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A Trivalent System from VancsrnycinaD-Ala-D-AIIa 
with Higher Affinity Than AvidineBiotin 

Jianghong Rao, Joydeep Lahiri, Lyle Isaacs, Robert M. Weis, 
George M. VVhitesides* 

Tris(vancomycin carboxamide) binds a trivalent ligand derived from D-Ala-D-Ala with very 
high affinity: dissociation constant (K,) - 4 x 1 0-l7 = 1 X 10-17 M. High-affinity trivalent 
binding and monovalent binding are fundamentally different. In trivalent (and more 
generally, polyvalent) binding, dissociation occurs in stages, and its rate can be accel- 
erated by monovalent ligand at sufficiently high concentrations. In monovalent binding, 
dissociation is determined solely by the rate constant for dissociation and cannot be 
accelerated by added monomer. Calorimetric measurements for the trivalent system 
indicate an approximately additive gain in enthalpy relative to the corresponding mono- 
mers. This system is one of the most stable organic receptor-ligand pairs involving small 
molecules that is known. It illustrates the practicality of designing very high-affinity 
systems based on polyvalency. 

Polyvalent  lnhlbltors can be ~iseii for 
1:lockinp the  adlieslon of patlioeelis to the 

- > -  ~ L C >  of tarpet cells (1, 2 ) .  T h e  enhanced 
biological actlvity ohserl-ed 111 these sy-stems 
has been rationalized 111 terms of tlie roles of 
enthalp1- and entropy. Similar ~tratepies [is- 
111g polyvalency may also be aprlled to oth- 
er sroblems In b~ocl1em1str.i- such as block- 
ing car1:ohydrate-proteill interactlolls and 
cc?ntrolline cellular siglial transduction 13- 
7). 1Ve descril~e the design and synthesis of 
a tri~.alent system of receptor and lipand 
iierlveii from ~ancomy-cln  and ~ - X l a - D - A l a  
(DA4DA), respectively, that shoxvs escep- 
tionally hlgli aiflnlty [its binding constant 

J. 2ao J L a p - .  - Isaacs G. M 'Ai--6se:es. 2eoertnent 
o- C i a 1 7 s t j ,  21-d Ci-elrce Eozgy .  tal.'!el-c: Ji.-el-st:l 
12 Ox-zl-el S: set, Cam-I-dgs I'!A '22- 38 USA 
2 Ib; 'LPIes. 26~81-17sr :  zf Cris i is-r !  U i.!e~.st:' zf I'!es- 
sec i~se t t s  A ~ i e r s t .  I'!A C' 333 USA 

(K,) is -4 X 1L1-" I 1 X la-'; M. 25 times 
tlphter than l~lotin-avldin, ii-hlch 1s one of 
the stroncest interactions knoii-n in bioloo- 
ical systGns (Y)] anii xve characterize tl?e 
thermodynam~cs and kinetics of thls high- 
affinity system. 

W e  cliose the vancomyci~-rL?;iL?~ pair 
for elaboration into a rmlvvalent svsteln for 

L ,  

flve reasons: (i)  vancomycln 1s relatively rlg- 
ld, and tliere 1s little loss in conformatlonal 
entropy on hilidi~lg (Table 1) (9): (ii) LY'11- 
llalni anii others have st~idled ~t In detall 
struct~irally ( 10-1 2 )  and thermodynamically 
(9, 13): (iii) the tn70 components are readily 
available and relatlvelv easily moLhtied svn- 
thetically (7);  ( ~ v )  tlie monovalent complex 
has a convenient bilidillg constalit (KL, 1 
p h l )  (14); and (I-) LVllliams proposed that 
n o n c o ~ a l e n t  divalencv 1s ~mportant  in the 
binding of vanci>mycin to DADA groups 111 

