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Abstract.

The folate in human diets has been determined by
microbiological asséy. The various folate derivatives in
the diet were separated by column chromatography and

the quantitative data on the total amount, and type; of

folates present obtained.

Yeast polyglutamyl folates in a for;'n suitable for use
in human absorption studies were prepared. The absorption
of these polyglutamates and of various synthetic folate
compounds .which may be present in a normal diet was
studied in volunteers, and the results are discussed in

the context of the relevant literature.

The possible role of antagonists to the enzyme splitting

polyglutamyl folates in human diels was explored,

Finally an estimate was made of the amount of poly~

glutamyl! folates which may be utilized by normal subjects,
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Glossary of terms and abbreviations,

Folate: non-specific term for pteroylglutamic acid and its
derivatives,

Mono-,di- or triglutamy! folate; mono=-,di- or triglutamate:
terms used for folate derivatives with one, two or
three glutamic acid residues.

Polvalutamy! folate: polyglutamate: folate derivatives with more
than three (usually seven) glutamic acid residues.

. "Free!" folatejunconjugated folate: mono-,di- or triglutamyl
" folates. These folates are available for microbiological
assay without the use of conjugase enzymes..

. "Total" folate: . all those folate compounds, including "free"

folate as well as polyglutamyl derivatives, available
for microbiological assay following incubation with
conjugase enzymes.

Conjugase: carboxypeptidase (pteroyiglutamyl hydrolase) : the

4 ~ enzyme hydrolysing polyglutamyl! folates to mono~ or
diglutamates. The source of the enzyme is stated in the
i.e. plasma conjugase, chick pancreatic conjugase etc,

Ascorbate: solution of L.~ ascorbic acid in either buffer or
distilled water. The diluent, concentration and pH of
the solution used is stated in the relevant section of.
the text.

PteGlu: pteroylglutamic acid, folic acid.

PteGlu,: pteroyltriglutamic acid, (Teropterin).

_I:leD'téG‘lt'J: dihydropteroylglutamic acid; dihydrofolate.

_I:I4F3teGlu: tetra hydro pteroylglutamic acid; teirahydrofolate.

[0 CHO PteGlu : 10 formyl pteroylglutamic acid.

-11=
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10 CHO H4F’teGlu : 10 formyltetrahydropteroyiglutamic acid.

-5 CJH3 ﬁ4pteGlu: 5 methyltetrahydropteroylglutamic acid.

5,10 CH H PteGlu: 5,10 methenyltetrahydropteroylglutamfc acid.
& .

5 CHNH H4F’teGIu: 5 formiminotetrahydropteroylglutamic acid.

5,10 OHZ 54PteGlu: 5, 10 ‘-methylenetetrahydropteroylglutamic
acid. :

-~12~
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Introduction.
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1. Historical Background

The elucidation and characterization of the many
compounds in the folic acid group was preceded by early work
based on the nutritional requirement of bacteria, animals, and
man, In 1926 Minot and M'urphy reported dramatic responses
in 45 patients with !pernicious anaemial »given a diet of raw
liver. l'n the following years crude liver extracts were widely
employed in',the‘ tr*éatmem of macrocytic anaémias of varied
aeti.ology, most of which were considered at that time to be
dQe to a defl'cie'n‘cy of Castlé“s extrinsic factor and hence to
m'ak.e up a homogeneous group. However Lucy Wills'ir‘n 1931
Z-in Bombay obtained haematological responses in patients with
"tﬁopical ‘macrocytic anaemiall arjd'in “perhicious anaemia of
pregnancy" not> only with crudé liVer extracis but also with
autolyzed yeast prepaﬁations (marmite) . F’;tients with pernicious
anaemia generally AEd not respond to yéast preparations and this

suggested that more than one haematinic substance 'might be

[y

. involved,

In an attempt to establish the nature of .the missing

dietary factor Wills and Stewart (1935) produced Mtropical
~anaemia' In rhesus monkeys, fed a diet similar to that taken
by pooﬁ Hindus in Bombay and found it could be curéd’by_cr-ude

-1 4-



liver extract and marmite., In 1938 Wills and Evans showed
- that their essentfal factor was missing from r‘efinAed liver
extracts, which although fully active in pernicious anaemia, had
no effect on the experimental anaemia in the monkey, These
results could be paralleled in man. Ther‘efor‘e- a new haemopoiétic
factb.r‘ must be present in thé crude extracts of liver, and in
autolysed yeast,

A separate serfes of nutr‘itio{nal studies with monkeys was
repor‘ted in 1935 by Day'-and co-,-worl_<er‘s, who proposed the
Nname "Qitamin MU for the material in brewers yeast which prevented
"hutr‘itio.nai cytopeniall in this species (Day, L.angston and Darby,
.1938), while an investigation into tl‘ymve vitamin requirement of chicks
. showed a similar growth factor, again in yeast, termed "“factor
UM by Stokstad and.Manning-' (1938), and vitamin Bc by Hogan
and Parrott (1939). In 1940 a growth factor for Lactobacillus |
icasei'wasvi reported in liver aﬁd_ yeast ex_tr'écts by Snell and
’F?eter‘son; which; as it could be;\xbsor‘bed and eluted from charcoal,
| they termed “nor‘i; eluate factor%, In thé following year ‘Mitchell-,

Snell and Williams described a substance obtainied,f\r‘om ‘spinach which

1
|

was a growth factor for both' Streptococcus faecalis R and L.
casel, This material

-15-.



they called ¥olic acid® while a substance which was also
active for L.,casei was isolated from liver in 1943 by Stokstad
and given the name ®lL.actobacillus casei®t factor,

Initially it was believed that these isolated factohs
were not only identical but also comprised a single biologically
effective molecule, However, the field was further complicated-
by the observation of Hutchings et al that a material isolated
from a culture of a Corynebacterium was much more active

for L..casei than for S.faecalis (Hutchings, Stokstad, Bohonos

‘and Slobodkin, 1944). .This they termed “fermentation L_.casel -

factor® .

At the same time, another group of workers remarked

" that a substance isolated from yeast, although fully active in chick

- anaemia, was completely inactive in microbiological assay systems

using S.faecalis and L..casei as the test organisms, They

concluded that the chick antianaemia activity in yeast was %due to

the presence of vitamin Bc held almost entirely in the form of a

relatively simple "conjﬁgate“. The factor became highly active

\

in microbiolog‘ical assay after enzymatic digestion (Binkley, Bird, .

Bloom, Brown, Calkins, Campbell, Emmett and Piifiner, 1944).

-16-



. The enzymes producing the active form were termed “conjugases! |
(Bird, Binkley, Bloom, Emmett and Pfifiner, 1945).

The vitamin Bc conjugate' isolated from yea.st was
subsequently shown to be a heptaglutamate (Ptifiner, Calkins,
Bloom and OtDell, 1945) that.is, to have 7 glutamic acid
residues, and the fermentation l-.casei factor a triglutamate
‘(Hutchings, Stokstad, Bohonos, Sloane and Subba Row, 1948)

The isolation of pure folic acid and its- conjugates was
immediately followed by an elucidation of their struétures {(Angier,
.Boothe,'Hutchings, Mowat, Semb, Stokstad, Subba Row,
Waller, Cosulich, ,F;ahr‘enba_ch, Hultquist, Kuh, -Northey., S;eger‘,
" -A Sfckels and Smith 1945). "The par‘ent. molecule was shown to
be pter‘oylgl‘utamic. acid and the conjugated fbr*ms cqnsi_sted of
gefivatiyes'- containing 3 or 7 glutamic acid résidues linked by
b's glutamyl peptid<e bonds (Hutchings, Stokstad, ',Bohonos, Sloane
‘ . and Subba_i_Row., 1948; ;Pfiffner‘, lCﬁalkins; éloom and‘O’L.'.)eIl
|946).‘.,‘ - | o | \
| With the availability of synthetic L..casel factor, interest
was stﬁimul‘a.ted‘ in its action on hqman di_sease sté-tés. It was
‘r‘epor‘ted to be effective in producing a reticulocyte response

and regeneration of red blood cells in pernicious anaemia (Moore,

—17—



Bierbaum; Welch and Wright, 1945; Spies, Vilter, Koch
and Caldwell, 1945), sprue (Darby and Jones, 1945; Moore,
Bierbaum, Welch and Wright,: I945); macrocytic anaemia of
pregnancy (Moore, Bierbaum, Welch and Wright, 1945), and
other forms of macrocytic nutritional anaemia (Spies, Vilter,
Koch and Caldwell, 1945).

Recognition of the clinical efficacy of this new trace
- material in diet in macrocytic anaemias and even at least
. for a time in per*nicious anaemia led to attempts to estimate the
folate content of a vast number of foodstuffs, attempts to
' gppr*aise nutrjitional value of diet; and to estimate probable human -
requirements. ?ailur*e to appreciate that some form of folate
in diet were highly-labile however resulted in many early
estimates of folate content being much too low, (Stokstad and
Koch, iI96'7), as are many earlier assumptions as to the

availability and daily intake of food folate.

-18-
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2 l 7 TOOH
s s H —NH' CO——NH——CH=—CH—CH~—COOH
OiH

F-'igur'el - Pteroylglutamic acid, showing the numbering

of the atoms.



1.2 Physical and chemical properties of

PteGlu,its derivatives and conjugates.

A, Pterovlglutamic acid.

(Vitamin U, Vitamin M, norit eluate factor,
Vitamin Bc, liver L. casei factor). |

The structure of the parent molecule was defined
in 1946, and was shown to consist of 2 amino-4=hydroxy-6
_pteridine, p-aminobenzoic acid and L glutamic acid (Angier,
Booth, Hutchings, Mowat, Kuh, Northey, Seeger, Sickels
and Smith)? the name pterqylglutamic acid being» assignhed
: -becaLlse of the presence of a pteriﬁx’ne moiety. and glutamic
acid 'in_ the molecule (figure 1),
| When crys_tallized from water PteGlu forms yellow
spear shaped leaflets, insoluble in.most organic solvents but
A:slightly soluble m 'ac-etic acid (Fiifiner, Binkley, Bloom and
_‘OlDell, 1947). In solu'tiqn it Is decomposed by ultraviolet
‘light and sunlight (Bloom,‘ Vandeﬁbelt, Binkley,. O!Dell and
Piifiner, 1944) and’en‘zvy.matic degr-adat}on. by bacterial éells was
rfeported by Stokes and Larsen (1945) an‘d‘ by tissge homogenates

i

by Wright, Skeggs and Welch (1945), In both cases p~amino

-20-
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HoN

Y  COOH
 Naw CHZ-—NH—@—CO-—NH—CH——CHZ—CH —COOH

Figure 1. Dihydropteroylglutamic acid

COCH

~ l
CHZ—NH—©—-CO-—NH—-CH—CH s~CHz—COOH

Figure III. Tetrahydropteroylglutamic acid



benzoic acid and glutamic acid was among the degradation

products formed (Stokstad, Fordham and de Grunigen, 1947;
Keresztés_y and Silverman, [953; Futterman and _Silvérman, 1957).
The aerobié alkaline hydrolysis éf PteGlu results in the formation

' of a fluorescent pigment and a diazotizable aromatic amine
(Stokstad, Hutchings, Mowat, Boothe, Walker, Angier, Semb,
and Subba Row, 1948) while reduction with zinc in acid solution
yields an unstable form of PteGlu which rapidly splits to give

the free aromatic amine (Hutchings, Stokstad,<.Mowat', ‘Boothe,-

Wall er, Angier, Semb and Subba Row 1948,

B. Reduction of PteGlu.

- An important chemical featur"'e‘ of PteGlu is the reducibility
 of ‘the pteridine ring, by either enzymatic or chemical means, to
| given ’either dihydro or tetr'ahydr"o-';der*ivatives. Catalytic reduction
in alkaline%solutlion gives 7,8 HzF‘teGlu <(.figur~¢ ID and in neutral
solution 5,>6,7.,8,' H4PteGIu (figure III) (O'Dell, Vandenbelt, Bloom
and .Pfiffner', 1947; Blakley, 1957; Hatef\i, Talbert, Osborn and
Huennekens, 1959).. HzF‘teGlu can also be formed by reduction
. of ‘Ptt.eGlu‘ at room temperature with sodium dithionite in the

presence of ascorb_até (Futterman, 1957; Blakley, IQGO), a similar

™~

AN
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e
>

- procedure at 75 yielding H

-] .
4 PteGlu (Silverman and Noronha,

1961}, Chemically prepared H, PteGlu is the dl_-L. diastereoisomer

4

and is only 50%‘ active in enzyme systems, whereas the product
of enzymatic reduction of H2 PteGlu by dihydrofolate reductase
(Osborn and Huennekens; 1958) being the I, L. form is 100%
active (Matthews and Huennekens, 1960),. |

Both H PteGlu are unstable compounds, H

2 2

PteGlu in alkaline solutions being rapidly oxidised to folic acid

&_H4

‘and degradation products, a reaction which is slower in acid

solutions (O'Dell, Vandenbelt, Bloom and Piifftner, 1947; .

Futterman, 1957). H, PteGlu is also readily oxidised by

4

. atmospheric oxygen in neutral solution, being anickly converted

to the dihydro derivative and degradation products, - including

xanthopterin, and more slowly to folic acid, . In acid solutions

- as much as 40% of the molecule may be split to yield p—~amino-

benzoic acid (Blakeley, 1957).

" C. Principal metabolically active forms of reduced PteGlu.

rr—

i N7 formyl tetrahydro folic acid (N°CHO H

y PteGlu, folinic.

acid, citrovorum factor, CF, leucovorin). The discovery of

=23=
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N

OH.

COOH

]
Naw . CH?;—NH—©— O—NH-—CH—CHZ—CHZ—COOH
: i

Figure 1IV. 5 formyltetrahydropteroylglutamic acid

COOH

" HpNa N N |
T N, |
W CH—N O—_CO—NH—CH—CHE—CHé—COOH

|
CHO

' Fig_ur*e'_M—. 10 formyltétrahydr‘opteroylglutamic acid



this growth factor, similar té but not identical with folic acid,

. followed soon after the synthesis of folic acid and_ was the first
-metabolically active tetrahydro d‘er-ivative to be recognized.»(figlur'e.]_V)
,(Sauberlich, and Baumaﬁ'1948; Broquist, Stokstad,. Hoffmar;l,
Belt, and Jukes 1949). Sauberlich and Baumann reported

that an-l‘.lnidentified substance present in liver énd yeast was
required for growtﬁ by L.euconostoc citrovorum {(now known

as Pediococcus cerevisiae), Its relationship to l?teGlu was
confirmed by the observation that the Ievél of 5§ CHO H4 PteGlu
‘was loW in the urine of rats on a folate free diet, but increased
when normal feeding was resumed (Sauberlich, 1949) and also
that it was more effective than folic acid in reversing Aminopterin
toxicity in rats (Sauberlich, 1949a, Broquist, Stokstad and Jukes,
1950; Bond, Bardos,  Silby and Shive, 1949). - The suggestion
that 5 CHO H, PteGlu was a formyl derivative 6f PteGlu resulted

4

in the chemical synthesis of the compound by treating 10=-CHO=- H4

PteGlu anaerobically in 0,1 N NaOH (Roth, Hultquist,' Fahrenbach,
vCosulich, Broquist, Br-\éckman, Smith, Parker, Stokstad, and
‘ ,JL:xk_es, 1952) or by autoclaving at pH 7.0 in the presence of

ascorbate {Shive, Bardos, Bond and Rogers, 1950). Like

-25-



‘HaF’teGiu it contains an asymetric 6~carbon, and the

synthetically prepared material is a mixture of two diastereoisomers,
only the I, L~form being biologically active (Cosulich, Smith

and Broquist, 1952). The natural material is fully -aCﬁ-V€ for
P.cerevisiae (ker‘esztesy and Silverman, 195], Sauberlich, 1952).
5 CHO H4F’teGlu is stable to oxidation, in contrast with other H4
derivatives, and is stable in neutral and alkaline solutions. However
in acid (pH 1-2), it is converted by the elimination of water to
aﬁhydroleucovorin (5-10 CH = H4F’teGIu) (May, Bardos, Berger,

L.ansford, Ravel, Sutherland and S, ive, 1951},

ii.Nwfor-myltetr*ahydr*ofolic acid (1O—CHO—H4PteGlu. This

derivative (figqre;\}) which like H4PteGlu .was' first discovered as an
~intermedfate in the qhem?cal synth.esis of folinicvfr*omfolic acid

(May, Bardos, Bergér-, Lansfofq, Ravel, S, therland and Shive
1957) can be chemically prepared by. formylation of H4PteGlu in .
formic acid (Roth, Hulthui‘st, Fahrenbach, Cosulich, Broquiét,
Brockman, Smith Parker',.\Stol;stad, and Jukes 1952) or by
:catalytié vdehydr'ogenation- of PteGlu in formic acid (‘LBrockman,. F?oth,-

Broquist, Hultquist, Smith, Fahrenbach, Cosulich, Parker, Stokstad,

and Jukes 1950, Shive, Bardos, Bond, and Rogers, 1950).
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HaN

Figure V. 5,

COOH

CO——NH ~CH—CH;—CH,—COOH

I0 methenyltetrahydropteroylglutamic acid

COOH

y |
Nﬁ/\l['g CHi—NH-—Q—-CO—NH—CH—CHZ—CHZ—COOH

Figure VII. 5, formiminotetrahydropteroylglutamic acid



Splutions of 10-_-CHO,H4PteGlu may be protected against
atmospheric oxygen by ascorbate (Bakerman, 1961) or
mércaptoethanol (Blakley, 1960). It is an intermediate in the
'enzymic synthesis of S—CHO-_-H4PteGIu (Nichol, Anton and

Zarkrzewski, 1955).

iii. Ns— Nlo methenyltetrahydrofolic acid (5-10 CH= H PteGlu,

L2 ,
anhydroleucovorin)

This compound (fig'u__re E) was disﬁover-ed d-uring studies on
the structur-e; of folinic acidz (May, Bardos, Barger, L.ansford,
Ravel, Sutherland and Sl.,].ive, 1}951; Cosulich, Roth, Smith, '»
Hultquist, and Parker 1951; Ibid, 1952). It can be formed ft;'omv

either 5 or 10 CHO H, A PteGlu in acid solution at pH 1-2, and

4

though stable to oxygen in acid, in neutral or weakly alkaline solutions

4

iiii N5 formiminotétrahydrofolic acid (5 CHNH-H4PteGIu)

it is hydrolysed to the unstable 10 CHO H, PteGlu form. "’

During studies on the enzymic breakdown of purines {Rabinowitz

.fénd Pricer, 1956) and histidine (Tabor and Rabinowitz, 1956;

Miller and Waelsch, 1957) a new intermediate was discovered,

PteGlu (Figure VII)\. 5 CHNHw-

i

| 4F’teGlu can be formed from the enzymatic reaction "of H 4F’teGlu with

the N5 formimino detfivaﬁve of H4

‘ -28-
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2 \[%N, N C!:OOH
- N , CHZ/ @—CO—NH—CH—CH 5~CHz—COOH

OH . CHJ

‘\‘

3

Figure VIll. 5,10, methylenetetrahydropteroylglutamic acid

HaN

WI j-—CHa-NH —@-—CO—NH—-CH—-CHa—CHa-—COOH
CH;

Figure iX. 5 methyltetrahydropteroylglutamic acid



formiminoglycine or formiminoglutamic acid, and can be
converted into 5, 10 CH = H4PteGlu by either 0,1 N HCI
or the enzyme cydodeaminase (Takeyama, Hatch and Buchanan,

lI961). 5, OHNH-T-HLLPteGlu is stable to air oxygen.,

V. Ns, N/ methylenetetrahydrofolic acid (5, 10 OH2_=__H4PieGl_u)

This de;ﬂivaﬁve (Figure VIII) was also identified during enzyme
. studies with H4PteGlu, in this case with serine (Deodhar,
Sakami and Stevens, 1955; Jéenicke, 1956). It is also formed.
“ by the non-enzymatic reaction of H4PteGlu and formaldehyde

(Blakley, 1963; Jaenicke, 1956; Kisliuk, and Sakami 1954).

5, 10 CH_ H PteGlu is more stable to atmospheric oxygen

2 4
than H4PteGlu, but less stable than 5 OHO7H4PteGlu
(Blakley, 1957).
vi. N> methyltetrahydrofolic acid (5 OHa—-_I:44PteGlu). In

1959 ADonaldson and Kereéztesy isolated from fresh horse liver

a compound which was active for L..casei th'not for S.faecalis,
and which, because prolonged autolysis of liver converted it

-to PteGlu; they called ""prefolic Al .ln 1961,.;\\new methylated
H4PteG!u derivative which functioned‘as an intermediate in

methionine synthesis was reported (I_ar~r~abee_ and Buchanan, 1961).
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"Prefolic At was shown to be identical to this compound

(Donaldson and Keresztesy, 1961) and was characterized as

N5 CiH_H PteGlu (figure IX). The compound is stable to

3 4

air oxygen (Hatch, Larrabee, Cathou and Buchanan 1961)

and like 5 CHO H, PieGlu the chemically synthesized. form

4

comprises 2 diastereoisomers, so being only 50% active in
biological systems. It can be prepared by reduction of a mixture

of H, PteGlu and formate by borohydride (Kisliuk and Woods,

1960; Jaenicke, 196]; Keresztesy and Donaldson, 196]; Sakami

“and Ukstins, 196]; Gupta and Huennekens, 1967} and from 5

CHO H4PteGlu by conversion to 5,10 CH H4PteGlu with

subsequent borohydride reduction (Chanarin and Perry, 1967).

Enzymatically , 5 _CH’3 H4Pte<3lu is formed from Ns’IO OHZ

'H4PteGlu' by 5,10 CHZ H PteGlu reductase which is found in

4

- the Iiver~i of many vertebrates (Donaldson and Keresztesy, 196};

Jaenicke, 1961) and in certain baderia (Hatch, Larrabee,

. Cathou and Buchanan, 196l; Cathou and Buchanan, 1963; Kisliuk,

1963; Guest, Foster and Woods, 1964). 5 CH H PteGlu is

il

readily oxidised at T o - | T
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alkaline pH to dihydromethylfolate (Keresztesy and Dq"naldson,
1961; Gupta and Huennékens, 1967; Donaldson and Keresztesy
1963; Larrabee, Rosenthal, Cathou and Buchanan 1961) which,
théugh r‘eiatively stable to oxygen, may be reduced back to

5 CH3 H, 'PteGlu by ascorbic acid (Donaldson and Keresztesy

4
196°3 by hydrogen in the presence of platinum (Lar*r*abee,

Rosenthal, Cathou and Buchanan, 1961) and by borohydride

. (Gupta and Huennekens, 1967).

D. Polyglutamyl forms of folate,

»Even before the ESOIat?on of PteGlu itself it was
recognised that natural mate‘bialé contained substances which,
although fully available as an essential growth factor to the chick,
"had only - 2-5% activity when assessed by its microbiological
growth gffect on either L ,casei or'v S.faecalis‘._ (Stokstad, I943;
Binkley,; Bird, Bloorln,, Brown, Calkins, Campbell, Emfnett and
' ‘_Pfiffner*, 1944). The existence of enzymes which. were necessary
j'to convert the natur*aﬂy occurring forms of‘the vitamin to forms

-which were active in microbiological assay was remarked by
_ ' A

Wright and Welch (1943, 1943%) who reported that incubation of
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grasses and liver with fresh rat liver slices led to increased
activity with L,casei or S.faecalis. The isolation of the
"inert" or chick anti anaemic factor form from yeast followed,
and it was reported as being non~protein in naiure, and to

- have the same growth stimulating activity, absorbtion spectrum,
colour, crystalline appearance and solubility after enzymic
digestion as crystalline vitamin B _, and so was considered to
be a relatively simple conjugate (Fiiffner, Calkins, O'Dell,

- Bloom, Campbell and Bird, 1945),

The nature of the conjugate was reported by the
. same group of workers, and was shown by spectrophotometric:
studies to consist of one molecule of pteroylglutamic acid with
6 glutamic acid residues, probably joined in peptider linkage |

( Pliffner, Calkins, Bloom, and O'Dell, 1946). Its molecular
weight, based on PteGlu at 441, was approximately 1200,

Subsequently a fom‘ﬁ of PteGlu was isolated from
the culture liquid of certain Corynebacteria (Hutchings, |
Stokstad, Bohonos, Sloane, and SubbaRow, [948) ‘which was
more active for L.,casei than S.faecalis and which yielded, on
anaerobic alkaline hydrolysis, pteroylbenzoate glutamate and 2
moles of glutamic acid, thus establishing the polypeptide nature
of the glutamate residues,

Subsequent isolation of f-olate d.er-ivatives has shown
that all the biologically active forms, i.e. the formyl aﬁd methyl
’groups, their reduced forms, and the reduced form of PteGlu
. ftSelf, exist in nature in the form of polyglutar:natevé,‘ with either

three or more glutamic acid residues. While there is direct

.evidence of the presence of heptaglutamates in yeast, the

‘=33~



-34—



COOH | . COOH
| | Y | Yy
— NH—CH-—CHz—CHz— CO-—~NH— CH—CHs;—CHs—CO—NH—

Figure X - The manner of linking glutamic acid residues
_in polyglutamyl forms of folate.



x

occurence of even higher conjugates, at least in yeast, is

suggested by the isolation by Ratner, Blanchard and Green
(1946) of a p-aminobenzoylpolyglutamic acid containing ten to

eleven glutamic acid residues, .

The manner of linking glutamic acid residues is

shown in Figure <.
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1.3 Microbiological assay of folate derivatives

The discovery of the various folate derivatives
was due mainlyr to their growth - promoting effect on cer'taip
bactéhia, which show different specificity in their response to
the state of oxidation of the compound, its one~carbon substituent
and the number of glutamic acid residues in the molecule.
The three organisms most commonly employed in microbiological
assay are L.actobacillus casei, Streptococcus faecalis (previously _
called S.lactis R} énd'Pedicoccus cerevisiae (previously called
‘L.euconostoc citrovorum). The protozoon Tetrahymena géleii
E a!so has a requirement for . PteGlu, and>is, unlike the other
bacteria, ablé to utilize the higher polyglutamyl folates, its response
| to -héptaglutamate being' similar to that with PteGlu (Kidder and
Dewey, 1949); Its use has,not» found univef'sal acch:eptanc‘e however, .
Of the 3 r*éutinely used organisms P,cerevisiae is“
"~ unique in its requirement for a hed_UCedvfor'm of folate, probably
due to inability to assimilate physiological concentrations of PteGlAu
(Wood and Hi;tchings,A'IQGO). The original assumption was that

only 5 CHOH PteGl'u would promote growth of this organism,.

4 \
with H4 PteGlu being only 2.5% as active (Broquist, Fahrenbach,

Brockman, Stokstad and Jukes, 195]).
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" Table 1. Growth response of assay organisms

to naturally occurring folate dem’vatives’L

. Tetra- -
- Compound L, casei S.faecalis P.cerevisiae . hymena
' geleii W,
PteGlu + + - +
HzF’teGlu _ + + -
H4F’teGlu - + + +
+ o
PteGlu, +
. PteGlu + — - +
3 . , '
F’teGlu7 - L - +
5 CHO H4F’teGlu + + S+
5 CHOH, PteGlu, + | + +
5 CHOH PteGlu + ‘ - +
4 3 :
10 CHO PteGlu + -+ -
10 CHO PteGlu,  + - -
10 CHO H,PteGlu + + -
10 CHO H4F’teGlu + + +
5 CH_ H, PteGlu + - -

3 4

¥ 4+ = a response of at least 50% of the maximum

Il

a response of less than 5% of the maximum



However, this was shown to be a function of the oxidative

instability of H, PteCGlu, for when reducing conditions are

4 .
maintained, for example with ascorbate, the response of
P.cerevisiae is 40-80% of that obtained with 5 CHO H, PieGlu
(Silverman, Keresztesy, Koval and Gardiner, 1957; Silverman,
Law and Kaufman, 196l; Bakerman; ig6l1)., Under these same-

conditions 10 CHO H PteGlu also supports the growth of

4
- P.cerevisiae,
S.faeCaJis énd L..casei both respond to a nt;lmber‘ of
folate dehivati\)es, th differ in that only L.,casel responds to
triglutamate forms (Hutchings, Stokstad; Bohonos, Sloane &

- Subba Row, 1948). A second important difference is that L ,casei

alone résponds tomethylated forms (Donaldson & Keresztesy,

~ 1959; Keresztesy & Donaldson, 1960; Silverman, Law and

Kaufman, [96l;: L.arrabee,. Rosenthal , Cathod, and Buchanan,
- 1961; Herbert, L.arrabee & Buchanan 1963), Reduced forms

 of folate (eg. H,  folate and its formyl derivatives) also support

4
the growth of both,qr'gahisms, but precaution must be taken to

i

o
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- prevent oxidative decomposition of these compounds (Bakérman,
1961; Silverman, Law and Kauiman, 1961),
For some years the .difference in response of
S.faecalis and L.casei' to polyglutamyl folate was thought to be
- a measure of the polyglutamyl forms present in a natural product
(i.e. those containing three or more glutamic acid residues) but

it is now known .that L..casei does not respond to compounds

=bove the level of triglutamate, the linkage of further glutamic

acid residues producing only slight response by the organism,

The techniques of microbiological assay are

discussed in Section H.

=39~



1.4 Folate conjugases.

A number of studies indicated that natural materials
contained enzymes concerned with the removal  or addition of
glutamic acid residues from or to simpler folate compounds,
The usual deQice that was used to demonstrate such enzymes
was that after appropriate treatment folate became availablé
to the three common microbiological assay organisms, L.
'casei, S.faecalis ancj\P.cer‘evisiae, whereas the material
did not support the growth of these organisms prior to
treatment with the enzyme, Thus autolysis was often required
to produce FPteGlu and related compounds from natural
materials which suggested they -wer*e being released by eﬁzyme'
activity from other derivatives, and the presence of enzymes
'was demonstrated in various organs of the pig, dog, rabbit,
rat, ‘chick and tul;key, ox and man (Bird, Binkley, Bloom, -
Emmet‘t and l_askoyvski,b 1945; Bird, Robbins, Vandenbelt

- & Piiffner 1946; Simpson and Schweigert, 1949; ). Termed

\

"conjugase! the enzyme was shown, by its action in converting
polyglutamyl folates to mono or di glutamates, to be a peptidase,

being further classified as a ¥ glutamyl carboxXypeptidase as it
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does not attack the methyl estér‘ of folylheptagiutamic acid

( Pfiffner, Calkins, O!'Dell, Bloom, Borwn, Campbell

and Bird, 1945) or folylf-glutamyl glutamic acid ('Dabrowska,_
Kazenko and L.askowski, 1949; Kazenko and L.askowski,
(1948).

