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MECHANISM OF ALLERGENIC CROSS.REACTIONS-IV. EVIDENCE
FOR PARTICIPATION OF AROMATIC RESIDUES IN THE LIGAND

BINDING SITE OF TWO MULTI-SPECIFIC IeE MONIOCLONAL
ANTIBODIES ,!i oq L

P.  R .  DRoupnn r , *  J .  M .
*Depar tment  o f  Veter inary  Pathobio logy
Texas A&M Univers i ty ,  Col lege Stat ion,

Un i ve  r s i t y

INTRODUCTION

The concept of multi-specific antibodies was first stated
by Talmage (1959) and has been extended by others
(Richards et al., 1975; Varga et al., 1913). In several
studies of antibody specificity for monoclonal antibodies
(mAbs) it has been noted that some mAbs have a broad
binding specificity and some even demonstrate a higher
affinity for ligands structurally different than the original
antigen (so-called "heteroclit ic antibodies", i.e. they
deviate from the rules) (Imanishi and Makela, 1974). In
1981 Rudolph et  a l .  (1981) made a l ibrary of  13 IgE
monoclonal antibodies to the hapten trinitrophenyl
(TNP) and it was observed by others that some of these
were heteroclit ic (Furusawa and Ovary, 1988) in that
they reacted with higher affinity to dinitrophenyl (DNP).

$Author to whom correspondence should be addressed at:
Department of Veterinary Pathobiology, Texas A&M
University, College Station, TX 71843-4467, U.S.A.

Abbreuiat ions: CAMM, computer-aided molecular modeling;
CDR, complementarity determining region; CT, charge
transfer; Fab, fragment of immunoglobulin which binds
antigen; FR, framework residues, Fv region, fragment
variable of ig consist ing of variable H-chain and varìable
L-chain; H-chain, heavy chain of immunoglobulin; mAb,
monoclonal antibody; L-chain, l ight chain of immunoglob-

ul in; PBS, phosphate buffered sal ine, pH 7.0; V-region,

variable region of H- or L-chain; VDW, van der Waals.
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Varga et  a l .  (1991) examined two of  the IgE clones
(noted as LA2 and LB4) from this collection and found
that they had a wide range of l igand binding specificit ies.
They examined ligand binding with over 2000 com-
pounds and found several families of compounds (tetra-
cyclines, polymyxines, phenothiazines, salicylates and
quinones) that had no obvious structural similarity to
DNP that were highly reactive. For example, these two
IgE were found to bind diaspirin, DDT (chlorophe-
nothane), hymecronon, diamox and cycrimine, all in the
pr M affinity range; these IgE also react with a house dust
rnite peptide allergen (pM affinity) (Varga et al., l99l).
The variable (V) region genes for these two IgE mAbs
were cloned, sequenced and found to have an unusual
number of aromatic residues in the V-regions (Kofler
et al., 1992).

In general, the antigen binding site consists of an area
located near the top of the Fv region and is formed by
six adjacent polypeptide segments or "complementarity

determining region" (CDR) loops (Wu and Kabat, 1910;
Kabat et  a l . ,1977),  three contr ibuted by the L chain,  L l ,
L2.  and L3. and three from the H chain,  Hl ,  H2, H3.
The CDR loops are formed by the folding of the
anti-parallel p-sandwich polypeptide segments for each
chain. Although no one has crystall ized an IgE antibody
or derived Fab fragment, X-ray diffraction studies of
IgM, IgG and IgA derived Fab crystals from over 30
different myeloma proteins and mAbs have revealed that
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Abstract-The binding sites of two IgE nonoclonal antibodies (mAbs), LA2 and LB4, were

examined by absorption, f luorescence spectroscopy and computer-aided molecular modeling
(CAMM). Absorption spectra revealed the formation of I  :  I  molecular complexes for both LA2 and
L84 with a variety of structural ly dif ferent i igands. For mAb LA2. the binding constants for l igands
consist ing of dif ferent amino acid derivatives coupled to DNP could be divided into two groups,

suggesting that certain amino trcid side chains (e.g. hydrophobic) of the derivatives were a
contr ibuting feature in l igand recognit ion. The presence of a charge-transfer band (320-340 nm) was
also observed for complexation with several dif ferent l igands, indicative of aromatic l igand
interactions with mAb binding site tryptophans. CAMM studies of the Fv region for both mAb
support of the empir ical observations and inspection of the Fv models reveal numerous binding site
aromatic residues that are l ikely candidates for l igand recognit ion and complexation. The mult i-

specif ici ty of these mAbs tor dif ferent l igands may be due to a mult i tude of interactions with aromatic
residues in the binding sites. "Î

