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assay of ATP exploits the bioluminescent reaction occurring in
I

ation of luciferase and luciferin~, and also to establish the
--i

optimal reaction conditions for maximum assay sensitivity. The



pH - 7

T - 20
0
Cemperature

Buffer - Tris or Arsenate
++ -2Mg concentration - 1 x 10 M

Luciferin concentration - 1 mg/m1

-8It was found that 1 x 10 ~ of ATP

could be detected with confidence levels ranging from 0.02% to 100%.

-7The ATP responses were not linear at quantities lower than 10 IS' •
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the photomultiplier tube was a series of voltage pulses, thus

allowing the efficient use of a discriminator circuit.

The system for the injection of,ATP via a syringe was

hydraulically controlled with provisions for continually varying

the injection volume.

There was also incorporated into the instrumen~circuitry

for controlling and varying the light measuring period.

The reaction chamber was provided with a thermostatically

controlled water bath.

v
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conditions. Another factor which enters here is that for the

detection of life beyond the surface of earth, techniques which

are amenable to remote operation must be employed. The work to be

described here grew out of the need for a rapid, sensitive technique

for the detection of life.

All terrestrial life insofar as is presently known, is

intimately associated with, and dependent upon, the nucleotide

phosphate, adenosinetriphosphate (ATP) (1). The ubiquity of this

compound in living organisms renders it an excellent indicator of

the presence or absence of life. Furthermore, changes in the meta-

bolic integrity of a living organism are frequently accompanied by

variations in the steady state concentration of ATP in the organism.

Thus, not only may ATP measurements provide the basis for the detection

of life, but may also be exploited for the detection of metabolic

changes, both normal and pathological.

In order to realize the full potential of ATP as a monitor

for the presence of life in space, it was necessary to select and

develop a method with which it could be assayed with the highest

degree of sensitivity, accuracy, and rapidity.

There are two general techniques by which ATP may be

measured. The first requires its isolation in the pure state after

which it can be assayed by means of ultraviolet spectrophotometry.

The second technique employs an enzyme system in which ATP is a

substrate. The latter enjoys the advantage in that it does not
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The first step of the reaction is this:

Mg+l-
(1) E + ATP + Ul2"""~----------------> E - LH - AMP + PP



(2) E - LH2 - AMP + 02

(3) E - L - AMP + CoA

t
E + AMP + CoA - L

(4) E - L - AMP + PP

1
L + E + ATP

E = Enzyme (luciferase)

LH - Luciferin

PP

AMP

Pyrophosphate

Adenylic acid

CoA CoEnzyme A

L Dehydro1uciferin

'.On examination of reactions 1, 2, 3, and 4, it can be
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CoA, 02' and pyrophosphate. It has been shown, however (8), that

the rate limiting step in the sequence is the reaction between ATP

luciferin and ATP. By keeping both luciferin and luciferase in

excess, the maximum intensity of t~e emitted light is theoretically
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1. High degree of specificity

2. Assay requires very short time period

3. Instrumentation for light measurements are capable

of great sensitivity and also maybe easily miniaturized.

space will cQntain no ATP. It is also po~sible that nonbiological

ATP may be found on other planets. This, in itself, would be of major

biological significance indicating that prebio1ogica1 evolution had

and the monitoring for ATP production in the sample being tested could

distinguish metabolic from nonmetabolic ATP.



The goals of the studies carried out during the past 17

months were:

1. Biochemistry - The establishment of the optimal enzyme

reaction conditions so as to achieve maximal measurable ATP response.

2. Instrumentation - The design and fabrication of an

instrument for quantitative light (ATP bioluminescent) detection more

sensitive than any previously available.

III. BIOCHEMISTRY

A. Introduction

The investigations to be described in this section were

designed to accomplish the following:

1. Develop methods for the routine preparation of lucif- -

erase and luciferin.

2. Reduce the magnitude of the inherent light (light emitted

by luciferase in the absence of added ATP) emitted by luciferase

preparations.

3. Establish the reaction conditions for maximal light

emission in response to ATP addition.

4. Determine the minimum quantity of ATP which can be

measured using optimal reaction conditions and instrumentation.
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B. Instrumentation

In the experiments to be described, light measurements

were made with two instruments. The first was an instrument designed

and fabricated by this laboratory (for the Naval Weapons Bureau) prior

to the initiation of these studies. This instrument consists of a

composite sensing and reaction chamber which contains an ReA 7265

photomultiplier tube and a rotating cylinder mounted in a block of

aluminum in a manner which permits removal of the reaction chamber

without exposing the phototube to extraneous light. As is shown in

Figure 2, a section of the cylind~r wall is cut out to accomodate the

cuvette which is a 6 romx 50 rom test tube. Immediately above the

cuvette holder is a small injection port sealed with a replaceable

light-tight rubber plug. The output of the photomultiplier is fed

into a Tektronix Model 503 oscilloscope with a maximum sensitivity

of 200 uv/cm. To observe and record the reaction, the cuvette con-

taining the necessary reagents is p~sitioned in the cuvette carrier

without exposing the phototube. After the cuvette is rotated into

position before the photomultiplier tube, the reaction is initiated

by the injection of ATP via needle and syringe through the injection

port. The light emission is measured on the oscilloscope in millivolts.

