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and the amu, beta, and p— glmxs.m Serum slso conteins varicus
metal ion constituents, mmsnmmmum,mm, iren,
ww,mmmmmmmwwmmmmmm.
© The sbiset of this imvestigabion wes %o dodarnine the Muman serun
WW(&M@#} ussoolsbed with each of the four metel
tons, mmmmw thoe problem involved moving boundary
sslective stalning techaiques, ad eguilibrien dlalysis mw.
tain, calelus, magnevimn, ivom, and copper were perforaed en the sers
of 21 nowmal sdall husans, When the remilie were tabulated snd stuadied,
it sppeared that the following lonwprvbedn asasviations
(1) calefws with albumin end globuling, (2) magresios with albusin,

(3) iren with bets globmlin, snd (L) copper with gamma globulin,
followsd by selective staining procedwees for protein and the various
metal lons, Caloiun was found %o be present in all proteln components,
Strip elution techniques indieated that albusin (about 2/3 of the total
protain) and gmmma globulin (epproximetely 1/6 of the totel protein)
centriduted equally in binding 2/3 of the total bound caloium.
Hagnesinm wap alao found in all serum preteins, Iron gppeared o be

Paper eloctrophore




presunt only in beta globwdin, while capper and sinc seemed to coour
carbonsbe, chlerido, sd suifate on ssrwa proteins separeted by paper
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I. INTRODUCTION

The chemical literature contains vast evidence that a protein may
form: (a) a reversible metal complex, (b) an irreversible metal eomplex,
or (¢) both a reversible and an irreversible metal complex, The
ocourrence and extent of such binding have been demonstrated by various
experimental methods such as migration in an electric field, changes in
spectra, etc,

Human blood serum contains various proteins among which are albumin
and the alpha, beta, and gamma globulins, Some of the metal ion con-
stituents of this serum have been found to possess biochemical function,
Among these are calcium, magnesium, iron, and copper, The four metal
ions are all regarded to be protein-bound to some extent in human blood
serum, ‘

The object of this study was to determine and demonstrate the human
serum protein fraction (or fractions) associated with calcium, magnesium,
iron, and/or copper ions, The investigative approaches involved two
types of electrophoretic anslysis, chemical analysis, and equilibrium
dialysis. One method of electrophoretic analysis utilized the moving
boundary technique for serum protein composition together with chemlcal
anslysis for serum metal ion content, It was assdmed that the corre-
lation of results from these analyses would be indicative of specific

protein-ion combinations,



The other method of electrophoretic analysis utilized serum
protein separation on filter paper with subsequent selective staining
to locate protein and metal. If protein and metal were found to migrate
together, 1t was presumed that they were associated. Exhaustive di-
alysis of protein solutions together with chemlcel analysis were per-
formed to substantiate information on protein-metal ion associstion,



TI, HISTORICAL
A, Binding of Metal Ions to Serum Proteins

This review is limited chiefly to studies concerning the binding
of calcium, magnesium, iron, and éapper with human serum or plasma and
isolated blood proteins.

- 1. Osleium, -~ By the wmethod of compensation dialysis (69), it was
reported in 1911 that about LO% of the total serum caleium was non-
diffusible, The observation was published by Rons amd Tekahashi (83),
and they suggested that this amount of calelum was in some way irre-
versibly protein<bound, In 1931, Greene and Power (35) accomplished
compensation dielysis in vive by commecting the dialysis tubes to the
femoral veins and arteries of dogs. They estimated the bleod calcium
to be 35~45% bound, A& year later, Nichelas (71) reported 36% of the
total serum calcium to be nondiffusible as determined by ultrafiltration,
~ while Watchorn and McCance (101) found L3%., Todd (99) in 1941, stated
it to be 53%. These varietions in result might be attributed to dife
ferent experiméntal eonditiens involving pressure and time.

Equilibrium studies of iselated human serum albumin and globulins
with caleium were made by McLean and Hastings (68) in 1935 and by Weir
and Hastings (103) in 1936, while Drinker, et al. (21) in 1939, used
equine globulins, All suggested that the complex betwsen calcium and
the respective proteins canm, as a first approximation, be described by



&plying the mass action law. The expressien as given by Alberty (3)
to represent such a series of ion complexes PAy (x varies from 1 to n)
in equilibrium with free protein P and interacting ion 4 is:

Ky = Pho/Phy + 4

In general, the calcium studies indicate that one~third to one-half
of the total serum calcium is irreversibly protein-bound, Both albumin
and globulin are capsble of binding calcium reversibly.

2, Magn egium, -~ Of the four metal ione herein considered, magnesium
hes been the least investigsted., The veason for this may be due to the
agsumption that its properties are like these of calclum since the two
have similar electronic configurations. Also the lack of interest in
magnesium with respect to human pathologles and lack of sensitive ana-
1ytical methods for its determination may be additional factors,

By in vivo compensstion dialysis, Greens and Power (35) in 1931
ascertained the binding of magnesium to be 35-45% of the total, the same
as that cbtained for calcium, Howsver, the next year by ultrafiltration
techniques Watchorn and MeCance (101) determined that only 25% of the
total wes bound, in contrast to L37 for calecium.

3. Iren, -- Barkan (7) observed in 1927 that less than one-fourth
of the total iron in human plasma was non-dialyzable., Ten years later,
the same investigator with Shales (8) demonstrated that when serum was
one~half saturated with ammonium sulfate, the iron coprecipliated
quantitatively with the globulins. In 193L, Fowweather (28) obtained



1.5+2,5 times more iron from ashed serum than frem the protein-free
ﬁltéate. Kitzes, ot a. (47), noticed in 1947 the equal distribution
of iron betuaen filtrate and precipitate upon trichloraeatic acid
treatment of serum. In the same year, Holmberg and Laurell (43) (in
contrast to Barkan) reported that the iron-bonding serum component was
not precipitated with ammonium sulfate, They concluded that iron was
bound to albumin as did Eisler and co-workers (24)., The latter, in
1936, fomzd iron m&grated with albmnin during muv:!.ng boundary electro-
phoresis of serum protsins‘

Cohn (16) showed in 1948 that serum beta globulin combined with
iron ﬁo form & pink eamplax; Fgur years later, Koechlin (53) demon-
strated that the rsantién involved one mmlecule of ths gi&bulin with
one or two atoms of iron,

Many reporta in ths literature on thisz aubject show contradiction
or confusion, Although they sgree that iron is partielly protein-bound,
it hes not been established whether the protein involved is albumin or
globu.lin; Serum be’t-a globulin has been shown to combine with iron,

L. Copper. -- Warburg ami Krebs (100) discovered in 1927 that
copper 1s loosely bound in serun and that binding is altered by lowering
PH. A year later, Abderhalden and Hﬁl;er (1) stated that copper was
not dialyzable, lﬁ 1937, Boyden and Potter (9), who concluded all
plasma copper wﬁa(bound, in&@étigatad the effect of changing pH with
hyﬂroéhlorié and sulfuric acids. They suggesied that bound copper
eccurréd in more than onse form.

Eisler, 22.2&4 (24), investigated the migration of copper during

electrophoresis of serum in 1936 and came to regard it as bound to



albwmin, However, sccording te the 1947 report of Holmberg and
Laurell (43), serum copper was coprecipitated with the globulins by
one~half saturation of serum with ammonium sulfate.

Tanford ($3) in 1952 analysed bovine serum albumin polarcgraphically
in the presence of divalent copper and determined complex~formation.
Klots and co-workers (52) confirmed this finding in 1955 with bovine
albumin by sbsorption spectra anslysis, but could not deteet a like
reastion when human albumin was employed.

By radicsctive isotope tracer techniques, Wollf, et al. (105), in
the same year, also found specles differences. They decided that copper
transport in serum involved nonspecific loosely~bound eomplexes., An
autaxﬁ'mtim of human serum protein precipitated by heavy mebal ions led
Astrup and assoelates (5) to dhe discovery in 1954 that gamma globulin
bound ths cuprie ien firmly and irreversibly.

In 1938, Mamm and Keilin (66) isolated a metal protein complex
from horse serum (hasmocuprein) which had a 0.3L% copper content. Ten
yeers later, Holmberg snd Laurell (Ll) isclated a similar protein
(ceruloplasmin) from human serum and characterized it as a metallo-
globulin,

Coln {14) demonstrated in 1948 that a human serum beta globulin
corbined with copper to form a blue-green complex, In 1952, Keechlin
(83) observed that the resction seemsd to involve one molecule of protein
with one or two atoms of copper,

These studies show that all serum copper is bound in the species
investigated, It may or may not be assoclated with albumin,



In contrast to bovine, human serum albumin does not react with copper
ﬁhe'mal beta globulin does, A coppereglébulin compound has been iso~-
lated from Imman and equine sources, Oamma globulin binds divalent
copper irreversibly,

B, Electrophoresis

1. Moving boundary., =~ The need for effective separation and

enalysis of serum proteins has been uniquely met in electrophorsais.

4 chemical method is insdequate to deal with such mixtures whese com-
ponents are similar and whose distinctive properties may be destreyed
by their chemical mepavation. The physical method, electrophoresis,
uses the characteristic charge on esgh protein and the electrical forces
applied sre sssumed to be harmless.

In 1937, Tisslius (95) described an apparatus which made possible
the study of protein mixtures, Optical systems, wtilizing the
Schliersn lens, were soon adspted by Longsworth (62), Philpot (7h), and
Svensson (91) to simplify quantibetive analysis. The extensive use of
electrophoresis in biology and medicine is shown by a bibliography
published late in 1955 which lists 3200 papers (L2).

