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ABSTRACT

The simplest subunit by which the immune systems of higher animals 

function is the immunoglobulin. Immunoglobulins are proteins endowed 

with antibody activity, that is, the ability to bind and inactivate those 

foreign substances capable of illiciting an antigenic response. Anti

genic types and classes of immunoglobulins are established. The Bence- 

Jones dimer, by its very nature, has significance as a model for anti

body structure and function. The lambda-type chain appears to have a 

striking similarity with the IgG light chains.

The models of the Bence-Jones dimer that have been constructed at

Argonne National Laboratory were sealed by x-ray crystallography which 

suggest the antigenic specificity of the two light chains of the IgG 

immunoglobulin,

The blocked N-terminal of the Bence-Jones protein has been unblocked 

with the ensyme, Pyrrolidonecarboxylyl Peptidase, The scheme for the 

isolation of this enzyme is contained within this text, Pyrrolidonecarboxylyl 

Peptidase was isolated from Pseudomonas fluorescens has proved to be 

specific for the peptide linkage of PGA-Ser on the N-terminal of the 

Bence-Jones Dimer, Ninety per cent cleavage of the peptide bond was 

obtained, which is signigicant enough for crystallographic study of the

N-terminal
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IV.

INTRODUCTION

An understanding of the motivation behind the work presented in 

this paper will be facilitated by discussing the nature of the Bence- 

Jones protein and its significance as a model for antibody structure 

and function. The Bence-Jones protein, being a light chain dimer, 

has been shown to be a classic example of the two light chains in 

the IgG immunoglobulin.

Great effort has been made to determine the primary sequence and 

conformation of the Bence-Jones protein. This would provide the first 

giant step in understanding the antigen-antibody systems. The primary 

sequence and X-ray crystallographic data provided the raw materials for 

building a three-dimensional model of the Bence-Jones protein.

One of the difficulties encountered in working with Bence-Jones 

proteins of the lambda type is the presence of a blocked N-terminal, 

Like many naturally occurring peptides, a large number of lambda light 

chains terminate in a glutamine residue to a pyrrolidone carboxylic 

acid (PCA) residue is thermodynamically favored. The unreactivity 

of the PCA residue serves as a major handicap in the characterization 

of the protein. One possible method of resolving the problem encount

ered in sequenating would involve selectively removing the PCA residue 

by way of enzymatic cleavage.

This work focuses on an isolation technique for pyrrolidonecarbox- 

ylyl peptidase. This enzyme proved to be specific for cleaving the 

PCA residue from the N-terminal of the Bence-Jones protein. The 

free alpha-amino group on the N-terminal provides for sequencing and
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labeling of the N-terminal.

Understanding the amino acid sequence and three dimensional 

structure of the Bence-Jones protein will inevitably enhance our 

knowledge in both antibody structure and antigen-antibody phenomena.
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PART II LITERATURE REVIEW

Introduction

Immunology is the study of the physiological mechanisms by which men 

and other animals defend themselves against microscopic invaders such as 

bacteria, viruses and fungi. Immunoglobulins are protein structures, 

composed of polypeptide chains that are likewise established by a system

atic ordering of amino acids. The amino acid residues then appear to 

be the logical take off point in laying the ground work for our under

standing of immunology.

Since the amino acids are actually attached as side chains to the 

polypeptide backbone, let us first establish the geometry of the peptide 

linkage. The peptides are amides formed by interaction between amino 

groups and carboxyl groups of amino acids. The amide group,-NHGO-, in 

such compounds is often referred to as the ’’peptide linkage”.

Depending on the number of amino acid residues per molecule, they 

are known as dipeptides, tripeptides,...finally polypeptides. (By con

vention, peptides of molecular weight up to 10,000 are known as poly

peptides and above that as proteins.) An example of a polypeptide would bej

+H3NCHCO(NHCHCO)nNHCHCOO“ 

i R R

According to convention, the N-terminal amino acid residue (having the 

free amino group) is written on the left end, and the G-terminal amino 

acid residue(having the free carboxyl group) at the right end (Pauling, 

1951).

X-ray studies of amino acids and dipeptides indicate that the entire
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Figure 1. Geometry of the peptide link.

Figure 2. Planar structure of the polypeptide link.
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amide group is flat: carbonyl carbon, nitrogen, and the four atoms attached 
o

to them all lie on a plane. The short carbon-nitrogen distance(1.32 A as 
ocompared with 1.74 A for the usual carbon-nitrogen single bond) indicates 

that the carbon-nitrogen bond has considerable double-bond character 

(about 50%)5 as a result the angles of the bonds to nitrogen are similar 

to the angles about the trigonal carbon atom(Kendrew, 1961), See Pig, 1.

The CO and HH groups are capable of forming cross-links between 

chains and of overcoming the absenses of true branching when building 

up three-dimensional sturctures. The peptide bond also severely limits the 

ways in which the chain can fold: all four atoms in the -GO-NH-group have 

to lie in the same plane. The easiest way to see why this is so is to 

look at a simple molecular orbital explanation of chemical bonds.

Carbon, nitrogen, and oxygen atoms, when they form bonds, ordinarily 

use their 2s, 2px, 2py, 2pz, atomic orbitals. In addition to the two 

electrons on the filled Is orbital, which play no part in bonding, carbon 

has four more valence electrons, nitrogen has five, and oxygen has 

six. Hydrogen has only one electron, half filling its spherical Is 

orbital. The fundamental structural unit of the polypeptide chain could 

be represented as a mere planer atructure (See Fig. 2). If a pure double 

bond,existed between G amd-.O, this would permit free rotation around 

the C-N bond, as designated in Fig. 3, The other extreme would prohibit 

C-N bond rotation but would place too great a charge on oxygen and nitrogen 

(See Fig. 4)

It was not until the late 1930’s that Linus Pauling, Robert Corey, and 

their colleagues set out on a systematic x-ray diffraction study of 

crystals and amino acids, dipeptides and tripeptides to find these standard



Figure 3. Electron density on carbonyl.

Figure Electron density between carbon and nitrogen.

resoA^Act

C-<

Figure 5. The true distribution of electron density 
over nitrogen, carbon and oxygen.
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values. The determined, values of bond lenghts laid the foundation for 

protein chemistry based on the true electron density of the peptide 

linkage. It is now apparent that the C-G bond is less than double, and 

the G-N bond has partial double-bond character. Electrons are delocalized 

and occupy a (pi)-like molecular orbital that extends over all three atoms 

Thermodynamic measurements on simple amide molecules show that the extra 

resonance stabilization energy of the true structure over the C « 0,

G- N extreme is around 21 Kcal,(Fig. 5)» The energy that is required 

to twist the amide link about the C-N axis, and the twist of & (theta) 

will require an energy of E=21 sin^ Kcal/mole, The true electron density is 

intermediate. The barrier to G-N bond rotation of about 21 Kcal/mole is 

enough to keep the amide group planar.

Table 1 lists the common bond lenghts associated with Organic and 

Protein chemistry. The profound effects of interacting side chain 

amino acids on the conformation of the overall protein are well known.

The polypeptide chain provides the fundamental pattern, the side 

chains produce the diversity, (imagine a protein composed of 61 units in 

a chain, all alike, then only one chemical substance is possible - 

pseudopolypeptide. But if each unit has 20 alternatives, the number of 
possible substances rises to 20^, or 5 x lO^j) Thus, you can imagine 

that it would be possible to construct a protein for every purpose.

Morrison and Boyd list 26 amino acids (units) found in proteins. Dicker- 

son and Geis divide the amino, acids into three general categories of 

side chains« nonpolar, polar but uncharged, and charged polar. Categories 

of the 20 most common side chains are listed in Table II.

The nonpolar residues include those with aliphatic hydrocarbon side 

chains: Gly, Ala, Val, Leu, Ilu, Pro, one aromatic group, Phe, and one
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"pseudohydrocarbon", Met. The polar hut neutral category contains two 

hydroxyl-containing residues, Ser and Thr; two amides, Asn and Gin; two 

with aromatic rings Tyr and Trp and a sulfhydryl group, Gys. In the charged 

polar class there are two acidic groups, Asp and Glu; and three bases,

His, Lys, and Arg. It is important to note that polar side chains usually 

are found on the surface of the molecule. The nonpolar residues are 

usually found in the interior (Polar out, nonpolar in rule).

Since proteins have evolved for operation in an aqueous environment, 

the protein forces neighboring water molecules to form a cage-like or 

"Clathrate" structure in the immediate vicinity as shown in Fig. 6,

Proteins actually take this form in the natural biological world.

The evolution of proteins has in recent years been a topic of great 

concern. What gives the immunoglobulin proteins such diversity?

The immunoglobulin structures consist of a variety of classes and 

groups. Consequently, this may be an opportune time to examine one 

family of proteins and observe how these transformations take place.

The classic examples of related protein structure are those of myoglobin 

and the chains of hemoglobin. The similarity of the folding of the 

polypeptide chains in these two molecules indicate a direct evolutionary 

relationship. One fact that has emerged in the last 15 years from 

protein sequencing and structural analysis methods is that every globular 

protein carries a record of its evolutionary history in its structure.

By studying the amino acid sequences of equivalent proteins from different 

species or of related proteins form the same species, we can pin down 

with great precision the relationships between the species, and how the 

proteins evolved.
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Figure 6. Clathrate structure of water molecules.
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The three-dimensional folding of the two proteins may show an 

evolutionary connection that is no longer easy to recognize from the 

sequence alone. Consider the sequence listed in Table III. What could 

we learn about the history of the globulins? The first observation is 

that, considering only one chain length, myoglobin appears to be in a 

class by itself, both human and horse chains are alike, and all other I^Y 

and J chains form a third class, A detailed comparison of the differences 

In sequences is produced on the table of globulin evolution shown in 

Table IV. It is immediately obvious that human and <f chains are the 

most similar pair. Human Pand S are both equally diffexnet from 

horse Is, and all the P and «f chains are about equally different from 

human Ychain. The P, y and <f chains as a class are equally far removed 

from the chain, and all the hemoglobin chains, no matter what type 

or from which species, are equally far removed from whale myoglobin.

The only rational interpretaion that can be placed on the data is 

shown in the evolutionary tree in Table V. The inferred sequence of 

events is the following. At some time in the distant past, a primitive 

common ancestor of whales, horses, and men had only one oxygen-binding 

heme protein, which probably resembled myoglobin in general outline.

This protein was coded for by one particular gene. The vast majority of 

random mutations in this gene, producing alterations in amino acid 

sequence, would be lethal, and, in general, only mutations that led 

to conservative substitutions of amino acids could be tolerated. Changes 

in sequence with time over the generations would shown. (King, and Jules, 

1969)

At some point in the history of the species, this particular gene



TABLE III

HA1 2 3
MYOGLOBIN val ,,,,, leu

z f Horse a val MM. leu
flQ P val gin leu

Humana val MM. leu
8 P val his leu

: £ y gty his phe
L s val his. leu

A1 2 3
ser glu gly 
ser ala ala 
ser gly glu 
ser pro ala 
th«r pro glu 
thr glu glu 
thr pro glu

glu
asp
glu
asp
J'u;

iys
lys
iys
iys
iys

ala

ala
thr,

7 6 9 10 u 12 13
leu val leu his KaT trp ala
asn val lys ala ala trp ser
ala val leu ala leu trp asp
asn vai lys ala ala trp gly
ala val thr ala leu trp gly
thr ilu thr ser leu trp giy
ala val asn ala leu IS giy

11 12 13
i MYOGLOBIN gin

ala
asp
glu

ilu
ala'

leu
leu

ilu
glu

573
arg

leu
met‘ z ’'Horse a

i o P giy glu ala leu giy arg leu
I §< Humana ala giu ala leu glu arg met
81 ’ P gty glu ala leu giy arg leu
5 y giy glu thr leu giy arg leu
X L s giy glu ala leu giy arg

*-3
leu

a
phe lys 
phe leu 
leu val 
phe leu 
leu val 
leu . val 
leu- val

16 Cl 2 
ser his tpro 
gly phe pro 
val tyr 
ser phe 
val tyr 
val tyr 
val tyr

pro
pro
pro
pro
pro

3 4.5
glu Rfir leu 

thr 
thr 
thr 
thr 
thr 
thr

thr
trp
thr
trp
trp
trp

lys
gin
lys
gin
gin
gin

thr
arg
thr
arg
arg
arg

Q

MYOGLOBIN 
'"Horse a 

P
Humana

P 
y

< 6

2
glu

s ire 5
ala/ glu

EF1 2
MYOGLOBIN I lys iys

'Horse a "his leu
P his leu

Humana his val
P his leu
y his leu

■> L 8 his leu

El
met bs ala ser glu asp leu
..... gly ser ala gin val
vai met giy asn pro iys val
MM. «M. gty ser ala gin val
val met gty asn pro iys val
ilu met giy asn pro iys val
val met giy asn pro iys val

k—*

.4 s 6 7 ( Fl 2
his Ihis glu ala glu leu iys
asp teu pro gly ala eu ser
asn lieu iys gly thr phe ala
asp met pro asn ala leu ser
asn leu iys giy thr phe ala
asp leu iys giy thr phe ala
asn leu iys- giy thr phe ser.

