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A monoclonal  antibody to vasoactive  intestinal  poly- 
peptide (VIP) was  reduced  and  alkylated  and its light 
and  heavy  chains  were  purified  by  denaturing  gel  filtra- 
tion.  Following  renaturation,  the  light  chain  displayed 
sequence-specific  binding of VIP. The specific VIP bind- 
ing activity of several  fractions  spanning  the  light  chain 
peak recovered  from  the gel  filtration  column  was  con- 
stant, the  light  chain  was  electrophoretically  homogene- 
ous, the  VIP  binding  activity  was  precipitated  by  anti- 
light  chain  antibody  but  not  anti-heavy  chain  antibody 
and  the  activity  remained  associated  with  a  light  chain 
fraction  recovered  by  resolutive  chromatography on a 
hydroxylapatite  column.  N-terminal  amino  acid se- 
quencing  of  the  light  and  heavy  chain  fractions  con- 
firmed  the  purity of these  proteins  and  suggested  that 
the V, and VH regions  belonged to rc-family I1 and  y-fam- 
ily III, respectively.  The  VIP-binding  affinity  of  the  light 
chain  was  only  &fold  lower  than  that of the  parent an- 
tibody  and  the  light  chain  did not bind  unrelated pep- 
tides.  These  observations  suggest  that  light  chains dis- 
play  structural  characteristics  necessary for high 
aEnity antigen  binding. 

Antigen binding sites in antibodies are formed  by the vari- 
able regions of light and heavy  chains.  Delineation of antigen 
interactions  with the individual  subunits of antibodies is of 
interest for  several reasons, including: (i) the presence of free 
light chains in B-lymphocytes (1) and in the circulation of pa- 
tients with  myelomas  (B-lymphocyte  tumors) @), and lii) deri- 
vation of high atlinity antibodies in vitro from  randomly com- 
bined libraries of light and heavy chains is dependent on 
pairing of subunits that display  appropriate interactions with 
each  other and the antigen (3). Purified  heavy  chains (4-8) and 
heavy chain variable  regions  can  bind antigens (9) with affini- 
ties approaching  those of native  antibodies.  Light  chains  puri- 
fied from polyclonal  antibodies, in contrast,  display  little ( 6 - 8 )  
or no antigen binding activity (4, 5). Dimers of light chain 
secreted  by  myeloma cells are known to bind  haptens.  However, 
their hapten-binding affinities are several orders of magnitude 
smaller than native  antibodies (10-12) and the binding is USU- 

ally interpreted to be fortuitous and unrelated to the activity of 
light  chains in vivo. Study of crystals of antigen-antibody com- 
plexes has shown that the number and area of antigen contacts 
at light and heavy chain residues is comparable (131, but it has 
been suggested that the subset of residues that contribute  to 
the free energy of binding are located primarily in the heavy 
chain (14). These observations have lead to  suggestions that 
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the heavy chain makes the major  contribution in antigen bind- 
ing, with the light chain serving as a relatively  nonspecific 
partner. 

The variable regions of several  light  chains possess se- 
quences notably similar to active site sequences  found in some 
serine proteases (15). The demonstration of VIP' hydrolysis  by 
light chains purified  from human autoantibodies (16) suggests 
the potential  utility of these light chains as proteases, either 
alone or in combination  with  noncatalytic  heavy  chains of a 
different specificity, These reagents can  be  predicted to display 
substrate specificities  dependent at least in  part   on the 
strength and specificity  with  which the light chains  bind VIP. 
We undertook,  therefore, a detailed study of the binding  prop- 
erties of a light chain  purified  from a monoclonal  antibody to 
VIP. We observed that this light  chain  displays  sequence-spe- 
cific and high e t y  binding of VIP. This observation suggests 
that it should be possible to develop  novel light chain reagents 
with a n t i g e n - s ~ f i c  activity, including a catalytic  activity, and 
permits conception of an antigen-specific biological function  for 
free light chains in vivo. 