In moving boundary electrophoresis, a sharp initial boundary between
protein and solvent is formed and obgerved ss an electric field is
applied. If the protein is homogeneous in mobility, the boundary
remains single, If a wixture of proteins 1s present, each may move at
a different spesd depending on its charge. The initial beundary may

separate into several boundaries, each representing a protein of



different mobility., The mumber and position of the boundaries are
observed by change in refractive index produced by change in protein
concentration,

In the guantitative Tiselius electrophoresis procedure, the pro-
teins are separated and the pattern they form is photographed and
enlarged, Ordinates are drawn from the lowest points between two pesks
to ihm baseline (98) and the areas under each of the peaks are measured,
If the specific refractive increment of sach protein is known, the
eoncentration of the components in the mixture can be determined,

| Application to gerum proteins, In 1937, Tiselius (96), using 'y
basic phosphate buffer, found purified horse ssrum globulin comtained

three fractions which he named slpha, beta, and gamma in the order of
their mobilities, The next year, Stemhagen (89) showed humen serum
contained albumin and three globulins simllar to the squine,
Longsworth (64), in 1942, smploysd & more basic barbiturate buffer to
resolve alpha globulin into two fractions which he designated alpha,
and alphag.

GCohn and associates (12 »13,14,15) have used slectrophorstic analysis
as a comtrel method in fractionation, They obtained purified fractions
dnd information correlating chemical and bicloglecal properties with
electrophoretic behavior. Tiselius (97) found antibody activity in
gamma globulin and noted immune serum had mors of this component than
normel. By correlating chemical analysis with electrophoresis,
Longsworth and MacTInnes (63) showed thet serum lipid was associated with



beta globulin, 8eibert, et al. (86), reported concomitant increases in
polysaccharides end alpha, globulin,

Seram pro The mobilities of serum

proteins and the number of frections resolved electrophoretically

depend upon :L_pn specles, pH, and ionis strength of the buffer, Thusly,
Tiselius (96) frastionated alpha, bets, snd gemma globulins in phosphate
buffer of pH 8.0, while Longsworth (i) reselved alpha globulin into
alpbe, and alphag in barbital buffer ef pH 8.6, In 1951, Fischer, st al.
(27), showed beta globulin consisted of two protein entities in a
barbital~caprylate medium, These differences in mobility and resolution
have been attributed to resctions of buffer snicns with proteins (3).

- Electrophoresis has been used to imvestigate resctiens of proteins
with other substances. Patierns and mebilities are obtained before and
after equilibration with the reactant and changes indicate reaction,

By thess techniques, Rawson (78) in 1943 reported albumin was the only
human plasma protein capable of reactien with disgo dyes. Two years
lgter, Putnam and Neurath (76) showed the combination of isolated equine
serum albumin with detergent anioms. Alpo in 1945, Ballou and associates
(6) eencluded anion~human albumin assoclation from studies with salts of
the lower fatty acids. Alberty and Marvin (2) in 1951 found bovine
albumin combined with ehleride ion.

Their findings confirmed the equilibrium dialysis results of
Scatchard, et al. (B5), who etudied bovine albumin gombination with
chloride ion in 1946, Klots and co-workers investigated the combination
of the same protein with asosulfonate dyes (L9), sulfonate dyes (50),
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and methyl orange (51). Spectral analysis demonstrated reaction in
each case, In 1950, Karush (45), using dialysis, proposed that 22
binding sites per bovine albumin molecule were involved in reaction
with an anionic azo dye.

2, Psper elestrophoresis., The high cost of moving boundary
Tiselius electrophoresis apparatus has precluded its use by many ine

vegtigators, Howsver, the development of simple and compara’éively
inexpangive cquipmsnt uging paper saturated with buffer as a separation
medium has made this techrique more widely available.

In 1939, von Klobusitsky and Kénig (48) observed the migration of
& yellow chromoprotein from a snake venom on paper in & lowsvoltage
direct current spparatus. Several years later, independent and almost
similtansous studies led to the development of several typss of apparatus,
Requisite %o any type aret two vessels containing buffer and elecirodes,
paper which bridges the vessels and dips into the buffer, a source of
potential, and an enclesure to decrsase evaporation. To demonstrate
the practiesbility of the procedure, in 1948 Wieland end Fischer (10L)
separated amino acid mixtures with a simple catenary paper suspension,
Durrum (22) extended the technique two yeare later to peptides and serum
proteins using a ridge-pole suspension, Alse in 1950, Cremer and
Tigelius (18) desoribed a sandwich~type apparatus in which the paper
wae held between glass plates and immersed in chlorcbenzeme. This wes
goon modified to eliminate the chlorobenzene by clamping the paper
between plates and sealing the edges (58). MeoDonald, st al. (67),
designed an apparatus which held the paper taut and horigzontal on a

plastic frams. .
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Besides lasolating the paper from the atmesphere to decrease chromato-
graphic effects, the sample wes gpplied to paper pre-wetted with buffer,
Liqaidﬂl_.evels in the bu‘ffa»r“vafaa_e;g were maintained equal by means of a
connecting tube. Some investigators have advocated temperature control
(18,56,57,67). In the eleotrophoresis procedurs, a drop or streak of
serun was placed on the edge of the paper, direct current was applied for
& pericd of time after which the paper was removed from the apparatus
and dried, Separated 'componenw were located by a specific protein dye
and estimated by dye elution or direct demsitometry of the paper.

Parallel studies of the paper and moving boundary electrophoresis
methods have met with various degrees of success. Some investigators
found it necessary to use derived factors to achieve comparability
(18,33,56,58,88) . Others reported that rigidly standardized techniques
of sample applicetion, drying, and dyeing gave comparable results
directly (30,36,40,5L,61,65).

Selective staining of parallel strips for protein and for lipid or
carbohydrate content substantiated sarlier correlation studies using
moving boundary apparatus and chemlcal analysis, The concepi of serum
lipid transport by beta globulin (63) has been confirmed (23,25,59,72,
84,92)., 8imilarly, the carbohydrate~alpha globulin association (86)
has alsc been demonstrated (55).

Protein ien interaction studies. Isotope tracer techniques combined
with peper electrophoresis have led to some interesting results, Thus
in 1952, Kéiw and Gronwall (55) eorroborated the formation of the
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iron~beta globulin complex as reported by Cohn (16) in 1948. Iodine
traneport by elbumin and alpha glebulin was reported (60,82), while
gold was found to be associated with the alpha and beta globulins (87).
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III, EXPERIMENTAL

A description of the apparajpus_ » materials and reagents, procedures,
and results will be prssent.ﬁ in%th:via Qsction. All solutions were pre-
pared with reagent grade or C. P, chemicals, unless otherwise specified,
Each solid was weighed on an Ainsworth chain'weightbalunce and dissolvec
in water distilled from glleglass apparatus. A1l photometric measure-
ments were made with a Cenco<Shesrd-Sanford Photelometer, Computations
were made with the aid of a Fridén calculating machine, |

A. ippazatus
1. Moving Boundary Elsctrophoresis

The Tiselius apperatus and aocessories were purchased from the
American Instrument Compeny, Inc., Silver Spring, Maryland., Included
were the Aminco-Stern cieetraphoreaiis instrument (Figures 1 and 2),

dialysis units, moter driven compensator with syringe, three-~way stopcock

provided with rubber tubing, standard clinicsl cell with holder, silver-
gilver chloride electrodes, film holder, enlarger=darkroom unit, and the
Keuffel and Esser compentating pala:é planimeter.

2, Paper Elactrophoresis

The LEB apparatus consisting of a power unit and horizontal strip
equipment (Figure 3) was purchased from Ivan Sorvall, Inc., Norwalk,
Connecticut, A& wooden rack held the paper horigontal while it was dried



with the aid of an infrared lamp. A 10 x 16 insh Pyrex cake pan was
used to contain the various staining solutions,

3. Exhaustive Dialysis

Dialysis units were the same es those used for the moving boundary
procedure previously mentioned, ZBach dialywer consisted of a Pyrex
ceylinder (4 m&n diameter x 6 inch height) with & removable stainless
steel cover, Details of design were given by Reiner and Fenichel (79).

B. Materials aud Reagents

1, For Moving Boundary Experiments

a; m - ?aﬂieipating subjecta were 21 normal edult humans,
15 female end 6 male, aged 20~5L years. Seventy~five ml. of blood was
érawn from éaeh fgating subject by venepuncture into three sterile
ayringas; The ’b].o-od was transferred imdiaﬁely to test tube, allowed
to clot £m to three hours, and centrifuged 15 minﬁtea at 2,000 r,p.m.
The supernatant serum was -siphqn@d off, eentr;tfuged, and decanted into
sterile test tubes. If not %o be used imnediately, serum was deep-
freegze stored at ~5°, Aceording to the data in Table I no significant
change in protein or metal ian céntuem oscurred during such storags.

b. Materials for electrophoresis. |

Dia.ly‘sis meubrans, -~ Visking cellulose tubing 1 1/8 inch flat
di#me’ser was uged ;roi- serum .dialysis. |

Buffer, ~- Veronal buffér( of pH 8.6 and p 0.1 described by
Longsworth (6L) wes prepared by dissolving 5.526 g. diethylbarbituric
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acid (U.&.P.) and 61.85 g. sodium diethylbarbiturate (U.3.P.) in three
litera of mter. - |

8utuuted potusium chlnride. - This solntion of electrolyts,
Mtrmced in’w 1kshe elee’erodm vessels s Berved as a salt bridge.

