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[57] . ABSTRACT

A radiochemical ligand binding assay for methotrexate
is provided. A binder factor comprising a partially pu-
rified dihydrofolic acid reductase preparation is em-
ployed. The binder factor is conveniently prepared by
homogenizing a factor containing animal organ such
as liver, and extractinig with isotonic salinc and ammo-

" nium sulfate. A binder cofactor, NADPH,, is also em-

ployed in the binding reaction. The procedure con-
templates both direct and sequential assay techniques,
and it is not interfered with by vast excesses of many
natural folate derivatives.

12 Claims, 6 Drawing Figures
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1

RAPID, RADlOCHEMICAL-L]GAND BINDING
ASSAY FOR METHOTREXATE

BACKGROUND OF THE INVENTION

The folic acid analogue amethopterm, N-[p-(2.4-
diamino-6-pteridylmethyl ) methylaminobenzoyl |-
glutamic acid, has been used for about 25 years as an
anti-neoplastic agent. The related compounds aminop-
terin, _ N-{p-[(2,4-diamino-6- pteridylmethyl)amino]
benzoyl}-glutamic acid, and dichloro-methotrexate,
N-{p-(2,4-diamino-3,5-dichloro-6-pteridylmethyl)me-
thylammobenzoyl]-glutdmlc acid, are sxmllarly em-
‘ployed. These compounds are highly toxic, and the
concentration of the same in'a particular patient’s sys-
tem can vary despite controlled dosages. Accordingly,
it is essential that the concentration in the recipient’s

system of the particular compound being administered .

be known and readily detcrminable at all times during
treatment. The present invention provides a-simple,
economical and rapid method for determining the con-
centration of methotrexate or its assay equivalents.in
biological material, especlally serum and cerebrospinal
fluid. - -

As indicated abovc, amethopterm (heremafter re-
ferred to as methotrexate or MTX) is widely used, and
the mechanism by which it acts in biological systems
has been studied rather extensively as noted in Bertino,
J. R., “The Mechanism Of Action Of The Folate An-
tagonists In Man,” Cancer Research 23, pages 1286 -
1306, 1963. These prior art studies and related efforts
have-disclosed the binding of methotrexate by dihy-
drofolic acid reductase (hereafter referred to as folic
acid reductase); and assay techniques wherein determi-
nations of enzymatically reactive substances are made
by monitoring changes in the reaction solution which
are proportional to the reaction or amount of the en-
zyme to be determined. However, it is believed that no
direct binding studies using radiolabeled methotrexate
or the further compounds noted above have been done
with folic acid reductase.

The binding reaction techniques of the present inven-
tion are to be distinguished from prior art enzyme. de-
terminations wherein the enzyme is not. bound per se,
but rather ascertained by indirect means such as com-
petitive oxidation of a coreactant. The subject binding

techniques are also distinguished from proteinantibody .

radioimmunoassay techniques whichare:directed. to
determinations of complex, high molecular weight pro-
tein molecules for which specific antibodies are typi-
cally obtained by animal immunizing procedures. In
contrast, the subject techniques. eniploy an enzyme
binder preparation which forms a stable complex with
the ligand to be determined in the presence of a cofac-
tor. The use of an enzyme binder preparation is advan-
tageous since' it generally has a higher specificity, a
higher affinity and it is more readily available as com-
pared with antibody materials. Thus, the procedures of
the present. invention employ radiochemical hgand
binding techniques .to provnde a rapid and sensitive
assay. .

SUMMARY OF THE INVENTION

In accordance with the present invention, a radio-
chemical -assay for determining the concentration of
methotrexate or its assay equivalents in biological ma-

terial‘is provided. Bound amounts. of the labeled com-
pound :and known concentrations of - the unlabeled. -
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compound to be determined are radioisotopically re-
lated in a first system containing a predetermined
amount of the labeled compound, a binder factor for
the compound, a binder cofactor and a predetermined
amount of the unlabeled compound. In a second system
which is identical with the first system but for the sub-
stitution of the test sample of the biological material to
be determined for the unlabeled compound, the bound
amount of the labeled compound is radioisotopically
determined. The concentration of the compound in the
test sample is then determined by correlating the bound
amount of the labeled compound determined in the
second system through the relationship determined in
the first system. The radioisotopic relationships and
determinations can be made in both direct and sequen-
tial assay techniques.

