, 
\ve used the chelilical shlft crlterioll to sho~v 
the extent to \vhlch ~t occurs ar one of these 
interfaces. Tllr~s, \\.hen B.A.2i.B is formed 
fro111 t a o  lnolecules of B.A, structural tight- 
ening corllii occur at both the B-A (or A-B) 
and A-A interfaces. X chemical sliifr 
chance ;it the A-X interface was u.;eii to 
iletermine the extent ot strrictllral tighten- 
111g at  this interface. 

The  cell \\,all precursor analoqs (liganils! 
1 to 4 (Sche~ne 1) 11111~1 proqressix-el\- lllore 
strong1~- to glvcopeptiile alltlhiotics of the 
vancorn\-cin group. A collllnoll feature of all 
these l~iranil-antlhiotic illteractiolls is the 
hilliii~lg of a carbosJ-late anion of the ligallii 
into a pocket of three amiile N H  groups of 
the antibiotics (Scheme 3). The biniilng 
cor-ista~~rs (k',,,)-of 1, 2, 3.  alld 4 are ahorit 
12. 3 X 10'. 10'. and 12%hli,  respectivelj~ 
(3) .  \Ve recelltly concllided that one of the 
carl~os\.late oxygen molecllles of the car- 
lioxyl group (n.11ich is comlnon to 1 to 4) 
1-incis more llltllliately to the N H  n., (la- 
beled 111 Scheme 3 )  of the antit-lotlcs as K, 

8 i 

Increases (4. 5). This conclltsion n-ah shown 
from the iiicreaslny Lic~n.nfielil chem~cal  
shifts of \I-, in the hl ly  bound states. 

aiela'e Ac;A 

1 2 

Scheme 1. Cell wall orecursor ai:aIogs which 
b nd progress vey 'nore strongly ( i: the order 1 ,  2 
3, 4) to v~ticomycit i  go;? antb ot~cs. 

Such liheiiomena should be qeneral, and 
tliereiore we next sought analogous data In 
the Llimerl:atlon of the ylycopeptide antihi- 
otlcs, a property that promotes their antibl- 
otlc action (6, 7). The antibiotics dechlo- 
ro\-ancomycin ( 5 )  (R3 = C1. Ri = H),  
vancomyc~n (6) ( R 3  = R4 = Cl) ,  chloro- 
eremomycin ( 7 )  (Ri = R+ = Cl) ,  phenyl- 
ben:ylchloroeremoqcin (8) (Ri  = R+ = 
Cl) ,  anLi eremomycin (9) (R3 = H, R4 = 
C1) (Scheme 3)  exhibit L1lrneri:ation con- 
st,lnts in the r a y e  of 10' to 10'' L I P ' .  
R1stocetin-pse~i~io~iglyco11e (r~stocetin-T: 

onance (KhlR)  experiments yave 16sj;"' 
values that corresponded to the ilifference 

6 111 chemical shift liet\veen fully monomer- 
lc and f~illy Jllneric specles (16s:"") (5) 
and that the smaller A6sF" values ob- 
serveii for the more wea1;ly iinnerizing an- 
tiblotics therefore (lid not correspollci t~ 
onl\- partially ilimerireil antihlotics. I11 sum- 
mary. the two sets i i t  data ~nilicate that, in 
the l~inL1in:;. ot  a llgaliil to an alltihiotlc or 
in the Llimeriration of rhe anribiotics, the 

\ , '  , entities come into Inore intimate conract 
as the e q r ~ l l i ~ r i u m  constants for the re- 
specti\-e associations increase. 

Scheme 2. The b~nding -;eriace be;u!een cIi-'\i'- 
acety-Lys-D-Aa-D-Aa iAc,<DADA) 141 and van- 
cot-iyc n (6) u ! ~ t ~  ;he 'n;e;?aca hydrogen boncls 
represented b\/ broxen n e s  and \;,!I;- ;:le Inonl- 
tored oroton nd~cated. 

1 0 )  (Scheme ? ) ,  which has .one Llitferent 
peptide ';lLie chains than i to 9. has a 
illmerizatlon constant of 50 hlP' .  