EXPERIMENTAL  PROCEDURES 
Antibody Subunits-Monoclonal antibody c23.5  was raised by immu- 

nization of mice with VIP  conjugated  via N H 2  groups to keyhole limpet 
hemocyanin and purified  from ascites fluid by ammonium sulfate pre- 
cipitation and affinity chromatography on protein G-Sepharose  chro- 
matography (17). Nonimmune I&,,, K secreted by a myeloma served as 
the control protein (UPC10, Sigma; the isotype of the control antibody 
and the anti-VIP antibody are identical). The two types of antibodies 
were reduced and alkylated by a method similar to that described in 
Ref. 4. Briefly, 5 mg of antibody was reduced with Z - m e ~ a p t ~ t ~ n o l  
(0.2 M, 3 h) followed  by i ~ o a c e ~ m i d e  (0.3 M, 15 minf in 0.05 M Tris-HC1, 
0.15 M NaCl with the pH maintained at 8.0 using Tris base. The reaction 
mixture was concentrated (Centriprep-10, Amicon) and immediately 
separated by high performance  gel filtration in 6 M guanidinium chlo- 
ride, pH  6.5, on two  Superose-12 columns (Pharmacia) connected in 
series (flow rate, 0.4 dmjn). The fractions were dialyzed against 50 m~ 
Tris-HCI,  0.02%  sodium azide, pH  7.3 (12-14 kDa cut-off), for 4 days 
(4 "C) with four buffer changes. Assuming complete equilibration across 
the dialysis membrane, the final guanidinium concentration in  the re- 

chains on hydroxylapatite (Bio-Gel HPHT 100 x 7.8 mm, Bio-Rad) was 
natured protein solutions was 1 w. Chromatography of renatured light 

done at pH 6.8 using a gradient of sodium phosphate (10-300 m) 
dissolved in 10 calcium  chloride, O.Oh% sodium azide, pH 6.8. Elec- 
trophoresis was on gradient polyacrylamide gels (&25%) using a Phast 
system (Pharmacia LXB Biotechnology  Inc.). Immunobfotting of the 
g& was with rabbit anti-mouse heavy  (Fct chain (Axelif and light ( K )  

chain antibodies (Cappel) followed  by staining with a goat anti-rabbit 
IgG-peroxidase conjugate (Cappel) (18). 

Protein Sequencing-The purified antibody subunits (10 1.18 each) 
were adsorbed on polyvinylidine  difluoride membranes (Pro%tt car- 
tridges; Applied  Biosystems)  according to instructions supplied by the 
manufacturer and their N-terminal amino acid sequence was deter- 
mined using a pulsed  liquid phase sequenator with on-line phenylthio- 
hydantoin-derivative detection (Applied  Biosystems,  model  477A).  With 
P-lactalbumin as standard, the initial yield  for sequencing was 53%, 

1 The abbreviations used are: VIP, vasoactive intestinal peptide; 
CDRs, complementarity determining regions. 
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FIG. 1. Separation of the heavy and light chaine from anti-VIP antibody  by gel filtration. Monoclonal antibody c23.5 (5 mg) was reduced 

and alkylated and chromatographed in 6 M guanidinium chloride, pH 6.5, on two Superose-12 gel filtration columns (Pharmacia) connected in series 
(A). Pooled fractions corresponding to the heavy chain peak (retention time: 54-56 min)  and the light  chain peak (retention time: 60-66  min) were 
electrophoresed (8-25% polyacrylamide gels) under reducing conditions and  stained with silver (lanes 2 and 3, respectively) ( B ) .  Lune 1 shows a 
silver-stained gel of the  parent antibody electrophoresed under reducing conditions. Lanes 4 and 5 are immunoblots of the light  chain fraction 
stained  with antibody to mouse light  chain  and heavy chain, respectively. 

and  the repetitive yield was >go%. The sequence data reported here are 
based on amino acid yields >20 pmol in individual sequencing cycles. 
[1251-T)r'0JVlP Binding-Synthetic VIP (HSDAVETDNWRLRKQ- 

