VOLUME 13, NUMBER 2, NOVEMBER 1965

ANALY EICAL
BIOCHEMISTRY

An International Journal

EDITOR: Alvin Nason

ADVISORY BOARD:

' James A. Bassham Andrew A. Kandutsch
Samuel P. Bessman Irving Klotz
Robert M. Bock Olov Lindberg
Harry P. Broquist Feodor Lynen
Melvin Calvin Hugh |. McDonald
Osamu Hayaishi Edward F. MacNichol, |r.
Evan C. Horning Manfred M. Mayer
Rollin D. Hotchkiss Donald D. Van Slyke
Walter L. Hughes Sidney Udenfriend
Jerard Hurwitz Theodor Wieland
Vernon M. Ingram Lemuel D. Wright

ACADEMIC PRESS

New.Y grk -and London

.....



INFORMATION FOR AUTHORS

Analytical Biochemistry will publish articles on qual.tative and quantitative tech-
niques based on chemical, physical, and biological principles: methods of prepara-
tion, purification, characterization, isolation, and separation of biological substances
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 8% X 11 inches 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 descriptive 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 8% X 11
inches (21 X 27.5 ecm). Drawings should be made with India ink on tracing linen,
smooth surface white paper, or Bristol board. Graph paper if used should be ruled
in blue. 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. Abbreviations
of journal titles should follow the style used in Chemical Abstracts (Vol. 55, 1961).
Please note stvle of capitalization and punctuation for journal articles and edited
books in the following examples:

1. Bisuop, 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 ba #eit- fo- e authorsawith reprint order forms. Fifty
reprints of each article are prevrded free of charge.



CONTENTS

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

EarL F. WaLBoRG, JR. AND LENA CHRISTENSSON. A Colorimetric Method for
the Quantitative Determination of Monosaccharides

Donawp B. McCormick. Specific Purification of Avidin by Column Chroma-
tography on Biotin-Cellulose

G. P. Hicks anD G. N. NaLevac. Rapid Separation and Continuous Monitor-
ing of Enzyme Activity in Chromatographic Column Effluents .

J. NeuHARp, E. RanDeEraTH, AND K. RaANDERATH. Ion-Exchange Thin-Layer
Chromatography. XIII. Resolution of Complex Nucleoside Triphosphate
Mixtures . . . . . . ...

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

IrviN ISENBERG, SPENCER L. Bairp, Jr., AND Rasa RosenBLuTH. On the Activa-
tion Spectrum for DNA Phosphorescence .

Yu Min CHEN aND WaLTER CHAVIN. Radiometric Assay of Tyrosinase and
Theoretical Considerations of Melanin Formation .

H. VeracHTERT, S. T. Bass, L. L. Sierert, ANp R. G. HanseN. A Spectropho-
_ tometric Method for the Determination of Nucleoside Triphosphates
(Pyrophosphorolysis of Nucleoside Diphosphate Sugars)

JaMEes V. BENsoN, Jr. AND JAMES A, ParteErsoN. Accelerated Chromatographic
Analysis of Amino Acids Commonly Found in Physiological Fluids on a
Spherical Resin of Specific Design

R. A. DE Torres anp A. O. Poco. Factors Affecting the Estimation of Nucleic
Acids in Euglena gractlis

L =4 =N 4
Mﬂﬂf‘a'ﬂ nmj“f)%ﬁ@'lﬁm‘r

177

186

194

199

211

223

229

234

259

265

281



CHARLES F. MaTsoN. Polyacrylamnde Gel Electrophoresxs A Simple System
Using Gel Columns . .

