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ABSTRACT: W e  have determined the p H  dependencies of the 
binding affinities of the mouse myeloma immunoglobulins 
M603, W3207, and M167 for the haptens phosphorylcholine 
(PC) and L-a-glycerophosphorylcholine (GPC).  These af- 
finities are  generally maximal near neutral p H  with the ex- 
ception of the binding of PC by M167 which is strongest a t  pH 
5 . 5 .  These data  have helped to clarify the nature and relative 
importance of the ionic interactions between hapten and 
antibody. 31P nuclear magnetic resonance ( N M R )  techniques 
were used to probe the influence of p H  on the microenviron- 
ment of the phosphate group of several haptens when these 
were bound to M603, W3207, and M167. The phosphate 
subsites of M603 and W3207 are both electropositive and also 

A group of mouse myeloma immunoglobulins which spe- 
cifically bind phosphorylcholine, PC1 (Potter, 1972; Rudikoff 
et al., 1972; Potter & Lieberman, 1970), serves as a convenient 
system for studying structure-function relationships between 
similar, homogeneous antibodies. In this group, the primary 
structures of the heavy chains and of portions of the light chains 
from six different proteins are now known (Hood et al., 1975, 
1976). The three-dimensional structure of the Fab' fragment 
of one of these proteins, M603, as well as its complex with PC 
(Segal et al., 1974) has allowed direct visualization of the in- 
teractions between hapten and specific residues in the antigen 
combining site of the immunoglobulin which define the anti- 
body specificity. 

The high degree of sequence homology among the heavy 
chain residues of immunoglobulins specific for phosphoryl- 
choline in both mouse and man (Padlan et al., 1976; Riesen et 
al., 1976) and the observation that most of the residues which 
interact with hapten in M603 are  located in the heavy chain 
have allowed some rationalization of the molecular origins of 
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show other similarities; that of M167 has a net electronegative 
character. The two hydrogen bonds known to be formed be- 
tween M603 and the phosphate oxygens of PC are also involved 
in binding G P C  and are essentially unaffected by p H  in the 
region 3-9. Studies with the hapten 3-trimethylamino-1-pro- 
panol phosphate (TMAPP)  show that the binding cavity of 
M167 is substantially wider than those of M603 and W3207. 
These results lead to a detailed molecular model of the p H  
dependent binding of P C  and related haptens to these three 
antibodies; they further indicate the roles of various amino acid 
residues in defining the differing ligand specificities of these 
antibodies. 

the varying binding properties of these proteins (Padlan et al., 
1976; Goetze & Richards, 1977a). These facts also suggest 
that a single general structure may define P C  specificity in 
several immunoglobulins and this work is an attempt to un- 
derstand how, or if, this structure can serve as an example of 
the ability of the immune response to create a binding site 
optimally complimentary to a class of antigenic determinants. 
We have, therefore, examined the detailed molecular inter- 
actions responsible for the high affinity of these proteins for 
PC and related ligands and how these affinities are modulated 
by changes in a small number of crucial amino acids within this 
group of immunoglobulins. Such information may yield insight 
into the question of how immunoglobulins with subtly differing 
binding specificities can be created with a minimum number 
of changes in amino acids (mutations) and, thereby, help us 
to understand the origins of the broad diversity and exquisite 
specificity of the immune response. 

In this work we have used 31P N M R  to probe the molecular 
details of the environment of the phosphate group of several 
haptens when bound to three of these myeloma proteins 
(M603, W3207, and M167). Several factors proved fortuitous 
for these experiments: (i) the phosphate binding sites in these 
proteins appear (by analogy to M603) to be formed exclusively 
by residues from the heavy chains whose complete sequences 
are known; (ii) the various known subspecificities of these 
proteins (Leon & Young, 1971) most likely result from dif- 
ferences in the phosphate binding subsites; (iii) 31P N M R  is 
an especially useful technique for not only can one use 31P 
chemical shift d o r m a t i o n  to probe the microenvironment of 
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FICLRE 1 The pH dependence of the binding constants of M603 W3207, 
and MI67 for PC and GPC ay measured by equilibrium dialysis a t  5 OC 
The curves represent M603-PC ( O ) ,  h1603-GPC (A), W3207-PC (H),  
W3207-GPC (O), M167-PC (0), and M167-GPC ( A )  Each data point 
represents the result of a Scatchard plot of 10 points (PC) or an  inhibition 
curve of a similar number of points (GPC) The binding constants uere  
estimated to be accurate to & I O %  for PC and & l 5 %  for GPC All exper- 
iments were performed in borate-cacodylate-buffered saline except those 
of pH 8 which were done in borate-buffered saline The PC affinity of 
V603 a t  pH 8 is 5 4 X I O 5  M-' or 34% lower than the value previously 
reported (Goetze & Richards, 1977b) This previous value had been ob- 
tained using protein from the M603 tumor line obtained from a different 
source than that used in the current experiments 

the phosphorus but one can also study such chemical shift 
behavior as a function of p H  and thereby learn about the 
electrostatic nature of groups in the phosphorus microenvi- 
ronment by the way they perturb the pK of the phosphate 
group of bound haptens. M603 was chosen because its three- 
dimensional structure is known (Segal et al., 1974); W3207 
has the same light chain type as M603, exhibits a similar 
pattern of binding specificity, and has the highest known af- 
finity for P C  of the mouse myeloma proteins (Goetze & 
Richards, 1977a); M167 has a different ligand specificity 
which is characterized by an unusually high affinity for cho- 
line. 