The second instrument used in these studies is one designed

and built under this contract. This will be discussed in detail in

Section IV. In brief, this unit differs from the first in the
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following respects:

1. The output of the photomultiplier tube is a series of

voltage pulses instead of an anode current as was the case with the

previous unit. Thus, light emission is measured in pulses or counts

per given time period.

2. The cathode of the photomultiplier tube is operated at

-30oC. In addition, the use of a discriminator circuit permits a

very low noise level to be attained.

3. The injection of ATP is mechanically controlled.

4. The counting time is selected and variable over a very

wide range.

For purposes of identification throughout this report,

the first instrument will be referred to as ,the "RCA Unit" while

the second will be the "NASA Unit."

C. Preparation of Enzyme

1. Source

The starting material for the preparation of luciferase

was desiccated firefly tail obtained commercially from both Sigma

Chemical Company, St. Louis, and Worthington Biochemical Corporation,

Freehold, New Jersey.

2. Preparation of Acetone Powder

It has been observed by Green and McElroy (10), and also



250 ml of cold (-2ooC) acetone. Vacuum was maintained on the Buchner

paper was taken to complete dryness under vacuum in a desiccator.

The acetone powder when stored at -looC in the presence of Drierite

-
powder, various buffers have been compared. The solution initially
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with pre-chilled mortar and pestle. The powder was added to 7 ml of

-3cold 1 x 10 M Versene at pH 7.4. The suspension was centrifuged

at 1500 x G at 40C for ten minutes.: The supernatant solution was

volumes of cold water adjusted top~ 8 with 0.1 N NaOH. The three
i

supernatant solutions were then pC10led and centrifuged in the cold

0.1 ml extract (1:1 dilution)

1.0 ml of 0.01 M MgS04- 0.05 M Tris buffer - pH 7.4

0.1 ml of ATP solution (111')

The enzyme extract and the MgS04-Tris buffer were placed

175'ATP response ~.124,000 mv

Inherent 1ight- 600 mv
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Two 0.25 gram portions of acetone powder were extracted,

-3
one with 0.01 M Tris-10 M Versene, pH 7.4, and the other with 0.05 M

-3
Arsenate-10 M Versene, pH 7.4. The total volume for each extraction

0.3 m1 extract

0.2 m1 0.01 M MgS04 - 0.05 M Tris, pH 7.4

0.1 ml ATP (0.011S')

'850

2200

3700
2600

*Instrument - ReA Unit

*i(Inherent light - Light emission by the enzyme mixture in
absence of added ATP
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Effect of Assay Time on Responses of Enzyme Extracted with Tris and
Arsenate Buffer

Extractant ATPResponse

RCA Unit (mv) NASA Unit

c/30 sec

1400

2850

146,192

153,722

28,806

40,420

Two 250 mg portions of acetone powder were extracted, one

with 0.05M Tris-10-3 M Versene, ~H 7.4 and the other with 0.05 M

. -3
arsenate-10 M Versene, pH 7.4. The total volume for each extraction

waa 6 ml. The reaction mixture for the RCA Unit consisted of 0.3 rol

of extract, 0.2 m1 of 0.01 M MgS04' and 0.1 m1 injected ATP (1 x 10-3~).

The reaction mixture for the NASA Unit consisted of 0.2 ro1 of extract,

. -3
0.1 ml of 0.01 M MgS04, and 0.01 rol of injected ATP (1 x 10 0\)'
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o
of the buffer (2 C) to the acetone powder after which the suspension
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After assay the crude extracts were then placed on Sephadex

G-25 co1umns* (10mm x 150 rom)which had been e~li1ibrated with 0.05 M

Inherent Light

c/30 see

Net ATP Response

c/30 see

Arsenate

Arsenate after G-25

Tripo1yphosphate

Tripo1yphosphate after G-25

Pyrophosphate

Pyrophosphate after G-25

Thiocyanate

Thiocyanate after G-25

1,079,196

244,811

1,708,099

1,569,314

1,050,155

949,744

59,494

58,507

600,544

262,736

o
16,063

26,683

5,743

18,946

61,650

'*.This technique will_ be described in a later section.
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0.1 m1 of extract

0.1 m1 of 1uciferin* (0.5 mg/m1)

0.1 m1 of MgS04 (0.02 M)

0.01 m1 of ATP (1 x 10-3~)

Counting period - 30 seconds

Instrument - NASA Unit

*The preparation of 1uciferin is described in Section III, D.,. '"
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addition of ATP. The results seen with thiocyanate are difficult

to explain but, in any event, the responses with it were too inhibited

to justify further consideration of this extractant.

One possible reason for the continued high inherent light

levels in the tripolyphosphate and pyrophosphate extracts after

chromatography is that the buffer ions are so tightly bound to protein

material that they are not removed. The inhibitory effects of pyro-

phosphate may be explained as being caused by pyrophosphate forcing

the first reaction step to the left since pyrophosphate is a product

of the first step. This would, however, not be the case with tri-

polyphosphate. This would indicate the possibility that although

there is more active enzyme available for reaction, that there is a

product released by the tripolyphosphate which competes with added

ATP for luciferase. As will be discussed later, it is believed that

this competing product is ATP which is in a state more favorable

for reaction with the enzyme than exogenous ATP.

