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ABSTRACT

This report presents a systematic methodology to
study the transition metal ions of Cu(II), Cr(III),
Co(II), VO+ 2 , and Fe(IiI), and their binding to
immunoglobulin G (IgG). Procedures include dialysis,
DEAE-cellulose column chromatography, gel electro-
phoresis, immunoelectrophoresis, ultrafiltration,
UV spectroscopy, atomic absorption spectroscopy,
and electron paramagnetic resonance (EPR). IgG used

,- ,is non specific, metal free, human Y-globulin. Con-
clusions show that Cu(II), Cr(III), Co(II), and

0, .Fe(III) do bind to IgG, while VO+ 2 does not under
"conditions used in this study. Ultrafiltration
studies detail Cu(II) binding to IgG in mole ratios

, o"of .08 to 3.9. No end point was reached in this
study.
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INTRODUCTION

Oome metals and their complexes pose a major environ-

mental and industrial problem due to their reported toxicity

effects. Occupacional exposure to certain metal systems,

such as Co, Ni, Zn, Cr, Be, have been linked to clinical

hypersensitivity and especially contact hypersensitivity,

the most common occupational disease. Metal ion systems,

particularly chromium, arsenic, nickel, and beryllium have

been related by epidemiological studies to an increased

incidence of occupational cancer and, through ex'rimental

exposure in animals, a wide range of metal ion systems have

been identified as cancer-producing agents.

This research effort is directed toward the molecular

investigations of antibody-metal interactions as a potential

mechanism of metal toxicological phenomenon. This report

documents for the first time the initiation of systematic

investigations of metal ion-immunoglobulin interactions.

The procedures used to purify and isolate non-specific

immunoglobulin G (IgG) from pooled human y-globulin by

column chromatography with DEAE-cellulose are described.

Both gel electrophoresis and immunoelectrophoresis are used

to verify protein purity of the separated IgG antibodies.

Preliminary Electron Paramagnetic Resonance (EPR) and

ultrafiltration data are reported which establish the

feasibility of systematic metal ion-IgG studies.

As background fop this research effort, a brief review

of pertinent toxicological literature is given.
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METAL TOXICITY

Goyar and Mehiman have stated that metals a2, e unique

environmental and industrial pollutants. Metals are neither

created or destroyed, but are merely transported and tians-

formed into various metabolic products. It is these various

products that cause concern, especially when the biometabo-

lism of metal complexes or metallic elements produces a new

chemical of unknown form.

This research effort chose to concentrate upon the tran-

sition metals, and for good reason. Compounds of eight

metals, beryllium, cadmium, chromium, cobalt, nickel, zinc,

and iron-carbohydrate complexes have been shown to have dele-

terious effects following chronic, low level exposure to both

humans and experimental animals. Examples include vanadium,

arsenic, chromium, and nickel. Inhalation of vanadium dur-t

causes severe irritation of the respiratory tract and may

produce bronchitis and bronchospasm. Arsenic, besides being

acutely toxic, has been linked to carcinogenesis. Chromium

has been linked to respiratory cancer, while chronic expo-

sure to nickel carbonyl can cause cancer.

METAL IMMUNE SYSTEM

Metals have been shown to have an effect on the immune

response. The effects upon the immune response are as

varied as the metals. An excellent review by Treaga 2 and a

specific report by Wilde3 exemplify the present state of

clinical understanding of metal-immune system interactions.
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Treagan's review provided insight for this research effort.

The report was directed towards a summary of the reported

effects of metals on immunoglobulin synthesis and on the

cell-mediated immune reactions. Treagan writes in her

article: "Antigenicity of metals is represented by numerous

instances of hypersensitivity to metals in industrial

workers, espec~ally contact hypersensitivity. This very

common condition provides evidence of the ability of metals

to elicit an immune reaction. Contact hypersensitivity is

caused by the direct effect of the metal-hapten on the skin,

aiJd, thus, depends on the ability of the haptento penetrate

into the skin, on the solubility of the hapten and on its

ability to form covalent bonds with skin proteins."

Studies of the mechanism of metal hypersensitivity have

indicated that the immunological nature is of the delayed

type and generally includes contact as well as other types

of hypersensitivity.

The immune reactions in this type of response are not

only hapten but carrier specific. Both in vivo and in vitro

studies have been reported for many different metals using

diverse investigative methods. A major conclusion of

present data is the general paucity of clearly understood

mechanisms of metal-immune reactions. Some basic con-

clusions regarding previously reported results can be stated

as follows:

a) The ability of meta.s to induce an immune response

is supported by numerous instances of olinicai.



hypersensitiviLy to metals, including chromium,

zirconium, Leryllium,platinum, gold, and nickel.

5
"K; b) The immunological mechanism of clinical and experi-

'mntal hypersensitivities appears to be, generally,

K but nAt exclusively, of the cell-mediated type.

c) Nickel chloride shows a consistently suppressive

effect on the interferon system (a protein component

of the immune system), while salts of iron, chromium,

cadmium, thorium, or' lead do not.

d) Metals such as platinum, gallium, thorium, and gold

have an immunosuppressive effect on cellular

•, • immunity.

e) Metal-deficient diets have an adverse effect on

immunocompetence, mretals in trace amounts have an

opposite effect. Addition of metals in toxic quanti-

ties have a depressing effect on the immune system

f) It is probable that more than one mechanism is re-

sponsible for the effect of metals on the iimtune

system.

Wilde has likewise reported experimental data concern-

ing the effect of heavy metals on immune mechanism and on

immune tolerance levels. Results of this study demonstrated

that chronic, low level exposure to lead and cadmium

suppressed the hemolytic activity of serum complement,

serum albumin levels, secondary antibody levels, serum

leucine aminopeptidase activity, and white blood cell

coulnts. Mercury exhibited the same effects as lead and



5

cadmium except that mercury did not suppress the secondary

response nor did it induce decreased production of white

blood cells. Exposure to these metals enhanced the primary

response and elevated serum y-globulin levels.

Chronic expcsure to these metals also induced anemia,

increased blood-lead levels, and exerted various effects on

livex-, spleen, and kidneys.

In addition to the three heavy metals, mercury, cadmium,

and lead being acute toxins, chronic exposure to lead and

cadmium have been linked to carcinogenesis in animals.

DEFINITION OF RESEARCH PROBLEM

As conclhded by Treagan and Wilde, metal ions have been

shown to interfere with the biological immune response, both

the primary and secondaiy responses.

Based on the premise that only certain metals exhibit

specific and varied degrees of toxicological effects and the

fact that metal ions have been shown to evoke an immune re-

sponse, we chose to direct this research effort toward the

transition metals and theirmolecular interactions with th.e

major protein class of the humoral inunune system, the

immunoglobulins ofhuman serum. The major thrust of this

work is to investigate the possibility of metal

ion, biiiding to ih-munoglobulins. The specific work reported

herein has focused on IgG and the aquated metal ions, copper

(II), chvomium (111), and cobalt (II). IgG was selected as

the irnmunoprotein (--gJobulin) of choice for several reasons:



6

a) IgG makes up the largest class of y-globulins,I4
approximately 75 % of serum immunoglobulins; 4

b) of all the y-globulins, IgG has been most exten-

sively studied and is the most well understood

structurally and functionally; 5

c) IgG has a rather simple and well defined secondary,

tertiary, and quaternary structure and composition;

d) IgG has been extensively studied with respect to

enzymatic proteolysis fragme:ntation and amino acid

sequencing 6

Several metals were considered for investigation. The

metals under initial consideration included the non-toxic

metal ions, iron (IiI), manganese (II), gadolinium (III),

copper (II), and the toxic metal ions,chromium (III), cobalt

M(I), nickel (II), vanadyl (IV), VO +2 , and Zinc (II). As a

P'eiult of our preliminary EPR studies, this research effort

has concentrated on five metal ions, copper (IH), chromium

(III), cobalt (II), irton (III), and vanadyl (IV) ions, and

reports -ii f(our majoi- areds:

a) Isolation of IgG from y-globulin,

b) Purification, to insure metal free, immunologically

pure, IgG for these studies without contaminating

proteins or proteiin fragments,

c) Screening of poten'.ial mttal ion binding to IgG, and

d) Development of applicable, systema.ic methods of

investigation using ultrafiltration and EPR.

Relatively few liter ature references were found
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that dealt specifically with metal binding phenomenon to

y-globulins or to IgG. Although enormous effort has been

made in the study of metal binding to numerous proteins of

serum as well as other important biological proteins and

enzymes, none of the reported work appears to have included

a systematic approach to metal-binding studies to any

immunoglobulin or to IgG particularly.

This research effort's intention was to develop

systematic methods to study metal binding to immunoglobulins

and, especially, the binding of chromium, cobalt, copper,

iron, and vanadyl ions to IgG.
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THEORETICAL DISCUSSION

IMMUNOCHEMISTRY

General

Immunoglobulins are protein molecules having the capa-

bility to react in an immune response to foreign bodies

introduced or inoculated into an organism. The foreign

bodies include chemicals, foreign organisms and other anti-

gens. Immunoglobulin proteins are synonomous with antibodies.

Immunoglobulin (Ig) is used as a general term in the liter-

ature while antibody is used interchangeably and especially

when discussing a specific clinical immune response.

According to The Condensed Chemical Dictionary, 9t E d.,

an antibody is a blood serum protein of the globular

fraction which is formed in response to the introduiction

of an antigen. An antigen is defined as an infective organ-

ism (protein) able to induce formation of an antibody in an

organism in which the antigen is introduced. One other term

requiring definition ie hapten. A hapten is an incomplete

antigen. It is incapable of provoking an immune response

by itself, but able to function as a partial immunogen when

bound to another substance denoted as a carrier molecule.

According to Landsteiner and Pauling, metal ions are in-

cluded in their definition of hapten.

It would appear that antibodies are very specific toward

an antigen. Tn other words, an antigeti provokes not a

general response by antibodies, but te'Ahev a specific re-
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sp,,nse by a specific antibody. This specificity is the

subject of a good deal of study, and several theories have

been proposed to explain this phenomenon. No one theory

deals with the subject in an entirely satisfactory manner,

although these theories relate specificity of antigen-anti-

body reactions to the size, stereochemistry and composition

of the active sites on IgG as well as analogous properties

of the antigen.

Major Immunoglobulin Classes

There are several classes of Ig. A comparison of their

various properties is listed in the following table:

TABLE I IMMUNOGLOBULIN CLASSES

TYPE FUNCTION MOL WT BINDING REMARKS

IgG Simple Reactions 150,000 ior2 75 % of Ig in
General Antibody/ Human Serum
Antigen Response

IgD Reaction w/leucocyte 160,000 1 Small Quantity
Membrane (?) on Leucocyte

IgE Allergic Responses 190,000 2 Very Small
Quantity in
Serum. 15 %
of Ig in Human
Serum.