The binder factor comprises a partially purified folic
acid reductase prepared by homogenizing and extract-
ing appropriate biological materials containing the
binder ‘factor. The binder factor is identified as such
and. as folic acid reductase by its ability to reduce la-
beled folic acid to tetrahydrofolic acid, and by its abil-

- ity to bind JH-MTX. The binder factor is available from
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a wide range of natural sources since it is present in
substantially all “free living materials.”” Mammalian
liver has been found to provide a high binder factor per
weight ratio and a convenient system for extraction of
the factor or enzyme. The extraction techmque em-
ployed in the case of guinea pig livers is described in
detail below. Examples of other liver sources include
hogs and humans. In further illustration of the range of
binder factor sources, it is noted that the binder factor
may be extracted with variation in technique from
human white cells and bacteria.

It has been found necessary to employ reduced nico-
tinamide adenine dinucleotide phosphate (NADPH,)
as a binder cofactor which participates in the bound
complex and assures stability of the same. Further, it
has been found that the folic acid reductase or binder
factor has a high specificity for the particular cofactor
necessary. for formation of a stable complex.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A demonstrates the binding of labeled metho-
trexate as a function of increasing binder concentration
in accordance with sequential assay techniques;

FIG. 1B is a characteristic isotope dilution curve
obtained in accordance with direct competltlve assay
techniques;

FIG. 2A is a typical standard curve for the determina-
tion of methotrexate concentration with sequential
assay techniques;

FIG. 2B is a typical standard curve for determination
of methotrexate concentration with direct competitive
assay techniques;

FIG. 3 is a typical standard curve for the determina-
tion of aminopterin concentration with sequential assay
techniques; and

FIG. 4 demonstrates the dependency of methotrexate
binding on NADPH,.

'~ MATERIALS AND METHODS

The assay reaction is carried out in an aqueous solu-
tion of 0.01 M potassium phosphate, 0.15 M potassium
chloridé, pH 6.0, hereinafter referred to as buffer A. In
the assay procedure, buffer A has added thereto about
I mg of albumin per ml and other additons as noted.
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The stock albumin solution was prepared by dissolv-
ing 10 mg of bovine albumin (Calbiochem Co.)/ml of
distilled water and then adding 7 mg of powdered acti-
vated charcoal (Norit A, Matheson Colman and Bell)
per ml of solution. The suspension was stirred slowly
for 20 minutes at 4°C, and then was centrifuged for 20
minutes at 12,000 X G to pellet the charcoal. The clear
supernatant fluid was frozen in small aliquots at —30°C
until necded.

As previously indicated, a binder cofactor compris-
ing reduced nicotinamide adenine-dinucleotide phos-
phate or NADPH, was added to the reaction solution in
the amounts noted below at the time of the assay.
NADPH, in buffer A with albumin was stable for sev-
eral days at 4°C, but it was usually added fresh at the
time of assay. .

Tritiated  methotrexate = (*H-MTX, Amersham
Semale) with a specific activity of 10 to 20 Ci.per
mmole (millimole) is conveniently used as a tracer or
labeled compound. In this regard, *H-MTX is also used
as the labeled compound in determinations of aminop-
terin and dichloro-methotrexate. The *H-MTX was
dissolved in 0.05 M tris(hydroxymethyl)aminomethane
hydrochloride buffer, pH 7.5 to a final concentration of
100 to 200 pmoles/ml {picomoles/ ml) and frozen at
—80°C in smal:l‘aliquots until necded. Depending upon
the level of sensitivity needed for a given assay, the
3H-MTX stock was diluted in buffer A to a concentra-
tion of 5 to 20 pmoles/ml. Unlabeled methotrexate
(Lederle Co.) in a standardized solution of 25 mg/ml
was diluted in a ratio of 1 to 10,000 in distilled water,
and then further diluted in buffer A to the desired
concentration for assay. When necessary, MTX and
3H-MTX were purified by the method of Johns et al,
“The Metabolism of Tritiated  Folic Acid .in Man,”
Clin. Invest, 40, pages 1684 — 1695, 1961.