Recent studies have shown that a large portion of the binding 
energy for the interaction between haptens and PC-specific 
antibodies arises from ionic attractions between groups of 
opposite charge (Grossberg et al., 1974; Krausz et al., 1976). 
However, little information is available on the p H  dependence 
of the binding affinities to allow one to assess the relative im- 
portance of the various charged residues of the protein to the 
total binding interaction. Though some data  on T I 5  are 
available, notably the observation that the P C  affinity of TI 5 
drops sharply below pH 5 (Pollet & Edelhoch, 1973), one has 
not been able to ascribe this effect unambiguously to proton- 
ation of the phosphate group of the hapten or to protonation 
of carboxylate groups on the protein which are  known to in- 
teract strongly with bound hapten (Grossberg et al., 1974). In 
order to resolve such ambiguities we have studied the p H  de- 
pendence of the binding affinities of these proteins both for PC 
and for L-a-glycerophosphorylcholine (GPC).  

Materials and Methods 
Haptens. Phosphorylcholine (PC) and L-a-glycerophos- 

phorylcholine (GPC) were purchased from Sigma and phos- 
ph~ryl[methyf-'~C]choline from New England Nuclear. p- 
Nitrophenylphosphorylcholine (NPPC)  was synthesized as 
previously described (Chesebro & Metzger, 1972). 3-Tri- 

methylamino-I -propanol phosphate (TMAPP) was synthe- 
sized in complete analogy to PC (Chesebro & Metzger, 1972; 
Baer, 1952) except that 3-dimethylamino-1-propanol (Al- 
drich) was substituted for dimethylaminoethanol. 

Protein Purification. Ascites fluid was mildly reduced, al- 
kylated, and filtered through a Sepharose-PC column (Che- 
sebro & Metzger. 1972). PC-specific protein was immuno- 
specifically eluted by washing the column with 1 m M  PC in 
borate-buffered saline (pH 8).  

Hapten Binding Affinities. Affinities for PC at  varying pHs 
were determined by equilibrium dialysis as previously de- 
scribed (Goetze & Richards, 1977b). Experiments were car- 
ried out in borate-cacodylate-buffered saline (0.02 M borate, 
0.02 M cacodylate, 0.13 M NaCI, 1 m M  EDTA, 0.02% NaN3) 
and care was taken to preequilibrate all samples and stock 
solutions to the desired pH.  All binding affinities were mea- 
sured a t  5 f l "C. 

Affinities for all other haptens were determined indirectly 
by inhibition of labeled PC binding (Karush, 1956; Michael- 
ides & Eisen. 1974). 

.h-MR E.vperinients. A Varian XL-100-15 spectrometer 
interfaced with a Varian 620i computer was used. Spectra were 
obtained at 40.5 MHz at a probe temperature of 25 f 1 "C and 
were proton-noise decoupled. A capillary insert containing DzO 
provided the field-frequency lock. A 90" pulse with an acqui- 
sition time of 0.4 s and a sweep width of 1000 Hz were used to 
accumulate the data. 

;VMR Titration. N M R  samples consisted of immunospe- 
cifically purified Fab' fragments (Inbar et al., 1971) which had 
been extensively dialyzed to remove bound hapten. Protein 
solutions were concentrated to 3-5 m M  by ultrafiltration in 
an Amicon apparatus and the desired hapten concentration 
was achieved by the addition of a small volume of a concen- 
trated stock solution. 

Titration experiments were started at  the high p H  extreme 
by having previously dialyzed the protein sample against bo- 
rate-cacodylate buffered saline of the appropriate pH. Samples 
were titrated toward low pH by the addition of 5 N HCI. With 
care, it was possible to avoid protein precipitation above pH 
3. The pH of each sample was measured immediately after 
each N M R  spectrum was obtained. 

Amino Acid 'Vurnbering. The numbering system of heavy 
chain amino acids is that for M603 (Rudikoff & Potter, 
1974). 

Results 
p H  Dependence of Binding Constants for PC and GPC. 

Figure 1 shows the binding affinities of M603, W3207, and 
MI67 for the haptens PC and G P C  a t  5 "C. Affinities were 
measured over the pH range 3.4 to 9.2 except in the case of 
M603 where, a t  pH <4, the affinities were too low to allow 
accurate measurements. 