D. Preparation of Luciferin

One of the major limiting factors in the ultimate sensi-

tivity of the bioluminescent reaction is inherent light. The

assumption which has governed the,experiments for its elimination

has been that it is caused by the presence of bound endogeno~s ATP.

Certain experiments which will be described later provide some
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of 44.8 ml of ethyl acetate. The emulsion which formed on mixing

clinical centrifuge at maximum speed for IS minutes. The extract

was then taken to dryness under vacuum at 2SoC using a flash evaporator.
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o . .
then oven dried at 130 C for three hours.



Opticaldensityat327mJl
000

"". ~ex>f\)
••••••••••••••••11•••••••••••••",

••••••••illl.·••••"'···.••••••

.:;:~...~.
.•.....•...

<0
c
3tr>
0..•.
(1l

C
Q
~ :::;,N
-0 -3

...·....····1···'..,..: -.»
,.t·· fI'

••z
•• ~. oo•••
••••••c

~'.. OJ.fI
o"~
II
••
t (}II•

~..

II
I

I

lIi



I

necessary for maximal light ernissiQn by given quantities of ATP. For



chains determines the maximal size of a molecule which may penetrate

into the interior of the network, i.e., the greater the cross-linkage,

the smaller is the maximal size of the penetrating molecule. Because

of its hydrophilic character, Sephadex swells considerably when placed

in water, forming gel grains. The degree of swelling is determined

by the degree of cross-linking.

When a solution containing a mixture of low and high

molecular size species is introduced onto the surface of a column

packed with a Sephadex gel, the small molecules enter the pores of

the gel while the large molecules are confined to the liquid medium

external to the gel proper. Elution with either water or a salt

solution brings about separation of the two sizes of molecules. The

small molecules by virtue of retardation within the gel are eluted

after the larger molecules.

The following types of Sephadex molecular sieve gels have

been used in these investigations.

Sephadex G-25 - Excludes molecules with a molecular weight

greater "than 5;000.

-Sephadex G-50 - Excludes molecules with a molecular weight

greater than 10,000.

Sephadex G-100 - Excludes molecules with a molecular weight

greater than 100,000.

Sephadex G-200 - Excludes molecules with a molecular weight
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Sephadex G-25 (25 grams) was placed in an excess of 0.01 M

-3 -3
Tris-10 M Versene-10 M MgS04, pH 7.4 and allowed to swell over-

night.

oA water jacketed column maintained at 5 C (500 rom x 25 rom)

Tris-Versene-MgS04 (as used in preparation of gel) was passed through

until the red colored protein had left the column. The void volume

overnight in 500 ml of 0.1 M Tris, pH 7.4 containing Versene at a

concentration of 1 x 10-3 M. A chromatographic column (20 rom x 250 rom)

was packed to a height of 175 rom with the Sephadex gel suspension.

The column was water jacketed and kept at SoC.
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Tris-O.OOl M MgS04-O.OOl M Versene, pH 7.4 and allowed to swell for

48 hours.
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studies were collected using a Buchler automatic fraction collector.

Provisions were made for continuous cooling of the fractions (SoC).

(1) Fractionation of Acetone Powder Extracts
with Sephadex G-SO



0.1 m1 of fraction

0.5 m1 of 1uciferin (prepared from firefly)

0.4 m1 of 0.05 M Tris-0.01 M MgS04 solution

0.1 ml of ATP (10"&,)injected

Instrument - ReA Unit

(2) Fractionation of Acetone Powder Extract
by Sephadex G-50 and DEAE-Sephadex A-50
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0;1 ml fraction (5 ml cuts)

0.4 ml MgS04-Tris buffer

0.05 ml luciferin (1:10 dilution) of fraction from
Sephadex column

0.1 ml ATP (10~) injected

Table 4

Fractionation of Acetone Powder Extract with Sephadex G-50

Volume of I.L. (mv) ATP Response mv/ml ATP/r.L.
. .

Enzyme (mv) of extract

1 0.1 ml 0 0 0 0

2 0.1 ml 9 88,000 88,000 9,777

3 0.05 ml 84 116,000 2,320,000 1,381

4 0.05 ml 8 40,000 800,000 5,000

5 (+ 0.06 ml 5 16,000 160,000 3,200
luciferin)

6 0.1 ml 1.4 3,500 35,000 250

7 0.1 ml 1.2 800 8,000 66.6

8 0.1 ml 0.8 800 8,000 100

9 0.1 ml 0.2 760 7,600 380

10 0.1 ml 0 30 300

11 0.1 ml o. 26 260

12 0.1 ml 0 24 240

13 0.1 ml 0 10 100

Fractions numbered 2, 3, 4, 5, and 6 were pooled and added
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Concentrated enzyme (as indicated)

0.05 m1 1uciferin (1:10)

0.04 m1 MgS04-Tris buffer (0.05 M)

0.01 m1 ATP (1O)$')injected

Sample I.L. (mv) ATP (mv) mv/m1 of ATP/I.L.
extract

111 0.05 m1 concentrated 6.2 116,000 .2,320,000 18709
extract

1n 0.05 m1 of 1:10 d.2 4,000 800,000 2000
dilution of above

113 0.05 m1* re- 12.0 50,000 1,000,000 4160
extracted residue

*Residue of the pooled extracts were re-extracted with 4 mi
of 0.01 M Tris-O.OOl M Versene and centrifuged at maximum
speed for ten minutes.



