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INTRODUCTION 

le Statement of Problem 

The initial average association constant (Ko) of an antibody prepa

ration against a protein antigen._ ~(ovalbumin) can be calculated at 10
8 

' ·.•· ~: 

-1 5 -1 -1 
(M ) • This ·is based on a forward rate constant (kf) of 10 (M sec ) 

-3 -1 
and a reverse rate constant (k ) of 10 (sec ) (Dandliker and .Levison, 

. r . . 

1968) according to the general relationship K = k.c/k • In comparison, 
o .~.. r 

Ko values· for induced antibody-hapten interactions, while easier to 

measure, genera].ly show a different kinetic order. For ~ variety of 

. 1 . h k 1 . 'd f . 107 108 ( -l -l~ . 1 k s1ng·e-r1ng aptens, _ va ues range rom ·- · M ·sec ), w1ereas 
. t - . r 

0 2 -1 
values ranged from 10 -10 (sec ) (reviewed by Froese and Sehon, 1975). 

The higher forward rate constants for hap tens approach· the theoretical 

. 9 _, -1 
limit for diffusion-limited association_ (1.5 x 10 · M ... sec ) (Wang, 

1955). ·The higher reverse rate constants likely r-esult from fewer 

contacts between the hapten and the comb:i!ning site. 

As kf is limited by diffusion to a finite maximum, then the maximum 

K of any given antibody towards a hapten becomes a function of the con-

centra tion-independent k • The reverse rate constant then actually 
r 

becomes a measure of the antibody's fine specificity for the hapten, as 

contributed by the free energy of binding (!::.G), which· can be calculated 

in terms of K by the equation !J.G = -1.37 log K - 2.38 (kcal/mole, 25°C) 

(Utsumi and Karush, 1964), and by structural complementarity. Although 

crystallographic and model-building studies have yielded structural 

information on antibody-hapten fine specificity, there is no information 

on the nature of structural complementarity which would underlie a k 
r 

value in the range of antibody-antigen complexes, or below. 

1 
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IgG Gar is a myeloma ~mmunoglobulin which binds riboflavin irrever-

sibly under non-denaturing conditions. It has an equally high affinity 

for flavin mononucleotide (FMN) and a 1esser although still high affinity 

for flavin. adenine ·dinucleotide (FAD) (Farhangi and Ossetman, 1976) e 

. This suggests that the rigid tricyclic ~lavin ring (7,8-dimethylisoal-

loxazine) is oriented in the combining region such that· the ribityl 

moiety is at least partly exposed to the solvent environment where an 

adenine diphosphat·e. substitution (i.e.,· FAD) would not. severely affect 

the fundamental binding forces of the protein for the flavin ring. The 

potential for tricyclic rings in general to induce or· to be involved in 

antibody binding at reverse rate constants equivalent to or lower than 

those for protein determinants is suggested by analogy with the studies 

on hyperimmune subpopula tions. of high affinity rabbit IgG antibodies 

directed to fluorescein haptens (Levison et al., 1971; Watt et al., 

1980). Since the hapten used for these immunizations was carrier-bound 

by the carboxyphenyl isothiocyanate ring, the immunogenic portion was 

primarily the remainder of the fluorescein molecule, i.ee, the tricyclic 

ring (6-hydroxy-3-isoxantheno.ne). The reverse rate constants were 

-3 ~6 -1 
calculated to be between 10 and 10 sec , which is equivalent to or 

lower than that found for binding of protein determinants. 

In addition, Gar cross-reacts with structurally related haptens, 

although with considerably less affinity. Th,ese haptens include DNP, 

naphthoquinone and uracil, and thus, provide a·basis for comparisons of 

Gar with the structural studies of several huiD?-n and mouse anti-DNP 

immunoglobulins. 
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There are two approaches fo-r gathering-information on the structuraf 

influences of IgG Gar which produce the. ultra-low k for riboflavin. 
. r 

·The first is crystallographic, i .. eu, x-ray 'diffractio~i studies of the 

crystallized Fab fragment with the bound hapten. This approach is being 

followed by Jona.than Greer at Columbia University, but as yet, the Fab 

crystals are-not suitable for sing.le crystal x;_ray study which may yield 

high res.olution data (Greer, 1980; personal communication).· The second 

approach is model-building, · i u e. , · cons true ting. the tertiary/ qua ternary 

structure of the combining region· from a knowledge of·. its primary struc-

ture, its predicted secondary structure, and the. established spatial 

coordinates of other crystallized immunoglobulins with similar features. 

Both approaches· require a knowledge of the primary structure. One-half 

of the primary structure, that contributed by the light chain variable 

regi:on,-will be established in this investigation. This, plus previously 

obtained data from the heavy chain variable region (Apelgren, 1977) will 

be used to construct a spatial view of a major·, part of the combining 

region and to deduce some of the forces involved in binding riboflavin. 

2G General Variable Reg~on Structure 

The antibody combining region is a solvent-exposed structural 

pocket or crevice formed by the noncovalen.t, high-affinity as so cia tion 

of the variable (V) domains, VH and v
1

, each of which comprise approxi

mately the first (N-terminal) 110 residues of the heavy (H) and light 

(L) chains, respectively. "This pocket or groove is uniquely shaped in 

each antibody due to the sequence permutations and/ or deletions which 

occur in the H and L chain loops that line the combining or complemen-

tarity- determining region (CDR). These CDR loops, three each in the 

VH (Hl, H2, H3) and the v1 (11, 12, 13) were initially defined by Wu and 



Kabat (1970) and Kabat and Wu (1971) from. plot-s of variability vs 8 

sequence position for some 14.VH and 121 v1 human and murine sequences 

which were aligned. for maximal homology. According to the numbering 

scheme of Kabat et al~ (1979), ·the CDR residues are: Hl (31-35); H2 

(50-65); H3 (95-102); Ll (24-34); 12. (50-~6);. 13 (89-97). Insertions 

may occur at: Hl (35A-B); H2 (52A-C); H3 (lOOA-H); 11 (27A-F); ~3 

(97A-F)e 

4 

A number of VH and v
1 

domains have been structurally .characterized 

by x-ray.crystallography:· human Fab' Newm (Poljak et al., 1974); murine 

Fab .McPC 603 (Segal et al., 1974)~. and the three.Bence Jones p.roteins 

Meg (S.chiffer et al., 1973), Rei (Epp et al., 1975), and Rhe (Wang et 

al., 1979). The three-dimensional structure of Fab' Newm·revealed that 

its. four globular'"homology subunits" (VH' v1 , CHl' and c1 ) all shared a 

~tructurally similar folding pattern, the ''immunoglobulin fold". The 

secondary struc.ture of each domain was' characterized by two roughly 

parallel, irregular S -pleated-sheets surrounding a tightly packed interior 

of hydrophobic side chains. The basic fold consisted of a four-strand 

sheet and a three-strand sheet.. In the V domains, an extra loop of 

chain (H2 or 12) created a five-strand sheet from the three-strand. The 

combining region was created by association of the five-strand sheets 

from the VH and v
1 

domains. All CDR loops, including insertions or 

deletions, could be incorporated without changing the basic fold. 

Conversely, the less variant residues (type and subgroup-specific), 

which account for more than half of the usual V sequence, especially 

those contributing to S and y. turns, bends, and intra and inter-domain 

bonds and/ or contacts, seemed to be important for the conservation of 

the basic fold. Such residues have come to be referred to as "framework". 
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Th~ definitive structure of Fab' Newm justified some "domain" pre-

dictions which had been. inferred by Edelman et al. (1969) from their 

sequence of human IgG Eu, viz, that the regions of sequence homology 

wo:uld each fold into_ compact domai-qs stabilized by a single intra-chain. 

disulfide bond, and each· would have a similar tertiary structure. 

Padlan and Davies (1975), measuring structura-l homology and variability 

of the V regions of murine Fab McPC 603 and Bence Jones protein Rei 

using the method of dj_fference diagonal plots, concluded that the frame-

work regions were very similar since the relative displacement of corre~ 
0 

spending framework residues was within 1 A and that the significant 

differences occurred in the CDR loops. 

3. Role of v
1 

Region 

In general, cross-reactivity is inversely proportional to interaction 

ene-rgy (Weininger and Richards, 1979). The ultra-high affinity of Gar 

for riboflavin would suggest a correspondingly narrow range of structural 

differences which could be tolerated on the flavin ring. The cross-speci-

fic:ities of Gar with smaller haptens would therefore seem to depend on 

sharing of homologous structural features with some portion of the 

flav:t.n ring. The non-flavin hapt~ns which cross-react with Gar bear 

some resemblance to the pyr~midinoid portion of the flavin ring. They 

all share an aromatic ring with two hydrogen bond acceptors (nitro or 

keto oxygen) wqich, except for naphthoquinone, are meta-positioned. 

Since one of these cross-specificitie-s is towards DNP, some points of 

comparison may be established from several studies on structural aspects 

of anti-DNP. immunoglobulins. 
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The earliest investigations of ·the roles of L vs. H chains in DNP 

binding were .carried out with purified, induced rabbit antibodies (Haber 

and Richards, 1966, and Jaton et al., 1968}. In both of these investi-

gations, activity towards DNP was n~?t detected in the isolated L chains, 

However, using higher hapten concentrations to insure complete-saturation, 

Painter et al., 2 -1 (1972) detected a low K value (2-5 x 10 M ) towards 
.0 

DNP by L chains of induced- rabbit antibodies. .Although this was less 

. 4 -1 . 
than 1% of the K for the-isolatedH chains (6·x 10 M ), in terms of 

0 

free energy, ~G., the L chains were calculated to contribute· an average 

of -5 .. 4 kcal/mole, or 39% of the binding energy of the intact combining 

site. It is conceivable that~~ in a heterogeneous population of induced 

antibody such as this, some active sites would be donated solely by H 

chains and· some by L chains o Nevertheless., the finding of Painter et 

al. suggested that, for the majority of induced anti-DNP antibodies, 

both chains contributed substantially to the binding energy. 

Only two individual immunoglobulins with primary activity towards 

DNP have been completely sequenced for the v
1 

region, viz, the murine 

IgA(A) myeloma protein MOPC-315 (Dugan et al., 1973) and the human A. 

Bence Jones protein Meg (Fett and Deutsch, 1974). In the crystalline 

form, Meg can bind a variety of aromatic haptens in the cleft between 

the V domains (Edmundson et al~, 1974). The MOPC-315 L chains also 

exist as dimers in saline ·solution, pH 7. 4, exhibiting a K for DNP of 
0 

6 x 10
3 

M-
1

, and a ~G of -7.1 kcal/mole· which accounts for 66% of the 

binding energy of the intact combining site (Schechter et al., 1976). 

MOPC-315 shares with Gar cross-specificities to many of the same· haptens 

4 
and exhibits a low but significant DNP inhibition constant (K. = 4 xlO 

]. ' 

M-1) with riboflavin (Michaelides and Eisen, 1974). 
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It was deduc.ed from· a number of affinity-labeling and model-:-huilding 

studies (rE?:vlewed. by; Potter, 1977) that the key· conta.ct residues· f<;>r DNP 
. . . 

bind:i:,ng by MO;PC-.315 ·are located. in· the. v
1 

regi6ne: The interpretation of 

Dwek et al. ·(1977) , based on ESR and NMR ·mapping techniques, favors . . . •. ,.'_ . 

:·,:st-acking inte~act_i.ons -of' the DNP ·ring with the indole _ring of Trp-91L,_. 

and hydrogen' bonging to the. nitro oxygens by the phenolic hydroxyl of 

Tyr-32L and the amide of Asil-341.. At the homologous positions in ·Meg . 

. (Tyr-91, Tyr-32·,.. an~·. S·er...:'34), the. residues would be ~tructurally cap.able 
. . ' -

·of serving the .same·. c.oritact functions·., . With the possible· exception of 

· Ser-34, ·the. spatial relationships should· also be similar, since homologous 
. .. · .. 

positions. such as these which· are within t'hree residues of the beginning 

or end of the CDR loops of same or similar length, are close to the . 

· spatially conserved framework "anchor" residues, and (3. sheet structure 

often overlaps. to this extent from the framework. The reason that 
. . 

-ser-34 might not· be spatially analogous to the Asn-34L of MOPC-315. is 

.that the serine hydroxyl, o·rigina ting from the ·s~·carbon, inight be too 

distant f_rom _a D~P' ni ~~o .. oxygen to form a _hydrogen bond. The interpre

.~. tation of' Edmundson ~t ·al~, based··-on- their crystallographic. studi,es of 

'.-
---:}1cg, ·was .that Tyr-91, Ty-;--32,. and Glu~so were ·the most·_pr.obable contact-

. . .. · 
res;idues for th.e DNP ·ring in "site A", which was located primarily' on. 

·monomer 2. Monomer 2 resembled the· usual L ·chain spatial conformation 

in the dimer, whereas monomer 1 resembled that .of the-H chain (Fd region). 

The· degree to which .the . Gar VL sequence conforms to those of ~!OPC

. 315 and M~g at ~ositipns.3i, 34, and 91 would bear on the hypothesis 
. . . 

. that . the Gar v
1 

resembles other_ anti-DNF V.L regions in b~nding both DNP 

and similarly structured aromatic haptens. 
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· 4. Model-Building 

As is the case with IgG Gar, Fab fragments of the mouse anti-DNP 

myeloma protein MOPC-315 have not been crystallized in a form suitable 

for high resolution x-ray diffracti.onanalysis. However, an approxirp.a-

tion of the 315 combining surface contour has been physically modeled 

from other crystallographically-defined immunoglobulin V domains (Padlan 

et al., 1976)s Model building relies on the working premise of framework 

structural invariance (Padlan and Davies, 1975), i.e., that the VH and 

VL framework regions provide a tertiary. structural base which is essen

tially constant among individual proteins and species and on which the 

six: CDR loops of variable length and secondary structure are attached at 

spatially conserved points. In the approach followed by Padlan et al~, 

a space-filling model of the a -carbon/peptide bond backbone of the 

framework was constructed by aligning the relevant 315 sequences along 

the homologous crystallographic coordinates of the mouse Fab' McPc 603. 

11 of A315 was aligned along the coordinates of human A Meg, which had 

the same length and the helix-like structure common to A 11 loops. 12 

and 13 of A315 were aligned along the coordinates of K603. The H chain 

CDR loops were remodeled from 603 either by excision and rejoining or by 

addition of a residue to tQ.e amino terminal end. HZ was a hybrid of a 

remodeled 603 (amino-terminal portion) and human Newm (carboxy-terminal 
~ 

portion). Structural stability in each loop was then maximized by 

forming hydrogen bonds. wherever possible, by maintaining phi and psi 

peptide angles within reasonable limits, and finally by maximizing 

interactions between loops.. The DNP hapten was oriented in the· pocket 

so as to account for affinity-labeling and spectroscopic data. Adjust-

ments in the model to accommodate the DNP hapten were minor, involving 
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only sligb,t displacements of ma:in~chain. atoms and rotation of side 
I 

groups about single bonds e It was this model of the 315 combining site 

that Dwek et al. (1977) subsequently .refined by magnetic resonance 

mapping, and concluded that one of ·the contact residues forming a hydro-

gen bond with a nitro oxygen of DNP was Tyr-321 rather than Asn-35aH, as 

Padlan et al. had inferred from the model alone. The interpretat~on of 

Dwek et al. was subsequently favored by the evidence of Klostergaard et 

al .. (1978), who were·able to reduce the affinity of 315 some 20-fold by 

iodination of exposed tyrosine residues, whereas this reduction was 

comp_1etely prevented when iodination was carried out in the presence of 

haptene 

\ 

The model-building strategy of the L chain CDR loops of Gar will be 

computer-based, using the available crystallographic coordinates of the 

human A. chains Meg and Newm, and orienting the flavin. ring with the 

ribi tyl moiety towards the', sol vent and the pyrimidinoid section close to 

one or more Ll or 13 residues, as sequence analogy with other anti-DNP 

proteins warrantse 



}'1ATERIALS AND }!ETHODS 

A flow chart summarizing the chemical methodology described in this 

secti_on is presented in Appendix 1. 

1.. Isolation and Characterization of the Hyeloma Protein 

Primary Isolation. IgG Gar is a monoclonal immunoglobulin recovered 

from the plasma of a patient with multiple myeloma associated with 

xanthoderma. Plasmapheresis was carried out with either EDTA (ethylene

diamine te~raacetic acid) or ACD (acid, citrate, dextrose) as the anti-

coagulant. The anticoagulated plasma was diluted 1:10 with 0.025 M 

Cacl
2

, which induced a soft, unretracting fibrin elate After 90 minutes, 

3. 2 M (NH
4

) 
2
so 

4 
was stirred into an equal volume of the diluted serum 

(final concentration 1. 6 M or 21%, w/v) and allowed to stand for 75 

minutes. The yellow precipitat~ was spun.down at 2,500 x g, 30 minutes, 

and washed twice in 1. 6 M (NH
4

) 
2
so 

4
• Very little additional yellow 

precipitate was brought down from the original supernate by making it 

2.4 Min (NH4)
2
so4 • The 1.6 M precipitate was dissolved in and dialyzed 

against TRIS (tris(hydroxymethyl)aminomethane) buffer (Ool H, · 0.1 M 

NaCl, 0.02% NaN3, pH 8), concentrated to the original plasma volume by 

ultrafiltration through a Diaflo PM30 membrane (Amicon, Lexington, MA), 

divided i~to 5 ml aliquots and frozen. 

Gel Filtration. Aliquots (5 ml) of the yellow protein were applied 

to a 2.5 x 145 em column of Sephacryl S-200 (Pharmacia, Piscataway, NJ) 

in the TRIS buffer previously described. Fractions of 5 ml were eluted 

under pump pressure at a rate of 2.0 em/hr. Absorbance was measured at 

both 280 and ·445 nm in a model 24 spectrophotometer (Beckman, Fullerton, 

10 
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CA). The fractions which comprised the peak maximally absorbing at both 

wavelengths were pooled, dialyzed against deionized water, and lyophilized. 

Serologic Analysis. The· protein ·isola ted by gel filtration was 

examined by double diffusion on ~lides of 1% agarose in 25 nu'1 sodium 

diethylbarbituate, 0.04% NaN3 ; pH 8, against both .burro anti~human A serum 

(Kallestad, Chaska, MN) and goat anti-human K serum (Meloy, Springfield, 

VA). 

