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‘ An Outline of the Organlzatlon of this Report:
I. Introduction
A. Review of orlglnal proposal B
B. Modifications of approach made during the course of the study
C: An outline of the plan of attack used in arriving at the results
D. The luciferase studies

II. Materials and Methods
- A. Autoradiographic and associated experiments
1. Starch gel electrophoresis
2. Mg-nucleotide separations
3. Myokinase reaction within a gel medium
4. Radioactively labelled substrates
5. Detection of results by Polaroid photography under uv llght
- 6. X-ray sensitive films for detecting radiation

B. Luciferase experiments

: 1. starch gel electrophoresis
2. Detection of ATP in a gel with luciferase
3. Testing for myokinase activity in a gel with luciferase
4. X-ray sensitive films for detecting bioluminescence

III. Results: organized in the same way as II-(Materials and Methods)

IV. Discussion '
A. Discussion of experimental results obtalned in these. studles
B. Discussion of some indirect effects of this study

I.'introductionh | ‘
Early in 1971, after having had modest experience with the typing of}
‘severai isoenzymes of the human erythrocyte, we proposed to attempt to
modify the eXisting procedures. The modifications consisted of: (a) find{
an alternative separation mediﬁm to hydrolyzed starch; (b} making use ofi
this medium, which would be suitable for%both electrophoresis and classicé

i

partition chromatography, to attempt to assay the genetically determined

isoenzyme red cell types for adenylate kinase (AK), and perhaps, phospho-

glucomutase (PGM). - The justification for the approach was, very simply,

‘that (a) starch gel electrophoresis is cumbersome in comparison with othe:

S e Ay o

types employlng d“ferent media; ‘and (b) an assay based on'radioactive
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page~2 df<18:fﬁ? Almost the entire time spent on the projecﬁ dealt with the above scheme.

‘In subsequent sections, it will be made clear that what seemed a dis-

fresh blood in unlimited supply, it would be extremely useful to have a ° armingly simple task at the outset was to be fraught with technical

more sensitive assay for bloodstains found at crime scenes, particularly difficulties.

in cases where material was limiting. As time progressed, it began to be clear that it was not going to be

We began by exploring the possibility‘of carrying out electrophoresis teclnically feasible to develop a reasonable autoradiographic assay on

' on cellulose thin layers and on cellulose acetate thin layers. We QS : starch gels. At the suggestion of a colleague, therefore, we began to

made some effort to group blood lysates for AK type on these support media { explore an alternative possibility for accomplishing the same end, viz.

]
H N . . . . . . . .
following electrophoretic separation using the classical enzyme-coupling the development of.a more sensitive assay for AK in red cells or stains.

assay method. These efforts did not meet with success. We therefore Since ATP is a product of the AK reaction (when ADP is substrate), and

g decided, in the interests of time, to use thin starch gels for separation since ATP reacts with luciferin under certain conditions to give off light,

of the AK isoenzymes and attempt to develop an autoradiographic assay on (bioluminescence) and since extremely minute quantities of ATP can be

b X ) ) . )
:  starch gels. This decision precluded the use of partition chromatography , ~ “detected in solution by this method, we thought it might have an applicatior

as a method for separating reactant and product, but, since in the case here. Although, not very much time was spent on this part of the work

of AK, both reactant and product are charged, we felt that we could bring - in comparison to the other parts, it is clear at this time that an