0.2 ml fraction (5 ml cuts)

0.005 ml luciferin (1:10)

0.3 ml MgS04-Tris buffer

0.1 ml ATP (l0lt) injected

10 ml of 0.01 Tris-O.OOl M Versene-O.OOl M MgS04• The yield was

.7.4 ml •.

eluted with the Tris-Versene-MgS04 solutions. Flow rate of the column

was 20 ml/hour.
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(4) Fractionation of Acetone Powder Extract
with Sepha.dex G-lOO

,
An acetone powder extract (5 m1 from 500 mg of acetone

,eluted with 0.05 M Tris-Versene-MgS04 which was previously described.

0.1 m1 of 1uciferin (1 mg/m1)

0.1 m1 of MgS04 (0.01 M)

0.1 m1 of enzyme extract

0.01 m1 of ATP (l x 10-3$)

p1ete in six hours. In view of the high activity of the fractions

obtained using Sephadex G-lOO and the short time period required,
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Acetone powder (5 grams) was extracted with 17 m1 of

1 x 10-3 M Versene and 1.7 ml of IN NaOH. The crude suspension.

-3
portions of 1 x 10 M Versene and 0.17 ml of IN NaOH. The combined



of the supernatant was 28 ml. The enzyme and the luciferin remained

in the supernatant.

Calcium phosphate gel, at pH 7.5, was measured and centri~

fuged at 10,000 rpm for ten minutes, and the supernatant was discarded.

Three parts of the crude enzyme extract (28 ml) were mixed with one

part of prepared calcium phosphate gel (9.3 ml containing 16 to 17 mg

of the gel/ml). The mixture was centrifuged at 10,000 rpm for ten

TI1esupernatant (26 ml) from the first gel treatment was

mixed, as described in the preceding paragraph, with 2 and 1/2 times

the volume of calcium phosphate gel (10.4 ml). The luciferase was

absorbed, and the luciferin remained in the supernatant. The super~

natant was saved for luciferin recovery.

Theluciferase was eluted from the gel with cold 20% sat~

urated (0.82 M) (NH4)2S04 in 0.001 M Versene at pH 8.0. Three elutions

of 17 ml each were made by centrifuging at 10,000 rpm for ten minutes.

The combined eluent totaled 52 ml, and was adjusted to pH 8.0.

A 40% saturated fraction of (NH4)2S04 (12.64 grams) was

made of the 52 ml of solution. The solution stood at room temper~

ature for ten minutes, and was then centrifuged at 13,000 rpm for

15 minutes. The supernatant (56 ml) was poured off. The tubes were

allowed to drain for five minutes, and then the precipitates were

dissolved in a total of 5 ml of 0.001 M Versene ~ pH 8.0, and set
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with (NH4)2S04 (3.53 grams) and treated in the same manner as the

40% solution. Subsequent fractions of (NH4)2S04 at 60% (3.63 grams

in 55 m1) and 70% (3.8 grams in 56 ml) were prepared and treated as

0.01 ml of luciferin (purified)

0.1 m1 of enzyme extract

0.9 ml of Mgs04-T~is

0.1 m1 of ATP (10 ~ )

-
Each of the three fracti~ns was placed in separate dialysis

sene, 0.01 M NaC1, and 0.002 M Na~P04 - pH 7.3. The fractions were

dialyzed overnight. The contents of each bag were centrifuged for
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Figure No.8 - Effect of luciferase crystalliza-
tion on ATP response and inherent
Iight.
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2. The Crystallization of Luciferase Fractions From the
Sephadex G-50 Column
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Figure No. 9- Crystallization of luciferase after purification
on Sephadex G-50.
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was taken up with 5 rol of a 0.001 Versene - 0.4 M (NH4)2S04 solution -

pH 8.0. The supernatant was also saved for analysis.

0.5 rol of MgS04-Tris buffer

0.01 rol of luciferin

0.1 rol ATP (l01$') injected



volume of 10 mi of 0.01 M Tris-0.001 M Versene-0.001 M MgS04• There

was a yield of 8.9 m1 of extract.

To 8.4 m1 of the extract, 3.9668 grams of solid (NH4)2S04

were added for a 70% saturation. This preparation stood at room

The supernate from the 70% saturated solution of (NH4)2S04

(approximately 3.5 m1) was placed on a Sephadex G-50 column, and

eluted with 0.01 M Tris-O.001 M Versene~O.OOl M MgS04•

The crude extract, the supernatant, and the protein fractions

0.1 m1 sample (0.1 m1 of 1:10 crude extract and 0.05 m1
of supernatant

0.1 m1 1uciferin

0.4 m1 MgS04-Tris

O. 1 ml ATP (1 ~ )



See Figure 10 for results.

Fractions 2 through 9 (34 ml) were pooled and 5.984 grams

of solid (NH4)2S04 added for 30% saturation. The solution was mixed

and stood at room temperature for ten minutes, It was then centri-

fuged at 13,000 rprn for 15 minutes. There was no precipitate.