Herman H. SteiN. Studies of Binding by Macromolecules. A New Dialysis
Technique for Obtaining Quantitative Data . . = B

Paur Byvoer. Determination of Nucleic Acids with Concentrated H.SO.. I
Deoxyribonucleic Acid

NorMaN J. HocHELLA AND SIDNEY WEINHOUSE. Automated Assay of Lactate
Dehydrogenase in Urine

G. Lew Cuoures AND Bruno H. Zimm. An Acrylamide Gel Soluble in Scin-
tillation Fluid: Its Application to Electrophoresis at Neutral and Low pH

JacoB YasaPHE. A Colorimetric Method for Estimation of Microquantities of
Tartaric Acid Isomers .

SHORT COMMUNICATIONS

RaymonD SHapira. An Improved Electrolytic Desalter .

RicHarp C. THOMAS, Ray W. Jupy, AND HARrY HarrooTLIAN. Dispenser
for Addition- of Internal Standard in Liquid Scintillation Counting .

R. H. Buank anp C. E. HoumLunp. The Detection of Aldosterone by
Borate Paper Electrophoresis . L.

Ricaarp C. Tiwton, Haim B. GUNNER, AND WARREN LiTsky. A Quanti-
tative Assay for Residual Selenite in Bacteriological Media .

314

322

336

345

354

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.? LENA CHRISTENSSON,

AND SVEN GARDELL

From the University of Lund, Department of Phystological Chemaistry,
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 deseribed 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. Hallén (12) has further developed this principle
of separation.

Attempts to improve the system of Hallén (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.

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

?Supported by a U. 8. 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)® was obtained from Fluka AG, Buchs SG,
Switzerland.

Sugars. Commercial sugar preparations of the highest quality were
used. L-Arabinose, p-fructose, L-fucose, p-galactose, p-lyxose, b-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 p-glucose was obtained from J. T. Baker Chemical Co.,
Philipsburg, N. J.

Proteins. Crystallized bovine plasma albumin was a produet 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 NaCl, 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.

*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 cm. 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 I. 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
NaCl, 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 (13). 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 cm 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 cm.
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 1-ml sample of water. The first
thirty 1-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 ml.

Preparation of Hydrolyzates for Chromatographic Analysis. Hydrol-
ysis in 1-2 NV sulfuric acid has been used for the liberation of neutral
sugars from glycoproteins (15-18). Procedures for neutralization and
removal of salt from the hydrolyzates have employed barium hydroxide
(17), 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,SO, and
hydrolysis performed at 100°C for 812 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,S0,).
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 1-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 ul or 1.0 ml)
were applied under gravity flow. A 200-ul sample was followed by a wash
of 200 pl each of Buffers A and B, respectively, whereas a 1-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 = 0.2
ml/hr, 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 1-ml
fraction, the samples were heated for 2 hr at 100°C, and the absorbance
was read at 370 and 360 my (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 1-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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Fic. 1. Column chromatographic separations of a standard neutral monosaccharide
mixture containing 0.40 ymole rhamnose, 0.75 pmole mannose, 0.50 ymole fucose, 1.00
umole galactose, and 1.25 umoles glucose.

TABLE 1
CoNSTANTS FOR THE CHROMATOGRAPHIC SYSTEM

Retention volume
relative to

Monosaccharide Recovery® glucose
Rhamnose 101.0 + 2.5 (21) 27
Mannose 93.8 + 2.5 (12) 42
Lyxose 96.7 + 2.5 (8) 52
Fucose 100.7 + 1.9 (6) 54
Ribose 97.1 £ 1.7 (6) 75
Arabinose 96.9 + 3.5 () 77
Galactose 91.0 £ 0.8 (5) 80
Glucose 96.5 + 1.8 (5) 100
Xylose 100.8 + 3.6 (7) 113
Fructose 92.9 + 2.9 (6) 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 100)
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-ul
and 1-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 deseribed method, quadruplicate 12-mg samples of crystalline
bovine serum albumin were submitted to hydrolysis in 2 ml of 1 N H,SO,
for 8 hr at 100°C. 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% =+ 3.6 S.D. (standard
deviation) ; mannose, 91.8% = 3.4 8.D.; fucose, 96.6% =+ 4.0 S.D.; galac-
tose, 88.9% =14 S.D.; and glucose, 95.0% == 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