_Charcoal coated with Dextran T-10 (dextran, a poly-
saccharldc having a molecular welght of about 10,000,

Phdrdeld) was prepared by mixing equal volumes of a
5% ¢ suspension of Norit A and a 1% solution of Dextran,
T-10, both in distilled water. Excess Dextran T-10 was
removed by collecting the coated charcoal on a coarse
sintered ‘glass filter, washing with one volume . of  dis-
tilled water and finally resuspending the coated char-
coal in the original volume of distilled water. The resul-
tant mixture was stored at 4°C and was stablé for 3 to
4 weeks, It was stirred vigorously immediately prior to
each use. The dextran provides'a “sieve function™ rela-
tive to the bound and unbound MTX, and other materi-
als of suitable molecular weight may be employed. -

The binder factor or folic acid reductase was pre-
pared from guinea pig liver according to the method of
Bertino et al, “Dihydrofolate Reductase From Guinea
Pig Liver And Small Intestine,” Biochemical Pharmacol-
ogv 15, pages 563 - 571, 1966 modified as noted below.
The liyers from freshly killed guinea pigs were rinsed in
cold isotonic saline, suspended in 3 volumes (weight-
/volume) of the same, and homogenized:in an Om-
nimixer (Sorvall, Inc.) for two minutes at 90 volts. The
pH of the homogenate was adjusted to 5.1 with 1.0 N
HCI. The homogenate was centrifuged at 12,0600 X G
for 15 minutes, and the pellet was discarded.

Ammonium sulfate was added to the supernatant to
55% of saturation at 4°C and, when necessary, the pH
was adjusted to 6.0 with 1.0 N KOH. After standing for
30 rhinutes’ at 4°C, the: precipitate was collected by
centrifugation for 15 minutes at 12,000 X G and dis-
carded. The supernatant was brought to a final ammo-
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nium sulfate concentration of 70% of saturation, again
keeping the pH at 6.0, and stored overnight at 4°C. The
resultant precipitate was recovered by centrifugation,
as above, and dissolved in a-minimal volume of 0.01 M
potassium phosphate buffer, pH 7.0, which was 0.01 M
with respect to KCl. The burgundy colored solution
was applied to a Sephadex G-50 column (5 X 100 cm)
equilibrated in 0.01 M potassium phosphate, pH 7.0,
and 0.2 M KCl; the same buffer was used for elution of
the sample.

The eluted material from the column was collected in
5 ml samples, and the binder factor or folic acid reduc-
tase eluted from the column behind the excluded vol-
ume which was marked by the hemoglobin peak. Se-
phadex permitted a rapid removal of ammonium sul-
fate and also gave a partial purification of the binder.
Yields of 60% to 80% of the activity present in the
crude homogenate were -obtained with this methodol-
ogy. _
The binder factor was identified by its-ability to re-
duce labeled folic acid to tetrahydrofolic acid, Rothen-
berg, S. P.,;““A Rapid Radioassay For Folic Acid Re-
ductase And Amethopterin,” Anal. Biochem, 16, pages
176 — 179, 1966. It was also identified by its ability to
bind *H-MTX. The MTX binding capacity of the
pooled peak fractions was determined by titration of a
standard MTX  concentration against increasing
amounts of binder factor: or by titration of a given
amount of binder factor against increasing concentra-
tions of MTX, as described below.

- The binder factor preparation was stored in small
aliquots at -80°C until needed. Because folate reduc-
tase becomes activated upon freeze-thawing, the bind-
ing capacity was checked after each thawing, if the
aliquot was used more than one time. Although crude
homogenate or the 55-70% ammonium sulfate fraction
after dialysis - was suitable for use in the assay, the sim-
ple procedure described herein produced a stable and
reproducible MTX binding preparation. Four to five
livers appropriately processed yielded enough bmder
for several thousand assays.