bacterial cell ~valls (15-1 7). 
T h e  design of the trivalent vancomycln 
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Fig. 1. HPLC of al~q~~ots of samples that con- 
ta~ned (A) R!V, (4.5 ~ M ; I :  (B) RtV3 (4.5 @I). (C) 
R,V, (4.5 kM) - L (19.1 mMi; and (D) R,V, (4.5 
kM) + R',L', (4.5 kM). Dansy-L-Leu (10 kM) was 
introduced Into each sample except (A) as an n -  
ternal standard. A analyses were carr~ed out u n -  
der the same condtons, w~th a Ra~nn Noburn. 
Massachusetts) analbdical reverse-phase C18 co- 
umn .  linear elutng gradent from 8590 solvent A 
[0.1?0 tr~fluoroacet~c ac~d (TFA;] In water] and 15% 
solvent B (0.1 9.0 TFA In acetontre) to 70% A and 
30°/0 B. over 45 mln. The absorbance was monl- 
tored at 280 nm wavelength. 

derivative R,V, [C,H3-1,3,5-(CONHC,H,- 
4-CH2NHCOV),; V = Vancomycin] and 
the trivalent derivative of DADA, R',L1, 
[C,H,-1 ,3,5-(CONEH(N"-acety1)-L-Lys-D- 
Ala-D-Ala),], u7as based on the geometry of 
the monovalent complex (18) and on the 
positioils available for modificatioil (Schetne 
1) (1 9). The central aro~natic spacer was 
designed to be large eno~~gh  to accommodate 
three vancomycin molecules and rigid to 
minimize the loss of coilformatio~lal entropy 
on binding. Syntheses a-ere modeled on 
literat~~re precedents (7, 19); 'H nuclear 
magnetic resonance (NMR) spectra and 
electrospray ionkation tnass spectrometry 
(ESIMS) confirmed the structures (2C). 

We exalllined the stability of the com- 
plex R,V,.R',L', by high-pressure liquid 
chrolnatography (HPLC). On  iiljectiilg a 
mixture of R,V, and R1,L',, we observed 
only the aggregate R,V,.R',L',; we did not 
observe free REV, (R,V,.R',L', and REV3 
have clearly distinguishable retelltioil 
times) (Fig. ID). In a control experiment, 
we examined a mixture of R,V, (4.5 pM) 
and a monovalent ligand L, diacetyl-L-Lys- 
D-Ala-D-Ala (19.1 mM), by HPLC under 
otherwise identical conditions; this experi- 
ment sho~ved only the presence of R,V, 
(Fig. 1C). We inferred that the 1: 3 corn- 
plex of RtV,.3L that was ~undouhtedly 
present at equilibriutn dissociated com- 
pletely during the passage through the col- 
umn; the fact that the peak for R,V, was 
sharp indicated that dissociation u7as fast 

V-R 

V-R 

~ a n c o m ~ c i n  (V) 

R'tL'n 

Scheme 1. Structures of the tr~valent der~vatves of vancomycln. R,V,. and of DADA. R',L', 

under the conditions of the experimeilt 
(21 ) .  We concl~tdeii that R,V,.R',L'3 was 
stable enough to survive the HPLC exper- 
iments intact. Therefore, we used HPLC to 
quantitate the relative atnounts of R1,L',, 
R,V;, and R,V,.R',L', in a mixture of these 
species and to estimate the trivalent disso- 
ciation constant K:, (Eq 1). A direct titra- 
tioil of RtV3 with R',L1,, hon~ever, a-as not 

tectable concentration [in the micromolar 
range for the ultraviolet (UV) detector]. 
Thus, a-e turned to a competition assay to 
estimate K> indirectly from the equilibrium 
coilstant K (Eqs. 2 and 3);  

successf~~l; the reaction was stolchiometric here, K!j' is the average monovalent disso- 
even when REV, a-as at its rninitn~~m de- ciation constant of the complex R,V3.3L 

Table 1. Thermodynamc parameters of bnd~ng of der~vat~ves of vancomycn to der~vat~ves of DADA at 
298 K.  Values of AH' were determined by dupl~cated TC ttratlons at pH 7.0  In 5.0 mM phosphate buffer 
at 298 K: values for the free energy AGO were calculated from K,, measured In the same souton except 
for that of R,V,.R',L',: values of -TISo were calculated from 1G" = AH" - T1S0, In the cases of 1 : 3 or 
3 :  1 complexes, the three blndng s~tes were treated as Independent In the analyses. Errors are 
estmated as 2500 for Kd and 500 for AH". R' ,L'  and RV are the monovalent dervatves of DADA and V, 
respectvey, desgned to smuate the nfluence of the R', group in R' ,L' ,  and the R, group in R,V,: R1,L' ,  
Nu-acety-Ne-benzoy-L-Lys-D-Ala-D-Ala; RV. C,H,CONHC,H,-4-CH,NHCOV. 

