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INTRODUCTION e

The isolation of vitamin By, in 1948 concluded an
intensive twenty~-two year search for the antipernicilous
anemia principal or extrinsie factor of liver, and inltiated
one of the most intriguing and complex problems of contem-
porary biochemistry. The concerted efforts of sclentists of
many disciplines have, in the six intervenling years, pro-
duced only a partlal, and in some areas, actually super-
ficial understanding of the chemistry and physiology of this
remarkable vitamin.

Vitamin Bl is only one of a family of closely related

2
compounds, the cobalamins, and although the structural
relationships between the several cobalamins have been
tentatively defined, only about two-thirds of the structure
of the parent molecule has been elucidated. As a result the
present concepts of the biologlcal reactions of cobalamins‘
are based on the known structural features and may have to
be considerably revised when the structure of the remainder
of the molecule has been determined.

The vitamin appears to be synthesized exclusively by

microorganisms and to have an essential function in many, if

not all, forms of life. The vitamin is a dietary essential



for many higher animals including man, and appears to
require a substance present in normal gastric julce and
gastric mucosa, the intrinsic factor, for transport through
the intestinal wall.

The extreme potency of the vitamin indicates that 1t
functions as a prosthetic group in an enzyme system.
Although the fundamental reactions controlled by this enzyme
system remaln obsocure, studies of deficlent organisms have
implicated the vitamin in nucleoprotein synthesis, lablle
methyl group synthesls and disulfide reduction. Metabollc
interrelationships with other vitamins, notably folic acid,
have been discovered.

The vitamin appears to be tenaciously retalned by
higher animals, and a considerable capacity to store the
vitamin in the liver and other organs has been demonstrated.
The vitamin exists primarily in a bound form in &ll tissues,
the binding substances generally appearing to be protein in
nature. Several mechanisms have been proposed for the
binding of cobalamins by proteins. Most of the prior evi-
dence concerning the nature of these reactions has been
based on the differential response of selected bacteria
toward free and bound cobalamins.

The purpose of this study was to examine the reactions

of cobalamins with proteins, using a method which accomplished
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the separation and determination of free and bound cobalamins
under mild conditions and without the use of microbiclogical
systems. Of particular interest were the structural features
of the cobalsmin molecule which participate in the reactions,
and the possible structures of the binding sites on the
proteins. Although most of the work involved the use of
serum and gastric extract, systems which appear to function
primarily in the transport of the vitamin, the information
gained may be of value in anticipating the nature of the
reactions which are involved in the storage and enzymatic

funetion of the vitamin.



LITERATURE REVIEW

Chemistry of the Cobalamins

The isclation of the long sought antipernicious anemia
principle of liver was announced by ﬁwn groups of workers
almost simultaneously in 1948. Rickes and co-workers (1)
reported the crystallization of an intensely red compound,
tentatlively designated vitamln Bj,, which showed remarkably
high hematopoietic activity for Addisonian pérnicieus
anemis. Thelr isolatlon procedures were gulded by the LLD
microbiological assay method of Shorb (2), who had observed
that the response of Lactobacillus lactis Dorner to liver

extracts was proportional to the potency of these extracts
in thnvtraatmﬂnt of pernicious anemia (3). Independently,
E. L. Smith reported the purification (L), and later crys-
tallization (5, 6) of vitemin By, from liver using clinical
assays on pernicious anemia patients tn‘guide the fractiona=-
tion. These two products were later shown to be identical
(6,7,8).

The new vitamin was reported to contain cobalt, phos-
phorous and nitrogen, but no sulfur (6, 8, 9, 10, 11), and
no alpha-amino acids were liberated on acid hydrolysis (7).
The molecular weight was estimated as about 1350 (6, 7, 12)
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and the formula Cgj.g)Hae.9oN1)013FCo was proposed (6, 7).
Several weakly basic groups, titrable in glacial acetle acid,
were reported (6, 7). Absorption maxima in aqueous solution
were observed at 278, 361 and 550 mp. (6, 7, 13), and were
not affected by changes of pH (7).

After the report that vitamin 812 could be iscolsated
from the fermentation broth of Streptomyces griseus (14),

the vitamin was found and lsolated as a by-product of other
antiblotic fermentations, resulting in an ample supply of
the vitamin for investigational and therapeutic uses.

Other slosely related compounds were soon lsolated and
designated vitamin By, (15, 16), vitamin Bys, (17, 18, 19)
and vitamin Byp, (20, 21, 22). It was then demonstrated
that vitamin Bjo contalned a cyano=- group attached to the
cobalt (23), and that this cyano- group was replaced by a
hydroxe~ group in vitamin Byp, (16), and by & nitrito- group
in vitamin Bjpg (20). Vitamins Byp, and By, were later
shown to be identical (21, 24, 25, 26). In order to
simplify the nomenclature of this fast-growing group of
compounds it was proposed (16) that the name cobalamin be
used to designate all of the vitamin Byo molecule exvept the
cyano- group, so that vitamins Bjy,, Byog (Bjop) and Bype
would be cyanocobalamin, hydroxo=~ (or later, aquo~) cobalamin

and nitritocobalamin respectively. A few of the older terms
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such as By, Blzb and Blac continue to be used, and often,
unfertuhaﬁely, vitamin Byy 1s used in the generic sense or
for undefined mixtures of the cobalamins. A description of
the many cobalamins that have been studied will be presented
after a summary of the present knowledge concerning the
parent cobalamin structure.

Acid hydrolysis of vitamin By, ylelds a mixture of
amorphous cobalt-containing fragments of sbout two-~thirds
the aize of the original molecule, and a variety of smaller
fragments, depending upon the experimental conditions. On
heating at 100-150° C. in concentrated hydrochloric acid for
several hours, ammonia, phosphorlic acid, the red fragments,
and two bases were obtained (10, 13, 27). One of the bases,
originally thought to be 2-amino~l-propanol (27, 28), was
identified as Dg-l-amino-2-propenol (29). The other basic
compound resulting from this drastic hydrolysis was shown to
be 5,6~dimethyl-benzimidazole {30, 31, 32, 33). Milder
hydrolysis procedures yielded two Nesubstituted 5,6-dimethyle-
benzimidezoles (33, 34). These compounds were found to bé
1= (=Dwribofuranoside~5,6-dimethylbenzimidazole (35), and a
phosphate ester of this substituted benzimidazole (36, 37).
The phosphoryl group 1is attached to elther the second or
third carbon atom of the ribose molety, the exact position

being uncertain because of cyelization during hydrolysis
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(38). " There is one mole of the benzimidazole N~-glycoside

present per mole of the vitamin (33), and it has been

postulated from spectroscopic evidence ﬁhat in the intact
structure a coordinate linkage exists between the nltrogen
of the bengzimldazole and the cobalt atom (39, 40, L1).
There are elther one (42, LL3) or two (L4, 45) sminopropanol
groups in the molecule, with the evidence perhaps favoring
the latter. It appears probable that one aminopropanol 1s
joined by ester linkage to the phosphoric acid group, and
by amide linkage to a carboxyl group of the cobalt-containing
part of the molecule (36, 40, L2, }43). The phosphate must
be fully esterified, either by a second aminopropanol (36),
or by some group in the cobalt-contalning fragment (43).
Only a few features of the remaining structure have
been elucidated. Magnetic suseceptibllity measurements of
vitemins By and Byoy, (46, 47, 48, 49) and polarographic
evidence (22, 49, 50, 51) indicate that the cobalt is in the
trivalent state and 1s hexacoordinately bound. Fallure of
the cobalt of vitamin By, to exchange with lonic radioactive
cobalt (6, 52, 53) or to be liberated by drastic acid
hydrolysis or treatment with excess cyanide (Lj9) supporta
this conclusion. The facile removal of the cobalt by
relatively mild reducing agents such as ascorbic acid,
cysteine, thiamine and hydroquinone (54, 55, 56, 57), pro-
viding the stabilizing cyano- group is removed first, 1s not
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unexpected considering the instability in agqueous solution
of hexacovalent cobaltous complexes containing benzimidazole
(58).

The rest of the planar structure (12) around the cobalt
contains no primary amino groups (59), but does contain
either three (43) or five (60) primary amide groups. Pro-
longed acid hydrolysis resulted in & mixture of fragments
containing five, six and seven acidic groups (43) and
appaerently retaining four nitrogen atoms (45). Alkaline
permanganate oxidation of the cobalt~-containing fragments
{61) permitted the isolation of amcetic, oxalic, succinie,
methylsuceinic and dimethylmalonic acids, and four unidenti-
fied aclds., The structure around the cobalt 18 probably not
a porphyrin (43), although some of the reactions of synthetic
cobalti-porphyrins are strikingly similar to the reasctions
of cobsalamins (62).

Based on the above findings, a partial structure of

vitamin 512 can be presented in the following manner:
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The many cobalaming that have been prepsred can be
conveniently classified into three groups, neutral, baslc
and acidic (63, 6l;). Using the notation of Buhs (65),

examples of these three groups can be formulated as follows

(6l):
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«*« L -
- - CR* - = HaO] - « CN”
000 000 0 0 CN”
I II III
¢yanocobalamin aquacobalamin dicyanocobalamin

The negative sign denotes a group contributing a net negative
charge, and the zero sign denotes a neutral group, such as
the substituted benéimidaxcle.

The neﬁtr&l cobalaming are relatlvely stable and can be
isolated in erystalline form. Cyanocobalamin (By,) is an
exceptionally stable complex, and all of the cobalamins
studled so far can be converted to ceyancecbalamin by means of
either cyanide salts or hydrogen cyanide at a pH range of 5.5
to 9 (16, 20, 23, 25, 6, 66, 67, 68, 69, 70). The cyanide
can be removed by catalytle reduction with hydrogen in
neutral solution followed by reoxidation of the cobalt by
air (15, 19, L49), or by photolysis in acid solution sccom-
panied by aeration to remove the hydrogen cyanide (6, 65,

67, 71, 72)« By either method aquocobalamin (Blab) is formed,
and can be used to form other neutral cobalamins such as
nitritocobalamin (B3,,) (20, 21, 22), cyanatocobalamin (69)
and thiocyanatoecobalamin (65) by reaction of vitamin Bion

in aqueous solution with salts of nitrite, cyanate and thio-

cyanate, respectively. By exchange studles using
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radioisotopically labeled anions, Smith (6l) demonstrated
that the cyanide of cyanocobalamin exchanges rapidly with cya-
nide ions in alkaline solution but very slowly in acld
solution, and that very little replacement of the cyano=

group by thiocyanate ion occurs, even in alkaline solutions.
On the other hand, there is rapid exchange of the thlocyanato-
group of thiocyanatocobalamin with the thiocyanate ion.

From this evidence Smith postulates that cyano-cyanide
exchange occurs principally through the pH-~lablle dieyano-
cobalamin, implying that the two cyano groups of this com-
pound are equivalent.

The baslic cobalamins are characterized as having the
cyano- group of cyanocobalamin replaced by a neutral mole-
cule, the water of aquocobalamin {Byp,) for example. This
compound is a weak base, with a pKy of about 7 (22, 65) and
1s considered an equilibrium mixture of aguocobalamin and
hydroxocobalamin, the ratio of the two being dependent upon
the pH of the solution (65, 68), viz:

+
m&gﬂ .....QH“
cottH| 4 O —/——= CotHt| o HZQ
000 000

Aquocobalamin reacts with strong acids such as sulfuriec,
hydrochloric and perchloric to give isolable salts (6L, 73,
74), which are named aquoccbalamin sulfate, chloride and

perchlorate.
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Also considered as basic cobalamins were two compounds
prepared by Cooley and co-workers (68), ammonia cobalichrome
(analogous to the hemochromes) and histidine cobalichrome,
in which the water of aquocobalamin was replsced by ammonia
or histidine. The authors proposed that cobalamin may be
stored in tissues in a cobalichrome type of linkage with
protein or peptlde.

Cobalamins of the third (acidic) class arise from the
addltlon of two univalent anions or one bivalent anlon to
the cobalamin residue. These compounds sare stable only in
the presence of excess anion, and have therefore not been
orystallized. Dicyanocobalamin was the first of this group
to be prepared (39, 4O, 75), and clearly posed a question as
to the position of the second cysno~ gmaﬁp‘ Based on
absorption spectra and other considerations Cooley and go-
workers (68) have suggested that the second cyanide, and
therefore any second acidic group of this class, displaces
the bengzimidazole nitrogen from coordination with the cobalt.
Direct evidence concerning this mechanism has not been pre-
sented. The addition of the second cyanide is reversible,
occurring only in basic solutions (39, 40O). A reported
addition of two cyanide groups to cyanccobalamin (75) seems
to have been discounted in favor of rather strong evidence

that only one cyanide can be added to cyanocobalamin (49).
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Other cobalamins of the acidic group, both simple
{dithilocyanatocobalamin) and mixed (thiloeyanatocyanocobala-
min), have been studied (68). Sulfitocobalamin, prepared by
treating aquocobalamin with sulfite (16) appears to belong
to this group (68).

In addition to the above Mauthentic" cobalamins, there
is a growlng group of naturally cccurring vitamln By,
analogs, the pseudovitamins Bjp. These compounds are struc-
turally similar to the cobalamins, except for the nucleotide
molety, which may be missing entirely (76, 77, 78), or in
which adenine (79, 80), 2-methyladenine (78, 80) or 2-methyl-
hypoxanthine (78) are present instead of the 5,6-dimethyl-
benzimidazole. It appears likely that these factors are not
active in the metabolism of higher animals (81).

Reactions of Cobalamins with Natural Materials

Before reviewlng the evidence concerning the reactlons
of cobalamins with natural materials, it may be well to
describe briefly the methods which have been used to detect
and study such reactions. Essentially, these methods depend
upon two techniques for the measurement of cobalamins: the
microbliological assay method and the radilo assay of iso-
topleally labeled cobalamins.

The microbiclogical assay is subject to many errors,
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only a few of which will be pointed out here. The common
assay organisms, Lactobacillis lactis Dorner (very seldom

used at present), Lactobacillis leichmannii 4797 and 9830,

Euglena gracilis var. bacillaris, and a mutant, Escherichila
coli 113-3 are not entirely specific in their requirement of
cobalamins. For example, the Lactobacilll respond to
desoxyribosides, the E. goli to methlonine, and all teo
pseudovitamins ﬁla‘ The growth of these organisms may be
inhiblited or modifled by such diverse factors as oxygen
tension, salt concentration, light and naturally ocourring
organic growth inhibitors.

The radio assay using Go®O-labeled cobalamins (82) is
certainly the preferred method, even though it 1s not usually
as sensitive as the microbiologlcal asasay, and the soft
(0.308 m.e.v.) beta-emission of o0 presents some 4iffi-
culties in counting.

The most widely used method for detecting and measuring
reactions of cobaleming with natural materials 1s the
bacterial inhibition method, originally proposed by Ternberg
and Eakin (83). The method 1s based on the assumption that
the microbiologlcal assay organisms can use only free
cobalamina, and not cobalamins which have reacted with, or
have been bound by some substance. The teat substance 1s
usually added aseptically to sterile assay medium containing

a known amount of cobalamin, and the amount of inhibition of
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bacterial growth relative to cobalamin alone is taken as an
indication of cobalamin binding. Several modifications for
titrating the inhibitory substance and for correcting for
the presence of irrelevant growth and inhibitory factors
have been proposed, but at best, the method can be
considered only semi-quantitative.