Key words: IgE antibodies. lul t i rspecif ici ty, computer-aided molecular modeling, charge transfer.
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Tab lc -  i .  L igh t  cha in  a r td  heav ; . r  , : ha in

mAbs  L .A l .  LB . l  and  the

P. R.  DnoLpt t> t  e t  u l .

complc t r rcntar i lv  c le tcrmin ing ree ion (CDi( )  uminc : Ì ( r r t i .  fo r
"parent"  s t ructures used in  the CANIM stud iesn

An t i body L l : 2 6 - 3 2 Ll :  50-56 L3: 89-97

LA2 SQS LLYSSNQKNY
]MCP SQSLLNSGNQKNF
' fo ta l  

o f  n inc  iLmino ac ic ls  rep lacen- ìents :  no
H  1 :  2 6  - 1 5

WASTRES
GASTRES

inser t rons  or  de le t ions
H2: 50-65

QHYYSSPYT
QNDHSYPLT

H3 :  94 - i 02

Lr\ l  GDSITSGYWN
3HiV{ F GDSITSDYWS
l D  l 3
Tota l  o f  l - l  amino ac id  rep laccmcnts :

FI  NYSGNTYYNPS LRS
YVSYSGSTYYNPSL KS

one segnlcnt repluced.

RANWDVFAY

RERDYRLDY

Antibot ' iy L. l :  26-32 L2: 50-56 L3: 39 97

t_84
4 F A B
Total  o l

SQS I  VH SNG N' f  Y
SQSLVHSQGNTY

si r  amino ac id  rep lacen- ìents ;
H  l :  1 6  - i 5

K V S N R F S
K V S N R F S

no inser t ions o f  c ic le t ions.
FI2: -sl)-6,i

F Q G S H V P L T
SQSTHVPWT

H3:  94 -102

L84
6 F . A B
SFAB
Total  of

GYTFTSYGIN
CYTFTSNGIN

YIYIGYGY I  EYNEKF'KG
YNNPGNGYIAYNEKF-KG

RWGLI  F  AMDY

RNLIAGCIDV
13 an-r ino ac id  rep lacements ;  one segment  rep laced.

"Res idue pos i t ions are numbered zrccord ing to  the system of  Kabat  e t  a l .  (1991) .  "Parent  s t ructures"
are noted as the BPDB codes for  d i f tèrcnt  ant ibod ies as fo l lows:  2MCP ( ìv{cPC603) ;  3 t ' lMF
(HyHEL-10 ) ;  lD l3  (D i  3 ) ;  6FAg  (36 -71 ) ;  4FAs  (a -a -20 ) ;  3FAB (NEWM) .

the  s ix  CDR loops  are  paramount  to  an t igen recogn i t ion
(Davies et  a l . .  1990).  The canonical  nature of  f tve of  the
CDR segments has been previously noted and has
led to sllccessful computer-aided molecular modeline
(CAMM) ol '  ant ibody Fv regions (Chothia et  n l l ,
1986,  1989;  Choth ia  and Lesk ,  1987;  Pad lan ,  1990) .

ln the present study, we examined the binding of  a
var ie[y of  l igands, including drugs, aromat ic compounds
and amino acid der ivat ives of  DNP, to the IgE mAbs
LA2 and LB4. The binding constants obtained for
different amino acid derivatives of DNP could be divided
into two broad categor ies:  (  I  )  polar and charged
DNP-amino acid l igands with low af l tn i t ies;  and, (2)
nonpolar and hydrophobic DNP-amino acid l igands
with higher amnit ies.  In addi t ion,  we conducted CAMM
studies of  the mAb Fv regions to ident i fy solvent
exposed aromatic residues that might participate in
l igand recogni t ion and complexat ion.  These obser-
vations should prove useful in identifying the interactive
motifs in these IgE mAbs and subsequent site-directed
mutagenesis experiments with altered Fab fragments.

Table 2.  Intr insic associat ion constants (K")  of  mAbs LA2 and
LB. l  wi th non-DNP l ieands

Ligand
* .  ( l m o l e  - ' )

LA2 CT,

Antibody binding si te aromat ic residues may play
in-rportant role in defining antigen specificity.

VTATERIALS AND METHODS

lvlonoclonal IgE antibodies

The mAbs LA2 and LB4 were purif ied from tissue
culture media by affinity chromatography using a

Table 3. The molar ext inct ion coeff icients and
intr insic associat ion constants tor mAbs LA2 and
L84 with dif ferent ì igands of DNP-amino acid

denvatlves

L igand

€róon," KA (LA2) KA (LB4)
l m o l e - r  l m o l e - r  l m o l e - r

1 x l 0 r )  ( Y l 0 i )  1 x 1 0 5 )

an

Cycrimine
Hemimell i t ic acid
Endoiod ine
Diasp i r in
r  -n i t r i lo -c innarn ic  ac id
Diamox

1 . 7  x  l O j
4 .5  x  lOa
3 . 3  x  1 0 5
2 . 9  x  1 0 5
1 . 6  x  1 0 5
3 . 2  x  l O a

6 .9  x  lOa
5 .9  x  lOa
.1.6  x  l0a
i . 7  x  l 0 r
1 . 1  x  1 0 5
1 . 0  x  1 0 5

, r  r  - 1 .

