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INTRODUCTION

The development of knowledge conceming the physiology and
metabolism of the B vitamins has lagged behind the waalth of Infor-
mation compiled for amino dcids and carbohydrates. However; the
blosynthesis and metabolism of the:B’ vitaminé have become the
subject of much Investigation in recent years. This Is due largely
to the advent of newer, more precise techniques for the dotocﬁon
and quantitation of these vlfcm!ns.

This laboratory has been engaged actively in such Investigations
with the B vitemin, bletin, Emphasis has been placed on studies of

biotin permeation In Lactobaciilus arabinosus, and on blotin blosyn=

thesls In Escherichla coll. It is the purpose of this thesls to describe

In detall experiments on the fate of the d-blotin molecule once It
has permeated cells of L. arabinosus (17-5). Reported here, is a
system having enzymic properties which converts d=blotin to other
forms (vitamers) of the vitamin. Thess vitamers are not utilizable

for growth by L. arabinosus bufican be used by other blotin requiring

organlisms such as Saccharomyces cerevisiae (Flelschmann 139). Several
parameters of the d-biotin converting system and its physiologleal

control are described,
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HISTORICAL REVIEW

The stimulating effect of small amounts of extracts of natural
materials on the growth of yeast was described first In 1901 by
Wildiers (1), who gave the nome “blos® ¢4 this growth promating
substance. Blos was shown subsequently to be a group of factors,
one of which was Isolated from dried Chinese chick egg yolk In 1936
by Kogl and Tonls (2), who characterized the compound as the methyl
ester, crystallized it, and nomed it "blotin*. du Vigneaud and co=
workers Isolated biotin from liver (3, 4) and completed the proof of
structure; The biotin molecule Is Indicated by the .following formulas

o)
L
HN.  NH
W
HC_~ GH-CHy-CHy-CHy-CH,-COOH

\./

S
Blotin

" The Identification of blotin with the curative f;ctor'(ﬂ'romln H)
for agg white Injury In animals helped to merge the orlginally
Independent studles dealing with a microblolegical yooﬁ factor |

(bioﬂn) ond a vitamin-like substance for animals (vitamin H).

-2-
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A. Functions of Blotin

It appeared probable to early workers that blotin, by
onalogy with other members of the B vitamin group, acted in bio=
chemical systems as part of the coenzyme molety of the functional
holoenzyms. The name “blotoprotein® was suggested by some
Investigaters to Indicate the enzymatically active complex of blotin
and protein (5).

A number of enzymatic reactions have been discovered and
analyzed In which blotin appears to participate In a direct or Indirect
manner, The most conclusive results were obtalned by the study of
microblological systems or tissues obtalned from biotin deficient animals.
Later workers employed also Isolated enzyme systems, The evidence
so far accumulated Indicates that biotin functions In several enzymatic
processes [n which the common denomlinator is not easily determined,
and which Involve saveral, perhaps independent, metabolic functions.

The first metabolic Interrelation noted was between blotin
and aspartic acld, and was inferred from the sparing action of the
amino acld on the biotin requirement of yeast and a varlety of .
bcctorla (8, 7, 8). Studies of the blotin-aspartate lntcmloﬂ_oﬁshlp
fumhhod sufficlent proof for the uswmptlon that btoﬂn, or ruthot a
bloﬂn coonxymo Is concomod with the condomaﬂon of C02 cmd
pyruvate to form oxalacetate, or In the docarboxylaﬂon of oxalaccfan

(9, 10). Aspartate could be formed from oxalacetate via transamination.
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Shive and Rogers (11) have suggested that the decarboxylatlon of
oxalesuccinic acld to alpha-ketoglutaric acld and CO, is also a
blotin dependert decarboxylation reaction.

More recently, blotin requiring reactions have been divided
into two groups (12), The first group Including beta-methylcrotonyl
(12), the acetyl (13), the proplonyl (14), and pyruvate carboxylase
(15, 16) reactions, comprises those reactions In which CO, s fixed

by an acceptor (AH) at the expense of adenosine triphosphate (ATP):

++
(1) AP + HCO,= + bidin onzyme.ML__.;
CO,-blotin enzyme + ADP + Pi
() CO,~blotin enzyme + AH‘-.;':-__-*. blotin enzyme + A~COy~

(3) Sumi AH + HCO,™ + ATP SZEL  A-CO,= + ADP + PI

To the second group belong the transcarboxylation reactions. In con-
trast to the first group of carboxylase reactions, carboxylation In the
second group Is achleved without expenditure of ATP energy and Is
brought about by the simultaneous decarboxylation of a second compound
which acts as the co, donor (D=CO,"). This type of reaction s

deplicted by the following general equation:

(4) D-CO," + blotin enzyme === COp-blotln enzyme + DH
(5) CO,=blotin enzyme + AH ;=== blotin enzyme + A-CO,~
(8) Sum; D‘Coz- + AH === DH + A'Coz-
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The first reaction of this type was discovered by Swick and

Wood (17) In Investigations on proplonic acld fermentation by

Proplonibacterium shermanii. These Investigators found that extracts of

this organism catalyze the reversible transcarboxylation between methyl=
malonyl CoA and pyruvate, glving rise to proplonyl CoA and oxal-
acetate, and that the reaction Is Inhibited by avidin, a protein from
egg white that binds biotin very strongly.

Lynen has suggested (12) that all enzymatic reactions hitherto
known, In which blotin has been demonstrated to be the functional
group, are carbon dioxide transferring processes. He further suggests
that the reversible uptake and transfer of carbon dloxide Is the exclusive
function of this vitamin In metabollsm, and that other effects observed

are probably of a secondary and Indirect nature.
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B. The Biotin Vitomers

The top!dly'dovoloplng,ucqgnmon of the multiplicity of
chemical compounds that possessed a specified vitomin activity created
a sclentific need for a term that would Indicate a biologlcal relation-
ship between all such compounds, naturally occurring or synthetic, The
term "vitamer® was proposed (18, 19) to refer to anyone of a number
or group. of chemically related nutrfent compounds that act to overcome
a given vitamin deficlency In one or another organism, plant or animal,
In view of this definition, the term “blotin vitamers® refers to any

compound that replaces blotin in microblal and/or animal systems.

1. The structural and functional relationship of blotin to lhﬂtwhm.

The relationship of chemical structure of blotin ‘and Its
vitamers naed not be close. As a matter of fact, many vitamers which
have not been elucldated structurally, will replace the biotin requirement
In several microblal species (19). Recently, Elsenberg (20) demonstrated
thet an unknown blotin vitamer synthesized by cells of Pl_ricomzs“

blokeslesanus wos utilized in place of blotin by S. cerevisios, This

vitamer, of unknown chemlcal structure, was characterized using physico=
chemical parometers, and found to have the properties of an omino acld.
Also, 1t Is avidin uncombinable. 4Those results suggest that a vitamer

need not be structurally similar to blotin In order to be blologically

QC"V.Q
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In controst to the ™amino acld® vitamer described by
Elsenberyg (20), most biotin vitamers are structurally simtlar to the
parent vitamin. Desthioblctin, for example, differs only in fts Jack
of a sulfur atom. Using 'growth as a porometer, Burk ond Winzler (19)
investigated the biotln replacing actlvity of desthiokfotin, Their
findings showed that desthioblotin may replace bloﬂn.ln the growth of
S. cerevisias but that it Is inactive for lactobacllli. Lilly and Leonian
(21) confirmed these findings by showing that desthioblotin replaced
biotin inthe growth of 25 yeasts, but would not replace biotin In cultures
of Lactobacillus casel and L. arcbinosus. Another vitamer which shares

a close_strucutral relationship with biotin Is oxyblotin, Oxyblotin, also
called O-Hetercblotin (22), differs from biotin in that an oxygen atom
replaces the fsulfur. Krueger and Peterson (23) showed that oxyblotin
has the same biologlcal activity as blotin in promoting the gr;wth of
Lactobaclllus pentosus, straln 124-2,

Blotin vitamers are represented also by a varlety of complexes
of the blotln molecule. Bto;yﬂn,‘ a complex of biotin and the amino
acld lysine, can be utilized In place of blotin by L. casel and S.
cerevisiae (24). A protein complex contalning biotin, was lsolated
from hog liver and termed “Soluble Bound Biotin® (588) by Thoma ﬁnd
Peterson (25). SBB will act as a biotin vitamer In the growth of
L. casel, but neither SBB or blocytin will replace blotin in the metobolism
of L. arabinotus, Thess two complexes, when hydrolyzed with strong
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mineral acld, or subjected to enzymlc degradation ‘yield a product
that will promota the growth of L. arablnosus In @ blotin free medium,
The degradative enzyme has the properties of a peptidase and has
been termed "biotinidase™ (25). Through enzymatic hydrolysis of liver
protein with crysfclllna‘ﬁepi!n, Chang and Peterson (26) cbtained
soluble ‘bound proteln compounds. The purest of these polypeptides
contalned 50 atoms of nitrogen per mole of biotin, and replaced the
vitamin In the growth of yeast, Further hydrolysis did not yleld any
Increase In blotin activity, showing that the polypeptide = biotin
complex was incorporated directly into the metobolic machinery of
the cells. |