The above method was actually based on earlier obaerva-
tions that the amount of aetivity present in many natural
materials, as measured microbiologically, could be lncreased
by heating, treating with proteolytic enzymes (84) or
treating with cyanide, sulfite or nitrite (85, 86, 87, 88),
indicating the presence of bound forms of the vitamin. A
general fesling arose that the vitamin was often bound to
protein material, and some workers have presented evidence
for cobalamin-peptide conjugatees (25, 89). There seems
therefore, to be an adequate basis for the bacterlial inhibi.
tion method, but in praectiece the method leaves much to be
desired.

A more direct approach has been to separate the free
cobalamins from the bound cobalamins by dialysis, since most
of the vitamin binding substances studied have been non-
dialysable, whereas cobalamins are dialysable. A quantita-
tive dialysls method was first reported by Bird and Hoevet
(90), VWhen the amount of vitamin dialysed or amount

retained, or both, are measured microblologically the method
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is subject to the errors mentioned previously. Isotopically
labeled cobalaminas have been used to some extent. Frobably
because of mechanical difficulties, such as the large volumes
of liquids encountered and length of time required, this
method has not been wldely used.

A third method, proposed by Burkholder (91, 92) is based
on the rapid adsorption or absorption of free cobalamins by
several strains of bacteria (93, 94). The general method
consists of mixing solutions of the test substance and cobalw
amins, adding a heavy suspension of suitable bacteria,
incubating at 25-37° C. for from one to several hours, then
separating the bacteria by centrifugation. The amount of
cobalamin in the supernatant or with the bacterial mass is
measured, and the amount of c¢obalamin bound by the test sub-
stance 1s obtained either directly or by difference. For
microblological assay procedures, the cobalamins sare
liberated from the cells and binding substance by heating.
The radio assay technique has been applied qulte success~-
fully to this method because of the concentration of the
activity to a relatively small volume of cells (95, 96, 97).

A fourth method, suggested by Latner (98, 99) makes use
of the paper electrophoresis technlque for separating
components of a system by diffaranaaa in their electro-
phoretic mobilities. This has been used principally as a

qualitative means of locating the components responsible for
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binding cobalamins and for isolating the desired components
by elution from the paper.

A £ifth method, spectrophotometric differentiation of
free and bound cobalamins has been used by Wijmenga and co-
workers {25, 100, 101). Usually the smounts of cobalamins
reacting are too low to be detected spectrophotometrically.
As substances which react with cobalamins are obtalned in
greater purity this will certainly become a valuable method.

In interpreting the evidence using these flve general
methods one is forced to conclude that usually the cobalamin
involved was not defined, even though the term vitamin B;,
was used. There has been an apparent dlsregard of the well
known conversion of cyanocobalamin to aquocobalamin by
light, and of the reports of a conversion of cyanocobalamin
to an unidentified cobalamin by heat-sterilization in the
microbiological assay medium (102, 103). Therefore, unless
suitable precautions were reported, such as performing the
experiments in the dark and in the case of the bacterial
inhibition method, aseptic addition of cyanocobalamin, the
results will be reported as having involved cobalamins, not
specifically vitamin Byoe

Considerable evidence has been presentsd for the reac-
tion or binding of cobalamins with gastric julce and gastro-
intestinal tract mucosal extracts, serum, whey from sow's

milk, human saliva, lysozyme, bacterial cells, egg yolk,
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heparin and other substances. The impetus for much of this
work was derived frem an intensive search for the identity and
mode of actlion of the intrinsic factor. This factor 1s
present in normal human gastric julce and in extracts of hog
gastric and duodenal mucosa, and is involved in some way
with the transfer of the extrinsic factor (cobalamins)
through the inxaatinal wall, The importance of cobalamin
binding to intrinsic factor activity 1s at present uncertain.

Ternberg and Eakin (83) were the first to report that
unheated gastric julce inhiblted the growth of L. lactis
Dorner, L. leichmannii and E. coll, apparently by a
stolchiometric binding of cobalamins, and that the complex
formed was non-dialysable, Binding did not oceur if hﬁe
gastriec julce was heated first, and the complex was disso-
ciated by heating at 120° C. for 15 minutes, making the
cobalamins avallable to the sssay organisms. Aqueous
extraets of hog gastric mucosa exhibited a similar binding
activity, whereas little activity was found in commercial
pepsin preparations. The activity from hog gastric mucosa
was preclipitated by alecohol, acetone and ammonium sulfate
at 80 per cent saturation,

The findings of Ternberg and Eakin have been confirmed
and elaborated upon by several groups. Prusoff and co=-
workers (10L) prepared several fractions of a hog gastric

rmucosal extract by salting-in and salting-out procedures.
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The amount of cobalamin bound per gram of proteln by these
fractions was determined by the bacterial inhibition method
and a dlalysis method using L. leichmannii as the assay
organism. The dialysis method gave values roughly ten times
higher than the inhibition method, although both methods
indicated a progressive increase in binding activity of
fractions obtained at 35, 55 and 100 per cent saturation
with smmonium sulfate. Subfractionation by extended
dislysis Indiecated that the binding substance was present
in the water soluble fractions. Clinical tests re#ealad ne
correlation between binding capacity and intrinsic factor
activity.

Bird and Hoevet (90) attempted to devise a quantitative
method for measuring the binding capacity of a hog mucosal
extract., A comparison of three methods: (1) bacterial
inhibition with constant cobalamins and increasing inhibitor;
(2) bacterial inhibition with constant inhibitor and
increasing cobalamins; and (3) dialysis with constant
inhibitor and increasing cobalamins, gave values of 3.5, 9.0
and 83 pg. of cobalamins bound per gram of protein respec-
tively. Theyinterpreted these results as indicating that the
assay organism, L. lelchmannli, was capable of utilizing all
but a small part of the bound vitamin. By the dialysis pro-
cedure the cobalamin binding appeared to be stolchiometriec.



20

Recognizing the shortcomings of the bacterisal lnhibi-
tion method, Burkholder (92) and Hoff-Jgrgensen (105) showed
that a falrly quantitative measure of cobalamin bindlng
could be obtalned with the bacterial inhibition method,
using E. coll to adsorb the free cobalamins and elither E.
coll or L. leichmannil as assay organism. The data of
Burkholder indicated a stoichiometric binding of cobalamins
by a hog gastric mucosal extraect. In a similar study by
Chow (95) using the radio assay method of determining the
free cobalamins adsorbed by bacteria, a non-stolchlometrie
relationship appeared to exist between gastric julce and
cobalamins.

There have been several studies of the effect of heat
on the binding capacity of gastric julce and gastric mucosal
extracts, and of the effect of heat on the stabllity of the
cobalamin complex with these substances. Ternberg and Eakin
claimed that heated gastriec juide showed no binding activity,
and that the complex with cobalamin was dissoclated by
heating at 120° ¢. for 15 minutes (83). Spray (106) con-
firmed these results using 100° ¢, for 5 minutes. However,
when the gastric juice was neutralized, heating at 127° C.
for 30 minutes was required to destroy the binding effect.
The cobalamin-gastric juice complex was also much more
stable at a neutral pH. A similar heat-stability of hog

mucosal extracts has been reported by Bethell and co-workers
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{(107) and by Shaw (108).

Van der Zant and Underkofler (109, 110) have reported
the apparent stability of the binding substance present in
hog gastric mucosal extracts to heating at 100° C. for 10
minutes or 121° C. for 5 minutes over a pH range of 2.5 to
7+0. A similar heating period at pH 1l or in the presence
of the miecrobioclogical assay medium destroyed the binding
capacity. Histidine and Fe(II) were implicated in the
destruction of binding power by heating with the basal medium,
and it was found that heating with histidine and Co(II), or
benzimidazole and Fe(II) or Co(II) also destroyed the
binding capacity. It was suggested that these combinations
react with and block the reactive sites of the binding sub-
stance, preventing the binding of c¢obalamins, and that the
bonds involved in cobalamin binding are with the benzimida-
zole molety and the cobalt atom. The evidence cited above
concerning the effect of heat was obtalned using bacterial
inhibition methods.

Evidence concerning the effect of proteolytic enzymes
on the binding capacity of mucosal extracts is rather incon-
clusive, but indicates that a considerable part of the
activity survives enzymatic digestion with trypsin, pepsin
and papain (92, 110), and that the cobalamin-mucosal extract
complex 1s not dissocciated by tryptiec digestion (107).
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Latner and co-workers have done a considerable amount
of work trying to isolate the component of gastric jJuice
responsible for intrinsic factor activity. Using a pre-
parative paper electrophoresis technique (98) they observed
that all of the components of gastric Julce showed binding
power as measured by the bacterial inhibition method, whereas
only two components showed intrinsie factor activity (99).
Recent reports described the isolation of a mucoprotelin of
high intrinsic factor activity, but the binding capaclty of
this preparation has not been reported (111, 112, 113). In
a similar study, Shilling and Driess (1l ) observed that one
component of gastric julce appears to contaln moat of the
cobalamin binding activity. They separated the components
of a gastric julce-radiotracer labeled cobalamin mixture
by paper electrophoresis and determined the position and
amount of cobalaminsg by radio assay. They also observed
that bolling the gastric Jjuilce-cobalamin mixture before
electrophoresis considerably diminished the localization of
activity.

Roland and co-workers (115) have used a 10-cell iso-
electric electrophoresis apparatus to distribute the compo-
nents of a hog mucosal extract and have measured the binding
activity of the contents of each compartment by & dialysis
method using L. leichmamnii as the assay organism. The frac~

tions which were isoelectric at pH 3.5 to 5.0 contained most
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of the cobalamin binding activity. This work was performed
in the dark, so it is probable that eyanoeobalamin binding
activity was actually being measured.

Chow and Yamamoto (116) have attempted to isolate a
gastric julce-cobalamin complex. They used radiolsotopically
labeled cobalamins and followed the separation by radio
assay. They reported the isolation of a "substance X" which
was isoelectric at pH 3.5-4.0, had an approximate molecular
weight of 5 x 105, and was precipitated by 60 per cent
ethanol, but not by 40 per cent ethanol, The cobalamin con-
tent of this substance has not been reported.

Perhaps the most convincing evidence that cobalamins
react with some specific component of gastric Jjulce or
mucose has been presented by Wijmenga and co-workers (100,
101). They isolated several pink "cobalamin proteins" from
a cyanocebalamin-hog mucosal extract mixture that contalned
up to 18.5 pg. of cobalamin per milligram of protein, as
determined spectrophotometrically. These preparations
appeared to be mucoproteins of 70,000-100,000 molecular
weight. The observed absorption maxima at 363 and 550 mpu.
with inflections at 410 and 520 mp. indicated that the
cyano- group was still attached to the cobalamin. Only
preliminary reports of this work have been published.

Cobalamins present in serum appear to be primarily in a
bound form. Ross (117, 118) reported that heating serum at
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100° ¢, for 30 to 60 minutes was required for maximum

release of cobalamins as measured with E. gracilis. Thesse
observations have been confirmed by several groups (119,

120, 121). Rosenthal and Sarett (121) further demonstrated
that the cobalamins present in serum were not dialysable,

and that additional amounts of cobalemins could be bound by
serum. Independently, Wolff and co-workers (122) reported
that serum bound limited amounts of cobalamins, as determined
by the baoterial inhibition method. This finding was not
unexpected, since Bird and Hoevet (90) had previcusly
reported the apparent binding of ceobalamins by serum globulin
fractions. Reports that cobalamins added to serum were
freely dilalysable were apparently the result of using levels
of cobalamins greatly exceeding the binding capacity of the
serum (123, 12l).

Roland and co-workers (115) using a dialysis method
obtained evidence that the binding of added amounts of
cobalamineg by serum was not astoichiometric, suggesting that
the reaction may be reversible to a considerable extent.

Shilling reported that added Co®©-lsbeled cobalamins
could be detected only in the albumin fraction of serum sub-
Jected to paper electrophoresis (1llh). On the contrary,
Pitney and co-workers (125, 126) have presented evidence
that the cobalamin actlivity of serum was present principally
in the alpha globulin fraction, and that added cobalamins
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were bound by the alpha and beta globulin fractions. These
workers used paper electrophoresis to separate the serum
proteins, and the E. gracilis microbiologlcal assay, daif-
ferentiating free and bound activity by the method of Roas
(117). Their microbicloglcal assay values appeared to be

too erratic to support more than the gualitative concluslons
glven above.

Davis and Chow (127) have added further testimony that
sexum is capable of binding additional amounts of cobalamins,
and have described a quantitative procedure using the
bacterlial adsorption method and radioisotopically labeled
cobalamins.

Ungleaub and co-workers have reported an unexpected
increase in the cobalamin binding capacity of serum when
amall amounts of normal gastric juice were added to the
serum (128, 129). The experimental details of this work
have not been published.

A cobalamin binding substance present in sow's milk,
but not in cow's milk has been reported by Gregory and co-
workers (130). A dialysis method was employed in this
investigation., The substance was reported to be heat stable
at 100° C,, labile to tryptic digestion, non-dialysable and
precipitated by 35 to 55 per cent saturated ammonium sulfate.
Purther studles by this group (131, 132) indicated that hog

gastric mucosal extracts and sow's milk preparations bound
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three pseudovitamins 312 to spproximately the same degree as
cobalamins. A bacterial inhibition method using the E. coli
matant was used in the latter akperimmnts.

It has been reported thst human saliva contains a
cobalamin binding substance (133) as detected by the bac-
terial inhibition method. This substance was found to be
more heat lablle than gastric preparations, showing neo
binding activity after heating at 70° C. for one minute (134).

Meyer and co~-workers (135) reported that lysozyme
appeared to bind cobalamins, as meaéured by the bacterial
inhibition method. Bird and Hoevet (90) in a more detalled
study observed that the Iinhibitory action of lysozyme was
not reversed by relatively large amounts of cobalsmins or by
thymidine, a cobalamin replacing factor for their assay
organism, L. leichmannii. Furthermore, lysozyme did not
prevent the dlalysis of cobalamins or of thymidine. Thus,
it appears that lysozyme does not bind cobalamins and that
in this case the bacterial inhibition method gave completely
erroneous results, This was substantiated by Hoff-Jdrgensen
(105) with the demonstration that lysozyme did not inhibit
the adsorption of cobalamins by E. coli cells, Chow has also
reported that by bacterial uptake and dialysis methods using
Caﬁﬂnadbalamina, lysozyme apparently does not possess
binding activity (95).
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It was stated earlier that several strains of bacteria
rapidly remove free cobalamins from solution. This behavior
has been variously referred to as absorption and adsorption.
Possibly a loose differentiation can be made depending upon
the conditions of incubation, the adsorption being rapid in
comparison to absorption. The process does not appear to
be related to the need for an exogenous source of vitamin
Bla‘ and the binding ocapaelty appears to be a strain
characteristic (136). Several, but not all strains of E.
coli, including the mutant strain which requires cobalamins,
have been shown to possess this property (93, 94, 105, 137).
Cobalamin uptake was also exhibited by L. leichmannii and L.
lactls Dorner, which require cobalamins, and by S. lactis R,
B. subtills, P. mirabilis, B. mycoides, E. freundii and S.
dobson, none of which require cobalamins. Uptake was not
exhibited by L. arabinosus which deoes not requlre cobalamins
(9k, 136).

It appeared that if the incubation time was short (30
to 60 minutes) the cobalamins could be released by heating
(138) or by exchange with additional amounts of cobalamins
in the solution (137). If prolonged periods of incubation
were used disintegration of the cells was necessary to
release the cobalamins (105, 136).