K  \  ( l m o l e  ' )

LB4

DNP only
DNP-ala
DNP-arg
DNP-asn
DNP-asp
DNP-glu
DNP-giy
DNP-gin
DNP-leu
DNP-lys
DNP-met
DNP-phe
DNP-pro
DNP-ser
DNP-thr
DNP-trp
DNP-tyr
DNP-val

Y
Y
N
N
N
Y

1 . 2 6
1 . 8 4
0.80
1 . 8 5
1 . 7  6
l . r 8
t . 5 7
1 . 9 0
1 . 9 2
I  . 1 9
r . 9 1
1 . 9 9
1 . 3 6
2.03

89
74
45

0 6 8
5 . 2 1
0 . 5 2
0 . 3 2
' ' t  À1
: . - +  I

0.34
3 . 7 6
0 . r 8
2 . 5
1 . 3 2
2.48
6.7 5
4 .71
0.48
0.42
7.20
r  . 0 5
3.01

0.17
6 . 2 5
1 . 1 0
0.83
3 .  r 3
0 .43
0.80
r . 2 0
2.48
0.24
5 . 3 0
6.07
1 . 5 5
3 . 1 9
3 . 1 0
8 . 5 0
0 . 7 1
8.54'Presence of charge-transfer (CT) band at 32G-340 nm.
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goat art t i -nìút , ie Ig Af l ìgei- i5 at i ìn i t i '  r - :c lumn (srorad,
Richmond, CA) Pur i ty of  the rnAb obtaincd ai ter
chromatogrtrphy rvas tested by polyacrylamide gel elec-
trophoresis using the Phastgel  system (Pharmacia,  b{J) .
DNP-amino acid der ivat ives were obtained from Sigma
Chemical  Co. (St [ -ouis,  MO) and were used as such. The
non-DNP containing l igands 'uvere oblained from our
col lect ion at  the Universi ty o[  Innsbruck anci  hztve been
descr ibed prev ious ly  (Varga e t  u l . ,  1991) .

A h s or p t ion antl .t'luo rescence s pe c t r o s c op )'

The exper imental  techniquies and procedures em-
ployed for absorpt ion and i ìuorescence spectroscopy
studies,  as ivel l  as methods of  data analvses have been
descr ibed previously (Droupadi  er  o l . ,  1992. 1993).
Ilr iefly, absorption spectrai measurements i,vere carried
out  us ing  a  Sh imadzu PC2l01  UV-VIS c loub le  beam
spectrophoIometer (Shimadztr  Scient i l ìc  Instrumenls,
lnc. ,  Columbia,  MD) The spectra were recorded in the
waveiength range oi  230-800 nrn.  A s l i t  rv idth of  2.0 nm
and tast  scÍ ln were employed. CT band format ion was
examined in lhe protein absorbance range of  0.3-0.5
a t  280 nm.  L igand so lu t ion  was addcd in  mic ro l i te r

I
t:

F
t!

I
I

o 0 0
2 3 0 5 1  5

W a v e l e n g t h ( n m )
8 0 0

Fig.  la .  Absorpt ion spect ra  o f  2 .0mM of  mAb LA2 in  the presence of  0 .0 ,  0 .06,  0 .38,  0 .95,  1 .76,
2.81,  11.68,  9 .03,  15.80,  25.00 and 36.50pM of  cycr imine in  PBS at  RT.  Charge- t ransfer  band is

present in the 320-360 nm range (arrow).

quant i t ies to t i rc solut ion containing rn.A.bs,  start ing wi t i r
the lorvest  l igand concentrat ion solut ion f i rst .  A spectral
scan was carr ied out af ter  2 min;  the absorbance values
did not change with ionger react ion l ime per iods.  An
ini t ia l  t i t rat ion was performed to obtain 30 data points

lor  i r  wic le concentrat ion range of  the l igand before
the data were analyzed. Ti t rat ions were repeated for 20
data points in the narrow concentrat ion range of  inter-
est .  Associat ion constanls were determined by stepwise
mult ip le nonl inear regression anal .vsis (Sherman et  a l . .
r  986) .