The samples were counted using standard liquid scin-
tillation techniques well known in the art in a scintilla-
tion fluid which, for example, may be prepared by
mixing equal volumes of toluene containing 13.7 grams
of 2,5-diphenyloxazole (PPO/1, scintillation- grade)
and 0.28 grams of 1,4-bis-2-(4-methyl-5-phenyloxazo-
Iyl) benzine (POPOP/1, scintillation grade), and a non-
ionic wetting agent, such as an alkylene oxide conden-
sation product with an alky!l phenol, e.g. nonyl: phenol
plus- 9 mols ethylenc oxide (Triton X-100, Rescarch
Products International}. Counting efficiency was about
30%, and the samples were counted to a 2.5% or. Iess
statistical error. ’ ;

PREPARAT!ON OF STANDARDS AND ASSAY
PROCEDURE

The subject assay procedure is'similar in techmque to
other radioligand -binding assays or radioimmunoas-
says. The procedure is based upon the discovery that
the binder factor preparation or folic acid reductase in
the presence of NADPH, forms a stable complex with
labeled and unlabeled MTX, and .that MTX bound to
the binder factor is not adsorbed to charcoal coated
with dextran ‘whercas unbound or free MTX is readily
adsorbed. and can be removed from solution by remov-
ing the charcoal coated with dextran. The bound com-
plex is aptly characterized as an enzyme-ligand-ligand
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complex comprising the binder factor preparation, the .

Bound MTX and the NADPH, binder cofactor.
As previously indicated, the subject assay procedure
enable the MTX concentration of any sample to be

6
the sequential method of addition, the MTX stock
solution was diluted arithmetically at 50 to 100 pico-
gram intervals, rather than' geometrically as is more
common in competitive binding assays.