Oglinsky and Smith (139) reported that l,5-dimethyl-
benzimidazole inhibited the uptake of cobalamins by E. goli,



28

while benzimidazole and 2,5-dimethylbenzimidazole were with~
out effect. This suggested that the uptake is of a specifiec
nature. Davis and Chow (138) reported that the uptake of
cobalamins was maximal in the pH range from 3 to 9, but was
reduced by higher pH levels and by sodium chloride concentra=-
tions asbove l.7 per cent. Although Davis and Chow have often
referred to this uptake as ocourring with "resting" cells,

no evidence has been presented on the possible uptake by
killed but intact cells, or by disintegrated cells.

Several other substances have been reported to bind
cobalamins. In a recent report Couch and co-workers (140)
claimed that egg yolk contained a substancs which inhlblited
L. leichmannil, formed a non-dialysable complex with cobala~
mins, and was stable $0 prolonged autoclaving.

Chow end Davis (95) have studied some non-protein
systema, namely heparin, ribonucleic acid and chondroitin
sulfuric acid, and reported that all had binding activity as
evidenced by bacterlial uptake and dialysis methods using
Omécmlabelad cobalamins. However, a recent report by the
same group (141) indicated that L. leichmannii, the organism
used in their earlier study, end two strains of E. coll
differ qualitatively and quantitatively when used to measure
cobalamin binding by these and similar substances by the
bacterial uptake method. For example, heparin did not
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affect the uptake of cobalamins by the E. coli strains.
EBarlier Latner had reported, without detail, that heparin
inhibited the growth of E. coli (99). What possible role
these substances may have in the physlologlcal reactions of

cobalamins 1s uncertain.
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EXPERIMENTAL METHODS AND RESULTS

Materials

Chemicals

Cobalamins. The United States Pharmacopeia Cyanocobala-
min Reference Standard, obtained from the Board of Trustees
of the United States Pharmacopoeial Convention, Incorporated,
was used as the standard for the microblological assay of
vitamin 512’ This material was in powdered form and was
labeled as containing 530 mpg. cyanocobalamin per mg.

Bevidox, prepared by Abbott Laboratories and specified
as containing 1 mg. of vitamin Byo per ml., was obtained
from 8 local drug store, and was used for spectrophotometric,
dialysis and cyanide studies.

Isotopically labeled cobalaming. Vitamin Bip labeled
with Co®0 prepared by the fermentation method of Chaiet (82)

was obtained from Merck and Company, Incorporated, by per-
mission of the United States Atomlec Energy Commission,
through the Institute for Atomic Research, Iowa State
College. The materlial was received in vials labeled a# con-
taining 4O pg. of vitamin By, in 5 ml. of 10 per cent
aqueous methanol. The specific actlivity of the material was
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225 pe. per mg. of vitamin Bjoe

Stock solutions containing approximately 200 mupg. of
cobalamins per ml. were prepared by dilution of this material
with water. These stock solutions were elther converted
entirely to vitamin By, by treatment wlth excess sodium
cyanide followed by nitrogen aeration at pH 6 in the dark,
or completely to vitamin Byop bY nitrogen aeration at pH 5
under strong tungsten illumination.

Special chemiecals. Lysozyme and orystalline prepara-
tions of trypsin and pepsin were obtalned from Nutritional
Biochemicals Corporation. Ventriculin, a desiccated stomach
preparation manufactured by Parke, Davis and Company, was
obtained from a local drug store. Heparin was obtained from
Commaught Medical Research Lsboratories, Para-chloromercuri-
benzole acld was obtained from the Sigma Chemical Company. .
Imidazole and 3-methyl-l-phenyl-5-pyrazolone were obtained
from Distlllation Products Industries. Bis-3-methyl=l-
phenyl-5~-pyrazolone was prepared from the preceding ketone
by the method used by Epstein (166). A bovine albumin
preparation was obtained from the Armour Lsboratories. A
high.molacular weight dextran preparation was obtained from
the Northern Utllizatlon Research Branch of the Agricultural

Research Service, United States Department of Agriculture.
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General chemicals. The biological chemicals used in

this investigation were obtained from Nutritional Blo-
chemicals Corporation. Other chemicals were obtalned from
the Iowa State College Chemistry Stores or from commercial

chemical firms.

Microorganism

Lactobacillus leichmarnii 7830 was obtained in lyophil-

ized form from the American Type Culture Collection.

Ingtruments

Radiolsotope instruments. Liquld samples were counted

using a Nuclear model D=52 G=-M tube used with an Instruments
Development Laboratories model 161 scaler and a Production
Instrument Company model EC«8l reglster.

The counting tube was held vertically in a glass tube
of such a size that 20 ml. of solution exactly filled the
amular space. The outszside tube was open at the top for
£11ling, and had a stopcock at the bottom for emptying. This
counting tube assembly was housed in & light-tight box. The
background count for this tube was about 2 C.pem., and
remalned constent to within one or two c.p.m. throughout the
experimental period.

Solid samples were counted using a Nuclear model D=3l

end-window G«M tube in a Techniecal Associates model L-56
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lead shield used with a Nuclear model 165 scaler., Samples
were applied to 1 inch copper planchets and were placed as
close to the counting tube as possible., The input voltages
of the scaling units were held constant with a Sorensen
model 1750 voltage regulator.

Electrophoresis apparatus. Moving boundary electro-
phoreals determinations were performed on an Amince Portable
Electrophoresis unit using a 6 ml, analytical cell.

Paper electrophoresis apparatus was constructed in this
laboratory for this investigation.

Dialysis cells. The original dlalysis cell was con-
structed in this laboratory. Three identical cells were
later constructed by the College Instrument Shop. The
rotating assembly was constructed in this laboratory.

Spectrophotometers. A Beckman model DU spectrophoto-
meter was used in the work involving high levels of cobala-
mins. A Coleman model 64 spectrophotometer was used in the

colorimetric protein and sulfhydryl determinations.

" Reactions of Cobalamins with Amino Aclds
and Other Small Molecules

Introduction

Aquocobalamin (vitamin By,,) has been shown to react
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with two amino acids, histidine and cysteine. Cooley and
co-workers (68) prepared histidine cobalichrome by mixing

1 ml. of DL-histidine and 1 mg. of B in 0.25 ml. water,

12b
separating the cobalichrome from the excess amino acid by
paper chromatography, and eluting the cobalichrome with
water. The absorption spectrum of histidine cobalichrome
showed maxima at 275, 357, 410 and 535 mp. at pH 2 and
showed a slight bathochromic shift toward longer wavelengths
as the pH of the solution was ralsed. Chromatographic
evidence indicated that the treatment of the compound with
cyanide removed the histidine. It was not demonstrated that
complete conversion of Byop to the cobalichrome had been
effected, and no mention was made of the results of similar
experiments using cyanocobalamin (vitamin B;,) and histidine
or with these cobalamins and other amino acids.

The above rather limited evidence has been widely cited
as suggesting coballchrome formation as a mode of linkage
between proteins and cobalamins. No further information has
appeared iln the literature concerning this or similar
reactions. |

The reaction of vitamin By, with cysteine was first
reported by Lang and Chow (5l4), and appears to be similar to
the reaction of Byop with other reducing agents such as
thiamine, ascorbic acid, hydroquinone, hydrogen peroxide,

sodium thioglycolate, thiomalic acid and thiosorbitol (55,
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56, 57, 142, 1l43). Heating By, with any one of the above
compounds in solution destroyed the microblological activity
of the cobalamin. Vitamin By, 1s unaffected by similar
treatment. The reaction of By, with ascorbic acid results
in complete loss of color and liberation of the cobalt atom
from the Bjop molecule (55). FPresumably, the other reducing
agents react in the same manner. The reaotion is not
reversible, but can be prevented by the presence of cyanide,
sulfite, nitrite (all of which replace the aquo~ group of
aquocobalamin) and ferric iron (55).

It was the lack of information concerning the reactions
of cobalamins with amino aeids that prompted the limited
studies reported below, for if histidine 1s the only amino
acld which will combine with cebalamins, and if histidine
will not react with cysnocobalamin, some further mechanism
must be sought to explain the apparent reaction of cyanc-
cobalamin with protein.

General method

A shif't of the absorption spectrum of the cobalamin in
the presence of the amino acid was taken as evidence for a
reaction. Obviously, a reaction which did not affect the
chromophoric part of the molecule would not have been observed
by this method. Most of the reactions were carried out in

0.1 M primary sodium phosphate (pH l4.5) using approximately
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50 mg. cobalamin and 6 mg. of the test substance per milli-
liter. After allowing the solution to stand at room
temperature for at least one hour, the positions of the
three principal maxima of the absorption spectrum were deter-
mined. Some reactions required several hours to reach
equilibrium,

Two cobalamins were used in this study. Vitamin B,p
as obtained in Bevidox (Abbott) was found to be essentially
pure, spectrophotometrically. Vitamin Bl&b was prepared
from vitamin Bjp by aeration with nitrogen at pH L while
being illuminated with a 500 watt light bulb. The reaction
was considered complete when the ratio of absorbancles at
351 and 361 mp. had risen from 0.62 to a maximum of approxi-
mately 1.5 (68).

Results

The vitamin Blab solution showed absorption spectrum
maxima at 274, 351 end 524 mu. at pH L4.5. In the presence
of a large molar excess of histidine, histidyl histidine,
pyridine, histemine, carnosine (0 -alanyl histidine) or
imidazole the maxima were shifted to the longer wavelengths,
indicating a reaction of the compound with Byope The
absorption spectra maxima of these solutions are given in

Table 1., Vitamin Bjsp, did not appear to react with any of
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Table 1. Principal visible and ultraviolet absorption
spectra maxima of derivatives of vitamin Blzb

Hmmrﬁ H&xm’ M}lt

Vitamin By, 274 351 524
Histidine | 277 358 538
Histidyl<histldine 277 358 538
Histamine 358 538
Carnosine , 276 358 536
Imidazole 278 358 542
Pyridine 359 533

the following amino aeids: glycine, alanine, arginine,
aspartic acid, cystine, glutamic acid, hydroxyproline,
lysine, methionine, 1soleucine, leucine, norleucine, pro-
line, serine, threonine, asparagine, valine and glutamine.
Further, B, apparently did not react with any of the
following compounds: glycyl-glyeyl-glycine, benzimidazole,
nicotink acid, pyridoxine, uracil, adenine, creatinine,
nicotinamide, kynurenic acid and nicotine. The visible and
near ultraviolet absorption maxima of 512b were destroyed
when allowed to react under the same conditiona with cysteine,
ascorbic acid, thiamine or glutathions. The absorption
spectra of By, remained unchanged in the presence of any of

the above compounds.
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The observation that benzimidazole did not react with
Blab was unexpected, for benzimidazole is not much weaker in
basicity, with a pKg of 5.5 (1i44), than the imidizole of
histidine, with a pK, of 6.0. Even at pH 7 there was no
evidence of a reaction between benzimidazole and Ble. Cont~
pounds which would permit a differentiation of baslelty and
steric effects have been prepared (1ll;) but were not
avallable for this investigation.

It 1is apparent from the compounds which react with Blzb
that the ring nitrogen atom of histidine is the one involved
in the formation of histidine cobalichrome. This would sub=-
stantiate the proposed nature of this reaction by Cooley and
co-workers (68). However, if this reaction involves the
formation of a coordinate bond hetween the ring nitrogen and
the cobalt atom, as proposed, one would expect hydrogen ions
to compete for the basie niltrogen, l.e., the reaction should
be reversible by lowering the pH. Qualitatively, this was
found to be the case, and at about pH 3 even a 104 molar
excess of hlstidine was insufficlent to effect a conversion
to the cobalichrome.,

It was decided to determine the magnitude of the equi-
1librium constant so that a better estimate of the effect of
pH on the extent of the reaction could be made. Varying
dilutions of histidine (free base) were added to a given
amount of Byg, in 0.2 M phosphate buffer at pH 7 and 25° ¢,
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The absorbancies were determined at 370 mum., a wavelength
which gave a satisfactory absorbancy differential between
the two compounds. These data are presented in Table 2.
Using these absorbancy values the amount of histidlne
cobalichrome formed was calculateds The equllibrium constant
for the reactlon:

Histidine + Bjop, == Histidine cobalichrome + Hy0

was then calculated by means of the followlng equation:

) (1 582 )
"7 (EeT-E) (B - 09)

where [HC] 1s the concentration of histidine cobalichrome at

equilibrium, E?ia@] is the original histidine concentration
and E%laé] is the original Byo;, concentration. The term
involving the hydrogen ion concentration is in consequence

of the second ionization reaction of histidine (pKy = 6.0).
The above equation was derived on the assumption that only
the concentrations of the monocationic and isolonlc forms of
histidine were present, and that the isolonlc form was the
reactive speclies. The equilibrium constants for the values
between one~tenth and nine~tenths conversion are given in
Table 2, It can be seen that the reaction requires a con-
siderable excess of histidine even at pH 7 to accomplish a
conslderable conversion. At pH L it would require an approxi-

mately O.1 M histidine to effect the same conversion that
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Tabls 2., Estimation of the equilibrium constant for the
vitamin B ~histidine reaection
12b
No. Initial Absorbancy Calculated Equilibrium
histidine 370 mp. cobalichrome constantb
conc. cone .2
M x 104 M x 105 K x 103
A 750. 0.477
B 500. 0.469
H 50, 0.459 3.00 3.5
D 10. 001].28 2;&.2 305
E 7.5 0.419 2.28 3.8
»r 5.0 0.@61 1.99 3.8
G‘ 3.0 0.373 1061 309
H 2.0 0.358 1.30 4.0
I 1.0 0.330 0.85 o3
J 0.50 0.308 0.50 L.2
K 0.00 0.277

*Initial vitamin By,
b . [Histidine cobalichroma)

Eﬁis tidine] I:B 12]9

concentration; 3.20 x 10“5 M.
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0.001 M histidina does at pH 7.

These results appezr to open to question the reported
determination of the absorption spectrum maxima of hilstidine
cobalichrome at pH 2 (68). However, it was found that once
the cobalichrome was formed, the rate of removal of the
histidine group by acld was slow enough to permit spectro-
photometiie examinatlon even at pH 2. This situation is
somewhat analogous to the acid stability of Bjos although
the equilibrium constant for the reaction of By, with

cyanide is much larger than for the above resction (65).

Summary

Vitamin Byop has been found to react with histidyl-
histidine, carnosine, histamine, Imlidazole and pyridine to
form cobalichromes analogous to histidine cobalichrome, as
evidenced by characteristic shifts in absorption spectra
maxima. The ehafaoteristia abgorption spectrum of Ble was
destroyed by several reducing agents, including cysteine and
glutathione. Vitamin Byo did not appear to react with any
of the compounds tested.

The equilibrium constant for the reaction between Blab
and histidine was estimated to be L x 103 1. per mole at

25° G. The reaction was found to be markedly pH dependent,
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Development and Examination of a Dialysis Method
for Determining Bound Cobalamins

Introduction

A careful consideratlion of the published methods for
measuring the extent of cobalamin-protein or similar reac-
tions led to the conclusion that separation of the free
cobalamin from the bound cobalamin by dialysis followed by
radio-assay of each, offered the greatest promise of being
an uncomplicated, streightforward apprcach. The one
reported attempt (95) to devise such a procedure resulted in
a cumbersome, theoretlcally unsound method. This method
consisted of dialysing 11 ml. of a labeled cobalamin-test
substance mixture against 10 ml. of water for 2L hours,
removing 5 ml, of the dialysate and replacing it with 5 ml.
of water, dialysing 2l hours, removing 5 ml. of the second

dialysate and again replacing it with 5 ml. of water,
dialysing for a third 2l4 hour period and again removing 5

ml. of the dialysate., The 5 ml. dialysate aliquots were
added successively to a planchet, dried and counted after
each addition. It was stated (95) that "the addition of
the third portion of the dialysate did not materially
increase the activity®. Théoratically this cannot be so.