Fluorescence spectral  measurements were made on

an SLM 8000 spectrof luor imeter (SLM instruments.
Urbana, IL)  equipped with a thermostat ic cel l  holder
and magnet icr  st i r rer .  The exci tat ion wavelength cm-
ployed was 280 nm zrnd emission was monitored in the
range of  i l0-370 nm; peak ernission was usui t i ly  near
335 nm.  The exc i ta t ion  and emiss ìon  s l i t  w id ths  were

maintained at  4 and 8 nm, respect iveiy.  The f luorescence
intensi t ies were obtained as the rat io of  a f luorescenl
beam to a straight through beam, in order to compensate
for f luctat ions in lamp intensi ty.  Emission intensi t ies at
a s ingle r ,vavelength were also coi lected over a per iod of

I
I

I

o l
o l
e l
; l
! l
S I
o  0 . 1  0 i
ct, I

I
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l0 sec.  Al l  spectral  data were proccssed on a micro
computer dedicated to the SLM 8000. We have
previously descr ibed our procedures for correct ions of
emission intensi ty due to di lut ion and photobleaching
effects (Droupadt et  a l . ,  1992. 1993).

Contputer -uidecl moleculttr mocleling (C AM,l,{)

A number of  d i f ferent computer algor i thms rvere used
in th is invest igat ion for  CAMM :rnd graphics c i isplay the
Fv models.  The ABGEN tr lgor i thm. wr i t ten in our
iaboratory,  was used to select  "parental  structures" and
generate a f i rst-order Fv model;  detai ls and val idat ion of
the  ABGEN a lgor i thm,  w i th  sub- rou t ines  ABa l ign  and
ABburld,  have been presented eisewhere (N1andal et  a l . ,
1993).  For model ref inernent,  the CHARMM algor i thm
(Brooks et  aL. ,  1983) rvas used for polent ia l  rnolecular
mechanics calculat ions.  CONGEN (Bruccoler i  and
Karplus,  1987) r .vas used to generate the low energy
conformat ions of  the CDR loops.

Br ief ly,  the procedure for CAMìVI of  the IgE Fv
structures general ly fb l lo ived those descr ibed by Chothia
and Lesk (1987) wi th modif icat ions made bv us lMandal

t i  ct ! , ,  1993).  The program ABal ign evaluates the s ize,
sequence and locat ion of  important,  canonical  residues
for each CDR loop and determines the degree of se-
quence homology with Ig loops in our l ibrary of  known
"parent"  structures (Mandal et  a l . .  1993).  The "parent"

structure l ibrary consists of  20 Fab structures solved by
X- ray  c rys ta l lography  a t  a  reso lu t ion  be low 3 .0  A .  We
eramined the ent i re V-region amino acid sequences for
each chain of  LA2 and LB4 to see that thel '  contained
residues known to create speci f ic  canonicai  loop confor-
mat ions as ident i f ìed in knor.vn structures (Chothia and
Lesk ,  1987) .

The ABbui ld program execules lhe construct ion of  the
H and L  cha in  CDRs in  the  fo l low ing  order .  L2 ,  H l .  L3 ,
H2, H3, Ll .  This model bui ld ing seqLrence f i rst  modif ies
the loops that are c losest to the f ramework.  thereby
creat ing a stereochemical  base upon rvhich the remaining
loops are modeled (Bruccoler i  et  a l . ,  1988).  The PDB
files or redefined coordinate fì les containing the knotl 'n
"parent"  Fab structures (Bernstein et  u l . .  1917) were
edi ted to remove the constant domains of  the H and L
chain;  the working f i ie contained only the Fv structure

o

at

t o a
o

o o o
230

Fig. lb. Absorption spectra of
6.12. t0.20, 19.68, 34.50, s4 50

I S

5 1 5
W a v e l e n g t h  ( n m )

2.0 mM of mAb LA2 in the presence
and 79.60 prM of  d iasp i r in  in  PBS at
present in this mAb-l igand complex.

8 0 0

of  0 .0 ,  0 .14 ,  0 .83 ,  2 .06 ,  3 .38 .
RT. No charge-transfer band
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0 . 6  5

0 . 3  2

0 . 0 0 0
2 3 0 8 0 0

Fig. lc. Absorption spectra of 2.0 mM mAb LB4 in the presence of increasing amounts (0.0, 0.29,

0 .g7 ,2 .00 ,3 .50 ,5 .25 ,  10 .02 ,  18 .6 ,30 .80  and46 .70pM)  o f  DNP- t r yp tophan  i n  PBS a t  RT .  I nc reases

in absorbance is due to the addit ional l igand. The charge-transfer bands cannot be identi f ied due

to this spectral overlap.
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(V, residues 1-107 and V" residues 1-1 l3) .  The H chain

alpha carbons of the two parent structures were over-

lapped using a least square fitting technique. A file

containing these two overlapping structures was edited

to provide an Fv fragment composed of the hybrid

L-chain and H-chain. This "hybrid Fv structure" served

as the intermediate "parent" structure for the final Fv

model building. No insertions, deletions or additions of

amino acids in the parent loop structures were required

for either LA2 or LB4 models (Table l). Residue

replacements were made by ABbuild and the @, r/ angles

were preserved at this step. After completion of each

CDR loop, constraints were applied [o the entire mol-

ecule, except for the side chains of the modeled loop,

and this structure was subjected to CHARMM energy

minimization (uide infra). Because polar hydrogens are

not included in the PDB file, they were added to the Fv

structure using the CHARMM-build hydrogen facil i ty.