Film. - Smhliarm csylindrieal lens pa%arm were recorded on
b, x 5 :l.mh Eas'mm Santras’c Process Panchromatic f£ilm,

 Photographic solutions, -~ Kodsk D-§, SB-1, and Fe5 were used in

£ilm prﬁuesaing. | ) , |
7‘ i‘ . Reagenﬁa fm‘ the biumt. mathod were prepared

Ce __ratein}

as diracted by Kingalay (h&) and Weﬂ.ahmlbamn (102).

Standard protein wlnﬁion containing 6.61 g, protein per 100 ml.
wag prepared Yy dﬂ.luting two ml. krmm'a Protein Standard Soluﬁion
(9.91 g pm’bein per 100 ml. dstamined by micm»Kjeldahl enalysis)
with one ul. water. _

Sodium sulfate, 23% (w/v), was prepared by dissolving 230 g, of
anhydrous solid in water and diluting %o one liter, This solution was
stored at 37°%. | \

Stock biuret reagent was made by disanlving 45 g. sodium patassium
tartrate, 15 g. cupric sulfate pentahydrat&, and 5 g. potassium jodide
in 0.2 ¥ godium hydroxide made ﬁo. one 1:!;'&.@3:';

Wdrl;ing biuret reagenﬁ one fifth the concentration of the stock
solution was yrspared from 290‘ ml by dilution to one liter with 0.2 N
aodium hydroxide éentwling 5 g. potassium lodide per liter.

- Metal lon analytical reagents..
Qaleium, -~ The mgenta given in the Glark-collip modification (11)

of the Krmuer—trinda:tl method (56) were md. They are as follows:
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Mmonium oxalate, 4% (w/v), wes prepared by dissolving L g. in
water and diluting te 100 ml,

. Ammoniuwnm hydroxide, 1.2% (v/v) was obtained by diluting 2 ml,
concentrated reagent to 100 mi, .

Sulfuric aeid, 2 N; was prepared by diluting 56.6 ml. concentrated
reagent to ene liter,

Potassium permgngenate, 0.0 N, was prepared and standardiszed
againet a weighed samownt of sodium oxalate,

Magnesium, w- Bolutiens desoribed and used by Garner (31) were
employed in this anslysis..

A stock standerd (1 mg, magnesium per ml.) was prepared by dissolve
ing 10.13 g. magnesiun sulfate heptahydrate in water, adding 0.5 ml.
chlorofors, gnd diluting te ome liter.

The wrking standard (0,02 mg, megneaium per ml,) consisted of
2 ml, of stock diluted to 100 ml,

Trichloracstic asid, 10% (w/v), was cbiained by dissolving 100 g.
in water and diluting to one liter, ,

. Gum ghatdd, ea 0.1% (w/v), was preparsd by suspending overnight
1 g, of selid tied in muslin in one liter of water., The regidue was
discerded and 2 ml, chloroform added,

Titan yellow (Allied Chemieal and Dye Corporation), 0.05% (w/v),
wes mads by diseslving 50 mg. in water, diluting to 100 ml., and filter-
ing. This solution wes freshly prepared for sach determination,

Sodium hydroxide, L N, was furnished by disselving 160 g. in water
and diluting to one liter,
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Iron, <~ A1l reagent solutions except the standard were prepared
according to directions given by Kitzes, et al. (47). The standard
solution was made as described by Wong (106),

Iron stock standard (0.1 mg. iron per ml.) was prepared by dis-
solving 0,7020 g‘.. erystalline ferrcus smmonium sulfate in 50 ml. water,
adding 20 ml, 10% (v/v) sulfuric acid and enough 0.1 ¥ potassiam
permanganats to oxidise the ferrous ion, Dilution to one liter followed,

Working iren standard (5 pg. irom per ml,) was obtained by diluting
5 ml. of above stock solution to 100 ml, |

Trichlorasetic acid, 25% (w/v), was made by dissolving 50 g. in
water and dilating to 200 mi,

Parasnitrophencl (Zastman Kodak Company), 0.1% (w/v), was prepared
by dissolving 100 mg. 4in 100 ml. water,

Armonium hydroxide, 6 W, was had by diluting 80 ml. of ooncentrated
resgent to 200 ml,

Acetate buffer, 1.6 M, pH L4.58 (checked by pH meter), was prepared
by dissolving 33.4 g. suhydrous sodium acetate in 27.2 ml. glacisl
acetic acid and water and diluting to 250 ml, ’

Thioglycelic acid (Eastman Practical Grads, "95 + Z") was used
without dilution,

Alphs, alpha'~bipyridine (Fastman Kodak Company), 0.2% (w/v), was
produced by dissolving 0.2 g. in 5 ml. glacial acetic acid and diluting
to 100 nl, with water,

Copper, ~- The reagent sclutions described by Gubler and assoclates

(37) were used for this anslysis,



Copper stock solution (100 pg. copper per ml,) was prepared by
dissolving 0.3928 g. copper mfa.te pentahydrate in water and diluting
to one liter. ‘ , :

Two standard copper solutlons were prepared by diluting O.h ml.
stek to 50 ml. (0.8 pg. per nl,) and 1.0 ml. stock to 50 wl,

(2.0 pg. per mi.). o

Hydrochleric acid, 2 N, was cbteined by dilution of 85,5 ml. concen-
trated reagent te 500 ml,

Trichloracetic aedd, 20% (w/v), was prepared by dissolving 100 g.
in water and diluting to 500 ml. .

Sodium pymphespmte, saturated, was obbained with 100 g. of solid
and200 ml, water, o ‘

Soddum cifrate, saturated, wae preparad by adding 350 g. to 200 ml.
water. _ | »

_ Ammonium hydroxide, 39% (v/v), was obtained by diluting 200 ml.
concentreted reagent with 100 ml. water, ,

Sodium diethydithiccarbamate (Fisher Scientific Company), 0.1%,

was preparsd by dlissolving 100 mg, in water and dilubting to 100 ml,

2, Materials and Reagents for Paper Eleetrophemsis

a. Serum, - Portions of the same humen bleod serum as described
for the preceding experiments were used. |

b, Buffer. -~ The Longsworth (6L) pH 8. 6, p 0.1, vercnal buffer
was employed, It was uped with Whatmen No. 1 paper cut to 18 x Lk om,
ractangular sheeis as the supporting medium,
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e Px‘cte‘in‘ sted.n. — Tha'b‘rompheml blue staining bath and rinse

solutions as described by Durrum and co-workers (23) were used.

" The bath was prepared by dissolving 100 mg. bromphenol blue
(Wutritional Biochemicsl Corporation) in 50 ml. glacial acetic acid,
adding 50 g. mavreuric chloride, and diluting 0 one liter with water.
 Aestic acid, 2% (v/v), rinse eolution, was obtained by diluting
20 ml. gl'écm acetic aeld m one 1liter,

Soddum acetate, 0.5% (w/v) in acetic ucid, prepared by dissolving
5 g in oné 1iter of above 2% scetic acid, was the final rinse,

Ethmol,"ﬁ% (v/v), m‘ used to slute the fixed stain.

d. Metal ion gtaim reagente.

Calcium, -~ The alizarin red § histochenical stain developed in
1952 by Dehl (19) was employed to locate calcium upon the filter paper.
In 1955 R Natelson and Penniall (70) demonstrated that the calcium-

alizarin eclor in solution cbeyed Beer's law,

Aligarin red 8 (Bberbash & Som Company), 1% (w/v) was prepared by
dissolving 1{? g, in a liter of water containing 1 ml, concentrated
amanium hydr:o:dde. | o

' Ammonium hydroxide, 29% (v/¥), obtained by diluting 500 ml, con-
centrated reagent with 500 xl, water, was uged for elution.
 Magnesium, -~ Ths staining solution for the idemtification of this
metal ion upon filter paper was of the following composition:
56 nil. 0.1% (w/v) gam ghatti
3L =1, 0.05% (w/v) Titan yellow
112 mil. L ¥ sodium hydroxide,
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These three reagents were smong those used in the Garner method (31)
for the colorimetric determinstion of magnesium in serum. The volume
proportions 1 ¢t 1,5 ¢ 2 4n the above order were tha same a8 those given
in Garner's snalytical procedure,

Iron, - A 20%(%) » potassium thiocyanate reagent used as a stain
for i:;e'n was prapared by disamlving 50 g. in 240 ml, water and adding
10 nl. mam-ama hydraehlarle: acid,

Copper, -« - The stain :Eor detecting this lon was obbained by mixing
the follewing solutionss

50 ml, uaturated aodium pymphesphate
5o ml, ‘eaturated sodium citrate
100 ml. 39% (v/v) amwoniun hydrexide
50 ml. 0.1% (w/v) sodium diethyldithiocarbamate
The above four reagents and the volume proportions of 1 31 18 2 3 1
were as used in the Qubler method (37) for serum copper determination.