Conjugases, besides being present in high levels in
animal tissue such as pancreas, liver, intestinal mucosa,
kidney, spleen and brain, are also found in plasma (Wolff,
lADr'ouet and Karlin, 1949; Toennies and Phillips, 1959) leucocytes
(Swendseid, Beth'ell and Bird, 1951) almonds, potatoes, (Bird,
bBinkley, Bloom, Emmett and Piiffner, 1945; Bird, Robbins,
Vandenbelt, and Ffiffner, 1946) &her higher plants
! (wai and Nagakawa, 1958) and the gas glands of Physalia
physalis (Wittenbgrg,’ Né;oﬁha and Silverman, 1962). These
enzyhes fall into twé main :classes, ~one active at p‘H 4.5, the.'
other actfve at pH 7.5. The most Ewi‘delyb c—?mployed of .th;‘ase |

~ conjugases are considered below,

A, Chick Pancreas Conjugase,

In comparing the 'activity as conjugase of véﬁjous animal
 tissues L.askowsi, Mims and Day (1945) selected chick pancreas
as being a potent source of enzyme and proceded to
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purify it almost 3000-fbld. Although unable to produce the
conjugase In crystalline form they were able to show however
that it Was activated by Ca ions, had a pH optimum at 7.8 |
ana a temperature optimﬁm at about 32 C, Th;a end product
of the action of_ the purified enzyme on triglamyl folate was
claimed to be the diglutamyl form (Kazenko and L.askowski,
|948).AS it has been shown. that chick pancreas releases

- reduced folates from non active, presumably polyglutamyl forms,
N

AN

" In a number of natural >mater~ials, it can be concluded lthat it
acts on polyglutamyl forms of H4 PteGlu, SVCHO l—l4 PteGlu

10 CHO H4 PteGlu and »5 CH3 H4 PteGlu - (Hill and Scott |
1952; Doctor an~d Couch, 1953; Hendlin, Koditschek and Soané :
“1953; Noronha and Aboobaker, BL3; Schertel, Boehné &

l.ibioy l965). Consequently, due to its wide specificity and

the \comparative ease with which it may be purified {Mims

‘and l.askoWski, 1945;; - lLaskowski, Mims and Day 1945; Iwai ,

L utther and Toennies, 1964) chick pancreas conjugase has been

widely used in the preparation of deconjugated forms of folate.
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B. Hog kidney conjuqase.‘

¥ glutamyl carboxypeptidase from different sources
can differ in both its pH and temperature optima, and.in the
end products of digestion (Bird, Robbins, Vand.enbeltr and
Piiffner, 1946). They showed. that hog‘ kidney conjugase,
unlike chick  pancreas conjugase, had a ApH optimum at 4-4,5
‘.a temperature optimum of 45-1-48 C, was not activated by Ca
and appeared to produce PteCGlu as its end product, Attempts
to purify thg enzyme were unsuccessful because of.losses during
dialysis and fractionation, Hog kidney conjugase appears to
‘have the same braod specificity for polyglqtamyl folates aé chick
~ pancreas carboxypeptidase, but it has been postulated (Sreenivasan,
Haﬁper, and Elvejhelm, (1949) that complete hydrolysis of
polyglutamateé is only achieved by the stepwise addition of both
chick pancreas andhog kidney conjugases to natural folates.
wai, Luttner a.nd Toennies, (1964)using red blood cells és a -
vsngtrate, _state’ tha,? the 2 _cohjugas:es uséd tégether.are as
'effectiQe as ‘plasma 'con‘jugase in‘:llibérating _assayyable folates from

the red cell,
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. C. Plasma conjugases.

The pr*esehce of ‘é, glutamyl car*'bdxy_peptidases
in the blood of several species, including man, was reported:
by Simpson and Schweigert (1949), who noted a good release
of free folate from ‘its conjugate following im_:ubatibn with
tur-key.and rabbit blood at pH 6~8; In the same year Wolif,
Drouet and Kariin showed that assayable folates could be ‘r-eleased
from a yeast preparation by a thermolabile enzymé in human
plasma, active ét-pH 4.5. Toennies, Usdin and Philips (1956)
demonstrated that this plasma factor was important in releasing
polyglutamyl! folate from red celfs, and assigned it an optimal
activity in_vitro at pH 6.0. However, Hoffbrand, Newcombe,
~and Mollin (1966) reported that red cell folate activity was
rapidly released When blood was lysed in 1% aqueous ascorbate,
the fina‘l haemoiysate pH being in the region of 3.6-4, ©Omer
(1969) statedl that a fall in pH alone, in the absence of plasma,.
was not associated with the release \of assayable folate fr';om

human

erythrocytes, confirming that, plasma conjugase was activated

A

at a low pH, althdugh slow ‘release of folate acti\)ity wés

\
\
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attained at pH values between 5-6.

The possibility of more than one plasma conjugase,
as suggested by Toennies and Phillips (1969) c.annot be
excluded., However the physiological p H range of human plasma
(7.38 - 7.5) would preclude the In_vivo action of plasma

conjugase, maximally activated at pH 4.5

D. Intestinal Conjugases. The presence of conjugase in the

intestinal mucosa of the rat was noted by I_askowskl;, Mims .
and Day .(1945),' and this was followed in 1946 by a r*epor‘t,b
base<_:i on duodenal and gastric aspirates in 3 subjects, that
intestinal conjugase was absént in the h_umar;. being (Wel'ch,
Heinle, Nélson and Nelson, 1946 Buyze and Engel, 1948).
However‘," Santini, Berger, Berdasco, Sheehy, Aviies and
Davila (1962) reported conjugase actively in duodenal aspirates
- from two patients with tropical sprue, while Klips»tein (1967)

| found the enzyme in the succus entericus in 5’out of 10 patients
~ with tropical sprue and 7 out of 15 other subjects, < The mucosa
of human intestiné was found to be a rich source of conjugase

(Rosenberg, Godwin, Streiff & Castle, 1968, Hoifbrand &

N
\
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Necheles, 1968; Rosenberg, Streiif, Godwin & Castle

(1969) Hoffbrand, Necheles, Maldonado, Horta _end Sanﬁhi,

- (1969) and was reported to heve a pH optimum of-4.6, tlee
optimal temperature being 37 C. In the rat intestinal conjugase
was stated to be 8 to 10 times more acti\)e than that -forund in

chick pancreas (Rosenberg and Streiif, 1967).

E. Conjugase inhibitors, The presence In crude natural

materials of substances which could inhibit the action of conjugases
“was noted by Bird, Robbins, Vandenbelt, and Pfifiner (1946)

who found that, although hog kidney conjugase liberated "vitamin
Bc" from its conjugate in yeast, ‘the amount of Witamin Bch

: o.btained' depended on the purity of.rthe yeast substrate., = Ulsing

a series of yeast extracts ranging from e water extract of
brewers yeast to crystalline vitami-n- Bec conjugate they demonstrated
k.tha»t ever“ 100 times more conjugase was needed to release

:t 1 }Lg of ‘vitamx‘n Bc fhdm the yeast extract than from crystalline.
vitamin Bc conjugate. In a later studyA Mims, Swendseid and
Bihd (1947) implicated thymds and yeast nucleic -acids in the
inhibition of hog kidney conjugase activity, at the seme time

noting that in_vivo experiments did not. always parallel In_vitro
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studies. Sims and Totter (1947) showed that a glutamic

acid polypeptide of p-aminobenzoic acid obtained from yeast

had an inhibitory action on both rat liver and chi;:k parjcr‘eas
éonjugases, when either yveast extract or crystalline vitamin

- Bc conjugate was used as substrate. lnhibitibn of intestinal
conjugase by crude yeast extracts was assumed by Bethell,
Meyers, Andrews, Swendseid, Bird and Brown (1947) and
Swendseid, Bird, Brown and Bethell (1947) who in studies

on patients with macrocytic anaemia, showed little response

to . the administratién of a yeast extract with high inhibitor content

to 3 patients with per'nicio:us anaemia and one with post-
gastrectomy anaemia, but a suboptimal response to the same material
“in a patient with pr-obable nutritional macrocytic anaemia. - In
‘normal subjects tested the excr-etiqn of free PteGlu in the urine

; was greater in those given an inhibitor-free yeast bpr‘epar‘ation

-than in those who took a céncentrate with high conjugase inhibition,
It haé also been suggested (Dhuskén, lWaIlen .and |
"Bonagur‘a, 1962; Hoffbr'and‘and Necheles, 1968, Rosenbe}‘g, St‘r‘eiff-,
. Goodwin and Castle, I‘968) that the anticonwulsant dr'ug phenytoin

induces folate dificiency by inhibiting intestinal conjugases, a view

not supported by Baugh and Krumdieck. (1969).
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1.5 Natural occurance of folate derivatives.

"A, Dietary materials,

. The folic acid content of a number of natural

foods was éstimated in 1943 by Cheldelin, Wood and Williams,
using S.faecalis as the assay organism and takadiastase as
the source of conjugase. Unfortunately takadiastase doés not
liberate folate from its conjugates, nor was the need for the
presence of a Peducing. ag@ent to pr;event oxidation of I—!4

| derivatives recognised, so neither this study, nor those of Ives,
' ,;.. Pollard, Elvehjem and Strong (1946) and Schweigert, Pollard,
and Elvehjem (1946) gave a true estimate_ of folates present
in foodstvuffs. The most extensive study on the folate composition
. of foods is that of Toepfer, Zook, Orr and Richardson (195])

“but again this was carried out without the use of ascorbate,
i . .
N

~

although hog kidney and chick pancreas conjugases were employed,
and ﬁv)’umber‘s of Athe foods were assayed with L.casei as well

as S,.faecalis. .Among the richest sources of folate these workers -
reported were yeast, liver, asparagus, endive,.\n'l‘o'r?occoli, -Iettuceb

and spinach, all of which contained more than 1 mgm of folate
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activity /100 gm of dry we;ight. Most other leafy" greens
were in the range 0.4-1 mgm PteGl_u/]OO gms dry weigh‘t,'
_ és were Ii\)er, dried beans, blackeye peas and ~soy flour.

In the range 0.03 to 1 mgm folate were root vegetables,
most fhesh fruit, grains, nuts and lean beef, 'while in the
lowest rahge, 0.03 mgms or less, were included ‘eggs, milk
- and meats other than beef and poultry. . The type of folate
derivative in various foods and diets has been investigated by
Butterworth and his colleagues. Assay by S.faecalis of

17 American diets gave a mean valué of- 52 H-g, and afiér
csonjugase digestion 184 Ug, for a 24 hour period. Fractionation
. of thg digésted material on DEAE cellulose showed the

10 S

" presence of N' = CHO PteGlu, N” CHO H

4PteGlu and PteGlu

representing 55% 34% and 11% respectively of the total activity
‘(Butter'worth, Santini and Frommeyer, 1963). Assay of 4 |
diets by I_.casei gave mean values 'of 156 Lg and 689 Ug pre
‘ and ;ﬁost cAonjuvgase' treatment so that .‘mo‘st of tll'le folate would

appear to be present as SCH3 H4 PteGlu. and its polyglutamates,

-

B
4
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In a report on the folate compounds in various individual foods
(Santini, Brewster and Butterworth, 1964) formyl folates

" were again found to be the ma}n conslituents of the selected
Vvegetables, but in contrast a higher L..casei than S,faecalis
activity with yeast, chicken, liver, calf liver, navy beans, red
beans and black-eyed peas indicated the presence of appreciable
| quantitites of 5 C.?H3 H4 PteClu. In neither study was a reducing
agent employed in the initial preparation of the fogdstuffs_ to
protect oxygeti':-labileh derivatives of PteGlu, which could explain
the. discrepancy between this r'epbr*t and that of Ilwai and’
Nagakawa (1958) who found 'most' of the folate present in green

I' ~ leaves was a .labile reduced derivative, phesumably 10 CHO

- ‘H4 PteGlu, and its polyglutamates.

| The folate content of cow's milk has received
" considerable attention and varying values have been reported, mean
values being 38 Lg/litre of L..casel active material and 12.6 Hg

of P,cerevisiae active material (Matoth, Pinkas aﬁd Sroka, 1965)
42 Hg/litre (Sullivén,; l_uhby and Streiff, l966)> 63—100 Hg/litre

(Naiman & Oski, 1964) 100 pg/guart (L.uhby and Cooperﬁnan, 1963)
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55 ug/litre (Ghitis, 1966) and 85 ug/litre (Hurdle, 1967).
The latter worker reported a value of 145 Ug after the use

of chick pancreas conjugase.

"B, Yeast. Reference has been made to the isolation of
heptaglutamate fr‘.om yeast, Schertel, Boehne and Libby (1965)
chromatographed on DEAE cellulose a yeast extract in
ascorbic acid, and showed it to consist. of approximately 98%
polyglutamy_l compounds. After conjugase digestion 50% of the
_material was inactive for S.faecalis and probably represents

5 CH_H, PteGlu, 8% was active for P.cerevisiae, representing

"3y

10 CHO H4PteGlu, 5 CHO H, PteGlu and H

4 4F’teGlu; 'whxle

the remainder is presumed to consist of PteGlu, 10 CHO PteGlu
and their dihydro derivatives, There appears to be present

+at least 4 major types of 5 CH3‘H4PteGlu polygldtamates as

~shown by their elution pattern, while the S.faecalis activity of -
these same fractions indicates the 'presence of poluglutamates

. of other folate derivatives,

»C.' Folate derivatives in serum, plasma and whole blood.

A large number of studies have been carried out



on the forms of folate in these tissues, the primary obje_c}ive
being the detection of folate deficient anaemias. USiﬁg
S.faecalis (Scﬁweigert and Pearson 1947; Wolff, Dr'ouet

and Karlin 1949; Toennies and Gallant, 1949; Gir;dwoéd,

1953; Nieweg, Faber de Vries and Kroese 1954; Condit2

and Grob 1958; Cox, Meynell, Coocke and Gaddie, 1960)
an’d/or'.L..casei (Schweigert, 1948; Simpson and Schweigenrt
1949; Spray 1952; S;pr-ay and Witts , 1952) as test or-gt:-m.isms
no consistent difference in serum or blood levels could be
detected between normal ‘subjects and those with megaloblastic

: anaehﬁias until Toennies, Frank and Gallant (1953) and Toennies
Usdin and Phillips (1956) showed that the folate mater'ia.xl in
‘;.blood was heat labile, but could be protected in assay Systems

- by ascorbic acid., It could also be presérved for assay by

-Iow‘ temperature diélysis. Ulsing these techniques they showed
‘that blood folate activity was 20 in 100 times higher than the
‘values previously reported. . Differentat;'on of s‘er'um folate Ievéls
'betw.een normal subjects and those with fcolate deficiency was

‘achieved by Baker, Herbert, Frank, Parker, Huiner',_
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Wasserman and éobotka (1959) and the L.casei active
material in hu»man plasma was tentatively identified as 5 CH3
H, PteGlu by Her'per'.t,‘ Larrabee and Buchanan (1962).
These workers could hot establish the presence in serum of
peptide forms of folate, a view supported by Noronha and
Aboobaker (1963), and Bird, Mcélohqn and Vaitkus (1965).

. However increased serum folate 'levélé after chick pancreas

- digestion have been‘ reported by Banerggand C‘h.atter'jea (1966

and 1968).

The nature of the relatively large amounts of
.

folate derivatives In red cells wés studied by Noronha and
Aboobaker (1963) wh‘o, using chromatographic separation

in-the presence of ascorbate, demonstrated 4 peptide derivatives
of 5 CH3 H4 PteGlyu, presumably of Iincreasing chain length. |
86-96% of tHe red cells folates were found to be peptide
bound, and no significant amounts of 5. CHO H4 derivatives

‘~ were detected, This result is In cbntrast with ‘those of Usdin
(1959) and Iwai, Luttner and Toennies: (1964), who found that

about 18% of the poly glutamate folates in red cells were active

for P,cerevisiae after the use of conjugase. It has also been

shown that foetal blood contains a greater proportion of H4 PteGlu



and its formyl derivaties than does the maternal blood
or infant blood (Grossowicz, Aronovitch, Rachmilewitz
Izak, Sadowsky and BercoVici, 1960; Matoth, Pinkas and

Sroka (1965).
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1.6 Folate content of daily diets,

Man appears to be totally dependent on extraneous
or dietary sources for his folate supply, and estimation of
the amount é\(ailable from naturai foodstufis is chplicated
by the fact that some three quarters of the folate present
are peptide bound. (The availability of these forms is
considered later) . |

The folate content of whole diets were assayed by
Butterworth, Santini and Fr;ommeyer' (1963), who reported
average values of 4 American diets, using lL..casei, of
157 ug Upreel :folate and 688 lg aifter enzyme treatment,
Measuring frge foiate ohly Hurdle (1967) found a range of
’ I6]-_-_29;7 }Jg daily in 8 young controls, with a mean of 223‘ bg,
(vyvhile sixteen‘,elder‘lyv people \at home cohsumed betweienA 129 to
1250 'u\g,vyvith ai’n‘ean of IASHQ. Other estimated values reported .
' for d_aily. diétary intake ;ar'e 52-97 kg (Pace, Stier, Taylof .éhd‘
bGoodman 1960) and 43-86 Hg (Denko, Grundy, Porter, Berryman,,
‘vFr'ledmann and Youmans (l946) Dtstmgulshmg between "high |

_ cost!, Wow cost!" and M'poort diets. Chung, Pearson, Darby

\
4
\

‘Muller‘ and Goldsmlth (1961)



reported folate values of 193, 157 and 47 Mg respectively,
while Santini, Berger, Berdasco, Sheehy, Aviles and Davila

(1962) found a wvariation between 380 Ug in a rural Puerto

" Rican diet and 650 Lg in an urban one. Other estimates

of daily food folate intake have been 400 ug (Jukes, 196})

and 1000-1500 Mg (Jandl and L.ear, |956),
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1.7 Awvailability of dietary folate.

Although there have been a number of reporis on
tﬁe absorption and uti‘lization of F;teGlu in man there have
been few conéérning-polyglutamyl folates, which comprise
the greater part of food folate material. PteGlu given or‘ally‘ '
is rapidly and efficiently absorbed (Denko, 1951; Spray and
| Witté, 1952, Ciark, 1953; Chanarin, Anderson and Mollin
1958; Butterworth, Nadel, Perez-Santiago, Santini and Gardner
1957; Klipstein, 1963; Baker, Frank, Feingold, Ziffer,
Gellene, Leevy and Sobotka 1965). Aﬁderson, Belcher, -

1 .

Chanarin and Mollin 1960, reported an average of 79% of a 200

Hg dose of H._ labelled PteGlu absorbed by a group of I3 control

3
subje;cts;\and PteG!uvitself is/ witljout doub:. utilized by man as
'judged by clinical responses in folate deficiency anaemias.
Theéabsor‘pﬁon and utilization of derivatives of PteGlu have
been studied to a @uch lesser degree than that of the parent

- compound. - However, comparing the absorption of PteGlu,

5 CHO H, PieGlu, Pteroylglutamyl-a-glutamic aciq\(Diépter‘in)

\

. and PteGIu3 (Teropterin) Baker, Frank, Feingold; Ziffer,

Gellene, Leevy and Sobotka (1965) found increased

..,57-;.



urinary excretion of folates after the administration of
each analogue, .thus indicating absorption of these substances.
COral 5 CHO H4 PteGlu caused an optimum response, when -
given at a dosage of \50 Mg daily, in a apatient with ?r*opical'
‘éprue while 4 out of 9 patients r;eSponded to 100 p.g

synthetic 10 CHO PteGlu (Butterworth,  Santini, Wheby and

Per*ez-_—Sanﬁ'ago 1964).

Little of the above data on folate absorption can
be applied to dietary material, where the main constituents
consis} g of folate derivatives containing more than 3 glutémate
- residues, and few in«vestigationé of the availability of such
.'fol’ates.have been made‘.'r However, Baumslag and Metz
- (1964) reported the effectiveness of feeding large quantitiés
: of‘ lettuce, presumably containing some formyl polyglutamates,
to patients with megaloblastic anaemia of pregnancy, similar
observations being made on 2 patients only.using soupé made _
from lettuce, asparagus and‘spinacﬁ by ‘Butterworth; Brjewster*,

Perez-Santiago and Santini .(unpublished data guoted by

V
b
'

Butterworth, 1968),
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Yeést_ preparations have been commonly used to test
the absorption of polyglutamyl folates in the relatively small
number of studies that have been reported, Although these
- forms appear to be equivalent to “fr‘ee_“ PteGlu in the nutrition
of the chick {(Cropper and Scott, 1966) and rat (Kodicek
and Carpenter, 1948) the é;idence as r*egjar‘ds man is
conflicting,. ©One of the fir;ét reports on yeast polygiutamate
A‘absérption was that of Bethell, Swendseid, Bird, Meyers,
Andrews and Brown (1947) who treated 2 patients with
pernicious anaemia in relapse and 1 with post gastrectomy
anaemia with the compound, the r*epo}nvse not beinhg as effective
as that to the free vi‘tamin'( a viéw'..suppor'ted by Welch,
Heinle, Nelson and Neison 1946) and indeed Being very low
when the ‘lyea'st material contained an inhibitor of conjugase
activity, - Several gr-oups have however reported haematological
responses to conjugated yeast folate in patients with pernicious
anaemia and sprue (Suarez, Welch, Heinle and Nelson 1946;
- Spies, l.opez, Milanes and Ar*ambu‘r*u.,v 1947; Jandl and L.ear
1956) although the amount of conjugate needed to produce

a response appeared to be



greater, even on a molar basis than the Uree! vitamin,
~Jand!l and L.ear (1956) comparing urinary excretion
values following equivalent amounts of oral PteGlu, yeast,
and yeast pre-treated With conhjugase suggested tha't
apprbximately 25% of the yeast preparation was absorbed,
compared to 60% after conjugase treatment and 95% with
PteGlu. Spray (19524) and Spray and Witts (1952) ‘reported
similar findings using doses of appréximately 1 mgm of
yeast polyglutamate or PteGlu,

Following the report by Schertel, Boehne, and L.ibby
(1965) on the fractionation of yeast extract on DEAE columns,
. Streiff and Rosenberg (1967) gave 13 normal subjects oral
dosés of 10 ug ofv \/east folate obtained from those frac?ion;c.
free of monOQIu?amate and cohjugase'inhibitor, finding‘ a plasma
folate rise of 10-35% compared with a 20-~50% rise with PteGlu.

b.H‘offbr*and, Nechéles, Maldonado, Horta and Santini (1969)
L-Jsing‘ a similar preparation-in oral d\oses of ZOO‘ug r*epor;ted
wpeak plasfna folate increases over‘ ‘th"e fasting level of 86.6% ana
105.4% fo;'* pvol‘ygvlutamat_e and PteGlu‘ r‘eSpecti\)’eVIy“;i Wifhout :

g attempting to compare !lfreel!
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folate absorption with that of the p'olyglutamylvfor*ms
Rosenbehg, Streiff, Godwin and Castle (1969) obtained
jpeak plasma rises o;ér baseline of between 6 and 17 }lg/ml
afteAr'- 200 Ug of DEAE fractionated material,

Recently the first study has been reported which
utilizes synthétic C“}-_-labelled PteGlu polyglutamates (Butter*wor*tﬁ,
Baugh and Krumdieck, [1969) the conclusion being drawn
from 2 cases that 50-70% of ingested polyheptaglutéma_te is
available to man-‘inasmuch as it is not lost in the faeces.

- Whether polyglutamyl folates are absorbed unchanged‘
or are broken down to more simple forms in the gut is uncertain.
The presence of intestinal conjl;igases has been reported, and
- Streiff and Rosénber'g (1967) and. Rosenberg, Streiff, Godwin.
and Castlé (1969) claim that everted sacs of rat intestine,
and homogenates of intestinal mucosa of rat and man convert
conjugated folate to free folate. Hoffbrand and Necheles,_ (1968)

s

and Hoffbrand, Necheles, Maldonado, . Horta and Santini (1969)

report a similar effect using jejunal mucosal homogenates,

~while Hoffbrand .and Peters (1969)2 localized the conjugase

activity, using guinea pig mucosa, in the lysosorhal fraction,

-



Alfter ingestion of polyglutamyl folates the material
appearing in the plasma and urinei of the subject is usually
an L .casei active form of folate, presumably 5 CHs
H PteGlu monoglutamate. However, Cdoper'man and L.uhby
(1965) reported the unchanged absorption of polyglutamate,
stating that the peptide form became available for assay in
‘.the plasma only after chick pancreas conjugase treatment
of the blasma. Plasma peptide forms have also been
reported by Baneﬁjea and Chatter'je‘a‘ (1966), who claimed
a 2~11 fold increase in the L,casei values for normall
subjects after treatment of plaéma with»,fr'esh chick bancr'eas
‘conjugase, andv who also reported a 4-16 fold increase in
| conjugated plasma folaté after the injection of 5 mgms PteGlu

monoglutamate (Banerjea and Chatterjea, 1968),

!
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1.8 Folate reguirements in _man.

The ;_:;Peater‘ part of the work published in
connection with fo'late requirement concerns the concentration
of PteGlu itself, an unnatural form of folate, needed to
produce haematological remission in patients with either
nutritional megaloblastic anaemia or syndromes associated
with folarte malabsorption. These results were interpreted
as being synonymous with normal daily requirements, and
the values postulated vary considerably, from 5 Ug daily
. in children (Velez, Ghitis, Pradilla and Vitale, 1963), to 25ug
(Sheehy, Rubini, Perez-Santiago, Santini and Haddock,

. .
"1961; Druskin, Wallen and Bonagura, 1962) 50 Lg (Zalusky
and Herbert, 1961) 100 g (Sheehy, 1961) 206 Lg (Hansen
'«and Weinfeld, 1962) and 200-300 ug(Jandl & L-ear, 1956),
| Herbert (1962) also studied the amount of folic
-acid Heeded to prevent a fall in serum folate values in 3

volunteers given a folate deficiency diet, Given folate

‘supplements of 25-100 ug daily, all 3 had lower serum folates

\

1

at the end of the study, showing that even 100 MUg of folic
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acid daily was Insufficient to maintain the original serum
folate value, Thus it would appear that mants daily
‘requirement lies in the region of at least 100}-200 ug

of folate, In a readily absorbable form.



Section 11,

Materials, Methods and Subjects Studied.



1¢ General

Glassware: Glassware was washed in an automatic

glass washing machine (Heinicke Instruments CO) using
BHC Labrite 3357 detergent and a final distilled water rinse,
Glassware washed in this way was satisfactory for micro-

biological assay work,

Pipettes were initially acid washed, subsequent
cleaning being done in an automatic pipette washer using cold
tap water followed by at least 3 rinses in distilled water before

drying in a hot air oven,

Distilled Water: GClass~distilled water was used throughout,

l?eagents: These were kept specifically for miérobiolbgical
.assay to reduce the chances of contamination with substances
either stimulatory or inhibitory to the organisms,

L ,ascorbic acid (BDH)} was obtained as the dry powder
and added to the buffer or aqueous solution Immediately before

use, “on the day it was required, and the pH adjusted using

' a glass electrode pH meter.

=O6e



SPECIMENS

A, Collection and storage.

i. Whole blood specimens for the estimation of red cell

folate were collected into lithium heparin as-anticoagulant, and
one ml, of blood diluted and lysed in 9.0 mils of 1% aqueous

ascorbate (Hoffbr'and Newcombe and Molhn, 1966}, This was

[+]
stored at -«-20 c until assayed.,

’ °
ile. Serum_and_plasma samples were stored «20 c

in plastic disposable containers after the addition of 3=5

mgms of dry ascorbic acid,

ille Urine specimens were voided directly into a plastic

wide mouthed container to which had been added approximately

1 gm of dry ascorbic acid, At the end of the collection period
the volume of the specimen was measured and an aliquot

. ]
stored at -20 c¢ for assay.,

ive. Food homogenates, prepared as described on page 100
~ were stored in 100 gm quantities in glass containers at e-ZOOC‘.
v.iYeast preparations were kept in petri dishes in a

vacuum desiccator, the desiccator being stored at room .

temperature in the dark,

B. Preparation of specimens for microbiological assay,
i. Whole blood., The initial 1/10 dilution in 1%‘;. agueous
ascorbate was diluted 1/10 again in the O.l1.M. phosphate-

- ascorbate buffer pH 5,7, autoclaved, filtered, and the filtrate

assayed,




iie Serum,

_ L..casei assay: Unextracted sera were added
directly to the assay tubes In the Taseptic addition! technique,
In the routine assay protein was precipitated and folate
preserved with ascorbate by adding 0.2 mls serum to 9.8
mls ©O.l.M. phosphate buffer containing 150 mgms % ascorbate,

o

pH 5.7, autoclaving for 10 mins at 116 , filtering and assaying

the clear filtrate. (Chanarin and Berry 1964),

S.faecalis and P. cerevisiae lassay: Whole serum was
used., Any turbidity in the serum was allowed for by the
inclusion in the assay of an uninoculated tube indentical with the
triplicate inoculated assay tubes. .The opt‘ical density value of
" the uninoculated tube was subtracted from the mean optical

density of the 3 inoculated tubes.

iii. Urine, This was diluted appropriately either with 10%
_ ascorbate for aseptic addition techniques and with water for

routine assay. s

iv. Food homogenates . Triplicate 4.0 gm aliquots of dietary-

homogenate (see pageioo) were made up to 50 mis with O.l.M
phosphate buffer containing 0.1% ascorbate pH 7.0 and auto-
claved for IS5 minutes at IZIOC. Wien cool‘all samples were
well mixed, and 25 mls (containing 2 gms homogenate) were
removed, ‘made up to 200 mis with distilled water, fivlt.er'fed' and
the clear filtrate retained for assay of "free folate",

Y
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The remaining 25 mls were treated with chick pancreas
enzyme to release conjugate folate prior to assay. The

t_’hethod is described on page 73.
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3. Preparation and use of conjugase enzymes.

Two main types of conjugase (carboxypeptidase;
polyglutamyl hydrolase) were used in these studies.
1 Chick pancreatic conjugasé, which has a pH
optimum at appr‘o*imétely 7.0 (Mims and L.askowski,. 1945),
2. Human plasma conjugase, active at pH 4,5
(Wolff, Drouet and Karlin,..1949; Toennies and Phillips, 1956;
Omer, 1969) '

A, Chick pancreatic conjugase:

This was chosen because of Its wide specificity for
polyglutamyl folate compounds, its ready availability and relatively
“high potency. |

As some commerically available Difco chick pancreatic
extracts proved to have very low %conjugase activify”,
enzyme was ptrepared from fresh chick pancreas obtained from
an abattoir and transported deep-—frozen to the laboratory. The
tissue from 10 chiclkens was usdd, the pancreas being cut
into small pieces, ground in a mortar with two successive aliquots
of acetone and filtered through gauze, The tissue was air
dried and stored in the dark at 400. The enzme was further
concentrated and purified by the method of iwai, L.utther and
Toennies (1964) vinvolving autolysis, Ca++ precipitation and
re-—suépension. in O.l.M, phosphate buffer, pH 7.2, A large

pr‘opor‘tion of the folate compounds in the tissue were removed

-

by adsorption with Amber‘lite resin IR 400,
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This freshly prepabed conjugase was fully active
in deconjugating yeast polyglutamy! folate and its low folate
_activity made it more suitable for the assay of serum for
polyglutamy! folate than the cruder preparation previously

used.