MAVKKYLNSILN-NH2; peptide content 81%, Bachem) was radioiodin- 
ated using chloramine-T and ['251-Tyr10MP was purified and identified 
as  described (19). Binding of [lwI-Tyrlo]VIP (approximately 0.05 m) by 
intact antibody or renatured antibody subunit fractions was measured 
in duplicate according to Ref. 20 with the following modifications: (i) 
aRer incubation with radiolabeled peptide, 25 pl of human y-globulins 
(100 pg; Sigma) was added as  carrier protein, and (ii) protein-bound VIP 
was precipitated by addition of polyethylene glycol (M, 8,000; Sigma) to 
20% (w/v). In some assays, bound [1251-Tyr'01VIP was precipitated with 
rabbit antibodies to mouse light  chains (K) (Cappel) or Fc (Axell) (50 pl 
of a 40 pg/ml dilution) (20). The binding data were corrected for non- 
specific binding (<5% of available radioactivity) determined by incuba- 
tion in  the presence of 1 1.1~ unlabeled VIP. 

RESULTS 
VIP Binding by Purified Antibody Subunits-A monoclonal 

antibody to VIP (clone c23.5) was reduced and acetylated in a 
nondenaturing buffer, solvent conditions described to favor re- 
duction of intersubunit s-S bonds and minimize reduction of 
intrasubunit S-S bonds  (4). Since heavy and light  chains form 
dimers and higher order aggregates by noncovalent interac- 
tions (211, they were separated by gel filtration in a denaturing 
solution (6 M guanidinium chloride) (Fig. 1). SDS-electrophore- 
sis showed a single silver-stained 60-kDa band in  the heavy 
chain fraction and a 25-kDa band in  the light chain fraction. 
f i r  a second round of gel filtration, guanidinium chloride was 
removed by dialysis and  saturable binding of  [1251-Tyr10JVIP 
(binding displaced by excess unlabeled VIP) by the refolded 
light and heavy chains was measured. Both proteins displayed 
binding activity. The specific binding activity was essentially 
constant across the width of the light  chain peak recovered 
from the gel filtration column (fractions 58-61; 4964,  4830, 
4210, and 4967 cpdpg of Gchains, respectively) (Fig. 21, sug- 
gesting that  the activity is attributable to the light chain. Simi- 
larly, fractions spanning the heavy chain peak displayed com- 
parable specific activities (fractions 52-55; 1504,  2026,  1800, 
and 1487 cpdpg). 

Since strong  antigen binding by light  chains has not been 
described previously, additional control experiments were per- 
formed. Immunoblotting of SDS gels revealed staining of the 
25-kDa light  chain band with anti-light chain antibody. Stain- 
ing with anti-heavy chain antibody was undetectable. An anti- 
body to mouse light  chain (K)  precipitated the [1251-Tyr10]VIP 
binding activity (2,325 2 149 cpm) of the light  chain (1.2 pg/ 
assay), but essentially no binding activity was detected by pre- 
cipitation with an equivalent concentration of antibody to the 
heavy chain. [1251-Tyr10]VIP  complexed with the parent anti- 
body (0.15 m) was precipitated effectively by both types of 
antibodies (anti-light  chain antibody,  4782 580 cpm; anti- 
heavy chain antibody,  3056 * 660  cpm). We concluded that  the 
binding was not due to trace contamination with heavy chains 
or heavy-light chain complexes. 

A single protein sequence was detected in the antibody sub- 
unit preparations by N-terminal amino acid sequencing. The 
sequence of the  N-terminal27 residues of the light chain was: 
Asp-Val-Val-Met-Thr-Gln-Thr-Pro-Leu-Thr-Leu-Ser-Val-Thr- 
Ile-Gly-Gln-Pro-Ala-Ser-Ile-Ser-X-Lys-Ser-Ser-Gln, and of the 
N-terminal 29 residues of the heavy chain, Glu-Val-Lys-Leu- 
Val-Glu-Ser-Gly-Gly-Gly-Leu-Val-Lys-Pro-Gly-Gly-Ser-Leu- 
Lys-Leu-Ser-X-Ala-Ala-Ser-Gly-Phe-Thr-Phe (X, unidentified 
residues). The amino acids on the C-terminal side of light chain 
residue 27 (Gln) and heavy chain residue 29 (Phe) could not be 
identified with certainty  due to diminished amino acid yields 
(<lo pmol). A comparison of the N-terminal sequences with 
sequence data  in Ref.  22 suggested that  the light  chain was a 
member of  K-chain family 11. The anti-VIP light  chain contains 
all 10 invariant residues found a t  corresponding positions in 
the N-terminal region of this family and its remaining 16 resi- 
dues are also found among other members of this family. Simi- 
lar analysis suggested that  the heavy chain variable region 
belonged to the y-chain family IIIA. As in  the case of the light 
chain, all of the N-terminal amino acids of the anti-VIP heavy 
chain are found at  corresponding positions among members of 
family IIIA. The X residues at positions 23 in  the light  chain 
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FIG. 2. Saturable binding of ['"I- 