3. Materials end Heagents for Dialysie

Dialyeis mesbrane. = Viaking cellulose tubing 1 1/8 inch flat
dismeter was used in all experiments., | |

Buffer, -~ The Longsworth (6L) pH 8.6, p 0.1, veronal buffer served
a® solvent for the solid protein fractions end as externsl liquid in
dialysis, | |

Serum. -~ Portions of the human sera as described for moving
boundary experiments were pooled both for dialysis and for the prepara-
tion of protein solutions Albumin II, Albumin ITI, and Mixed Globulins

which are described subsequently.
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Albumin I, -~ 4 lyophiliized sample of 9»9% human elbumin made from
the Cohn (15) Fraction V and labeled as rework #127 was cbtained from
the Blological Yroducts 8ection of the Divislon of Laboratories of the
E{ichi&m Bapartoment of Haalth. A 50 ml. mlnticn, designated Alb\min I,
wag prepared hry dissolving 6. 52 g of ‘blw material in veronal buffer,

_ Albwd.n II. -— Forty-eight g. amnima ml:rate was slowly added
wi‘bh s’oirring to 96 ml. pooled lmman sera, After 30-mimute cemtri-
i‘ugation? the clear -mpsmatam albumin solution was siphoned off and
i)lg_ﬁ@d in a Viék;ng dialysis sac. Pervaporation (94) for four days |
iosﬁlﬁsﬂ in depénit.ian of galt on the outside of the membrane vmich“m
removed by washing with water every 12 hours. When finighed there
remained 52 ml, clear protein solutlon within, This was labsled as
Abumin II solubdion and found to consist of 83% albu.min by electro-
phoretic aml;fsi&;. ) | » | o

Albumin III, == The protein solution referred to as Albumin III wes
obtained from 100 ml, of hmuman gerum by jl:.h@aloﬁ temperature methsnol
precipitatiéa procedure of ‘Pilimmr and H;Ltchinson (75) to remove
globulins, Following canpantmman by pafvaparmcn of the supernate
to 43 ml.‘, elactrophorstic analysls showsed the preparation to contain
93% albumin, , . ,

m:xed Globulins Tm.s preparation was made by dissolving the
P:l.llemr-»ﬁntchimn globulin precipiwt@ (abova) in a *ninimmx amount of
saline solution (0.9% sodium chlerids) and diluting to 50 ml, with

varonal buff@r.



Gamma @lobulin, -~ A rework semple marked as #104 made from the
Oohn (15) Fractions IT and ITI was also generously provided by the
Biologloal Products Section of the Division of Laboratories of the
Michigu.n Bepartmmt a!t Health, Electrophoretic analysd_s showed 97%

globulin A 50 wl, salutien wag praparad by dismlving 1.96 g.
of the lyophillized matsrial in 0'.1 o veronal buffer of pH 8.6, |
| Paper mip analartisal rsagema. «» The mame reagents as previously
desceribed for im‘t.el prc’wln and m:etal ien det&mﬁmtions in moving
boundary axparimnta were used,

C. Experimental Procadures

Resulis of mving bmmdax:y aleetraphnretic annlyais of protaina
have been cormlat«ed with ewt-ain M'.her serun eans‘bituems. Thus, in
1937 Tiselius (97) obgerved that seram high in garms glsbqun also gave
high values f.’or Mme bﬁéiea. This sarum pz‘o‘bain fraction has since
been uwd fur pretection againut paliamlmia s mmles » and hepatitis
and from :u-, several typma of antﬁ.badies have be&n imlatsd (3h4).
Longsmrbh and MagInnes (63) m'&m that serum wit.h high beta globulin
content poue&sed a urge munt af lipid and praposed that a lipo~
protein emmlm emimod. Seibert and co-workers (86) cbserved that
serun high in alpha, globulin also had a high polysaccharide content
and regarded the two ’ﬁo be agsociated. The existence of these globuline
lipid and globulin«mbohyﬁrafe eombimtionﬁ has been demonsirated
diree-%l'y by paper electrophoresis (23,25,55,59,72,84,92).
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- 1. Moving Boundary Methods

The ea:perﬁ.mental approach adopted for indlcation of protein-metal
ion aaseoiation imolvsd correlations between amounts of protein
aomponanta obtained by moving bou.mlary eleetrophoresis and metal ions:
present in serum, In this éoumétion, sez?am of 21 normsl hmmi subjectis
wﬁs used foi' imaatiga‘kian. B |

a. Elgct_x:gghoresis tac maa |

iagg:a__is. - Ten ml, seTun was dilutad with ten ml, of veronal
bm‘.‘fer to produce an approximate pretein congentration of 3,2-3.8 g. per
100 ml, The dilutad a&rtm wasg oamotically eqnilibrat@d by dialysis
against 800 ml. of the same Imffer sclution for 22; hours at 2°.

lwmmreais. - Buffer, ua‘burated potassium chlorme, and
&mlyzed sarum ma intru&ucad into the cell in the prescribed @ner.
By vimal obsewatian, initial bmmdaries were sst. twe cm. from the
lateral edges o}?‘ the sawen. mwtx-opmrssia at 15 milliamperes and
360 velt‘sh:m continued until' mmdmm se@axa‘bim oi; protein oﬁn@onents
 was aéhievéd. The time varied fro@ 90 to 120 nﬁ.xmtes(Shm to 7200
aeconds); . o o |

| Photography. -- Negatives of aacending and descending patterns were

cbtained by four to five second m:.posurem of the pam}n'amaﬁc film and
proper pmcessing. Examples of msulting patterns are given in Figure L,
Enlarged 1mages s 3 X linear ma@ii‘ica'bion, were fraced on papar.
(see Figure 5)e

Patf.em a.reg,‘ meaaureman'b. - Ordirmtas were drawn on the enlarge-

ment from the minima between adjacant peaka to the baseline as suggested
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by Tiselius and Kabat (98). Eamch of these separated areas was measured
planimetrieally, Figure 5 shows an enlarged ascending pattern with
erdinates drawn, The equation for ealeculation i3 given in Appendix I,

Both aseending and descending patterns were meassured, The values
chbtained from the descending were discarded because some separations
were not distinet., (Bee Figure L) Ideally, ascending and descending
patterns wuld be mirror imsges. In practice, however, the pesks in the
descending patterns are not as steep, This may result in imcomplete
resclution ef albumin (the largest component) and alpha, (the emallest)
and of gamma globulin and the epsilon snomaly, & noaprotein boundary
which represents & buffer gradient that remaine near the initial
descending boundary.

The average of three planimetric determinations on the aseending
pattern of each subject is reported in Table IXa,

b, Total protein determination, ~~ The Kingsley method (46) with
Weichselbaum's (102) biuret reagent was used for total serum protein
determinstions. The procedure is based on the eolor reaction betwesn
peptide linkages and basic eopper sulfate, The determination involves
photometric comparison of the protein content of unknown humsn serum
with known bovine serum and assumes identical species response,

Suspensions of human and bovine gerum were prepared for total
protein analysis by mixing 0,5 ml. of each serum with 9.5 ml. 23% sodium
sulfate, Four ml., of working biuret reagent was asdded to each of the
followings first, 2 ml, water (blank); second, a 2 ml, portion of human
serum suspension (unkmown)j and third, a 2 ml. portion of bovine serum
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saspension (known). After 15 mimutes, the phosomster with green filter
(contral maximum 525 mp) was set to 100 with the blamk (I,) and values
were oblained for mman (I,) and standard bovine (I, ) sera, The values
ware couveried to sbsorbancy units by the relationship: Ay = -lo;gm,%ﬂ.
The equation for the caleulation of tetal serum protein is givan in
Appendix X, .

Figare 6a shows that the sonsentration-absorbancy relationship
follows Bear's law, The remults of serum protein analyses are reported
in Table IIb,

Ealgium, ~= The Clark-Collip modification (11) of the Kramer-Tisdall
(56) method was used, In this enalysis, calcium oxalate was precipitated
directly from dilute serum, cenverted to oxalic aclid, and titrated with
0.01 ¥ potasaium permanganste selution (L1).  Resulis are reported in
Table III. x

megium, - The method developed by Garmer (31) for gerum or plasma

wag employed, Basically, the procedure involves the release of magnesium
associated with serum proteins by scid dematuration and precipitation.
The formation of a colored complex between magnesium and Titan yellow

in the filtrate allows the pholometric comparison with standards.

Four ml, serum was mixed with 8 ml, water and 4 ml, 120§ irichlor-
scetic acid, allowed to stand five minutes; thenm the filtrate through
Whatman No. L paper was collepted, Two magnesium standards (corres-
ponding o 1 and 2 mg. per 100 ml, serum) were also prepared; ons
contained 1 ml, working standard and 5 ml, wmter, the other 2 ml. working
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standard and L ml. waber, A blank consisted of 6 mi, water, Twe ml,
trichloraceiioc acid was added to eseh standard and the blank, One ml.
A% gam ghatti, 1.5 s, of 0.05% Titan yellow, and 2 ml. L ¥ sedium
hyéroxide were added to sn 8 ml. portien of collected serum filtrate,
standards, and blank, After setting the photometer (green filter) to
160 with the blwk, readings were sbtained for serum and standards.
These results were converted to absorbancy unlts as previously described.
A linear curve from the {wo stendard sclution values was constructed
showing magnesiuvm ion eoncentwation in mg, per nl. versus corress
ponding sbaorbancies. 8ince the mtandards were prepared as sbove, gerum
econsentrations within this renge were resd direetly from the curve.
Figure 6b is a typiecal standard abso
enalytical results are given inm Table III.