1. Determination of guantities of chick pancreatic conjugase

required per unit substrate, The concentration and pH values
at which chick pancreas conjugase has been used by other

workers are shown in the following table:

Ratio . of chick pancreas
(mgms) to weight. (gms)

Author of homogenate assaved. pH.,
Toepfer et al (1951) 20:1/200:1 ' 7.2
Butterworth et al (1963) . ~100:1 7.2
Herbert (1963) o 2:1 6.1
Laboratory of the Govit, |
- Chemist (1966) : 25:1 6.1

Hurdle (1967) | 311 6.0

To establish the optimal amount of conjugase required to
~hydrolyse polyglutamy! folate to an assable form, yeast extract
[+

(Difco) and a, representative diet were both incubated at 37

with vahy?ng amounts of chick pancreatic conjugase.

The concentration of the conjugase was 25 mgms in 2 mis

of O.l.M. phosphate buifer containing 25 mgms ascorbic acid,

3
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CONCENTRATION OF FOLATE RELEASED (ngs)

300
200
A
100
5 12.5 25
CONCENTRATION OF CHICK PANCREATIC
ENZYME _
(mgms/gm. dietary homogenate)
Figure Xl - The release of assayable folates

from a standard preparation of yeast polyglutamyl
folate by varying concentrations of chick pancreatic
enzyme,



pH 7.0. The time of incubation was left constant at I8 hours.,
The effect o‘f varying concentrations of enzyme on the release
of folate is shown in Fig Xl., and from these values a

- concentration of 25 mgms of chick pancreatic suspension for

every 2 gms of homogenate was used in the final assay procedure.

ii., Use of chick pancreatic enzyme:

a) With serum and urine. Specimhens of sef‘um or urine
to be assayed were treated as follows:

0.1 mis of the sample in 9;8 mls of O.l.M, phosphate
buffer pH 7.2 containing 50 mgms ascorbic acid was incubated
for five hours at 3700 with 0.1 mlé of purified chick pancreas
conjugase., Alfter incubation the specimens were brought to
pH 5.7 with.3N HCI, heated for 10 minutes at II6°C, filtered,
and the clear filtrate assayed.

Controls of the specimen without conjugase and of
conjugase alone were treated in the same way, the folate value
of the conjugase specimen being subtracted from the value of the

serum or urine plus conjugase sample,

b) With dietary material, Prior to the collection of fresh

pancreatic tissue as described on page 70, commenrcial dr;'ed
chicken pancreas (Difco) was used at a concentration of 25
mgms to 2 gms of dietary homogenate in 25 mls O.l.M phosphate
buffer, pH 7.0. The mixture was fncubated for I8 hours at

o [~]
37 , heated for 10 minutes at 121 C, filtered and the clear filtrate

assayed, ' i‘}
Specimens of chick pancreas alone were treated and

assayed in the same way, the folate value of the enzyme being
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subtracted from the value of the food plus enzyme specimens.

B. Plasma conjugase:

Almost all human plasma or serum samples contain
conjugase activity. Hepar‘iniz_ed plasma was obtained fr*o.m
one or 2 donors and Lsed":either* immediately or stored deep
frozen until required. The substrates were either Difco
yeaét extract or a haemolysate prepared from washed human
red cells, the systems being brought to the pH Optimu;ﬁ for
plasma conjugase by diluting the substrate with 1% aqueous
ascorbate pH 4.5'. -Plasma conjugase was used in this
study in a system to test for the presence of inhibitors of

conjugase activity . (Section V).



3. Microbiological assays.

These were done by two methods,
1. The entire assay waé autoclaved prior to inoculation with
the appropriate organism (routine assay). Stable folate .
- compounds only (PteGlu, 5CHO H4PteG|u, 10 CHO FPteGilu,
SCH3 H4PteGlu) are assayec'i by .this method, but labile

“derivatives may be lost.

2, In order to protect samples from heat and oxidation an
aseptic addition method (Bakerman, 1961) was used, whereby
ascorbate and the test material were added to the cooled
sterile basai medium fmmediately before Inoculation. With this

" method HzF’ieGIu and H,6 PteGlu may be measured.

4
- L_abile folates are completely inactivated by autoclaving,
as‘ in the routine assay, but retain full micﬁobiological activity
in the aseptic addition assay.. Thus the difference in the
results obtained on a specimen assayed by both methods is
a measure of the labile folate present.
. Three assay organisms were used in these studies:
1. L.casei (NCIB 8010) which responds to all folate coméounds

up to the level of triglutamyl forms,

2. S’faecalis (NCIB 6459) which r‘esponds to folate excepting

methyl compounds, tri- and polyglutamates. \

3. P.cerevisiae (ATCC 8081) which has a requirement for
‘tetrahydro folates only, excepting methyl forms,..up to the level

i
i

of triglutamate, .
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Assays with all 3 organisms were done using pyrex
rimless tubes 150 x Iq mm. three tubes being set up for
each specimen., Tubes were sét up in stainless steel racks
of 48-tube capacity, each rack of tubes being covered by

a single aluminium lid.

A, LL.casei assay.

The procedure followed was basically that described
by Toepfer, Zook, Orr and Richardson (1951) which is in

“turn a modification of that of Teply and Eivehjem (1945).

i. Basal medium, This was a dehydrated preparation, Folic

Acid casei medium (Difco) made into solution according to the
makers! instructions but modified by the addition of 2 agms/
litre ascorbic acid and subsequent readjustment of the pH

“with 3N, KOH to 6.6-6.8.

ii. Preparation of standard curve,.

a) Stock solution. A commercial preparation of PteGlu

(BDH) was dried in a hot air oven at 160 C for 2 hours,

the dried product being stored in a desiccator., The »standar-'d
solutioﬁs were made up fr‘oml.this by weighing accurately 100
mgms, adding 10 mis of distilled water and bringing the PteGlu
into solution with the dropwise addition of N.NaOH. The |
solution was made up to 100 mils with distilled water, gving

. a concentration of 1 . mgm/ml. The concentr-atiqn of the solution -
was checked spectrophotometrically by diluting it "'.1/100 (0,01
mg/ml) in N/10 NaOH, which should give an optical density

r i . .
eading of 0,199 using a 1 cm light path at a wavelength of
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Table 2.

' L,casei Assay

Standard Growth Curve,

Routine assay ‘ Aseptic addition assay
| : | : 4% :
- Water Solution PteGlu content . Solution ascorbate Water
(ml) No. mi, . (ng) No, ml (ml)

2 - 0 0 0 1 , 1
1.75 E .25 .05 e .25 n 10,75
1.5 E .5 o1 E .5 " 0.5
1.0 E 1.0 .2 E 1.0 n 0
0.5 E 1.5 3 D 3 " 0.7

0 E 2 iy D ) " 0.6
1.5 D .5 .5 D .5 " 0.5
1.25 D .75 .75 " D .75 " 0.25
1.9 D 1.0 i.O D 1.0 " , 0




365 (Angier et al, 1945), Ten mis of solution containing
10 mgm PteGlu were then made up to |,000 mis in 25%
ethanol., This stock. solution was stored in a dark bottle

o
at 4 C for some months with no loss of activity.

b) Working standard solutions., For each assay the stock

solution was diluted as follows:

Solution B 25 mils of stock solutic;n to 1000 m! water

‘ (250 pgfmi)
u C : 20 U golution B to 500 ml.'s water
(10 ng/mi)
L D : 10 " % gojution C to 100/n€ls.(1 ng/ml)
1 E : 20 M 1] 1t D uw mn n (0.2ng/ml-).

The assay range of the standard curve is from 0.05 -
1;0 ng PteGlu, triplicate tubes being diluted from the working

‘standards as shown in table 2.
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iii. Maintenance of organism. L.casei (NCIB 8010)

was maintained in dehydrated culture media, namely BIl2
culture aQar, USP (Difco) and BI2 inoculum broth USP
(Difco). The stock culture of the organism in the form
of a "stab" in agar was kept at 4°C and was subcultured
into broth at weekly intervals., As the assay requires a
briskly growing organism the agar stab was subcuftured
into broth the morning prior to assay, put into fresh broth

overnight, the 3rd broth culture made the following morning

being the 6 hour culture used for inoculation of the assay.

ive Preparation of the organism for use in the assay. At

.the end of the 6 hour incubation period the broth culture of
L..casei is centrifuged to deposit the organism, and the
folate rich supernatent discarded., To remove any traces of.
folate the organism was washed three times with 10 mls of
sterileé single strength basal medium by centrifuging and
discarding each supernatent, the organism finally being

suspended in, 10 mils of sterile single strength medium,

V. The assay. Both standards and specimens were set

up inftr‘_ipilicate,, the:"‘standar‘d being set up as described
above., The specimens were diluted in. O.l.M, phospﬁate
ascorbate buffer, pH 5,7, so that their folate content was
about 0,1 - 0.4 ):Cg, this being the optimal part of the growth
curve, Two ml.‘ volumes of the diluted specimens were
used throughout, and 2 mils of basal medium aaded.- A

. "zero" tube, consisting of water and basal medium was also

included in the assay, this tube not being inoculated with
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organism.,

Each rack of tubes was covered with an aluminimum
lid and all the racks autoclaved together at 10 Ibs psi
(IISOC) for 10 minutes, cooled, and one drop of the washed
culture added to each tube except the zero, using a sterile
50 dropper pipette, After shaking the tubes were incubated

o
at 37 for 20-22 hours.

vi. Reading of assay resulis: At the end of the incubation

period 5 mis of water was added to all the L.casei aséay

tubes to. enable the optical densities of the tubes to fall

within the sensitive range of the colorimeter., Each tube was

well mixed to suspend the organism evenly, and finally the

optical density read in a Unicam SP 300 colorimeter using

a red orange filter (llford 204), the zero setting of the

instrument being made with the "zero! tube, The optical _ _
densities of the standard tubes were then plotted -on arithmetic graph
’paper'. with the concentration of PteGlu against the optical

densities. . The concentration of folate in the specimens is

calculated from the graph using the formula:

optical density x dilution

volume of filtrate,

vil.. L..caseil assay ~ "aseptic addition®®., This was done as

described above for the routine assays but with the following

A

important difference;
The basal medium (2 ml) and the appropriate quantity of
diluent. (table 2) were autoclaved together, cooled, and there=-

‘after 1 ml of 4% aqueous ascorbate solution, pH 6.0 was



Table 3,

S,.faecalis assay

Standard Growth Curve.

Routine assay | . : ' _ Aseptic addition a's-s'a~y.
water Solution PteGlu content Solution 10% ascorbate water
(ml)  No. ml. (ng) No.  ml. 1 4
5 D 0 . o D 0 " 3.5
4.5 " .5 5 " .5 u 3
4 " 1 1.0 " 1.0 - u 2.5
3.5 " 1.5 1.5 " i.s u 2
3 i i 2 2 ] 2 o u 1.5
2.5 " 2,5 2.5 " 2.5 u 1
2 n 3 : 3 BT 3 o ' 0.5
1.5 n 3.5 | 3.5 " 3.5 " 0
1 " 4 4 ] 4 ) ] i} 3.5

Y " 5 5 " 0.5 n



added aseptically, followed by one ml of test sample previously
diluted in aqueous ascorbate (if necessary) to the appropriate

concentration. Inoculation, incubation and reading of results

were as described for the routine assay.

B, S.faecalis _assay.

The same glassware, assay racks, method of auto-
claving, inoculation and incubation were used for this assay

as for L.,casei. Points of difference are noted below.

_i. Assay medium = Folic AOAC medium (Diico) was made
up according to the maker?!s instruction., No extra ascorbate

was added.

(i, Standard curve, The-same solutions of folic acid were

used as for the L ,casei assay, but as the optimal part of
. the growth curve with S.faecalis is .in the range of>2-_-3 ng

the standard tubes were prepared from solution D (1 ng/ml)

(table 3).

&

iii. ©Organism, This was stored in the form of dried
gelatin discs in a vacuum desiccator. A fresh disc was
used for each assay, being put. into broth on the morning of

©

the assay and incubated for 6-7 hrs at 37 C,

iv, The assay. 5 m! quantities of standards and tests were

used, and 5 ml quantities of basal medium added, Any
turbidity in. the test material was compensated for by including
in the assay a Wblank® tube consisting of test and basal

medium. This was not inoculated, and its density reading
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- Table 4,

- P,cerevisiae assay

Standard Gr.“owth Curve

Routine assay - Aseptic addition _assay

solution

water 5 CHO H4PteGlu Solution 10% ascorbate
content

(ml1) No., ml, - {ng) No. ml,

5 C 0 ' 0 C ) 1 ml
4.8 u 0.2 0.1 n 0.2 = m

| i} 0‘4 0.2 n 0.4 1

44 oo 0.6 0.3 " 0,6 n
4,2 n 0.8 0.4 » 0.8 "t
4 " 1.0 0.5 n 1.0 - n
3.5 u 1.5 0.75 u 1.5 n
i3 " 2 1.0 n g L

water



subtracted from that of the inoculated tubes.

V. A septic addltlon" assay_ Preparation of the standard

curve is shown in table #. The assay protocol is that
described above for L..casei i.e. with the addition after auto-
claving of the medium of 1 ml 10% ascorbate followed by

the test material.

C.P.cerevisiae assay. Both routine andaseptic addition assays

were done as described for S.faecalis, using 5 ml quantities of

test and basal medium,

i. Medium. CF assay medium (Difco) was used.

ii. Standard curve. As P,cerevisiae has a requirement for

pre~formed tetrahydrofolate derivatives the standard used was

5 CHO H4PteGlu. The synthetic compound used here, which may
‘be obtained commercially (Calcium leucovorin, L.ederle) is |
a mixture of two diastereocisomers only one of which, the L.
form, is microbiologically active, Allowance was made when

making the standar‘d dilutions for the inactive (D) isomer present.

. Working solutions. Solution A. ' 1 ampoule L.eucovorin { = 1[,5

mgms L..form) diluted to 150 mis in 30% ethanol containing 0.5

mls NH4OH (stock solution).

Solution - B - 1 ml solution A to 1000 mis (10 ng/ml)
u C -5m .t B to lo0 ( 0.5ng/ml).

Standard growth curve dilutions are shown in tablé.‘a.
. . xﬂ'\
‘.
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iii. Organism, The stock culture was in \the form of a

stab in agar, three successive subcultures into broth being

Enade before using the organism in the assay.

D. L .casei and chloramphenicol assay.

In addition to these a“s',say techniql:les a few L .casei
assays were performed by the method of Millbank, Davis,
Rawlins, and Wa'ters (1970). This method utilizes a chloram=
‘phenicol resistant strain of L.casei and chloramphenicol may
be added to the basal medium thus making heat sterilization
‘unecessary. As experience with this method was limited it
was used only as a screening assay on fractions collected

after column chromatography of yeast and diet specimens,

" E., Control of assays.

Each assay performed was controlied by the addition of
a known standard, treated identically with the test material. For
serum assays this comprised a serum of known folate content
and a further sample of- the same serum to which was added -
synthetic PteGlu, where L..casei or S.faecalis were the test

organism, and 5 CHO H PteGlu for P, cerevisiae assays. -

4
-Where recoveries of added material were lower than 80%
~or greater than l20‘7>a“9tzla1set assay was discarded. |

Where food or‘,\fol‘ate were being assayed, the standard
used was Diﬁ:o dried .yeast extract. This hafi p‘;‘eviously been
assayed with L. ,case in triplicate -on 10 separate occasions
and gave a mean value per gram of 0.6 Mg M"Free® folate and

44 pg Motal" folate. .In the food folate assay, 0.5 gms of dried
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Figure XIl - Percentage recovery of folate in the form of yeast

added to a homogenate of a 24-hour food collection.



yeast extract was added to 4 gms of dietary homogenate
and the whole treated as previously described. The recoveries
in 22 assays are shown in fig Z_—I_l, the mean recovery being
113% for free folate and 104% for polyglutamyl folate.

The same yeast extiract was also used as a control
when specimens of serum or urine were assayed for poly-
glutanﬁyl folate content, but Was diluted such that 1 ml. contained
4.4 ng polyglutamyl folate. “-‘0.1 ml of this added to.serum and
assayed gave a mean recovery of polyglutamyl folate of 99%

with a range from 78-121% in 18 assays.
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I, 5. Column chromatography,

Chromatographic fractionation of folates in yeast
preparations and diets was performed by the method of
Schertel, Boehne and Libby (1965).

Preparative separation of large amodnts of material
was done in a 40 X 2.4 cm glass column using DEAE cellulose
| (Whatmans), Gradient elufion of folates from the column
was achieved by allowing a solution of 0.2% 2, - mercaptoethanol
in 0.5 M phosphate buffer pH 7.0 to drip into a mixing chamber
attached to the column containing 0.2% 2,~ mercaptoethanol,

The presence of 2,- mercaptoethanol in the system
preserved oxygen-labile folates. The eluate leaving th_e
column was collected in 100 ml amounts in an LKB Uiltrorac
fr'actibn_ collector,

Analytical. fractionation of microgram quantities of
-folates was done in 20 x 1.5 cm. columns using Whatmants
DE 23 cellulose, an improved form allowing better separation
of folate analogues. Gradient elution was carried out as

described above, and five ml fractions were collected for _‘assay.

. A. Preparation of natural materials for chromatography.

a) Yeast. The yeast sample was extracted by stirring
for 30 minutes in 1% aqueous ascorbate pH 6,0 at 700‘0.

b) Food. Five gram aliquots of dietary homogenate were
extracted as described for yeast, The material, which contained
some insoluble substances, was then centrifuged ét 10,000 r‘.é.m.
for 15 minutes and the resulting supernatent was. applied to the

column,
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Figure >_<_—u Chromatogram representing the micro-
- biological activity of successive fractions eluted
from an analytical column of DEAE cellulose.
The material applied to the column was a mixture
of chemically prepared monogiutamyl folates,

Identification of the peaks was as
follows:

I. 10 CHO H, PteGlu
i, 10 CHO FﬁeGlu
im, s CcHO H, PteGlu
IV. PteGlu '
V. PteGlu3 )




2. Chemically prepared folate derivatives,

. PteGiu,5 CHO H, PteGlu, and 'Pteeius (Teropterin)
were all obtained commercially, 10 CHO PteGlu was prepared

by the method of Silverman, Law and Kaufman (1961).

B. Chromatographic fractionation of synthetic folate derivatives,

~ Although the order of elution of folatetder‘ivatives from
DEAE cellulose has been described (Silverman, Law and
Kaufﬁ‘tah, 1961; Wittenberg, Noronha and Silverman, 1962;
Noronha and Silverman, 1962; Schertel, Boehne and L.ibby,
1965) the order of elution of PteGlu, F’teGlu3 5 CHO H4PteGIu
and 10 CHO FteGlu was determined for the chromatographic

system used in these studies. . Microgram quantities of each

compound were applied to'the column and eluted in 5 ml fractions.

Results: Microbiological assay using L..casei, $.faecalis and
P.cerevisiae showed 4 i‘najor‘ peaks of folate activity, and one
‘minor one (figure XIill}. The peaks were identified by their

sUppor‘t for the growth of the 3 test organisms as follows:

*

1 10 CHO H, PteGlu

f : 4

: I 10 CHO PteGlu
I 5 CHO H, PieGlu
IV PteGlu | .

VS F’teGluS

* possibly formed as a by-product of the chemical preparation

i}
V

of ‘10 CHO PteGlu. . SRS
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FOLATE ACTIVITY (ugs/FRACTION)
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Figure XlIV. Chromatogram representing the

folate components of yeast (50 gms) eluted
from a preparative column of DEAE cell-
ulose,

The microbiological activity
shown is that obtained prior to incubat-
ion of the fractions with chick pancreatic
conjugase, and corresponds toc mono-,
di-y and triglutamyl folates,



C. Chromatographic fractionation of veast.

Difco dried yeast extract was fractionated both by
the large scale technique described above, and also on an

analytical column.

i« Learge scale fractionation. Fifty grams of yeast powder

solution was applied to the column and 100 ml fractions were
collected and assayed microbiologically using L..casel, S.
faecalis and P.cerevisiae as assay organisms, The fractions

were assayed both with and without chick pancreatic conjugase.

Results, Differential microbiological assay results for fractions

1 to 10 prior to the use of chick pancraatic enzyme are shown
in figure X1V, There was no significant. folate activity in the
subsequent fractions. The collection of 100 ml fractions did

not allow complete separation of each folate derivative present
but. the assay response of the three organisms used appeared

to show the presence of mono, di or triglutamy! 10 CHO PteGlu
(fractions 4 and 5) 5 CHO H,PteGlu. (fraction 6) and 5 CH

H4PteGlu (fractions 7 and 8).

3

Incubation of an aliquot of each fraction with chick pancreatic
- conjugase resulted in the appearance of fuf-ther- peak's of folate .
activity (figure XV). These were identified as ' polyglutamy|

- \

derivatives of the following:

A - 10 CHO H,PteGlu
. B - 10 CHO PteGlu .
C - 5 CHO H PteGlu

b- 3 CH; H, preciu

- ~92-
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Figure XV. Chromatogram representing the folate
'~ components of yeast (50 gms) eluted from a
column of DEAE cellulose.

‘ The microbiological activity shown is
that obtained following incubation of the fractions
with chick pancreatic conjugase (cf Fig. SlT{),
the additional peaks of folate activity being those
due to polyglutamyl folates.

' The peaks were identified as:

. 10 CHO HZ polyglutamate
10 CHO Ho polyglutamate
. 5 CHO !--i4 polyglutamate

o000

. 5 OH3 H4 polyglutamate
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Figure XVI. Chromatogram representing the elution
' of yeast folates from an analytical column of DEAE

cellulose.
The microbiological activity shown is

that obtained prior to the use of chick pancreatic
conjugase ("free folate!).

The nature of the folate compound in
the peaks marked have been identified by their
elution characteristics {cf. Fig. Xll) as well as
by microbiological assay.

The peaks were identified as:

I. 10 CHO HO PteGlu
. 5 CHO H, PteGlu
-, 5 CH_ H }gteGlu

3
.5 C P
Iv. 5 H3 H4 .teGlu

3
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ii. Analytical fractionation., 0.5 gms of concentrated yeast

(p10s) was applied to a column .and 5 ml fractions were
collected and assayed, “with and without chick pancreatic
conquase treatment.

Analytical fractionation allowed better differentiation of
folate compounds, and more peaks of activity were detected

than by large scale chromafography.

Results, Direct assay of the eluates prior to conjugase
digestion showed 4 small peaks of folate activity (fig XVI).

These were identified as:

b
I '10 CHO PteGlu

‘1 5 CHO H4PteGlu
“Hl -S‘CH3 H4F’teGlu

AV .5 CH3 H PteGlu3

4
¥ plus a trace of fully reduced (i.e.. H4) formyl fo late

(P.cerevisiae assay).

Following chick pancreatic conjugase treatment (figure xXVil) _
6 furtheb peaks were detected; As these peaks of folate
activity were not available to the assay organism prior to
deConjugation, they r:epr'esented folate derivatives linked to
more than three glutamic acid resid‘ues (polyglutamates).

\

- The peaks were identified as follows:

V 10 CHO polyglutamate’
Vi 10 CHO HZ n 5 L

Vil 5§ CHO H4 n
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Figure XVIlI. Chromatogram representing the elution of yeast

folates from an analytical column of DEAE cellulose,
_ The microbiological activity shown is that
obtained following incubation of the fractions with chick
pancreatic conjugase (cf Fig. XVI).

The polyglutamyl fractions were identified as:

V. 10 CHO H0 polygiutamate
Vi, 10 CHO ! 5 polyglutamate
vil, 5§ CHO H4 polyglutamate
VI, 5 CH, H,  polyglutamate. *
IX. 5 CH, H,  polyglutamate *
X. S OH3H4 polyglutamate *

* polyglutamates of increasing chain length.
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Figure XVIII., Cihromatogram representing the elution
of pooled yeast folates from DEAE cellulose (fractions
50-80, Fig. XWVII).
: The yeast preparation had been incubated
with chick pancreatic conjugase before being placed
on the column, :

The peak marked 7’:\’ was identified by its
elution characteristics (cf Fig Xlill) as well as by
microbiological assay.

' The peaks were identified as:
I. 10 CHO Ho or HZPteGlu
.. 5 CHO H, PteGlu ‘

I, CH_ H P
5 3 4 teGlu



AV 1 It CH3 H polyglutamate

4
IX &5 CH_H n

3 4
CcH_ H e
X 5 3 Fy
Peaks VI, 1X and X probably represent reduced methyl folates

of increasing chain lengths.

ili. Chromatography of deconjugated veast polyglutamyl folate .

The polyglutamy! folates contained in fractions VIl and
VIl and IX (eluates nos. 50-70,, figure XVII) were pooled,
incubated with chick pancreatic enzyme (0.5 mis) and an

aliquot re-fractionated.

Results. Two major peaks of activity, together with a 3rd
minor one, could be detected by mi crobiological assay of
the eluates, representing the polyglutamy! folates derivatives
10 CHO H'é or HZ PteGlu, 5 CHO H Pt Glu and § CH3

4
H, PieGlu deconjugated to mono; di and triglutamyl folate

4
(fig @)’. Further treatment of the column eluates with
deconjugating enzyme did however result in the appearance of
- further folate activity (fig XIX), the conclusion being that not
all vof the pélyglutamyl folate present had been deconjugated to

the level of a triglutamate, or less, by the enzyme preparation.

- The chromatographic fractionation of human diets is

presented in Section lll,
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Figure XIX. Chromatogram representing the elution of
pooled yeast folates from DEAE cellulose (fractions
50 - 80, Fig, XVII).
_ The eluted fractions have been incubated
with chick pancreatic conjugase(ci Fig. XVIII).
~ Three new peaks of folate activity
appeared and were identified as.’

V. !0_ Ci~HO HO/H.’;?.-' polyglutamate

V. 5 CHO I—l4 polyglutamate

Vi, 5 CH3 H4 polyglutamate




6. Preparation of natural substrates and synthetic folate analogues.

A.. Natural folates,

i 24-hour food collections.

_ Sixteen subjects attending the antenatal clinic at St,
Mary!s Hospital agreed to prepare their own meals in duplicate}
for a period of seven days,. Each volunteer was given £5
t-o cover additional expense and was visited daily by a health
visitor, Each subject was supplied with a weighed 5 litre

capacity wide mouthed polyethylene contained. To preserve

.labile reduced folates to each container was added 500 mis

of freshly made ©O.l.M. phosphate buffer with 3 gms % ascorbic-

acid added, the pH being brought to 7.0 with IO N, NaOH.,

" This pH value was chosen so that both acid (5 CHO H, PteGlu)

4

and alkaline (5 OH3' H4PteGlu, HZPt_eGIu) sensitive folate

 analogues might be .preserved, and the pH still be optimal for

the activity of chick pancreatic conjugase.

During the 24 hour collection period the container was
refrigerated where possible or alternatively kept in a cool dark
place. The food collection was returned to the laboratory dei,ly
and a fresh one supplied. ©On arrival each collection was

weighed, homogenised in an Ato-mix homogeniser, and two 100

-ml aliquots stored deep frozen.

In addmon to the diet collections 10 24 hour samples and
4 complete midday meals were obtained from one of the wards
of St. Mary!s Hospital,as well as one home pr*epar'ed meal.

These were all collected and treated as descmbed above.
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Table 5,

Recovery of veast folates after charcoal adsor*gtion»*

Standard
yeast solution, after charcoal water wash Eluate % recovery of
of charcoal polyglutamates
free total free total free total free total
. Activated ,
charcoal 3 220 0 0 0 0 0 9.8 4,6
2. Stearic
acid treated
charcoal. 3 20 034 T 22.,71.018 5 2,9 12,5 57

* results are expressed as lg folate (L.,casei assay)




P

ii. Yeast.

As vyeast is a rich source of folate compounds,
approximately 98% of which is polyglutamate, it was selected
for use in studies on the abgsorption of polyglutamyl folates.,
Three different preparations were used:

1. Brewer's yeast (Obtained by courtesy of
the Guinness Breweries)

2. Difco yeast extract

3. Yeast tablets (B.P.) containing 300 mgms
of dried yeast per tablet.

- a) Concentration of _veast polyglutamyl folates.

Average aséay values of brewer!s yeast were 0.4 }Lgfg Ufreell
and 5.5 }Lg/g"total"folate and for Difco yeast extract 0.6 pgfgm
Uipreelt aﬁa 44 pgfgm Wotal" (L..casei). As these values
would necess'ita.té large doses of the crude material in order to

give sufficient folate to produce pl‘asma rises in the subjects
studiéd, the yeast polyngtamates were concentrated as follows
-by a simple method ’of‘char‘coal adsorption, with subsequent |

elution and evaporation of the eluate.

(1) Adsorption and elution from charcoal. It was not found

possible to recover more than about 5% of folate which had been
taken up by activated charcoal using simple elution methods,

Therefore the modification of Asatoor and Dalgleish (1956)

. was used, whereby binding sites on the charcoal were blocked

by preliminary addition of stearic acid to the charcoal. In
this way, using the same procedure and concentration of solutions
as before, 57% of the yeast polyglutamate was recovered from

. the deactivated charcoal (table 5). Althgugh the decreased
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binding capacity of deactivated charcoal prevented 100% uptake
of the original folates, and also allowed some loss after water
washing of the charcoal Ycake", folate recovery after elution

varied between 50-70% in 22 preparations.

(2) Effect of variation in charcoal guantities. Figure XX

shows the effect on polyglutamate r‘ecovery~ of adding 0.5, 2.5

.5 and 10 gms of deactivated charcoal to the standard 5%

yeast solution. The highesf recovery was obtained when equal
quantities’ of charcoal and yeast were used. As the difference

- between recoveries with 2.5 and 5 gms of charcoal was of the
order of 8% only, it was decided fér‘ pr'actical. reasons to use

a ratio of 1:2 cﬁarcoal/yeast when large quantities of yeast were

being concentrated,

- (3) Elution of charcoal adsorbed yeast folates., Ammonia~ethanol

(ethanol 4 parts, ammonia 1 part, water 5 parts) as eluting agent
gave approximately 70% recovery of yeast folates adsorbed onto
stearic acid treated charcoal as compared to a 50% recovery wfth
~an acid phenol mixture (aqueous phenol pH 7.2, 5 parts, conc

HCI 1 part ) used by Asatoor and Dalgleish (1956).

