
VOLUME 13, NUMBER 2, NOVEMBER 1965

ANALYTICAL
BIOCHEMISTRY

An International Journal

EDITOR: Alvin Nason

ADVISORY BOARD:

James A. Bassham

Samuel P. Bessman

Robert M. Bock

Harry P. Broquist

Melvin Calvin

Osamu Hayaishi

Evan C. Horning

Rollin D. Hotchkiss

Walter L. Hughes

Ierard Hurwitz

Vernon M. Ingram

Andrew A. Kandutsch

Irving Klotz

Olov Lindberg

Feodor Lynen

Hugh I. McDonald

Edward F. MacNicholJ Ir.
Manfred M. Mayer

Donald D. Van Slyke

Sidney V denfriend

Theodor Wieland

Lemuel D. Wright

ACA EMIC PRESS
Ne~.'yQ1·k·a;"'d tf)nd~iJ

-. .. .. ') • ~ .. !:



INFORMATION FOR AUTHORS

Analytical BiochemislT1/ will publish articles on qual.tatlve and quantitative tech
niques based on chemical, physical, and biological princllJles; methods of prepara
tion, purification, characterization, isolation, and separation of biological sub~tance~

and related materials; and instrumentation.
Address. Manuscripts should be submitted to Dr. Alvin Nason, Editor, McCol

lum-Pratt Institute, The Johns Hopkins University, Baltimore 18, Maryland.
Manuscripts should be concise and consistent in style, spelling, and use of abbre

viations. At least two copies should be submitted, each copy to include all figures
and tables. The original copy must be typewritten, double-spaced, on one side of
white bond paper, about 8V2 X 11 incl1l's in size, with one-inch margins on all sides.
Each manuscript should have a separate title page noting title of article, authors'
names (without degrees), a running title (not exceeding 35 letters and spaces), and
address to which proof should be mailed. Please number all pages of manuscript.

Authors are encouraged to use descriptive subheadings in this order: Methods,
Results, Discussion, Summary, Acknowledgments, and References.

Units of weights, measures, etc., when used in conjunction with numerals should
be abbreviated and unpunctuated (e.g., 10%, 50 ml, 3 gm, 8 cm).

Figures should be numbered consecutively with Arabic numerals in order of
mention in the text; each figure should have a descri pti ve legend. Legends should
be typed together on a separate sheet, double-spaced. All illustrations should be in
finished form ready for the engraver. A convenient size for drawings is 8lh X 11
inches (21 X 27.5 cm). Drawings should bp. made with India ink on tracing linen,
smooth surface white paper, or Bristol board. Graph paper if used should be ruled
in hlue. Grid lines that are to show .in the final engraving should be inked in black.

Photographs must be kept to a minimum and should be glossy prints with strong
contrasts; the magnification should be indicated by a scale where possible.

Tables should be typed on separate pages, numbered consecutively with Arabic
numerals in order of mention in the text. All tables should have descriptive head
ings, typed (double-spaced) above the table.

Footnotes should be designated in text by superscript numbers and listed on a
separate sheet; in tables, by superscript letters and placed at bottom of page con
taining table.

References to the literature should be cited in the text by Arabic numerals in
parentheses and listed at the end of the paper in consecutive order. Abbreviation~

nf journal titles should follow the style used in Chemical Abstracts (Vo\. 55, 1961).
Please note st~·le of capitalization and punctuation for journal articles and edited
books in the following examples:

1. BISHOP, N. I., Biochim. Biophys. Acta 27, 205 (1958).
2. COHEN, S. S., in "The Chemical Basis of Heredity" (W. D. McElroy and B. Glass.

eds.), p. 651. Johns Hopkins Press, Baltimore. Maryland, 1957.

Proofs. Galley proofs will be i;~t- tlJ,.,l;Ne atlthors-."ith reprint order forms. Fifty
reprints of each article are prfl/frded f"'c-e oT C"illltgC.



CONTENTS

EARL F. WALBORG, JR., LENA CHRISTENSSON, AND SVEN GARDELL. An Ion
Exchange Column Chromatographic Method for the Separation and
Quantitative Analysis of Neutral Monosaccharides . 177

EARL F. WALBORG, JR. AND LENA CHRISTENSSON. A Colorimetric Method for
the Quantitative Determination of Monosaccharides . 186

DONALD B. MCCORMICK. Specific Purification of Avidin by Column Chroma-
tography on Biotin-Cellulose . 194

G. P. HICKS AND G. N. NALEVAC. Rapid Separation and Continuous Monitor-
ing of Enzyme Activity in Chromatographic Column Effluents . 199

J. NEUHARD, E. RANDERATH, AND K. RANDERATH. Ion-Exchange Thin-Layer
Chromatography. XIII. Resolution of Complex Nucleoside Triphosphate
Mixtures 211

M. F. BACON. Analysis of DNA Preparations by a Variation of the Cysteine-
Sulfuric Acid Test 223

IRVIN ISENBERG, SPENCER L. BAIRD, JR., AND RAJA ROSENBLUTH. On the Activa-
tion Spectrum for DNA Phosphorescenc'e . 229

Yu MIN CHEN AND WALTER CRAVIN. Radiometric Assay of Tyrosinase and
Theoretical Considerations of Melanin Formation . 234

H. VERACHTERT, S. T. BASS, L. L. SIEFERT, AND R. G. HANSEN. A Spectropho
tometric Method for the Determination of Nucleoside Triphosphates
(Pyrophosphorolysis of Nucleoside Diphosphate Sugars) 259

JAMES V. BENSON, JR. AND JAMES A. PATTERSON. Accelerated Chromatographic
Analysis of Amino Acids Commonly Found in Physiological Fluids on a
Spherical Resin of Specific Design . 265

R. A. DE TORRES AND A. O. POGo. Factors Affecting the Estimation of Nucleic
Acids in Euglena gracilis 281

u ~ ~

VI 1');li~ ~ ~l n~J Nr:J~1Wrl~ m
.~.-.---_.. ,--_ .._--_ -- . _._--



CHARLES F. MATSON. Polyacrylamioe Gel Electrophoresis. A Simple System
Using Gel Columns 294

HERMAN H. STI!lIN. Studies of Binding by Macromolecules. ANew Dialysis
Technique for Obtaining Quantitative Data. 305

PAUL BYVoET. Determination of Nucleic Acids with Concentrated ILSO•. 1.
Deoxyribonucleic Acid 314

NORMAN J. HOCHELLA AND SIDNEY WEINHOUSE. Automated Assay of Lactate
Dehydrogenase in Urine 322

G. LEW CHOULES AND BRUNO H. ZIMM. An Acrylamide Gel Soluble in Scin
tillation Fluid: Its Application to Electrophoresis at Neutral and Low pH 336

JACOB YASHPHE. A Colorimetric Method for Estimation of Microquantities of
Tartaric Acid Isomers 345

SHORT COMMUNICATIONS

RAYMOND SHAPIRA. An Improved Electrolytic Desalter 354

RICHARD C. THOMAS, RAY W. JUDY, AND HARRY HARPOOTLIAN. Dispenser
for Addition of Internal Standard in Liquid Scintillation Counting. 358

R. H. BLANK AND C. E. HOLMLUND. The Detection of Aldosterone by
Borate Paper Electrophoresis . 360

RICHARD C. TILTON, HArM B. GUNNER, AND WARREN LITSKY. A Quanti-
tative Assay for Residual Selenite in Bacteriological Media . 362

Published monthly at Exchange Place, Hanover, Penna., by Academic Press Inc.,
111 Fifth Avenue, New York, N. Y. 10003

In 1965, Volumes 10-13 (consisting of 3 issues each) will be published
Price of each volume: $15.00

Private subscriptions (for the subscriber's personal use only): $7.50 per volume

In 1966, Volumes 14-17 (consisting of 3 issues each) will be published
Price of each volume: $16.50

Private subscriptions (for the subscriber's personal use only): $7.50 per volume

Subscription orders should be sent to the office of the Publishers
at 111 Fifth Ave., New York, N.Y. 10003.

Second class postage paid at Hanover, Penna.
© 1965 by Academic Press Inc.



ANALYTICAL BIOCHEMISTRY 13, 177-185 (1965)

An lon-Exchange Column Chromatographic Method for
the Separation and Quantitative Analysis

of Neutral Monosaccharides!

EARL F. WALBORG, JR.,2 LENA CHRISTENSSON,

AND SVEN GARDELL

From the University of Lund, Department of Physiological Chemistry,
Lund, Sweden

Received February 16, 1965

Methods for the column chromatographic analysis of neutral monosac
charides are based on three principles of separation: adsorption, partition
between a water and organic phase, and ion-exchange. The chromato
graphic separations utilizing carbon columns and other adsorbents have
been reviewed by Binkley (1). Partition column chromatography on a
cellulose support has been reported by Hough, Jones, and Wadman (2),
and a method utilizing starch columns has been described by Gardell (3).
Samuelson (4-7) has reported several partition chromatographic methods
employing ion-exchange resins.

Most methods for ion-exchange chromatography of the neutral mono
saccharides are based on the fact that certain polyhydroxy compounds
react with the borate ion to give anionic complexes (8). Khym and Zill
(9, 10) were the first to develop an ion-exchange column chromatographic
method for the separation of the neutral monosaccharides. Nakamura and
Mori (11) have reported the ion-exchange chromatographic separation of
sugars in 50% ethanol. Hallen (12) has further developed this principle
of separation.

Attempts to improve the system of Hallen (12) have resulted in the
development of a column chromatographic system which allows the sepa
ration of the borate complexes of neutral sugars to be performed at neu
tral pH and elevated temperature.

1 This research was supported by a grant from the Swedish Medical Research
Council (No. F-139-13-A).

% Supported by a U. S. Public Health Service Postdoctoral Fellowship (No. 5-F2
GM-12,732-02) from the Division of Research Grants. Present address: Department
of Biochemistry, The University of Texas M. D. Anderson Hospital and Tumor
Institute, Houston, Texas, 77025.
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MATERIALS

Columns. Jacketed glass columns, having an internal diameter of 6 mm
and a length of 155 em, were used. The external diameter of the water
jacket was 25 mm. The water jacket extended to within 5 mm of the end
of the column, so that the temperature of the entire column of resin could
be controlled. A piece of small plastic tubing (internal diameter of ap
proximately 1 mm) was inserted through the center of a small rubber
stopper, and the stopper then inserted into the lower end of the column.
The columns were constructed in this manner in order to minimize any
mixing of the eluate after passage through the resin.

Resin. Dowex 2-X8 (200/400 mesh, medium porosity, total capacity
3.0 -+- 0.3 meq per dry gm)3 was obtained from Fluka AG, Buchs SG,
Switzerland.

Sugars. Commercial sugar preparations of the highest quality were
used. L-Arabinose, D-fructose, L-fucose, D-galactose, D-Iyxose, D-mannose,
L-rhamnose, D-ribose, and D-xylose were analyzed reagents obtained from
Mann Research Laboratories, 136 Liberty St., New York 6, N. Y.
Analytical-grade D-glucose was obtained from J. T. Baker Chemical Co.,
Philipsburg, N. J.

Proteins. Crystallized bovine plasma albumin was a product of The
Armour Laboratories, Chicago, Ill. Ovine luteinizing hormone was kindly
supplied by Dr. Darrell N. Ward, of the Biochemistry Department, The
University of Texas M. D. Anderson Hospital and Tumor Institute,
Texas Medical Center, Houston, Texas.

Buffers. Buffer A: 0.4 M boric acid, 1.0 M glycerol, 0.5 ml toluene per
liter, adjusted to pH 6.80 -+- 0.05 at 50°C with NaOH (approximately
70 meq per liter required for adjustment). Buffer B: 0.4 M boric acid,
1.0 M glycerol, 0.050 M NaCI, 0.5 ml toluene per liter, adjusted to pH
6.80 -+- 0.05 at 50°C with NaOH. The buffers were filtered prior to use.

The chemicals used in preparing the buffers were analytical reagents
obtained from E. Merck AG, Darmstadt, Germany.

3 In order to obtain more uniform particle size, the resin was fractionated by
settling. To 500 gm of moist resin in a 4-liter beaker was added 3.5 liters of water;
the resin was stirred and allowed to settle for 30 min. The median settling distance
was 16-18 em. After settling the fine particles were decanted. This procedure was
continued until most of the fine particles had been removed. The fine particles
decanted after the 30-min settling were designated Fraction 1. The remaining resin
was suspended, stirred, and allowed to settle for 7 min, and the particles remaining
in suspension were decanted and saved. This was repeated until the supernatant
liquid was clear. The particles of intermediate size, Fraction II, were saved and used
in the preparation of the columns. The yield of Fraction II was 25-50% of the start
ing material, depending upon resin batch. The remaining resin, which settled in 7
min, was designated Fraction III.
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METHOD

Preparation of Resin. The resin (150 ml of settled Fraction II, which
is sufficient for packing two columns) was treated in the following manner:

1. Transferred to a sintered glass filter and converted to the hydroxide
form by washing with 1 liter of 2 N NaOH in four portions.

2. Washed with 2 liters of distilled water to remove excess NaOH.
3. Washed with 2 liters of 0.4 M boric acid, 1.0 M glycerol, 0.050 M

NaCI, 0.5 ml toluene per liter (the solution used in preparing Buffer B)
in four portions. The final pH of the above slurry should be 6.50 or less.

4. Suspended in 250 ml of the above solution, warmed to 50°C, and
the pH adjusted to 6.80 -+- 0.05 at 50°C.

5. Equilibrated at 50°C with three 250-ml changes of Buffer B.
6. Equilibrated finally by adding 350 ml of Buffer B, warming to 50°C,

and deaerating under reduced pressure.
7. After allowing the resin to settle the total volume was adjusted to

450 ml, giving a slurry consisting of 1 part settled resin to 2 parts buffer.
This slurry was kept at 50°C while packing the columns.

Packing and Equilibration of Columns. The columns, maintained at
50°C, were packed in 4-5 sections under gravity flow essentially accord
ing to the manner described by Moore, Spackman, and Stein (l3). A thin
pad of fine glass wool was placed at the bottom of the column to prevent
resin particles from obstructing the outlet tubing. The initial height of
the columns was 150-153 em. A small plug of fine glass wool was inserted
in the column approximately 3 em above the top of the resin to aid in
deaerating the buffer before entering the resin. The column was equili
brated at a flow rate of 3.0 -+- 0.2 ml/hr at 50°C with buffer deaerated
under reduced pressure prior to use. During equilibration further packing
of the resin occurred, so that the final column height was 145-150 em.
Insufficient preliminary equilibration of the resin caused temporarily
higher retention volumes for each sugar.

Following preliminary equilibration, the void volume of such columns
was conveniently determined by adding a I-ml sample of water. The first
thirty I-ml fractions were analyzed using the aniline/acetic, orthophos
phoric acid reagent (14) and the depression of the column blank em
ployed as an indication of the void volume. The void volume was 19 -+
2 m!.

Preparation of Hydrolyzates for Chromatographic Analysis. Hydrol
ysis in 1-2 N sulfuric acid has been used for the liberation of neutral
sugars from glycoproteins (l5-18). Procedures for neutralization and
removal of salt from the hydrolyzates have employed barium hydroxide
(l7), barium carbonate (15), and a strong anion-exchange resin in the
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. carbonate form (16). The use of resin in the neutralization procedure has
been employed in the analyses reported here because it permitted the
quantitative recovery of monosaccharides from hydrolyzates and re
quired a minimum of manipulation. During the application of this
chromatographic method to the analysis of the neutral monosaccharides
of several glycoproteins, the following procedure for hydrolysis and
subsequent neutralization was adopted:

1. To each 5-7 mg of glycoprotein was added 1 ml 1 N H 2S04 and
hydrolysis performed at 100°C for 8-12 hr.

2. After cooling, the hydrolyzate was neutralized with Dowex 2-X8,
Fraction III, in the bicarbonate form (1 gm of resin per meq of H 2S04 ),

As discussed later, an internal standard can be added after hydrolysis and
prior to Step 2.

3. The resin-hydrolyzate was slurried and filtered. The hydrolysis tube
was rinsed with four I-ml aliquots of distilled water, and these rinses in
turn used to wash the resin remaining on the filter.

4. The combined filtrate and washes were frozen and lyophilized in an
evacuated desiccator over NaOH pellets.

Sample Application and Operating Conditions. Standard sugar mixtures
or hydrolyzates were dissolved in Buffer A. Samples (200 pJ or 1.0 m!)
were applied under gravity flow. A 200-fLl sample was followed by a wash
of 200 fLl each of Buffers A and B, respectively, whereas a I-ml sample
was followed by a 0.5-ml wash each of Buffers A and B, respectively.
Elution with Buffer B was performed at 50°C at a flow rate of 3.0 -I- 0.2
mllhr, maintained by the use of a constant-volume pump. One-milliliter
fractions were collected. Between samples the column was allowed to
equilibrate with approximately 100 ml of Buffer B.

Analysis of Samples. The fractions were analyzed for sugar using the
aniline/acetic, orthophosphoric acid method described in another com
munication (14). Three milliliters of reagent was added to each I-ml
fraction, the samples were heated for 2 hr at 100°C, and the absorbance
was read at 370 and 360 mfL (14).

RESULTS

Resolution. The separation of a standard sugar mixture is shown in
Fig. 1. The retention volumes of the various sugars relative to glucose
are tabulated in Table 1. These were calculated by subtracting the void
volume of the column from the elution volume of each sugar and calcu
lating the ratio relative to glucose (equal to 100). The relative retention
volumes shown in Table 1 were calculated from standard sugar mixtures
applied as I-ml samples and using columns prepared from the same resin
batch. The size of the sample can cause slight variations (approximately
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FIG. 1. Column chromatographic separations of a standard neutral monosaccharide
mixture containing 0.40 pmole rhamnose, 0.75 pmole mannose, 0.50 pmole fucose, 1.00
pmole galactose, and 1.25 pmoles glucose.

TABLE 1
CoNSTANTS FOR THE CHROMATOGRAPHIC SYSTEM

Monosaccharide

Rhamnose
Mannose
Lyxose
Fucose
Ribose
Arabinose
Galactose
Glucose
Xylose
Fructose

Recoverya

101.0 ± 2.5 (21)
93.8 ± 2.5 (12)
96.7 ± 2.5 (8)

100.7 ± 1.9 (6)
97.1 ± 1.7 (6)
96.n ± 3.5 (5)
91.0 ± 0.8 (5)
96.5 ± 1.8 (5)

100.8 ± :3.6 (7)
92.U ± 2.9 (6)

Retention volume
relative to

glucose

27
42
52
54
75
77
80

100
113
116

• Recovery expressed as per cent ± standard deviation. Numbers within parentheses
indicate the number of determinations.

-+-3%) in the relative retention volumes. The relative retention volumes
of fructose and ribose showed slight but significant variations with resin
batch, but only in one case was the order of elution altered, i.e., fructose
being eluted before xylose. Monosaccharide pairs whose relative reten
tion volumes differ by 12 or more units (relative to glucose equal to 1(0)
can be separated. When analyzing hydrolyzates of glycoproteins, it is
more convenient to express the retention volumes relative to rhamnose.
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These can be readily calculated from the retention volumes relative to
glucose given in Table 1.

Recoveries. In Table 1 are compiled the recoveries of the various neu
tral sugars. These were calculated from sugar mixtures applied as 200-t-t1
and I-ml samples. No significant differences in recoveries could be at
tributed to the sample volume.

Analysis of Monosaccharide Components of Glycoproteins. In order to
determine the effect of amino acid and peptide components on the chro
matographic system and also to check the quantitation of neutral mono
saccharides obtained from hydrolyzates neutralized according to the
previously described method, quadruplicate 12-mg samples of crystalline
bovine serum albumin were submitted to hydrolysis in 2 ml of 1 N H 2S04

for 8 hr at 1000 e. After hydrolysis, an aliquot of monosaccharide stand
ard solution containing rhamnose, mannose, fucose, galactose, and glucose
was added. These simulated glycoprotein hydrolyzates were then neu
tralized with resin in the bicarbonate form according to the procedure
mentioned before. The dried hydrolyzates were dissolved in Buffer A
and submitted to column chromatographic analysis. The recoveries of
monosaccharides were as follows: rhamnose, 99.9% -I- 3.6 S.D. (standard
deviation) ; mannose, 91.8% -I- 3.4 S.D.; fucose, 96.6% -I- 4.0 S.D.; galac
tose, 88.9% -I- 1.4 S.D.; and glucose, 95.0% -I- 0.7 S.D. No monosac
charides could be detected in bovine serum albumin samples analyzed
directly. By comparing these values with the recovery data in Table 1,
it can be seen that over 95% of the monosaccharides were recovered. No

MannosC!'
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FIG. 2. Column chromatographic analysis of the neutral monosaccharide com
ponents of ovine luteinizing hormone. Rhamnose was added as an internal standard
to check the quantitation of the neutralization procedure.
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significant losses of any individual sugar occurred; therefore the small
losses incurred were probably due to the manipulations involved in the
neutralization. Since glycoproteins ordinarily contain no rhamnose, it is
convenient to correct for small losses incurred in the neutralization proce
dure by adding rhamnose as an internal standard immediately following
hydrolysis and prior to neutralization.

The column chromatographic analysis of the neutral sugars of several
glycoproteins has been performed. The chromatographic profile of a
hydrolyzate of ovine luteinizing hormone (LH) is shown in Fig. 2. The
retention volumes relative to rhamnose indicate the presence of mannose,
fucose, and galactose. Rhamnose, which was used as an internal standard,
was recovered quantitatively. The quantitative analysis, which indicated
0.272 f.tmole mannose, 0.063 f.tmole fucose, and 0.038 f.tmole galactose per
mg of protein, is essentially in agreement with previous analyses (19)
using the method of Hallen. The nature of the peak which emerges at the
void volume is unknown.

DISCUSSION

A wide variety of column chromatographic methods have been applied
to the analytical problem of monosaccharide separation and quantitation.
Since earlier work employing adsorption chromatography proved useful
only for preparative scale separations, methods utilizing partition and
ion-exchange principles were applied to this problem. Three methods
possess considerable resolving power: the partition chromatographic
methods of Arwidi and Samuelson (7) and Gardell (3) and the ion
exchange chromatographic method of Hallen (12). Since the method of
Arwidi and Samuelson requires rather large effluent volumes, milligram
quantities of monosaccharide are necessary for analysis. The quantita
tive aspects of this method have not been reported. The method of Gardell
possesses considerable resolving power and sensitivity, as well as good
quantitation, but it is difficult to apply to hydrolyzates because of the
effect of salt on the organic solvent system. The ion-exchange chromato
graphic system employing sugar-borate complexes described by Hallen
was a notable advance toward a method possessing sensitivity, good
quantitation, and applicability to hydrolyzates.

The ion-exchange column chromatographic method described herein
is the result of attempts to increase the resolution of Hallen's system.
Initial attempts utilizing increased column temperatures were not en
couraging. Operation of Hallen's system at 30°-50°C showed that con
siderable destruction 00-20%) of the sugars occurred. This was not
particularly surprising since the alkaline conditions of chromatography
are favorable for the alteration of the sugars by the Lobry de Bruyn-Van
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'Ekenstein transformations (20). Indeed, the recoveries from Hallen's
system (approximately 23°C) are 90-95% (19), indicating some altera
tion of the sugars even at this temperature. Since sugar-borate complexes
occur at lower pH, even under acid conditions (8), the possibility of
performing the elution at lower pH was investigated employing boric acid
in phosphate buffer (pH 7-8). As the pH was lowered, buffer of less ionic
strength, and consequently lower buffering capacity, was required for
elution. In order to increase the amount of ionizable borate at low pH
and at the same time obtain a higher capacity buffer, a system containing
glycerol and boric acid was employed. The use of a boric acid/glycerol
buffer has enabled the chromatographic separation of the neutral sugars
to be performed at neutral pH.

For the quantitative column chromatographic analysis of hydrolyzates
it is important that the hydrolyzates be prepared for chromatographic
analysis in a manner in which no major losses of neutral monosaccharides
occur. The procedure utilizing neutralization with strong anion-exchange
resin in the bicarbonate form has been adopted and the quantitative
recovery of sugars after neutralization demonstrated. Rhamnose has been
used as an internal standard to correct for small mechanical losses in
curred during neutralization of glycoprotein hydrolyzates. The analytical
method has been applied to several glycoproteins and tissues. The chro
matogram showing the analysis of ovine LH (Fig. 2) allows a comparison
with previous analyses using the method of Hallen. It can be seen that
the present method gives sharper separation and a more acceptable
column baseline.

The primary improvement offered by the chromatographic system de
scribed herein is the ability to perform the chromatography at neutral
pH. This has removed one of the limiting factors present in previous
ion-exchange systems and should provide the basis for the development
of systems possessing higher resolution and faster flow rates.

SUMMARY

A method for the separation and quantitation of micromole quantities
of many of the naturally occurring neutral monosaccharides has been
described. This method is based on the ion-exchange chromatography of
the sugar-borate complexes on a strong anion-exchange resin. The uti
lization of a boric acid/glycerol buffer has allowed the chromatographic
separation to be performed at pH 6.8 and at an elevated temperature.
This system possesses a high degree of resolution and permits neutral
monosaccharides to be quantitated with a precision of -+-5ro or better in
the case of some monosaccharides.
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In conjunction with the development of a column chromatographic
method for the separation of monosaccharides (1), it was necessary to
use a method for the detection of sugars which was applicable to the
routine analysis of column effluents containing high concentrations of
glycerol. In addition to this criterion, a method possessing accuracy of
quantitation, high sensitivity (detection of 5-50 ,ugjml), and appli
cability to a wide range of monosaccharides was desired.

In general the conventional methods using strong mineral acids can
not be employed in the presence of organic solvents because of side
reactions of strong acid on the organic solvents. In the case of some of
these reactions glycerol itself forms chromogens, e.g., the anthrone
reagent has been employed for the determination of the sugar alcohols,
including glycerol (2). The phenol-sulfuric acid method of Dubois et al.
(3), which possesses all the criteria of quantitation, sensitivity, and
applicability to a wide range of sugars, cannot be used because of inter
ference due to glycerol.

Another group of reagents employs the reaction between sugars and
the aromatic amine salts of organic and inorganic acids. Partridge (4)
utilized aniline phthalate and oxalate as qualitative reagents for the
identification of sugars on paper chromatograms. Hough, Jones, and
Wadman (5) have investigated spray reagents which utilized salts of a
number of aromatic amines. The aniline phthalate reagent has proved
useful in detecting a wide variety of sugars, e.g., aldopentoses, aldo
hexoses, and hexuronic acids as well as their methylated derivatives.

1 This research was supported by a grant from the Swedish Medical Research
Council (No. F-139-13-A).

2 Supported by a U. S. Public Health Service Postdoctoral Fellowship (No.
5-F2-GM-12,732-02) from the Division of Research Grants. Present address: Depart
ment of Biochemistry, The University of Texas M. D. Anderson Hospital and
Tumor Institute, Houston, Texas.
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The ketohexoses do not react with this reagent. Bryson (6) and Muk
herjee and Srivastava (7) have also described spray reagents consisting
of aniline phosphate and p-anisidine phosphate, respectively. The spec
trum of monosaccharides detectable with these reagents is broadened to
include ketohexose.

Quantitative reagents using aniline trichloroacetate and aniline acetate
have been described by Gardell (8) and Hallen (9), respectively. As
noted by Gardell, this type of reagent is much more compatible with
organic solvents than reagents containing mineral acids.

The quantitative method of analysis described herein utilizes aniline
dissolved in a mixture of acetic and orthophosphoric acids. This reagent
provides a sensitive, quantitative method for the determination of a
broad spectrum of monosaccharides and is readily applicable to the
analysis of column effluents containing glycerol.

MATERIALS

Chemicals. Commercial sugar preparations of the highest quality were
used. L-Arabinose, 2-deoXY-D-ribose, D-fructose, L-fucose, D-galactose,
D-lyxose, D-mannose, L-rhamnose, D-ribose, and D-xylose were obtained
from Mann Research Laboratories, 136 Liberty St., New York 6, N. Y.
D-Glucose was obtained from J. T. Baker Chemical Co., Philipsburg,
N. J. D-Glucuronic acid was obtained from Fluka AG, Buchs SG,
Switzerland. Boric acid and glycerol were analytical-grade reagents ob
tained from E. Merck AG, Darmstadt, Germany. Crystallized bovine
serum albumin was a product of The Armour Laboratories, Chicago, Ill.

The Aniline/Acetic, Orthophosphoric Acid Reagent. The reagent was
prepared by adding 200 ml of glacial acetic acid to 6 ml of redistilled
aniline. To this was added 100 ml of 85% orthophosphoric acid. Glacial
acetic acid and 85% orthophosphoric acid were analytical-grade chemi
cals obtained from E. Merck AG. Aniline for use in the reagent was
prepared by twice distilling analytical-grade aniline in the presence of
sodium hydroxide and zinc dust. The distillation was performed under
nitrogen. The colorless aniline was stored in a glass-stoppered amber
bottle at 4°C. Aniline prepared and stored in this manner remained
suitable for use for at least two months.

METHOD

To 1 ml of sugar solution (5-50 p..g sugar) in 17-18 X 160 mm test
tubes was added 3 ml of the aniline/acetic, orthophosphoric acid reagent.
The samples were mixed and placed in a water bath at 100°C for 2 hr..
Since a rather long heating time is required for maximal color develop
ment, a bath which allowed minimal heating of the upper part of the:
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tube was utilized in order to avoid evaporation. Evaporation was further
minimized by the use of glass marbles to cover the tubes during heating.
Less than 2% evaporation was experienced under the conditions at
which the samples were heated. After heating, the samples were allowed
to cool for at least 20 min in a water bath at 30°. Cooling at lower
temperatures produced a more viscous solution and thus made measure
ment of absorbance in cuvettes more difficult. Measurement of absorbance
was performed in I-cm cuvettes in a Beckman spectrophotometer (model
B). Routinely all samples and blanks were read against water as a
blank. Absorbance measurements were routinely performed within 4 hr
after completion of heating.

RESULTS

Determination of Optimal Heating Time. To determine the length of
heating required for maximal color development, samples of galactose,
fructose, fucose, and arabinose were heated at 100°C for varying lengths
of time up to 3 hr. These samples were dissolved in Buffer A (l) of the
following composition: 0.4 M boric acid, 1.0 M glycerol, 0.5 ml toluene
per liter, adjusted to pH 6.80 -+- 0.05 at 50 0 with NaOH. The effect of
the duration of heating is shown in Fig. 1. In view of these data, 2 hr
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FIG. 1. Effect of duration of heating on color development. Absorbances were
measured at the absorption maximum for each monosaccharide.

was chosen as optimal length of heating. Samples of sugar dissolved in
water exhibited no differences in rate of color development on heating.
Glucuronic acid showed a much slower rate of color development and no
plateau of color development was reached even after 3 hr of heating.
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Determination of Absorption Spectra of the Monosaccharides. The ab
sorption spectra (335-500 mp.) for mannose, arabinose, fructose, and
fucose dissolved in Buffer A (1) are shown in Fig. 2. The absorption
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FIG. 2. Absorption spectra for monosaccharides.

maxima for all monosaccharides investigated are listed in Table 1. The
aldopentoses exhibited an absorption maxima at 355 mp', the aldohexoses
and fructose at 365 mp', and the 6-deoxyaldohexoses at 370 m,p.. Mono
saccharides dissolved in water exhibited the same characteristic absorp
tion spectra as that obtained in Buffer A. The chromogen formed with
glucuronic acid after heating for 2 hr exhibited an absorption spectrum
differing from the other sugars. A broad absorption plateau was ex
hibited in the region 330-380 mp' rather than a distinct peak, as in the
case of the other monosaccharides. Deoxyribose could not be detectEJd
using this method.

Correlation between Sugar Concentration and Intensity of Color.
.., ~-- --- -- :- - .... _..~--;-

VltJ.:Jthm m~.jr.l'Vlmrj-l~m,
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TABLE 1
ABSORPTION MAXIMA AND MOLECULAR EXTINCTION COEFFICIENTS OF

MONOSACCHARIDES USING THE ANILINE/AcETIC, ORTHOPHOSPHORIC

ACID REAGENT

Absorption Molecular extinction coefficientlJ

maxima
Monosaccharide ±3 mit in Buffer A in water

Arabinose 355 9,780 ± 140 8,550 ± 280
Lyxose 355 10,000 ± 300 8,870 ± 300
Ribose 355 10,400 ± 300 8,800 ± 270
Xylose 355 10,100 ± 300 8,550 ± 240
Galactose 365 12,500 ± 300 11,800 ± 300
Glucose 365 11,900 ± 400 11 ,300 ± 300
Mannose 365 11,900 ± 200 11 ,500 ± 300
Fructose 365 14,600 ± 400 13,900 ± 200
Fucose 370 16,100 ± 200 13,200 ± 200
Rhamnose 370 14,600 ± 400 13,400 ± 400

a Molecular extinction coefficient ± standard deviation. Each wa~ calculated from
a total of 15 values obtained from 3 standard curves containing 5 different concentrations.

Representative standard curves for several of the monosaccharides are
shown in Fig. 3. The molecular extinction coefficients of the various
monosaccharides, determined both in water and Buffer A (1), are pre
sented in Table 1. The optical density of the blanks read at 355-370 mp'
in l-cm cuvettes was 0.075 + 0.007 for Buffer A and 0.015 + 0.007 for
water. The molecular extinction coefficient for glucuronic acid determined
after 2 hI' of heating and at a wavelength of 365 mp' was 4200 + 650
standard deviation (6 determinations).

Stability of the Chromogen. In order to determine the stability of the
chromogen formed, the absorbance of replicate samples of galactose,
fucose, fructose, and arabinose was measured at 1, 6, 24, and 96 hI' after
heating was completed. The variation of the absorbance was +5% or
less. Since the slight variations which occurred were random, it can be
stated that the chromogen is stable for at least 96 hr. After 96 hI' the
blank increased approximately 150/0.

Stability of the Reagent. The reagent is stable at room temperature
for at least 2 months. Identical standard curves were obtained for glucose
and arabinose after 21 days and for fructose and fucose after 2 months.
The maximum increase in blank values was approximately 250/0.

Effect of Alteration of Ratio of Acetic Acid to Orthophosphoric Acid
in the Reagent. Two reagents, containing altered ratios of acetic to
orthophosphoric acid, were prepared: Reagent A contained 220 ml acetic
acid and 80 ml orthophosphoric acid, whereas Reagent B contained 180
lpl acetic acid and 120 ml orthophosphoric acid. Both reagents contained
6 ml redistilled aniline. The molecular extinction coefficients of arabinose,
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FIG. 3. Standard curves for monosaccharides. Absorbances were measured at the
absorption maximum for each monosaccharide.

galactose, fructose, and fucose dissolved in Buffer A (1) were determined.
All other conditions of analysis were the same as previously described
(see "Method"). The molecular extinction coefficients using Reagent A
were as follows: arabinose 8,600; galactose 11,700; fructose 12,400; and
fucose 15,000. Corresponding values for Reagent B were: arabinose
10,800; galactose 12,800; fructose 15,200; and fucose 16,700. Thus higher
molecular extinction coefficients were obtained with increasing ortho
phosphoric acid concentration of the reagent. As the concentration of
orthophosphoric acid is increased, a more viscous reagent is obtained.
The reagent chosen possessed high sensitivity and a viscosity which
permitted unhindered routine use.

Effect of Sample Volume on Color Development. Samples containing
0.10 /Lmole glucose dissolved in 0.80, 1.00, and 1.20 ml Buffer A (l) were
submitted to analysis by the described procedure. The resulting absorb
ances, corrected to the same final volume, indicated that the decreased
sample volume caused a 3-4% increase in the absorbance, whereas the
increased sample volume caused a 6-7% decrease in the absorbance. It is
thus necessary that the volume of the sample be adequately controlled
to ohtain accurate analyses.

Effect of Salt on Color Development. Galactose or arabinose, dissolved
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.in water or Buffer A (1), containing added NaCI to a concentration of
0.10 M, exhibited no significant alterations in their molecular extinction
coefficients. However, if the concentration of NaCI was increased to
0.25 M, a 6-9% increase of the molecular extinction coefficients was
experienced.

Effect of Peptides and Amino Acids on Color Development. Galactose
standards, dissolved in water or in Buffer A (1) and containing increas
ing amounts of bovine serum albumin (BSA), were analyzed. The pres
ence of BSA and/or its products of hydrolysis had no effect upon color
development at least up to a concentration of 150 fLg BSA/ml.

Dilution of Samples. If the absorbance of a sample is too high (above
an absorbance of 0.8) for accurate reading, the sample may be diluted
with a mixture consisting of 2 parts glacial acetic acid and 1 part 850/0
orthophosphoric acid. Fourfold dilutions can be performed in this
manner without altering the linearity of the standard curves or the
molecular extinction coefficients. Dilution of samples with 960/0 ethanol
or blank solution produced lower molecular extinction coefficients. Addi
tion of water to samples greatly reduced the absorbance; thus it is
important that samples be protected from accidental contamination with
water both during heating and after color development.

DISCUSSION

The colorimetric method described here provides a simple method for
the sensitive quantitative determination of a wide variety of neutral
monosaccharides. With regard to its sensitivity and/or the number of
sugars detected it is superior to similar previous quantitative reagents
described by Gardell (8) and Hallen (9). The present method is ap
proximately twice as sensitive as that of Gardell, but similar in sensitiv
ity to that described by Hallen. The range of neutral monosaccharides
detected by this method has been broadened to include ketohexose. Pre
liminary experiments indicate that this reagent will also be useful in the
sensitive determination of neutral oligosaccharides. This work will be
reported in another communication. Another distinct advantage of this
method is the stability of the reagent.