The protein was also examined by immunoelectrophoresis (Scheidegger, 

1955). Using the same gel and buffer system as above, the protein was 

electrophoresed at 200 volts for 50 minutes in an electrophoresis chamber 

(Gelman, Ann Arbor, MI) and then developed with rabbit anti-normal human 

serum (Kallestad). 

Uolecular Weight.Determinations. Molecular weight calculations of 

both the heavy and.light chains were determined from horizontal thin-layer 

polyacrylamide gel electrophoresis (PAGE) e , The intact, isola ted L 

chain's mo lee ular weight was also determined by gel filtration. 

PAGE of 2-mercaptoethanoi-reduced IgG Gar was carried out on a 

model 2117 Multiphor (LKB, Bromma, Sweden), using the cross-linker N, 

N'-diallyltartardiamide (DATD) (Spath and Koblet, 1979). Gels of 7.5% 

were used, with a 2.55:1 weight ratio of acry1amide to DATD. The buffer 

system used was 0.05 M imidazole, 0.1% sodium dodecy1 sulfate (SDS), 

pH 7.0e Samples of 5 to 10 ]Jl containing 25 11g IgG were run across-width 

at 80 rna constant current for 2 hours. Protein bands were fixed for 30 

minutes in 11.4% trichloroacetic acid, 3. 4% sulfosalicyclic acid, and 

stained with 2. 5% Coomassie Blue. Molecular· weights· were calculated 

from a standard curve (log t-IW vs. m.igra tion distance) constructed with 
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protein chains of known molecular weight 7 viz, bovine serum albumin 

(Miles-Pentex, Kankakee, ~L), ovalbumin (Mann, New York), and chymotryp-· 

sinogen A (Sigma, St. Louis, MO). 

For molecular weight analysis by gel filtration,' H and L chains 

were first mildly reduced, alkylated, and dissociated. IgG Gar,·about 

15 mg (0 e 1 ~mole) in about 1 e 5 ml of TRIS buffer: in dialysis tubing 

(0.9 x 30 em), was twice reduced and alkylated by dialyzing against lQQ. 

ml of 3~6 ~1 dithiothreitol in 0.2 M TRIS, 0.01 mM EDTA, pH 8.5, for 2 

hours, followed by ·dialysis. against 7. 2 JI!M iodoacetamide in TRIS for 1 

hours After further dialysis against 10 mM sodium phosphate, 0.15 M 

NaCl, pH 7o4 (PBS), the chains were dissociated in 0.3 N propionic acid 

as evidenced by the egress of the yellow ribo.flavin. The chains were 

isolated on an ascending column (1.6 X 91.6 em) of Sephadex G-75 in 0.3 

N propionic acid at a rate of 1% column volume (1.85 ml) per 30 minutes 

(0 .03 em/min.). The L chain fractions were pooled,· dialyzed against 30 

mN propionic acid and then against PBS, and finally rechromatographed in 

PBS under the previous conditions. Molecular weight was calculated from 

a standard curve (log MW vs. elution position) constructed with globular 

proteins of known weight, as mentioned above for PAGE. 

Hapten-Binding Studies. H or 1 chains, as isola ted above (about 

0. 2 lJmoles in 2 ml), were dialyzed against one liter of a 50 1-1M solution 

of riboflavin in PBS ·for 24 hours at room temperature, followed by 

dialysis against PBS for an additional 5 hours at 4°C. Bound riboflavin 

was assayed spectrophotometrically, by measuring absorbance in the range 

around 445 nm. Nonspecific binding was assayed urider the same conditions 

with normal human gamma globulin. 
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2.. Preparative Isolation of the Light Chain 

Partial Reduction and Carbamidomethylation. A 10% solution of.the 

IgG was made in 0 .. 2 M TRIS, 10 mM EDTA, pH 8. 5,. The protein was reduced 

with a. 6-fold exces$ of dithiothreitol (mole per mole interchain cyst·ine) 

for 2 hours, and then carbamidomethylated with a 9-fold exces$ (mole per 

mole half-cystine) of iodoacetamide for 1 hour. Both reactions occurred 

in the dark, under a nitrogen atmosphere at 23°C. The.reaction mixture 

was then dialyzed for 20 to 30 hours against 1 N propionic acid to 

remove excess reagents, and lyophilized. 

Gel Filtration .. · A 10% solution of the partially reduced/alkylated 

IgG was made in 8 N propionic acid. Aliquots of 4.5 ml were. applied to 

a water-jacketed, 2.75 x 100 em column of Sephadex G-100 (Pharmacia) in 

1 N propionic acid, maintained at 40°C. ·Fractions of 4.5 ml were eluted 

under hydrostatic pressure at . a rate of 1.1 cm/hr. Absorbance was . 

measured at 280 nm, and the fractions containing H and L chains were 

separately pooled and lyophilized. 

Assay of L Chain Purity. The purity of the L chain preparations 

were assessed by horizontal thin-layer PAGE, as described above. Samples 

of 10 111 containing 50 11 g of each· preparation were run on 7. 5% gels to 

determine the extent of H chain contamination. 

3. Complete Reduction and Characterization of the Light Chain 

Reduction and Aminoethylation. S-aminoethylation following reduc

tion of intrachain disulfide bonds was carried out based on the procedure 

reported by Cole (1967). A 1% solution of the partially reduced/carba

midomethylated L chain was made in 8 M urea. EDTA, 6 mM and 3 M TRIS, 

pH 8.6, were added to final ·concentrations of 0.2 ~~ and 0.67 M, respec

tively. The L chain was completely reduced with a 40-fold excess (mole 
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per mole half-cystine) of 2-mercapthoethanol for 5 hours, and then amino-

ethylated with a 300-fold excess (mole per mole .cysteine) of ethylenimine, 

in 3 portions at 10 minute intervals. Both reactions occurred with con-

tinuous mixing under a nitrogen atmosphere at 22°C, with the pH manually 

monitored and maintained at 8o6 with glacial acetic acid. Thirty minutes 

·after the first addition of ethylenimine, the reaction was stopped by 

adjusting the pH to 5.0 with glacial acetic acid. The mixture was then 

dialyzed for 4 · days against water to remove the excess reagents, and 

lyophilized. 

Reduction and Carbamidomethylation~ s~carbam:i,.domethylation following 

reduction of intrachain disulfide bonds ·was adapted from the method of 

Gall and Edelman (1970). A 2% soluti.on of partially. reduced/ carbamide-

methylated L chain was made in 6 M guanidine hydrochloride, 0.5 M TRIS, 

2 mM EDTA, pH 9 e 0. · The L chain was completely ·reduced with a 50-fold 

excess (mole per mole cystine) of DTT for 4 hours and then carbamide-

methylated with a 100-fold excess (mole per mole cysteine) of iodoace-

tamide. Both reactions occurred with continuous mixing under a nitrogen 

atmosphere at 45°C, and with initial pH adjustments to 8.0 with 19% HCl 

or 58% NH40H. Fifteen minutes after the addition of iodoacetamide, di

alysis of the_. mixture against water was begun and continued for 3 days. 

Both the alkylation reaction and the dialysis were shielded from light. 

The dialyzed protein was lyophilized. 

Assay of Tryptophan. Total residues of tryptophan per L chain were 

determined spectrophotometrically on completely reduced and alkylated 1 

chain, 1.5 mg in 2.5 ml of· 0.1 N NaOH, using the formula of Beaven and 

Holiday (1952): 

Mtyr/Mtrp = to .592)on294 • 4- (O .263)on28~ I ~o. 263)0D~80-(o .170)on294 • ~. 



Absorbance at the· two ultraviolet wavele:ngths was corrected for. the 

nonspecific . "haze" component by extr-apolating ·the Linear absorbance 

increase from 360 to 320 nm into the ultraviolet region, and then sub

tracting these baseline values at' the designated wavelengths. 

Assay of.Half-Cystine~ Total residues of half-cystine and/or 
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cysteine per L chain were determined by quantitative analysis of cysteic 

acid, obtained after performic acid oxidation of the intact IgG molecule 

and isolation of L from H chains by gel filtration. 

The oxidation procedure was closely modeled on that of Hirs (1967). 

IgG Gar, 4 e 1 mg (about 0. 5 llmoles total cysteine), was dissolved in 

0.05 ml of 90e5% formic acid and mixed with 0.10 ml of the performic 

acid reagent, 30% H
2
o

2
: 90e5% formic acid (1:19), which had stood.at 

room temperature for 2 hours e The oxidation was carried out for 2. 5 

hours in an· ice bath, stopped by dilution with 4 ml ice water, and 

lyophilized. 

After isolation of the L from H chains by gel filtration, the 

oxidized L chain preparation was hydrolyzed with 5.7 N ("constant-boil

ing") HCl and analyzed as described below. Moles of cysteic acid per 

L chain were determined by comparison with the phenylalanine value which 

was taken·to represent 4.0 moles/mole L chain. Phenylalanine was chosen 

as a standard for cysteic acid because of its high reproducibility and 

low variance from one analysis to another and also because its ninhydrin 

color constant is the closest to that of cysteic acid; thus, the effects 

of aging on the ninhydrin reagent would be expected to affect both 

constants equivalently*-
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Amino Acid Analysis. A completely reduced L chain prepara.tion, 

70 nmoles, was dissolved in 5o7 N HCl. The hydrolysis solution was 

freed of dissolved air and flushed wi-th nitrogen before sealing. Samples 

were _hydrolyzed for 24 hours at ll0°C and then dried on a rotary evapo

rato.r. 

Amino acid analysis was carried out on an automatic amino acid 

analyzer (Beckman model 120 B/C) equipped with a model CRS-210 automatic 

integrator (Columbia Scientific, Austin, TX). The hydrolysate was 

·dissolved in a measured volume of 0.2 N sodium citrate buffer,. pH 2.2. 

Basic amino acids were isolated from an 0.50 ml aliquot applied to a 

short column (0.9 x 7 em) cation exchanger (PA-35, Beckman) with pH 5.28 

citrate buffer, 0.35 M in sodium. Acidic and neutral amino acids were 

isolated from an Oe50 ml aliquot applied to a long column (0 .. 9 x 48 em) 

cation exchanger (AA-15, Beckman) with a two-step citrate buffer develop

ment, pH. 3.25 followeci'by pH 4.25, both 0.20 Min sodium. Identification 

and quantitation of peaks was determined in reference to elution time 

and integrated area, respectively, of amino acid standards. 

4. Enzymatic Cleavages of the L~ght Chain 

Tryptic and chymotryptic digestions of the intact . 1 chain were 

based on the methods of Engelhard and Hilschman (197 5). Both were 

carried out under a nitrogen atmosphere at 37°C, with the pH monitored 

(Phasar-I, Beckman) and manually maintained at 8.5 with either 0.1 N 

NaOH or 0.1 N ~H40H. 

Cleavage with Trypsin. A 2% solution of the completely reduced/ 

aminoethylated 1 chain was made in degassed water, and the pH was adjusted 

to 8. 5 with NaOH. TPCK (N-tosyl-1-phenylalanylchloromethyl ketone)

treated trypsin (247 units/mg) (Worthington, Freehold~ NJ) was added at 



a 1:100 weight ratio to L chain. The pH of the reaction largely stabi

lized by .1 hour. After 2 hours, the reaction was end.ed by increasing 

the pH to 9.5. 

Cleavage with a-Chymotrypsin. A 2% solution of· the· completely 
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reduced/carbamidomethylated -L chain was made in degassed water, and the 

pH was adjust.ed to 8.5 with NH
4

0H. a-Chymotrypsin (11,800 units/mg) 

(Ca~biochem, Los Angeles, CA) was added at a 1:75 weight ratio to L chain. 

Yne pH of the reaction largely stabilized by 2 hours •. After 2.5 hours, 

the peptide mixture was frozen and lyophiliz.ed. 

Secondary Cleavage. . Tryptic or chymotryp tic pep tides larger than 

12 residues were secondarily digested with a-chymotrypsin or thermolysin 

(Calbiochem). Subdigestion with a -chyrnotryps.in was carried out as 

described above at a 1: 7 5 weight ratio of enzyme to peptide in a 1% 

solution. Subdigestion with thermolysin was carried out at a 1:50 

weight ratio of enzyme to peptide in a 1% solution, at 37° under nitrogen 

for 5 hours, with the pH manually rnoni to red and maintained at 8. 0. 

5~ Isolation of the Split Products 

The elution schemes for column chromatography and rechromatography 

on Dowex ion-exchange resins (Bio-Rad, Richmond, CA) were a modification 

of those described by Pons tingl et al. (197la). -For all column chroma

tography, 2. 5% a liquets of the fractions were assayed for pep tides by 

the ninhydrin reaction on the· alkaline hydrolysate, according to the 

method of Moore and Stein (1954). The absorbance was measured at 570 nm. 

Fractions comprising chroma to graphic peaks were pooled, dried on a 

rotary evaporator, reconstituted to 2.0 rnl with demineralized, deionized 

water, and stored at -20°C. 
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Chromatography on Dowex 1. Dowex AGl-:-XZ resin (200-400 mesh) was 

regenerated in the acetate form.. The resin was equilibrated in a 2 .. 5 x 

150 em 37°G water-jacketed column with 1% pyridine, 1%.2:-:-methylpyridine, 

1% 2, 4-dimethylpyridine, ·pH 9. The aminoethylated tryptic peptide 

mixture was applied to the column and eluted with a logarithmic gradient 

of decreasing pHe The developers were introduced into a constant volume 

(1 liter) mixing flask according to the scheme: (1) equilibration 

buffer, 300 ml; (2)_ same as 1, but pH adjusted with acetic acid to 8.5, 

600 ml; (3) same,as 1, but pH adjusted to 7.5, 600 ml; (4) 0.1 N acetic 

acid, 1200 ml; (5) 0 c 2 N acetic acid, 1200 ml; ( 6) 1 N acetic acid, 

600 ml; (7) 2 N acetic acid, 600 ml; (8) glacial acetic acid, 1200 ml. 

Fractions of 10 ml were collected at a flow rate of 21 cm/hr which- was 

achieved with a mini pump (Milton Roy, Riviera Beach, FL). 

Chromatography on Bio-Gel. Bio-Gel. P-2 (minus 400 mesh) (Bio-Rad) 

was hydrated in water at 90°C~ then equilibrated in a 2.75 x 100 em, 

40°C column with 5 N acetic. acid. Aliquots of 5 ml of the chymotryptic 

peptide mixture in a 4% solution were eluted in turn, collecting 5 ml 

fractions at a flow rate of 2.5 cm/hr under pump pressure. 

Rechromatography on Dowex 50 or Aminex 50. .Dowex AG50W-X2 resin 

(200-400 mesh) or Aminex 50W-X4 resin (20-30 Pm) (Bio-Rad) were generated 

in the H+ form and equilibrated in 1 x 15 or 0.9 x 20 em columns at 

40-45°C with 0.05 N pyridine-formic acid, pH 2.2, containing 30% (v/v) 

1-propanol. The peptide sample, dissolved in 2 ml 50% formic acid, was 

applied to the column preceeded by 6 ml 50% formic acid, Peptides were 

eluted with a logarithmic gradient of increasing pH, made of equal 

volumes (150 or 300 ml) of the equilibrating buffer and 2.0 N pyridine-
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acetic acid, pH 5.5, containing 30% 1-p·ropanol. The column was finally 

stripped with 0.2 N NaOH~ Fraction of 2.5 .... 3 ml were collected at a-'flow 

rate of 19 cm/hr under pump pressure. 

Rechr~matography on Dowex 1. Dowex AG1-X2 or l-X8, regenerated in 

the acetate form, was equilibrated in a 1 x 15 em or 1 x 25 em 40-45°C 

column with 3% pyridine, 30~~ propanol. The peptide sample was dissolved 

in 2 ml of the equilibration buffer, and the pH was adjusted to about 10 

with NH
4

0H. The sample was applied to the column, and the peptides were 

eluted with a logarithmic gradient of decreasing pH. The developers, 

all of which were made 30% (v/v) in propanol, were introduced into a 

constant volume (150 ml) mixing flask according to the scheme: (1) 

3% pyridine, 0.05 N acetic acid, 66.7 ml; (2) 0.3 N acetic acid, 69 ml; 

(3) 2 N acetic acid, 69 ml; (4) glacial acetic acid, 69 ml; and, finally, 

92 ml. of glacial acetic , acid- introduced directly into the column. 

Fractions of 2. 3 ml were collected at 18 cm/hr under pump pressure. 

Rechroma tography on Beckman AA-15. Beckman AA-15 resin (Spinco, 

+ 
Palo Alto, CA) regenerated in the H form, was equilibrated in a 0. 9 x 

7.5 em, 55°C column with 0.2 M pyridi~e-acetic acid, pH 2.3. The peptide 

sample ~was dissolved in 0.5 ml of this buffer, and the pH was adjusted 

to,2.3 or below with acetic acid. The sample was applied to the column, 

and the peptides were eluted with a logarithmic. gradient of increasing 

pH made of 200 ml each of the equilibrating buffer and 2.0 N pyridine~ 

acetic acid, pH 4.3. Finally, the column was stripped with 8 M pyridine. 

Fra_ctions of 3 ml were collected at a flow rate of 28 cm/hr under pump 

pressure. 



Recnromatography on Sephadex G-lOa Sephadex G-10 (Pharmacia) w{is 

eq1,1ilibrated in a 1 x 200 em column with 50%· acetic ac.id. Peptide 

samples to. be desalted or f-rom. w-hich single amino acids were to be 

isolated were dissolved in 1 ml, _applied to ~the c·olumn, and eluted. 

Fractions of 2.5 ml were· collected at a flow rate_ .of 2.5·. cm/hr under a 

hydrostatic pressure of 75 em. 
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:preparative Paper Rechromatography. The peptide-sample was dissolved. 

·in 0.5 ml of acetic acid (up to 15 M) and applieq in 5 111 increments at 

10 .points· 2 em _apart and ll_ em from the edge of a: ll2040b. chromatography 

sheet (58 x 58 em) (Schleicher and Schuell, Keene, NH). ·. The p.eptide 

spots were dried after each application. The paper was equilibrated for 

1 hour in a tank with the aqueous pha·se of the solvent system glacial 

acetic acid: 1-butano.l:water · (1:4:5). (Dalgliesh., 1952) and then .developed 

with the organic phase for 24 hours·. After drying, indica tor strips at 

the edges of the _chroma tog ram were cut and stained with ninhydrin, 

0.3% ip. 1% pyridine, 1% acetic acid/acetone (Easley,,. 1965). Strips 

comprising individual pepti~es were cut perpendicularly to the direction 

of migration; and the peptides were eluted with 1 N acetic acid for 1-2 

days, dried, reconstituted to 2.0 ml, and stored at -20°C. 