< S3 10 u 12 13 14

leu leu serhis cys 
asn val 
his cys 

;Hy asn val
>i)y asn val 

asn val

leu
leu
leu
leu

iys
iys
iys
iys
iys
bs

3
pro

6 7
lys [Eis

4
ieu'
leu
leu
leu
leu
leu
leu

is 16
—r h—>

ala leu 
leu val. 
val cys 

icl. val thr 
leu .val' cys

thr leu "ala 
val val 
thr leu
val
val

c 7 a 9 ia u 12 13 14 15 16 17
MYOGLOBIN ala met asn "iys ala leu glu leu phe arg iys asp

< Horse a ser leu asp iys phe leu ser ser ”var ser’ thr val
P ser tyr gin lys vail vai ala giy val ala asn ala

Humana ser leu asp iys phe ieu ala ser val Set thr val
P ala tyr gin iys vai! val ala giy val ala asn ala
y ser trp gin iys met val thr giy val iala ser ala

L 6 ala tyr gin yail val ala. laja asn ala

rs
ala

17

8 9 10
w val thr v
giy iys lys v
giy lys lys v
giy lys lys v
giy iys lys v
giy iys lys
giy |yS, lys \

6 7 8
gin ser 5s
asn Teu his
glu leu his
asp leu his
glu leu his
glu leu his
glu leu his

18 19 GHl
ser arg his
val his leu
arg his phe
ala his leu
his his phe
ilu his phe
arg asn phe

19 20 H21
ala ala iys’
thr ser iys
ala his lys
thr ser iys
ala his iys
ser ser arg
ala his lys

tyr
tyr
tyr
tyr
tyr
tyr

u

15 A16 *81 BI • 2 3 4 5 6
val glu ala aso vai ala giy his giy
val giy giy his ala giy glu tyr giy
val asn .MM MM. glu glu glu val giy
val giy ala his ala giy glu tyr giy
val asn val asp glu val giy
Jval asn val glu asp ala giy
val asn val asp ala val giy

CDl 2 3 4 5 6 7 • 01
Iphe asp arg phe iys his leu iys thr
phe pro his phe MM. asp leu ser his

•Iphe asp ser phe giy asp eu ser giy
phe pro his phe MM. asp eu ser his
phe giu ser che giy asp eu ser thr
the asp ser phe giy asn eu ser ser

sjphe glu ser phe giy asp eu ser ser

12 13 14 E15 « 17 IS 19 20
teu thr ala leu giy ala ilu leu iys
ala asp giy leu thr leu ala val giy
leu his ser phe giy glu giy val his
ala asp ala leu thr asn ala val ala
leu giy ala phe ser .asp gly leu ala
leu thr ser leu gly asp ala ilu lys
leu giy ala phe ser asp giy leu ala

FGl 2 3 4 S G1 2 3 4
thr iys his iys HilT pro f flu iys a
his iys leu arg val asp pre val asr
asp iys leu his val asp! pro glu asn
his iys leu. arg val asp pro val asn
asp iys leu his val asp pro glu asn
asp iys leu his val asp pro glu asn
asp SL leu his val as? pro glu asn

3 4 . 5 6 Hl 2 H3 4 5
s giy asn phe giy ala asp ala gin giy
o asn asp phe thr "pre ala val his ala

lys asp phe thr pro glu leu gin ala
o ala glu phe thr pro ala val his ala

lys glu phe thr pre pro val gin ala
lys glu phe thr prq glu val gin ala
lys glu phe thr pro gin metI gin .ala

23 24 HC1 2 3 4 9
lys glu leu giy tyr gin giy
arg
his
arg
his
his

Table III:- The amino-acid sequence of sperm-whale myoglobin, horse hemoglobin a and g', 
and human a, g, y, and 6. Residues that are identical in all the hemoglobin chains 
or in all seven chains are shown with a dark color tint, and those of the conservative 
substitution of one amino acid by a closely related one have a light color tint. 
Deletions in a chain are-shown by dots. Sequences are listed, from N-terminal to 
C-term'inal end. The letter/number notation is that for myoglobin. The hemoglobin 
workers begin the H helix one residue earlier, so that the- invariant Tyr is H22 in 
myoglobin and H23 in hemoglobin. .
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doubled or duplicated (Dixon, Campbell, and Grevill, 1966). With two 

genes possibly making the same protein, there were two improvements:

A mutation in only one of these genes would now be fatal, and the two 

genes could then evolve slowly along independent paths. As time pro

gressed, one protein gradually became more suited to oxygen transport and 

the other to storage. The proteins could now be called "hemoglobin" and 

"myoglobin". The hemoglobin gene at a later time doubled again and diverged 

with the production of <* and chains. Developing along with this diver

gence and making it advantageous to the organism was the buildup of four 

chains into a more efficient oxygen-carrying unit. This second doubling,- 

occurred some time after the linkage of the primitive hemichordates 

diverged from ours but befor that of the primitive bony fish to higher fish, 

for the hemichordates has a one-chain hemoglobin, whereas primitive bony 

fish hemoglobulin is the familiar*2^2 variety.

Later, the Pgene diverged again into P and T and at a somewhat later 

date, the primates branched off from the rest of the mammals and separated 

and the ultimate lineage of horse and man. A horse Y sequence is not 

available, so it might be possible to claim a reversal of the order of 
these last two branchings and to maintain that the fyf split occured 

in the course of primate evolution. However, the evidence from the table 

that horse and human I3 are closer than human I9 and Y makes this unlikely. 

Finally, quite late in the history of the primates, there was a last 

doubling of the P gene again and the appearance of the human sf. (Dickerson, 

and Geis, 1969)*

The hemoglobin-myoglobin evolutionary scheme was chosen because of 

the revolutionary discoveries that have been made in relation to the various 

chain sequences. However the globulin record is not as clear as it 

first appears. The record complicated by the fact that one must work with

divergences in species and in chain types simultaneously. To substantiate
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a near perfect evolutionary tree of living organisms, one should select 

a nearly universal protein. Work is being carried out currently by 

Margoliash, Smith and coworkers, 1973• pertaining to an exhaustive probing 

into cytochrome G,

Immunoglobulin Structure and Classification

The immunoglobulins are a subset of the huge class of globular 

proteins. In the past, globular proteins were classified according to 

their solubilities and some of their chemical characteristics. The 

classification is no longer satisfactory, especially because the "classes*' 

can not be defined precisely enough. Distinction will therefore be made only 

among 1) histones, 2) albumins, and 3) globulins.

Histones - are basic proteins found in the cell of the nucleus, where 

they are bound to nucleic acids. Until interest was rekindled with the 

recent discovery that they may possess a special biological function.

Histones appear to regulate the activity of genes, (Schweet, and Bishop, 

I963, Taylor, 1964),

Albumins - are proteins whiclh dissolve in pure water and precipitate 

from solution only at high ammonium sulfate concentrations (70-100% of 

saturation),

Globulins - are at best slightly soluble in pure water, dissolve 

easily in dilute solutions of neutral salts, and precipitate again 

when the ammonium sulfate concentration reaches half-saturation.

The immunoglobulins constitute the fraction of the 7“globulins. The 

basic chemical structure of antibodies or immunoglobulins is now known.

Three types are distinguished. The immunoglobulins G(lgGor yG) with 

molecular weights around 160,000 and a 3^ carbohydrate content comprise 

the largest portion of the 7-globulin fraction of the human serum.

There are Immunoglobulins A(lgA or yA) with the same molecular weight but 

a carbohydrate content of 7.5%J and the immunoglobulins M(yM, also called
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Figure 7. Over all arrangements of chains and disulfide bond of yGl immunoglobulin Eu.
Half-cystinyl residues are numbered I-XI; numbers I-V designate corresponding residues
in light and heavy chains. PCA: pyrrolidone carboxylic acid. CHO: carbohydrate.
"Fab(t)" and "Fe(t)" refer to fragments produced by trypsin, which cleaves the heavy
chain as indicated by dashed lines above. Half-cystinyl residues VI. V^, V^:
variable regions of heavy and light chains, C^: constant region of light chain.
Cl, C„2, C 3: homology regions comprising C„ or constant region of heavy chain, 
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macroglobulins) with molecular weights between 900,000 and. 1,000,000 and 

a 10% carbohydrate content. The macroglobulins are hexamers of a subunit, 

150,000 - 160,000 molecular weight. (Lennox, and Cohn, I967).

Edelman reported the amino acid sequence of an entire human yGl 

immunoglobulin (Molecular weight 150-160,000), the location of all di

sulfide bonds, the arrangement of light and heavy chains, and the length 

of the heavy V (variable) region (Fig. 7). It is interesting to note that 

each light chain is linked to its neighboring heavy chain by a disulfide 

bond between corresponding half-cystines V. Half-cystines VI and VII 

form bonds linking the half-molecules via the heavy chains. Trypsin 

cleaves the molecule at lysyl residue 222 to form two Fab (t) and one 

Fc(t) fragments.

In 1969» Edelman substantiated the gamaglobulins were indeed composed 

of two different structural light chains. Putnam, Titani, Wikler and 

Shinada (1970) suggest that two important events lead to the determination 

that there are both Kappa and Lambda light chains. The first was the 

demonstration initiated by the classic work of Porter (1959)» and Edelman 

and Gally(l962) that the gama-globulins of all species possess a multi

chain structure consisting of two heavy and two light polypeptide chains. 

The second was the independent discovery by Mannik and Kunkel (I962), by 

Fahey (I963), and by Mlgita and Putnam (1963) that the three classes of 

7-globulins now designated yG, 7A, and 7M could be subdivided into two 

antigenic types, Kappa (x) and Lambda (A).
The light chains determine the antigenic type.either Kappa or Lambda, 

They are equivalent to the Bence-Jones protein excreted in the urine by 

myeloma patient). The heavy chains determine the class of y-globulins 

7 foryG, ocforyA,/i foryM. The polypeptide chains can be written



18

7e

7

Y

-I
s
Is

“1
$i OC

oC

Figure 8. Polypeptide chain structure of the immunoglobulins 
denoted by k (kappa) or A(lambda) and the heavy chains y,a

The light chains are 
or p.



19

X2^2 or^2^2 ^or7G» ^2^2 or ^2*2 for 7A» ^2^2\ or ^2^2^n for

•yM (Fig. 8).

Anltgen-Antlbody Reactions

The 7-globulins are important because of their ability to recognize 

foreign materials in the blood serum or body secretions, to combine with 

them, and to remove them by precipitation. They work best against alien 

proteins or carbohydrates, the materials from which the walls of invading 

microorganisms would be built. The y-globulin has been proven to be 

bivalent as shown by Edelman (Rabat, 1968) in section I under Immuno

globulin structure and classification. Each molecule has two active 

sites that can bind with the foreigia material to build up a three-dimen

sional network and produce an insoluble aggregate,(Fig. 9). The two sites 

on any one antibody molecule are identical, and antibody sites are both 

specific and diverse. Experiments with haptens (small artificial ana

logues of antigens), have shown that antibody active sites are as sensi

tive to minor changes in the molecules they recognize as active sites, 

as are enzymes (Porter, I967)

In recent years much work in sequencing immunoglobulin has been 

done, both with light and heavy chains. Substantiation of the fact that 

both chains are involved in the active recognition sites, in each case 

in the first 100 residues of the chain. It was once thought that the 

total number of antigens that could be recognized by antibodies was far too 

large for a separate antibody molecule to be encoded in the genetic material 

of the host for each one. Some general-purpose antobody was assumed which



Figure 9. Schematic representation of the cross-linking of small virus 
particles with antibodies using three different antigenic 
sites on the virus protein. .
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molded itself around an antigen upon first exposure and then made copies 

of itself in some way to produce more molecules, ready to recognize 

more of the intruder (Humphrey, 196?). Another theory proposes that a 

limited number of basic antibody molecule sequences is coded in the genetic 

material of the host and that these genes somehow mutate during cell 

division to lead to the thousands of different antibody molecules that

are observed.

An area of variability is revealed upon examination of the first 100 

residues in both light and heavy chains of the immunoglobulins. The 

variability is thought to produce tha antigenic specificity of the various 

antibodies. The second half of the light chain is invariant (constant 

region), and has been shown that the constant halves of all light chains 

are coded for by a common gene (Table V),

It has been proposed that the two halves arise from different seg

ments of DNA. Dickerson and Geis (1971) contend that any one plasma 

cell- that produces the ^-globulin, (i.e. the "constant-half” lengths of 

DNA before the pretein production begins.

The template theory of protein synthesis is known to be incorrect, 

but a decision can not yet be made between the idea of mutation of genes 

during cell division and of combination of preevolved genes for heavy 

and light halves.