Desulte the large var~atlon in the iilmer- - 
izatiii11 constants, the cllllier interf,ices for 
the sls glycolie~~tiLle a n t ~ l ~ ~ o t i c  ciimers Jis- 
c~issed here all contain the common ar- 
rangement of four interfacial aunicie-alnde 
hj-Jrogen bon~is (Scheme 4) (6, S-li'). I11 

particular. the p r ~ ~ t o n  x.+ (Scheme 4) at the 
iiilner interface s~iffers a relatively larye 
cio~vnfield shift upon ciimeri:atlon. The es-  
tent of chi. ~iii\vnf~eld shift (16s;") ivas 
used to reach collcl~isiolls \~.ltl l  reirarci to the 
1oose11ess or t ~ ~ h t ~ l e ~ s  of the illlner interta- 
clal structure as a fiinctio~l ot the L1lmeri:a- 
tion constant (5). The  cllange in chemical 
sllift of x4 ( L ~ x $ ' " )  ill passing from mono- 
mer to cli~ner structure is much laryer in 
the case of the fi)rmation ot a stsingly 
bound ,inner than for that ot a n.eakly 
bouiiJ eiimer (Table 1 anL{ Fi?. 1.4). Xre 
emphasi;e that the nuclear lnagnetic rei- 

Scheme 4. S t r ~ ~ c t ~ ~ r e  of tile a'-iiboiic drrer w'ih 
its oept~de backbone ii:dicated i: bold S-own 
'iere w t -  acetill-c-A1a-2-Ala llgand) DoL.-d 'n 
each b'i:d~i:s s~te. 'iydrosen bonds at i -e  d mei 
nteriace are i:dcaied by ooei: arl-oNs and those 
at the I ga-d-antibotic ntel'ace are indcaied by 
dashed lines. h-ter'riiius, NHZ-term nus 

The  free energy AG value. for the co11- 
versions of the ligand-hounil mollonlers of 5 
to 1 0  to ligan~i-liound ,liner< shon that, In 
all cases, the ~i1merl:ation 1s cooperative 
n-ith llgand hlncling (Tahle 1) .  The corre- 
.pon~iiny changes in the chemical shift of xi 
for 5 to 1 0  for the conr-ers~on of llganLi- 

F I R Scheme 3. Structures of the glyco- 
oest~de ant blot cs fv,~th the tiai~lre of 

5 dech orovancomyc~n f 

5 vancomycin i 

7 c:loroere'nonycln 4.e,ur.vancosa'nlne 

8 ~henylbenzy~chioro- 4-€pi-vancosamlne 
e.emomyc!n 
e r e n o n y c ~ n  4-ept-vancosan~ne 

vancosaniqe 
vancosanne 
4-ep -vancosav~ne 
p-ui7eny aenzy -4- 
spt-vancosamne 
4-€pi-vancosamne 

Vie R, and R, gro~los -d~cated in the 
text), which have d n'erizatio- con- 
stants over :he ranse of about -0' ro 
' 0:' Vl-1 .  



bound monomers to linanil-bound ilimers 
suggest that n.hen d1meri:ation is strong 
even in the  absence of a ligand (8 and 9 ) ,  
the coopzratix-z lxnciing zs1>resseLl in the 
przsznce of a llganci causes little t ightzn~ng 
at the ,I~mer ~nterface (Ta l~ lz  1 ) ;  that IS, 

there 1s llttle Increase in 1 6 ~ ; " '  caused hy 
thz presence of a liganLl (compare Fig. 1. A 
anii B) i l l -13) .  , , 

If the  dllner interface is loose in  the  
absence of a ligaild [small value of the dlmer 
bi l~ding coilstailt KLl,,, (and of -lG -,,,, )], 
a n  Important co i~ t r~bu t ion  to the  increase 
111 K ,;,,,.. (and of 1 G  hII1,,) 111 the  presence of 
a ligand n.111 come tiom changes assoclated 
~ v i t h  the t inh te l~~n t .  of the  d ~ m e r  ~nterface - - 
(~ncrease  in liinitll~g chemical shift of xi). 
Col~versel\-, if the  dimer interface is tight 

u 

even in the  absence o i a  liganLi (large values 
of Kl,,, and I G , , , ,  ). then the  lnajor por- 
tlon of the favorable free energ!- change 
that causes a11 increase 111 K!l,,, in  the  pres- 
ence of a llgand shoulil actually come troin 
changes asiociated ~ v l t h  the  t ~ g h t e l ~ i n g  of 
the liganil-antibiot~c interface, and there 
sliould be little accomya11~-in:,. change in 
the l i lnit~ng chemical shift o t  x4. T h e  way 
in \vhich the cno~ierative free e11ert.y of 

L ,  

dimer1:ation can be parti t ial~ed into chang- 
e> associated \\.it11 the  dimer interface or 
\\-it11 the lieand-anti1:~otic mterface is iniii- 
cared by sers of hypothetical points in Fig. 