Receptor/ Receptor L~gand llgand 

R!"3 R',L', 1 . 1  4 x 10-"2 I x lo-" -94 -167 73 
Vancomyc~n* L 1 . 1  1 .6  x lo-"  -33.0 -50.2 17.2 
b V 3  R',L' 1 : 3  1.1 X lo-"  -33.9 -51.9 18.0 
R,v3 L 1 : 3  2 . 7 X 1 0 - "  -31 8 -50.2 18.4 
Vancomycn R',L', 3 . 1  0.34 x lo-" -36 8 -73.2 36.4 
RV R',L', 3 : l  0.11 X lo-" -39.7 -74.1 34.4 
RV R';L' 1 :1 0 96 X lo-" -34.3 -87.9 53.6 

'Meas~rec: n 20 ,I-M phcspi-a-e buffer st 298 K, ti-e res~ l -s  agree 5r)e *ti- the I-era-ure values ( I S ! .  
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and mas estimated as 5 pM hy UV differ- 
ence spectroscopy (14, 22).  

W e  alloa-ed R',L', to compete with the  
monovalent ligand L for REV3; the  concen- 
tration of L used in the  assay was chosen 
such that at least 99% of the  three vanco- 
mycin binding sites o n  R,V, \\,ere saturated, 
and that o n  addition of R1,L',, there ~l-as a 
quantifiable concentration of free R1,L', in  
solution at eq~~i l ibr ium in the  systetn. W e  
defined 0 as a measure of the  progress of the  
exchange reaction o n  addition of R1,L', 
(Eq. 4) ;  0 is the  fraction of total R,V, 
present in  the  sample that is in  the  fortn of 
R,V3.R',L1 ,. 

of V and L [making a statistical correctioi~ 
of a factor of 9 for the  number of receptor 
and ligand groups in  the  trivalent species; 
k,,, = 9.3 x 1 L1%,fV1 s-' for V with L (2  1 )], 
then k,, ~i,ould be -8 x la7 hlY1 s-l, and 
the  rate constant for dissociation of 
R,V,.R',L'3, kc),f, ~l-ould be k,, = k K; = 
3 X 1L1-9 s-l. Even if the  association of REV, 
with R1,L', ~l-ere diffusion controlled (1 2)  
and had a value of k,,, = 1G9 h,fF1 s-', the  
estimated value of knit ~i,ould be -4 x lL1P 
s-l. This value 1s compatible with our ob- 
servation that the  aggregate does not disso- 
ciate observably over the  >lai s required 
for the  HPLC analyses. T h e  exchange reac- 
tion hetll-een R,V,.R',L', and L, however, 
proceeded suprlsingly rapidly; the reaction 
~l-as nearly cotnplete in  <45 min, as evident 
in the  HPLC traces taken during the  ex- 

Equation 5, obtained by combination of 
Eqs. 3 and 4, a-as used to characterize the  
binding (23):  if the  ratios of 0/[R1,L',] are 
plotted versus 0, a straight line would be 
expected; both the  slope and ? intercept of 
this line would afford the  ratio of K/[LIi and 
thus the  value of K. T h e  values of 0 and 
[R1,L',] were detertnined from the  HPLC 
titrations (24) .  T h e  ratios of 0/[R1,L',] were 
then plotted versus 0. As expected, the  plot 
gave a straight line and yielded the  value of 
K (Fig. 2) .  W e  estimated Ki using K' '  and K 
(Eq 3); our estitnate of K:{ is - 4 X la-'' -+ 
1 X la-'' M. This dissociation constant is 
lower than that of biotineavidin (KLj = 1C-'j 
M) (8). 