Putnam (I969) proposed one of the best received theories for the 

genetic origins of the immunoglobulins (Fig. 10). The mechanism of 

production of this variability is very old. Sequence comparisons have 

shown that there are often greater similarities in the variable regions

of the light chains of mice, rabbits, and humans than there are within any one
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species. It appears, therefore, that divergence of the mammalian lines 

arose, after the pattern of inherited variation of sequences. The ques

tion at hand, however, is a very complex one and will demand that many 

more competent individuals strive to solve this complicated problem.

Antibody Binding Sites with Specific Antigen Sites

The exact chemical nature of antigen binding sites is as diverse as 

the number of antibodies. The exact count of binding sites to the number 

of antibodies is not 1*1, since some antibodies ahve more than one active 

site. The key point that must be emphasized is where the antigen-binding 

sites are. The stick diagrams in Fig, 11 suggest possible active sights. 

Since the cavities are real physical entities, they must be thought of 

as more than a space between two chains. The residues are sterically 

situated (due to size and hydrophobic binding), and their precise orient

ation with relation to cavity size will determine not only what charge 

the antigen must have but also its conformation and size. The theoreti

cal aspects of binding sites are very similar in antibodies and enzymes. 

Carboxypeptidase A is chosen to demonstrate the true physical structure 

of a binding sight (Fig.12). The residues that line the roof, floor 

and walls fo the binding site produce an "attracting force" for oppositely 

charged residues contained in the antigen. The hydrophobic regions of the 

antigen will produce an additional attraction between the two molecules.

There is great interest in the field of biochemistry generated by the 

desire to find out how such vital molecules are put together. The 

orientation of residues in the active sites and the way in which the four
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chains are orientated are the most primary questions being persued. 

Techniques have been at least partially developed allowing x-ray analysis 

of pure homogenous material. Fig. 10 demonstrates the points of papain 

cuts on the molecule. The Fc ("crystalline”) fragment containing the 

stumps of the two heavy cnains and the two Fab ("antigen-binding") 

fragments are produced. The binding site is formed by a combination of 

a light chain with the remaining half of the heavy chain which was 

cleaved by papain (Goldstein, Humphrey, and Poljuk, I968 (Fig. 7),

The Fc fragment was the easiest to crystilize lacking as it does the 

variable-sequence parts of the chains (Humphrey, 196?)

More recently, the Fab fragment (Rosse and Nisonoff, I968), and 

the entire 7-globulin molecule from the human myeloma tumor strain have 

been crystallized. X-ray structure analysis is presently being carried 

out in Dr. Edmundson’s laboratory at Argonne National Laboratory. Diges

tion with pepsin removes the Fe part of the molecule without breaking the 

disulfide bridge that connects the two Fab parts. Often, when x-fay 

techniques are being implemented, it is best to limit the size of the 

unit cell. For this reason the Fe and Fab components were examined 

separately.

Antibodies or immunoglobulins can interact with a wide range of 

different antigenis determinants. After specific binding to an antigen, 

the antibodies play a fundamental part in physiological functions of the 

immune response. The specificity of antigen binding depends ultimately 

upon amino acid sequences of the variable (or V) regions of the antibody 

molecules. The diversity of these sequences results in the range of 

specifics required for a selective immune response (Gold Spring Harbor, 

1967). Earlier other regions of the antibody molecule were noted to have 

relatively constant sequences and are responsible for physiological 

functions. Like enzymes, the G regions appear to have evolved for a





26

ARGININE

Figure 12. There is a precise fit between the active site on the surface of a large protein 
molecule and the specific substrate molecule with which the protein reacts is evident in 
this simplified three-dimensional drawing, based on data obtained by William N. Lipscomb, 
Jr., and his colleagues at Harvard University. The atoms shown are mostly carbon, with 
a small admixture of nitrogen and oxygen; all hydrogen atoms have been omitted. The six 
active-site side chains that specifically interact with substrate are the darker gray.
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restricted set of interactions
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The Bence-Jones Protein

There has been a rapid increase in the understanding of the relation

ship of several clinical syndromes characterized by specific serum pro

tein abnormalities to proliferation of antibody-producing cell lines of 

the reticuloendothelial systems. The antibody-producing apparatus consists 

of a complex of specific cell populations each of which is responsible 

for the collaboration of a single or a very limited number of immune 

globulins. These three groups are separable on the basis of their 

electrophoretic mobility, their molecular weight as determined by ultra

centrifugation, and by their carbohydrate content. The largest family 

among the immunoglobulins, designatedf-2-globulin br'lS

a molecular weight of 160,000 and contains the acquired antibacterial 

and antiviral antibodies. The secoral immunoglobulin family is known as

■y-l A-globulin and is distinguished from the ^-2-globulin by a high carbo

hydrate content (10 to 11 per cent in contrast to 3 per cnet). The 

third family of immune globulins, ■J-1M- of 19S macroglobulins, has a 

molecular weight of about 1,000,000 also has a high carbohydrate content 

(8 to 10 per cent) (Karlson, 1970),

Protein excreted in the urine of patients suffering from multiple 

myeloma were originally studied by Dr, Henry Bence-Jones in 1847 (Putman, 

1957). Thus they were among the first proteins to have been described. 

Since that time, efforts have been made to define the nature of Bence-Jones 

proteins and their relations to myeloma globulins (Putnam, 1957). The 

extensive antigen is cross-reactivity among Bence-Jones proteins, 

myeloma globulins, pathological macroglobulins, and normal 7-globulins 

would suggest that portions of their molecules are structurally similar
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or Identical. On the other hand, Bence-Jones proteins have the apparently

unique characteristic property of precipitating in the temperature range 
o z o45 - 60 Q, of redissolving upon boiling, and of reprecipitating upon.,- 

subsequent cooling. Other y-globulins of higher molecular weight are 
coagulated irreversibly by heating, usually at temperatures above 60°C,

The comparison being drawn between IgG immunoglobulins as a class 

and the Bence-Jones protein is one of extreme importance. Free light 

chains (Mol, Wt. 22,000-23,000) excreted into the urine in patients with 

multiple myeloma are called Bence-Jones proteins (Edmundson,et al,, 1973), 

The presence of these proteins can be used as a diagnostic testtfer the 

disease (Edelman and Bally, I962).

When comparative peptide map studies on the Bence-Jones proteins 

indicated that they consisted of a mutable portion and a constant region, 

a comparison was made to the normal y-globulin, The Fc region was found 

to be similar in both structures (Putnam, I962). This observation and later 

work (Bernier, et al,, 19651 Easley, I967) also established that the Bence- 

Jones protein of a given myeloma patient was identical to the light chain of 

serum globulin. The Bence-Jones protein also proved to ber related to one of 

the two types of light chains (K,-Kappa, and -Lambda) in all normal 

human immunoglobulins, Although the kappa and lambda Bence-Jones Proteins 

differ greatly in amino acid sequence, they share the general character

istics of a variable region, a constant region, and a structural relation

ship to the myriad of normal kappa and lambda light chains,(Edmundson, 

Putnam, Poljack, and Deutsch), knew from the very first that if they 

determined the sequence of the Bence-Jones proteins they would simul

taneously be determining at least a portion of the primary structure of 

normal y-globulins and antibodies.
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Relation of Bence-Jones Protein to Pathology

Abnormal plasma cells produced by a proliferation of a malignant 

neoplastic disease is called multiple myeloma. Hypercalcemia, hemo

poietic depression, pathologic fractures and invasive destruction of the 

skeleton leading to bone pain are manifestations of the tumor that orig

inates in the bone marrow. In addition, the myeloma cell elaborates 

one or more distincitve proteins which may produce anatomic lesions or 

varied pathophysiologic phenomena that dominates the clinical picture.

The greatest frequency of multiple nyeloma occurs between the ages of 

50 to 70 years. There is equal occurrence among men and women. Im

provement and simplication of diagnosis have produced earlier and more 

frequent recognition of multiple myeloma.

By far the greatest munber of patients with multiple nyeloma exhibit 

generalization of localized bone pain and rotent genographically demon

stratable "punched-out" osteolytic areas in the skeleton. In some in

stances the localized translucencies may not be seen but the Skelton 

appears osteoporotic (perferrated with holes). In more than 90 per cent 

of the patients an abnormal protein is demonstratable. The diagnosis is 

histologically established by bone marrow aspiration and the demonstration 

of abnormal plasma cells.

The use of paper electrophoresis of serum and urine protein can lead 

to the detection of multiple myeloma long before symptoms of bone pain or 

overt metabolic disturbances occur. The asymptomatic stage of multiple 

myeloma has been observed up to three years before the onset of signs 

and symptoms of the classic disease. The characteristic myeloma protein 

which appears in serum has the mobility of J-globulins, but is distin

guished from normal globulins by its electrophoretic and ultracentrifugal
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homogeneity as well as differences in amino acid distribution. Protein

uria characteristics of myeloma can be detected by the heat coagulation 

test described by Dr. Henry Bence-Jones in 1847 (Putnam, 1957). The pre

sence of this urinary protein and others which are pathognomonic of 

multiple myeloma but which do not have the heat coagulability properties 

recorded by the Bence-Jones protein, may also be determined by electro

phoresis of the urine.

The myeloma cell varies from a small cell with scant cytoplasm and an 

eccentrically placed nucleus which closely resembles a normal plasma cell 

to a large anaplastic (plastic-like) cell with abundant, vacuolated 

cytoplasm and an eccentric nucleus with one or more nucleole. The myeloma 

cell is now believed to be a derivative of the reticulum cell.

In the majority of patients the tumor is first noticed as a wide spread 

involvement of the marrow cavity of cancellous bones (such as the pelvis, 

spine, sternum, ribs and skull). Loclaized accumulation of tumor cells 

occur within this generalized proliferative process leading to multiple 

erosins of the cortex and occasionally to bulky tumor masses which extend 

through the bone into the soft tissues. Although compromise of renal 

function by tumor cell invasion can occur, this is uncommon. With the 

exception of spinal cord compression by extradural pressure, it is unusual 

to relate the pathophysiology of multiple myeloma directly to soft tissue 

Involvement by the myeloma cell.

The protein products of the myeloma cell may produce profound path

ologic changes in certain tissues, Bence-Jones proteins precipitate in the 

tubules, producing acidophilic casts which are surrounded by foreign 

body giant cells. The tubular epithelium becomes vacuolated and may 

disappear; similar though less striking changes may be seen in the endo



thelial cells of the glomerular capillaries,

Para amyloidosis and occasional completion of myeloma, has the 

distribution of primary systematic amyloidosis in the myocardium, gas

trointestinal tract (including the tongue), skeletal muscle, skin, larynx, 

peripheral nerves and joint capsules. Interestingly the Bence-Jones 

protein which is our functional unit here at Argonne was taken from 

patient Meg, The patient developed this very complication of amyloid

osis in conjunction with multiple myeloma. Amyloid is a protein (pro

bably combined with condriotin sulfuric acid) that is microscopically 

homogenous, but which Is composed of fine fibers (fibrils) seen by the 

electron microscopy} occurs characteristically as pathologic extracellu

lar deposits beneath the endothelium of capillaries or sinusoids, in 

the walls of arterioles, and especially in association with reticulo

endothelial tissue (Stedman’s Medical Dictionary, 1968), The paraamy

loidosis of myeloma less eommonly involves the liver, spleen and kidneys than 

does the secondary amyloidosis of chronic suppuration. Again in sharp 

distinction to secondary amyloidosis, the glycoprotein deposit in myeloma 

does not stain well with metachromatic stains.

Many clinical signs and symptoms can be related to the abnormal 

proteins produced by the myeloma cells. In relation to diffuse renal 

disease, the symptoms of uremia may occur following the deposition of 

Bence-Jones protein within the nephron. In about 55 per/cent of the patients 

with Bence-Jones proteinuria, evidence of significant compromise of renal 

function has been found.

In multiple myeloma normal y-globulin synthesis is frequently sever- 

ly depressed. This leads to a deficiency of circulating antibodies. In 

some patients with multiple myeloma, inadequacy of the immunologic response



may be an important factor in the recurrent attack of pyogenic infections 

and bacterial pneumonias that are so common in this disease. In others, 

however, who also have the tendency to repeat attacks of skin infections 

and pneumonia, no detectable abnormalities in the circulating antibodies

can be found.

The Bence-Jones Protein as a Proposed Antibody

A simple scheme is represented in Fig. 12 to demonstrate the two

fold axis of the Bence-Jones protein. This as a complete entity is the 

IgG immunoglobulin which composes 80 per cent of the class immunoglo

bulins. The IgG contains 2 light chains and 2 heavy chains where - 

(2L, 2H)n- n = 1. IgA - 10 to 20 per cent where - (2L, 2H) n - n « 2 or 3. 

IgM - 5 per cent where - (2L, 2H)^ - n « 5« The macroglobulin IgM contains 

an additional variable region on each heavy chain. The two-fold axis 

which passes through the light chains, is used as a basis of orientating 

the crystal in crystallographic work. The protein structure has been 

derived from the data accumulated by x-ray crystallography. The overall 

Bence-Jones protein is an assymeteric unit.