Using the aniline/acetic, orthophosphoric acid reagent, different classes
of neutral monosaccharides exhibit different absorption maxima: the
aldopentoses, 355 mfL; the aldo- and ketohexoses, 365 mfL; and the 6
deoxyaldohexoses, 370 mfL' The existence of different absorption maxima
is in contrast to the methods of Gardell and of Hallen in which the
same absorption maximum is exhibited for all the classes of mono
saccharides mentioned above. When analyzing column effluents contain
ing any of the above classes of sugars, accurate quantitation of all of



COLORIMETRIC ANALYSIS OF SUGARS 193

these classes can be made by reading the absorbance at two wavelengths:
360 mp', which lies near both the aldopentose and the aldo- and keto
hexose absorption maxima; and 370 ffip., the absorption maximum for
the 6-deoxyaldohexoses. By reading at these two wavelengths a different
ratio is obtained for each class of neutral monosaccharide. During
column chromatographic analysis this ratio is a useful qualitative tool
in the identification of peaks or in the detection of mixtures of different
classes of sugars within the same peak.

The properties of the reagent with regard to its simplicity, sensitivity,
range of sugar detection, and stability make it suitable as a reagent for
the automatic determination of sugars in column effluents.

Although this colorimetric method has been developed for application
to a particular column chromatographic method, its special properties of
quantitation, sensitivity, and range of detection make it applicable to
other problems of sugar determination as well.

SUMMARY

A sensitive colorimetric method for the quantitative analysis of neutral
monosaccharides utilizing an aniline/acetic, orthophosphoric acid reagent
has been described. The method permits quantitation of a variety of
monosaccharides (aldopentoses, aldo- and ketohexoses, and 6-deoxyaldo
hexoses) in amounts of 5-180 p.g with a precision of -+-5ro. Since dif
ferent absorption maxima are exhibited for the aldopentoses, aldo- and
ketohexoses, and 6-deoxyaldohexoses, qualitative distinction between
these classes of sugars is possible. Application of this method to the
analysis of effluents from column chromatograms is discussed.
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Avidin, a protein of low molecular weight isolated mainly from egg
white, binds natural n-biotin to form a relatively stable complex with
an estimated dissociation constant of 10-15 M (1). The complexing of
biotin by avidin appears to require the ureido ring and aliphatic chain
portions of the vitamin, but does not depend on a free carboxyl func
tion as evidenced by the similar binding of biocytin (2) and oxybiotin
methyl ester (3).

Chromatography on bentonite (4) and carboxymethylcellulose (5)
have been used to obtain essentially pure avidin, but more specific
techniques were desirable. Chromatographic methods which utilize the
specific complexing of certain biological materials have found occasional
use in their purification. Moreover, the relatively small size and good
stability of the avidin molecule together with its ability to complex
tightly with that portion of biotin not involving the carboxyl group
suggested the possibility of esterifying biotin to cellulose for formation
of an avidin-specific absorbent.

The present study describes the synthesis and chromatographic use
of biotin-cellulose for the specific purification of avidin.

MATERIALS AND METHODS

Commercial avidin and crystalline n-biotin were purchased from
Nutritional Biochemicals Corp. The avidin contained 1 to 1.25 units/
mg where 1 unit corresponds to 1 fJ.g of biotin bound under specified
conditions (5). C14-Biotin was obtained as carbonyl labeled from Nuclear
of Chicago. Thionyl chloride and pyridine were from Eastman Organic
Chemicals. The cellulose powder used was Whatman ashless CF 11.
Ammonium carbonate (300/0 NH3 ) was reagent grade from Mallinckrodt.

1 This investigation was supported in part by Research Grant AM-08721 from
the National Institutes of Health and by funds from the State University of New
York.
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Synthesis of Biotin-Cellulose. One gm of biotin with 5 p'C of radio
activity was dried over P 20 S in vacuo. This C14-biotin was dissolved in
15 ml of thionyl chloride which was freshly purified under anhydrous con
ditions by distillations from quinoline and linseed oil (6). The C14-biotin
acid chloride crystallized during removal of excess thionyl chloride by
evaporation under reduced pressure (7). This acid chloride was taken
up in 100 ml of anhydrous pyridine and stirred into a suspension of 400
ml of pyridine containing 10 gm of cellulose powder that had been dried
at 50° over P 20 S in vacuo. The mixture was stoppered and allowed to
shake at 30° overnight. The C14-biotin-cellulose was filtered off and
thoroughly washed in liter amounts of solution by resuspending and
filtering ten times from water, twice from ethanol, and once from diethyl
ether. The material was dried in vacuo and appropriate samples sus
pended with thixotropic gel in Bray's solution (8) for counting of radio
activity in a Packard Tri-Carb Liquid Scintillation Spectrophotometer.
Approximately 10% of original C14-biotin was esterified to the cellulose
for a biotin-cellulose compound containing 0.1 % biotin by weight.

Column Chromatography of Avidin. Commercial avidin of approxi
mately 10% purity was dissolved in small volumes of 0.2 to 0.225 M
ammonium carbonate and poured over columns of cellulose or biotin
cellulose which had been previously washed with the ammonium car
bonate. Elution of protein by various aqueous solutions was followed
in aliquots of the fractions collected by measuring the absorbancy at
280 mp' in a Beckman DU Spectrophotometer. C14-Biotin was added to
other aliquots of the fractions, which were then dialyzed in seamless
cellophane tubing for 24 hr against cold 0.2 to 0.225 M ammonium
carbonate. Aliquots (1 ml) of the dialyzed preparations were dissolved
in 10 ml of Bray's solution for counting of radioactivity. As reported
previously (9), the amounts of avidin activity in the fractions were
calculated from the corrected counts per minute retained in the dialyzed
preparations above that found in a simultaneously dialyzed water
control.

RESULTS AND DISCUSSION

Appropriate means for the selective retention and elution of avidin
from biotin-cellulose were investigated by absorption of avidin with
conditions reported optimal for binding biotin under the slightly alka
line medium (pH 8.9) and moderate ionic strength (0.6 p.) afforded by
0.2 M ammonium carbonate (10). As seen from the data in Table 1,
most protein material from impure commercial avidin was washed
through both the cellulose control and biotin-cellulose by the ammonium
carbonate eluant. Further rinsing with water removed most of the small
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TABLE 1
RELATIVE CONDITIONS FOR RETENTION AND ELUTION OF AVIDIN FROM CELLULOSE

AND BIOTIN-CELLULOSE

Commercial avidin (20 mg with 20 to 25 units of activity) in 5 ml of 0.2 M ammonium
carbonate was poured over a 1 X 10 cm column of cellulose or biotin-cellulose previously
washed with 0.2 M ammonium carbonate. C14-Biotin (3.6 /Lg with 0.5 /LC of radioactivity)
was added to 10-ml aliquots of each fraction collected and all the solutions dialyzed for
24 hr against 4 liters of cold 0.2 M ammonium carbonate.

Column,
2gm

Eluant,
50 ml

Protein,
total mg

Specific activity,
counts/min/mg

Cellulose control:
0.2 M (NH,)2C0 3

Water
0.2 M (NH,),C03 + 10-' M biotin

Biotin-cellulose: .
0.2 M (NH,)2C03

Water
0.2 M (NH,)2COS + 10-' M biotin

20.3
0.6
0.1

18.9
0.2
0.7

97,780
7,750

o

108,170
206,810

6,063

amount of protein remaining on cellulose, but a final rinse with am
monium carbonate plus biotin was needed to accomplish this with
biotin-cellulose. Most of the avidin activity was washed through both
cellulose and biotin-cellulose by the initial ammonium carbonate, but
significant amounts of avidin with a 2-fold greater specific activity was
subsequently eluted from biotin-cellulose by water. Although the avidin
retaining capacity of the small amount of biotin-cellulose used was
considerably exceeded by the relatively large amount of material put
through the column, these findings demonstrate that a significant
quantity of avidin was bound to the biotin residues on cellulose in the
presence of ammonium carbonate and released when the ionic strength
of the medium was markedly dropped with water as eluant.

Essentially complete purification of avidin could be accomplished
by column chromatography on amounts of biotin-cellulose which were
sufficient to retain most avidin while allowing extraneous material to
wash through during gradual decreases in ionic strength of the eluant.
As illustrated in Fig. 1, most protein was not retained on columns even
when the ratio of cellulose or biotin-cellulose to material chromato
graphed was relatively large and the concentration of ammonium car
bonate decreased linearly. However, though avidin was not significantly
enriched on the cellulose, the retention on biotin-cellulose was sufficient
to allow approximately lO-fold enrichment of activity. The fractions
from biotin-cellulose that had maximal avidin activity contained over
12 units/mg, which may be compared with pure avidin with a reported
specific activity of 13.8 units/mg (1).
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FIG. 1. Column chromatography of avidin on cellulose and biotin-cellulose. Com
mercial avidin (10 mg with 10 to 12.5 units of activity) in 5 ml of 0.225 M am
monium carbonate was poured over a 1.5 X 25 cm column (10 gm) of cellulose or
biotin-cellulose previously washed with 0.225 M ammonium carbonate. Ten 25-ml
fractions were collected from each column by eluting with a reversed linear gradient
from 0.225 M ammonium carbonate to water. C14-Biotin (3.6 Jlg with 0.2 p'c of
radioactivity) was added to lQ-ml aliquots of each fraction and the solutions
dialyzed against 4 liters of cold 0.225 M ammonium carbonate. Conventional specific
activity expressed as units/mg is 0.7 times the values shown on the ordinate scale
to the right. Thus, the fraction with maximum specific activity eluted from the
biotin-cellulose had a conventional specific activity of 18 X 0.7 = 12.6 units/mg.
The milligrams of avidin present in each 25 ml fraction is calculated then as 25
times the absorbancy at 280 mp' times the ratio of conventional specific activity to
that of pure avidin. Thus, the fraction with maximum specific activity eluted from
the biotin cellulose contained 25 X 0.04 X 12.6/13.8 = 0.91 mg.

Previous methods for the final purification of avidin involved non
specific and somewhat more laborious chromatography on such materials
as bentonite (4) and carboxymethylcellulose (5). The present method
using biotin-cellulose has the obvious advantage of greater specificity and
is quite facile. Furthermore, the biotin-cellulose is again made ready for
use after a run by simply rewashing with the starting ammonium car
bonate solution. The reasonable stability of the esterified biotin under
conditions employed herein allows repeated use of this material.

The use of biochemically specific absorbents to selectively purify bio
logical materials which are not readily amenable to other fractionation
procedures is becoming of considerably importance. The general principle
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.of attachment of specific reagents or natural substances to cellulose or
cellulose derivatives has recently been successfully applied for purifica
tions of enzymes (11, 12), antibodies (13), and nucleic acids (14). The
relative ease of synthesis of many such specific absorbents, the small
number of reactive sites generally needed, and the simplicity of the
over-all method are real advantages which should lead to further de
velopment of the general technique.

SUMMARY

1. Biotin-cellulose has been synthesized by converting biotin with
thionyl chloride to biotin acid chloride and esterifying the latter in
pyridine to cellulose.

2. Avidin has been specifically purified by chromatography over
biotin-cellulose using a linear gradient from high to low concentration
of ammonium carbonate.
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Many enzymes have been shown to exist in multiple molecular forms
called isoenzymes (1). Isoenzymes have been separated by electro
phoresis (2), DEAE-cellulose chromatography (3), and ion-exchange
chromatography (4). Methods for the estimation of isoenzyme activities
in mixtures have been based on differences in heat stability (5), kinetic
properties (6), and affinity for ion-exchange gels in batch procedures
(7) .

Because it is relatively nondestructive, column chromatography is
desirable as a preparative procedure. Column procedures are usually
time consuming, requiring the collection and assay of many fractions.
Even with the use of instrumentation for the complete automation of
enzyme assays of the fractions (8), much time and many manipulations
would be required for a single experiment involving a large number of
fractions.

Continuous analysis of enzyme activity in column effluents can greatly
reduce the time required for separation experiments, increase the ana
lytical information about the resolution of separations, and yield quan
titative data immediately at the end of each separation procedure. One
method for continuous monitoring of enzyme activity in column effluents
has been described (9). This paper describes the use of a continuous
enzyme analyzer (10, 11) with an automated column programer (12)
for the continuous monitoring and rapid separation of isoenzymes on
DEAE-Sephadex ion-exchange gels.

METHODS

Apparatus: The enzyme analyzer (10, 11) and column programer
(12) have been described in detail elsewhere. A diagram of the experi
mental setup is shown in Fig. 1. The column programer automatically
adds buffer solutions to the DEAE column in sequence, allowing each
buffer to drop to the level of the gel bed before the addition of the next.
Up to ten buffer solutions can be used in a program. The shape of the
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FIG. 1. Diagram of DEAE column and continuous enzyme analyzer.

gradient is determined by the amount of solution put into each buffer
reservoir. After the last buffer has been used, the programer automati
cally shuts off the enzyme analyzer and stops the column flow. The flow
rate of the column is constant at 2.8 ml/min, being the resulting sum
of the metered flow rates of the sample stream, 0.2 mljmin, and the
main effluent stream for the collection of enzyme peaks, 2.6 ml/min. The
flow rate of the sample stream into the enzyme analyzer can be varied
to decrease or increase the sensitivity of the analyzer, depending on the
amount of enzyme activity originally applied to the column. Flow rates
as low as 0.05 ml/min have been used. A flow rate of 0.2 ml/min was
used for all the studies described in this particular paper.

A three-way stopcock permits the selection of either the column
effluent stream, 81 , or a second stream, 82 , which can be used to intro
duce buffer and standards to set the baseline or calibrate the analyzer
before a run.

In the enzyme analyzer, the sample stream is mixed with a stream of
enzyme reagent to form a reaction stream which is split into two delay
lines at different temperatures. After a fixed time delay, the two reac
tion streams flow through two photometer cells. The absorbance difference
between the cells is monitored continuously by a photometer (10) and
is a continuous measure of the enzyme activity. The response of the
chart recorder is linear with enzyme activity (11).
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Dehydrogenase Reagent: Dehydrogenase activity was determined as
previously described (11) by use of reactions (1) and (2):

DH
substrate + NAD '<'=~ product + NADH2 (1)

PMS
NADH2 + dye-ox. ~~ NAD + dye-red. (2)

(blue) (colorless)

The production of reduced nicotinamide adenine dinucleotide
(NADH2 ) by the dehydrogenase enzyme reaction is coupled to a second
reaction which bleaches a blue dye in the presence of a catalyst, phen
azine methosulfate (PMS). Different dehydrogenases can be measured
by changing the substrate in the reaction system. For example, when
the substrate is lactate, lactic dehydrogenase (LDH) is measured and,
when it is malate, malic dehydrogenase (MDH) is measured. Several
dehydrogenases have been detected in this manner.

The dehydrogenase reagent consisted of 200 mg NAD, 10 mg PMS,
and 20 ml blue dye (34 mg 2,6-dichlorophenolindophenol in 100 ml
water) diluted to 200 ml with 0.1 M phosphate buffer, pH 7.4. For LDH
determination, 4 ml lactic acid, 60% syrup (Sigma Chemical Co., St.
Louis, Missouri), was added. For MDH, 4 ml 2 Ai d,l-malic acid, pH
7.4, was added. A detailed study of the dehydrogenase method used
here can be found elsewhere (11).

Transaminase Reagent: The determination of transaminase activity
was based on a system previously described (13) which uses reactions
(3), (4), and (5):

L:XT
amino acid + ",KG~~ keto acid + glutamate (3)

GDH
glutamate + NAD~ NADH2 + ",KG + NH.+ (4)

PMS
NADHz + dye-ox.~ NAD + dye-red. (5)

(blue) (colorless)

In reaction (3), the transfer of an amino group from an amino acid to
a-ketoglutarate (aKG) is catalyzed by the transaminase enzyme. In
reactions (4) and (5), the production of glutamate by the transaminase
reaction is coupled to a glutamic dehydrogenase (GDH) reaction using
essentially the same system described above for dehydrogenase measure
ments. The transaminase measured is determined by the amino acid
added to the system. For example, addition of aspartic acid gives the
reaction for glutamic oxalacetic transaminase (GOT), and of alanine,
for glutamic pyruvic transaminase (GPT).

The enzyme reagent for transaminase determinations was metered in
two streams. The first stream, metered at 1.0 ml/min, contained a solu
tion of 300 mg NAD, 10 mg PMS, 7 ml 0.1 M aKG, and 33 ml blue dye
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l;Iolution diluted up to 200 ml with 0.1 M phosphate buffer, pH 7.4. A
second stream, metered at 0.8 ml/min, contained 50 ml prepared GDH
solution (13) and either 20 ml 0.4 M aspartic acid or 50 ml 0.05 M
cysteinesulfinic acid (Calbiochem, Los Angeles, California), diluted up
to 100 ml with 0.1 M phosphate buffer. The reagent was metered in two
streams to prevent any transaminase activity in the GDH preparation
from affecting reagent stability (13). Complete details of the trans
aminase assay system and reagent studies can be found elsewhere (13).

Preparation of Tissue Homogenates: Human tissue was collected at
autopsy and frozen immediately; 50 gm of tissue was thawed, cut into
3- to 5-gm pieces, soaked in physiological saline for about 5 min, and
rinsed in 0.1 M phosphate buffer, pH 7.4; 100 ml phosphate buffer was
added to the rinsed tissue and the tissue was homogenized in a Waring
Blendor for about 2 min. The homogenate was strained through a cheese
cloth and centrifuged for 30 min at 24,000 X g at 5°C in a Sorvall RC-2
centrifuge. The supernatant was divided into 5-ml aliquots and frozen.
Frozen aliquots were discarded after 2 weeks.

For use, a frozen 5-ml aliquot was thawed and processed by gel filtra
tion on a column previously described (11) to remove low molecular
weight substances. About a 5-ml fraction of peak enzyme activity was
collected from the gel column instead of quantitatively collecting all of
the enzyme. The 5 ml of processed homogenate was used for separation
studies.

For quantitative studies of recovery and distribution, the processed
homogenate was diluted into an activity range where all peaks from the
DEAE column would be in the analytical range of the enzyme analyzer;
3 ml of the diluted homogenate was applied to the column.

Preparation of Columns: 60 gm Sephadex DEAE A-50, coarse, dry
particles was placed in a dry chromatographic column previously de
scribed (12). An air stream was passed up through the column from the
bottom until about 20% of the dry material was "distilled" off. The 80%
of dry material remaining in the column was suspended in 4 liters of
distilled water and allowed to equilibrate overnight.

Fines were removed by repeated washings with distilled water and
decantation. Next, the Sephadex was soaked in 0.5 M NaCI for at least
1 hr and, finally, equilibrated with 5 suspensions in 500 ml 0.05 M tris
buffer, pH 7.5, followed by decantation. The remaining Sephadex is
adequate to pack one 160-ml column.

While the yield using air fractionation of the dry material and re
peated washings was low, it was necessary to obtain columns with suf
ficiently high flow rates for rapid separations. Sephadex could be used
over several times by repeating the washings and equilibrating steps to
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regenerate the gel. Sephadex used up to 10 times still gave good re
producible results.

Each column was packed to about 160 ml with a 1: 1 Sephadex A-50
buffer lSulSpension. After packing, several milliliters of tris buffer was
passed through the column to ensure packing and the sample applicator
(12) was placed on top of the gel bed, preparing the column for use.

Buffer Solutions: 0.05 M tris buffer was made by adding 6.06 gm
Sigma 7-9 (Sigma Chemical Co.) to 500 ml distilled water, ad
justing to pH 7.5 with 1 N HCI, and diluting to 1 liter with distilled
water. NaCI buffer solutions were prepared by adding NaCI to make
0.05,0.10,0.125,0.150,0.175,0.200,0.225,0.250,0.275, and 0.300 M NaCI
tris solutions. Solutions were stored at room temperature.

Procedure: Before adding any solutions, the column programer is
advanced manually so that it will start at solution reservoir number 1
(12). The enzyme analyzer is plugged into the programer if it is to be
shut off automatically after the run. Finally, the NaCI-tris solutions are
poured into the programer solution reservoirs (12). With enzyme reagent
in the reagent stream and buffer being metered into the sample stream
through S2 in Fig. 1, a baseline is established and set at 0.2 on the chart
with the zero control (11). To calibrate the instrument for recovery on
quantitative column runs, a dilution of homogenate or a known standard
solution is metered in stream S2' When the recorder pen reaches steady
state, the pen response is set to the desired position with the sensitivity
control (11).

After calibration is complete and with the instrument running at
baseline with buffer in S2, column follower electrodes are inserted into
the sample applicator as previously described (12). The stopcock is
switched to stream Sl, and any buffer in the column is allowed to drop
to the column bed. The stream is switched back to S2 while 3 ml of
diluted homogenate is added to the column with a 5-cc syringe which has
about 2 ft of polyethylene tubing attached. The stream is switched back
to Sl and the homogenate is allowed to flow into the column. As the ho
mogenate drops to the level of the gel bed, 2 to 3 ml of tris buffer is
applied to the column with a wash bottle to wash the last traces of
homogenate into the column. As the last buffer flows into the column, the
automatic start button on the programer is pushed. The first NaCI-tris
solution is automatically added to the column, starting the column
program. The selector switch on the programer is set for the number of
solutions to be used in the procedure and the auto-shutoff switch is
turned on. After the last buffer is used, the programer stops the column
flow and turns off the enzyme analyzer.

Agar Gel Electrophoresis: LDH isoenzymes from the column were
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identified by an agar gel electrophoresis similar to that already de
scribed (14). After electrophoresis, agar slides were stained for lactic
dehydrogenase (LDH) activity by incubation in a solution containing
20 mg nitroblue tetrazolium (NET), 2.5 mg PMS, 5 ml lactic acid, 60%
syrup, and 25 mg NAD diluted to 50 ml with phosphate buffer, pH 7.4
(all from Sigma Chemical Co.). To stain for MDH, the lactate was re
placed with 5 ml 2 M malic acid, pH 7.5. Incubation for 30 min at 45°C
was usually adequate to develop the bands.

RESULTS

Separation of LDH Isoenzymes: Figure 2 shows tracings of recordings
for the separation of LDH isoenzymes with 30, 50, 70, and 90 ml of
NaCl-tris solutions in each reservoir. Five peaks of activity were eluted

TRIS - NoGI SOLUTIONS

No. M NoGI

I 0,050
2 0.100
3 0.125
4 0.150
5 0.175
6 0.200
7 0.225
8 0.250
9 0.275

10 0.300

30ml

50ml

8
I

70ml

90ml

4 2

HOURS

o

FIG. 2. Recorder tracings of the separation of LDH isoenzymes with different
elution programs: The separation of LDH isoenzymes was repeated with 30, 50,
70, and 90 ml of NaCI-tris solution in each reservoir. The numbers indicate at
what point on the recording, from right to left, each solution was added to the
column.

from the column, from right to left. The arrows show at what point
each solution was added to the column. Each recording is with a mixture
of heart, liver, and spleen homogenates to give about an equal distribu
tion of the 5 isoenzymes peaks.
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With the 30-ml program the procedure was complete in about 2.5 hr,
while about 4.5 hr was required for a 90-ml program. The activity did
not return to baseline between every peak for the 30- or 50-ml programs
as it did for the 70- and 90-ml programs. The separation of the first
two peaks eluted, D and E, was not significantly affected by the pro
grams while the last two bands, A and B, were most affected. A 70-ml
program was selected for routine use since the activity returned to
baseline between each peak with a minimum of time required. With a

A BCD E

~

ORIGINAL TISSUE

HOMOGENATE

'.

PEAK A

PEAK B

PEAK C

PEAK 0

PEAK E

POS. <lIII::<------ NEG.

FIG. 3. Agar gel electrophoresis of LDH isoenzymes in a tissue homogenate
before and after separation on a DEAE ion-exchange column.
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,70-ml program, artifacts on peaks Band C begin to appear. This might
be, as will be shown later, due to the shape of the stepwise gradient used
on the column.

The LDH isoenzymes were identified by collecting the activity under
each peak, A through E in the 70-ml program in Fig. 2, and separating
each fraction along with the original homogenate by agar gel electro
phoresis. The results are shown in Fig. 3, where peak A, which is eluted
from the column last, corresponds to the fastest moving electrophoretic
LDH band and peak E corresponds to the slowest moving electrophoretic
fraction. For LDH, the 5 isoenzymes are eluted from the column in the
reverse order of their electrophoretic mobility.

Further to study the column procedure, 5-ml fractions were collected
from a column during a 70-ml program separation. The chloride con
centration in each fraction was determined with an Aminco-Cotlove
automatic titrator (American Instrument Co., Silver Spring, Maryland).
A plot of the chloride concentration was superimposed on a recorder
tracing of the LDH activity, as shown in Fig. 4. The arrows indicate at

0.225 -rI
LDH ACTIVITY I

,225 I .250*_. I
0.200

M CHLORIDE ,
.200 I

J. f

0.175 E .
W .175 , , A0

+
/

n:
,

0.150
0 0'-

f
.-J ,
I /

D J50 /

U 0.125

t/
o'

LL r'
0 0.100 I

I

>-
,

f- :
n: 0.075
<1:
.-J
0

0.050 .100
~ ,050t ___

0.025

0

ml COLLECTED FROM COLUMN

FIG. 4. Study of chloride gradient for 70-ml program: 5-ml fractions were col
lected from a column during the separation of LDH isoenzymes with a 70-ml pro
gram. A plot of chloride concentration was superimposed on the LDH activity
recording. Arrows indicate at what point during the procedure each solution was
added to the column.
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what point each tris-NaCI solution was added to the column. From the
data in Fig. 4, it appears that inflections in the chloride concentration
might account for the sudden increase in activity during the elution of
peaks Band C. Attempts to vary the gradient in nonlinear steps by
varying the amounts of tris-NaCI solution in each reservoir did not im
prove the separation of the LDH isoenzymes. A linear stepwise increase
in salt concentration always gave the best results. Because of complica
tions due to gel bed shrinkage (12) during the elution procedure, the
stepwise elution of columns, allowing each solution to drain to the gel
bed, gave more reproducible separations than initial experiments using
a continuous gradient.

Recovery and Distribution of LDH Isoenzymes: Several experiments
were performed with different human tissue homogenates to demonstrate
the use of the column and enzyme analyzer as a quantitative tool. The
total recovery of LDH activity from the column and distribution of the
5 isoenzyme activities were determined for heart, liver, skeletal muscle,
spleen, and kidney homogenates.

For quantitative studies, it was necessary to dilute the processed tissue
homogenate so that the isoenzyme peaks would not exceed full scale
of the enzyme analyzer during the experiment, enabling peak areas to
be measured. Before starting a column run dilutions of the processed
tissue homogenate were metered in stream S2 to steady state to determine
the activity response of the homogenate. Occasionally, diluted samples
of crystalline LDH of known activity were run to calibrate the recorder
or to determine the activity of the homogenate in LDH units (11). It
was not necessary, as will be shown later, to know the actual activity
of a homogenate to make quantitative measurements of recovery and
distribution. Generally, 3 ml of homogenate which was about 100 time~

as active as the acceptable dilution metered in S" was applied to the
DEAE A-50 column. Since the response of the enzyme analyzer is linear
with activity (11), if the sensitivity setting of the enzyme analyzer is
left unchanged after calibrating with the diluted homogenate in stream
S2, an area of chart paper which represents the total activity applied to
the column can be calculated from the following formula:

total area = CU X R X ML X (SjF)

where CU is the chart response obtained at steady state with the diluted
homogenate, R is the ratio of the activity of the homogenate applied to
the column to the activity of the diluted homogenate used to obtain CU,
ML is milliliters of homogenate applied to the column, S is the chart
speed in in.jmin, and F is the flow rate of the column in ml/min. This
formula assumes that the column flow rate is constant, which is true
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.because the column flow is metered by peristaltic pumps. The calculated
area is given in units of chart response-inches, chart response being
the vertical axis and inches the horizontal.

For each run, the area representing the total activity applied to the
column as calculated from the formula above and the areas under each
peak were cut out of the recording paper and weighted on an analytical
balance. The sum of the weights of the peaks was compared to the total
area weight to calculate total per cent recovery. The distribution of
activity was calculated from the weight of each peak using the sum of
the peaks as 100% of the activity.

Recorder tracings for several homogenates are in Fig. 5. As shown,

TOTAL
RECOVERY

96%

A B c

9"

o

2"

E

I"
HEART

83% _________________"'_1_001 LIVER

0.3" 0.5" 1.5"

3" LIVER X 30

82%

89%

""

61" SKELETAL

MUSCLE

87%
42"

16 " 7" 2"

KIDNEY

FIG. 5. Study of distribution and total recovery of LDH isoenzymes in tissue
homogenates.

heart and kidney are richest in the electrophoretically faster moving
fractions, A and B, while skeletal muscle and liver are predominantly
the slow-moving fractions. When liver diluted into the analytical range
was used, essentially all the activity was in the slowest moving fraction.
When a liver homogenate 30 times as active was used, other peaks were
detected, as may be seen in the Liver X30 recording in Fig. 5. The major
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peak, E, was so active that all reagents in the enzyme analyzer were
depleted, resulting in inversion of the peak response (arrow at L). The
figures given on each tracing, with the exception of the Liver X30
recording, represent the average of at least two separate experiments.
Distribution of the major peaks of activity was generally reproducible
to about -+-1% while total recovery varied by about -+-10%. A total
recovery significantly greater than 100% was not obtained for any
tissue. The highest recoveries were generally obtained with tissues
richest in the fastest moving fractions, such as heart and kidney, while
lowest recoveries were obtained with tissues rich in the slower, more
labile fractions, such as in liver and skeletal muscle.

Separation of Other Isoenzymes: The isoenzymes of malic dehydro
genase (MDH) and transaminase activity, using aspartic acid (GOT
activity) and cysteinesulfinic acid (CSA activity) for substrates, were
separated. Except for the reagents used in the enzyme analyzer, all
conditions were identical as for the separation of LDH isoenzymes with
a 70-ml program. Results are shown in Fig. 6. An LDH recording is
shown first for reference. The major isoenzyme fractions obtained for
GOT (15) and MDH (16) are consistent with previous studies. The

LDH TOTAL
RECOVERY

GOT 40"
(LIVER) 60 " JL 98%
~

CSA
(LIVER) 81 "

19 " JL 94%

MDH 59"

(KIDNEY)

~
80%

FIG. 6. Separation of other dehydrogenase and transaminase isoenzyme activities:
The conditions for the separation of MDH, GOT, and CSA were identical to those
for the separation of LDH with the 7o-ml program. Only the reagents in the
enzyme analyzer were changed.
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.separation of GSA into two peaks which elute in the same positions as
the GOT peaks is consistent with the idea that GSA and aspartic are
substrates for the same enzyme, GOT (17). The difference of the dis
tribution of transaminase activity with aspartic and GSA is of interest.
There have been some reports of as many as four or five isoenzymes for
GOT (18).

Electrophoresis of the MDH peaks showed that the fastest moving
fraction was eluted first, an order of elution opposite that for LDH.

DISCUSSION

The use of an enzyme analyzer with an automatic column programer
to continuously monitor and quantitate the enzyme activity eluted has
been demonstrated. The separations were relatively rapid compared to
other column procedures. The method was demonstrated with both de
hydrogenase and transaminase enzyme systems.
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For the purpose of pool size determinations of ribo- and deoxyribo
nucleoside triphosphates, we have developed a new method having the
following characteristics:

1. High resolving power, enabling a complete resolution of all common
triphosphate precursors of nucleic acids to be carried out within a short
time.

2. Great sensitivity, making possible analyses of small amounts of
biological material.

3. Suitability for qualitative and quantitative routine analyses.
4. Reproducibility.
Of all techniques available at the present time, the new method of

anion-exchange thin-layer chromatography on PEI-cellulose2 (2-5) ap
peared to be most promising. The qualitative (3, 4) and quantitative
(5) aspects of this technique have been discussed in detail. A separation of
CTP, UTP, ATP, GTP, and lTP from each other and from other mono
nucleotides can be obtained on PEl-cellulose layers (4). However, a
mixture containing also deoxyribonucleoside triphosphates cannot be
resolved by this procedure. By the procedures described in the present
paper, nine common ribo- and deoxyribonucleoside triphosphates are

t This work was supported by a travel grant from the University of Copenhagen
.to one of us (J. N.) and by grants-in-aid from the U. S. Atomic Energy Commission
(AT(30-l)-2643), the U. S. Public Health Service (CA 5018-08), the National
Science Foundation (22138), and the Wellcome Trust. This is publication No. 1225
of the Cancer Commission of Harvard University.

2 A cellulose anion-exchange material obtained by impregnating unmodified or
modified cellulose with poly(ethyleneimine) (molecular weight 30,OO~40,OOO) (1)'.
For abbreviations of nucleotides, see "Abbreviated Instructions to Authors" as
published in the issues of J. Bioi. Chem,
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completely separated on PEl-cellulose layers from each other and from
other mononucleotides. Part of this work has been reported in a pre
liminary form (6).

EXPERIMENTAL

Materials

All nucleotides were obtained commercially as sodium salts from
Sigma Chemical Company, St. Louis, Missouri, and from California
Corporation for Biochemical Research, Los Angeles, California. Solvents
were prepared from analytical reagent-grade materials. Kodirex X-ray
film" was used for autoradiography.

Preparation of PEl-Cellulose Plates4

Glass plates (3, 4) or plastic sheets (7) were coated using a suspension
of cellulose powder MN 3005 in a poly(ethyleneimine) hydrochloride
solution. All plates were given a preliminary ascending wash with NaCl
solution followed by water (4). If they were not used within a few
days they were stored in darkness in the cold (0° to 4°) (3) or, pref
erably, at _10° to -20°.

Chromatography

All nucleotide solutions were approximately 0.002 M in water (pH
about 6). Samples were applied as described elsewhere (3, 4). Ascending
chromatography was carried out in closed rectangular tanks containing
solvent to a height of 0.7-1.2 cm. It was not necessary to saturate the
tank atmosphere with solvent vapors. After chromatography, the plates
were dried in a stream of warm air and then examined and photographed
in incident short-wave ultraviolet light (3) in a dark room.

Solvents and Chromatographic Procedures

Two two-dimensional procedures (I and II), which give the desired
separation of nucleoside triphosphates, are described here in detail.

Procedure I. The following solvents were used: Solvent 1,1: 1.0 M
LiCl was saturated with boric acid at room temperature (22°) and
brought to pH 7.0 by the addition of ammonia (specific gravity 0.90).

• Kodak Ltd., London (Great Britain), supplied by Kodak A/S, Copenhagen
(Denmark).

• Plates prepared from commercial PEl-cellulose powders and commercial PEI
cellulose plates may give separations that are different from those described in this
paper.

• Macherey and Nagel, Duren (Germany). Obtained from Brinkmann Instru
ments, Westbury, New York.
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Solvent 1,2: 2.0N HCOOH/1.6M LiCI (l/l, v/v). Solvent 1,Sa: 0.50M
(NH.) 2S0•. Solvent I,Sb: 0.70 M (NH4)2S04'

After applying the nucleotide solution at the starting spot X (see
Fig. 1), the chromatogram was developed with solvent I,l. The plate
was dried in a stream of warm (50 0

) air after the solvent front had
reached a line about 12 cm above the start. To remove LiCI and borate,
the plate was laid for 15 min in a flat dish (25 X 25 cm) containing
800-1000 ml anhydrous methanol. Solution was accelerated by occasional
agitating.

After drying, the chromatogram was developed in the same direction
with solvent I,2. This development was carried out in the cold (00 _5°)
and again terminated when the solvent front reached a line 12 cm above
the origin. Subsequently, the plate was dried for 4-5 min in a stream of
cold air, then for about 3 min in a stream of warm (50 0

) air and laid
in a flat dish containing a solution of 600 mg tris (hydroxymethyl) amino
methane (free base) in 500 ml anhydrous methanol. After 5 min, the
plate was dried in a stream of cold air and treated for 10 min with 500
ml anhydrous methanol. The removal of HCOOH and LiCI was again
accelerated by agitating.

After drying, parallel lines were scratched into the bottom part of
the layer (3), and all parts of the 'layer not needed for chromatography
in the second dimension were scraped off with a sharp spatula (4).
Compounds close to the solvent front of the first dimension, e.g., all
nucleoside monophosphates, nucleoside diphosphate sugars, CDP, and
ADP, are excluded from further c4romatography in this way. Develop
ment in the second direction was carried out using a stepwise elution
procedure (3) with solvents I,Sa and 3b at room temperature or at 0°-5°
(see Results). Solvent 1,Sa was allowed to ascend to 4 cm above the start
ing line of the second dimension, and the plate was then transferred
without intermediate drying to a tank containing solvent I,3b. Chroma
tography was terminated when the solvent front reached a distance of
12-16 cm from the starting line. After drying, the plate was examined
under short-wave ultraviolet light and photographed. The whole pro
cedure takes 4.5 to 5.5 hr.

If only a separation of ribonucleoside polyphosphates was intended,
procedure I was simplified as follows: Solvent I,l was omitted; solvent
1,2 was run up to 10-12 cm at room temperature or in the cold. Tris/
methanol treatment and development in the second dimension were
carried out as described above. The procedure takes 2.5 to 3 hr.

Procedure II. The following solvents were used: Solvent lI,la: 2.0 N
acetic acid/2.0M LiCI (l/l, v/v). Solvent II,lb: 4.0N acetic acid/
2.5 M LiCI (1/1, v/v). Solvent II,2a: 2.5 M ammonium acetate contain-
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,ing 370 boric acid; the solution was adjusted to pH 7.0 by addition of
ammonia (specific gravity 0.90). Solvent II,2b: 3.5 M ammonium acetate
containing 4% boric acid, pH 7.0 (ammonia).

The plate was developed at room temperature in the first dimension
using a stepwise elution procedure with solvents II,1a and 1b. The plate
was transferred from solvent II,1a to solvent II,1b when the solvent front
reached a line 4 em above the starting line. When the front was 15 em
above the start, the plate was dried thoroughly-20 min in warm air
(400 )-to remove as much of the acetic acid as possible. Subsequently,
it was treated for 20 min with 1000 ml anhydrous methanol (as de
scribed in Procedure I), dried in a stream of cold air, and "scratched"
(see above). Development in the second dimension was carried out at
room temperature using solvent II,2a up to 4 em above the starting line
followed by solvent II,2b up to 14 em. This procedure takes about 4 hr.