Mannose
[ R
Neutral monosaccharide
analysis of ovine LH

309+
£ Rhamnose
o L
Qo7
™
)
3’05 -
Ty void
c = volume
[
o ! Fucose
= 03
2
a i Galactose
(o}

ol -

0 .- I 1 | = S 1 L |
0 20 40 60 80 100

Effluent volume - ml

F1e. 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 pmole mannose, 0.063 umole fucose, and 0.038 umole galactose per
mg of protein, is essentially in agreement with previous analyses (19)
using the method of Hallén. 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 Hallén (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 Hallén
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 Hallén’s system.
Initial attempts utilizing increased column temperatures were not en-
couraging. Operation of Hallén’s system at 30°-50°C showed that con-
siderable destruction (10-20%) 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 Hallén’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 Hallén. 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 ==5% 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 wg/ml), 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.

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

*Supported by a U. 8. 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 Hallén (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-p-ribose, p-fructose, L-fucose, p-galactose,
D-lyxose, p-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. p-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 zine 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 pg 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 1-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 (1) 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° with NaOH. The effect of
the duration of heating is shown in Fig. 1. In view of these data, 2 hr

06

<—e—- (015 p mole Arabinose
~o—o—o- 015 M mole Fructose
02 —«—s—= (012 p mole Fucose
-o—o—o- 015 p mole Galactose
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Length of heating (minutes)
Fic. 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 mpy) for mannose, arabinose, fructose, and
fucose dissolved in Buffer A (1) are shown in Fig. 2. The absorption
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F1c. 2. Absorption spectra for monosaccharides.

maxima for all monosaccharides investigated are listed in Table 1. The
aldopentoses exhibited an absorption maxima at 355 my, the aldohexoses
and fructose at 365 mpu, and the 6-deoxyaldohexoses at 370 mu. 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 my rather than a distinct peak, as in the
case of the other monosaccharides. Deoxyribose could not be detected
using this method.

Correlation between Sugar Concentration and Intensity of Color.
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TABLE 1

ABSORPTION MAXIMA AND MOLECULAR EXTINCTION COEFFICIENTS OF
MoNOSACCHARIDES USING THE ANILINE/ACETIC, ORTHOPHOSPHORIC

Acip REAGENT

Absorption Molecular extinction coefficients
maxima
Monosaccharide 43 mu 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

@ Molecular extinction coefficient + standard deviation. Each was calculated from
atotal 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 mu
in 1-em 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 hr of heating and at a wavelength of 365 mu 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 hr 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 hr the
blank increased approximately 15%.

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 25%.

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
ml acetic acid and 120 ml orthophosphoric acid. Both reagents contained
6 ml redistilled aniline. The molecular extinction coefficients of arabinose,
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I16. 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 umole glucose dissolved in 0.80, 1.00, and 1.20 ml Buffer A (1) 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 NaCl to a concentration of
0.10 M, exhibited no significant alterations in their molecular extinction
coefficients. However, if the concentration of NaCl was increased to
025 M, a 6-9% increase of the molecular extinction coeflicients 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 pg 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 85%
orthophosphoriec 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 96% 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 Hallén (9). The present method is ap-
proximately twice as sensitive as that of Gardell, but similar in sensitiv-
ity to that described by Hallén. 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/acetie, orthophosphoric acid reagent, different classes
of neutral monosaccharides exhibit different absorption maxima: the
aldopentoses, 355 mu; the aldo- and ketohexoses, 365 mu; and the 6-
deoxyaldohexoses, 370 mu. The existence of different absorption maxima
is in contrast to the methods of Gardell and of Hallén 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 mp, 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 ug with a precision of #5%. Since dif-
ferent absorption maxima are exhibited for the aldopentoses, aldo- and
ketohexoszes, 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 p-biotin to form a relatively stable complex with
an estimated dissociation constant of 10-** 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 p-biotin were purchased from
Nutritional Biochemicals Corp. The avidin contained 1 to 1.25 units/
mg where 1 unit corresponds to 1 pg of biotin bound under specified
conditions (5). C'*-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 (30% NH,;) was reagent grade from Mallinckrodt.