Gyorgy and Ross {27) Isolated a “saline soluble®, high
molecular walght, undlalyzable, microblologically active (for yeast)
blotin complex from egg yold

Apparently blotin vitomers display specles specificity, in
that a given vitamer will successfully replace blotin In one organism
but not another. As shown by Burk and his associates (18) species
specificity becomes Important ‘In the quantitation of blotin In natural
materidls since mlcroblological assay is the ‘only avallable method for
the determination of biotin,” The abllity of o glven specles, according
to Burk et al. (18), to utilize a vitemer In place of the vitamin Is a
direct expression of the metabolic competence of the specles to

Incorporate the vitamer per se, or to convert the vitemer to the active
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coenzyme form. The organism which cannot utilize the vitamer In
place of biotin Is either lacking the metabolic machinery to convert
the vitamer to an active coenzyme form, or possesses a permeability
barrier to the vitamer. It is possible also that the pressnce of “blo=
toprotein® (5), which is highly specific for biotin, will not pemit
the Incorporation of slightly dissimllar compounds. One well substan=-
tlated possibility 1s that a vitomer of one specles may behave as an
“ontiblotin" in the second species. Dittmer, Melville and du-Vigneaud
(28) showed that desthiobiotin will replace biotin for S. cerevisiae
but will tnhibit the utilization of biotin by L. casel, thereby acting
as an antlbiotin. Subsequently, Lilly and Leonian (21) showed that
desthiobiotin can be utilized by 25 different stralns of yeast but
competitively Inhibits the utilization of biotin by L. casel.

In a majority of cases It appears that various vitamers are
converted Into the parent or prototype vitamin. For example, Burk
and Winzler (19) uncovered several avidin = uncombinable vitamers
In the urine of many mammalion species. These vitamers, miotin,
tiotin and a dlaminocarboxylic acld derivative of blotin, were shown
to be converted during utllization by S. cerevisiae 139 Into avidin-
combinable vitamers Indistingulshable from bliotin. Likewise desthio=
biotin, an avidin combinable vitamer, has been shown (28, 29) to

be converted by this straln of yeast Into a vitamer thot Is presumably

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 10 =

blotin as measured by microblological assay, While studying the
blological properties of biotin sulfoxides in various microorganisms,
Melville, Genghof, and Lee (30) showed. that this vitamer was as
effective as blotin in promoting the growth of L. cosel and L. arabinosus
In blotin free media. The use of chromatographic analysis provided
evidence that the sulfoxides are converted In part to biotin during
thelr utilization by these microorganisms, However, Krueger and .
Peterson .(23) have shown that oxyblotin is not converted Into biotin,
but 1s Inoorporated Into the protein of cells of L. pentosus (124-2),
and used as the coenzyme without undergoing further structural modi~
fication. Thus, oxybiotin although not a natural product may replace

biotin In metabolic reactions.

2. Metabolism.of blotin and Its vitamers.. .

The demonstration of biotin.activity for several microorganisms
of such analogs of blotin as .oxyblotin (22, 31, 32,.33,.34) ond
desthioblotin (21, 28, 29, 35, 36, 37) aroused Interest in the manner
by which these compounds function In cell metabolism, The role of
desthloblotin has been elucldated falrly well. Desthloblotin was found
to be as potent as biotin for a number of microorganisms,. mostly yeasts
and fungl (21, 23, 29, 35, 36, 37) and Is converted into biotin by
these organisms. Tatum (36) has shown that desthiobiotin fs probably
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an Intermediate In the blosynthesls of biotin, This was concluded by
studies of a mutant strain of Peniciilium chrysogenum (62078) which
could synthesize desthloblotin but could not convert It to biotin.

The original strain synthesizes blotin and also converts desthiobiotin to
blotin. Dittmer and du Vigneaud (33) showed that desthicblotin acts
as an inhibitor of both biotin and oxyblotin (34) for L. casel, but

has no effect on the growth of L. arabinosus and Rhizoblum trifolil

(21) etther alone or In the presence of blotin,

The role of oxyblotin In the metabolism of microorganisms
was unsettled In the mlcroblological literature for a few- years.
Rubin et al. (34) reported data obtalned by utilizing the differences .-
In activity of oxybiotin and-Llotin for S. -cerevisiae, which Indicated
that oxyblotin (O=-Heteroblotin) was converted Into biotin or some other
compound of comparable activity for. S, .cerevisiae by the organism.
during growth, Hofmann and coworkers (31, 39) using the method of
Rubin et al. (34), as well as three differential assay procedures. - -
developed by them, seemed to have solved the problem by showing
conclustvely that yeast assimilates oxyblotin as such, and does not
convert it to blotin. - Lichstein (40) studied the biotin requirements of
several species of propionibacteria and found that oxyblotin may be
substituted for bliotin In the growth of these orgonisms. However, the
growth curve In medla contalning oxybiotin In place of blotin exhibited

a considerably Increased lag period as compared toithe culture con=
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talning blotin. It was suggested therefors, that the log might be a
reflection of the time necessary to convert oxyblotin to blotin. In
view of these findings It Is reasonable to assume that the question of
whether oxyblotin is converted to biotin or is used by the growing
organism directly may be a matter of specles specificity. The assimila-
tion of an analogue not found In nature, and its apparent use
metabolically by the cell in place of the natural compound Is a unique
phenomenon. ‘

Whether or not any part of a given vitamin s destroyed In
metabolism has not been Investigated extensively. Leontan and Lilly
(29) were unable to recover all the added blotin and desthiobiotin from
the cell-free medium or cells of several yeasts and molds that were
provided a great excess of these compounds. In Investigating the meta=
bolism of oxyblotin by yeast, Axelrod et al (39) recovered more than
70 per cent of the oxybiotin from the yeast cells. Also, Mcllwaln and
Hughes (41) obtained a recovery of from only 2 to 5 per cent of the
supplied pontothenic acld from cultures of hemolytic streptococci that
were given an excess of the vitamin.

A more extreme example with a somewhat different aspect
Is the microblc utilization of vitamins as the sole source of carbon,
Metzger (42) reported the decomposition of panththenate, present as the
only carbon source, by several Pseudomonas species. Likewise, Koser
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and Baird (43) reported the destruction of nicotinlc acld, when this

was present as the sole source of carbon, by Pseudomonas fluorescens

and Serratla marcescens, Foster (44) described an organism capable

of oxldizing riboflavin to lumichrome, and Mirick (45) isolated a soil
organism capable of oxldizing p~aminobenzolc acld. Shce vitamins

have been shown to serve as sole carbon substrates, It was not unreasona-
ble to find that an excess of an “essential® vitomin could also be
metabolized. Krueger and Peterson (23) showed that when L. pentosus
124-2 was grown In the presence of excess blotin or oxyblotin some of
the vitamin was either metabolized or Inactivated In such a way that

It was not detectable by the procedure used. Assays were run also

using S. cerevisice as the test organlsm and the results were found to
be In close agreement with those of L. pentosus or L. arablinosus.
This observation offered evidence that the blotin which could not be
recovered was really metabolized and not merely slightly altersd,

since many blotin analogues are known to have activity for yeast.
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MATERIALS AND METHODS

Organisms and Stock Cultures

L. arabinosus (strain 17-5) wos employed as the experimental

organism as well as In the microblologlcal assay for biotin. It was

maintained on APT agar (Case) as a stab culture. The medium contains

the following ingredients:

Tryptone (Case) .
- Yeast extract (Case)
Sodium cltrate
- Dextrose
Tween 80
NaCl
KH2P04 .
MgSO 4
" FeSOy
- MnCl,
N02C03 y
Agar (Case)

Per cent

1.25
0.75
0.5
1.5

0. 02
0.5 -

0.5

0.08
0. 004
0.014 . .
0.125
1.5

i cerevisiae, Flelschmann strain 139 (‘B:;:lgor’t yeast) was

employed also in the microblological assay for blotin. The yeast was

. Y
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maintained as a slant culture on ACG agar, which contains the

followings
Per cent
Casitone (Difco) 1.0

Yeast extract (Difco or BBL) 1.0

Dextrose (reagent grade) 0.5
KZHPO 4 0,5
Agar (Difeo) 1.5

The organisms were transferred every 14 to 21 days,

Incubated at 30 C for 18 to 24 hours and then refrigerated.