The Bence-Jones light chains are the lambda type. This indicates 

90 per cent of the N-terminals are blocked. The unique difference about 

the Bence-Jones and the usual light chains of immunoglobulins is the site 

of disulfide bonds (Fig. 13). The usual disulfide bond that occurs between 

the light chains and the heavy chains do not exist. This is due to a 15 

amino acid deletion on the second heavy chain variable region. Thus 

the two light chains have a unique terminal S-S bond. The deletion of



Figure 12. The two-fold axis of the Bence-Jones protein.

Figure 13. The Bence-Jones protein,(two light chains) showing an 
interchain disulfide bond.

)



the two S-S bonds are very dramatic when related to the aspect of func

tion, The interaction of antigen with antibody is dependent in large 

part to the "hinge region" (Fig 14), Bovine immunoglobulins, for ex

ample, do not have the 15 amino acid deletion, and have

a disulfide bond in each of the interacting areas of force in the hinge 

region. The Fab units are allowed to expand and contract, but the 

spacial relaiton of heavy to light chains in the Fab units remain the 

same distance apart. The Fab regions will open and close (inrelation to 

the whole), according to the antigen specificity, TheFcregion is essen

tially the constant region which is used to stabilize the two chains (Fig, 15).

Notable features of light and heavy chains have been at least lightly 

touched upon. We shall now focus on the Bence-Jones protein from the 

standpoint of understanding it as a complete entity in itself, and not 

as a mere side line to the other immunoglobulins.

The Bence-Jones A-type protein was originally isolated and character

ized by Deutsch and his colleagues (Deutsch, 1971; Deutsch and Suzuki, 1971), 

There was a rationale in the choice of Bence-Jones proteins for the 

experimental study, "Nature, even in disease, never produces a truly 

abnormal metabolite de novo. Metabolic pathways may be interrupted, 

diverted, accelerated, or aborted but it takes eons to develop a new 

pathway, and countless generations for protein to alter radically in 

primary structure" (Putnam, Titani, Wilker, and Shinoda, I969). On the 

basis of this assumption, Dr. A.B. Edmundson and team (I969), has worked 

four years in solving the structure of theBence-Jones protein. The three 

dimensional models made determination of antigenic specificily possible.

This work will no doubt place Dr, Edmundson among the greatest of Immun-



Figure 15. Flexibility of the Fab units.
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ology researchers.

The Bence-Jones protein is composed, of two chains. Each light 

chain is composed, of one constant and. one variable domain. Thus there is 

a total of two variable and 2 constant domains in the Bence-Jones dimer. 

(The dimer is the natural form of the protein). Each light chain from 

here on will be referred to as a monomer (one-half of a dimer). When the 

protein was constructed crucial problems such as which domain was which 

had to be solved (Edmundson, Schiffer, Ely, and Wood, 1972), Both the 

inter-and intra- chain molecular disulfide bonds serve to hold the mono

mers in proper spacial relationship. Later The insertion of S-Hy-S into 

the interchain disulfide bond will act as a marker for the x-ray diffract

ometer and will verify these following conclusions). Fig. 16/shows 

a model of the polypeptide backbone. The known sequence of the G-terminal 

halves were matched with the electron density patterns of the C domains.

The conclusion drawn was that the smaller module contains the G domains 

of the two monomers (Ely,Girling,Schiffer,Cunningham, andEdmundson, 1972). 

It is quite evident from Fig. 16 that the variable regions are not nearly 

as compact as the constant domains. The difference in size of the two 

modules is illustrated by the distances between centers of the intrachain 
disulfide bonds: 2b 8 in the V| and domains, but only 18 8 in the G|

and'Cg domains. There are 111 residues in the variable region, and 105 

residues in the constant region. The size differential is too great to 

be attributed to the numbers of residues alone. The cavity is between 

theV regions of the two monomers. This explains the size differential.

The constant region is thought to be bound very tightly due to hydro- 

phobic bonding. The two light chains are connected in the constant 

domains by an interchain disulfide bond. This is the site of the mercury 

compound insertion.
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The variable and constant domains of the light chains can be cleaved 

quite easily due to the accessibility of the extended chains. (Solomon, 

and McLaughlin, 1969, Karlsson, Peterson, Berggard, I969). The extended 

regions between the two domains of the monomers correspond to the "Switch 

regions" between the V and C parts of the amino acid sequence. (Edmundson, 

et al., 1972).

Figs. 16 and 17 illustrate the residues which are the specific 

areas that combine the two domains. The proximity of the residues in the 

monomer 2 are much more distended than are the residues in monomer 1. The 

3.5 map tells the story in relating the two monomers in their three- 

dimensional structures. It is quite evident that the two monomers are not 
equivalent. Two axes were found to Intersect at an angle of 120° (Fig. 18)} 

these local pseudotwo-fold exes were found between each pair of like 

domains (Edmundson, et al., 1972).

The variable and constant domains of monomer 1 are separated by a

distance of 25 X from Intrachain disulfide bond (v) to Intrachain disul- 
o

fide bond (C), The corresponding distance in monomer 2 is 4-3 A. This 

indicates a striking difference in the spatial relationships between

V and G domains in the two monomers.
The structural composition of a general immunoglobulin (Fig. 7)» and 

the fact that both light and heavy chains contribute to antigen-binding 

sites (Thorpe and Singer, 1969} Goetzl and Metzger, 1970). Dr. Edmundson 

has shown that even though the Bence-Jones protein is composed of two 

A-type light chains, the conformational relation of monomer 1 allows itself 

to mimic a heavy chain. This astounding development came about due 

to an ingenious deduction made by Dr. Edmundson. Rabbit light chains are 

known to have an additional intrachain disulfide bond linking the variable
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approximate positions in the amino acid sequence.

Figure 17. A tracing of a photograph of the model of the Bence-Jones dimer with the 
C domain of monomer 1 facing the camera. The cavity between the V domains is on 
the right and the interchain disulfide bond is on the left.
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and constant domains (Strosberg, Fraser, Margolier, and Haber, 1972),

This additional S-S bond is formed between residues in positions equivalent 

to Meg Achain 82 and 174 if homologies are assumed Fig, 16. Note that the 

appropriate chains in monomer 2, but not in monomer 1, are sufficiently 

close for such a bond. This deduction was clear to Dr. Edmundson. Monomer 

2 is closer homologue to the rabbit light chains, or perhaps to light 

chains in general, than monomer 1. Monomer 1 could be considered to fill 

the structural role of the heavy chain in Fab fragments or in whole 

antibody molecules (Edmundson, et al., 1972).

The mast characteristic feature of the G domain is tha fact that it is

arranged in a layered fashion. The G domain has two distinct layers of chain

segments which are 9-10 £ apart. Fig, 19 indicates that there are four

anti-parallel chains in one layer and three anti-parallel segments in the

second layer. The variable region, indicated also in Fig. 19, is different

from the constant region due to the fact that the layers merge. The N-termin

al segment is not only a member of the four-chain layer, but also closely

approaches one of the segments in the three-chain layer.

In the Bence-Jones dimer there are many examples in which the chains are 
oseparated by distances appropriate for hydrogen bonding (l.e.,~5A). An 

example would be the G-terminal segments which run antiparallel in adjacent 

dimers in the crystal. The three-dimensional structure and amino acid 

sequencing suggest an uncompromising implication which seems to support 

the hypothesis of the common ancestral gene as sited in Putnam, et al, (1967)

Antigenic Specificity in the Bence-Jones Protein

The variable regions are partially separated by a cavity with the 

shape of a truncated cone and dimensions of 15 in diameter at the 
mouth and ''-'10 X in depth (Fig, 20). Kabat (1966) and Hsia and Piette (1969) 

calculated dimensions for antigen-binding sites, and Dr. Edmundson’s
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Figure 18. a) Local pseudotwofold axes of rotation on the Bence-Jones dimer. This is the 
same view of the model as in figure 17. The diad on the right runs through the center 
of the cavity between the V domains and intersects the two-fold axis between the C 
domains at an angle of 120°. b) Schematic representation of the dimer. The long axes 
through the cylinders representing the V, and C. domains make an angle of about 70°; . 
the corresponding angle in monomer 2 110°. c) Dimensions of the Bence-Jones dimer
and its constituent domains. A "particle axis", defined as a line through the centers 
of the large and small modules, js included in the drawing. The length of the dimer, 
measured.along this axis, is 77 A. The thicker arrows indicate dimensions of the small 
module, as distinguished from individual domains. The third dimension of the small 
module is normal to the page, and is listed next to the open circle.

(c)
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estimations (1972), were very close. Note that the outer surfaces 

in the variable regions are provided, mainly with four-chain layers. The 

three-chain layers face each other and form the interdomain cavity.

These three-chain layers are referred to as the hypervariable segments, 

because it is their amino acid sequence which partly determines the anti

genic specificity. These segments include residues 23-36, 5l~55t and.

91-100 in the McgXchain (Edmundson, et al,, 1972), Many of these resi- 
o

dues in the hypervariable regions ha ve been determined in the 3.5 A map, 

due to their large side chains. The exact sequences of the chain segments 

that make up the cavity are not known at this time. The residues that have 

been determined were done in or near binding sites in murine anti-DNP 

immunoglobulins (Singer,Martin and Thorpe, 1971). The corresponding 

positions are then related to the Meg protein (Note tyrosine 34, lysine 52, 

and tyrosine 88 in Fig. 20). Kathryn Ely (1971)» produced the 3.5 model 

in conjunction with Dr. Edmundson. It Is a near exact representation of 

electron density map-matched to machined model residues that these posi

tions are being plotted. Side-chains of residues 34 and 52 were found 

to protrude into the cavity (Fig, 20a). Residue 88 is directed away from 

the cavity toward the interior of each variable region. Similarly, the 

invariant tryptophaneresidue 37 cannot directly be Involved in the binding 

of antigens, since its side-chain also points away from the cavity.

The section between residue 31 and the tryptophane 37 in each monomer 

acts as part of the walls of the cavity. The floor of the cavity is 

formed by a square awway of four aromatic side-chains, tyrosine 38 and 

phenylalanine 99 from each monomer (Edmundson, et al,, 1972). Interest

ingly, triacetin and tributyrin (partially) will bind to the Meg protein.
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Figure 19. Schematic drawing of monomer 2, in the 

same orientation as in figure 17. Some segments 
are represented by arrows, indicating chain 
directions but not accurate chain lengths. The 
white arrows corresp.ond to segments of the four- 
chain layers, and the striated arrows represent 
segments of three-chain layers. Approximate 
positions are presented for special residues and 
constituents of the bends.

Figure 20. a) A schematic drawing of 
the view into the cavity between the 
V domains. The hypervariable regions 
(residues 23-36, 51-55, and 91-100) 
are indicated by thickened chains. The 
side chains of residues 34 and 52, in 
positions equivalent to those suscep
tible to affinity labeling in murine 
anti-DNP antibodies, are represented 
by large numbers protruding into the 
cavity. The floor of the cavity is 
shown as a square array of four re
sidues, two (38 and 99) from each 
monomer. The position of the "in
variant" tryptophan residue (37) is 
also indicated, b) Location of the 
principal heavy-atom sites in the V 
domains. The principal sites for 
mersalyl, merthiolate, and mercu- 
hydrin are encompassed in the ellip- 
sodial volume shown schematically in 
the cavity between the V domains.
The major and minor sites of 
o-chloromercuriphenol are numbered 
1, 2 and 3. These sites are also 
occupied in other derivatives, such \ 
as mersalyl, methyl mercuric \
chloride, and phenyl mercuric com- \ 
pounds. \

(a,

O «36 A



The antigens bind, due to hydrophobic properties that vary due to the 

hydrogens abailable, An antigen can be forced into the cavity dn co

valently be bound, however, this is not the theorized natural action. These 

two substances, being of lipid construction, have hydrophobic bonding 

properties consisting of hydrogens forming an electrostatic charge with 

with a polar oxygen. There are certain limiting factors, however, that 

govern the action of the derivatives. They are: a) the presence of 

tyrosines in the cavity, b) the presence of glutamic acids (charged 

species), and c) the accomodating spactial are for the antigen. Some 

conjecture has been made as to the histidine side-chains in enhancing 

or inhibiting the entering antigen.

There are a few unexplainable happenings that take place in binding 

sites. The diffusion of l-fluro-3“iodo-4, 6-dinitrobenzene into a Meg 

protein crystal in a very unusual way (Fig, 21 a and b). This crystal 

was placed in the diffractometer. The electron density patterns pro

duced by IFDNB indicated that both rings bound to one monomer. The 

expected 1:1 arrangement was hypothesized because of the matching tyro

sine in the other monomer. The distance appears to be 6 from the 

closet tyrosine to tyrosine, implying adequate room for binding.

This antigen-binding system is very complex and still not completely 

worked out. Research with light chains alone (i.e., from IgG) has been 

continuing to help find the key to antigen-binding. Mangalo, Iscaki 

and Raynand (1966) reported that light chain dimers from horse antibodies 

to diphtheria toxoid had 15% of the activity of the intact antibodies. 