and heavy chain8 (R). Pooled light 
chains (500 pg) and heavy chains (135 pg) 
from Fig. 1 were  rechromatographed  in 6 
u panidinium chloride on a gel filtration 
column  (Superose-12).  The  fractions  were 

Tyr"'lVIP (0.1 nu) by duplicate  aliquota 
renatured by dialysis  and  binding of ['251- 

(light  chains. 20 pl; heavy  chains, 50 pl) of 
the column  fractions  was  measured  (see 
'Experimental  Procedures"). 
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Ro. 3. H y h ~ y l . p t i b   c h r o m m p h y  of light chrirar: ~ p -  
ration of a high activity rubpopulation. Light chains (325 pg) pu- 
rified by gel filtration (see FIR. 1 1  were  chromatographed on a  high 
performance  hydroxylapatite  column  using  a  gradient of sodium phos- 
phate, pH 6.8 ( 10-300 mu. 45 min; dotted l ine) .  Aliquob of pooled 
fractions  corresponding to the two  major A*,,,, peaks (solid  line) were 
assayed for I""I-Tyr"'lVIP binding  (hatched bar). Data for the  binding 
are normalized for protein  content to permit  direct  comparison of bind- 
ing  activity. 1met shows  a  silver-stained  SDS-polyacrylamide gel (% 

25%) of the pooled fractions  corresponding  to  peaks R and C (lanes 2 and 
1 ,  respectively). 

and  22  in  the  heavy  chain  may  correspond to acetylated  Cys, 
since  Cys  is  invariant at these  positions. 

Chromatography of the  light  chain  fraction  on  hydroxylapa- 
tite  revealed  two  poorly  resolved  major  components  (labeled B 
and C in  Fig. 3) and at least one  well-resolved  minor  protein 
component  (labeled A).  Identical  amounts (3  pg of protein) of 
the  three  peaks  were  subjected to N-terminal  sequencing (11 
cycles). The deduced  sequence  was  identical  in  all  three  peaks 
(Asp-Val-Val-Met-Thr-Gln-Thr-Pro-Leu-Thr-Leu), correspond- 
ing to the  N-terminal  sequence of the  light  chain  loaded  on  the 
column. The major  light  chain  peaks ( R  and C )  were  analyzed 
further. As expected, a single  25-kDa  light  band  was  observed 
in  both  peaks by nonreducing  SDS-electrophoresis  and  silver 
staining.  Determination of VIP  binding by pooled fractions  cor- 
responding to the  two  peaks  showed  that  the  specific [','I- 
Tyr'"1VIP binding  activity of the  light  chain  in  peak C (26,451 
c p d p g  protein)  was  approximately 12-fold greater than  that  of 
peak B (2,231 c p d y g  protein).  Since  peaks B and C were  not 
base-line  resolved,  contamination  with  high  activity C could be 
responsible  for  the low-level activity of B. 

Afflnity, Specificity, and Binding Capacity-The binding  af- 
finities of light  and  heavy  chains  purified by gel filtration (see 

"",,', z. . _. 