A t  first, the  conclusion that RcV, bound 
very tightly to  R1,L', seemed at  odds with 
the  relatively fast equilibriutn ll-e observed 
in  solutions containing R,V,, RttL',, and L. 
If we assume that the  rate constant for 
association of R,V, and R1,L',, k ,,,, is ap- 
proximately nine times that for association 

0.00 4- 
0.3 0.5 0.7 0.9 

8 

Fig. 2. A pot of the ratlos of B/[R',L',] versus 8 for 
the titraton of R,V3 (4.5 kM) with R',L', (0 to 35 
kM) in the presence of L (19.1 mM). The line is a 
hear  fit of the data to Eq. 5. The slope of the Ine 
yields a value of K/[LI3 - 0.47 kM-- . The value of 
iC, for R,V,.R',L', s thus estimated as -4 x 
1 0 - 7  2 i x lo- i7  M ( ~ q .  3). 

Time (min) 

Fig. 3. Representative HPLC traces demonstrat- 
ng the exchange of R,V, (3 kM) + R',L', (22 kM) 
with L (86 mM) with formailon of RtV;3L. Ex- 
change reactions were carrled out by addlng L to 
an equilibrated mixture of R,V, and R',L', and 
injecting it into the HPLC column after (A). 0; (B), 2; 
(C), 45; (D). 190; or (E), 360 min. Symbols (0) 
indlcate the retention time of RtV;3L: ths  com- 
pound d~ssoc~ates to free R,V3 on the column. The 
sample of R,V, we used contained small amounts 
of mpurities, which are Indicated by the astersk 
and solid bar. The conditions were similar to those 
in Fig. 1 .  except that aVydac anaytlca RP column 
was used wlth the same linear gradlent. run over 
30 mn. 

change of R,V,.R',L', a-ith excess L (Fig. 
3).  Approximately 6L106 of the  REV, re- 
mained as R,V,.R',L', at equilibrium in  a 
system containing L at a n  -56 mhl  con- 
centration, 17,QaC times greater than the  
dissociation constant for the  co~nplex of 
R,V, and L, confirming that R,V,.R',L', 
was tightly associated. There is, holyever, 
a n  essential difference in kinetics b e t ~ i ~ e e n  
this trivalent system ailii biotinaavidin. Dis- 
sociation of R,V,.R',L';, when carried out 
in  the  presence of excess monovalent ligaild 
L, proceeds in  stages and is rapid in the  
presence of excess L; dissociation of 
biotin.avidin necessarily proceeds to c o n -  
pletioil in one step and is sloa-. 

W e  evaluated the  thermodynamics of 
binding, using isothermal titration calorim- 
etry ( ITC)  (Tahle 1)  (25) .  I T C  can be used 
to  estimate Kc{ in the  millimolar to  nano- 
tnolar range. It  alloll-ed us to estimate the  
enthalpy of binding, AH0, and K:;' for the  
monovalent interactions, but only AH0 for 
the  interaction of RcV3 with R',Lt3. W e  
liill analyze these complex data in  detail in  
the  future, but we note two important ini- 
tial i i~ferei~ces from them here. First, AH0 
for the interaction between REV, and 
R',Lt3 is --I67 kJ/inol, a value that is 
approximately three times that for  mono^-a- 

lent vancomycin and DADA (AH0 = -53.3 
kJ/mol) (1 3); similarly, the  value of T A S O  
(where T is the  temperature and AS0 is the  
entropy of biniiing) for the  trivalent species 
is approximately three tiines that of the  
monovalent species (26) .  Second, the  value 
of K., is remarkably illdifferent to substitu- 
tion o n  either vancomycin or L-Lys-D-Ala- 
~ - , 4 1 a  groups, so long as the  interaction is 
monovalent; only the  trivalent interaction 
is strong. Third, attachment of organic 
groups to  vancomycin or L - L ~ S - D - A ~ ~ - D -  
Ala groups sometitnes leads to larger vah~es  
of AH0 than is observed for unsubstituted 
vancomycin and iiiacetyl-L-L~s-D-A~~-D- 
Ala. W e  have not  established the  origin of 
this increase yet. In  general. hoa-ever, the  
data suggest that the  high tiee energy of 
association of R,Vj.R1,L', comes primarily 
from the  association of three V and L 
groups. 