Stevenson (1973) found that dimers, but not monomers, of renatured light
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Special Insert Is This diagram depicts the two main cavities.;(A & C). 
The A* represents monomer 1, and A monomer 2. The numbers denote the 
important residues for binding the antigen.
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Specail Insert 2:. A spacial relation diagram of the previous insert. 
The individual residues are drawn to show how the residues extend into
the cavities.
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Special Insert 3i The first layer of the spacial diagram, to demon
strate the outer ring residues.



Special Insert The second layer of the spacial diagram. These 
residues are located in cavity B, that is between cavities A, A* 
and C.



Special Insert 5» The third layer of the spacial diagram, 
variant tyrosine residues (38) form the floor of the large 
as well as the orifice to cavity C.

The in=- 
cavity,
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Special Insert 6: The walls and floor of the small cavity (C) in 
the antigen binding site of the Bence-Jones Protein.
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Special Insert 7s The outer orifice of the large cavity binding 
site. The light half represents monomer 1 (A’), and the dark half 
represents monomer 2 (A). The residue numbers denote those in 
immediate contact with the antigen.
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chains "bound DNP or methyl orange haptens (Edmundson, et al,, 1972).

Basic Principles of Seeding Crystals and X-Ray Diffraction

The processes of crystallization is one of ordering. This precise 

arrangement in the solid state is assumed when randomly arranged ions, 

atoms, or molecules in the gas or liquid phase, or in solution, take up 

regular positions.

The initial stage in the process of crystallization involves the 

phenomenon of nucleation; however, the mechanism is beyond the need of 

this paper. Once formed, however, the nuclei grow by deposition on the 

crystallite faces. The process may be considered to be a dynamic 

equilibrium between particles in the fluid phase and those in the solid. 

The crystals will grow when the forward equilibrium

fluid^=? solid

exceeds the reverse rate. The rates will depend on the nature of forces 

on the crystal surface, on the concentration of the crystallizable 

substance, and on the nature of the medium in the vicinity of the growing 

crystal (Reynolds, I963), In general the faces of the crystal which grow 

most rapidly are those to which the crystallizaing particles are bound 

most securely. A rule of the thumb, is that the most rapidly growing 

faces of crystal are those which are smallest and least well developed. 

Thus the external form of a crystal and its habit should be noted since 

it sometimes hints at the internal structure (Wilson, H.R., I966),

The external form of a crystal is also useful in the initial selection 

of axes, and once these have been correlated with the form, additional 

specimens are easily mounted about any axis.
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Crystals may be grown by deposition from any sort of fluid phase.

For most organic and many inorganic compounds the most practical method 

involves crystallization from a solution in a suitable solvent. Crystals 

may be grown from a saturated solution in any of several ways. The basis 

ofr all the listed proposals have similar end results. They serve to raise 

thw solute concentration above that which can be supported by the solution. 

The most common are slow eveporatlon, slow cooling diffusion, and dialysis ? 

(Holden, i960).

The Bence-Jones crystals are grown in what could be considered the 

dialysis procedure. This technique is actually a very simple method which 

involved the precipitation by the addition of ammonium sulfate to the 

urine of the Meg patient. The amount of ammonium sulfate will determine 

the amount of protein that precipitates out of solution, A 90^ satur

ation of the urine insures that all the Bence-Jones protein will be cut 

from the exerted fluid. There is a distinct possibility of other waste 

proteins being precipitated out of solution as well. The precipitate is

collected by centrifugation and dissolved in 0.1 M tris-HCL at a pH of 
o8.0. The protein was subsequently crystallized at 4 C by dialysis against 

deionized water. Dialysis removed excess ammonium sulfate and other small 

contaminents. The dialysis can be repeated to insure purification. The 

protein solution was placed on a sephadex G-100 column and later in the 

ultracentrifuge(Schiff er, Hardman, Wood, Edmundson, Hook, and Ely, 1970} 

Edmundson, Schiffer, Wood, Hardman, Ely, and Ainsworth, 1971).

The crystals for diffraction were grown at pH 6,2 in 1,6 M to 1,9 M
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ammonium sulfate in 0,1 M phosphate. The addition of ammonium sulfate to 

a solution containing 20-30 mg of protein/ml produces a get, which acts 

to keep the centers of crystallization apart and thereby increase the 

yield of suitable crystals (i.e., 0,4-0,7 mm wide, 1,0-1.5 mm long (Fig, 22),

Derivatives of crystals

We have seen that dialysis, column purification and ammonium sulfate 

provided the natural dimer of the Bence-Jones protein. Presently 

experiments are being conducted to determine the antigenic specificity of 

the protein. The derivatives were Bence-Jones proteins crystallized 

with a small molecular weight antigen bound in the active cavity, A 

derivative can be produced by several complex techniques. Two examples 

follow.

The antigen can be added to the resting solution in which the Bence- 

Jones protein is in solution. The antigen, if capable of being bound, 

will do so somewhat readily according to size and hydrophobic binding 

properties. The difficulty of this seemingly simple method is not in 

the binding of the antigen, but in crystallizing the combination.
( Recall cavity size of 15 A on mouth diameter, and depth of 10 $), 

(Edmundson, Ely, Girling, 1972), Once the antigen is bound to the walls 

of the cavity, they may exert pressure on the inner walls of the cavity 

causing a distortion of the usual configuration. The lattice structure 

of the crystal will now have a variable "d" parameter. It follows that 

the crystallographic planes will not coincide. Then Bier’s Law, of course, 

will now not be applicable to a lattice which does not allow the x-rays
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Figure 22. Photograph of a crystal of the Meg immunoglobulin in the midst of smaller, 
unidentified crystals. The dimensions of the immunoglobulin crystal are 
0.4 x 0.4 x 2.8 mm.

0
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to remain in phase. If this results, it may be impossible for the solution 

to be crystallized with any great success.

The second technique in preparing a derivative, is based on the 

precipitation and purification of the Bence-Jones protein as indicated 

previously according to Edmundson (I969). When making a dilute solution, 

the antigen is added5in the usual phosphate buffer of the Bence-Jones. In 

a very short period of time of soaking several minutes to many hours, 

the antigen will literally diffuse into the cavity. Recall that the 

outer protein face is covered with a clathrate structure. The inner 

cavities are filled with water as well. This diffusion process is a very 

logical one to follow. The antigen may bind in the cavity due to non- 

covalent, hydrophobic forces, yet due to its size, the crystal may fracture. 

Often the antigen implantation is successful, yet in 30 minutes the crystal 

will literally fracture. Some of the compounds that have been used at 

Argonne with success weres DiDNP lysine, phosphoryl choline chloride, 

E-NDP-caproic acid, tributyrin, triacetin, PGMB and IEDNB, Presumably 

for each derivative tested a certain number of Mg of the protein is 

used, A number of crystals is available, thus a choice must be made as 

to the crystal that should be picked for use on the diffractometer,

A satisfactory crystal for x-ray diffraction data meets two main 

requirements! l) the crystal must possess uniform internal structure and 

2) it must be of proper size and shape. For a crystal to have a - 1

uniform internal structure, the crystal must be pure at the molecular, 

ionic, and atomic level. It must be a single crystal in the usual sense, 

(i.e., it should not be twinned or composed of microscopic subcrystals (Buer

ger, I960), The crystal must not be grossly fractured, bent, or otherwise 

physically distorted. Recall the difficulty of preparing derivatives.



The crystals external faces however, need not be uniform.

Almost all real single crystals are, in a sense, imperfect, being 

composed of slightly misaligned minute crystal blocks. This misalignment 
is small, not more than 0,2 to 0.5° for most crystals. This imperfection 

is desirable, since the diffracted intensities are much greater from 

crystals with such a mosaic structure rather than from the occasional 

perfect crystals in which the lattice planes traverse without appreciable 

discontinuity throughout the extent of the crystal.

Crystals can be screened rapidly by mounting a crystal in a capillary

pipette. The crystal is placed in a beam of electrons which is diffracted

off the crystal onto a square of Polaroid film. The reflections that appear

should be single spots, without "tails" or streaks connecting them.

The pattern should be capable of being indexed in terms of a single

lattice. The choice of a suitable size for a crystal specimen is based

on several factory. A primary beam having dimensions of 0.5 x 0.5 mm

or a bit larger should be used for collecting diffraction data. In

single crystal work, the specimen should not exceed this size, i.e,, all

parts of the crystal should be exposed to the same radiation intensity. l3oa»c y«*»wc.plcf of
A crystal consists of a regularly repeating arrangement of atoms or 

molecules. For any one atom or molecule within the crystal there are 

exact lattice points with identical environments. This arrangement of 

points constitutes a lattice which is referred to as the crystal lattice.

The crystal lattice can be defined by three translations; a, b and c, along 

three axis which are inclined to each other at angles,<, P, and y, The 

small unit of volume of the lattice, with sides equal to a, b and c is 

called the unit cell,(Fig. 24). Although the space lattice for a particular
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crystal is fixed, the axes relating the lattice points, and hence the unit 

cell, may "be chosen in different ways (Fig. 25). The most general unit 

cell configuration is one of parallel levels of points, producing a cubic 

cell (Buerger, 1966). As the symmetry of the lattice increases so the 

shape of the unit cell becomes simpler. There are seven different sym

metries (Fig. 26),

When there are lattice points only at each comer of the unit cell, 

the unit cell contains one basic unit of structure, which when repeated 

regularly will build up the crystal. The unit cell is then referred to 

as being primitive (P). In some crystals a unit cell may contain more than 

one unit structure. Thus some cubic lattices have a body-centered unit 

cell which contains two structure unite. Others may have a unit cell 

which is composed of as many as four structure units. The total number 

of lattices is 14 , and is referred to as the Bravais lattices (Table VII).

The position of a plane in space can be represented by three points 

in a system of co-ordinates, i.e., a,b, and c. In crystallography crystal 

faces are usually defined in terms of Miller indices (1956). If unit 

distances along the x, y and z exis (i.e., a,b and c, respectively), 

the Miller indices are the reciprocals of the Intercepts expressed as a 

ratio of small whole numbers, (if a plane is parallel to an axis, it 

cuts the axis at infinity and the Miller index is 0), An example 

that may clarify the concept, would be to imagine a plane that cuts the 

x, y and z axes at 2, 1 and £ respectively, the reciprocals are £, 1 and 

2, respectively and the Miller indices are 1,2, and 4 (Fig, 27),

The concept of reciprocal lattice is of fundamental importance in 

x-ray diffraction because it facilitates the interpretation of diffraction 

patterns. The construction of the reciprocal lattice can be considered



Figure 24. A diagram representing a crystal lattice. One unit cell is outlined 
with a continuous line.

• ••••••

Figure 25. A diagram, showing how different unit cells can be defined for the 
same lattice. In ptactice, the choice of unit cell is governed by symmetry

• considerations.
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CRYSTAL SYSTEMS

SYSTEM

Cubic

Tetragonal
t

Hexagonal

Orthorhombic

Rhombohedral
(trigonal)

Monoclinic

Triclinic

Figure 26.

AXES-LENGTH & ANGLES

3^ equal axes perpendicular to each 
other
a - b “ c: a - 6 - y - 90°

3 axes perpendicular
a - b c: a - 6 - y - 90°

2 equal coplanar axes at 120°
3rd axis at 90°
a - b i4 c; a - 6 - 90°; y - 120°

3_ unequal axes at 90°
a#b^c; o - 6 - y - 90°

3^ equal axes, equally Inclined 
a-b-c; a - 6 - y t 90°

_3 unequal axes
a?4bj4c;a-6“ 90° i4 y

_3 unequal axes and angles 
a/b^cja^B^yi4 90’

LATTICE TYPES

Simple cubic
Body-centered cubic 
Face-centered cubic

(diamond cubic)

Simple tetragonal 
Body-centered tetragonal 

Simple

Simple
Body-centered, Base- 
centered, Face-centered 

Simple

Simple
Body-centered
Simple

i
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Table VI

Simple Cubic
a-b«c

□

7*
Simple Tetragonal

a-b^c Tetragonal 
a«bi*c

Body-centered
Orthorhombic

Base-centered
Orthorhombic

Face-centered
Orthorhombic



(cont.)

Staple Monoclinic Base-centered Monoclinic
ej*ln*c
a«V -90°i*p

Bhoabohedral 
s-b-c; a&ft

Triclinic 
tfb/c; a^y#90°



/I

222201) 111

2i& 102

Figure 27. The planes are placed according to the Miller indices. Note many 
possible ways of constructing planes in a unit cell.
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by reference to the three-dimensional example in Fig. 28). From an origin, 

points are drawn at distances of ct parallel to the normals of lattice 

planes of spacing d. These points constiture the reciprocal lattice.

The axes of the reciprocal lattice are represented by the symbols a*, 

b*, and c* and the reciprocal lattice points will have indicies h, k,

1. (Buerger, et al., 1966).

The fourier transform will be continuous thoughout the reciprocal 

space as a result of diffraction from the contents of a single unit cell.