determined by either direct competitive binding or 5 At the end of the first incubation period, *H- MTX
sequential binding methodology. Each methodology =~ was added and the incubation was continued for an
offers special advantages, depending upon the required additional 10 minutes. To obtain consistent results, the
level of sensitivity and other requisites of a given sam- amount of *H-MTX added exceeded the binding capac-
ple. In view of the relatively low specific actvity of ity of the binder preparation by 30 to 50%. The reac-
commercially available *H-MTX, the sequential proce- 10 tion was terminated by the addition of ice cold charcoal
dure has been used more frequently since it is the more coated with dextran which adsorbs unbound *H-MTX
sensitive of the two techniques, and it will be described and MTX. After centrifugation for 10 minutes at 2,000
in greater detail herein. Further, it is convenient in - 3,000 X G to pellét the charcoal, the radioactivity in
. some instances to either increase the range of the stan- the clear supernatarit was determined by liquid scintil-
dards or to.greatly dilute the sample to be assayed since 15 lation counting. The supernatant of each sample tube
the: samples .contain widely varying amounts of MTX. was poured into a counting vial which contained 10 ml
In either instance, the general methodology is not al- of scintillation fluid, -
tered and thé stoichiometry of the binding reaction is As quality checks on the binder and °H- MTX a char-
not changed. coal control (C) comptising a sample tubc without
Referring to FIGS. 1A to 1B, the determination of 20 binder, and a maxinium binding control {(mbc) com-
the binding capacity of the binder is illustrated in se- prising a sample tube containing twice the standard
quential and direct techniques. In FIG. 1A, *H-MTX amount of binder were included in each assay. In addi-
binding is shown as a function of incrcasing binder  tion, a zero tube conmiprising a sample tube with the
‘concentration:” Increasing amounts of binder prepara- standard amount of binder was also prepared. These
tion were incubated-in-1;1 ml of buffer A with albumin 25 controls checked the purity of the *H-MTX and deter-
containing ‘0.1 -pmole. (micromole) NADPH; and 3.5 mined if the amount of binder was appropriate for the
pmoles *H-MTX for:15 minutes at 4°C. The reaction assay. Ideally, if the charcoal adsorbed all free MTX
was terminated and the samples were counted as de-  and the *H-MTX were 100% pure then the charcoal
scribed in greater detail below. In FIG. 1B, a character- control would be background. In practice, this contro}
istic isotope dilution curve was obtained by incubating 30 was 0.5 ~ 1.5% of the total counts per minute (cpm)
unlabeled MTX in the amounts indicated with 1.5 incubated. By similar reasoning, assuming the binding
pmoles of *H-MTX and enough binder to bind about  of *H-MTX is essentially irreversible, and proceeds to
1.2 pmole of MTX. This curve is described in greater completion, the:maximum binding control will be equal
detail below. to the total cpm incubated (standard). In practice, the
After first. determining the binding capacity of the 35 maximum binding control was 75 to 80% of the total
binder preparation for MTX, the standard curves can cpm incubated, and: the zero tube about 80% of the
be determined for sequential and direct assay tech- maximum binding control. When the, purity of the *H-
niques.. The sequential standard curve is shown.in FIG. MTX fell below: 60 to 65% as judged by:comparing the
2A, and the direct competitive curve. is shown. in FIG. maximum binding control to the standard, the *H-MTX
2B. 40 was repurified (Johns et al, “The Metabolism Of Triti-
Referring to FIG. 2A, a constant amount of the ated Folic Acid In Man,” supra). ,
binder having a binding: capacity of 1" nanogram was To. construct the standard curve obtamed with the
incubated in sample tubes with increasing amounts of  sequential assay procedure, it is necessary only:to sub-
unlabeled MTX for about 10 minutes-at 4°C in the dark tract the cpm in the charcoal control from the cpm in
in a first incubation period. The amount of unlabeled 45 the standards to yield the net cpm bound which is then -
MTX was progressively increased to about 1.5 times  plotted against the concentration of the MTX stan-
the predetermined binding capacity of the binder in  dards as shown in FIG. 2A. The procedure employed in
order. to assure saturation. This left progressively fewer providing the standard curve of FIG. 2A is detailed in
binding sites for the *H-MTX which was subsequently ~ Table L
added. Because of the greater sensitivity achieved by
TABLE I
Protocol for. Sequential Ligand Binding Procedure
1) (2) (3) 4y (5) (6)
Sample - Buffer ‘MTX - Sample . MTX H-MTX cCDh
. “description _ ~ ’ stds. Binder
C 0.75 ml — — — 0.1 ml 1.0 ml
mbc — — 0.2 ml
Zero Tube — — 0.1 ml
MTX Stds.
(nanogms.
of MTX)
0.05 0.1 ml - 0.1 ml
0.1 — Incubate Incubate Spin at
0.3 —_ 10 minutes 10 minutes 2000 -3000 X G
0.5 - at 4°C at 4°C and count
0.7 - as described
0.9 - g
1.1 _
1.3 -
1.5 -
Sample — 0.1
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“TABLE I-continued. :

(1) Buffer A containing | mg alhumin per m! and 0.1 umole NADPH, per samp!e
(2) MTX standard. The stock MTX is dnlutnd as pn,vmus]y describedand then further dilited in buffer A to appropriate’ concunlm!mns In this case, 0.5 to IS nano-

grams/ml.

(3) Samples are diluted in buffer. A s0 thut 0.1 to 100 plofsample is assayed.
(4) Binder hus 1.0 nanogram MTX binding c.dpaul} per (.1 ml solution.

(5) 0.1 ml solution contains 1.3 - 1.5 nanograms *H-MTX.