Hydrogens were init ially classified according to their

respective environments and an optimum position was

found by taking into account the ener-qy contributed by

the VDW. electrostatic and dihedral terms derived from

the full energy expression of CHARMM. The dihedral

angie that yielded the lowest energy was chosen and the

hydrogens were placed using this optimum dihedral

angle.
Harmonic constraints were applied to fix the entire

protein backbone structure and the Fv fragment was

then subjected to CHARMM energy minimization.

which consisted of 100 steps Steepest Descents, 100 steps

Conjugate Gradient and 200 steps Adopted-Basis

Newton-Raphson (Anchin and Linthicum, 1992)- After

final CDR loop construction, constraints were applied to

all modeled loops and energy minimization was per-

formed as before on the entire molecule. The CAMM

studies were carried out on Sil icon Graphics IRIS

4D210GTX or Indigo workstat ion;  QUANTA 3.3 sof t -

ware (Motecular Simulations, Waltham, MA) was used

for graphics display.

Surface renderings (l'lCView)
(  ACC ESS)

Electrostatic surface renderings of the models were

generated using the NCView algorithm. NCView uses

and calculations
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The associat ion constants (K,^)  for  a number of
structurai ly di f ferent l igands was determined using spec-
troscpic techniques (Drotrpadt ct  a l . .  1993).  In Tables I
arnd 2 the associat ion constanls for  these l igands rv i th
mi\bs LA2 and LB4 zìre presented. The association
constants f  or  rnost of  the non-dir-r i t rophenyl  l igand wcre
determinecl  to be in the micromolar range, which agrees
r,v i th car l ier  immunoassay determinat ions (Varga et  a l . ,
199 i ) .  Three  o f  these l igands ,  cycr im ine ,  hemimel l i t i c
acid and diamox. showed a CT band at  324440 nm
Lrpon complexat ion  w i th  mAb LA2.  The absorp t ion
spectra for  cycr imine complexed with LA2 is shown in
Fíg.  la;  the charge transfèr band is v is ibfe in the
310-340 nm range (Fig.  1a,  arro 'uv).  A s imi lar  band was
observcd with hemimel l i t ic  acid and diamox. [n contrast ,
no CT band is v is ib le Íbr  the complexat ion wi th diaspr in
(Fig.  ib)  or  endoiodine. The presence of  CT spectra in
ant i - f luorescein zrnt ibodies has been at t r ibuted to the
presence of  t rvptophan in the ant ibody binding si te
( W a t t  a n d  V o s s ,  l 9 l l ) .

Absorpl ion spect la l  changes for l igand complexat ion
r.vas also observed for l igands consist ing of  d in i t rophenyl
(DNP) covalent ly coupled to var ious amino acids (v ia

the  a lpha or  eps i lon  anr ino  groLrp  to  the  C l  o f  the  DNP) .
Changes in the absorpt ion spectra of  mAb LA2 in the
presence of  increasinq amounts DNP-tryptophan are
shown in Fig.  1C. We r .vere unable to discern a CT band
in th is exper iment becausc the 32G-340 nm region is
obscured by the over lapping absorpt ion of  DNP-Trp
l igand. The intr insic associ i i t ion constants for  the inter-
action of mAbs LA2 and LB4 rvith different amino acid
der ivat ives of  DNP are l is ted in Table 2;  the ext inct ion
coefìrc ient  at  360 nm for each l igand is also l is ted.

We observed that the K^ values for LB4 r,vith different
DNP-amino acid l igands could be div ided into two
groups, based on the molar ext inct ion coeff ic ient  of
the l ieand. The intr insic associat ion constants for  the

EJ

x  4 . 0

0.0
c . 5

Fig.  2.  A plot  of  Ko versus thc molar ext inct ion coefhcient (e)
at  360 nm for binding to rnAb L84. Points 1__8 are dini t rophe-
nol  denvat i r , 'cs of  thc lb l lowing L-amino acids:  l - t r rg in ine.
2--flut.amic acid, 3 --)yúne, 4-DNP oil1,, 5--prdine, 6-
tyrosine. 7 ' -g11cine. 8--aspzrragine, 9-glutamine. l0--
leuc ine ,  1 l  - -aspar t i c  ac id ,  l2 - - th reon ine ,  i3 -ser ine .
l4-me thione, i  5-phenylalanine. l6-alanine, I  7- t ry 'pto-

phan and lS-va l ine .