The effect of having a large number of regularly arranged unit cells is 

to confine the diffraction to discrete regions, so that the Fourier trans

form of the unit cell contents is "sampled” at the reciprocal lattice 

points. The values of the Fourier transform at the reciprocal lattice 

points. The values of the Fourier transfor at the reciprocal lattice 

points are called structure factors, and are denoted as F(h,k, l) (Holmes, 

and Blow, I965).

The Braff or reflection method (1959) gives results which consider the 

diffracted beams as arising by reflection of x-rays from lattice planes. As 

indicated in Fig. 29 let AB, CD, and EF represent a series of parallel 

atomic planes of a crystal separated by the distance d. Also let GH 

and KL represent a series of parallel monochromatic x-rays of wave length , 

which will strike the crystal face at an angle . GHJ represents the path 

of the x-rays reflected from the first layer and KLJ the path of s-rays 

reflected from the second layer.

If the length of the path KLJ is longer than the path GHJ by a whole 

number of wave lengths, the two beams will reinforce each other and the 

intensity of the reflected rays will be at a maximum. The conditions under

CARROLL COLLEGE LIBRARY 
HELENA, MONTANA 59601
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Figure 29. The reflection method can be understood by following through this simple 
diagram. (See derivation in text).
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which reinforcement occurs can be derived, in the following manner.

The line HM is drawn perpendicular to AB, and HN is drawn perpen

dicular to LM, The angles marked are then equal, LH = LM, and the path 

KLJ is longer than the path GHJ by an amount, 1, which is equal to LH-LN,

Since:
LH = LM
1 = LH - LN - LM - LN » NM

But: sin angle NHM « sin = NM 
HM

or NM » HM sin j but since 1 = NM and HM ® 2d:
1 = 2d sin

for a reflection of maximum intensity, 1 must be a whole number of wave 

lengths or:

n = 2d sin ,

inwhich n is a whole number called the order of reflection. This proof 

taken from Kihsley, (I969).

The larger the number of atoms there are on the structure, the 

more difficult it is to interpret the results. Even in the Fourier 

three-kimensional maps, there is overlap of electron densities.

If a protein contains an atom of high atomic number then the scattering 

from this atom will be much greater than from the other atoms on the 

protein and will dominate the amplitude. This is in part the reasoning 

used by Dr. Edmundson in preparing the Bence-Jones dimer with mercury 

inserted into the interchain disulfide bond.
A 2 8 map of the Bence-Jones dimer is being assembled at Argonne 

National Laboratory, With a resolution of 2 8 a rather exact model of the 

dimer can be built. Previously a 3.5 A model was completed. To appre

ciate the necessity of high resolution refer to Fig, 30. The three-
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Figure 30. An 
resolutions.

election density map 
1.1 A resolution is

depicting the same compound with different 
approaching an ideal situation.
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dimensional electron density distribution in a 2 8 may will produce a 

much better resolution of the dimer than a 3,5 map. Although all the 
atoms are not resolved at 2&, the shape of the residues will be apparent.
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M-terminal Groups

The polypeptide chain of any protein, in general, has two amino acids 

occupying the terminal positions. These residues are quite different 

from the residues that are contained in the inner chain. One of the 

terminal amino acids possesses an <-primary amino group (the so called 

N-terminal amino acid). The other terminal has a carboxyl group (the C- 

terminal amino acid).

The Sanger method for N-terminal amino acid determinatin uses the 

reaction of the terminal -NHg group of a peptide chain with 2,4-dinitro- 

fluorobenzene to produce an N-2,4-dinitrophenyl derivative (i.e., DNP 

derivative) of the peptide.(Sanger, 1955)* When the derivative is hydro

lyzed in aqueous acid, there is a distinct fluorescent marker on the 

N-terminal residue. The light yellow-colored DNP derivative of the term

inal amino acid is isolated most commonly with thin layer gel chroma

tography. (This method is not recommended with N-termini of lysine, due 

to its G-amino groups).

The Edman degradation of residues on the N-terminal determination, 

utilizes the reaction of the primary amino group with phenylisothiocyanate 

to form an N-phenylthiozolinone. When the peptide derivative is hydro

lyzed with dilute acid so that the terminal amino acid is broken away, 

an N-phenylthiohydantoin is produced. The remaining peptide is intact.

As many as five to seven successive N-terminal amino acids can be removed 

with this method. Serine, cysteine, and threonine units cannot be re

moved as thiohydantoins, except under conditions acidic enough to hydro

lyze the remaining peptide linkage, thus this may also prove to be a 

limiting factor (Shirley, 1964), Figs. 31 and 32 for chemical reactions.
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HjNCHCOOH

NO,
DNP derivative of a nonterminal 

lysine molecule

Figure 31. ' Sangers method reported in 1954. He reported that 1-fluoro-2,4- 
dinitrobenzene quantitatively reacted with amino groups of insulin under 
mild conditions.

Figure 32. The isothiocyanate degradation is the method which has the-capability , 
of determining the largest structures. Under the proper conditions, this methodi 
can be run manually or by a sequenator over and over again. i
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Other methods for indicating N-terminal residues would include those 

of Hartley and Massey dansyl chloride method (19^3), Stark and Smyth 

cyanate method (1963), and Chervenka and Wilcox carbon disulfide tech

nique (1963). Problems result in all of these methods as well. The 

DNS derivatives produce a stability of only 65 per cent serine after 

acid hydrolysis (Hartley, Kauffmann, 1966), The cyanate method yields 

only 20 per cent serine in end group determination (Stark, Smyth, 1963). 

The Carbon disulfide reaction reacts with the €-amino group in lysine 

at an alkaline pH, Since all methods must be applicable to the Bence- 

Jones protein, it is necessary to be aware that the penultimate N-term

inal amino acid is serine, and that there are approximately 13 f-amino 

groups of lysine contained within the protein (Needleman, 1970).

The N-terminal of the Bence-Jones Protein

All the methods above depend on a very crucial factor. That is, 

the «C-amino group of the N-terminal must be free. The Bence-Jones protein 

does not have a free ct-amino group because of cyclization of the N-term

inal glutamine residue to pyrrolidonecarboxylic acid. Thus, the crux 

of the problem on sequencing the Bence-Jones N-terminal lies in the nec- 

exxity of freeing the cyclized glutamine residue. Deutsch and Colleagues 

(1971) at the University of Wisconsin have partially sequenced the Bence- 

Jones protein, however, if time permits we will also determine the N-term

inal once the PCA has been cleaved. The protein sequenator utilizes the 

Edman degradation scheme.

The groundwork for N-terminal determination has been laid down.

The delay, was due to the problem of freeing the N-termianl of pyrrolidone-
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carboxylic acid. Efforts are now being made in this area, in many lab

oratories, Most of my endeavors have been directed along this path.

Pyrrolidonecarboxylyl Peptidase

Many naturally occuring proteins and peptides, from a variety of 

sources, have blocked N-terminals.. The free <-amino group may be form- 

ylated, alkylated or cyclized. It is also possible to produce a blocked 

group artifactually in the fragments from enzymatic digest of proteins.

The Bence-Jones protein has a blocked N-terminal implying that a 

reactive amino-terminal is not available. This presents a major barrier 

for protein sequencing, that is difficult to overcome by chemical methods. 

The most promising approach would be enzymatic action. Pyrrolidonecar

boxylyl peptidase is hydrolytic enzyme, which specifically hydrolyzes 

the peptide bond joining pyrrolidonecarboxylyl residuess (pyroglutamyl) 

to the remainder of peptides and proteins (Doolittle, and Armentrout,

1968), This enzymatic process must be one that is capable of removing 

the blocked residue, whila maintaining the integrity of the remaining 

protein. Substantiation of this success has been demonstrated in Bovine 

fibrinogen (Doolittle and Armentrout, 1970), and currently in the Bence- 

Jones protein (Firca and Brayko, 197^). The enzyme isolated from Pseudo

monas fluorescens cleaves the N-terminal of pyrrolidonecarboxylic acid, 

freeing the N-terminal of its cyclized residue.

The cyclized amino-terminal probably arose from the cyclization of 

terminal glutaminyl (I) or glutamyl(II) residues. A cyclized N-terminal 

can also arise artifactually during isolation of peptides after proteolysis 

producing pyrrolidonyl (III) residues, Besearch bears out the fact that 

glutamine-terminating peptides are especially liable to cyclize (Sanger
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and Thompson, 1953) Fig. 33.

Pyrrolidonecarboxylyl peptidase, as noted earlier, is potentially 

useful in amino acid sequence work, due to the freeing of the <=c-amino 

for stepwise degradation procedures Fig 3^. The exact mechanism is at 

the present not completely understood. The molecular weight of the en

zyme is approximately 70-80,000, with a molecular radius slightly larger 

than bovine serum albumin (Sephadex G-200) (Ackers, 19&+).

The enzyme was first discovered in Pseudomonas fluorescens, however 

the same activity has also been demonstrated in rat liver (Doolittle, 

and Armentrout, 19&9), and strain of Bacillus subtilis (Armentrout, and 

Doolittle, 1967).
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PART III MATERIALS AND METHODS

Pseudomonas fluorescens

The search for the enzyme originated due to the frustrations of 

determining the structures of peptides with blocked amino terminals, 

(Bloniback, and Doolittle, 1963), Strain 25289 of Pseudomonas fluorscens 

was used to prepare the enzyme, (The Cyclo Chemical/Corporation ft’om 

the American Type Culture Collection, number 25289). The cells were 

grown on solid medium containing 0,5 per cent PCA, the salts and trace 

metals were added as the sole source of carbon and nitragen. The cells 

were harvested, freeze dried, and pulverized prior to storage at -20°C 

(Fig, 35). The complete procedure for growing Pseudomanas fluorescens 

is listed in Fig. 35»by permission.

Many strains of bacteria were tested on PCA slants. A^successful 

candidate proved to be a fluorescent pseudomonad from the soil. A crude 

extract was prepared and mixed with free PCA in vitro. There was no hydro

lytic activity exhibited toward the amide linkage. It was not until the 

crude extract was reacted with a synthesized dipeptedej L-pyrrolidoneear- 

boxylyl-L-alanine (PCA-Ala), that free PCA and alanine were produced.

This experiment proved to be a triumph in protein sequencing. This en

zyme was highly specific for selective removal of PCA from the amino 

terminals of peptides and proteins (Doolittle, 1970).

A study was then undertaken to determine to what extent the penult

imate amino acid had on the specificity of the reaction. Doolittle and 

Uliana have shown (19^9) that the nature of the penultimate amino acid
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o

H.N CH.

0)

ow
C-CK, 

HO CH,

h/^
(n)

HN /CH,

s
(in)

Figure 33. Cyclized amino-terminal (III) is thought to have arisen from the 
cyclization of terminal glutaminyl (I) or glutamyl (II) residues.

HN /CH,
C\H 5^

H,O
enzyme -»_HN /CH,\h

COOH

H,Nzh''CO—NH.
O^'N^'TO — NH... 

H

Figure 34. Proposed mechanism of pyrrolidone carboxylyl peptidase on the 
N-terminal pyrrolidone carboxylic acid peptide linkage.



_ TABU!: 1
Liquid Culture Media for Growing the Pseudomonas Strain Used as a

Source of Pyrrolidonecarboxylyl Peptidase

Trace metal 
solution PCA-minimal medium Glucose-minimal medium

(g) (g) (g)

CuSO,-5 H2O 1.02 KH.PO, 2.38 KHjPCh 2.00
FeSO4-7 H2O 1.76 K2HPO4-3 H2O 5.66 K.HPO,-3 h2o 9.20
MnClj-4 HjO 1.26 MgSO4-7 H2O 1.00 MfgSO,-7 H2O 0.10
ZnSO.7 HjO 0.24 (NTH4)jSO4 1.00

Ka» Citrate-2 H2O 0.60
Dissolve in H2O, Dissolve in ca. 800 ml H2O. Add Dissolve in ca. 800 ml H2O.

bring to 1 liter. 
Store frozen.

6.25 ml trace metals solution, 
and then bring volume to 1 liter. 
Autoclave. Add Millipore filtered 
stock PCA solution and neutral
ize with sterile 5% NaOH solu
tion. For slants, 2.1 g Difco 
Noble agar is dissolved in 100 ml 
bulk salt-trace metal solution 
(above) before autoclaving, and 
the sterile PCA and NaOH added 
later before solidification occurs.

Add 6.25 ml trace metals 
solution, and then bring 
volume to 1 liter. Auto- 
plave. Add sterile stock 
glucose solution.

Figure 35. Preparation for Pseudomonas fluorescens.

Figure 36. Hydrolysis rates of seven L-pyrrolidonecarboxylyl-L-amino acid dipeptides. 
Each experimental point represents an incubation mixture containing 25 pi of stock 
dipeptide solution and 50 pi of buffered enzyme Solution. Digestions were stopped 
by addition of 1.0 ml ethanol to each. 0.5 ml aliquots were analyzed by the ninhydrin 
method. Each tube contained 0.7 p moles of substrate. Temp. = 25°, pH = 7.3.
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can profoundly influence the rate of enzymatic hydrolysis.