To this 30% saturated solution (37 ml), 2.294 grams of

(NH4)2S04 were added to produce 40% saturation. This mixture was

treated the same as was the 30% saturated solution. There was very

little precipitate. The precipitate was drained on filter paper and

was taken up with 5 ml of 0.4 M (NH4)2S04-0.001 M MgS04' This solution

did not need centrifugation.

To the supernate (38 ml) of the 40% saturation, 2.394 grams

of (NH4)2S04 were added to produce 50% saturation. This solution

and the resulting precipitate were treated as those of the 40%

To the supernate (38 ml) of the 50% saturation, 2.508 grams

of (NH4)2S04 were added to produce 60% saturation. It was treated

as the preceding solutions and precipitates.

The solutions of the precipitates were assayed for ATE

Reaction Mixture

0.1 m1 sample

0.4 ml MgS04 -Tris

0.1 ml 1uciferin

0.1 ml of ATP (l~) injected
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Figure No. 10 - Purification of luciferase with
ammonium sulfate.
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Effect of Ammonium Sulfate Fractionation on Inherent Light and ATP
Response

Sample I.L. (mv) ATP (mv) mv/ml ATP/LL.

40% 0.1 500 5,000 5,000

50% 3.1 8,000 80,000 2,600

60% 0.5 5,000 50,000 10 ,000

The great loss in enzymatic activity during the final

ammonium sulfate fractionation renders this procedure of little value.

4. Effect of Certain ATP Requiring Enzymes on Inherent
Light

five minutes in a Waring Blendor with 250 ml of neutralized 0.04 M

KCN, pressed through cheesecloth / and the extract centrifuged 40C

addition, with mechanical stirring, of 80.9 grams of powdered (NH4)2s04'

The total volume of the mixture was 330 ml. The precipitate material
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0.2 m1 of 1uciferase (1 mg/m1)

0.1 m1 of MgS04 -Tris

0.2 m1 of extract from Sephadex G-25

0.1 m1 of ATP (1 x 10-20')

0.1 m1 of apyrase solution as prepared above

ATP Response
(mv)

Control (no apyrase)

Apyrase*

250

o
20,000

9,000

*Reaction mixture containing apyrase was incubated at room
temperature for ten minutes, before initiation of the reaction.



y.

After incubation for one hour at room temperature, the inherent light

0.2 m1 of 1uciferin (1 mg/m1)

0.1 m1 of MgS04-Tris

0.4 ml of extract
-2

0.1 m1 of ATP (l x 10 "t' )

140

50

250

140

125

250

1000

160
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0.1 m1 of partially purified 1uciferase

.0.lm1 of synthetic 1uciferin (0.2 mg/m1)
-2

0.1 m1 of MgS04 (1 x 10 M)

0.1 m1 of myokinase (0.05 mg) - Sigma grade

0.1 m1 of AMP (1 mg/m1)

lOA. of ATP injected (1 x 1O-2"2$')
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Inherent Light
(ciS see)

ATP Response
(ciS see)

Myokinase treated mixture

Control

10

13,464

697

285,273

H2S04• The mixture was centrifuged at 10,000 rpm for ten minutes,

after which the supernatant was adjusted to pH 7.4 and the volume
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0.1 ml of luciferase from Sephadex G-200

0.2 ml of luciferin (0.5 mg/ml)

0.05 ml of 3-phosphoglyceric kinase

0.05 ml of phosphoglyceric acid
-3

0.010 ml of ATP (1 x 10 ~)

A control consisted of the above except that 0.1 ml of

Inherent Light (c/30 sec) ATP Response

o time 30 min (c/30 see)
at 30 min

Kinase 2,026 727 197,858

Control 26,496 16,000 831,227
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0.1 m1 of 1uciferase from Sephadex G-200

0.1 m1 of 1uciferin (0.5 mg/m1)

0.1 m1 of pyruvate kinase (0.1 mg/m1)

0.1 m1 of sodium pyruvate (0.1 M)

0.01 m1 of ATP (1 x 1O-3l$')

Inherent Light After
15 min (e/30 see)

ATP Response After
15 min (e/30 see)

Pyruvate kinase

Control

837

17,256

129,048

950,000
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0.1 m1 hexokinase (0.01 mg) Sigma

0.1 m1 glucose (0.2 M)

0.1 m1 MgS04 (0.01 M)

0.1 ml luciferin (0.2 mg/m1)

10 A ATP (1 x 1O-2-t)

Inherent Light
(c/5 sec)

ATP Response
(c/5 sec)

3,415

28

126,302

110 ,000

-
As was found in the case of ATPase, the inhe:rent light

I
returned after separation of 1uciferase and .hexokinas~ on a Sephadex

I
column. As is seen, however, in the representative d~ta given above

I

j

and many other subsequent experiments, the ATP respons1e is only
I
i

reduced by a relatively small amount in the presence o!fhexokinase.
I
I

i
i

I
I
i
I
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exhaustive dialysis techniques. The results of experiments along

these lines are described.

With dialysis equipment obtained from the National Instrument

Laboratories, Rockville, Maryland, it was possible ·to carry out two

types of dialysis. These were high pressure dialysis arid low pressure

dialysis.

High pressure dialysis involves the exertion of 150 pounds

of pressure per square inch upon the surface of the contents of a

dialysis bag, thereby increasing the rate of flow of the dialyzable

components through the membrane and also reducing the back flow of

ions. Thus, this procedure greatly shortens the time necessary for

complete dialysis, and also reduces the volume of the solution

within the dialysis bag.