Iron, == The colorimetrie method for serum ferrie ion analysis

ancy curve for magnesium, The

described by Kitses and asseciates (L47) wus utilismed, In prineiple, the
nethod invelves the heat releass of iron from protein, pH adjustment of
the protein~free supernate, reduction te the ferrous state by thio-
glycolic acid, and developmen
alpha'~bipyridine,

Three ml. water was mixed with L ml. humsn serum in a cenirifugs

t of a eolor by this form with alpha,

tube and heated to opacity in a boiling water bath., After cooling in

a 5-10° water bath, 2 ml, 25% trichlorasetic acid was added and contents
mixed, The tube was next heated in & 90~95° water bath for 3 mimites and
sooled again., After 5 mimmbes of centrifugeatdon at 2,500 r.p.m., the
supernate was decanted into a 75 ml, Nessler tubs pre-calibrated to a



15 ml. volume, The protein residue in the cemtrifuge tube was washed
with 4 ml, water and 1 ml, trichleracetic acid, Then the afore-
deseribed procedure was repeaied, The washing was combined with the
origingl supernate, &b this point, standerd ferric ien solutions were
prépared in similar Nessler tubes by ismtrodueing 1, 2, and L ml, working
standard {eontalning '5 Bg. per nl,) and 3 ml, trichloracetic acid.

A blavk consisted ¢f 3 ml. of bhe seid,

A drop of 0.1% para~mitrophensl indioztor was added to the serum
filtrate, the 3 standards '« fomenium hydvoxide (6 N) was
added dropwise to each soluition until yellow, After adding 1 ml. of -
pH L.58 acetete buffer, water was suppiied to mske a thoroughly mixed

total volume of 15 ml., Finally, two dreps of thioglycolic ecid emd 1
ml, 0.2% alpha, alpha!-bipyridine reagents were added to easch tube,
The photometer with green filter was adjusted to 100 for the blank,
and veadings for gerum and the 3 standards were recorded. These were
converted to sbsorbancy units and a standard curve was drawn es is
presented in Figure Ta. In order to express serum iron in pg. per 100
ml. serum, the inberpolated concentrations were mmltiplied by 25.
Analytical findings for serum iron content are presented in Table III.

Gepper. -~ The progedure deseribed by Gubler, et al. (37), wae
adspted for the determination of @erum copper. Essentially, it in-
volves the release of copper frem protein by acid and subseguent protein
precipitation, Pyrophosphate and citrate remove interfering iron and
& ovlored copper-carbamate ccmplex is produced,
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Two ml. serun wes mixed with 2 ml. 2 N hydroechloris acid and
allowed to lﬁmd 10 ntumf«eli. Ypon the additiun of 2 ml, 20% tri~
ahlnrwetﬂ.c a.cid, nx!.xing and s“amd:ing time were repaated Fallovd.ng
1S mimrtes of cmtﬂm@tian at 3,&00 r.p.m,, the supernate was decanted
into & 1 x 9 mn. test 'b'abe. Two ml, of 2 ¥ hydrochloric acid amd 2 ml,
20% trichlara.aetie acld ware almo addad to 2 ml, of each of tm atandard
copper solutions (0. 8 and 2.0 pg. per ml,) and to & 2 ml, water ble.nk
All tubes emtaimd s volume of 6 ml, Four ml, portiom of sbove serum
mpamte, standarda » mei blank wore transferred to photomster cuvettes,
Four-wntha ml. aaﬁm'ated smiium pyrupheaphaw, 0.4 ml. saturated sodium
citrata » and 0 8 ml. 39% mmonium }wr}.rmd.de were added to each cuvette,
Fallauing mixing and ae‘btiug; the photomt-er with blue filter (cem:ral
maximom 410 mp) to 100 wi’e»h the blank s readinga in the sbsence of color
reagmt wers noted far aerum and the standurda (Ia) to correct for the
innate eulor of the serum filtm'be.

Four-—tenfbha ml. .1% mdimn diathyldithioc&rbmte was addsd to
all cuvettes anci the sscond set of photometer readings was obtained (T2).
Remults were converted to absorbancy unita smd tabulated as Ag, and hAga
‘valuea fbr before and .after color‘ davélﬁpment of serum and standards,
The caloulation of the quentity (Agg-Asif), the color sbsorbancy of the
ceppsr~carbm% cowléx corrected for volume change, ise shom' in
Appendix I, From a'plcé-, of (Agg-Agyf) versus pg. copper/100 ml, which
results in the s‘bandard curve, the serum copper content was read
directly Figura i illustrataa such a standard copper curve, Resultis
of detamﬂ.mtians o,f: serun aapper values in pg./100 ml. are given in

Table III.
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2, Procedures for Paper ‘Elactrophéreais and Staining

8ince direct demonstration by iscleticn of human serum lipo- or
glyco=protein fractions upon paper had been accomplished, it was desmed
feasible to extend this technique to metal ion-proteins. Filter paper
alqetrqp@omj.q vas uged to separate the serum proteins, Serum samples
from the aforementioned 21 normal sub.jeeﬁ: were used in 38 paper runs.
From each sheet a s'&rip was stained to locate proteins and other strips
were stained %o lqcate metal ;L;ms, ‘ A

a. Electrophoresis, -- Six hundred ml, of pH 8.6, u Q.1 vercmal

bn:fgr was pleed in each electrode veasel of the psper electrephoresis
apparatus. A liquid junction, established between vessels by siphon,
maintained liquid 1wels. Paper was inserted and wetied by the buffer
solution Gue %o capillarity. 4 0.2 ml. sample of undiluted serum was
streaked across j_hhe end of the paper 8 om. from the horizontal edge
adjacent to the cathode. (See Figure 8), The varisble resistance was
adjusted to apply volts and 2.L millismperes. In all cases, ”
electrophoresis was contimued for 14 hours at 5°, The paper, removed
from the apparatus, was c}riad in air wi’gh the aid of an infra-red lamp,
Of the original 18 x L cm. rectangular sheet, the 10 x 30 om, mid-
section was retained and cut longitudinally inte five strips, each 2 om,
wide and 30 om, léng. (See Figure 9a).

b. Protein staining, -~ One 2 x 30 om. strip from a run on buman
serun was placed in 250 ml, of bromphenol blue staining bath for six
hom with occasional agltation. Rinsing as described by Durrum, et al.
(23) was accomplished by three S-minute immersions in 250 ml. 2% acetic



acld and a fina) 10-mimute immersisn in 250 ml, 0.5% sodium acetate in
2% acetic acid, The paper wes agein dried, The strip showed five blus
arese on a white heckground, Figure 10 indicates the locations of these
celored areas,

On the sume strip, as shown in Figure 5b, the line of sample appli~
cation and 0,25 em, either way was desipgnsbed as mero migration distance.
From this 0.5 x 2 em, ‘eres, transverse seguments (cross-pisces) 0.5 em,
wide were marked, assipnsd migration distences, and eut off for elution.
The stain from eech segment was eluted by a 30-mlmite immersion in two
nl, of $0% (v/v) ethanol, After photeometry {green filter) of the
segment eluates, & plet of mipration distance versus eluate sbserbancy
wes made, A resuliing representative plet from the paper elsetrophoresed
human serunm proteins is shown in Figure 11, The ecurve ig simllar to a
moving boundary pattern.

Quantitative analysis of the paper electropheresis pattern for
protein distribution followed the same procedure as that used in moving
boundary electiwophoresis. Ordinates were drawn from the minims between
pesks %o the baseline (zere absorbancy), separated arcas wers measured
with the planimeter, and the relative amounts of the serum proteins were
calculated,

c. Deteoblon of metal ions on psper, -~ Staining techniques upen

paper were sttempted for rumerous of the serun ions. In addition to
the four metal fons initially reported in this investigation, zinc was
also successfully located. No colors were cbtained when stains for
potassium, phosphate, carbonate, chloride, and sulfate were tried.
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Calgium, -- For qualitative work, a strip 2 cm, wide was immersed
two mixmtes in the 1% alizarin red 3 staining bath, rinsed briefly
{15 seconds) six times with water, and dried., Five orange-pink areas
oen & pale pink beckground resulted, Figure 10 shows the positions of
these caleiun-alisarin areas.

For the quantitative distribution of ealcium among the serum pro-
teins, a 6 x 30 om, strip was stained for caleium as Jjust described.
Migration distences (in 0.5 em, units) were marked as in the protein
precedure, The stain from each 0.5 x 6 em. segment was eluted by 30-mine
ute immersion in three ml, of £9% emmonium hydroxide, Photometry (green
£ilter) of sluates and graphing of results with migration distense were
done as previously deseribed for serum proteins, The findings are
represented in Figure 12,

Hagnesium., «» Several 2 x 30 om, strips were immersed in the Titan

yellow staining babh for periods of time ranging from two mimutea to

four heurs, No mebtter how long the immersion, red spots on a yellow
baskground were vigible only when the paper was wel with steining solu-
tion but dissppeared during drying., PFigure 10 shows the locations of
the c¢olored areas on the wet paper sirips.

Iron. -~ Another etrip from a serum paper elecirophoresis run was
stained in 20% thiocyanate solution fer 15 minutes, rinsed with five
changes of water, and dried, The position of the single pink area of
iron-thiocyanate complex that resulted is shown in Figure 10,

Qopper. =~ 4 2 x 30 om, strip was immersed for 15 mimites in the
diethyldithiocarbamate copper staining bath and dried, The position of

the one resulting pale yellow area is represented in Figure 10,
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o Bsteriesl. In 198l Pauli and Sehon (73) demonstreied en associ-

stion of aguine albumin with gine ien by conductivity meassurements.
In 1950, Cohn and ¢o-workers (17) reported that the addition of sing
ion to plasma effeeted protein precipitation with less alcohol and that
the sine gould he remgved gempletely tram the proteins, Gurd and
Goedman (37} in 1952 showed a totally reversible reaction whem human
serum albumin was eguilibrated with gine chlorlide selutions, The first
precipitate formed in the reastion of bivalent sine with human serum .
wes found to eontain albumin and gawma globulin by Ressler, et al. (81),
in 1954, Thus, it has been demonstrated that albumin and globulins
react reversibly with smine iomm.
_ v g remgante. The selutions to Jocate this ion on paper wers
prepared from divections givem by Gliek (32).