1This 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 we of radio-
activity was dried over P,O; in vacuo. This C'*-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 C*-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,0; tn vacuo. The mixture was stoppered and allowed to
shake at 30° overnight. The C*-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 diethy]
ether. The material was dried tn vacuo and appropriate samples sus-
pended with thixotropie gel in Bray’s solution (8) for counting of radio-
activity in a Packard Tri-Carb Liquid Scintillation Spectrophotometer.
Approximately 10% of original C'*-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 mu in a Beckman DU Spectrophotometer. C*-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 0.225M 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 u) 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 B1oTIN-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 em column of cellulose or biotin-cellulose previously
washed with 0.2 M ammonium carbonate. C*-Biotin (3.6 ug with 0.5 uc 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, Eluant, Protein, Specific activity,
2 gm 50 ml total mg counts/min/mg

Cellulose control:

0.2 M (NH,),CO; 20.3 97,780

Water 0.6 7,750

0.2 M (NH,),CO;3 + 10~ M biotin 0.1 0
Biotin-cellulose: -

0.2 M (NH,).CO; 18.9 108,170

Water 0.2 206,810

0.2 M (NH4),CO; 4 10~* M biotin 0.7 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 10-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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Fiqg. 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 0225 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 0225 M ammonium carbonate to water. C*-Biotin (3.6 pg with 02 pc of
radioactivity) was added to 10-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 mg 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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COLUMN
PROGRAMMER

1.8 ml/min

. PHOTOMETER
2 min.

1.0 ml/min

DEAE
COLUMN

18 °C Ve
2 min. =

¥ SAMPLE RECORDER

0.2 ml/min
STANDARD 1]
OR

F1e. 1. Diagram of DEAE column and continuous enzyme analyzer.

COLLECTION OF
ENZYME PEAKS

SAMPLE
2.6 ml/min

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 ml/min, 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, S;, or a second stream, S,, 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 + NADH, 1)
PMS
NADH, + dye-ox. == NAD + dye-red. 2)
(blue) (colorless)

The production of reduced nicotinamide adenine dinucleotide
(NADH.) 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 M 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 deseribed (13) which uses reactions
(3), (4), and (5):

GXT
amino acid + «lKKG == keto acid + glutamate 3)
GDH
glutamate + NAD —= NADH; + «KG + NH,* 4)
PMS
NADH, + dye-ox. == NAD + dye-red. 5)
(blue) (colorless)

In reaction (3), the transfer of an amino group from an amino acid to
a-ketoglutarate («KG) 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 «KG, and 33 ml blue dye
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solution 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 3
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 ¢ 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 NaCl 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 suspension. 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. NaCl buffer solutions were prepared by adding NaCl to make
0.05, 0.10, 0.125, 0.150, 0.175, 0.200, 0.225, 0.250, 0.275, and 0.300 M NaCl-
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 NaCl-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 S, 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 S,. 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 S,, column follower electrodes are inserted into
the sample applicator as previously described (12). The stopcock is
switched to stream S;, and any buffer in the column is allowed to drop
to the column bed. The stream is switched back to S, 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 S; 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 NaCl-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 (NBT), 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
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Fi16. 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 NaCl-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

ABCDE

ORIGINAL TISSUE
HOMOGENATE

PEAK A

PEAK B

PEAK C

PEAK D

PEAK E

POS. < NEG.