Low pressure dialysis is the usual type except that low

pressure (3 psi) is used to prevent wrinkles in the membrane surface.

The National Instrument Laboratories instrument makes use of a unique

agitation system for minimal equilibration time.

Results obtained with the above dialysis procedures

were as follows.

a. High Pressure Dialysis

A partially purified luciferase fraction (20 ml) from a

Sephadex G-200 column was dialyzed at OOC for six hours in the

high pressure unit after which it was assayed for inherent light



-2and ATP (1 x 10 1f') response.

Inherent Light
(c/5 sec)*

ATP Response
(c/5 see)

Control (non-dialyzed)

Dialyzed sample

4,950

10,250

165,000

223,000

*Number of phototube output impulses during a five-second
counting period.

A partially purified luciferase fraction (5 ml) from a

Sephadex G-200 column was dialyzed at OOC for 21 hours. The con-

tents of the dialysis bag were assayed for inherent light and ATP

-2
(1 x 10 It) response at designated intervals during this period.
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Time Inherent Light ATP Response
fu:ll (ciS sec) (ciS sec)

0 2386 196,999

2 4062 227,90~

3 2187 . 188,305

4 3104 215,518

S 1615 191,136

21 199 487

o
A non-dialyzed control which had stood at 0 C for

6. Reduction of Inherent Light by Incubation of
Luciferase-Luciferin at Elevated Temperatures



6 ml of luciferase from Sephadex G-200

6 ml of luciferin (0.5 mg/ml)

6 ml of MgS04 (0.01 M)

Aliquots (2 ml) of the above mixture were incubated at

(23 5°) 30°C, and 37°C.room temperature • , Samples (0.3 ml) were

-3removed at designated times and assayed for ATP response (1 x 10 4t)

Effect of Incubation of Luciferase-Luciferin Mixtures at Various
Temperatures on Inherent Light

Temp. °c Inherent Light
(c/30 sec)

ATP Response
(c/30 sec)

23.5 0

" II 15

" " 30

" " 60

" " 120

30.0 0

" II 15

" " 30

" " 60

" " 120

37.0 0

" " 15

" " 60

26,000

10.,250 .

4,900

3,200

2,100

.28,750

8,850

4,296

3,144

1,221

29,756

7,450

2,034

1 ,Oll,000

1,296,215

1,210 ,340

1,1l7,285

1,1l5,176

1,319,164

1,276,219

1,1l8,617

1,215,109

1,019,656

923,041

276,219

169,895
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o
that allowing the enzyme mixture ~o stand at 30 C for 120 minutes

7. Effect of Certain Environmental Conditions on Inherent
tight Level



10 m1 of 1uciferase from Sephadex G-100 column

10 m1 of 1uciferin (0.5 mg/m1)

10 m1 of 0.01 M MgS04

Four a1iquots (5 m1 each) were taken from the above freshly

#1 Gased with compressed air in the dark

#2 Gas~d with compressed air in the light
(100 W tungsten lamp at two feet)

#3 Allowed to stand in darkness

#4 Allowed to stand in light (tungsten lamp
100 W at two feet)

. -3
The samples were assayed with 10 ~of ATP at designated

Gas -light Gas-dark Light Dark
Time
(min) e/30 see e/30 see c/30 sec c/30 see

I.L.* ATP I.L. ATP I.L. ATP I.L. ATP

0 168,291 715,512 168,291 715,512 168,291 715,512 168,291 715,512

15 .3,120 868,222 4,445 957,134 2,620 845,933 3,343 866,388

45 1,830 870,302 2,753 821,893 1,510 825,063 1,458 824,780

115 1,114 843,205 1,554 806,420 1,033 835,635 996 850,000
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0.1 m1 of enzyme

0.05 m1 of 1uciferin (1 mg/m1)

0.1 m1 of 0.05 M arsenate at designated pH

0.05 m1 of 0.01 M MgS04
0.01 m1 of ATP (1 x 1O-3~)
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1.5 hours
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0
I
QI
III
C
0
Q.
III
QI•..-.s:;
0
..J 150,000 .,

7
pH

Fi<;3ure No. 12 - Effect of pH on ATP response.
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2. Effect of Magnesium Concentration on Bioluminescent
Assay

0.1 ml of partially purified luciferase

0.1 ml of luciferin (0.2 mg/ml)

0.1 ml of MgS04 at specified concentrations

10A. ATP (1 x 10 -21r)

On the basis of the abdve data, the optimal MgS04 concen-

-2tration is 1 x,lO M. Further studies would have to be made to



o
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3. Effect of Luciferin Concentration on Bioluminescent
Assay

0.1 m1 of partially purified 1uciferase

0.1 m1 of 1uciferin at specified concentrations
-20.1 m1 of MgS04 (1 x 10 M)

lOA- ATP (1 x 10-3,,)



-----
10 100

Luciferin concentration (l 1m!)
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0.1 m1 1uciferase

0.1 m1 1uciferin (0.2 mg/m1)

0.1 m1 MgS04 (0.01 M)

10 ~ ATP (1 x lO-llt)

Inherent Light
(cIS see)

ATP Response
(cIS see)

Phosphate buffer
Arsenate buffer
Tris bt\ffer
G1ycyi-g1ycine buffer

268
279
288
382

170,686
143,377
197,302
171,162



0.1 m1 of enzyme

0.05 m1 of 1uciferin (1 mg/m1)

0.05 m1 of MgS04 (0.01 M) .