6. Characterization of Peptides 

Analytical Paper Chromatography. The purity of peptide. isolates 

was assayed by. one-dimensional paper chromatography' carried out as 

described. above for preparative isolations except that 2.5% of the 

sample or less was chromatographed. Reference amino acids were included, 

and the RF value of 'the peptide as compared to leucine was determined .. 

RF, migration of peptide/ migration of advancing liquid front, is related 

to the peptide's partition coefficient· (Consden et ·al., 1944). Although 
1 
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a peptide's RF value will vary with the water content; of the paper, th:is 

variance is minimized by comparison with.references .. After development, 

one paper was. stained with ninhydrin, and replicate chromatograms were 

stained with reagents specific for. var.ious aminq acids, viz: the Erlich 

reaction for tyrptophan (0 o 2% p-dime thylaminobenzaldehyde/ acetone, 

followed by 1.2 N HCl/acetone) (Easley, 1965); for tyrosine, 0.1% 1-

nitroso-2-naphthol, followed ·by 1.1 N HN0
3

/acetone (Archer and Crocker, 

1952); for histidine, 0 .. 5% p-anisid:Ln/0.05 N HCl/5% amylnitrite/ ethanol, 

followed by 0 .. 2 N KOH/ethanol (Sanger and Tuppy, 1951); for arginine, 

0 .. 1% 8-hydroxyquinoli-ne/acetone, followed by 0.2% .Br
2
/0.5 N NaOH (Jepson 

. \ ' 
and Smith, 1953); and for the sulfur-containing amino acids, 0.2 mM 

H
2
Ptcl

6
/5 nu'1 KI/0.4% starch (Be~nett, 1967). 

High Voltage Electrophoresis. One method of resolving the acid or 

amide characters of the Asx and Glx residues established by amino acid 

analysis and sequence results was by high val tage. e1~ctrophoresis on 

papero Samples of 25 nmoles we.re applied in 5 1-11 increments at points 

2 em apart in the center of a Whatman 3 MM sheet (46 x 57 em) (Reeve 

Angel, Clifton., NJ). The paper was sprayed with 0.8 M ·pyridine-acetic 

acid, pH 6a4, insulated with mylar plastic sheets· and electrophoresed at 

4°C on a Savant FP-22B flat plate (Savant, Hicksville, NY) at 2500. volts 

for 1 hour. Peptides were stained w·ith ninhydrin;. Lysine and aspartic 

acid were included as references, and the electrophoretic RF values of 

the pep tides were compared with one of these.. In the case of pep tides 

with more than one acid. or amide, it was necessary to reanalyze the 

electrophoretic mobility after one or more Edman degradations. 
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Amino Acid Analysis. Aliquots of .peptide preparations estimated to 

be. between 20 arid 50 nmoles from the ninhydrin column chromatographic 

peak size were hydrolyzed and analyzed as described in section 3. Where 

valine and/or isoleucine residues. were expected consecutively in a 

peptide, a duplicate hydrolysis was carried o~t for 48 or 72 hours. 

7. Sequence Determination 

Edman Degradation. The N~terminal (Edman) degradation procedure 

was based on that described by Tarr (1977). A peptide sample of 0.1-0.2 

~ales was dissolved in 100 ~1 of 25% trimethylamine:pyridine (1:1). P~ 

equivalent volume of hexafluoroisopropanol:phenylisothiocyanate:pyridine 

(Oo2:1.0:3~8) was added, and the coupling reaction was carried out under 

nitrogen at 50°C for 10 minutese To remove excess reagent and by-products, 

the reaction mixture was· extracted 5 times with the increasingly polar 

series: ethyl acetate:heptane (1:10, 1:2), ethyl acetate:acetone (1:1). 

The aqueous phase containing the peptide was then dried. The N-terminal 

pheriylthiocarbamyl amino acid was cle?-ved from the peptide with concen-

trated (~12 N) HCl at 50°C for ~0 seconds under nitrogeno After the 

subsequent addition of ~-butanol to prevent foaming, the mixture was 

driede The peptide and its anilinothiazolinone (ATZ) derivative were 

dissolved in 30% pyridine, and the ATZ amino acid was extracted with 

benzene:ethyl acetate (1:2). The remaining peptide was recovered by 

drying and used for the next degradation step. 

Dansylation. Dansylation of the original and sequentially degraded 

peptide followed the method described by Gray (1972)o A sample aliquot 

of 5-10 nmoles was dissolved in 20 1-11 of 0.25 M NaHC0
3

, dried to ensure 
I 

removal of traces of ammonia, and reconstituted to 20 1-11 with water. 

The solution was checked by indicator paper to ensure that the pH was 
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between 8.5 and 9.0. An equivalent volume of Oo02.M dansyl (5-dimethyl-

aminonaphthalene-1-sulfonyl) chloride in acetone was added, and the 

coupling reaction was carried out at 37°C for 1 hour.. After drying, the 

dansylated (DNS) peptide was dissolved in 6 N HCl, the tube was sealed, 

and the peptide was hydrolyzed at 105°C for 16- ·hours .in most cases .. 

Hydrolysis time was 6 hours where DNS-pro or DNS-ser was .. expected, and 

48 hours where DNS-val or ile followed by another val or ile residue was 

expected. 

Conversion to the Phenylthiohydantoin Derivative. The ATZ deriva-

tive extracted at the end of the Edman degradation was dried then redis-

solved in 0.2 ml of 1 N HCl. The derivative was then converted to the 

phenylthiohydantoin. (PTH) form by incubation at 80°C for 10 minutes 

under a nitrogen atmosphere. The PTH derivative was twice extracted in 

1 ml of ethyl acetate and dried. 

Thin-Layer Chromatography. Both the DNS and PTH amino acid deriva~ 

tives were identified by two-dimensional thin-layer chromatography on 

5 x 5 emF 1700 polyamide sheets (Schleicher and Schuell), which were 

developed in foil-covered 150 ml beakers containing 2 to 3 ml of the 

pre-equilibrated solvents. 

The solvent system for the DNS derivatives followed that described 

by Woods and Wang (19.67). The DNS hydrolysate was dried then redis-

solved in 5 ~1 of glacial acetic acid:acetone (2:3), and spotted at a 

designated point 8 mm from one corner of the sheet. The sample was 

applied with a 2 ~1 microcapillary pipette in increments so as not to 

exceed a spot diameter of 2.5 mm. 0.2 ~1 of 1 ~1 DNS-amino acid refer-
' 

ences (Sigma) were applied to a complementary position on the reverse 

side of the sheet. The first solvent (1.33% formic acid) was allowed to 
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approach no closer than about 5 mm from the top edge.. The sheet was 

then removed from the beaker and air-dri_ed. The sheet was developed in 

the second dimension .with glacial acetic acid:benzene (1:9). Resolution 

of DNS-thr from DNS.;,.,ser or DNS~asp from·DNS-g1u occurred with the third 

solvent, glacial acetic acid:methanol:ethyl acetate (1:,1:20)- run in the 

second dimensions 

The solvent system for the PTH derivatives followed that described 

by Summers et al. (1973). The PTH derivative was dried then ·redissolved 

in 10 111 of ethyl -acetate and applied in the same ·manner as described 

from the DNS derivatives.. PTH-amino acid references, 1 mM (Sigma), 

2.0 111, were applied to the reverse. The first solvent, n-pentane:glacial 

acetic acid:toluene (6:7:12), contained 2.5% butyl-PBD [2-(4'-.!_-butyl-

phenyl)-5-(4' -biphenyl)-! ,3 ,4-oxidiazole] (Pierce) as a fluorescent 

indicator.. The sheet was developed in the second dimension with 35% 

acetic acid. 

The chroma tographed DNS or PTH amino acid was visualized under a 

fluorescent lamp, and-identified by matching its position with that of a 

reference amino acid showing through the sheet from the reverse side. 

" Carboxy-Terminal Sequencing. Peptides were partially sequenced 

from the carboxy-terminus by digestionr of a measured sample with either 

carboxypeptidase A .or B (Worthington) followed by amino acid analysis 

of the reaction mixture. Carboxypeptidase B (CPB) ,. which cleaves lysine 

and arginine most rapidly, was used wi.th. tryptic peptiqes. Carboxypep-

tidase A (CRA), which cleaves most rapidly those residues with aromatic 

or large aliphatic side chains, was_ used with chymotryptic peptides. 

The enzymes were prepared as desc:ribed by Ambler (1972a). The commercial 

CPA crystalline suspension, 2 111 (6 .4 U), was suspend.ed in 1 ml water in 
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a 3 rnl conical centrifuge tube and spun for 5 minutes at 2000 x g., The 

supernate was discarded, and the pelleted crystals were suspended in 0~1 

ml o~ 1%_ NaH2co3 and c~illed in an ice bath.. NaOH, 0.1 N was added 

dropwise until the enzyme had dissolvedo Then Ool N HCl was added to 

bring the pH back to about 8., 5 e Finally~ the CPA solution was diluted 

.with Oo2 M N-ethylmorpholine acetate, pH 8c5, to a concentration of 2e4 

U/ml., CPB was directly diluted from the commercial preparation with the 

ethylmorpholine acetate buffer to a concentration of le2 U/mle 

The conditions of the reactions and examination of the products 

followed .the procedure described by Ambler (1972b)., About 50 nmo1es of 

the peptide was dissolved in 0 .. 5 ml of the ethylmorpholine acetate 

buffer in a screw cap tube, and exactly 50% was removed for hydrolysis 

to'establish quantitative amino acid levels. To the remaining peptide, 

0 .. 1 ml of the- appropriate enzyme .dilution was added, and the .reaction 

was ·carried out at 37°C for 4 hours or longere At the end of this time, 

the mixture was frozen, lyophilized, and analyzedo CPA and CPB enzyme 

controls were also analyzed to establish baseline values due to auto

digestion., 

Hydrazinolysis was sometimes necessary to determine the carboxytermi

nal residue when the peptide was refractory to carboxypeptidases, usually 

because the penultimate residue was a proline and/or because the carboxy

terminal residue was slowly attacked by carboxypeptidaseo The overall 

procedure was adapted from those of Schroeder (1972) and Garver and 

Hilschmann (1972). A measured sample, 25-100 nmoles, was dried in a 

hydrolysis tube and 1 ml of anhydrous hydrazine.(Pierce) was added .. The 

solution was frozen, sealed under vacuum, and heated in an oven at 80°C 

for 100 hourse The hydrolysis tube was frozen, 'opened and lyophilizede 
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Water, 0.5 ml, was added, frozen and relyophilized. Finally, 0.5 .ml of 

water and 4 drops of isovale~aldehyde were added, and the aminoacylhydra-

zides were extracted twice with 2 ml portions of ethyl ether •. The aqueous 

. phase was lyophilized and analyzed as described previously. 

8. Nomenclature, Numbering and Symbols 

Pep tides genera ted by primary cleavage of the light chain with 

trypsin or chymotrypsin are designated T or Ch, respectively. T peptides 

· are numbered based on their homology to the A.III reference protein Kern 

(Ponstingl et al., 197lb). Ch peptides are numbered consecutively from 

the aminoterminus. Peptides generated by secondary cleavage of T or Ch 

peptides with chymotrypsin or thermolysin are designated ch or th, 

respectively, and are numbered consecutively from the N-terminus of the 

primary T or.Ch peptide. 
\ 

The amino acid positions of the variable region are numbered accord-

ing to the system of Kabat et al. (1979) which allows for maximal align-

ment of light chain variable regions from both types· (kappa and lambda) 

and all speci~s. 

Sequence determination(s) for each residue of the variable region 

are symbolized by arrows: 

Edman degradation and/ or identification of dansyl derivative 

Edman degradation; ident~fication of PTH derivative 

Analysis of carboxypeptidase B or A digestion 

Analysis of free amino acid extracted after hydrazinolysis 

9. Sub grouping 

It wa,s desired to subgroup VA Gar and 20 other VA. sequences (posi-

tions 1-97) currently reported in the literature on an objective statis-

tical design which would.preserve intra-subgroup homologies. The design 
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chosen was hierarchical~ agglomerative cluster analysis, and the method 

of linkage was weighted pair-wise group mean average, as adapted from 

the unweighted method of Sakal and Sneath (1963). Percent sequence 

hqmology was the measured variable, and since homology between any two 

sequences at any position was either 0 or 1, then summed homology and 

sum of squares . of homology were equivalent, and resolution of clusters 

could be statistically assessed by analysis of variance (Edwards and 

Cavalli-Sforza, 1965) o Except for the refinement of using weighted 

rather than unweighted linkage averages, this method was previously used 

to subgroup 18 V~ ~equences then current in the literature into three 

clusters at a p value of 0~07 or less (Kiefer et al., 1980). The FORTRAN 

V programs used for the grouping and analysis of variance are presented 

in Appendixes 2 and 3, respectively. 

10. Model-Building 

The general strategy in mapping the inferred tertiary structure of 

the combining region of IgG Gar was summarized by Kiefer et al. (1981), 

and was based on the model-building methodology of Padlan et al. (1976). 

However, only computer-generated illustrations were evolved rather than 

an actual physical model. 

Prerequisite was the development of a secondary structural map for 

each V region based on its primary structure, using the empirical metho

dology and conformation data derived by Chou and Fasman (1978). Briefly, 

each residue in the sequence was assigned B-sheet and helix conformation 

parameters from a frequency-of-occurrence table derived from 29 crystallo

graphically-defined proteins. The sequence was then scanned for nucleat

ing clusters of S-sheet formers (sequence of 3 or cluster of 3 ·out of 4 

or 5) and helix formers ( 4 out of 6). The sheet or helical runs were 
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then extended in both directions as long as certain empirical condition$ 

were maintained, e.g., minimum parameter ·average and restrictions on 

incorporation of certain breaker residues.. Residues which were not 

incorporated· into sheets or helic:e~ were taken to be random coil unless 

they satisfied conditions for S turns (four residues), fol;." which there 

are separate parameters and a conformation calculation .based on fre

quency-of-occurrence data for residues at each position of the turn. 

Ascertaining that ·the overall secondary structure of a· V region 

allowed the formation of a 4:5 strand double sheet basic fold, the 

modeling of the CDR loops was based on the principle that preservation 

of framework s.tructur.e ensures that CDR loops are in the. same general 

spat:i,.al relationship with each other in all light chains (Padlan, 1979). 

Accordingly, the a and S carbon coordinates of the loops were assumed to 

closely corre~pond to the crystallographically-defined coordinates of 

homologous loops of similar secondary structure and length reported for 

immunoglobulins in· the Protein Data Bank (Bernstein et al., 1977). 

Where predicted~secondary structure and/or length of Gar loops did not 

allow a perfect match to any reported crystallographic loops, then loops 

were chosen which would allow the most conservative res·tructuring to 

accommodate the predicted Gar structure. 

Remodeling of the a -carbon loops, addition of appropriate side 

chains from the Data Bank, and the two-dimensional display.of the spatial 

coordinates were carried out by a procedure file employing subroutines 

from the program NAMOD (Beppu, 1978). 

The atomic coordinates for riboflavin were genera ted by geometric 

. construction on graph paper. The bond distances for the planar isoallox

azine ring system were based on those reported for lumiflavin (Kierkegaard, 
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1971). . The ribityl moiety was constructed based on the crystalline 

conformation of riboflavin reported by Voet and Rich (1971) o The ribityl 

carba.n-carbon and carbon-oxygen bonds were constructed using standard 

bond distances and tetrahedral angles (Koltun, 1965) •. Hydrog~n atoms 

were not illustrated, either in riboflavin or in the CDR loops. Where 

necessary or indicated, CPK space-filling models (Ealing, South Natick, 

MA) were used to check interatomic distances between side chains of a 

loop or between portions of riboflavin and short stretches of loops as 

suggested by the computer-generated illustrations. The numbering system 

for the riboflavin atoms was based on that of Kierkegaard et al. (1971), 

as illustrated in Appendix 4. 



RESULTS 

1. Characterization of the Intact L Chain 

The homogeneity of the L chain was determined serologically on the 

isol~ted intact IgG. Electrophoresis of the IgG follow~d by development 

with anti-normal human serum indica ted· the presence of only the monoclonal 

arc which was present in the patient's whole serum. Double diffusion in 

agarose against anti-light chain antisera indicated A but no K deter

minants. In all serologic tests, normal human serum served as a control. 

After isolation of partially reduced and alkylated Hand L chains, 

purity of the L chain preparations was checked on intentionally over

loaded SDS-ac.rylamide slab gels e At concentrations of 50 11 g ( - 2 nmoles 

L chain), a faint H chain band was discernable in only one of five 

preparations checked. It was empirically determined that Coomassie Blue 

can reveal as little as 0.3 11g H chain (- 6 pmoles) from normal gamma 

globulin on a slab gel; thus, contamination with H chain was less than 

0.3% on a molar basis. 

Molecular weight was calculated by gel filtration for the partially 

reduced L chain prepared by sequential dialysis of 0.1 11 mole IgG against 

the series of reducing and·alkylating reagents and washes.· Dissociation 

of H and L chains as evidenc'ed by ·egress of the yellow riboflavin did 

not occur at concentrations of propionic acid less than 0. 3 N. The L 

chain was isolated as the second peak on an ascending G-75 column in 

0.3 N propionic acid. When this peak was repassed over the same column 

which had been reequilibrated and calibrated in PBS, two major peaks 

were resolved corresponding to molecular weights of 55,700 ± 1700 and 

25,500 ± 1500, presumably the dimer and monomer. 

30 
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Molecular weight determinations were also made by gel electrophoresis 

of 5-10 llg samples of completely reduced and a1kylated ,L chain. The 

mean of six determinations in three gels was 24,750 ± 230 (S.E.M.). The 

actual molecular ·weight as subsequently calculated from amino acid 

composition (Table I) was 26,048. 