i about their separation by electrophoresis. ‘ , | assay for closely spaced isoenzymes in a gel medium based on bicluminescence
é Thus, in broad outline,our plans were,aftér initial exploratory $~ - cannot be developed .for technical reasons that will be dealt with in
¢ experiments, to carry out experiments designed to perfect the scheme subsequent sections.
i diagrammed below: : ‘ ‘
II. Materials and Methods
o o +ve ) L g
. : Rotate plate g’ﬁ- Autoradiographic studies: %
N : ; s ) . :
" 7 - ’ . . . . .
§ _ oﬁﬁuﬂ- : 90° clockwise tiu tel ‘ v All electrophoretic separations were carried out on thin (1 mm) starch
L : ‘ s . ; : :
- Yo gels as described in detail in (1) and (2). DNucleotide separation experi-
| 1. Implant 1 cm 2. Place agar gel overlay with i ' . . . .
; gittgn_threid of reactants over area containing R ments were carried out using AMP, ADP, and ATP obtained from Sigma
S ood in gel and separated isozymes - allow , B . ' . . X . ‘
. ‘ electrophorese reaction to occur. Reactants : Chemical Co., St. Louis, Mo. Ordinarily single cotton threads were soaked
; o : v - : | are radléactlve. , I - in 0.1M solutions of nucleotides which had been adjusted to pH 7 with
5 S ' ranman SUEE . ; - NaOH and which contained equimolar amounts of MgCl,. Other concentrations |
g‘ L — > develop S i’ ~é . : - used are indicated in legends to figures. Cotton threads were 1 cm long.
11 film ‘:: R i _ » ’ ' :
,? S | ! : ‘ 5. expose
4 3. Electyophorese in 2nd 4. Place an X-ray film areas
B ~d1rectlon to separate the = ~ over area containing == show thejl
3¢ - reactants and product:z, ' - separated reactants location i@

‘3€f'«> all of which are radioactive . and products on plate

: ; 2 et e - - - o . y R . o ; ;-
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Medical Laboratories, Toronto, Canada. The buffer system used for the

PH 7 is much closer to the pH optimum for the reaction we hoped to effect

" within the gel.
references (1) and (2). Electfophoresis was always carried out in

i Shandon flat-bed tanks using thin sponges as wicks and Shandon low

. voltage power supplies (400 V DC maximum) .
kradioactivity‘were Kodak Type M Industrial X-ray films, double-sided
emulsion. kFilms for the detection of light from luciferase reactions were
. Developers for these films were obtained from local photographic supply

- All purified enz&mes used as well as the lﬁciferase—luciferin preparation

S o ST pfag‘e 4 of'lB:,’ii‘
The initial experiments were designed to find out, simply, Whether,o;“ﬁoét
magnesiﬁmfnucleotides dould be separéted in the same Suffér systems‘ﬁse&'& 
for isoenzyme separation. Later, for purposes of applying the;magnesiumé )
nucleotide, Mg-ADP, as a reaction substrate, it was necessary to apply -
the substance with a 1 cm by 2 to 3 mm piece of Whatman #3MM filter papéx;
This latter was necessary to assure that substrate contacted all’the
separated isoenzymes within thé gel.

Hydrolysed starch used in gel preparation was obtained from Connaught
electrophoretic separations consisted of 0.1M citric acid adjusted to
PH 7 with NaOH for the tank buffer (or dilutions of this buffer as indicated

in "Results") and 0.005M Histidine-NaOH, pH 7, for the gel buffer. Note

that adenylate kinase can also be determined in a pH 5 buffer system, but

~All thin starch gels were prepared in glass plates according to

-

Radiocactively labelled substrates !*C-AMP and 3H-AMP were obtained

from New England Nuclear Corp., Boston, Mass. Films for the detection of

Kodak RP-Royal X-Omat Medical X~ray films, double-sided emulsion.
houses and ofher chemicals and supplies weré& obtained from local suppliefé.

were obtained from Boehringer-Mannheim Corp., New York, N.Y.

T —
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Polaroid photaggaphy was carried out usingva Polaroid 440 camera equipped

with a close-up lens attachment. When photography was done using an

ultraviolet light source, the camera was also equipped with a Polaroid

Yellow cloud filter for detection of fluoresced light.