Experimental Media

a) Growth medium  The growth of L. arabinosus was

accomplished In the medium of Wright and Skeggs (44) contalning

1 x 109 pg of blotin per 10 ml and modified as follows: cysteine
substituted for cystine, and folic acld added to a cﬁnconmﬁon of
0.5 mg/l to improve growth. Glucose was autoclaved separately to
prevent carmalization. The Ingredients of the é;;nplofo modified
medium used In these studies were;

Vitamin free casamino aclds (Difco) 6 g

Sodium acetate * 3H,0 - 10g-.
DL-Tryptophan - 200 mg
L=Cysteine 145 mg
KoHPO 4 0.5 g
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KHZPO 4 0.5¢g
MgSp Iy 7H20 200 mg
MnSO4‘4H20 10 mg
FeSO £7H0 10 mg
Gaunine HCI 5 mg
Xanthine 5 mg
Uracll S5mg
Adenine 1.7 mg
Ribqﬂuvln 1 mg N
Thiam!m, HCI‘ lzmg
Callciqm pantothenate 1 rﬁg
Para=omino benzolc acld 0. lf;rmg
Folic acid 0.5 mg
Nlicotinic acid 1 mg
Pyridoxine HCI 2 .,;;,
Glucose 20 g
H,0 1000 ml

The medium was adjusted to pH 6.8 and autoclaved for 15 minutes
at 121 C,

b) L. arabinosus biotin assay medium ‘- The medium

employed for the microblological assay of blotin using L. arabinosus

was that of Wright and Skeggs, similar to the growth modlu;n, but
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differing In the following manner: no blotin was added, the medium
was prepared In double strength concentrations, and glucose was
added before sterilization.

¢) L. arabinosus Inoculum medium  For preparation of

inoculum cells for growth studies, Wright<Skeggs medium containing
100 pg of biotin/10 ml wai employed.  The inoculum medium for the
microblologlcal assay was modiﬂod by the addition of 5 x 103 yg

in place of 100 pg of blotin/10 ml.

d) S. cerevisice blotin assay medium  The medium used

In the microbiological assay for blotin by yeast was that of Hertz (47).
The medium was devold of added biotin and was prepared at double

strength concentrations. The contents of the concentrated medium are

as follows;

Sucrose (reogent grads) M4 g

(NH )50, 59

KHzPO 4 3.4g

DL-aspartate 340 mg

CaCl, 450 mg N
MgSO,*7H,0 450 mg

MﬂCI2 1.8 mg

F0C|2 0.2 mg

H480, .8mg
Zn50, 1.8 mg
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CuSO 4'5H20 0.13 mg
Ki 0.2 mg
Inositol 9 mg
Calcium pantothenate 0.5 mg
Pyridoxine HCI 1 mg
Thiamine HCI 1 mg

Purlfied vitomin free casamino aclds 7 g

H20 . 1000 ml

Difco vitamin free casamino aclds were puﬂﬁod by the
following procedure;s 14 g of casamino aclds were dis;olwd in 100 ml
of water, 2-3 grams of Norite A were added, an;:! the suxp;m!on was.
adjusted to pH 3.5. The solution was shakoln.for 2T Aours on a rotary
shaker at room temperature, after which the 'ws.'éor-\sélon ;las filtered
through No.1 Whatman paper. Flﬂ; ml of the ﬁlfmtc was used ln4tho
preparation of one liter of double strength m.odl‘ur.n.

o) S. ceravisiae fnoculum medium  The medium used for the

preparation of yeast Inoculum cells was the some as that used for the

stock culture, namely ACG broth,

Dry Welght Determinations

Free intracellular and bound blotin are expressed on the basls
of mg dry welght of cells. A simple and rapld procedure was "“d o

the estimation of dry waelght of cells per unit volume. The dol;tmlnatlon
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was accomplished in the following manners L. arabinosus was grown

In a large volume of Wright=Skeggs medium untll a maximum cell

crop was attained. The cells were separated from the menstruum, washed
twice In H,O, and resuspended In a given volume of distilled water.
The resulting suspension was diluted to several cell densities. Turblidity
measurements were made of each dilution with a Klett=Summerson
Photoslectric Colorimeter set at 420 mp, and using distilled water as
a blank. Aliquots of each dilution were taken for dry weight deter=-
minations after drying ot 80=90 C for 24 hours. The results are
expressed in two ways: 1) ~by the weight of the dry cells in mg per
Klett unit and; 2) ~graphically, by plotting the turbldity in Klett units
against the mg of dry cells per ml of suspension. Once this was
accomplished, a dry welght dstemination could be made by reading
the turbldity of @ sample at 420 mu and elther multiplying by the
number of mg of dry cells per Klett unit, or Interpolating from the

dry weight curve (Figure 1),

Growth Studles with L. arablnosus

Growth studlies were performed with this organlsm so that
correlations could be made between the physiologlical character of

the cells and thelr blotin content,

To several Erlenmeyer flasks (125 ml volume) were added

50 m! of modified Wr!ght-Sl:oggs medium contalning 109 pg of
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Figure 1. Standard curve relating turbldity to dry weight

of cells of Lactobacillus arabinosus.

(Conditions as given under materlals and methods. )

Turbidity = Klett units at 420 mp
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biotin/10 ml, and inoculated with L. arablnosus equivalent to 0.2 mg
dry cells, The flasks were Incubated at 30 C for varlous lengths of
time under statlonary conditions. The amount of growth was evaluated
as follows;

a) Turbidity measurement  Ten ml of culturs suspension were

transferred to a Klett tube and read directly in a Klett~Summerson
photoelectric colorimeter at 660 mp (red filter) using an uninoculated
tube of medium as the blank.

b) Dry weight determination ~ Ten ml of culture suspension

wero transferred to a 16 x 150 mm screw cap tubs (Pyrex) and quickly
frozen at approximately =20 C until ready for use. After cold storage
the tubes were thawed and centrifuged to separate the cells from the
growth menstruum. The cells were washed twice with distilled water and
suspendad in 10 ml of water, Allquots were dried at 80 C overnight
and weighed on an analytical balance.

c) Viable count  One ml aliquots of sultable dilutions

were added separately to sterile Petri dishes containing melted APT agar.
After mixing and hardening, these plates were Inoculated at 30 C for

48 hours and the colonles counted. L ;

Preparation of Experimental Cells

Each 100 ml of Wright-Skeggs growth medium was Inoculated

with. 0.4 mg dry welght of cells and Incubated for 24 hours at 30 C.
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After Incubation the cells were removed from the growth menstruum
by centrifugation, washed twice with cold saline, and resuspended
In the desired reaction mixture at a cell density of 1 mg/ml.

The contents of the reaction mixture varied somewhat with
aach experiment, but in general the suspension consisted of single
strength Wright=Skeggs medium, 0.1 M phosphate buffer, and 200 units of
blotin (a unit is defined as 1 x 10~ pg of blotin per unit welght or
volume), The reaction nmilxtures were Incubated at varying temperctures

and for different periods of time depending upon the experimental protocol,

Preparation of Somples for Biotin Analysls

After the desired Incubatlon period, the reaction vessels were
centrifuged at 2 C (3090 x g) for 10 minutes. The supernatant was '~
racovered and frozen for "menstruum biotIn® analysls ot a later time.
The centrifuge tube was rinsed quickly to remove any menstruum blotin
remalining on the walls, ond the pellet resuspended In a known volume
of water. Allquots were taken for dry weight deteminations and the
remainder of the suspension was placed in a bdling water bath for 5 to
10 minutes. After bolling, the suspersion was centrifuged in the cold
(2 C) for 10 minutes, ond the supernatart frozen ond saved for “free -
biotin® analysis. The pellet was washed twice with distilled water, "
suspended in 6N H,SO 4 and avtoclaved for 40 minutes at -12] C.