The curves for M603 and W3207 are  qualitatively similar. 
Affinities for both PC and G P C  reach a maximum a t  pH 
7.0 7.5. Raising or lowering the pH from neutrality causes the 
affinities to decrease appreciably but the amount of this de- 
crease as the pH is lowered is significantly different for M603 
and for W3207. For example, the affinity for PC of M603 
drops 47-fold from p H  7.3 to p H  4 whereas that of W3207 
drops 12-fold. Both proteins bind PC with a higher affinity 
than G P C  over the entire p H  range studied, although these 
affinities converge near p H  3. 

The pH dependence of G P C  binding to M 167 is similar to 
that for G P C  binding to M603 and W3207. In contrast, the 
pH mnximum for PC binding to M I 6 7  is lowered to p H  -5.5 
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TABLE I :  Subspecificities of Three PC-Binding Myeloma 
Proteins.O 

HaDten M603  W3207 M167 

G PC 5.0 3.9 0.8 
N P P C  6.8 5.6 0.7 
T M A P P  1 3  18 2 

a Represented as K,(PC)/K, (hapten). Binding experiments were 
performed by equilibrium dialysis in borate-buffered saline a t  5 "C.  

From Leon & Y o u n g  (1971). 

and one observes two distinct ionizations as  the p H  is raised 
above 5.5. Because of this, the affinity of M167 is actually 
greater for GPC than for PC in the region p H  >7. 

Table I lists the affinities a t  p H  8 of these three proteins for 
the haptens GPC,  NPPC, and TMAPP relative to their af- 
finities for PC. 

N M R  Titrations. At neutral pH,  the 31P signal of P C  
(Goetze & Richards, 1977a,b), and also the other haptens, 
obeys the condition of slow exchange on the N M R  time scale, 
koff  < 2 7 T & 4 B / d  (Pople et al., 1959; where koffis the disso- 
ciation rate constant and AAB is the chemical shift difference 
between free and bound hapten), so that one observes separate 
peaks for the hapten free in solution and bound to antibody. 

However, binding affinities and, hence, the dissociation rate 
constant vary with p H  as do the differences in chemical shift 
of the various haptens (AAB) when they are  free in solution as 
compared with when they are  bound to the antibody. Ac- 
cordingly, the N M R  spectra vary from the slow exchange limit 
as a function of pH. In order to minimize interference from free 
hapten signal under conditions of slow exchange, especially in 
regions where the positions of the signal for bound and free 
hapten were very close, and also to maximize the contribution 
to the observed chemical shift from the bound hapten under 
conditions of fast exchange, the N M R  experiments were 
generally carried out under conditions where antibody was in 
excess; in  this way almost all hapten present was bound to 
antibody. The line width of the observed peak for bound hapten 
( . l u l l *  = 20-30 Hz) generally remained constant as the p H  
was lowered to p H  -4 indicating that conditions of fast ex- 
change had not yet been reached. With M603, which has a 
lower affinity for hapten (and therefore a higher k,ff), exper- 
iments involving hapten binding approach the fast exchange 
limit a t  slightly higher p H  values. 

These observations were confirmed by carrying out some 
titration experiments under conditions of excess hapten. When 
exchange was slow, separate signals were observed for free and 
bound hapten; the position of the signal for bound hapten was 
identical with that previously observed when antibody was in 
excess. 

The binding affinities for haptens decrease as the p H  is 
raised above neutrality; this decrease is, however, sufficiently 
small so that all spectra continued to reflect slow exchange in 
this region. 

Below p H  -4, the observed signal often narrowed appre- 
ciably indicating fast exchange. The  NMR titrations were 
carried out a t  25 O C  and the binding affinities are  not known 
accurately a t  this temperature. As a result, accurate deter- 
mination of the chemical shift for the bound hapten was not 
possible. However, by assuming that the affinities a t  25 OC are 
about 25% those a t  5 O C  (Goetze & Richards, 1977a), one 
could establish an approximate position for the chemical shift 
of bound hapten, although these data  (below p H  4) are  con- 
siderably less accurate than those obtained under conditions 
of slow exchange. 

- 2  1 -  
2 A_, D h  

FIGURE 2: 31P N M R  titration curves of PC free in solution (0) and bound 
to M603 (m),  W3207 (0 ) ,  and M167 (A). Upfield shifts correspond to 
an increase in offset (ppm). Spectra of the bound hapten were obtained 
under conditions of protein excess. Offsets of the free hapten were mea- 
sured in separate experiments using protein-free samples. Errors were 
estimated from the quality of the spectra. Further details are given in the 
text. 

Figure 2 illustrates the titration behavior of the 31P reso- 
nance of PC both free and bound to M603 and W3207. Upon 
addition of a single proton to the free, dianionic hapten, the 31P 
signal moves upfield 3.9 ppm and titrates with a pK2 of 5.3 f 
0.1. Titration of the hapten bound either to M603 or W3207 
occurs a t  a decreased pK of 4.7 f 0.2. Within experimental 
error, PC bound either to M603 or W3207 experiences the 
same chemical shift over the range pH 4-9, although a small 
difference may exist a t  the lower p H  limit. The total shift 
caused by protonation of PC bound to W3207 is - 3.5 ppm 
which is about 0.4 ppm less than for protonation of the free 
hapten. At p H  >7.5 the position for the signal of PC bound to 
W3207 is shifted upfield by 1.5 ppm relative to the signal for 
the free hapten; a t  p H  <2  the analogous difference extrapo- 
lates to 1.0-1.3 ppm upfield. 