the vztn der Waals surface der ived from the radi i  values
compl ied by Bondi  (1964);  the NCVierv surfàce contours
were prodr-rceci  using the contour aìgor i thm of Purvis
and Cu iberson (1986) .  The e lec t ros ta t i c  po ten t ia l  was
generated tor each surface point  using the point  charge
approximat ion The Coulombic charges tor each anr ino
zrcid were obtained from a l is t  of  Lrni ted-atom atomic
charges for standard amino acids.  The biue color rep-
resents the basic or posi t ively charged amino acids ( I -ys,
Arg,  His)  and red represents the acidic or ne_uat ively
charged amino acids (Giu and Asp).  Other coiors (cyan,
white and i, 'el low) represent the charge gradient between
these trvo extremes.

Solvent-accessible surface areas ISASA) were calcu-
lated according to the program ACCESS by Lee and
Richards (1911),  which uses a spher ical  probe of  water
( . r  :  1.4.À and calculates the contact  area (42) on the
van der Waals (VDW) surface of each atom that can be
contacted by the probe.

o o l
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7 0 1
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I
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I
l 0  I

I
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2 0 i

r 0 i

f  ) t -
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a

(t

s

Residue [D

Fig. 3. The solvent accessibi l i ty of l ight chain aromatics for the Fv model oi LA2 is calculated using
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dif ferent l igands plot ted against  the molar ext incr ion
coefTìcients for  the mAb LB4 are shorvn in Fig.  2.  For
some i igands  ( i .e .  Nos  1-9 ,  F ig .  2 )  the  in t r ins ic  assoc i -
at ion constants z ippears to have l i t t le correlat ion wi th
increasing molar ext inct ion coeffrc ients.  In contrast ,  a
second se t  o f  l igands  (Nos l0 -  18 ,  F ig .  2 )  had a  s imi la r
high extinction coefficient, but dif l-ered in t[eir individual
a f în i ty  va lues .

A number of  the aromat ic l igands et 'amined in th is
study were found to have endogenor-rs fluórescence prop-
ert ies in the 320-350 nm range and so i t  was impossible
to examine mAb tryptophan related f luorescence
quenching (330*340 range) due to the spectral  over lap.
However,  wi th endoiodine, which is non-f l r - rorescent,  we
found only 20r'o l igand-inducer'l f luorescence quenching.

Table I  l is ts the CDR residues for each mAb Fv model
and the "parent"  structures (known structures f iom the
Brookhaven Protein Database) used tbr the CAMM.
Only residue replacements were required for these Fv
models. Both mAbs had very high scquence homology

s ign i f icant  VDW solvent  exposure
:58Y  and  H :97W n ray  pa r t i c i pa t c

rvith the parent structures . LA2 had B4o/o H-chain
seqlrence homology with mAb 36-11 (Strong et  o l . ,  199 I  )
and 66% L-chain homology with McPC603 (Sator. , '
at  a l . ,  i986).  LB4 had 80% H-chain homology'  wi th
HyHEL-10 (Padlan et  a l . ,  1989) and 90o/o L-chair-r
sequence homology with mAb 4-4-20 (Herron et al.,
1989).  These parent struct ,ures served as the scaffolding
for the FR and f ive CDR loops. Because the H3 loop is
not canonical, we selected a CDR from different known
structures,  based on loop length and sequence hom-
ology. For LA2'uve used the CDR H3 from Dl.3 (Arni t
et  a l . ,  1986);  for  LB4 the CDR H3 from 36-71was used
( S t r o n g  e t  n l . ,  l 9 9 l ) .

Calculat ion of  the theoret ical  van der Waals (VDW)
solvent exposed surface area (SAS) as a percent of the
total  Ar for  indiv idual  aromat ic residues (W, Y and F)
\,vas completed using the ACCESS algorithm (Lee and
Richards,  l97l) .  The SAS areas of  L-chain and H-chain
aromatics for LA2 are shown in Figs 3 and 4. Several
tyrosines and tryptophans have at least 300% of their

Fig 4  Some of  the heavy
accorci ing to the CAMI,l

Res ic lue ID

chi i in  aromat ics  o f  the mAb LA2 have
Fv rnodel .  Res idues such t rs  H:53Y,  H

in  l igand complexat ion.

f

H i ( ) y  5 t y  5 t y  . i ó y  . 5 9 y  e 5 w  9 e F  t 0 l y  L : ì 2 \ '

Res idue  ID

a roma t i cs  res idues  H :54Y ,  H :56Y  and  H .102Y  o f  t he  L84  H -cha in
VDW solvent exposure according to the CAMM Fv model.