After autoclaving, an equal volume of 6N NaOH was added to the

* -
N
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acld suspension and adjusted to a known volume with water, The
neutralized suspension was then filtered through Whatman #1 paper to
remove any cell debris thot might alter the results of the blotin assays.
The final filtrate represented the "bpund' biotin® fmcfion.‘

All fractlons to be assayed for biotin w!thi_L_.. arabinesus
were adjusted to pH 6.8, while samples assayed with §_:_ “corcvhh:e

were adjusted to pH 4.0,

Microbiological Assay Procedures

a) Blotin assay vﬂth L. arabinosus The assay vessels were

16 x 150 mm Pyrex tubes coversd with aluminum caps. Five ml or
less of sultchble concentrations of blotin {ranging from 1 x .10.4 Ng to
5 x 107 »g per sample) or unknown sample, were cdded to the tubes,
the total volume belng adjusted to 5 ml with distilled water. To this
were added 5 ml of double strength Wright-Skogg§ m;dlum. The tubes
were sterilized by autoclaving at 121 C for 7 mlnutcs, coolod, and
each Inoculated with 1 drop of a suspension of L. arob!msus pnpaud
as follows;  cells were grown for 18<24 hours In 5,‘m>| of lqo'qxlun
broth at 30 C, washed twice in sterile water, ruu:pondcd !n ~5 ml ;f
the same menstruum, and approximately 0.1 ml ofl thts wspom!on dtl#tod
with 15 ml of water, After lnoculoﬂon the contonh woro m!xod by
shaking and Incubated at 30 C for 45 to 48 hours.‘ Growth was

measured turbidimetrically In a Klaﬂ-Sunmcnon photoohctrlc color!motet

at 660 mp (red fllter) using uninoculated medium as a blank. Each tube
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was shaken vigorously prior to reading In order to suspend the

bacterial cells,

b) Blotin assay with S. ceravisiae  The assay vessels

were 18 x 150 mm Pyrex tubes covered with aluminum caps: Three
ml or less of suitable concentrations of biotin (ranging from 4 x 107
pg to 1 x 30‘3 »g per somple), or unknown were added to the tubes,
the total volume being adjusted to 3 ml with distilled water. The
tubes were sterilized by autoclaving at 121 C for 7 minutes, cooled,
and to each tube were added 3 ml of double strength Hertz medium.
The medium was inoculated previously with 0.5 ml of a suspension
of 5. cerevisiae (turbidity at 420 mu equal to 40 Klett units) per
100 ml of double strength medium. The control tube received 3 ml
of unlnoculated medium. The cortents were mixed by shaking and
incubated for 21 to 24 hours ot 30 C. Growth was measured turbl=
dimetrically ot 420 mp using the uninoculated medium as a blank.
Each tube was shaken vigorously before reading to suspend the yeast
cells.

Standard curves were mepared for each assay and plotted on
semi=~log graph paper. Figures 2 and 3 represent typicol growth responses
to graded concentrations of biotin by L. arabinosus and S. cerevisiae
respectively, A linear response for the L. arabinosus assay was obtained
in the range of § x 10"4 to 3.5 x 107 pg of blotin per sample. For

the S. cerevislae assay the linear range was between 8 x 10'5 ond
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Flgure 2. Response of Lactobacillus arabinosus to graded

amounts of blotin,

No additions = turbldity of 15,
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Figure 3. Response of Saccharomyces cerevisice to graded

amounts of blotin,

No additions =  turbidity of 25,
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5 x 1074 pg of biotin per sample. The blotin concentrations of
unknown samples were obtalned by Interpolation from the standard

curves,
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RESULTS

A. Growth Studles

1. Growth curves.  Bacterlal growth was followed by

means of turbidimetric measurements, dry weight deteminations and
viabllity counts (figures 4, 5 and 6). The primary purpose of this
study was to oscertain the time of Initlation and approximate duration
of the logarithmic, stationary, and decline phases of the growth cycle
for this organism. This would permit also cormrelations of the effect
of culture age and cultue conditions upon the free Intracellular and
bound blotin content of cells of L. arablnosus. Inasmuch as large
Inocula were used (0.4 mg dry cells/100 ml) in order to simulate the
experimental conditions, no evaluation of the lag phase was possible.
In general, there was excellent agreement among the methods
of evaluation In regard to the time of commencement, duration, and
termination of each growth phase. The logarithmic phase of growth
levelled at 15 to 18 hours, and the “true® stationary phase appeared
to begin ot about 20 hours. The perfod between 16 and 20 hours
will be designated as the late log or early stationary phase for
convenlence. The conditions at this perlod become of prime importance

In loter experiments.
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Figure 4.  Growth curve of Lactobacillus arabinosus.

G rowth determined turbldimetrically.

Temperature of Incutation 30 C;

turbidity = Klett unlts at 660 my.
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Figure 5. Growth curve of Lactobaclllus arabinosus.

Growth determined by Increase in dry weight.

Temperature of Incubation, 30 C.
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Figure 6. Growth curve of Lactobacillus arabinosus.

Growth determined by viable cell count.

Temperature of Incubation, 30 C,
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The stationary phase of growth which appeared at about
20 hours continued until approximately 48 hours of tncubation. From
48 to 72 hours the cells appeared to die slowly, with a steady rate
of decline becoming evident after 72 hours. At 96 hours the number
of viable cells remalning was the same as the number Initially
Inoculated Into the growth medium (figure 6 Though viable cell count
began to fall sharply after 48 hours, the turbidity and dry welght
measurements (flgures 4 and 5 respectively) showed no decrease, thus

Indlcating that cell death occurred without cell lysis.

2. Menstruum and cellular blotin levels durlng_growth.

Prelimlnary experiments were designed to follow the
course of biotin accumulation In growing cells of L. arablnosus as

assayed with both L. arablnosus and S. cersvisice. Typical results

obtalned for free Intracellular, bound, ond menstruum blotin at several
perlods of growth are presented in table 1. When L. arabinosus was
employed as the assay organism maximum values for free and bound
blotin were obtalned ot 24 hours of growth. From 24 to 96 hours a
gradual decrease, totalling 33 per cent, was obtalned for the free
blotln fractlon. Bound blotin, when assayed with L. arablnosus,
exhibited a sharp drop (23 per cent) between 24 and 48 hours, and
remalned close to the 43 hour level up to 96 hours of growth,

Menstruum blotin which accounts for the major portion of the blotin
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Menstruum and Cellular Biotin During Growth of Lactobacillus arabinosus

Hours of' Growth

N
AN

" TABLE I

48

24 72 - - 96
|
Assay. Organism | L.AY sl La. scLa.  sc.|La sc
Free Biotin 12.7 14.3]10.8 15.6 | 9.6 12 8
(x10"431g/mg) . -4, . .6 | o. 5 .5 10.2
Bound Biotin -
25.5 25.5 |18.3 - 25.5|17.5 25.7 | 17.0 2.3
(x10™%ug/mq) ! ° 2
Menstruum Biotin : :
| 760 925|770 925 | 765 920 | 755 930
(x 10"4pug/mi) S
Per Cent
797 96.4 | 81.2 969 | 795 96.2 | 783 96.5
Recovery .

' .
VL.A:= Values obtained employing L.arabinosus as the assay organism.

v

S.C.= Values obtained employing S.cerevisioe as thc ossay corganism.

= 6% -



presented Initlally to the growing organisms, remained level through=
out growth. The recovery of biotin with the L. crabinosus assay
method ranged from 78 to 81 per cent of Yhat provided Initially to the
organism,

Striking differences were obtalned when S. cerevisiae
was employed as the assay orgonism. Values for free biotin ranged
from 50 to 28 per cent higher at 48 and 96 hours respectively than
thoeobtained with the lactobacillus assay method. In contrast to the
lactobacillus assay, the yeast assay did not exhibit o sharp decrease in
bound bliotin from 24 to 48 hours, but remained level throughout 96
hours of growth. Valueas for menstruum blotin were 155 to 175 unlte/ml
higher with S. cerevisiae than with L. arablnosus. The difference In
menstruum blotin between the two assays was seen at all four growth
periods. The total recovery of biotin with the yeast assay was 96 to
97 per cent primarlly because of higher values obtalned for menstruum
blotin.

Since only d-blotin was present Initially In the cultures, the
assay values with both organisms should not differ beyond experimental
error, unless some of the d-blotin was converted to another form of the
vitamin (vitamers) durlng growth.  If such vitamers were blologically
less active or totally inactive to L. arabinosus but still utilizable by

S. caravislas, differences would appear In the assay values. This
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hypothesis can be used to explain the data obtained (table 1). Thus

a conversion of blotin to blotin vitamers inactive for L. arablnosus
appears to occur before 24 hours of growth. The vitomers accumulate

In the growth menstruum resulting In the difference between the two
assays (155 to 170 units/ml). The vitamers do not appear Intracellu=
larly at 24 hours as evidenced by the close similarity of free and

bound biotin values with both assays. However, the vitamer does
appear within the cells at 48 hours, as shown by the significantly higher

values for free and bound biotin when assayed with S. cerevisice.

Cf Interest are the relatively low values obtained for free
intracellular biotin in proliferating cells, as compared to the high
levels of blotin accumulated In resting cells of L. arobinosus as reported
by Lichstein and Waller (48)., These results are explained In part by
findings In later experiments.