The L and H chains prepared for the analytical gel filtration study 

were tested for the ability to bind riboflavin ·which was introduced in 

over ?OO-fold molar excess through d.J.alysis. Spectrophotometric measure

ments at 445 nm, a visible absorbance maximum for riboflavin, increased 

for both chains after a 24 hour exposure to riboflavin in PBS at room 

temperature and a 5 hour wash. The increases were not due to absorbance 

peaks, however,.but rather were attributed to a noticeable haze resulting 

from slowly precipitating protein. 

Amino acid comp,osition of the L chain is presented in Table I. 

Molar values were not adjusted for expected hydrolytic losses in serine, 

threonine, and tyrosine. Rather, values for these amino acids, plus 

valine, were not used in arriving at an average molar divisor. Molar 

values for cystine/half-cystine and tryptophan were det"ermined sepa

ratelye 

The .N-terminal sequence of the intact, completely reduced and 

aminoethylated L chain, 1.9 mg (73 nmoles), was: Ser-Tyr-Glu-Leu-Lys

Gln-Pro-Pro... which is consistent with an assignment to subgroup III 

(Kabat et al., 1979). 

2. Primary Structure 

Completely reduced and aminoethylated L chain, 700 mg~ was cleaved 

with trypsin and chromatographed on the anion exchanger AG1-X2 (Fig. 1). 

Completely reduced and carbamidomethylated L chain, 623 mg, was cleaved 
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TABLE I 

Amino Acid Characterization of the Gar Light Chain 

composition Sequ~nce 

moles ±a Sum VL CL 

lys 13.41 .18 14 5 9 
his 2Q08 .04 2 0 2 
argb 4e54 .17 4 4 0 
cys 4 .. 78 .05 5 2 3 
asp 12 .. 03 .10 11 5 2 
asn 1 3 
thr 16.26 e21 18 7 11 
ser 29.13 .28 31 15 16 
glu 23.62 .30 24 6 7 
gln 6 5 
pro 15 .. 60 .12 17 8 9 
gly 16·.31 .22 15 12 3 
ala 17.13 .41 "17 6 11 
val 16.28 .16 17 8 9 
met 0.57 .11 0 0 0 
ile 4.53 ~05 5 4 1 
leu 12.98 .16 13 7 6 
tyr 11.45 .27 12 8 4 
phe 3.90 .06 4 2 2 . c 

3.27 3 1 2 trp 

Sum 212 107 105 

a . 
b Average of two analyses 

= 4.0 moles/mole L chain As cysteic acid, relative to phe 
c Spectrophotometrically, relative to tyr = 12.0 moles/mole L 

chain 
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with chymotrypsin and chromatographed by gel filtration onP-2 (Fig. 2). 

Peaks from these initial chromatograms were · rechroma tographed on the 

cation exchangers AG50W-X2 (Figs. 3-12); AGSOW-X4 (Figs. 13-18), and 

AA-:-15 (Figs. 19,20.); anion exchange~s AG1-X2 .(Fig. 21)-and AG1-X8 (Figs. 

22-24); or by gel filtration on G-10 (Figs. 25,26). 

In the tables describing peptide isolation and characterization 

(Tables II-XVI), peptidedesignations (TorCh numbers) are followed by 

position numbers (in parentheses). Isolation schemes are indicated by 

.reference to Figure-peak nt.fmbers (i.e., 1~2 indicates. Fig,. 1, second 

peak).. "P" indicates that the final isolation step was. by :Preparative 

paper chromatography. Results of C-t~rminal sequencing with carboxypep-

tidases B and/or A (CPB and/or CPA) or by hydrazinolysis are given as 

moles .amino acid released per mole pept;i..de, basing· peptide value on. the 

same amino acid. Amino acid composition results are given as moles 

amino acid per average mole peptide, followed by integral values (in 

parenthesis) determined by sequence analysis. 

The isolation schemes, ~ values and amino acid compositions of the. 

constant region peptides are presented in Table II, and compared with 

the constant region pep tides isola ted in A. protein Nei (Garver and 

Hilschmann, 1972). The presence o~ lysine instead of arginine in Tl 

+ + -confirmed the Oz isotypic marker (Lys-189 = Oz , Arg-189 = Oz ) which 

had been reported by sero~ogical typing by ·Farhangi and Osserman (1976). 

The noticeably higher RF value of TlO in comparison with protein Nei 

(0.35 vs. 0.20) was attributed to the difference in alkylation of the 

cysteine at position 211. Caroamidomethyl cysteine, in Gar resulting 



Figure 2 Chromatography of the chymotryptic digest. Completely 
reduced and carbamidomethylated 1 chain, · 623 mg, was 
cleaved with a.-chymotrypsin, lyophilized, applied in 1/3 
aliquots dissolved in 5 ml of 5 N acetic ac,id to a 2.75 x 
100 em column of P-2, and developed with 5 N acetic acid. ' 
Fractions were assayed both at 280 nm and by the nin
hydrin reaction with 0.25% aliquots. 
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Figure 3 

Figure 4 

Rechromatography of tryptic peak 1. Peak 1 of Fige 1,. 
dissolved in 50% formic acid, was applied to a 1 x 15 em 
column of AG50W-X2 and chromatographed .with a logari.thmic 
gradient of· increasing pH. Fractional aliquots of 2. 5% 
were assayed for peptides by the ninhydrin reaction. 

Rechromatography of tryptic peak 2. Peak 2 of Fig. 1 was 
chroma tographed on AG50W-X2, as described for Fig. 3. 
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Figure 5 

Figure 6 

Rechromatography of tryptic peak 3. Peak 3 of Fig .. 1 was 
chromatographed on AG50W-X2, as described for . Fig. 3. 

Rechromatography of tryptic peak 4. Peak 4 of Fig. 1 was 
chroma to graphed on AG50W-X2, as described for Fig.. 3. 
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Figure 7 

Figure 8 

Rechromatography of tryptic peak 6. Peak 6 of Fig. 1 was 
chroma to graphed on AGSOW~X2, as described for Fig. 3. 

Rechromatography of tryptic peak 7. Peak 7 of Fig. 1 was 
chroma to graphed on AG50W-X2, as described for Fig. 3. 
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F:Lgure 9 

Figure.lO 

Rechromatography of tryptic peak 10 G Peak- 10 of Fig. 1 
was chromatographed on AG50W-X2, as described for Fig. 3. 

Rechroma tograp hy of tryptic peak 12.. Peak 12 of Fig. 1 
was chromatographed on AG50W-X2, as described for Fig. 3e 
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Figure 11 

Figure 12 

Rechromatography of tryptic peak 14. Peak 14 of Fig. 1 
was chromatographed on AG50W-X2, as described for Fig. 3. 

Chromatography of thermolytic digest of T3b. T3b (Fig. 
3, peak 3) was digested with thermolysin, lyophilized, and 
chroma tographed on AGSOW-X2, as described for Fig. 3 • 
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Figure 13 

Figure 14 

Rechromatography of chyriiotryptic peak 4. Peak 4 of Fig. 
2, dissolved in 50%. formic. acid, was applied to a 0.9 x 
20 em column of funinex SOW-X4 and chromatographed with a 
logarithmic gradient of· increasing pH. Fractional ali
quots of 2. 5% were assayed for pep tides by the ninhydrin 
reaction. For this rechromatography, the limiting buffer 
was pH 4.5. 

Rechroma: tography of chymotryp tic peak 5. . Peak 5 of Fig. 
2 was chromatographed on 50W~X4, as described for Fig. 
13 except that the limiting buffer was. pH 5.5. 



FIGURE 13 
41 

2.,5 
12 

2 

A 

..J 
g 

I t "' 
leS "' 

~ i: 
8 

.. 5 

48 laB 128 140 

FRACTION NUMBER 

FIGURE 14 

2..5 I 12 

.2 

lg ,.. 
..J 

I ~ "' 
1.5 . "' 

~· 

je 
f 

8 

3 
.5 

5 

4S use 121 140 

FRACTION NUMSER 



Figure 15 

Figure 16 

Rechromatography of chymotryptic peak 6. Peak 6 of Fig. 
2 was chromatographed on SOW-X4, as described for 
Fig c 14. 

Rechromatography of peak 1 of Figure 5. Peak 1 of Fig. 5 
was chromatographed on 50W-X4, as described for Fig. 14. 
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Figure 17 

Figure 18 

Rechromatogtaphy of peak 3 of Figure 8. Peak-3 of Fig. 8 
was chroma to graphed on s·ow-X4, as described for Fig. 14. 

Rechromatography of peak 3 of Figure 24. Peak 3 of Fig. 
24 was chromatographed on 50W-X4, as described for Fig. 
13. A very shallow pH gradient was achieved with a 
limiting buffer of 0. 5 N pyridine-acetic acid, -pH 4. 2. 
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Figure 19 

Figure 20 

Chromatography of chyniotryptic digest of Tll. ·Tll (Fig. 
. 11, peak 2) was dig~sted with a..~chymotrypsin,· lyophi
lized, dissolved in the equilibr:ating. buffer, applied to 
~ 0 e 9 x 7. 5 em column of AA-15 and chroma to graphed with 
a logarithmic gradient of increasing pH. Fractional ali
quots of 2 ~ 5% were assayed for pept.ides by the 'ninhydrin 
reaction .. 

Rechroma tograp hy of peak 1 of Figure 22. Peak 1 of 
Fig. 2 2 was. chroma to graphed on AA-15, as described for 
Fig. 19. 
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Figure 21 

Figure 22 

Alternate rechroma tography of chymotryptic peak 6 ~ Peak 
6 of Fig. 2, dissolved in the equilibrating buffer, was 
applied to a 1 x 25 em column of AG1-X2 and chroma to
graphed with a logarithmic gradient of decreasing pH. 
Fractional aliquots of 2. 5% were assayed for pep tides by 
th~ ninhydri~ reactione 

Rechromatography of peak-3 of Figure 4. Peak 3 of Fige 
4, dissolved in the equilibrating buffer, was applied to 
a 1 x 15 em column of AG1-X8 and chromatographed with a 
logarithmi.c gradient of decreasing pH. Fractional ali
quots of 2.5% were_ assayed for peptides by the ninhydrin 
reaction. A very shallow' pH gradient was achieved with 
3% pyridine-acetic acid buffers of pH 7.5, 7$0, 6.5, and 
6.0, 67.5 ml of each introduced sequentially into a 
135 ml reservoir of the equilibrating buffer (3% pyri
dine), followed by glacial acetic acid. 
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Figure 23 

Figure 24 

Chromatography of thermolytic.digest of Chll+l2. Ghll+l2 
(Fig. Zl, peak 3) was digested with thermolysin, lyophi
lized, dissolved in the equili.brating buffer, applied to 
a 1 x 25 em columrt of AG1-X8 and chroma tographed with a 
logarithmic gradient of decreasing pH.. Fractionaf- ali
quots of 2.5%· were assayed for peptides by the ninhydrin 
reactions 

Rechromatography of chymotryptic peak 7. Peak 7 of Fig. 2 
was chromatographed on AG1-X8, as described for Fig. 23. 
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Figure 25 

Figure 26 

Rechroma t·ograp hy of peak 4 of Figure 4. Peak 4 of Fig.. 4 
was dissolved in 1 ml of 50% acetic acid, applied to a 
1 x 200 em column of G-10, and developed with 50% acetic 
acido Fractional aliquots ·of 2. 5% were assayed for 
peptides by the ninhydrin reaction. 

Rechromatography of peak 5 of Figure 10. Peak 5 of Fig. 
10 was chromatographed on G-10, as described for Fig. 25 .. 
Fractions were assayed at 280 nm. 
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TABLE II 

Constant Region Tryptic Peptides (vs. C ANei) 

Tl2 T5 Tl4 T9 T7 T4 Tl6 Tl T8 Tl3 TlO 
(111-129) (130-134) (135-149) (150-156) (157-166) (167-171) (172-186) (187-189) (190-193) (194-204) (205-212: 

Isolation 1-2-+4-3 1-3-+5-1 1-12-+10-1 1-2+4-5 1-14-+11-: 
1·-6 +7-1 -+22-2 1-10-+9-1 -+16-4 1-2+4-2 +p 1-12-+10-4 -+p 1-3+5-2 1-12+10-2 -+p 

-

RF/RF leu 0.54 0.64 1.19 0.27 0.23 0 .. 20 0.80 0.08 0.24 ·o .. 24 0.35 
(0.60) (0.6'4) (1.16) (0.28) (0.18) (0.13) (0.82) (0.08) (O.e26) (0.27) (0 .. 21} 

lys 1.16 (1) 1.30 (1) 0.98 (1) 1.25 (1) 0~97 (1) 1 .. 00 (1) 1 .. 03 1.12 (1) 
his 0.97 (1) 1.04 (1) 
arg 

0.94a (1) 
(1) 

0.76a (1) 0 .. 64b (1: cys 
asx 1 .. 01 (1) 0.93 (1~ 1.03 (1) 2.04 (2) 
thr 0.98 (1) 0.96 (1) 1 .. 07 (1) 2.58 (3) 1 .. 02 (1) 1.89 (2) 1 .. 77 (2}-
ser 2.84 (3) 1.21 (1) 1.85 (2) 1.08 (1) Oo92 (1) 2 .. 86 (3) 0.71 (1) -2" 14 (2) 1.11 (1) 1. 00 (1}· 
glx 3.05 (3) 1.08 (1) 1.06 (1) '2.05 (2) 2.91 (3) 1 .. 03 (1) 
pro 2.84 (3) 1.10 (1) 1.10 (1) 1.19 (1) 1 .. 31 (1) 1 .. 05 (1) 
gly 1 .. 05 (1) 1.01 (1) 1.05 (1) 
ala 3.15 (3) 1.03 (1) 2.01 (2) 1.06 (1) 0.98 (1) 1.93 (2) 1 .. 13 (1) 
val 1.05 (1) 1.02 (1) 2.04 (2) 0.99 (1) 1.07 (1) 2.,04 (2) 1.02 (1) 
met 
ile 0.89 (1) 
leu 2 .. 07 (2) 1.0.5 (1) 1.02 (1) 1 .. 87 (2) 
tyr 0.86 (1) 1.96 (2) 0.86 (1) 
phe 1.01 (1) . 0.83 (1) c 

(1) (1) trp + + 

a. As arninoethyl cysteine .p. 

b. As carboxymethyl cysteine 00 

c. By Ehrlich's reagent 
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from the partial reduction and carbamidomethyla tion of the intact IgG, 

exhibits an RF/RF leu = 0.35, whereas aminoethylcysteine, in Nei -result

ing from complete reduction and aminoethyla tion of the Bence-Jones 

protein, exhibits an RF/RF leu = d.l8. 

Peptide T3a (Table III) eluted in the initial chromatogram (Fig. 1, 

peak 7) within the pH range of peptides with. net neutral charges (pH 

4 .. 5-7) which is in agreement with its observed electrophoretic neutrality. 

It was assigned to positions 1-5 in agreement with the partial sequence 

of the intact L chain. 

Peptide T3b (Table IV) eluted in the void volume as evidenced by 

the alkaline environment carried with it, i.e., higher than equilibration 

valu~. It did not exhibit a ninhydrin spot on paper, indicating a 

blocked amino-terminus, although it could be identified by the arginine 

stain.. Subdigestion with thermolysin split the peptide before the two 

valines, as expected, and also before the alanine. The four subpeptides 

were isolated on a 50-X2 column (Fig. 12). The first peak, eluting in 

the void volume and not exhibiting a ninhydrin spot on.paper, was assig~ed 

to the amino-terminal end (thl). The fourth peak, containing arginine, 

was assigned to the carboxy-terminal end (th4), in agreement with the 

carboxypeptidase result on T3b. The third and second peaks were placed 

by homology with other A. sequences of subgroup III (th2 and th3, respec-

tively). Hydrazinolysis of thl released serine. The electrophoretic 

neutrality of th3 confirmed the amide at position 17, in agreement with 

the PTH derivative obtained in sequencing. 



Isolation 
RF/RF leu 
RE/RF lys 
CPB 

lys 
ser 
glx 
leu 
tyr 

T3a 

TABLE III 

T3a (1-5) 

1 

1-7+8-3+17-2· 
0 .. 68 

neutral 
lys, 0. 61 

1.02 (1) 
0.85 (1) 
1~06 (1) 
0.98 (1) 
0.93 (1) 

5 
Ser-Tyr-Glu-Leu-Lys 
--l~::i~~ 

50 
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Isolation 
~/RF leu 
R~/RF lys 
C B 
hydrazin. 

arg 
thy 
ser 
glx 
pro 
gly 
ala 
val 

T3b 

thl 

th2 

th3 

th4 
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TABLE IV 

T3b (6-20) and Thermolytic Subpeptides 

thl (6~9} th2 (11-12) th3 (13-18) th4 (19~20) 

1-1+3-3 3-3+12-1 3-3+12--3 3-3-+12-2 3-3+12-4 
0.38 

a 
0.,31 0.43 0.37 neg. 

neutral 
arg, 0.74 

ser, 0.,26 

1.05 (1) 1.04 (1) 
0.,96 (1) 0.94 (1) 
2.98 (3) 0.95 (1) . 0.71 (1) 0.98 (1) 
1.95 (2) 1 .. 01 (1) 0.91 (1) 
3e04 (3) 2.04 (2) 0.96 (1) 
0.96 (1) 1.10 (1) 
1.01 (1) 0.96 (1) 
2.10 (2) 1.00 (1) 1.10 (1) 

6 9 11 20 
PCA,Pro, Pro, Ser, Val, Ser, Val, Ser, Pro, Gly, Gln, Thr ,Ala ·,Ar-g 

6 9 
PCA-Pro-Pro-Ser 

~ 

11 12 
Val-Ser 
___j, ~ 

13 . 18 
Val-Ser-Pro--Glr-Gln-Thr 
~ ---l ---l --l -.....\ 

~ 

19 20 
~-Ar~ 

~-

a., no ninhydrin spot on paper 
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Peptide T3c (Table V) is the last of the tryptic peptides comprising 

the first framework region (FRl), which is traditionally used for discern

ing linked residues, i.e. subgroup-specific. Gar A contains all four 

subgroup III-specific residues, i.e., Ser-1, Tyr-2, Val-13 and Thr-22. 

Peptide Tl5 (Table VI) eluted within the neutral region of the 

original chromatogram (Fig. 1, peak 4, pH 6.8) and was, in fact, electro

phoretically neutral. Lysine was released slowly by carboxypeptidase B, 

although kinetics were presumably first order since a 6-fold increase in 

incubation time resulted in a 5. 9-fold increase in amount of lysine 

released. The slow release was attributed to a conformational hindrance 

by the penultimate proline. 