Assuming an equilibrium had been reached at the end of each
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24 hour period, the third addition should have lncreased the
activity by 32.9 per cent, and even a fourth dlalysis should
have increased the activity by 9.5 per cent. One explana-
tion might be offered: That the increase of self-absorption
of the weak O -radiation of Co®0, by an accumilation of
salts for example, roughly compensated for the activity added
to the planchet.

All of the other reported dlalysis methods involved
exhaustive dialysis and measurement of activity by micro-
biological assay. Exhaustive dialysis was considered unde-
sirable because of the time involved and the extent of dilu-
tion of the dialysate, necesslitating either a concentration
atep, or the use of high activities. A review of dialysis
procedures used for other purposes did not reveal any which

appeared to be particularly sulted to this problem.

Development of the dialysis method

It seemed desirable to obtain a mathematical expression
of the dlalysls process for use as a basis for selecting the
most desirable conditions. Since dialysis is essentially a
diffusion process, the rate of dialysis 1s dependent on the
area involved and the concentration gradient. Assumling that
the only significant concentration gradient 1s across the
membrane, that the temperature is constant, and that the

membrane is of constant thiekneéa, the rate of dialysis of a
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substance can be expressed (145) as:

L = xa (G, - ©4)
where g 1s the amount of solute dialysed, K 1s the permea-
billity constant for the membrane, A is the area of the mem~
brane, and GG and ¢4 are concentrations of the sclute outside
and inside the membrane respectively. Expressing concentra~
tions as amount of solute per volume and integrating this
expresaion from zero time to time t the followling formula
was obtained:

b BT 18 ypmiy
where v, and v4 are the volumes outside and inside respec~
tively, V 1s the total #olume (vo + v4), G is the amount of
solute inside originally, g is the amount of solute inside
at time t, and K 18 a lumped constant term. By substituting
arbitrary values in this équatian it was found that for a
constant membrane aresa, the time required to reach a given
concentration ratio (i.e., the rate at which equilibrium is
approached) increases if the volume of either side is
inereased. This time is of course, deer@ased-by increasing
menmbrane area, and is unaffected by the original amount of
solute. It was thus concluded that if a certain minimum
volume was required of each side for samples, the 1deal

apparatus would conslist of equal volumes of liquids on
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either side of a membrane of as large an area as possible.

For a system of equal volumes the second equation reduces to:

g K'At
log 3z~ = ¥

The minimum volume of solution required for radioiso-
tope counting was the 20 ml. necessary to fill the liquid
counter. Previous experiences with 6060 indicated that
counting dried samples on planchets was very unsatisfactory
if there were any dissoived salts or other non-volatile
solutes present. Ligquid counting, even though inefficlent,
was found to be vererepro&ueible, unaffected by moderate
amounts of other solutes, and certainly less time~consuming
than plating out cobalt (146) or attempting to correct for
self~absorption of solld samples.

The original plan to meet these requirements consisted
of using dialysis tubing of small diameter, stirring both
solutions, dislysing against as small & volume of outside
liquid as possible, and allowing the dialysis to go to
within one per cent of equilibrium. Using 16/32 inch
diameter Visking Dialysis Tubing, 25 ml. inside and outside
volumes, and vertical motion of the bag for stirring,
dlalysis was 99 per cent complete in 12 hours. These runs
were performed at room temperature. Difficulties with the
agitation apparatus and the probable necessity of running

the dialysis at lower temperature to prevent microbial
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growth suggested that this method was not very practical.

It was reasoned that 1f the area of the membrane could
be kept constant from one run to another, dialysis for a
given period of time should lead to a constent molar ratio
on each side, and that extended dialysis to a point close to
equilibrium would be unnecessary. Taking into account the
desirability of a large membrane area to volume ratio and
the necessity of uniform and reproducible agitation, an
apparatus consisting of two channels, separated by a sheet
of cellophane, was constructed of Plexiglas. This cell was
rotated at the rate of approximately three revolutions per
minute by an electric motor-reduction gear assembly. This
apparatus was found to give surprisingly reproducible
results, and preliminary studies with several protein
preparations indlcated that a falrly good estimatlion of the
extent of reactions meking cobalamins non-dialysable could
be made.

Based on these promising results, and with some design
modifications, three identical dialysis cells were constructed
and the rotating mechanism modified to accept the three
cells. The apparatus is shown in Figure 1. Each cell half
was 3 1/I4 by 12 by 3/8 inches in size and contained a milled
out channel of 1 1/l by 10 by 1/8 inches. A hole for filling

and emptying each channel was drilled from the outside edge
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to the channel, and the outside third of this hole was
tapped to acecept s small bolt. Appropriate holes were
drilled to accept the 1/4 inch bolts holding the two cell
halves together. The membrane was obtained by lengthwise
aplitting of 36/32 inch dlameter Visking Dialya;s Tubing,
and was stretched taut while being clamped between the two
sections. 4 thin layer of grease applied around the edge of
the inside face of both cell sectlions prevented any leakage.
The two channels of each unit were designated as slde

A and side B, and were filled simultaneously using two 25
ml., transfer pipets connected to 3 inch, 17 gauge needles
with short pieces of rubber tubing. The solutions used for
both sides were 1ldentical, except for the cobalamins and
non-dialysable test substances, which were present in the
solution used for side A only. The 25 ml. left an air
space of about 5 ml. on each side. When filled, the small
bolts were inserted and the cell was rotated for four hours.
The contents of each side were then removed with a syringe
and needle, and 20 ml. of each side was counted to a total
of 10h counts, using the G-M dip tube. The same membrane
was used for several runs, and the unit was flushed out
elght or ten times with distilled water and kept filled

between runs. The results were most easily tabulated as

the per cent of the total activity which was present in side
B at the end of four hours, designated as %D. This value



Pigure 1. The partial dialysis apparatus used in
this investigation.
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aspproaches 50 per cent as the maximum. From this value
actual concentrations can be calculated if the count per

minute per amount of cobalamin has been determined.

Results of studies to determine the validity of the dialysis

method

The requirements placed on this method were inlitially
rather simple, as preliminary work with it was primerily
qualitative in nature--that 1s, to determine whether or not
a protein preparation binds a cobalamin. As the work pro-
gressed a more quantitative snswer was desired, leading to
further testing of the method, sc that the data reported in
this section represent only a partial and somewhat discon-
nected survey of the factors which affect the method.

Effect of cobalamin concentration. Clearly, the %D as
defined above should be lndependent of original cobalamin
concentration for a system containing no bound (non-dialysable)
cobalamin. This was found to be generally true with one
reservation: The dislysis rate of vitamin Ble was lower
than that of vitamin By, when the dialysis was performed in
distilled water. Using buffered solutions, Byo and Ble
gave approximately the same %D values, and their concentra-
tions had no apparent effect on the dialysis rate, as shown
by the results listed in Table 3. An asterisk (%) has been
used in the tables to indicate 6@60 labeled cobalamins,



51

Table 3. Effect of cobalamin concentration on the apparent
rate of dlalysis

Initial contents of Side a® %DP

Original cell

1 ml. Byou=Biops mixture® Llie3
2 ml. Bypy=Bjopy mixture Ll
I mi, Byoy=Biops mixture / L.2
Identical cells
1 ml, By,,, no buffer Ll.g
1 ml. Byopys no buffer 36.5
1 ml, Bysy,s 0.2 M buffer Lo.6
1l ml. Bla.% h.Q.Z
1 ml. Byops 40.0
1l ml, Blab‘ﬁ" 50 pg. Blgb 39»8
1 ml. By, 4i.5
2 ml,. Bla%, SO ch Blz Li—los
1 ml. B].Zb* 1&0.6

aDialyaia was carried out in 0.2 M phosphate buffer,
pH 6.6, except where noted otherwlse.

Prne per cent dialysed, %D, 1s the per cent of the
total activity found in Side B at the end of the four hour
perlod of dialysis.

®0One ml. of the 0960~1abaled cobalamin solutions con-
talned approximately 200 mpg. The labeled cobalamin
solutions are denoted with an asterisk ().
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The slower dialysis rate of vitamin Biop in water than
in buffer solution may be partially explained by the obser-
vation that cellophane binﬂs BlEb to a considerable extent,
but less Blab is bound in 0.2 M phosphate buffer than in
water., This was demonstrated by mixing cobalamins and
cellophane in the amounts present in the dialysis cell, and,
after allowing 30 minutes for the binding to go to comple-
tion, measuring the activity of the supernatant solution.
The results are given in Table l. The bound vitamin By,

Table 4. Binding of vitamin By, Py cellophane

Mixture Activity of
solution,

CPule

1 ml. Byoy in 25 mls H,0 347

1l ml. Bla.g.’ 0028 e Q@%l@ph&m in 320 31{.8

1 ml. Byy, in 25 ml. HyO 36l

1 mlse Byopys 0.28 g. cellophane in 25 ml. H,0 335

1 ml. By, in 0.2 M buffer 363

1 ml, Ble%’ 3028 Ee cﬁllaphme in 25 mle Ou2 M
buffer 345
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could be liberated by the addition of a small amount of
sodium cyanide., Apparently this binding does not interfere
with the dlalysis of By, in buffered solution, for the
addition of large amounts of n@n»labeled«vitamin Ble in the
dialysis run resulted in complete recovery of activity, but
no change in dialysis rate as shown in Table 3.

Although the binding of Bj,, by cellophane has not been
mentioned in the literature, 1t was reported (147) that
cobalamins present In sea water appeared to be adsorbed by a
cellulose acetate membrane after prolonged dialysis. It
appears probable that Blzb' not 512 was the form adsorbed.

Effect of temperature. 4 constant temperature room was
not avallable for these studies, necessitating the use of one
cell as a control run where quantitative results were
desired. It was of interest however, to determine the effect
Qf‘témpérature on dlalysis rate as a basis for poasible conw
struction of a large thermostat. Triplicate determinations
at five temperatures were performed, using the same cobalamin
and buffer solution and tha same three membranes. Tempera-
ture variations during those runs did not ecxceed *1° ¢,

These data, given in Table 5, also illustrate the reproduci-
bllity attained in the three identical cells. It was

%9tereating to note whether the effect of temperature on the

dlalysis constant followed the Arrhenius equation:
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Table 5. Effect of temperature on the dialysis rate of

vibtamin Blz
Temperature Cell Activity after l hours® %D
. no. epim.
A B Tataff
23 1 24,0 170 4410 1.5
2 168 13 Lo.
3 gﬁg 171 ﬁle un.g
2 1 245 169 40.8
h 2 243 171 1 41.3
3 2l 17, L1 41.6
28 1 237 177 Ll 42.8
2 235 178 uii 43.1
3 237 177 i} 2.8
33 1 230 18 1 Liyo by
2 230 18 ﬁi% Lo 7
3 228 18} hi2 Lhe7
38 1 221 190 411 L6.2
2 221 192 413 46.5
3 219 192 11 1467

aInitially each cell contained:

phosphate buffer, pH 6.6
Side B: 25 ml., of 0.2 M phosphate buffer, pH 6.6.
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1nK8=-ﬁE4~C.

Since the ares and time were contant for all runs, 1t was

sufficient to plot

log log ﬁE%@“
against reciprocal absolute temperature to test for the
applicability of the Arrhenius equation to this situation.
Such a plot, given in Figure 2, revealed that the data were
rather insufllclent to decide this point.

Correspondence of the dialysis method with the dialysis

rate equation. Although it was not necessary for the

dialysis method to follow the rate formulatlon to serve the
purposes of thils investigation, the fact that it does

appear to follow the equation lends some respectablility to
the method, and allows one to calculate with some certainty
the time required to reach a given concentration ratio. Two
series of cells contalning identical solutions were used for
this study. One cell of each series was taken off at the
end of two hours, one at three hours, and the third at four‘
hours. Calculation of 5%?“ for each of the cells gave a
relatively constant value, as shown in Table 6. From this
value of §%§ the time required to reach to within one per
cent of equilibrium was calculated and found to be 8.3 hours.

This 1s not an inordinate length of time, and makes feasible



Figure 2. The effect of temperature on the dialysis
rate constant., Individual determinations
were plotted from the data given in
Table 50
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Table 6. Correspondence of the partial dialysis method
with the dialysis rate equation

Time Cell  Activity after given time® %D K'AP
hr, NO . CPIM » v
A B Total
B R
5 3 286 231 517 L7 0.2k
3 1 306 210 516 40.7 0.242
I 2 289 229 518 4.2 0.234
2 3 337 171 508 33.7 0.243

8Initially each cell contained:
Side A: 1.5 ml, 312% in 25 ml. 0.2 M buffer.

Side B: 25 ml. 0.2 M buffer.
b

Kt 1 g . 1 A+ B
ot floegty=glg A2,

extending the dialysis period whenever the precision at
four hours is considered insufficlent.

Other factors which may affect the rate of dialysis.

Limited data will be presented later which indicate that the
rate of dlalysis of cyanocobalamin 1s independent of pH
between pH 2 and 10, but that at pH 11 to 12 the dialysis
rate apparently decreases. Several other factors, such as
the variabllity of pore size of the membrane and the

viscosity of the test solutions, were not investigated,
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Summary

A workable and reproduaible partial dlalysis method was
developed for the purpose of measuring the amount of free
(d1alysable) and thus the amount of bound (non~dialysable)
cobalamin. A dialysis cell possessing a rather large mem-
brane area to volume ratio was constructed. The use of
three identical cells permitted simultaneous determinations
to be made. Jeveral factors which affect the rate of the
dialysis were studied. It was concluded that the rate of
dlalysis is independent of the cobalamin concentration, that
the rate ls directly proportional to the time of dialysis,
and that the rate is markedly temperature dependent. The
rate of dielysis of vitamins Byo and Blab were found to be

essentially the same in buffered solutions. The cellophane
dialysis tubing used as the membrane was found to bind
vitamin Biop, but to a lesser extent in buffer solution than

in water.
Resctions of Cobalamins with Blood Proteins

Introduction

Most of the reported walues for the amount of cobalamin
present in mammalian serums range from 0.1 to 0.6 mug. per

ml. (117, 118, 120, 125), while values for whole blood are
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reported to range from 0.3 to 1.5 mug. per ml. (148, 149,
150), as measured by microbiclogical assay procedures. It
has been clalimed phat additional amounts of edbalamina, in
the order of 0.5 @pg. per ml. c¢an be bound by normal human
serum, and that alpha=-globulin pro%eins are primarily
involved in the‘binding of cobalamins (132, 125, 126). It
has also besen reported (151) that cobalamins incubated with
whole blood appear not to enter or be bound by the red
cells. It was quite unexpected therefore, when results
indicating a binding in the order of 150 mug. of cobalamin
per ml. of whole hemolysed blood were obtained during some
early trials with dilalysls bags. This was later confirmed
using the dialysis cells, and further studles were carried
out in order to find the cause of this large discrepancy
betwsen reported results and results obtalned by the dialysis
method. Bovine blood preparations were used in this
investigation.