0 

0 6 0.65 0.7 0.75 0.8 0 85 0.3 

.16x,lim (pprn) 

Fig. 1. (A: Plot of -lGc,,,, versus ASx! " for the free 
antootcs 5 to 10. [Modfied from (51 and repro- 
dl-lced ;~!itli permssion of Cur r~nt  Bisi'ogy L ~ m t ~ d , ]  
(B: Plot of -LGc,. \/ersus I8x:~l for the antootic- 
dl-N-acetyl-Lys-D-Aa-D-Aa complexes for 5 to 10. 

2.1. T h e  esuectatlon 1s that ,I lveaklv dimer- 
i;lng cornyounil \\-ill laxel;- exercise coop- 
erativitv I?\- tightening the climer interface 
(arro~vs joinin? open and tllle,l circles for 
thz samz antlbiotlc at a shallon, anglz to t11z 
11or~:ontal: h r  zsample. IS; in Fin. ? A ) ,  I11 

contrast, a stro~lgly ;limeri:ing c o ~ ~ l p o u n d  
ivill largely exercisz cooperatir-ity by tight- 
el1111i. the interface \\-it11 the l i ~ a n d  (arrom-s ,-. , 

joining open anii closeil clrcles for the  salne 
ailtibiotic a t  a x-ery steep angle to the  hor- 
i:ontal; for example, Z in Fig. 1A). 

T h e  experimental data (Fig. 3 )  follo\v 
the postulated expectation from F1g. 1 re- 
markably closely. T h e  nyeakly Liimeri:ing 
an t i l~ io t~cs  ristocet~l~-'1' 110) and ilechlo- 
rovancomr-tin ( 5 )  dimerireil more strongly 
in  the  presence of di-N-acetvl-Lvs-0-.41aa~- , , 

Ala t l ~ a n  in ~ t s  absence essel~tlally because 
the  free energy of lill~iimg associated \\-1t11 
chal~oes a t  the illmerlratiol~ interf,ice is 
more f,lr-orable. T h e  Inore strongly ilimeri:- 
ing an t i l~ io t~cs  chloroeremomyci~~ ii), phe- 
11\-lbe11:~-lc11loroere1110111~-cin ( 8 ) ,  and er- 

emomyc~n  ( 9 )  cii~ilzriizd Illore strongly in 
the presence of ili-~-acetyl-Lys-~1-~41a-~~- 
Ala than in  its absence largely because the 
free energy of binding associateil \ \~l th  
changes at the antibiotic-ligan~l interface is 
more favorable in B.A.A.B than in B.A. 
There was llttle change 111 the free energy of 
liinJ111g assoclatzd with changes at the  
iiirner interface. T h e  hehavlor of vancoiny- 
cill ( 6 )  was bet\veen these t\vo extremes. 

Our  iindiilgs have impllcatiol~s for the 
study of protein-protein lnteractioils and for 
drug design. 111 both areas, it is coinmoll 
practice to seek the orlgills of b i l ~ d i l ~ g  affin- 
~ t \ -  a t  the interface forlned l~et\veen the  
assoc~ating eiltltles (14. 15) .  Our  data (Fig. 
3) sholv that \~y l~en  the antibiotics 8 and 9 
ilimeri:e more strongly 111 the presence of a 
liganil (relative to its absence), the  increase 
ill the  eiluilibri~u~l collstailt for dimerization 
arises largely 1'1.0111 changes associated with 
the  t ~ g h t e l ~ i n g  of the  interaction bet\veen 
the ligailii and the antibiotic. By analogy, 
\vhen proteins (or, Inore specifically, recep- 

fable 1. Chemical slifts of the proton x.. In monomerc and dimeric forms of the gycopeptde antibotics 
5 to 10 :both In the presence and aosence of di-N-acety-Lys-0-Ala-0-Ala iAc,KDADA)], Sxd":,,, IS the 
chernca shift of the proton xA In the antbiotic monomer, 8x!':,,, is the chernca shift of x_ in the fl-lily 
bound dirner and 16x11" IS the direrence oetv!een these chernlcal shifts. 1G,,,, , I S  the free energy 
cliange for the forrnaton of a dmer from a monomer. 