A one-residue gap between tryptic peptides Tl5 and T6b, consideration 

of the total lysine content in the L chain (Table I), and homology with 

other subgroup III sequences indicated the· occurrence of a lysine at 

position 31 (T6a). A free lysine was located in the tryptic hydrolysate 

and its isolation monitored by its mobility on paper relative to a 

lysine standard (Table V). 

The double lysine sequence was confirmed with the sequence of Ch3' 

(Table VII). The carboxy-terminal tyrosine was quickly released by CPA. 

The subsequent addition of CPB to the digest and incubation for 24 hours 

released 1.60 moles of lysine per mole peptide. As Ch3' overlapped the 

tryptic pep tides Tl5, T6a, and T6b (Table VIII), the combined sequence 

of these proteins could be localized by homology with subgroup III 

sequences to positions 24-39. 

Peptide T6b (Table VIII), coutaining the last part of the first CDR 

or hypervariab le region (positions 24-34) eluted within the neutral 

region of the original chromatogram (Fig. 1, peak 12, pH 4.8) and was 



Isolation 
RF/RF leu 

CPB 

lys 
aoee cys 

thr 
ile 

T3c 

TABLE V 

T3c (21-23) arid T6a (31) 

T3c 

1-2-+4-4-+25-2-+P 
0.37 

a ., eo c ys , 0 • 15 

Oe72 (1) 
_0.95 (1)' 
1.05 (1) 

21 23 
Ile-Thr-Cys 
~~-~ 

53 

T6a 

0.20 

+ (1) 
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TABLE VI 

Tl5 (24-30) 

Isolation 1-4-+6-2 
RF/RF leu Oe56 
R~/RF lys neutral 
G B lys, 0.88a 

lys 1.16 (1) 
asx 0.99 (1) 
ser leOO (1) 
pro Oe98 (1) 
gly 1.01 (1) 
val 1.02 (1) 
leu 1.00 (1) 

Tl5 24 25 30 
Ser-Gl\-As\--Val-Leu-Pro-Lys 
~ ~~~---1~ 

a. 24 hour digestion 
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TABLE VII 

Ch3' (24-32) 

Isolation 2-4-+13-5 
RF/RF leu 0 ~ 25 . 

CPA tyr, 1 
CPA, CPB 1ys, 1o60a 

1ys 2el0 (2) 
asx 1.09 (1) 
ser l·G 00 (1) 
pro 1.05 (1) 
gly 1.20 (1) 
val 0.93 (1) 
leu 0.73 (1) 
tyr 0.89 (1) 

Ch 3' 24 25 30 32 
Ser-Glr-As\-Val-Leu-Pro-Lys-Lys-Tyr 
~ . ~~~ ~ 

~ 
~~\ 

ao 24 hour digestion 



Isolation 
RF/RF leu 

. R].IRF lys 

CPB 

arg 
glx 
ala 
tyr 
trp 

'J:'6b 

Table VIII 

T6b (32-39) 

1-12-+10-5-+26-1 
0.85 

neutral 

arg, 0.22 

lc17 (1) 
2.06 (2) 
1.04 (1) 
2.90 (3) 

+ (1) 

6th Edman 

neutral 

32 35 39 
Tyr-Ala-Tyr-Tr~-Tyr-Gln-Glu-Arg 
~~~ .~~~---l 

. ~ 
~ 

56 
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electrophoretically neutral, indicating that it contained one amide and 

one acido As the carboxy-terminal dipeptide produced by.six.degradation 

cycles was also neutral, the amide was localized to position 37., 

Peptide Tll (Table IX) was acidic (Fig. 1, peak 14, pH 4.1), which 

suggested that it contained a minimum of three acids to more than coun

teract the two basic arginines. The first 13 residues could be sequenced 

on the intact peptide.. Subdigestion of the 22-residue peptide with 

chymotrypsin produced two· fragments (Fig. 19) of 10 and 12 residues a 

Subpeptide chl was electrophoretically neutral, confirming the amide at 

position 42 as ascertained by the PTH derivative. There were four 

possible acids in ch2, at least three of which had to be acid to counter

act the two arginines and produce the observed net negative charge. 

After removal of the first residue, the remaining subpeptide was still 

acidic but exhibited only half the previous RF/~ asp value. After 

removal of the second residue, the remainder of the sub pep tide was 

electrophoretically neutral. The carboxy-terminal dipeptide produced 

after ten degradation cycles was also neutral. The collective results 

indicated that there were four acids in ch2. Tll and its subpeptide ch2 

contained the second CDR (positions 50-56). 

Peptide Tl8a (Table X) contained one of the two phenylalanine resi

dues expected to occur in the V region by deduction from total phenyl

alanine content in the L chain (Table I), and was, therefore, positioned 

by homology to subgroup III sequences. 

The sequence of residues 71-103 was determined from four peptides 

recovered from the L chain chymotryptic digest: ChlO (Table XI); Chll+l2 

(Table XII); Chl3' (Table XIII) and Chl4 (Table XIV). ChlO provided 

considerable composition overlap with Tl8a (Tables XI and X, respectively) 

allowing carboxypeptidase sequencing of residues 71-73. 



TABLE IX 

Tll (40•61) and Chymotryptic Subpeptides 

chl (40-49) chl (50-61) 

Isolation 1-14+11-2 _ .11-2+19-1 11-2+19-2 
0.16 

ch2, 
Edman degradation cycles 

1st 2nd lOth 
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RF/RF leu 0.27 1.03 
RF/RF asp neutral 0.28 0~14 neutral neutral. 

CPB arg, Oe77 

arg 
asx 
ser 
glx 
pro 
gly 
ala 
val 
ile 
leu 
tyr 

Tll 

ch2 

2.04 (2) 1.99 (2) 
1.02' (1) 0 .. 95 (1) 
2.54 (3) 0.78 1.86 (2) 
3.99 (4) 1.14 3.07 (3) 
3 .. 01 (3) 1.10 2.28 (2) 
2.03 (2) 1.03 0 .. 97 (l)r 
1 .. 01 (1) 1.25h 
2 .. 66 (3)a 2.96 
0.93 (1) 0.88 (1) 
1.00 (1) 0.95 
0. 97' (1) 0..79 

40 45 50 61 
Ser-G_l\-Gln--Ala-Pro-Val-Leu-Val-Val-Tyr-Glu-As\ .... Arg 
~ ·___J~~__l___l__l~...:...l~ ~ 

~ _ __\\ __.\\~ \ 

50 55 
Glu-As~-Ser-Gly-Ar¥-Pro-Ser-Glu-Ile-Pro-Glu-Ar~ 
~ ~---l ~~~~~~~ 
~-l\ J ~ 

a. 48 hour hydrolysis 
b~ 72 hour hydrolysis 



Isolation 
~/RF leu 

CPB 

lys 
thr 
ser 
gly 
phe 

Tl8a 

TABLE X 

Tl8a (62-70) 

1-2-+4-4-+25-1 
0.07 

lys, 0.51 

1.15 (1) 
le23 (1) 
3c65 (4). 
2e21 (2) 
0.77 (1) 

62 65 70 
Phe-Ser-G1\-Ser-Ser-Ser-Glr-Thr-Lys 
~~ ~~~- -~~ 
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TABLE XI. 

ChlO (63-73) 

Isolation 2-5-+14-2 
~/RF leu 0.18 

CPA leu, 0.96; thr, 0.71; ala, 0.41 

lys 0.88 (1) 
thr 1.92 (2) 
ser 3.88 (4) 
gly 2c07 (2) 
ala ·lol7 (1) 
leu 1..07 (1) 

·ChlO 63 65 70 73 
Ser,Gly,Ser,Ser,Ser,Gly,Thi,~ys,Ala-Thr-Leu 

~··\~ 
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Ghll+l2 (Table XII) was an acidic peak on l-X2 rechromatography, 

and was placed by homology of its carboxy-terminal six-residue sequence 

which is characteristic of positions 82-87 in V).,__ sequences generallye 

The peptide (2.9 1Jmoles) was digested with thermolysin.and chromatographed 

on a l-X8 column (Fig. 23). Molar yields of the recovered fragments 

acco~nted for 60% of the starting material (1. 74 llmoles) of which 56% 

(0.97 llmoles) was undigested (i.e., Chll+l2). The yield·of th3-7 (resi-

dues 78-87) was 0.54 llmoles, whereas that of th4-6 (80-86) was 0.23 

llmoles. An expected enzymatic spl:J_ t befo.re Ala-84 was not observed 

which might be attributed to the polarity or anionic charges in the 

immediate environment of this residue unlike the environment around 

Ala-78.. The same explanation might be advanced for the lower cleavage 

rate before Val-80. The interpretation of the changing ,electrophoretic 

_mobilities following the th3-7 degradations relied on matching the 

observed ~~~ asp values with an estimated pattern of amides and acids 

which would yield proportional values based on the changing charge/mass 

ratios. Charge/mass ratios relative to aspartic acid, (c/m)/(c/m)asp, 

were calculated by dividing the net charge/molecular weight quotient of 

a peptide by the charge/weight quotient of aspartic acid. · Based on PTH 

~equence results, an amide was determined at position 79, and acids at 

, pos~tions 81, 82 and 83. By homology with ~III sequences, position 85 

was also probably an acid. Thus, the (c/m) I (c/m)asp values for the 

subpeptide th3-7 and its remaining peptides resulting from 2,4,5, and 6 

degradations were 0.39, 0.47, 0.47, 0.36 and 0.23, respectively. These 
_J . 

values were proportional (64 ± 7%) to the observed RF/RF asp values of 

0. 55·, 0. 78, 0. 80, 0. 58 and 0. 35. Although charge/mass calculations were 
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Table XII 

Chll+l2 .(74-87) and Thermolytic Subpeptides . 

th3-7, Edman 
degradation cycles. 

Isolation 2-6 -+21-3 
~/RF leu 0.84 
RF/RF asp 

CPA tyr, 2. 

asx 1.99 (2) 
thr 0.92 (1). 
ser 0.98 .(1) 
glx 3~04 (3) 
gly le07 (1) 
ala 1.99 (2) 
val 1.03 (1) 
i1e 0.96 (1) 
tyr 1.60 (2) 

74 75 

thl-2 (74~77) . th3-7 (78-87) 2nd 4th 5th 6th 
21-3+23-2 21-3+23-4 
0.74 0.78 

·0 .55 0.78 0.80 0.58 0.35 

2.03 (2) 
0.95 (1) 
0.97 (1) 

3.07 (3) 
1.10 (1) 

1.97 (2) 
0.93 (1) 

0.98 (1) 
1.62 (2) 

80 85 87 Chll+l2 Thr-Ile-Ser-Gl\-Ala-Gln-Val-Glu-As\-Glu-A1a-Asp-Tyr-Tyr 
__l ___l ___l ~ ~ ~ ~ .._._1 ___l ___\_ ~ ~ 

~ .J~~ 
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not necessary for interpretation of the degradation mobility changes of 

peptide Tll/ch2 (Table IX), the same relationship to RF/RF asp was 

observed. 

Ch13' (Table XIII) contained the third CDR (positions 89-97) which 

exhibited three points of similari~y to other AIII CDR3 sequences taken 

collectively, viz, Thr-90, Asn-93 and Gly-94. Electrophoretically 

acidic, three degradations produced a neutral peptide which confirmed 

the amide sequenced at position 93e The initiation of the peptide at 

Ser-89 indicated that chymotrypsin had split the L chain after a carba

midomethyl-cysteine (position 88) which is unusual for chymotrypsin. , A 

similar split occurred after the carbamidomethyl-cysteine at position 

23, resulting tn the Ch3' peptide Crable VII)v Cys-23 and Cys-88 contri

bute the disulfide bond that holds together the tertiary structure of 

the V region and is essential for function. Thus, the evidence for a 

cysteine at position 88 is the placement by homology of the fifth cysteine 

indicated in the total L chain composition (Table~). 

Peptide Chl4 (Table XIV) contained the second phenylalanine residue 

of the V region follo,wed by a triple glycine sequence which is charac

teristic of positions 98-101 in all light chains. 

Peptide T2 (Table XV) contained the last five residues of the V 

region and the first three of the constant region. The cathodal migration 

of the peptide confirmed the sequenced amide at position 108, the first 

residue of the constant regione T2 overlapped by one residue (Leu-104) 

the chy.motryptic peptide Chl4. 
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TABLE- XIII 

Ch13' (89-97) 

3rd Edman 
Isolation 2-7-+24-3-+18-1 
RF/RF leu 1.04 
RF/RF asp 0.28 neutral 

asx 1 .. 89 (2) 
ser le02 (1) 
thr 0.99 (1) 
pro 1e05 (1) 
g1y 1 .. 02 (1) 
ile 0.94 (1) 
leu 1.09 (1) 
tyr 0.82 (1) 

Chl3' 89 90 95 97 
Ser-Thr-Asp-Ile-Asn-Gly-Tyr-Pro-Leu 
~ ___l ~ ___l ~ ~ ~ ___l. ----l 

~ ~ 



Isolation 
~/RF l·eu 

CPA 
CPA, CPB 

lys 
thr 
gly 
leu. 
phe 

Ch14 

TABLE XIV 

Chl4 (98-104) 

3-6~16-3 

0.,82 

leu, 0. 91 
lys, 0.51 

1 .. 02 (1) 
0 .. 99 (1) 
2e96 (3) 
0.,98 (1) 
1.06 (1) 

98 100 104 
~-Gl,-Gl\-Gl\-!h~-Lys-Le\ 

-r- ~ 
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Isolation 
~~~leu 
RF/RF 1ys 
hydrazin .. 

· lys 
ser 
glx 
pro 
gly 
val 
leu 

T2 

TABLE XV 

T2 (104-110) 

1-2+4-3422-1+20-2 
0.87 
0 .. 37 
lys, 0.44 

1.. 01 (1) 
1.oo· (1) 
1..09 (1) 
0.89 (1) 
le 12 '(1) 
0.91 (1) 
le98 (2) 

104 105 106a 110 
Leu-Ser-Val-Leu-Gly-Gln-Pro-Lys 
-l~--1---l~:::l~r 

66 
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The V region primary structure, summarizing the sequences of the 

constituent pep tides, is diagrammed in Fig. 27. Homology of the Gar 

VA. sequence to the 20 other complete VA. sequences currently reported is 

diagrammed in Fig. 28, which compares all VA. sequences to a prototype 

sequence ·constructed f~om the most frequently occurring residue at each 

position. Percent homology between the VA. sequences is tabulated in 

rna trix form (Table XVI). Finally, cluster analy~is of the VA. sequences 
I 

based on percent homology is diagrammed in Fig. 29. 

3. Model Building 

In Table XVII, the sec:ondary structure of VA. Gar is tabula ted 

vertically using the one-letter symbols for the amino acid sequence in 

the left column and indicating the. predicted runs of S-sheet, helix, 

and S-turns in the right column by S, a, and T, respectively·. In brief, 

the numerical ·averages of a run of indica ted sheet, helix or turn para-

meters equal or exceed a standard value: 1.03 for sheet, 1.05 for 

helix, and for turns, a turn average greater than the sheet average for 

the same residues and a helix average less than 0. 90. In addition, 

predicted turns equal or exceed a standard value (1.00 x 10-
4

) for a 

calculated product based on the type and position of the incorporated 

side chains. Strong and madera te formers or breakers in each category 

are designated by the letters H, h or B, b, respectively. Residues 

designated i B:.re indifferent to a given structure, whereas residues 

designated I count as 1/2 formers. 

The Protein Data Bank contains the crystallographic coordinates of 

four immunogiobulins, comprising five different V regions, all of human 

origin. These are proteins Newm. (VJ.. I, VHII),. Meg (V"AV), Rei (VKI), and 

Rhe (VX). In choosing the coordinates on which to base the spatial 



figure 27 Primary, st,ructure of VA. Gar.. Peptides g~nerated by 
primary cleavage of the light chain are so designated 
immediately above or below their carboxy-terminal resi
dues (T, or Ch numbers) and detineated by horizontal 
brackets. Sub pep tides are de signa ted analogously (ch or 
th numbers). Sequencing arrows are immediately under
neath the peptide brackets or, for the amino-terminal 
sequence of the intact chain, above the first eight resi
dues.. Sequenc.e determinations: ~ , dansyl; ~ , 

.PTH; ~ carboxypeptidase(s); ~ , hydrazinolysis. 
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~ ~~ 
~ ~ ----l .......-\. T3a ~ ~ _:_..l · 9 11 .15 T3b 

1Ser-Ty-r:-Glu-Leu-Lysr,Gln-P:t;"o-Pro-Ser-va·l-Ser-Val-Ser-Pro-Gly~Gln~Thr-Ala-Arg1 
~~~~~ . .. . -~ 

---» thld _ th2q __ th31 1 th41 
~~~~~-~~-~~~~ 

T3c 25 Tl5 T6a 3 5 T6b 
rile -Thr-Cysr 1 Se r-Gly-Asp -Val--Leu-Pro-LysnLy s,;Tyr-Ala -Tyr -Trp-Tyr-G ln ~G lu -Arg, 
-~~~~-~~~~~~ ~~~~~~~~ 

t ~ Ch3', ~-~ 
.......:l, _...}. .:........\ .......;..\ ~ .__). ~ 

~ ~~r-

40 45 50 . - 55 

1Ser-qly~Gln-Ala-Pro-:-Val_;Leu-Va1-:Val-Tyr-Glu:-Asp~Se.r-Gly-Arg-Pro-Ser-Glu-Ile-
~~~~~~~~~~~-~ . 

~ - _l\ <;hJ.r ~ ~ .. 
~. "":",---~,-~,~~,---. ~,-~,---:-\-..... ,-~, 
~~ ~ 

so Tll 65 Tl8a 75 
Pro-Glu-Arg, rPhe-Ser-Gly-Ser-Ser-Ser-Gly-Thr-Lys1-Ala-Thr-Leu 1Thr-Ile.-Ser-:-Gly-

~~-~~~~~~~~ ~~~~ 
~~--c_h~21 I Chl<j 1 thl-21 
~:j~ r-r-~ 

8 o. 8 5 Chl1 + 12 9 o. 9 s Ch 
Ala-Gln-Val-Glu-Asp-Glu-Ala-Asp-Tyr-Tyr1 Cys 1Ser-Thr-Asp-Ile-Asn-Gly-:-Tyr-Pro-
~~~~~-~~~~~ ~~~-~~~~~ 

r_ ~ ~~~ th3-7r ~ ~ 

13' 100 lOS T2 
Leu1 Phe-Gly-Gly-Gly-Thr-Lys1 Leu-Ser-Val-Leu-Gly-GLN-PRO-LY§ 
~ ~~~~~~~~ 

I Chl4r ~ 
........l.~----4~~ ~ 

r-~ 



Figure 28 Comparison. of VA. sequences with a prototype. Using the 
one-letter amino acid abbreviations, . the prototype 
sequence (PROTO). is constructed from the most frequently 
occurring residue at each position of the 21 VA. sequences 
listed underneath. Only differences from the prototype 
are indica ted for the sequences. CDR regions are ·iso
lated within heavy lines. Sequences postulated to occur 
within the same germ-line set are isolated within light 
lines. References for sequences other than Gar are 
listed by Kabat et al. (1979); Kojima et al. (1980) 
(Mot); and Kiefer et al. (1980) (Wh). *=deletion. 