Fi1c. 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 B and 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
LDH ACTIVITY

0.200 -
M CHLORIDE -------- S

0.175
0.150
0.125

0.100

0.075

MOLARITY OF CHLORIDE

0.050T,

0.025

] | ] | 1 1 1 | ! | L
o 100 200 300 400 500

m|l COLLECTED FROM COLUMN

Fic. 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-NaCl 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 B and C. Attempts to vary the gradient in nonlinear steps by
varying the amounts of tris-NaCl 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 S, 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 times
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
S., 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 (S/F)

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./min, 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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Dbecause 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,

A B C D

JOTAL TISSUE
RECOVERY 48% —
40%
96 % HEART
9% - -
837 ~100% o
(-]
3% LIVER X 30
L
03% 05% 15% }

61%  SKELETAL

82% -— MUSCLE
"%
24%

% 32% 13% SPLEEN

89% "% 20
2%
87% 3 KIDNEY
3%
E 3 16% 7% 5%

Fic. 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

A LDH ToTaL
5 c ) £ RECOVERY
GOT cox 40%
CSA
(LIVER) 8%
T /\ 94 %
MDH 59%
(KIDNEY) — 80 %

F1a. 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 70-ml program. Only the reagents in the
enzyme analyzer were changed.



210 HICKS AND NALEVAC

.separation of CSA into two peaks which elute in the same positions as
the GOT peaks is consistent with the idea that CSA and aspartic are
substrates for the same enzyme, GOT (17). The difference of the dis-
tribution of transaminase activity with aspartic and CSA 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-cellulose®* (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 ITP from each other and from other mono-
nucleotides can be obtained on PEI-cellulose layers (4). However, a
mixture containing also deoxyribonucleoside triphosphates cannot be
resolved by this procedure. By the procedures deseribed in the present
paper, nine common ribo- and deoxyribonucleoside triphosphates are

*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(30-1)-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.

?A cellulose anion-exchange material obtained by impregnating unmodified or
modified cellulose with poly(ethyleneimine) (molecular weight 30,000-40,000) (1).
For abbreviations of nucleotides, see “Abbreviated Instructions to Authors” as
published in the issues of J. Biol. Chem.
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- completely separated on PEI-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 PEI-Cellulose Plates*

Glass plates (3, 4) or plastic sheets (7) were coated using a suspension
of cellulose powder MN 300° 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 I,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).

3Kodak Ltd., London (Great Britain), supplied by Kodak A/S, Copenhagen
(Denmark).

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

5 Macherey and Nagel, Diiren (Germany). Obtained from Brinkmann Instru-
ments, Westbury, New York.
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Solvent 1,2: 20 N HCOOH/1.6 M LiCl (1/1, v/v). Solvent I,3a: 0.50 M
(NH,).S0,. Solvent I,3b: 0.70 M (NH.,).SO..

After applying the nucleotide solution at the starting spot X (see
Fig. 1), the chromatogram was developed with solvent I,I. The plate
was dried in a stream of warm (50°) air after the solvent front had
reached a line about 12 ¢m above the start. To remove LiCl and borate,
the plate was laid for 15 min in a flat dish (25 X 25 ¢m) 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 (0°-5°)
and again terminated when the solvent front reached a line 12 ecm 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°) 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 LiCl 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 chromatography in this way. Develop-
ment in the second direction was carried out using a stepwise elution
procedure (3) with solvents I,3a and 3b at room temperature or at 0°-5°
(see Results). Solvent I,3a was allowed to ascend to 4 em 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,I 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 II,1a: 20 N
acetic acid/2.0 M LiCl (1/1, v/v). Solvent II,1b: 40N acetic acid/
2.5 M LiCl (1/1, v/v). Solvent I1,2a: 2.5 M ammonium acetate contain-
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ing 3% boric acid; the solution was adjusted to pH 7.0 by addition of
ammonia (specific gravity 0.90). Solvent I7,2b: 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,7a and 1b. The plate
was transferred from solvent II,7a to solvent II,1b when the solvent front
reached a line 4 cm above the starting line. When the front was 15 em
above the start, the plate was dried thoroughly—20 min in warm air
(40°)—to remove as much of the acetic acid as possible. Subsequently,
it was treated for 20 min with 1000 ml anhydrous methanol (as de-
seribed 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 cm 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 aleohol, 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 (1/4,
v/v) 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 puc/pmole 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 pl water and a 10-ul
aliquot was applied to each starting spot of two plates, followed by ad-
dition to the same spot of 5 ul of a marker solution containing 5 mumoles
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 PEI-cellulose on plastic sheets (7). After chroma-
tography (Procedure I), the compounds were transferred from the layer
to paper wicks (5) using 15 ul water, followed by 30 pl of 0.7 M MgCl, as
eluants. Adjacent blank areas were treated in the same way. One ml of
0.7 M MgCl,/2 M tris hydrochloride, pH 7.4 (100/1, v/v), was used for
elution from the paper wicks. After centrifugation, extinctions at 260
mu 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 15-25 ul water, immediately transferred to planchets using a thin
metal spatula, and counted in a Frieseke and Hoepfner end-window
counter (8).°