Sedium nidroprusside (Zastman Kodak Company, Practical Grade),
108 (wfv), was furnished by dissolving 25 g. in water and diluting to
250 ml.,

Potassiun sulfide "N.F.", 2,58 (w/v), was prepared by diseolving
6.25 g in 250 ml, waber,

Procedure. - A paper strip was steined 15 mimtes wlth 10% sedium
nitroprusside solution at 500. Excess reagent was removed by washing

15 mimates with rumming distilled water. A one-mimute immersion in
2.5% potassiunm sulfide ylelded a single lavender area, Its location is

indicated in Figure 10,
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Attempted spsstrographic snelysis for metal ions on paper.
Attempts wers made to identify spectrographically the metal ion residues

in serum proteins ssparated by paper electrophoresis. A 0.2 ml, serum
sample was separated on Hhatman No. 1 filter paper, and a 2 cm. strip
was stainsd for protein., The remsinder of the paper was cut into five
transverss segments each kmown { from the protein stain) to eontain a
single protein component. A blank run (with the same conditions of
buffer, voltage, time, sto.) using no seram was made and segments wers
cut. All pspers were drysashed and rnaiduéa transferrsd to cupped carbon
electrodes, BEmissien are spestra of the earben electredes (to correct
for electrode impurities), paper blanks (to correct for paper impurities),
and proteins were obtained with a Baumch and Lomb medium gquaris spectro-
graph., Examination of the spectrographic plate showed no significant
differences between the protein, paper, and electredes. The metal ions
of interest wers present as lmpurities in paper and electrodes.

Preguning that fallure was due to the minute gquantities of metals
| pressnt in 0.2 nl, of serum, one ml. of serum was separated on heavy M
Whatman paper, Frotein isolation, paper segmentaiion, and spectrographic
analysis ware repeated. Iine intensitlies obtained from blank paper and
proteiss were agein of the same magnitude, Hence this type of analysis
was abandoned,

3, Procedure for Exhaustive Dialysis

To determine the time necessary for exhaustive dialysis, the follow-
ing procedure was used. Two identical 30 ml. pools of undiluted serum
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(labeled 1 and 2) were equilibrated for seven deys at 2° against 650 ml,
of veronal buffer, Hvery 2 hours, the volume of pool 1 was measured
and 2 two ml. portion removed for snalysis and replaced by two ml, from
pool 2, The outside buffer liquid of each was ehanged deily. Analyses
for residual aaleﬁ:um, corrected for volume changes, compared with dialy-
sig time showed by plot that a.f“ber five dws no further removal of
ealc_:!.ugu scourred, {_l?igure 13),

The course of exhsustive removel o.fa the other ions, mgnésium, iron,
and copper, was presumsd to be the same, Other studies showed that they,
too, wers removed as completely as possible by five day dialysis,

After these preliminary genditions were established, five-day
exhaustive dialysis was performed upon the following gix labeled protein
solutions: Albumin I (99%, Cohn Fraction V), Albumin IT (83%, from
ammoniua sulfate precipitation of globulins), Albumin III (93§, from
methanol precipitation of globulins), Mixed Globulins (methancl pre-
cipitate), Gamma Globulin (97%, Cohn Fractions II and III), and whole
gerum, A 30 ml, portion of each of the above listed solutions contained
within a cellophane membrane was equilibrated at 2° against 650 ml, of
veronal buffer for five days by changing the outside buffer daily.
Determinations of total protein and magnesium, calcium, copper, and iron
metal ion concentrstions were made on dialyzed and undialymed portions
of each protein solution, The resulis of these analyses are given in
Table VI.



TABLE I

EFFECT OF DEEP-FREEZE STORAGE ON TOTAL PROTEIN

AND METAL ION CONTENT OF HUMAN SERUM
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Deys of Total R '

3torage Protein*  Caleium®  Magnesium®  Iron3 Coppers
0 7.00 @7 L é9 10
12 - | — | - 69 10
35 -~ | - 69 bk
60 7.01 P - - o
80 - 1{35 lth' —- -~
1@0/160 mllv o
a}ig./log mlh
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TABLE Ila

FLANIMETRIC ANALYSIS OF SERUM ELECTROPHORETIC
rmms FOR Em GP @1 HUMAN SBBJEG?S

Toteln Components

Number Gamma,
1 0.148
2 0.147
3 0.145
L 0.119
5 0,103
6 0.238m
T 0.155
8 o.12u

10 0.595 0.038%  0.067% - 0,107# 0,193
1 0.506n 0.065 0119 0,159 0.152
12 0.L73% 0.063 0.113 0,175 0.175
13 0.540 ©.058 0,107 0,129 0,170
14 0.528 0.060 ©.113 0.149 0.152
15 0.553 0.0k43 0.092 0.148 - - 0.164
16 0.603 0,048 0.090 0.151 0.108«
17 6,578 0.0UT 0.094 0.170me 0,112
18 0.5668 0,064 0,114 01673 0.188m
19 08550 0,032 0.053% 0,137 0.125
20 0.548 0.0768% 0,095 0.155 ¢.127
21 0.565 0.033% 0,098 0.122 0.183
4 0.561 0,054 0,099 0,136 0,151
s 0.052 0.014 0,018 0.025 0.033
T+e - 0,509~ 0,0L0- 0,081« 0.111~ 0.118«

0.613 0.068 0.117 0.161 0.184

«:‘Valnes less then
Values more than X +
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TABLE IIb

TOTAL PROTEIN CONTENT AND SERUM PROTEIN DISTRIBUTION
BY MOVING BOUNDARY ELECTROPHORETIC ANALYSIS

- Total

Subjest  Protein T Globulins N
Wumber  g./100 wl.  Albunin  Alpha,  Alpha,  Deta  Gemma
1 6,61 3,67 0.26% 0.56 1. Upst 6,98
2 6.70 3,85 0.36 0.73 0.78 .98
3 6'70 : 3053 ) 0;5‘8‘“ 0078 0.83 0097
s 6.97 412 - 0.38 0,B6wmn 0.89 0.72
6 6.88 3.28 . 0,50 0.66 0.80 1,6l
B 6.97 . L. 3l 6.35 0. 77 0.65% 0.86
9 7.17 k.31 0.37 0.60 0.88 1.01
10 7 60 L.50%% 0,29 0.51% 0.81 1.L6%n
12 6,61 3.13% 0.42 0.75 . 1. 16 1,16
13 6.61 3.57 0.38 0.7 0.83 1.12
il 6.70 3.50 0.40 0.76 1.00 1,02
15 7 37088 4.08 0,32 0.68 1.09 1.21
16 6.98. L.21 0.3k 0.63 1.05 O.75%
17 6.70 3.87 0.31 0.63 1,1l 0.7
19 7.07 L 63m% 0.23% 0.3 0.97 0.88
20 7. 26w 3.98 0.55m¢ 0,69 1.13% 0,92
2 7 o LGt k.21 0,25% 0.73 0.91 1.37ns
X 6,91 3.88 0.37 0.68 0.94 1.04
® 0.31 0.43 0.09 0.12 0,17 0.2
Tts 6,60« 3.45- 0,28~ 0.56= 0.7k 0,80~
7.22 Le31 0.6 0.80 1.11 1.28

& .
Velues less than X « o
*Rvalues more than X ¢ ©
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| TABLE ITI
RESULTS OF METAL ION ANALYSES

Subjeot Caletum ~  Maghesiwm - Irom Copper

Number - mg./100 ml,  mg./100 ml,  Ag./100 ml,  g./100 ml,
2 10,2 1.3 . 138 o
3 1 1l . 9l 128
L - 104 D 9L 70
g . 13.8 1.3 o 125 80
6 . 10,8 1.2 128 181
T 10.5 1.3 ) L7 70
8 C 1210 1,6 56 140
9 10.9 1.4 | 138 132
16 : B & O 1.4 - 69 20lpt%
11 10.3 1.6m% 9l 88
12 . 9.2% 1.2% 14 76
13 9.7 b WY 10 76
1l 10,3 1. 69 76
15 12,2s%n 1.3 119 76
16 10.8 L - 62 Lyl
17 10.9 1.5 168w 106
18 9. 7% 1.1# 72 _ 132
19 11,2 1.4 125 68
20 13.7 1.4 156m% 76
21 11.6 1.4 Séw 220w%
X 10.9 1.k 101 109
8 0.8 0.1 39 L9

Tzs 10,1~ 1.3~ 62m -

.1.7 1.5

140 158

*values less than X ~ &
Velues more than I + 8



TABLE IV

VALUES FOR NORMAL HUMAN SERUM
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Protein Components

Gamma,

Albumin Alphe, Alphag Beta Reference
0.533 0.080 0.104 0,138 0.142 86
0,603 : 0.0L0 0.097 0.128 0.132 90
0.568 0.072 0.087 0.128 O.1hl 77
0.560 0 oLs 0,115 0,160 0.120 10
0.601 0.050 0,093 0,115 0.1 29
0.561 0,054 0,099 0.136 0.151 This work

Total Protein and Metal Ions
Total
Prote:.n Calcium Msgnesium Iren Copper Refersnce
gt ng.? ng.? g2 g2

15"801& 9"'11 1'3 )41

110 f,% 38

129 m,5% 38

60-200 26

8L-1L3 £.% 37

68-134 m.B 37
6.91 10,9 1.4 101 109 This work

g, per 100 ml. serunm
2mg. per 100 ml, serum
g, per 100 ml, serum
4for adult females
Bfor adult males
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TAMLE V

COMPARIBON OF MOVING BOUNDARY AND PAPER ELECTROPHORETIC
ANALYSIS ON THE SAME SERUM

Albwnin 0,601 0.602

Alpha, Globulin 0,051 0.037
Alphag Globulin 0,083 0.083
Beta Globulin 0.134 0.128

Gemma Globulin 0.1l | 0.150
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Figure 10. Qualitative Results of Selective Steining

/

Line of Sample Application
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Protein
L(/, X X X X
Calcium
X X X X
Magnesium
X A X X
Iron
X
Copper
X
sinc
X
Gamma Beta Alphagﬂﬂ: Albumin
L Globulins

X Indicates presence of dye.
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Total Calcium in mg,.