Studies using the dialysls method

The first studies of the effect of whole blood on the
dialysis systems, using the original dialysis cell, indicated
that over half of the cobalamins were rendered non-dialysable,

and that thls effect could be prevented by an excess of
cyanide. These results are given in Table 7. Several

subsequent attempts to repeat these observations, using a



61

Table 7. Effect of several blood preparations on the
dialysis of cobalamins

Initial contents of Side A %D

Gld G@ég-eobalamin stock solution

2 ml., stock soln. Lh.3
2 ml., stock soln., 1 ml. blood 20.7
2 ml, stoek soln., 1 ml. blood, 5 mg. NaCN 4.9
2 ml., stock soln., 1 ml. blood 17.9

Presh Caéeucebalamin stock solution

1.5 ml. stock soln. , nn
1.5 ml. stock soln., 1 ml. blood 43
1.5 ml, stock soln., 1 ml, hemolysed red cells L.
1.5 ml. stock soln., 1 ml, plasma bl

newly prepared dilution of 6060 ¢obalamin, falled to show
any evidence of cobalamin binding. These results are also
shown in Table 7.

A possible explanation for this diéereyancy was that
the old solution of cobalamins, which had been kaﬁt in the

refrigerator except for removing‘partions for experiments,

had been exposed to enough light to effect a considerable
conversion from the original form, By, to Ble' Thls was
easlly shown to be the case by converting a portion of the
newer dilution to Bjp, by 1llumination and nitrogen seration
at pH for 8 hours, and then repeating the previous experi-
ments with this preparation. The results are given in Table
8. This great difference in the reactivity of By, and By,
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Table 8., Effect of several blood preparations on the
dialysis of vitamin By,

Initial contents of Side A %D

1-5 ml. Blab% ?414..2
1;5 ml. Bl&bﬁ’ 1 ml. blood 21.3
1.5 ml. By opyu? 1 ml. hemolysed red cells 30.9
105 ml. Blgb%y 1 ml. plaamo. ‘ )-].-ath.

although perhaps not unexpected, has not been reported in
the literature.

Since such a difference does exlist, considerable modi-
fication of the experimental procedure was indicated. There=
after, solutions of 6066 cobalamins were converted either to
Byo, DY the above method, or completely to By, by edding an
excess of sodium cyanide and removing the excess cyanide by
nitrogen seration. The 512 solution was kept in a perfectly
light-tight flask in a refrigerator. All operations
involving the use of Byos including the actual dialysis
runs, were carried out in a photographic darkroom under
minimum light conditions.

The results of further studies of the effect of blood
preparations on the dialysis of vitamins By, and Byop are
summarized in Table 9. It is clear that a considerable

amount of B&ab is rendered non~dialysable by whole blood,
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Table 9. Effect of several blood preparations on the
dialysis of vitamins By, and Byo,

Initial contents of Side A %D

Original cell

1.5 ml. Blab* M;..B
1.5 mls By ,» 1 ml. blood (170 mg. protein) 17.h4
1.5 ml. Byopys 0.5 ml. red cells (170 mg. protein) 32.4
1.5 ml. Byopss 2.7 ml. plasma (170 mg. protein) 2.l
1 ml. Ble* 14.3014.
1 ml. Byopys 2.5 ml. plasma 22.5
1 ml. Byopys 25 ml. plasma, heat-denatured (100° ¢.) 18.8
1 ml. Byoys 2.5 ml. plasma 43.5
1 ml. Bm* hl{.o?
1 ml. Byopys 150 mg. bovine albumin (Armour) 23.7
1 ml. Byopys 16 mg. purified globin 2l.8
1 ml, Byoys 16 mg. purified globin Ll .6

Identical cells

1 ml. Bypys 2.5 ml. serum 42.0
1l ml. Blgb.n., 2.5 ml. serum 17‘9

1 ml. Byyys 2.5 ml. serum, heat-denatured (100° G.) 41.8
1 ml. Byopys 2.5 ml. serum, heat-denatured (100° C.) 12.7
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hemolysed red cells, serum (and plasma), globin, and purified
albumin, whereas, under the same conditlions the dlalysls of
Blz is essentially unaffected. It 1s interesting to note
that heat-denatured serum appears to bind increased amounts
of Byops for heabting serum to release bound cobalamins for

mierobliologlecal assay has becoms a widely used procedure.
This method of partial dlalysis provides little Infor-

mation concerning the firmness with which the cobalamins are
bound by the protein. To estimate this, exhaustive dialysis
of serum~cobalamin mixtures against relatively large

volumes of saline were performed, and the progress followed
by radio assay of the protein solution. It was found that a
1:10 dilution of serum containing an excessg of Goégwﬁlzb
retained 110 c.p.m., or approximately 25 mug. of BIZb per
ml., of serum, while a L:5 dilution of serum containing an

excesns of 0069

"Bla retained only 30 CePelle, OF approximately
0.9 mpg. of By, per ml. of serum. From the partial dialysis
results given in Table 9, roughly half of the 200 mug. of
Bysp Was bound by 2.5 ml., of serum, or approximately 4O mug.
Byop Per ml., indicating falr agreement between the two
methods. The values obtalned by exhaustive dialysis for
aarumwBlz mixtures indlcate that only about one per cent of
the amount of By, used in the partial dialysis experiments
would be bound by the amount of serum used. This is defi-

nitely below the sensitivity of the dialysis method.
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Table 10. Effect of pH on the binding of vitamin By, by
gerum and serum albumin

Initial contents of Side 4 pH %D

Blzb%, ml. Serum, mMe e Albumin, iz
1 , L o7
1 2.5 % %2.8
1 25 b 17.7
1 10 - L3.5
1l 2.5 10 279
1 2:5 606 23!
1 L Ll 7
1l 150 % 1.6
1l 150 b 22.8

If the binding of Bl&b by serum and other preparations
is the result of cobalichrome formation with the histidine
slde chains of the protein, one could expect the reaction to

show a pH dependency similar to that of the reaction between

Blzb and histidine. This point was examined by conducting
the dialysis experiments at different pH levels using 0.2 M
phosphate buffer solutions. The results of these experi-
ments, given in Table 10, indicated that the binding of Blab
by serum and serum salbumin was definitely reduced at pH 4,

but was not greatly affected by raising the pH to 10. These
results only serve to indicate that histidine side chains

may be involved and, of course, do not eliminate other

possiblilities.



66

Position of vitamin E!Bﬁ bound Ez serum

Pitney and co-workers (125, 126) have presented evidence
that the o - and /& ~ globulin fractions of human serum are
primarily involved in the binding of cobalamins. Although
the cobalamin involved was referred to as vitamin By,, no
precautions to prevent conversion to Blab were mentioned in
the report. In fact, the work is in disagreement with the
less ambiguoue work of Shilling (11l), who reported that
added 606°~aebalamins are bound primarily by the albumin
component of serum. With the demonstratlon, described in
the preceding sectlon, that relatively large amounts of Blab
are bound to serum as compared with the amount of additional
Bqo which can be bound, 1t became important to determine
whether a single component or all components of serum were
involved in the binding of Byope Four pieces of evidence
concerning this point were obtained.

Salt fractlonation of serum labeled with c:aw-snh.

The general purpose of this experiment was to determine if

an arbitrary fractlionation of a labeled serum resulted in
any concentration of activity. Twenty ml. of serum were
mixed with 100 ml. (2000 mpg.) of Co®-B,,, and dlalysea
exhsustively agalnst distilled water at 0° C. A precipitate
(euglobina) was removed by centrifugation, re-dissolved in

saline and designated Fraction A. The supernatant was
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slowly made 2 M in ammonium sulfate at room temperature and

the precipitate (Fraction B) was removed by centrifugation,
re-dissolved in water, and dialysed agalnst saline evgrnight.
The supernatant (Fraction C) was dialysed agalnst salilne,
and concentrated by pervaporation. The finai volumes of the
three fractions werse 25, 50 and 100 ml. respectivély‘

Twenty ml. of sach fraction were counted in the GM=-dip tube
assembly.

Protein nitrogen of the original serum was determined
by micre-Kjeldahl using a copper selenite catalyst for the
digestion step, and distillation into 2 per cent boric acid,
followed by titration with 0,05 N hydrochloric acid using a
nixed indicator. The protein contents of the fractions were
determined by a colorimetric biuret procedure (152) using
the origlnal serum as & standard. The standard curve
obtalned for this determination is given in Figure 3. Por-
tions of each fraction and of the original serum were sub-
Jected to moving boundary electrophoresis and the relative
amounts of albumin and the globulins were determined. The

collected results of this experiment, presented in Table 11,
indicate that no concentration of activity was effected by

this separation procedure. Since Fraction A contained very
little albumin, and Fraetion C contailned no measurable T -
globulins, these components can be ruled out as possessing

exclusive binding power. Conceivably, the cobalamin binding



FPigure 3. Standard curve for the biuret protein
determination.
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Table 11, Position of labeled vitamin B

in serum

fractions obtalnsed by salt fr%é%ionation
uantitlies determined Original Fractions
serum A C
Total volume, ml,. 20 25 50 100
Total counts per 20 ml, - 135 200 188
Protein
mge. par ml. 6605 6.9 8.0 706
tot&l, Be 1033 0»15 0&1.0 0.78
Counts per min. per mg.
protein per ml, ' - 23 25 2l
Electrophoretic analyses
Albumin, per cent 51.6 6.6 742 75,0
total g. 0.69 0,01 0.03 0.59
«”Gl@bﬂliﬂ; per cent 1903 2305 26.7 1603
total, g. 0.26 0.03 0.11 0.13
B ~Globulin, per cent 9.5 L5.1 11.0 8.7
total, g. 0.13 0,07 0.0L 0.07
7 -Globulin, per cent 19.6 2.8 55.1 0.0
total, g. 0.26 0,0& 0.22 0.0

activity could be present sclely in the o{~globulin or G -

globulin fractions and still be more or less equally
distributed by thilas procedure.

Therefore, these results are

only suggestive of a generalized reaction of Byoyp with serum

proteins.
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Paper electrophoresis of serum labeled with Co““«Bjop.

Paper electrophoresis appeared to offer a method simpler
than fractional precipitation for effecting a complete
separation of serum proteins. An apparatus wes constructed
which provided free suspension over a span of 12 inches for
either five 1 inch strips or one 6 inch sheet of filter
paper. The ends of the paper were dipped directly into the
electrode chambers at each end. Distillatlon from the paper
was prevented by using buffer solutions containing 15 to 20
per cent glycerol (153), which permitted the process to be
carried on at room temperabure. |

4 labeled serum {the same serum used in the previous
experiment) was prepared by dialysis against saline, and was
concentrated to one-half of the original volume by pervapora-
tion. Three essentially identical determinations were per-
formed on this preparation.

A 6 inch sheet of Whatman #1 filter paper was equili-
brated with the buffer, which was composed of 15 parts of
glycerol and 85 parts of veronal buffer of pH 8.6 and 0.1
lonic strength. Then a 0.2 ml. sample (0.1 ml. for the
third determination) of the labeled serum was applied and
the sheet subjected to about 3 ma. (250 v.) D. C. current
for 2) hours, The sheet was then air-dried, and submerged

for a few minutes in 0.2 per cent ninhydrin solution in
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acetone containing 1 per cent glacial acetic acid. Heatling
at 100° ¢. for 10 minutes was sufficient to develop the
golored protein zones. Figure I is a photograph of one of
these sheets. |

The paper was cut into four sections contalning the
principal components, as indicated in Figure lj, and ashed at
600° ¢, in separate crucibles. The resulting ash was trans-
ferred to planchets with 0.7 ml. of 0.1 N hydrochloric acld
and dried. The planchets were counted with the end-window
GM tube in the lead shield., The results of these determina-
tliong, given in Table 12, were calculated to per cent of the
total counts (494, 545 and 207 counts per minute for the

Table 12. Position of labeled vitamin By, in serum
fractions obtained by paper a%ﬁgtrophoreaig

Determination Total Pe aant’of‘tatél counts ér minutes
no. cpm. Albumin 5@95u§£pﬂ

o s L4

1 Loy 8 34 21 38
2 545 11 32 22 37
3 207 11 28 18 L3
Average 10 31 20 39

, Ahe original serum aonﬁainad 51.6 per cent albumin,
19.3 per cent A ~globulins, 9.5 per cent g =-globulins, and
19,6 per cent 7 -globulins.



Figure lj. Paper a%getrophatcgram‘cf serum labeled
with Co®V-vitamin Byo,. The zones were

developed with ninhydrin.
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three runs respectively) to allow direct comparison. They
actually have little guantitative significance due to the
great smount of self-absorption of the salt-encrusted samples.
They do indicate, however, that activity is present in all
four frachions, with considerasble preference toward the

- globulins,

It will be recalled that by the dialysis method, a
purified albumin preparation exhibited considerable binding
aotivity. This albumin preparation was found to be at least
97 per cent albunmin by aleetrophorétic analysis. It will
8130 be recalled that heat-denatured serum appeared to bind
more 0960~B12b than native serum, a situabtion which can be
interpreted as an argument against a highly specific struc-
tural requirement for By, binding. These four pleces of
evidence thus suggest that a specific protein or type of

proteln is not responsible for the binding of By, by serum.
Pogition of cyanocobalamin bound by serum

An attempt was made to determine the position of the

small amount of Oaég

60

~Bi2 bound by serum. A mixture of serum
and Co™"«By, was dlalysed exhaustively in the dark, first
agalnst saline containing 0.5 mg. of sodium cyanide per

liter, then against saline. By radic assay the serum bound

1.4 mpg. Byo per milliliter. The labeled serum was concen-
trated to one~fifth volume by lyophilization, and the
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Table 1l3. Position of labeled vitamin B in serum fractions
obtained by paper electrophoresis

FPractions
Albumin Globuling
= g
Counts per minute 2.6 2.0 5.8 8.8
Per cent of total counts

per minute 13.6 0.4 30.2 L45.8

Protein, per cent 5348 18.3 8.0 19.9
{moving boundary
electrophoresis)

components were separatad by two paper electrophoresis runs
in complete darkness, using 0,10 and 0.16 ml., per 6 inch
sheet of Whatman #3M paper. The zones were developed by the
ninhydrin procedure described previously, cut apart, and
simllar sections of the two runs placed in a single crucible
for ashing. The samples were ashed, transferred to planchets
and counted as before. The results are given in Table 13.
No conelusion can be drawn from this experiment because the
small amount of activity and the large amount of ash present
on the planchets preclude any good estimation of activity.
With considerable refinement of taahnique it 1= belleved
that a more valid determination of the position of bound Byo

can he made in this way, than by the bacterial assay method.
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It was found by the partial dialysis method that unex-
pectedly large amounts of vitamin szb were bound by whole
blood, serum {and plasma), hemolysed red cells, purified
globin, purified albumin and heat~denatured serum. For
serum this binding was in the order of 30 mpg. of By, per
ml., and was stable to prolonged dialysis. Serum and puri-
fled albumin were found to bind canaiderably less vitamin
Byop &t PH li than at pH 6.6« Salt fractionation of serum
into three crude fractions did not effect any concentration
of bound Blzb’ Fractionation of safum by paper electro-
phoresis indicated that Bj,, was bound by all fractions,
with a possible predominance in the globulins. It was con-
cluded that there 1s little protein specificity inveolved in
the binding of Bjypy by serum, perhaps indlcating that a
cobalamin type of linkage with histidyl side chains is
involved.

In contrast, vitamin B3y, was not bound to a measurable
extent by the above preparations, as determined by the par-
tial dialysis method. By exhsustive dialysis it appeared
that about 1 mpg. of By, could be bound per ml. of serum.
The position of By, bound by serum could not be determined
using the present methoda,
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Reactions of Cobalamins with Lysozyme

Introduction

Early work using bacterial inhibition methods indicated
that cobalamins may be bound by lysozyme (135). This has
been largely refuted by further examinatlion of thls system
using bacterial uptake and dialysis methods (90, 95, 105).
However, 1t has been pointed out (115) that lysozyme is not
completely retailned by cellophane membranes (154), so that
there still exists some possibility of a lysozyme-cobalamin
interaction. Furthe:mure, in the light of the work with
blood proteins described in the previous section, a reaction
of lysozyme with By, appeared to be quite likely, for lyso-
zyme contains one per cent histidine (155), and the imidazole
siéa chain may be accesslble for it appears to be involved
in the lytic activity of lysozyme (154). It was therefore
declided to study this system using the methods described in
the preceding section.