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 I,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 I,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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F1a. 1. Two-dimensional separation of ribo- and deoxyribonucleoside poly-
phosphates on a 0.5-mm PEI-cellulose layer. Applied to the starting spot X: 5-10
mpumoles of each compound. Development: Procedure I (see text). First dimension
from right to left, 12 em. Second dimension from bottom to top, 13 c¢m, at 42°.
Compounds: 1= GTP; 2=dGTP; 3= ATP; 4 =dATP; 5 =1ITP; 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,3a and 3b) 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,).SO, 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 intended (compare Figs. 3 and 4).

Figure 2 demonstrates a separation of ribonucleoside di- and tri-
phosphates using the simplified Procedure I, which does not separate
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F1c. 2. Two-dimensional separation of ribonucleoside polyphosphates on a 0.5-mm
PEI-cellulose layer. Applied to the starting spot X: 5-15 mumoles of each com-
pound. Development: simplified Procedure I (see text). First dimension from right
to left, 10 cm. Second dimension from bottom to top, 13 em, at +22°. Compounds:
1=GTP; 2=ATP; 3=CTP; 4=1TP; 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. colt 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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Fia. 3. Autoradiogram of a two-dimensional separation of *P-labeled ribo- and
deoxyribonucleoside triphosphates on a 0.5-mm PEI-cellulose layer. Applied to the
starting spot X: 10 ul of a trichloroacetic acid extract of E. coli B (see text for
details of growth and extraction). Development: Procedure I. First dimension from
right to left, 12 em. Second dimension from bottom to top, 13 ¢m, at +42°. Exposure
time: 24 hr on Kodirex X-ray film. Compounds: 1= GTP; 2=ATP; 3=dATP;
4=0TP; 5=dCTP; 6=UTP; 7=dTTP.

up on the autoradiograms after an exposure time of 24 hr. The radio-
activity of 3*P-labeled 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 *?P-labeled orthophosphate in the medium were as
follows: the ATP spot corresponded to 0.2 mpumole and the dTTP spot
to 0.016 mumole.

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

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

Separations on PEI-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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Fic. 4. Autoradiogram of a two-dimensional separation of *P-labeled ribo- and
deoxyribonucleoside triphosphates on a 0.5-mm PEI-cellulose layer. Applied to the
starting spot X: 10 ul 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 cm. 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 Triphosphates (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 PEI-cellulose complies with our requirements. Com-
plex mixtures of mumole 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.” 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, v/v; 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.