(4) Final method adopted for concentration of yeast polyglutamyl
folates. '

' Five hundred grams of yeast were made up to two litres with 1%
' aqueous ascorbate solution, heated for 5 minutes at |5 Ibs pressure,

cooyled, and the pH of.the solution brought to'4.0‘7\with acetic acid.
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Téble 6,

Assay values for brewerl!s yeast concentrates,

(ug folate/gm)

L, casei S.faecalis

free total free total

1 2.4 75 2 40 -

2 1.4 40 1 o 25°
3 1.6 40 1.6 15
4 1.4 50 1.6 40
5 2 44 - -
6 1 | 40 - -
7 0.5 50 - -
8 0.6 33 - . -
9 1.9 50 | - -
10 2 55 - -




Charcoal, 250 gms(br'eviously deactivated with 10 gms stearic
acid in ethanol and air dried) was added and the solution allowed
to stand, with occasional stirring, in the cold for one hour,
The charcoal was filtered off in a Buchner funnel and the charcoal
“cake washed with 1 litre of distilled water. Folates were eluted
by washing the charcoal with 2 litre of ammonical ethanol, and
the eluate was evaporated to.dryness in a rotary evaporator,
the flask containing the eluantAbeing suspended in a water bath
at 8000. The result of evapor*atior_'l was light brown semi-
brystalline substance which was then stored in a vacumm
. desiccator in the dark. The amount of dried material obtained
.fr‘om 500 gms yeast was between 10-20 gms.

Microbiological assay valuss for Brewer!s yeast concentrate

and Difco dried yeast concentrate are shown in tables 6 and 7.

B. Preparation of synthetic folate analogues,

i. Folic acid.
A solution of folic acid was prepared by weighing out
200 mgms of synthetic PteGlu (BDH) previously .dried at l60°C
for 2 hours, and dissolving this in 100 mls of 0.2 N, NaOH,
The concentration of PteGlu was 2 mgms/ml, and the solution

. o
was stored at =20 C till required.

1i. Reduced folate derivatives. B '

a) Tetrahydrofolic acid. This was prepared by the method of
Silverman and Noronha (1961) involving the reduction of PteGlu
[]

with sodium dithionite at 75 C in the presence of ascorbate., In

on absorption study commercial H4PteGlg (Sigma) was used.
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Table 7.

» Assay values for Difco yeast concentrates '

( ug folates/gm)

Batch no: L .casei S.faecalis
free total free total
1 2 150 0.85 102
2 2 190 0.62 102
3 1.6 150 0.6 100
4 2,2 160 0.6 91
5 1.2 120 0.3 90
6 1.5 150 | 0.7 60
7 1.2 120 | 0.5 70
8 1.3 80 - -
9 2.3 160 - -
10 1.5 150 - -
11 1.7 220 - -
12 1.3 140 - -
13 1.2 120 { 0.6 77.5




Allowance was made when calcuiating the dosage for the
biochemically inactive (D)-isomer formed when PteGlu is
‘chemically reduced, O;\ddative degradation of»H4PteGlu was
prevented by making the‘ material immediately prior to use,
Microbiological assay of the product of reduction was carried

out using S.faecalis and P.cerevisiae as assay organisms, both
by routine and aseptic addition methods, the assay results ,
ranging from 52;-80% of the ahticipated value., The actual H4P_t'eGlu
value was almost certainly higher, as in P,cerevisiae assays. |
H PteGlu has a lower response to tHe organism, especially

4
in weak dilutions, than 5 CHO H, PteGlu which was the standard.’

4
| used. This results in spﬁriously low assay values by as much
as 30-50% (Bakerman, 1961). Another cause of lower than
expected assay values is the rapid degradation of H4PteGlu itself, -
as it was frequently found impossible to assay the material -on
the day of its preparation. The stable folate material detected
by routine S.faecalis assay was probably due in some p art to
.re-oxidation of the H4PteGlu to folic acid, and probably also
to non—r‘eductipn of a small amount of the original material (table 8).

Table 8.

Assay of THF formed from reduction of PteGlu

o
-~ at 75 *
Aseptic addition assay | - r'outihe assay
P.cerevisiae S.faecalils. . P.cerevisiae S.faecalis

1 80 96 o

2. 70 92 S 1.2 ! 16

3 65 88 1 15

4 52 . 64 1 12

S

70 98 - -

% : » . .
results eXpressed as a percentage of PteGlu concentration

of starting material.
=103~ :



(b) Dihydrofolic acid. Crystalling HtheGlu was also

prepared by dithionite reduction of folic acid, the reaction
taking place at room temperature, It was isolated by -
precipitation at pH 2.8 and stor‘ea if necessary in a vacuum
desiccator in the dark (Blakely, 1960a), Spectrophotometric
measurement of the product in O.I.N. NaOH gave a characteristic
peak at 284 mi

Differ‘enti;l microbiological assays, ésepﬁc and routine,
were of limited value as the mateirial available to S.faecalis
on routine assay was probably, to an unknown extent,due to
folic acid formed from the oxidation of dihydrofolate at the

neutral pH of the assay medium.

(c¢) 5 methyl tetrahydrofolic acid. This material was made

by acidifying 5§ formyl H4PteGlu, forming 5,10 methenyl

| H#PteGllu, which was then r‘edqced to 5 CH3 H4PteGlu by
borohydride (Chanarin and Perry, 11967). Both microbiological

assay reasulls and absorption spt_—:-ctr*a were those of § CH3

H4PteGlu . The product was used immediately after preparation.

(d) 5 formyl tetrahydrofolic acid. A commercial product was

used (Lederle), allowance being made for the presemce of ﬂ‘\e

" inactive (D) isomer in the material.

fii. Tritium labelled folate compounds,

. 8 !
a) Folic_acid, specificially labeiled in the 3 , 5 positions
of the phenyl group, was obtained from the Radiochemical Centre,

Amersham, The speciiic activity was appr*oximétely 60 UCi per Hg.

i
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(b) Reduced folate derivatives,

Tritium labelled HZPteGlu and H4PteGlu were
3
prepared by adding 1-2 Mg of H folic acid to non-~radio
active folic, acid, and reducing the mixtures as described

for the appropriate compound. »
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7. Counting of tritium in plasma samples.
| Plasma sz;tmples obtained after oral orintravenous
administration of H3 labelled folate analogues were treated

by adding 1 ml of Hyamine hydroxide 10 X (Packard) to

1 ml of plasma, with mixing, followed by overnight incubation
at 37°C. Hyamine 10 X has been reported as having a high -
quenching effect on tritium counting (Y oshino, 1968) but 1 ml |

was necessary to a'ssimilate the plasma. sample. After

incubation the sample was added to I5 mls of a liquid

.scmtlllator solution consxstlng of:

Ethanol 50 mis
Tolune 46 gmis

¥ Liquaflor 2.1 mis (Halstead, Griggs, & Harris
1967)

(* Ligquaflor - 50 gms PPO - 2,5 - dlphenyloxazole

0.625 POPOP -~ P 4,bis-2(4 methyl- 5-
phenoloxazolyl) benzine

500 mis toluene )
°
Each specimen was counted for 50 minutes at -5 C in
Packard Tri Carb liquid scintillation counter, counting
efficiencies (chann'el ratio method) averaging 14%.
A standard was included in each series of plasmas
counted, made by adding 0.1 mlis of a 1/500 dilution of the
- test dose to 1 ml of the patient!'s resting plasma. Counts
per Iitre of the patients plasma webe expressed as a percentage

\
i

of this standard. : DR o :
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8, Clinical methods.

Absorption tests,

These were carried out at a dose level of 20 Mg/kg
body weight except Where specifically stated otherWisé;
. The subjects were usually saturated with 15 mgms of folic
acid orally 36 hours prior to the test dose being given, in
order to achieve a more standard rate of clearance of
absorbed folate from plasma. Zero bloodv specimens were
taken at the start of the test, and then at 1,2,3 and where
" possible 4 hourlly'vinter‘vals thereafter., Where tritium-labelled
folates were given specimens were taken at 10 minutes
intervals for the first. 40 minutes, then at 30 minute intervals

after the first hour had elapsed until 23 hours after the oral

dose.

Urines were - collected over a 6 hour period,

- B. Clearance tests.

The rate of clearance from plasma of intravenously
injected tritium labelled folates was measured on samples taken
by means .of an indwelling heedle, at 3 minute intervals up to
15 minutes, then ét 5 minute intervals until 27 minutes after
the dose followed by 2 minute intervals until. 88 minutes had

N

elapsed.
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9. Subijects studied.

A;ib'sor'ption tests with non pradioactive mono- or
_polyglutamyl folates were carried out on healthy young
subjects, either members of the hospital and laboratory
staff or medical students.

Tritium-labelled folate absorption and clearance tests
were done on patients hospitalized for ;ninor surgery or
medical treatment. All patients had the procedure explained
to them béfore the test, and a.ll'agr‘eed to co-operate in
the studies. .In addition 5 absorption tests were done on

5 patients of St. Mary's Hospital with proven pernicious

anaemia.
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Introduction,

Values reported in the literature for normal daily dietary
folate intake vary from 53 Lg (Read, Gough, Pardoe and
Nicholas, 1965) to 1500 Mg (Jandl and L.ear, 1956).

This section reports the microbiological assay results
for free and total folate content of Il home prepared 24 hour
food collections from 16 subjects, and for 10 24 hour food
_collections from a ward of St, Mary'!s Hospital. In addition
"4 main meals from the hospital, and one home prepared meal,

"were assayed,

To determine the type of folate derivatives in human
diets chrométographic separation of a dietary homogenate was

undertaken, and the eluted fractions assayed.:
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2. Free and total folate intake in subjects living at home,

The mean daily intake of free folate in individual
subjects 'manged from 53=296lLg when assayed with L,
casei, with day to day variations ranging from 21=430 Lg

(table 9 and figure XXl). The mean free folate content

of the 111 24 hour diets‘,assayed was |60 Mg,

After deconjugation of polyglutamyl] folates with
chick pancreatic enzyme the mean daily intake per subject
was 198-]6]6 }Lg total folate, day to day variations bemg
from 90-~2300 Hg. The mean total folate content of the 111

24 hour dlets (flg XXI) was 676 lg (L, casei assay)

-
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Table 9.

Folate content (L..casei assay) of

home prepared diets (Lg/24 hrs)

Subject Free T otal
Mean .Range Me_an Range
1 202 115-290 830 499-1650
2 101 24-270 945 270-1430
3. 133 70-180 257 210-430
4 141 50-197 607 310-1150
5 53 38-78 198 109-282
6 271 65-350 1051 650-2070
7 162 114-226 361 260-455
8 172 44=430 265 180-465
9 96 27-422 387 167-1000
10 199 150-245 820 520-1150
11 161 21-400 849 2401950
12 115 58-285 355 240-1950
13 265 105-340 1041 315-1420
14 97 47-132 529 90-1237
15 98 27-202 616 290-1140
16 296 190-400 1615 1090-2300
Mean 160 676

t——




S. faecalis assays were performed on 35 24 hour
diet collections from 6 individuals, the mean daily r‘angé
" being 34~75 Mg of free folate with individual variations of

11-125 Hg. The mean free folate content of the 35 diets

was 61 Ug,

. The mean daily range of total folates, using S.
faecalis as assay organism was 104~492 lkg, the individual -
variation 58-800 Hg, and the mean total folate in 35 diets

245 pg (table 10).

Table 10,
Fblate content (S.faecalié assay) of home
prepared diets (LgZ24 hrs)
| Eree : Total |
Subject -+ Mean : Range " Mean Range
1 57 22.91 | 104 52-178
2 52 19-80 492  130-800
4 1 70 40-92 216 154316
) 34 . 11-77 184 122-246
12 il e 31-96 106 72-132
13 ‘ 75 25-125 322 84=446
Méaﬁ - 61 | o | 245
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Table 11,

Folate :content of hospital diets

(pqlza hrs) .

Fr‘e_e folate

L..casei

Total folate

Day S.faecalis " L..casei S.faecalis
1 120 ' 53 I 472 187
2 35 29 280 427
3 165 73 294 188
4 1052 46 174 173
5 112 - 298 164
6 68 52 465 308
7 157 68 690 340
8 152 34 465 380
9 100 - 1000 -
10 156 - 780 -
Mean 117 51 87 71




3. Free and total fdiate in hospital diets.

Using L..casei as assay organism the range of the 10
24 hour hospital diets was from 35-165 Mg of free folate with

~a mean of 117 gg’and 174-1000 Hg of total folate, mean 487
Hg.

S.faecélis assay values ranged from 29-68 Mg as free
foléte; mean 51 Mg, and 173-427 Ug total folate, mean 271
Mg (table 11)
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Table 12,

Folate content of 5 individual diets,

!
R _.,M_,'N,_E_r:e,e“,;folate_ e | Total folate
Diet L. .casei S.faecalis ' P,cerevisiae L.casei. S.,faecalis P.cerevisiae
1 68 12 6 628 52 32
2 32 18 8 269 83 55
3 20 o 14 8 372 86 79
4 40 : 6 3 262 43 24
5 104 18 9 954 118 69
Mean 53 EN Z 497 26 52

.



4, Free and total folate in individual diets.

Individual diets.

In addition to the L .casel and S,.faecalis assay
bépor‘ted above P.cerevisiae was employed to determine
the proportion of reduced folate, other than methyl folates,
in five representative main meals, 4 collected from a
" ward of S{ Mary'!s Hospital, and one home prepared.

(table 12.) -
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5. Summary of findings:

Meah microbiological assay results of the 24 hour food

collections studied are summarised in table 3.

Table 13.

L,casei | S.faecalis| L .casei | S.faecalis

Home prepared 160 61 676 245,
diets C ’ ‘
Hospital diets 117 51 487 271

The mean assay results on 5 individuals main meals

“are shown in Table 14 below.

Table l4.

Free folate Total folate ]
L .casei |S.faecalis | P.cerevisiael L .casei| S.faecalis| P,cere,

53 | - 13 | 7 497 76 52

Analysis of the home diets showed that only some 25% of
food folaté_ was available to L.,casei 'and~ .10% to S,faecalis before
the use of chick pancreatic enzyme., The S.faecalis activity
presumably was due to, the presence of mono and diglutamyl folates,

with the exception of methyl compounds. | - f
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The additional L,casei activity presumably represented

methyl and triglutamyl folates, which are inactive for S.
faecalis, Thr*ee. quarters of the dietary folate became available
for assay only after the use of deconjugating enzyme, implying
that some 75% of the folate was linked tomore than 3 glutamyl
residues,: L..casei actuvnty was again higher than that for
S.faecalis, and though the greater part was probably due to
methy! polyglutamates, some could have been due to complex
polypeptide forms being deconjugated only to the level of

triglutamates, inactive for S.faecalis. ¢

Hospital diets contained less folate than home meals,
'alfhoUQh the proportion of S.faecalis activity was slightly
“higher, |

P.cerevisiae assays on the 5 individual di‘ets analysed
gave a mean value of 52 Hg or 12% of total activity. This

. represents reduced folate derivatives other than methyl folates.

6., Column chromatography of dietary material:

In an attempt to characterize further the folate derivatives_
in foodstuffs chromatographic fractionation of an aliquot of a
home diet consisting of pork sausages, spinach, pumpkin and
potatoes, with salt, pepper and butter (no. 5. table 12) was
undertaken. Preparation of the food and chromatography
~ techniques uséd_' were those described in Section Il, 110 5 ml

i

fractions were collected, and each fraction was assayed using

L..casei, S.faecalis & P.cerevisiae both before and after
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FOLATE ACTIVITY {ngs/FRACTION)

50 F : L. casei ———
S. faecalis - -
P, cerevisiae =****

FRACTION NUMBER

Figure XXlI. Chromatogram representing the elution of-
dietary folates from a column of DEAE cellulose.
The microbiological activity shown is
that obtained prior to the use of chick pancreatic
conjugase.

The peaks ‘;}:{ were identified by their
elution characteristics (¢f Fig. XN} as well as by
microbiological assay. _ .

' The peaks were identified as follows:

1, 10 CHO H4PteGlu

1N." 10 CHO PteGlu

11, 5 CHO H4PteGlu

IV,

\V4 5 CH3 H4PteGlu |

V. 5 CH3 H4F’teGlu + PteGlu

. P
Vi te_(.?lu3



imcubation witl;l chick pancreatic enzyme.

The results are shown in figures XXil and XXIIL
Free or unconjugated folate in this diet appeared in. two major
peaks of activity and 2 minor ones. Judged bythe elution order
of folates from DEAE cellulose (Noronha and Silverman, -
1962; Silverman, Law and Kaufman 196l; Wittenberg, Noronha
& Silverman, 1962; Schertel, Boehne and Libby, 1965) the
elution data presented on page o and microbiological assay

results, these were as follows.

L.casei S.faec. P.cere.

| - 10 CHOH, PteGlu T o+ +
Il =10 CHO PteGlu + + -
fn_x‘.. 5 CHO H, PieGlu S + + S+
IV - 5 CH, H, PieGlu + - -
V - 5_CH3 H4PteGlu + PteGlu + +. -
VI - PteGlu, | + - -

There was no activity for S,faecalisor P,cerevisiae after
- fraction 42, the residual L..casei activity in peak VI being
presumably due to a triglutamate of PteG]u, as following chick‘
pancreatic conjugase activity the material became active for

S.faecalis, but not P,cerevisiae.
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FOLATE ACTIVITY (ngs/FRACTION)

2004~

L., casei rr—
S, laecalis  wacam
P, cerevisiae scecesinee .

150

100

25

FRACTION NUMBER

Figure XXIlll. Chromatogram representing the elution of
dietary folates from a column of DEAE cellulose.

' The microbiological activity shown is that
obtained following incubation of the fractions with chick
pancreatic conjugase which resulted in the appearance

of further peaks of folate activity (cf Fig. XXil) .
The peaks were identified as:

Vi, 10 CHO H4PteGlu polyglutamate
vill, 10 CHO PteGlu bolyglutamate

IX, 5 CHO H4PteGlu polyglutamate

X. 5 CH3 H4PteGlu polyglutamate

Xl., 5 CH_ H PteGlu+ polyglutamate

PteG
te lu‘3

X1, X, 5 CH3 H4F’teGlu polyglutamateé,presum-

XIv, X . .
ably of increasing chain

lengths.



Incubation of the column eluates with chick pancreatic
enzyme resulted in the appearance of several new major

peaks identified as

L..casel Sjaec. P.cere.

Vil - 10 CHO H4F’teGlu polyglutamate + + +
Vill - 10 CHO PteGlu polyglutamate + + T -
IX - 5 CHO H4PteGIu pOlyglutamate + + +
x - 5 CH3'H4PteGlu polyglutamate + - -
Xl - 5 CH3 H, PteGlu + PteGlu .
polyglutamate . + + -

X X |
XIV - 5 CH‘3 H4PteGI'u presumably

of increasing chain length + - -

The approximate amount of each folate analogue present
~in the co‘mplete diet was calculated from the quantity of dietary
homogenate placed on the column and the microbiological - assay

. data obtained for each eluted fraction, and is shown in table i5,
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Chromatographic

Folate

Table 15,

Degree of

Amount in diet

peak derivative conjugation v Hg %
! 10 formyl H, mono or di glutamate 3 0.3
] 10 formyl Ho u 2 0.3
li 5 formyl H, o A 23 2.6
v, Vv 5 methyl H4 mono, di and 69 4,0
triglutamate
\V/ folic acid monho or diglutamate 10 1'.1
Vi folic acid triglutamate | 4 0.4
\ 10 formyl H4‘ polyglutamate 36 4.0
Vil 10 formyl H_ u 22 o4
X 5 formy} H4 " 157 17.3
x 5 methyl H, u 454 50. 4
Xl ‘folic acid n 68 7:6
1 5 methy! H4(a)* u 30 3.3
?(ll u (b}* u 14 1.5
X wog* t 8 0.9
Total 900 100
*

polyglutamates of increasing chain length,




Discussion.

Microbiological estimates of the folate conten? of
foods are few. The most extensive study is that of Toepfer,
Zook, Orr and Richardson (1951) who assayed individual
foodstuffs with L..casel or S.faécalis, and in addition employed
conjugase to estimate total folates. Unfortunately this study,
and those of Butterworth, Santini and Frommeyer (1963);
and Santini, Brewster and Butterworth (1964) were carried
out without the use of ascorbate preservative in the preliminary
’tr‘eatment of the samples, which may have led to loss of labile
folate before assay.

Differences fn treatment of the dietary material prior to
assay, the frequent use of S.faecalis as the only assay
organism, failure to render polyglutamyl! folates available to
assay by the use of conjugases, and failure to use a reducing
agent as a preservative of labile folates has led to marked
:var‘iations in the published reports on the folate content of a daily
diet. Assay results range from 62 g (Denko, Grundy, Porter,
Berryman, Friedmann and Youmans” 1946) 47 Hg for a poor diet,
157 Hg for a low cost diet and 193 }Lg for a high cost diet
(Ohung, Pearson, Darby, Miller and Goldsmlth 1961) 101 ug
for elder‘ly hospital patients, 145 Ug for the elderly at home,” and
223 ug for young controls (Hur‘dlé 1967) 380 Hg for a rural
and 650 Hg for an urban diet (Santml, Berger, Ber-daéco, ‘
ASheehy, Aviles and Davila, 1962) and 157 Ug as free folate and

689 g as total folate (Butterworth, Santini and FFommeyer, 1963).
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Estimates of daily folate made from food tables range
from 53pg (Read, Gough, Pardoe and Nicholas, 1965)
to 1000-1500 Lg (Jandl & L.ear, 1956). |

The meén values for daily dietary folate found in this
study are in agreement with those found by Butterworth et
al (1963) who assayed 4 complete daily diets with L .casei, .

and 17 with S.faecalis (table 16).

Table 16.

Free folate (lg) Total folate (ug)

L .casei |S.faecalis| L..casei | S, faecalis
Present study 160 61 676 245
Butterworth et al 157 52 - 689 184

They also are in accord with those of Hurdie (1967) who used

L..casel assay values of individual foods to estimate daily folate

. 1
" intake,

The lower assay values obtained for hospital diets in the
present study are probably due to methods of cooking and storage
of the meal before it is served to the patients. Herbert (1963)
produced a tfolate free! diet by boiling the foodstuffs in large

- quar;tities of water. Hurdle (1967) demonstrated that 80% of

the folate in cabbage was lost by boiling for 8 minutes, the loss
being due to destruction of folate and not leaching out into the |
water, V |

132«



Broccoli, 'potatoes and eggs also lost 80-90% of folate on
boiling. Frying too has a destructive effect on food folate,
beef, porkand bacon losing 67-95% of their folate content
(Cheldelin, Woods and Williams, 1943; Schweigert, Pollard
and Elvehjem, 1946).

The type of folate compound in daily diets has been
reported by Butterworth, Santini, Frommeyer (1963) who
employed column chromatography to separate the folate
analogues in 14 meals. This work was extended to 12 individual
foods (Santini, Brewster and Butterworth, 1964) but in neither
study were any reduced folates, other than the stable 5 CHO
H4PteGlu, detected, and no reference is made to 5 CH3 H4PteGlu
. or to the elution of polyglutamates. Three folate derivatives

only were found, namely lo CHO PteGlu (55% of the total activity)

5 CHO H PteGlu (34%) and PteGlu (11%). Iwai and Nagakawa

- P

however, investigating folate derivatives in green leaves using

S.faecalis and P,cerevisiae as assay organisms,demonstrated

that most of the folate was present as labile reduced derivatives,
presumably predominently 10 CHO H4PteGlu.' As L., casei '
was not used for microbidlogical assay there is no information
concerning the concentration of SCH3 H4PteGlu. Thg discrepancies
in these reports is again probably due to the presence .or abSénce'

of reducing agents during the handling of the test materials.
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In the chromatographic study reported here the greatest
activity in the diet{which consisted of pork sausages,. spinach,
pumpkin and potatoes) was provided by methylated reduced
folates, present not only as monoglutamyl but aléo polyglutamy!l
forms of differing chain lengths. 5 CHO HAPteGlu and its
polyglutamate comprised the next major peak of activity, with
10 CHO PteGlu and PteGlu, probably formed from the
degradation of reduced formy! components (Stokstad, 1952)

providing relatively minor fractions,

Proportion in diet (%)
Compound \ _Chromatograph?c mean whole
fractionation diet assay
10 CHO H 5.4
4 20
5 CHO H4 : : 20
10 CHO 2.8 10
PteGlu 8.6 .
5 CH, . 63 o
- 3 o | 70
F’teGlu3 : 0.4

The proportions of each derivative rﬁay vary from meal

: t‘o meal depending bn the dietary components (Santini, Brewster
and Butterworth 1‘9641,}” ‘The amount of each folate compound
obtained here after chromatography of a representative diet

" correlates well with the mean assay values obtairi?d' from the

dietary homogenates studied., This suggests that on average

most human diets comprise approximately 60-70% of reduced
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“methylated folates, 20% reduced and reduced formyl folates,
and 10% non reduced, unsubstituted and formyl folate,

-appar‘ently all in both mono and . polyglutamyl forms.



Section 1V,

The Intestinal Absorption of Monoglutamyl Folétes,
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This section describes absorption studies with
chemi'cally preparéd analogues of those monoglutamyl
 folates present in human diets, ©Observations were
balso_ made with tritium labelled folate compounds, and the
absorption data compared with that obtained from tritiated g

folate clearance studies on 3 subjects,

P
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PteGlu 10 ug/kg (15)
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Figure XXIVV. The mean serum folate levels

following an oral dose of PteGlu 10ug/kg
(13 subjects)

The zero serum folate values have
been subtracted from the remaining values.



1. Pter*gglglgtamic acid:

Absorption studies were carried out at 2 dose levels,
fifteen subjects being given 10 Hg/kg body weight, and thirteen

subjects, 20 Mo/kg.

Serum folate values after both dose levels are shown
in tables 17 and 18 and fig XXIV and XXV, The L,casei
level in the fasting sample has been substracted from the folate -
levels in the later samples., There was no significant activity
in the fasting sample with S,faecalis,

All subjects tésted, at both dose levels, showed a rise in
serum folate over the base line sample with both L.,casel and
S.faecalis as assay organisms, _The values obtained with
L..casei were highér* than those obtained with S.faecalis,' which
suggests that a lar*ge_pr‘Opor*tion of serum folate was 5 CH3
H PteGlu, (active for L .casei not S,faecalis) but that a significant

4
amount was absorbed unchanged,

.
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Table 17,

Serum folate level after 10 pg/kg PteGlu orally.*

(ng/mi)
Time (after oral dose)
Subject | Assay organism | 1thour 2'hours 3thours

| (1) L.casel 13 8 4
S.faecalis 8 2.5 0

(2) L.casel 9 4 1

S.faecalls 4 2.5 2.5

(3) L ,casel 6 4 6
S.faecalls 4 2 0
(a) L.casel 3 3 3
S.laecalls 0 0 o
(s) L..casel 6 6 6
S, faecalls 4 4 0
(6) L..casel 9 6 5
S.faecalls 4 0 0
{7) L .casel 8 3 3
S, faecalls 2,5 ) 0
(8) L.casel ? 5 ?
| S.faecalls 5 0 0
(9) L., casel 9 6
' S.faecalls 0 0 0
(10) L..casel 17 18 10
S.faecalls 4 0 0
(n) L..casel 13 2 4
| S.laecalis 2 0 0
(12) L..casel 13 13 9
S, faecalls 6 0 0

-3} L..casel 2 -9 .25 .
S .faecalls 2.5 1.5 1.5
(12) L.casel 21 25

S.faecalls 0 4 0
(is) L.casel 5 2 -
S, faecalls 2 0 -
Mean L..casel 8.7 7.8 7.0
S.faecalls 4.8 1.1 0.3

* The L..casel serum folate zero value has been

subtracted from the remalning values,
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SERUM FOLATE (ngS/ml )

PleGlu 20ug/kg

50l
L. CASEI
0 ' ! 2 3
TIME (hours)
Figure XXV The mean serum folate levels

following, an oral dose of PteGlu, Zougs/kg.
(13 subjects)

The serum folate zero values have been
subtracted from the remaining values.
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Serum folate levels after 20 Hpa/kg PleGlu

given orally. ®

Tab!e 18,

|

Time (after oral dose)

1%hour

Subject | Assay organism 2thours [3%hours

1 L.casel ‘34 32 25
S.taecalls 20 30 16

2 L.casel 32 18 13
S. faecallé ' 33 20 i?

3. L..casel 47 24 19
S.laecaﬂs 30 26 18

4- L.casel - 47 38 8
. S.faecalls 47 23 5
5 - L..casel . 35 26 24
S, faecalls 26 20 20

6 " L..casel 30 70 25
S, faecalls 10 7.5 5

?  L.casel 100 100 55
S.faecalls 60 62 48

8 L.casel , 63 68 35
S.faecalls 42 44 30
9 . L.casel 106 72 34
S.faecalls 62 19 15

10  L.casel 26 22 14
S.laecalis 10 7 3

11 L. casel 27 a9 31
| S.faecalls 0 6 8
12 L.casel 10 15 26
S.faecalls 0 13 23

13 L..casel 7 23 25
- S.faecalls 0 10 8

- Mean L..casel 42 41 22
' S.faecalls 26 21 16

* The L..casel serum folate,value has been
subtracted from the ramhkining values,
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Figure XXVI. The mean serum folate values
following an oral dose of 5 CH3H4PteGIu
I0ug/kg (16 subjects). '

, The zero serum folate value
has been subtracted from the remaining values,
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2. '_Reduced monoglutamaites.

A. 5 Methyl tetrahydrofolic acid

16 subjects were tested, the oral dose level

being 10 ug/kg as the biologically active L.isomer.

All subjects showed a rise in serum folate levels
after CH3 H4PteG|u when L ,casei was used as assay
‘organism although subjects, 3,7,I3 and 16 had maximum
rises over base line of only 5 ng/ml or less, No.

S.faecalis activity was detectable (table 19 and fig XV}
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Table 19,

Serum folate levels after 10 pg/kg

5 CH3 H4F’teGlue or‘ally.*

(ng/ml L..casei assay)

Time after oral dose
Subject | 1thour | 2%hours | 3thours
T | 7 30 23
2 21 24 22
3 4 1 3
4 13 3 3
5 11 . 8 5
6 23 15 12
7 5 3 3
- 8 19 13 7
9 .29 15 15
10 31 16 12
1l 28 15 12
12 32 15 9
13 ' 3 4 1
14 28 19 | 9
15 29 17 14
16 3 2
Mean 18 12.5 9.4

* The serum folate zero value has
been subtracted from the remaining

values,
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Figure XXVII. The \mean serum folate level
following an oral dose of 5 CHO HapteGlu,
10 ug/kg (I3 subjects).

The zero serum folate value
has been subtracted from the remaining
values,



B. 5 formvl tetrahvydrofolic acid.

13 subjects were tested, the oral dose being
10 ug/kg as the active L..isomer., As well as L .casei
and S,.faecalis, P.cerevisiae, which responds only to

non-methylated reduced folates, was used as assay organism,

All thirteen subjects showed a rise in serum folate
levels when assayed with L.,casei, but only 4 showed any
activity when assayed by routine methods using S,faecalis
suggesting the presence in the serum of a small amount of
PteGlu. There was no growth with P,cerevisiae. (Table

20 and fig XXVIL.