It seemed desirable to ascertaln more precisely the time at
which conversion of d-biotin to vitamers occurred. The course of free,
bound, and menstruum blotin was followed beginning at 12 hours of
growth, which represents the middle of the logarithmic phase. No
differences were detected between the two assays for free or bound
biotin for any perlod between 12 and 23 hours, Indicating the presence
of only d=blotin In these fractions. However, marked differences were
noted In regard to menstruum blotln (figure 7). As assayed with

S. cerevisice the level remalned constant at about 930 units/ml from

\ . .
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Figure 7. Menstruum biotin In cultures of Lactobacillus

arabinosus.
RS

(Wright=Skeggs medium; Initlal pH 6.8;
incubation temperature 30 C; Initlal biotin

concentration 1,000 units/ml)
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12 to 23 hours. As measured with L. crabinosus, menstruum biotin
remained at the same level untll 16 hours of growth ot which time

it began to drop markedly. It oppears therefore that the conversion
of d=biotin begins at about 16 hours and Is most active up to

20 hours, l.e., the late log and early statlonary phases. The signi-
flcance of this will become evident when the physiological control of
this system is discussed. It 1s probable on the basis of the data
given In table | that the conversion process reaches conclusion by
approximately 24 hours. Converslon of biotin cppears to reach an

equilibrium In favor of d=blotin, l.e. 80« 85 per cent d-biotin and

about 15 per cent biotin vitamers.
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B. Studies on the Converting Activity of Non=proliferating Cells of

L. arabinosus

The experimental evidence described demonstrates that
L. arabinosus wlll convert d=blotin to one or more biotin vitamers
which cannot be utilized for growth by this organism. The conversion
appears In the late log and sarly statlonary phases, and reaches an
equilibrium at about 23 to 24 hours. If the converting system was
enzymatic In natt;re, it should exhiblt typlcal characteristics of enzyme
systems, l.e., temperature and pH optima, requirement for energy, stc.
It was therefore necessary to prepare o reaction mixture in which the ex=
perimental cells could be suspended, and In which the parameters of
the converting system could be stucied.

First attempts to formulate a reaction mixture employed
0.1 M acetate buffer at pH 4.7. This pH was chosen because it
approximated the hydrogen lfon concentration of the growth medium at
the time of conversion. Added also was 1 per cent glucose on the
assumption that an energy source was necessary for maximum blotin
converting activity. The substrate was d-biotin (200 units/ml). Twenty
four hour cells were added at a density of 1 mg dry weight/ml, ond
Incubated at 30 C for 6 hours. Aliquots were taken for analysls of
menstruum and free Intracellulor blotin with both L. arablnosus and
S. cerevisice. Any difference betwsen the two assays would nprmﬁt

an Index of converting activity. Bound blotin was not included for
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assay because 24 hour cells grown In 100 »g bliotin/10 ml have thelr
blotin binding sites completely saturated with d=blotin (Table 1),

The results with this reaction mixture are graphically repre=-
sented In figure 8. No significant differences were seen between the
two assays for menstruum blotin over the 6 hour Incubation perlod.
Small, consistently higter values for fres blotin were obtained with
the S. cerevisiae assay compared to the L. arablnosus assay. This was
due probably to carry over of blotin vitamers from the growth cultures
and does not represent biotin converting activity. Thus, this reaction
menstruum did not satlsfy the requirements for blotin conversion. Plate
counts over the é hour Incubation perlod showed very little cell death,
so that acetate appears not to be toxic to the cells.

Subsequent experiments employed the same reaction mixture
with the addition of 0.05M KoHPO,.  Phosphate was included in an
attempt to satisfy the requirements of the biotin transport system, since
Lichstein and Waller (48) had reported excellent biotin accumulation in
cells of L. arabinosus when phosphate buffers were employed. Flgure 9
Illuitrates the results obtained using the acetate buffer reaction mixture
modfied by added phosphate. At the end of one hour of Incubation a
sharp decrease In menstruum biotin was evident with both assays.
Correspondingly a marked Increase In free Intracellular blotin, equaling
the decrease in menstruum biotin can be seen. Free blotin decreased

slowly over the next 5 hours of Incubation with a corresponding steady
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Figure 8. Menstruum and free Intracellular biotin in cells

of Lactobacillus arabinosus when incubated with

blotin and glucose in 0.1 M acetate buffer.

(Cell density 1 mg/ml; incubation temperature 30 C;
age of cells, 24 hrs; bliotin concentration about
200 x 10~ pg/ml; ) per cent glucose; 0.1 M

acetate buffer at pH 4.7)

Menstruum blotin X X

Free biotin Oecamaal

Assayed with L. arcbinosus = LACTO

Assayed with S. cerevisiae = YEAST
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Figure 9. Menstruum and free Intracellular biotin In cells

of Lactobacillus arabinosus when Incubated with biotin,

glucoss, and phosphate In 0.1 M acetate buffer.

(Blotin concentration cbout 200 x 10~ pa/ml;
1 per cent glucoss; 0.05M KoHPO4s 0.1 M acetate
buffer at pH 4.7.)

Menstruum blotin X X
Free blotin Qewcaom=(
Assayed with L. arcblnosus » LACTO

Assayed with S, cerevisiae = YEAST
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Increase In menstruum blotin untll & hours at which time the values
returned to their Initial levels. Throughout the Incubation period no
significant differences were obtalned between the two assays for
either free or menstruum blotin. Thus, the addition of small amounts
of phosphate alded the permeation of biotin, but did not stimulate
conversion.

Further experiments employed 0.1 M phosphate buffer at
pH 8.8 in place of the acetate buffer. The results are Ilustrated In
figure 10, Phdsphau buffer provided excellent conditions for biotin
permeation, as can be seen by the 30 unit decrease in menstruum
biotln and the corresponding Increase In free biotin. The Intracellular
free biotin remained at a maximum for one to two hours and then
began to pass out of the cells resulting In an Increase In menstruum
blotin. Throughout the 6 hours of fncubation no significant differences
were detected using both assays. 1t seems clear from these experiments
that the presence of additional phosphate did not improve the conversion
process at either pH 4.7 or 4.8.

In summary of the situation to this point It Is manifest that
the blotin converting system was demonstrable enly In cells actively
growing In Wright-Skeggs medium. To study thls system more precisely
the same Inoculum of 24 hour cells was Introduced Inte modified
Wright-Skeggs medium. The major changes were reduction of the glucose

concentration from 2 per cent to 1 per cent and the Introduction of
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Figure 10. Menstruum and free Intracellular biotin in cells

of Lactobacillus arabinosus when Incubated with

blotin and glucose In 0.1 M phosphate buffer.

(Blotin concentration about 200 x 1074 pg/ml;

1 per cont glucose; 0.1 M phosphate buffer it

PH 6.80)
Menstruum biotin X X
Free blotin Qewewsas

Assaysd with L. arabinosus = LACTO
Assayed with S. cerevisiae a YEAST
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additional phosphate. These modifications were made in order to
prevent large changes In the pH during the experiments. It Is seen
(Figure 11) that blotin accumulation by L. arablnotus under these
conditions was good, but reached a maximum at 3 to 4 hours as
compared to one hour when the cells were Incubated In phosphate
buffer and glucose alone. In this respect Wright=Skeggs medium
appears to hinder biotin accumulation to some degree, and may be
an explanation for the finding that frea biotin levels are low In
growing cells., At the end of 4 hours the free blotin level began to
fall markedly and the menstruum blotin began to Increase when
measured with the yeast assay. The L. arcbinosus value for menstruum
blotin at the end of & hours of Incubation was about 45 units below
that obtained with the S, cerevisiae assay. These results suggest that
erghé-Skoggs medium supplies the essentlal factors required for
blotin converion.

When Wright=Skeggs medium was used to demonstrate
conversion durlng a 6 hour Incubation period the cells were not In a
resting state since measurements made during thls Incubation perfod
exhibited significant Increases In turbidity. In a typlcal experiment
for example, a cell suspension of 325 Klett units (640 mp) increasad
to 345 units ot the end of 8 hours. However, plate counts over the
six hour Incubation perlod showed no Increass In the number of

viable cells (38.2 x 109 viable cells/ml Inftially, and 37,0 x 108
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Figure 11. Menstruum and free Intracellular biotin In cells

of Lactobacillus arablnosus when Incubated In

modified Wright«Skeggs medium,*

*(Blotin concentration about 200 x 104 pg/ml;
1 per cent glucose; 0.1 M phosphate buffer

pH 6.8 In addition to that amount commonly

present.)
Menstruum blotin X X
Free blotin [

Assayed with L. arabinosus = LACTO
Assayed with S. corevisiae YEAST
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viable cells/ml ot the end of 6 hours). Thus, the cells suspened
In this medium are referred to as "non-proliferating™ rather than

| resting, since some small amount of growth Is occurring without
noticeable reproduction.

The blotin converting activity may be measured by sub-
tracting the L. arabinosus assay value for menstruum blotin at any
time T from the S. cerevisiae assay value, and dividing by the
number of mg of dry cells. This relationship may be exprested with

the following simple equation:
UNITS OF D-BIOTIN CONVERTED » Ym = Lm/mg

where Ym equals the ysast assay value for menstruum blotin In
unity/ml, and Lm equals the L. orablnosus assay value In units/ml.