Chromatography of Extracts from Biological Material

The methods described in the present paper can be applied directly
to alcohol, trichloroacetic acid, or perchloric acid cell extracts-see also
(8). The plates may be given a preliminary methanol treatment (3)
and/or a preliminary ascending development with methanol/water 0/4,
vjv) up to 10--15 em in order to remove salts and other interfering sub
stances. Chromatography in the first dimension should be carried out per
pendicularly to the methanol/water development.

A separation of labeled nucleoside triphosphates from E. coli B grown
in the presence of deoxyadenosine (9) was obtained in the following
way. The bacteria were grown for two generations anaerobically in low
phosphate broth (0.33 mM orthophosphate) containing 32P-labeled
orthophosphate (specific activity in the medium: 3 fLC/,umole orthophos
phate). Glucose (0.2%) was used as the carbon source. At zero time,
deoxyadenosine was added to the medium (final concentration 2.5 mM)
and growth continued. Forty minutes later, a 5-ml aliquot of the culture
(corresponding to about 0.6 mg bacterial dry weight) was filtered through
a Millipore filter. The filter was immediately immersed in 4.5 ml 5%
trichloroacetic acid (0°) and shaken vigorously. After centrifugation for
5 min at 10,000 rpm, the supernatant solution was extracted several times
with ether to remove trichloroacetic acid and the water phase was
lyophilized. The residue was dissolved in 100 ,ul water and a lO-fLl
aliquot was applied to each starting spot of two plates, followed by ad
dition to the same spot of 5 fLl of a marker solution containing 5 m,umoles
of ATP, GTP, UTP, CTP, dATP, dGTP, dTTP, and dCTP. The plates
were treated for 5 min with 500 ml anhydrous methanol (3) and de
veloped in two dimensions according to Procedures I and II, respectively.
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Subsequently, autoradiography was carried out (exposure time 24 hr
in either case).

Quantitative Analyses

Quantitative spectrophotometric assays of model compounds were
carried out using PEl-cellulose on plastic sheets (7). After chroma
tography (Procedure I), the compounds were transferred from the layer
to paper wicks (5) using 15 p.l water, followed by 30 p.l of 0.7 M MgCl2as
eluants. Adjacent blank areas were treated in the same way. One ml of
0.7 M MgCld2M tris hydrochloride, pH 7.4 (100/1, v/v) , was used for
elution from the paper wicks. After centrifugation, extinctions at 260
mp' were measured against blank eluates.

32P-Labeled compounds were assayed as follows. After part of the
layer surrounding the spot had been scraped off, the spot was moistened
with 15-25p.1 water, immediately transferred to planchets using a thin
metal spatula, and counted in a Frieseke and Hoepfner end-window
counter (8).6

RESULTS

As seen in Fig. 1, a complete separation of CTP, dCTP, UTP, dTTP,
ATP, dATP, GTP, dGTP, and ITP from each other and from diphos
phates is obtained by Procedure I. There is also no overlapping with
orthophosphate, nucleoside monophosphates, sugar nucleotides, DPN,
and TPN (not shown in Fig. 1).

The borate system (solvent 1,1) separates deoxyribonucleoside tri
phosphates from their ribonucleoside analogs (and also corresponding
ribonucleoside and deoxyribonucleoside diphosphates). The rate of migra
tion decreases in the order: deoxyribonucleoside diphosphates > ribo
nucleoside diphosphates > deoxyribonucleoside triphosphates > ribonu
cleoside triphosphates containing the same base. With regard to the base
the following sequence is observed: uridine (thymidine) compounds
> cytidine compounds > adenosine compounds > guanosine compounds.
Because ribonucleoside diphosphates are very close to corresponding
deoxyribonucleoside triphosphates, there is some overlapping between
diphosphates and triphosphates.

The main effect of the subsequent development with the formic acid
system (solvent 1,2) is a clear class separation of diphosphates from
triphosphates (3). After chromatography with this solvent, the slowest
diphosphate (GDP) is clearly ahead of all triphosphates. The migration
rate is, to a lesser extent, also influenced by the base moiety of the
nucleotides (3).

• Frieseke and Hoepfner, Erlangen (Germany).
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Fro. 1. Two-dimensional separation of ribo- and deoxyribonucleoside poly
phosphates on a 0.5-mm PEl-cellulose layer. Applied to the starting spot X: 5-10
mJLmoles of each compound. Development: Procedure I (see text). First dimension
from right to left, 12 em. Second dimension from bottom to top, 13 em, at +2 0

•

Compounds: 1 = GTP; 2 = dGTP; 3 = ATP; 4 = dATP; 5 = ITP; 6 = CTP;
7 = dCTP; 8 = UTP; 9 = dTTP; 10 = GDP; 11 = dGDP (impurity in the com
mercial dGTP used); 12 = UDP. Photographed by short-wave ultraviolet light.

Subsequent development with the ammonium sulfate system (sol
vents I,Sa and Sb) in the second dimension separates chiefly according
to the base moiety; migration rates decrease in the order: uridine
(thymidine) compounds> cytidine compounds> adenosine compounds
> guanosine compounds. Diphosphates precede corresponding triphos
phates. The pentose moiety is only of minor importance. In addition,
the migration rates of some triphosphates are temperature dependent.
By carrying out the chromatography at 0°_5° instead of at room tem
perature, the separation of adenosine triphosphates from cytidine tri
phosphates can be improved. Increasing the (NH.) 2S0. concentration
(0.8 M, no stepwise elution) also increases the distance between ATP
and CTP. These phenomena can be interpreted as "salting out" effects
(10). In the case of biological extracts one can take advantage of these
effects if a quantitative determination of CTP in the presence of a large
excess of ATP is in tended (compare Figs. 3 and 4).

Figure 2 demonstrates a separation of ribonucleoside di- and tri
phosphatelS using the simplified Procedure I, which does not separate
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FlO. 2. Two-dimensional separation of ribonucleoside polyphosphates on a O.5-mm
PEl-cellulose layer. Applied to the starting spot X: 5-15 mpmoles of each com
pound. Development: simplified Procedure I (see text). First dimension from right
to left, 10 em. Second dimeniiion from bottom to top, 13 em, at +22°. Compounds:
1 =GTP; 2 =ATP; 3 =CTP; 4 =ITP; 5 =UTP; 6 =GDP; 7 =ADP;
8 = CDP; 9 = UDP. Photographed by short-wave ultraviolet light.

deoxyribonucleotides from ribonucleotides due to the omission of borate.
The development in the second dimension was carried out at room tem
perature; a comparison between Figs. 1 and 2 shows how the migration
rates of ATP and CTP are influenced by the different temperatures.

A comparison of Figs. 1 and 3 with Fig. 4 (see below) shows that
Procedure II results in a spot pattern completely different from the
spot pattern obtained with Procedure I. This is partly due to the fact
that separation of deoxyribonucleotides from corresponding ribonucleo
tides is being achieved in the first dimension in Procedure I and in the
second dimension in Procedure II. Although the over-all resolution ob
tained by Procedure I is more distinct, a combined use of both pro
cedures might facilitate the identification of unknown compounds.

Figures 3 and 4 show autoradiograms of chromatograms of a 32p_
labeled extract from E. coli B. The chromatograms, each corresponding
to about 0.06 mg bacterial dry weight, were developed according to
Procedures I and II, respectively. It can be seen that all common ribo
nucleoside and deoxyribonucleoside triphosphates, except dGTP, show
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FIG. 3. Autoradiogram of a two-dimensional separation of "P-Iabeled ribo- and
deoxyribonucleoside triphosphates on a O.5-mm PEl-cellulose layer. Applied to the
starting spot X: 10 ~l of a trichloroacetic acid extract of E. coli B (see text for
details of growth and extraction). Development: Procedure 1. First dimension from
right to left, 12 em. Second dimension from bottom to top, 13 em, at +2°. Exposure
time: 24 hI' on Kodirex X-ray film. Compounds: 1 = GTP; 2 = ATP; 3 = dATP;
4= CTP; 5=dCTP; 6=UTP; 7=dTTP.

up on the autoradiograms after an exposure time of 24 hr. The radio
activity of 32P-Iabeled ATP and dTTP on the chromatograms (auto
radiograms, Figs. 3 and 4) was determined as described above. The
amounts calculated from the radioactivity of the spots and the known
specific activity of 32P-labeled orthophosphate in the medium were as
follows: the ATP spot corresponded to 0.2 mp.mole and the dTTP spot
to 0.016 mJLmole.

Using the procedure for quantitative spectrophotometric assay (5),
recoveries of model compounds chromatographed according to Procedure
I were generally found to be 90ro or more. The small loss of nucleotide
material might arise from the methanol treatments. Amounts determined
were in the range of 7-10 mJLmoles.

The limit of detection under short-wave ultraviolet light is, in the
case of Procedure I, about 0.5-2 mJotmoles of each triphosphate depending
upon the specific extinction coefficients of the nucleotides.

Separations on PEl-cellulose layers are highly reproducible; plates
prepared from seven different batches of poly(ethyleneimine) and from
more than ten batches of cellulose powder gave practically identical
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FlO. 4. Autoradiogram of a two-dimensional separation of "P-Iabeled ribo- and
deoxyribonucleoside triphosphates on a O.5-mm PEl-cellulose layer. Applied to the
starting spot X: 10 ~l of a trichloroacetic acid extract of E. coli B (see text for
details of growth and extraction). Development: Procedure II. First dimension from
right to left, 15 em. Second dimension from bottom to top, 13 em. Exposure time:
24 hr on Kodirex X-ray film. Compounds: 1 = GTP; 2 = ATP; 3 = dATP;
4=CTP; 5=dCTP; 6=UTP; 7=dTTP.

results. In contrast, we found that DEAE- and ECTEOLA-cellulose
preparations for thin-layer chromatography obtained from different
companies showed large variations from batch to batch, and even dif
ferent lots obtained from the same company were found to differ in
chromatographic performance-see also (11).

DISCUSSION

In order to compare the novel method described in the present paper
with column chromatography, paper chromatography, and paper elec
trophoresis of nucleoside triphosphates, it seems appropriate to outline
briefly the results that can be obtained by these conventional methods
see also (12).

Column Chromatography of Nucleoside Tn:phosphates (13-22)

No separation of all eight common ribo- and deoxyribonucleoside
triphosphates from each other and from other mononucleotide classes
on a single column has been reported. Using polystyrene-type (13-20)
or cellulose-type (21, 22) anion-exchange columns, separations of three
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or four triphosphates from each other and from the diphosphate group
have been described, but there was no separation of corresponding
deoxyribo and ribo compounds. Cohn and Bollum (16) separated some
deoxyribo- and ribonucleoside monophosphates from each other on an
anion-exchange column using a borate system.

Paper Chromatography of Nucleoside Triphosphates (23-29)

For resolution of complex nucleotide mixtures, time-consuming de
velopment in two dimensions is required. Although paper chromatography
can be used for analysis of some ribonucleoside triphosphates in bio
logical extracts, a separation of all common ribo- and deoxyribonucleoside
triphosphates from each other and from other mononucleotide classes
is not possible by present techniques of paper chromatography.

Paper Electrophoresis of Nucleoside Triphosphates (30)

Paper electrophoresis, although capable of separating a number of
acid-soluble tissue nucleotides, seems to offer no advantage when com
pared with paper chromatography of nucleoside triphosphates. No
satisfactory separations of these compounds by paper electrophoresis
have been reported in the literature.

Combination of Different Conventional Techniques

For determinations of nucleoside triphosphates, a combination of
column chromatography, paper chromatography, and spectrophotometry
(8, 31, 32) or of column chromatography, colorimetry, and spectro
photometry (29) has been used. These combined techniques are, however,
not well suited for routine determinations of nucleoside triphosphates in
a great number of samples, because each analysis of an individual com
pound requires from several days to two weeks.

It is clear from the preceding paragraphs that the separation of all
common ribo- and deoxyribonucleoside triphosphates cannot be ac
complished by one conventional procedure alone.

The results presented demonstrate that anion-exchange thin-layer
chromatography on PEl-cellulose complies with our requirements. Com
plex mixtures of m,umole quantities of ribonucleoside and deoxyribo
nucleoside triphosphates can be separated in a few hours. The method is
thus much faster and more sensitive than conventional separation tech
niques for these compounds. The procedures described can be modified
to resolve similarly complex mixtures of nucleoside monophosphates and
diphosphates.1 The method can be applied directly to tissue ex-

'Unpublished experiments.
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tracts and is highly reproducible. In combination with quantitative assay
procedures, it should be useful for triphosphate determinations.

SUMMARY

CTP, dCTP, UTP, dTTP, ATP, dATP, GTP, dGTP, and ITP can be
completely separated from each other and from other mononucleotides
by two-dimensional anion-exchange thin-layer chromatography on PEI
cellulose. The chromatograms can be evaluated quantitatively and re
coveries exceed 90%. Extracts from biological material can be chroma
tographed directly.
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Characteristic absorption spectra are given by carbohydrates and
carbohydrate-containing substances on reaction with cysteine and sul
furic acid (1-8). Various methods using these reagents have been em
ployed for the estimation of deoxyribonucleic acid (DNA) (1-3, 7-9);
they differ principally in the final concentration of sulfuric acid, which
affects the position and intensity of the absorption maximum. This re
port describes a variation used during an investigation of the nucleic
acids of Bordetella pertussis bacteria (10). The reaction conditions were
similar to those used in the "CyRI" method of Dische and his co-workers
(4, 5), but the results for DNA were different, owing to the presence of
chloride ions in the test solution. As a result, a strong absorption at 472
mp' was obtained with DNA; cysteine was not necessary for the reaction.
The test also gave an approximate measure of the extent of contamina
tion by ribonucleic acid (RNA) and aldohexose, and allowance for their
slight contribution to the DNA absorption could be made.

METHOD

The material to be tested was dissolved in an aqueous solution, 0.1 M
in sodium chloride and 0.01 M in trisodium citrate, which had been
adjusted previously to neutrality with acetic acid. A solution of water in
concentrated sulfuric acid (1:6, vjv; 2.25 ml) was mixed in small por
tions with the test solution (0.47 ml), with cooling in an ice-water bath.
Together with a "blank" prepared just beforehand, the test mixture was
held at 0° for a further 3 min. Both solutions were then left standing
at room temperature for 3.5 min, were heated in a boiling water bath for
exactly 3 min, and were cooled rapidly under running water. After allow
ing a few minutes for dispersal of air bubbles, the spectrum was read
on a Unicam SP 500 spectrophotometer, using 5 mm cells.

I Present address: Rothamsted Experimental Station, Harpenden, Herts., England.

223



224 M. F. BACON

The contents of the cells were then drained back into the liquid re
maining in the test tubes, and the cells were cleaned and dried. A solution
of L-cysteine hydrochloride (3% wIv in water, 0.05 m}) was added
quickly to the blank and mixed in rapidly by shaking. The sample
solution was immediately treated in the same way. After a short pause
to allow air bubbles to disperse, both solutions were transferred to the
cells and the spectrum was again measured.

RESULTS

The results of the first stage of the reaction, that is before addition of
cysteine hydrochloride, will be considered first. The spectra obtained with
DNA, RNA, and the galactose-containing polysaccharide, agar, are
shown in Fig. 1. The strong absorption given by DNA at 472 mp' is
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FIG. 1. Spectra given by DNA <0-0), RNA (e-e) and agar (X-X), before
addition of cysteine. Concentrations per ml of test solution, prior to adding sulfuric
acid solution, were 93 p.g Na-DNA, 134 JIog Na-RNA, and 43 p.g agar. The DNA,
from an avirulent strain of B. pertussis (10), was undenatured, was contaminated
with about 0.5% of RNA and 2% of protein, and was free from aldohexose.

interesting. In the presence of cysteine hydrochloride, a weaker absorp
tion has been obtained at this wavelength at a higher final concentration
of sulfuric acid (6), and becomes more intense as the acid concentration
is further increased (7, 8). An absorption at 375 mp' can also build up
slowly (1, 3). At lower acid concentrations, the absorption maximum is
at 490 mJL (1, 2). Chloride ions were probably present only in small
amounts in these variations of the method, whereas in the present work
the test solution was 0.1 M with respect to sodium chloride. Table 1
shows that the absorption at 472 mp' is greatly increased by chloride
ions. Citrate, sulfate, and sodium ions are not effective at the concen
trations tested. Chloride ions are often present in DNA preparations, and
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TABLE 1
EFFECT OF ADDED SALTS ON ABSORPTION GIVEN BY DNA AT 472 Mp., BEFORE

ADDING CYSTEINE

Various salts were added to aliquots of a solution of salt-free DNA in water (93 p.g
Na-DNA/ml), to give the molarities shown. The solutions were then treated with sul
furic acid-water (6: 1 v/v) as described in the text. sse = 0.15 M in sodium chloride
and 0.015 M in trisodium citrate.

Salt and molarity

No salt added
0.17 X sse
0.50 X sse
0.67 X sse
1.0 X sse
2.0 X sse
0.15 M sodium sulfate
O. 15 M trisodium citrate
O. 15 M sodium chloride
0.15 M L-cysteine hydrochloride

Optical density at "max
(approx. 472 mil in all cases)

0.019
0.134
0.163
0.169
0.168
0.178
0.022
0.019
0.176
0.100

it is clear that their concentration must be controlled in this, and perhaps
in other variations of the cysteine-sulfuric acid test for DNA.

The absorption maximum at 472 mflo was obtained in the absence
of added cysteine, whereas it appears generally to be assumed that
cysteine is necessary for this reaction. The 2% of protein in the DNA
would not contribute any appreciable amount of this amino acid, and
it may be concluded that the presence of cysteine is not necessary. This
is in agreement with observations made by Bakay et al. (8) and by
Staron and co-workers (11). Cysteine may in fact partially inhibit the
increase in absorption due to chloride ions (Table 1).

The variation of absorption at 472 mp' with concentration of DNA is
shown in Fig. 2. A linear relationship is obtained between 20 and 480
flog of DNA per m!. The base compositions of the DNA from virulent and
avirulent strains of B. pertussis (10) and from herring sperm differ con
siderably, but do not have any marked effect on the extinction coefficients.

The absorptions given by RNA and a hexose polysaccharide at 472
mflo are not entirely negligible (Fig. 1). Thus contamination of a DNA
sample by an equal weight of either of these substances would raise the
absorption at 472 mp' by about 5%. The extent of contamination by RNA
and aldohexose can be estimated by comparing the spectra obtained
before and after adding cysteine hydrochloride. The DNA spectrum
remains virtually unaltered on addition of cysteine, whereas with RNA
and agar the absorptions at around 315 mp' are replaced by peaks at 390
and 410 mp', respectively. Difference spectra illustrating these points
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FIG. 2. Correlation of DNA concentration and optical density at 472 mJl: (0)
herring sperm DNA, (e) DNA from virulent or avirulent strains of B. pertussi..,_
The concentrations are those in the test solution (OJ M in NaCI and 0.01 M in Na
citrate) before adding sulfuric acid solution. Optical densities were measured in
5-mm cells 15 min after heating with sulfuric acid, and cysteine was absent. Any
absorption due to RNA or hexose in the samples was deducted from the readings.

are shown in Fig. 3. The presence of pentose and aldohexose in a DNA
preparation will be revealed, therefore, in a difference spectrum of this
type by a negative absorption in the 315 m/-t region and a positive absorp
tion at around 400 m/-t. The exact positions of the peaks will depend on
the relative amounts of pentose and hexose; their heights will be a
measure of the extent of contamination. The difference between the
optical density differences at 390 and 422 m/-t (~OD390 - ~OD422), is
very small for agar and DNA, whereas it is highly positive for RNA
(Fig. 3). It can therefore be used to calculate the RNA concentration,
although with an accuracy limited by slight deviations from zero of
the value of (~OD300 - ~OD422) for hexoses (3, 6). The RNA contribu
tion can then be deducted from the optical density difference at 410 m/-t,
to allow an estimate of the hexose concentration. This type of calculation
was used previously by Dische (1, 3) and Brody (6). The accuracy of
the results will be further limited by variation in the extinction co
efficients for different hexoses (4); pentose may be present in polysac
charides as well as in RNA.

The reaction products absorbing at 390 and 410 m/-t are unstable, and
the timing of readings is therefore important. The peak at 390 m/-t given
by RNA decays much more rapidly than the 410 mp' hexose peak, and
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FIG. 3. Differences between spectra obtained in presence and absence of cysteine,
for DNA <0-0), RN~ <.-e), and agar <X-X). Results shown in Fig. 1 were
deducted from those obtained for the same solutions after adding cysteine hydro
chloride. The latter spectra were read between approximately 4 and 20 min after
addition of cysteine.

this makes possible an alternative, but rather complicated, method of
calculating the amounts of these substances (10). In the case of DNA, an
absorption peak at 375 mp' builds up very slowly after addition of
cysteine. The ratio of water to sulfuric acid in the final mixture must be
controlled, because this affects the intensities and stabilities of the
various absorption maxima (3, 7, 8). The slightly lower ratio of sulfuric
acid to water might explain the lack of reactivity of pentoses in the
"GyRI" method of Dische et al. (4).

DISCUSSION

The experiments show that chloride ions increase the intensity of the
absorption at 472 rnp' obtained with DNA. The amount of absorption
is also dependent on the final sulfuric acid concentration (7, 8), and a
higher acid concentration with chloride present might have given even
more favorable result!!. It is likely that chloride ions are not essential for
the reaction with DNA, since some absorption at 472 mp' was obtained
even in their apparent absence (Table 1). They were probably also
absent in a method described by Staron et al. (11), who used a higher
concentration of sulfuric acid and no cysteine.
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The approximate extent of contamination by RNA (pentose) and
aldohexose is measured by comparing spectra before and after adding
cysteine. Other classes of carbohydrate could probably also be char
acterized in this way, and earlier reports (1, 3-5) give some indication
of the results to be expected for them. More information is required,
however, on the effect of chloride, and perhaps other ions, on this and
other variations of the cysteine-sulfuric acid test. Dische and co-workers
have shown that chloride ions can affect the reaction with hexoses (4);
preliminary tests with ribose suggest that they have little effect on the
pentose reaction.

SUMMARY

DNA can be estimated by reaction with sulfuric acid in the presence
of chloride ions. The intensity of absorption, at 472 mj-t, is dependent on
chloride ion concentration; cysteine is not necessary for the reaction.
The extent of contamination by RNA and aldohexose can be approxi
mately estimated by comparing the spectra obtained before and after
adding cysteine.
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Deoxyribonucleic acid (DNA) has a relatively low phosphorescent
yield. In studying the ultraviolet-activated emission of DNA, or indeed
of any substance with a low quantum yield, one is faced with the follow
ing question. Is the emission really due to the DNA or is it perhaps
due to an impurity with a high quantum yield? A partial answer to this
question may be obtained by showing that the activation spectrum for
emission is identical to the absorption spectrum. The reason that this is
but a partial answer is that the energy, after absorption by DNA, may
be transferred to other molecules that may be present (1).

This paper describes a relatively simple procedure for showing that
the activation spectrum of DNA phosphorescence is identical to its
optical absorption spectrum. The method should be generally applicable
to phosphorescence studies of other substances.

MATERIAL AND METHODS

Commercial salmon sperm was purified by methods described by
Marmur (2). The DNA (A-Grade, Calbiochem.) was dissolved at 4°C
in 0.0015 M citrate buffer, pH 7, containing 0.015 M NaCI. The solution
was clarified by centrifugation at 12,000 X g and the supernatant re
tained. NaCl was added to give a final concentration of 1 M. The DNA
was precipitated by adding an equal volume of 95% ethanol. It was re
dissolved in the above-mentioned citrate buffer. Sodium acetate and
EDTA at pH 7 were added to give a final concentration of 0.3 M sodium
acetate and 10-4 M EDTA. The DNA was precipitated by adding 0.6
vol of isopropyl alcohol and collected in the manner described by
Marmur (2). It was redissolved in the citrate buffer and dialyzed at 4°
against 10 vol of 10-2 M NaCl for four days with at least four changes
of the external bath. The DNA was concentrated about fourfold in a
Buchler flash evaporator at 36°. Aliquots were stored at -25° until used.

To test for residual amino acids, aliquots containing 72 mg of DNA
were analyzed on an amino acid analyzer. No detectable amounts of

229
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tyrosine or phenylalanine were found although trace amounts of other
amino acids at the level of 0.01 to 0.02% were observed.

Residual ribonucleic acid (RNA) was determined by incubating
samples in alkali according to the method of Schmidt and Thannhauser
(3) and fractionating on a Sephadex G-25 column. By this method the
residual RNA content was estimated to be 1.5%.

All phosphorescent measurements were made using an Aminco-Keirs
Spectrophosphorimeter with a photomultiplier photometer manufactured
by Hruska Radio Company, Lutherville, Maryland.

Spectra were taken at 77°K in a glass containing equal volumes of
glycerol and water. The DNA concentration was 0.5 mg/mI. The size
and shape of the sample tubes are important and will be discussed below.

DISCUSSION OF INSTRUMENTAL RESPONSE

The response, S, of the photomultiplier may be written in the form:

S = Kq10cP (1)

where 10 = exciting light intensity in quanta per unit time per unit area
cross section, cP = fraction of the incident energy absorbed, and q =
quantum yield for phosphorescence. K is essentially a geometrical factor
depending on the relationship of the emitted light to the detecting mono
chromator slits. Our considerations are independent of the absolute
value of K.

10 and cP are both functions of A, the wavelength of the exciting light.
It is important for the analysis presented here that K not be a function
of A. In using a phosphorimeter in which the exciting and detecting mono
chromators are perpendicular to each other, K will become a function of
A if sample tubes of too large a diameter are used. To see this, consider a
concentrated sample. If the sample is excited at the wavelength of
maximum light absorption, a large fraction of the phosphorescence will
occur near the surface of the sample closest to the light. At longer wave
lengths where the absorbance is lower, the exciting light will penetrate
farther into the sample. For samples positioned symmetrically with
respect to the exit slits, K will be larger in' this instance than in the
former case. Thus, if sample tubes with too large a diameter are used,
K will be a function of A. In practice, we have found that sample tubes
of 0.6 mm diameter or less are adequate for use with DNA samples of
0.5 mg/ml concentration. With such samples the activation maximum
occurs at 275 mtt. The activation maximum of samples in tubes of a
larger diameter is shifted to longer wavelengths. As an example, we have
found that in sample tubes of 3 mm diameter the maximum is at 290 mtt.

Consider a coordinate axis with z as the symmetry axis of a cylindri-
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FIG. 1. Cross section of sample tube. Sample is irradiated by light of intensity
To. In any interval, dx, the intensity after traversing the sample is 10 lO-2eCY.

cal sample tube of radius r and height h (Fig. 1). If E = quanta ab
sorbed per unit time:

.fi) = 2hr10 - 2hI0 ~r 1O-2«vdx (2)

where ( is the molar extinction coefficient and c is the concentration of
the sample. Let:

IJ. = 2 X 2.3~c

Then:

where

(,,/2
g(lJ.r) =)0 e-~r.in8sin(}d(}

Expanding the exponential and integrating:

00

g(lJ.r) = L(-l)n n!(n2~ I)! [ r (n t 2)r(IJ.r)n
11,=0

(3)

(4)

(5)

For values of por of interest, the series converges rapidly and numerical
values of g (por) are easily obtained. g (por) is plotted in Fig. 2.

S is then given by:

(6)
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FIG. 3. Correlation of absorbance of DNA and activation of DNA phospho

rescence. The curve is the activation spectrum predicted by equation (6). The points
are experimentally observed values normalized at 275 mit. The emission mono
chromator was set at 450 1llJt.
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EXPERIMENTAL RESULTS

Relative values of 10 were obtained by using quinine bisulfate and
rhodamine B as quantum counters (4). p. was obtained from the optical
absorbance as measured on diluted DNA samples in a Cary spectropho
tometer. The wavelength dependence of S predicted from equation (6) is
compared with the observed activation in Fig. 3. It may therefore be
concluded that the activation spectrum for phosphorescence is the same
as the absorption spectrum of DNA.
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One of the most fascinating problems in the biochemical aspects of
pigmentation is the study of tyrosinase activity. The more commonly
used tyrosinase assay procedures include colorimetric, histochemical,
manometric, and radiometric techniques. Among these methods, the
manometric determination of oxygen consumption is most popular, pre
sumably due to its simplicity and rapidity. However, as oxygen consump
tion is a common feature of many enzymic and nonenzymic reactions,
it does not provide a sufficiently specific basis for the assay of tyrosinase
in a mixed enzyme system, e.g., tissue homogenate. Critical evaluation
of other reported assay procedures also indicates the lack of tyrosinase
specificity. Theoretically, however, with the fulfillment of certain criteria,
the radiometric method would be the most specific and sensitive.

In any tyrosinase assay procedure, the results may be affected by
many factors. In a homogenate, among the less obvious variables are
substrate autoxidation (1-4), enzyme inhibitor(s) and/or activator(s)
(3-26), stability of enzyme preparation (4), naturally occurring oxidiz
ing and reducing agents, amino acids (27), other enzyme systems and
their endogenous substrates, and the multimetabolic utilization of the
specific substrate added. To meet the critical requirements of a com
pletely extracted enzyme preparation of known stability and the es
tablishment of a valid control incorporating all nonspecific reactions
occurring during the course of the given assay conditions, a highly sen
sitive, specific, and reproducible radiometric tyrosinase assay has been
developed. The findings utilizing this method have yielded some insight
into the mechanism of melanin formation.

A basic precept of the method is that the tyrosinase activity is rep
resented by the difference between the gross and control radioactivity
of material insoluble in trichloroacetic acid (TCA). Such differenceR

1 This investigation was sllpported by White Laboratories, Inc.
1 Contribution numher 132, Department of Biology, Wayne State Univel'sit~,.
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are considerable with the use of purified mushroom tyrosinase (4).
However, the use of goldfish skin with relatively low tyrosinase activity
(33) provided a means of critical evaluation of this and other factors
during the course of assay development. That TCA-insoluble material
represents melanin formed during the course of the assay is based upon
the facts that: (a) sodium diethyl dithiocarbamate completely inhibits
incorporation of labeled substrate, (b) oxygen restriction reduces the
tyrosinase activity, and (c) 6N HCI hydrolysis of the TCA-insoluble
material does not reduce net radioactivity. Thus, although it is not
possible to confirm directly that newly formed melanin is the end prod
uct, the above studies (4) provided strong but indirect evidence that
tyrosinase is the enzyme measured. Further evidence is provided in
the present report. In this study, tyrosinase activity refers to the com
bined activity of monophenolase and diphenolase, as there is little doubt
that the two activities are derived from a single enzyme (26, 28-30).

MATERIALS AND METHODS

A total of 146 goldfish (Carassius auratus L.) weighing 5.52 -+ 0.18
grn were utilized in this study. The color variety upon which most of
this work is based is the black moor. The fish were maintained under
constant conditions of temperature (25°C), photoperiod (12 hI') , and diet.
All animals were acclimated to laboratory conditions for at least three
weeks prior to use.

The fish were individually captured and immediately decapitated, and
the body skin with scales and fins was removed without delay. Care
was taken to avoid contamination of the samples with muscle which is
tightly bound to the skin of fish. The average skinning time per fish
did not ordinarily exceed 2 min. The skin was immediately placed in
a tared chilled beaker, weighed, and frozen (_27°) for at least 5 hr.

The homogenate was prepared in an ice-cooled micro-Waring Blendor.
The frozen skin was ground with 0.1 M sodium phosphate buffer (31),
pH 6.8, for 2 min (40 ml phosphate buffer, per 1 gm fresh skin weight).
The debris was permitted to settle for several minutes and the homogenate
was decanted and immediately refrigerated (00 to 4°). Approximately
9 ml of the homogenate was fractionated into particulate and soluble
fractions by ultracentrifugation (144,000 X g, 40 min, 0° to 4°). The par
ticulate fraction was resuspended by grinding in a volume of the above
buffer equal to that of the ultracentrifugate. The soluble fraction was
utilized without further manipulation. A sample (0.2 ml) of the prepara
tion equal to 5 mg of fresh skin was used for the assay of tyrosinase
activity. Forty-nine samples (20 homogenates, 15 particulate, and 14
soluble fractions) were analyzed for protein nitrogen by the Folin-
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Ciocalteau method (32). The samples derived from 5 mg fresh skin
contained 48.2 -t- 2.4, 31.9 -t- 2.2, and 18.8 -t- 1.0 p.g protein nitrogen in
the homogenate, particulate, and soluble fractions, respectively.

The tyrosinase assay was performed in rimless culture tubes (16 X
100 mm) containing a constant total incubation volume of 1 m!. The
substrate for the enzyme was C-14-tyrosine. DL-Tyrosine-2-C-14 or uni
formly labeled L-tyrosine-C-14 were diluted with L-tyrosine carrier in
the above buffer to the final specific activity of 0.329 mc/mmole. As only
the L form was considered pertinent, the final specific activity of L form
available with DL-tyrosine-2-C-14 was 0.173 mc/mmole. The incuba
tion mixture contained 221 mp.moles L-tyrosine when uniformly labeled
L-tyrosine was used or 210 mp.moles L-tyrosine when DL-tyrosine-2-C-14
was used, 10 mp.moles L-dopa, 110 p.g chloramphenicol, and 200 units
penicillin G in 1 ml of the above buffer containing 100 p.moles phosphate.
The dopa and antibiotic solutions were prepared immediately prior to
use. The tubes were loosely covered with Saran Wrap and incubated at
30° for 16 hr. A portion of each enzyme preparation was heat inactivated
(15 min in boiling water) and incubated as described above as the cor
responding control. The reaction was terminated with 1 ml 10% TCA
containing 200 p.g L-tyrosine carrier. As autoxidation of dopa (or
tyrosine) and its metabolites to melanin may only be partially inhibited
by TCA at 30° and freezing the incubated mixture aids in the removal
of radioimpurities (Table 8), the TCA-treated samples were stored
for at least 4 hr at _27° until prepared for counting. All assays and
controls were run in duplicate.

Four ml of 5% TCA was added to the thawed sample and the mixture
was filtered through a 23-mm diameter membrane filter (pore size
0.45 p.). The incubation tube was thoroughly washed four times with
4 ml 570 TCA each time and each washing filtered consecutively. The
inside wall of the Pyrex chimney funnel and the sample on the mem
brane filter were then washed in the following sequence: 2 ml 5% TCA,
eight times (total 16 ml) ; 2 ml distilled water, eight times (total 16 m!) i
2 ml 0.1 N HCl, four times (total 8 ml); 2 ml distilled water, four
times (total 8 ml). The funnel was then removed and its inner base
was rinsed with 2 ml distilled water over the sample on the membrane
filter. The edge of the membrane filter then was washed dropwise with
16 ml distilled water, and the sample was air dried, placed in a I-in.
nickel-plated steel planchet and counted to 10,000 counts in a thin win
dow gas-flow counter using GM gas.

With the extremely small size (Table 1) the samples could be assumed
to be infinitely thin. The net enzymic activity in cpm per assay was ob
tained by taking the difference between the gross value obtained from



TYROSINASE ASSAY AND THEORY

TABLE 1
DRY WEIGHT OF INCUBATES ON MEMBRANE FILTER

Number of Weight range, Weight, mg
Category samples mg :t ±S.E.

Homogenate 22 0.24-0.65 0.43 ± 0.02
Particulate 6 0.14-0.36 0.25 ± 0.04
Soluble 6 0.13-0.29 0.21 ± 0.03
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enzyme preparation and the control value obtained from heat-inac
tivated enzyme preparation.

In order to determine whether loss of particulate activity occurred
with the use of OA5-po pore size filters, the filtrates were collected from
8 samples treated and washed with TCA as described above. Each
filtrate was then refiltered through a lO-mp. pore size filter and washed
and fixed as described above, and the radioactivity determined. As the
mean activity in these filtrates (28 -+- 1 cpm) was less than twice back
ground (15 cpm) , the TCA precipitated melanin-protein mixture is
effectively collected by the 0.45-p. pore size filter. The slight degree of
radioactivity present in the lO-mp. filters may result from the tyrosine
holding capacity of the membrane filters.

Various aspects of the methodology employed were studied in order
to evaluate their influence upon the enzyme. The tyrosinase activity
of the skin homogenate before and after low-speed centrifugation at
600 X 9 or 800 X 9 was examined. The effects of storage at low tem
perature upon the enzyme in the skin, homogenate, and fractions were
determined and related to time and degree of dispersion. The effect of
regrinding the freshly prepared and frozen (-270

) enzyme preparations
upon activity was evaluated. The effects of variation in incubation time,
temperature, and shaking were studied. In addition, substrate satura
tion experiments determined the total quantity of amino acid necessary.
The linear relationship between the quantity of enzyme preparation and
assayed activity was demonstrated. Further, 17 C-14 labeled amino acids
other than tyrosine were utilized to determine the specificity of the
reaction. An alternate procedure utilizing labeled dopa as the substrate
for comparison with radiotyrosine was also tested. Moreover, the effect
of dopa on the control value and tyrosinase activity, the amounts of
dopa utilized in the determination of tyrosinase activity, and the nature
of the control value including autoxidation received attention.

RESULTS

Centrifugation. Ordinarily, in enzymic preparative procedures, cell
debris is removed by low-speed centrifugation, 800 X g (33, 34). How-
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ever, the tyrosine activity of the 7 homogenates assayed before and after
centrifugation (600 X g or 800 X g, 10 min, 0° to 4°C) showed a mean
decrease in activity of 31.8% (range: 13.4-48.8%) after centrifugation.
Thus, low-speed centrifugation was deliberately omitted from the assay
procedure. In 2 homogenates, each precipitate and supernate (800 X g)
was assayed separately and after recombination. The mean tyrosinase
activity occurring in the precipitate was 38.5%, in the supernate 61.4%,
and in precipitate-supernate combination 97.7% of the activity of the
noncentrifuged homogenate.