Figure 2 also shows the titration results for PC bound to 
M167. In this case, the bound PC titrates with an increased 
pK of 6.0 f 0.1 and shows only minimal changes in chemical 
shift on binding at  the two p H  extremes. 

Figure 3A illustrates the p H  dependence of the 31P reso- 
nance of the hapten GPC bound to M603 or W3207. At  p H  
>6, the signal for G P C  bound to W3207 occurs 1.5 ppm up- 
field of the position of the free hapten which, itself, does not 
titrate in the region p H  2-9 (pK, < 1.0). Below p H  6, the po- 
sition of the bound peak shifts gradually downfield. The p H  
behavior of G P C  when bound to  M603 is similar to that when 
bound to W3207 but the chemical shift for the hapten bound 
to M603 is systematically shifted 0.3 ppm further downfield 
over the p H  range studied. 

Figure 3 also illustrates the p H  behaviour of G P C  and 
NPPC when bound to M167. In the region p H  >7, these 
haptens experience a downfield shift of 0.7 ppm when they 
bind to antibody. As the p H  is decreased, the resonance of the 
bound haptens moves gradually upfield toward the position of 
the free hapten. For either G P C  or NPPC,  the difference in 
chemical shift for the hapten when free in solution and when 
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FIGURE 3. pH dependence of the l ' P  resonance of the diester haptens 
GPC and NPPC. (A) pH dependence of GPC free in solution (0) and 
bound to M603 (a), W3207 ( 0 ) .  M167 ( A ) .  (B) pH dependence of 
NPPC free in solution ( 0 )  and bound to M167 (A) 

TABLE 11: pKs of Free and Protein-Bound Haptens. 

pK when pK when 
bound bound 

Hapten pK tow3207 ApK t o M 1 6 7  ApK 

T M A P P 5 . 6 f 0 . 1  5 . 9 f 0 . 1  f 0 . 3  6 . 3 f 0 . l  f 0 . 7  
PC 5 . 3 f 0 . l  4 . 7 f 0 . 2  -0.6 6 . 0 f 0 . 1  +0.7 

bound to MI67 is identical a t  any given pH over the p H  range 
observed. 

The 31P signal of T M A P P  titrates with a pK of 5.6 f 0.1 and 
a total chemical shift of 3.6 ppm upfield on addition of a single 
proton. Figure 4 shows that binding T M A P P  to M603 or to 
W3207 causes only a slight perturbation in the magnetic en- 
vironment of the 3 ' P  nucleus of this hapten. Both the pKs of 
the bound and free hapten (summarized in Table 11) and the 
chemical shift behavior of the bound and free hapten with 
changing p H  are  very similar. 

Figure 4 also shows the pH dependence of T M A P P  bound 
to M 167. I n  this case, the pK of the bound hapten is raised to 
6.3 f 0. I and the changes in chemical shift on binding virtually 
parallel the behavior of PC bound to M 167. 

Discussion 
p H  Dependence of Binding Constants. The data  in Figure 

1 illustrate that, though individual differences in the affinity 
of M603, W3207, and M I 6 7  for PC and G P C  do exist, there 
are  strong similarities between M603 and W3207. Accord- 
ingly, we shall first examine possible origins of the similar 
behavior of M603 and W3207 and then discuss explanations 
for the affinities of M167. 

At pH 7, the phosphate group of PC exists as a dianion and 
acquires a proton with a pK of 5.3 f 0.1. In contrast the 
phosphate region of G P C  remains a monoanion. Thus the 
larger affinity of W3207 for PC than for G P C  most likely 
arises from an additional favorable ionic interaction between 
the protein and the dianionic phosphate of PC; this advantage 
is lost after protonation of PC below p H  4.7 where the affinities 
for the two haptens converge. One can even explain the dif- 
ferences from this source on a semiquantitative basis. The  
observed ratio of the affinity for PC to GPC a t  p H  7.3 is 3.9. 

P 

FIGURE 4: 31P  N M R  titration curves of TMAPP free in solution (0) and 
bound to M603 (U), W3207 ( 0 ) ,  and M167 (A). For clarity, thedata for 
TMAPP bound to M603 and W3207 have been fitted to a single line, al- 
though small differences may exist between them. 

If one assumes that this represents the maximum stabilization 
due to interaction of the protein with a dianionic as contrasted 
to a monoanionic phosphate, then the ratio of the affinity for 
PC relative to that for G P C  a t  any p H  correlates with the de- 
gree of ionization of PC bound to W3207 as monitored by 3 1 P  
NMR (Figure 2). A similar situation is observed in the case 
of M603. 