(6) CCD = charcoal coated with dextran, This adsorbs free MTX. instantancously. Tubes can be unlnfugt.d as soon as the (.CD l%added

As indicated above, the assay may also be performed
in accordance- with direct competitive assay proce-
dures. In this instance, the reaction was carried out at
4°C in a total volume of 1.2 mi. To 0.9 ml of buffer A
containing about 1 mg of albumin and 0.1 umole
NADPH,/ml, were added 0.1 ml standard MTX solu-
tion containing S to 90 pmoles/ml and 0.1 ml *H-MTX
solution containing about 1.5 pmoles *H-MTX. The
reactants were mixed and the incubation was started by
the addition of 0.1 ml binder preparation having a
binding capacity of 1 to 1.2 pmoles MTX which is
enough to bind 70 to 80% of the 3H-MTX. After shak-
ing gently to assure mixing, the reaction was incubated
for 10 minutes. The incubation was terminated by addi-
tion of charcoal coated with dextran, and-the samples
were further processed in the same manner as in the
sequential assay technique.

The standard curve obtained with the direct competi-
tive assay is shown in FIG. 2B in accordance with the
method of Burger et al., “A Generalized Computer
Program For The Treatment Of Data From Competi-
tive Binding Assays Including Radioimmunoassays,” J.
Lab. Clin. Med., 80, pages 164 - 174,'1974. The curve
shown in FIG. 2B was obtained by calculating the ratio
of the net cpm in the zero tube (the standard contain-
ing no unlabeled MTX solution) to the net cpm in the
standard tubes, and then:plotting these ratio values as a
function of the amount of unlabeled MTX. This pro-
duces a straight line that crosses the ordinate at a ratio
of 1.0 and reaches a ratio of 2.0 when the concentra-
tion of the unlabeled MTX equals the concentration of
H-MTX. Alternatively, the direct competitive assay
curve may be plotted as shown in FIG. 1B. In this in-
stance; the net cpm in any sample is calculated by

subtracting the charcoal control value from the total -

number of cpm in the sample. The percent *H-MTX
bound in a given sample is calculated in accordance
with ‘the following formula:
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" % "H-MTX bound —“—Fc"g‘m—s““':‘h%"’c—c—x 100

To determine the amount of MTX in any sample it is
only necessary to obtain the net cpm bound (or the
ratio) and comparc this value to the known' standards.
For  example, to measure the amount of MTX in a
serum sample or cerebrospinal fluid (CSF) sample by
either method, an appropriate amount of the sample
contained in 0.1 ml solution is substituted for the MTX
standard, assayed and correlated with an appropriate
standard curve.

Generally, it has been found that the MTX concen-
tration of serum or CSF samples of individuals receiv-
ing chemotherapy for psoriasis or acute lymphocytic
leukemia -varied widely based upon the time of sam-
pling relative to drug administration, so ‘that several
concentrations of the sample were assayed. Empiri-
cally, it has been found that 0.1, 0.5, 1.0, §, 10,50 and
100 1 (microlitets) of undiluted sample produced at
least 2 or 3 points within the concentration range of the
routine standard curve, so that a reliable value could be
calculated. :

The reliability of the methodology was ascertdmed by
assaying samples of serum and cerebrospinal fluid
(CSF) from patients who had received MTX, and from'
serum and CSF samples to which MTX was added at
several concentrations. MTX was also added to sam-
ples containing “endogenous” MTX, and additional
recovery studies were performed on these samples. The
samples werc obtained from patients at intervals vary-
ing from 6 hours to 6 days after the oral, parentcral or
intrathecal administration of MTX. The. exogenous
MTX was added at the time of the assay. The samples
werc assayed both before and after heat denaturation
to déstroy possible endogenous MTX: binders. The
results of these studies are summarized in Table IL

TABLE 11

Determination of Serum Cerebrospinal MTX

Endogenous MTX  Exogenous MTX  Expected Actual
Sample ¢ Nanograms per ml % Recovery!
Scrum
A — 1 1 0.96 96
B — S 5 5.1 100.2
C — 50 50 47 94
D 17 5 22 23 105
E. 130 50 180 76 98
F 140 10 150 152 101
CSF
A — 1 1 1 100
B — 5 5 4.8 96
C — 50 50 52 104
D & 1 9 8.7 97
E 8 10 18 15.9 LY
F 8 50 58 . 60 103