=',t'i-en x, st-owe3 two cr-emca si- t s  secause of asymre t~  1 1 -  t -1e dmer, the average of these two vailes was used 
n derl\V I-g 1 6 x  ' 

Fig. 2. (A: Plot oi 
- IG,  ,, \/efsus 1Sxb - for A i 
hypothetlca data polnts 
for free antbiotics V i ,  X, 
v, and Z (open circles] 
and the sarne set of fol-~r 
antio~ot~cs;*!i;en dmeriz- 
n g  as antibiotic-gand 
complexes Filled crcles). 
- 
I he arrows connect the 
hypothetical points for a 
gi\!en antibotc and the - 
seres of antibiotics V i .  X, 
", and Z have Increasing 
dirnerlzatlon constants, 
(B: Because the free energy of dmerzation assocated with changes at the dmer interface is defined by 
the curve connectng the ponts (open crclesl for the dimerizaton of antbiotic alone, the extent to whlch 
ti-e filed crcle e s  \/ertcaIly above ths  ccrnje g~?~es tile free energy of dimerization associated with 
changes in the ligand-ant~b~ot~c interfaces. 
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Fig. 3. Comoined plot of -1G,,,,, \/ersus 18xllm for 
free (open circles) and igand-oound ( f e d  circles) 

antibiotics 5 to 10. For any one antibot~c, arrows 
represent changes occurrng upon I~gand oinding. 

t0rs) liave loose structures before binding 
another protein ior ill tlie soecific case of'a 
receptor, its natural ligand or a drug), tlien 
a portloll of the  binding affin~ty can be 
derived by tightening of the internal struc- 
tures of the proteins in the  resulting hounii 
state. Given this possibility, the thermod\;- 
llarnic parameters for protein-protein asso- 
ciations, which are perplesillg \\lhen ana- 
lyzed in  terms of interfacial interactions 
('141, can be seen to have r n ~ ~ c h  lllore corn- 
ples origins. T h e  findings ma\- albo 1.e rel- 
evant to transnlelnbrane aignal transduc- 
tion, most obviously n-hen slgl?al a c t i ~ ~ a t i o n  
is coincicjent with receptor cjimeri;ation 
(1 6). Suppose a liigand binds strongly to the 
monollleric for111 of a receotor (\vliich Itself 

L ,  

dimerizes weakly in  the  absence of a ligand) 
and binds coooeratively to the dimeric for111 
of tlie receptor. Such a systelu is well con- 
stituted to produce a tightening of the  
structure of the  receptor at its dinner inter- 
face and hence to assist in ligand-induced 
changes in geometry (even witliout obvious 
allosteric changes) at points remote from 
ligand binding. 
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Elucidation of the Chain Conformation 
in a Glassy Polyester, PET, by 

Two-Dimensional NMR 
K. Schmidt-Rohr," W. Hu, N. Zumbulyadis 

The chain conformation of glassy poly(ethy1ene terephthalate) (PET) was characterized 
by two-dimensional double-quantum nuclear magnetic resonance (NMR). In amorphous 
carbon-13-labeled PET, the statistics of the 0-13CH2-13CH2-0 torsion angle were 
determined, on the basis of the distinct shapes of the two-dimensional NMR patterns of 
trans and gauche conformations. In crystalline PET, the trans content is 100 percent, but 
in the amorphous PET it is only 14 percent (i5 percent). An average gauche torsion angle 
of 70 degrees (=9 degrees) was obtained. Implications for materials properties of poly- 
esters are discussed. 

PET (Fig. 1 )  and related aromatic polyes- 
ters find mlclespread uses in tough, transpar- 
ent  pacltagi~lg lnaterials with good barrier 
properties, in polyester fibers, and in  thin 
films for photograpliic or magnetic-tape ap- 
plications, which represent multibillion 
dollar industries ( 1 ) .  T h e  degree of crystal- 
linity can vary from L1 to 50°b, and noncrys- 
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talline glassy polyesters can be obtained by 
quenching from tlie melt, which produces 
transparent films. T o  understand details of 
the  lnaterials properties of amorphous and 
semicrystallille polyesters, such as glass- 
tralnsition alnd lnelting temperatures, crys- 
tallization rates, masirnum crystallinities, or 
gas-barrier properties, kno\vledge of their 
microscopic structure is required. Although 
the  chelllical and the  crystal structures of 
PET are well known (Fig. 1)  ( 2 4 1 ,  the 
chain conformations in the atnorphous 
state are poorly characterized. T h e  torsion 
around the OC-CO slngle bond (Fig. 1)  is 
the  nlajor degree of freedom; bond lengths 
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