Since G P C  does not itself change its state of ionization be- 
tween p H  2 and 10, the dramatic decrease in the absolute af- 
finity of W3207 and M603 for G P C  as the p H  is lowered from 
p H  7.3 to 3.4 must reflect ionization changes in the protein, 
most likely residues with carboxylic acid groups such as Glu- 
35H and Glu-59H which interact with the positively charged 
quaternary nitrogen of the hapten (Padlan et al., 1976; Segal 
et al., 1974). The crucial importance of such an interaction has 
been verified by chemical modification experiments on a re- 
lated protein, H8 (Grossberg et al., 1974), and by the observed 
inability of any compound lacking the quaternary nitrogen to 
bind effectively to these proteins (Leon & Young, 1971; 
Krausz et al., 1976). The  decrease in absolute affinity for PC 
as the pH is lowered reflects both protonation of the protein 
carboxylates and monoprotonation of the phosphate group of 
the hapten. Quantitatively, protonation of the phosphate group 
of PC accounts for -35% of the decrease in affinity of W3207 
observed on lowering the pH from 7.3 to 3.0. 

We observe a decrease in the affinity for PC and G P C  on 
raising the pH above 7.3 in contrast to the results of a previous 
study on binding by TI 5 using fluorescence techniques (Pollet 
& Edelhoch, 1973). For all three proteins we have studied 
(W3207, M167, M603), the ratioof the affinity for PC relative 
to that for GPC remains constant in this pH region indicating 
that both haptens are equally affected. We shall subsequently 
discuss the hydrogen bonds between antibody and hapten; as 
the N M R  evidence suggests that they are  not altered in this 
p H  range, we cannot ascribe this decrease in affinity to ion- 
ization of Arg-52H which is the cationic residue in closest 
proximity to bound PC. 

Padlan et al. (1976) have suggested that the presence of 
Asp-lOOaH in M I 6 7  and M511 may account for the unique 
binding specificities of these two proteins. This residue lies 
between the positive nitrogen and negative phosphate of the 
hapten and may interact with both. Such an interaction would 
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enhance binding of choline but simultaneously depress binding 
of PC and such effects have been observed (Goetze & Rich- 
ards, 1977a; Leon & Young, 1971). The presence of Asp- 
1 OOaH can also explain our binding data for M 167 (Figure 1 ). 
The increase in P C  affinity from p H  3.4 to  5.5 is due to ion- 
ization of Glu-35H, Glu-59H, and Asp-100aH; all three of 
these residues, when ionized, help to stabilize the positive 
charge on the quaternary nitrogen of the hapten. The 2.3-fold 
drop in affinity from p H  5.5 to 7.5 results from the ionization 
of the phosphate of PC which occurs with a pK of 6.0 when this 
hapten is bound to M167 (Figure 2). The additional negative 
charge on the phosphate is repelled by the negative charge on 
Asp-100aH and the affinity for PC is accordingly reduced. The 
further decrease in affinity a t  pH >8 is probably caused by the 
ionization of another, presently unknown residue(s). The re- 
sults for binding of GPC to M167, though qualitatively similar 
to those observed for binding to M603 and W3207, also agree 
with this model. Since G P C  does not itself ionize in the p H  
range in question, any repulsion between the monoanionic 
phosphate and Asp-100aH should depend only on the state of 
ionization of Asp-IOOaH. This effect is therefore included in 
the ascending line of the curve from p H  3.4 to 7.3 and is not 
observed as  a separate titration (in contrast to the case when 
P C  is bound). 

M167 shows another difference from M603 and W3207 in 
that, with M167, G P C  and monoprotonated P C  do not bind 
with equal affinity. At p H  3.4, where bound PC is essentially 
monoprotonated as determined by 31P N M R  (Figure 2). the 
affinity of MI 67 for PC is 3.8 times greater than that for GPC. 
Accordingly, some unfavorable steric interactions may exist 
between residues in the binding pocket of MI67 and the 
glycerol group of GPC. 

N M R  Titrations of Haptens Bound to M603 and W3207. 
At p H  27.5,  the 3 r P  resonance of PC bound to M603 or to 
W3207 occurs 1.5 ppm upfield of that of the free hapten 
(Figure 2). We have attributed this shift to the formation of 
two specific hydrogen bonds from Tyr-33H and Arg-52H of 
the antibody binding pocket to the phosphate oxygens of bound 
hapten (Goetze & Richards, 1977b). This chemical shift 
change experienced by hapten on binding remains constant in 
the region p H  7.5-9 indicating that Arg-52H does not ionize 
in this range and therefore cannot be the cause of the observed 
decrease in binding affinity at the high pH limit. The similarity 
in the titration curve for PC bound to M603 or to W3207 
suggests that the specific interactions between the phosphate 
region of the hapten and the phosphate-binding subsite of 
W3207 are  essentially identical with those observed in the 
M603-PC complex for which the three-dimensional structure 
is known (Segal et al., 1974). 