Luciferase studies:
Luciferase experiments were carried out on thin starch gels as follows

For ATP detection, ATP was placed at the origin and electrophoresed a
short time to move it off the origin. A reaction overlay was then pre-
pared in agar gel medium (1% final) consisting of 40 mg MgCl,, Tricine-
NaOH, pH 8, buffer (0.1M), and variable amounts of luciferase (0.2 to 2
mg) in a final volume of 20 ml. This overlay was poured over the area
of the gel of interest, allowed to gel, and incubatea at 37° or at room

temperature for varying amounts of time from 12 hours to 3 days. Before

~incubation was begun, an X-ray film was placed over the reaction area in

total darkness and the entire plate and film was wrapped in light tight
aluminum foil for incubation. After incubation, the X-ray film was
removed in total darkness and developed.

" Luciferase experiments designed to detect purified myokinase within

" the gel were similar to the above except that the overlay mixture contained

5 mg of ADP in addition to the other materials (per 20 ml final volume).

ITII. Results:

In order to construct an autoradiographic assay as outlined above,
it was necessary to establish the following things experimentally and
approximatgly in this order: (a) that Mg-nucleotides could be separated

by electrophoresis in the appropriate buffers (i.e. those used for the

- enzyme separations); (b) that the AK reaction would occur within the

'_gel medium; and (c) that radioactive materials embedded within the gel

’v could be readily detected by X-ray films.

.

e



It is well known that AMP, ADP, and ATP'ife readily separable on  the

v

basis of charge differences at virtually éhy‘pH. However, in the presence
of Mgt++ ions, the situation is entirely different. Magnesium ioné are
known to chelate to the phﬁ%?hate oxygens of the nucleotides; since the
negative charge resides on thé phosphate-oxygens, there is a diminution of
£he net charge on the molecule according to the equilibrium constant for
formation of the chelate for the various nucieotides. This hés the net
effect of equilizing the charges on ATP, ADP, and‘AMP,7and that is why
the experiments were necessary. We could not opeiate;in the absence of
magnesium, because it is absolutely required for the reaction.

Separation was extremely poor under a number of different conditions
tried. Fig. 1 shows a representatively poor separation. 13% sﬁarch gels,
11% starch gels and 10% starch gels were tried; as well as different
concentrations of citric acid-NaOH tank buffer. Using cotton threads as
: application vehicles, a good separation could be obtained using 10% starch

gels and 0.01M citriéuacid-NaOH, pPH 7, tank buffer. The results of such

é separation are shown in Fiq, 2. In addition, voltages and times used
for electiophoresis we;emvéried in an effort to optimize conditions. We
also found that single cotton threads saturated with 5mM Mg-nucleotide
represented the limit of our ability to detect nucleotide by fluorescent
light with short-wave UV activation.

Because we wanted to apply the nucleotide substrate in such a way as
to assure that it contacted all the previously separated isoenzymes, the
cotton thread application was not suitable for further work. Instead, we

applied the magnesium nucleotides by placing small pieces of filter paper

saturated with the proper solutions onto the gel, incubating at 37° for

- 30 mih, and thus allowing diffusion of the material into the gel. The

filter paper applicator was then removed.

S
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To our dismay, it turned out that theAlargér the Width of the "band?vcf
magnesium nucleotide applied to the gel, the worse became the sép;rations-
Fig. 3 shows the "bands" of nucleotides immediately after filter paper
application but before electrophoretic separatioﬁ. Fig. 4 shows the
results of the electrophoretic separation, and it is obvious that the
separations are much poorer than in the case of the cotton thread vehicle.
The usual difficulty, under all conditions tested, was that ADP and ATP did
not separate, but that AMP separated moderately well from the other two.