IgA Neutralize Virus 300,000 (+)4 Body Secretions
Respiratory/IngestionK IgN Large Organisms 950,000 5 orlO Polyvalent
(Bacterial), Antibody 10 % of Ig in
to Blool Group Human Serum
Subs talct s

General Description of IgG

Of warticular interest in this reseav.ch effort is
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Immunoglobulin G (IgG). An IgG molecule is an elongated,

flexible molecule with two active combining sites. These

active sites are defined as the amino acid region providing

the interaction with an antigen. The terms active site,

combining site, and binding site are considered to be inter-

changeable. A schematic diagram of IgG may be represented

as shown in Figure 1.

Active Site Active Site

'VAB / FAB

S*-Hinge Region

Fi

Vigure 1 The IgG Molecule



Note that there are three basic fragments to an IgG molecule.

These amiDo acid chains include two FAB units (fragiment-

antigen binding) and one of FC unit (fragment-crystallizable).

The active sites of IgG are located at the N-terminus of the

FAJ. unit. The FC unit participates in complement binding

and other agglutination processes.

The IgG molecule is made up of chains of amino acid

residuie sequences. The chains are designated heavy (H) and

light (L), and are covalently linked by interchain

disulfide bonds.

Enymatic Digestion and Protein Chain Characteristics

The IgG and other immunoglobulins molecules can be

fragmented enzymatically in several ways. A more detailed

diagram of an IgG molecule is given in Figure 2.

riguve 2 The IG Molecule
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7,8,91Using papain proteolysis7,9,10 the IgG may be broken

into three segments, two FAB segments and one F0 segment.

Papain attacks the N-terminal peptide linkage of the heavy

SI(H) chain, leaving the disulfide bonds intact between the

H and L chain. See Figure 3.

FB Papain FB

F P

Figure 3 Papain Digestion of IgG Molecule
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Using pepsin digestion under specific hydrolysis con-

ditions 11,12'13 the molecule is fragmented by attack at the

C-terminal of the H-chain, causing further fragmentation of

the FC fragment, but leaving the two FAB segments intact

and attached by the two disulfide linkages. Further

chemical reduction of the disulfide bonds creates two F AB'

AABsegments, slightly larg1 than the FAB segments from the

papain digestion1'1'1' See Figure 4.

(FAB') 2

Figure 4 Pepsin Digestion of IgG Molecule
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The product peptide chains from these digestions is two

__• monoclonal fragments of IgG (one binding site on each FAB

fragment). Through these hydrolytic processes, it has been

4 demonstrated that the FAB fragments have both H and L chains

while the FC fragment is totally composed of H chains, no

L chain present. The H and L chains of IgG proteins have

both variable and constant regions. A constant region is

defined as that region where the amino acid residue sequence

is relatively invariant for numerous specific antibody

molecules of the same class. The variable region is defined

as that region where the amino acid sequence may not be

constant. It has been shown that the variable portion of

the heavy chain (VH) is associated with the FAB fragment and

the constant portion of the heavy chain (CM) is associated

x'agent 1 8'19with the FC fragment. Conclusively, the variable

positions of the H chain and the L chains are associated

with the antigen combining sites.

Discussion cf H and L Chains

The H chain of IgG has a molecular weight of roughly

50,000 daltons., two chains per IgG molecule; the L chain

hat; a molecular weight of roughly 20,000 daltons, also two

chains per molecule. The total molecular weight of IgG

approximates 150,000 daltons.

The L chains are of two major types K (kappa) and X

(1dmbda). The two types appear to have had a common evo-

lutionary origin. The chains are of approximately equal

length, each chain having two or three intrachain disulfide

__ _
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Q '•loops and a half cystine residue through which the L chain

is bonded to the H chain with disulfide linkages. The half

cystine residue i• generally the C-terminal residue in a

K chain and the penultimate resP~ue in a X chain.L° The relative amounts of K chain and X chain vary

greatly between sr -es, human igG being approximately 60 %

K chain. Both K and X chains are found incorporated in all

ii classes of H chain.

The structure of the typical hum.kn L chain consists of

about 214 amino acid residues. The second half of the

chain, the C-terminal end, is approximately 107 residues

and has been found to be relatively invariant. It is de-

"C. scoibed as the constant portion of the L chain, or the C

region. This end is normally not found associated with the

active site. The first half of the chain, the N-terminal

end, is widely variable and helps to account for the
0

spocificity of antigen-antibody responses. The L chain

faeilitates antibody specificity by governing molecular

orientation necessary for the antigen to interact with

sptcific locations on the H chain. See Figure 5.

The H chain poition of IgG consists of four amino acid

sequence domains. These include the VH region of approxi-

mately i15 aminio acid residues atiteN-terminal end- and

three domains of invariant sequence, C 1, CH2, and C|3. All

doiiains are approximately equal in size and each domain has

thk characteristic intrachain disulfide loop. The total

amitio acid residues appvoximate 446, thte sequences of domains
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C4 
D

- o Hi Chain
COOH

Figu'e 5 C and V Regions on
Light Chain of Ig1

and theŽ dis~ulf ide bondr beilm, shown in Fi urc 6.
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cIf

CC

To L chain

To H Chain

COOH

Figure 6 C a•rd V Regions on

Heavy Chain Of IgC

Bascd upon the discussion and description above, the

ovientations of the H and L chains showinfg the V and C

regions/domaios can qow be dj 3gflafled,as shoU'l in Figure 7.
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IIM

Figure 7 C and H Regions on
IgG Molecule

The amillo acid residues 220 to 234 on the H chain are

designated as the hinge region of the IgG, allowing flexi-

bility iii the molecule. The hinge region lies between CH1
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and CH2 . This is also the region wherein the disulfide

bonds lie between the L chain and H chain. The flexibility

of the molecule due to the hinge region adds to the speci-

ficity of the antibody by allowing the antibody active

sites to line up with the proper antigens, as required.

There are four subclasses of human IgG molecule, termed IgGl,
IgG 2 , IgG 3 , and IgG , each with its own CH sequence K and X

variable specificity.

Active Sites of IgG

The antigen-binding activity of an IgG molecule is nor-

mally found associated with the variable region of the H and

L chain. The variable regions surround the active site and

held determine the antigen-antibody responses.

Any description of the variable regions (either VL or

VH, is further complicated by several factors. Within the

variabie region are segments designated as the hypervariable

regions. As an example, in VH there are three such segments,

of 2-7 residues each. These hypervariable regions seem to

exhibit no sequencing relationship with other regions.

Further, ,ather than being linear as depicted in the diagrams

to this point, the IgG molecule is highly convoluted and

folded. This folding is responsible for the hypervariable

regions being in close proximity to each other, even though

they aL'e widely separated in the V-region sequencing.

Some research has been accomplished to attempt to define

and accurately describe the important physical character-

istics of the antigen binding site. Porter, et al., in



20

review of physical studies, sequence data, and affinity

labeling of antibody combining sites concludes that the

present evidence suggests that the combining sites are

formed from a small number of amino acid residues which

are scattered throughout both the heavy and light chains.

Porter also describes the combining sites as a cleft in the

molecule comparable to the catalytic sites in enzymes. This

allows a wide range of specific binding affinities to be

detected by changes in some fifteen tc twenty amino acid

residues.

21
Padlec, et al. reported on a three dimensional struc-

tural study done of the FAB fragment of McPC603 protein,

c homogeneous protein from the serum of myeloma patients.

The technique used was crystallographic analysis at a

resolution of 3.1R. The binding site of a specific antigen,

phosphoryl choline, was a small 1ortion of a cleft formed by

three VH hypervariable loops and 1he first and third hyper-

variable regions of the VL chain. The hapten was in Van der

Waals contact with various portions of the hypervariable

22loops. Hsia and colleagues used EPR spectroscopy and

fluorescence quenching to study rabbit antibodies specific

for the 2,4,6-trinitrophenyl determinant group. They con-

cluded that antibodies produced during primary and secondary

rimmune responses contained different antigen combining sites.

Th,! primary response antibody sites were less tolerant to

steric perturbations and formed less rigid complexes with

haptens, and were more susceptible to organic solvent



21

denaturation. The secondary response antibody sites were

parallel to the long axis of the spin-labeled ligand and

had a size of about 10 9.
23

R. A. Dwek, et al. using I;PR techniques to study

myoloma protein MOPe 315, reports that its active site had

considerable rigidity and had a cleft with dimensions of
011 • by 9 X by 6 A . In an )lPR' study by J. C. Hsia

and Lawvenet H. Piette 2, the estimated aveladge "depth" of

the bindiniv, si;te wats 10 A.

In summatvy, a review of the litel'.attue shows that the

binding site of an antibody has at least the following

charactevi-stics,:

a) The site iso formed by both the 1 and 11 chain, al-

thoulgh the II elhlin may contain the bulk of the

Iactivity.

b) The s,-ite is dependent upon the variablc regions and

hvperva-riable regions ot the L anld 1i chains. These

va ibli e a'11dI Itype'vauniable votion's an' m comprised of

di t foieent comb naLt ions of amino acid res dues.

e) tn a.ddit ion to the amino acid swquenee, tihe active

•ite is; depelltdeit uipon the phy-osical conformation

of tHiL elltil'j e lilt., 1 01 e.

d) The s.peciflcity of the antibody il". gýoverned by it

te'at the li, tPetcriti's I isted ahovo.

A further contnent to ltcOre c1l, tely del ink-, th,' oeeeta

divert iou ',em. ajp'optili I . As ,i srt.ssed e',l ier¶ th

0IeMt-i ioil iet, ti i ,c hap'i ,e;. " t ' a, ,.h wi t_ . oil-
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sider these haptens and their binding properties with IgG.

Of interest also is the association by the hapten with small

conjugates or carrier molecules, and the effect of these

associations upon the hapten IgG binding interactions.

METALS AND IMMUNOPROTEINS

General Metal-Ion Immunoprotein Interactions

Numerous serum proteins, enzymes and other biological

components such as nucleic acids and carbohydrates have been

studied to provide understanding and insight into their mole-

cular interactions with metal-ions. Specific metal binding

studies to immunoproteins, related proteins, or IgG are

rather limited, although three 'eports desk.rve notation.

Glickson, et al.28,26 bave reported on the in vitro bind-

ing of gallium-67 to L1210 leukemia cells. The thrust of

the study was the inhibition by human serum and various buff-

ering compounds of galliim-67 uptake by the leukemia cells.

Using radioisotopic determinations and cell fractionation

methods such as gel filtration on Sephadex G-200, the .apa-

bility of serum proteins to inhibit cellular uptake of

gallium-67 was described. The high molecular weight com-

ponents of serum were separated into three peaks.

Peak 1 contained substances whose molecular weight is

in excess of 200,000 such as IgM. Peak 2 contained proteins

with a molecular weight of approximately 1G0,000 like IgG.