(

aì

s

Fig. 5. The have sisnificant
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surfàce solvent exposed in th is model.  In the model of
LBa (Fig.  5)  t rvo tyrosines ( l ì :5-1 ant i  H: 56) have more
than 4,5%o solvent exposure.  in several  knor,vn ant ibody
s t ruc tures  (e .g .  HyHEL-10 and D l .3 )  res idues  in  pos-
i t ions  H:54  and H:56 are  kno ln  to  contac t  an t igen
(Ami t  e t  a l . .  1986;  Pad lan  e t  a l . ,  1989) .  I t  i s  a lso  kno, ,vn ,
however ,  tha t  o ther  a romat ics ,  such as  H:33W are  in
contact  r ,v i th ant igen (e.g.  HyHEL-5 and HyHEL-10)
and yet th is residue is deep in thc binding si te and lacks
solvent exposure (Sher i f f  et  a l . ,  1987).

Figure 6 shows a stereo drawing of  the pept ide
backbone (en face view) with aromatic residues in the
binding site of mAb LA2. There are three W, two F and
l1 Y shown. Al though several  of  these are considered
FR res idues  (e .g .  L :32Y,  L ' .49Y,  H33) ,  some o f  these
posi t ions contact  ant igen in knou'n structures (e.g.
L:49Y in D1.3).  Figures 7a and b depict  en J"ace stereo
views of the Fv model VDW surface for the LA2 and
L84 models wi th a color render ing that ident i f ies the
local charged surface areas. Blue colors represenI
residues with positive charge (e.g. R, H or K), while red
areas represent residues with a negative charge (e.g. D or
E). Note the absence of electrostatic charge in the
binding si te for  LA2 (Fig.  7a,  whi te colored area, center) .
The model of LA2 has less surface charge in and around
the binding pocket than that calculated in the model of
LB4; this is probably due to the presence of glutamic
a c i d s  ( H : 5 8  a n d  H : 6 1 )  i n  C D R  H : 2  f o r  L B 4  ( F i g . 7 b ,
shown in red). The aromatic residues do not register a
color coding in th is algor i thm and therefore,  their  sur-
face area is rendered white. These models and calcu-
lations suggest that there are a number of specific
aroma[ic residues in the binding site that may participate
in l igand recogni t ion and compiexat ion.

DISCUSSION

According to current hypotheses, the molecular com-
plexation between IgE and antigen (allergen) usually
demonstrates exquisite stereospecificity. The geometry of
the lgE-antigen complex at equil ibrium is primarily
dictated by non-covalent interactions with a precise set
of amino acid residues located in the antibodv CDR

Fig. 6. Stereo view of the peptide backbone and key arom:rt ic residues for the rnAb LA2 Fv loop
reg ions.  Most  o f  these aromat ics  are in  the CDR.

segments  (Novotny  e t  a \ . .1983,  1989) .  These in te rac t ions
are determined by contributions from different com-
ponents of  the total  interact ion energy (Morakurna,
l91l) .  Certain types of  s ide chains in the CDR segments,
such as those capable of  z rc electronic interact ions (e.g.
F,  Y and W) or ionic interact ions (e.g.  D, E, R. K and
l{), provides highly favoriibie motifs for complexation
rvi th complementary s i tes of  the ant igen. The propensi ty '
for  such amino acids to be located in ant ibody'CDRs has
been previously noted (Padlan, 1990; Mian et  a l . .  l99l) .
In addi t ion,  some FR residues are known to part ic ipate
in antigen recognition, but this usually involves contact
with large protein antigens (Davies et al., 1990).

The interactions between aromatic amino acid side
chains in mAb binding sites and ligands can be examined
using sensi t ive spectroscopic techniques (Lakowicz,
1991;  Droupad i  e t  a l . ,1993) .  In  the  s tudy  presented  here ,
we examined the binding interactions betrveen struc-
turally different l igands and two anti-trinitrophenyl IgE
mAbs in order to understand the "multi-specificity" of
these particular mAbs. Using spectroscopic techniques
we were able to derive binding constants in the micromo-
lar range, similar to those obtained by immunoassay
techniques (Varga et  a l . ,  1991).  In addi t ion,  the spectro-
scopic data provided some insight into the nature of the
ligand-mAb complexation.

For some ligands, we observed the presence of a CT
band upon ligand complexation, suggesting partici-
pation of a mAb binding site tryptophan in l igand
recognition. For example, a CT band was observed for
the complex of LA2-<ycrimine and it was different from
the absorption spectra for LA2 or cycrimine alone. We
have verif ied that the new absorption band is not an
artifact due to l ight scattering. Antibody LB4 exhibited
a similar absorption spectra upon complexation with
cycrimine.