The pk’ of PC is lowered from 5.3 in solution to 4.7 when 
bound to M603 and W3207. This decrease results from the 
anionic charge-stabilizing influence of the positive residues 
which are  located in the phosphate subsite: Arg-52H which 
forms a hydrogen bond with bound hapten and, to a lesser 
degree, the more distant Lys-54H. 

The similarity in chemical shift change upon binding at  pH 
1 7 . 5  observed for G P C  (Figure 3A) and P C  (Figure 2) 
suggests that the hydrogen bonds which exist between antibody 
and bound PC also exist between antibody and bound GPC.  
Because of the topography of the binding site, this implies that 
the choline portions of both haptens likewise bind in an iden- 
tical manner and, furthermore, that, for bound GPC,  the 
phosphate oxygen esterified to the glycerol residue corresponds 
to the oxygen atom which is seen to be uncoordinated to any 
protein residue in the crystal structure of the M603-PC 
complex (Segal et al., 1974). 
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The fact that G P C  and monoanionic PC bind with equal 
affinity to both M603 and W3207 suggests that, a t  low pH, 
both these haptens are  involved in identical hydrogen bond 
interactions. The postulated charge distribution of the phos- 
phate group of these two haptens in the binding pocket of 
M603 and W3207 is schematically illustrated in Chart I .  

As the pH is lowered below 6, the 31P resonance of bound 
G P C  shifts slightly downfield. This shift is not caused by ti- 
tration of groups directly involved in hydrogen bonding to 
bound hapten but may reflect a small conformational rear- 
rangement within the binding pocket. Any such change, even 
if  very small, could influence the 31P chemical shift which is 
extremely sensitive to changes in the O P O  angle (Blackburn 
et al., 1971; Gorenstein & Kar, 1975). 

N M R  Titrations of Haptens Bound to MI67. Figure 2 
shows that P C  when bound to M167 has its second pK, raised 
to 6.0 from 5.3 when in solution. This surprising result suggests 
that the phosphate subsite of M167 has a net negative char- 
acter which might be caused by the presence of Asp-IOOaH, 
the only anionic group in close proximity to  the phosphate 
(Padlan et al., 1976). In analogy to the known structure of 
M603, one would expect that Arg-52H and, to a lesser degree, 
Lys-54H and perhaps Arg-58aH might all be positioned close 
enough to the phosphate group of the hapten to perturb its 
ionization. The fact that the presence of a single anionic resi- 
due, Asp-IOOaH, can apparently outweigh the possible influ- 
ence of several cationic groups on the phosphate ionization, 
leads us to suggest that the architecture of the phosphate- 
binding subsite of M167 is appreciably different from that of 
M603 and W3207. Indeed, MI67 has several potentially im- 
portant substitutions in this region relative to M603 (for ex- 
ample, Asp-56H+His, Thr-58aH+Arg, Trp- 104aH-Gly) 
and these could so alter the structure of the phosphate subsite 
that Arg-52H, Lys-54H. and Arg-58aH are moved sufficiently 
far from the bound phosphate that the hydrogen bonding and 
electrostatic interactions characteristic of the M603-PC 
complex are  not possible with M167. However, in spite of the 
negative character of the phosphate subsite of M167, a net 
favorable thermodynamic interaction between protein and the 
phosphate group of the hapten must exist because, a t  pH 8, 
MI67 exhibits an affinity for PC that is ten times that for 
choline (Leon & Young, 1971). Thus the situation may be one 
in which the favorable energetic consequences of a hydrogen 
bond between Tyr-33H and hapten outweigh the repulsive 
interactions between the negatively charged phosphate and a 
negative binding subsite which has been created by the intru- 
sion of Asp-lOOaH into, and the ejection of Arg-52H from, the 
immediate phosphate subsite. 

I n  spite of the large difference in the absolute chemical shift 
between the signals of the free haptens, G P C  and NPPC, both 
haptens experience changes in chemical shifts on binding which 
are identical a t  any given pH over the entire pH range studied 
(Figure 3). This implies that the binding site of MI67 perturbs 
the phosphorus environment of both haptens to a very similar 
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degree and that the phosphate group of both haptens has es- 
sentially identical interactions with binding site residues. The 
antibody interaction with the PC portion of the haptens is thus 
riot significantly affected by such diverse substituents attached 
to the phosphate as  glycerol or p-nitrophenyl. Moreover, as  
shown in Table I ,  each of the three proteins exhibits similar 
affinities for both G P C  and N P P C  which suggests that there 
is little, if any, specific interaction between the antibodies and 
the glycerol or p-nitrophenyl substituents. 