Peak 3 contained proteins in molecular weight range 75,000

to 100,000. Transferrin, albumin, and haptoglobin wet'e
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included within this peak. Each of the pooled and concen-

trated peaks inhibited gallium-67 uptake. Peak 2 exhibited

the highest inhibiting capacity of 84 %, followed by Peak 2,

at 59 % and Peak 1 at 39 %. This experimental data was used

to formulate the following conclusions:
0%

• I a) Both high and low molecular weight serum components

have the capacity to inhibit the cellular uptake of

gallium- 67.

b) Reasons for the inhibition appears to be formation

of tumor impermeable gallium complexes although

interactions will cell surface components or,

modification of cellular metabolism cannot be

ruled out.

c) No one inhibiting component of serum can account

for all inhibition, but rather the pre•.ence of

several or many components are necessary. It is

very difficult to identify fully all the components.

d) Apotransferrin aids in the inhibition process, but

only accounts for 10 % or less of the inhibiting

capacty of the high molecular weight serum fraction.

27
Sigler and Blow have used platinum and mercury in a

heavy atom isomorphous replacement te study antibody crystal

structure, but it would appear that the heavy metal ions

are found in the interstitial spaces of the crystal lattice,

rather than actually being bound to the protein amino acid

Pe •idues.

HardInldl' eepox'ts studies of a similar natu"Oe, including
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information on a binding site for calcium and manganese on

an extensively studied lectin known as Concanvolin A (CON

A). A lectin is a protein that can bind carbohydrates.

Lectins are particularly pertinent since they are classi-

fied as glycoproteins, as are immunoglobulins. CON A has

also been shown to inhibit the growth of various tumors

in vivo.

SMetal Ion-IgG Binding Studies

A3 stated earlier, very little direct, systematic work

has been accomplished in the study of metal binding to IgG

or any immunoprotein. R. A. Dwek and his colleagues hate

produced some definitive work that will be discussed in

detail.

Baker and Hultquist 2 9 have also reported some data that

bear directly onthis research effort: the study of a copper

binding immunoglobulin from a hypercupric myeloma patient.

One characteristic of copper is that copper is not normally

toxic unless present in excessive amounts, even though

copper ion is highly reactive. 3 0 Baker and Hultquist de-

fined the purification of a copper-protein and demonstrated

that the protein is an IgG1 myeloma protein that specific-

ally binds copper. Of great significance was their report

that the copper was in an indeterminable valence state

for detection by EPR, as well as the use of some of the

same techniques used in this research effort. The isolated

Cu-IgG protein was identified as a normal molecular weight
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immunoprotein, withA light chains. The carbohydrate pro-

tein appeared to be abnormal, since it interacts with CON A

whereas most Igs of the y-globulin type do not interact.

The repoirt suggests that the copper-Ig complex may possess

either additional carbohydrate residues or an altered

carbohydrate structure.

By using isoelectric focusing, Baker and Hultquist

demonstrated a separation of the copper-immunoglobulin into

three bands, and give two possible hypotheses:

a) the bands are due to some microheterogeneity re-

sulting after synthetic hydrolysiq of amide bands

or varying amounts of sialic acid, or

b) the three bands could correspond to the binding of

2, 1 and 0 atoms of copper by the immunoglobulin.

Hypothesis b is consistent with the analysis of the

sample showing that 1.8 atoms of copper are found per

150,000 daltons of protein.

R. A. Dwek, et al.31, 3 2 , 3 3 have reported considerable

research concerning the binding of the lanthanide metals to

IgG and IgG fragments, as well as detailed reports on the

size and shape of the combining site. The IgG used was

nonimmune IgG isolated from rabbit serum.

The lanthanides, a series of fifteen elements, make up a

series of plus three valence cations having similar chemical

properties such that they are expected to bind the same site
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or sites. The subtle graded characteristics of this metal

series allow d-tailed inspection of some properties of the

antibody site by various spectroscopic techniques. Lantha-

nide solutions are stable only up to pH7, due to formation

and precipitation of hydroxide complexes. Even at pH6, ex-

tensive complex formation occurs.

Dwek has been especially active in investigating the use

of Gd (III) as a probe to study the combining sites of the

immunoglobulins. Gd (III) has been found to be the most

applicable probe for the Fe fragment since the binding of Gd

(III) to the FC fragment is much tighter than to the FAB

fragment.

Affinity labeling 3 li and spin-label mapping 3 5  have

been used to determine size and conformation of the active

site, as well as its amino acid sequencing.

It is expected that lanthanides will bind to carboxyl

groups on the antibodies and antibody fragments. Such

groups generolly have pKa values in the range of pH4-6.

Dwek made careful measurements over the pH range 3.5 to 6.5

to optimize the conditions for observation of metal binding.

Thuy have shown that IgG has six specific Gd (III) binding

sites at pH 5.5. The sites are divided into two classes:

two very tight binding sites on the Fe fragment (Kd approx.

6 pm) and two weaker sites on each of the FAB fragments (Kd

approx. 140 vii). The metal binding parameters for IgG can

be explained is the sum of the metal binding, to the FC and

to the FAB frigmerts. This suggests that no apparent inter-
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action occurs between the FAB and FC regions in the IgG

molecules under consideration. Both Protein Relaxation

studies and EPR spectroscopy results are in agreement with

respect to the regional distribution of the six binding sites.

The screening of the antibody has been done to identify

lanthanide binding sites. This screening may be useful in

studying antibody-antigen complexes, as well as metal ion

interactions with the complement system of proteins.

Metal Ion-IgA Binding Studies

In addition to their detailed investigation of lantha-

nide IgG interactions, Dwek and colleagues 3 6 ' 3 7 ' 3 8 ' 3 9 ' 4 0

have reported a great deal of study on the immunoglobulin

IgA and its metal binding properties.

The IgA used was obtained from mouse myeloma protein

MOPC 315. Using this antibody, intensive research has been

reported concerning the combining site, its dimensions,

conformation and composition.

The approach to the problem has resulted in the dis-

covery of a new fragment of the molecule, termed the FV

fragment. The FV fragment is prepare,- by peptic digestion

of the FAB fragment at pH 3.7. The Fv fragment has a mole-

cular weight of approximately 250,000 and contains the

variable regions of the heavy and light chains at the N-

terminal ends. The F fragment is the smallest antibody

fragment that retains the integrity of the combining site.

Using NMR and spin-labeling, the amino acids around the site

have been identified and the combining site mapped.
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The combining site is hydrophobic and is reported to be

a cleft with the dimensions of ii ý by 9 R by 6

demonstrating considerable structural rigidity.

The three histidine residues of the active s.te are

altered slightly in the presence of the hapten and there-

fore must be in or near the combining site. Metal binding

studies show that these residues are near an intrinsic

binding site for Gd (III) and therefore presumably for the

other lanthanide metals.

Further study with the lanthanide metals and spin-label

haptens inuicates that the spin-label hapten and (Ad (III) do

not compete directly for one site, but have distinct binding

sites. The interaction between the two distinct binding

sites could be a direct interaction between two adjacent

sites, such as site overlap, or indirect interaction, medi-

ated by the protein, between two widely separated sites.

The F V fragment appears to exist in at least two differ-

ent conformers, each with different affinities for hapten

and metals.

In the absence of either hapten or metal, the FV frag-

ment exists predominately in the preferential form for hapten

binding, while the metal binds preferentially to the other

form.

An observation concerning antigen-antibody specificity

can be made from this study. An antibody directed against

an antigenic determinant of a given molecule will react only

with this determinant on a very similar determinant. This
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specificity must result from the three-dimensional comple-

mentarity of the antibody combining site and the antigenic

determinant.

fi
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EXPERIMENTAL DIbCUSSION

MATERIALS

Buffer Solutions

a) .01 M acetate, from 1:10 dilution of .1 M aceta+K,

pH 5.5 (12 g sodium acetate, NaC 2H3O2 .3H 2 0 and .66

ml glacial acetic acid, distilled water to IL).

b) .01 M HEPES, pH 7.0 (2.3831 g, N-2-hydroxyethyl

piperazine-Ni-2-ethanesulfonic acid, diluted to

WL)

c) .01 M phosriate (.23 g NaH2 PO4.H 2 0, 2.268 g,

NaHPO47H 2 0, diluted to IL distilled H2 0, degassed

when used as eluent on column)

d) .01 M Tris-HCl, pH 8.9 (3.07 g Trisma/HCl, 3.70 g

Trisma base, diluted to 1 L)

Chelex 10U, 100-200 mesh, sodium form,Bio-Rad Laboratories,

Richmond, Calif.

DEAE Cellulose, Lot Number 7081

ICN Pharmaceuticals, Inc.

Life Sciences Group, Cleveland, Ohio

Dithizone (Diphenylthiocarbazone), .001 % (.0256 g/ L

distilled water)

y-Globulin, Conn Fraction II, Stock #HG, II, Lot Number

77C-0071

Sigma Chemical Company, St. Louis, Mo.

Metal stock solutions prepared from reagent grade chloride

or suJL"ates in range of lxl0-I to 2x10" 2 M/I
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CuC1 2 "2H2 0 FeCl 3 .6H 2 0

COC1 2 '6H 2 0 VQSO 4 "xf 2 0

CrCI 3 *6H2 0 GdCl3-xH2 0

NiCI 2 "6H2 0

1,10 - Phenanthroline (Monohydrate) Lot Number 775114, ACS

Fisher Scientific Co., Fairlawn, N.J. (.01 M - .1802

g/100 ml double distilled H20)

Standards for atomic absorption spectroscopy

Standards were made up in accordance with the Varian

Techtron AA-6 manual and included standards for copper,

coLalt, chromium, iron, and zinc.

Wash solution for recharging the column

2 M NaCI in 0.4 M NaH2 PO4 (55.2 g NaH2 POI'H20, 116.9 g

NaCl, diluted to 1 litepr with double distilled H20)
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EQUIPMENT!INSTRUMENTATION

Column Chromatography (Ace Glassware, Vineland, N.J.)

60 cm x 1.5 cm and 60 cm x 2.5 cm)

Dialysis Bags, Stock Number 250 -11, 15,000 MW cutoff

(Sigma Chemical Co., St. Louis, Moi)

Ultrafiltration Equipment

a) Amicon 50 ml cell, Model 52, with UM 10, PM 10,

and XM50 membranes (Amicon Corp., Lexington, Mass.)

b) MRA cell, Model M129, with PM 10 Amicon membranes

(MRA Corp., Boston, Mass.)

Atomic Absorption Spectrometer, Varian Techtron, Model

AA-6 (Varian Techtron, Melbourne, Australia)

Electron Paramagnetic Resonance Spectrometer (Varian, Sunny-

vale, Calif.) Varian E-9 dual cavity, X h-nd frequen-

cies of ca. 9.54 and 9.05 GHz, at both room temperatur'

and at liquid nitrogen temperature, respectively.