With the l igand endoiodine, which is non-fluorescent,
we found only 2o/o ligand-induced fluorescence quench-
ing, suggesting that this tigand does not in[eract with any
mAb combining site tryptophan residues. In addition,
the absence of a CT band in the absorption spectra for
this complex supports this conclusion for the binding of
this particular l igand. For the mAb NC 10.8, which binds
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Fig. 7a. The en face stereo view of the VDW surface ior the Fv model of LA2 is shown with an electrostat ic
reàdering accoróing to the Coulombic charge at the surface. The blue color represents. the .basic or posit ively
charged àmino acid.s (Lys, Arg, His) and red represents the acidic or negativeiy charged amino acids (Glu and
Asp). Other colors (cyan, whiÉ and yel low) represent the charge gradient betrveen these two extremes. The CDR

surfaces are labeled as CDR Hl, H2, H3, Ll,  L2 and L3.

Fig. 7b. Electrostatic surface rendering shows the charge at the VDW surface for the e1fary view of the Fv model
of LB4. The color scheme and orientat ion are the same as in Fig. 7a.
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a i r r :u i - r : i i ruted guanidinium, we have ident i f ied that  the
presence of  a CT band was due to the z-n stacking of
the aromat ic l igand with a t ryptophan in the l ight  chain
(L:96) as determined by s i te-directed mutagenesis of  the
Fab (Anchin and Linthicum, unpubl ished observat ions).

The interact ions of  LA2 and LB4 with several  amino
acid der ivat ives of  DNP was examined and i t  wi ìs
determined that l igands such as DNP-glutamic acid.
DNP-asparagine, DNP-glutamine, DNP-tyrosine,
DNP-arginine and DNP*lysine, which possess either
polar or charged side groups, had lower Kn values as
compared to more hydrophobic i igands, such as
DNP-valine or DNP-phenylalanine. These observations
suggest that the binding sites for these mAbs favor
hydrophobic-l igand interactions.

The two IgE antibodies studied here possess an unusu-
ally high number of aromatic residues in their binding
si tes.  For example,  LA2 has two phenylalanines, three
tryptophans and l1 tyrosines in the CDR and adjacent
FR segments. The presence of these aromatics appears
to contribute to their multi-specific l igand interactions.
Binding interactions between different aromatic l igands
and the W-Y-F-rich binding sites in these antibodies
would be favorable due to multipie interactions between
aromatics (uide infra).

In several  fami l ies of  b inding proteins (e.g.  immuno-
globulins, MHC class I, streptavidin),{here is a prepon-
derance of solvent exposed aromatics that are involved
in l igand recognition. Examination qf 88 knorvn antigen
contacts in antibody Fab-antigen' crys[al structures
reveals that 22 are tyrosine and eight are tryptophan
(Mian et  a l . ,  1991).  In the HLA class I  ant igen, 50% of
the residues that l ine the peptide recognition cleft are
aromat ic (Bjorkman et  a l . ,  1987).  High af f in i ty l igat ion
of biotin to streptavidin is due to a tryosine rich binding
si te (Weber et  a l . ,  1989).

Aromatics such as tryptophan and tyrosine are favor-
able for l igand recognition because they are weakly
polar, present large surface areas, participate in H-bond-
ing, and can have electrostatic interactions such as those
described above. In terms of l igand interaction, aromat-
ics lose l itt le conformational entropy (0.6 kcal at 300'K
for every side chain torsion that is f ixed) due to only one
torsion angle (Atkins,  1978);  a l iphat ics,  on the other
hand, have a negat ive entropy contr ibut ion to l igand
binding. Aromatics (especially tryptophan) are capable
of charge-transfer interactions, /r-7r stacking, H-bond-
ing, large van der Waals contacts, and lose l itt le entropy
when fixed due to only one torsional angle (Cilento and
Zinner, 1968). These aspects make aromatics highly
favorable for multiple binding interactions.

Patients with IgE-mediated hypersensitivity reactions
frequently display multiple sensitivit ies to a variety of
related and apparently "unrelated" ailergens (Moller
and Dreborg,  1986; Barnett  et  a l . ,  1987).  Such highly
prevalent "multiple allergies" are paralleled by a high
incidence of immunochemical cross-reactivit)/ between
structurally related and unrelated allergens (Urisu et al.,
i99l) .  The cross-react ions may be explainable by:  (a)
the presence of common allergens in different allergen

preparations; (b) the shars'1 antigenic or al lergc:r i ' - :

determinants on dif ferent al lergens; (c) mult iple sensit iz-

a t ions wi th  d i f ferent  a l lergens g iv ing r ise to  mul t ip le  sets

of  IgE ant ibod ies;  or  (d)  par t icu lar  tgE ant ibod ies that

possess mul t i -spec i f ic  a i le rgen b ind ing proper t ies .  E luc i -

dation of the physicochemical nature of muit i-specif ìc

IgE mAb may a id  in  our  deveiopment  o f  new d iagnost ic

s t ra teg ies for  mui t ip le  a l lerg ic  react ions and unant ic i -

pated anaphylactic reactions to drugs upon f irst

exposure.
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