However, with M167, the phosphate environment of P C  
differs appreciably from that for the diester haptens (GPC and 
NPPC)  since these two classes of haptens experience signifi- 
cantly different changes in the chemical shift of their 31P res- 
onances on binding. Possibly Asp- lOOaH affects the phosphate 
group of these two groups of haptens differently, or there may 
be a nonspecific steric crowding of the glycerol and p-nitro- 
phenyl substituents of G P C  and NPPC.  The present evidence 
does not discriminate between these, or other possibilities. 
However. affinity labeling experiments using the hapten, p -  
diazoniumphenylphosphorylcholine (Chesebro et al., 1973) 
have shown extensive differences in the labeling pattern be- 
tween many of the PC-binding myeloma proteins; these dif- 
ferences suggest that the outer edges of the binding pocket, 
with which the diazonium group presumably reacts, have ap- 
preciably different structures. Thus, whereas M603 and 
W3207 can freely accommodate the bulky glycerol or p-ni- 
trophenyl substituents, binding to M 167 may introduce some 
nonspecific steric repulsion. With decreasing pH,  there is a 
decrease in the downfield shift of bound GPC and NPPC; this 
suggests that there may be reduction in this nonspecific re- 
pulsion with decreasing pH.  

Binding of 7 M A P P .  The requirements on the binding sites 
of M603, "3207. and M l h 7  for the optimal relationship be- 
tween the phosphate and trimethylammonium groups of the 
hapten here  probed by studying the binding of T M A P P  in 
which these groups are  separated by three methylene groups 
rather than two as in PC itself. Table I shows that T M A P P  
binds to M I67 with an affinity nearly equal to that of PC but 
binds much less well to M603 and W3207. 

Figure 4 shows that the "P chemical shifts of T M A P P  
bound to M603 and W3207 vary only slightly from the 
chemical shifts of the free hapten. Moreover, the titration 
behavior of bound T M A P P  is completely different from that 
of bound PC. For example, the pK of T M A P P  bound to 
u'3207 is slightly higher than that of the free hapten whereas 
the pK of PC bound to W3207 is lower by 0.6 pK unit. Thus 
the ionic influence of W3207 is quite different on the phosphate 
of bound T M A P P  than it is on the phosphate of bound PC. 
Moreover, the 1 .S  ppni upfield shift attributed to hydrogen 
bonding between protein and bound PC and G P C  is not ob- 
served with bound 'TMAPP. All these observations suggest that 
the phosphate group of TMAPP is not able to interact correctly 
with the residues of the phosphate subsite in W3207 and M603. 
The structure of the M603--PC complex shows extensive van 
der Waals contacts of the methyl and methylene groups of the 
hapten with Tyr-33H, Trp-I04aH, and residue 96 of the light 
chain (Padlan et al., 1976; Segal et al., 1974). These residues 
define the width of the binding cavity and discourage accom- 
modation of much structural variation in the complementary 
region of the hapten. PC has been shown to bind to M603 with 
the trimethylammonium portion of the hapten projecting into 
the binding cavity. Therefore, T M A P P  probably also binds to 
M603 and W3207 in such a fashion as to preserve the impor- 
tant interactions between the quaternary nitrogen and acidic, 
anionic groups on the antibody. Such an orientation of a hapten 
with three methylene groups forces the phosphate out of the 

binding pocket past the phosphate-binding subsite. This de- 
stroys the energetically favorable interactions of the phosphate 
group with antibody residues and probably accounts for the 
13 -18-fold drop in affinity for T M A P P  relative to PC. 

In contrast to the difference between P C  and T M A P P  in- 
teracting with M603 and W3207, there are many parallels 
between PC and T M A P P  binding to M167. Thus. the "P  
N M R  titration curve of T M A P P  bound to M I67 (Figure 4) 
bears virtually the same relationship to that of free T M A P P  
as the titration curve of P C  bound to M I67 does to that of free 
P C  (Figure 2). In both cases the pK change on binding is + 0.7 
pH unit and the lack of an appreciable change in chemical shift 
on binding at  both high and low pH limits observed for 
T M A P P  is very similar to the behavior of PC. These parallels 
suggest that, in contrast to M603 and W3207, the binding 
pocket of MI67 is able to accommodate T M A P P s o  that this 
larger hapten is able to bind with its phosphate group located 
i n  an essentially normal position within the phosphate subsite 
of the protein (as is the casc also for PC and GPC). This ac- 
commodation may be allowed by the substitution Trp- 
1 04aH--(ily which creates a wider binding cavity thereby 
making i t  possible for the extra methylene group of T M A P P  
to "buckle out" into this extra space. In  this way the net N - P  
distance in bound T M A P P  can remain close to that for bound 
PC. Such a distortion has the advantage of retaining the fa- 
vorable interactions of both the phosphate and trimethylam- 
monium groups of the hapten with the complementary anti- 
body subsites so that the net affinity for T M A P P  is only lower 
by a factor of two than that for PC. 