Refractometev, LDC Model L1107L (Laboratory Data Co.,

Riviera Beach, Calif.)

Ultra Violet Spectrometers a) Bechman Model DB, with

matchec! rtz cells, (Fullerton, Cali..)

b) lSCO Model UA-5 Monitor, with type 6 optical flow

cell unit with 280 nm filter ( Lincoln, Nebraska)

absorbance range: 2, chart speed: 2 w 60 inches/minute

(2 inches/hour)
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GENEXAL PROCEDURES

Procedures used in this research effort include protein

dissolution, dialysis, and column chromotography to obtain

isolated £gG; gel electrophoresis and immunoelectrophoresis

for protein purity checks; atomic absorption and ultra vio-

let absorption spectroscopy for metal and protein concen-

/ tration determination; ultrafiltiation and EPR for metal-

protein binding studies.

Protein Purification and Separation Techniques

Dissolution - The initial procedure used was dissolving

400 mg in 100 ml of .01 M phosphate buffer. This procedure

resulted in too much loss of protein in dialysis due to
aggregation. The procedure was modified by dissolving 200

mg in 100 ml of .01 M phosphate buffer. One additional pro-

cedure was used, and was adopted as the procc-dure of choice.

This procedure involved dissolving 800 mg of y-globulin in

100mloZ .01M acetate buffer, All protein appearedtogointo

solution readily within 45 minutes and indicates that more

protein could be used, if desired. This compares with 800

mg-1800 mg o1 IgG in 100 ml of normal serum.

Dialysis - The 100 ml of y-globulin solution was placed

in three dialysis bags, each holding 3C-40 ml of protein so-

lvtion and dialysed against 4 I. of .01 M phosphate Duffer

for 48 hours, with one Duffer change after 2", hours. A white

precipitate formed during the dialysis, which after immuno-

electrophoresis checks, was determined to be IgC, possibly
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an aggregate of IgG. The bags were used for several dialy-

ses, the white precipitate being rinsed out prior to use.

The white precipitate was either discarded or retained for

study, as required.

Column Chromatography - Following dialysis, the y-glo-

bulin solution is ready for the final purification process,

column chromatography with DEAE cellulose.

initially, an Ace column, 60.0 cm xl.5 cm, was used. Due

to the volume with this column, the dialysed protein solu-

tion had to be concentrated down to 30 ml, using an Amicon

ultrafiltration cell. An Ace column, 60.0 cmx2.5 cm, was

purchased and used to separate the protein. With the new

column, no concentrating was required and the 100 ml aliquot

of sample liould be placed on the column at one time.

The column capacity was calculated using the capaci7y

of DEAE cellulose as listed in Methods in Immunology. 4 1

As stated, no more than 30-50 mg of protein per lg of dry

cellulose is recommeit,_d. It was determined experimentally

that 5 ml of wet cellulose weighed .298 g when dried. The

smaller column contained 140 ml of wet cellulose, or 8.344 g

of dry cellulose. The larger column contained 700 ml of wet

cellulose or4l.72gof dry cellulose. The smaller column

capacity was calculated to be 250-414 mg of protein, while

the larger column capacity was calculated to be 1.252 g

to 2.086 g of protein. To avoid overloading the smaller

column, sample size was kept at 200 mg of protein or less.

To date, the maximumR amount of protein separatedon the largeH,
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column was .8 g or less.

Initially, the smaller column separation was monitored

with a refractometer and a UV spectrometer. Due to zeroing

complications with the refractometer and the restriction of

column flow rate, the refractometer monitoring was discon-

tinued and UV monitoring was used exclusively. The column

separation procedures proved to be so predictable that sev-

eral runs were made by monitoring by eluent volume alone.

The last three runs were made with the large Ace column, all

runs being miitored by UV spectroscopy.

To preclude any protein denaturing, cold temperatures

were maintained during the disolution, through dialysis, to

column separation. Dissolution was accomplished in an

ice bath, dialysis was done in a refrigerator, regulated to

110C, while the column chromatography was kerc chilled by

pumping ice water through the column condenser and placing

the eluent re:3ervoir bottle in an ice bath. Temperature

range was 110C to 120 C. See Figure 8 for diagram of equip-

meitt set up.
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Eluent j I
Reservoir

in icebath ,

DEAE-Cellulose

Column Ice

Bath
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PumpA/

Monitor - UV
SFlow Cell

I Collector
in Ice Bath

Figure 8 Equipment Diagram, Protein
Isolation by Column Chromatography
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Protein Purification of IgG

Gel Electrophoresis

Gel electrophoresis was used to check purity of the

protein following column separations and to monitor the

purification process. All gel electrophoresis work was done

by a fellow graduate student, Mr. Duane Krueger. Discussion

of this procedure depends heavily upon Mr. Krueger's notes

and comments.

Apparatus used was an ISCO Gel Electrophoresis Rack,

Model number 1270. The procedure and composition of the gel

was taken from Methods in Immunology, 2nd Ed. pages 94-104,

and also the ISCO instruction manual and allied pamphlets.

The gel used was acrylamide, a synthetic polymer. This gel

is nonionic and features other desirable properties such as

chemical inertness, transparency, rigidity, and thermosta-

bilic-y. Separation of components in a mixture occur both by

size (molecular sieving) and by charge (electrophoresis).

The upper chamber buffeer was Tri.s-Glycine, pH 9.3. The lower

chainber buffer was Tris-IIC, pH 8.1. The gel was stained with

.01 % Amido Black in 3 ' acetic acid.

Determination of an unknown protein sample was accom-

plished by compaiing the unknown sample with a known plasma

standard. By observing simaila-'ity in mobility the unknown

component may be determLned. Molecular weights may also be

determined accurately.

During the runs imad,, one of the major problems was

getting protein solutions in high enough concentration
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for proper determination. This problem was not due to the

gel electrophoresis, but to the quantity of protein pro-

vided for study. With later runs, the protein concentra-

tion was much more suited to this procedure and adequate

determinations resulted.

The electrophoretic checks of protein after separation

on the DEAE-cellulose column indicate that a single protein

band consisting of pure IgG is being eluted from the col-

umn. This method of gel electrophoresis rapidly and con-

clusively confirms the purity of the IgG sample.

Immunoelectrophoresis

Following the column separation, .2 - 1 ml samples

were retained to check the purification process.

Duplicate samples were provided to Rapid City Regional

Hospital Lab and the Lab of Clinical Medicine, Sioux Falls,

SD, for purity checks using immunoelectrophoresis. One
additional sample was sent to LCM, Sioux Falls. The find-

ings of each institution support each other and indicate

the following: the bulk of the y-globulin is IgG; no IgM

is present in any of the duplicate samples. The last

sample sent to LCM was Y-globulin dissolved in acetate

buffer, no dialysis and column separation was performed.

Immunoelectrophoresis checks indicated presence of IgG and

a small amount of IgA. As a result of these findings, the

final purified product is considered to be pure IgG, and

suitable for metal-protein binding studies.

Immunoelectrophoresis by its nature requires antisera
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specific to the sample. The possibility, however small,

exists that the presence of an immunological inactive sub-

stance in the protein sample may not be detected.

Gel electrophoresis, on the other hand, deDends upon

electric mobility and not an immune response. The gel tube

can be stained and all substances can be separated and de-

tected. Quanitative work can be done with a gel scanner.

Protein Concentration and Buffer Change

An ultrafiltration cell, Model 62, was purchased from

Amicon Corporation, Lexington, Mass. This cell had a

capacity of 50 ml and, bvexchanging filter sizes, had a

capability of several different protein retention and fil-

tration rates. The membranes used most often in this re-

search effort were several, with the characteristics and

capabilities listed below. Data has been obtained from the

Amicon Bulletin #448 B.

TABLE II MEMBRANE CHARACTERISTICS

Membrane IgG Flow Rate Nominal
Number Retention Level (Deionized Molecular

Water) Weight
ml/cm2 /min cut off

UMI0 > 98 % 0.1 - 0.3 10,O0O

PM10 > 98 % 1 - 4 10,000

XM50 > 98 % .5 - 2.0 50,000

In practice, the XM50 membrane met our requirements most

fully.

As noted earlier, the protein concentration obtained

from the small Ace column was very dilute, approximately
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8 x 10- IM. Reasons for this include small initial ouanti-

ties of protein dissolved in phosphate buffer, further

reduced during dialysis by aggregation, and by elution

gradient dilution effects on the column itself. Protein

levels were required to be three orders of magnitudes

higher. These levels were obtained by using the Amicon

ultrafiltration cell, and by pressure removal of excess

eluent. Pure IgG was obtained in concentration ranges

1 x 10-4 M and 5 x 10-5 M. The process became much easier

after initiation of the large Ace column, much less con-

centrating by ultrafiltration being necessary.

Following the protein purification and isolation tech-

niques and after identification as pure IgG, the next pro-

cedure was to conduct metal ion content checks and removal.

Protein and Metal Content Determination

Protein concentration was determined by ultra violet

spectroscopy. Molar absorptivity coefficient used for cal-

culating protein concentration wase = 2.02 x 105 liters/

mole-em, from E1% 13.5.42 Absorbance values were
ICM
@ 280.m

determined using a Bechman DB spectrometer. Metal concen-

trations (except VO+ 2 , determined by UV)43 were determined

by atomic absorbance spectroscopy, using a Varian Techtron

AA-6 spectrometer. Standard curves were plotted and the

unknown values read directly from the graph.

Atomic absoeption spectroscopy is a relatively routine
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procedure, and only a minimal discussion follows.

Atomic absorption was used to determine the concentration

of the metal stock solutions, as well as to monitor the

amount of metal binding to a sample of IgG, or the amount

of metal contamination in the protein solution.

The procedure entailed first making up metal standard

solutions, using, in most cases, purchased standards, and

making dilutions as required for the concentration (in ppm)

range desired. By making solutions of standard concentration

the standard curve could be plotted and the unkown metal con-

centration determined by use of the standard curve.

Due to large and varied waters of hydration content in

several cases, specifically chromium, iron, and nickel, the

stock metal solutions were prepared by adding solid metal

chloride to the solution until a proper atomic absorption

reading was observed, indicating the desired concentration

was reached. This procedure was also followed with VO +2

the determination being made with UV spectroscopy.

Atomic absorption was used to detect metal binding to

protein. Briefly, by measuring the metal concentration be-

fore and after addition to IgG it was possible to determine

the amount of metal bound to the IgG. This procedure is

discussed in greater detail in the section entitled Metal-

IgG studies: use of MRA ultrafiltration cell.