The most rapidly hydrolyzed of the pyrrolidone-carboxylyl dipep

tides tested was L-pyrrolidonecarboxylyl-L-alanine, It was attacked at 

about twice the rate of hydrolysis of L-pyrrolidonecarboxylyl-L-iso- 

leucine, which in turn was hydrolyzed more than twice as rapidly as the 

set L-pyrrolidonecarboxylyl-L-valine, L-pyrrolidonecarboxylyl-L-leucine, 

and L-pyrrolidonecarboxylyl-L-phenylalanine. The L-pyrrolidonecarboxylyl 

tyrosine was attacked at only 5-10 per cent the rate of Pyr-Ala degrad

ation, L-pyrrolidonecarboxylyl-L-proline was not attacked at all. 

Trypsin, chymotrypsin, pancreatic carboxypeptidase, and several other 

specific proteases are unable to hydrolyze peptide bonds involving 

proline residues. My results indicated that Pry-Pro was not attacked. 

Justifiable reasons for FCA-Ala being hydrolyzed most readily, does not 

indicate that the enzyme will not hydrolyze the other pyrrolidonecar- 

boxylyl didpeptides. Positive results will occur, but the time factor 

for hydrolysis must be considered,

PCA-Ala, due to its accessibility by the enzyme, was chosen to be 

the synthetic dipeptide for the control to test activity of the enzyme,

Initial work was done with. the crude extract. This partially pur

ified enzyme, however, was found to be unstable. Further purification 

of the enzyme depended on the means of stabilizing the enzyme during 

both purification and storage. The introduction of relatively high 

concentrations of 2-pyrrolidone was found to stabilize the enzyme and 

facilitate further purification. Ammonium sulfate precipitation and 

freezing were found to maintain activity during storage*
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Assay Methods

Two assay methods were employed in our laboratory at Argonne National 

Laboratory, the ninhydrin method (Hirs, et al, 1956), and a quantitative 

methos for glutamic acid.

The ninhydrin assay was based on the enzyme-catylyzed hydrolysis 

of PCA-Ala, and the monitoring of exposed alanine -amino groups, A 

total of 50^1 of buffered enzyme solution (pH 7.3) was added to 25 /*1 

of PCA-Ala (m.w.=200) stock substrate solution, the final concentration 

being 8,3 x 10_^M. Digestions were carried out at 25°C in 2 ml pyrex 

stoppered tubes. Digests were terminated at 12 hr,, by adding 1,0 ml 

of absolute ethanol to the mixture to poison the enzyme and precipitate 

the endogenous protein. The digest time for PCA-Ala can be terminated 

as early as 4-6 hrs,, The points at which the enzyme reaches maximum 

capacity for cleavage is uncertain, thus 12 hrs. was chosen. Stoppered 

tubes were then maintained at room temperature for at least 15 min. to 

allow complete precipitation of protein. Doolittle (1970) advised 

maintenance in a cold room for 15 min., but we found that precipitation 

was best at room temperature. Tubes were then centrifuged at 7,500 rpm 

for 20 min. Supernatants were decanted into 2 ml pyrex (long) tubes 

with stoppers. Ninhydrin reagent (0,5 ml) was added to the aliquots 

previously separated, capped loosely, and placed in a heating block 

(104-110°C) for 15 min, then allowed to cool at room temperature.

Solutions were diluted with 5 ml of 50 per cent isopropanpl. Each sample 

was read on a Gilford model 2,000 spectrophotometer at 570 nm. The 

ninhydrin reagent was made up according to Hirs (1956).

If all the PCA-Ala is hydrolyzed in the digestion tube, a full 

scale or near full scale reading is obtained. There is a possibility
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of exposure of amino groups in the crude extract that yield a positive 

indication, which may be completely independant of the presence of add

ed substrate and could be due to endogenous proteolysis. Thus, two 

controls were set up in separate tubes and incubated along with the 

samples. One contained a stock solution of 25^«mole of PCA to insure 

the PCA would not yield a positive character, and a stock solution,of 

Ala to insure that the free amino would react with the ninhydrin.

A unit of enzyme activity is defined as the amount of enzyme which 

releases 1 nmole of Ala per min. under the above conditions. The pH 

was maintained with phosphate buffers. Relative specific activities 

of the enzyme solutions were calculated using the absorbance at 280 nm 

(Aggg) as an index protein concentration.

The second assay method entails quantitation of released glutamic

acid on the amino acid analyzer (Beckman model 120 B). The glutamic

acid is the result of acid hydrolysis of PCA before the sample is placed

on the analyzer. The enzyme was dialyzed in buffer A; three hours with

two changes, for the purpose of removing ammonium phosphate and 2-pyr-

rolidone. Add determined amount (i.e., 1:10, 1:20, or 1:50) of enzyme 
0

to Meg protein. Digestion tubes were placed in a 30 C water bath for 

72 hrs. .time being arbitrary with the thought of allowing sufficient 

time for the specificity of the enzyme in relation to the serine cleav

age. The solution was acidified with glacial acetic acid (17N) to a 

pH of 3.25. The sample was placed on Dowex-X8 ion exchange resin under 

nitrogen pressure. The column was rimmed and eluted with 6 ml of 0.2M 

acetic acid. The sample was trapped in a 12 ml ignition tube. These 

tubes were then placed in the desiccator until complete evaporation had 

taken place. After the sample was completely dried, 1 ml 6N HCL was
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added to PCA wash and the mixture hydrolyzed for 1 hr. and 45 min, in 

an 110°C oven. This hydrolysis performs-the function of splitting the 

PCA ring and producing glutamic acid which aan be quantitated. The hydro

lysate was disiccated to dryness. Addition of fresh P£0^ arid NaOH pel

lets improves the efficiency of the process. The sample was resuspended 

with 2 ml of water. A 0,5 ml aliquot of sample was placed on the acid 

columns of the amino acid analyzer. Sodium citrate buffers (pH 3.28) 

followed by sodium citrate buffer (pH 4,25) were used to elute the sample.

The control for the amimo acid analyzer consisted of 0.1 yunole 

PCA-Ala in 1 ml. The 0,1 yxmole control ®f PCA-Ala was prepared by dil

uting the 25 ywmole PCA-Ala stock solution l»500.

Preparation of Pyrrolidonecarboxylyl Peptidase

The bacterial enzyme can be prepared either from bacterial pellets 

frozen directly after harvesting or from pulverized freeze-dried sus

pensions. We used pulverized, lyophilized Pseudomonas fluorescens from 

Cyclo Chemical Corporation.

A total of 17.5 g of cells was weighed out and suspended in 55 ml 

of 0.05 M phosphate buffer and 0.1 M 2-pyrrolidone was added for the 

purpose of stabilizing the enzyme in the early purification steps. Buf

fer B contains 2-pyrrolidone, Buffer A is the straight phosphate buffer. 

The cell suspension was carried out in Buffer B.

A pertinent property of pyrrolidonecarboxylyl peptidase, is that 

it is a sulfhydryl-dependent enzyme and is easily poisoned by iodoacet

amide and organomercurials (Doolittle, 1972). Thus 2-mercaptoethanol 

serves as a reducing agent in solutions employed for isolation steps as 

well as in the final mixture. Short-term incubations with mercaptoethanol 

restore full activity of the enzyme. This factor does present a problem,



82

however, when the Bence-Jones protein is dialyzed in Buffer A, The 2- 

mercaptoethanol will also reduce the disulfide bonds of the Bence-Jones 

dimer. Thus the protein was subsequently dialyzed in buffer without 2- 

merc aptoethanol.

The enzyme is remarkably stabilized by the presence of 2-pyrrolidone 

(Doolittle, 1969)» This compound seems to behave as a noncompetitive, 

fully reversible inhibitor of the enzyme. Care must be taken to insure 

that all 2-pyrrolidone is dialyzed away prior to digestion assays.

The cell disruption in the suspension was carried out with a Carver 

Laboratory Press—model B French Press, The pressure exerted on the 

cell ranged from 9-12,000 p.s.i. We had success with a Bronson Biosonik 

III Sonication apparatus was obtained in an earlier preparation. The 

fact that the temperature range of the suspension should be kept between 

0-10°C seems to favor the French Press. The probe, during sonication, 

tended to become warm during maximum bursts. Thus to insure protecting 

the activity of the enzyme, the French Press should be used. The sus

pension was pressed twice to insure disruption of the cells. A slight 

browning of the creamy-paste from the cells, insures cell wall breakage. 

The enzymes from the cytoplasm spill out and are thought to be oxidizing, 

producing the color change.

The pressed cells were centrifuged at 39,000 G (21,000 rpm) at 0-2OC 

for 30 min. The supernatant was decanted into tubes, and centrifuged 

again at 39,000 G for 10 min. A Beckman model L3-5O ultracentrifuge 

with a Ti50 rotor was used. The supernatant containing the enzyme was 

carefully decanted. A spectrophotometric reading at 280 nm was taken 

to substantiate enzyme activity. The A280 the supernatant should 

be at least 50 O.D., if it is higher it is passible to dilute the
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supernatant with Buffer B,

The slow addition of one volume of 1 per cent protamine sulfate 

to six volumes of cold crude extract will sufficiently precipitate out 

<11 nucleic acids. The extract should be stirred upon addition to in

sure complete precipitation). A total of 5 ml 1 per cent protamine sul

fate was addedj the extract was left to stir for 20 min. at 0°C, All 

additions are carried out with stirring at 0-4°C on ice or in the cold-

room.

The protamine sulfate enzyme was spun for 20 min. at 15,000 G and 

30,000 G for 1 hr. The nucleic acids appear fluffy and necessitated 

a rigorous spinning to insure a hard pellet. After centrifugation, the 

pellet was discarded and the supernatant was used immediately for ammon

ium sulfate fractionation.

A 42 per cent saturation fluid from the protamine sulfate step, 

was obtained by adding 9,2160 g of solid ammonium sulfate. One hr. after 

standing at 0°C, the preparation was centrifuged at 39,000 G for 30 min. 

The supernatant was decanted, and the walls of the polyallomer centrifuge 

tubes were wiped dry with cotton swabs. The pellets, still on ice, were 

dissolved with 6 ml of buffer B. Doolittle (1970) suggested dissolving 

pellets with buffer B until A£go 250 O.D. is obtained. Effort was 

made to keep the enzyme as concentrated as possible since dilute sol

utions destroy the enzymB.

This is a concenient place to stop the experiment if so desired.

The ammonium sulfate solution can be quick frozen in 2 ml aliquots with 

with acetone and dry ice and then stored at -195°C. The 2 ml aliquots
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are a convenient measure to store. This is an adequate amount which ean 

be thawed and placed on the G-200 column without thawing and then refreezing 

the whole sample. The handling and temperature changes could cause a 

decrease in enzyme activity.

Emphasis while working with an enzymatic system, is placed on keep

ing the enzyme as concentrated as possible, and the time which the enzyme 

is exposed without stabilizing components around. For this reason, the 

preparation was continued immediately. The freshly dissolved ammonium 

sulfate pellets were pooled (6 ml) and loaded onto one G-200 Sephadex 

column (2.5 x 150 cm). The cdlumn produced an adequate bed volume to 

support a 6 ml sample thus eliminating three or four separate G-200 col

umn runs. The discovery that 2-pyrrolidone added to the buffer stabil

izes the enzyme, obviated the need for fast runs. The G-200 column was 

equilibrated with Buffer B. The enzyme activity aame behind the main 

protein peak on the G-200 Sephadex. The fraction size of 3 ml was col

lected; on a Beckman Fraction Collector model 132. The flow rate bf the 

G-200 Sephadex column was set at 22 ml/hr. The entire run was carried 

out at 0°C. A total of 200 fractions was collected, and an A28O was 

read. A ninhydrin assay was run to determine which fractions were 

active. Samples were taken from fractions 92, 94, 98, 104, 124 and 

128. All samples must be dialyzed for 3 hrs. against three changes 

of Buffer A. Dialysis in the coldroom is necessary to remove all 2- 

pyrrolidone and ammonium sulfate. The ninhydrin test gave a strong col

or reaction for all of the samples. Activity was found in fractions 

92-190, the total volume of these fractions being 335 ml.

The enzyme activity was precipitated from the pool by the addition

of solid ammonium sulfate (0.45 g/ml). A total of 150.75 g ammonium
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sulfate (solid) was added, while the enzyme pool was stirring in the 

coldroom. The G-200 enzyme was allowed to stand for 1 hr, at 0°C, The 

material was then centrifuged in a R-CB2 Sorvall centrifuge with a GSA 

rotor at 13,000 rpm (39,000 G) for 60 min. Doolittle (1972) indicated 

that the enzyme preparations at this stage are generally quite suitable 

for digestion of FCA-peptides, having a specific activity 20 to 40-fold 

that of the original crude extract (sonicate supernatant). If no fur

ther purification is desired, the slurried pool should be divided into 

several portions before centrifuging, and the subpellets froze separately

The pellets from the Sephadex G-200 column were pooled and dis

solved in a minimal volume of 0,05 M sodium buffer C, pH 8.0, A total 

volume of 5 ml, 167 O.D. units, were placed on a Sephadex G-25 column.