Stability. The enzyme preparations from the skins of goldfish, espe
cially those of black fish, are unstable. It is possible to both prepare and
fractionate the homogenates in less than 2 hr. The mean tyrosinase
activity of 12 different homogenates immediately after preparation and
after 3 hr (0° to 4°C) was 362 -+- 65 cpm and 366 -+- 67 cpm, respectively.
Each pair of corresponding values of the 12 homogenates used is not
significantly different. Thus, the cold enzyme preparations show no
loss of activity if assayed within 3 hr posthomogenization.

The stability of the enzyme preparations stored at 0° to 4° for periods
up to 12 hr is indicated in Table 2. When fresh, the enzymic activity

TABLE 2
STABILITY OF TYROSINASE WITH TIME IN HOMOGENATES AT 0° TO 4°C

(mean activity expressed in cpm)

Preparation o IIr 1.5 liT 3IIr 4 hr r, hI' 12 hr

1 1002 !l!J7 1015 !J07
2 150 155 152 1O!J )()7 84
a 165 [()() 110

of preparation 1 was more than 6 times that of preparation 2. After 12
hr at 0°, preparation 1 lost 9.5% of its original activity. Preparation 2,
on the other hand, showed a 27.3% decrease in tyrosinase activity after
4 hr and a 44.0% loss at 12 hr. Preparation 3 showed a 33.3% loss of
enzymic activity after 12 hr. Thus, storage in the cold does not prevent
the loss of enzymic activity.

Storage of enzyme preparations at -27° does not reduce their in
stability. Enzyme preparations from 17 different homogenates, 7 dif
ferent particulate fractions, and 6 soluble fractions frozen from 1-12
days at _27° showed an average loss of enzymic activity of 40.2,
55.0, and 32.8%, respectively. In addition, the individual variance in
tyrosinase is as great as the 24-hr loss of tyrosinase activity (range:
10.2-52.4%). The data from 5 preparations (Table 3) indicate both
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TABLE 3
STABILITY OF TYROSINASE WITH TIME IN HOMOGENATES AND FRACTIONS AT -27°C

% activity lost-
Time

Preparation frozen H P S

1 20 hr 39.7 57.1 38.1
2 40 hr 39.9 52.9 33.6
3 8 days 40.2 69.5 39.7
4 11 days 12.7 46.4 24.2
5 11 days 34.9 42.4 34.9

a Compared with activity of fresh preparation. H, homogenate; P, particulate frac
tion; S, soluble fraction.

the variation and loss of activity. Generally, the particulate fraction
was more unstable than the soluble fraction or homogenate.

Freezing. Tyrosinase activity is increased from a mean of 158 -+- 31
cpm of 5 fresh unfrozen skin samples to a mean of 390 -+- 39 cpm of 39
skin samples continuously frozen at -27°0 from 5 hr to 27 days. How
ever, skin continuously frozen (-270

) for 6 months lost almost all
tyrosinase activity. As individual variation in skin tyrosinase level is
large, it is difficult to determine the precise length of time necessary to
completely liberate tyrosinase. However, tyrosinase is present in equiv
alent amounts in skin of the right and left sides of black goldfish (35).
Thus, immediate assay of fresh skin of one side of the animal and the
other side after a period of freezing would indicate the change. In 7
such paired assays, the skin frozen (-270

) for 1-3 days showed a mean
increase of 75.60/0 (range: 20.0-160.7%), in 6 cases. In the one remaining
case, freezing did not increase or decrease tyrosinase yield. A similar
study utilizing grey goldfish skin also produced similar results. In 5 of
6 paired assays, the skin frozen (-27°) for 1 day showed a mean in
crease of 18.3% (range: 7.9-28.6%). Again, in 1 case the yield remained
unchanged after freezing. The increased tyrosinase yield after freezing,
thawing, and homogenization may be produced by membrane and/or
cell particle rupture with more effective enzyme release.

Grinding. Inactivation of tyrosinase at -27°0 may result from cover
ing the active center by the aggregation of particulate or other material
in the preparation. Enzy"ne preparations (homogenates or fractions)
assayed fresh were frozen at -27°0 for different periods of time and
assayed with and without grinding in a chilled tissue grinder (Table
4). The decrease in tyrosinase activity after storage at -27° was par
tially recovered by regrinding. Even the decreased activity of the soluble
fraction could also be recovered in part despite the initial lack of par
ticulate material.
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TABLE 4
TYROSINASE RECOVERED BY REGRINDING IN A CHILLED TISSUE GRINDER

Preparation· Time frozen at -27'C Activity lost, % Activity recovered, %

H 40 hr 52.4 14.6
H 3 days 68.8 23.0
H 20 hr 39.7 24.1
P 20 hr 57.1 33.3
S 20 hr 38.1 21.0

a See footnote, Table 3.

The effect of regrinding upon freshly prepared homogenates was also
considered. The mean tyrosinase activity of 6 fresh preparations before
and after regrinding was 313 -+- 111 cpm and 311 -+- 108 cpm, respec
tively. Thus, Blendor preparations contain the minimal particle size
necessary for the mechanical release of tyrosinase activity.

Substrate Saturation. Tyrosinase activity was constant when the total
amount of L-tyrosine per assay was greater than 28.5 fLg (157 m,umoles)
(Fig. 1). Since individual variance in tyrosinase is large, the activity
is expressed as ro of maximal activity. The high value obtained with
95 fLg L-tyrosine per tube may be the result of excess radiotyrosine,
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FIG. 1. Effect of substrate level on tyrosinase activity at 30oe: maximal tyrosinase
activity (%) calculated from mean activity (cpm) in substrate range 157-524
nmoles. Substrate DL-tyrosine-2-C-14; specific activity L form, 0.173 mc/mmole.
(Both ordinates are numerically identical.)
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which is difficult to remove completely. As the homogenate is a mixture
of many enzyme systems, some molecules of tyrosine may be more or less
attracted by other materials present in the homogenate. Consequently,
more tyrosine may be needed than simply to achieve saturation for ty
rosinase. Therefore, the substrate saturation value here reported is
probably greater than necessary for pure tyrosinase.

Incubation Time. As may be expected, the length of incubation has a
profound effect upon the result of the assay. With increased time an
increased conversion of substrate occurs (Fig. 2). However, a concurrent
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FIG. 2. Effect of length of incubation at 30°C on tyrosinase activity. Substrate
uniformly labeled L-tyrosine; specific activity, 0.329 mcjmmole.

effect is an increase in the control values. Thus, it is apparent that the
utilization of a zero time control may introduce considerable error. In
order to avoid the possibility of this and other errors (such as bacterial
contamination) which may obscure the assay, an incubation time of 16
hr was utilized. It is entirely possible that lengthening the incubation
time will increase the sensitivity of the assay, providing adequate con
trols are utilized, bacterial contamination does not occur, and time is
not a critical factor.

Temperature. The effect of temperature on tyrosinase activity was
determined in a series of temperature studies on each of 3 homogenates
using the standard incubation time of 16 hr. Tyrosinase activity was
detectable even at -27°C (Fig. 3). The inactivation temperature for
tyrosinase in the homogenate was approximately 50°. Despite the maxi-
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FIG. 3. Effect of temperature on tyrosinase activity. Substrate DL-tyrosine-2
C-14; specific activity L form, 0.366 mc/mmole.

mal activity at 40°, the incubation temperature of 30° is preferable. As
the temperature is increased above 30° the viscosity of the homogenate
is increased, thus introducing considerable difficulties in both filtration
and subsequent removal of radioimpurities.

Shaking. Shaking the incubation mixture improves contact between
enzyme, substrate, and cofactor(s) as well as facilitating the entrance
of oxygen. This should enhance the tyrosinase activity in the assay
procedure. However, comparing enzymic activity in an I-day old homog
enate (E2 ) incubated with and without shaking (200 rpm) at 37°C
revealed decreased activity (18.5%) after shaking (Table 5). A more
pronounced decrease (36.6%) occurred with shaking a 2-day old homog
enate (Ea). Since the decrease appeared proportional to the age of the
enzyme preparation, a freshly prepared homogenate (E1 ) was utilized.
In this case, an increase of 23.3% in tyrosinase activity occurred. Shak
ing at 150 rpm at 37° also increased tyrosinase activity of fresh prepara
tions (E., 7.7%; Es, 8.3%) and decreased the activity of aged enzyme
preparation (1 day: E., -16.3%; Es , -3.4%. 2 days: E., -25.1%;
Es , -44.5%).

It is possible that the particles in the enzyme preparation stored at
_27° (or even at 0°) are aggregated, and shaking accelerates this aggre-
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gation so that the active centers of the enzyme are partially covered. In
newly prepared enzyme preparations, shaking does not aggregate the
finely separated particles and thus increases the chance of contact
between reactants and oxygen. The control values were generally in
creased with shaking irrespective of enzyme preparation age.

Controls. Three series of experiments were designed to clarify the
nature of the control value in the assay. In the first series, the enzyme
preparation was incubated in the presence or absence of dopa (Table 6).

TABLE 6
EFFECT OF DOPA ON CONTROL AND TYROSINASE VALUES AT 30·C

(mean activity expressed in cpm)

No dopa oL-Dopa, 4 "g

Homogenate Substrate" Gross Control TyrosinaBe Gross Control Tyrosinase

1 ULT-C-14 452 328 124 704 356 348
2 ULT-C-14 110 94 16 265 126 139
3 ULT-C-14 138 109 29 372 130 242
4 DLT-2-C-14 135 86 49 1052 101 951

G See footnote a, Table 5.

The control and gross assay values were lower in the absence of exog
enous dopa. The tyrosinase activity decreased 64.4, 88.4, 88.0, and
94.9% in homogenates 1 through 4, respectively, below the correspond
ing dopa containing incubates. Therefore, it appears that exogenous
dopa not only sparks tyrosinase but also increases the control values.

TABLE 7
EFFECT OF L-DOPA LEVEL ON CONTROL AND TYROSINASE VALUES IN ONE

HOMOGENATE, UTILIZING UNIFORMLY LABELED L-TYROSINE AS

SUBSTRATE

(mean activity expressed in cpm)

L-Dopa, "g Gross Control Tyrosinase

0 250 242 8
0.25 289 251 38
0.50 325 259 66
1.00 355 271 84
1.50 377 280 97
2.00 377 272 105
3.00 392 288 104
4.00 385 282 103
6.00 381 307 74
8.00 359 303 56

16.00 352 302 50
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In the second series, the homogenate was incubated with varying
amounts of dopa (Table 7). The control values increased with increas
ing dopa levels. However, the enzymic conversion of tyrosine reached a
maximum at 2p.g L-dopa per incubate and declined after 4 p.g per
incubate despite increased control values (Fig. 4).

100

90

80
>
.... 70
>
t; 60
«
....J50«
~ .
X 40
«
~30
~

20

10

o 2 4 6 8 10 12 14 16
L-DOPA.~g.

FlO. 4. Effect of L-dopa level on tyrosinase activity. Substrate uniformly labeled
L-tyrosine, specific activity, 0.329 mc/mmole.

In the third series, the substrate and other components without the
enzyme were incubated in the presence or absence of acid (Table 8).
Enzyme was not added at the end of incubation. Little difference was
observed between addition of TCA or HCI at the end of incubation.
Further, a 100% increase in volume did not greatly affect the control
value. TCA or HCI in the incubation mixture partially inhibited the in
corporation of labeled tyrosine. Freezing (-27°C) the incubated mix
ture reduced the control value 28.7%. Omission of the freezing step
increased the control value 40.2%.

Ouantit11 of Enz71me Pre'Daration. With enzvme nrenarations contain-
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TABLE S
EFFECTS OF HCI (0.1 N) OR TCA (5%) IN INCUBATION MIXTURE LACKING THE

ENZYME PREPARATION AND UTILIZING UNIFORMLY LABELED L-TYROSINE

Postincubation addition

Category Incuba.tion mixture HCl TCA -27'C' Menn cpm % change'>

I 1 ml 0 1 ml + 378 -28.7
II 1 ml 0 1 ml 530 +40.2

III 1 ml 1 ml 0 + 382 + 1.1
IV 1 ml + 1 ml 0 2ml + 361 - 4.5

deionized H 2O
V 1 ml + 1 ml TCA 0 0 + 213 -41.0

VI 1 ml + 1 ml HCI 0 () + 238 -34.1

a Four hours minimum postincubation.
b Calculations of II, III, and IV based on I; calculations of V and VI based on IV;

calculation of I based on II.

ing 1 to 20 mg of fresh skin per incubate, the tyrosinase activity was
proportional to the amount of tissue used in the assay (Fig. 5).

Dopa. Labeled dopa and labeled tyrosine were utilized to estimate
the rate of dopa oxidation into the end product (Table 9). Little difference

13
0

II

9

N
0
x 7
E
a.
u 5

3

o 4 8 12
SKIN,mg.

16 20

FIG. 5. Effect of quantity of enzyme preparation on tyrosinase activity. Sub
strate uniformly labeled L-tyrosine, specific activity, 0.329 mc/mmole.
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TABLE 9

COMPARISON OF LABELEl> DOPA AND TYROSINE WI'l'H CONSTANT SPECIFIC ACTIVITIES

AS SUBSTRATES FOR TYROSINASE

(mean activity expressed as cpm)

Uniformly labeled
IJL-Dopa-2-C-14 L-Tyro- L-tyrosine-C-14

DL-Dopa, (0.329 me/mmole), sine, (0.329 me/mmole).
Group !'I( !'g !'g !'g Gross Control Tyrosinase

1 0 4 0 0 464 285 179
2 () 40 () () 1362 1174 18S
:3 0 4 () 40 871 522 349
4 0 4 40 () 443 279 164
5 4 0 0 40 434 271 163

in tyrosinase activity between groups 1 and 2 with the same substrate
specific activity was demonstrable, despite a tenfold difference in dopa
concentration. However, the control and gross values increased with the
increased dopa concentration. Comparing groups 1 and 4, the presence
of unlabeled tyrosine had little inhibitive effect on dopa conversion. The
tyrosinase activity in group 3 using both labeled dopa and tyrosine
approximated the sum of groups 4 and 5. The tyrosinase activity ob
tained as the difference between groups 3 and 5, or taken alone from
group 4, is actually twice that of group 5, since only L-dopa is converted
into melanin.

Specificity. Utilization of 18 different labeled amino acids (Tables 10
and 11) as substrates for the enzyme indicates that the assay is specific
for tyrosinase, although some incorporation of aromatic amino acids
may occur. Comparison of serine with tyrosine (Table 10) demonstrated
the dopa requirement for tyrosine in the assay and the lack of effect with
serine. The appearance of small amounts of label in groups 3 and 7
demonstrated that tyrosinase was not involved, as dopa was added to
group 3 but not group 7. When compared with groups 2 and 6, low
activity of groups 3 and 7 may be due to the absence of serine carrier.

Incubation of homogenates with various labeled amino acid sub
strates in molar equivalent amounts, revealed no significant incorpora
tion of the aliphatic amino acids (Table 11). Protein synthesis is not
involved as the presence of several amino acids is required (36) and TCA
precipitates protein. Since no difference occurred between DL-serine
3-C-14, specific activity 0.256 mc/mmole (Table 10) (group 4), and
uniformly labelled L-serine-C-14, specific activity 0.329 mc/mmole
(Table 11), the specific activity of the substrate is not important if
incorporation does not occur.

The large degree of incorporation of the labeled substrate, L-tyrosine,
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demonstrated that the reaction was catalyzed by tyrosinase. The presence
of enzyme systems utilizing other aromatic amino acids (L-histidine,
L-phenylalanine, L-tryptophan) may have resulted in the conversion of
these amino acids. However, with the small amounts of enzyme prepara
tion utilized, the incorporation of label will be specific if exogenous
radioactive tyrosine is the substrate.

TABLE 11
COMPARISON OF 18 LABELED AMINO ACIDS, AT EQUIVALENT MOLARITY, AS SUBSTRATES

FOR TYROSINASE

(mean activity expressed in cpm)

Substrate-

L-Alanine
L-Arginine
L-Asparagine
L-Aspartic acid
L-Glutamic acid
L-Glycine
L-Isoleucine
L-Leucine
L-Lysine
DL-Methionine
L-Proline
L-Serine
L-Threonine
L-Valine
L-Phenylalanine
L-Histidine
L-Tryptophan
L-tyrosine

Substrate.
jlK/incubate

19.67
38.46
29.17
29.38
32.48
16.57
28.96
28.96
32.27
32.94
25.42
23.20
26.30
25.86
36.47
34.25
45.08
40.00

Gross

19
98
27
22
21
23
28
36
75
57
27
29
27
26

194
187
705
505

Control

19
93
26
20
20
22
27
35
67
56
22
28
25
22

164
135
598
258

Net

o
5
1
2
1
1
1
1
8
1
5
1
2
4

30
52

107
247

GAll UL-C-14, except DL-methionine (2-C-14) and L-tryptophan (ring-C-14). All
substrates were utilized in the constant specific activity of L form, 0.329 mc/mmole.

Reproducibility and Precision. The reproducibility and precision of
this radiometric assay were determined by running 30 assays with 30
controls from 1 homogenate. The mean control value was used as the
control for each assay. Individual reproducibility was defined as %mean
tyrosinase activity. The mean tyrosinase activity in cpm per 5 mg fresh
skin was 873 -+- 5 and the average reproducibility was 100.0 -+- 0.8. The
index of precision (37) for tyrosinase activity in cpm and reproducibility
in % mean tyrosinase activity was 0.027 and 0.153, respectively. Thus,
the assay method meets the necessary statistical criteria for reproduci
bility and precision.
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DISCUSSION

The value of the control incubate varies with substrate level, length
of incubation, and temperature. It increases as the dopa concentration
or temperature is raised and remains constant when the substrate reaches
a certain level or the temperature exceeds 40°C. However, in an over
saturated3 substrate system, a linear relationship between tyrosinase
activity and duration of incubation is present during the 24-hr in
terval studied. Thus, tyrosinase assayed at a given substrate level, tem
perature, and time requires a specific control. A zero time sample, under
the same conditions, is not an adequate control. High substrate levels,
high temperatures, and long incubation periods are not desirable as these'
make removal of impurities difficult, increase viscosity and thus retard
filtration, and favor bacterial contamination, respectively. Further, high
control values may mask low tyrosinase levels. Therefore, the combina
tion of assay procedures is critical.

High levels of control radioactivity may result from: (J) tyrosine
holding capacity of membrane filter paper, (2) tyrosine-holding capacity
of enzyme preparation, (3) radioactivity obtained by an unknown
mechanism (s) during incubation. The tyrosine-holding capacity of the
membrane filter and enzyme preparation are low en. The contribution
of the third factor is high when compared to the sum of the former fac
tors. It is variable with time and incubation temperature, amount of
dopa, amount of labeled tyrosine (or dopa) and its specific activity, and
the unknown nature of enzyme preparation. Thus, the radioactivity
incurred by the third factor during incubation is the difference between
the control value (inactivated enzyme) and the zero time sample with
this enzyme preparation.

The uncertain part of the radioactivity of the control value may be
contributed by the autoxidation of tyrosine in the presence of dopa.
Foster (2, 3) has suggested that autoxidation of tyrosine may occur
under certain conditions. This may involve the presence of both cupric
ions and a threshold concentration of dopa. The dopaquinone formed
from dopa in the presence of Cu++ oxidizes tyrosine to dopa and dopa
quinone itself is reduced to dopa. However, this diverges from the con
ventional concept that the tyrosinase is specific for the conversion of
L-tyrosine into dopa. Furthermore, the dopa-dependent incorporation of
radiotyrosine into melanin from the incubation mixture takes place in
the absence of heat-inactivated enzyme preparation which is assumed
to contain copp~r from tyrosinase (4). This indicates that autoxidation

3 The amount of substrate present is much greater than that needed to saturate
the active sites of the enzyme present.
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of tyrosine may occur by the catalytic action of dopa without the
participation of Cu++.

Either the enzymic or autoxidative ready conversion of dopa into
melanin or the dopa-dependent conversion of tyrosine into melanin may
be explained by the different degree of attraction between the melano
genic intermediates. This suggestion is based upon the consideration of
structural similarities and polarities of the intermediates and may be
independent of the tyrosinase-specific dopa formation from tyrosine. It
appears that tyrosine-like or dopa-like compounds are attracted by the
intermediate(s) between dopa and melanin for polymerization and
copolymerization, and that dopa and its intermediates are more easily
attracted than tyrosine. In the classic Raper-Mason scheme (38), mel
anin is believed to be formed by repeated oxidative condensation or
polymerization of indole-5,6-quinone, and that an intermediate of tyro
sine or dopa must be cyclized and decarboxylated before indole-5,6
quinone is formed. Polymerization involves the anionoid center of the
pyrrole ring of one molecule and the cationoid center of the benzenoid
part of another (39, 40). However, recent studies (41-46) have shown
some degree of incorporation of the carboxyl group of tyrosine or dopa
into the polymer during melanogenesis. Tyrosine or dopa and their inter
mediates, both before and after cyclization, with and without decar
boxylation, may be copolymerized, possibly with indole-5,6-quinone or
its unit of melanin (39, 40). Consideration of the basic principle of the
indole-quinone reaction (39, 40) indicates several possible types of
oxidative condensations in melanin formation. With structural similarity
and polarity, polymerization of indole-5,6-quinone must be the major
pathway of melanogenesis. Also, some degree of heterogeneity of melanin
may be produced by cross linkage resulting from the attraction and poly
merization at different sites of the same monomer. Also, due to the effects
of structural similarity and polarity, copolymerization of indole-5,6
quinone-2-carboxylic acid with indole-5,6-quinone or its unit of melanin
may occur (43, 44, 46) to a small but significant degree in the end
product. For the same reason, copolymerization of tyrosine, dopa, and
its intermediates with indole-5,6-quinone or its unit of melanin, in a
similar manner but to a smaller degree, is also possible (39, 40). Dopa
and its intermediates appear to copolymerize more readily than tyro
sine (41). Copolymerization in melanogenesis is strongly supported by
the different degree of the incorporation of tyrosine and dopa carboxyl
groups into melanin (41). Therefore, the attraction hypothesis permits
the explanation and consolidation of the experimental findings dealing
with the roles of the tyrosinase reaction and the autoxidation in melano
genesis. It is clear then that the uncertain part of the radioactivity of
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the assay control value may be contributed by (a) the copolymerization
of tyrosine with indole-5,6-quinone or its unit of melanin formed from
dopa, (b) the autoxidative radiotyrosine-dopa conversion with the subse
quent autoxidation of radiodopa to melanin by both polymerization and
copolymerization, and (c) the combination of (a) and (b).

Not only does dopa act as a catalyst in the oxidation of tyrosine, but
it is also an intermediate in the oxidative pathway (5, 13, 26, 28-30, 47).
As a catalyst to spark the reaction, either enzymic or nonenzymic, the
amount of dopa present will be proportional to the amount of tyrosine
converted in the end product. As an intermediate in the oxidative path
way, the amount of dopa present will be inversely proportional to the
amount of tyrosine converted in the end product. Further, as an inter
mediate, the more dopa present, the more melanin will be formed from
dopa. The melanin and its precursor (s) then may attract labeled tyro
sine or its intermediate (s) to contribute activity in the end product.
Therefore, the incorporation of the radiotyrosine into the end product is
the net result of all the positive and negative effects produced from dopa.
Since the autoxidation of dopa may occur more readily than the enzy
mic conversion of tyrosine and as the tyrosinase stimulated dopa-melanin
conversion and tyrosine-melanin conversion are essentially competitive,
the utilization of dopa (both autoxidatively and enzymically) dominates
the enzymic utilization of tyrosine at high L-dopa levels (above 4 ,Ltg).
Within a dopa level limit (2 ,Ltg), the dopa-sparked enzymic utilization
of tyrosine appears to be much greater than the other effects since the
activity in the end product increases as the dopa level increases. From
these considerations, the selection of the correct quantity of dopa as a
catalyst is critical in the accurate measurement of tyrosinase activity.

As autoxidation of tyrosine, dopa, and intermediates is not completely
inhibited by TCA or HCI at the incubation temperature of 30°C, autoxi
dation may continue at room temperature after the enzymic reaction is
stopped with TCA. However, such autoxidation is limited if the sample
is kept at -27°. Moreover, if autoxidation occurs to a similar degree in
both enzyme and control assay tubes after addition of TCA, the net
tyrosinase activity will be constant. In the previously described radio
metric tyrosinase assay (33, 34), the TCA precipitate was collected by
centrifugation. Under such conditions, the continued autoxidation of the
intermediates to melanin would seriously affect the results.

The control value in the absence of the enzyme preparation may be
much higher than that in the presence of the heat-inactivated enzyme
preparation. This may result from the possible presence of a heat-stable
inhibitor of dopa or tyrosine autoxidation (4). Fish skin tyrosinase is
completely inactivated in boiling water for 15 min (4). Heat inactivation
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of tyrosinase or phenolase has been reported (1,3, 15,28,48-53). The use
of a heat-inactivated enzyme preparation as the valid control can be
ascertained experimentally in two ways. The sum of the radioactivity
(net tyrosinase activity) of the particulate and soluble fractions is closely
equal to the radioactivity of the homogenate. The gross value of the
enzyme preparation and the control value of the heat-inactivated prepa
ration are similar if tyrosinase activity is not present or completely in
activated during long storage at _27 0 in the enzyme preparation (4).
The radiometric assay here described measures tyrosinase activity since
a precise control eliminates the errors caused by the autoxidation of dopa
and, perhaps, tyrosine as well as other known and unknown factors.

Using dopa as substrate, the estimated rate of tyrosinase reaction is
approximately twice that of tyrosine (Table 9). Comparing the amounts
of tyrosine and dopa used, the substrate saturation level of each is quite
different, 10 m,umoles L-dopa or 157 m,umoles L-tyrosine. No difference
in tyrosinase activity is detectable when 4 ,ug and 40 ,ug DL-dopa is used.
It is possible that tyrosine is metabolized in several pathways but dopa
in fewer, so that less dopa will be needed to saturate tyrosinase in a mixed
enzyme preparation. However, the autoxidation of dopa, when used as
a substrate in the assay, may obscure low levels of tyrosinase activity.
Thus, the use of dopa as a substrate is not recommended.

The linear relationship between the amount of an enzyme preparation
and its activity (Fig. 5) indicates that tyrosinase inhibiting factors are
not involved in the range studied. The dilute enzyme preparations uti
lized may have resulted in the ineffective levels of inhibitors or inter
fering materials, as well as other enzyme systems, and thus will not
influence the radiometric tyrosinase assay. Moreover, the minute amount
of enzyme preparation requires less substrate (tyrosine) and in turn,
the induction period produced by high tyrosine concentrations (26, 28)
is lacking or reduced to an insignificant interval during the 16-hr incu
bation.

With antibiotics, bacterial contamination is avoided during the 16-hr
period. If tyrosinase is assayed in the absence of antibiotics or in the
presence of insufficient antibiotics, the results may not truly demonstrate
tyrosinase activity even with a similar control. The utilization of tyrosine
or dopa by bacteria will mask the lower tyrosinase activity (4). In the
presence of antibiotics, the long incubation period increases the accuracy
of the assay.

In addition to terminating the tyrosinase reaction, TCA also precipi
tates endogenous protein in the incubation mixture. The radiomelanin
formed in the course of the assay appears to be aggregated and carried
down with the protein precipitate. This facilitates the collection of the
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end product. However, losses in collection of the end product cannot be
avoided with centrifugation as described originally (33, 34).

The freezing and thawing technique has been shown to liberate enzy
mic activity in other systems (54--58). In the present investigation,
freezing and thawing of intact fish skin enhances, but the freezing and
thawing of fish skin homogenate or particulate and soluble fractions
lowers, the tyrosinase activity. Thus, fish skin tyrosinase is not stable to
such treatment. The cellular organization of the skin may provide some
type of protection.

The loss of tyrosinase activity by low-speed centrifugation of the
homogenate from mouse melanoma has been demonstrated by Seiji et al.
(59). Measuring oxygen consumption, the nuclear fraction obtained at
700 X g contained 28% of the total activity of the homogenate. The
activity of this fraction was reduced to a negligible amount when puri
fied to 70% pure nucleus. In the present investigation, the fish skin
homogenate lost considerable tyrosinase activity after low-speed centrif
ugation (600 X g or 800 X g). Therefore, centrifugation, to obtain a
clear homogenate for tyrosinase assay, is not a practical approach.

The utilization of labeled aromatic amino acids other than tyrosine
with the radiometric assay needs further investigation. Incorporation of
L-phenylalanine into the TCA precipitate may indicate tyrosine-melanin
formation as phenylalanine-tyrosine conversion has been shown in verte
brates, invertebrates, and microorganisms (60-68). Incorporation of
L-tryptophan may indicate ommochrome formation as found in insects
(69-73). Also, incorporation of histidine may indicate histidine- or
histamine-melanin formation since the existence of natural histamine
melanin has been suggested (74, 75). If the melanins truly are formed
enzymically from histidine or tryptophan in the fish skin, it would be
of interest to determine the enzymes responsible for such conversion.

The assay under the conditions studied is specific for tyrosinase as
only tyrosine and not the aliphatic amino acids tested were incorporated
into the end product. Further, the assay requires dopa. Although protein
synthesis is inhibited by the antibiotics utilized, it is not possible to deter
mine whether protein synthesis is required for the formation of melanin
itself. The quantity of protein needed for melanin synthesis is probably
present in the enzyme preparation, if required.

In the assay, the tyrosinase activity obtained by using radiotyrosine
in the presence of unlabeled dopa represents the conversion of radio
tyrosine but not unlabeled dopa into melanin. Similarly, the tyrosinase
activity obtained with radiodopa in the presence of unlabeled tyrosine
represents only the conversion of radiodopa but not that of unlabeled
tyrosine into melanin. Considering that the enzymic melanin formation
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from dopa is twice as that from tyrosine (black moor goldfish skin), the
actual melanin formation under the present assay system will be three
times the amount of radioactive tyrosine converted. Therefore, the assay
should be performed by using labeled tyrosine as substrate and labeled
dopa as both catalyst and substrate. Further, since the relative rates of
tyrosine-dopa conversion and dopa-melanin conversion may be species
specific, the total melanin formation will be more meaningful if the assay
is performed by labeling both tyrosine and dopa. However, for simplicity,
labeled tyrosine alone may be used, but a factor must be determiner!
for a given species to obtain the total tyrosinase activity of both tyro
sine-melanin and dopa-melanin conversion.

In the manometric assay, the tyrosinase unit is described in terms of p.l
of oxygen uptake. As oxygen consumption is not specific for tyrosinase
in a mixed enzyme preparation, a definitive unit is necessary. Although
the tyrosinase activity has been represented previously in cpm, tyrosinase
activity may be critically defined in terms of moles of L-tyrosine con
verted into melanin. Thus, for convenience in comparison of tyrosinase
levels, the following tyrosinase unit is proposed: 1 unit of tyrosinase
activity is defined as the amount of tyrosinase activity required to
convert 1 picomole of L-tyrosine to melanin under the conditions of the
described assay during a 16-hr incubation period at 30°C. Specific
activity is defined as the number of tyrosinase units per p.g protein
nitrogen.

SUMMARY AND CONCLUSIONS

A radiometric assay of tyrosinase with high sensitivity, specificity, and
reproducibility has been developed. Using enzyme preparations obtained
from goldfish skin and tyrosine-C-14 (or dopa-C-14) as substrate, this
method meets the major critical requirements of (a) a completely
extracted enzyme preparation of known stability which may be specifi
cally assayed under given conditions and (b) the establishment of a
valid control incorporating all nonspecific reactions occurring during
the course of the given assay conditions.

A meaningful and useful tyrosinase unit is proposed. One unit of
tyrosinase activity is defined as the amount of tyrosinase activity re
quired to convert Ipicomole of tyrosine to melanin under the conditions
of the described assay during a 16-hr incubation period at 30°C. The
specific activity of tyrosinase is defined as the number of tyrosinase
units per p.g protein nitrogen.

The results have led to the formulation of an attraction hypothesis
concerning both tyrosinase activity and autoxidation of tyrosine and
dopa in melanogenesis. Both polymerization of indole-5,6-quinone into
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melanin according to the classical Raper-Mason scheme and copolymeri
zation of the intermediates in melanogenesis discovered in recent years
may be explained as primarily due to the different degree of attraction
between the intermediates (including dopa and tyrosine) resulting from
their structural similarity and polarity.
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In earlier papers (1-3) we reported the enzymic synthesis and pyro
phosphorolysis of ADP-Glc, ADP-Man, GDP-Glc, GDP-Man, IDP-Glc,
and IDP-Man1 by extracts of mammalian tissues. In order to establish
the specificity of the different enzymes under consideration, rapid and
reliable assay methods were needed to measure nucleoside diphosphate
sugar pyrophosphorolysis when the sugar was not glucose. When the
sugar is glucose, the reactions may be followed spectrophotometrically
by coupling the pyrophosphorolysis with pyridine nucleotide reduction
(4) in a system containing phosphoglucomutase (EC 2.7.5.1), glucose-6-P
dehydrogenase (EC 1.1.1.49), and NADP. The formation of 1 mole of
NADPH then corresponds to the pyrophosphorolysis of 1 mole of nucleo
side diphosphate sugar, and the reactions are followed by recording the
change in optical density at 340 mp..

Several methods were tested in order to find a similarly rapid method
for measuring the reaction rates with nucleoside diphosphate hexoses
containing sugars other than glucose. Measurement of (1) PPi, (2) re
ducing sugar in the presence of phosphomonoesterase, (3) nucleoside
triphosphates in the presence of ADP, nucleoside diphosphokinase (EC
2.7.4.6), hexokinase (EC 2.7.1.1), glucose, and glucose-6-P dehydro
genase (EC 1.1.1.49), and (4) chromatography of nucleoside diphosphate
sugars was not sufficiently rapid or specific. A chromatographic method
based on ion-exchange paper chromatography of the nucleoside diphos
phate sugars (5) proved useful for the qualitative detection of reaction
products and for examining the specificity of the different pyrophos
phorylases, but such methods are less rapid and quantitative than spec
trophotometric procedures.

1 Abbreviations are those set forth by the International Union of Biochemistry
(1964).
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The interesting observation by Adam (6) and its confirmation by
Heldt (7), that 3-P-glycerate kinase (ATP:3-phospho-D-glycerate-l
phosphotransferase EC 2.7.2.3) has a broad specificity with respect to
nucleoside triphosphates, offered the possibility of a good method for
quantitating the formation of nucleoside triphosphates such as those
appearing in nucleoside diphosphate sugar pyrophosphorolysis. Direct
coupling of the nucleotidyltransferase (pyrophosphorylase) reaction to
3-P-glycerate kinase (EC 2.7.2.3) and glyceraldehyde-3-P dehydro
genase (D-glyceraldehyde-3-phosphate:NAD oxidoreductase EC 1.2.1.12)
in the presence of NADH and hydrazine was investigated (reactions
1-4).

EC2.7.7-
nucleoside diphosphate sugar + PPi <-------> sugar-1-P + nucleoside triphosphate

(1)
EC 2.7.2.3

nucleoside triphosphate + 3-P-glycerate <-------> 1,3-diphosphoglycerate
+ nucleoside diphosphate (2)

EC 1.2.1.12
1,3-diphosphoglycerate + NADH <-------> glyceraldehyde-3-P + NAD + Pi (3)

glyceraldehyde-3-P + hydrazine ---> hydrazone (4)

Oxidation of NADH was followed by the change in optical density at
340 mp.. The measurement of nucleoside triphosphate: sugar-I-phosphate
nucleotidyltransferases with this system is now reported, and the ad
vantages and limitations of the method are discussed.

MATERIALS AND METHODS

The 3-P-glyceric acid (sodium salt), 3-P-glycerate kinase (EC
2.7.2.3), and glyceraldehyde-3-P dehydrogenase (EC 1.2.1.12) were
obtained from Boehringer or Sigma, and NADH from Sigma. Nucleoside
diphosphate sugars except UDP-Glc were synthesized by the method of
Michelson (8, 9). The solutions of 3-P-glycerate kinase (EC 2.7.2.3) and
glyceraldehyde-3-P dehydrogenase (EC 1.2.1.12) were prepared essen
tially as described by Adam (6), except that phosphate buffers were used
instead of pyrophosphate. The mammalian nucleotidyltransferases were
partially purified as described (3) unless stated otherwise. Oxidation of
NADH and reduction of NADP were followed at 340 mp' using a Beck
man DU spectrophotometer equipped with an automatic cuvet changer,
optical density converter, and a recorder (10).

All reaction mixtures were made up in cuvets with a I-em light path
containing in JLmoles: Mg++ 1.0, PPi 1.0, neutralized hydrazine sulfate
(6) 0.25, 3-P-glycerate 0.6, NADH 0.125, nucleoside diphosphate sugar
0.2, excess 3-P-glycerate kinase (EC 2.7.2.3) and glyceraldehyde-3-P
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dehydrogenase (EC 1.2.1.12), and enzyme extract to a total volume of
0.5 ml with 0.05M triethanolamine buffer (pH 7.8) at 25°.

The data in Table 1 is expressed as units per minute at 25°. A unit of
enzyme is defined as that amount necessary to change 1 p.mole of sub
strate per minute at 25°. Control reactions were also incubated which
lacked PPi or nucleoside diphosphate sugar for each assay and were read
simultaneously using the automatic cuvet positioner.

TABLE 1
COMPARISON OF METHODS OF MEASURING PYROPHOSPHOROLYSIS OF NUCLEOSIDE

DIPHOSPHATE GLUCOSE

Product measured. unitslm!