Both multielement arnd single element lamps were used,

depending upon the particular metal under observation.
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Pre2aration of Metal Free IgG Solutions

To insure the pure IgG was also metal free, the IgG was

added to .01 M 1,10-phenanthroline solution. The solution

was stored at least overnight in the refrigerator. This

allowed the 1,10-phenanthroline to complex and remove any

free or bound metal that may have been associated with the

IgG, as determined by atomic absorption analysis.

Following equilibration, the IgG - 1,10-phenanthroline

solution was placed in the Amicon cell. The solution wa

concentrated down from 50 ml to 5 ml. Double distilled water

was passed thru a chelex column to remove any metals. All

other buffers, .01 M acetate, .01 M Tris-HCl, were also

passed through the chelex column and presence of metal was

checked by extracting the buffer with .001 % dithizone. The

chelexed, double distilled water was then added to the cell,

bringing the volume back up to 50 ml. The solution was again

concentrated to 5 ml. The water addition, concentration pro-

cedure was repeated 5 times. This removed essentially all

traces of 1,10-phenanthroline. After the fifth addition of

water tht. solution was concentrated to approximately 16 ml,

one ml wa- retained for ultra violet scan to determine con-

centration. The remaining 15 ml was divided into three 5 ml

aliquots, ready for further buffer change as required.

Buffers used included .01 M acetate, pH 5.5; .01 M Tris-HCl,

pH 8.9, and later, .1 H HEPES, p11 7. The HEPES buffer was

adopted following Or. Fitzgerald's trip to New Hampshire,

where it was dctermined that the acetate ind T•ris-HCl buffers
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were unable to hold the pH as required due to the extreme

acidity of the IgG. Changes from protein/double distilled

water to buffer of zhoice were accomplished as described

above, using two change cycles.

Following treatment of protein solution by 1,10-phenan-

throline and buffer changes with the chelexed buffer of

choice, the solution was again analysed using atomic absorp-

tion spectroscopy. All measureable amounts of metal were

found to have been removed. Metals checked for included

copper, manganese, zinc, and iron. Detection limits by

atomic absorption were as follows:

TABLE III DETECTION LIMITS, ATOMIC ABSORPTION SPECTROSCOPY

M4etal Typical Detection Wavelength
Limits (pg/wl) (Nm)

Copper .04 324.7

Iron .062 248.3

Manganese .024 279.5

Zinc .009 213.9
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METAL ýON-IgG STUDIES: Use of MRA Ultrafiltration Cell

Although EPR studies were the method of choice for

metal-IgG binding analysis, the MRAUltrafiltration cell was

used due to in-department EPR equipment breakdown. The MRA

cell was used in conjunction with atomic absorption analysis

and ultraviolet spectroscopy.

The MRA cell is an eight channel apparatus originally

designed for rapid and direct analysis of binding by radio-

active ligands to proteins. Eight samples can be processed

by ultrafiltration within an hour. Membranes in each

channel allow passage of the metal stock solutions, but re-

tain protein and metal-protein complexes. Controls were used

to monitor retention, if any, of the metal on the membrane.

The amount of bound metal ion can be determined by knowing

the concentration of the metal stock solution added to the

IgG sample, and by determining

a) amount (if any) of metal retained on the membrane, and

b) amount of metal in eluent.

A simple calculation gives the amount of metal held by the

IgG molecule-

[Bound Metal] = [Original Amount of Metal Added]

- [Amount of Metal - [Amount of
Held by Membrane] Metal in Eluent]

By comparing the concentration of bound metal with the

concentration of the IgG sample, a metal/IgG ratio can be

established.

The study of various metal/IgG ratios can be determined

by varying the metal/IgG ratios in each channel and comparing
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results.

To preclude inordinate dilution effects, the metal stock

solutions were .01 molar, thereby requiring veriy small quan-

tities of metal solutions in comparison to protein solution

size. The basic procedure used was to keep IgG concentra-

tion (volume) standard and vary the metal concentration as

necessary to obtain the metal/IgG ratios under consideration.

The prepared metal/IgG solutions were mixed with a

vortex stirrer and allowed to equilibrate under refrigeration

overnight prior to ultrafiltration in the MRA cell.

Following the addition to the MRA cell, the metal/IgG

solutions were pressurized with nitrogen gas and were ultra-

filtrated. The eluent was collected and analyzed for metal

content by atomic absorption analysis.

Membranes used to retain the protein in the cell were

Diaflo, PMI0, or UM10 from Amicon Corporation.

Due to time constraints and equipment breakdown, only

one run with the MRA cell was made.
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EPR Studies of Metal Ion-IgGSystems

Preliminary EPR measurements were performed using the

Varian E-9 at Denver University, Denver, Colorado. These

preliminary studies provided data used to select potentially

applicable mctal ions for consideration in the present study

and to define techniques and conditions necessary for turther

investigation. Buffered IgG solutions included TgG separated

and purified from six column separations. This was necessary

to obtain sufficient IgG to provide protein concentrations in

the range of I X 10- M to 1.7 X 10- M.

Buffers were processed to remove any metal contamination

prior to contact with the IgG. Chelexed, doubled distilled

water was the solvent used initially end all buffers were

exchanged in the Amicon ultrafiltraxion cell. Due to a mis-

calculation, the protein solution from the initial three

column separations was ailowed to run dry during Amicon con-

centration procedures. The IgG was retained on an XMSO mew-

brane. To preclude denatured protein contamination, the IgG

and membrane were removed from the cell and placed in dis-

tilled water. The concentrating procedures were renewed

again, using IgG from three additional column separations.

The concentration and exchange procedures proceeded without

incident to provide the final buffered and unbuffered IgG-

buffer solutioas, which are summarized in Table TV.
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TABLE IV IgG-BUFFER COMBINATION, DENVER STUDIES

Buffer IgG Concentration (moles/liters)

Chelexed

Double Distilled water 1.01 X 10-

.01M acetate 7.13 X 10-5

.01M Tris/HCl 6.314 X 10-5

(IgG from XM50 membrane) 9.63 X 10-

Diluted XM50 IgG and
Distilled water 1.71 X 10

Metal Stock solutions used in the Denver EPR studies are

listed in Table V.

TABLE V METAL STOCK SOLUTION, DENVER

Metal Ion Concentration (moles/liters)

Co+ 2  7.64 X 10-3

Fe+3  9.68 X 10-3

: Ni+2  7.64 X 10-3

Mn+ 2  9.11 X 10-

"I Cu+ 2  9.64 X 10-

Cr+3  9.9 X 10-3

V 0 VO+2 1.00 X 302

Due to time constraints, only 2 aof axo-IgG and igG
•° wil, V+2 u+2 ri+2 adr+3

wib VO +2 G+ and Or weirc recorded.

Room timperature spectr., w-re recorded as shown in

"K Table VI.

I *
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TAIBI.E Vi ROOM TEMPI:RATUR[E SPECTRA, DENVER

Buffer Metal ion Metal ion-IgG ratio

.0 M acet.ate VO+ 1/]

.01 M acetate VO+ 2  5/1

Tris/tiCl Cu+2 1/1

Trri:3/llC1 Cu÷+2 5/1

Trris/tcl VO+2  51

Distilled Water Vo +2  1/1

Following room temperature scans, the instrument was ";et up

for liquid nitrogen (77 0 K) temperature scans. Ig-G metal ion

combinations included those run at room temperature (Table V),

as well as Gd +3/IgG in 1/1 mole ratio and Cr +3/IgG ill i/I mole

ratio, both in acetate buffer. In addition to these metal

ion/IgG combinations, several spectra were recorded of apo-

IgG in distilled water, ill the absence of any added metal

ion--.

Of the spectra recorded, no spectra clearly exhibited

resonance features of 1,gG-bound metal ions. There was,

however, sufficient deviation from spectra of unbound metal

ion to suggest further study. These deviations were noted

with copper (II) and chromium (III) ions. No change was

noted with vanadyl, VO +2 and gadolinium (III) ion systems.

The lgG from the XM50 membrane was retained in distilled

water, anId was presumed to contain native or contaminating

trace metal ions. No equit.ihrium decontamination procedur- t

wore utilized with 1,10-phananthroline. A scan of this Ig('-
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distilled wdter soluttion exhibited a weak EPR signal, in-

dic.ating the presence of copper. An atomic absorption analy-

sis conducted on this sample showed copper to be present in

a mole ratio of .009 to one. The anisotropic spectrum ob-

served indicated that the copper ion may have been bound to

the IgG molecule. An EPR spectral comparison of metal-free

IgG (equilibrated with 1,10-phenanthroline)with Cu+ 2 contam-

inated IgG indicated the absence of any EPR active metal ion

and is denoted as apo-IgG.

As a result of analysis of the EPR spectra obtained at

Denver University, several conclusions and recommendations of

the EPR related studies were made:

a) no protein bound VO+ 2 spectra was observed, possibly

due to conditions under which the spectra was re-

corded,

b) there was some indication of binding by IgG of the

metal ions Cu(II) and Cr(III),

c) modification of experimental conditions for future

studies were mado and included pH adjustments of

IgG-buffer solutions, metal ion-IgG ratios, as well

as increases in modulation amplitude of the EPR

instrument.

A new buffer, HEPES, was found to hold the pH at approxi-

matoly 7.8. HEPES was adopted as the buffer of choice. These

recc(mmendations were adopted for use during the subsequent

investigations at the University of New Hampshire. The pH

of TgG-buffer solutions were found to be in the range of 3 to
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5, and were titrated with NaOH to pH 6.3 to 9.3. Metal ions

studied included Cu(II), Cr(III), Co(II), VO+2(IV), and Fe

(III) in metal ion-IgG ratios of 1.65, 3.2, 2.6, 10 and 7.3,

respectively. Scans of metal ion-IgG solutions were made at

room temperature as well as liquid nitrogen temperature, 770 K.

EPR Measurements

Two similar EPR spectrometer instruments were used to

record the experimental EPR spectra. One instrument, located

at the University of Denver, Denver, Colorado was provided

for our use by Dr. Gareth Eaton. This instrument was used

for our initial screening of metals and their possible inter-

actions with :gG. The use of the EPR spectrometer at the

University of New Hampshire, Department of Chemistry, Durham,

New Hampshire, was generously provided by Dr. N. Dennis

Chasteen.

Both spectrometers were Varion E-9's with dual cavities

and used X-band frequencies of 9.54 and 9.05 GHz, respect-

ively. :3pectra were recorded at both room temperature and

at liquid nitrogen (77 0 K) temperatures, and were calibrated

using DPPH (2,2--diphenyl-l-picryl-hydrazyl).

During the Denver investigation, quartz tubes were used

for all liquid nitrogen measurements to measure the metal-

protein solutions. Quartz flat cells w4'e tried but dis-

continued due to excessive foaming in the flat cell. The

foaming was due to the procedures used to fill the cel.

The cellS required some modification on the ends to allow
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a rubber septum to be mounted. The modification solved the

foaming problem, but not in time to use at Denver.