C. Dihvydrofolic acid,

AAbsor*ption_studies with -this material were carried
out on eleven subjects, The dose given was 20 ug/kg,
as it was erroneously thought that the chemically .brepared
-material had the 5,6 dihydro-structure, and consequently was
é mixture‘of isomers, In fact, the 7,8 dihydro~structure |
~has beenconfirmed for dihydrofolate (Hillcoat and Blakley,
'1964; Pastore, Friedkin and Jardetzky, 1963).

All eleven subjects showed a rise in serum folate
levels with L ,casei, but there was no activity with S.faecalis
using r‘outine’ and aseptic addition techniques., (Table 2l and
fig XXV, ) Although the compound given orally was fully
“active with S.faecalis, the assay results showed that the

rise in serum folate was due entirely to SVCH3 H4 PteGlu,

-]4,"7‘..:






Table 20,

Serum folate levels after 10 ug/ kg 5 CHOH 4PteGIu
orally.
(ng/mi)*
. Time after oral dose
Subject | Asééy Organism| 1%hour | 2'hours | 3thours

1 L..casel 10 13 . 8
é.faeéaﬂs 4 7 .0

2 L. .casel 16 16 .7

‘ S, faecalis 4 5 | 4
3 l..casel 12 12 8

é. faecalls 7 5 5

4 L..casel 1 i1 1
B S.faecalls 0 0 0
5 t..casel 6 7 11
S.taecalls -4 ¢

6 l..casel 20 11 8
S.faecalls 0 0 0

7 L..casel 7 12 5
S.faecalls 0 0 0

8 L,casel 21 1" )
5,!ae6aﬂs 0 0 0

9 L..casel 25 11 15

| S, faecalls 0 0 0

- 40 L..casel 11 15 12
8.‘ faecalls 0 0 4

11 t..casel 30 19 15
S.lfaefcaﬂs 0 0 0

12 i-.casel 14 25 10
S..faeéa!ls 0 0 0

13 L..casel 19 12 19
S.fascalls 0 0 0

Mean  L..casel I5.5 13.5 9
S.faecalls 1.5 1.6 0.7

* The L.casel serum folate zero value has been

subtracted from the remalnlng values,
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Figure XXVIIl - The mean serum folate

levels following an oral dose of HZPteGlu
20ug/kg (Il subjects).

The zero S'er‘um folate value has been subtracted
from the remaining values,



N
- '] . . . B . . N - i ‘ ' ’ !
o1 L
. G . T ‘o !
. M ! : A
' . . . . - ‘ . . e o ’ .
I ) . -
s o : ’
) ' : ’ V
| |
‘ :
Y :
: B . !
. ' ' |
| | . 50— ’ ~




Tabte 21,

Serum folate levels after 20 yg[ g H2PteGlu ggallz",

{ng/mi)
Time after oral dose
Subject Assay organism 1thour | 2%hours| = 3'hours
1 L.casel o | 8 1
2 | --p.casd " | 8 4 l} i
3 | L.i.case'l 2 24 21
é L..casel 30 23 ‘ 19
5 ;_f.casgx 1 e 14 10
8 I_:.case! 5 2 1
7 L..casel 6 7 11
8 L..casel 7 14 10
9 l..casel 9 9 9
T 10 h.casei 27 17 4
| 1 'L..cagef 13 8 6
Mean - 14 12 9%.4

* The serum folate zero value has been subtracted

trom the remalning values,
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Figure XXIX - The mean serum folate level

following an oral dose of H ;PteGlu I0kg/kg

(13 subjects).

The zero serum folate value has been "subtracted
from the remaining values.



- D. Tetrahvdrofolic acid.

Thirteen subjects were tested during a dose of

10 pg/kg as the active L..isomer,

Again all the subjects showed a rise in serum

folate levels on L .casei assay only (Table 22 and fig XXIX, )

-152«



-153-



. =)

Tables 22.

Serum folate levels after H4F’teG|u 1019/ kg

orally. (L.casei assay) (ng/mi)}*

Time after oral dose

Subject i Thour 2Thours 3'hours
1 7 6 4
2 11 | 7 4
3 8 : 7 6
4 8 7 2
5 15 : 8 8
6 9 12 9
7 17 13 8
8 17 14 10
9 2 7 5
10 20 15 9
11 14 8 6
12 1 8 5
13 '10‘ [ 0
Mean' ‘11.5 9 6

* The serum folate zero value has been

subtracted from the remaining values,






Urinary folale excretion (L .casei)
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Figure XXX, Urinary folate excretion (L..casei

assay) following oral monoglutamyl folates.

The dose level was l0ug/kg with
the exception of HzF’teGlu,ZOLLg/kg.~
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3.

Ulrinary excretion of folate after oral

monoglutamy! compounds,

Urinary excretion of folate after oral doses

of PteGlu and its naturally occuring analogues is

shown in table 23 and fig XXX. Levels were
highest with L. .casel as assay organism, indicating

that 5 C?,H3 H4PteGlu was the predominant form

- excreted irrespective of the oral compound given,

L)

g
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Mean

Table 23.

Urinary excretion of folate (pg) after oral

bmo_nogluiamyl compounds (10 pg/kg)

(.casei assay).

A 5¢H0ku H, H, 5CH,
1eGlu PteGlu PteGlu PteGlu H 4PteGlu
132 60 10 7 110
147 72 110 42 140
66 30 20 30 11
44 13 6 66 100
40 33 22 26 53
56 7 46 6 65
72 18 27 - 9 10
90 87 27 6 80
98 22.5 7 12 47
101 63 19 81 124
67 57 48 4.5 70
88 108 450
24 4 <1
90 45
52 68
6
79.8 47 20.5 14,2 86
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Figure XXXI.

The mean serum folate values

following oral administration of mono-

glutamyl folates.

The dose level was IOH-g/kg in
all cases except HZPteGlu, Zoug/kg.
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4, Summary of findings:

After oral dosage with tnatural? folates,

5CHO H4PteGlu 5 CH_ H PteGlu, and

3 4
H, & H, PteGlu, the form of folate

2 4
accumulating in the plasma was the methylated
reduced form active for L,casei (fig XXXI).
Similarly considerably higher values were

obtained with I_,casei than with S.faecalis or

P.cerevisiae when urinary excretion of folate

was assayed,

When PteGlu itself was given by mouth

. some S.faecalis active material appeared in

the plasma, although L..casei activity was

- markedly higher than that for S.faecalis. Urinary

‘excretion followed the same pattern, that is,
“the L.,casei activity exceeded the S.faecalis activity, '
| although S.faecalis values were greater than those

obtained when natural folates were given,

- . - \
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Figure XXXIlI, The serum folate level after 20ug/kg
of tritium-labelled I—IZPteGILl given orally.

14
The lL..casei activity of the zero sample
has been subtracted from the remaining values.

As both subjects tested showed a
similar overall pattern the results from only
one subject are presented here,



5. Studies with tritiated reduced folates.

The.-results reported above indicated that when
Mnatural® folates were given orally thé r‘eEultt'né folate
compound in plasma was predominantly the reduced
methylated form., This could come about by either:

1. Alteration of the oral dose by further reduction
and methylation in the cells of the small gut,

2. Absorption of the unaltered Jcompound, followed
by‘ its reduction ‘and methylation in tissues such as the
liver,

3. Absorption of the unaltered or altered compound
which then rapidly exchanges with tissue folate, much
of which is § CH_ H,PteGiu,

To deterﬁine which of these possibilities might be
correct Hz and H4PteGIu were labelled. with tritium
(section I, 6,3) and its fate following oral and intravenous
administration was studied., S,faecalis (for which all 3
compounds are fully active) and L..casei were used as

‘ assay organisms, and counting of r‘gdioactivity of the plasma
‘'samples was carried out as described (section I, 7),
"I_.casei asséy_ results have vbeen derived by subtracting thé
fasting value frfom' each of the later ‘values; and where -

applicabie ‘subtracting activity due to S.faecalis. The remaining

f‘olaté. aF-;tiVity is,tha't due to 5 CH3' H4PteGlu él'one.

)
+
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Table 24,

Absorption of H3 labelled HZPteGIu.

Time after oral dose (minutes)

10 120 | 30| 40| 69 {90 130 |I150 [180
(L-.casel ‘ . 3 |19 }21]30)] 18 }19]14 |10 | 10
: (na/ml) '

Subject (1) (S.taecalis 0 0 0 0 0 o} o 0 0

31 (% dose/litre plasma) | 0.9]1.2 2.0 |2.8 |3.0 |2.9l.8 |2.0 |2.0

(L., casei fng/mi) 13 29 |1 34 | 37 43 | 43| 34 34 29

Subject (2) (S.faecalis : (o] 1] 1] 1] 4] o] 1] 1]
5 .

, H (% dose/litre plasma) 1.7 1 2,3/2,8(3,6[3.2[3,03.2]|2,4] 2.0
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10 ug/kg tritium=labelled H4PteGIu.

the zero

The serum folate level after

The L. casei value of

sample has been subtracted.
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A. Absorption of_ tritium labelled H2 PteGiu.

Two studies were carried out, and the results are .
shown in table 24 and fig XXXII,
Although oh L .casei assay slightly lower peak levels were
obtained in one subject than the other, the overall pattern
on both microbiological assay and tritium counting was
"essentially the same. The serum folate activity was measurable
‘With’l_.casei only, and there was no activity for S,faecalis.

Plasma radioactivity corresponded to L.,casei activity.

B. Absorption of tritium labelled H4PteGIu.

The results of the two studies carried out are set
out in table 25 and fig SXXXII, |
| The pattern of results was essentially similar to those
found with .HzF’teGIu the only plasma folate activity detected
being that due to an L..casei active factor, the appearance of

- which was paralleled by the tritium count rate,

Conclusions,

. Affer oral dihydrofolate the rise in plasma folate levels
r*was measurable by l_.c;\asei only there being no increased
S.faecalis activity. ThQs the compound in plasma\ was not

. Yonly a methylated form, but also had been further ;r‘educed from
a dihydro- to a tetrahydrofolate compound, as 5 CH3 HZPteGlu
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Table 25,

Absorption of H3—_- labelled H4F’teGlu.

~

. , -30 60 | 90 |120 | 150
Subject (1) (L,casei 24 44 | 50 24 | 17
(S.faecalis A 0 0 0 0 0

s , _
H (% dose/litre plasma 1.7 (1.7 [1.6 1.4 [1.0
Subject (2) (L_,casei 27 39 33 | 24 20
(S.faecalis 0 0 0 0 0

3 .

H (% dose/litre plasma 3.8 3.7 |2.51 2.5 2.2




HzpteGlu 1.V, (20kg/kg; 3 labelled)}

tritium-labelled HyPteGlu 20pg/kg.
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"Figure XXXIV -~ The intravenous clearance of
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by subtracting activity due to S. faecalis.

0 minute L., casei value from the remaining values, and
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remaining folate activity is that due to 5 CHg H4Pte Glu

alone,



is not available to L.casei (Blakley, 1969). With tetra-
hydrofolate administration the results were essentially the
same, an L..casei active material only appearing in the
plasma.

That this methylated reduced folate did not arise by
.exchange with tissue folate was shown by the change in
blasma radioaétivity, which corresponded to L..casel activity.
i the mechanism of increased plasma methyltetrahydrofolate
levels had been one of _simple exchange plasma radioactivity
would not have followed the rise in L..casei activity as the

L..casei values would be due to unlabelled tissue folate.

C. Intravenous clearance of tritium labelled reduced folate.

The absorption studies presented above, which showed that
exchange with -tissue folate was not the me_chanism by which
5 CH3 H4PteGlu appeared in 'plasma, irr;es;':ective of the
oral cbmpound given, left two possible explanations for the
pathway of absorption of natural folates, viz. alteration of
the dose in the gut wall, or its absorption unchanged followed
by reduction and methylation in body tissue (1 and 2 pagelwo).' '
. vThis was investigated by measuring the clearance of

. Intravenously administered tritiated Hz and H PteGlu,\ that is,

4
bypassing any action of the gut wall.

The clearaice of both compounds showed a'similar
. overall pattern (tables 26 and 27). The L.casei serum

values have been derived by subtracting growth activity for

¢
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Table 26.

1.\V. Clearance of 3H - HzF’teGlu (201g/kg body weight)

assay organisms

Time after . ((1) L, casei*® (2) S.faecalis (1=(2)= % RédiOFf

lV.dosé (total activity) li?e‘é%ue4ﬁ :::rtie\/ig;;sma.

N minutes) :
3 26 N 29 \ 3 22
6 20 20 0 8.9
9 ' 18 17 1 5.7
12 17 7.5 9.5 4.7
15 17 | 7.5 9.5 3.5
21 17 5 12 1.8
27 18 0 18 2.7
41 | e 0 16 4.1
> _1e 0 16 2.3

* The value of the fasting sample has been subtracted, Values in ng/ml.
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H, Pte Glu IV (10 .g/kg; 3H tabellea)
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Figure XXXV -~ The intravenous clearance of

tritium-labelled H,PteGlu, l0ug/kg.

L .casei activity has been derived by subtracting the

o minute L., casei value from the remaining values

and by subtracting activity due to S.faecalis. The
remaining folate activity is that due to 5 CH3z H,PteGiu
alone, ‘



S.faecalis (Hz and H4PteGlu) from the total L.casei activity

(Hz or H4PteGlu + 5CH, H4PteGlu), in order to arrive

at a value for 5 Ci—-i3 H4PteGlu alone.

The labelled injected doses of tritiated folates, both of
which are active for S.faecalis, disappeared rapidly from

plasma and were replaced by non-radioactive, L. .casei

active 5 CH3 H4PteGlu (figures XXXIV and XXXV).

This indicated a rapid and complete exchange between
parenteral and tissue folate, and showed that the reduction and
' methylatioh of similar doses, given orally, must have there=-

fore taken place in the gut wall.
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- Table 27.

1.V, Clearance 6f 3H o H4F’teGIu (10 Lg/kg body weight),

Time ‘Assay organisms (1)=(2) = % Radio-
(minutes) (1) L.casei | (2) S.faecalis| 5 CH3H4F’teGlu activity per
litre plasma
3 58 T 60 0 9.5
6 54 52 0 7
° 50 ' 52 0 5.5
12 47 48 0 .1
1o , 45 46 0 4.6
21 29 33 o 8
|27 21 22 0 .0
39 21 15 6
y S1 40 10 30 .
o4 40 4 36 ,
76 40 0 40 2,0
88 54 0 54 0.6




Discussion:

The intestinal absorption of PteGlu has been well

documented (Denko, 1951, Spray & Witts, 1952, Clark

1953; Girdwood 1953; Chanarin et al 1958; Anderson et

al 1960; Chanarin & Bennett I§62; Klipstein 1963; Baker,
Frank, Feingold, Ziffer, Gellene, lL.eevy & Sobotka, 1965;
Hepner, Booth, .Cowan, Hoifbrand & Mollin, 1968). These
studies are however of little relevance to the phys‘Iological
absorption of dietary folate, firstly because the bulk of food
folate Is in the form of reduced methyl and formyl compounds,

and secondly because the oral dose given by these workers

‘varied from 500-5000 kg PteGlu, an amount considerably

in excess of that found in the normal diet. It is also debatable

whether PteGlu can be considered a "natural" folate, or

“arises by the oxidative degradation of reduced 'folates)as it

constituted only approximately 10 per cent of total folate in the

diet analysed in section lll, a value within the experimental

error of assay techniques.

From the evidence presented here it is apparent that,
although some pteroylglutamic acid is absorbed unchanged,

some is also reduced and methylated in the gut wall‘during

_normal absorption. ' These results differ from those reported

by Whitehead and Cooper (1967) who noted the absorption of

. unaltered folic acid, since folic acid was present in samples

-of portal blood ‘after oral dosage. Butter‘worth‘, Baugh and

Krumdieck (1969), giving doses of 4 mgms. PieGlu, also

" reported absorption of unaltered folic acid, but noted that one
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patient had a higher urinary L..casel than S.faecalis activity

"suggesting metabolic conversion of labelled material to a

form such as Nsfmethyltetrahydrofolate before excretion", Baker

et al (1965) concluded that after a 5 mgm dose of PteGlu,
conversion to a metabollically active folate took place, but these
workers did not provide "any evidence that the 5 CH3 H4PteG|u
found in plasma arose by conversion of the test dose rather

than by exchange with tissué methylfolate.

B Oral administration of "natural" folate resulted in absorption,
as determined by the increase in plasma folate levels, equivalent
to that obtained with PteGlu, (fig XXXI) but there are significant
differences in the manner in which PteGlu and the natural folates
‘are absorbed. This is probably related to the substrate specificity
of the "enzyme d_s'h;/dr*ofolate reductase, which rapidly converts
H, to H, PteGlu, but reduces PteGlu to H, PteGlu at only about
one tenth of the rate of the former reaction, particularly at
physiological pH (Zakrzewski & Nicholl, 1960). Some forms of
dihydrofolate reductase may even fail to react with PteGlu (Nath‘
& Greenberg 196l1). ' ' . )

Thus PteGlu was only partly reduced, and appeared in
: the blood in approximately equal quantitites of unchanged PteGlu
(S.faecalis active) and 5 lCH3 H, PteGlu (L..casei active). On

"~ the other hand H_PteGlu was completely reduced to H4PteGlu, and

2 .
all the orally administered forms passed to the blood .as 510H3

g Te
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It would appear therefor*e that in the course of normal
" absorption dietary monoglutamyl folates pass through the
biocherﬁical pathways described here, namely reduction -and
‘methylation in the gut wall, and are passed on to the blood
PteGlu.

as ¢H3H4
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Section V.,

The intestinal a'bsor‘ption of polyglutamyl

folates, and tests for wnjugase inhibitors.
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5.1. Introduction.

Some three quarters of dietary folates are polyglutamyl

~ compounds, the pteroic acid moiety being linked to a vériabl_e
number of glutamic ‘acid residues. The number of residues
exceeds three, since triglutamates support the growth of

I .casei which polyglutamyl compounds do not, and a compound
having seven glutamic acid residues has been described

(Pliffner, Calkins, Bloom & ODell, 1946)."

In this section studies on the absorption of polyglutamyl
forms of folate are described. . Yeast concentrate (section

I, 6) served as the source of polyglutamate,,
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2. Absorptioﬁ studies with veast concentrates.

A. Normal subjects (8)

'Each subject was given |5 mém PteGlu orally
36 hours before reach test. An oral dose of 20 pg/kg.
of PieGlu and subsequently an equifimolar dose of -yeast
polyglutamate, assuming that the compound was largely
heptaglUtamate, was given and serum folate levels and
urinary folate excretion were measured after each compound.
Substantially higher serum folate levels (tables 28 and 29
and figu_r'e XXXVI were obtained after monogl‘utamate than
afterr the polyglutamyl compounds, although in subject
8 absorption of both compounds was almost Iidentical. The
méan maximum incr‘e}avs.e over the baseline folate level was
58,7 wifh-PteGlu, and 14.5 ng with polyglutamate (L .casel

assay);:
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Table 28,

Serum and Urinary folate levels after 20 Ha/kg orally
of PteGlu or polyglutamyl folate (L..casei ‘assay)*.

Serum folate

Oral {ng/mi) Urine

Subject dose 18 | 20 , 3t , 4% (ug)
1 PieGlu 30 80 5 - 176
. polyglutamate 6 | 6 5 3 8.6

2 PteGlu 100 {100 {30 - -
polyglutamate 8 8 5 - 4.5
3 PteGlu 63 68 {45 - 375
polyglutamate 8 8 0 0 18
4 PteCGilu 106 72 |34 - 575
polyglutémate 17 9 |11 0 9
5 PteGlu 26 | 22 |14 - 440
polyglutamate 0 14 14 S 7 29
6 PieGlu 27 | 39 31 | - 166
polyglutamate 18 18 6 0 20
7 PteGlu ; 0 |15 26 - 180
polyglutamate 5 8 13 0 8
8 PteGlu 7 | 23 25 - | 203
| polyglutamate - 8 { 32 24 24 96
mean PteGlu 51,3 ]152.4} 26.2] - 302
 lpolyglutamate to| 13l11.1bn.s | 24.3

* The base line serum folate values have been

subtracted from the remaining values,
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Table 29.

| Serum and Urinary folate levels after 20 Lg/kg orally

of PteGlu or polyglutamyl folate (S.faecalis assay)*.

Serum folate

Oral {ng/ml) Ulrine
Subject dose A 1t 21 3t 4 (1g)

1 | Pteolu  lo.s|7.s| s | - 52

| polyglutamate] 0 | o | o 0 0.8

2 PteGlu | 60| 6248 - -
polyglutamate o 0] o - 2
3 PteGlu 37 39 | 25 - 162
| polyglutamate 0 0 0 0 3.4

4 PteGlu 62 19 { 15 - 575
polyglutamate 0 0 0 0 7.2

5 PteGlu , 10 7 3 - 160
polyglutamate 0 0 0 0 2

6 PteGlu 0 6| 8 - -
polyglutamate | 2.5 0 0 0 5

7 PteGlu 0 13 | 23 ‘ - 112
polyglutamate 0 0 0 0 1.0

8 | PteGlu 0 10] 8 - 139
polyglutamate 0 3 0 0 14

Mean PteGlu 35.9 | 20.4} 17 - 200
polyglutamate | 0.3 0.4 O 0 4.4

* The base line serum folate values have been subtracted
from the remaining values, It was zero in all but 2
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ASSAY BEFORE CHICK PANCREATIC ENZYME TREATMENT
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Figure XXXVII.

The mean serum folate
following oral PteGlu or polyglutamyl folate
(20ug/kg) before and after treatment of the
serum with chick pancreatic enzyme,

levels



S.faecalis assays on the sera showed the same pattern as
that reported In Section (IV), Aifter PteGlu, increased S,
faecalis levels were obtained, although these were lower
than when using lL..casei, but after yeast poly_glutémyl folate
- (predominantly methyl and fofmyl conjugates) no S.faecalis
activity was detected. The rise in serum folate when L.
casei only was used as test organism suggests the presence
in plasma of methyl folate only.

Mean urinary folate excretion after PteGlu was 302
Hg (L.casei) and 200 }Jg (S.faecalis)., After polyglutamyl
folate the mean values were 24 }Jg with L ,casei and 4. 4ng
with S, faecalis, Thes% levels confirm the relatively poor
absorption of polyglutamate compared with monoglutamate,

Subject 8 however excreted 96 lg after yeast dosage (l-.casei)

The rise In "Free" folate activity in serum after oral
polyglutamate indicated that the material had been deconjugated
during absorption, as the compound itself is unavailable to
the assay organisms‘\without prior enzyme treatment., These

| increased levels were unlikely to have been due to the small

amount of free folate in the yeast preparations.

B, The effect of exogenous conjugase oh sera and urines,

To determine whether any polyglutamate had been absorbed

unchanged, sera and urine from 5 subjects were incubated with

chick pancreatic enzyme and re~assayed. \

@
A
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Table 30,

Serum and urinary folate levels following oral
heptaglutamate and incubation of serum and urine
specimens with chick pancreatic conjugase

(L.casei assay).

Serum folate

(ng/ml) Urine

Subject Conjugase | Ot 11 21 3T 1 (kg)
. - 3 6 |17 | 21 | 2.6
+ 5 10 16 20 2,9

10 - 5 10 18 -‘]4 5.5
+ 8 13 16 12 6.5

- 3 4 4 6 3.8

11

+ 4 7 3.9

. - 11 11 10 11 6.8
12 + 11 9 | 16 9 | 9.5
- 5 5 7 2.2

13 + 2 4 | s o | 3.7




The difference in assay value before and after
conjugase treatment (table 30 and fig XXXVIl) was not
significant (P =0.55) and it was concluded that there

was no evidence for absorption of unchanged polyglutamate,
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Table 3l.

Serum and urinary folate levels after PteGlu, polyglutamyl
folate (PteGlux) and deconjugated polyglutamyl folate

(PteGlux +) 20 Pg/kg — (lL..casei assay)?¥.

Subject Oral- Serum folate Urine
o dose 1t 2t 3t | (pg)
PteGlu 30 80 5 176
B PteGlu_ 6 6 5 8.6
PteGlu_ 1 16 7 8 | 164
PieGlu 100 100 30 -
2 | PreGlu_ 8 8 5 4,5
PteGlux"’ 16 20 15 7.3
PieGlu 63 68 45 375
3 PieGlu_ 8 8 0 18
PteGqu"' 16 9 10 59
teGlu { 106 - 72 34 575
4 PteGlu_ 17 9 11 29
mt-eelux’f 53 68 38 | 137 '
PteGlu 26 22 14 - 440
5 , PteGlux o - 14 14 29
Pteelux‘" 45 25 27 208 .
| PteGlu’ 27 39 31 166
6 PieGlu_ 18 18 6 - 20
PteGlu T 16 7 - -
X C
| PteGlu 0 15 26 180
7 PteGlu_ 5 8 13 8
'PteGlux'" o . 18 11 112
PteGlu 7 23 25 203 s
8 PieGlu_ 8 32 24 96
' PteGlux + 23 40 15 83
Mean PteGlu 51.3 52.4 26.2 302
PeGlu | 10 13 11.1 24,3
PteGlux'*' 23,7 24,2 17.7 110

*The base line serum folate values have been
subtracted from the remaining values.



C. Polvglutamyl folate absorption after preliminary

treatment of the oral dose with conjugase enzyme.

Yeast concentrate preparations were treated
with chick pancreatic conjugase prior to oral dosage.
Where possible the treated yeast preparation used for
each subject came'fr-om the same batch as the untreated
yeast previously given,

Deconjugation of the yeast folates from poly~-to
mono- or di-glutamy!l compounds resulted in improved
.absor-ption (table 31} although the serum folate Iévels did
not reach those attained with PteGlu. The nean serum values
were twice that encountered after feeding polyglutamate but
only reached 50% of the level obtained after oral PieGlu. In
subjects 5 and 8 however the serum levels obtained were

" almost equivalent after deconjugated yeast and PteGlu.

Using S.faecalis as assay organism little increase
in serum folate was detected, subjects 1,5,6 & 8 attaining
m‘inimalv rises only. | s

Urinary excretion of folate compounds also improved
after deconjugated polyglutamates, the mean values being I
- Mg {L..casei) and 12,6 Ug (S.faecalis). These figur'es‘
represented a 3-4 fold éncr*ease over those following conjugated.

folate. -

D: Summary of findings. : N

. i
Using L..casei as assay organism serum folate jevels
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Figure XXXVIIl - The mean serum folate levels
(L..casei assay) following oral PteGlu, yeast polyglutamyl
folate (x) and yeast polyglutamyl folate previously treated

).

with chick pancreatic conjugase (x
The serum folate zero values have been subtracted from

the remaining values,



 after oral polyglutamyl folates were markedly lower than
those attained after monoglutamyl dosage. (figure XXXWVIII).

Urinary excretion of folate was lower after polyglutamate
than aiter oral PteGlu, (table 32). These observations
suggest poorer absorption of the polyglutamates.

Treatment with chick pancreatic conjugase of the serum
and urine samples obtained after oral yeast did not result in
statistically significant increases in folate values, Thus poly~
glutaméte appears to be absorbed only after removal of the

» glutamic acid chain, and long chain polyglutamates do not reach

the blood from the gut,

There was little or no rise Iin serum folate on S,faecalis
assay followin’g oral polyglutamate, suggesting that the folate
residues released after conjugase tréatment were dihydro- or
tetrahydro- forms, and hence methylated during absorption

~ (section V).
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Table 32,

Mean maximal folate levels following mono~ar polyglutamyl compounds.

- L., casei

Compound S, faecalis
Serum Urine(ug) Serum’ Urine (Mg)
PteGlu 58.7 302 29 - 200
yeast~ polyglutamate 14,5 24,3 0 4,4
Deconjugated poly-
glutamate 29,9 110 1.8 12,6
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‘Table 33,

Serur and urinary folate levels after oral PteGlu
and polyglutamyl folate (20Hg/kg) in patients with

pernicious anaemia (lL.,casei assay)?*.

Serum folate
Subject Oral (ng/ml) Urine
dose 1t 2t 3t (1g)
Du- PieGlu 38 26 18 480
' polygluta- 2 6 - 17
mate -
Tho PieGlu - 36 24 20 270
polygluta-'|{ 30 21 - 28
mate
Wi - | PteGlu | 40 44 20 260
h Polygluta- 0 - 10 0 4
mate
Wa | PteGlu 10 8 5 100
: Polygluta- 7 4 7 R
mate
Br teGlu | 17 7 0 _
Polygluta-] 15 18 22 .. 12
mate
Mean PteGlu 28,2 20.2 16 280
Polygluta~|{ 13.5 '11.8 9.6 14,4
mate :

*The base line serum folate values have been subtracted

from the remaining values.



3. Polyglutamyl folate absorption in pernicious anaemia.

Human intestinal conjugase has an optimum pH of
.4.5 (Hofibrand and Necheles, 1968; Rosenberg, Godwin,
Streiff and Castle, 1968, Rosenberg, Streiff, Godwin
and Oastle.|969). It has been suggested that when food
mixed with gastric acid secretion passes out of the pylorus
down the duodenum and jejunum the pH may fall .transiently
as low as pH 5.0 before returning to relative neutrality
(Rhodes and Prestwich, 1966). If this were so some .
splitting of polyglutamyl folates could take place in the intestinal

lumen.

In pernicious anaemia the pH will remain at neutrality
and hence polyglutamyl folate absorptions were carried out

in patients with pernicious anaemia to test this hypothesis,

Five patients, all of whom had proven pernicious

anaemia, were studied.

PteGlu, absorption appeared lower than in normal
subjects but the difference was not. significantv (P. < b. 1>0.05)
The mean maximal serum folate increase was 30 ng, as
compared with 59 ng in controls. After polyglutamyl absorption
the mean maximal serum folate level was 15 ng, -being essentiélly

the same as the level of 14 ng found in normal subjécts (table 33).

g
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FigureXXXiX. The mean serum folate levels

following oral doses of PteGlu and polyglu-
tamyl folate given both with and without oral
phenytoin (L-. casei assay)

The serum folate zero values
have been subtracted from the remaining values.



4, The effect of phenytoin on folate absorption.

The anticonwvulsant drug phenytoin (diphenylhydantoin,
- Dilantin, Epanutin) has been reported to act as-an) inhibitor
of intestinal conjugase activity (Hoffbrand and Necheles, 1968;

Rosenberg, Godwin, Streiff & Castle, 1968), resulting in
| impaired absorption of polyglutamyl folates, This hypothesis
was tested in in_vivo abéorption studies and in an in_vitro
system (page 195).

The effect of a single 100 mgm dose of phenytoin, gi\)en

orally at the same time as both PteGlu and yeast concentbate,
was studied in the same 8 subjects as previously.