It occurred to us that it was not, in fact, necessary to have a good
separation between ADP and ATP, but only between AMP and the other two
nucleotides. The reason for this is as follows: vThe AK reaction may be
represented ‘as

2 Mg~ADP -+ Mg-AMP + Mg-ATP. Thus, ADP is the reactant and

AMP and ATP are products. Now we only needed to locate ONE product in

order to assure that reaction had occurred. And the system consisting of

0.01M citric acid-NaOH tank buffer and histidine gel buffer with filter
paper application appeared to be adequate for this purpose.
was carried out at 150 V DC for 50 minutes to achieve these results.
The next part of the study dealt with finding out whether the AK
reaction would occur within the gel. Before proceeding to that problem,
however, we chose to check whether we would be able to detect radiocactive
nucleotides in the gel by means of our X-ray film. To assure that the
film was responsive to the B radiation, and to check our development
procedures, we impregnated a piece of filter paper with known quantities
of '*C-AMP and apposed the paper to an X-ray film at room temperature
overnight. We had, by this time, chosen to use AMP + ATP as substrates
(reactants) and look for ADP product, as the reaction is reversible and
the equilibrium favors ADP by several orders of magnitude. The results

were quite good and are shown in Fig. 5.

ElectrophoresisF
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It was also clear, however, from the size of the exposure spots thafll“c
was going to be too high-energetic an emitter'for this work, because wé
wanted to be able to discriminate between sites of reaction on the plate
that we knew would be quite close together. We suspected that the soiutio@
to this problem was simply to use tritiated AMP. We also discovered that
it was going to be necessary to add quite a bit of radioactive material in
order to be able to detect it in the gel with film. Fig. 6 and Fig. 7 show
the results of an experiment in which we simply incubated all the

separate nucleotides, two mixtures of nucleotides, along with !“C-amp

as controls, and, in addition, incubated purified myokinase with radic-AMP
and unlabelled ATP under proper reaction conditions in test tubes. After
time for reaction had elapsed, we removed reaction mixture by soaking three

thicknesses of filter paper in each and applying these to the gels as

usual. Electrophoretic separation was carried out and the separated

‘nucleotides photograpbed. X~ray film was then overlayed and left for

24 hrs at room temperature in the dark. The film was then developed. As
can be seen, the separation was extremely poor in this experiment and

the expected 2‘radioactive,spots in sample #4 were not observed; but the
film failed to be exposed‘by the radioactive carbon in samples #1 and #5.
Thus, more radio-carbon would have to be added to get good exposure. And
since we had a separate problem with radio-carbon and were intending to
change to *H-AMP, even more tritiated material would have to be present
because it is a weaker emitter.

At this point in the work, we had reached the maximum possible point

‘in the experimental development of the system. The reason is a technical

one, and, although seemingly trivial, disallows the development of the

system any further. Both *H-AMP and '“C-AMP (as well as the similarly

»labelled‘ATP) are stable only in 45 to 50% ethyl alcohol solutions.

e : } ' page 9 of 18

It is known that concentrations of ethanol higher than about 1% (v/v)f

inhibit most enzymes including myckinase (AK). Thus, adding the amount

of radioactive substrate necessary for detection would have resulted, as

a secondary effect, in adding large amounts of ethanol, much larger in
fact than is required for enzyme inhibition. The obvious solution to this
problem is to remove the ethanol from the solution and use a strictly

aqueous solution of isotopic compound. We checked with New England Nuclear

© 4#) several other large suppliers to determine the feasibility of this

treétment of the labelled AMP. As it turned out, the labelled AMP or ATP
is extremely unstable in the absence of ethanol, and the suppliers were
quite certain that removing the ethanol would result in chemical breakdown
of the labelled material through reactions caused by the emitted radiation.
Since our experiments take quite a bit of time from start to finish, we

could then not be certain whether the labelled material we theught we were

)kadding was, in fact, present, 6r whether breakdown had occurred.

Thus, it is technically out of the question under present circumstances

to develop the type of measuring system for the isoaymes which he had

~ hoped and intended to do.