" Ruc.uvuy = —c-::“—“%—x 100
pected value
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The samples in Table Il
binding procedures in accordance with the present
invention, and they were assayed at'multiple.dilutions
as' previoitsly ‘described. The points.falling betweén 0
and 0:8 nanograms on‘the standdrd curve of FIG. 2A
were ‘used -to calculate’ the'MTX concentration. The
mean standard deviation-for any: sample was * 5% and
the % recovery ranged fiom 88% 1o 105% of the:actual
MTX concentration as reported in Fable 1L There was
no difference’ betwéen-boiled' and unboiled" samples,
and none Of the test samplés  Boutid SH:MTX. Further,
the presence of ascorbic acid’ did*not affect the assay.

The spec:ﬁcny of'the’ birider was determined by incu-

- bating the following cOmpodnds in"direct competitive
and sequential binding assays with' *H-MTX? pteroyl-
monoglutamate ‘(Folic "Acid;* Nutritional " Biochemi-
cals); 5- methyltetrahydrofohc acid (Sigma’ Chemical
Co.); 5- formyltegrahydrofohc acid’ (Leucovorm Le-
derle Co.); adenosinc, guanylic acid, para-aminoben-
zoylglutamate and 6-carboxypterin (Sigma Chemical
Co.); pteroylheptaglutamate and aminopterin.

Of all the compounds tested, only MTX and aminop-
terin competed for *H-MTX binding sites. A typical
standard curve obtained for aminopterin is shown in
FIG. 3, the methodology employed in its preparation
being the same as that used in the preparation of FIG.
2A. The other folate derivatives did not compete even
when present in a 200 fold excess relative to the *H-
MTX concentration. Further, at the concentration of
reactants used in the standard curves, the binder prepa-
ration did not bind *H-folic acid or 'C-5-methyltet-
rahydrofolic acid.

In addition to determining the binding specificity of
the preparation, other experiments studying the kinet-
ics of *H-MTX binding were done. Enzymatic activity
of folic acid reductase from many sources demon-
strates two pH optima, at about 5 and 7.5. The binding

of 3H-MTX was also found to be pH dependent but had
a single broad optimum between pH 6 and 7.

Binding of MTX was found to be dependent on the
presence of NADPH,, as shown in FIG. 4. In this in-
stance, a constant amount of binder factor having a
binding capacity of 3.0 pmole of MTX was incubated
with 3.5 pmole of ®H-MTX and increasing amounts of
NADPH, in a final volume of 1.1 ml. The maximum
binding was identical to the binding observed in the
presence of 0.1 umole NADPH,. Even in this relatively
impure preparation of folate reductase, the amount of
NADPH; necessary for maximum binding of 3H-MTX
is small, the molar ratio of NADPH:MTX being 3 - 4:1.

Nicotinamide adenine dinucleotide phosphate
(NADP, Sigma Chemical Co.) or nicotinamide adenine
dinucleotide (NAD, Sigma Chemical Co.) at 1,000
times optimal the concentration of NADPH, did not
allow binding of *H-MTX. Also, when NADPH, was
present only in slight excess to that amount needed for
maximal binding of MTX, the latter two compounds
did not inhibit the binding reaction until their concen-
tration reached several thousand fold excess to that of
NADPH,.

Although the binder factor can use NADH to reduce
folic acid or dihydrofolic acid to tetrahydrofolic acid
(Bertino et al, “Dihydrofolate Reductase From Guinea
Pig Liver And Small Intestine,” supra), only 40% of
maximum binding of MTX was obtained when this
cofactor was substituted for NADPH,, even at concen-
trations up to 200,000 times the optimal amount of
NADPH,. Thus, the binder has a great specificity not
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only for MTX and aminopterin but also for the ,cofactor
necessary for stable complex formation.