The results are shown in table 34,

. AL PteGlu,

The mean maximal rise inr serum folate was 59 ng .after‘
., PteGlu alone, and 41 ng after‘: PteGlu with phenytoin (L, casei
assay). Using S.faecalis the values were 28 ng and. 22 ng.
resbectively . | |

Urinary excretion of folates was 302 g following PteGlu,
'as compared with 465 Ug following PteGlu él;wd phenytoin
(L..casei assay), and ;?;OO Hg and :243 Mg respectively on

' S.faecalis assay.

B. Polyglutamyl folate.

Phenytoin given with polyglutamy! folate préqluced an
almost identical mean maximal serum rise as that reached with

polyglutamyl folate alone (l.casei assay). Serum S,.faecalis

activity was undetectable in both groups.
‘;‘QZd
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Table 34,

Serum and urinary folate levels afte PteGlu and poly~
glutamy! folate {20Hg/kg) with and without phenytoin, .

100 mgms, given 6r'ally (L..casei assay)¥.

Serum folate
Cral : (ha/ml) Urine
| Subject dose Phenytoin | 17. 2% 3% |(ug)
PteGlu - 30 [ 80 |5 176
+ 25 30 |17 -
1 Polygluta- - 6 6 5 8.6
mate + 28- ¢} 0 6
PtieGlu - 100 100 |30 -
+ 18 58 (45 84
2 Polygluta- - 8 8 |5 | 4.5
mate ' + 11 0 0 3.3
PteGlu - .63 | 68 (45 375
| + 28 | 23 |23 1030
3 Polygluta- - 8 8 0 18
mate + 3 1 |0 11
PteGlu -~ 106 | 72 34 575
. + 48 | 34 |30 316
4 polygluta—- - 17 9 |11 9
" mate + 5 5 2 29
PieGlu - 26 22 {14 440
: + 24 27 112 385
5 . Polygluta- - 0|14 |14 29
' mate + 8 12 130 | 44
PteGilu - 27 | 39 @31 166
S ‘ ‘ + 50 ~ 130 -
6 ‘Polygluta- - 18 18 .| 6 . 20
mate + 8 5 5 8
PteGlu - 0 15 26 180
, + 7 | 6 RO 224
7 " Polygiuta~ - 5 8 13 8
mate., o+ 0 4 |7 6
e e e et e )
teGlu - 7 | 23 25 [203
: + 2 64 75 750
8 | Polygluta~ - 8 | 32 R4 96
 mate | o+ 3 |31 16 | 35
PteGlu - 51,3 ]52.4] 26,2 302
Mean + 26 134,.6]31.5] 465
Polygluta- - 10 13 11.1] 24,3
- mate + 8.2 7.2, 7.5017.7

N
hY

~* The base line serum folate values have been subtracted
from the remaining values. o ‘



After oral polyglutamyl folate alone urinary folate
excretion was 24.3 HLg, and 17.7 Hg following polyglutamyl
folate and phenytoin, (L-.casei) and 4.4 and 4.5 Mg with

and without the drug using S.faecalis..

1

C. Summary of findings.

The results summarised in table 35 and figure XXXIX do not
suppoot the hypothesis that phenytoin had any: effect on »'conjugase
enzymes in vivo, Oral administr'ation of phenytoin had no
statistically siginificant. effect on absor‘p‘,tion- of PteGlu (P =¢0,2
, “ 20.1) or polyg.lutamyl_ folate as 'deter'mine_‘d by serum folate
rises, There was also no _staﬁsﬁcally significaot difference in
urinary folate”e,x'cret'ion folloWihg phenytoin compéré_d with values

obtained without the drug (P =<0.3>0.2).

‘Mean maximal serum.' and urinary folate following
PteGlu -and polyglutamyl folate (20 Mg/kg) with

and without phenytoin (L.casei assay).

Serum uoin‘ar'y:

Compound " Phenytoin-  folate folate (Hg)
PteGiu | - ' 58,7 302
+ : 41 ‘ 465
Polyglutamyl - 14,5 ' 24;‘,3
folate + . 15.6 17.7
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5. In vitro studies on the effect of phenytoin on conjugase

enzyme, and studies on possible conjugase_inhibitors in

veast preparation,

Hoffbrand & Necheles (1968) and Rosenberg, Godwin
Streiff and Castle (1968) have suggested that phenytoin acts
as an inhibitor of conjugase activity. The presence of o
| conjugase inhibitors was postulated by Bethell, Myers,
Andrews, Swendseid, Bird & Brown (1947) to explain some
. anomalous »r‘results they obtained in absorption tests using yeast.
Hoffbrand (1969) reported that he ‘was able to separate conjugase
‘ inhibitory fr‘acti-on's'_:from polyglutamyvl folate in yeast by column
- chromatography, and that such inhibitors would account for
the p‘oor‘er‘ absorpﬁon with polyglutamates of the kind reported
in this study. | }
o To test this hypothesis the effect of these "inhibitors"
was determined., ‘The folate in human red blood cells is a
polyglutamate, and this is not available for microbiological
assay with L.éasei-until it is first exposed to the action of a
4conjugase ehzyme at an acid pH. Such ari enzyme is present
in all human plasmés. Like intestinal conjugase its pH opﬁm'u..Jm
',is‘ 4.5.v When Whole blood is lysed at this pH the conjugase
rapidly releases ménoglutamate fr‘om‘ polyglutamate, which is
then available for assay, with L..casei. The -besults‘. of a
typical experimentvar‘e shown in tablé 3‘6. wherein a
haemolysate prepared from 'Car‘fuvlly washed red cells contained
only 30 ng activity for L.,casei. After the sam‘e:'haemolysate
had been exposed to its own plasma, atA pH 4.5, the folate

activity increased to 400 ng/ml.
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Table 36,

The reljcase of assayable folate from red blood cells

by. plasma conjugase.

Red cell folate

- {ng/ml)

1) Washed red cell haemoly-
sate 30

2) Same haemolysate after
addition of its own plasma
(pH 4.5) 400

3) plasma alone 4

In this study phenytoin, and fractions obtained from
the column chromatography of yeast extracts, were added to-
the plasma - red cell haemolysates to determine whether they
could interfere with the action of the plasnﬁa conjugase Iin
r'eleasing‘ monoglutamyl folate., The tests were done in duplicate
and the assays ofy monoglutamyl folate r'elease_d were done in

triplicate,

" A. Test system. Washed normal human red cells were lysed

in distilled water, centrifuged and the supernatant diluted in 1% |
ascorbate, pH 4.5, such that the final concentration was

approximately 1:50 and 0.1 mls of this was used as the substrate.

The test system adopted is shown in table 37, the order -
_of addition of the materials being:

1. plasma Bt

2. phenytoin, yeast fraction or wate
3, red cell haemolysate,

Co , |
Mponents .1 & 2 were mixed and allowed to stand for
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Table -37.

Volume A B C
0.5 mls test material | test material | dist, HZO
o.1 " red cells dist.HZO red cells
0.5 1 plasma ' plasma plasma

Table 38,

Fraction number

System 1 3 5 16 17 18

A, Plasma + Yeast
+ red cells 571 94 140 80 38 86

B. Plasma+Yeast |20 23| 80| 20| 10/ 40

C. Plasma + red cells| 30 75 68 43 29 56 .

D.C -~ (A-B) -7 +4| +8 | -8 +1]+10




| 20 minutes at room temperature. Component 3 (red cell
polyglutamate) was added and the whole ' diluted and assayed
as for routine red cell folater measurement. '

"If the phenytoin or yeast fraction exhibited no inhibitory
action on plasma conjugase then the value for A (red cells,
phenytoin or yeast, and plasma) minus the value for B (yeast
on' phenytoin and plasma), would equal C (red cells and

plasma)

B. Tests for conjugase inhibition by veast fractions.

Six yeast fractions wére tested, three from an early
stage of column elution comprising mainly monoglutamyl folate,
and three which were polyglutamyl folates. The fractions
‘were dilut_ed if necessary to ena:ble their folate content to fall
within the' L..casei assay range, and Various dilutions were

tested for inhibitory activity,

Results None of the yeast eluates lessened to any significant
~ degree the amount of aséayable folate ‘r‘éleased by the action of
plasma conjugése on the red cell substrate (table 38), The
differences in the figures obtained were all within those imposed

by the limitations of microbiological assay.
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Figure XL. Red cell folate values following

tests for inhibition of plasma conjugase activity

by phenytoin. . ‘

Each value shown is the mean

of three tests.

O test system

O controj System




C. Test for conjugase inhibition by phenytoin,

An 0.01 M solution of phenytoin (diphenylhydantoin
sodium, MW 274,25) was used in these studies.

The test system emplyed was that described above,
and the effect of va|.~ying the concentration of phenytoin, and

also of plasma conjugase, was determined.

.. VVariation of phenytoin concentration, The 0.01 M solution

was used as such, and slso in doubling dilutions to a
concentration of 1/32. A contr'bl system was employed for
~each series of tests‘COnsisting of plasma + red ce»lls with

~ distilled water added instead of phenytoih soljution. In addition
any effect phenytoin itself may have had on the assay organiém
- was determined by including a further batch of controls, one
'for~ each concentration of phenytoin used., These consisted of
plésma + red cells, with the appropriate dilution of phenytoin

added subsequently.

Results, These are shown in table 39 and figure XL, No
inhibitory effect of phenytoin on plasma conjugase could be
detected at any of the dilutions employed, the differences in

assay values all being within the experimental error of the assay.

ii. \Variation of plasma conjugase concentration: The effect

of varying the concentration of plasma conjugase, while keeping

thejconcentbation of phenytoin constant ‘(0.01 M)"‘Was also
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Table 39,

The effect of varying dilutions of phenytoin on the

. release of red cell folate by plasma conjugase,

Concentration of Red cell folate {ng/mi)
phenvytoin Test Control
0,01 M 200 230
1/2 210 210
1/4 220 240
1/8 210 240
1/16 220 260
1/32 240 240
nil 220 230
Table 40.

- The effect of phenytoin on the release of red cell

- folate by diluted plasma conjugase,

Plasma - Red cell folate {(ng/ml)

concentration Test Control

undiluted 260 255
1:5 .-240 240
1:10 215 210
1:25 175 175
1:50 165 170
1:100 135 155




determined. Plasma was used concentrated, and also
diluted in 1% ascorbate, pH 4.5 at concentrations of 1:5,
1:10, 1:25, 1:50 and 1:100. Control tubes containing
plasma, red cell and distilled water were included in the

‘test system for each dilution of plasma used.

Results.

Although the release of monoglutamy! folate from the
red cell polyglutamyl folate was, as might be expected, lower
with the diluted plasma, again no inhibitory effect of phenytoin

on plasma'conjugase\could be detected. (table 40).

- D, Summahy of findings.

No inhibitory e.f‘fect on the ability of plasma conjugase
to release assayable folate from its conhjugate in red blood
- cells cduld be detected'with either yeast column eluates or
a solution of phenytoin using‘ the in_vitro test system described
here, Thus it wald appear ihat. the lower serum folate values
obtained after oral administration of yeast polyglutamyl folates
as compared with those obtained after oral monoglutamyl folate -
(F’teGlu) were ‘uniikely’to.be due to the presence of an inhibitor
of intestinal conjugase activity in the yeast preparations. .
The Pesults‘_ obtained when phenytoin was tested in_vitro
confirmed those found by in_vivo studies,‘ no inhibition of conjugase

activity being detectable by either method.
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Discussion.

‘Polyglutamyl compounds were among the first folate
derivatives to be described (Stokstad, 1943, Binkley et al
1944) and have been shown to compr‘isé some three quarters .
| of man!s daily dietary folate intake., However the~absor‘ption
of folate polyglutamates has not been extensively studied in man,
due primarily to the difficulties involved in obtaining a suitable
test material of adequate folate activity. The yeast cncentrates
used in this study contained a reasonable approximation of the
folates found in dietary material, mainly methyl and formyl forms
and their conjugates, with the difference that the yeast material
consisted of almost pure (9¢%) polyglutamy! folatés. The
| incr'easéd serum folate levels after oral dosage with the compound
~would have been unlikely to be due .to the small amount of
‘mohoglutar'nyl folate present.

The obser\/ations reported here have indicated relatively poér‘

absorption in man of dietary polyglutamyl folate as compared with

the monoglutamyl forms, although in the chick and rat polyglutafnates

appear to be fully utilized (Jukes, 1955, Cropper and Scott 1966;
Kodicek and Carpenter (1948), |
Initial ;.studies with yeast polyglutamyl folates were concerned

primarily with haematological responses to the material in deficiency

- states such as megaloblastic anaemia of preghancy (Wflls, 1931)

~ and pernicious anaemia (Welch, Heinle, -Nelson and Nelson, 1946;
Bethell, Meyers, Andrewé, ‘Swendseid, Bird and Brown, 1947).,
‘The responses noted by Wills, who used an .éutolyzed yeast
preparation, may well have been due to the monoglutémyl folate in the
‘material, since the freé folate content is greater in autolysed yeast

(Chanarin 1969).
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Welch et al, and Bethell et al, employing crystalline
pteroylheptaglutamic acid obtained from yeast, reported
cases who failed to resporid to the conjugate and then
‘responded to an equivalent amount of PteGlu, In normal
subjects however, they stated that urinary excretion of folates
after yeast pteroylheptaglutamic acid was dependent on the
prescence or abscence of a conjugase iInhibitor in the oral
material, In the absence of an inhibitor urinary folate
rexcr‘etion was the same with both the free vitamin and
polyglutamate implying equivalent absor‘ptién of both
(Swendseid, Bird, Brown and Bethell, 1947), Spray, and
Sp}:ay & Witts (1952) compared the absorption of PteGlu and
yea;t polyglutamate (1 mgm) and noted poor absorption of |
theiyea’st tolate, together with low urinary folate excr‘etion‘.‘
| In none of these studies mentioned was the in vitro
effect of conjugase on the serum or urine samples determined,
- Cooperman and L.uhby (1965) reported one case, given
. yeast polyglutamate equivalent to 2,46 mgms of folic acid, in
- whom moderate serum folate rises were obtained on routine
' L.casei assay, these values increasing strikingly after
treatment of the serum with chick pancreatic conjugase, The
same pattern was obtained on urine assay. [hey postulated .
therefore the absorption and excretion of unaltered polyglutamate
from the gastrointestinal tract. Banerjee and Chatterjea
(1966 and 1968) have also reported the, presence in normal
‘human serum of polyglutamyl! folates, detectable 6nly after
enzymic digestion. These studies conflict With the result of
Herbert, L_arrabee and Buchanan (1962) Rosenberg, Streiff, .
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" Godwin and Castle (1969) and those reported here where .
conjugase treatment of serum samples failfed to produce any
" significant change in serum folate levels,
Jandl and L.ear (1956), studying the uptake of yeast
folate, found that some 25% of folate in untreated );east was
absorbed, and this was increased to 60% when the yeast was
pretreated with conjugase enzyme, but that even this was not
. as well absorbed as an equivalent dose of PteGlu. The data
'obtained here on the absorption of polyglutamate first treated
© with enzyme confirm this finding.
|  More recént's’;tudies have utilized polyglutamyl folate obtained
after DEAE chrqmatographic fractionation of yeast, Streiff
"and Rosenberg (1967) reported the effect of 10 Hg orally of such
a preparation, cléiming serum folate increases of 70% of those
‘ obtained with PteGlu, 'I;his dose would appear however to be
‘too.small to have an effect‘ on plasma folate levels. Hoffbrand
~and Necheles (1968), Rosenberg, Godwin, Streiff and Castle
(1968) Rosenberg, Streiff, Godwin and Castle (1969) and Hoffbrénd
Necheles, Maldonada, Horta, and Santini (1969) all empoyed
200 HUg of polyglutamate orally, and all reported increased sér*unﬁ
folate- levels. Where ayéomparison was made with PteGiu
blabsorption‘ the polyglutamyl induced folate increas.es almost parallel
the PteGlu rises. In thése studies approximately iOOO Lg poly-
giutamate was used and at this dose level the polyglutarﬁéte was
less well absorbed. '
'_T'h.e only study.reported utilizing a pure synthetic polyglutamy!l '
folate is that of Butterworth, Baugh and Krumdieck (1969). Giving
) oral doses df 4.4 mgms of PteGlu heptaglutandate, Variously

. 14
labelled with :C, they showed that deconjugation of the material

took place during the digestive process, and concluded that "50-70%
- ' o «208= ' EER '
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of ingested heptaglutamate is available to man inasmuch as it

was hot lost in the faeces!. These were in the nhature of
14

preliminary observations and ‘data on the recovery of C

polyglutamate added to faeces was not given.,

That increased serum folate after oral polyglutamate is -
‘due to the presence of directly assayable mono (or tri)-glutamyl
| ‘-folate would confirm the view of Baker, Frank and Sobotka (1964)
that nétural polyglutam);l folates must be deconjugated for
absorption to occur, Santini, Berger, Berdasco, Sheehy,
Aviles and Davila (1962) and Klipstein (1967) noted the presence
.ofv conjugase in human duodenal aspirates, whi_le Streiff and Rosenberg
(1967) and Rosenberg, Streiff, Godwin and Castle (1969) proposed,
oh evidence obtained from the deconjugating activity of rat intestinal
-‘mucosa, that hydrolysis of polyglutamates tb "free!' folates occured
within the intestinal cells, In guinea' pigs Hoffbrand and Peters (1969)
~localized conjugase activity to the subcel!ular' mucosal fractions.

These reports var*y'on the pH optimum of the conjugase enzyme,

. Although neither Santini et al or Klipstein specifically mention this

point, their assays were performed at pH 6~7. The human
’conjugase described by R{:senberg.et, al (1968), Hoffbrand and
Necheles, (1968) and Hoffbrand et al (1969) however was. stated

~ to have a pH optimum of 4.6 _ k

The absorption studies reported here do not throw much Iight

. on the site of intestinal deconjugating‘activity.. HoWever the fact that
v.absorpt:on of polyglutamate was identical in both normal and pernicious

anaemia subjects would lmply localization of conjugase act:vuty in the
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gut w all rather than the lumen. The achlorhydric pernicious

anaemia subjects would be expected tohave near enutral intestinal

- juice, at which cdnjugase would be largely inactive, yet the

absorption of polyglutamate by this group paralleled exactly that

found in normal subjects.

Thé folate deficient anaemia found in some subjects
receiving anticonvulsant therapy was stated by l—loffbr‘qnd and
Necheles (1968) and Rosenberg, Godwin, Streiff and Castle
(1968) to be due to an inhibitor of intestinal conjdgase activity,
thus resulting in irﬁpaired absorption of folate polyglutamates. The

results obtained in the present absorption studies on 8 subjects

did not confirm this finding, there being no statistically significant

difference in the absorpt ion of either mono- or polyglutamyl folate

~given with phenytoin compared with dosage without the dr-ug.'

~ Baugh and Krumdieck (1969 could not detect phenytoin inhibition of

" intestinal conjugase by In vitro experiments.

The lowered polyglutamate absorption, inrelation to that of

monoglutamate, . . found in this stgdy is unlikely to be due to the

' presence of an inhibitor in the yeast concentrate used. - Although -

the presence of such an inhibitor in yeast, characterized as a

_polypeptide of pf-afninobenzoic acid by Sims and Totter (1947),

has been reported by Bird, Robbins, Vandenbelt, and Pifiner
(1946) Swendseid, Bird, Brown and Bethell (1947) and Hoffbrand

(1969), the test system described here was unable to detect any

" decline in ,thebacﬁvity of plasmav'cohjugése in the presence of added

‘yeast.
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Saction - V1,

The utilization of polyglutamyl folate.
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1. Introduction

- In Section V it was shown that the rise in
serum folate following polyglutamyl! folates ‘is ap‘proximately
25% of the rise found with the monoglutamyl form.

As there is close correlation between dietary
folate intake and red cell folate levels (Chanarin, Rothman
Perry and Stratfull, 1968) the extent of utilization of poly-
~ glutamyl folates was studied.in seventeen subjects by
comparing red cel!l folate levels attained after daily oral
supplementation with either PteGlu, or yeast polyglutamyl
folate (yéast tablets B,P,). The dose level was 100Ug
as . the monoglutamate or its équivalent as polyglutamate
(5gms of yeast daily supplying 102\lg of polyglutamate).

' The red cell folates.,. taken monthly in
‘those subjects receiving PteGlu and more frequently
- in those receiving polyglutamy!l folate, were assayed iﬁ a

single assay at the end of the trial,
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Table 4l.

Red cell folate values following a daily oral’ |

supplement of PteGliu - 100 Ug

Red cell folate (ng/mtf)

Subject zero | | month | 2 months | 3 months | 4 months
1 273 315 365 326 292
2 203 218 305 321 333
3 310 318 422 470 442
4 367 318 485 412 400
5 188 152 254 . 247 250
6 128 136 207 183 194
7 118 150 213 192 201
8 212 272 395 310 338
9 156 190 230 219 250
10 105 120 157 175 195

 Mean | 206 218 | 302 285 290
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2. The effect of long term oral folate. supplementation on

red cell folate levels,

In the twelve subjects given oral monoglutamyl
folate (PteGlu), there was a slow rise in red cell folate

values over two months to reach a plateau some 45% above

baseline levels. - Following withdrawal of the 100 ug daily

folate supplement red cell.folates showed a slow decline
starting after three months, suggesting reutilization of the
augmented body stores (table 41, figure XL.1).

In the six subjects given oral yeast polyglutamate

the increase was only 16% at the end of the test period,

~although there was an unexplained rise in red cell folate
~values two weeks after beginning the study (table 42, figure

XL .

. Thus polyglutamyl folate given orally was in-
corporated into red cells at one third of the level of PteGluy
as this is likely to be due to the quantities of each of these

substances absorbed from the gut,
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Table 42,

Red cell folate values following a daily oral
supplement of polyglutamyl ®

folate (100ug)

Red cell folate (J}g/rﬁl)

Subject zero 2 weeks 4 weeks 8 weeks 12 weeks
1 264 265 - 198 235
2 220 341 | 238 " 236 275
3 242 280 315 | 264 -
4 217 200 |. 235 241 256
5 174 176 173 180 197
6 . 190 430 R 412 382
Mean 234 | 282 240 | 255 269




3. Discussion

The data presented here on incorporation of
folate into red cells suggested that polyglutamate is utilized
to about one third of the extent of monoglutamate., On this
basis, if absorption is one third of the 80% absorption
reported for PteGlu (Anaer‘son, Belcher, Chanarin and
Mollin, 1960) some 27% of polyglutamate is taken up. Fr;om.
the values reported in Section Il for daily dietary folate
‘intake (160}Jg Ufiree® and 576lUg Mtotal!) this would suggest
a folate util%zation of 128Ug as“ mono-, di- or triglutamyl
folate (80% of 160Ug), tc;gether‘ with a further 140ug as
polyglutamate (27%‘ of 576Ug), giving a total aver\aée folate
intake in man of 270Lg déi.ly.

Ther‘e”ar‘e several reports in the literature
"concerning the utilization of natural folates in folate deficient
conditions. Suarez, Welch, Heinle, Saurez and Nelson
(1946) described the effectiveness of yeast polyglutamates in
_tropical sprue, while Baumslag and Metz (1964) treated
rﬁegaloblastic anaemia of pregnancy with large quantities of
lettuce, containing both formyl folate and conjugated folates.
Similar observations were made by Butterworth, Brewster,
.Perez}Santiago and Santini (quoted by Butterworth, 1968)
using soups prepared from lettuce, asparagus and spinach,
In all CasQS it appeér*ed that the amount of polyglutamate
required to produce a response was greater than that required

when monogiutamyl folate was used, However it would appear
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that, confr‘ar‘y to Herbert's (19'63) claim that microbiological
assay of dietary material by L..casei without enzymatic
digesiion is equivalent to human. requirements, at least half
the folate absorbed is obtained from the po'lyglutamyl folate

portion of the diet.
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Summary of findings, and conclusions.
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The data reported in this study have been dis-
cusséd in the context of the relevant literature at the end of
each section (Section Ill, page 131; Section IV, page171;
Section V, page203 ;Sectiqn V1, page214 ). The following
is a summary of the findings obtained, and the conclusions
drawn from these findings are presented.

» Man's average daily'dietar*y folate intake was
shown to consist of 160ug of mono-, di-, and triglutamyl folate,
and 5l6Ug of polyglutams)l folate. Chromatographic fractionation
of a r*eia'r*esentative meal showed the presence of formyl folates,
largely 5CHO I—i4 PteGlu, and a small amount of PteGlu and

PteGlu These latter compounds were probably derived from

3"
- oxidative degradation of other folate derivatives. The main
component was reduced methylated folate, which constituted
approximately 65% of the folate in the diet.
Absorption studies with naturally occurring mono-

glutamy! folates resulted in the appearance in the blood of .
increased levels o_f SOH3 -H4PteGIu irrespective of the nature |

- of the orally administered derivative. The use of tritium-
labelled reduced folates, given both orélly and intravenously,

| showed that reduction and methylation of the oral folate dose
took place in the gut wall, and not in .tissues such as the liver,
or by an exchange mechanism with tissue folate stores. It was
concluded that, in the course of normal abso"r‘ptioﬁ, all dietary
folate was reduced and methylated in the gut wall, and passed on

‘to the blood as 5 Cl—l3 H4F’teGlu.
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Polyglutamy! folate was found not to be as well
' abs‘orbed as the monoglutamyl form. The form of folate in
.plasma following oral polyglutamate was monoglutamy!
5 CH3 H4PteGlu, suggesting that the material was absorbed
following removal of the peptide chain, presumably by the action
- of an intestinal . conjugase. The pH optimum of human conjugase
is 4.5. Absorption studies on patients with pernicious anaeémia ,
whose intestinal juice might be expected to be closer to a neutral
pH (at which conjugase would be inactive) was essentially the
same as that found ‘in normal subjects, the. conclusion being that
intestinal cothgase‘ activity was located in the gut wall rather than
the gut lumen. Thus the poorer absorption of polyglutamyl
folate was felt to be due to several factors, acting either singly
or fn combination. _
Firstl)./, there is possibly a limitation of transfer of
the large polyglutémyl folate molecule (M.W. approx. 1200) into
the cells lining the villi of the gut, where conjugase activity is .
localised. |
Secondly, the degree to which human intestinal
| conjugaée is effective in removing long chain glutamyl residues
from the complex polyglutamy! folates found in the natural materials
is uncertain. Ineffective deconjugation of a proportion of ingested
fblate could account for the lower monoglutamyl folate blood levels
found after oral polyglutamate as compared with monoglutamate.

Thirdly, the relative efficiency of the! mechanism of

reduction and methylation during absorption of different folate
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compounds, described in Section IV, is also unknown. It appears
from the data presented in Section. IV that equivalent doses of
methy! and formyl compounds resulted in higher blood folate levels
than those reached following unsubstituted PteGliu. In addition.
- when HzpteGlu was given at the same dose level as polyglutamyl
folate (20ug/kg) the blood levels reached in both cases were
similar (méan maximal level .following polyglutamate 14.5ng;
HzpteGlu, 16.4ng). It could be concluded therefore that some
‘naturally occurring folate compounds are more efficiently reduced
van'd methylated than others, which may explain why even decon-
jugatfon of polyglutamyl folates prior to oral dosage failed to
produce blood folate rises equivalent to those following PteGClu.
This latter finding could however also be due in part to incomplete
deconjugation of the polyglutamyl folate dose by chick pancreatic
kenzﬁyme (Section I, page 98 ). '
In vitro and in_vivo tests using the anticonvulsant
. drug phenytoih showed no inhibition of human conjugase éctivity.
The yeast polyglutamy! folate used in absorption studies was also
 tested by an. in_vitro method for conjugase inhibition but no
inhibitory effect could be detected. It is unlikely therefore that the
poor‘er; absc;r‘ption of polyglutamy! folate reported here was due to
inhibition of conjugase activity by substances in the oral dose given,
When a daily oral supple:ment of 100Lg of ‘mono-_ or
polyglutamyl folate was given over a three month“per‘iod to each of
two groups of normal subjects the red cell fo[ate‘u‘lievels rose in

both cases. The rise attained with PteGlu was some 45% above

.base line, and with polyglutamate, 16%. These data suggest that
& .

polyglutamyl folate is utilised to approximately one-third of the
-219-




% £ S

monoglutamyl form. A figure of 80% absorption of PteGlu has

been reported for normal subjects, and on this basis it may be
' concludéd that, from the values of 160lUg "free" folate and 516 ig
pblyglutamyl folate found for human dieiéry intake, apbroximatély

270ug of folate dalily is utilized by man.
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Estimates for the folate content of a normal daily diet range
from 53 pg. (Read et al., 1965), 52 to 97 pg. (Pace et al., 1960),
62 pg. (Denko ef al., 1946), 47 pg. for a poor diet, 157 ug. for
a low-cost diet, and 193 pg. for a high-cost diet (Mangay
Chung et al., 1961), 101 ug. for elderly patients in hospitals,
145 ug. for the elderly at home, and 223 ug. for young con-
trols (Hurdle, 1967), 157 ng. as “free” folate and 689 ug. as
total folate (Butterworth et al., 1963), 400 pg. (Jukes, 1961),
380 pg. for a rural and 650 pg. for an urban diet (Santini
et al, 1962) to 1,000 to 1,500 pg. (Jandl and Lear, 1956).
Some of these data have been compiled from food tables
(generally unreliable as regards folate values) ; others by direct
microbiological assay of food extracts with either Streptococcus
faecalis or Lactobacillus casei ; and, finally, some data have
been derived by microbiological assay after treatment of the
food with enzymes that release complex forms of folate not
directly available for assay. Further, food folate is labile, being
lost on storage, and over 90% of the folate may be lost during
cooking. Failure to use appropriate preservatives. in preparing
food samples may also have led to marked loss of folate before
assay. The marked variation in the published data for food
folate reflects these uncertainties in technique.

As part of a study on the folate requirements in pregnancy
the dietary folate intake was determined by assay of food as
-cooked and consumed by women attending the antenatal clinic
at St. Mary’s Hospital. Iron and protein content were also

* Rcav‘g’“ in Haematology, St. Mary’s Hospital Medical School, London
2.
-[-Lecvtyu;er in Obstetrics, St. Mary’s Hospital Medical School, London
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measured. Assay of vitamin B,, could not be done, as the
ascorbate preservative destroyed some half to two-thirds of
added vitamin B,,.

There is a greater consensus about the dietary content of iron
and protein than of folate. The National Food Survey Com-
mittee (1966) found a daily iron intake of 14.1 mg. in 1964,
and a recent survey by Davis et al. (1967) also noted a mean
iron intake of 14.1 mg. each day by women.

Methods

Collection of food—Food for assay was collected in a
weighed 5-litre polyethylene container with 500 ml. of 0.1 M
phosphate buffer and 3% ascorbate at a final pH of 7. At the
end of each 24-hour food collection the container was returned
to the laboratory, weighed, its contents homogenized, and
100-ml. aliquots stored at —20° C.