3.5

Figure 13, Exhaustive Dialysis
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Days of Total
Dialysis _  Volume Mg, Calgium
o 30 3.10
1 32 0.9
2 33.5 0.66
3 3k 0.50
4 35 0,34
5 35 0.34
6 35 0.34
T 35 0.34

- -8 —
ky 5 6
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IV, DISCUSSION

This section will atbempt to evaluate and interpret experimental
results on metal ion binding by human serum proteins,

A. Moving Boundary Experiments

1. S‘Ea.tisticag congiderations. -~ Electrophoretic analysis yielded

the relative fractional amounts of each serum proﬁain (e.g., Table Ila,
for gubject mmber 1, showed albwmin was 0,555 of the botal serum
protein), The total protein in serum was détenmlnéd to enable the calcu-
lation of absolute amunﬁs (in g. per 100 ml,) of protein components,

A sample caloulation 18 given in Appendix I,

The relative amounts of sem préteins are given in Table IIa, The
results of total protein determinstions together with the absolute
amounts of the serum protein components obtained by caleﬁlation are pre-
sented in Table Ilb,

The arithmetic mean (X) and standard deviation (s) for total protein
ané fér the relativé and absolute amounts of serum proteins were calcu~

lated by the statistical equations (20):
)

in which X = a single cbservation and N » number of observations, The

means, Standard deviations, and ranges (X t 8) for each valus are in-

cluded in Table II. Values less than X~s arve designated #, while values
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more then X+s are designated #%, This was done to facilitate corre-
lation cbeervations.

Table III presents the results of serum determinstions of calcium,
magnesium, irom, and copper for the same subjects as Tables ITa and IIb.
Here again, means and standard deviations were calculated and velues
exceeding the Xts range are indicated * and .,

To demonstrate the validity of results of serum protein distributdon
obtained by electrecphoresis and the determinations of total protein and
metal ions in human bloed serum, Taeble IV gives the mean values resulting
from this experimental work together with values from other lliterature
sources (10,26,29,38,41,77,80,86,90), Examination of the table shows
acceptable agreement of results,

To obtain the data presented in Table I, determinations of total
protein and metal ions were made on human serum before freesing and
checked after 35-80 days of deep~freegze storage. The table shows that
no significant changes occurred with cold-storage treatment of serum,

2, Serum metal ion contents and correlation with serum protein

fractions, == Data of Tables II and III indicate the following:

Calcium, -- The serum conoentration of this metal ion exceeded the
range 10,1-11,7 mg. per 100 ml. for subjects 8, 10, 12, 15, and 18,
In all ceses, total protein exceeded the range 6.60-7.22 and/or albumin
exceeded the range 3.45-L.31 g, per 100 ml. The coineident increases
(or decrsases) in calclum and total protein and/or slbumin suggest that
a relatively large amount of bound calcium may be associated with albumin
and that the globulins may alse pariticipate in binding,
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Magnesium, -~ Serum magnesium contents for subjeect 6, 8, 11, 12,
and 18 were outside the Xts range of 1,.3«1,5 mg., per 100 ml, The serum
albumin was low for the three subjects with low magnesium velues
(6, 12, and 18) and high for one subject with a high magnesium value (8).
These findings suggest that albumin would be the serum protein primsrily
involved in magnesium assoolation.

Iron, -- Values less than 62 or more than 140 pg. per 100 ml, serunm
were obtained for subjects 1, 7, 8, 17, 20, and 21. For all except the
last subject, & concomitant change in the seame direction oceourred in the
beta globulin fraction. These observations tend to indicate an iron-
beta globulin association,

Copper. == Copper values greater than 158 mg. per 100 ml, serum
were obtained for subjects 6, 10, and 21, Of the serum proteins, gamma
globulin exceeded 1.28 g, per 100 ml, in each case, A copper value
below 60 snd a germa globulin combent below 0,80 ocourred in subject 156,
These parallel changes suggest the possibility of copper-gamma globulin
binding, |

B. Paper Electrophoresis Experiments

1. General considerations. -- Figure 1l is a sample electropheretic
pattern obﬁained by the horizontal strip procedures for hmmen serum
protein separation, staining, and strip elution, Alpha, globulin was
found visible on paper as a separate and distinect blus colored area,
However, when elution data (migration distance versus absorbancy) were
plotted, no separate peak attributeble to this fraction appeared.
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Distor\mn of the albumin peak suggested that alpha,; globulin was
inqladed in the albumin. 4 caloulation of mobility relative to fhat of
albumin indicated this was trus.

Alphay globulin has been shown to migrate at 0,82 the rate of
albunin under the same experimental conditions. This value may be
caleulated from the sbaglute mobilities of the serum proteins (at pH
8.6, p 0.1 veronal buffer) @:vén by Armstrong, gt al. (L), in the
following manner: |

L85 £ 0.23 (mobility of alphay globulin)/5.92 * 0.21 (mobllity

of albumin) = 0,82 % 0,07 (relative mobility of alpha; globulin).

The literature reveals that some investigators (30,36,L0,5L,61,65)
have achieved similar results from both moving boundary and paper
electrophoretic analysis, Other workers (18,33,56,58,08), failing to
get agreement, attribute this to albumin tailing and the unequal stain-
ing of albumin and globulins, Ome object in the development of the
paper elsclrophoresis procedures in this investigation wes to obtain
comparable resulis with the two methods., To compare paper wilh moving
boundary results, portions of the same sera were exanined by both
slectrophoretic methods. A semple result is given in Table V, The
agresment obtained between the two methode tends to minimize albumin
tailing (albumin low, glebulins high) and unequal dye affindties
(2lbumin high, globulins low), Apparently, comparability of results
can be achieved with the proper paper electrophoretic technigques.

2, Mekals found in proteins separated on filter paper. -- The '
gqualitative results of paper electrophoretic separation of humen




serum proteins and subsequent selective stainiang are presented in
Figure 10.

Seleium, ~- The orange~pink areas of the calcium~slizarin complex
on a pale pink background corresponded to the five positions of the
serum proteins as shewn in Figure 10, Thus, caleium appeared to be
present in albumin and all the globulins,

Visual comparisen of color intensity on parallel strips stained for
protein and caleium suggested an unequal distribution of metal ion on
the proteins, Figure 12 presents elution data (migration distance
verasus sbsorbancy) for caleium and protein pletted on the same coordinmbte
gystem. Measurement of aress of the two curves showed thatt (a) albumin
(almost two~thirds of the total serum protein) was associabed with about
one~third of the total bound calcium and (b) gamma globulin (approxi-
mately one-sixth of the tobtal serum protein) was associated with alwmost
one-third of the total bound caloium,

Magnesiws, -~ The five red areas given by the magnesium-Titan yellow
complex were in the same positions as the areas astained for all of the
separated serum proteins. Magneeium, therefore, seemed to occur in
each of the serum proteins, Due to color lnstability of the complex
and the strongiy basic mediuwn required for its formatien, abtempts to
obtain magnesium distribution among the five protein components were
unsuccessful,

‘ Iron, -~ The single pink iron~thiccysnste area corresponded with
the beta globulin zone on paper strips, This absaw,atien suggested an
association of irenm with only this one serum protein,
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Copper. -~ The yellow area of the copper-carbamste complex was in
the gemma globulin position, indicating bound serum copper occurred
principally in that particular glsbulin,

Zinc, ~- The lavender spot attributable to sinc was also discovered
in the gamme globulin regien., Oonsequently, zinc also seemed to be
present only in this one globulin fraction,

C. Exhaustive _Dialyaié dtudies

1. The change in protein and metal ion gontents, -~ The results of

total protein and metal lon analysis before amd after exhasustive dialysis
are gives in Teble VI, The decrease in metal ion content per 100 ml, as
shown wss the result of both dilution of the protein solutions and
actual metal ion trsnsfer to the outside liguid., To eliminate dilution
effocts the weight of metsl fon per g, of pretein was determined for
caloium, magnesium, iron, and copper. These results permit the calou-
lation of percent retention (bound ionm) as given in Appendix I. The
binding of metal ion per g. protein and persent retemtion values are
reported in Table VII,

As presented in the historical:isection, it is apparent that dialysis
has been s widely used investigative method for the study of metal ion-
protein binding. In thls set of experiments, the dialysis conditions
were limited to pH 8.6 in 0.1 M veronal buffer, The purpose of these
exhaustive dlalyses was to demonstrate that protein-metal ion binding
wes actually present under the conditions of the preceding electrophoresis
experiments carried out in the same medium.
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ions by serun proteins,

Caloium, -~ Albumin I (99%, Cohn Fraction V), Albumin II (83%,
ammonium’ pulfate remeval of globuline), and Albumin ITI (93%, methanol
precipiiation of glebulins) all showsd 10~20% retentions of caloiunm.
Mixed @lebulins (meihanol precipitate) end Gemms Globulin (97%, Cohn
Fraetion II and IIX) showed 71 and 100+% retentions, respectively.