PROTO 

Vor 
Ha 
Newm--

New 
'• 

Tro 
Boh 

. Bur 
Win 
Bo 
Meg 
Vil 

l:il 
Sh 
Mat 
Del 
Hil 
Gar 
Kern 

~~au I 

PROTO 

Vor 
Ha 
Newm 
New 
Tro 
Bah 
Bur 
Win 
Bo 
Meg 
Vil 

1:11 
Sh 
Mot 
Del 
Hil 
Gar 
Kern 

~~au I 

6.9 

.1 2 .2 2 2 2 d ef 2 2 3 3 3 3 3 4 ·5555555 
91 0 4.567 8901234 0 0123456 

ZSALTQPPSVSGSPGQSVTISC SGTS_SDVGGYNYVS WYQQHPGKAPKLVIY ED Nl<.L-qp S 

v A T R GNF -*I R S N v T R L SSDQ s 
v T ;R G .NGT N y L T L RD 
v A R T S NI AG H K L·. T L F HN A** 
v AA .K G TN*I N , H HL T L 

R T A s M F DVT 
R A · NHF I GV 
R H I N. D K I vss 
R. T SY N T H D v M DVD 

A T DNK R F VSG 
A L T· A VI v 

H A L I T F I s VR..'f\T 

I 
A I T s F I DVTY 
A I T T s F N M G 

* E D A VAL T R Q D *'~*LRGYDAA K Q L GR N 
FYE LAA TAM T E ND1~**I ERS H K Q VP DAD 
*YV s VA TART G DG1(1~*I GKS H K Q v VH D A 
SYE v TA T ANA***LP-NQ AY K R VH K TQ 

.SYE K v TART DV*''~*L~KK AY ERS Q v v_ SG 
*Y v TAV T DN***LEKTF· F R QS L HTSE 

I *YD v TAS T DK1~**L DKD c R QS v Q Q s 
*YG LV TAS T DK***L EQ c K QS v H S 

6 7 8 a 9 9 9 9· 9 9 9 9 a b 
0 0 0 901234567 

GVPDRFSGSKSGNTASLTISGLQAEDEADYYC QSYDSSSBVVV FGGGTKLTVLG 

TS A S N F ATW D LDGP v 
TS A RS H H AAW YRL A Q R 

i(**** v SS T A T R LR **· R 
I I A TS T A T RTG ATW LNA v 

L D RD c. AGRY I* 
y H c AGRF'l'W * N 

c IG YV"~*-.'< T VL I 
A NN s GGTY LI* 
D v R s VDNNNF * R 

v H s EG DNF * T v 
s A s T N ,'( 

I 
ISS R s T N TRL* 

SN K v c AGN TR ~'c 

R 
RV s 

I s H T A N R GKH L 
A YN s I NRVE G F W NG YE T MV 

I E N A RVE G EVW.DRTAH 
I Q S T T VT v ·AWN A I** 

. EI E s TK T AV STDINGYPL** s 
EI E S. A T A SV F T\~ TITAI** s 

I I E N T T M AW M V *"~ 
I E N T T T M AW YTVP'~* 

R s 



TABLE XVI 

Percent Homology Matrix of V"ASequences 

Vor 
Ha 743 
Newm 574 624 
New 673 762 624 
Tro 564 634 604 '564 
'Bah '584 663 584 574 812 
Bur 574 624 614 574 812 822 
Win 594 634 574 545 782 733 752 
Bo 584 624 574 574 762 762 792 703 
Meg 604 634 574 584 762 802 802 743 822 
Vil 564 604 584 564 752 752 782 733 772 802 
Wh 545 574 584 535 772 792 772 723 743 762 812 
Nei 564 604 584 554 782 812 762,_ 723 723 762 762 842 
Sh 495 515 515 545 515 554 554 515 525 545 545 545 
Mot 495 505 426 505 Ll65 485 465 465 465 475 455 475 
Del 485 505 446 535 475 505 485 455 505 465 465 475 
Hil 495 545 475 525 495 515 535 485 515 495 495 525 
Gar 455 475 416 485 446 465 535 465 505 465 455 485 
Bau 505 545 475 ~45 505 535 545 - 525 525 515 505 535 
X 515 515' 495 525 505 545 554 525 515 505 515 554 
Kern 505 485 455 495 1 485 515 525 495 495 475 485 525 

Vor Ha Newm New Tro Bah Bur Win Bo Meg Vil Wh 

a. Values are- lOx percent homology for positions 1-97. 

a 

515 
465 545 
475 604. 693 
495 584 594 584 
485 574 525 604 
515 604 614 673 
525 614 614 683 
515 584 545 604 

Nei Sh Mot Del 

683 
733 673 
69:3 663 
634 683 

H:il Gar 

861 
752 

Bau 

723 

X Kern 

""'-1 
0 



Figure 29 Cluster analysis of the VA. sequences. Using t-he percent 
homology values tabulated in Tq.ble XVI, the VA. sequences 
were grouped hierarchically at the average· percent homo
logy levels indicated. Clusters, indicated by brackets, 

·were isola ted at p values of' 0. 07 or less. ~ ,;.a lues 
between sequences within a cluster were greater than 
0.25. P indicates the probability that sequences or 
clusters are not in fact isolated as indicated. 
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TABLE XVII 

Secondary Structure of VA. Gar 

Conformation Parameters 
Position S-sheet helical B..:.. turn Structure 

1-S 0.75 b 0.77 i a 
y 1.47 H Oo69 b a 
E 0 .. 37 B 1.51 H a 
L 1.30 h 1.21 H a 

5-K 0.74 b 1.16 h a 
Q 1.10 h 1.11 h a 

p 0 .. 55 B 0.57 B 1.52 T 
p 0 .'55 B 0.57 B 1.52 T 

9-S 0.75 b 0 .. 77 i 1 .. 43 T 

11-V 1.70 H 1.06 h 0.50 T 

s 0.,75 b o-. 77 i 1.43 
v 1.70 H 1.06 h 1.56 
s 0.75 b 0.77 i 0.66 

15-P 0.55 B 0.57 B 1.52 
G 0.75 b 0.57 B- 1.56 

Q- 1.10 h 1.11 h 6 
T_ 1.19 h 0.83 i 6 
A 0.83 i 1.42 h s 

20-R 0.93 i 0.98 i s 
I 1.60 H 1.08 h 6 
T 1.19 h 0.83 i 6 
c 1.19 h 0-.70 i 6 

s 0.75 b 0.77 i 1.43 
25-G 0.75 b 0.57 B 1.56 

D 0.54 B 1.01 I 1.46 
v 1.70 H 1.06 h 0.50 

L 1.30 h 1.21 H "a" 
p 0.55 B 0.57 B "an 

30-K 0.74 b 1.16 h "a" 
K 0.74 b 1.16 h "Ct." 
y 1.47 H 0.69 b "a" 
A 0.83 i 1.42 H "a" 

y 1.47 H 0.69 b 6 
35-W 1.37 h 1.08 h s 

y 1.47 H 0.69 b s 
Q 1.10 h 1.11 h 6 

E 0.37 B 1.51 H 0.74 
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TABLE. XVII (Continued) 

Conforomation Parameters 
Position 13-sheet_ helical S-turn Structure 

R 0.93 i 0.98 i 0.95 T 

40-S 0-.. 7 5 b 0.77 i 1.43 T 
G 0.75 b 0 .. 57 B lo56 T 
Q 1.10 h 1.11 h 0.98 T 

A ·o.83 i 1.42 H 0.66 

p 0.55 B 0.57, -~ s 
45~V 1o70 H _1. 06 h s 

L 1.3'0 h 1 .. 21 H s 
v 1. 70 H 1.06 h s 
v 1 .. 7fY H 1.,Q6 h (3 
y 1 .. 47 H Q.,69 b s 

50-E 0.37 B 1.51 H 0.74 

D 0 .. 54 B 1.01 I 1.46 T 
s 0.75 b 0.77 i 1.43 T 

G ·o.75 b ' 0.57 B . 1.56 T 
R 0.93 i 0.98' i 0.95 T 

55:-P 0.55 .B 0~57 B 1.,52 
s 0.75 b 0.77 i ' 1. 43 

E 0.37 B 1·.51 H a 
I 1.60 H 1e08 h a 
p 0.55 B 0.57 B a 

60-E 0.37 B 1.51 H a 
R 0.93 i Oe98 i a 
F 1.38 h 1.13 h a 

s 0.75 b 0.77 i 1.43 
G 0.75 b 0.57 B 1 .. 56 

65-S 0.75 b 0.77 i 1.43 T 

s 0.75 b 0.77 i 1.43 T 

s 0~75 b 0.77 i 1.43 T 

G 0.75 b 0 .. 57 B 1.56 T 

T 1.19 h 0.83 i 0.96 
70-K 0.74 b 1.16 h 1.01 

A 0.83 i 1.42 H s 
T 1 .. 19 h 0.83 i s 
L 1.30 h 1.21 H s 
T 1.19 h 0.83 i s 

75-I 1.60 H 1 .. 08 H s 
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TABLE XVII (Concluded) 

Conformation Parameters 
Position 6-sheet helical S-turn Structure 

s 0.75 b 0.71i 1 .. 43 
G 0.75 b' o.s7 ~ 1.,56 

A 0.83 i 1.42 H a 
Q 1.10 h 1.11 h a. 

80-V .1. 70 H . 1.06 h a. 
E 0.37 B 1 .. 51 H a. 
D 0.54 B 1.01 I a 
E 0.37 B 1.,51 H a. 
A 0.83 i 1.42 H a. 

85-D 0.54 B 1.. 01 I 1.,46 

y 1.47 H 0.,69 b 6 
y 1.47 H 0.69 b s 
c 1.19 h ' 0.70 i s 
s 0.75 b 0.77 i s 

90-T 1.19 h 0.83 i (3 

D 0.54 B 1.01 I 1 .. 46 T 

I 1.60 H 1.08 h 0.47 T 

N 0.89 i 0.67 b 1.,56 T 

G 0.75 b 0.57 B 1.56 T 

95-Y 1.47 H 0.69 b s 
p. 0.55 B 0.57 B s 
L 1.30 h 1.21 H ·s 
F 1.38 h 1.13 H s 
G 0.75 b 0.57 B 1 .. 56 T 

100-G 0.75 b 0.57 B 1.56 T 

G 0.75 b 0.57 B 1.56 T 

T 1.19 h 0.83 i 0.96 T 

K 0.74 b 1.16 h 1 .. 01 

L 1.30 h 1.21 H B 
105-S 0.75 b 0.77 i s 

v 1.70 H 1.06 h s 
106a-L 1.30 h 1.21 H s 

G 0.75 b 0.57 B 1 .. 56 



. model of the Gar CDR, similarity of le·rtgth and secondary structure of 

the CDR loops to those of Gar was the primary criterion, and ease of 

remodeling to the predicted Gar secondary structure was the secondary 

,criteriono 

75 

Newm was obviously chosen as a basis for the two VH loops (CDRs Hl 

and H2) which have been sequenced for Gar (Apelgren, 1977 and unpublished 

data). Although the H2 loop of Newm would require extensive remodeling 

to accommodate a predicted helical region in Gar H2, the more critical 

Hl loop, which tends to be less variant among different immunoglobulins, 

was of the same length and secondary structure (total 13 sheet) as Gar 

Hl .. 

The choice of a model for the VA loops was split between Newm and 

Meg. For 13, only Newm matched that predicted for Gar in both length 

and· position of the 6 turn. Fo·r 12, only ~cg had a tight 6 turn as also 

predicted for Gar; however, the Meg turn was shifted by one residue 

towards the N~terminus. The 11 loops of A chains characteristically 

contain a·helical run as is the case for both Newm and Meg. Gar Ll is 

not predicted to contain a helical run, however, the sequence from 

Leu-28. to Ala-33 is borderline helical (Table XVII). The helical para

meter average is 1.035 (1.03 required), and although proline is normally 

unfavorable to helix formation, it is tolerated if positioned within the 

first turn, i.e., first 3 residues .. However, this~ sequence contains two 

helix breakers (Pro-29 and Tyr-32), and breakers must make up less than 

1/3 of the total residues considered. Further complicating the picture 

is the fact that the crystallographically defined helical runs in Newm 

and Meg are not predictable from their primary structures. Both Newm 

.and Meg 11 loops were three residues longer than Gar 11, so the choice 



of Meg as a basis for the Gar Ll model was made on thr~e secondary 

criteria. (1) The deletion in Gar 11 encompassed residues 27d -27f. in 

Meg and Newm (Figc 28).. The excision of these 3 residues in Meg left 
0 

the cut ends 3 .. 86A apart which was. close to the peptide bo.nd distance 
0 

(3.§0A) and thus required only a.-1° (z) rotation of residue 27 about 26 

in order to construct a bond between 27 and 28. The homologous excision 
0 

in Newm resulted in a gap of 5o 77 Ae (2) The excision in Meg left about 

one helical turn (positions 28-30) whereas no helical structure would be 

left by a .similar excision in Newm. Thus the remodeled Meg 11 loop 

should more closely approximate the predicted borderline six residue 

helix predicted for Gar at positions 28-33. (3) Meg 11 was also used to 

model the 11 loop of MOPC-315 (Padlan et al., 1976) which contained two 

critical residues (Tyr-32 and Asn-34) positioned .to donate hydrogen 

bonds to 2,4-DNP. Gar also binds 2,4-DNP and also has H-bond formers at 

positions 32 and 34 (both tyrosines)o Thus, by using Meg, there is a 

basis of comparison for the orientation of 2,4 substituted aromatic 

haptens capable of accepting H-bonds, e.,g. 2,4-DNP· and riboflavin. 

The two Meg loops (11 and 12) were positioned with respect to the 

four Newm loops (13, Hl, HZ, H3) by shifting the coordinates of Meg 

Cys-88 (in 13) equal to those of Newm Cys-881, rotating the Meg loops 
0 

about Cys-88 to bring Trp-35 as close as possible (0.27A) to·Trp-351 of 

Newm, and then rotating the Meg loops again about the axis Cys-88-+· 
0 

Trp-35 to br~ng Cys~zz as close as possible (1.64A) to Cys-221 of Newm. 

The justification for this positioning is that Cys-871, 'Trp-351, and 

Cys-221 are frame~1ork residues at the~ bases of CDR _loops, and homologous 
0 

framework residues have been found to vary by less than lA from one 

immunoglobulin to another (Padlan and Davies, 1975). The a-carbon 
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skeleton of this hybrid CDR is illustrated ·in Fig. 30. The orientation 

is such as would be viewed by looking directly into the combining region 

with the rest of the Fab arm directly beneath and the Fe portion pointing 

downward~ 

The remodeling of Ll was mentioned above. 12 was remodeled by 

shifting the S turn (second to fifth atoms of 12 in Fig. 31) forward 

(carboxy dire~tion) by one positione To accomplish this, the four atoms 

of the turn were shifted so that the last atom was positioned one residue 

further down. The turn was then rotated about this last atom (120°, 

16g7°, p0
) so that the first atom was one peptide bond away from its own 

0 

initial position and, at the same time, as close as possible (3.06A) to 

the initial position of the second atom of the turn. Finally, the turn 

was rotated about the vector between the first and fourth atoms (-34.2°) 
0 

so that the second atom was as close as possible (2.58A) to the initial 

pas i tion of the fourth a tom. Thus, the final model was designed to 

follow as closely as possible the curvature of the original turn. As 

indicated above, 13 and Hl did not require remodeling. For H2, atoms 

2-3 and 8-12 were deleted, and the first S turn was shifted backward by 

two'" positions. Then, following the general design strategy for 12, the 

turn was rotated about the first atom (-35°, -20°, 0°) so that the 
0 

fourth atom made the closest approach (0.40A) to the original ninth atom 

of H2. Finally, the turn was rotated about the vector between the first 

and fourth atoms (-35°) to follow as closely as possible the original 

contour of Newm H2. Next, an anionic helix, assumed to simulate the 

seco~dary structure predicted for the Gar H2 sequence, was modeled on 

the Newm A chain, positions 78-84. It was attached to the end of the 

remodeled turn and rotated (110°, 25°, 50°) so that the C-terminal end 



Figure 30 a-Carbon skeleton of a Newm-Mcg hybrid CDR. The Ll and 
12 loops are those of Meg, which were transposed to 'the 
apprc;>pria te anchor a toms of the Newm framework., The 
numbered a toms are the framework anchor positions. The 
overall orientation of this combining region represent's 
the view from the solvent directly onto the end of an Fab 
arm of the IgG molecule, in which the Fe , region would be 
extending downward and away from the' plane of the paper. 
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of the helix was within the· H2 contour, between the 12th and 13th atoms 

of the . original H2 loop. Finally, the helix was rotated about the 

vector between its first and last atoms (-123.1°) so that the atoms 
0 

adjacent tQ the proline were brought a distance of 6.6A from-each other 

which is the distance between ·the a toms adjacent to the proline in Meg 

12o ,The last adjustment of H2 was the rotation of atoms. 13-14 about 15 

(-28. 7°' 0°, 0°) to "bring atom 13 the. distance of a peptide bond away 

from the C-terminal end of the hel-ix.· Although the H3 loop of Gar is 

not yet sequenced, the Newm H3 loop was included for the purpose of 

general ori~ntatione 

Fig .. 31 illustrates the remodeled a..:..ca-rbon skeletons of the six CDR 

loops plus the 13-carbons of the Newm loops and two S-carbons originating 

from. 11 positions. 32 and 34 which _were added by ·reference to a CPK 

space-filling model of the Tyr-Ala-Tyr sequence. The S-carbons indicate 

which side chains are likely to line the combining . region pocket. 