The New Hampshire metal-protein samples were prepared

in unbuffered and buffered media using microsyringe tech-

niques in EPR capillary aqueous flat cells or microfil-

tration cells. The specific details are referenced in an

article by Fitzgerald and Chasteen. 4 3

I,
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EXPERIMENTAL RESULTS AND DISCUSSION

Protein Isolation

The source of the IgG used in this experimentation was

pooled, non immune, human, y-globulin. IgG was not separated

from serum, as some researchers have done.

The final adopted procedure for protein dissolution in-

cluded dissolving up to 800 mg of the pooled y-globulin in

100 ml of .01 M acetate buffer, followed by dialysis over a

forty-eight hour period against four liters of .01 M phos-

phate buffer. The phosphate buffer was changed after twenty-

four hours.

The separation procedure involved a large Ace DEAE-

cellulose column equilibrated with the phosphate buffer. The

separation was accomplished at cold temperatures, 410 C-120 C,

to preclude denaturing of the protein. The column separation

process was monitored by ultra violet spectroscopy. Figure

9 presents a UV elution profile, absorbance at 280 nm versus

elution volume and consists of a broad single eluent protein

band. The recovered eluont contains total protein in the

range of 200 to 500 milligrams of protein, as determined by

ultra violet spectroscopy.

Protein Purification

One major concern of this research was to insure that

the separation and isolation procedures produced purified

IgG. Immunoelectrophoresis (11P) and gel elcctrophovesis

we r' used to check the purity of the pvotein product. As a
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result of the immunoelectrophoresis and gel electrophoresis

procedures, the product obtained after separation and isola-

tion is pure IgG. An example of a typical immunoelectro-

phoresis pattern observed on immunoelectrophoresis (IEP)

stained plates is presented in Figure 10. The samples sent

to the LCM in Sioux Falls, South Dakota, were taken at differ-

ent points during the purification process in order that the

total process could be evaluated and are summarized in

Table VII.

TABLE VII IMMUNOELECTROPHORESIS SAMPLE CONTENT

Sample Number Protein Content

1 Y-globulin dissolved in
.01 M phosphate buffer

2 Precipitate obtained during
dialysis procedure

3 Y-globulin, dissolved in
.01 M phosphate buffer,
and dialyzed

4 Eluent from column
separation

5 Eluent from column
separation

Mines y-globulin, dissolved in
.01 M acetate buffer
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•_•0 L•o. 0• 4.

Figure 10a y-globulin dissolved in .01 M phosphate, pH 6.3

S-- -di

Fi.gure lO~b PF•ecipilate from dissolution in Figur~e lO__above
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Figure lOc Sample of dialysed y-globulin

OAM

Figure lOd Sample collected after column separation

4
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Figure 1oe Sample after column separation

"-t"

Figure lof y-globulin in .01 M acetate buffer,

prior to dialysis and column separation
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A summary of the immunoelectrophoresis results is com-

piled in Table VIII.

TABLE VIII SUMMARY OF IMMUNOELECTROPHORESIS RESULTS

Anti Sera in Trough

Sample IgA 1 gM K

1 No Yes No (1)

2 No Yes No (1)

3 No Yes No (1)

4 No Yes No (1)

5 No Yes No (1)

Mines Yes(2) Yes No Yes No

(1) No assay made
(2) Band was visible on original plate, but was too

light for photo copy reproduction.

Results of this data indicate that all column isolated

proteins and phosphate-buffer y-globulin samples contained

only IgG immunoprotein. y-globulin samples dissolved in

acetate buffer prior to DEAE purification contained mainly

IgG, with a slight presence of IgA from the analysis of the

IEP plate labeLled "Mi'es," Figure 10f.
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EPR RESULTS AND DISCUSSION

Experimental EPR Spectra of Metal IonIgG Systems

The studies conducted at the University of New Hampshire

resulted in the measurement of EPR spectra of selected metal

ion-IgG complexes.

Experimental Spectra

A summary of the experimental conditions of these inves-

tigations is given in Table IX and are grouped on the basis

of the metal-ion system. Table 1X summarizes the metal-ion

and IgG concentrations, the buffer used, and the metal-ion/

IgG mole ratio. The metal ion-IgG systems that will be

discussed include Cu(I1), Cr'!II), Co(II), Fe(III), and V0+2

The respective spectra will be presented as each system is

discussed. No EPR spectra will be presented in the discussion

which indicate vanadyl (IV) -IgG binding.

EPR parameters obtained from the spectra shown in Fig-

Sures 11-15 include A values, the hyperfine sý,plitting constants,

which are measured directly from the spectra1, as is H, the

Smagnetic field s~trength. The Lande' splitting factor, g, is

calculated from the equation hv = gý H, with vequal to the

S~operating microwave frequency, A summary of the experimental

i conditions for the Spectra of Figures 1ll-6 is given in

Table IX.
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TABLE TX METAL ION-IgG EPR STUDIES
Experimental Conditions

Metal Ion [P]mM. [Mn+]mM. Buffer [Mn+]/[IgG]
Ratio

2+Cu (1) .594 .98 pH = 6.3, 1.65
no buffer

Cu2 + (1) .594 .98 pH = 9.3, 1.6r

no buffer

Cu2+ .297 .49 pH - 7.8, 1.65
0.2 M HEPES (2)

C3+
Cr3  .297 .962 pH 7.7, 3.20

0.2 M HEPES

Co 2 + .297 .764 pH 7.8, 2.60
0.2 M HEPES

Fe2+ .297 2.16 pH 7.8, 7.3
0.2 M HEPES

(1) Cu2+-IgG solutions titrated with 0.05 M NaOH in a

purged microtitration cell

(2) HEPES = N-2 Hydroxyethyl piperazine-Ni- 2-ethanesulfonic
acid

Preliminary Interprezation of Spectra

The CPR spectra of Figures 11-15 are interpreted from

crystal field theory and a comparison of the experimental EPR

par•,meters, H, A, and g, to those parameters reported in the

literatu e for isolated metal complexes or metal-protein sys-

tems. A brief discussion of crystal field theory and EPR

relationships is given in Appendix A and is referred to as

necessary. It is imperative to note that this data interpre-

tation is only preliminary and required further experimen-

tation to confirm and refine spectral observations as well
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a.s to develop more rigorcus interpretat.on of the recorded

V• spectra. Each metal ion-IgG system will be discussed

separately.

TABLE X METAL ION-IgG EPR STUDIES
Estimated EPR Parameters

, Figure Complex [M]I[P] LP EPR Parameters Temp.
g values A va-ues(G)-

g0 gi) g1 (i) A,/ A1

11i Cu(H 2 0) 2+
S6 0.00 6.3 2.31 . . . . RT

11 Cu2 +-IgC, 1.65 6.3 - 2.26 2.04 185- RT

-1 Cu2+-IgG 1.65 9.3 - 2.22 2.03 190- RT

2+11 Cu +-IgG 1.65 9.3 - 2.20 1.9 '100 - RT

12 A Cu -HEPES 0.00 7.8 2."6 2.0,2 175 770 K

e2+
12 B Cu' -IgG(A) 1.65 7.8 - 2.23 2.00 195 - 770K

2+
12 3 Cu _-IgG(B) 1.66 7.8 - 2.13 2.00 215- 770K

13 B Cr 3 +-IgG 3.20 7.8 1.98 - - 190( 5 3 Cr) 77 0 K

13 B Cr3+-HEPES 0.00 7.8 1.98 . . . . 770K

14 Co2 F 2.60 7.8 g1:2.46 g 2 =2.04 770K

19 g 3 =2.01

15 Fe+- gG 7.30 7.8 g 1 =4.43 g 2 =205 770 K

"(1) ga for the Cu is estimated from the field position atI the minima of the overshoot line at high field

2+ 2+.9Cu -_I__ EPR Spectra. Cu ion is a d transition V.etal

L ion, which is a single unpaired electron "S=1/2). Figure Ii

"presents a room temperature EPR spectra of a Cu 2+-IgG

KI
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solution containing a Cu:2+ IgG mole ratio of 1.65: 1.00

at pH=6.3 and 9.3. The Cu2 4-IgGI sample was titrated with

0.05M NaOH from pH=4.5 to pH:9.3. At low pH (-5.0), a typi-

cal single, broad EPR first-derivative Fignal centered at ca.

3050 gauss was observed, corresponding to the free Cu(H 2 0) 6
2 +

ion. As the solution is titrated with NaOH to higher pH, the

free Cu 2+ ion spectra is complicated by an overlapping ani-

sotropic Cu2+ signal, presumably due to TgG-bound Cu2+ ion

in an axial ligand environ.tent. At pH 6.3, for example, both

the free Cu2+ signal and the anisotropic signal are observed

in the spectrum shown in Figure 11. At high pH values up to

pH 9.3, the isotropic Cu2+ ion signal disappears, and a more

complex anisotropic spectrum is observed. This spectrum ex-

hibits four 6 3Cu(I-3/2) hyperfine lines in the parallel re-

gien from 2750-3400 gauss. Although no c.)mputer simulation

of this spectrum is available at this time, it appears that

this spectrum corresponds to two IgG-bound Cu2+ ion EPR sig-

nals. Estimated g and A values for the parallel and perpen-

dicular regions of these two anisotropic signals are given

in Table X for the higher pH IgG-bound spectra together with

the room temperature isotropic parameters of free Cu2+ ion.

Both the g,, and g, values, and the A/, values are consistent

with reported Cu2 + Ig-G-bound parameters from the literature.

41,42,43,44

2+A comparison of Cu ion EPR signals at 770 K as shown in

Figure 12 for Cu ion in a 0.2 H HEPES, pH=7.8 buffer

(Spectrum A) with the spectrum for Cu2+ ion in an identical
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buffer media containing IgG (Spectrum B) further substanti-

Cu2+
ates the change in Cu ligand environment upon addition of

IgG. The copper nuclear-hyperfine structure is clearly re-

solved in the g,, region of both anisotropic spectra. A

comparison of estimated g and A // values for Figure 12A

and 12B is given in Table X, wherein two sets of parameters

are estimated for the Cu2+-IgG signals. The reduction in

g // and increase in A/, hyperfine values for the Cu2+-IgG

signals in comparison with the free Cu2+ ion is consistent

with an increased ligand field strength 41,42,43,44 for both

protein-bound Cu2 +-IgG signals of Figure 12B. The pH range

(pH=6.3-9.3) of these observed EPR parameter changes likewise

suggest coordination of possibly strongnitrogen donors al-

though no litN(I=2) superhyperfine structure have been ob-

served. The two distinct anisotropic Cu2+-IgG signal- are

moderately resolved in the lowfield, g,, hyperfine region as

noted by the arrows in Figure 12B, suggesting the existence

of two different axial Cu2+ ion sites on the IgG prot( tn.