Treatment of Food Homogenate before Folate Assay.—Tri-
plicate quantities of food were processed. Four grammes of the
food homogenate were made to 50 ml. in 0.1 M phosphate buffer
containing 0.1% ascorbate at pH 7, and heated at 121° C. for
15 minutes. Half (25 ml.) was removed for assay of “free”
folate. This was made up to 200 ml with distilled water,
filtered, and the clear filtrate retained for assay. The second
portion (2 g. in 25 ml) was mixed with 25 mg. of powdered
chick pancreas (Difco), suspended in 2 ml. of phosphate-
ascorbate buffer, and 1 ml. of freshly prepared 2.59, ascorbic
acid added. After incubation for 18 hours at 37° C. a further
1 ml. of 2.5% ascorbate was added and the mixture autoclaved
at 121° C. for five minutes. The mixture was finally made up
to 200 ml. with water, filtered, and the clear filtrate retained
for assay. The pH and amounts of ascorbate used had been
found to give the highest yield of folate and satisfactory
recovery of added folate both in the “free” and in the poly-
glutamate form.

Controls for Folate Assay—Folate content of chick pancreas
was subtracted by carrying out the determination with pan-
creatic extract in equivalent amounts of buffer instead of food
homogenate, the preparation being treated in the same way as
the food homogenate. Food homogenate (4 g.) was also assayed
after the addition of 0.5 g. of standard yeast preparation known
to contain 20 pg. of the polyglutamate form of folate and 0.3
pg. of “free” folate. The mean recovery of polyglutamate was
1049 of the amount added and the recovery of free folate was
1139, (Fig. 1).

Microbiological Assay—All samples after preparation were
assayed with Lactobacillus casei by the methods described by
Toepfer et al. (1951) with 1 g. of ascorbate added to every
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500 ml. of medium. Many were also assayed with Str. faecalis
as the test organism.

Iron Estimation—Six millilitres of food homogenate was
transferred to a silica crucible previously cleaned with dilute
hydrochloric acid and ashed in a muffle furnace. After cool-
ing, 2 ml. of concentrated hydrochloric acid was added and the
crucible was covered with a 'watch-glass and heated gently for
30 minutes ; it was then cooled and the contents were filtered
into a graduated flask and diluted to 100 ml. with distilled
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F1G. 1.—Percentage recovery of folate in the form of yeast and ferrous

sulphate added to a homoaenate of a 24-hour food collection (@ “free”
folate ; O total folate).

water. Ten millilitres of this solution was taken and to this
3 ml. of acetate buffer, 2 ml. of hydroquinone solution, and
2 ml. of ea’-dipyrolyl solution were added and mixed. The
optical density was measured at 520 mp. A blank determina-
tion in reagents alone was used in the reference cell, and the
amount of iron present was read from a standard graph. In
each experiment two standard solutions were measured as
controls, and duplicate samples were taken for analysis. The
iron content was also assayed after the addition of 1 ml. of a
solution of 50 pg. of FeSO,/100 ml. to the homogenate, and
the recovery ranged from 91 to 107%, with a mean of 99%
(Fig. 1).

Protein Estimation—A microKjeldahl method was em-
ployed. Duplicate samples of 0.2 ml. of food homogenate were
transferred to digestion tubes, 2 ml. of digestion mixture was
added, and the tubes were placed on a heating rack. The
mixture was allowed to digest until the contents of the tube were
colourless. This took one to three hours. Two blank tubes
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containing 2 ml. of digestion mixture only were used as
controls. The contents were cooled and transferred to the
Kijeldahl apparatus with 10 ml. of 40% NaOH. The ammonia
produced was collected into a flask containing 5 ml. of boric
acid and indicator solution and then titrated against N/70
H,SO,.

Patients Co-operating in Study

~ Pregnant women attending the antenatal clinic at St. Mary’s

Hospital were asked to prepare all their food in duplicate for a
period of seven days. Each was given £3 to cover additional
expenditure in that period. The equivalent of any uneaten food
was removed from the duplicate plate before the contents were
placed in the container with ascorbate-buffer. All foods, fruit,
sweets, alcoholic and other drinks, etc., consumed were also
added to the container, which was stored in the cold or in a
cool place. Each patient wrote down the items of diet she had
consumed each day. In all, 16 women carried out daily food
collections.

In addition red cell and serum folate estimations were carried
out at about the 15th, 30th, and 37th week of pregnancy and a
marrow aspiration was performed at the end of pregnancy to
determine the character of haemopoiesis and the state of iron
stores. These were all healthy women who were gaining weight
at the normal rate throughout pregnancy and had a normal-
sized foetus'at term.

As these women were taking part in a trial designed to deter-
mine folate requirements in pregnancy some were having tablets
containing 260 mg. of ferrous fumarate and 100 pg. of folate
once daily and the rest were having tablets containing only
iron. These tablets were not added to the food collection.

Ten 24-hour hospital diets were also assayed. Each diet was
collected from one of the wards as it was being issued for con-
sumption to patients. All these studies were carried out between
February and September 1967.

Results

Subjects Studied—Race, age, parity, and husband’s occapa-
tion are shown in Table I. All the patients maintained adequate
haemoglobin levels throughout pregnancy. All had received
1 g. of intravenous iron before the 20th week of pregnancy, all
had been given oral iron throughout pregnancy, all had normal
serum iron levels throughout pregnancy, and all had demon-
strable iron in the marrow at the 38th week. Seven out of the
16 patients had received 100 pg. of folate daily as an oral
supplement throughout pregnancy. These women had higher
red cell folate levels than the other ten women who had only



TABLE L—Subjects Studied

. . Hb at Red Cell Folate (mug./ml.)
Subject Race Age Parity Husband’s Qceupation 3B w.
(g./100 ml.) ‘%15 w. 30 w. 38 w.
1* Irish m. to Indian 24 0+1 Industrial designer 143 174 157 209
2+ English 23 0 Motor mechanic 122 120 132 180
3 English 23 0 Motor mechanic ! 120 202 62 51
4 Scottish 22 0 Engineer 12:2 168 97 96
5 English 37 1 Brewer 118 137 84 133
6* i 29 0 Architect 12-4 282 328 250
English 29 0+1 Salesman 12-2 150 80 7
8 English 26 [} Draughtsman 12-8 1 105 144
9« English . 20 0 Shipbroker 146 121 ¢ 112 139
10 So%ﬂexl American m. to 28 0 Land developer 12:2 106 226 220
8]

11 English N 21 0 Accountant 14-2 140 65 136
12 ish m. to Pakistani 34 0 Photographer | 136 123 174 50
13 East 22 042 Research chemist 13-4 234 189 129
14 Burmese m. to English 25 1+1 Sales manager 11-2 146 178 96
15 English 22 1 Lorry driver 11-8 252 * 150 126
16* Bnglish 27 0 Press photographer 111 220 410 375

* Received 100-ug, supplemental folate throughout pregnancy.



TABLE II.—Daily Dietary Iron (mg.) and Protein (g.) Intake in Pregnancy

Sub; Mean Wednesday Thursday Friday Saturday Sunday Monday
ubject
Fe Pr Fe Pr Fe Pr Fe Pr Fe Pr Fe Pr Fe Pr
1 115 816 136 742 70 98-6 65 91-8 243 109-3 48 495 | 132 84-8
2 137 69-8 — — 140 724 161 90-0 64 767 83 555 172 823
3 178 695 143 59-9 15:8 656 156 733 242 735 96 49-8 22'5 87'4
-é 109 71-6 15-2 660 91 68-1 9-7 737 88 82:2 98 789 89 70-1
6 13-7 64-1 16:3 690 51 564 202 528 195 515 141 787 73 653
7 89 91-2 9:4 895 93 1113 73 774 89 994 100 82-0 12-0 96-8
g 13-4 655 13-3 64-2 83 635 76 847 215 479 10-5 783 111 675 2
10 99 551 14:8 735 11-0 657 64 36-1 140 680 77 42-6 77 63-8
11 314 67-8 32:6 62'5 12:8 69'8 315 838 381 89-0 374 81:6 26-2 880 41-
12 177 67-5 219 711 40 66'8 37 636 49:6 573 69 624 256 825 1
13 126 587 136 572 12-3 68-3 145 582 14-5 631 107 506 12:0 49-1 10
14 9-0 60-5 59 376 81 597 69 51-2 81 397 13-9 92-9 9-8 681 10
15 18'5 670 240 55:5 258 90-4 17:2 70-0 341 106 14-9 441 73 450 -
16 110 704 8-0 50-8 75 664 10-1 619 17-9 90-1 12°2 73-0 11-4 p 732
Mean 142 | 691 i
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an iron supplement (Table I). All had normoblastic haemo-
poiesis at the end of pregnancy.

Iron Intake—The iron content of 97 separate 24-hour food
collections was measured (Table II). The mean iron content
was 14.2 mg. The mean intake per patient (column 2, Table
IT) varied from 8.9 to 31.4 mg./day and the daily variation was
even greater—firom 3.7 to 49.6 mg.

TABLR II1,—Dsetary Folate Content Assayed with L. casei (ug/24 Hours)

“ Fres V* ¢ Total »*
Subject
Mean Range Mean Range -
1 202 115-290 830 W 499-1,650
2% 101 24-270 945 \Y, 570-1,430
3 133 70~180 357 4 210-430
4 141 52-197 607 £ 310-1,150
5 53 38-78 198 \, 100282
6 271 60-350 1,051 % 650-2,070
7 162 114-226 361 & 6045
8 172 44-430 265 L 180-465
9 96 27-422 387 & 167-1,000
10 199 150-245 820 \® 520~1,150
11 161 21-400 840 3 240~1,950
12 115 58-285 355 3 240-625
13 265 105-340 1,041 315-1,420
14 97 47-132 5201 90-1,237
i5 27-202 616 €1 200-1,140
16 296 190400 1,615 14, 1,090-2,300
Mean 160 { 676
i

* “Free™ and * Total” equal folate assay before and after incubation with chick
mancreatic extract. .
1 6 days’ collection; all others 7 days’ collection.

Protein Intake~The mean protein intake by a Kjeldahl
method on 97 24-hour food collections (Table II) was 69 g.,
with a range from 55 to 91 g. Daily variations were wider,
from 36 to 111 g.

Folate Intake—The mean folate content of 111 24-hour diets
in the absence of pancreatic enzyme was 160 pg. when
L. casei was used as the assay organism (Table III) and 676
pg. after the use of enzyme. The mean “free” folate intake
in individual patients ranged from 53 to 296 pg. daily and
day-to-day variations ranged from 21 to 430 ug. as free folate
and from 90 to 2,300 pg. as total folate. Much lower values
were obtained when Str. faccalis was used as the test organism
(Table IV), with a mean of 61 pg. as free folate and a mean
of 245 pg. as total folate,

Hospital Diet—The mean folate, iron, and protein content
of 10 separate 24-hour hospital diets (Table V) was 117 and
487 pg. for free and total folate as assayed with L. casei, 11.3
mg. for iron content, and 70.4 g. for protein content.

Corrdlation of Dietary Folate Intake and Red Ceéll Folate
Levels —There was a good correlaton between the red cell folate
level on the one hand and both the free and total folate content
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TABLE IV.—Dietary Folate as Assayed with Str. faecalis® (ug./24 Hours)

“ Free® “ Tl ®
Subject
Mean Range Mean Range
1 57 22-91 104 52-178
2 52 19-80 492
4 70 40-92 216 154-316
9 34 11-77 184 122-246
12 61 31-96 106 72-132
13 75 25-123 322
Mean 61 245
* 35 food collections were assayed.
TABLE V.—Folate, Iron, and Protein Content of a 24-hour Hospital Diat
Da Folate (ug.) . (g
ron {mg. Protein (g.)
v Free ‘Total
1 120 27 202 782
2 33 280 97 787
3 165 294 96 623
4 102 174 132 45-4
5 112 298 65 52-7
6 68 465 127 83-2
7 157 690 68 727 -
8 152 465 56 59-3
9 100 1,000 114 89-9
10 156 780 169 774
Mean 117 487 113 70-4
- "Free" folote *Total*folote
3400 e 10001 * e o ©
o [ ] L]
2 [
& 300 - s 7504
= L4
= oy
[ .
5 2004 s 500 e
9; .o . ar ®
51004 ® o0 250+
] [ ]
3 ]
(o}

r T T . (e - ~r 1
O 100 200 300 40 O 0 200 300 400
Red celt folate ot 38weeks mpg./ml.

Fte. 2.—Comparison of folate intake and red cell folate level at 37th
to 38th week in 16 healthy pregnant women.

of the diet (Fig. 2). For free folate r=0.82 and P=0.001 and
for total folate r=0.86 and P=0.001.

Discussion

The mean iron intake in our group of women (14.2 mg.) is
the same as that found in previous studies (Davis et al., 1967).
The protein intake (69 g.) Is less than that recommended in
pregnancy and is far less than the recommendation of 110 g.
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in the latter half of pregnancy (B.M.A. 1950). However, the
women in this study underwent a normal pregnancy and gave
birth to average-sized infants.

The folate content found is in agreement with that deter-
mined in American diets by Butterworth et al. (1963) using
L. casei (Table VI). Further, there is close agreement with the
American workers when Str. faecalis is used as the test organ-
ism. In the present study mean values of 61 and 245 ug. for
free and total folate were found in 111 diets, and Butterworth
et al. (1963) recorded values of 52 and 184 pg. for 17 American
diets. Butterworth et al. (1963), like ourselves, assayed aliquots
of complete 24-hour food collections. Hurdle (1967) assayed
the free folate content of a large variety of cooked foods with
L. casei and therefrom calculated the free folate content of
diets. The free folate intake of eight healthy young controls
was 223 pg. (range 161 to 297) and of 16 elderly people at home
145 pg. (range 95 to 251). These values too are essentially in

- agreement with the values found by ourselves and by Butter-
worth’s group.

Higher values are obtained with L. casei than with Str.
faecalis because the former is able to utilize both methylfolates
and triglutamates and there is a general consensus that values
obtained with L. casei represent a more realistic estimate of
folate content. Though substances such as thymidine may
replace the folate requirement for L. casei this is not an
important factor in the assay of biological material and food-
stuffs. Thus a folate-free diet results in almost complete dis-
appearance of growth-promoting material from rat liver for
L. casei, indicating that other substances are not present in such
material in sufficient amount to overcome the need for folate
(Bennett et al., 1964). '

The availability to man of the two forms of folate termed
“free” and “ polyglutamate” is not known. Free folate as
assayed with L. casei comprises monoglutamate and tri-
glutamate forms as the formyl and methyl derivatives as well
as some free pteroylglutamic acid.. The other forms have seven
(heptaglutamate) or more glutamic acid residues. These
aspects are reviewed by Butterworth (1968). On the average
some 859% of a small dose of tritium-labelled pteroylglutamic
acid is absorbed (Anderson ef al., 1960). There is no similar
information available about other forms of folate. Evidence
from haematological responses suggest a less adequate effect with

TaABLE VI,—Folate Content of 24-hour Diet Assayed with L. casei

1 Free Folate l Total Folate
Present study .. . .. .. ] 160 pg. ! 676 ng.
Butterworth ¢z al. (1963) .. v | 157 pg. \ 689 ug.

323/68



10

a heptaglutamate as in yeast given orally when compared with
an equimolar amount of pteroylglutamic acid (unpublished
observations).

The red cell folate level is a valuable estimate of the folate
status of an individual. Fig. 2 shows that there is a significant
correlation between this level and the folate intake.

Hospital diets supplied substantially less folate than home
diets, and, surprisingly, less iron but similar amounts of protein.

Summary

Assay of 111 24-hour food collections prepared for home
consumption showed a mean folate content of 160 pg. as free
folate and 676 pg. as total folate (Lactobacillus casei assay), a
mean iron content of 14,2 mg. a day, and a mean protein con-
tent of 69 g. There was a highly significant correlation between
the folate intake and the red cell folate level.

Corresponding values for 10 daily collections of a hospital
diet were 117 pg. of free and 487 pg. of total folate, 11.3 mg.
of iron, and 70.4 g of protein intake a day.

We are indebted to Mrs. N. Osborn for helping in the oréaniza-
tion of food collections and to Glaxo laboratories for generous
financial help throughout the swudy.
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ummary : Some three-quarters of folate compounds in
a normal mixed diet have a chain of seven glutamic
acid residues (polyglutamates). The extent to which these
forms of folate are absorbed and utilized by man is of
considerable nutritional importance. These studies
indicate that the polyglutamate forms were absorbed and
utilized to about one-third of the extent of simpler (mono-
glutamate) forms, as judged by the serum folate levels
after oral equimolar doses, by the amount incorporated
into red cells in long-term studies, by the amount excreted
into the urine, and by their capacity to initiate haemato-
Jogical responses in patients with folate-deficient megalo-
blastic anaemias.

Introduction

Folate compounds may be divided into two groups, the one
having a single glutamic acid residue such as pteroylglutamic
acid (PteGlu) and the other a chain of seven glutamic acid
residues—that is, pteroylheptaglutamate (PteGlu,) (Binkley
et al., 1944 ; Pfiffner, Calkins, Bloom, and O’Dell, 1946). The
simpler forms, with the addition of a form having three glutamic
acid residues (pteroyltriglutamate), are able to support the
growth of microbiological assay organisms such as Lactobacillus
casei, and these forms have been collectively termed *free”
folates. ‘These forms are readily absorbed from the gut
(Anderson, Belcher, Chanarin, and Mollin, 1960), and they
constitute some 25% of the folates in a normal cooked diet
(Butterworth, Santini, and Frommeyer, 1963 ; Chanarin,
Rothman, Perry, and Stratfull, 1968). The remaining 75% of
dietary folate is not detected by microbiological assay until the
glutamic acid chain has been removed by the action of a

* Technical Officer, ML.R.C. Experimental Haematology Research Unit,
London W.2.
4 Re:ger in Haematology, St. Mary’s Hospital Medical School, London
2. ~ :
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“ conjugase ” enzyme most conveniently obtained from chick
pancreas. The extent to which this form of folate (PteGlu,)
is absorbed and the manner in which it is absorbed and utilized
by mian are not known at the present time. The purpose of
this study was to obtain information on these aspects of folate
metabolism.

Materials and Methods

Preparation of Heptaglutamate—Yeast is a rich source of
folate containing almost all the folate in the heptaglutamate
forms. Brewer’s yeast was kindly donated by the Guinness
brewery, and 500 g. was made up to 2 litres in 1% aqueous
ascorbate. This was heated for five minutes at 15 1b. pressure
and the pH adjusted to 4 with glacial acetic acid. The folate
was absorbed on to 250 g. of charcoal partially deactivated by
the addition of stearic acid (Asatoor and Dalgliesh, 1956) and
allowed to stand, with occasional stirring, for one hour. The
charcoal was filtered through a Buchner funnel, washed with
a litre of distilled water, and folate was eluted by washing with
2 litres of ammoniacal ethanol., The eluate was evaporated to
dryness in a rotary evaporator and the dried residue stored in
the dark. This procedure resulted in recovery of 50 to 60%
and fifteenfold concentration of folate. An average of 97%
was in the form of PteGlu, and some 3% as free folate.

Preparation of Chick Pancreatic Extract.—Commercially
available dried chick pancreas proved unsatisfactory. Fresh
chick pancreas from 10 animals was obtained and transported
to the laboratory in the frozen state. It was cut into smail
pieces and ground in a mortar in the presence of 5 volumes
of acetone. This was repeated with a further aliquot of acetone,
the pancreatic extract being dried at room temperature and
stored at 4° C. Further removal of folates and other interfering
substances was carried out as described by Iwai, Luttner, and
Toennies (1964) by absorption with Amberlite IR 400 for one
hour,

Preparation of Samples for Assay.—Samples of hepta-
glutamate in aqueous suspension (0.1 ml.) were incubated with
0.1 ml. of conjugase suspension in 10 ml. of 0.1 M phosphate
buffer pH 7.2 containing 600 mg. of ascorbate/100 ml. for five
hours at 37° C. Controls of the specimen without conjugase
and of conjugase alone were treated in the same way. After
incubation the samples were brought to pH 5.7 with HCI,
heated for 10 minutes at 10 Ib. pressure, filtered, and the clear
filtrate retained for assay. The folate value of the specimen
containing chick pancreatic extract alone was subtracted from
the value of specimen of heptaglutamate plus enzyme. The
mean recovery of yeast heptaglutamate added to serum and
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assayed in this manner was 99% of the expected value, with
a range from 78 to 1219 in 18 assays.

Preparations of Folate—Solutions of folate for absorption
tests were prepared from dried synthetic pteroylglutamic acid
dissolved in 0.2 N NaOH at a concentration of 2 mg./ml.
Folate tablets containing 100 pg. of pteroylglutamic acid were
prepared by the hospital pharmacy. Yeast tablets containing
300 mg. of dried yeast, so that 17 tablets supplied the equivalent
of 100 pg. of PteGlu as heptaglutamate and 3.2 pg. of PteGlu,
were used as a source of heptaglutamate in long-term studies
and in haematological response studies.

Microbiological Assay Methods.—Assays of serum, red cell
folate, and the various folate preparations were carried out by
the methods described by the U.S. Association of Official Agri-
cultural Chemists, dehydrated media being uséd. One gramme
of ascorbate was added to every 500 ml. of medium used in
the L. casei assay. Red cells were prepared for assay by the
method of Hoffbrand, Newcombe, and Mollin (1966). Sera
for assay were deproteinized in 0.1 M phosphate ascorbate buffer
at pH 5.7 with a 1 in 50 dilution of serum. Organisms used
were L. casei and Streptococcus faecalis.

Plan of Study

The purpose of the study was to compare in man the manner
in which equimolar amounts of PteGlu and PteGlu, (1) were
absorbed, measuring serum folate levels after 0.045 pM per kg.
oral doses of each equivalent to 20 pg. of PteGlu per kg.;
(2) were excreted into the urine after these same doses ; (3) were
utilized, by noting the effects on red cell foldte levels in long-
term studies ; and (4) induced haematological responses when
given sequentially to folate-deficient patients with megaloblastic
anaemia. '

Intestinal Absorption of PteGlu and PteGlu,

Absorption studies with both compounds were carried out
on five healthy members of the laboratory staff. The subjects
were not saturated with folate before the study and a few days
elapsed between each test. Following collection of a fasting
blood sample an oral dose of 0.045 uM of folate per kg. was
given and blood samples were collected at hourly intervals.
The sera were assayed with Str. faecalis and L. casei both before
and after enzyme treatment. The results (see Tables I and II
and Fig. 1) show that much higher serum folate values were
obtained with PteGlu than with PteGlu,. The peak level in
all subjects with PteGlu was evident in the first hourly specimen,
whereas it was reached only in the third hour with PteGlu,.
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TABLP 1.—Serum Folate Levels After 0.045 uM Folate per kg. Orally
Either as Pieroylglutamic Acid or Pteroylheptaglutamic Acid

Oral Dose ‘Conju- Serum
Sub- (#g.) Assa e’ (mug./ml.) Urine
ject A (ug.)
PteGlu | PreGlus 0 |1br|2br| 30
Str., No 0| 20 30 | 16 | %
11 1160 0 el Yol Sl BRI R N6
» L. { No 4| 38 [ 36 { 29 (157
casei || Yes | 6| 36 | 33 | 35 | —
Sl B8 T3kl
] aec. es -
32 | L1407} 7, { ¥ 3 6| 17 { 21 | 26
il Yes | 5| 10| 16 2.9
S Y| 0| BB |58
aec. s 8
U ] B3R B 22
cases es
S}r. { ¥ o| 13178 04,
aec. s 1 8 3 0-
59 | 1,400 4| p { M 5] 10| 18| 14| 55
waseil Yes | 8| 13 16| 12| 65
Sl Y| S B3]
J aec. cS
3| 1,260 LRI No 3 | 50| 27 | 22 | 180
caseil| Yes | 4 | 48 | 38 | 16 | 240
Sl B8R 8M
aec. cs *.
PIRUL Bl 2 E 4] 8l B
caser es a
AN EIENE
aec. (]
41 1,550 o9 L { ¥ 81 53| 2 | 16 | 420
cases Yes 16 61 41 19 | 448
AR AN INAE Ik -
aec, s .
31 | 1,520 4 7, { Y |B|l4le|n 638
caset Yes 11 9 16 9 9-5
S Yl 0l R IRIBDIB
aec. cs 3
5| 1,480 A Y 2Bl
casei Yes 17 33 24 22 300
el Y| 0 S| 00 81 34
] aec. es g
4 | 1,440 Al e s| 51 s 71 22
casei Yes 2 6 9 3-7

A substantial amount of folate in plasma following oral
heptaglutamate appeared directly available to the assay organ-
isms, and hence was probably absorbed after deconjugation.
Some was probably absorbed as PteGlu, simce there were
slightly higher levels throughout after enzyme treatment of the
serum samples, though these differences were not statistically
significant. _

At one hour after PteGlu, higher values were obtained wit~
Str. faecalis than with L. casef, suggesting the possibility thsi
some pteroic acid (Pte) was present in this sample, though
again the differences did not reach statistical significance.

With PteGlu, higher values were obtained with L. casei than
with Str. faecalis before enzyme treatment, suggesting that
L. casei was also responding to displaced tissue folates not
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available to Str. faecalis (Chanarin and McLean, 1967). These
differences disappeared after enzyme treatment.

TABLE I11.—Mean Folate Absorption After Equimolar Oral Doses of
Monoglutamate and Hepraglutamate Forms of Folate (0.045 uM/[kg.)

Organism Conju- o | 1he ‘ 2hr | 3he Urine
. gase (mpg./ml.) (pg.)
N 0 31 23 14 159
St -SEIE I NN
: o
Locasei {| Po | 8 38 28 14 | 266
No 0 54, 44 68 097
PteGl Str, faec. { Yes 0 7-4 © 1.8 70 1-28
eGlu, .. . No 0 1-8 56 64 42
cases { Yes 12 38 68 50 53

* The L. casei serum folate value in the fasting specimen has been subtracted from
all the values.

_ Oral folate O-O45pM/kg.
;teroylheptaqlutamic acid Steroqulutamig acid

A. Direct assay of "free” folate

40 -
30+ ’ . P
204
T
<
g 101
£ N
- P —
[ ‘,0'
5 ol r r
o ) .
"E' 40 B. Assay after en
E ]
K
304
20+

Hours &———8 L.casei QsSQY
: Ow==e==D Str. faecalis ASSQY

Fi16. 1.—Serum folate levels after 0.045 pM folate per kg. as
monoglutamate and heptaglutamate,
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The conclusion was that PteGlu, is poorly absorbed by man
as compared with PteGlu, that a large proportion is absorbed
after removal of the peptide chain, but that some may be
absorbed unchanged, particularly in certain subjects (Subject 5).
Absorption studies in two patients with idiopathic steatorrhoea
appeared to show a more severe impairment of absorption with
PteGlu than with PteGlu,.

The results obtained are not likely to have been influenced
by the small amount of free folate in the PteGlu, preparations,
since doses of this magnitude (20 to 60 pg.) do not produce
measurable changes in serum folate levels given orally or even
wmtravenously.,

Urinary Excretion of Folate after Oral Doses

Urine was collected for six hours after oral folate into a
bottle containing about 0.5 g. of dry ascorbate. Following
oral doses of 0.045 uM/kg. body weight a mean of 159 to
266 ug. appeared in the urine after PteGlu (Tables I and II),
and with PteGlu, this reached only 5 ug. after enzyme treat-
ment. This confirms the poor intestinal absorption of hepta-
glutamate and good absorption of monoglutamate, of which
some 20% of the oral dose was excreted in the urine,

Effect of Daily Supplement on Red Cell Folate Levels

The folate content of red cells is a good indication of the
folate status of the individual and is closely correlated with
the dietary intake of folate (Chanarin ef dl., 1968). Eighteen
healthy members of the hospital and laboratory staff were asked
to take a daily folate supplement of 0.227 uM. Twelve had
one tablet containing 100 pg. (0.227 pM) PteGlu daily for five
months and six had 17 tablets of yeast (5.1 g.) supplying the
equivalent amount of PteGlu, daily for three months. Blood
for red cell folate estimation was taken before the start of the
study and at monthly intervals for eight months in those
receiving PteGlu and more frequently in those receiving
PteGlu,. All the specimens were stored at —20° C. and
assayed simultaneously. The results (Fig. 2) show that with
PteGlu there was a slow rise in red cell folate over two months
to reach a plateau some 459% above baseline levels, but
with PteGlu, the increase was only 16%. On this basis oral
heptaglutamate was utilized to one-third of the extent of mono-
glutamate. In retrospect we would have liked to have more
than omne initial baseline red cell folate level in the hepta-
glutamate study, since there were unexplained transient rises
in red cell folate in the two weeks after the start of the study.
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Following withdrawal of the 100-pg. folate supplement red
cell folate showed a slow decline starting after three months,
suggesting reutilization of the augmented folate stores.

Oral folate supplemenf {O-227uM) daily
V7277 7

150 - .
— * L J
&2 140+ Pte glu
[
K]
© 130+
E
T 1204 Pte glup
£ OO0
& ,
E ”0' '?'o
U 4
100 Lomszzor” v n 3
2 3 4

o}
Months
F1G. 2.—Relative change in red cell folate levels in 12
healthy subjects receiving 0.227 uM (100 pg.) preroyl-
glatamic acid daily and in six healthy subjects receiving
0.227 puM pteroylheptaglutamic acid daily.

. Comparison of Haematological Response

Five patients with megaloblastic anaemia due to folate
deficiency were treated with yeast tablets supplying the “ free
folate equivalent of 50 to 200 ug. of folate daily. Two of these
patients had idiopathic steatorrhoea, and neither showed any
response t0 36 yeast tablets (supplying the equivalent of 200 pg.
as heptaglutamate daily). Two other patients were old women
with nutritional folate deficiency, and the third a post-gastrec-
tomy patient whose megaloblastic anaemia was due to folate
deficiency (? nutritional). One failed to respond to 12 yeast
tablets daily, but two others had reticulocyte responses to
PteGlu,. In these two the marrow remained megaloblastic and
was followed by a second reticulocyte response when an equi-
molar (or smaller) amount of PteGlu was substituted. The
second response was associated with a fall in the serum iron
and return of a normoblastic marrow. The response in the
76-vear-old postgastrectomy patient is shown in Fig. 3.

These responses confirm relatively poor utilization by mar
of PteGlu, and better utilization of simpler forms of folate.

Discussion

The observations in this study indicate poor absorption and
utilization of dietary heptaglutamate as compared with mono-
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F1G. 3.—Haematological response in patient with megaloblastic
anaemia due to folate deficiency first to heptaglutamate then

to a slightly smaller dose of monoglutamate, and finally to
vitamin B,,.

glutamate. The free folate content of a large number of daily
diets was 160 ug., and on the basis of 809 absorption shown
with tritium-labelled folate (though in fasting subjects) a maxi-
mum absorption of some 128 ug. can be anticipated. The data
on incorporation of folate into red cells suggest that PteGlu,
is used to about one-third of the extent of PteGlu. On this
basis, if absorption is one-third of the 80% absorbed with
PteGly, some 27% of PteGlu, is taken up. This would suggest
a folate utilization of 128 ug. as free folate and a further 140 ug.
(27% of 516 pg. of PteGluy, in an average diet) as PteGlu,,
giving a total average folate intake in man of 270 pg. daily
expressed in terms of PteGlu,

Man differs from some other species in his relatively poor
utilization of heptaglutamate (M.W. 1216) as compared with
monoglutamate (M.W. 441). In the chick heptaglutamate
appears to be fully utilized (Jukes, 1955).