Preparation Substrate XTP Gle-I-P

Crude extracts:
Yeast UDP-Glc 1.29 1.90
Yeast GDP-Glc 0.09 0.07
Liver GDP-Glc 0.24 0.54
Liver IDP-Glc 0.05 0.09

Purified fractions:
A UDP-Glc 0.52 0.52
B UDP-Glc 98.0 98.0
C UDP-Glc 25.1 23.2
D UDP-Glc 22.6 23.9
E GDP-Glc 0.15 0.13
F GDP-Glc 0.0045 0.0045

RESULTS AND DISCUSSION

Preliminary experiments indicated that the oxidation of NADH was
dependent upon addition of 3-P-glycerate, Mg++, nucleoside diphosphate
sugar, PPi, and enzyme extract. Oxidation was observed in crude ex
tracts without addition of 3-P-glycerate kinase (EC 2.7.2.3) and glyc
eraldehyde-3-P dehydrogenase (EC 1.2.1.12) indicating the presence of
these enzymes. With some crude extracts (for example plants and the
yeast, Hansenula holstii) high blanks were obtained in the absence of
nucleoside diphosphate sugar substrate. For plants this was attributable
to NADH oxidation in the presence of 3-P-glycerate alone. In yeast and
some mammalian tissues this was in part due to pyrophosphorolysis of
NADH resulting in the formation of ATP, which then reacts with the
3-P-glycerate-kinase system or NADH oxidase. Phosphatases present in
crude extracts compete with 3-P-glycerate kinase (EC 2.7.2.3) for
nucleoside triphosphates formed and consequently could give a low
estimate of the sugar-I-phosphate nucleotidyltransferase levels. Ion-
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exchange paper chromatography of these incubation mixtures revealed a
concomitant transformation of nucleoside triphosphates into di- and
mono-phosphates and even free ribosides.

The further oxidation of 6-P-gluconic acid in the Glc-I-P assay leads
to an overestimation of nucleoside diphosphate sugar pyrophosphorolysis
in the crude extracts since it was demonstrated that these extracts con
tain 6-P-gluconate dehydrogenase (EC 1.1.1.44) which will catalyze the
formation of a second mole of NADPH per mole of nucleoside diphos
phate sugar. Incubation of the crude extracts with ribose-5-P very slowly
reduced NADP, thus resulting in the reduction of even more than two
moles of NADP in supplemented crude systems. Sugar I-phosphates may
also be formed from nucleoside diphosphate sugars as catalyzed by pyro
phosphatases. Controls lacking PPi thus are important with the Glc-I-P
assay, whereas controls lacking nucleoside diphosphate sugars are necc:,;
sary with the nucleoside triphosphate method. Both controls were in
cluded with both methods. With GDP-Glc or UDP-Glc as a substrate
both spectrophotometric methods may be applied and a comparison is
possible (Table 1). In crude extracts the agreement between the two
procedures is only approximate. During purification, 6-P-gluconate de-
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FIG. 1. Comparative rates of pyrophosphorolysis of nucleoside diphosphate
hexoses by extracts of mammalian tissues. Reaction rates were followed by meas
uring formation of nucleoside triphosphates. Lines were drawn from tracings from
automatic recorder.
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hydrogenase (EC 1.1.1.44), phosphata::;es, and other interfering enzymes
are removed and the correspondence between the methods is greatly
improved.

The nucleoside triphosphate method was then used for recording the
respective rates of GDP-Glc, GDP-Man, IDP-Glc, and IDP-Man
pyrophosphorolysis by calf liver and rat mammary gland extracts (Fig.
1). The liver preparation was homogenized with a Servall Omni-Mixer
in 0.1 M tris-acetate buffer (pH 7.5) then treated with protamine sulfate
followed by solid ammonium sulfate to 40% saturation. Noteworthy is
the high rate of pyrophosphorolysis of GDP-Glc and GDP-Man by
mammalian tissues. In addition, the nucleoside triphosphate system was
found convenient for measuring pyrophosphorolysis by liver extracts of
ADP-Man, UDP-Gal, UDP-N-AGlcm, UDP-Man, and UDP-Xyl. The
method will not measure directly either CTP or TTP (6, 7). In crude
extracts NADH oxidation may sometimes be observed without addition
of nucleoside triphosphate. This may be attributable to the presence of
nucleoside-diphosphokinase (EC 2.7.4.6) and traces of ADP.

SUMMARY

The enzyme-catalyzed pyrophosphorolysis of nucleoside diphosphate
sugars has been followed spectrophotometrically using 3-P-glycerate
kinase (EC 2.7.2.3) and glyceraldehyde-3-P dehydrogenase (EC 1.2.1.12)
coupled to the oxidation of NADH. The method is rapid, and gives a
direct recording of enzyme activity. Some limitations are discussed but
these generally apply when crude systems are analyzed. The method has
been used for measuring the adenosine, guanosine, inosine, and uridine
triphosphates resulting from the pyrophosphorolysis of ADP-Man, GDP
Glc, GDP-Man, IDP-Glc, IDP-Man, UDP-Glc, UDP-Man, UDP-Gal,
UDP-N-AGlcm, and UDP-Xyl.
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In 1958, a two-column chromatographic procedure was announced for
the analysis of amino acids and related compounds normally present in
physiological fluids (1). This system, using a sulfonated styrene divinyl
benzene copolymer cation-exchange resin which had been pulverized
from large beads, required 44 hI' for a complete analysis of complex
samples such as blood plasma, tissue, and urine. Accelerated analysis was
reported in 1964 using blended pulverized resin (2).

In addition to the chromatographic goals reported earlier (3, 4), the
objectives sought in an improved resin system for the analysis of the
amino acids normally found in physiological fluids are as follows:

1. To reduce analysis time in order to complete two physiological fluid
analyses in a 24-hr day.

2. To improve resolution obtained by current procedures (1, 5, 6) if
possible, or at least maintain the level of resolution of current systems.

3. To maintain +3% precision and accuracy.
4. To use buffer systems currently employed.
5. To use column flow rates low enough to require only one standard

length reaction coil.
A slight modification of the two-column chromatographic procedure of

Spackman, Moore, and Stein (1) was used with the Beckman Model 120
Amino Acid Analyzer, for purposes of comparative column performances.

The characteristics of the comparative systems are outlined below, with
a discussion of those areas in each chromatographic procedure which are
particularly troublesome for optimum resolution of specific amino acid
peaks.

, Consultant to Beckman Instruments, Inc.
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MATERIALS AND METHODS

Sample Preparation

Synthetic Mixture of Amino Acids and Related Compounds. Amino
acids obtained from California Corporation for Biochemical Research
were dissolved in pH 2.2 sodium citrate buffer. The quantities analyzed
on each column are indicated in parentheses on the chromatograms.

Human Urine. 2 A sample of Hyland Urine Chemistry Control, Lot Nu.
401U2 was deammoniated as follows:

The pH of the sample was adjusted to 11.7 with 4 N NaOH and placed
in a desiccator with continuous aspiration for 6 hr. The sample was
removed from the desiccator and adjusted to a pH of 2.2 with 6 N HCI,
and made to final volume with pH 2.2 sodium citrate buffer.

Human Blood Plasma. Whole blood (7) was first centrifuged to obtain
plasma and then deproteinized with picric acid. Excess picric acid was
removed from the deproteinized sample by passing through a resin bed
(Dowex 2-X8, 200-400 mesh) in the chloride form. The sample was
adjusted to pH 8.0 and allowed to stand for 4 hr to convert cysteine to
cystine. The sample was adjusted to pH 2 and made to volume with pH
2.2 sodium citrate buffer.

Reagents

Sodium Citrate Buffers. The buffers used for the analysis of amino
acids using the pulverized resin system were (9): pH 3.28 (0.20 N) and
pH 4.25 (0.20 N) sodium citrate for the analysis of the acidic and neutral
amino acids. For the analysis of the basic amino acids, pH 4.26 (0.38 N)
sodium citrate buffer was used.

The preparation of the buffers used in the spherical res'in system is
presented in Table 1.

Analysis of the amino acids using this system required buffers whose
pH and ionic concentration were controlled to +0.005 pH units and
+0.001 sodium ion concentration.

This degree of precision in the preparation of the buffers was necessary
to obtain reproducible elution times. In practice it was discovered that
the elution behavior of the amino acids functioned as a very sensitive pH
metering device. It was possible to detect 0.01 pH unit variation in the
buffer solutions by measuring the elution time of glutamic acid relative
to that of proline and citrulline on the chromatogram.

'For the analysis of urine samples on a comparative research basis, desalting the
sample prior to analysis would minimize sample differences due to salt ('ontent (8).
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TABLE 1
SoDIUM CITRATE BUFFERS

pH-

267

3.25 ± 0.005 4.25 ± 0.02 4.26 ± 0.02 5.28 ± 0.02

Sodium concentration, N 0.20 0.20 0.38 0.35
Sodium citrate·2H20, gm 784.3 784.3 1490 1372.6
Concentrated HCl, ml 493 335 609 260
Thiodiglycol (TG), ml 200 200
Brij-35 solution (50 gm/l00 ml), ml 80 80 80 80
Caprylic acid, ml 4 4 4 4
Final volume, liters 40 40 40 40

a Close control of the pH values, among other operating parameters, is critical if
consistent elution times and good resolution between analyses are to be achieved.

Ninhydrin Reagent. Prepared according to the method of Spackman,
Stein, and Moore (1).

Preparation of Ion-Exchange Columns

A. Pulverized Resin System. A 169 X 0.90 cm chromatographic column
was used for the analysis of the acidic and neutral amino acids and a
69 X 0.90 cm chromatographic column for the basic amino acids. Before
beginning the column packing operation it was necessary to remove the
resin fines. These fines, which can be generated by physical and chemical
attrition, must be removed to minimize operating back pressure.

The resin was mixed with 2 vol of column packing buffer to produce a
slurry. For packing the 169-cm column, the pH 4.25 (0.20 N) sodium
citrate buffer was used and for the 69-cm column the pH 5.28 (0.35 N)
buffer was used. Neither of these buffers contained Brij-35 or thiodiglycol.
The resin slurry was stirred just before pouring and the column filled with
slurry. A buffer flow rate of 60 mljhr was used to pack the column. When
the resin bed had packed, buffer was aspirated from above the resin
surface and the column was again filled with resin slurry. Several addi
tional packings were necessary to fill the column. All columns were
packed at 30°C.

Each column was regenerated with 0.2 N NaOH and the columns were
completely equilibrated with the appropriate buffer.

B. Spherical Resin System. A 69 X 0.90 cm chromatographic column
was used for the analysis of the acidic and neutral amino acids and a
29 X 0.90 cm chromatographic column for the basic amino acids.

A buffer flow rate of 50 mljhr was used to pack the long column (for
analysis of the acidic and neutral amino acids) to a height of 55.5 cm.
The short column (for analysis of basic amino acids) was packed to a
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height of 22.0 em, at the same buffer flow rate. The long column was
packed at a column temperature of 30°C and the short column at 33°.

Resins

A. Pulverized Resin System. (1) Acidic and Neutral Amino Acids.
(Beckman Ion Exchange Resin Type 150 A. Processed from sulfonated
styrene divinylbenzene copolymer resin. Nominally 8% cross-linked.
Mean particle size 31-41 }-t.) Portions of a typical chromatogram (syn
thetic calibration mixture) on a 159 X 0.9 em resin column which had
been developed at 30 mlfhr buffer flow rate, is represented in Fig. 1A.
Only those chromatographic areas which present some difficulty of resolu-

1 •

..
•0 .4
Z
C ..•I:
0 ..••c .,

o
.50"',_0 ••• ,.1 •• , ••• 1,11 1

o ~-,t ml ml m'
t.U"IIIIIH-'-.!.H.!.!.LU.l."11111111111111 J.UIllIID_lllll

.............................. ..

o~§~~~~U~~~j
350 400 ~50
ml ml ml

'. I II ~ OJ.O..lUULUJJ.1 i • I • I I I I I I I • !

FIG. 1. Portions of a chromatographic analysis, using pulverized resin, on a syn
thetic mixture of amino acids commonly found in physiological fluids: (A) acidic
and neutral amino acids on a 159-cm resin column; (B) determination of basic
amino acids on a 56-em resin column.
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tion are shown. All other peaks were well resolved. A programed tempera
ture change from 30° to 50°C was made at 10 hr and a buffer change
from pH 3.28 (0.20 N) to pH 4.25 (0.20 N) sodium citrate occurred
simultaneously, for an analysis time of 21 hours.

(2) Basic Amino Acids. (Beckman Ion Exchange Resin Type 50A.
Processed from sulfonated styrene divinylbenzene copolymer resin. Nomi
nally 8% cross-linked. Mean particle size 25-31 fJ-.) Portions of a typical
chromatogram (synthetic calibration mixture) on a 56 X 0.9 em resin
column which was also developed at a buffer flow rate of 30 mi/hr are
presented in Fig. lB. Elution was started at 30°C and changed to 50° at
11 hr, 20 min. A pH 4.26 (0.38 N) sodium citrate buffer was used for
column development. Total analysis time was 22 hr, 30 min.

Earlier, we had presented a spherical resin of specific design (3) for
the analysis of the amino acids normally found in protein or peptide
hydrolyzates. The analysis of a synthetic mixture of the amino acids
found in physiological fluids was made using this hydrolyzate resin.

B. Spherical Resin System. (1) Acidic and Neutral Amino Acids.
(Beckman Custom Research Resin Type AA-15. A sulfonated styrene
copolymer resin, nominally 8ro cross-linked. The spherical particles have
a mean diameter of 22 -+- 6 p.. This resin is normally used for the analysis
of acidic and neutral amino acids commonly found in the hydrolyzates
of proteins or peptides.) A 56 X 0.9 cm resin column was developed at a
buffer flow rate of 40 mi/hr. Elution was started at 30°C with pH 3.25
(0.20 N) sodium citrate buffer. A buffer change was made to pH 4.25
(0.20 N) sodium citrate and a temperature changc was made to 55°C, to
coincide with the 55° temperature used in the hydrolyzate procedure.
Using the synthetic calibration mixture, the analysis time was 6 hr,
35 min.

(2) Basic Amino Acids. (Beckman Custom Research Resin Type
AA-27. A sulfonated styrene copolymer resin, nominally 8% cross-linked.
The spherical particles have a mean diameter of 15 -+- 6 p.. This resin is
normally used for the analysis of basic amino acids commonly found in
hydrolyzates of proteins or peptides.) A 20 X 0.9 cm resin column was
developed at a buffer flow rate of 40 mi/hr, using the synthetic calibration
mixture, and changed to 55°C after the elution of I-methylhistidine. A
pH 4.26 (0.38 N) sodium citrate buffer was used throughout the analysis.
Total analysis time was 7 hr, 40 min.

C. Spherical Resin System (specifically developed for the analysis of
the amino acids commonly found in physiological fluids).
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Beckman Custom Research Resin: For analysis of acidic and neutral
amino acids, Type PA-28, a sulfonated styrene copolymer resin, nomi
nally 7.5% cross-linked. The spherical particles have a mean diameter
of 16 -+- 6 fJ..

For analysis of basic amino acids, Type PA-35, a sulfonated styrene
copolymer resin. Nominally 7.5% cross-linked. The diameter of the
spherical particles is 13 -+- 6 fJ..

Figure 2 illustrates the resolution of a synthetic calibration mixture of
basic, acidic and neutral amino acids3 at a buffer flow rate of 50 ml/hr
and a ninhydrin flow rate of 25 ml/hr. Analysis of the basic amino acids
was started at 33°C and of the acidic and neutral amino acids at 30°. A
temperature change to 55° was made in the basic analysis at 185 min,
and a buffer change from pH 4.26 (0.38 N) to pH 5.28 (0.35 N) at the
same time (10). A temperature change to 55° was made in the acidic
and neutral analysis at 100 min, and a buffer change from pH 3.25
(0.20 N) to pH 4.25 (0.20 N) at 150 min; recorder chart speed was 6
in./hr with 1 dotj2 sec printing speed. To prevent the recorder dots from
cluttering on the chromatogram, the alternate 570 mfJ. Helipot Potenti
ometer was adjusted so that the pen printed on the left side of the chart.
For the analysis of the basic amino acids at the flow rates indicated
above, total analysis time was 5 hr, 45 min. Total analysis time for the
acidic and neutral amino acids was 5 hr, 25 min.

A single-length reaction coil was used (11.25 ml volume) and the
accuracy and precision in the sample ranges used was 100 -+- 3.0%.

A daily Rchedule is presented in Table 2.

RESULTS

A. Pulverized Resin System. (1) Acidic and Neutral Amino Acids. The
aspartic acid-threonine separation was good with a peak height-to-valley
rati04 of about 0.15. The citrulline peak appeared as a shoulder on the
glutamic acid peak and the separation of a-aminoadipic acid and a-amino
n-butyric acid was inadequate. The tyrosine-phenylalanine separation
had a peak height-to-valley ratio of about 0.25. All the other peaks
presented were well resolved.

(2) Basic Amino Acids. Resolution of the components present in a
synthetic calibration mixture was good except for separations in the

3 Amino acid peaks are eluted in the same sequence as with the pulverized system.
• Peak height-to-valley ratio: where two peaks are juxtaposed so that the valley

between them does not reach baseline, the peak height-to-valley ratio is alb, where
a is the absorbance read at the minimum of the valley and b is the absorbance read
at the maximum of the lower of the two peaks. The absorbance values of the peaks
and valleys must be corrected to zero baseline on the chromatogram. These ratios
are indicative of the resolving power.
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TABLE 2
TYPICAL DAILY SCHEDULE FOR COLUMN ANALYSIS

Time
Lapsed time,

min Operational changes

8:30 A.M.

8:45 A.M.
11:35 A.M.
11:35 A.M.
2:15 P.M.

2:30 P.M.

2:45 P.M.
4:10 P.M.
5:00 P.M.
7:55 P.M.

Short-Column Analysis (33°C)
o Start buffer pump (pH 4.26, 0.38 N) and ninhydrin

pump to coil. Start recorder.
15 Zero baseline on recorder.

185 Buffer change takes place to (pH 5.28, 0.35 N).
185 Temperature change to 55°C.
345 Analysis is complete.

Long-Column Analysis (30°C)a
o Start buffer pump (pH 3.25, 0.20 N) and ninhydrin

pump to coil. Start recorder.
15 Zero baseline on recorder.

100 Temperature change to 55°C.
150 Buffer change to (pH 4.25, 0.20 N).
325 Analysis is complete.

• A rapid cooling coil used in circulating water bath.

anserine, tryptophan, creatinine, and carnosine areas. The area under the
creatinine peak could be quantitated only with difficulty, using the
absorbance method.

In our study of pulverized resin systems, the resolution of basic amino
acids has varied considerably with different batches of pulverized resin
that quantitative resin tests showed to be identical. Hamilton (11)
described these resin variations as minute deviations, probably due to
nonuniformity during resin synthesis, or the mixing of different resin lots.
The separations of hydroxylysine and allohydroxylysine, tryptophan and
creatinine, and ethanolamine and ammonia showed the greatest variations
in resolution. Increasing the flow rates to achieve a reduction in analysis
time produced poorer peak separations on basic as well as acidic and
neutral amino acid analyses. The higher flow rates reduced the plate
contact time, decreasing the number of theoretical plates of the resin
column. In effect this increase in flow rate reduced the effective length
of the column.

B. Spherical Resin System. (1) Acidic and Neutral Amino Acids (Type
AA-15). The aspartic acid-threonine peak height-to-valley absorbance
ratio was 0.48. The valley between serine and asparagine did not reach
baseline. Although proline was well separated from aspartic acid, the
citrulline peak appeared as a shoulder on the glutamic acid peak.
a-Aminoadipic acid and a-amino-n-butyric acid were incompletely
separated. The tyrosine-phenylalanine peak height-to-valley absorbance
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ratio was 0.137. All peaks were broad, which was thought to be caused by
an overload of column capacity, and the total run time was extended.
Therefore, the sample load was decreased by a factor of 3. No improve
ment in resolution was noted.

(2) Basic Amino Acids (Type AA-27). The resolution on most of the
peaks was unacceptable, and, in those areas where resolution was quite
critical, the absorbance ratios of peak height-to-valley exceeded 0.50.

It was apparent that the spherical resin which had been developed for
the analysis of those amino acids normally found in protein or peptide
hydrolyzates did not give the desired resolution of complex physiological
mixtures under these conditions.

C. Spherical Resin System. (1) Acidic and Neutral Amino Acids (Type
PA -28). The acidic and neutral amino acids of our synthetic mixture are
shown in Fig. 2B, and the analysis conditions are outlined in Table 3.
The sample size (micromoles) is shown on the chromatogram. The aspar
tic acid-threonine peak height-to-valley absorbance ratio was 0.26 and
the tyrosine-phenylalanine ratio was 0.074. The separation of proline
from glutamic acid and citrulline from glutamic acid was almost com
plete. a-Aminoadipic acid and a-amino-n-butyric acid were almost
completely separated. In the long column analysis there are also several
amino acids whose movement is influenced by a temperature or buffer
change made either too early or too late. As column temperature increases,
the resolution of a-aminoadipic acid and a-amino-n-butyric acid im
proves; however, the separation between valine and cystine decreases.
The temperature change should occur at the time which impairs both
separations as little as possible. The buffer change should take effect just
after cystine is eluted to obtain the best resolution of cystathionine,
methionine, and the leucines.

(2) Basic Amino Acids (Type PA-35). The analysis of the basic amino
acids of a synthetic mixture is shown in Fig. 2A. The analysis conditions
are outlined in Table 3 and the sample size, in micromoles of each com
ponent, is indicated on each peak on the chromatogram. There are several
peak areas which are affected by slight variations in temperature and
buffer changes. The amino acids whose elution times are affected by
temperature variations are carnosine, arginine, and tryptophan. An
increase in the column temperature will cause carnosine and arginine to
be eluted sooner, resulting in improved resolution. A temperature change
which takes place too early will cause tryptophan to be eluted with.
anserine.

If the buffer change takes place just after anserine is eluted, the
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remammg peaks will be sharper and arginine will be eluted from the
column sooner. A buffer change which takes effect too early will elute
tryptophan and carnosine too soon, causing these peaks to overlap those
of anserine and creatinine.

The chromatographic analysis of human urine (12) is presented in
Fig. 3. A 0.6 ml sample of urine was chromatographed on the short col
umn for the basic amino acids and a 0.5 ml sample was chromatographed
on the long column for the acidic and neutral components.

When human plasma is analyzed as shown in Fig. 4, excellent resolu
tion is obtained. A sample size corresponding to 1.7 ml of protein-free
normal human plasma was used for analysis on both the short and
long columns.

DISCUSSION

Experimentation on our earlier polymer systems revealed problems in
the separation of actual physiological materials, although resolution of
synthetic mixtures was acceptable. These problem areas were:

1. Acidic and neutral amino acids. The resolution of glutamic acid in a
urine sample was inadequate, presenting quantitation difficulties.

2. Basic amino acids. Separations of ethanolamine and ammonia, of
lysine and 1-methylhistidine, and of tryptophan and creatinine in a
urine sample were inadequate.

An empirically designed resin enabled these areas, which can be used
as "yardsticks" in evaluating complete chromatographic systems for
physiological fluid analysis, to be resolved.

Differences in peak heights (absorbance units) between the spherical
and pulverized resin systems were quite dramatic. When using the
spherical resin for the basic amino acid analysis, several peak heights
(absorbance units) increased 2.6-fold over those obtained with the
pulverized system at the same sample load and the same length of cuvet
light path.

In the acidic and neutral amino acid analysis many of the peaks
obtained using the spherical resin system showed an increase in height
(absorbance units) of 2.2-fold over those obtained with the pulverized
resin system.

This would indicate that the amino acids are being eluted from the
spherical resin column in narrower bands, resulting in improved resolu
tion of the individual amino acid peaks.

Figure 3A presents the chromatographic results for the analysis of
urine. The ethanolamine-ammonia separation is improved, as is the
integrity of the lysine peak, over that of the pulverized system. This
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improved resolution makes it possible to detect and quantitate an
unknown ninhydrin-positive substance eluted between lysine and
I-methylhistidine. Also, the separation of tryptophan and creatinine
is improved.

Figure 3B, acidic and neutral amino acids of urine, shows the separa
tion of serine and the asparagine-glutamine peaks to be sharper and the
valley to be lower in absorbance units. It is now possible to calculate the
area under the glutamic acid peak by the height-width method. The peak
height-to-valley ratio between tyrosine and phenylalanine is reduced
below 0.50, which facilitates area quantitation.

The ability to carry out the chromatographic column development at
higher flow rates, allowing low operating back-pressures, with improved
peak resolution is largely due to an optimally designed resin column
system. The spherical form of the resin minimizes liquid flow channeling
and eddy dispersion in the column. Polymerization of the resin was con
trolled to minimize cross-linking variations among particles. Physical
and chemical properties of the resin were controlled to give a uniform
polymer matrix. Although the use of a slightly lower nominally cross
linked resin was helpful in some of the peak separations, success is in
large part due to the controls mentioned above.

The resolution of acidic and neutral amino acids at higher flow rates
was investigat€d. The same 55.5-cm long column, as indicated above,
was operated (using the same buffer and ninhydrin system previously
mentioned) at 60 ml/hr [97.8 linear cm/hr (13) 1 buffer flow rate and
30 ml/hr ninhydrin reagent flow rate. The operating back-pressure was
285 psi at 30°C. A sample load of a synthetic amino acid mixture con
tained the same quantities as shown in Fig. 2B of each amino acid
tested. The temperature was changed from 30° to 55° at 85 min and the
buffer changed from pH 3.25 (0.20 N) to pH 4.25 (0.20 N) at 125 min.
The aspartic acid-threonine peak height-to-valley absorbance ratio was
0.270. The tyrosine-phenylalanine peak height-to-valley absorbance ratio
was 0.138. The analysis time was 4 hr, 45 min, through the analysis of
,8-aminoisobutyric acid. There did not appear to be any sacrifice of
resolution between the other amino acids. The slower 50 ml/hr flow rate
for the long column eliminates the need to change the ninhydrin pump
stroke setting between the short and long column analyses. However, if
analysis time is an important consideration the faster flow rates will give
satisfactory chromatographic results. This resin system can be a means
of faster analysis times as improvements in elution techniques are
developed.

Eighteen analyses have been made on each of the spherical resin
columns with the final back-pressures reaching 245 psi (30°) on the long
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column and 212 psi (33°) on the short column. Each column was oper
ated at the usual 50 mljhr buffer flow rate. However, several chromato
graphic glass columns which had been recently obtained exhibited abnor
mally high back-pressures (300 psi) during the long column analysis.
When the same resin was repacked in the columns originally used, the
previously observed 240 psi back-pressure was obtained. In our opinion
this increase in back-pressure is due to differences in the glass surfaces.
This phenomenon may be present in most chromatographic operations,
using glass columns, and may be a functional part of the chromatographic
process. It has been evident that the resolution of some amino acids has
been affected by the glass surface. It was also noted that there was a 2-cm
resin bed compression (usual compression was about 0.5 cm during first
analysis) and that this compression was accompanied by a sharp rise in
back-pressure. The resin bed had apparently undergone an irreversible
compression which could be remedied only by repacking the columns. A
report on the effects of glass surfaces on. the chromatographic process is
in preparation.

The detergent Brij-35 was used by Moore and Stein (14) in the
sodium citrate buffers. They found that they were then able to operate
their columns at faster flow rates without broadening the peaks on the
effluent curves. Preliminary investigation as to the effects of this detergent
in our chromatographic system revealed that high back-pressures, as has
been previously stated, could often be attributed to glass surface effects
on the column. It has been possible to eliminate the Brij-35 detergent to
obtain an average of 20 psi decrease in column operating pressures. How
ever, where high concentrations of dissolved gases are present in the
buffers, the addition of a surfactant might be desirable.

SUMMARY

Chromatographic analysis and improved resolution of the amino acids
commonly found in physiological fluids have been accelerated by im
proved resin technology. The acidic and neutral amino acids are analyzed
on a 55.5 X 0.9 cm resin column and the basic amino acids on a 22.0 X
0.9 cm resin column. Buffer flow rates of 50 mljhr (79 linear cm/hr) are
pumped through both columns under pressures of 240 psi and 210 psi for
the long and short columns, respectively. This system reduces the analysis
time from the previously reported 44 hr of a physiological-type amino
acid mixture, urine, or blood plasma to 11 hr, 10 min (5 hr, 25 min, for
the acidic and neutral amino acids and 5 hr, 45 min, for the basic amino
acids). Two complete physiological fluid analyses are possible in a
24-hr day.
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Most methods used for the extraction and estimation of nucleic acids
from biological materials are based on procedures which were developed
by Schneider (1) or Schmidt and Thannhauser (2). Both procedures
were principally used with animal tissues, although they have been
applied to different kinds of organisms. It is evident from recent in
vestigations that, in addition to the RNA and DNA fractions, both
procedures extract numerous contaminants which interfere with nucleic
acid determination by ultraviolet absorption, pentose color reactions,
and phosphorus analysis. This is discussed critically in a review of nucleic
acid analytical procedures by Hutchison and Munro (3). The Ogur and
Rosen (4) method was especially used for the estimation of nucleic
acids in plant tissues. It is a method based on the differential extraction
of RNA and DNA by PCAn at different concentrations and temperatures.
This procedure has been adopted for nucleic acid estimation in Euglena
(5).

Smillie and Krotkov (6) tested the Schneider, Schmidt-Thannhauser,
and Ogur-Rosen methods for Euglena cells. They specifically studied the
efficiency of preliminary extractions for acid- and lipid-soluble phos
phorus compounds.

The usual preliminary treatment is to remove acid-soluble and lipid
soluble substances in order to eliminate any possible interfering con
taminants. Removal of acid-soluble substances is commonly carried out
by washing with either cold TCA or cold PCA. The usual concentration
of TCA employed is 5-10%, and 1.2 N (12%) for PCA, as recom
mended by Schneider, Hogeboom, and Ross (7) or 0.2 N employed by
Ogur and Rosen (4). For routine analysis Hutchison, Downie, and

'Institute of Virology, Cordoba, Argentina.
• Present address: The Rockefeller Institute, New York, N. Y.
3 Abbreviations used in this paper: RNA, ribonucleic acid; DNA, deoxyribo

nucleic acid; PCA, perchloric acid; TCA, trichloroacetic acid.
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Munro (8) recommend 5% cold TCA. Although no acid precipitant
leads to large losses of nucleic acids, Venkataraman and Lowe (9) and
Venkataraman (10) have reported losses of RNA from the acid pre
cipitate when the tissue is put in contact with ethanol as a lipid solvent.
Hallinan, Fleck, and Munro (11) demonstrated that the acid concen
tration is critical in causing solubilization of RNA when lipid solvents
are later used. Smillie and Krotkov (6) reported that for Euglena cells
10% PCA and 15% TCA remove a small amount of RNA, and in order
to take off any interfering substances without RNA solubilization they
recommended a first extraction with methanol followed by methanolic
0.05 N formic acid at 4DC and afterward washing with 5% TCA, i.e.,
a modification of the Ogur and Rosen preliminary extraction procedure
employed for plant tissue. Cooper and Loring (12) reported that RNA
recovery from tobacco-leaf chloroplasts is not affected when preliminary
treatment is omitted. It would thus appear that the preliminary treat
ment requires critical re-evaluation. It is apparent that any of the
strong acid treatments and defatting procedures is likely to produce
some loss of nucleic acids and not ensure complete elimination of con
taminants.

RNA and DNA can be estimated by differential extraction-Schmidt
Thannhauser (2) or Ogur-Rosen (4) methods-or by the Schneider (I)
procedure that extracts RNA and DNA together. In the first two
methods, color reactions, phosphorus analysis, or ultraviolet absorption
photometry are applicable for both nucleic acid estimations if no inter
fering substances contaminate the fractions. In the Schneider procedure,
the specific color reactions provide the only method available.

The elimination of interfering substances was overcome by different
techniques: absorption on ion-exchange resin (13), paper electrophoresis
(14), or paper chromatography (l5)-all are methods too laborious for
multiple analyses.

After taking into consideration the advantages of the spectrophoto
metric determination and the possibility for determining the correction
due to interfering substances by absorption measurement at additional
wavelengths (16, 17), the present investigation was undertaken in order
to seek a suitable method for RNA estimation in Euglena cells. The
high specificity of the deoxypentose color reaction makes the determina
tion of DNA less troublesome than that of RNA in the presence of con
taminants. However, Chiba and Sugahara (18) found that there is a
chloroplast DNA fraction in spinach leaves extracted only in high PCA
concentration. Since Euglena cells contain such a DNA chloroplast frac
tion (19) our investigation was also focused on the evaluation of DNA
extraction by hot acid methods.
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Our present investigation deals with: (a) study of the contaminants
obtained after alkali hydrolysis of the RNA fraction; (b) the suitable
conditions for this alkaline digestion; (c) choice of the best preliminary
extraction procedures; and (d) the satisfactory conditions for extraction
and determination of the DNA.

METHODS

Euglena gracilis strain z was used. Cells were grown in semisynthetic
medium (20) in the light or in the dark, at 24°C. They were collected,
washed twice with distilled water, and frozen at -20°. Cell number
was determined in a hemocytometer after fixation with 5% formalde
hyde. Each determination was made in quadruplicate after suspending
the freshly collected cells in a known volume of distilled water.

I. Treatment of the Samples

(a) Extraction of Acid-Soluble and Alcohol-Soluble Substances. Pre
liminary treatments employed the following solvents at 10 to 20 times
the volume (0.5-1.0 ml) of packed cells.

Procedure I: Packed cells were extracted several times with 10 ml of
ethanol at O°C for lO-min periods until a pale yellow residue was
obtained. Usually with dark grown cells two extractions were necessary
but green cells needed three or four cold alcohol treatments. The residue
was then extracted twice with 10 ml of cold 5% TCA for 1 hI', followed
by extraction with cold ethanol, ethanol at room temperature, ethanol
ether (3:1) at room temperature, ethanol-ether (3:1) in a boiling water
bath for 1-2 min, and ether, and was finally dried at room temperature
before digestion in alkali. Sometimes the alkaline digestion was per
formed directly after the hot ethanol-ether extraction.

Procedure II: Similar to Procedure I, except that the initial alcohol
extractions were omitted.

Procedure III: Same as Smillie and Krotkov's (6) preliminary method
for acid and alcohol extraction-cold methanol with 0.05 N formic acid
followed by cold 5% TCA and lipid solvents.

Procedure IV: Cells were extracted twice with 1.0 N PCA at O°C for
1 hr. The residue was resuspended in distilled water, neutralized with
KOH in the cold, made up to 0.3 N with 10 N KOH, and subjected to
alkaline digestion.

Procedure V: Cells were extracted twice with 10 ml of cold 5% TCA
for 1 hr. The residue was resuspended in cold distilled water, neutralized
and made up to 0.3 N with 10 N KOH, and subjected to alkaline diges..
tion. Extraction of the TCA residue with ether (11) was found to be
unnecessary.
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(b) Alkaline Digestion. The pretreated samples were digested in a
water bath at 37°C with 0.3 N KOH. The volumes used were 12 ml in
the procedure where lipid solvents were omitted and 10 ml for the
lipid-extraction materials. At the end of the incubation the samples were
chilled, neutralized with concentrated PCA and brought up to 0.5 N PCA.
The resulting precipitate was removed by centrifugation and extracted
with 10-12 ml of cold 0.5 N PCA. The two extracts were combined and
analyzed for RNA.

(c) Isolation of the DNA Fraction with Hot PCA. After the alkali
hydrolysis, the precipitate was resuspended in 8 ml of 0.5 N PCA and
incubated in a water bath at 70°C for 20 min. This step was repeated
three times and the combined supernates were analyzed for DNA. The
residue was examined for the presence of DNA resistant to PCA extrac
tion by repeating the extraction with higher PCA concentration.

II. Purification of Euglena RNA

RNA was prepared by phenol extraction (21). Light grown cells were
washed twice with distilled water and resuspended in 0.01 M acetate
buffer pH 5.1 (ten times the packed cell volume) and 1% sodium dodecyl
sulfate. To this suspension an equal volume of freshly redistilled phenol
(Merck) saturated with water was added and stirred for 5 min at 60°C
and quickly chilled in an iced water bath. The phenol and water phases
were separated by centrifugation. The phenol phase was reextracted
O'lce more with fresh acetate buffer. The water phases were combined
and the RNA precipitated by addition of 2 vol of ethanol in the cold.
After washing with ethanol, the precipitate was resuspended in 0.01 M
acetate, pH 5.1, 0.05 M NaCI, and 0.001 M MgCI, and dialyzed against
the same buffer for 48 hr at 4°C. Insoluble material was eliminated by
centrifugation at 10,000 X g for 10 min. The RNA was obtained from
the clear supernatant solution by addition of 2 vol of ethanol. The
precipitate was washed with cold 5% TCA, cold ethanol, ethanol-ether
(3: 1), and ether, and dried at room temperature. The dried RNA frac
tion was hydrolyzed with 0.3 N KOH for 18 hr at 37° and the alkali
hydrolyzate was further purified from non-nucleotide phosphorus com
pounds with the use of a small Dowex 1 (13) column. The mixture of
2',3'-ribonucleotides from Euglena RNA have E(P) of 10,300 at pH 2.

III. Chemical Analysis

The pentose of RNA was estimated by the phloroglucinol procedure
of Bolognani, Coppi, and Zambotti (22). The ribose used as standard
was calibrated against the Euglena 2'- and 3'-ribonucleotide mixture and
yeast 2'- and 3'-ribonucleotides. To convert pog ribose into pog RNA-P,
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the factor 0.608 was used. DNA was estimated by the Burton (23)
procedure, using as a standard herring sperm DNA (California Bio
chemical Research) purified by the Sevag procedure (24). Since the color
yield of the diphenylamine reaction varies with the concentration of
PCA, the standard was used at the same PCA concentration as that of
the samples. Protein was assayed by a modified biuret (25) method.
Phosphorus was estimated by the method of Allen (26).