We carried out some studies toward the end of the project on the
possibility of detecting, within the gel, the bioluminescence caused by

the luciferase reaction in the presence of ATP. ATP is, of course, one

product of our reaction with ADP as substrate. We first made an effort to

see if we could detect, simply, ATP within the gel ﬁsing a luciferin and
luciferase containing overlay in the presence of MgCl,; and buffer. We
tested our system in solution and found that bioluminescence was present.
In the gel, hQWever, we failed to detect light at the points in the gel

where ATP was located (we knew by fluorescence under UV). We attempted to

-  use a far faster (more light-sensitive) X-ray film to see if it.would

make a‘différence.

e A
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With the faster RP Royal X-Omat film it was possible to see points of
exposure corresponding more or less to the ATP spot locations on the
plate. We found this encouraging, and proceeded to see if we could
detect purified adenylate kinase within the gel. This experiment was
performed by applying a cotton thread containing known myokinase to the
origin of the gel, electrophoresing for about 2 hours to move the enzyme
off the origin and into the gel, and then applying a luciferin-luciferase
containing overlay in agar gel to the starch gel which also contained the
other materials required for both the myokinase and the iuciferase reaction
Although positive results of a sort were obtained in the sense that
there was, in fact, considerable bioluminescence, the exposure spots on
the X-ray film were enormous compared withkthe area of the gel occupied
by the enzyme. An example of this type of result is‘indicated in Fig. 8.

The photograph is taken of a piece of X-ray film which was 6 X 5 inches.

-.Two explanations for this behavior were possible: (1) the luciferase

preparation was contaminated with adenylate kinase and therefore the

entire reaction overlay was luminescing; or (2) there was a light scatter—
ing by the gel which caused far more of the film to be exposed than the
area immediately next to the enzyme and reaction site on the gel. We
checked with Boehringer-Mannheim technical personnel and received credible
assurances that there was in fact no significant adnylate kinase activity
in the luciferase preparations. Thus, the possibility of light scattering
within the gel remaineéd the only tenable explanation. It is, in retro-
spect, not terribly surprising that starch gels or agar gels or a combina-
tion of the two should scatter light quite considerably, since their
internal structure must necessarily involve rather large particles
characteristic of colloidal type gels. Unfortunately, this phenomenon

renders it impossible to get the fine resolution that would be required

L té detect thekdifferent_réd cell adenykate kinase types.

R A RS A ki iy S

.

Several experiments involving chaging conditions and concentrations to

attempt to minimize the scattering effect did not result in significant

improvement in the results. If enough luciferase is émployed to allow

any detection at all, the scattering of the light prohibits close
resolution of reaction centers that are close together as is the case

in adenylate kinase types 1 and 2-1 from red cells.

. ' ‘ : page 11 of 18
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Figure 1: Nucleotide-Mg Separations on 13% Starch Gel
Solutions of nucleotides and MgCl, were prepared in water

to 20mM in nucleotide and 20mM in MgCl Cotton threads,

saturated with each solution were applied to the gel and

electrophoresis was carried out at 200 Vv DC for 1 hour.

1=ATP 2=ADP 3=AMP 4=MgCl, 5=ADP+ATP 6=ADP+AMP 7=ATP+AMP

8=AMP+ADP+ATP e

Figure 2: Nucleotide Separations Under Optimal Conditions
Single cotton threads were applied .to a 10% starch gel

saturated with the indicated nucleotide concentrations. MgC12

was equimolar in each case. Tank buffer was 10 mM c1trlc

acid-NaOH, PH 7.

1=10m} ATP,ADP,ANMP 4=7.JMM,AML,ADP,¢m B?SmM “MP,ADPLAT?

4=ATP 5=ADP 6=AMP = 7=ATP,ADP R
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Figure 3: Nucleotide Bands after Fllter Paper Application
7.5mM nucleotide solutions were prepared in buffer which

were 7.5mM in MgCly as well. Filter papers saturated with

these solutions were placed on the gel, the gel incubated

at 37° 30 min., and the filter papers removed.

1=ATP 2=ADP 3=AMP 4=ATP+ADP 5=AMP+ADP+ATP

Figure 4: Nucleotides After Electrophoretic Separation
Following filter paper application.
Conditions identical with those in Fig. 3. Elect rgphOre51s
was carried out at 150 V DC for 50 min at refrlgerator
temperatures.




Figure 5: Photo of exposed film.