. .  

above)  were  estimated  from  Scatchard plokq of binding of [""I- 
' l j ~ ' ~ ] v I P  mixed  with  increasing  concentrations of unlabeled 
VIP (Fig.  4).  Linear  plots  were  evident for the  light  chain ( r  = 
0.98) and  the  parent  intact  antibody ( r  = 0.97).  with  apparent 
& values 10.1 and 1.9 nM, respectively. The heavy  chain  data 
suggested  two  binding  components  with Kd 6.8  and  58.3  nv ( r  
> 0.9 for  each  component).  VIP  binding  capacities (per pg of 
protein)  deduced  from  the  x-interceph of Scatchard plokq were, 
light  chain, 0.8 pmol;  heavy  chain, 0.05 and  0.13  pmol;  and 
intact  antibody, 6.4 pmol.  In  each  case,  the  slope of a Hill  plot 
of the  data  was close to unity,  suggesting  an  absence of coop- 
erativity. These data  show  that  the  light  and  heavy  chains  can 
bind  VIP  independently  with  affinities  only 3-5-fold lower than 
that of intact  antibody. 

The VIP  binding  was  observed  in  the  presence of excess al- 
bumin (0.5%, wh).  Peptides  unrelated  in  sequence to VIP (a- 
human  atrial  natriuretic  peptide,  neurotensin.  bombesin,  and 
eledoisin, 1 p ~ )  were  without  detectable effect on  the  VIP  bind- 
ing  activity of the  light or heavy  chain.  In  comparison, >90'7 of 
[1'L51-Tyr'olVIP bound by these  proteins  was  displaced  competi- 
tively by 1 p~ unlabeled VIP. Since  unfolding  and  folding of 
light  chains  could  expose  nonspecific  binding sites. the  light 
chain of a control  nonimmune  antibody  (myeloma I&,,, K )  was 
purified  and  assayed for VIP  binding  under  conditions  identical 
to those  used  for  the  anti-VIP  light  chain. The control  light 
chain  did  not  display  detectable  VIP  binding. 

DISCUSSION 

Several  observations  indicated  that  the  VIP  binding  activity 
of the  light  chain  fraction  is  not  due to contamination  with 
heavy  chains or complexes of heavy  and  light  chains.  including 
demonstration of the  electrophoretic  purity of the  light  chains, 
detection of a single  protein  sequence by N-terminal  sequenc- 
ing, a constant specific activity across the  width of the  light 
chain  peak  recovered by gel filtration,  precipitation of the  VIP 
binding  activity by antibody to light  chains  but  not  antibody to 
heavy  chains,  and  retention of the  VIP  binding  activity  in a 
light  chain  fraction  purified by hydroxylapatite  chromatogra- 
phy. We concluded that  the  light  chain is capable of independ- 
e n t  recognition of VIP. 

Excess  albumin as well as several  short  and  mid-sized  pep- 
tides  unrelated to VIP  did not inhibit  the  binding of radioiw 
dinated  VIP by the  light  chains. A nonimmune  light  chain  did 
not  bind VIP. The VIP-binding  affinity of the  light  chain  was 
nearly  equivalent to tha t  of the  high  affinity  component  in  the 
heavy  chain  preparation  and  only 5-fold lower than  that  of the 
parent  antibody. These observations  indicate  that  the  binding 
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chains derived from  polyclonal antisera, formation of heterolo- 
gous dimers is likely to be the predominant reaction, which 
could  account  for low antigen binding activity. In  the present 
study, the VIP binding activity was associated with the light 
chain monomer peak (25 kDa) identified by gel filtration (Su- 
perose-12  column) in 6 M guanidinium chloride (Fig. 2)  and in 
nondenaturing solvent (50 l l l ~  "is ,  pH 7.7, 0.15 M NaC1, 
0.025%  Tween-20; not shown). These data do not permit evalu- 
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h ~ .  4. VIP-binding affinity of intact c23.6  antibody (A) and  ita 
purified heavy (0) and  light  chain  subunits (0) ( E ) .  Binding of 
[lasI-Tyrlo]VIP (0.16 m) by antibody (1.7 m), light chain (221 m), or 
heavy chain (417 m) in the presence of increasing concentrations of 
unlabeled VIP (0.2 m to 1 px) was determined.  Antibody subunits were 
purified as described in the legend to Fig 2. Data (means of duplicates) 
were analyzed using LIGAND (Elsevier BiosoR). 

is sequence-specific and can be attributed to the variable re- 
gions of the light chain. 