.The rate -of complex formation was very fast. At an
initial concentration of 107°M MTX and an equal num-
ber of binding sites, the rate was 10% per second at 4°C
or 10~"* moles of MTXbinder complex formed per sec.
This rate was constant until 85 - 90% of maximal bind-
mg was achleved The complex was stable in the pres-
ence of 100 fold excess'of NADPH, fotr at least 60
hours at 4°C. Accordingly, the incubation periods in
either sequentlal or direct techmques may' be as short
as' two miinutes. and as long as 24 hours w1thout ad-
versely affecting the assay procedures.

The identification of the binder factor as folic acid
reductase is inferred from the observation that when
the MTX binding capacity of a given preparation was
just saturated with MTX, there was no demonstrable
folic.acid reductase activity. Further, when the 55 to
70% ammonium sulfate preparation of liver was chro-
matographed on Sephadex G-50, folic acid reductase
and MTX binding co-chromatographed.

In accordance with the methods of the present inven-

" tion, a partially purified preparation of folic acid reduc-
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tase enables both direct competitive and sequential
radioligand binding assays for methodtrexate. The
methods can be applied to biological materials and can
measure as little as 5 X 107! mole of methotrexate with
acceptable reliablity. In the foregoing procedures, we
may use aminopterin and dichloro- methotrexate in
place of methotrexate.

What is claimed is:

1. A method for determining the concentration of
methotrexate in biological material comprising the
steps of:

a radioisotopically relating the bound amounts of
labeled methotrexate and known concentrations of
methotrexate in a first system containing a prede-
termined amount of labeled methotrexate, a binder
factor for methotrexate, a binder cofactor, and a
predetermined amount of unlabeled methotrexate;

b radioisotopically determining the bound amount of
said labeled methotrexate in a second system con-
taining said predetermined amount of labeled
methotrexate, said binder and said binder cofactor,
and a test sample or said biological material to be
determined; and

c¢ correlating the bound amount of labeled metho-
trexate determined in step (b) through the relation-
ship determined in step (a) to ascertain the con-
centration of methotrexate in the test sample.

2. A method in accordance with claim 1 wherein said
binder factor and said unlabeled methotrexate are
biended together before the addition of said labeled
methotrexate to said first system, and said binder factor
and said test sample are blended together before the
addition of said labeled methotrexate to said second
system. ‘

3. A method in accordance with claim 2 wherein said
first and second systems are incubated for at least 2
minutes prior to the addition of said labeled member.

4. A method as set forth in claim 1 wherein said
unlabeled methotrexate and said labeled methotrexate
in step (a), and said test sample and said labeled meth-
otrexate in step (b) are blended together prior to the
addition of said binder factor in each of said steps.

5. A method as set forth in claim 1 wherein said
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binder factor is a partially purified preparation of folic
dcid reductase.

6. A method as set forth in claim 1 wherein said
binder factor is mammalian liver folic acid reductase.

7. A method as set forth in claim 1 wherein said
binder factor is guinea pig liver folic acid reductase.

8. A method as set forth in claim 1 wherein said
binder cofactor is reduced nicotinamide adenine dinu-
cleotide phosphate.

9. A method as set forth in claim 1 wherein said first
and second systems include a buffer comprising an
aqueous solution of potassium phosphate and potas-
sium chloride.

10. A method as set forth in claim I wherein sald
biological material is serum.

11. A method as set forth in claim 1 wherein said
biological material is cerébrospinal fluid.

12 A method for determining the concentration of
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aminopterin in biological material compnsmg the steps
of:

a.. radioisotopically relating the bound amounts of
labeled methotrexate and known concentrations of
aminopterin in a first system containing a predeter-
mined amount of labeled methotrexate, a binder
factor for methotrexate and aminopterin, a binder
cofactor, and a predetermined amount of unla-
beled aminopterin;.

b radioisotopically determining the bound amount of
said labeled methotrexate in a second system con-
taining said predetermined amount of labeled
methotrexate, said binder and said binder cofactor,
and a test sample of said biological material to be

- determined; and

correlating the bound amount of labeled metho-
trexate determined in step (b) through the relation-
ship determined in step (a) to ascertain the con-

centration of aminopterin in the test sample.
* ‘ L T N