RESULTS AND DISCUSSION

Isolation and Estimation of Breakdown Products Resulting from
Alkali Treatment. Dark grown Euglena cells treated with Procedure I
were used. Alkali hydrolysis for this purpose employed 1 N KOH at
37°C for 18 hr. The acid-soluble, nondialyzable material was lyophilized.
It contained, by dry weight, 2% ribose, 92% protein, and 2.5% phos
phorus. Its UV absorption spectrum (Fig. 1) did not have a maximum

50

40

30

10

230240 250 260 270 280 290 300 310 m l(

Wavelength

FIG. 1. Ultraviolet spectrum of acid-soluble breakdown products produced by
alkali hydrolysis of Euglena cells in 0.5 N PCA.

at 275 mp' but a plateau from 260 to 275 mp.. E~ r~ at 260 mp' was 11.43
in 0.5 N PCA. Thus it appears that alkaline hydrolysis releases a sig
nificant amount of peptide material.

The concentration of RNA in the presence of the preceding contami
nants is given by:
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where A z60 and A 275 are the absorbancies of the hydrolyzate in 0.5 N PCA
at the respective wavelengths. The effect of the contaminant is elimi
nated, since it has the same absorbancy at these two wavelengths. The
factor 13.6 was calculated from the molar extinction values of the puri
fied mixture of 2'- and 3'-ribonucleotides. Purified 2'- and 3'-ribonucleo
tides and the contaminants prepared from the Euglena cells were mixed
in various proportions (Table 1), and absorption measured. There was
good agreement, within the experimental error.

TABLE 1
ADDITIVITY OF ULTRAVIOLET ABSORPTION FOR Euglena RIBONlJCLEOTIDES AND THE

MATERIAL RELEASED BY ALKALINE DIGESTION

Pure Euglena 2'- and 3'-ribonucleotides and the nondialyzable acid-soluble product
of alkaline digestion were mixed in 0.5 N peA and from the optical density at 260 and
275 mIL the RNA content was calculated according to the formula. Each mixture was
prepared in duplicate.

Components of mixture Expected OD OD found /log RN A-P ImI,
for mixture at calculated

/log RNA-P/m! /log UK'/m! 260 m/lo 260 m/lo 275 m~ by formula Difference

0.400 0.332 O.H38
0.949 61.1> 0.386 0.397 0.328 0.925 0.8%

0.260 0.220 0.544
0.541 61.5 0.252 0.260 0.221 0.530 0.8%

0.500 0.419
1.082 102.5 0.477 0.500 0.419 1. WO 1.5%

a UK, unknown substances.

Kinetics of the Alkali Hydrolysis. Dark grown Euglena cells were
washed and extracted by Procedure I followed by 0.3 N KOH at 37°C.
Samples were removed at different times and the acid-soluble fractions
were prepared as indicated and analyzed (Fig. 2). From the RNA and
ribose values it appears that RNA is fully extracted in about 3-4 hr,
that during this interval there is also release of non-nucleotide ribose and
peptide material, and that further alkaline digestion only produces an
increase in the amount of protein in the acid-soluble fraction.

The release of RNA during alkaline digestion was also followed by
absorption of the acid-soluble material on Dowex 1 and elution of the
2'- and 3'-ribonucleotides (Table 2). The results obtained in this manner
are in excellent agreement with those obtained by differential UV ab
sorbancy measurements of the crude acid-soluble fraction. Thus the
absorption correction can be applied throughout the duration of the
alkaline hydrolysis.

Evaluation of Preliminary Treatments of Cell Samples. In order to
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FIG. 2. Kinetics of alkaline digestion. RNA was determined from corrected ab
sorption, ribose by the phloroglucinol test and protein by the biuret test.

test the cold acid extraction and the treatments with lipid solvents on
Euglena RNA estimation, five different preliminary treatments were
used with known amounts of cells. Quadruplicate cell counts were made
on samples of not less than 500 (Table 3). It is evident that the recovery

TABLE 2
CALCULATED RNA ON THE ACID-SOLUBLE FRACTION WITH DIFFERENT AMOUNT

OF CONTAMINANTS

The acid-soluble mixture was neutralized with KOH and the pH was maintained at
7.8 with 0.025 N tris buffer. The solution was absorbed in a Dowex 1 small column.
After washing with the tris buffer, pH 7.8, the 2'- and 3'-ribonucleotides were eluted
with 1.0 N HCI. The optical density at 260 m", of the contaminants was measured after
the 2'- and 3'-ribonucleotides were absorbed in the column.

Ilg RNA-P/ml

Duration
0.3 N KOH

digestion,
hr

4
18

Calculated in
acid-soluble fraction
before ion-exchange

purificationa

15.0
17.0

Amount of
2',3'-ribonucleotides

in eluateb

14.4
16.7

Contaminants
(measurement by aD)

5%
11%

a RNA content was computed according to formula given in text.
b Estimated by reading at 260 m",.
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TABLE 3
RIBONUCLEIC ACID RECOVERED FROM CELL SAMPLES SUBJECTED TO DIFFERENT

PRELIMINARY COLD ACID AND LIPID EXTRACTIONS
(RNA DETERMINATIONS BY DIFFERENTIAL UV ABSORBANCY")

Light grown Euglena cells in the logarithmic phase of growth were collected and
washed twice with distilled water. Five different duplicate aliquot"s were made from the
same cell culture, and submitted to five different preliminary treatments (see text).
Cell counts were made in quadruplicate.

Preliminary treatments

Lipid solvent extraction after TCA
treatment

Methanol and formic acid
No extraction with lipid solvent

4 See methods in the text.

I (ethanol before TCA)
II (no ethanol before TCA)
III
IV (1 N PCA)
V (5% TCA)

I'g RNA-PlIO' ceUs

45.4
45.5
39.5
43.2
44.2

of RNA is not affected by the use of a preliminary cold ethanol extrac
tion (Procedures I, II). A significant amount of RNA is lost if methanol
formic acid is used as recommended by Smillie and Krotkov (6) (Pro
cedure III). The use of cold 1 N PCA appears to produce a slight loss
of RNA (Procedure IV).

In order to determine the optimal conditions for the cold acid extrac
tion, samples of Euglena cells were treated with 5% TCA for varying
lengths of time and other samples with different concentrations of PCA.
Increasing the duration of the cold TCA extraction from 15 min to 1 hr
had little effect on the yields of either DNA or RNA (Table 4). A 15
min extraction is not sufficient to release all cold acid-soluble phos
phorus and ribose compounds. Since a I-hr preliminary extraction also
failed to remove these contaminants (see Table 5), 15 min was used as

TABLE 4
AMOUNT OF RNA AND DNA IN Euglena CELLS AFTER EXTRACTION WITH ACID

Light grown Euglena cells in the stationary phase of growth were collected and washed
with distilled water. Duplicate aliquots were taken from the same cell culture. Cell
counts were made in quadruplicate.

Acid used in
preliminary treatment I'g RNA-PlIO' ceUs I'g DNA-PlIO' ceUs

5%TCA

PCA

15 min
30 min
60 min
0.2M
0.5M
1.0M

32.9
33.4
34.1
34.5
33.2
31.7

2.75
2.80
2.90
2.80
2.72
2.71
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TABLE 5
PURIFICATION OF ACID-SOLUBLE MIXTURE AFTER ALKALI HYDROLYSIS OF GREEN

Euglena CELLS

Light grown Euglena cells were treated by Procedure V for 1 hr. The acid precipitate
was washed and incubated with 0.3 N KOH at 37°C for 4 hr. The neutralized acid-soluble
mixture was passed through a Dowex 1 column and the 2'- and 3'-ribonucleotides were
eluted with 1 N HCI. The amount of RNA in the acid-soluble mixture was calculated
by formula and in the eluate by optical density at 260 m/ol using .(P) of 10,300. The
phloroglucinol test was made using o-ribose as standard.

,.g RNA-P/ml

UV Phloroglucinol

Acid-soluble mixture
Substances not absorbed on Dowex 1
2'- and 3'-ribonucleotides eluted with 1 N HCI

34.3

34.5

43.1
9.4

34.8

maximum interval of cold acid extraction. Cold PCA treatment is
another standard preliminary extraction, but, as was demonstrated by
Ogur and Rosen, 1 N PCA produces the solubilization of RNA (Table
4). With 0.2 N or 0.5 N PCA the amounts of RNA and DNA agree,
within the experimental error, with those obtained with TCA. These
experiments were performed with the same cell batch.

DNA Determination by Hot Acid Extraction. The most common pro
cedure for DNA extraction is hot 0.5 N PCA at 70°C for 20 min. The
concentration of the PCA was critically evaluated by Hutchison, Downie,
and Munro (8). They agree with De Deken Grenson and De Deken (13)
that 90° produces destruction of deoxypentose and these results are in
accord with those from purified DNA heated with TCA solution (23).
Increasing concentration of PCA also produces low values with rat liver
DNA, presumably due to deoxypentose destruction (23). But Chiba and
Shugahara (18) claim that higher PCA concentrations are required in
order to release all the DNA from the chloroplasts. Kirk (27) found the
same situation in broad bean chloroplasts. From these various observa
tions it can be concluded that conditions for adequate extraction of DNA
in Euglena cells requires critical exploration. Two parameters, PCA
molarity and duration of hot acid extraction, were tested. The tempera
ture was maintained at 70°. Figure 3 shows that between 1 and 1.5 N
all the DNA is extracted. Ultraviolet absorption spectra (Fig. 4) gave
evidence that upon increasing the PCA concentration there occurs a shift
of the maximum from 260 to 280 miL. At 1.0 N PCA the spectrum repre
sents a nucleic acid fraction highly contaminated and the diphenylamine'
reaction becomes negative at 1.5 N PCA. With 0.5 N PCA there is no
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shown by Ogur and Rosen (4) the peak of the DNA spectrum after hot
acid extraction shifts to 268 m/-L. In four hot 0.5 N PCA extractions the
Euglena DNA recovered was successively, 77, 18, 4, and ,0.6% of the
total.

It is apparent from our results that all Euglena DNA is released with
0.5 N PCA at 70°C. It would therefore seem that the chloroplast DNA
fraction of Euglena was not resistant to the 0.5 N hot PCA extraction
(5). However, this should be specifically studied with pure chloroplast
fractions. Three 20-min periods are necessary to recover all the DNA.
By prolonging the time of hot acid extraction there is some loss in
deoxypentose content (23). The substance released in 1 N PCA or
higher concentrations did not have a nucleic acid spectrum; most proba
bly it is peptide material with high aromatic amino acid content. The
presence of UV-absorbing substances in the hot acid extract makes the
estimation of DNA by optical density more indirect. Tsanev and Markov
(16) also applied a two-wave length method for DNA estimation. How
ever, it is obvious that without an exact evaluation of the absorption
properties of the contaminants, the deoxypentose test is the only correct
method for DNA determination.

Evaluation of Procedures and Conclusion. Table 6 provides a compari
son of different extractions of both nucleic acids from Euglena cells. The

TABLE 6
NUCLEIC ACID CONTENT OF GREEN Euglena CELLS ES'I'IMATED BY VARIOUS METHODS

Analyses were carried out in the same cell batch, in the stationary phase growth, by
duplicate. Cell counts were made by quadruplicate.

!'/{ RNA-PlIO' cells

Procedure
-------- !'/{ DNA-PlIO' cells

UV Phloroglucinol Diphenylamine

29.2
A 72 hr cold 1 N PCA extraction for RNA,

followed by three hot 0.5 N PCA extrac
tions, 20 min at 70°C for DNA (Procedure
I as preliminary treatment)

B Hot 0.5 N PCA twice for 15 min at 90°C 43.2
(Smillie and Krotkov preliminary treat-
ment)

C 4 hr alkaline hydrolysis for RNA, £01- 34. On
lowed by three hot 0.5 N PCA extrac-
tions, 20 min at 70°C for DNA (5% cold
TCA without lipid solvents as preliminary
treatment)

• Calculated by differential absorption; see text.
b Calculated by reading at 260 mit.

2.70

2.72

2.63
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three procedures were applied to the same cell batch. It is evident that
72 hr of cold acid extraction (Procedure A) did not recover all Euglena
RNA; this fraction, estimated by color reaction and UV methods, agrees
within the experimental error. It is assumed that 1.0 N cold PCA ex
tracted Euglena RNA without contaminants that affect RNA estima
tion by UV or color reaction. Although this procedure, as modified by
Brawerman, Pogo, and Chargaff (5), appeared adequate for the quanti
tative extraction of the RNA, our results indicate that some of the RNA
remains insoluble. The hot TCA extraction used by Smillie and Krotkov
(6) (Procedure B) gave a very high RNA value by the ribose test. Since
phloroglucinol is highly specific for ribose (21) it is assumed that this
high value was due not to the deoxyribose but to non-nucleotide con
taminants. Procedure C appears to be the most reliable for both RNA
and DNA.

SUMMARY

1. Ultraviolet absorption at two wavelengths for the estimation of
RNA in the acid-soluble fraction after alkaline digestion has been ex
amined in Euglena cells. An appreciable amount of ultraviolet-absorbing
and ribose-positive non-nucleotide components is released in alkaline
digestion. The consequent error in ultraviolet absorption is adequately
corrected by taking readings at two wavelengths and applying an equa
tion.

2. It is not necessary to remove lipids and pigments in order to esti
mate the nucleic acid content of Euglena cells. On the other hand, lipid
and pigment solvents do not dissolve the ribonucleic acid of the acid
precipitate.

3. Total Euglena DNA can be recovered after three hot 0.5 N RCIO.
extraction of 20 min each. Apparently the Euglena plastid DNA is also
included in this hot acid extract.
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Studies in this laboratory, initiated for a more detailed understanding
of the Ornstein-Davis polyacrylamide gel electrophoretic procedure, have
revealed that extensive simplification of operating conditions can be made
while still obtaining good resolutions. Modification and devising of
specialized equipment permits easy, rapid manipulation of large numbers
of specimens with good reproducibility. The purpose of this article is to
present a procedure utilizing what appears to be unique characteristics
of polyacrylamide gel as an electrophoretic separatory media.

MATERIALS AND METHODS

Buffer Baths and Electrodes: Polyethylene storage containers, either
round or rectangular, make good buffer baths. I use (a) 2-qt round con
tainers as described by Ornstein (1), (b) rectangular containers, 12 X 5
X 4lh in., or (c) rectangular containers 121j8 X 8 X 4 inches. Containers
b are prepared with totals of 12, 24, 36, or 48 holes in four rows. Con
tainers c are prepared with totals of 36, 48, 60, and 72 holes in six rows.
The limitation of the number of gel columns which can be handled is set
by the power supply, since 12 columns will require about 30 rna at the
beginning of the run. I have available a Spinco Duostat for 50 rna, a
Heath IP-32 for 100 rna, and a Gates G-94F for up to 1 amp.

The upper buffer box is prepared by drilling the desired number of
holes with a heated cork borer, trimming with a razor blade, and smooth
ing with a round file. Stoppers for Becton-Dickinson lO-ml Vacutainers
are prepared by drilling 6-mm holes through them, trimming the top to
the desired thickness, and inserting into the holes as required.

The lower box is cut down at the ends to permit placement of Plexiglas
crossbeams which hold the upper box in such a position that the gel
column ends are approximately 6 mm from the bottom of the lower bath.

The glass cylinders are cut from 7-mm o.d., 5-mm i.d. soft glass tubing
294
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in 2%-in. lengths. The ends are lightly flamed. On cooling, they are
washed with detergent, rinsed well with distilled water, and dried 1 hr at
1l0°C. After using, the insides are wiped out with wet gauze wrapped
around an applicator stick and the tubes rinsed several times with dis
tilled water. For easiest removal of gel columns, the tubes should be air
dried or dried for not more than 1 hr at 1100

• This procedure cuts down
on the affinity of the polyacrylamide gel for the glass.

The electrodes are 24-gage platinum wire set in the middle of the round

boxes, or laid in an

rectangular box, while the WIre IS laid in a

shape for the smaller

shape for the large rectangular box.
Contact with the power supply is through a banana jack in contact

with the middle of the wire in the rectangular boxes. This wire is sup
ported approximately 1 in. from the bottom of the box by a Plexiglas
frame, which is identical for the upper and lower baths (Fig. 1).

FIG. 1. Buffer bath arrangement for 72 columns. The electrodes are removable and
can be moved from one bath to another.
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FIG. 2. Schematic diagram of gel column holders described. A strip % in. wide by
%6 in. thick is glued along one edge of the holder as shown. Placing these strips at
opposite ends, as shown in side view at right, provides sufficient gap to hold the gel
column in place.

Destaining Unit: The destaining unit (Figs. 2 and 3) consists of the
following components: (a) holders for maintaining the gel columns in
place (Fig. 2), (b) rack for maintaining the holders and electrodes in an
upright position, (c) 24-gage stainless-steel electrodes with dimensions of
5% X 3 in., (d) a bath permitting circulation of the destaining solution
through a decolorizing charcoal bed held in place by a cellulose sponge
placed about 1 in. from the bottom of the bath, and (e) a circulating
pump.

The rack is removable, and it is possible to design it so four holders
(each containing 12 gel columns) can be slipped into place and a destain
ing DC current of 14 volts, 500 rna, applied through the width of the
columns. The destaining solution is circulated downward for optimal
removal of stain. A combination of electric current and good circulation
is required for best results. Thirty-six columns can easily be destained in
about 30 min: poorer circulation prolongs destaining time of 48 columns
to about 1 hr, at time of writing. Cocoanut charcoal is the decolorizing
charcoal of choice.
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FIG. 3. General schematic view of destainer. The destaining rack sits on the lh in.
wide rib shown 3lh in. from bottom. The spacers are % in. thick. The upper slotted
box slides into place over the electrode projections. The slots are aligned to fit
between the gel column holders, which forces the destaining solution to flow between
the gel columns. Holes are drilled into the bottom of the hollow I-box in the lid to
permit dispersed flow of the destaining solution into the rest of the unit. A circulating
pump and rubber tubing have been omitted, for convenience. Holes are centered and
drilled in the middle of the top and along one side beneath the sponge. Quick dis-'
connect halves are glued into the respective holes with chloroform. The circulation
is forced from the top of the bath through the charcoal bed.
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Scanning: An adaptor! for holding the gel columns in place was con
structed of black, opaque Plexiglas, 9 X 2 X 1;4 in. A 2.5-3.0 mm slit was
cut lengthwise down the middle of the Plexiglas piece and the sides
gouged out on each lip so the top width of the groove was about 15 mm
across. The lip at the bottom of the groove is 2 mm thick to prevent
transmission of light. A Photovolt model 530 recording densitometer,
using a 520M photomultiplier unit, is used with the thin-layer chroma
tography scanning adaptor.

The Plexiglas adaptor described above is clamped into place after
ascertaining where maximum transmission of light is obtained. The
0.1 X 6 mm slit, located in the photomultiplier holder, was shortened to
3 mm by use of black electrician's tape. This adjustment of the slit length
cuts down on stray light without actually having much effect on the total
light transmitted. The filter used is a 505 mfL filter.

Reagents:

1. Acrylamide solution-for 70;0 total, 20;0 cross linkage.
28 gm acrylamide. 2

0.56 gm N,N'-methylenebisacrylamide (BIS)."
Dissolve and bring to 100 ml with distilled water.

2. Stock buffer.
38.8 gm tris (hydroxymethyl) aminomethane.
13.5 gm glycine.
Dissolve and bring to 2 liters with distilled water. (This gives a 0.16 M

tris-O.09 M glycine solution with a pH of about 9.2. Before use, 1
part is diluted with 3 parts distilled water for working huffer).

3. Ammonium persulfate.
140 mg dissolved in 100 ml distilled water.

4. N,N,N',N'-Tetramethylethylenediamine (TEMED)."
5. Stain.

0.5 gm Buffalo black NBR in 2.5% acetic acid.
6. Destaining solution.

2.5 ml glacial acetic acid diluted to 100 ml in distilled water.

Preparation of the Gel Column: Buffer solution-add 0.23 ml TEMED
to 100 ml working buffer; then combine 1 part buffer-TEMED solution,
1 part acrylamide solution, and mix; now add 2 parts ammonium persul
fate solution and mix by swirling.

This gel solution is poured into a hypodermic syringe barrel, (10, 20,
or 30 ml, depending on the volume poured) attached to a 15-gage f1at-

I The Photovolt Corporation has a similar adaptor available for use with their
model 542 densitometer.

, Availahle from Distillation Products Industries.
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beveled needle held against a Becton-Dickinson stopper. The glass
cylinders are held in place as described by Ornstein and Davis (1). The
needle is long enough to pass through the glass cylinder. A one-holed
rubber stopper is placed over the top of the syringe and the gel solution
pipetted into each glass cylinder in orthodox fashion. Air bubbles are
tapped out and the columns adjusted to about 3 mm from the top.
Distilled water is added through a 25-gage needle held at a right angle to
the top of the cylinders. Best results are obtained by forcing the water
directly against the opposite side of the cylinders by means of a hypo
dermic syringe. This solution is allowed to gel 30 min.

Electrophoresis: The excess solution is shaken out of the tops of the
cylinders and the cylinders are inserted into the holders in the bottom
of the upper bath. The lower electrode is placed in the lower bath, buffer
added to cover the wire but not the banana jack, and the upper bath with
gel columns slipped into place. The upper electrode is then placed in the
upper bath.

Serum (0.03 m!) is diluted with 2 ml of working buffer and pipetted
onto the top of the gel column until even with the top of the stopper.
Three 314 X 4 in. photographic glass plates are leaned against the
electrode along one lengthwise edge of the upper bath, and buffer is

I

~ •L..--

[-------~
--- - - - -- - - - - -1
- - - - • -Lrp I 1 1 1 1 r rrL-J

11II

FIG. 4. Schematic end view of baths shown in Fig. 1, illustrating placing of photo-·
graphic slides for filling the upper bath and general positioning of the platinum
electrodes about 1 in. from the bottoms, relative to the gel columns.
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poured through a 65-mm filtering funnel against a glass plate. If properly
done, little trouble is encountered with washing out the protein solution.
This is the procedure for the rectangular baths (Fig. 4).

The round baths have platinum electrodes surrounded by I-in. high
circular baffles, and in this case the working buffer is added by means of
a funnel into the middle of the bath (Fig. 5).

FIG. 5. Filling the round bath. The circular baffle is cut from 3-in. diameter Plexi
glas tubing. The lower end of the funnel should be pointed toward the middle of the
electrode, which is not glued into place.

For the electrophoretic run, 180 volts is used for 30 min with the 7%
total, 2% cross-linkage gel used.

The gel columns are reamed out of the glass tubing by use of 2-in. long,
22-gage regular beveled needles attached to a hypodermic syringe. Water
is forced in as desired and the gel columns slipped into I3-mm test tubes
held at a 45° angle. The gel columns will now adhere to the walls of the
tubes when they are uprighted. The tubes are filled with staining solution,
rotated to detach the gel columns, and placed in a 60°C water bath for
45 min or 1 hr (whichever is most convenient).

The stained columns are now placed in the gel column holders, washed
free of excess stain, and destained in the destaining unit described above.
The destained gel columns are scanned in a routine manner, with air as
a blank.
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RESULTS

Figures 6, 7, and 8 indicate the general type of results I have obtained
with this system. These gel columns were picked at random from a single
72-gel column run using a single set of baths. Twelve serum specimens
were done in replicates of six. Despite the relative lack of anticonvection
measures, all 72 gel columns showed essentially equal retention of protein
fraction, as shown in Figure 6. Actually, with the baffling systems de
scribed, loss of specimens is a minor problem. It was possible to go for
several weeks at a time without a single loss. In using rectangular buffer
baths, the more elaborate baffle systems created more difficulties than the
simple one described.

(a) (b)

FIG. 6. (a) Six individual serum specimens from 72-column run performed in bath
shown in Fig. 1. (b) Six individual serum sppcimens from 72-column run.
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FIG. 7 (at left). Tracing of column 1 in Fig. 6a.
Fro. 8 (at right). Tracing of column 5 in Fig. 6b. Note small diffraction peak at

posterior base of the last globulin fraction.
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Figure 6 shows differing protein fractions found in 12 individual serums,
and demonstrates the over-all reproducibility of the distance migrated by
the albumin in a single run. The distance will vary somewhat from day
to day and from power supply to power supply. The gel columns in this
run were prepared in groups of 36. If prepared in groups of 24, still better
reproducibility would have been obtained, apparently because of more
consistency in the gel column preparation.

It is to be noted that all protein fractions migrate into the gel columns.
The distance of penetration of the slowest band is governed by the thick
ness of the soft gel at the top. Under these circumstances, the single band
found by other procedures may become two or three. It is best to avoid
too much penetration because of destructive effects on the slow bands.
They evidently break down quite easily if permitted to migrate too far.

The sharp bands at each end of the tracings in Figs. 7 and 8 are due to
diffraction of light at the end of the gel columns and they serve to
demarcate the ends of these gel columns. The 7%, 2% cross-linkage gel
now permits the tracing to go to 10% transmission or less. On occasion,
I have been able to get the gel and the air on the same baseline, but not
consistently.

The complexity of the globulin fractions is well demonstrated in all
these illustrations. Figures 2 and 4 do not show the large number of fine
bands observed after the next-to-last globulin fraction. I have been able
to observe up to 25 to 28 individual fractions in a single specimen.

On scanning the gel columns, a diffraction point will often be observed
a short distance from the top, within the gel, as in Fig. 8. This can be
recognized as such in this procedure, as well as the false peak at the end
of the gel column.

In Fig. 8, the tracings at each end of the protein peaks manage to cor
relate fairly well on a baseline basis. This is not always the case, and
demonstrates that absolute values assigned to slower moving fractions
may be misleading.

Efforts to observe enhancement of staining by the globulin fractions
due to presence of lactate in the gel column or in the staining solutions, as
observed by Ferris, Easterling, and Budd (3), have been unsuccessful.

DISCUSSION

Polyacrylamide gels may be prepared with a wide variety of buffers,
of pore sizes, of degrees of clarity, of pH, and of degrees of flexibility or
brittleness. This flexibility in preparation makes it difficult to prescribe
optimal operating conditions, since this may vary slightly from serum to
serum. At this time, a 770 total gel with 2% cross linkage appears to
offer the best compromise in separatory powers at pH 9.2.
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The variety of buffers used in analytical procedures (1-7) indicate that
this point alone is quite unsettled. I have used tris-boric acid buffers to
obtain good separations, but with no improvement over the tris-glycine
buffer. Preliminary experiments in progress in this laboratory indicate
that most of these buffers are interchangeable, but that separations are
markedly affected by pH changes between 8.4 and 9.2, especially in the
relative migration rate of some globulin fractions as compared to the
albumin.

The results of Hjerten, Jerstedt, and Tiselius (7) indicate that the
Ornstein-Davis procedure will not necessarily produce superior resolution
to that produced by a single 0.37 M tris-glycine buffer at pH 9.5. An
essential feature of the Ornstein-Davis procedure is that the tris-HCI
buffer in the gel columns has a higher current carrying capacity than does
the tris-glycine combination in the buffer baths. These operating condi
tions, coupled with shortened migration distances normally found with
single tris-HCI buffer system mean that the serum proteins will migrate
only about one-fourth the distance under equivalent voltage-current con
ditions, as compared to the 0.0625 M tris-glycine buffer. This brings about
unnecessary compression of the protein bands.

I have also found that gel stiffness or pore size apparently reaches an
optimum around 7% total, 2% cross linkage. Better resolution of some
globulin fractions occurs with larger pore size, while others resolve better
with smaller pore sizes. The albumin band shows strong bimodality
in a large percentage of serums where a stiffer gel is used at the same
pH, or with the same gel concentration (7%, 2% cross linkage) if the
tris-glycine buffer pH is lowered below 8.8. The variability of bimodality
observed indicates that this is not an artifact.

Another feature of this method is that the gel at the top of the column
is soft enough to permit penetration by the larger or slower moving pro
teins, and they will often split into two or more fractions. Leaving some
of the protein at the point of origin is a common difficulty. This tends to
crowd the slower moving fractions together. Also, the gels may have a
line of diffraction at the upper end, giving spurious peaks, or enhancing
a peak already present. Lorber (5) avoids this to a large extent in a
manner similar to that described, but still leaves some material at the
point of origin because of the lack of a softer gel at the top of his
preparation.

SUMMARY

A polyacrylamide gel electrophoretic system based on the use of 2l.h-in. ,
gel columns with a tris-glycine buffer system is described. It features
relatively low voltage and amperage conditions with high migration rates,
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and operates at room temperature. Equipment of electrophoresis for
destaining and for scanning the developed patterns is described. This
system is adapted for easy, simultaneous handling of large numbers of
gel columns.
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Equilibrium dialysis (1,2) is a proved technique for obtaining quanti
tative data concerning the reversible interaction between a dialyzable
species and a macromolecule. Upon proper treatment of the binding
data, it is possible to determine the equilibrium constant for the forma
tion of the complex and to estimate the number of sites on the macro
molecule to which the small species is bound (3-5).

A significant disadvantage of the experimental procedure is the long
periods of time required for attainment of equilibrium. Frequently,
periods of 24 hr or more are involved, and if a labile material is being
studied decomposition products can yield misleading results.

The purpose of this paper is to describe a dynamic dialysis technique
which yields the same information as the classical procedure, but which
requires only minutes to perform since equilibrium is not required. Used
in conjunction with an automatic analytical system, it is possible to
generate the requisite data for a complete binding profile within an 8-hr
period.

DEVELOPMENT OF METHOD

The new method is based on the difference in the dynamic, short-term
dialysis behavior of the species of interest in the presence and in the
absence of a nondialyzable macromolecule. Dialysis is carried out in a
closed flow system at constant conditions chosen so that the quantity
of material which diffuses across the membrane is directly proportional
to the free concentration in the original solution stream. An instrument
designed to carry out experiments based on this concept is the Auto
Analyzer ® (Technicon Instrument Corporation, Chauncey, N. Y.), a
closed, time-flow dependent system actuated by a constant-speed, peri
staltic pump (6). The unit contains a dialyzer module which possesses'
the necessary characteristics and, in addition, it contains the analytical
potential to perform the required assays automatically.
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The dialyzer module of the AutoAnalyzer is composed of two hori
zontally positioned matched grooved plates separated by a semipermea
ble membrane. The solution containing the dialyzable material is pumped
along a prescribed path through the top plate while a second stream is
propelled along an identical path in the bottom plate and receives the
diffusing species. Transfer takes place in both directions and is in no
sense allowed to reach equilibrium. However, because of the constancy
of the experimental conditions, the difference in the amount of dialyzable
material diffusing across the membrane in both the absence and the
presence of a macromolecule can be used to obtain the parameters neces
sary to describe the binding behavior. These are r, the moles bound per
mole of macromolecule, and D, the free concentration of the binding
species (2).

MEDIA

WASTE

ANALYTICAL
SYSTEM

.-- [S]~ + [M] + [S]M + [S]T + 1M].

.-- .
[S]~ MEDIA f2

FIG. 1. Schematic representation of dialysis system.

f,

A representation of the ideal situation is shown in Fig. I. The notations
used are defined below:

[ 8 F = total concentration of 8, a dialyzable species
[M] = concentration of macromolecule
[ 8 ]U = concentration of free 8 in the upper layer
[ 8 ]M = concentration of 8 bound to M
[ 8 ]L = concentration of 8 diffused into the bottom stream

11 = flow rate of top stream
12 = flow rate of bottom stream

Flow rates are expressed in mVmin and concentrations in molarity.
The subscript m, when used, refers to concentrations in the presence of
M in the upper stream.

If the analytical system is based on a colorimetric method which obeys
Beer's law, the following relationships apply:

A = K a [8]T

Am = K a([8JTm - [8]M)

(1)

(2)

where A is the absorbance and K a is the proportionality constant relat
ing [8F and A.

Rearranging, one obtains:
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A
[SjT =

Ka

[SFm = ~: + [SjM

(3)

(4)

If the same total concentration of S is chosen in the presence as well as
in the absence of macromolecule, i.e.:

(5)
then:

(6)

In order to determine all of the binding parameters, [SlUm must be
known explicitly. This value is obtained by first defining:

[SjU [SjUm
kd = [SjL = [SjLm

(7)

which is a function of flow rate, temperature, membrane material, dialyz
ing species, sampling rate, solution composition, etc., but presumably
independent of rSjT and the presence of M.

A mass balance yields:

[SjT = [SjU +~ [SjL (8)
h

[SjTm = [SjUm +~ [SjLm+ [SjM (9)
h

Substituting for [S] L", in Eq. (9) from Eq. (7) and rearranging, one
obtains:

(11)

(10)[SjUm = [SFm - [SjM

1+~
f1kd

[SlUm = Am

Ka(1 + lL)
The value of k d can be determined by combining Eq. (7) and Eq. (8)

and rearranging to yield:

or

[SjT f2
kd = [SjL - it (12)

Substitution for the concentration terms from Eq. (1) gIves:

(13)
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(A)L is the value normally obtained in the AutoAnalyzer, while (A)T
is the value obtained by connecting the usual upper dialyzer line directly
into the analytical system.

Equations (1), (6), (11), and (13) thus provide the means to evaluate
the parameters necessary to describe the binding behavior, namely, the
free concentration of the small species and that bound to the macro
molecule. The concentration of the macromolecule does not change during
the experiment since it does not cross the membrane and it is simply the
original amount taken corrected for dilution in the incubation mixture.

The new technique was tested by repeating the work of Klotz et al.
(3) on the binding of methyl orange to bovine serum albumin.

EXPERIMENTAL

All solutions were prepared in a phosphate buffer, pH 6.9, containing
7.56 gm KH2P04 and 18.72 gm Na2HP04 '7HzO per liter. Methyl orange
(sodium salt, Distillation Products Industries, Rochester, N. Y.) and
crystallized bovine albumin (Pentex Inc., Kankakee, III.) solutions were
prepared by dissolving appropriate quantities in buffer and diluting
aliquots to the required concentrations. Both solids were corrected for
water content by determining the loss in weight at HODC on separate
samples not used in the binding studies.

A typical AutoAnalyzer flow diagram utilized is shown in Fig. 2. The
flow rates listed were determined experimentally. Periodic checks re
vealed a change of only a few per cent after several hundred hours usage.

Operationally, a graded concentration series of duplicate methyl
orange solutions were sampled at a rate of 20 per hour; a buffer solution
blank was inserted between the samples. In the first run the methyl
orange samples were diluted approximately one-half with buffer, in
cubated for 10 min, and dialyzed. The dye which diffused across the
membrane was picked up in another buffer stream which was then diluted
with more buffer to lower the concentration, and the absorbance was
measured and recorded. This procedure yielded the standard curve, that
is, K a• The second part of the experiment was essentially a duplication of
the first, except that a protein solution was substituted for the initial
buffer diluent.

Data for the determination of k d were obtained by connecting the
inlet stream to the top side of the dialyzer, with no albumin present,
to the connection receiving the flow from the outlet of the bottom side.
Several of the lowest methyl orange concentrations were sampled, and
k d was determined by means of Eq. (13) for each of the levels. An aver
age value was used in the subsequent calculations.

The concentration of methyl orange and albumin in the incubation
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COLORIMETER

480 mp
RECOROER

FIG. 2. Flow diagram.

coils was calculated by correcting the initial value for dilution resulting
from the joining of the two streams; this factor is simply the ratio of
the respective flow rates to the total solution flow in the stream.

Different flow rates and concentrations were employed to test the
derived equations. Data were also obtained at two temperatures so
that the thermodynamic data could be compared with previously pub
lished results.

RESULTS

A complete set of data at 36.7°C obtained with the flow diagram
illustrated in Fig. 2 is listed in Table 1. The standard deviation of the
duplicates, 0.005 absorbance unit, is a typical value for the precision of
the system. Extrapolation of a graph of riD vs l' to r = 0 (2) yielded a
value of 4.2 X 104 for k1 • Another experiment at 36.7° at different flow
rates which changed k d to 2.23, and in which the albumin concentration
was increased to 1.30 X 1O-~ M, gave a value of k1 = 4.0 X 104

• A com
posite plot of the values is shown in Fig. 3.
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FIG. 3. Binding data, 36.7°C.
o Data from Table 1

Albumin concentration-6.05 X 10--41 M
/, = /2 = 0.773 ml/min.

(8) Albumin concentration-l.30 X 10--41 M
/, = 0.741 ml/min.
/2 = 0.567 ml/min.

It can be seen that,in spite of the scatter, it is possible to obtain a
good average value for k1 , the intercept on the ordinate. It is theoretically
possible to determine n, the number of binding sites, by extrapolating
the graph to the abscissa intercept, but it is obvious that in this instance
the lack of data at high r values would make such a procedure very
inexact. A similar conclusion was also reached in previous work with
this system (7).

Data at 28.2° extrapolated to a k1 value of 4.6 X 104
• The corre- .

sponding thermodynamic parameters calculated from the two k1 values
are given in Table 2.
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TABLE 2
THERMODYNAMIC VALUES FOR BINDING OF METHYL ORANGE TO BOVINE ALBUMIN

-&F', cal/mole
Data -&B', &8°,

Bource 25.0 28.2 36.7 cal/mole cal/mole-degree

Ref. (7) 6411 2100 14.5
This study 6430 6560 2000 15

DISCUSSION

The agreement between the k1 and other related thermodynamic
values reported in the literature (7) with those obtained here substanti
ates the premises implicit in the new method. It would be expected that
departures from an ideal flow pattern would cause the largest error, but
evidently they occur to a minor extent or randomly so that their net
effect on the final data is not significant.

Another source of error would be introduced if in Eq. (7) k d were
incorrectly presumed to be independent of [SP and the presence of the
macromolecule. However, kd was constant over a tenfold change in
methyl orange concentration, and there was agreement between k1 values
obtained at different albumin levels. Thus, the assumptions inherent in
Eq. (7) were shown to be valid.

The derivation of the necessary mathematical relationships in this
study was based on the concept of an isolated solution segment in a
continuous stream. However, it would not be practical to use a continuous
stream because of the contamination which would occur from one sample
to the other. Air was purposely introduced to isolate the individual seg
ments so that each maintained its identity; this procedure is ordinarily
used with the AutoAnalyzer.