0.1 m1 of arsenate buffer (pH 7.5) at designated
concentration



.-> 750e
Q)
lit
C
0a-
lii
t)~-s:.0'
:J
500

oo

ATP
response

0.01 0.05 0.1
Buffer concentrations (M)

Figure No. 16 - Effect of arsenate buffer concentration on
AlP response ..



that ATP solutions prepared in this fashion were unstable with time,

-3
especially at low concentrations, i.e., 10 ~and lower. It was

and glycy1-g1ycine buffer (0.05 M, pH 7.4). Using the buffers as

di1uents, each ATP solution was taken to a concentration of 1x 10-3~ /

0.1 m1 of 1uciferin (0.5 mg/m1)

0.1 ml of MgS04 (0.01 M)
-3

0.1 m1 of ATP (1 x 10 1S')
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Table 18

Effect of Buffer on ATP Stability

Buffer· ATP Response (millivolts)

0 15 min 1 hr 2 hrs 6 hrs

Arsenate 1400 1350 1300 1350 1350

Tris 1450 1400 1400 1375 1400

Glycyl-g1ycine 1400 1250 1300 1400 1350

H ° - pH 6 550 360 120 40 102
H20 - pH 7.4 500 280 70 14 8

precaution in selecting.arsenate, the ATP in arsenate buffer was

okept at 0 C for an additional four days and then assayed. There



subjected to (NH4)2S04 fractionation. Three fractions (40%, 50%,

and 60%) were obtained. These fractions (10 ro1 each) were assayed

0.1 ro1 of 1uciferin (0.2 rog/ro1)
-2

0.1 ro1 of MgS04 (lx 10 M)

1O;i\.ATP (1 x 10-3",)

ciS sec c/30 sec

Inherent Light ATP Inherent Light ATP

Extract before 29,200 80,650 161,081 328,953
(NH4)2S04

40% fraction 3,128 15,505 16,646 66,595

50% fraction 6,615 26,068 35,697 358,446

60% fraction 10,944 24,830 92,435 149,849
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ation was the luciferase prior to (NH4)2S04 fractionation, with the

50% and 60% fractions being of almost equal potency. A.very differ-

ent order of a~tivity is observed after a 30-second coun~ing period.

0.1 ml of luciferase from Sephadex G-200

0.1 ml of luciferin (0.5 mg/ml)

0.1 ml of MgS04 (0.01 M)

0.1 ml of ATP at designated concentrations



Table 20

Optimal Counting Period as a Function of ATP Concentration

ATP Counting Inherent ATP Net ATP Net ATP/
Concentration Time (see) Light Response Response Inherent: Light

1 x 10-3~ 2 763 34,956 34,193 44.8

" " 5 1,952 104,556 102,604 52.5

" " 10 3,179 189,113 185,934 58.5

" " 30 9,342 465,131 ·456,089 48.8

" " 60 20,121 730,017 709,896 35.3

1 x 10-4CS' 2 622 5,767 5,145 8.3

" " 5 1,749 15,379 13,630 7.8

" " 10 3,302 29,050 25,748 7.8

" " 30 9,624 69,520 59,896 6.2

" " 60 21,182 98,183 77 ,001 3.·6

1 x 1O-5~ 2 696 1,107 411 0.6

" " 5 1,878 3,245 1,375 0.7

" " 10 3,942 6,787 2,845 0.7

" " 30 10,710 16,671 5,961 0.6

" " 60 19,598 27,632 8,034 0.4

1 x 10-615' 2 734 748 14 0.02

" " 5 1,572 1,720 148 0.1

" " 10 3,202 3,426 224 0.:]..
" II 30 10,056 10 ,235 179 0.02,

" " 60 19,354 19,554 200 0.01

It is evident from the data presented above that for

quantities of ATP down to the level of 1 x 10-5~, there is still

measurable light emission even after 60 seconds. On looking at the
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. -3 - -4
ATP/inherent light ratio, it is seen that for 1 x 10 'If' and 1 x 10 --t'

of ATP, the most favorable ratio (highest) is realized at ten

seconds, while for the 1 x 10-5~and 1 x lO-6~, it is at five



0.1 ml of enzyme

0.1 ml of 1uciferin (1 mg/ml)

0.1 ml of MgS04 (0.01 M)
-3

0.01 ml of ATP (1 x 10 "6')

20oCo This is at variance with that observed by Green and McElroy

(10) who reported an optimal temperature of 23.SoC. It is impossible



c)
CD
II)

0 360,000It).•.•.
0
I
CD
II)
C
0~en
CD~-.I:: 240,000C':.J

,
.Inherent I
liQht xlOO

'" I

/l
,/
I'
",

20 30
Temperature settinQs· °c



9. Effect of Ratio of Enzyme Volume to ATP Volume on
ATP Response

Volume (ml) A-Setting B-Setting

0.010 10 11
0.025 10 13
0.050 10 15
0.075 10 15
0.100 10 18
0.150 10 18
0.200 10 20
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the volume. The standard ATP was. prepared so that there was always

-31 x 10 ~ injected independent of the volume. The total volume of

Inherent Light
e/30see

ATP Response
e/30 see

29

11

5

3

2

1

0.5

444

463

625

390

490

412.