' Present address: Rothamsted Experimental Station, Harpenden, Herts., England.
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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 (8% w/v in water, 0.05 ml) 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 my is
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Fig. 1. Spectra given by DNA (O—Q0), RNA (@—@®) and agar (X—X), before
addition of cysteine. Concentrations per ml of test solution, prior to adding sulfuric
acid solution, were 93 ug Na-DNA, 134 ug Na-RNA, and 43 ug 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 mu can also build up
slowly (1, 3). At lower acid concentrations, the absorption maximum is
at 490 my (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 mpu 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
ErFECT OF ADDED SALTS ON ABSORPTION GIVEN BY DNA AT 472 Mu, BEFORE
ADDING CYSTEINE

Various salts were added to aliquots of a solution of salt-free DNA in water (93 ug
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. SSC = 0.15 M in sodium chloride
and 0.015 M in trisodium citrate.

Optical density at Amax

Salt and molarity (approx. 472 my in all cases)
No salt added 0.019
0.17 X SSC 0.134
0.50 X SSC 0.163
0.67 X SSC 0.169
1.0 X S8C 0.168
2.0 X S8C 0.178
0.15 M sodium sulfate 0.022
0.15 M trisodium citrate 0.019
0.15 M sodium chloride 0.176
0.15 M vr-cysteine hydrochloride 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 myu 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 myu with concentration of DNA is
shown in Fig. 2. A linear relationship is obtained between 20 and 480
ng of DNA per ml. The base compositions of the DNA from virulent and
avirulent strains of B. pertussts (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
mp 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 myu 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 my are replaced by peaks at 390
and 410 mpy, respectively. Difference spectra illustrating these points
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Fia. 2. Correlation of DNA concentration and optical density at 472 mu: (Q)
herring sperm DNA, (@) DNA from virulent or avirulent strains of B. pertussis.
The concentrations are those in the test solution (0.1 M in NaCl 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 mp region and a positive absorp-
tion at around 400 mpu. 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 mp (AODg5 — AOD,s,), 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 (AOD;y — AODy,,) for hexoses (3, 6). The RNA contribu-
tion can then be deducted from the optical density difference at 410 mg,
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 mpu are unstable, and
the timing of readings is therefore important. The peak at 390 my given
by RNA decays much more rapidly than the 410 mu hexose peak, and
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F1a. 3. Differences between spectra obtained in presence and absence of cysteine,
for DNA (O—Q), RNA (@—@®), 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 my 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
“CyRI” method of Dische et al. (4).

DISCUSSION

The experiments show that chloride ions increase the intensity of the
absorption at 472 mu 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 results. It is likely that chloride ions are not essential for
the reaction with DNA, since some absorption at 472 myu 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 my, 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 NaCl. 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* 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 102 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/ml. The size
and shape of the sample tubes are important, and will be discussed below.

DiscussioN orF INSTRUMENTAL RESPONSE

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

S = Kqlog 1)

where I, = exciting light intensity in quanta per unit time per unit area
cross section, ¢ = fraction of the incident energy absorbed, and ¢ =
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.

I, and ¢ 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 mpu. 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 mp.

Consider a coordinate axis with z as the symmetry axis of a cylindri-



ACTIVATION SPECTRUM FOR DNA PHOSPHORESCENCE 231

Fia. 1. Cross section of sample tube. Sample is irradiated by light of intensity
I. In any interval, dz, the intensity after traversing the sample is I, 107¢7,

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

E = 2hrly — 2hloﬁ 10— 2eeudy; (2)

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

p =2 X 2.3
Then:
E = 2krI[1 — g(ur)] ()
where
x/2
gur) = ﬁ e+ sin 0 gin 6§ d6 4)

Expanding the exponential and integrating:

o(ur) = ,20(—1)" e (D) [ (%)

For values of ur of interest, the series converges rapidly and numerical
values of g(ur) are easily obtained. g (ur) is plotted in Fig. 2.
S is then given by:

S = 2hrKql o[l — g(ur)) (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 mu. The emission mono-
chromator was set at 450 muy.
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EXPERIMENTAL RESULTS

Relative values of I, were obtained by using quinine bisulfate and
rhodamine B as quantum counters (4). x 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 colorimetrie, 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 differences