Although it is possible to work with different flow rates in the top and
bottom sides of the dialyzer and make the requisite calculations, it is
more convenient if the rates are made the same. This is especially true
if dilutions occur in the analytical system since a difference must then
be accounted for in the absorbance ratio in the determination of k d, as
well as D.

Calibration of flow rates is accomplished most accurately under load
conditions, i.e., by preparing a manifold and measuring the volume
aspirated in a given time period. Tubes that had been used for several
hours prior to calibration were not observed to change significantly for
the next several hundn'd hours. It is imperative that the nominal flow
rate value of a tube, as cited by the manufacturer, not be used for cal
culations since the actual rates vary considerably.

The methyl orange system obeyed Beer's law in the concentration
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range studied so that the equations developed could be used directly. If
for some reason the analytical system does not yield a linear relationship
between [SF and absorbance, it is possible to account for the deviation
by substituting for AmiKa the equivalent concentration as determined
from a calibration curve. Such a procedure has been used successfully in
another study which will be reported elsewhere.

The standard deviation of duplicate measurements was of the order of
0.005 absorbance unit. Similar reproducibility has been observed in other
systems which required a chemical reaction for color development. This
high degree of precision, coupled with the ease of experimental manipula
tion and the automatic analytical instrumentation, makes the method
a very useful tool for binding studies.

SUMMARY

A dialysis technique utilized with a constant-flow system has been de
scribed which yields the same binding information as the classical equilib
rium dialysis procedure. The new method is based on the difference in the
short-term dialysis behavior of the species of interest in both the presence
and the absence of a macromolecule. Used in conjunction with an auto
matic analytical system, it is possible to elucidate the binding profile
in a matter of hours. The speed, reproducibility, and general applicability
of the method make it a very useful tool for these studies.
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In 1962, Staron et al (1) described a quantitative method for the
determination of deoxyribonucleic acid (DNA) with concentrated sul
furic acid. According to their procedure, 1.5 ml of concentrated H 2S04

is added to 100 ,ul of an extract of DNA obtained by heating a DNA ex
tract in 5% trichloroacetic acid (TCA) at 90°C for 30 min. After 30 min
at room temperature, the deoxyribose in the extract is converted into a
yellow colored compound which is measured at 480 mp.. Under these
conditions only fructose, raffinose, inositol, and tryptophan produced an
absorbance at this wavelength, which however is small if compared with
the absorbance produced by equal concentrations of deoxyribose. Dische,
who described this reaction in 1955 (2), pointed out that arabinal pro
duces a yellow color too. DNA preparations obtained by phenol extrac
tion procedures or by the Schmidt-Thannhauser method (3) are in
general minimally contaminated with other sugars than deoxyribose.
In view of its simplicity, as well as its sensitivity, the H 2S04 reaction
was studied, and found to be a satisfactory method. A few modifications,
however, were introduced to increase its sensitivity and accuracy.

EXPERIME!NTAL

Apparatus: The Beckman Model DU ultraviolet spectrophotometer,
the Coleman Junior spectrophotometer, and the Cary recording ultra
violet spectrophotometer, model 15, were used in these studies.

Materials: 2'-Deoxy-n-ribose, A grade, Calbiochem; n-ribose, A grade,
Calbiochem; sperm deoxyribonucleate, Nutritional Biochemicals; yeast
ribonucleic acid (RNA), Schwartz BioResearch. All other chemicals
were of analytical grade.

Procedure: In general the reaction was carried out by adding 1.5 or
3 ml concentrated H 2S04 (specific gravity 1.84) to a l00-p.1 sample in

1 This research was supported by NIH Grants CA 18402 and CY 6506.
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5% TCA and reading the absorption at 470 mp. after 30 min at room
temperature.

RESULTS

Spectra of Ribose and Deoxyribose in Concentrated H 2S04 : To 100
fLl of a 5% TCA solution, containing either 100 fLg deoxyribose or 200
fLg ribose, was added 3 ml concentrated H 2S04 , The spectra of these
solutions shown in Fig. 1 indicate that the absorption maximum of

.700

.100

---------------
420 450 470 500mp.

Wavelength

FIG. 1. Absorption spectra of deoxyribose (solid line) and ribose (broken line)
in concentrated H 2S04 •

deoxyribose under these conditions occurs at 470 mfL rather than at
480 mfL' It appears that ribose will not interfere with the determination
of deoxyribose at this wavelength. In order to establish the effect of
various conditions prior to the addition of sulfuric acid, the spectra
of deoxyribose in concentrated sulfuric acid were studied after dissolving
the deoxyribose in 5% TCA, 1 N HCl, or 0.1 N NaOH. The alkaline
solution was heated at 60°C for 30 min. The spectra recorded in Fig.
2 show that heating in alkali diminishes the maximum at 470 mfL, with
the development of a peak with a maximum at 290 mfL' Although DNA
develops a bright yellow color if treated with concentrated sulfuric acid,
deoxyribose produces a brownish yellow color under the same conditions.
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FIG. 2. Absorption spectra of 400 pg deoxyribose in 3 ml concentrated HoSO,.
Before addition of H2SO, the deoxyribose was dissolved in 1 N HCI (A), in 0.1 N
NaOH and heated at 60°C for 60 min (B), in water (C), and in 5% TCA (D).

This is probably due to the absorbance in the area between 340 and 420
mp', which is always slight in the case of DNA. As can be seen, these
maxima disappear if the deoxyribose is pretreated with 1 N HCI, but
become more pronounced if the deoxyribose is pretreated with TCA.
Accordingly, a bright yellow color is produced after pretreatment with
HCI, whereas TCA tends to cause a brown tinge. It is conceivable that
the maxima at 365 and 385 mp' represe-n.t deoxyribose derivatives. Heat
ing in 1 N HCI destroys deoxyribose rapidly, with the development of
a chromophore with "'max = 261 m,u. (4).

Spectra of DNA and RNA in Concentrated H2S04 : DNA and RNA
(3 mg/ml) were hydrolyzed in 5% TCA at 90°C for 30 min. To 100 p.l
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.300

of these hydrolyzates was added 3 ml concentrated H 2S04. The spectra
shown in Fig. 3 indicate that the absorption maximum of the DNA is
also situated at 470 m,u, and that no interference is caused by RNA
at this wavelength. The concentration of DNA in solutions containing

.500

-------------------.
400 450 470

Wavelength

500mJJ-

FIG. 3. Absorption spectra of DNA (solid line) and RNA (broken line) in con
centrated H2SO•. Both samples were treated with 5% TCA at 90°C for 30 min.

DNA as well as RNA can therefore also be determined accurately.
Linearity of the Reaction: Increasing volumes of solutions containing

untreated DNA and DNA heated in 5% TCA were brought to a final
volume of 100 ,ul with a final concentration of 5% TCA. After the addi
tion of 1.5 ml of concentrated H 2S04, the resulting absorptions were
plotted against the amounts of DNA in the samples, as shown in Fig. 4.
It appears that the relation between the absorbances and the concentra
tions is not linear, but slightly curved. As can be seen, preheating of the
DNA in 5% TCA hardly affected the yield of chromogen.

Development of Color with Time: Staron et al. reported that maximal
color is obtained after 2~30 min at room temperature, as is shown in
Fig. 5. Deoxyribose, untreated DNA or DNA heated in 5% TCA be
haved in a similar fashion. The heat which is produced when the con
centrated H~S04 is added to the sample probably accelerates the de
velopment of color. Indeed, as is shown in Fig. 4, the development of
the maximal absorbance was delayed considerably if the tube containing'
the hydrolyzed DNA sample was cooled in ice during the addition of
the concentrated H~S04'
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FIG. 4. Absorbances at 470 miL of various concentrations of DNA treated with 5%
TCA at 90°C for 30 min (broken line) and untreated DNA (solid line) 30 min after
addition of 1.5 ml concentrated H2S04 to 100-iLl samples.

Effect of Total Volume of the Sample: As can be seen from the data
recorded in Table 1, the absorbance at 470 mp' is decreased sharply by

TABLE 1
EFFECT OF SAMPLE VOLUME ON OPTICAL DENSITY

(Volume of H2S04 added = 3 ml).

DNA solution
(concentration
1 mg/ml), 1'1

100
100
100

Volume of distilled
water added, 1'1

o
100
200

0.750"
0.395
0.185

"Averages of duplicate determinations.

addition of small amounts of distilled water. The total volume of the
sample should therefore always be kept constant and should not exceed
100 p.I.
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FIG. 5. Development of absorbance at 470 mil with time after addition of con
centrated H,SO. to a sample containing DNA heated in 5% TCA. Untreated DNA
as well as deoxyribose yielded the same curve. When the sample was cooled in ice
during addition of concentrated H,SO, the curve with the open circles was obtained.

Effect of TCA Concentration of the Sample: 50 p.l of TCA solutions
containing increasing concentrations of TCA were added to 50 p.l of a
solution containing either 1 mg/ml DNA or 1 mg/m! deoxyribose; 1.5
ml concentrated H 2S04 was added and the absorptions measured at 470
ll1p.. The results recorded in Table 2 indicate that a slight increase in

TABLE 2
EFFECT OF TCA CONCENTRATION ON OPTICAL DENSITY

(Volume of H2S04 added = 1.5 ml)

Sample

50 ill DNA soln. in 5% TCA (1 mg/ml)

50 ill deoxyribose soln. in H20 (1 mg/ml)

" Average of triplicate determinations.

Added

50 ill distilled water
50 ill 10% TCA
50 ill 20% TCA
50 ill 40% TCA
50 ill 10% TCA
50 ill 20% TCA
50 ill 40% TCA

0.174"
0.176
0.242
0.272
0.400
0.455
0.482

absorption results from the increase of the TCA concentration.
Comparison with the Diphenylamine Reaction: DNA samples were

prepared from the livers of 12 different rats by blending the tissues in
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isotonic saline and subsequently carrying the sediments through the
routine extraction procedures with acid and organic solvents (5). The
material was then subjected to the Schmidt-Thannhauser procedure
(3), precipitated, and extracted with 5% TCA at 90°C. All samples were
assayed for deoxyribose with the diphenylamine reaction (2) as well
as the H2 SO. reaction. The results recorded in Table 3 show that the

TABLE 3
COMPARISON OF H2SO. REACTION AND THE DIPHENYLAMINE REACTION

H,SO, Reaction Diphenylamine reaction
Rat liver DNA

Sample No. E". pgDNA Em EIII_IIG pgDNA

1 0.465G 87 0.228G 0.109G 96
2 0.460 86 0.212 0.100 88
3 0.500 95 0.246 0.118 104
4 0.580 115 0.295 0.141 125
5 0.465 87 0.214 0.098 86
6 0.565 111 0.264 0.127 112
7 0.435 80 0.200 0.093 81
8 0.395 71 0.177 0.083 73
9 0.580 115 0.277 0.137 120

10 0.445 82 0.208 0.096 85
11 0.428 78 0.205 0.094 83
12 0.550 108 0.206 0.121 112

G Averages of duplicate determinations.

absorbancy values observed in the H 2S04 reaction are approximately
twice those obtained by the diphenylamine reaction.

It appears that the values obtained by the two methods agree rea
sonably well. The values for the H2SO. reaction were calculated from
a calibration curve similar to the one shown in Fig. 3.

DISCUSSION

Although the reaction with concentrated H 2SO. appeared to be
only about twice as sensitive as the diphenylamine reaction in our
hands, its simplicity is probably unequaled by other methods designed
for the determination of DNA. The procedure as described by Staron
et al. (1) seems satisfactory, provided that the absorbances are meas
ured at 470 mIL, and the corresponding DNA concentrations are read
from a calibration curve. In addition, the volume as well as TCA con
centration of the samples and the DNA standard with which they are
compared, have to be rigorously standardized. Neither heating of the
DNA in 5% TCA nor addition of TCA to the sample was found to be
essential to the reaction.
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SUMMARY

A simple reaction described by Staron et al. (1) for the determination
of DNA was studied, and found to be useful. A few modifications were
introduced.
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As part of a program under way in our laboratory to assess the signifi
cance of certain enzyme activities in urine as a diagnostic aid in urinary
tract disease, we were prompted to seek a rapid, convenient method for
determination of urinary lactate dehydrogenase (LDH). The procedure
to be described is a modification of an automated enzymic procedure
developed by us for determination of L-lactic acid in body fluids and
tissues (1) utilizing the AutoAnalyzer.3

The oxidation of L-lactate by NAD+ catalyzed by lactate dehydro
genase is coupled, via diaphorase, to the reduction of a tetrazolium dye,
and the absorbance is measured at 500 miL. Under the conditions to be
described, the reaction rate is strictly proportional to the enzyme activity,
and the method is convenient also for determination of the enzyme in
body fluids and tissues. The method is similar in principle but differs in
detail from a manual procedure described by Nachlas et al. (2) and an
automated method published recently by Hicks and Updike (3) while
this work was in progress.

METHOD

Reagents

3-p-Nitrophenyl-2-p-iodophenyl-5-phenyltetrazolium Chloride-INT.
The dye, obtained from Dajac Laboratories, Division of the Borden
Chemical Company, Philadelphia, is dissolved in water in a concentration
of 1.08 gm/liter and then filtered through Whatman No.1 filter paper. It
is kept in a brown bottle at room temperature.

1 This work was supported by a contract with the National Cancer Institute,
Contract No. 43-64-552, supplemented by partial support from Grants Ca-07174 and
AM-05487 from the National Institutes of Health, U. S. Public Health Service.

'The aid of Dr. Richard Stambaugh and Dr. Henry Altschuler in some phaseil of
this work is gratefully acknowledged.

3 Technicon Instruments Corporation, Chauncey, New York.
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Bio-Rad AG1-X8, 100-200 Mesh, Analytical-Grade Anion-Exchange
Resin. This resin, obtained in the chloride form, is washed three times
with 0.1 M pH 7.4 sodium phosphate buffer solution and is filtered with
suction. It is not allowed to dry out, but is transferred in the moist form
to a wide mouth bottle, from which it is dispensed with a spatula.

Diaphorase-NAD+ Solution. To 9 ml 0.067 M sodium phosphate buffer,
pH 7.4, are added: sufficient albumin powder, human fraction V, obtained
from Calbiochem, New York, to give a final 0.15% solution; 1.0 ml
diaphorase solution, Worthington Biochemical Corporation, Freehold,
N. J., containing 100 units/ml; and 200 mg NAD+, A grade, from Calbio
chem, New York. The solution is filtered through Whatman No. 1 filter
paper and is kept in an ice bath during the assays. This amount is suffi
cient for 30 samples and should be prepared fresh daily.

Glycine-Lactate Solution. To 75 ml water containing 9.1 gm NaOH
is added 20 ml Merck 850/0 lactic acid, and the solution is brought to
1000 for 5 min and cooled. It is then added to 700 ml water containing
20 ml Triton X-lOO, a detergent obtained from Rohm and Haas, Phila
delphia, and 7.5 gm glycine, obtained from Matheson, Coleman and Bell,
East Rutherford, N. J. The pH is adjusted to 9.6 with 10% NaOH solu
tion, and diluted to 1 liter. It should be kept in the refrigerator when not
in use to retard growth of microorganisms. It has a final concentration of
0.20 M lactate in 0.1 M glycine.

Blank Solution. Phosphate buffer, 0.067 M, pH 7.4, containing 0.15%
human serum albumin. It is kept in an ice bath and prepared fresh each
day.

Automation

The flow diagram is shown in Fig. 1. The sample is drawn in at a rate
of 0.32 ml/min (tube A), using sampler n,s air at 2.00 ml/min (tube B),
and glycine-lactate solution at 3.90 ml/min (tube C), and the streams
are joined by means of a bubbler cactus. The combined stream is led
through a 5-ft mixing coil and then through the larger diameter arm of
a bubbler cactus. Through the other arms of this cactus there are drawn
in the INT solution at 0.60 ml/min (tube D) and the diaphorase-NAD+
(or blank) solution at 0.159 ml/min (tube E) ; and the combined stream
is passed first through a 5-ft mixing coil, then through 2 standard-length
coils (40 ft) in a bath kept at 32°C. The time of reaction is 8.0 min.
Finally, it enters the colorimeter equipped with a lO-mm cholesterol-type
flow celP and 500-m,u filters.

Samples are run consecutively at a rate of 40 per hour. Between 0 and
1.4 absorbance units corresponding to enzyme activities of 0 to 60
munits/ml the error due to "carryover" is negligible.
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FIG. 1. Flow diagram for automation of LDH assay. The aspiration tubes are
designated as follows: A, sample; B, air; C, glycine buffer solution containing lac
tate; D, INT dye solution; E, NAD+-diaphorase solution (or blank solution).

Preparation of Standards

One-tenth ml crystalline rabbit muscle lactic dehydrogenase suspension,
A grade, 500 enzyme units/mg, 5 mg/ml, obtained from Calbiochem,
New York, is diluted to 10 ml with 0.067 M phosphate buffer solution,
pH 7.4, containing 0.15% human serum albumin fraction V j and 0.4 ml
of this solution is diluted further with the same buffer solution to 50 ml,
thus giving a stock enzyme solution representing 80 mp.l of the original
solution, corresponding to an activity of approximately 70 munits/ml.

Further dilutions of this stock solution are made, and these are assayed
by the manual procedure of Dorfman et al. (4) using either a Zeiss PMQ
II spectrophotometer or a Gilford spectrophotometer with automatic
cuvet positioning. With a 3-ml sample in cuvets of l-cm light path an
absorbance of 1 corresponds to 0.48 p.mole DPNH (see "Calculations").
The same dilutions of the stock solution, corresponding to activities
ranging from 0 to 20 munits/ml, are placed in sample cups and assayed in
the AutoAnalyzer. A typical plot of absorbance of the standards in the
automated procedure against enzyme assayed manually is shown in Fig.
2. By reference to this curve, absorbances observed in the automated
assay are converted directly to enzyme activity in munits/ml.
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5 10 15
m units LDH per ml

FlO. 2. Standard curve for automated LDH assay. Ordinate is in absorbance units
of the AutoAnalyzer recorder, and abscissa is in munits of enzyme activity per ml,
as determined manually.

An alternative procedure would be to use commercially available lactic
dehydrogenase standards to standardize the instrument, but we prefer to
prepare our own standards in the aforementioned manner. If one uses a
commercially available standard whose activity has been assayed in the
direction pyruvate to lactate, it is important to keep in mind that its
activity is likely to be about 2.5 times higher than the values obtained
when assayed in the reverse direction, as is done in this procedure (see
"Calculations") .

Measurement of LDH in Urine

Approximately 10 ml urine is placed in a 25-ml test tube with a
screw-cap closure, and a quantity of the suspension of AGI-X8 resin
added, equivalent to about 5 gm of the dry resin. The tube is capped and
placed on a mechanical s!}aker4 which imparts a rocking motion at a rate
of about 60 oscillations/min. After 5 min of shaking at room temperature,
the urine is filtered or carefully decanted from the resin, and samples are.
placed in AutoAnalyzer cups.

The following sequence of assays is followed: first, a series of stand-

'Built by Mr. Joseph Hochella, Hazleton, Pennsylvania.
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ards; then two identical series of urine specimens. The first set is run with
the complete set of reagents as shown in Fig. 1. The second set is run
immediately following and exactly like the first set, except that the blank
solution is substituted for the diaphorase-NAD+ solution. The absorbance
of each blank, which is in the vicinity 0.2 absorbance unit, is subtracted
from the corresponding sample, to give the net absorbance, from which
the activity is obtained by reference to Fig. 2.

Calculations

Because of the wide variety of units employed for measurement of
lactate dehydrogenase activities, it is becoming increasingly difficult to
compare results from different laboratories. We feel it is highly desirable,
therefore, to express results in terms of International Units, as recom
mended by the Enzyme Commission of the International Union of Bio
chemistry (5). An enzyme unit is that amount of enzyme which under
stated conditions converts one ,umole of substrate per minute.

Using the procedure of Dorfman, Amador, and Wacker (4) for stand
ardization of lactate dehydrogenase, and assuming a molar absorbancy
of 6.22 X 103 for NADH, an absorbance change of 1 unit in a 3-ml vol
ume and l-cm light path is equivalent to 0.482 ,umole NADH. Thus,
lactate dehydrogenase activity in International Milliunits = (.:lA/min)
X 482. These are the values given in the ordinate in Fig. 2. The activity
expressed in Wacker Units (4), the amount of enzyme giving a .:lA of
0.001, is therefore equivalent to International Milliunits/0.482, an Inter
national Munit being equivalent to 2.07 Wacker Units. Under the condi
tions here described, normal urinary LDH levels of 2 to 5 munits/ml give
.:l absorbances of between 0.06 and 0.12. The sensitivity of this urine
assay could be increased by increasing the proportion of urine flowing
through the manifold, but this also raises the background absorbance and
is therefore considered inadvisable, even though the accuracy of assay of
the low activities in normal urines is not as high as would be desired
(vide infra) .

RESULTS

In general, such conditions as temperature, concentration of reagents,
and automation setup were adopted directly from our previously de
scribed enzymic assay of L-Iactate (1). The cop.siderations which led to
the procedure described here are described in the following paragraphs.

Removal of Interfering S1lbstances. When normal urine is assayed
directly by the procedure outlined here, the blank absorbance is extremely
high; it ranges from 1.5 to 2 or above, owing to the presence of a sub
stance that acts directly on the tetrazolium dye to produce the colored
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formazan. According to Dorfman et al. (4) urine is reported to contain
inhibitors of LDH which can be removed by 80 min of dialysis in running
tap water. By applying this procedure to the automated assay, the blank
absorbance can be reduced to between 0.3 and 0.5, and assays of LDH
can be obtained which agree well with the manual assay. In seeking more
efficient means of reducing the blank it was found that nearly all of the
blank absorbance could be removed easily and rapidly, without signifi
cant loss of enzymic activity, by treatment with the ion-exchange resin,
Bio-Rad AGI-X8. This is a strongly basic anion-exchange resin composed
of quaternary ammonium groups attached to a styrene-divinylbenzene
polymer lattice. This resin is available in the chloride form, but it is
desirable to equilibrate it with phosphate buffer as described earlier. By
a 2-min shaking of urine with this resin at room temperature, the blank
absorbance is brought to approximately 0.2 or less. As shown in Fig. 3,
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FIG. 3. Removal of interfering absorbance by resin treatment. Each specimen was
shaken with the designated quantity of resin for 20 min.

the degree of removal of the interfering material is dependent upon the
quantity of resin employed, but it is interesting to note that despite dif
ferences in background absorption, the net aA remained constant. Figure.
4 shows that, in the presence of 5 gm resin, color removal iB nearly
maximal in as short a period as 2 min; only a slight further decrease was
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FIG. 4. Time course of removal of interfering absorbance. Each sample was shaken
with 5 gm resin for the designated times.

obtained by increasing the contact time to 20 min. Again, net absorbance
was invariably constant throughout the 20-min period.

The background absorption may be reduced further by repeated resin
treatment, a procedure which may be desirable when the initial absorp
tion is extremely high. However, even four successive treatments reduced
the background only to about 50ro of that after a single treatment; hence
we felt the decreased absorption was not worth the additional manipula
tions, which increase the time and effort, as well as the opportunity for
error.

To test the reproducibility of the assays after resin treatment, twelve
samples of the same urine were run simultaneously and the results are
shown in Table 1. Despite some variability in the background absorption,
which averaged 0.232 with a standard deviation of 0.009, the net ab
sorbances were quite reproducible, with an average of 0.010 and a stand
ard deviation of only 0.002. Despite the unusually low activity of this
urine sample, the highly satisfactory reproducibility lends confidence in
the reliability of the resin treatment.

To test whether .the resin itself will adsorb LDH or otherwise have a
deleterious effect on LDH assay, several experiments, of the type shown
in Fig. 5, were carried out. To a sample of normal urine, an equal volume
of a standard LDH solution (M subunit, C. Boehringer, New York) was
added, and the mixture was treated with resin and assayed. Before resin
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TABLE 1
REPRODUCIBILITY OF URINARY LDH ASSAY AFTER RESIN TREATMENT

A sample of normal urine was separated into twelve fractions, and these were assayed
after resin treatment as described in the text.

Absorbance

Sample No. Blank Complete Net

1 0.228 0.237 0.009
2 0.233 0.245 0.012
3 0.220 0.228 0.008
4 0.226 0.236 0.010
5 0.243 0.254 0.011
6 0.240 0.250 0.010
7 0.247 0.251 0.004
8 0.217 0.228 0.011
9 0.222 0.234 0.012

10 0.237 0.247 0.012
11 0.237 0.245 0.008
12 0.233 0.242 0.009
Mean 0.232 0.241 0.010
S.D. 0.009 (4%) 0.009 (4%) 0.002 (20%)

treatment, the net absorbance was 1.23 - 0.91 = 0.32. After 2 min of
resin treatment, the background dropped to 0.04, and the net absorbance
increased to 0.38, at which level it remained essentially constant over the
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FIG. 5. Effect of resin treatment on activity of M subunit of rabbit muscle LDH,
shaken for the designated periods with 5 gm resin.



330 HOCHELLA AND WEINHOUSE

remaining 18 min. Similar results have been obtained with other urine~

mixed with crystalline rabbit muscle LDH or with purified beef heart H
subunit. These results demonstrate that purified LDH is not appreciably
affected by the resin treatment, and they indicate also that if inhibitors
of LDH are present in urine their quantitative effects are not great. Our
experience in this respect is in agreement with that of Hicks and Updike
(3), who reported a maximum inhibition of 20% before resin treatment
in their automated procedure.

To compare resin treatment with dialysis, a series of urine assays was
conducted over several months with samples assayed respectively after a
2-hr dialysis in flowing tap water and after 5 min of treatment with resin.
The results, shown in Table 2, demonstrate a very satisfactory agreement

TABLE 2
COMPARISON OF DIALYSIS AND RESIN TREATMENT FOR URINARY LACTATE

DEHYDROGENASE ASSAY

Ninety-one samples of normal urine were assayed after resin treatment and dialysis
and are divided below into three categories on the basis of the specific activity-values
ranging from below 2 munits, between 2 and 5 munits, and greater than 5 munits/ml.

Standard
Resin-treated, deviation,

Range of values No. of samples % of dialyzed %

Below 2 43 89 26
2 to 5 20 94 19
Above 5 28 101 11

between the two procedures. With low activity samples, that is below 2
munits/ml, the resin treatment gave values that were on the average 89%
of the dialysis values, with a standard deviation between the values of
26%. With higher activity samples, the agreement was even closer. These
results make it clear that resin treatment is fully as effective as dialysis
for sample preparation, and is, of course, far superior in ease and
convenience.

Separation of Chromogenic Material in Urine from LDH. Although the
interfering substance (s) was not identified, it could be separated from
LDH by column chromatography. A column of Bio-Rad P-60 (50-150
mesh) of the dimensions 23 X 133 mm, was prepared, and after thorough
washing with pH 7.4 phosphate buffer a mixture of 1 ml urine and 1 ml
commercial purified rabbit muscle LDH (49 munits/ml) was placed on
the column and developed by slow addition (about 1 ml/min) of 0.1 M
pH 7.4 phosphate buffer, while 2-ml fractions were collected. Thirty-one
such fractions were assayed with the AutoAnalyzer, and the results are
shown in Fig. 6. The squares show the absorbances obtained on assay with



LACTATE DEHYDROGENASE ASSAY 331

0'2

84

Q)
u
l:

.8
<5
'"..0

<l(

0·1

12 16 20 24 28
Fraction

FIG. 6. Separation of urinary LDH from interfering chromogen by chromatography
on Bio-Rad gel P-60. Squares represent assays with the complete system; circles
represent blank assays without NAD+ and diaphorase.

the complete system, whereas the circles give the blank absorbances with
out the NAD+-diaphorase solution. All of the nonenzymic chromogen ap
peared in tubes 20 to 31, completely separated from LDH. Similar separa
tion of LDH from the interfering chromogen was reported by Hicks and
Updike (3) using Sephadex. Although not identified, ascorbic acid seems
a likely possibility, since it reacts directly with the tetrazolium dye under
our assay conditions and is present in sufficient quantity in urine to give
the color development observed (6).

Choice of Blank. In view of the appreciable background color develop
ment, even after resin treatment, it was important to choose for the blank
determination a system that would most nearly approximate the true,
nonenzymic color. To compare various "blanks," five urine samples were
assayed in the complete system, with the following omissions: lactate,
NAD+, diaphorase, and both NAD+ and diaphorase. The results are shown
in Table 3. With all five samples the blank with lactate omitted was con
siderably higher than the others, owing possibly to some enzymic activity
because of endogenous lactate, which is normally present in urine (6).
However, the differences between all of the possible blanks were small
compared with the total net absorbance. Consequently, for economy of
reagents we adopted the omission of both diaphorase and NAD+ for the
blank, and have found it satisfactory to run the sample and blank deter
minations consecutively. Automatic elimination of the blank can no
doubt be achieved by splitting the sample and utilizing a differential
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TABLE 3
COMPARISON OF BLANKS IN URINARY LACTATE DEHYDROGENASE ASSAY

(values are given in absorbance)

Omissions

Complete NAD+-
Sample No. system Lactate diaphorase Diaphorase NAD+

1 0.263 0.100 0.063 0.064 0.067
2 0.280 0.211 0.188 0.182 0.203
3 1.430 0.187 0.078 0.085 0.089
4 0.267 0.092 0.052 0.063 0.063
5 0.348 0.278 0.231 0.233 0.257

colorimeter, but such equipment is not now available to us.
Lactic Acid Concentration. Although large and differential effects of

pyruvate concentration on the activities of the different LDH subunits
are well known (7), it is not widely appreciated that the same is true for
lactate concentration as well. In work to be reported separately from our
laboratory, Stambaugh5 found that isolated LDH subunits exhibit widely
different lactate concentration optima, as well as differential inhibitory
effects of high concentrations. This prompted a study of lactate concen
tration in the automated LDH assay. Experiments were conducted with
the crystalline rabbit muscle enzyme, known to contain mainly the M
subunit, with purified rabbit muscle M subunit, and pig heart H subunit
obtained from the Boehringer Mannheim Corporation, New York; and
with beef heart H subunit purified by Dr. Stambaugh by gel electro
phoresis. Typical curves relating activity to concentration are reproduced
in Fig. 7. The pure H form has a lactate concentration optimum of 60 mM
from which there is a gradual decline, reaching 57% of the optimum at
500 mM. In contrast, the M subunit at 60 mM has only about 61% of
its maximal activity which is reached at 300 mM; and in further contrast,
the M form is not inhibited with increase in lactate concentration to
500 mM. From Fig. 7 it appears that a concentration of 200 mM is the
best compromise for the efficient assay of both subunits, giving about 90%
of maximal activity of both subunits, and this has determined our choice
of this concentration of lactate.

The differential effects of high and low lactate concentrations on the
activities of the subunits makes it possible to assay for the subunits by
measuring absorbances at two lactate levels. Such experiments are now
under way and will be reported separately.

• Stambaugh, R., private communication.
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FIG. 7. Effect of lactate concentration on the automated enzyme assay. Circles give
the activities of the "M" subunit, squares the activities of the "H" subunit, and tri
angles the activities of a mixture of 50% "M" and 50% "H" subunit. Lactate concen
trations in the abscissa are those of the lactate-glycine buffer solution entering at
tube C, Fig. 1.

DISCUSSION

Automated LDH assays have been reported by Schwartz, Kessler, and
Bodansky (8) using direct measurement of NADH at 340 mft. Blaedel
and Hicks (9) and Hicks and Updike (3) described automated procedure~

in the viilible range by coupling NAD reduction with dye reduction. In
the former study, designed primarily for serum, the reduction of 2,6
dichlorophenolindophenol is coupled to NADH via diaphorase; in the
latter, designed primarily for urinary LDH assay, the coupling is medi
ated via phenazine methosulfate. The present procedure, which uses
commercially available equipment, is similar in principle to these, the
NADH formation being coupled via diaphorase to a tetrazolium dye.
This procedure is also highly satisfactory for serum LDH assay, where
no interferences have been observed and the "blanks" are negligible. The
automated procedure is sensitive, the curves are smooth and with no
"noise," and the reproducibility is excellent. There seems little doubt
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that the limiting factors in the accuracy of LDH assays in the urine or
serum would not involve the determination itself, but rather the stability
of the enzyme, or the presence of inhibitors, or other interfering sub
stances. In this connection it is important to be aware of the possibility
that some substances in urine might directly reduce NAD+ nonen
zymically. Although very rare, several such instances have been observed
using the manual procedure,6 and the prevalence of such occurrences
needs further investigation before the automated LDH assay can be
accepted at face value, without corroboration by a manual assay in the
spectrophotometer.

Since the assay method depends on NAD+ reduction, evidently any
NAD+ (or NADP+) specific dehydrogenase should be determinable by
suitable modification, and this should be true also for assay of enzymes
which can be coupled to such dehydrogenases. By use of the appropriate
enzymes, a host of substrate assays could also be automated, using modi
fications of the many enzymic procedures now available for this purpose
(10).

The methodology of urinary LDH assay and its use as a diagnostic aid
is now under intensive investigation in several laboratories (3, 4, 8, 9,
11-17). After thorough study we have found the spectrophotometric
method of Dorfman, Amador, and Wacker (4) to be reliable, and by use
of this manual procedure for standardization the automated procedure as
described here should prove to be useful and reliable for the rapid assay
of large numbers of urine samples.
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In using the gel electrophoresis method of Ornstein (1) and Davis (2)
on fragments of antibody molecules, we encountered two problems that
led to useful modifications of the technique. The first was the difficulty
of obtaining an accurate measure of the radioactivity of labeled protein
in the acrylamide gel. We have solved this difficulty by the use of the
cross-linking agent, ethylene diacrylate (I), in place of the usual N,N'
methylenebisacrylamide (II); the new gel is soluble in Kinard's scintil
lation-counting fluid (3) after treatment with piperidine. The second
problem was the difficulty of polymerizing the acrylamide with the usual
initiating system at low pH. This was circumvented by the use of the
modified initiator described below, which allows polymerization to
proceed rapidly in the presence of 1M propionic acid.

(1)
o 0
II II

H2C=CH-C-0-CH2-CH2-O-C-CH=CH2

(II)
o 0

H2C=CH-~-NH-CH2-NH-~-CH=CH2
The new gel obtained with the ethylene diacrylate cross linker does

not appear to differ significantly from the old gel in either its filtration
properties or in its mechanical strength. Its solubility in counting fluid
results from the susceptibility of the ester bond in the cross linker to
hydrolysis in the presence of piperidine (4).

1 This work was supported by the followinj!; grants: Fnited Stalp.s Publie Health
Service Training Grant 5-TI-GM-702, United States Public Health Service grant
to S. J. Singer, (USPHS-A1-06659-0l), and National Science Foundation grant to
S. J. Singer, (NSF-GB-1250.
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Fleischman et al. (5) have demonstrated the utility of 1 M propionic
acid for the separation of the heavy and light chains of gamma globulin,
by Sephadex gel filtration, which would otherwise associate with each
other. The combined effects of maximizing the positive charge of a
protein or peptide, minimizing the ionic strength, and providing some
detergent action make dilute propionic acid an attractive medium for
handling systems with tendencies to associate. Data are presented here
which show the separation of trypsin and chymotrypsin, proteins stable
at low pH but self-digesting at pH values much above 4.

The modified gels may be used with either continuous or discontinuous
buffer systems. However, in the experiments described below, a continu
ous-pH electrophoresis system was employed (buffer bath, sample, and
gel all at the same pH), rather than the discontinuous system of Ornstein
(1) or of Poulik (6). In order to obtain high resolution, a modification
of the mobility spectrum technique of Kolin (7, 8) was utilized. The
initial liquid sample layer is made low in ionic strength, and, as a result
of the high mobility of the protein in this layer, the sample is "focused"
as it encounters the relatively high-ionic-strength low-porosity gel. The
narrow band thus formed can be resolved into its components in minimal
time.

APPARATUS

The apparatus is pictured in Fig. 1. The upper and lower buffer baths
are connected to their respective electrode baths through acrylamide salt
bridges. Silver-silver chloride electrodes are employed for maximum pH
stabilization. The level of the lower bath is controlled with a pair of screw
jacks (Micro Lab-Jack obtained from Central Scientific Company). A
constant-voltage power supply is used. The novel feature of this appa
ratus is that the 5-mm i.d. glass tubes containing the gel are held in
place by "0" ring seals which make it easy to push them up and down,
greatly facilitating gelling and loading operations. The tubes are readied
for pouring the gel by pushing the tubes down into soft rubber pads.
Following gel formation the rubber pads are removed and, with the
tubes in the up position, the density-stabilized liquid samples are layered
in on top of the gel. The tubes are then simply pushed down into contact
with the lower bath with little risk of stirring up the sample zone. Shop
blueprints can be obtained on request from the first author.

MATERIALS

The acrylamide monomer, N,N,N',N'-tetramethylethylenediamine
(TEMED), piperidine, methyl acrylate, and aniline blue black dye were'
obtained from Matheson, Coleman and Bell. Baker Analyzed ammonium
persulfate and Fisher purified (low in iron) sodium hydrosulfite were
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FIG. 1. Electrophoresis apparatus.

used. Hydroxide of Hyamine lO-X \Va:; obtaincd a" aiM ~olution in
methanol from Packard Instrument Company.

Ethylene diacrylatc" was prepared by alcoholysis of methyl acrylate
with ethylene glycol. Methyl acrylate (90 ml) was mixed with 14 ml
ethylene glycol, and about 0.5 gm solid potassium hydroxide was added
as catalyst; 20 ml of fluid was slowly distilled off at 65°-67°C as the
reaction progressed. Following this, the temperature of the vapor slowly
rose to 74° while a further 10 ml of distillate was collected. Air was
bubbled through the boiling mixture constantly to inhibit polymerization.
Unreacted methyl acrylate was distilled off under moderate vacuum and
then the product was collectecl at 95°-100° at 6 mm pressure. The yield
was approximately 30%.