494

126,091

124,009

96,286

69,404

46,100

37,396

24,158



1. H20 - pH adjusted to 7.4

2. Tris buffer - 0.05 M, pH 7.4

3. Arsenate buffer - 0.05 M, pH 7.4

4. G1ycy1-g1ycine buffer - 0.05 M, pH 7.4

0.1 ro1 of partially purified 1uciferase in arsenate

0.1 ro1 of 1uciferin (1 rog/ro1)

0.1 rol of ~gS04 (0.01 M)
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ATP Response
e/30see

Inherent Light
enO sec·

Water

Tris

68

642

692

1016

11. Effect of Mixing Time and· Oxygen on ATP Response

It has long been felt, in an intuitive fashion, that

v,



the use of this equipment, it was possible to obtain complete mixing

of ATP with the luciferase-1.u.:iferin in 3 m seconds.

Although the experiments were carried out in a rather

qualitative fashion, the results indicated once again that the speed

of mixing was not critical.

A possibly important difference in Gibson's procedure is

that he uses two syringes, one containing the luciferase-luciferin

mixture and the other containing ATP. Both syringes were injected

by the application of hydraulic pressure into a cuvette facing the

photon, whereas in the studies conducted in this laboratory, the

ATP is injected into a static enzyme mixture.

An experiment to determine addition to the reaction mixture

was also carried out in Dr. Gibson's laboratory. This was done by

first removing oxygen fzom both the 1uciferase-luciferin system

and the ATP solution by exhaustive evacuation. The two solutions

were mixed in a cuvette positioned before a photomultiplier tube.

The reaction was initiated by the addition of oxygen. The increase

in ATP response as the result of this procedure over that where

oxygen is present at the ?eginning was about 10%. It was concluded

that the small gain seen here did not justify the fabrication of

the accessories necessary for this technique.
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0.3 rol of extract

0.1 ro1 of ATP (1 x 1O-2}') injected
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Figure No. 18 - ATP response as a function of lyophilized crude
extract concentration.
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0.1 mlextract at specified dilution

0.1 ml of 1uciferi.n (1 mg/m1)

0.1 m1 of MgS04 (0.01 M)
-3

0.01 ml of ATP (1 x 10 "$')

Inherent Light
c/30 sec

ATP Response
c/30 sec

Stock

1:1

1:2

1:3

1:4

1:5

1:10

221,695

172,740

115,938

70,647

58,209

42,861

18,813

1,735,847

1,016,907

968,120

762,254

736,324

594,349

328,999



The above experiment is of value from the standpoint of

enzyme conservation. It is evident that this particular preparation

could be easily diluted 1:2 without an intolerable drop in ATP

response. It is recommended that each enzyme preparation be assayed

in the above manner to determine the maximal dilution of the enzyme.

H. Enzyme Storage

A prime requirement for the luciferase system if it is to

be used as a life detection system is stability over extended periods

of time. Luciferase being an enzyme, as is true for most enzymes,

is stable only under rigorously controlled conditions. These con-

ditions include temperature, moisture, pH, and gaseous environment.

The studies to be described represent attempts to elucidate some

of the conditions necessary for the stabilization of the luciferase-

luciferin system.

1. Storage in Solution

It was noted very early during these studies that lucif-

erase when purified on Sephadex columns lost most of its activity

on freezing and thawing. This is a phenomenon which is rather

common among enzymes. Freezing of the enzyme in solution was not

considered any further.

It was decided to exploit another characteristic of

enzymes, their incre.ased stability in the presence of their substrates.
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with 10 ml of luciferin (1 mg/m1) and 10 ml of MgS04 (0.01 M). The

reaction mixture was allowed to stand in a cold bath at 4°C with

aliquots assayed periodically for ATP response. See Table 25 for,

0.3 ml of enzyme - 1uciferin
-3

0.01 m1 of ATP (l x 10 ~)

Inherent Light
c/30 see

ATP Response
c/30 see

81,306

323

234

215

300

105

1,121,528

1,032,734

1,005,745

1,003,625

626,333

425,243



i
I

A reaction mixture containing 20 ml of a partially purified
i

luciferase preparation from a Sephadex G-lOO column, 20 ml of:luciferin

(1 mg/ml), 20 ml of MgS04 (0.1 M), and 200 mg of bovine serum'albumin

0.3 ml of enzyme
-3

0.01 ml of ATP (1 x 10 CS')

Inherent light - 3250 c/30 see

ATP response - 1,070,300 c/30 sec

0.3 ml of preparation at specified concentration

0.01 ml of ATP (1 x 10-3~)



91,320
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fit

0
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Floure No. 19 - ATP response as a function of lyophilized purified
enzyme concentration.



was assayed periodically using the reaction mixture described above.

The lyophilized preparation was stored at _8°C with a desiccant.

Inherent Light
c/30 sec

ATP Response
c/30 sec

1500

1650

1400

1450

1210

650

410

725,394

740,290

675,475

600,035

496,254

235,150

198,275
















































































































































































































