Effect of lysozyme on the dialysis of cobalamins

The lysozyme used in this work showed only a single
peak by moving boundary electrophoresis at pH 8.6 (veronal
buffer) and 7.8 (phosphate buffer). As shown in Table 1,
rol&tivaly large amounts of lysozyme falled to bind either
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Table lii. Effect of lysozyme on the dialysis of vitamins
Biz end By,

Initial contents of Side A

%D _
Cobalamins Lysozyme

Original cell

1 ml. Byops hlye7

1ml. Byopys 100 mge lysozyme Lh2.l

1 mle Byopys 50 mg. lysozyme in sallne 13.9 16.0

1 ml. By,, 50 mg. lysozyme 5.2 6.0
Identical cells

1 ml. Byopys 250 mg. lysozyme h2.2

1 ml. By,.s 250 mg. lysozyme i3

vitamin Byo or Ble to any appreciable extent. The amount
of lysozyme which dialysed through the membrane during the
4 hour period was estimated for two runs by determining the
final protein content of both sides by the biuret method,
using the original lysozyme solution as a standard. Side B
contalned in one instance 16 per cent, and in the other, 6
per cent of the original protein. Thus the dlalysabllity of
lysozyme 1s at least lower than cobaleming, and any
appreciable binding of cobalamins by lysozyme would
certainly be detectable.
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Paper electrophoresis of cobalamin-lysozyme mixtures

Preliminary paper electrophoresis of combinations of
lysozyme with excess 0969-4312 or caé‘)mm indicated that
both cobalamins moved slightly toward the cathode and showed
considerable spreading, and lysozyme moved a considerable
di stance toward the cathode. By using a 6 inch wlde sheet
of filter paper (Whatman #1) 15 mg. of lysozyme dissolved in

60 60
”Bxa and Co "Blzb

0,15 ml. of a 1:1 mixture of stock Co
(ca. 200 mpg. per ml.) could be applied. Electrophoresis
was carried on in the dark for 1l hours at 4 m.a. (320 v.),
using pH 6.8 veronal buffer containing 20 per cent glycerol.
The sheet was developed with ninhydrin and cut erosswise
into one inch strips starting from the line of application.
Each strip was ashed, trasnsferred to planchets and counted.
The resulting counts and a visual estimate of the protein
distribution are plotted against distance from the point of
application in Figure 5. It is apparent that no measurable
activity migrated witk the principal protein component. The

identity of the two minor protein components is unknown.

Summary

Lysozyme does not appear to react with either vitamin

Bi2 or Blop, at least in amounts measurable by partial
dialysis and paper electrophoresis techniques. Thus, either



Figure 5., Distribution of radicactivity and protein resu}.ging from paper
electrophoresls of a mixture of lysozyme and Co O.vitamins BIZ
and Byo The solid line connecis radioactivity values for
each } ?mh aegment. The dashed line represents & visual
estimate of the distributian of protein as detected with
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the imidazole side chain of histidine is covered up or is
sterically unapproachable by Bjpys or there are further

structural requirements for protein-Bjs, reactlons.

Reactions of Cobalamins with a Gastrie

Mucosal Extraect Preparation

Introduction

There 1s ample evidence in the literature that gastrie
Juice and gastric and duodenal mucosa contaln a substance or
substances which bind large amounts of cobalamins, rendering
the cobalamins non-dialysable (83, 90, 104) and unavailable
for growth of cobalamin-requiring mieroorganisms (83, 90,
104). Early speculations that the intrinsic factor activity
of these substances may be indicated by their cobalamine
binding activity (83, 92, 105) were not borne out by experi-
mental evidence (95, 99, 10L). At the present time the
exact relationshlp between these two biological activities
of these substances 1s unknown. As a result, newer methods
of measuring intrinsic factor activity based on intestinal
abgorption have bheen developed for use in the search for the
identity of the intrinsic factor (156, 157, 158, 159, 160),
and the reactlons of these substances with cobalamins have

been placed in a position of secondary importance.
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Evidence concerning the nature of the reactions between
these substances and cobalamins is limited. There 1s some
doubt that the reaction is stoichiometrie, and conflicting
evidence regarding the heat-lability of the substances has
been presented. Heating the substences in the presence of
cobaltous chloride and benzimidazole has been reported to
destroy the binding power of the substances (109, 110). The
pH dependency of the reaction has not been studied, but it
has been suggested that acld groups may be involved in the
reaction (95, 116). The sulfhydryl group has been suggested
as a possible reactive site (161). It has also been
suggested that a peptide bond may be formed through one of
the primary amides of the cobalamin structure (161).
Actuslly, the question of which cobalamins are able to par-
ticipate in these reactlions has not been studied. It was
therefore of interest to apply the relatively uneomplieated
partial dialysis method to the study of these reactions.

Preparation of a gastric extract

A preliminary extraction of Ventriculin with 1.0 per
cent sodlum chloride, precipitation of protein by slow
saturaetion with ammenium sulfate, and re-solution of the

precipitate in distilled water gave a solution of very high

C0ob0.B1, binding activity. The activity was not diminished

by exhaustive dialysis or by clarification by centrifugation
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at 30,000 r.p.me in a Spinco preparative centrifuge. Thils
preliminary trial being successful, an extraction designed
to colleet all of the extractable protein while attempting
to eliminate as much non-protein material as possible was

undertaken.

One hundred grams of Ventrieulin were ground in a
mortar and extracted at pH 7.5 with LOO ml. of 0.2 per cent
sodlum chloride, then extracted again with two 200 ml, por-
tlons of water, separating the insoluble matter by centri-
fugation. The combined supernatant was slowly made 2 M in
sulfate and 2 M in phosphate by adding the sodium salts
(final pH 5.9) at room temperaturse. The resulting precipi-
tate was then harvested by centrifugation, washed with a 4 M
sodium phosphate solution (pH 6), and re-dissolved in 100
ml, of water. Thia solution was extensively dialysed at 0°
C. agalnst one per cent sodium chloride, brought to pH 9.5
for an hour to destroy any pepsin, returned to pH 7.4 and
clarified somewhat by centrifugation at 11,000 r.p.m. in a
Sorval centrifuge. The supernatant was brought te 0° C. and
the proteln was precipitated by the slow addition of cold
ethanol to reach an 80 per cent ethanolic solution. The
precipitate was harvested by centrifugation at 0° C., re-
dissolved in cold water, and dialysed against three changes
of water at 0° C. The solution was then pulled through s
Selas No., 02 bacterial filter, to give a clear, light brown
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solution. Five ml. aliquots of this solution were frozen in
test tubes and served as samples for all of the work
reported in.tha following sections.

This preparation was found to contain 2.16 mg. of
nitrogen per ml. by the micro~-Kjeldahl method, or 13.5 mg.
protein per ml. using the factor 6.25. Using only one 5 ml.
sample, the solution contained 18 per cent solids when
evaporsted and dried at 110° Ces and 0.9 per cent ash. As
determined by the biuret method using a serum as the #tan»
dard, this solution contained 10.l mg. of protein per ml.

By moving boundary electrophoresis in phosphate buffer at pH
7.8 at least six components were observed, with the bulk of

the material exhibiting low anodic mobility.

Dialysis experiments with the gastric extract

This gastric extract (GE) was found by the dialysis

method to bind rather large amounts of 0660

~By, in an
spparently stoichiometric manner. Unfortunately, the magni-
tude of the temperature effect on the dialysis rate was not
realized at the time many of these runs were made, and a
contrel determination using only the cobalamin was not
included in each set. In calculating the amount of Bla or
Blab bound, an assumed value, based on the results of the

most recent control runs, was used. In all of this work the

newer cells were used, and the data are presented in groups
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of two or three, indicating simultaneous runs.

Effect of the gastric extract on the dialysis of

cobalamins. It was found that 0.15 ml. of the GE bound
approximately half of the activity present in 1 ml. of 006°~
By, or QnéguBlzb, so this amount of GE was used moast often.
By microbiological assay using L. leichmannii (162) the
radlo-cobalamin solutions were found to contain 190 mpg. as
Byo per ml, Usling two levels of GE 1t was found that sbout
730 mpg. of By, and 780 mpg. of Bygb were bound by 1 ml. of
GE. These data are p&eaent&d in Table 15.

As a check on the possibility that the gastric extract
was retarding the dialysis by some means other than by
binding cobalamins, one run was continued for eight hours.
Using the dialysis equation (page }5), L9.4 per cent of the
free By, should be found in side B at the end of elght hours.
The calculated amount of Bjp bound by 1 ml. of GE using this
value for the 8 hour run agreed well with the l hour values.
To further establish this point, a cell containing an excess
of the gastric extract on one side of the cell and the cob0.
Bla on the other slde, was dialysed for four hours, giving a
#D of 64.9 per cent. An expected value of 65.1 per cent was
calculated from the general dialysis equation (page L) vy
assuming a very large (1,000 times) side B volume. Thus, it
can be ecnelqded that the system 1s actually measuring free

cobalaming.
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Table 15. Effect of gastric extract (GE) on the dlalysis of

Initial contents of Side A %D Bound
Bla.;g. Blﬁb 3% GE cobalamin
mug. per
ml, mle ml. ml. GE
1 Iiied
1 Ihe5
1 0.1 273 730
1 0.1 27.5 722
0.15 17.1 722
1 0.15 18.0 751
1 0.15 17.1 772
1 0.15 18.5 733
1 6l1..9°

8Mis run was dialysed 8 hours.
Prme side B of this run contalned 0.5 ml. GE.

The slightly higher values for bound Blab as compared
to Blz’ cited above, were investigated further. If these
two cobalamins are bound at the same sites by the binding
substance, they should show mutual blocking of these sites.
By adding excess non-labeled Bjo or Bjoy, to the gastrie
extract before adding the labeled cobalamina,‘the sites of
combination, if identical, should be filled and a normal
dialysis value should be obtained., As shown in Table 16,
excess Bjop, adequately blocked the Bjp sites, but perhaps
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Table 16. Effect of excess non-labeled vitamins By, and
. Byoy, on the binding of labeled vitaming B3, and

Biop by gastrice extract

Initial contents of Side A% %D

0;15 ml. GEQ 1 ml, B]‘a% 17&7
0015 m:[. GE, 50 }1&' Bla,p 1 ml. 83.2% 1)1;--0
0.15 ml. GE’ 1 ml. Blg‘b.ﬂ. 1700
0‘15 nle G’E’ 50 N Bla‘b, 1 ml. Blzb% L[J.LQO
Ools mnl. GE, 50 BB EJ.Z’ 1 ml. Blzb‘ﬁ' h-lbll—
0.15 ml. GE, 1 ml. By, | 18.2
0&15 nml. G’E, 50’ JAEs Bl b 1ml. B 14.11,.0
O. 15 ml. G‘E’ 50 BEe Blgg 1 ml. Bl‘]“‘):%g% I-{»Zt?

8Me components are listed in order of addition to the
buffered solution. Solutions containing non-labeled
cobalamins were incubated 1 hour at room temperature before
adding bthe labeled cobalamins.

not all of the By, sites were blocked by excess Bjo.
These differences in the amount of Bio and Blab bound

are probably only a little larger than the sensitivity of
the method, so that further refinements in thé method will

have to be made before effects of this order can be ade-

quately exemined. It can be concluded from these data,
however, that it is qulte unlikely that 512 and Blzb react
at different sites entirely, and therefore their structures

probably have a common reactive group or groups.
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Effect of pH and excess cyanide on gobalamin binding
by the gastric extract. If acid groups in the proteln mole-

ecule are primarily responsible for cobalamin binding, as
suggested by Chow (95, 116), one would expect the reaction

to be pH dependent. This has not been studied previously
because the pH must be kept relatively constant for the
bacterial inhibition or bacterial adscrption method. The
dialysis method is not limited by such restrictions.

Using phosphoric acid and mono-, di-, and tri-sodium
phosphates, 0.2 M buffer solutions varying from pH 2 to 12
were prepared, and the effect of increasing or decreasing
ths pH relative to the routine pH of 6.6 was studled. It
was found that the amount of either Byo or Blzb bound by the
gastric extract was essentially unaffected by pH changes in

the range of pH 2 to 10, with the possible exception that
slightly less binding of Bj,, may have occurred at pH 2.

These results are recorded in Table 17.

By adding an excess of cyanide to a Bla solution at
above pH 7 the dicyanocobalsmin formm predominates (39, 4O,
75). 1If the proposed structure of this cobalamin is correct
(68), and 1f the reaction between the binding substance and
Byo involves coordination with the cobalt atom, one might
expect cyanide to compete with the binding substance for one
or both of these coordination sites. Dlalysis experiments
examining this possibility are presented in Table 18. It
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Table 17. Effect of pH on the binding of vitamins By, and
Bl&b by gastric extract

Initial contents of Side A pH %D
Bm*g ml. Blﬁhﬁ" mle Q‘E; ml.
1 0.15 2 21.7
31 0.15 L 20.2
1 0.15 10 2043
1 0.15 6 19.0
1 0.15 7 19.5
1 0.15 8 20.2
1 2 a2
1 0.15 2 19.
1l 0.15 6.6 19.
1 0.15 2 23.5
1 0.15 6 16.2
1 0.15 10 17.4

appears that at high pH values there is partial interference
with the binding by eyanide fons. At pH 6.6 there is no
apparent interference by cyanide, or rather, hydrocyanic

acid (pKg = 10), even though complete conversion of Byoyp to
Byo can be effected at this pH. It was found that, at least
at pH 10, the same degree of interference waavcbtainaé whether
the cyanide was addeé to the Bjp solution before or aftér
addition of the gastric extract. Thus, dicyanocobalsmin

also reacts with the gastric extract, to an extent probably

determined by the oyanide ion concentration, snd bound
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Table 18. Effect of excess sodium cyanide on the binding of
vitamin By, by gastric extract

Tnitlial contents of Side A | oH %D
Blg%, m1~ KaGH, mg-‘ G‘E; ml,.

> 15 g'g 1 %
1 0' »- t ]

1l 2.5 0.15 6.6 18.5
1 0.15 10 19.5
1 2.5 0.15 10 25,5
1 2.58 0.15 10 25,0
1 10 15,0
1 0.15 10 20.6
1 2.5% 0.15 10 25.7
1 0.15 10 20,0
1 245 0.15 10 25.8
1 10.0 0.15 10 29.9
1 11 42.9
1 0.15 11 27.0
1 2.5 0.15 11 37.2
1 12 40.3
1 0.15 12 33.6
1 205 0; 15 12 1‘—1'7

%In these two samples the GE and B,y Were mixed and
allowed to stand 1 hour before the NalN was added. In all

others, the By,; and NaCN were mixed before the addition of
the GE.
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cyanocobalamin can apparently be liberated by cyanide ions.
Qualitstively then, 1t appears that there 1s competitlon
between the gastric extract and cyanide ions for ceordina*
tion with the cobalt. These results suggest that coordina-
tion with the cobalt is an essential feature of the cobalamin-
gastﬁia extract reaction, and that this coordination may
occur only at the position taken by the second cyano- group

of dicysnocobalamin.