Rabbit anti m-dinitrophenol antibody was affinity labeled with m
nitrophenyldiazonium fluOl"oborate (m-NBDF-3H) by the method of

'Ethylene diacrylate is now available from the Borden Chemical Co., Monomer
Dimer Laboratory, 5000 Langdon Street, P. O. Box 9522, Philadelphia, Pennsylvania.
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Wofsy, Metzger, and Singer (9) as described by Good et al. (10). This
was used to prepare the light chains by the method of Fleischman et al.
(5) .

Purified trypsin and chymotrypsin were obtained from Sigma Chem
ical Company. Labeled trypsin was prepared by mixing it with a tenfold
molar excess of m-NBDF-3H in ammonium acetate buffer at pH 5.0.
The mixture was allowed to react overnight and then dialyzed against
several changes of the acetate buffer.

Scintillation fluid was prepared according to the recipe of Kinard
(3). The fluid contained 576 ml xylene, 576 ml dioxane, 348 ml ethanol
(absolute), 120 gm naphthalene, 7.5 gm 2,5-diphenyloxazole (PPO), and
75 mg 1,4-di-2- (5-phenyloxazolyl) benzene (POPOP). The total volume
was 1.5 liters. PPO and POPOP were obtained from Calbiochem, Los
Angeles.

GEL PREPARATION

The pH 6.5 gels are prepared much as in the method of Davis (2) for
his "standard" gel except for a change in the buffer and the substitution
of ethylene diacrylate for methylenebisacrylamide. The same modified
acrylamide stock solution is employed in making the pH 2.1 gels con
taining 1M propionic acid in place of buffer, but here it is also necessary
to change to a persulfate-hydrosulfite catalyst system.

Stock Solutions

Solution A: Buffer, ionic strength O.lOM, measured pH 6.5; containing
0.079 M sodium hydroxide, 0.0071 M TEMED (0.115 mljlOO ml solu
tion), and 0.136 M cacodylic acid.

Solution A': 4 M propionic acid.
Solution B: 30 gm acrylamide plus 2 gm ethylene diacrylate per 100

m!.
Solution C: 0.0031 M ammonium persulfate (70 mg/lOO mI).
Solution C': 0.001 M ammonium persulfate (23 mg/lOO ml).
Solution D: 0.002 M sodium hydrosulfite (35 mg/100 ml), made fresh

just before use.

pH 6.5 Gel

Solutions are mixed in the ratio of 1 part A, 1 part B, and 2 parts C.
The mixture is pulled up into a glass disposable syringe, degassed, and
poured to a depth of 5.3 cm in 5-mm i.d. glass tubes 6.5 cm long. De
gassing is accomplished by first clamping off the flexible plastic (Inter
medic) tubing attached to the delivery end of the syringe and then
pulling back the plunger and shaking to bring the air out of solution.
Water is layered on top of the gel mixture with a Krogh-Keys syringe
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pipet3 and, after 30 min at room temperature, the water and unpoly
merized gel solution are decanted, leaving a flat-topped gel column 5
cm long. The remaining space in the top of the glass tubes is rinsed
with water and filled with 5% sucrose to keep buffer out of the sample
zone.

Gel Containing 1 M Propionic Acid

Solutions are mixed in the ratio of 1 part A', 1 part B, and 1 part C'.
Solid hydrosulfite is added to cold water making solution D, and 1 part D
is added to the above mixture. The measured pH was 2.1. After the mix
ture has been carefully degassed, glass tubes are filled as above, but only
to a depth of 5.0 cm. More solution D is layered over the gel solution
in place of the water used above. This excludes oxygen so that the gel
line forms right at the liquid junction, instead of below it, and ensures
the formation of a flat-topped gel. After 1 hr, the columns are rinsed and
the remaining space is filled with 1M propionic acid. The tubes are
positioned in the electrophoresis apparatus and prerun at 80 volts and
2 ma per tube for 30 min to remove excess catalyst. The 5% sucrose is
layered in as above.

STAINING AND COUNTING PROCEDURES

Following electrophoresis, gels are removed from the tubes by the
method of Davis (2) and half of them are stained for 20 min in a solution
of 1% aniline blue black dye and 10% acetic acid. Columns are destained
overnight by soaking them in two changes of 10% acetic acid with con
stant stirring. After destaining the columns are scanned in a Joyce-Loebl
microdensitometer. The dye intensity is assumed to be proportional to
the protein concentration since the proteins involved are very similar.

Duplicate columns are frozen quickly (within 5 min by' dry ice) and
then cut into I-mm slices with slicer made of fifty razor blades. One or
two slices are placed in the bottom of each of an appropriate number of
20-ml counting vials, and the digestion is started by adding 0.5 ml of a
solution containing 9 vol 1M piperidine and 1 vol alcoholic Hyamine
solution. The gel dissolves in 1 to 4 hr depending on the amount of gel
and the extent of cross linking. The process is hastened by placing the
vials on a shaker in a 37°C room. Following this digestion, 10 ml of
Kinard's scintillating fluid (3) is added to each vial and mixed briefly;
a clear homogeneous solution results. The above proportions work best
with one I-mm slice of gel, but up to two slices can be dissolved with
difficulty. Counting is done in a Nuclear-Chicago model 725 scintillation
counter.

• Krogh-Keys syringe pipets were obtained from Aloe Scientific Division of the
Brunswick Corporation, 1150 S. Flower Street, Los Angeles 15, California.
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In one experiment the piperidine was half neutralized with Hel to give
a pH of 11.0 with no serious change in the rate of dissolution of the gel.
It might thus be possible to recover a base-sensitive material, such as
DNA, intact from the gel.

METHODS AND RESULTS

Electrophoresis of Rabbit Anti m-dinitrophenol Light Chains at pH
6.5. The gels were prepared and layered with 5% sucrose as described
above. Samples were dialyzed against buffer and then for 2 hI' against
10% sucrose to increase the density and reduce the ionic strength. The
50 ttl of sample containing 0.17 mg of rabbit anti m-DNP material were
pipetted into each of four tubes under the 5% sucrose with a Krogh-Keys
adaptor equipped with a Hamilton microliter syringe. Electrophoresis
was allowed to proceed 5 min at 70 volts (14 volts/em) and about 1
rna per tube to "focus" the sample material into a sharp band just below
the gel surface. The sucrose solution was then flushed out of the tubes
with buffer from the bath, establishing good electrical contact between
bath and gel surface and eliminating irregularities in the resistance in
this region. The current was thus increased to about 3 rna per tube and
the run was continued for 4 hr. This long running time was necessitated
by the very low mobility of these peptides and is not typical of the
method.

The results are shown in Figs. 2 and 3. In this case two of the duplicate
columns were stained prior to scanning them with the densitometer. Two
other columns were cut up and two I-mm slices were counted in each
vial. The resulting curves are shown in Fig. 2. One of the curves is

500

CPM

300

100

10 20 30
Millimeters

FIo. 2. Electrophoresis at pH 6.5 of the light chains derived from anti dinitro
phenol antibody which was affinity labeled with m-NBDF-'H, Each point represents
cpm derived from 2-mm slices of the polyacrylamide columns. Curve 2 is displaced
upward by 100 cpm for clarity.
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Fro. 3. A counting curve from Fig. 2 is compared with a densitometer tracing
of another column run at the same time and subsequently stained.

displaced upward by 100 counts per minute (cpm) to be shown more
clearly. The counting efficiency was 10% so that the central peak at 24
mm represents 4700 disintegrations per minute. The background was
approximately 40 cpm. As can be seen, the two curves are in agreement.
Counts from the lower curve were divided by the upper for points be
tween 8 and 38 mm on the horizontal axis. The resulting mean and
standard deviations for the 17 ratios were 1.07 and 0.08, respectively.
This indicates that there is about 7% difference between the amount of
sample originally added to each column and the coefficient of variation
is 7.5%. Recovery of total counts was 10270 for #1 and 93% for #2.
Figure 3 shows a densitometer tracing of one of the stained gels compared
with one of the counting data curves. The gels swelled from 5 to 7 cm
while staining so the abscissa for the counting curve had to be multiplied
by 7/5.

Electrophoresis of Trypsin and Chymotrypsin at pH 2.5 in 1 M Pro
pionic Acid. Samples were dissolved in a solution of 0.2 M propionic
acid and 10% sucrose; 25 iLl of sample containing 100 iLg of m-NBDF
3H labeled trypsin was pipetted into each of two tubes containing the pH
2.5 gel. Two more tubes were loaded with 25 iLl of the same labeled trypsin
solution plus 25 iLl of another sample solution containing 100 iLg of cold
chymotrypsin. Loading and electrophoresis procedures were the same as
for the pH 6.5 gel above. This electrophoresis required 80 volts and about
1 rna per tube for 5 min before flushing out the sucrose, and 80 volts and
about 2.2 rna per tube for only 40 min thereafter. One of each pair of
tubes was stained and the other sliced and counted. Only one 1-mm slice
was placed in each counting vial.

The results are shown in Figs. 4 and 5. A densitometric comparison
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FIG. 4. Electrophoresis of trypsin and chymotrypsin in 1 M propionic acid.
Densitometer tracings are shown of two columns electrophoresed at the same time:
one had trypsin alone and the other had a mixture of trypsin and chymotrypsin.
One curve is displaced upward for clarity.
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FlO. 5. Densitometer tracing from Fig. 4 compared with one of the counting
curves from Fig. 5. Labeled trypsin and unlabeled chymotrypsin were present in
each case.

of the two stained columns is shown in Fig. 4. The trypsin shows a single
major band with two or three minor components. Addition of chymo
trypsin to the second column adds the expected second major band plus
its own minor components. A comparison of the counting and densitom-'
eter data from duplicate columns containing labeled trypsin and un
labeled chymotrypsin is shown in Fig. 5. The counting data from the
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column containing trypsin alone yielded an essentially indistinguishable
curve (not shown). The striking result here is that most of the counts
are in one of the minor trypsin bands. The remainder of the counts
seem to be in the trailing edge of the major trypsin band, possibly due
to impurity or to denatured trypsin. A discussion of the possibilities is
beyond the scope of this paper. The objective here is to show how much
additional information the counting data can offer over that shown by
the densitometer tracings alone.

SUMMARY

Two additions to diacrylamide gel techniques are presented. First the
gel structure can be modified by substituting diester cross links for the
diacrylamide cross links. This modified gel is soluble in dioxane scintilla
tion fluid after digestion in 1 M piperidine at room temperature. Reason
ably efficient and accurate tritium counting can be done on column slices
subjected to the procedure described. The second modification is the
development of a catalyst system suitable for making pH 2.5 gels con
taining 1M propionic acid as the electrolyte. The low pH gels are of
value in obtaining good separation of proteins and peptides which as
sociate at higher pH values or are stable only at low pH. Densitometric
and counting data are cited to illustrate the value of combining these
techniques.
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Several methods for the quantitative estimation of the optically active
isomers of tartaric acid are known (1-3). The smallest amounts of ma
terial which can be detected with these methods range from 1 to 3
/Lmoles. For the determination of m-tartaric acid, the only method
described in the literature cannot detect amounts less than about 400
/Lmoles (4). The method described in the present paper allows estimation
of any of the three isomers of tartaric acid in amounts of 0.05 /Lmole or
more. The method is based on the formation of a tartrate-iron (Fe++)
complex, which on addition of dinitrophenylhydrazine and alkali forms a
purple colored compound.

METHODS

Materials and Apparatus

Acetate buffer-D.1 M, pH 5.4 (B.D.H. Analar).
Fe(NH4)2(S04)2 reagent-a solution of 0.015 M Fe(NH4)2(S04k6H20

(B.D.H. Analar) in 0.2N HCI (Baker Analyzed).
NaH 2P04 solution-0.01 M (Mallinckrodt A.R.).
2,4-Dinitrophenylhydrazine reagent-a solution of 0.05% DNPH

(Eastman-Kodak) in 1 N HCI.
NaOH solution-6N (Baker USP).
m-Tartaric acid (Calbiochem, C Grade).
l-Tartaric acid (Calbiochem, A Grade).
d-Tartaric acid (B.D.H. Analar).
Klett-Summerson photoelectric colorimeter-Model 800-3, filter 54.

1 Present address: Department of Bacteriology and Immunology, Harvard
Medical School, Boston, Massachusetts.
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Procedure

To a 1-ml sample add 2 ml of the acetate buffer, 0.1 ml of the
Fe(NH4)2(S04)2 reagent, and 0.3 ml of NaH2P04 solution. Make up the
volume to 4 ml with distilled water. Swirl and incubate 75 min in a
water bath at 60°. Add 0.5 ml of dinitrophenylhydrazine reagent and
continue incubation for 15 min at the same temperature. Cool in ice
water for 5 min and add 0.5 ml of the NaOH solution. Swirl and centri
fuge for 2 min at 3000 rpm. Read the color intensity of the clear super
natant in a Klett-Summerson colorimeter with filter 54. The color is
stable for at least 1 hr at room temperature.

EXPERIMENTAL

Light Absorption of -the Color Compound

The absorption curve of the color compound, formed by the reaction
of the tartaric acid isomers with ferrous ions and dinitrophenylhydrazine,
shows a maximum between 520 and 600 mp' (Fig. 1). For routine tests
with the Klett-Summerson colorimeter, filter 54 was therefore used.

15
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FIG. 1. Absorption curve of the complex of tartrate, ferrous ions, and dinitro
phenylhydrazine and of the dinitrophenylhydrazine reagent. The color reaction was
performed as described under "Procedure," using 0.3 .umole d-tartrate or m-tartrate.

Components of the Color Reaction

As mentioned above, the intensity of the color formed in the reaction
was found to be proportional to the amounts of tartaric acid isomers in
the range of 0.05 to 0.35 p.mole; Beer's law is obeyed over this range of
concentrations.
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An equivalent amount of malic acid gave only one-sixth, and of citric
acid one-eighth, of the color intensity obtained with tartrate. At a pH
value higher than 5.4, citrate formed a compound similar in color to that
formed by the tartrates. Isocitric acid, salicylic acid, succinic acid, and
fumaric acid did not interfere. Under the same conditions keto acids,
such as pyruvic, oxaloacetic or ketoglutaric, gave a red-brown color.
The intensities of the colors developed by these acids and by the tartaric
acid isomers under the specified conditions were additive. In the absence
of ferrous ions only keto acids gave a color reaction; and tartrate isomers

TABLE 1
DETERMINATION OF TARTRATE AND PYRUVATE IN MIXTURE

Molar Fe++ present Without Fe++
Tartrate Pyruvate percentage
added. added, of pyruvate Klett Total % Klett Total %
!'IDole "mole in mixture units recovery units recovery

0.1 0 120 100 5 0
0.1 0.1 50 250 94 145 54
0.1 0.2 66.6 390 98 270 67
0.1 0.3 75 515 97 415 78
0.2 0 245 100 0 0
0.2 0.1 33.3 375 96 l.'iO 38
0.2 0.2 50 520 97 270 53
0.3 0 370 100 0 0
0.3 0.1 25 505 98 150 29

0.1 100 145 100 145 100
0.2 100 280 100 285 100
0.3 100 410 100 410 100

did not. Accordingly, tartrates may be estimated in the presence of keto
acids by subtracting the values obtained in the presence of Fe++ ions
from those obtained in its absence. It is also possible to estimate the
keto acids alone, even in presence of ferrous ions, by performing the
second step of the color reaction (incubation with dinitrophenylhydra
zine), at either a pH higher than pH 2 or a low temperature (4-6°).
Under either condition the color reaction with the tartrates practically
does not proceed.

Ferrous ions were essential for the color reaction. Other metal ions
such as COH, NiH, CuH, Mg++, and Fe+++ could not replace it. Moreover,
Fe+++ ions were found to inhibit the color formation (Fig. 2). To over
come the inhibition by these ions, which are formed under the conditions
of the color reaction (pH 5.4, 60°), a limited amount (3-10 p.moles) of
phosphate, which is known to form complexes with ferric ions (11), was
added (Fig. 2). Excess of phosphate caused the formation of a precipi
tate and decreased the color intensity.



348

~
~ 2
E
E
:::J

Ul

.:. 100
1ii
Sl

•

JACOB YASHPHE

-- Phosphate added

-0- without Phosphate

o 0.4 08 12 1.6 2.0

,4J mol Fe"· per standard volume

FIG. 2. Effect of phosphate on inhibition of color formation by ferric ions. The
color reaction was performed as described under "Procedure," using 0.3 Jtmole
m-tartrate and 3 Jtmole phosphate. The various amounts of ferric ions were added
at the first step of the reaction.

As can be seen in Fig. 3, the color intensity was found to be propor
tional to the quantity of the ferrous ions present in the range of 0.05 to
0.3 /Lmole. Maximal values were obtained with 0.5-2.0 /Lmole, while the
color intensity actually decreased when more than 2.0 /Lmoles was added.
This reaction can therefore be used for the estimation of ferrous ions in
the range of 0.05 to 0.3 /Lmole.

Dinitrophenylhydrazine (DNPH) was found to be essential for color
formation. Neither phenylhydrazine nor 2,4-dinitroaniline could replace
it. The color intensity was found to be proportional to the amount of

...... meso-Tartrate 0.3,4Jmol
-0- l-Tartrate Q3,4Jrnal
__ d -Tartrate 03}Jrnal

o 0.5 10 15 2D 2S 10 35 40
,4Jmol Fe·· per standard volume

FIG. 3. Effect of various concentrations of ferrous ions on color intensity.



MICRO METHOD FOR TARTARIC ACIDS 349

-0- l-Tartrate 0.3jJmol

--- mesa-Tartrate Q3,l1mol

••
~ 400
L
QI

=::
~

i 300'c
:::J

~ W ~ W ~

jJmol DNPH per standard volume

FIG. 4. Effect of various concentrations of dinitrophenylhydrazine (DNPH) on
color intensity.

DNPH in the range of 0.1 to 0.6 p.mole (Fig. 4). This reaction can there
fore be used for the estimation of this reactant. Excess of DNPH reagent
must, of course, be provided when the reaction is used to determine tar
trate. As seen in Fig. 4, for determination of 0.3 ,umole of tartrate at
least 0.6 ,umole of DNPH should be present.

The purple color, the intensity of which was measured by a photo
colorimeter, developed only after addition of the NaOH solution.

Conditions Required for the Color Reaction

1. Order of addition Of components of the color reaction

It was found that the reaction must be performed in the following
sequence: (A) Incubation of the tartaric acid isomers with ferrous ions,
at 60°0. (B) Addition of dinitrophenylhydrazine and a second incuba
tion, at 60°0. (C) Addition of alkali. No color was formed if the com
ponents were all added together at the same time, or were added in an
order different from that indicated above.

2. Conditions of pH and temperature. Time of reaction

To obtain reproducible results, precise conditions of pH, temperature,
and time of incubation were found to be required for each step.

Step A: Incubation of tartrate with ferrous ions

Effect of pH on color intensity. In Fig. 5 it can be seen that the color
intensity increased with the rise of pH, reaching a plateau in the pH
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FIG. 5. Effect of pH during first step of the reaction on color intensity.

range of 5.2 to 5.6. For standard tests the pH of 5.4, which was obtained
by the use of acetate buffer (0.05 M), was chosen.

Effect of temperature and time of incubation. This step proceeds slowly
.(maximal color development is reached after 3-4 hI') at a temperature of
20 to 30°C. At 100° the time of the reaction is shortened to 15-20 min,
but the values obtained under these conditions are variable. Accordingly
a temperature of 60°, which was found to give reproducible results in
a reasonable time, was chosen for test conditions. As can be seen from

100BO

........ d orl-Tartrate 0.3}Jmol

-0- meso-Tartrate 0.3jJmol

20

4.

40 60
Time (min)

FIG. 6. Kinetics of first step of the color reaction. This step was stopped at various
times by addition of the reagent of the second step (DNPH reagent). Other condi
.tions of the reaction were as described under "Procedure."
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Fig. 6, the rate of the reaction with m-tartrate was faster than with the
other isomers (45 instead of 75 min to obtain maximal color intensities).

Step B: Incubation with dinitrophenylhydrazine

Effect of pH. Maximal color development was found when this step
was performed at a pH lower than 2. In less acidic solutions no color was
formed at all.

Effect of temperature and time of incubation. This step was also
affected by temperature. However, for reasons of convenience it was
performed again at 60°C. At this temperature about 20 min was re
quired to reach maximal color intensity.

Step C: Addition of alkali

Before the addition of alkali the samples were cooled in ice water. The
iron hydroxide precipitate, formed when the alkali was added, had to be
removed by centrifugation for about 2 min, at 3000 rpm, before reading
the color intensity. The color formed in this reaction was found to be
quite stable; its intensity decreased only about 2<70 after standing 1 hr
at room temperature.

DISCUSSION

The pH dependence of the first step of the color reaction suggests that
the ferrous ions form a chelated compound (5) with the tartaric acid
molecule.

It is interesting to note that ferric ions prevent the color formation.
These ions may perhaps compete with the divalent ions for the binding
sites of the tartaric acid molecule, and form a different complex that
does not develop the purple color on the addition of the other reagents
(6-9). Inclusion of phosphate in the reaction mixture prevented the
inhibitory effect of the trivalent iron, possibly by binding the iron
selectively, by complex formation or by precipitation (l0, 11).

The different pH conditions needed for the various steps of the color
reaction explain the need of the addition of the various reactants in a
definite order.

Although some metabolic products, as well as some metal ions, large
amounts of phosphate, oxidizing materials, and certain chelating agents,
interfere with the estimation of the tartaric acids by this method, it can
be used for determinations in biological and biochemical systems pro
vided the concentration of these materials is low relative to the amount
of tartrate. Because of the high sensitivity of the method, the dilution of .
the sample needed for the tartrate estimation eliminates in this case the
effect of these materials. Otherwise these materials must be removed
before the estimation.
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The method described here has been used for the estimation of tartaric
acid isomers in a bacterial growth medium (12) that contained small
amounts of Ca++ and Fe++ salts (0.0005%), higher amounts of MgS04

(0.0005%) and NH4CI (0.1%), yeast extract (0.0025%), and phosphate
buffer (0.007 M). The samples were diluted 5-10 times. The method was
also used for the estimation of tartrates in the presence of bacterial
extracts containing 0.4 mg protein per milliliter.

By simultaneous use of this method and the previously described
methods for the estimation of the optically active isomers, m-tartrate
and one of the other isomers can be estimated in mixtures.

SUMMARY

(1) A colorimetric micro method for estimation of the tartaric acid
isomers is described. The principle of the method consists in the forma
tion of a tartrate-iron (Fe++) complex, which on addition of dinitro
phenylhydrazine followed by addition of alkali forms a purple color.
The intensity of this color is proportional to the amount of the tartaric
acid isomers in the range of 0.05 to 0.35 p.mole.

(,~) The various stages and the optimal conditions of the color reaction
were investigated and are described in detail.

(3) Certain substances, including malic acid, citric acid, materials
which bind ferrous ions, oxidizing agents, ferric ions, and possibly also
other metallic ions, interfere with estimation of the tartaric acids by this
method. However, in cases in which the relative concentration (with
respect to tartrate) of such substances is low, the dilution generally
required to bring the concentration of the tartaric acid into the appro
priate range is usually sufficient to eliminate interfering effects. Under
the assay conditions described keto acids also develop a color, but the
tartaric acids can be estimated in their presence by a subtraction method.

(4) It is possible to use the method described for estimation of the
other components of the color reaction, the intensity of the color being
proportional to the amounts of ferrous ions in the range of 0.1 to 0.3
/Lmole, and to the amounts of dinitrophenylhydrazine in the range of
0.1 to 0.6.p.mole.
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SHORT COMMUNICATIONS

An Improved Electrolytic Desalter l

The desalting of relatively large volumes of solutions containing
"dialyzable" proteins, peptides, and amino acids has been accomplished
with the aid of a simple electrolytic cell. Blainey and Yardley (1) demon
strated that small volumes (3 ml) of plasma, urine, and cerebrospinal
fluid could be desalted in an electrolytic cell equipped with ion-exchange
membranes. The losses of amino acids desalted at their isoelectric point
were insignificant, and the resulting solutions could be applied directly
to paper for chromatographic separation.

The electrolytic cell described here is es~entially identical to the cell
described by Blainey and Yardley except for the increased dimensions
and the use of mechanical stirring. Construction of the cell was facilitated
by using a I-in. thick Plexiglas (Lucite) sheet from which three 6-in.
squares were cut. The center section of the cell was formed by cutting a
5-in. square out of the 6-in. square, leaving a 1;2-in. thick frame. The

FIG. 1. Cell assembly: (A) Anode compartment. (B) Sample compartment. (C)
Cathode compartment. (D) Membrane support, cut from ¥1.6-in. Plexiglas (Lucite)
sheet; 16 evenly spaced I-in. diameter holes cut in support. (E) Anion membrane,
Permaplex A-20 anion-exchange membrane, purchased from Permutit, Ltd., London.
(F) Cation membrane, Permaplex C-20 cation-exchange membrane, purchased from
Permutit, Ltd., London. (G) Platinum electrodes, cemented at intervals to wall of
compartment. (H) Electrical socket plug, color coded. (1) Polyethylene spigots. (J)
Reciprocator. (K) Brass shaft, 71o-in. diameter. (L) Teflon bearing, %-in. diameter.
(M) Brass coupling, %-in. diameter. (N) Plexiglas (Lucite) drive shaft, %-in. diame
ter. (0) Drive shaft support. (P) Stirring rods, lk-in. diameter Plexiglas (Lucite).
(Q) Stirring motor assem/:>ly support. (R) Set ilcrews. (S) Screw, %-in. diameter.
(T) Filling holes, %-in. diameter. (U) Slot holes for stirring rods. (V) Stirring motor
assembly plate. (W) Fly wheel, 2-in. diameter. (X) Ball bearing, %-in. diameter,
fastened %, in. from center of fly wheel. (Y) Bodine motor, type KCI-23RB, 115
volts, 8.5 watts input, 56 rpm. (Z) Stainless-steel screws (12), 1M-in. diameter, 3%-in.
length, and stainless-steel nuts (24).

1 This investigation was supported by grant funds from the National Institutes of
Health of the Public Health Service (Grant No. AM-0585l).
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outer sections of the cell were formed by cutting similar sections out, but
leaving the %-in. thick outer wall of the cell intact. Maximum volumes
of 400 ml of sample in the center cell compartment and 300 ml of dilute
acid and base solutions in the outer sections were obtained.

Platinum wire electrodes were fixed to the outer cell wall and connected
to color coded plugs. Additional holes were drilled in the cell for the
stirrer and for filling and emptying, and for the bolts used to assemble
the cell. Membrane frames were prepared from Yt6-in. thick Plexiglas
(Lucite), and a like series of I-in. holes were cut in the frames to allow
the solutions to have maximum exposure to the membrane. Membranes
used in the cell were obtained from Permutit, Ltd., London, W4, and
were as follows: Permaplex A-20 Anion Resin Membrane and Permaplex
C-20 Cation Resin Membrane. The membranes were soaked in water
overnight to allow stretching to the full 6-in. size.

Assembly of the cell is illustrated in Fig. 1. The assembled cell is held
secure by ljg-in. diameter stainless-steel screws and nuts as shown in

FlO. 2. Assembled cell.
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Fig. 2. A reciprocating stirrer was constructed from a Bodine motor, type
KCI-23RB, and an eccentric ball-bearing drive. Once the cell is assembled,
the three compartments must be kept filled with distilled water to prevent
the membranes from deteriorating.

The cell is prepared for use by washing the compartments several
times with distilled water. The anode compartment is then filled with
0.2 N NaOH and the cathode compartment with 0.2 N H 2S04 , It is con
venient to label the compartments with the solutions added to prevent
errors in further use. The sample compartment is filled, or partially filled,
with the sample. It is wise to adjust the amino acid, peptide, protein, etc.
to its isoelectric point to minimize losses of the sample. Also, an approxi
mate calculation of the salt concentration and the equivalents of acid
and base in the electrode compartments will indicate whether the acid
and base will need replenishment. In desalting solutions of bovine pan
creatic ribonuclease in 0.01 M borate buffer, pH 8.0, containing 0.1 M
NaCI, the direct-current power supply is adjusted to 100 volts output
before connecting the cell. This setting should not be changed and, once
the cell is connected, this voltage drops and the amperage rises to about
250 mao After stirring the solution for about 3 hr, the voltage returns to
nearly 100 volts and the amperage drops to less than one-tenth its original
reading. The sample solution was found to be free of chloride ions by
adding an aliquot to silver nitrate solution. The solutions are removed
from the desalter via the polyethylene spigots and replaced with distilled
water or fresh solutions. Only a few degrees of heating was observed
in the solutions during desalting at room temperature. The desalting may
be accomplished more rapidly in a cold room at a higher voltage. The
exact best conditions depend upon the sample, the salt and its concen
tration, the surface area of the platinum electrodes, and the power supply.
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Dispenser for Addition of Internal Standard in
Liquid Scintillation Counting

The internal standard method for efficiency determination in liquid
scintillation counting involves adding a precisely known amount of the
appropriate isotope to a previously counted sample. The standard is
usually in the form of a volatile liquid such as toluene. It is desirable to
add as small a volume as practicable to avoid appreciable change in the
composition of the counting solvent. Usually a large number of samples
is involved. There has thus been need for a method of rapidly adding a
small, precisely known volume of a volatile material to a large number
of samples.

We have found that a Hamilton repeating dispenser and gastight
syringel (Fig. 1) meet these requirements very well. This dispenser is
designed to deliver one-fiftieth the syringe volume each time its button
is depressed. It is thus possible to add 49 aliquots of internal standard
before having to refill the syringe. A No. 28, blunt-end needle2 is attached
to the 2.5-ml syringe with epoxy cement. Larger or tapered-end needles
do not give as precise delivery as the one specified. If the needle is not
cemented to the syringe, air bubbles develop when the syringe is filled
and leakage may occur during delivery. Such a system has been in routine
use in our laboratory for nearly two years. No difficulties have been en
countered even though the syringe has been kept full of tritiated toluene.

The precision of adding internal standard with the dispenser was com
pared with that of a pipet. Forty-nine 50-p.1 aliquots of tritium-labeled
toluene were measured from the dispenser into individual vials containing
scintillation counting solvent. A similar set of 30 samples was prepared
by measuring O.5-ml aliquots of a more dilute tritium-labeled toluene
standard from a I-ml measuring pipet having a drawn-out tip. In each
case an aliquot contained approximately 104 counts per minute. The two
sets of samples were counted with a Packard Tri-Carb3 liquid scintilla
tion spectrometer, model 3I4EX2A. Each sample was counted 8 times,
taking 105 total counts each time, in order to make the counting error
insignificant (standard error approximately 0.11%). Statistical analysis
of the resulting data showed delivery from the dispenser to have a per

1 Hamilton Company, Inc., Whittier, Calif., No. 1002 2.5-ml gastight syringe
specially fitted to a PB-6oo repeating dispenser.

• Hamilton No. N728, 2-in. length, point No.3.
3 Packard Instrument Co., Inc., Downers Grove, Ill.
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FIG. 1. Hamilton repeatmg dll;pen:ser.

359

cent standard deviation of 1.01 % for a single addition of internal stand
ard. The corresponding value for the pipet was 1.350/0. Three additional
dispenser assemblies have been evaluated in a similar manner and found
to be capable of the same precision. A little experience in using the dis
penser is required to attain the specified precision. Along with good
precision in adding a small volume of volatile liquid the dispenser allows
rapid addition of internal standard and is always ready for use.
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The Detection of Aldosterone by Borate
Paper Electrophoresis

The detection and measurement of aldosterone involves the use of
several chromatographic procedures (1-6). The frequent manipulation
and lengthy development times required for separation of aldosterone
from other adrenocorticoids are unattractive aspects of these methods.
We would like to report a rapid process we feel may assume a role in
these analytical schemes.

Aldosterone may exist in any of the three forms shown here (7, 8).

(n)(I)

9H 'iH,OH

o£(pJ;~"· ·oo!1=f
II

CH,OH
H .....O....... I

~J;±r"
(III)

It seemed possible that a complex with borate could form either with the
C-18,21 hydroxyl groups of the hemiacetal (II) I or with the C-20,21
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hydroxyl groups of the full acetal (III). Paper electrophoresis of such a
borate complex would lead to anodic migration away from other noncom
plexing steroids (9).

When aldosterone was subjected to electrophoresis in pH 9.3 borate
buffer, as previously described (9), it migrated toward the anode at a
rate of 0.0-0.7 em/hr. At pH 8.6 the migration was reduced to about
0.25 em/hr. Since aldosterone-21-acetate did not migrate under these
conditions, it is probable that the complex involves the 21-hydroxy group.
The nonborate complexing steroids such as hydrocortisone, cortisone,
corticosterone, and cortexone, which are metabolic companions of
aldosterone, showed only a slight electro-osmotic flow toward the
cathode. The C-18 hydroxylated derivatives of cortexone and corticos
terone might also be expected to complex with borate and form a migrat
ing species. Unfortunately, these steroids were not available to us for
testing. Steroids having a 17a,20,8,21-glycerol type of side chain, e.g.,
20,8-dihydro-17a-hydroxycortexone, also complex with borate and migrate
toward the anode (9, 10) to the same degree as aldosterone. 16a,17a
Dihydroxyprogesterone, reported to be produced from progesterone by
hyperplastic adrenal tissue (11), migrates to the anode at one and a half
times the rate of aldosterone (9).

Because alkaline conditions can cause inversion of the side chain of
aldosterone to form isoaldosterone (12), it might be questioned whether
the alkaline conditions of borate electrophoresis (pH 9.3) are sufficient
to catalyze this inversion. Such is not believed to be the case because
aldosterone migrated as a single discrete zone, whereas a by-product
resulting from the alkaline hydrolysis of 21-acetylaldosterone, and
thought to be isoaldosterone, apparently did not complex with borate,
since no migration was observed.
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A Quantitative Assay for Residual Selenite
in Bacteriological Medial

In a comprehensive study of selenite reduction by the enterococci (1)
it was found necessary to develop a simple technique for the quantitative
assay of residual selenite in bacteriological media. A method for the
determination of tellurite in bacteriological media (2) was modified to
measure selenite. The principle of this method is the precipitation of
elemental tellurium with hydrogen sulfide generated by thioacetamide.
It was found that elemental selenium can also be precipitated and quanti
tated by this method.

A stock solution of selenite was prepared by dissolving 5.004 gm of
crystalline sodium selenite2 in approximately 100 ml of distilled water.
This was further diluted to a volume of 1000 ml to yield a final concen
tration of 1: 250 or 4000 flg/m!. A 10% solution of reagent-grade thio
acetamide3 was prepared and stored in the refrigerator. Prior to use, the
reagent was redissolved by holding at 37°C for 10 min.

The standards were prepared in 20 X 150 mm screw-capped Pyrex
test tubes and adjusted to a final volume of 5.0 m!. Each tube contained
2.0 ml of distilled water, 1.0 ml of bacteriological medium, 1.0 ml of

1 A contribution from the Massachusetts Agricultural Experimp.nt Station, Amherst.
'Obtained from Nutritional Biochemicals Corp., Clevpland, Ohio.
3 Obtained from FiRhl'r Scientific Company, Ml'dfortl, Massachusetts.
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selenite standard (diluted so as to fall within the limits of the standard
curve), and 1.0 ml of thioacetamide reagent.

Samples which contained microorganisms and deposited selenium metal
were centrifuged at 12,000 X 9 for 20 min. The unknown sample to be
tested was diluted so that a 1.0-ml aliquot contained 5-100 fLg selenite.
To a screw-capped test tube, 3.0 ml of distilled water, 1.0 ml of test
solution, and 1.0 ml of thioacetamide reagent were added. The tubes,
containing either standards or unknown, were closed and mixed well, and
the cap was reopened half a turn. The tubes were placed in a boiling
water bath for 10 min and then cooled to room temperature before read
ing. Both standards and unknown were read at 525 mfL on a Bausch &
Lomb Spectronic-20 against a reagent blank (total system minus
selenite). Controls (total system minus selenite, total system minus thio
acetamide reagent) indicated that the change in optical density of the
assay system was due solely to the precipitation of colloidal selenium.
A standard curve is shown in Fig. 1. Assays of selenite-free cultuff>
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FIG. 1. Standard curve for determination of residual selenite by the thioacctamide
method.

medium in which bacteria had been grown showed that no bacterial
excretory products occurred which might react with the thioacetamide
and contl'ibute to the change in optical density. Repeated trials on growth
medium failed to yield selenium-containing metabolites or complexes
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fOI:med between selenite and excretory products which would give indica
tions of elemental selenium under test conditions. Tests with selenate in
the medium showed it to remain unreduced.

From the results of the standards, a plot of absorbance versus concen
tration was found to follow the Beer-Lambert law, over a range of 5-100
p.g/ml of residual selenite. A 50.0-p.g sample of selenite was assayed 20
times and the results analyzed statistically. Results in Table 1 indicate
that, at one standard deviation, the coefficient of variation was 4.57%.
At varying levels of selenite within the range of 5-100 p.g/ml, the varia
tion remained constant.

TABLE 1
STATISTICAL ANALYSIS OF' THIOACETAMIDE TEST FOR QUANTITATION OF

RESIDUAL SELENITE

Absorbance (525 m,,)

0.200
0.194
0.235
0.208
0.188
0.195
0.188
0.187
0.199
0.206
0.193
0.194
0.223
0.202
0.216
0.191
0.222
0.197
0.201
0.200

Calculation

Mean - 0.202
n2:x' - (2:xl'

.~ = n(n - I)

., = 0.00924

Coefficient of variation is 4.57% at
50 I'g of selenite per ml.

This test proved rapid, especially for enzyme assay, accurate, specific,
and relatively sensitive to changes in microgram quantities of residual
selenite.
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