Figs. 32-38 illustrate the best alignment of the relevant side 

chains involved in binding riboflavin·. Side chain adjustments were 

limited to rotations about single carbon bonds. In addition, the two 

tyrosines of Ll we!e further restricted in their freedom of rotation as 

was indica ted by the CPK model. The proline in 13 was modeled on the 

Tyr-Pro-Gly sequence in the Newm A chain (positions 140-142) because the 
0 

Tyr-Gly spacing (5. 78A) most closely approached that for the relevant 
0 

atoms adjacent to the proline substitution in 13 (6.06A). ·The S carbon 
0 

of the proline· substitution was only 0.63A distant from the original S 

carbon originating from the ninth atom of the 13 model. The.substitution 

of the Tyr-Pro-Gly sequence for atoms 8-10 of the 13 model resulted in a 

necessary shift of Phe-981, the G-terminal framework anchor of the 13 



Figure 31 a.,S-Carbon model of Gar CDR. S-Carbons (black) were 
added to the remodeled a.-carbon loops. For the Newm 
loops, the s-carbons are crystallo.graphically defined., 
~or the Meg loops, the 6nly relevant S-carbons are those 
originating from Ll positions 32 and 34. These were 
positioned by reference . to a CPK space-filling model 
based on the crystallographic distanc~ between the a.
carbons. 
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·Figure 32 Gar CDR model with riboflavin, view from solvent. The 
side ~hains relevant · to flavin binding were added and 
rotated about fixed a~S carbon vectors. Other S-carbons 
are not. shown. The conformation of the ribi tyl moiety 
was r~tated. from the crystalline position by -60° about 
vector C23-+c24, 'then -60° about · vector C22 ~ C23, and 
lastly 75° about vector czo~ C21. Color code for side 
chain and riboflavin atoms: black=carbon, red=oxygen, 
blue=nitrogen. 
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Figure 33 Gar CDR model, rota ted 30 °. Fig 32 was rota ted by 30 ° 
about a vertical line in the approximate plane of the 
papere 
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Figure 34 Gar CDR model, rotated 60°. Fig., 32 was ·rotated by 60° 
about a vertical line, in the approximate plane of the 
paper. 
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Figure 35 Gar CDR model, rota ted 90 °. Fig Q 3 2 was rota_ ted by 90 ° 
about a vertical line in the approximate plane of the 
paper., 
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Figure 36 Gar CDR model, rotated 120°. Fige 32 was rotat·ed by 120° 
about a vertical line in the approximate plane of the 
paper. 
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Figure 37 Gar CDR model, rotated 150°. Fig. 32 was rotated by 150° 
about a vertical line in the approximate plane of the 
paper. 
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Figure 38 Gar CDR model, rotated 180°. Fig. 32 was rotated by 180° 
about a vertical line in the approximate plane of the 
papers 
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88 
0 

loop. · The shi~t, however, was on,ly 0.. 46A... Table XVIII lists ten contacts 

between riboflavin and the relevant side chains of CDR loops 11, 13 and 

Hl. Included are three contacts with the framework base residues of the 

· H3 loop. The distances between atoms are calculated from the coordinat'es 

at the atom centers, as listed in Table XIX.. The spatial center was set ' 

at riboflavin atom N3.. Opt:l.mal van der Waals distances are based on the 

values listed by .Kol tun (1965), or dete.rmined from CPK models. 
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TABLE XVIII 

Riboflavin Contacts with the Gar CDR Model 

Riboflavin distance Gar CDR model 
position (A) atom side chain loop Optimal van.der Waals distance 

(H)N3 3 .. 40 caz Tyr-34 11 3.40 
3.57 cs Ser-89 L3 3.8 (imido hydrogen:methylidyne) 

C4 3 ... 37 csz Tyr-34 Ll 3.40 

014 2.65 O(H) Ser-89 L3 2.70±0.10 (hydrogen bond) 

(H)C6 3e70 CE2 Trp..;103 (a) 3.76 
3.59 Cl;Z Trp1-103 (a) 3.76 

C7 3.63 cs Thr-35 · Hl 3.8 (aryl carbon:methylidyne 
hydrogen) 

2 .. 97 Cy Thr-35 Hl 3.0 (aryl carbon:methyl) 

(H
3

)C18 3 .. 05 ca Arg-94 (a) 3.3 (methyl:methylidyne) 

027 2.65 O(H) Thr-;35 Hl 2.70±0.10 (hydrogen bond) 

a .. framework residue at base of H3 loop 



TABLE XIX 

Coordinates of Gar CDR Model 

1 CA Cys-881 4~803 -4.184 -4~887 
2 CA Ser-891 3.,774 ~2.,731 -1 .. 529 
3 CB Ser . 2 .. 342 -2.246 -1.480 . 
4· OH Ser 2.,116 -1.147 . -2.363 
5 CA Thr-901 5 .. 250 -3.050 -1e966 
6 CA Asp-911 5.444 -1.357 5.655 
7 CB Asp 4.105 -1.673 6.272 
8 CG Asp 4.,094 -1.,368 7.741 
9 ODl Asp 4.,964 -.750 8.331 

10 OD2 Asp 3.1JO -1.714 8.344 
11 CA Ile-921 8.105 -.013 7.623. 
12 CA Asn-931 7.269 1.,4~9 11.044 
13 CA G1y-9..4L 4.047 2.648 9.450 
14 CA Tyr-951 5.637 4. 330 ' 6.431 
15 c Tyr 5 .. 602 3.320 5.279 
16 0 Tyr 6.450 2.417 5.194 
17 N Pro 4.606 3.507 4.433 
18, CA.Pro-961 4.380 2 .. 657 3.251 
19 CB Pro 2.S96 2.660 3. 070-
20 CG Pro 2.234 3.443 4.184 
21 CD Pro 3.393 4.188 4.863 
22 CA Leu-97L 7.729 1.716 1. 720 
23 CA Phe-981 7.082 1.130 1.977 

24· CA Ser--30H -13.952 8.187 8.452 
25 CA Asn-31H -13.157 4.467 8.270 
26 CA Ser-32H -10.766 5.239 5.423 
27 -CA Val-33H -7.151 6.324 4.913 
28 CB Val -6.101 5.315 5.355 
29 CG1 Val . -5.539 5.533 6.777 
30 CG2 Val -6.542 3.892 5.122 
31 CA Met-34H -6.630 . 8. 933 2.198 
32 CA Thr-35H -3.089 8.768 .821 
33 CB Thr -2.,508 7.370 .535 
34 OH Thr -1.564 7.163 1.577 
35 CG Thr -1.816 7.293 -o807 
36 CA Trp-36H -1.174 11.139 -1.446 
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TABLE XIX (Continued) 

37 CA Th:r-49H - 1.~20 10 .. 311· 3.103 
38 CA Asn-SOH '--1 .. 751 9a759' 4.293 
39 CA Ile-SlH -5.073 11.227 5 ._427 
40 CA Arg~52H -4.635 9.506 8.785 
41 CA Pro-52aH -1.343 11'. 253 ·9. 525 
42 CA Asp-53H • 966 ' 9.967 12. 259· 
43 CA Glu-54H 4 0 657" 10.702 12.829 
44 CA Thr.,.55H 6.14~- 7.577 li.2i4 
45 CA Glu-56H 4.926 8.836 7.891 
46 CA Lys~57H 7o778 11._347 7.843 
47 CA Phe-58H 9 .. 577 10 .. 657 4.557 
48 CA Ty-r-S.9H 13.182 11.691 3.928 
49 CA Ser-60H 13.502 14.768 1.709 
50 CA Asp-61H 9 .. 889 15.432 2.691, 
51 CA Ser-6.2H 10.032 15.280 6.490 
52 CA Val-63H 9.958 19.070 6.755 
53 CA Arg-66H: 7.829 20.367 3.871 

54 CA Arg-94H -7 .. 793 4.868 -.305 
55 CA -6 .. 330 2.785 2.524 
56 CA -6 .. 438 .347 5.438 
57 CA -3 .. 649 -1 .. 743 6.966 
58 CA -10 923 ' -4.737 5.389 
59 CA -5o4QQ -4.835 3.841 
60 CA -5.792 -2.363 .976 
61 CA -5 .. 332 1.056 -.629 
62 CA -8.395 .703 -2.866 
63 CA -9.510 3.095 -5.599 
64 CA Trp-:-103H -6.694 4. 913 ' -7.386 
65 CB Trp -5.552' 4.069 -7.956 
66 CG Trp -4.393 3.469 -7.081 
67 CDl Trp -4.351 2.302 -6 .. 415 
68 NEl Trp -3.075 2.180 -5.722 
69 CE2 Trp -2.367 3.189 -6.035 
70 CD2 Trp -3.144 4.056 -6.868 
.71 CE3 Trp -2.590 5.242 -7.303 
72 C23 Trp -1.274 5.488 -6.861 
73 CH2 Trp -.528 ' 4 0 609 -6.081 
74 CZ2 Trp -1.059 3.440 -5.606 
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TABLE XIX (Continued) 

75 CA Cys-231 9&766 -8~200 -5.374 
76 CA-Ser-241 12.972 -8.301 -3e345 
77· CA G1y~251 13 .. r'03 -6.372 -.075 
78 CA Asp-261 14.821 

•·. ~' . 
-6 .. 711 3.292 

79 CA Va1-271 14.201 -7.,864 6-.856 
80 CA 1eu-281 11.240 -9.810 5 .. 475 
81 CA Pro-291 9 G 690. -8.393 8 .. 637 
82 CA Lys-301 5.926 -8.444 8.121 
83 CA 1ys-311 3.281 -10.,098' 5.957 
84 CA Try-321 1 .. 764 --6.954 4.462 
85 CB Tyr .874 --5. 707· 4.651 
86 CG Tyr 1.376 -4.501 3.854 
87 CDl Tyr 1.668 -3.313 4.554 
88 CEl Tyr 2.132 -2 .. 158 3.800 

·89 cz Tyr' 2.188 -2.233 2.449 
90 OH Tyr 2.599 -1.132 1. 735 . 
91 CE2 Tyr 1.,892 -3.401 1.733 
92 CD2 Tyr 1 .. 444 -4.525 2.488 
93 CA Ala-331 2.801 -7.101 .813 
94 CA Tyr-341 .. 329 -5.729 ~1.725 

95 CB Tyr -.342 -4.508 -1. 064' 
96 CG Tyr -.775 -3.-450 -2.084 
97 CD1 Tyr - .. 195 -3.486- -3.367 
98 CE1 Tyr - .. 593 -2.476 -4.338 
99 cz Tyr -1.435 -1.488 -3.952 

100- OH Tyr -1.786 -.518 -4.861 
101 CE2 Tyr -2.016 -1.429 -2.677 
102 CD2 Tyr -1 .. 618 -2.432 -1.740 
103 CA Trp-351 .603 -5.879 -5.511 

104 CA Tyr--491 -2.,774 -8.068 -.404 
105 CA G1u-50L -1.747 -9.684 2.873 . 
106 CA Asp-511 -2 .. 702 -11.973 -.006 
107 CA Ser-521 -6a006 -12.068 1.749 
108 CA G1y-53L -9.096 -11.710 -.515 
109 CA Arg-541 -6.909 -11.504 -3.616 
110 CA Pro-551 -9 .. 718 -9.049 -2."894 
111 CA Ser--561 -13.081 -9 .. 371 -4.633 
112 CA G1u-571 -13~150 -9.237 -8.4-30 
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TABLE XIX , (Cone 1 uded) 

113 NlO -2.825 2.810 .615 
114 C10a· -1.888 1.916 .352 
115 N 1 -1.636 1.018 1 .. 345 
116 c 2 -e685 .048 1.176 
117 012 -. 4:75 -.743 2 .. 072 
118 N 3 0 0 0 
119 c 4 -.268 .914 -.991 
120 014 .377 .824 -2.025 

I 121 C·4a -1.262 1.986 -.908. 
122 N 5 -1.50.3 2.844 . -1.859 
123 C Sa -2.444 3.801 -1.682 
124 c 6. -2.717 4.729 -2.689 
125 c 7 -3 .. 688 5.686 -2.460 
126 C17 -4.044 6 .. 727 -3 .. 497 
127 c 8 -4.315 5 .. 617 -1.201 
128 Cl8 -5.394 6.648 -.899 
129 c 9 -4.039 4.686 -.203 
130 C 9a -3~061 3.715 -~415 
131 C20 -3.532n 2 .. 791 1.942 
132 C21 -2.999 3.926 2.808 
133 027 -1.964 4.579 2.041 
134 C22 -2.064 3.3.49 3.878 
135 030 -.991 2.996 2.992 

. 136 C23 -3.158 2.653 4.697 
137 033 -3.564 2.533 6.067 
138 C24 -2.603 1.231 4.559 
139 036 -3.561 .280 5.049 



DISCUSSION 

1. Primary Structure 

-VA Gar clearly falls within cluster 3 (Fig. 29) which includes 

subgroups III and IV as designated by Kabat et al. (1979). It was 

pointed out previously (Kiefer, et al., 1980) that CDR sequences common 

to p.roteins Nei and Wh suggested that they were .more closely associated 

in the human germ-line, i.e. a "germ-line set," analqgous to the mouse VK 

isotypes catalogued by Potter (1977)o Using the Wh-Nei sequence homology 

(84G2%) as an empirical cutoff point for identifying other germline sets 

in the human, the only other A se·t with more than one representative 

would be that containing proteins Bau and X .in cluster 3 (86.1% homology) 

(Table XVI). Since Gar is most closely homologous with the Kern and Hil 

sequences at only 68G3%, it is therefore taken to be the only current 

representative of its own germ-line set. 

There are thirteen substitutions in the Gar sequence which are so 

far unique to other sequences of cluster 3.. Seven of these are in 

hypervariable regions: Val-27 (Ll); Ser-89, Asp-91, Ile-92, Tyr-95, 

Pro-96 and Leu-97 (all 13). The other six are in the framework regions: 

Lys-5, Glu-38, Ser-40, Lys-70, Val-80 and Ser-105. All of thes~ framework 

substitutions except Val~80 are unique to currently catalogued human A 

chains (Kabat et al., 1979). Two of them are uniq"Qe to L chains of any 

type or origin, viz, Lys-5 (529 sequences) and Ser-105 (142 sequences). 

Three others are rare, viz, Glu-38 (5 occurrences in 196 sequences), 

Ser-40 (3 occurrences in 186 sequences), and Val-80 (1 occurrence in 150 

sequences)e Lys-70 is a special case. Its occurrence is rare in L 

chains generally (2 in 136 sequences) except for mouse A chains, where 

it is invariant (25 sequences). In this connection, it is of some 

94 
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interest that one of the. other framework substitutions in Gar (Glu-38) 

is also almost exclusively found in mouse A chains (4 out of 5 occurrences 

in 196 sequences). Thus, the occurrence of both Glu-38 and Lys-70 in 

the same L chain is common only to Gar and four mouse A chains, one of 

which is MOPC-315. 

The inferred genetic origins of the 13 substitutions in Gar appear 

to segregate into at least two general patterns depending on their 

location· in the framework or CDR regions. All six framework substitu

tions could have occurred only by an exchang~ of cytosine with another 

base in the first or second codon position, except the substitution 'of 

serine for threonine at position 105 which could also have occurred by 

an adenine+uracil exchange. The seven CDR substitutions are more diffi

cult to evaluate because there often is not a single most' frequent 

residue at a given CDR position. However, three of the first four 

positions in 13 have so far been nearly.invariant in cluste~ 3 sequences 

(6 or 7 occurrences in 8 sequences), viz, Gln-89, Trp-91 and Asp-92. 

The substitutions in Gar (Ser-89, Asp-91 and Ile-92) would have required 

at least two base changes, and a Trp~Asp substitution at position 91 

would have required a complete codon change (UGG+GAU/C). Val-27, 'Asp-91 

and Pro-96 are the only CDR substitutions unique to human A sequences. 

2. Secondary Structure 

A comparison of the predicted.secondary structure (Tab~e XVII) with 

the Newrn and Meg A chains, on which the tertiary structure was based, 

indicated that the Gar VA framework could accommodate turns or bends at 

all the right places so as to allow a normal 4:5 strand double sheet 

basic fold. Such framework bends occur at positions 15-16, 40-41, 

56-61, 68-69, and 77-83 (distorted tor a helix). The turns at positions 
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.8-9 and 100-101 are intrinsic to their respective strands and are charac-

teristic of 1 chains generally. Unique to Gar, however, is the N-terminal 

helix (positions 1-6) in a region which is normally S-sheet. This helix 

is due to the unique 1ys-5 which provides an essential fourth helix-former 

and, at the same time, breaks up the Leu-Thr-Gln sheet nucleus.· · Al'so 

peculiar to Gar, although not uniquely so, is· the helix in the framework 

bend (56-61) whi'ch is usually a random coil.. A helix in this same bend 

is possible only ~n one other A. sequence (Kern) and, in both cases, is 

due to the same substitution (Glu-57) which provides an essential fourth 

helix-former. Th~ turn which usually occurs at 68-69 is found two 

residues earlier in Gar, at 66-6 7·. 

3.. Tertiary Structure and Anti-Hapten Sp.ecificity 

The a ,S ~carbon model of the Gar CDR loops (Fig. 31) places certain 

restrictions on the ·rotational fr·eedom of bulky side chains, such as the 

tyrosine ;-ings originating from 11 positions 32 and 34. The juxtaposition 
0 

of the a-carbons at 321 and 341 (6.47A), which are,modeled directly from 

the Meg coordinates, further restricts the freedom of these tyrosine 

rings with respect to each other. The modeling end-point for the tyrosine 

rings was chosen as that which would bring both . as close as possible 

towards the approximate spatial center of the combining region (Figs. 