It will also be noted in Table 18 that the dialysis
rate of By, decreases above pH 10, and that the binding of
Byp by the gastric extract is quite markedly reduced above
pH 10. The structural significance of these data is not
apparent.

Effect of buffer type and concentration on gobalamin
binding by gastric extract. As a check agalnst the possible

involvement of the phosphate lon in the gastric extract-
cobalamin reaction, the concentration of ghosphata was
varled, and an acetate buffer was used for one run. The
results, llsted in Table 19, indicate that the binding 1is
unaffected by these changes in buffer concentration.

Effects of heating and of cobalt and benzimidazole on

the binding of cobalamins by gsstric extract. Van der Zant

and Underkofler, using the baeterial inhibition method, have

found that heating a similar gastriec extract with Co (II) or
Fe (II) and benzimidazole or histidine greatly reduces the
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Table 19. Effect of buffer type and concentration on the
binding of vitamin 512 by gastric extract

Initial contents of Side A Buffer pH %D
Blz*, mln GE; mlo

1 0.15 0.2 M Phosphate 6.6 19.1

1 0115 0.2 M Acetate 6 18n7

1 0.15 none 6  17.5

1 0*15 0.1 M Phosphate 6.6 19.6

1 Ong 00).3. M PhOBphatO 6.6 19.1

capacity of the material teo bind cobalamins (109, 110). It
was proposed that the cobalt and benzimidazole blocked the
cobalamin~reactive sites of the binding material, and there-
fore the cobalamins may be bound by both a linkage to the
cobalt, and to the benzimidazole moiety. This propossl is
very attractive in the light of the work described in the
preceding sectlon, and was therefors investigated with the
partial dlalysis method.

It was found that heating the gastric extract at 100°
Ce iIn the phosphate buffer solution (pH 6.6) either before
or after addition of Geéowﬁla decreased the observed binding.
The presence of Co (II) or benzimidazole or both had no
ef'fect witheut‘haating, and the effect with heating was no
more than obtainable by heating alone. These data are
given in Table 20,
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Table 20, Effect of heat, cobalt and Benzimlidazole (Bz.)
on the binding of vitamin 313 by gastric extract

Initial contents of Side A% %D
0015 Mlo GE’ 1 mlc Blz* 1902
0.15 ml. GE, 60° C. 1 hour, 1 ml. By, 19.5
0.15 ml. GE, 100° C. 1 hour, 1 ml. Bjoy 30.9
0.15 ml. G‘E, 1 ml, Bla% 19'5
0.15 ml. GE, 1 ml. Byoy, 60° C. 1 hour 19.4
0.15 ml. GE, 1 ml. Bjou, 100° C. 1 hour 3L.4
0.15 ml. GE, 50 mg. Bze, 1 ml. By, 19.6
0.15 ml. GE, 50 mg. CoClp, 1 ml. Bjpy 20.7
0¢15 ml. G‘E; 100 mge Bzey 100 M 00312, 1 ml. Bla‘“’ 20.2
0»15 ml. GE, 100 M c@clap 100 mnge Bz., 1 ml. Bl&# 20.3
0.15 ml. GE, 100 mg. Bz., 100° C. 5 min., 100 mg.

CoCl,, 100° ¢. 5 min., 1 ml. Byog 23.6
0.15 ml. GE, 100° C. 10 min., 1 ml. By, 22.5
0.15 ml. GE, 60 mg. CoCl,, 30 mg. Bz., 100° C. 10 min.,

1 ml, Byo, 2he2
0.15 ml. G‘E’ 60 g 000139 17 2124 Imid&zole,

100° ¢. 10 Min., 1 ml. B 2346

12%

“Gompunents are listed in order of addition and

treatment.
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This system proved to be unworkable because of a pink
precipitate which formed when the cobalt and benzimidazole
were added to the gastric extract. When the mixture was
heated, the precipitate turned blue and the amount of pre-
cipitate appeared to increase., Thus the amount and nature
of the cobalt-benzimldazole complexes in solution were not
defined. The precipitate interfered with the transfer of
samples into and out of the dialysis cells, and rspidly
settled to the bottom of the counting chamber.

Effect of p-chloromecuribenzoic acid on the binding of

cobalamins by gastric extract. It has been suggested by
Smith that sulfhydryl groups of natural materials which bind
cobalamins may be involved in the coordination with the
cobalt atom of cobalamins, possibly by displacing the
benzimidazole molety (161). Although this proposal appears
unlikesly 1ln several respects, it is one which can be readily
examined by the use of p-chloromercuribenzoic acid (PCMB).
This reagent l1s highly selective for sulfhydryl groups and
is able to react with sulhydryl groups of proteins which are
not accessible to other sulfhydryl reagents such as oxi-
dizing agents (163).

The colorimetric method of Anson (16l) for determining
the sulfhydryl content of proteins wes used in s preliminary

effort to estimate the amount of PCMB needed to react with
the gastric extract. Glutathione (GSH) was used as the
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sulfhydryl standard for this determination. The standard
curve was obtalned by using from 0 to 1 ml. of 0.001 M PCMB
made up to 7.5 ml. with water, adding 1.0 ml. of 0,001 M
GSH, 0.2 ml, of 0.1 M phosphate buffer (pH 7) and 0.5 ml. of
0.2 M potassium ferricyanide. The mixture was allowed to
react at 37° C. for five minutes, and then 0.5 ml, of 2 N
sulfuric acid and 0.5 ml. of 0.5 M ferric ohloride were
added. The resulting Prussian blue color was read at 650
mp. after 20 minutes. Determination of the sulfhydryl con-
tent of & proteiln sample consisted of adding an amount of
protein denatured with detergent to 1 ml, of the FCMB solu-
tion, then adding 1 ml. of the GSH solution, making the
volume up to 8.5 ml. with water and carrying out the above
procedure to determine the amount of unreacted GSH. How-
ever, when this was trised with 1 ml. of the gastrlic extract,
a precipitate was obtalned at the acidification step. Using
as little as 0.2 ml. of the gastrie extract produced con-
siderable turbidity. Therefore, a visual estimation of the
color produced was resorted to, and it was estimated that
042 nl, of gastric extract did not react with more than 0.l
ml., of 0.001 M PCMB. It was therefore planned to start with
amounts of PCMB greatly in excess of this and if binding was
impalred, to work downwerd toward this value. A spectro-
photometric sulfhydryl method which can be carried out at a
neutral pH has been recently reported (165).
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Table 21. Effect of para-chloromercuribenzoic acid (PCMB)
on the binding of viteamin By, by gastric extract

Initial contents of Side A® %D
Biows ml.  GE, ml.  10=3 M PCMB, ml.

1 43.8
1 0.15 18.6
1 0-15 1.5 1808
1 L34
1 0.10 26.1
1 0.10 1.5 26.0

‘Hhan PCMB was used 1t was added tg the gastric
extract and lncubated for 2 hours at 30Y ¢. before the
labeled 312 was added.

The two experiments carried out on this point, sum-
marized in Table 21, indicated that PCMB in great excess had
no effect on the binding of Bla by the gastric extract. In
these experiments the gastric extract was allowed to incubate
with the POMB for 2 hours at 30° C. before the Go®0-B,, was
added. It thus appears highly unlikely that sulfhydryl
groups partleipate in cobalamin binding in this system.

Fate of the cyano- group during the reaction of vitamin Byo

N —————— S

with gastric extract

If coordination with the cobalt of cobalamin constitutes
part of the reaction of gastric extract with vitamin Bios
either the cyano~ group or the benzimidazole molety must be
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displaced from the cobalt coordination system. If 1t is the
cyano- group that is displaced, performing the reactlon in
acid medla should result in evolution of hydrocyanic acid.
If the cyano~ group is not displaced during the reactlion, it

appeared possible that it might still ve photo-lablle, as it
is in free vitamin By,.

To examine these possiblilitles use was made of the
elegant and sensitive cyanide determination of Epétein (166)
as adapted to the determination of vitamin B;, by Boxer and
co~workers (71, 167, 168, 169). Essentially this method
consists of isclating the cyanlde by nitrogen aeration into
a émall volume of dilute sodium hydroxide, and converting
the c¢yanlide to cyanogen chloride with chloramine~T. Cyanogen
chloride 1s then reacted with aqueous pyridine to form
glutaconie aldehyde, which will then react with 3-methyl-le-
phenyl-5-pyrazolone (MPP) to form a blue dye. This dye was
found to be stabilized by the presence of bis~3-methylel-
phenyl-5-pyrazolone (bisMPP). Boxer and Rickards have
clalmed that this method is capable of determining one part
of eyanide in 1031 parts of solution with a precision of 1.5
per cent (167).

The procedure of Boxer and Rickards for aeration of
samples and for color development was followed as closely as
poasible. A4 0.1 N sodium cyanide was prepared, standardized

agalnst silver nitrate (170), and diluted in 0.1 N sodium
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hydroxide to six conecentrations (0.02 to 0.20 pg CN™ per
ml.) to serve as standards. An aeration train capable of
handling six samples wes constructed. This consisted of a
nitrogen tank, distilled water trap, a trap containing 0.05
N cerie sulfate in 1 N sulfuric aeid, a trap containing
satursted silver sulfate in 20 per cent sulfurlc sacid, a
trap containing 0.1 N sodium hydroxide, and an empty trap
followed by the sample assemblies in series. Each sample
asgsembly consisted of the sample tube (38 by 200 mm.) con-
taining 20-25 ml. of solution at pH 5 or less, followed by
two successive collecting tubes (18 by 150 mm.), each con~
taining 1 ml, of 0.1 N sodium hydroxide. At the end of the
train a gas flow meter was installed. The sample tubes and
collection traps were treated with Dri~-Film No. SC-87 to
avold creeping of the solution., The aystem was easily
tested for leaks by putting the chain under positive gas
pressure and noting any continued bubbling. Samples to be
run in the dark were encased in tubes of black construction
paper, and samples to be i1lluminated were placed in the light
beam of a Bell and Howell slide projector. Aeration was
carried on at the rate of 00 ml. per minute for 3 hours,
this being about twice the minimum suggested by Boxer and
Rickards.

Color development consisted of chilling the collection
and standard tubes to 0° C., adding 0.2 ml. of the fresh,
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chilled chloramine-T reagent (prepared by adding 1 part of
0.25 per cent chloramine~T in water to 3 parts of 1 M pri-
mary sodium phosphate), mixing, and allowing to stand for
from 2 to 10 minutes at 0° C, To this solution were added

3 ml. of fresh pyrazolone reagent (prepared by mixing 5
parts of filtered, saturated MPP in water with 1 part of 0.1
per cent bisMPP in pyridine), followed by incubation in a
50° ¢. water bath for 30 minutes. The absorbancies of the
solutions were read within an hour at 620 mp using the Beck-
man spectrophotometer. A standard curve for this method 1s
presented in Figure 6. Good agreement was obtained between
duplicate tubes of the standard series.

The method was tested by ameration of the standard
cyanide solutions and by illuminstion-aeration of a vitamin
By, solution standardized spectrophotometrically. The
results were somewhat disappointing, ranging from 96 to 112
per cent recovery. The principal difficulty was finally
traced to the sample collection tubes. There appeared to be
a considerable carry-over of hydrocyanic acid from the first
tube to the second, amounting in some samples to 20 per cent,
and quite variable. This aspparently was the result of
bumping of a large part of the 0.1 N sodium hydroxide onto
the sides of the tube, leaving less solution for the gas to
bubble through. In addition, there was a small, but also

variable amount of blank color, possibly due to something in



Figure 6. Standard curve for the cyanide
determination.
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' the silicone coating. Other coatings such as Desicote and
paraffin, and different methods of washing the treated tubes
were tried without success. It was finally decided to pro-
ceed, recognizing that the results would be good to only
gbout 110 per cent. This proved to be adequate for deciding
the original question.

The plan of the experiment was to aerate 5 ml. of the
gastric extraet both in the dark and in the light to remove
all free and cobalamin~bound cyanide, then to add a known
smount of vitamin By,, slightly in excess of the amount
expected to react, and to serate agaln, first in the dark (to
obtain any cyanide released by the reaction) and then during
1llumination. As a control, the same amount of By, that was
used for the sample was aerated, first in the dark and then
while being i1lliuminated.

To determine the extent of the By, actually bound, in
the event that the nitrogen aeration destroyed the binding

60

activity, small amounts of Co ~Byp were added to the non-

Jabeled Bla’ and this mixture used in three of the determina-

tions. After the last seration, 25 ml. of the sample were
transferred to a dlalysis cell and the amount of free Byo
was determined by the partial dialysis mathad,

It was found that an average of 700 mug. of Bla
remalned bound by 1 ml., of the gastric extract after the

aeration process as compared to an average of 730 mpg. of
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Bla bound by 1 mi. of gastric extract which had not been
subjected to the aeration treatment.

The results of five such experiments are given ln Table
22, and i1llustrate the considerable variation obtalned with
this method. The cyanide values were obtalned by adding the
cyanide recovered in both collection tubes, but no attempt
was made to correct for blank color, which varied from none
to 0.01 pg. as cyanide.

It 1s olear, however, that the results indicate that
cyanide was not released by the reaction between Blg and the
gastric extract. The amount of cyanide recovered Irom the
Byo-gastric extract mixture on illumination was essentially
the same as recovered from the same amount of By, alone. As
determined by the partial dialysis method, the amount of Bla
which reacted amounted to about three-fourths of the total
Bm used, 80 certainly, the equivalent amount of cyanide,
had it been released, would have been detected.

There exlsts the possibility that the cyanide was
released by the reaction and was bound elsewhere, to be sub-
sequently released by light. This 1s unlikely for two
reasons. At the pH used (pH 5), the cyano~ group would be
immediately converted to hydrocyanic acid, which is rela-
tively unreactive. Even vitamin Blab will not react with
hydrocyanic acid at pH 5 (25, 68, 71). Secondly, examination
of many different biological materials have indicated that



Table 22, Determination of the cyanide of vitamin B;, and mixtures of vitamin Byo
and gastric extract ‘

Exp. GE 1Initial cyanide removal Added By Bound By,? Cyanide recovered

no. ml. by aeration cale, as: calc, as: _Dby aeration
© dark light light Bys CR- By CN~ dark light

ml. ‘apg. mug. mpg.  pg. mug. FE. mpg. mug. g,
I 5.0 62 22 10 h.3 82 13 75
0.0 , _ ,-3»93 82 , - 76
II 5.0 - 28 29 - h.5 86 3.6 68 10 73
0.0 h.s 86 | 1 129
III 5.0 25 19 10 L5 86 3.5 67 10 78
IV 5.0 86 15 8 k.5 86 3.4 6l 1 79
0.0 .5 86 12 83
v 5.0 4o 2 6 .2 80 8 85
0.0 Le2 80 10 86

901

&rhe amount of By bound was determined by partial dialysis,
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release of cyanide by illumination appears to be a specific
reaction of vitamin By, (71, 168, 169).

With the above possibility in mind, it appears most
likely that the binding of Bj, by gastric extract does not

rupture the cyano-cobalt linkage.

Surama ry

An extract of Ventriculin was prepared whlch exhibited
a relatively large cobalamin binding capacity. It was found
that both By, and By, were bound by the gastric extract by
approximately the same amount, and that an excess of elther
cobalamin provided an essentially complete block for the
other. It was concluded that By, and By, react at the same
sites on the binding substances present in the gastrie
extract.