Gel filtration on the G-25 resin was used for the purpose of desalting. 

Rapid dialysis could also have been used. The G-25 column dimensions 

(5.0 x 25 cm) provided more than adequate bed volume for the 5 ml sample 

The protein was eluted with Buffer C, the same buffer that was used to 

equilibrate the column, A total of 54 5 ml fractions were collected, 

and an Aggg was taken. Fractions 30-50 were pooled.

Further purification of the enzyme was accomplished by ion exchange 

chromatography on Sephadex A-25 resin. The sample was placed on the 

column and eluted with two column volumes of Buffer C, The enzyme activ

ity was then readily eluted at pH 8.0 (0.05 M sodium phosphate) using 

400 ml of a 0-3 per cent NaCl gradient. Active aliquots came out in the 

54-74th fractions. The most active peak was contained in fractions 

58-69. This we called enzyme A. The boarders 54-58, and 70-74 were 

pooled and referred to as enzyme B» Solid ammonium sulfate was added 

(0.6 g/ml) to precipitate the enzyme. The two enzyme slurries were cent, 

trifuged in the Sorvall R-CB2 at 13,000 G for 60 min. in a GSA rotor.
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Table VIII

Suggested Isolation Scheme for Pyrrolidonecorboxylyl Peptidase

17.5g freeze-dried cells 

(55ml of buffer)

French Press (9-12,000 p.s.i.)

Centrifuge (x2 39,000g)

Discard pellet Supernatant (ca. 34ml)
|1

Dilute to 50 O.D.
I1

Add 1/6 vol. of 1% 
protamine sulfate

i

1

1
—-------------- --------centrifuge (39,000)

1

Discard pellet

I

Supernatant (ca. 36ml)
1

Add solid

(NH4)2SO4 to 42% 
saturation

I
centrifuge (39,000g)

r
Dissolve pellet in 5 ml 
of Buffer B. (stable frozen)

I
Discard supernatant

Sephadex
G-200 column 
(2.5 x 150 cm).

Precipitate with (NH^^SO,
(Possible to store frozen).

Sephadex
G-25 column 
(5.0 x 25 cm)

(desalting enzyme)

--------------------------------------- >A-25 chromatography

Precipitate with (NH4)2 
Store pellets frozen, 
to digest Bence-Jones 
protein.

Use



The supernatant was carefully decanted and the precipitate was dissolved 

with a minimal amount of Buffer C, The enzyme portions may be divided 

into several portions, depending on demand, and should be stored at -20 C, 

According to Doolittle (1969), the enzyme preparations at this stage 

of purification have been employed successfully in the removal of PCA 

residues from a large molecular weight protein without detecting any 

other proteolysis. The material ranged from 60 to 100-fold purified 

over the crude extract.

Complete characterization of the enzyme necessitates purer material, 

Doolittle (1969) used Buehler Polyprep gel electrophoresis due to the 

fact the enzyme is very mobile in acrylamide gels. However, further 

purification was not really necessary because the enzyme was to be used 

for enzymatic purposes and not for structure determination.



PART Hit DISCUSSION AND RESULTS

Results From The Experiment

From Figs. 37, 38,and 39, it is clear that the more pure the pyrrol- 

idonecarboxylyl peptidase becomes, the more liable enzyme activity is 

to decrease during additional purification steps, (The optical density 

loss going from the G-200 enzyme over the desalting column should theo

retically produce no loss at all). Doolittle (1972) contends that the 

A-25 enzyme will loose approximately one-half its activity in six weeks 

even though stored in ammonium sulfate at -20°C, I stored my samples 

at -195°C, with no real apparent loss of activity.

Results of the consecutive purification steps indicates a decrease in 

total protein with an increase of protein : nucleic acid. This ratio 

is used to validate the increased purification of the enzyme.

The crude extract gave these results:

Fraction Volume O.D.-280 Total Protein

Crude Extract 34 ml .870 2958 O.D.

A?rq g .870 = .5898 
A26o 1.^75

dilution i 1^-----» 100 O.D./ml= 87.00

The protamine sulfate enzyme gave these results:

Fraction Volume O.D.-280 Total Protein

Protamine
Sulfate
Supernatant

36 ml .286 3088 O.D.

A2rq _ ,286 _ .5286 dilution : 1-----> 300 O.D./mla 85.80
a260
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The enzyme activity of the ammonium sulfate fraction was* 

Fraction Volume O.D,-280

(Nfy)2 S04 6 ml .093
pellet re
dis sov led

A?an _ .093 _ 1.4-090 dilution , 1 300
A260

Note Fig. 37 for O.D. range.

The G-25 enzyme results were*

Fraction Volume Q.D.-280

G-25 pool 95 ml 1.065

_ I.065 _ 1.3329
^60

Total Protein

167 O.D.

O.D./ml= 27.9

Total Protein

101.25 O.D. 

O.D./ml= 1.0657

Note Fig. 38 for O.D. range.

Enzyme activity data for the A-25 enzyme were*

Fraction Volume O.D.-280

A-25 Enzyme A 

A-25 Enzyme B

1,2 ml

1.7 ml

.021

.018

Total Protein

6.3 O.D.

5.4- O.D.

A) A?fto = .8076 
A26O

B) A9Rn - .018 _ 1.200 
a260 • °*-5

Note Fig. 39 for O.D. range.

The enzyme has been run with the Bence-Jones dimer in concentrations 

of 1*50, 1*20 and 1*10 (enzyme * protein). The 1*50 concentration gave 

approximately 15 per cent cleavage of PCA from the protein. Thus, it 

appears that the enzyme is specific for the peptide bond linking PCA to 

the penultimate amino acid in the Bence-Jones protein.

The penultimate residue in the Bence-Jones is serine. Many amino

acid residues attached to the terminal pyrrolidonecarboxylic acid had 

previously been tested; however serine was unfortunately not among them,
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Based on It50 mixture,,the 15 per cent cleavage may be explained by steric 

hindrance. With such a small percentage there would not be a sufficient 

amount of Bence-Jones dimers with free amino terminals cleaved to just

ify further crystallographic experimentation. The small percentage of 

cleavage was thought to be due to the low ratio of enzyme to dimer,

Pyrrolidonecarboxylyl Peptidase has been used successfully (Arnen- 

trout, and Doolittle, 19&9) in cleaving terminal PCA residues from bovine 

fibrinogen, a human apoplipoprotein apoLp-Gln-II (apaA-Il) (Brewer, Lux, 

Ronan, and John, 1972), as well as many small peptides. The exact amount 

of cleavage in these cases is also difficult to determine. The 15 per 

cent digestion of the peptide linkage is a quantitative estimation that 

could vary greatly. For example, if PCA is absorbed by the Dowex-8X 

resin, cleavage could be four times as great. The Dowex-8X resin allows 

some small peptides a amino acid fragments to elute off the column if 

the sample is not properly acidified. These contaninants thus mask, to 

a great extent, most cleavage that could actually be taking place. The 

contamination is not thought to be due to the Bence-Jones protein itself, 

since acid hydrolysis for complete peptide link breakage would require 

2b hrs. The hydrolysis time was 1 hr. and b5 min. Since the Bence-Jones 

protein is originally precipated from the urine, there is a possibility

that small peptides were also precipitated out with the ammonium sulfate.

It was noted earlier that the 1:50 dilution (enzyme t PCA-Ala) the cleavage 

was only 15 per cent, i.e. free PCA measured quantitatively as glutamic 

acid to alanine. The 1:20 and 1:10 dilutions gave similar but slightly 

higher results. A much higher percentage of cleavage was expected when 

the ratio (enzyme : protein) was increased. Because of poor results the 

assay scheme was reevaluated. Initial conclusions were that either the
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enzyme was impure or rapidly becoming inactive. The PCA-Ala control gave 

a 100 per cent recovery of glutamic acid and alanine because no cleavage 

would occur. The PCA-Ala plus the enzyme should have shown a high per

centage of glutamic acid recovery, because under acidic conditions, the 

enzyme will bind to the resin. The glutamic acid being displaced by 

the stronger glacial acetic acid should then come through in the eluent.

The Dowex-8X resin is a cationic exchange resin. The mistake made prior 

was that the sample was not acidified, thus the glutamic acid and alanine 

were coming out in approximately the same proportions. The acidified 

eluant contains the glutamic acid.

The enzyme considered to be 50 per cent pure, implicated 4 O.D. = 1 mg. 

I dialyzed a total of 200 lambda enzyme in buffer A, for 3 hrs«, with 

a change of buffer every hour. The dialysis bag was then emptied and 

rinsed with 100 lambda of Buffer A, The total volume of enzyme in buffer 

A was 290 lambda. The spectrophotometric reading at 280 nm was 1.250 

(1.250 O.D./ml x 1,3 ml = 1.6250 O.D. total). The enzyme was added to 

the PCA-Ala making a total sample volume of approximately 1.2 ml. The 

sample tubes were incubated for digestion in a 30°C water bath for 24 hrs. 

After the digestion period, acidify to pH 2.5 with glacial acetic acid.

The samples were forced under pure nitrogen gas through seperate Dowex- 

8X resin columns (6 cm x .9 cm dia.) with 6 ml of Buffer A. Samples 

placed in vaccuum tubes were hydrolyzed for 1 hr. and 45 min, at 110°C. 

Following hydrolysis there was an additional period of desiccation. The 

samples were then resuspended in 2 mis of water. A 0,5 ml aliquot of 

each sample was run on the Beckman Amino Acid Analyzer separately. The 

results are as follows!



95

Residues PCA-Ala Control PCA-Ala + Enz. Per Cent Digestion

Glu .0836 .0905 90%

Ala .0684 .0105

Difference .0152 .0800

The per cent cleavage indicated that the enzyme had truly been isol

ated and was highly active for the PCA-Ala N-terminal peptide bond. A 

90 per cent digestion was obtained.

The isolation of pyrrolidonecarboxylyl peptidase, and the cleaved 

N-terminal of the Bence-Jones protein were a triumph. Dr. Edmundson will 

now be able to insert a heavy atom derivative on the free N-terminal of 

the Bence-Jones protein.

A Look Into The Future

There are two lines of evidence that indicate the Bence-Jones dimer 

(Meg) will give positive results in the isomorphous heavy-atom derivative 

that will be produced shortly. One major assumption is based on the 

N-terminal penultimate residue being serine. This supposition was based 

on the efforts of Garver who showed that in 18 cases studied, all lambda 

chains that began with PCA had serine as their N-terminal penultimate 

residuet(Garver, 1971). A residue such as serine, is small enough so 

that it would impose little steric hindrance on the peptide linkage to 

PCA. Thus allowing adequate opportunity for the isolated enzyme, to have 

free access for cleavage.

The second substantiated evidence that encouraged the use of an
©

enzyme, was the information projected from the 3.5 A model of the Meg 

Bence-Jones dimer. (Recently built here at Argonne National Laboratory 

under the direct supervision of Dr. Edmundson), Fig, 40 indicates that 

the N-terminal PCA residues protrude from the surface of the protein

and should be highly accessible to an attacking enzyme.
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Figure 40. Protruding N-terminals of a Bence-Jones dimer (Meg).

Figure 41. Tautomeric effect demonstrated by I. and II. Note II. provides 

the site for the mercurial.
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These two lines of evidence seem to offer adequate assurance that 

a heavy-atom derivative is indeed possible to produce. X-ray diffraction 

is dependent on electron dense labels to help determine the overall 

structure. An isomorphous derivative with a labeled N-terminal would 

be a tremendous benefit in sequencing the N-terminal of the Bence-Jones 

protein,

Pyrrolidonecarboxylyl Peptidase, being an exopeptidase provided 

the specific key needed to solve this problem. The rate determining 

step seems to involve only the steric hindrance between the enzyme and 

the side group of the penultimate amino acid.

It seems that an N-terminal glutamine, when put in acidic conditions, 

the <-amine will be kicked out, and the glutamyl end group will cyclize 

to a pyrrolidone ring. The ring structure is not an active site. Thus 

in order to tag the N-terminal, the PCA residue must be removed.

Once cleavage is obtained, the alkaline amine can now accept a pair 

of electrons. Phynylisothiocyanate was picked to label the <-amino 

group. The interesting advantage in using phenylisothiocyanate as a 

marker, is due to its naturally and conveniently occurring resonnance.

This resonnance between the nitrogen and sulfur atom, through the central 

carbon atom produces a typical tautomeric effect. Refer to Fig. 4l.

The carbamyl group is quite stable and can support a heavy-atom.

The phenylthiocarbamylate end group and serine (2)» if put in aeidic 

conditions, will cleave at the peptide linkage leading to amino acid 

position (3). The amino acid in position (3) will have a free oC-amino 

group, while the phenylthiocarbamylate plus serine will form a phenyl- 

thiohydantoin with serine. Refer to figure 42 for full sequential reactions.
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The isolation of the enzyme, thus produces an opportunity to label 

the N-terminal for x-ray diffraction, as well as open up prospects of 

sequencing the N-terminal residues.
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