Further experimental investigations and computer simulation

runs for the Cu2+-IgG system are necessary to completely

substantiate this preliminary interpretation. In addition,

both pH and metal titrametric experiments are required to

2+
define the stoichiometry of the Cu binding sites and to

estimate approximate pKa values related to the metal coordin-

ation phenomenon.

Cr3-IgG Spectea. Chromium (III) ion, a d 3 transition

metal, exhibits ligand substitution inertness and contains
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three unpaired electrons (S=3/2). EPR spectra of various

Cr(III) complexes have been extensively studied,45 whereas3+

few Cr -protein bound signals have been observed. 4 6 The

titration of "metal free" IgG solutions in HEPES, pH=7.8

buffer was carried out up to 3.2g-atoms of Cr 3+/ IgG

Room temperature and 77 0 K EPR spectra of the Cr +3-IgG solu-

tions (See Table IX for experimental) incubated for 48 hours

are presented in Figure 13, together with estimated EPR

parameters in Table IX. The room temperature spectra of

Cr 3+-IgG is rather featureless (See insert, Figure 13) but

may be contrasted with an identical 9.62 x 10- 4 M C3+_-HEPES

solution without the IgG protein. At room temperature, Cr3+

ion exhibits a broad, single line EPR signal centered at

g=1.98 (line width, Hpp =75G), whereas the Cr3+-IgG sample

exhibits a much broader signal (g=l.98,Hpp=145 gauss).

Liquid nitrogen spectra of these analogous samples are shown

in Figure 13A and 13B. Although the resonance g values (g=

1.98) for these spectra are identical, two quite distinct

aspects of the Cr 3+-IgG spectrum deserve noting. First, the

line width of the Cr 3+-IgG spectrum is much greater (160 vs.

60G) than the corresponding Cr3+-HEPES spectrum; and second,

four hyperfine lines are observed on the low field side of

the principle resonance peak with quite large hyperfine

splittings of 190 gauss. Similar hyperfine splittings have

3+_
been observed for a 1:1 Cr -IgG sample in a Tris-HCl buffer,

pH 3.5 at Denver University. In this case, at least nine

hyperfine lines of ca A=73G were observed. Although the
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origin of these hyperfine lines is not readily apparent, re-

ported 53Cr(I=3/2, 9.5 % natural abundance) nuclear hyperfine

line splittings much smaller (10-60G) than this have been

observed in various Cr 3+-complexes. 46 The present Cr 3 + EPR

spectra are rather limited at this time, not allowing for

zero-field splitting calculations; however, the apparent

alterations of the Cr3+ EPR signal do suggest molecular

interactions of an undefined nature with the IgG protein.

Further EPR experiments such as those recommended for the

Cu2+-IgG system are necessary.

Co 2 +-IgG and Fe3+-IgG Spectra. Figures 14 and 15 repre-

sent EPR spectra obtained for Co2+-IgG and Fe3+-IgG samples,

respectively, obtained at 77 0 K in a frozen 0.2 M HEPES, pH=

7.8 solution. Although our preliminary investigations are

limited, the recorded spectra at 77 0 K suggest undefined in-

teractions of these aquated metal ions with "metal free" IgG.

No room termperature spectra were observed for either sample.

The Co 2+ ion is of d7 electron configuration with a co-

balt nuclear spin value of I=7/2. Both high-spin (S=3/2)

and low spin (S=1/2) complexes are known, although most re-

ported EPR signals have been for low-spin Co2+ ion in a pla-

nar, square pyramid or octahedral ligand environment.

The Co2+-IgG EPR signal reported in Figure 14 consists of a

broad resonance feature at g, =2.46, with a sharper signal at

g 2 =2.04, and g3 =2.01 (See Table IX). These EPR signals

are similar to other low-spin Co 2+-protein complexes such as

41
various vitamin B 2 complex spectra, indicating possibly a
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rhombic ligand field, g xg yg z. The nearly identical g 2 and

g, values of the Co 2+-IgG spectra are also consistent with

five coordinate tetragonal pyramid complexes such as other

BI 2 complexes reported, wherein g xg =2.46, gz;2.0.
12xy z

The Fe3+ ion is of d 5 electron configuration. The Fe 3+-

IgG spectra is shown in Figure 15, together with estimated

EPR parameters in Table X. The Fe -IgG spectra were re-

corded at 77 0 K in a HEPES, pH=7.8 buffer. The reported EPR

spectrum in Figure 15 consists of an intense low-field sig-

nal at g=4.43, with poorly defined fine structure as well as

a less intense higher field signal possible consisting of

two resonance features at g=2.05. The Fe 3+-IgG signal corre-

sponds to either a high-spin (S=5/2) Fe(III) ion in at least

an axial ligand field 41,43 or two Fe 3 + signals, one high-

spin signal at g=4.43 and alow-spin(S=l/2signal at g9-2.

Although insufficient experimental evidence is available to

define whether these signals correspond to one or two Fe 3 +_

IgG bound signals, and do not allow the calculation of zero-

field splitting parameters necessary to describe the Fe3+

site symmetry, the present spectrum suggests molecular inter-

actions of the Fe(III) ion with IgG in the physiological pH

range. Since the metal/IgG ratio or this sample is quite

large (s7.3) in comparison with the other metal-IgG samples

investigated, further titrameiric data from 1-10 equivalents
3+

of Fe is necessary to idertify whether these two signals

appear simultaneously or at different equivalents of metal-

ion: IgG ratios.
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Additional EPR studies were conducted with VO +-IgG

systems of mole ratios of 6.7 and 1.7 to 1, and solution pH

values of 6.3 and 7.8, respectively. The buffer system was

double distilled water and HEPES, respectively. No indica-

+2tion of binding by VO was apparent at the conditions used

in the study.

In summary, the following analysis is offered. Figure

11, the copper(II)-IgG spectra, indicates that at pH 6.3

there is an overlap of signals, from both free copper ion

and from bound copper ion, giving a spectra that is a combi-

nation of isotropic and anisotropic Cu2 + ion signals. At

pH 9.3, the free copper ion spectra has disappeared and only

bound copper is observed (Figure 11). There is a suggestion

that this spectra may be a result of two different copper

ions, indicating at least two distinct binding sites.

Figure 12A exhibits a free copper ion EPR spectrum in

frozen solution, while Figure 12B shows IgG-bound copper ion

in frozen solution. Figure 12B indicates an overlap of

spectra, possibly free and IgG-bound copper, rather than two

sites as noted in Figure lIB (pH=9.3). Note that this pH is

7.8, midway between the pH values of solution spectra dis-

cussed for Figure 11A and 1IB. Figure 13A shows an EPR

spectra of free ehromium(III) ion. Figure 13B presents an

EPR spectra that suggests IgG-bound chromium(III) ion with

un]nown hyperfine structure, although the A values are unlike

other reported hyperfine data of 53chromium hyperfine split-

tings. Reported 5 3 Cr A values of II gauss have been reported,



73

whereas the ACr values of Table X from spectrum 13B are

approximately 200 gauss.

Figure 14 presents the EPR spectrum of IgG-bound cobalt

(III) ion and consists of three spectral curves. These three

resonance features indicate that the Co(II) ion x, y, and z

ligand fields are unequal due to a rhomic ligand configura-

tion about the Co(II) ion. The z axis is severely distorted,

while the x and y axes appear nearly identical. Free cobalt

(II) ion does not show this distorted EPR spectrum at 77 0 K.

Figure 15 shows the spectra of iron(III)-IgG. Two

possible interpretations of this spectra are plausible:

a) the EPR resonance feature at 1500 gauss could be due

to the z axis magnetic field interaction and the sig-

nal around 3000 gauss could be the x-y axes inter-

action, indicating a severely distorted rhomic ligand

configuration for a high field Fe 3+ ion, or

b) the curve at 1500 gauss represents the spectrum of a

protein bound Fe(III) ion while the curve around 3000

gauss is the spectra of a free low-spin Fe(III) ion

in a cubic ligand field.

The analysis of these spectra definitely provide EPR

evidence of coordination by the metal ions, Cu(II), Cr(III),

Co(II), and Fe(III) ions to pure non-inmune IgG. Further

detailed study is required.
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Ultra Filtration Study of Cu 2+-IgG Systems

Limited ultrafiltration studies of Cu 2+_-IgG were under-

taken to confirm the binding of Cu'I ion to non-immune IgG.

Prior to introduction of copper-IgG solutions, the eight

channels of the MRA cell were flushed twice with .01 M 1,10-

phenanthroline to remove any metal contamination. The cell

was then flushed with two changes of HEPES buffer to remove

the 1,10-phenanthroline. The membranes had been soaked in

double distilled, chelexed water overnight prior to install-

ation in the cell. During the cell cleaning process, sev-

eral experimental complications were noted. Channel five

filtered very slowly during both of the HEPES changes, while

channel four slowed down considerably during the last HEPES

change. A very slight pressure leak around the teflon screw

in the sample port was probably the cause of this malfunction.

The screws were wrapped with teflon tape to stop any leakage,

but the channels still ran slowly. Channel number two had

a bid gasket and had been replaced by a non-standard gasket.

All gaskets seemed worn and some tended to leave debris in

the channel. No debris could pass thrcugh the membrane into

6 eluent. The injection ports below the membrane presented a

minor problem. If injection ports were not covered by tape

during the run, capillary action drew off the eluent. In

point of fact, this occurred in channel five and no data

were obtained from this channel. The temporary solution was

to tape over the injection ports during the remaining runs.

Thi;, however, caused the eluent to remain in the channel
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and not drop out into the collectors. A procedure adopted

to alleviate this problem entailed piercing the tape with a

"needle after the eluent was through the membrane and in the

lower channel. This allowed the eluent to drop into the

sample collectors. The MRA instruction book stated that each

run should take approximately one hour to run. It was found

that each flushing took at least two hours and the metal-IgG

run took eighteen hours.

In analyzing the results of the metal-IgG run, an unex-

Sjplained loss in metal concentration occurred in channel eight,

the control designed to measure amount of metal absorbed by

thc membrane. One ddditional study was conducted to check

the control. As a result, the control performed during the

actual metal-IgG study was not considered, and the results

from the additional study were used to estimate the amount

of metal absorption by the membrane.

The additional study involved mixing copper ion stock

solution (2.8 Pl) corresponding to similar copper ion con-

centration as the ultrafiltration run with HEPES buffer (300

il) and allowing the solution to equilibrate overnight.

Three tubes contained copper ion in HEPES buffer; three tubes

contained copper ion in HEPES, and one memberane; one tube

was copper ion and IgG solution (300 Pi) and one tube was

HEPES alone.

As a vesult of an atomic absorption analysis, the differ-

enca in copper content of 200 ul of copper-HEPES, diluted to

I mi, and the copper content of the copper-HEPES in contact
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with the membrane was calculated and used to estimate the

amount of metal ion absorbed by the membrane. This value
-9

was calculated to be 6.3 X 10 moles. The copper content

in the HEPES was found to be approximately .05 ppm, a value

found to be just slightly above background noise and is con-

sidered to be insignificant.