These data were consistent with the findings of paper elecircphoresis
in that albumin wae sssociated with lese calcium than expected from an
equal distributien of bound caleium on the éem proteins, while gamms
globulin was sssoclated with more, ;

Maenesiun, -~ Hesults regarding the amount of this metal ion
associsted with the serun proteins were inconclusive. In the determin-
ation of serum magnesium, the bound metal was vrelmad merely by the
acld precipitation of protein., Becaumse of their mods of preparstion,
this loese binding behavier could account for the initial absence of
magnesium in Albumin I, the Mixed Globulins, or Gemma Globulin, When
Albumin II and Albumin III were exhaustively dislysed, they showsd 25%
retentions as could bs anticipated since they had no acid treatment
and were the supernatamts from serem. The lack of any retembion of
megnesium by whole serum is a discrepancy that may be attributed to an
Heion concentration effect (3).

Iron, == AfYer exhaustive dlalysie, Albumin II (83%) amd Albumin
III (93%) both demonstrated the presence of bound iron. Since Cohm (12)
reported the general order ef precipitation of the serum proteins to be
gaxms, &lpha plus bets, and albumin, the residual iren in these albumin
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preparations might be associated with beta globulin, The 437 retention
shown for both the Mixed Globulins and serum suggests that all bound
Berum iron was affiliated with the globulins, |

Qomg. -~ Jubstantistion of earlier findings that copper was
associated with globulin was obtained from the results of exhaustive
dialysis, It m determined that zero per cent copper retentions wers
had by Albumin IT and Albumin TIT whereas 96% retention was given by the
‘Mixed Globulins, The complete retentien of the metal ion by both Mixed
(lobulins and whole serum pointed out that practically all serum‘ copper
was protein bound, |

D. Comparizon of Findings with Other Work

” Calgium, -~ Correlation studiaa: invoiving moving boundary and chemie
cal analypes suggested calcium association with both albumin and globulins,
Imeétigatimns of serum proteins separated electrophoretically on paper
and selsctive staining demonstrated thatt (a) calcium was bound to
albumin and gleobulins, and (b) albumin and gamma globwlin contribubed
equally in binding two-thirds of the %otal beund Lon. Dislysis studies
showed that albumin solutions retained calcium to the extent of 10-208,
Mixed Qlobulins 71¥, Gamma Globulin 100+%, and serum 45% as protein
bound. |

Trraversibly protein bound calcium in serum has bsen reported to
vary from 30-50% of the total (35,71,83,99,101). No studies were in-
cluded to determine 1f albumin and/or globulins were epecifically imveolved.
Put this inwestigation suggests the following with regard to serum

protein-calclium interaction:



1s ALl five serum proteins examined contain bound calcium,

2, Albumin can form both s reversible complex with calcium as
others indicate (21,68,103) and an irreversible complex with
caloium, and

3. Qamma globulin tends %o bind almost all of its calcium
irreverelbly, under the conditions studied.

Magnesium, -- Magnesium was found to be associsted primarily with
albumin from the moving bourdary correlation studies, Paper electro-
phioresis indicated this lon to be preseant in all five serum proteins.
After dialysls, albumin solutions showed 25% of their total magnesium
content to be retained,

Reports in the literature state that 25-50% of the total serum
megnesium may be bound (35,101). These findings contained herein with
regard to serum proiein-magnesium assoclation are thats |

1. A1l observed serum proteins contribute te the irreversibls
binding of tiwe ion, and ‘

2, Compared to caleium, magnesium binding at pH 8.6 is much less.
Censequently, conclusions regarding calciumeprotein inter-
action are not necessarily valid for magnesium,

Iron., -- The results of all experiments indicated iron was bound
only to the beta globulin fraction of human serum, In correlation
gtudies, high and low serum iron content was found whemever high and low
beta globulin was observed clecirophoretically. Selective staining for
iron after paper electrophoresis indicated its presence apparently sll
in beta globulin, Dialysis showed that albumin solutions not completely
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globulin-free, mixed globuling, and whole serum had retemtions of
32-)3% .0f the total serum iron.

In the literature, there is agreement that iron in serum is partially
protein bound, Two reports stated that albumin wes responsible for the
iren ion binding (2L,L3), whereass another reported that the globulins
were involved in this association (8), COohn (16) and Keeshlin (53)
demonstrated complex formation betwsen preparations of beta globulin and
iren., The results of the present electrophoretic and dialysis investi-
gations show an irreversible binding of iron and beta globulin.

Copper, ~- The binding of serum copper principally by gemma globulin,
as suggested by moving boundary studies, was substantiabed by the paper
electrophoresis technlgue, Exhsustive dialysls demonstrated no copper
retention by albumin, but complete retention by the mixed globulins and
whole serum, which lead to the conclusion that a globulin wes the copper-
binding protein,

All serun copper has been known to be preteim bound (1,9,100)
iﬁthont clearly indicating the specific serum protein involved. One
study indicated albumin binding (2h), while another reported glebulinm
binding of serum copper (L3). More defimitely, by using isolated protein
preparations and metal ion addition, beta glebulin was shown to eomplex
sopper (16,53) end gamma globulin %o bind the cupric ion irreversibly (5).

The results of the present investigation demonstrate that a aingle
serum protein fraction, gemms globulin, is mainly invelved in binding

copper.



4inc. -- Zine, located by histochemical staining after paper
electrophoretic separation of serum proteins, appeared to bs present
only in gamma globulin, Previous workers reported that albumin and
globuling of human serum reacted with zine ion to produce reversible
complexes (17,39,81). Prior to this study it wes not known if gzinc in
human serum was entirely ionic or part:l.ally or tatalijr protein bound,
The ogccurrence of & colored spot attributeble to this metal ion in the
gamma globulin mone suggests that zinc is bound to some extent to this
particular globulin,

‘E. The 8igmificanece of Protein-Metal Ion Oomplexes

The metsl ions which ccour in serum activa'oe certain engyme re-
actions., An explanation of this phenomencn is that the associated metal
complex represents %he asctive form of the engzyme wiﬁh the metal serving
as an activabing presh‘beﬁic group, Thé metal proteinstes also take
part, to some extent, in the regulation of the metal ion concentration
of the body fluids, -

8pecifically, prétein bound calcium is believed to function in the
mechazﬂsﬁ of blooé coégulation, the iron~binding glebulin is thought to
be responsible for iron transport, and the copper protein seems to
function in the formtioﬁ of hemoglobin, The high concentration of zinc
normally found in leucoeytes together with the observation of zinc in
genma globulin suggest a relationship between these two blood con=

stituents that is concerned with infection,
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V. BUMMARY

Moving boundary elecmphoresis together with chemical determin-
ations of totel protein, calcium, magnesium, iron, and copper on normal
human serum were undmaiwn to obtain mf;omt:}.m about the specific
protein components eencernmed with metal ion bindi#g. The results indi-
cabed the followingt | |

1. Albumin and globulins were associated with ealcium,

2, Albumin was primily associated with magnesium,

3. Be’ba globulin was iuvﬁlvecﬁ in binding irom, and

L, Gamma globulin sppearesd to bind copper.

Paper electrophoretic separatlon of serum proteins and selective
metal ion staining a@mtrawds

1. Albiam;n and the four giobu:iim &ll eontained calcilwm. Although
albumin repw:mwd iwathirds of the totel protein, this fraction had
only ena-fb:l.rd of ﬁw total bound caleium, Gmna‘ globulin, about one-
sixth of the total protein, alse had.anwhhird of the bound metal ien,

2. Magnesium sppeared to be present in the five serum proteizis.

3, Beta globulin was the only serum protein which centained iron.

b, Cemma globulin showed the presence of both copper and sinc,

Rrhanstive dialysis studies of various protein solutions in the
same buffer medium as that used for electrophoresls showed protein-

metal ion binding wes present.
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APPENDIX

Calculations

Relative fraction of total serum protein attributable to any single
protein component = Area of pattern attributed to that component/Total
area of pattern (exclusive of boundary anomaly).

g. total protein per 100 ml. serum » Absorbancy of unknown serum/
Absorbancy of known serum x 6.61 g. per 100 ml. (concentration of
known serum).

(Age=4gyf) is the absorbancy dus to the formation of the colored copper
carbamate complex, corrected for the volume change on the addition of
the color reagent. % and Agn are, respectively, the absorbancies of
the solution before ar afta‘-x‘"g’f.'ha addition of 0,4 ml, of sodium diethyl-
dithiocarbamate, the color reagent. The factor for volume correction f
is 5.6/6.0 since the volume of solution is 5.6 ml. before the addition
of the reagent and 6,0 ml, after.

Absolute amount of a single protein fraction (g. per 100 ml, serum) =
relative fractlonal amount of that fraction x g. total protein per 100
ml. serum,

Percent retention of any metal ion = mg, (or ng,) of that metal ion per
g. protein after dialysis/mg. (or pg.) of that metal ion per g. protein
before dialysis x 100.