Though a small difference In free blotin was observed
between the two assays ot the end of the Incubation peried, it can be
disregarded In view of the much larger differences between the assays
for menstruum blotin (figure ll_).

Conversion appeared to commence only after free Intra=
cellular blotin was at a maximum. This point become of great

Importance In the design of future experiments.
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C. Physleloglcal Factors Influencing Biotin Converslon In Cells of

L. orablnosus

it Is well established that the physiologleal conditions of
living cells as well os thelr environment play a vital role in the
expression of thelr genetic potential. Some of the physlologleal factors
affecting the converslon of blotin have alroadyib«n described 1. e.,
free Intracellulor biotln must be at a maximum, and a factor In Wright=-
Skeggs medium must be supplied before converslon commences. The
present section deals specifically with the effects of temperature, glucose,

and pH on the converting system,

1. Effect of temperature.

Enzymes characteristically exhibit a temperature optimum for
actlvity which may In some cases be quite sharp and In other Instances
quite broad, Blotin conversion If enzymatic In nature, should likewlise
reveal a marked effect of temperature varlation.

Twenty four hour old cultures were frozen at =45 C to stop all
metabolic actlvity, and then thawed at 0 C. After thawing, the cells
were separated from the growth menstruum by centrifugation, placed In
the modifled Wright-Skeggs medium, and allquots Incubated at temperatures
fanglng from 0 to 40 C. Menstruum blotin analyses performed with both
organisms produced the results tllustrated In figure 12. The unlts of

d-blotin converted per mg dry cells (Ym = Lm/mg) are plotted agalnst
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Figure 12. The effect of temperature upon the blotin

converting activity In cells of Lactobacillus

arabinosus.

(Modifled Wright=Skeggs medium)
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time of Incubation at the varlous temperatures. Little or no converting
actlvity was noted untll after one hour of Incubation. The rate of
conversion was high between 30 C and 40 C with a maximum at the
lotter temperature. However, the total amount of conversion at these
two temperatures was approximately the same. Little or no conversion
occurred ot 0, 50 or 40 C. The total unlts of blotin converted at 15 C
was approximately 65 per cent lower than the 40 C value at 4 hours.
The temperature dependence of the biotin converting system Is lllustrated
more clearly In figure 13 which shows an optimum at approximately 37 C
with the converting activity dropping sharply on elther side of thls polnt.
The possibllity that quick frozen cealls may suffer some damage
in their ability to accumulate and/or convert blotin was dispelled by
the finding that washed, Unfrozen cell suspensions produced the same

results with respect to temperature effects,

2, Effect of alucou.

Glucose had been added previously to the reaction menstruum,
presupposing a requirement for an energy source In the d-blotin converting

process. Experiments were now designed to test the requirement for glucose

In this system.

Twenty four hour cells were saturated with free biotin by o

1=hour Incubation In phosphate buffer (pH 7.5) with glucose and blotin,

The cells were then washed at least once In lce cold saline and placed
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Figure 13. The temperature dependence of the blotin

converting system In Lactobaclllus arablinosus,

(4 hour data of figure 12)
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In the modified Wright=Skeggs medium at 37 C with various concen=
trations of glucoss. The course of blotin conversion was followed over
a period of 4 hours and the results plotted In figure i4. Only a

small endogenous level of biotin conversion was opparent in the absence
of added glucose. Active conversion Increased as the concentration of
glucose rose. Small quantities of glucose are required to affect conver=
slon (0.1 per cent) as compared to the amount required for maximum

growth (approximately 1 per cent).

3. Effect of pH.

Enzymes, being protelns, are greatly affected by hydrogen
lon concentration. Enzyme systems will generally exhibit catalytlc
properties In a limited pH range with lesser activity on elther side of
this range. Knowledge of the pH optimum 1s helpful In characterlzing
the enzyme belng studied, and alds also In understanding the cellular
physlology related to the enzyme system. Experiments were designed
to study the effect of varlous hydrogen lon concentrations upon the blotin
converting system.

For these studies, 24 hour cells were placed In a phosphate
buffered biotin solution (pH 7.5) with 1 per cent glucose, and allowed
to accumulate blotin for one hour. The cells were then placed In o
reaction menstruum composed of the modifled Wright=Skeggs medium which
was changed further as follows: The concentration of phosphates was

Increased to 0.2 M, and 0.1 per cent glucose was used In place of the
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Flgure 14. The effact:of glucoss concentration upon the biotin

converting activity In cells of Lactobacillus arobinosus.

{Conditions as for figure 12, but with varylng glucose

cancentrations. )
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higher concentration. The lower concentration of glucose was preferred
because it was sufficlent for full converting activity (figure 14) ond
would not lead to the formation of amounts of lactic acld sufficlent to
cause large changes In the pH of the menstruum. Moreover, doubling
of the concentration of phosphates ensured Increased buffering of the
menstruum, Phosphate buffers were employed over a pH ronge of 3.5 to
9.5, because pravious results Indicated that phosphate fon Is required
for actlve transport of biotin Into calls of L. arablinosus.

The results of these experiments are presented grophically In
figures 15 and 16, In figure 15, the units of d=blotin converted per
mg of cells are plotied agaimst the time of Incubation, The rate and
magnitude of conversion at pH 4.5 threugh 6.5 are maximum. A 50 per
cent reduction In total conversion was observed for pH 7.5 and a 75 per
cent reduction for pH 3.5 and 8.5 when compared to the maximum. No
significant conversion was observed at pH 9.5. A broad pH optimum
ranging from pH 4.5 to 6.5 was observed, with blotin converting activity
falling rapidly on either side cf tha plateau (figure 16). These findings
ogree with previous results, In that the converting system appears first at
a time when the growth menstruum is In the acld ronge (figure 7, 15

hours).
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Figure 15. The effect of pH upon the blotin converting

activity In cells of Lactobacillus arabinosus.

(Conditlons as described In text.)
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Figure 16, The pH dependence of blotin conversion in

Lactobaclllus arabinosus.

(Conditions as for figure 15.)
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D. Phystological Control of d-Biotin Converslon

Although the data accumulated thus for establishes the
existence of a blotin converting system In L. aroblnosus, It was
nevertheless somewhat unexpected to find that this orgonism would
convert blotin to vitamers not utllizable for Its own grbwth. It seemed
approprlate therefore to seek an explanation for the apparent control
of blotin conversion In thls organism. Since the converting system
appears at about 15 hours of Incubatlon (flgure 7) and since the
stationary phose of growth does not occur untll approximately 20 hours
(figure 6) 1t 1s reasonable to assume that physiological conditions for
growth and metabolism are still appropriate. Bictin conversion was
shown to have a broad pH optimum In the acld range, and becomes
active when the growth menstruum Is approximately at pH 4.5. These
findings suggested the possibllity that the formation and/or activation
of the d-blotin converting system was controlled by the hydrogen lon
concentration of the growth medium. Experiments were designed to
test this hypothesls,

Each of two flasks containing Wright=Skeggs broth was
Inoculated with 0.4 mg cells of L. arablnosus per 100 ml of medium.
The cultures differed only In the following way: Culture "A* was
adjusted to pH 6.8 before Inoculation and culture "B* was adjusted to
PH 5.8. The flasks were Incubated at 30 C under statlonary conditions.

Beginning at 12 hours, and for hourly Intervals tbomftor,‘ turbidity
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and pH measurements were made. At each interval a small aliquot
of the cell suspension was removed and assayed for blotin conversion.
The changes In turbidity and pH for cultures A and B from 12 to 19
hours of growth are given In table 2. Growth Initlation In culture B
was slightly more rapld as evidenced by the higher tufbldtty reading
at 12 houns, However, growth in both cultures was approximately the
same thereafter. A pH differential was maintained between the two
cultures over the entire perfod of Incubation. If the appearance of
blotin converting activity 1s dependent upon the pH of the growth
fncmfruum, the culture which approaches the cppropriate hy&rogon lon
concentration most rapldly will show blotin conversion first,

It can be seen from figure 17 that converting activity was
detectable first in culture B, l.e., ‘13 hours, pH 4.52, No conversion
appeared In culture A until 15 hours when the pH decreased to 4.70,
Though the time of oppearance of conversion differed by 2 hours, the
rates of the reactions once Initlated were approximately the some. This
study suggests that the Inltiation of converting actlvity Is dependent upon
the pH of the growth menstruum, and by manipulating the hydrogen lon
concentration it is possible to control the time of appearance of this
system,

Inasmuch as L. arabinosus is o hemolactic organism, the

acldity produced from glucose fermentation Is almost entirely lactlc acld.
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TABLE IL
Turbidity and pH Changes at 12 to 19 Hours of Growth

in Cultures of Lactobacillus arabinosus

‘Culture A ~Culture B

Hours Initial pH, 6.8 | I‘nmal pH, 5.8
of o ‘II : '

Growth Turb. pH. Turb. pH
12 | 255 - 865 | 275 14.70
13’ 285 535 290 4.52
14 300 4.80 | 305 4.35
5 312 470 | 312 4.20
16 330 4.50 | 327 4.05
17 335 = 4.45 | 335 4,05
18 340 4.25 340 4.00
19 345 410 | 345 4.00

- .
VKlett reading at 660my
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Flgure 17. The effect of pH upon the time of appearunce

of blotin conversion In Lactobacillus arabinosus.