The single ultrafiltration study of this work was made

with the MRA cell and waq accomplished as shown in Table XI.

over the initial Cu2+:IgG mole ratios of .55 to 3.9 in a .01

M H'ZPES buffer (pH = 7.00).

TABLE X! INITTAL Cu+2: IgG RATIOS
(I) +2 +2 (2)

Channel Amount of Cu Moles of Cu Mole Ratio
added (Ul) Cu+ 2/IgG

1 .95 9.38 X 10-9 .55

2 1.9 1.88 X 10-8 1.1

3 2.85 2.81 X 1C- 8  1.65

4 3.8 3.75 X 10- 8  2.2

5 4.75 14.69 X 10-8 2.76

6 5.7 5.63 X 10- 8 3.3

7 6.65 6.56 X 10-8 3 13

8 3.8 3.75 X 10 no protein
control

(1) concentration of Cu+ 2 stock solution was 9.87 X 10-3

(2) Concentrdtion of IgG was 5.67 X 0- m/l, or in 200 Pi
1.7 X !0-- moles.

The data s,ýiuywarized in Tabl- XT gives the mole ratios of the

Cu(1I) jon and IgG system considered, for study in the ultcA-

f U!tratk~n c:ell.



77

Note that the metal ion concentration in the stock

solution was high enough to preclude any inordinate dilution

effects on the protein, while still achieving the desired

mole ratios.

The determination oi the amount of copper ion bound to

the IgG was made using the equation given in -the experimental

discussion. Table XII summarizes the added Cu(II), and eluent

Cu(lI) concentrations and resulting membrane-bound Cu(II) and

protein-bound Cu(II).

TABLE XII CALCULATION OF MOLE RATIOS

Channel Moles of - Moles of - Molest of Moles of
Cu' 2 added Cu2 in Cu2 held Cu2 bound
to the IgG eluent on membrane to I

1 9.38 X10 1.57 X 10- 6.3 X 10- 1.51 X 10-

2 1.88 X i0- 8  1.118 X i0-'9 6.3 X 10- 1.1 X 10-8

3 2.81 X 10 1.48 X 10- 6.3 X l0- 2.0 X 10-8

4 3.75 X 108 1.42 X 10 G.1 X 10- 2.98 X 108

5 '1.69 X 10-8 no eluent
retained

6 5.63 X 10-8 1.57 X 10-9 6.3 X 10- 4.8 X 10- 8

7 6.56 X 10-8 1.12 X 10-9 6.3 X 10- 5.8 X 10-8

8 Control Discarded

Not,, that the moles of Cu(II) held on the membrane is

constant throughout the serie-s. This is the va~ae ettimated

froom the addit onal control study. Channel nulmter five

eluent x. lost bccause the injection Dort was not sealed off

properly.
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The moles of Cu(II) added to the protein increase as the

channels increase. The moles of Cu(II) in eluent vary only

slightly. The important trend this table shows is that as

the moles of Cu(II) added to the protein increase, so the

moles of Cu(II) bound to the IgG increase.

Table XIII summarizes the final Cu +2/IgG ratios.

TABLE XIII FINAL MOLE RATIOS, Cu+2/IgG

Channel Moles of Cu +2 Moles of IgG Final Mole
bound to IgG Ratio CopDer/

1 1.51 X i0-9 1.7 X 10- 8  .08

2 1.1 X io-8 1.7 X 10-8 165

3 2.0 X io-8 1.7 X 10-8 1.2

4 2.98 X i0-8 1.7 X 10-8 1.75

>5 lost

• 6 11.8 YX 10 1.71 X 0-82.8

75.8 X lo-8 1.7 X 10-0 3.4

8 Control Discarded

Table XIII sunmiarizes the final results of the ultrafil-

tration study. It demonstrates that Cu(II) ion blinds to the

IgG molecule in increasing mole ratios from .08 to 3.11. The

maximum mole raLio of Cu(II) hound to the IgG was not

reached in tni3 study. This ultrafiltration data confirms

and supports tiie EPR data.
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CONCLUSIONS

Findings

This research effort has demonstrated that two systematic

techniques to investigate metal-ion binding to pure, non-

immune, IgG are possible. These two techniques are electron

paramagnetic resonance spectroscopy (EPR) and ultrafiltration

using an MRA cell.

EPR spectroscopy has demonstrated metal ion-IgG binding

for Cu(II), Cr(III), Fe(III), and Co(II) ions over the ex-

perimental conditions discussed in -this report. Metal-ion

binding with IgG was not observed for VO+2 under analogous

conditions used for the above metal systems.

Limited ultrafiltration studies with Cu(II) and IgG con-

firm the binding of Cu(Il) to IgG in mole ratios of .08 to

• 3.9.

Significance

Tt appears that the use of procedures to insure metal-

free IgG used for study is of prime importance. This allows

direct interpretation of metal Lon binding to IgG, and elimi-

nates complications arising from metal exchange reactions

and mechanisms to determine binding information. Dwek has

reported six binding sites for Gd(lII), a non-toxic lanthan-

ide meta3 Aaker and Hultquist reported metal ion-IgG bind-

ing for Cu(II), which, in the case reported, is considered a

toyic metal.

This research effort shows metal ion-IgG binding for both
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toxic[Cr(III), Co(II)], and non toxic[Fe(III), Cu(II)] metal

ions.

Non-Lmmune IgG was used in this research effort, as was

done in Dwek's work. Baker and Hultquist used immune IgG

for their study. The EPR spectrum reported by Baker and

Hultquist indicates that the copper of the metal ion-IgG

complex is an EPR indeterminable state. It is our opinion,

however, that the problem is not the state of the copper ion,

but rather the conditions under which the EPR spectrum was

produced. Specifically, the concentration of the protein

solution was too low to allow an adequate signal from the

copper ion-IgG complex.

Directions for Future Study

As a direct result of the variance of EPR data between

the Dwek, Baker and Hultquist, and our reports, a correlation

between experimental conditions and use of non-immune Cu(II)-

IgG versus immune Cu(II)-IgG should be pursued. At the pre-

sent time too little data is available to contrast these

systems.

Both EPR and ultrafiltration studies are recommceided to

conduct luture metal ion-IgG binding research. Using

Scatchard plots, bind.ng levels can be determined to accu-

rately e;timate the number and stoiciometry of unique metal

ion bindLng sites on the IgG molecule and its fragments.

Metal ions for consideration include those of this report as

well as others.
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The regional location, binding site amino acid sequences,

site symmetry, and distribution of the binding sites can be

best pursued by EPR and ultrafiltration using the fragments

of IgG.

This report noted some difference in the binding process

-that seems to be directly related to pH. This variable, as

weLl as determination of the KD for each binding site, re-

quires further study.
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APPENDIX A

Discussion of Crystal Field Theory and EPR Parameters

Five transition metals are of interest to this research

effort. Their electronic characteristics require defining

with relationship to their predicted, observed, and reported

EPR behavior. All are d orbital metals.

The EPR spectra are analyzed to distinguish the iso-

tropic curves from the anisotropic curves, Isotropic curves

indicate free ions, while anisotropic curves indicate bound

or hindered movement of the ions.

The electronic configurations of each metal, in high

spin state and low spin state, are shown in Figure 13. A

high spin state refers to the metal ion influenced by a weak

ligand, a weak crystal field. A high spin state approaches

a free ion configuration, where the electrons stay spread

throughout the entire set of d orbitals. A low spin state

refers to the metal ion influenced by a strong ligand, a

strong crystal field. In a low spin state the electrons tend

to crowd together into the more stable orbitals. Thed orbi-

tals have two subsets of orbitals, the eg and the t underI g 2g

an octahedral (0 h) ligand field. The t2g orbitals are filld

firit in a strong 0h crystal field, while the eg orbitals are

higlher in energy and less stable, being fillea last, as nec-

es~dP'y in a strong 0h ciystal field.

In a weak crvstal 0 h field, both the tg and the eg orbi-

tals contain electrons.
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Metal Ion V4 + (VO+2) Cr+3  Fe+ 3  Co+2 Cu+2
Configuration di d 3  d5 d 7  d 9

i _ _ _e_ _ _j__

high spinJ t~g ft-- _ f--t J_- li

A-LA

low spin-

Figure 16 Metal ion configuration, high and low spin
states.

As shown in Figure 16 , there is no electron spin differ-

3

ence in spin state6 for a dI, a d , or a1 d metal ion. In a

d and a d metal ion, however, there i, a kdifference between

la high and a low spin state.

Genevallv, a low spin state denotes a s1roneg ligand field

while a nisi• spin state denotes a weak ligand field.01

Electron ptramagnetie resonance takes advantage of the

electrou spin ;tate in the orbitals t,, and e,. To briefly

expl,,.Ln, sorer' terms dnid their relationships a.re prosented.
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r The following equation describes the magnetic effects on spin

and orbital angular momentum of an electron.

E = hv = gHme + Amhnn

AE is the energy difference between the electron spins

in a magnetic field

h is Plank's constant

v is the frequency of the microwave signal providing

energy to the system

g is the Lande' splitting constant

0 is the Bohr magneton constant

H is the magnetic field strength

me is the total electron spin number

The term gSHme is called the Zeeman effect, while the

term Amhmn is called the Fermi contact effect.

The Fermi contact effect describes the interaction of t'.-

electron and a neighboring nucleus. This appears on the EPR

spectra as hyperfine and superhyperfine splitting. Super-

hyperfine splitting will not be considered in this uiscussion.

The Zeeman effect describes the energy difference betweensi

thE spin states of the electron. In practice, v is set to a

known value and H is measured from the spectra. This al ows

g to be calculated and is the reported value. For a free

electron, g is equal to 2.0023.

The calculation of g values and coiaparison with ot•ter re-

ported g values allows the investigator to make certain
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asses;sments (f the ion's magnetic properties, since g is

directly related to the magnetic moment, P . Using g values,

the investigator can also make interpretations of the symetry

and strength of the ligand field in terms of magnetic spin

levels and crystal field theory.

One additioral term must be introduced. A, the hyperfine

splitting constant, is measured from the spectra and is the

distar-e, in gauss, between the hyperfine and superhyperfine

peaks. Evaluation of A allows interpretations to be made of

the electron spin-nuclear spin interactions. These inter-

pretations are reported values and can be compared with

other values and help to shed light upon the electron's par-

ticular environment.

In summary, EPR spectra are analyzed to determine type

of curve, either isotropic or anisotropic, and the magnitude

of the g values and A values. These three determinations

allow one to describe the basic ligand environment of the

metal ion and interactions of the electrons on the metal ion

wit!h its immediate chemical environment.
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