The binding of 312 was essentially the same over the
range of pH 2 to 10, but decreased above pH 10. Excess
cyanide inhibited the reaction at pH 10 to 12, but was
without effect at pH 6.5, providing some evidence that
coordination with the cobalemin cobalt is involved in the
reaction. Buffer concentration had no effect on the reaction,
but heating at 100° C. definitely decreased the extent of
the reaction. The presence of cobalt chloride and benzimi-
dazole appeared to have no effeet on the reaction. Exocess

p-chloromercuribenzoic acid did not inhibit the reaction,
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indicating that sulfhydryl groups are probably not involved
in the binding resaction.

Using a cyanide method it was found that apparently no
eyanide was released by the reaction of Bl2 with gastric
extract, but that an amount of cyanide roughly equivalent to

the amount of By, added could be recovered by illumination.

Reactions of Cobalamins with Other Preparations

Introduction

Chow has presented evidence that cobalamins are bound
by heparin, yeast nuclelc aclild and chondrolitin sulfuric acid
(95, 141), based on dialysis and bacterial uptake methods.
These substances are of considerable interest, since they
are non-protein in nature, whereas most of the speculations
concerning cobalamin binding resctions have assumed that
protein is involved in some way. It was of Interest, there-
fore, to examine some of these compounds using the partisal
dilalysis method.

The work with blood preparations reported earlier,
indicated that By, 1s bound quite unspecifically by all of
the preparations, suggesting that perhaps almost any protein
will show some binding of By,,e 48 a limited test of this
posslibllity, three other protein preparations were tested for
cobalamin binding activity by the partial dlalysis method.A
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Effect of several protein and non~-protein preparations on

the dialysis rate of cobalamins

It has been mentioned that cellophane binds Bl&b’ but
not B;,, as one exemple of non-protein binding. Three other
examples of binding by non-protein substances are given in
Table 23.  Heparin and two nuclelc acld preparations
appeared to bind limited amounts of Biop but not 312' A
dextran preparation showed no evidence of binding either
form of the vitamin. The possibllity that these substances
may exhliblt some ablility to pass through the membrane was
not investigated because only a qualitative answer was
desired. .

Also given in Table 23 are the results of a campariaan
of the binding activity of "resting" bacterial cells for Byo
and By« Apparently more Blz is bound than Blab' even
though a considerable amount of Ble is bound. The same
qualitative results were obtalned by direct measurement of
the "free' cobalamins after removal of the bacterial cells
by centrifugation.

Three protein preparations of at least some degree of
purity, crystalline trypsin and pepsin, and lactalbumin, were
found to bind considerable amounts of Bl&b’ but not Blz'
These data are shown in Table 24. It will be noted that

trypsin, like serum and serum albumin, showed decreased
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23, Effect of non-protein substances and bacterial
cells on the dlalysis of vitamins Bla and Byop

Initial contents of Side A %D

1l ml. BlQb* M'l
1 ml. Bypus 100 mg. heparin .2
1 ml. Byopys no buffer 3.8
1 ml. Byopys 100 mg. heparin, no buffer 17.7
1 ml. Byoy, 100 mg. heparin, no buffer Lh.6
1 ml. Byopys 200 mg. ribonucleic acld 41.8
1 ml. Byoys, 200 mg. ribonucleic acid Lhy.6
i ml. Blgb* 142.9
1 ml. Byopus 200 mg. desoxyribonucleic acid Lo.4
1 ml. Bypys 200 mg. desoxyribonucleie acid L2.8
1 ml. 512% lLl.B
1 ml. Byopys 50 mg. dextran h2a.1
1l ml,. B].E.'b‘ﬁ' M‘-'?
1 ml. Byopys resting L. leichmannii cells 16.6
1 mle Byoys resting L. leichmannii cells 3.6
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Table 2. Effect of protein preparations on the dialysis of
vitemins By, and Bjoy

Initial contents of Side A pH %D
1 ml, By, 4eO  LieS
1 ml. Byoys 150 mg. orystalline trypsin L1e0 k3.84
1 ml. Byopys 150 mg. corystalline trypsin LeO L43.5
1 ml. Byopgys 150 mge crystalline trypsin 6.6 39.2
1 ml., Byogs 150 mge orystalline trypsin 6.6 L35
1 ml. 312}}% 6Q6 hl&oa
1 ml. Byopys 150 mg. crystalline pepsin 6.6 21.9
1 ml. Byoys 150 mg. crystalline pepsin 6.6 }2.0
1 ml. Byopge 150 mg. lactalbumin 6.6 29.7
1 ml. Bypy, 150 mge. lactalbumin 6.6 L.l

binding activity at lower pH levels,

Sumar;z

Heparin, desoxyribonucleic acid and ribonucleic acid
preparations were found to bind limited amounts of vitamin
BIZB but not 812; Pepsin, trypsin and lsctalbumin bound
considerable amounts of By, but not Bl&' Both vitamins
were bound by "resting" bacterial cells, while a dextran
preparation showed no evidence for binding elther form of

the vitamin.
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DISCUSSION

This investigation has confirmed and elaborated upon
the reported reaction of vitemin Blab with histidine and the
binding of vitamin By, by blood plasma and gastrlc extracts.
In additicn, the binding of Blzb by bleod proteins, gastric
extract and other protein and non-protein substances has
been observed, and some features of the Bla~gastric extract
reaction have been studied. As a result some tentative con-
clusions can be made concerning the specific structures
involved in these reactions, and suggestions for future
investigations can be proposed.

It was found that several nitrogenocus compounda and
protein preparations reacted wlth vitamin BIZb but not with
vitamin 312' Since the proposed structures of these two
forms of the vitamin differ only in the nature of the small
group coordlinated with the cobalt atom, it may be concluded
that the reactions entersd into by Byoy but not By, involve
this position primarily. Specifically, it appeara that the
reaction of Bjs, with histidine and other compounds contain-
ing a cyelic tertiary nitrogen and with the several different
protein preparations studied may involve a replacement of

the aquo- group by a suitable basic ligand, result ing in
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what has been termed a cobalichrome type of structure.
There is no direct evidence to indicate which group or
groups present in protein may be responsible for this
binding of viteamin Byope The observations that all frac-
tions of serum, that denatured serum, and that such diverse
proteins as globin, trypsin, pepsin and lactalbumin exhibit
Blabmbinding indicate that the groups capable of replacing

the aquo-~ group of vitemin Blab are certainly not uncommon.
Since histidine was the only smino acid which appeared to

enter into cobalichrome formation with Blab’ it is tempting
to consider the binding of Blzb by these proteins aa
involving cobalichrome formation with histidine side chains.
However, 1t was found that lysozyme did not bind Bix, even
though this protein contains about 1 per cent hlstidine.
Further, the amount of Blab bound by serum proteins,
although in great excess of the physiological level, was
certainly below the amount expected to be bound by the
approximately 3 per cent histldine present in these proteins.
This situation was also encountered in the other proteins
examined, and suggests that only part of the histidine side
chains may be avallable for cobalichrome formation. In
addltion, the possible participation by other groups cannot
be denled on the basis of present evidence. The involvement
of histidine in the binding of Bia, by these proteins can

therefore be considered only a tentative proposal at the
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present time.

An entirely different picture was presented by the
reactions of cobalamins with a gastric extract preparation.
Both forms of the vitamin (B, and Byoy,) Were found to react
to approximately the same extent, and probably at the same
site on the binding substance. The observed inhlbition by
cyanide at high pH levels indicated that coordination with
the cobalt atom may be a necessary feature of this reaction.
However, the cyano- group of vitamin Bla did not appear to
be displaced by the reaction, but remained in a photo-labile
position, and the reaction was not affected by a wlde range
of pH levels or buffer concentrations. Although these
results effectively eliminate cobalichrome formation as a
possible mechanism fﬁr this reaction, they are insufficlent
to permlt a decision to be made between several other
possible mechanisms. The proposal that the reaction involves
a displacement of the benzimidazole group and bond formetion
between the binding substance and both the benzimidazole
group and the cobalt atom appears to be supported, but cer-
tainly not proved by the results of this investigabtion.
Concelvably, displacement of the benzimidazole group and only
coordination with the cobalt by a sultable group could occur.
Other proposals, such as the formation of a peptide linkage
through the primary amide groups of the cobalamins, and

indeed, reactions involving any other structural feature of
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the cobalamin molecule except the cobalt atom must still be
considered possible, even though unlikely as judged by the
present evidence.

The protein groups of the gastric extract responsible
for the binding of both By, and Byp, remain undetermined.
Participation by sulfhydryl groups was shown to be very
unlikely, and the involvement of the side chalns of other
common amino acids would appear to be improbable, since
vitamin By did not appear to react with any of the free
amino acids. Actually, there is no need to depend upon the
reactivity of the amino acid side chains, for all of the
gastric Juice and mucosal extract preparations whiech have

been reported to possess cobalamin binding activity have

contained considerable amounts of glycoproteins, offering
rather unlimited possibilities for reactive groups. What-
ever the responsible groups may be, 1t appears probable that
the binding of cobalamins by gastric extracts involves a
more specific or specilalized structure than the vitamin
Byop~binding structure present in serum and other proteins.
In proposing further work on the reactions of cobala~
mins with natural materials the question of bilologilcal
significance should be considered. Although vitamin Biop

was found to be more reactive than vitamin Byp in several in

vitro systems, the two forms of the vitamin have repeatedly

been shown to be physiologically equivalent, regardless of
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the route of administration. Thus, either the cyano- group
is not essential for biological activity and must be removed
from the vitamin Bjp molecule, or the cyano~ group 1is
compatible with or participates in the blological actlvity
of the vitamin. The avallable evidence appears to favor the
second altermative. Assuming this to be the case, further
studies using systems which react only with vitamin By,
would appear to be of less value than studies with systems
which react with both forms of the vitamin., It 1s of
obvious importance in future studies to define as nearly as
possible the form of the vitamin being used.

The gastric extract system presents further opportuni-
ties for obtalning information cencerning the nature of the
blnding reaction. Of particular interest would be a study
of the possible binding by gastric extracts of degradation
products of vitamin By, and of substances such as cobalti-
porphyrins, for it may be possible by such studies to demon-
atrate the participation of the cobalt atom in the binding
reaction,

It would\be desirable to 1solate the components of
gastric extracts responsible for the binding of cobalamins,
and several groups of workers are apparently engaged in this
problem. It may be suggested that if the separation is
followed by radioisotope assay of bound (labeled) cobalamins,

i1t may be possible to remove the cobalamins and recover the
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active binding substance by dialysls at high cyanide con-
centrations and high pH levels.

The 1solation and study of the vitamin By,-binding sub-
stances in serum presents a formidable problem of concen-
tration, for 1f these substances are cepable of binding only
about 1.5 mpg. of By, per ml. of serum, the concentration of
the binding substances in serum 1s probably not more than 1
PE. per ml.

Perhaps the greatest opportunity for future work lies
in the isolatlion of the cobalamin-protein complexes present
in liver tilssue, for it i1s here that the vitamin exists in
storage and functional states. There have been no reported
attempts to lsolate these complexes even though the problem
would appesr to be no mors difficult than the isolation of
the intrinsic factor or the gastrie extract binding

substances.
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SUMMARY AND CONCLUSIONS

1. The effect of amino acids and other nitrogenous
compounds on the visible and ultraviolet absorption specira
maxima of vitemins By, and By, in aqueous solution was
studied. It was found that vitamin Byj, entered into
cobalichrome formation with histidine, histidyl-histidine,
carnosine, histamine, imidazole, and pyridine. The absorp~
tion spectrum of vitamin Byy, was destroyed in the presence
of several reducing agents including cysteine and gluta-
thione. Vitamln By, dld not appear to react with any other
of the eighteen amino aclds tested or with benzimidazole,
glyeyl-glyeyl-glycine, or several other compounds. The
absorption spectrum of vitamin By, was found to be unchanged
in the presence of any of the above compounds.

2« The reaction of vitamin Byop, with histidine was
found to be pH dependent, and the equilibrium constant for
the reaction at 25% C. and at pH 7 was estimated to be
h x 103 1. per mole.

3. A partilal dialysis method was devised for the pur-
pose of determining the extent of the reactlions between
cobalamins and non-dialysable substances such as proteinsa.

By construeting an apparatus in which the volume, membrane
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area and agitation were held constant, reproducible short-
term dialysis of cobalamins was obtained. Cobalamins

60 were used for this work, and a dependable

labeled with Co
method of radio-assay of liquid samples was devised. It

was demonstrated by using this method that the rates of
dialysis of vitamin By, and vitamin Bjpy, in buffered solu-
tions were identical, and could be adequately expressed as
functions of time, concentration and temperature.

Le Using the partial dialysis method it was found that
unexpectedly large amounts of vitamin By, were bound by
whole hemolysed blood, plasma and serum, hemolysed red cells,
purified globin, purified serum albumin and heat denatured
serum. No binding of vitamin 812 by these preparations
could be detected by this method. By exhaustive dialysis

serum was found to bind approximately 30 mpg. of vitamin
Byop &nd 1 mug. of vitamin By, per milliliter. Considerably
less vitamin By, was bound by serum at pH I than at pH 6.6,
5. Serum containing bound labeled vitamin Byop WS
fractionated by salt precipitation and by paper electro-
phoresis. All fractions retained considerable radiocactivity,
indicating that no one serum protein component was responsible
for the binding of vitamin Blab’ A similar attempt to
determine the position of bound vitamin Bla was Inconclusive.
6. It was concluded that the reaction of vitamin Byop

with the several blood protein preparations may be the
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result of cobalichrome formation, possibly with exposed or
avallable histidine side chains.

7. Lysozyme was shown by the partial dialysls method
and by paper electrophoresis to have no\binding activity‘ror
elther vitamin By, or vitamin Bysye It was suggested that
the histidine residue of lysozyme may not be acceaslible for
cobalichrome formation by vitamin Blab‘

| 8. A gastric mucosal extract exhibiting high cobalamin
binding activity was prepared from a commercial dried
stomach preparation by aqueous extraction and successive
salt and aloohol precipitation of the protein constituents.

9. The gastric extract was found by the partial
dialysis method to bind approximately equal asmounts of
vitamins By, and Byoype Addition to the gastric extract of
an excess of either form of the vitamin provided an essen-
tially complete block for the binding of the cther form. It
wasa concluded that apparently both forms of the vibtamin
react at the same site on the binding substance present in
the gastric extract.

10. The binding of vitamins Byp and Byoy, by the gastric
extract was found to be essentially unaffected by changes of
hydrogen lon concentration from pH 2 to pH 10, The binding
of vitamin Byo by the gastrlic extract appeared to be
unaffected by changes in buffer anion and sconcentration.

11. The binding of vitamin By, by the gastric extract
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was found to be inhiblted by the presence of cyanide at pH
10 or above, but not at pH 6.6. Evidence was presented
which indicated that the cyano- group of vitamin By, was not
dlsplaced by the reaction of vitamin By, with the gastric
extract, but that this cyano- group remained 1n a photo-
labile position. It was concluded that these observatlons
are consistent with the proposal that the gastrlc extract-
vitamin By, reaction involves displacement nf the benzimida~
zo0le group by a group which enters into coordination with
the cobalt atom of vitamin Bjos.

12, The binding of vitamin Bj, by the gastric extract
did not appear to be inhibited by the presence of cobaltous
chloride and benzimidazole.

13. The binding of vitamin By, by the gastric extract
was unimpaired by the presence of an excess of p-chloro-
mercuribenzolc acid, indlceating that sulfhydryl groups do
not participate in the reaction.

Ui. Several other substances were noted to bind
vitamin Byoy, but not vitamin Byoe Included among these were
cellophane, heparin, nucleic acids, trypsin, pepsin and
lactalbumin.
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