*This investigation was supported by White Laboratories, Inc.
? Contribution number 132, Department of Biology, Wayne State University.
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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 (¢) 6 N HCIl 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 1..) weighing 5.52 = 0.18
gm 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 hr), 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 (0° to 4°). Approximately
9 ml of the homogenate was fractionated into particulate and soluble
fractions by ultracentrifugation (144,000 X ¢, 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 482 +24, 31.9+ 2.2, and 18.8 +1.0 ug 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 ml. The
substrate for the enzyme was C-14-tyrosine. pL-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 pL-tyrosine-2-C-14 was 0.173 mc/mmole. The incuba-
tion mixture contained 221 mpumoles L-tyrosine when uniformly labeled
L-tyrosine was used or 210 mumoles L-tyrosine when pL-tyrosine-2-C-14
was used, 10 mumoles L-dopa, 110 ug chloramphenicol, and 200 units
penicillin G in 1 ml of the above buffer containing 100 umoles 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 pg 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 ). The incubation tube was thoroughly washed four times with
4 ml 5% 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 ml);
2 ml 0.1 N HC], 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 1-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
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TABLE 1
Dry WEIGHT oF INcUBATES ON MEMBRANE FILTER
Number of Weight range, ‘Weight, mg
Category samples mg % + 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

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 0.45-u 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 10-my 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-u pore size filter. The slight degree of
radioactivity present in the 10-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 g or 800 X g 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 (—27°) 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 ecpm 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
SrasiLiTy oF TyrosiNASE wiTH TiMe IN HomoGENATES AT 0° 1o 4°C
(mean activity expressed in cpm)

Preparation 0 hr 1.5 hr 3 hr 4 hr 5 hr 12 hr
1 1002 997 = 1015 — 907
2 150 155 152 109 107 84
3 165 = 160 — — 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:
102-524%). 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 loste

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

s 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°C from 5 hr to 27 days. How-
ever, skin continuously frozen (—27°) 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 (—27°) for 1-3 days showed a mean
increase of 75.6% (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°C may result from cover-
ing the active center by the aggregation of particulate or other material
in the preparation. Enzy e preparations (homogenates or fractions)
assayed fresh were frozen at —27°C 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
TyYroOSINASE RECOVERED BY REGRINDING IN A CHILLED TISSUE GRINDER
Preparations 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

@ 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 ug (157 myumoles)
(Fig. 1). Since individual variance in tyrosinase is large, the activity
is expressed as % of maximal activity. The high value obtained with
95 ug L-tyrosine per tube may be the result of excess radiotyrosine,

220

200:
IBO:
IGO—-
I40—_
I20—-
IOO—-

80

60 0—0- gross
4 --—=o— control
-o—o-tyrosinase

20 -—o-tyrosine converted

I U I NN AU YU N T A A

L-TYROSINE CONVERTED, P moles

% MAXIMAL TYROSINASE ACTIVITY

0 R SR O R R L)
50 150 250 350 450 550
L-TYROSINE, n moles

F1e. 1. Effect of substrate level on tyrosinase activity at 30°C: maximal tyrosinase
activity (%) calculated from mean activity (cpm) in substrate range 157-524
nmoles. Substrate brL-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

17— r
b ~160
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o 11 S
9 A 100
< o] o
E - 80 «
O 74 r g
g 60
5 S
1 40 >
| L
] 20 ®
I_ i

T T ' T Y T T L | i T
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Fic. 2. Effect of length of incubation at 30°C on tyrosinase activity. Substrate
uniformly labeled L-tyrosine; specific activity, 0.329 mc/mmole.

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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Fic. 3. Effect of temperature on tyrosinase activity. Substrate bL-tyrosine-2-
C-14; specific activity L form, 0.366 mec/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 1-day old homog-
enate (E.) 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 (E;). Since the decrease appeared proportional to the age of the
enzyme preparation, a freshly prepared homogenate (E;) 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%; E;, —3.4%. 2 days: E,, —25.1%;
E;, —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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