32-38). Due to the relat·ively small side chain substitutions at 13 

positions 89 and 91 (Ser and Asp, respectively), the Tyr-32 ring could 

be pos·itio.ned into a niche from which it normally would be sterically 

restricted, viz, the bay . bounded by the S -methylene of Ser-89, the 

a-carbon of Thr-90, and the S-methylene of Asp-91. These bay bound~ry 
0 

atoms are approached within 0.1 to·0.25A of optimal van' der Waals contacts 

by the Tyr .... 32 ring atoms Csl, O(H), and Cs2, respectively. The Tyr-34 
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ring was also sterically restricted by the S-methylene of Ser-89 and was 

positioned to make optimal van der Waals approaches between the methylene 

and the ring atoms CY and Cole 

Although· the H3 loop is_ the only one_of the six not yet sequenced, 

we are reasonably sure of the anchor residues at positions 94 and 103 .. 

Arg-94H has been sequenced. A tryptophan residue is nearly invariant at 

position 103 in human VH sequences, and- we obtained a chymotryptic 

cleavage immediately after this position. The position of the Trp-10.,3 

side chain is . modeled directly from the Newm VH · coordinates. 

Intui, tively, the most energe:tically favorable fit of riboflavin 

within the model wbuld be to have the xylenoid section of the flavin 

ring rest withiri the hydrophobic pocket . contributed by VH resid~es 

Va1...:.33 and Thr-35 . above and Trp.-103 beneath •. The pyrimidinoid section 

would rest along the hydroxylic-hydrophobi.c wall contributed by the side 

chains of v
1 

residu~s Asp-91, Tyr-32, Ser~89, and Tyr-34. Hydrogen 

bonds with one or both carbonyl oxygens (012 and/or 014) would originate 

from one or two hydroxyl groups of these v
1 

side chains. 

In actually fitting riboflavin along this general plan, it was 

necessary to. make several rotations of the ribi tyl group from its crys

talline configuration- so as to accommodate steric restrictions due to 

the Hl side chains Val-33 and Thr-35. The rotation parameters were 

based on those obtainable with a CPK model of riboflavin and had to 

occur in the order: (1) 036, -60° around vector C23-+C24; (2) 036/C24/ 

033, -60° around vector C22-+c23; (3) the entire ribi tyl group except 

C20, 75° around vector C2o+C21. After changing the ribityl configu

ration, it was found that a hydrogen bond originating from the hydroxyl 

of Thr-35 in · Hl could be formed with the ribi tyl hydroxyl at 027. 
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This bond would be less than 12° out of optimal alignment, i.e~ ~(OH)(O)= 

168 o rather than 180 ° and would, therefore, be expe·ct.ed to contribute 

about 5 kcal/mole towards the net _binding energy (Pauling, 1960). 

·The six VH contacts on the xylenoid section of the flavin ring and 

on ribityl 027 (Table XVIII) leave only two directions of freedom for 

riboflavin, viz, towards the VL loops_along the long axis of the flavin 

ring and towards H3 (-)about the· vector Cl7-+Cl8. Both of. these freedoms 

are inhibited, however, by v
1 

side chains, the first by the CB methylene 

of Ser-89 and the second by Tyr-34 ring atoms Co2 and Ce:2. A hydrogen 

. bond originating from the hydroxyl of Ser-89 can be formed with carbonyl 

oxygen 014. Although the bond distance is appropriate, the angle is 

considerably out of optimal alignment (-137°), and the bond e.nergy 

would, therefore, be expected to be less than 5 kcal/mole. A still 

weaker hydrogen bond originating from the hydroxyl of Tyr-32 may be 

possible with the carbonyl oxygen 012. Although the OH-o distance is 
0 

less than the sum of the van der Waals radii (3. 34A), both the angle 
0 

(-154 °) and inter-oxygen distance (3 .12A) are nonoptimal. 

The model is in general agreement with the limited data on cross-

reactivity and on binding of flavin analogues. Greer (1980, personal 

communi~ation) found that small substitutions about the flavin ring 

dropped the binding constant by one order of magnitude. Larger substi-

tutions could not be tolerated at N3 but could be accommodated at Cl8. 

Moreover, Greer found that the ribityl moiety appeared not to be crucial 

to binding, which is consistent with the fact that binding affinities 

for the ribityl-substituted flavin derivatives·are equal (FMN) or nearly 

equal (FAD) to that of riboflavin (Farhangi and Osserman, 1976). In the 

model, the ribi tyl group is well away from side chain contacts except 
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for the hydrogen bond with Thr-35H.· ·The size restrictions on N3 substi-

tutions are cortsistent with th~ N~H) contacts with Tyr-341 and Ser-891, 
0 

and with the·· N-0 distance to O(H)/Tyr-321 (3.32A) where a.n approach with 
0 

this 13-immobilized hydroxyl is limited to 3.05A. It is less clear how 

the model could accommodate larger substitutions at C18 since this 

methyl group already contacts the methylidyne a..;..carbon of Arg-94H, the 

amino-terminal anchor point for the H3 loope However, there is more 

free space directly above Cl8. 

The cross reactivity with DNP is probably limited to the v1 hydro

xylic-hydrophobic wall. It would be possible for the phenolic hydroxyls 

of Tyr-32 and Tyr-34 to from hydrogen bonds with the 2 and 4-posi tion 

nitro oxygens of DNP. Phenolic hydroxyls provide stronger hydrogen 

bonds than alcoholic hydroxyls such as serine or.threonine. Thus, with 

respect to small aroma tic hap tens such as DNP, IgG Gar would seem to 

share some of the same binding mechanisms as found for the mouse myeloma 

protein MOPC-315. Unlike MOPC-315, however, concurrent stacking inter-

actions would not be possible, hence the low affinity of Gar for DNP. 

The hydrogen bonds postulated to occur between IgG Gar and riboflavin 

would not pr6vide as much binding· energy as those with DNP, yet Gar " 

binds riboflavin with a much higher energy than DNP. This leaves only 

hydrophobi'c interactions to provide the additional energy holding ribo-

flavin. In this regard, the VH portion of the CDR would seem to .Provide 

a major fraction of the binding energy i.e., the hydrophobic interactions 

on the xylenoid section of the flavin ring i> The v1 tyrosines, and to 

some extent the 13 proline at position 96, would contribute to a hydro-

phobic environment for the pyrimidinoid section of the flavin ring. 
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In light of the overall binding forces on riboflavin, two inter-

dependent mechanisms might be advanced for the ultra-high affinity. One 

is the complex pathway by which the flavin would have to come to rest 

deep within the combining regione The xylenoid section would. have to 

enter the VH hydrophobic pocket while the ribityl group underwent its 

series of configurational changes, with the v
1 

hydroxylic-hydrophobic 

wall serving as a polar guide for the pyrimid.inoid section, bringing it 

finally to rest within the v
1 

hydrophobic environment contributed by the 

two tyrosines and Pro-96.. Hydrogen bonds would form last. Since ribo

flavin is immobilized at the bottom of the combining region, the same 

pathway would have to occur in exactly the reverse order in order for 

the flavin to escape. Although reverse order unbinding is obviously 

pas sib le given enough time, there would be no driving force. operating to 

counteract the hydrophobic interactions on the flavin ring, hen.ce the 

second mechanism. Riboflavin is very sparingly soluble in physiological 

saline (about 50 11M at saturation), and the antibody provides a much 

lower free ·energy environment. 

4. Quaternary Associations 

Six v
1 

residues are involved in interchain contacts with the VH 

domain. These are Tyr-36, Gln-38, Ala-43 '· Pro-44, Tyr-87 and .Phe-98 

(Poljak et al., 1975). Substitutions of these six are rare, and variants 

which do occur are 
1

fairly conservative replace~ents.. Poljak et al. also 

reported that two other positions at the beginning of the 13 loop (89 

and 91) also could provide for v
1

:VH interactions,. although their impor

tance was more difficult to evaluate because they could be affected by 

the conformation of the balance. of the 13 loop .. 
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In this respec·t, three of the rare substitutions in Gar,, viz, 

Glu-38, Ser-89 and Asp-91 are noted all to be more hydrophilic and 

stronger hydrogen bond formers than the side chains they replace in a _ 

usual VL domain (Gln-38, Gln-89 and Trp/Tyr-91). They might therefore, 

'· 
individually or,collectively, serve to make a stronger interchain contact 

and/or to bring the two V domains closer together& In any case, the 

VL :VH module may be made more rigid, which~ would have the effect of 

lowering the reverse rate constant and thereby raising_ the affinity for 

riboflavine 



SUMMARY 

The VA. sequence of IgG Gar was derived by manual sequence of L chain 

tryptic and chym6tryptic pep tides. On the basis of percent sequence 

homology, VA. Gar statistically clusters with other VA, sequences of sub

groups III and IV.. _ Five substitutions- in the Gar v
1 

framework are 

unique to currently catalogued human VA.- sequences. THese five are 

predicted to have no disruptive effect on the V region basic fold, 

although Lys-5 is predicted to enable a short helix at the amino terminus 

unique to human A chains. Six_ of the nine residues in the 13 loop- are 

unique among_ the eight sequences of subgroups III and IV, although only 

two of these (Asp-91 and Pro-96) are unique amor1g a11 21 catalogued 

human A13 sequencese From model-building- studies,_ two of the 13 substi

tutions are found to enable an interdigitating hydroxylic-hydrophobic 

wall with adjacent side chains of the 11 loop. Descending in to the 

combining region, the wall is formed by the side chains of Asp-91, 

Tyr-32, Ser-89, and Tyr-34. This v
1 

wall is suggested to be involved in 

the cross-specific binding o~ 2, 4-subs ti tuted aroma tic hap tens. DNP 

haptens probably are bound primarily by hydrogen bonds from the phenolic 

hydroxyl groups to the nitro oxygens. Flavin ?aptens are theorized to 

be held primarily by hydrophobic interactions. A v
1 

pocket formed by 

the two 11 tyrosine's and an 13 proline holds the ·pyrimidinoid section of 

the flavin ring, whereas a VH pocket formed by the methyl groups of Hl 

valine and threonine, and the indole ring of the tryptophan at the bas~ 

of H3 holds the xylenoid section. The model is consistent with limited 

affinity data on the binding of flavin analogues·. The substitution of 

glutamic acid for glutamine at position 38 might provide for a stronger 

interchain contac.t which would effect a more. rigid combining site 

generally. 
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Appendix 1 Procedural summary of the chemical methodology used in 
establishing the p~imary structure of VA. Gar. 
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Appendix 2 

1 PROGRAM GROUP (HOM,OUTPUT,INPUT,TAPE1=HOH) 
c 
C PROGRAMMER: DAN DORAN 
C DATE: MAY, 1981 

5 c 
C FUNCTION: REDUCTION OF SIMILARITY ·MATRIX BY WEIGHTED, PAIR-
C WISE GROUP MEAN AVERAGING 
c 

DIMENSION ICOR(35,35) ,NG(35) ,HEAD(35) 
10 REWIND ·1 

READ(l,lOl)NS 
101 FORHAT(I2) 

DO 1 I=l,NS 
NG(I}=l 

15 1 READ(l,102)HEAD(I),(ICOR(I,J),J=l,NS) 
102 FORMAT(A4,25I414X,lOI4) 

DO 11 I=l,NS 
DO 11 J=l,NS 

11 ICOR(I ,J)=IGOR(J, I) 
20 DO 2 I=l,NS 

2 PRINT 103-,HEAD(I),(ICOR(I,J),J=l,NS) 
103 FORMAT(lX,A4,25I415X,lOI4) 
100 CONTINUE 

MAX=O 
25 NSl=NS-1 

DO 3 I=1,NS1 
I1=I+l 
DO 3 J= Il , NS · 
IF(ICOR(I,J).LT.MAX)GO TO 3 

30 MAX=ICOR(I,J) 
llfAX=I 
JMAX=J 

3 CONTINUE 
PRINT 20l,:MAX,HEAD(TMAX) ,HEAD(JMAX) 

35 IF(NS.EQ.2)STOP 
201 FORMAT (I I" MAXIMUM='·', IS,", BETWEEN GROUPS: C', 

"~~A4, "," ,A4 ,lH)) 
PRINT 202 ,HEAD (JMAX) ,HEAD(IMAX) 

202 FORMAT(" GROUP:'"',lX,A4,'"' WILL BE COHBINED WITH GROUP:", 
40 *1X,A411) 

K=NS-JMAX 
NGI=NG(I) 
NGJ=NG(J) 
AN=NGI+NGJ 

45 DO 5 J=l,NS 
ICOR(D1AX,J)= (NGI"~~ICOR(IMAX ,J)+NGJ*ICOR(JMAX,J)) I AN + o. 5 

5 ICOR(J, IMAX)={NGT*tCOR(J, IMAX)+NGJ~~ICOR(J ,JHAX)) I AN + 0 .. 5 
ICOR(IMAX,IMAX)=MAX 
NG(IMAX)=AN 

50 IF(JMAX.EQ.NS)GO TO 99 
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.TI1AXl=JMAX-l 
NSl=NS-1 

Appendix 2 (Concluded) 

DO 4 I=JHAX,NSl 
DO 4 J=l,JMAXl -

55 ICOR(I,J)=ICOR(I+l,J). 
4 ICOR(J ,I)=ICOR(J ,I+l) 

DO 7 I=.IM.Ax 9 NS1 
DO 7 . J=JMAX·,NSl 

7 ICOR(I,J)=ICOR(I+l,J+l) 
60 DO 6 I=l,K 

6 HEAD (JMAX +I-1) =HEAD (JMAX+ I) 
99 NS=NS-1 

GO TO 100 
END 
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1 
c 
c-
c 

Appendix 3 

PROGRAM CLUSTER (VECTOR,INPUT,OUTPUT,TAPEl=VECTOR) 

PROGRAMMER: . DAN DORAN 
·DATE:. AUGUST, 1979 

5 c 
C FUNCTION: CLUSTER .. 4NALYSIS BY MINL'!IZATION OF WITHIN-GROUPS 
C SUM OF SQUARES . ( SS) 
c 

DIMENSION P(300) 
10 c 

C READ IN THE NUMBER OF SEQUENCES 
REWIND 1 
READ (1,.101)NS 

c 
15 C READ IN THE NIJM~ER OF DD1ENSIONS 

READ (1,101)ND 
IF (ND. GT ~ 0) CALL WORK(NS ,ND ,P) 
IF(ND.LE.O)CALL .SSIN(NS,ND,P) 
STOP 

20 101 FORMAT(I2) 
END , 

1 SUBROUTINE WORK(NS,ND,P) 
DIMENSION P(NS,ND) ,SS(435) ,NM-!E(30) ,KMIN(30) ,'T(30) ,KK(30) 

c 
C READ IN THE POSITION VECTORS 

5 DO 1 I=1,NS 

c 

1 READ(1,102)NAME(I),(P(I,J),J=1,ND) 
102 FO~~T(A5,30F4.0) 

C GENERATE MATRIX OF SQUARED DISTANCES 
10 SUMSS=O 

15 

20 

DO 3 I=l,NS 
DO 3 J=1,NS 
S=O 
DO 2 K=l,ND 

2 S=S+(P(I,K)-P(J,K))**2 
K~LOC(I,J) 
SUMSS=SUMSS+S 

3 SS(K)=S 
SUMSS=SUMSS/FLOAT(NS) 
GO TO 22 
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c 
ENTRY .SSIN 
SUMSS=OGO 
DO 20 I=l,NS 

Appendix 3 (Continued) 

25 READ(1,102)NAME(I),(P(I,J),J=1,I) 
DO 20 J=l,I 
K=LOC(I,J) 
SUMSS=SUMSS+P (I, J) 

20 SS(K)=P(I,J) 
30 22 CONTINUE 

c 
C PRINT OUT THE MATRIX OF SQUARED DISTANCES 

DO 5 I=l,NS 
DO 4 J=l,NS 

35 K=LOC(I,J) 

40 c 

4 T(J)=SS(K) 
5 PRINT 20l,NAME(I),(T(J),J=l,NS) 

PRINT 202,SUMMS 
201 FORMAT(l.XAS ,15FS. 0/6Xl5FS., 0) 

C INITIALIZE KK ARRAY 
DO 6 I=l,NS 

6 KK(I)=O 
KK(1)=1 

45 SMIN=l. OE+3.2 
NSl=NS-1 

c 
C GENERATE PARTITION VECTOR 

·7 I=l 
50 8 KK(I)=KK(I)+l 

IF(KK(I).LT.2)GO TO 9 
KK(I)=O 
I=I+1 
GO TO 8 

55 9 KKO=O 
DO 43 I= 1 ,.NS 
IF (KK(I)) 43 ~ 4l, 43 

41 KKO=KKO+l 
43 CONTINUE 

60 KKl=NS-KKO 
IF(KKl.LE.l)GO TO ·7 
IF(KKO.LE.l)GO TO 52 
Sl=SO=O. 
DO 37 I=l,NSl 

65 IF(KK(I) )37 ,31,34 
31 Il=I+l 

DO 33 J=Il,NS 
IF(KK(J))33,32,33 

32 K=LOC(I,J) 
70 SO=SO+SS(X) 
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33 CONTINUE 
GO TO 37 

34 Il=I+l 
DO 36 J=Il,NS 

Appendix 3 (Concluded) 

75 IF(KK(J))36,36,35 
35 K=LOC(I,J) 

Sl=iSl+SS(K) 
36· CONTINUE 
37 CONTINUE 

80 Sl=Sl /FLOAT (KKl) 
SO=SO/FLOAT(KKO) 
S=Sl+Sb 
IF(S·~GT. SMIN)GO TO 7 
SHIN=S 

·85 DO 5I I=l,NS 
51 KMIN(I)=KK(I) 

GO TO 7 
52 PRINT 202,SMIN 

PRINT 203, (NM1E(I) ,I=J..,NS) 
90 PRINT 204,CKMIN(I),I=l,NS) 

STOP 
202 FORMAT(F20e5) 
204 FORMAT (1Xl5{I2, 4X)) 
203 FORMAT(lXlS (l.XA5).) 

95 END 

1 FUNCTION LOC (I, J) 
IF (I-J) 22,24,24 

22 LOC=I+(J*J-J)/2 
RETURN 

5 24 LOC=J+(P'~I-I) /2 
RETURN 
END 
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Appendix 4 Riboflavin, numbering< system. Above structural formula. 
Below, spatial view depicting configuration of ribityl 
moiety in crystalline state (from Voet and Rich, 1971). 
The numbering system is based on that ·of Kierkegaard 
et al. (1971). 
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