The  results of hydroxylapatite chromatography of light 
chains suggested that proper refolding of the protein was a 
mqjor factor governing antigen binding. This column  resolved 
the light  chains  into two major species (labeled B and C in Fig. 
3), one with a high specific binding activity and  another with 
little or no activity. N-terminal sequencing confirmed that both 
peaks were composed of the same light chain. The two peaks 
must  represent, therefore, differently refolded light chains. 
Possible explanations for this observation are: (i)  the two light 
chain states may be  chemically different because of incomplete 
reduction of disulfide bonds, or (ii) chemically  homogenous 
light  chains may adopt alternative conformations. The possi- 
bility that B and C represent different aggregation states of the 
protein is unlikely, since establishment of equilibrium between 
the two states following chromatographic separation can be 
predicted to produce similar levels of binding activity. In view  of 
the presence of two forms of the light chain, the binding capac- 
ity value deduced  from  Fig. 4 must  underestimate  the stoichi- 
ometry of VIP binding by the high activity species.  On the  other 
hand, computation of the binding afEnity of the high activity 
species is not compromised, since VIP binding by the second 
species is apparently too low to produce a deviation of the 
Scatchard plot h m  linearity. 

Improper refolding could help explain reports describing 
minimal antigen binding by light chains purified from  poly- 
clonal antibodies (4-8). For example, recovery of antigen bind- 
ing activity in light  chains  denatured with SDS (5) or propionic 
acid (4,6,8) may  be  difficult  compared to guanidinium chloride 
used in  the present study. A second factor is  the possibility of 
inactive aggregate-formation in concentrated solutions of anti- 
body subunits (21). In the case of concentrated solutions of light 

ation of the relative levels of activity in  the monomer and dimer 
forms of the light chain, since noncovalent dimerization could 
occur  following  column separation and exposure to VIP in  the 
binding assay could also promote dimerization (23). In  the case 
of the heavy chain of the anti-VIP antibody, overt aggregation 
was observed in  the nondenaturing solvent; approximately 90% 
of the protein was recovered at the void  volume of the gel 
filtration column  (exclusion limit 2 x lo6 kDa) and only  10% as 
the 50-60 kDa  monomer (not shown). This type of aggregation 
may explain the apparent heterogeneity of VIP binding by the 
heavy chain preparation (Fig. 4). 

Antigen binding entails contact with amino acid residues of 
both antibody subunits. The lengths of heavy and light chain 
CDRs in different antibodies are variable (22, 24), as  are  the 
relative extents of antigen contacts with heavy and light chains 
in different antigen-antibody complexes (13). Although the 
number and aggregate surface area of heavy chain contacts are 
generally somewhat greater, contacts at  the light chain can 
approach 50% of the total interactions. Heavy chain prepara- 
tions consistently show  lower binding activity than  the parent 
antibodies (1-6) and interactions at heavy chain residues alone 
are unlikely to account fully for high affinity antigen-antibody 
binding. Light chain contributions in  antigen binding may be 
particularly important when favorable contacts with the heavy 
chain CDRs are limited, for example, in antibodies expressing 
short heavy chains CDRs.' In view of these considerations, we 
consider it unlikely that  the anti-VIP light chain is unique in  its 
high affinity antigen binding activity. 

B-lymphocytes synthesize light chains in excess  over  heavy 
chains  and secretion of free light chains by these cells has been 
demonstrated (1). Large amounts of light chains accumulate in 
the extracellular fluids and  tissues of patients with light chain 
secreting tumors (2). There is compelling  evidence that light 
chains can mediate peptide-bond  cleavage (16), activate 
complement  components (251, and suppress antibody synthesis 
(26). Observation of high affinity antigen binding by a light 
chain warrants study of the hypothesis that free light chains 
can simulate  the antigen-specific functions of antibodies. 
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braska  Protein  Structure Core Facility (B. Bagenstoss). 
suggestions. Amino  acid  sequencing was done at the University of Ne- 
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