Conclusion 
These results show that these three proteins which, because 

of similar thermodynamic affinities may at  first glance seen1 
to have essentially similar interactions with PC, can be seen, 
i n  fact, to interact in  importantly different ways with hapten 
when the molecular details of these interactions are probed. 
Does the presence of these various immunoglobulins with PC 
specificity in the RALBjc inouse increase the Darwinian fit- 
ness of the host or do these antibodies represent a case of im- 
munological overkill'? Though studies such as the present ones 
cannot provide an unambiguous answer to such a general 
question, the findings of this work, together with the already 
known differing specificities of these proteins for bacterial 
antigens (Potter 81 Leon, 1968: Potter. 1972), support the 
argument that these antibodies. because of their subtly dif- 
fering interactions with PC type antigens, may more success- 
ful ly  protect their host against a wider range of antigenic 
challenges than would be possible with a more limited diversity 
of anti - PC i ni m un og 1 o bul i n s. 
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Complete Covalent Structure of Human P-Thromboglobulint 

Geoffrey S. Begg, Duncan S. Pepper, Colin N. Chesterman, and Francis J. Morgan* 

ABSTRACT: The complete primary structure of the platelet- 
specific protein human @-thromboglobulin has been deter- 
mined. @-Thromboglobulin consists of identical subunits of 8 1 
amino acids, each with a molecular weight of 8851. The amino 
acid sequence of the 0-thromboglobulin subunit is: Gly-Lys- 
Glu-Glu-Ser-Leu-Asp-Ser-Asp-Leu-Tyr-Ala-Glu-Leu-Arg- 
Cys-Met-Cys-Ile-Lys-Thr-Thr-Ser-Gly-Ile-His-Pro-Lys- 
Asn-Ile-Gln-Ser-Leu-Glu-Val-Ile-Gly-Lys-Gly-Thr-His- 
Cys-Asn-Gln-Val-Glu-Val-Ile-Ala-Thr-Leu-Lys-Asp-Gly- 

T h e  compound P-thromboglobulin (PTG)’ is a small protein 
with a molecular weight of approximately 36 000 which is a 
significant component of the protein secretion from platelets 
in the release reaction induced by thrombin and other agents 
(Moore et al., 1975). Many of the contents of platelets are 
thought not to be of megakaryocytic origin, but to be absorbed 
from the plasma by the circulating platelet (Adelson et al., 
1961). However, there is strong evidence that some clearly 
defined proteins including PTG (Moore et al., 1975), the 
anti-heparin activity known as platelet factor 4 (PF4) 
(Broekman et al., 1975; Niewiarowski et al., 1976), and pos- 
sibly the platelet growth factor (Ross et al., 1974) are specific 
for platelets. Both PF4 (Walsh, 1976) and platelet growth 
factor (Ross & Glomset, 1976) may play a role as important 
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Abbreviations used: PTG, P-thromboglobulin; PF4, platelet Factor 
4; Theed, N,N,N’,N’- tetrakis(2-hydroxyethyl)ethylenediamine; Quadrol 
(Wyandotte Chemicals Corp.), N,N,N’,N’-tetrakis(2-hydroxypropyl)- 
ethylenediamine; SCM,  S-carboxymethyl; Pth, phenylthiohydantoin. 
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Arg-Lys-Ile-Cys-Leu-Asp-Pro-Asp-Ala-Pro-Arg-Ile-Lys- 
Lys-Ile-Val-Gln-Lys-Lys-Leu-Ala-Gly-Asp-Glu-Ser-Ala-Asp. 
Disulfide bridges link half-cystine- 16 to half-cystine-42, and 
half-cystine-1 8 to half-cystine-58. The amino acid sequence 
of P-thromboglobulin shows a marked homology with that of 
platelet factor 4. When the sequences are aligned for maximum 
homology, 42 of the 81 residues of P-thromboglobulin are 
identical with those of platelet factor 4, including the position 
of the four half-cystines. 

mediators of the role of platelets in the thrombotic process. 
Radioimmunoassays which may provide methods for mea- 
surement of platelet activation both in vivo and in vitro have 
required detailed characterization of the platelet specific 
proteins. The complete amino acid sequence of human PF4 has 
been determined (Deuel et al., 1977; Hermodson et al., 1977; 
Morgan et al., 1978a). This paper describes the complete 
amino acid sequence and disulfide bond arrangement of PTG 
which exhibits a striking and unexpected homology with 
PF4. 

Experimental Procedure 
P-Thromboglobulin was prepared from fresh washed 

platelets as described previously (Moore & Pepper, 1977). 
Trypsin treated with L-1-tosylamido-2-phenylethyl chlo- 

romethyl ketone was from Worthington, carboxypeptidase Y 
from Pierce Chemical Co., and staphylococcal protease from 
Miles Laboratories. Column chromatography, S-14C-labeled 
carboxymethylation and citraconylation of proteins, enzymatic 
digestions, and amino acid analyses were performed according 
to standard procedures which have been described in detail 
elsewhere (Morgan et al., 1978a). Performic acid oxidation 
was performed according to Hirs (1 967). 

Estimation of sulfhydryl groups was performed with 5,5’- 
dithiobis(2-nitrobenzoic acid) (Ellman, 1959). For production 
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