A?Elications of 0.4 and 0.8 ucC
of C~-AMP were made to filter
paper. The film was pressed
closely to the dried paper in
darkness, exposed 24 hours and
developed.

Py
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Figure 7. t g

Figures 6 and 7. Autoradio-
graphic detection of the :
products of the AK reaction by
starch gel separation.

Solutions contained 10mM nucleo
tides and MgCl; and 1 HC of
l%c-AMP where indicated and
excess pure AK enzyme where
indicated in Tris buffer. The
mixtures were made in test
tubes and allowed to incubate
at 37° 30 min to allow reaction
Filter paper applications of
the mixtures were made to a

10% starch gel, the filter pape:
removed, and electrophoretic
separation carried out 1 hr at
150 VDC. Figure 6 shows the gel
after separation. Figure 7 show:
a developed X~-ray film after
being overlayed on the gel 24 h.
1= AMP # !'*C-AMP 2= ADP
3=ATP 4=ATP+AMP+!"*C-AMP+AK
5=ATP+AMP+!*C-aMP

- %

I - page 15 of 18

Figure 8: Photo of representatively "overexposed" piece of

X-ray film following luminescence onto the film. _
Detectable gquantities of purified AK enzyme was applied
to a starch gel (10%) and electrophoresis was carried out

at 200 VDC for 2 hours. The portion of the plate near.the
enzyme location was overlayed with melted agar containingQ,1lpy

Tricine buffer, 5 mg ADP, 40 mg MgClz, in a final volume

of 20 ml. A glass plate was placed over the gel and overlay,
and a piece of X-ray film was placed onto the glass plate

in darkness. The package was made light-tight and incubated

at room temperature for 24 hours.
developed.

The film was then

i




obtained in the study were quite disapéointing in terms of the actual

development of the system we had hoped for in the end.
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IV. Discussion:

It passes almost without comment that the experimental results
It is encouraging

and somewhat rewarding to note, however, that while the system we desired
could not be developed, there wasAin each case a quite reasonable and
partially experiment3lly verifiabie reason for the technical difficulty
in each case. Thus, it would appear that, for the moment at least, iﬁ
is not feasible to attempt autoradiographic analyseé within gel media

- which require large amounts of labelled materials, and which contain

inevikably and for stability reasons, an inhibitor of the reaction omne

It is also unreasonable to hope for the development

wishes to detect.
of a luciferase assay, sensitive though it may be, in a system that

can scatter light apparently as well as these electrophoretic media.

. Nevertheless, there have been a number of indirect effects of our
having carried out this study which deserve some comment, as they may,
in the final analysis, have more impact on law enforcement than any

technique that might have beenvdeveloped to precision. First, we are

now capable of carrying out forensic blood grouping of either isocenzymes

or antigens at John Jay College. As such, much graduate student research
has been stimulated and is underway. Professor Gaensslen was in England
in 1971 in Mr. Culliford's laboratory, and again in 1973, he worked with

Dr. Barbara Dodd at the London Hospital on antigen determinations in

bloodstains. Therefore, we are in an enviable position for teaching these
techniques to graduate students who are to be tomorrow's criminalists and

laboratory directors. We represent one of perhaps 2 or, at most 3,

R
oy

about 3
0000 beople, randomly Selecteq
14

. ’ i
14

as i k
h§v1ng Supporteqg those

laboratories in the United States who are carrying out all the systems

< in blood grouping that are possible.
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Abbreviations Used in the Report: |
; AK = adenylate kinase or myokinase
é ATP = adenosine triphosphate
f ADP = adenosine diphesphate
i AMP = adenosine monophosphate ;L 3
é Mg-nucleotides = ATP, ADP, or AMP in the presence of equimolar amounts of g
% any magnesium salt; in this study, magnesium chloride C g
é uC = microcuries ,;
} *c = Carbon-14 or Carbon-l4-labelled
f H = Tritium or tritium-labelled v;
'é V DC = direct current voltage | | : , g
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