(A, Wright=Skeggs medium, Inltlal pH 6.8;
B, Wright=Skeggs medium, Initial pH 5.8,)
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The omount of lactic acld produced by this organism could be
controlled by simply limiting the supply of glucose in the growth
medium. After glucose is utilized, lactic acld production should
cease and the pH of the menstruum would become stabllized. The
results of such an experiment are glven In table 3. It is clear from
the data that growth reached a maximum at 14=15 hours which was
colncldent with the minimum pH of the culture. No further change
In pH was therefore noted unless purposely altered as In culture B.
An Inspection of figure 13 reveals that the converting system appeared
between 18 and 17 hours In culture B (after purposeful adjustment of
the pH to 4.25) but failed to appear at all In culture A (minimum pH
4,45). Since no further growth was evident after 14 to 15 hours the
cells were considered to be In a resting state. These results suggest
further that decreasing pH In cultures of L. arablnosus 1s directly
responsible for the appearance of the blotin converting system.

Since these cells were grown In a limited supply of glucose,
It Is probable that little or no sugar was present In the culture medium
after cessation of growth. However, maximum converting activity was
shown to require glucose In small quantities. A possible explanation
for blotin conversion In the absence of glucose, {s that the cells have
stored energy In the form of lablle high energy compounds such as

adenosine triphosphate (ATP). A second explanation may be that an
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TABLE IL
Turbidity and pH Changes at 12 to 19 Hours of Growth in

Cultures of Lactobacillus arabinosus Containing 0.5
Per Cent Glucose

Culture A Culture B

Hours . \'/

G,f,’f.,h Turb, pH . Turb. pH
12 172 5.10 175 5.00
13 212 482 | 226 4.85
14 256 480 | 255 4.75
15 252 4.65 260 4,75

pH not pH adjusted

adjusted to 4.25
16 252 4.65 260 4.25
17 254 . 4.65 258 .  4.25
I8 254 4.65 259  4.25
19 256 4.65 258 4.25

|
YKiett reading at 660myu
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Figure 18. The effect of pH upon the time of appearance

of blotin conversion In cultures of Lactobactllus

arabinosus containing 0.5 per cent glucose,

(Wright=Skeggs medium, Initial pH 6.8; 0.5 per

cent glucose.)

Culture A, pH not adjusted; minimal pH 4.65 at 15 hrs.
Culture B, pH adjusted to 4.25 at 15 hrs.
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accumuloted end product of glucose metcbolism s required rother than
glucose Itself, and that such o product may be prasent In sufficlont
quantities even after exhaustion of the carbohydrate.

If decreasing pH Is o mejor physlological mechanim respon=
sible for control of the appearance of the blotin converting system, It
should be possible to prevent Its formation by simply using strongly
buffered cultures. To this end one flask of Wright=Skeggs medium con=-
talning the normal phosphate concentration (0.006 M) at pH 4.8 and a
sacond culture contolning 0.1 M phosphate buffer at the same pH were
Inoculated with L. arabinosus and Incubated ot 30 C. Growth Inttiatlon
In the buffered culture logged behind the control culture as can be seen
by the considerably lower turbldity at 12 hours (table 4). The high
concentration of phasphate s probably responsible for this leg. However,
growth In culture B surpassed that In culture A between 16 ond 17 hours
and continued to be higher throughout the experiment. A pH differentlal
was malntalned between the two cultures. At 19 hours, the pH In
culture B was 4.7 which Is ot the threshold of the pH required for the
appearance of the conversion system. In the unbuffered culture (A) the
normal decrease In pH was seen, and the critical hydrogen lon concen-
tratlon (about 4.5) was reached at 14 hours. As con be seen from figure
19, the strongly buffered culture showed no blotin conventon, whereas
the control culture exhibited excellent blotin converting activity beginning

ot " houl’!.
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TABLE 1V
Turbidity and pH Changes at 12 to |19 Hours of Growth

in Phosphate Buffered Cultures of Lactobacillus

arabinosus
|
Culture A" ~ Culture BY
0.006M Phosphate O.IM Phosphate

Hours .

Grokan Turby pH | Turb.o pH
12 170 4,90 79 6.40
13 220 470 nz 6.30
14 257 4.55 166 6.10
15 293 4.40 242 5.85
16 318 4.3) 304 5.40
17 336 4.20 355 5.00
18 348 4,15 380 4.80
19 351 4.10 399 | 4,70

YWrlght- Skeggs medium, initial ph,68.
GKlaH reading at 660mu.
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Figure 19. The effect of phosphate buffer upon the time of
appearance of biotin conversion In Lactobactllus
R AT——

arablnosus.

(Culture A, Wright-Skeggs medivm, 0,006 M
phosphate buffer, Inttlal pH 6.8;

Culture B, Wright-Skeggs medium, 0.7 M phosphate
buffer, Initlal pH 6.8.)
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The studies show quite conclusively that Increasing
hydrogen fon concentration Is a major factor In the physlological
control of d-blotin conversion, as well as In the regulation of

cell populations in L. arablnosus.
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DISCUSSION

The experimental evidence presented here clearly shows
that blotin Is converted by cells of L. arablnosus (17-5) to a vitamer (s)
which Is not utllizable for growth by this organism. This vitamer may,
however, be utilized In place of blotin by S. cerevislas (139). It Is
sasily detected In the presence of biotln by a differentlal microblolo=
gical assay procedure based on the foet that L. arablnosus will respond
to d=blotin while the yeast will respond to both d=bletin and the
vitamer(s). The difference In values between the two assays I an
expression of the growth promoting abllity of the vitamer(s) for
3. cerevisice.

t;lourly all of the vitamer 1s found In the surrounding menstruums,
a small perhaps Insignificant amount Is b the free Intracellular form, ond
none appears In the bound form (coenzyme) until 48 hours of growth,
Studies on the blotin content In cultures ;f L._arablinosus showed quite
clearly that the conversion beglns ot approximately 15 hours and term!=
nates at 22 to 23 hours. This period represents the late log or early
stationary phase of the ngth cycle. Durlng this time only 15 to 20
per cent of the biotin supplied Initially to the organtsm Is converted
to the vitomer, and no further conversion appears after 23 hours. Thus

the conversion Is malntained In an equilibrium which greatly favors

. =86 -
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dblotin. Studles with non-proliferating cells Indicate that the free
Intracellular levels of biotin must be at a maximum before active
converslon ensues. |

The data obtalned from studies on the parameters of the
blotin conversion system compare reasonably well with the general
choructirlsﬂcs of enzymes. Conversion could be demonstrated only
in Wright-Skeggs medium n)ggosﬂng that some component s required
for blotin converslon. Cofactor requirements either !norgonk or organlc
or both, are characterlstic of many enzyme systems.

Temperature curves simllar to those exhibited by blotin
conversion In L. orobinosus are characteristic of enzyme reactions for
two reasons, the first being the comparatively high temperature co-
efficlent, and the second belng the dramatic decrease In activity at
50 C. Enzymatlc reactions behave like ordinary chemical reactions In
that, as the temperaturs Is Increcsed, the raote Increases. Enzymes
Bowovor, suffer from themmal Inactivation at higher temperatures due to
their proteinacesus nature, and hence a decrease In reaction rate may
be noted..

The requirement for glucose Is suggestive also of enzymic
actlon, since catabolic energy Is often necessary. Where the reaction
appears to proceed in the obsence of glucass, the Involvement of stored

energy (ATP) Is entirely possible.
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The data obtalned 'fof fhi pH dependence of biotin conver=
slon are also consistent with the participation of an enzyme. A broad
pH optimum was observed which Is characteristic of many enzymes
(e.g., catalase). In a consideration of the effect of pH on the rate and
magnitude of enzyme-catalyzed reactions, ot least thres factors must be
borne In mind, The first of these Is the Influence of pH on the ﬁabll"y
of the enzyme. There are many pH-dependence curves in which the drop
In rate on one slde of the oéﬂmum Is due to enzyme Inactivation, A
sacond factor stems from the fact that onzy:nis, like other protelns, are
multivalent dipolar fons. Thelr dissociation depends, thorofou,: on the
pH of the medium. Although it Is not yﬂ possible to specify precisely
the nature of the protein groups involved In the brmatlon of enzyme=
substrate~complexes it has been assumed that the steep portion of a pH=
dependence curve corresponds to the dissoclation of fonizing grobps on
the enzyme. The third factor of Importance is the dissoclation of the
substrate which may offect its affinity for the enzyme surface. The pH
dependence curve obtalned for biotin conversion exhlbits also the sharp
decrease in activity on elther side of the broad optimum.