T h e  trivalent system comprising R,V, 
and R1,L', is the  tightest binding system in  
relatively loll- inolec~~lar  a-eight organic spe- 
cies of a-hich ll-e knoa-. These systems are 
fi~ndanlentally ciifferellt fro111 those formed 
by strollg monovalent interactions (such as 
avidinabiotin), in that dissociation of the 
complex can be accelerated by incubation 
with a monovalent ligaild capable of com- 
peting for the  receptor sites. Aviciin*biotin 
interactions are a-idely used in analytical 
biochemistry; we believe that tight bindil~g 
systems based o n  polyvalency ~vill  offer al- 
ternatives and that the  aspect of reversibil- 
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ity on addition of competing monovalent 
ligand m-ill confer a degree of flexibility not 
possihle n.ith ax-idiwhiotin. 
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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. 

Cooperarivlty lles at the heart ot molecular 
recogn~t~on ,  ~vhlch leads ro biological tiinc- 
tion ( 1 ) .  It is typically exercised n h e n  nu- 
merous Iveak interactions operate simulta- 
neously. W e  may detine an interaction be- 
tween two molecules of A to glre ri.A 
(iii~neriration) as being cooyerat1r.e ~v i th  
the hinJing of B to A if tlie equilibrium 
constant for the assoclatlan of t\\-o mole- 
cules ot B.X (to gir-e B.X.A.B) 1.i greater 
than that for A + A A.A. Here, we 
inl-estigare tlie ~nolecr~lar orlglns of such 
cooperatlvity anii cieflne a methoci for lo- 
cating the origins of cooperative blnd~ng 
energy. We define the interfacial blndings 
111 B.X and A.A as "loose" or "t~ght." In 
ticllt bindlnc, the bonds that iLlentify tlie 

D H 12'1 lams, Cai-brcge Cei-re '?r Molec~~lar Rec?g- 
n -101, Decal-met-t of Chem~str;, J I - I V ~ ~ S I - ~  of C a 7 -  
b r x e .  Leisf~eld Rosc: Canbrnqe C32 IE',:' U<. 

indlvici~ial interactions at the interface glve 
a relatively large (perhaps near inaxlinal) 
biniling enercy; that is, the averace 'onii 
lengths are relatively short. In contrast, 
loose blndinc means that the correspollding 
~nter:ictions are associareii ~ i t h  longer av- 
erage bond lengths, wlilch give an apprecia- 
hly lo~ver binding energy tlian that ar-all- 
able in a tiglit structure. Loose interactions 
occur \vhen the qum of the favorable bonJ- 
ing interacti~ns (enthalpy) 1s sufficiently 
sliiall to he counteracteii hy the adverse 
entropy of blndinc anii \vlien there is a 
relatively large amount of resiiiual inotion 
in the bor~nd state ( 2 ) .  

X7e p r ~ v i ~ i e  experilnental evliience for 
the validity of the ahove consiiieratlons In 
tlie follo~ving sequence of steps: 

1)  The occurrence of loose anii tiglit 
interactions, but other~vise involvinq a 

A MsgJlre, C r ~ c a l  ~ ~ c r o , : ~ o b c y  aic: F ~ . b c  Healri- colllllloll set of boll&, n.as shiLvli 
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Carb.~::ce CE2 2CW UK t l i r i )~~gh the use ot proton chemical shift 
!'I! T S L I Z L ~ I ,  Na ro i s  Fooc: Researci- r s t ~ t ~ r e ,  M i s - r ,  o' changes upon association. Using the cliem- 
Acric~.l- re, Forestry a i d  Flsi-ems. 2-1-2 Kani?ic:a~, leal slllft we sholveii that assocl. 
Ts~ .k~ .ba ,  bs rak  3C3 Jspa i  

vjes .,:b, e l  Dysol. Ferrlrs Lsbols-or,., Jll~~el.slr~J 3z 
ated structures ~nvolving one interface jB 
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'To vJi-oln corresp3rdelce s:loulc be tliat interface 2s the equilibrlr~m constant 
dhv:i (Qca n.ac ~k for their formation increases. 
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