Jandl and Lear (1956), studying the uptake of yeast folate,
found, as we did, that 25% of folate in unaltered yeast was -
absorbed, and this was increased to 60% when the yeast was
pretreated with conjugase enzyme, but that even this was not
as well absorbed as an equivalent of pteroylglutamic acid.

Spray (1952) compared the absorption of pteroylglutamic
acid (1 mg.) and yeast folate in equivalent amount and noted
_poor absorption of the yeast folate. Though he did not explore
the effect of enzyme on the serum folate level our observations
show that this would not have changed the overall pattern
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significantly. Spray (1952) and Spray and Witts (1952) also
showed that with oral yeast only some 2 pg. of folate appeared
in the urine as compared with some 69 ug. after pteroylglutamic
acid. More recent studies have been those of Cooperman and
Luhby (1965), who in a single case claimed high plasma levels
of unaltered heptaglutamate after oral dosage, and Streiff and
Rosenberg (1967), who gave only 10 pg. of Pte Glu, orally—tco
small a dose to have an effect on plasma levels.

Haematological responses to oral yeast therapy have been
well known since the observation of Wills (1931) on the treat-
ment of megaloblastic anaemia in pregnancy in Bombay. She,
and most workers, used Marmite, an autolysed yeast which has
a relatively higher proportion of free folate.  Wintrobe (1939),
in a review, concluded that one-third of patients showed some
response to oral yeast, given in doses of often up to 45 g. of
Marmite daily, supplying about 12 ug. of folate per g., of which
2 pg. might be free folatee Many of the responses could be
largely attributed to the free folate content of the autolysed
yeast preparation.

Both Welch, Heinle, Nelson, and Nelson (1946) and Bethell,
Meyers, Andrews, Swendseid, Bird, and Brown (1947) reported
examples of pernicious anaemia patients who failed to respond
to polyglutamyl forms of folate and then responded to the
equivalent amount of pteroylglutamic acid.

The absorption of some 270 ug. daily from a normal diet
does not represent a vast excess of intake over requirement.
This quantity is inadequate to meet the requirements of normal
pregnancy—for example, where some additional 100 ug. of
folate daily has to be supplied in order to prevent a progressive
decline in red cell folate levels (Hansen and Rybo, 1967 ;
Chanarin et al., 1968).

The suggestion that 50 ug. of folate represents the normal
requirement was put forward by Herbert (1962). We feel that
the data in that paper have been misinterpreted. All three
subjects in the study who received from 25 to 100 pg. of folate
daily showed a declining serum folate value—that is, all had
a lower level at the end of the study than at the beginning—
indicating that up to 100 ug. of folate daily was not enough
to maintain serum folate levels. That the serum folate level
in the only subject on 25 pg. of folate daily fell to below
5 mpg./ml. is hardly relevant, as the levels were falling in all
the three subjects, and had the study been continued no doubt
the levels would have declined to 5 mug. or any other level
chosen as meaningful. It seems more important that in that
widely misquoted study insufficient folate was taken by all three
volunteers to sustain their own normal folate values, and the
only conclusion that can be drawn is that the requirement was
greater than 100 pg. daily.

783/68
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Other studies have been concerned wth the absorption of
large doses of synthetic diglutamate and triglutamate forms of
folate, but these do not throw light on utilization of food folate
(Baker et al., 1965).

Attention has also been focused on the amount of folate
required to produce an adequate haematological response in
folate-deficient megaloblastic anaemia. This amount has varied
from 25 to 800 pg. daily, depending on whether there is any
increased folate requirement or not, and most patients respond
to 200 ug. There is, however, no evidence which indicates that
the dose producing a haematological response is necessarily the
same as the amount of folate required each day to maintain the
normal physiological status.
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Dihydrofolate (H,PteGlu) or tetra-
hydrofolate (H,PteGlu), given orally,
appears in the blood as a Lactobacillus casei-active
form of folate—namely, methyltetrahydrofolate
(CH;H,PteGlu). The same dose of folate given
intravenously rapidly exchanges with tissue methyl-
folate. The results indicate that folate is reduced and
methylated in the gut wall during its physiological
absorption,

Summary

DurING studies on the absorption of folate analogues
in man we have found that the form of folate appearing
in the blood is often different from that given by mouth.
Thus when dihydrofolate or tetrahydrofolate, both of
which fully support the growth of the assay organism
Streptrococcus feecalis, is given orally, the form of folate
appearing in the blood is active in supporting the
growth of Lactobacillus casei only, and not Str, fecalis.
Eleven medical students were given 10 pg. per kg. of
dihydropteroylglutamic acid orally, The serum-folate
level, assayed with L. casei, rose; but the capacity of the
serum to support the growth of Str. fecalis was
unchanged (fig. 1). This suggests that the form of
folate in the blood is 5-methyltetrahydrofolate, which
is the monoglutamate form active only with L. casei.

The increase in the methylfolate levels in plasma
could arise by an exchange between absorbed folate
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Fig. 1—Change in serum-folate level following an oral dose of

10 ug. per kg. of dihydropteroylglutamic acid in eleven medical
students, -

Each subject had received 20 mg. pteroylglutamic by mouth
64 hours before the absorption test to ** saturate * the tissues and
standardise the rate of plasma clearance of absorbed folate. An
aseptic addition method was used for Str. fecalis assay since
reduced folate derivatives are labile to heat.

and tissue-folate which is largely in the methylform, or
by alteration of the oral folate in the gut wall or tissues.
An exchange between tissue methyltetrahydrofolate
and injected pteroylglutamic acid was demonstrated by
McLean and Chanarin.! To explore this further we
have compared the fate of reduced folate analogues—
dihydropteroylglutamic acid (H,PteGlu) and tetra-
hydropteroylglutamic acid (H,PteGlu)—labelled with
tritium in the benzene-ring portion of the p-amino-
benzoic-acid moiety, given either intravenously or
orally.

2-3 pg. of tritium-labelled pteroylglutamic acid (60-80
1Ci) was added to each individual dose of pteroylglutamic
acid in solution (10 pg. per kg.) and reduced to either
dihydropteroylglutamic acid by the method of Blakley ® or
to tetrahydropteroylglutamic acid by the method of
Silverman and Noronha * immediately before use. Tritium
in plasma was counted by adding 1-0 ml. of the plasma
sample to 1-0 ml. ¢ Hyamine ’; the mixture was incubated
at 37°C overnight and added to 15 ml. of scintillator (*PPO’
and ‘POPOP’ in ethanol and toluene). This was countedina
Packard tricarb automatic scintillation spectrometer,
Microbiological assay was performed using dehydrated
(Difco) mediaand L. casei and Str. fecalis as test organisms.

When tritium-labelled tetrahydrofolic acid was given
intravenously to a healthy subject it rapidly disappeared
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Fig. 2—Changes in serum-folate level and in plasma radio-
activity following an intravenous dose of tetrahydropteroyl-
glutamic acid (10 i.g. per kg.) labelled with tritium in a healthy
subject.

Rapid disappearance of activity for Sir. fecalis (assayed by an
aseptic addition technique) and of radioactivity is accompanied
by a rise in plasma activity for L. cases. This indicates that there
is an exchange between the labelled injected folate and unlabelled
tissue-methyltetrahydrofolate.

from the plasma (fig. 2) and was replaced by an
unlabelled L. casei-active form of folate which was
almost certainly 5-methyltetrahydropteroylglutamic
acid. In fig. 2 the L. casei folate levels have been
derived by first subtracting the preinjection fasting
serum-folate level from all samples and thereafter
subtracting the results obtained with the Srr. fecalis
assay from the higher assay result obtained with
L. casei. This was necessary only in earlier samples
since there was no Str. fecalis activity with the later
specimens.
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Fig. 3—Changes in serum-folate level snd in plasma radio-
activity following an oral dose of 10 ug. per kg. of tetrahydro-
pteroylgiutamic acid jiabelled with tritium in 2 healthy subjects.
The rise in plasma radioactivity corresponds to the rise in

L. casei activity. Although the oral dose is fully active for Str.

fecalis there is no Str. feecalis activity in plasma, suggesting that

the H,PteGlu has been methylated during absorption.

By contrast when reduced folate was given by

mouth, radioactivity in plasma corresponded to the
L. caset activity—that is, the orally administered dose
had been altered to an L. casei active form (fig. 3).
Since this does not happen when the same dose is given
intravenously, methylation of folate must have taken
place in the gut wall.

The same result was obtained when dihydrofolate
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Flg. 4—Changes in the serum-folate level and plasma radio-
activity following an oral dose of dihydropteroylglutamic acid
labelled with tritium in a healthy subject.

The rise in plasma radioactivity corresponds to the rise in

L. casei activity only, and suggests further reduction and methyla-

tion ofthe oral dose during absorption,

was given orally, indicating that in this case folate was
both further reduced and methylated before being
passed to the blood (figs. 1 and 4).

Our results are supported by the observanon in rats
that methotrexate, which prevents reduction of folate,
inhibits folate absorption.*®* They may also explain
the observation that calf jejunal extract improved folate
absorption in intestinal malabsorption syndrome.® We
have observed that reduced forms of folate are well
absorbed by patients with intestinal malabsorption
syndrome. Should the calf jejunal extract contain
folate reductase, it may well reduce a significant pro-
portion of the oral dose and so facilitate its absorption.

Our data, however, are in partial disagreement with
those of Whitehead and Cooper ? who reported that
in man pteroylglutamic acid was transported un-
changed from the small gut to the liver.

Pteroylglutamic acid itself is only partially reduced
and methylated during its .absorption, because the
enzyme dihydrofolate reductase, which efficiently
converts dihydrofolate to tetrahydrofolate, reduces

folate itself to dihydrofolate at a much slower rate.
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Intestinal Absorption of Reduced Folate Compounds in Man
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Summary. Oral administration of folate compounds was followed by a risc in
L. casei active factors in blood. This was due to reduction and methylation of the
folatc compounds in the small gut and this was demonstrated by the usc of
dihydropteroylglutamic acid labelled with tritium.

Parenteral administration of tritium-labelled folate analogues was followed by a
rapid exchange with unlabelled L. casei active folate from tissues.

Almost all studies on the intestinal absorption of folatc have been concerned with absorption
of pteroylglutamic acid (Girdwood, 1953 ; Chanarin e al, 1958; Anderson ef al, 1960; Johns
et al, 1961; Chanarin & Bennett, 1962; Klipstein, 1063; Hepner ef al, 1968). These studics
have provided satisfactory clinical tests for folate absorption in patients with intestinal
malabsorption syndrome; they have possibly thrown some light on the site of folate absorp-
tion but have contributed little to our understanding of folate absorption under more
physiological circumstances. The reason for this is that pteroylglutamic acid is a2 minor
component of dietary folate. It is one of the folate analogues directly available on Strepto-
coccus faecalis assay and all these analogues together constitute only 9% of dictary folate
(Chanarin ef al, 1968). Sccondly, in carrying out folate absorption tests it is necessary to give
quantities of the order of 2000 ug of pteroylglutamic acid or more which is about 1oo-fold
- the amount of pteroylglutamic acid that might be present in a single meal. Even this small
amount of pteroylglutamic acid in the diet has probably been derived by oxidative degrada-
tion of reduced folate analogues which alone take part in cocnzyme activity. Thus the
observations of Whitchead & Cooper (1967) and Butterworth ef al (1969) that a large amount
of orally administered pteroylglutamic acid or its polyglutamate form was largely absorbed
unchanged as pteroylglutamic acid, while correct under the conditions of these experiments,
do not throw light on handling of the reduced formyl and methy! folate analogues which
constitute the bulk of dictary folate.

“We have studied the absorption of reduced folate analogues, that is, dihydropteroylglu- -
tamic acid and tetrahydropteroylglutamic acid as such, as well as the formyl and methyl
* derivatives of the latter compound. In some cases tritium-labelled folate was used. Some of
our results have been published as a preliminary communication (Chanarin & I’ery 1969)
and a full account is presented in this paper.

- MATERIALS AND METHODS

Subjects Studicd
Obscrvations were made on 69 medical students. Each was given 20 g pteroyly Jetintamic
acid orally on Friday 1ftunoon to achieve some degree of ‘saturation” of tissues for o
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compounds and an absorption test was carried out on Monday morning some 68 hr later.
The dosc of folate was Ioug/ko body weight as the L-isomer in the case ofthc reduccd folate
derivates with the exception of dxhydrofolatc which was given as 20 ug/kg as we crroncously
thought that it was diastcrcoisomer. The subjects were asked to have a light breakfast on the
morning of the test. A blood sample was collected before the oral dosc was given and at
hourly intcrvals for 3 hr thereafter. The urine was collected for 6 hr after the oral dose into
a container to which had been added approximatcly 1 g of dry ascorbic acid.

A small number of studics were carried out on subjects who had undergonc minor surgery.
The procedure was cxplained in some dctail to the patients who agreed to co-operate in
these studics. Absorption tests were also carried out on three patients with intestinal malab-
sorption syndrome of the typc associated with a scnsitivity to wheat gluten.

(

\
Preparation of Folate Analaguies

Tritinm-labelled pteroylglutamic acid (3 H-PteGlu). Folic acid labelled in the 3 and 5 positions
of the phenyl group was purchased from the Radiochemical Centre, Amersham. Its specific
activity was approximately 6o pCifptg. About 80 uCi was used in cach test, the dose being
prepared by adding between 1 and 2 ug of labelled folate to non-radioactive pteroylglutamic
acid (10 or 20 pg/kg) and then further reduction carried out as requirced.

Dilydropteroylglutamic acid (H, PteGlu) was prepared by reduction of pteroylglutamic acid
at pH 6 with sodium dithionite in the presence of 1094 ascorbate and H,PteGlu precipitated
at pH 2.8 in the cold (Blakeley, 1960) The absorption spectrum of the product at pH 13.0

-was that of H,PteGlu with a mammum at 284 nm and disappearance of the peak at 365 nm

found with PteGlu.

Tetraliydropteroylghitamic acid (H,PteGhi) was prepared by reduction of ptcroylﬂ]utannc
acid with sodium dithionitc in the presence of 10% ascorbate at 75°C and pH 6.0 (Silverman
& Noronha, 1961). In one study involving absorption tests in 15 subjects H,PteGlu purchased
from Sigma Chemical Co. was used. :

s-Foryltetrahydropteroylglutamic acid (5,CHO-H,PteGlu) was purchased from Cyanamid
Co.

s-Methyltetrahydropteroylghutamic acid (5,CH,-H,PteGlu) was prepared from the s-formyl
derivative by conversion to s,10-mcthenyltetrahydrofolic acid and further reduction of the
methenyl group to methyl was carricd out with borohydride (Chanarin. & Perry, 1967).

Mtcrobzologtcal Assay Methods -

All spccimens were ass1yed with Lactobacillus casei and Strcptococcus fncmlts and in some
cases with Pediococcus cerevisiae. Dehydrated culture media (Difeo) were used. An aseptic
addition tcchnique (Bakerman, 1961) was used for the assay of labile reduced folate com-
pounds. Diluted plasma with 1.0 ml 10 ascorbatc at pH 6.0 was added to stcrile assay
medium to make a final volume of 10 ml. : ‘

Plasma samples for Str. faccalis assay werc also diluted in distilled watcr without ascorbate,
double strength medium added and the samples heated at 116°C for 10 min. Allowance
for the turbidity of the sample was made by including an uninoculated tube for cach plasma
sample in the assay. The turbidity in this tube was subtracted from the mcan turbidity of
three inoculated tubes for the same plasima sample. This procedure was used to assay pteroyl-
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glutamic acid content of samples, labile reduced compounds being lost during autoclaving.

Samples for L. casei assay werc heated at 116°C for 10 min after 1 in 50 dilution in 0.1 M
phosphatc buffer pH 5.7 with o.15 g ascorbatc per 100 ml. The clear filerate was assaycd.
Onc gram ascorbatc was added to cach 500 ml of assay medium for L. casei assay. This pro-
cedurc detected all folatc derivatives including methylfolate. The results with this
method were similar to thosc obtained by an aseptic addition techniquc.

- Measurement of Tritium-Activity

Onc ml plasma was mixed with 1.0 ml Hyamince (p-(diisobutylcresoxyethoxyethyl)
dimethyl-benzylammonium hydroxidc) and Ieft at 37°C for 18 hr. This was added to 15 m]
~ of scintillator madc up of toluene 47.9 ml, cthanol so ml and PPO and POPOP solution
2.1 ml (PPO: 2,5-diphenyloxazole 50 g; POPOP: 1,4-bis-2(¢3-methyl-s-phenyloxazolyl)-
benzene 0.625 g, toluene 500 ml). Each sample was countcd in a Packard Tricarb automatic
scintillation spectrometer at — 5°C for 50 min, .

The tritium activity of plasma samples were expressed as a percentage of the oral or
“parenteral dose per litre plasma. A portion of the dose in cach test was retained, diluted 1 in
- 50 in water and 0.1 ml added to 1.0 ml of the patients plasma collected before the start of
the test. This was then treated with Hyamine, counted as described, and plasma counts per
litre expressed as a percentage of the counts obtained with this standard.

Experimental Studies ' :

Absorption of folate analogues. The absorption of PteGlu, H,PteGlu, H,PtcGlu, 5,CHO-
H,PteGlu and 5,CH;-H,PteGlu was studicd in five groups of medical students, there being
1116 students in each group. Plasma levels of folate and urinary excretion of folate were
measured. : )

Absorption of tritivm-labelled folate analogues. Observations were made i four patients, two
being given *H-H,PteGlu and two *H-H,PteGlu. The oral dosc was 20 pg and 10 puglkg
respectively. An indwelling heparinized needle and two-way tap was Ieft in sity and following
the -oral dose samples werc taken at 10 min intervals for 40 min, another at 60 min and
thercafter at 30 min intervals up to 3 hr. " ,

Plasma clearance of tritium-labelled folate analogues. Ini order to determine whether changes
to the folate molecule during absorption occurred in the gut or tissues other than the gut,
or was exchanged with tissue folate, the same dose of *H-H,PteGlu (10 pgfkg) was given
intravenously and heparinized blood samples were collected from an indwelling needle and
two-way tap in the other arm. Samples were collected at 3 min intervals for 15 min, 6 min
intervals to 27 min and 12 min intervals to 1} hr. These tests were carried out on three
patients convalescing from minor surgery.

. S RESULTS
Absorption of PteGlu ’ : .

All 15 subjects showed a rise in scrum folate levels above basc line when assayed with
both L. casei and Str. faccalis (Table 1). Thesc results are also shown in Figs 1 and 2 and in
these the serum L. casei level in the zero blood sample has been subtracted from the folate
level in the other samples. The levels with L. caser are consistently higher than thosc obtained
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Tastk L. The absorption of folate analogues

. Mean
Analogtte and No. of Mean serinn folate (ngfml) urinary
assay organisi stbjects excretion
ohr 1 br 2 hr 3 hr (ug)
PtcGlu .
L. casei 15 13.0 “21.7 20.8 20.0 79.8
Str. faecalis 15 o 4.8 1.1 0.3 18.0
H.PteGlu . .
L. casci 11 9.2 23.1 20.5 '18.6 14.2
Str. faecalis 11 o o o o 4.6
H;PteGlu -
L. casei 13 10.5 20.7 20.9 16.2 20.§
Str. faecalis 13 o o o] o 3.4
5,CHO-H,PtcGlu
L. caset 13 12.0 27.6 25.§ 21.§ 47.1
Str. faccalis 13 [ 1.5 1.6 1.0 6.5
P. cerevisiac 13 o o o 0 109
$,CH;-H, PteGlu i
L. casei 16 11.9 309 24.4 21.2 62.0
« Str. faccalis. 16 o o o o 9.7
20 P1eGlu 10 2g/kg (15)
=
A
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Fg 1. 'I'hc mean serum folate levels in 15 mcdxcal students, following oral doses of' 10 ;zg/kg body

. : weight of pteroylglutamic acid.

with Str. faccalis suggesting that a substantial proportion of folatc in blood is in the form of

5,CH3-H,PteGlu, but that a significant amount of PteGlu is absorbed unchanged.

Absorption of 5, CHO-H,PteGlu

All 13 subjects showed a risc in serum folate levels when assayed with L. casei but only four
showed a risc on Str. faccalis assay (Table I and Fig 2). The Str. faccalis activity was present
after heating in the absence of ascorbate suggcstmg that it was Pthlu There was no growth

with P. cerevisiae.
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Absorption of H, PteGlu
All 11 subjects showed a risc in scrum folate levels with L. casei assay but there was no
change in serum folate levels with Str. faecalis using both ascptic addition and other tech-

niques. Thus the risc in scrum folate is duc entirely to an increased level of 5,CH;-H,PteGlu

5,CHO- 5,CHy~
PteGlu H, PteGlu Hq PteGlu H, PteGlu H, PleGlu
A0[ t.cosei Srr.foecatis . o
assay assay A
o
30 [¢) o (=] oo0°
A ° oo o0
= %
§ o
< . [e] o [}
E 20 o, o 0 .
2 (el e]
@ 0 o
o [e)(¢] o o o <] o A
10} o0
o %
o . 0 ,° e, o o
ooo‘o:’o ...8.09 e®® [} 080
00 o, ® o0
or o socpocce [} o *——pn [ °
1

F16 2. The peak serum folate level following an oral dose of a folate analogue in healthy nicdical
students. The open circle (0) is the serum level assayed with L. casef after subtracting the serum folate
level in'the zero sample. The closed circle (@) is the scrum folate level assayed with Str. faccalis. The
closed triangle (a) is the peak scrum folate level in patients with untreated adult cocliac discase. The
oral dose of H,PteGlu was 20 ugfkg body weight. The other compounds were given as 10 ugfkg
or as 10 ug/kg of L-isomer. o

H,PteGlu 20 pg/kg (1))
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0
{ Str.foecalis
o = .
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F1¢ 3. The niean serum folate levels in 11 medical students following oral doses of 20 pg/kg body
weight of dihydropteroylglutamic acid.

although the compound given orally, H,PtcGlu, is fully active in supporting the growth of
Str. faecalis and was shown to be so when added to plasma in vitro. The results are sct out in
Table I and Figs 2 and 3.
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Fic 4. The total urinary excretion of folate (ug) following oral administration assayed with L. casei.

H, PteGlu orally (20 g/ kg; 3H-lcxbelled)
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Fi16 5. The serum folate level after 20 ug/kg dihydropteroylglutamic acid labelled with tritium. The
L. casei activity of the zero sample has been subtracted. Although the oral dose is fully active with
Str. faecalis, the folatc appearing in plasma is active only with L. casci, indicating that it has been
further reduced and methylated. v
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Absorption of H,PteGlu
Thirteen subjects were tested and all showed a risc in scrum folate activity only on L. casei
assay (Table I and Fig 2). -

H, PteGlu orally (104297 kg; *H-labelled)
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Fi6 6. The scrum folate levels in two subjects after oral doscs of 10 ug/kg tetrahydropteroylglutamic
acid labelled with tritium. The L. casei activity of the zero s:unplc has been subtracted. Although the
oral dose is fully active with Str. faecalis the folatc appearing in plasma is active only with L. casei
indicating that it has been mcthyhtcd

Urmary Excretion of Folate

The urinary excretion of folate after oral doses of the various analogucs is shown in Table I
and Fig 4. With all the analogues a considerably higher excretion was obtained by L. casei
assay indicating that §,CH;-H,PtcGlu was the predominant component.
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Stiedics with Tritiun-Labelled Folate Compounds

When ‘natural’ folate analogues are given by mouth the form of folate accumulating in
plasma is the reduced s,methyl derivative active for L. casei. This could come about by
either:

(2) Altcration of the oral dosc in the ccl]s of the small gut by further reduction and
methylation.

(b} Absorption of an unaltered folate compound followed by its rapid reduction and
methylation in tissucs such as the liver.

(c) Absorption of an unaltered or altered folate compound which then rapidly exchanges
with tissuc folate, much of which is 5,CH;-H PtcGlu.

To determine which of these possibilitics was correct H,PteGlu and H,PtcGlu labelled
~with tritium was prcp1rcd and its fate following oral and intravenous administration was
noted.

H,PteGlu IV 10 ;2g/ kg; H-labelled)
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Fi16 7. Tetrahydroptcroylghitamic acid (10 pg/kg) labelled with tritium has been given intravenously at
o min. Its rapid disappcarance froni plasma is measured by decline in radioactivity of plasma and
decline of Str. faecalis activity, L. casei activity has been derived by subtracting the o min L. casei
activity from all specimens and by subtracting activity due to Str. faecalis. The remaining folate
activity is that supporting the growth of L. casei alone (s,methyltetrahydropteroylghttamic acid).
The L. casei folate activity rises in plasma as the parenteral dose disappears indicating an exchange
between parenteral and tissue folate.

Absorption of Tritium-Labelled H, PteGlu
Two studies werc carried out. The results in thesc were almost identical and only one has
been set out in detail in Fig 5. As noted in Fig 3, the risc in scrum folate activity (the activity
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in the zero sample has been subtracted) was detected only with L. easei and there was no
change in activity for Str. faecalis. The change in plasma radioactivity corresponded to
L. casei activity (Fig s) indicating that the §,CH;-H,PtcGlu in the plasma was the result of
reduction and methylation of the oral dose (either a or b above) and had not arisen by an
exchange with tissuc mcthylfolate.

Absorption of Tritium-Labelled H4PteGIu

"The two studics performed are shown in Fig 6 and the patterns arc csscntlally similar in
all respects to that found with dihydrofolate. They indicate that the orally administered
compound appearcd in the blood as the methyl form which was active only with L. casci.

Intravenous Clearance of Tritium-Labelled H,PteGlu

All the studies using intravenous tritium-labelled tetrahydrofolate yiclded very similar
results and onc example is set out in detail in Fig 7. This 8o-ycar-old lady had a serum vitamin
B, level of 230 pg/ml, a serum folate of 10 ng/ml and a red cell folate level of 425 ng/ml.
. The L. casei serum values have been derived by subtracting growth activity for Str. faccalis

(H,PteGlu) from total L. casei activity (H,PteGlu+ 5,CH;-H,PteGlu) in order to arrive at a
value for 5,CH;-H,PteGlu alone. It is this valuec which is shown in Fig 7. The labelled
injected dose of H,PteGlu (active for Str. faccalis) disappcars rapidly from plasma and is
replaced by non-radioactive mcthylfolate (active for L. casei). This indicates a rapid and
-complete exchange between parenteral and tissuc folate and indicates that reduction and
methylation of the orally administered dose inust take place in the gut wall.

Observations in Adult Coeliac Disease ' '

We have only had a limited opportunity to study absorption of reduced folate analogues
in this disorder. Almost all these patients show impaired absorption of PteGlu even when the
dose is reduced to 1o pgfkg. Observations in two patients (Fig 2) show that there was no
impairment of absorption of H,PteGluand 5,CH;-H,PteGlu as compared to healthy subjects.

DISCUSSION

, The evidence that has been presented in this paper indicates that dihydrofolate is reduced to
the tetrahydro-form and then methylated in the small gut during its intestinal absorption.
Tetrahydrofolate, which is already reduced, is methylated. The metabolism of reduced
forms of folate varies with the route of administration. Reduction and methylation take
place when these compounds are given by mouth. When given parenterally, however, these
compounds exchange with folate in body tissue, that is, when tritium-labelled dihydrofolate
or tetrahydrofolate is given orally the labelled folate persists in plasma; when given by .
injection the labelled folate disappears from plasma and is replaced by an unlabelled form.
It is probable that the enzyme, dihydrofolate reductase, is concerned with reduction of folate
in the small gut since it has been shown, at least in rats, that folate absorption is inhibited by
methotrexate, which binds to dihydrofolate reductasc irreversably (Burgen & Goldberg,
1962; Hepner, 1969).

- Our hmltcd obscervations in paticnts with intestinal malabsorption sy ndrome indicate

G. HAEM
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that the reduced forms of folate when given at the 10 pgfkg dosc level appear to be as well
absorbed as in healthy subjects whcrms the absorption of ptcroylglutmnc acid remains
impaired. If so, it would appear that loss of villous surfacc is accomp'mlcd by loss of the
capacity to reduce folate. v

The exchange between parenteral folate and tissuc folate is of great interest, but since
absorbed folate is normally in the reduced and methylated form, it would not appear to
play a significant rolc other than perhaps to ensurc that any non-methylated folates arc
rapidly abstracted from the blood.

There are significant differences in the manner in which unnatural forms of folate such as
ptgroyldutamlc acid and natural forms such as the reduced folate analogucs are absorbed.
This is probably related to the substrate specxﬁcxt) of the cnzyme, dihydrofolate reductase.
This enzyme rapidly converts H,PteGlu to H,PteGlu but reduces folate to dihydrofolate
(PtcGlu—H,PtcGlu) at only about onc-tenth of the ratc of the former reaction (Zakrewski
& Nicol, 1960). Some forms of dihydrofolate reductasc may even fail to react with pteroyl-
glutamic acid (Nath & Greenberg, 1961). Thus reduced forms of folate given orally in our
studies were completely reduced to HyPteGlu and passed to the blood as 5,CH;-H,PteGlu.
Pteroylglutamic acid, by contrast, was only partly reduced and appearced in the blood in

~ approximatcly cqual amounts of unchanged PteGlu active for Str. faecalis and material active

for L. casei as well, that is, both unchanged PtcGlu and some that has been reduced and

methylated (Fig 1). Both Whitchead & Cooper (1967) and Butterworth ef al (1969) gave

from 1 to 4.4 mg pteroylglutamic acid by mouth and both pointed out that this compound
largely entered the blood unc]nngcd although Butterworth et al (1969) suggcstcd that
reduction and methylation of a portion of this oral dose did occur.
A very small proportion of dictary folatc is in the form of pteroylglutamic acid (perhaps
5%) and cven this is probably the result of oxidation of reduced forms. All folate is split to
monoglutamate forms during absorption (Streiff & Rosenberg, 1967; Perry & Chanarin,
1968; Butterworth et al, 1969; Rosenberg et al, 1969; Hoffbrand et al, 1969) and at least in
yeast thesc are largely formyl and mecthyl derivatives of dihydro and tctrahydrofolates
(Schertel et al, 1965). In the study reported by Butterworth et al (1963) unfortunately ascor-
bate was omitted during manipulation of the dict and hence it was not possible to determine
the proportion of reduced folate derivates. Thus the bulk of ingested folate normally passcs
through the biochemical pathways we have described, namely, reduction and methylation,
and under physiological conditions only 5,methyltctrahydrofolate reaches the blood.

'.
’
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