In summary then It may be concluded that the conversion of
d-blotin to one or more vitamers Is an enzyme mediated reaction. This
enzyme has a pH optimum of 4.5 to 6.5 and a temperature optimum of

37 C. It requires small amounts of glucose for maximal activity, and
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requires also a "cofactor® present In Wright-Skeggs medium,

Hydrogen fon concentration of the growth medium has been
demonstrated In these studies, to be the major physiological mechanism
controlling the oppearance and activity of the blotin converting system,
The production of lactic acld by L. arabinotus causes a decrease In
pH from 6.8 Initlally to about 4.5 (late log phase). The latter pH
represents the critfcal hydrogen fon concentration at which the convarting
enzyme oppears. At this time, the blotin vitamer may be detected In
the growth menstruum by use of the differential microbiological assay.

It is Interesting to note that the optimum range for converting
activity 1s pH 4.5 to 6.5, but the converting enzyma(s) appears only
when the pH of the growth medium has dropped to about 4.5. This
suggests that the pH range necessary for the formotion of an enzyme
need not be the same as the range In which the enzyme will exhibit
maximal activity. This finding suggests further that the physiological
factors affecting the activity of on enzyme are not necessarlly the some
os the factors controlling its formation.

The reasons for cessation of bacterlal multiplication In ordinary
batch culturas have naver been fully established. Most writers (49, 50)
who discuss this problem mention several or all of the following possibilities:
exhaustion of a limiting nutrlent, accumulation of toxlc substances, lack
of avallable oxygen, and limited “blologlcal space® (51). . However,

Increasing hydrogen lon concentration and Increasing levels of non=
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fonizable lactlc acld appear to be mainly responsible for the cessation

of growth In Streptococcus lactls (52). L. arabinosus, belng a homo~-

lactic organism, should be subject also to control by these factors.
However, the formation of non=fonizable lactic acld may be sliminated
as an Important factor. In these studles, buffered cultures showed
increased growth over non-buffered controls aven though the lactic acld
content In tha former would ba equal to or higher than the latter, It
appears that Increasing hydrogan fon concentration Is the major factor
responsible for the cessation of growth In L. arabinosus.

Just how decreasing pH affects the level of cell populations
1s for the most part unknown, but some speculations may be offered.
It 1s possible that decreaslng pH Inactivates certaln enzymes that are
vital to the growth or reproductive process. Hydrosnen lon concentration
can affect markedly the fonlzation of enzyme proteins and/or substrates
in such o mannar as to Inhibit their reactions. It Is for this reason that
enzymas exhiblt pHedepsndence curves. Another possibility {s that
decreasing pH may Induce the formation of enzyme systems which are
directly rasponsible for *shutting=off* growth. It Is to this category
that the biotin converting enzyme(s) may balong. "It hos been stated
previously that the blotin convertlng snzyme Is physlologically controlled
by hydrogen lon concentration, and that the decreasing pH 'Is the major
factor responsible for cessation of growth. Therefore it appears that

the formation of this system may be significantly correlated with the
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cessation of growth. Just how the products of the vitamer forming
reaction act to Inhibit further growth Is unknown. The converting
enzyme may be one of many systems that appear only when the pH

of the growth menstruum has fallen to a critical level, and which

thus function In the control of cell populations, The concept of
enzymes appeating during the stationary phase Is not limlted to biotin
conversion but has been demonstrated with other systems. For example,
Nomura and Yoshikawa (53) have shown that two enzymes {(amylase

ond protease) are formed post~logarithmically in the growth cycle of

Baclllus subtils.

Thc~ vitamers formed as a result of blotin conversion In the
present study may be characterized by microblological activity. It has
been established that the vitomer Is comhlﬁoly Inactive In replacing
blotin In the growth of L. orablnosus, but Is active for S. cerevisiae.
The chemlcal nature of this vitamer(s) Is presently unknown. The
possibility of oxyblotin being this vitamer may be eliminated, since it
has never been found In natursl materials and Is only 10 = 25 per cent
as active as blotin In the growth of S. cerevisioe and only partially
active for many lactobacllll (32), Blotin wlﬁxldo may be eliminated
also since 1t Is as offoctlﬁ as blotln in the growth of L. arabinosus (30).
Blocytin comes close to motching the mlcroblologlical ocﬂvl'ty (24, 54)
of the vitamer, but may be eliminated since blocytin Is found gomm"y
In the bound fom, The llberation of blotin from bound forms at 43
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hours of growth (bound forms at this time contaln the vitamer) by acld
hydrolysls should yﬁld the seme biotin levels with both assays If blo~

~ eytin Is the vitamer., However, the levels were significantly higher
with the yeast assay, suggesting that blocytin could not be the vitamer.

Desthloblotin exhibits the same activity as blotln for S. cerevisiae, Is

completely Inactive for L. arablnosus, and will not act as on anti=
blotin In elthar organtsm (19, 2}, 28, 35, 38). Though desthloblotin
has not been lsolated In pure form from natural moterlals, It has been
demonstroted chromatographically In extracts of microbes and mammallan
tissue (20). Desthlobiotin Is the naturally occurring vitamer of blotin
that most closely resembles that detected In this study. The final solution
to this aspect must awalt Isslation and characterlzation of the substance
produced from blotin by L. arblnosus.

At varlance with the results observed In this study, are those

obtalned by Krueger and Peterson (23), employing Lactobactllus pentosus.

L. pentosus 1s considered to be very similar to L. arablnosus, If not
Identical (55). In their study blotin was provided In the growth medium
In concentrations many times higher thon that required for maximal
growth, The blotin was not converted to other forms but was metabolized
by the growing cells possibly as a carbon source. Several differences
oxist between thelr experimental methods and those employed in this study.
The growth medium used by Krueger and Peterson qontalnéf! only one per

cont glucose as a carbon ond energy source. Glucose, when provided
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at this concentration, would be depleted from the growth medium
early In the stationary phase, since the amount of glucoss required
to glve maximum growth Is only slightly less than one per cent. In
thelr studies, samples were taken for biotin analysls ot 72 hours which
represents a stage of growth far beyond the beginning of the statlonary
phase. Therefore, It Is prabable that the organisms utilized other
compounds to provide energy for malntenance, Blotin may well have
been so utilized because It was present In such excess.

~In the preset studies twice the glucose concentration
(2 per cont) was suppliad té the growing srganism, so that the energy
source would not become limiting at any time during the growth cycle.
There would be no need for the cell to call upon other substances
such as blotin to pmvl& a source of elther energy or carbon building
blocks. Experiments In the present study that did employ the lesser
concentration (one per cent) were carrled out only to 19 hours of
growth when the energy source was not yet limiting. Posibly the vitomers
noted in the present study may have been d;fochd by Kmoéor and

Peterson If analyses were carried out earlier than 72 hours.
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SUMMARY

S. cerevislae, straln 139, utilizes d=blotin and several
Qitamm of blotin whereas L. arabinosus, strain 17<5, responds to
d=blotin and biotin wlfoxldio of the naturally occurring forms of the
vitomin. The use of these organlsms for differential assay permitted
lnvuﬁgatlén Into the converslon of deblotln to biatin vitamers by
cells of‘_l._:_ arablnosus. The studles hereln presented clearly show that
biotin Is converted by L. arabinosus to a vitamer (s) which 1s not
utllizable for growth by this organism,

1. The conversion appears In the late log phase of the growth
cycle and reaches an equilibrium In favor of d-blotin (f.e., 80 = 85
per cent d=blotin to 15 per cent blotin vitamer).

2. Nearly all of the vitamer s fouri In the growth menstruum
during the late log phase, and does not appear In the bound form untll
the late stationary phase.

3. Blotin conversion In noneproliferating cells could be
demonstrated only In Wright=Skeggs medium, and when free Intracellular
blotin was at @ maximum,

4. The converslion of blotin appears to have characterlstics of
an enzyme system, l.e., a temperature optimum at 37 C and a broad pH

optimum of 4.5 to 6.5. Glucose Is required for maximal actlvity.

-9 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-95 -

5. Experiments on the effect of growih pH on the time
of appearance of the converting system suggest that Increasing
hydrogen lon concentration may be a major physiological mechanism
responsible for the control of this system.

8. A suggested physlologlcal role for the d-blotin converting
system Is the control of cell populations in cultures of L. arabinosus.

7. The blotin vitamer formed as a result of the converting
process was characterlzed on the basls of microblologieal activity and

was found to resemble desthlobiotin.
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