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Abstract 

A method for measuring ATP, ADP and AMP levels in environmental samples was de- 
vised, and applied to seawater and bacterial cell extracts. This procedure is 
specifically designed for measuring the extremely low concentrations of total 
adenine nucleotides ([A T ] = [ATP] + [ADP] + [AMP]) that are apt to occur in most 
natural ecosystems (i.e., ~I0 ng A T ml-1 of sample extract). Although the current 
assay methodology can be used with purified firefly luciferase reagents, it has 
been suitably modified to accept crude luciferase preparations as well. ATP, ADP 
and AMP levels have been measured, and the corresponding energy charge (EC) ratios 
determined for seawater samples collected off the Southern California coast. The 
EC ratios ranged from 0.50 to 0.89, with peak values corresponding to the subsur- 
face maxima in ATP and chlorophyll a concentrations, and the minimum values cor- 
responding to the deepest water sampled (1500 m). The measurement of adenylate 
energy charge ratios in environmental samples can be a useful indicator of mean 
community metabolic activity and potential for cell growth. 

I ntroduction 

Within the past decade, adenosine tri- 
phosphate (ATP) measurements have been 
used extensively to estimate the total 
microbial biomass in marine (Holm-Hansen 
and Booth, 1966; Holm-Hansen, 1969; 
Hobbie et al., 1972; Manuels and Postma, 
1974; Herbland and Pages, 1975; Devol 
et al., 1976; Hodson et al., 1976; Karl et 
al., 1976), estuarine (Christian et al., 
1975; Erkenbrecher and Stevenson, 1977), 
freshwater (Rudd and Hamilton, 1973; 
Holm-Hansen et al., 1976; Paerl et al., 
1976), and terrestrial (Conklin and Mac- 
Gregor, 1972; Ausmus, 1973) ecosystems. 
Although quantitative biomass estimates 
are extremely useful for many ecological 
studies, they do not provide for an as- 
sessment of the biochemical activities 
of the represented microorganisms. 

The adenine-containing nucleotides 

nylate energy charge (EC) concept. As de- 
fined by Atkinson and his colleagues 
(Atkinson and Walton, 1967; Atkinson, 
1969; Chapman et al., 1971), the adenyl- 
ate EC is equal to one-half of the num- 
ber of anhydride bound phosphate groups 
per adenine moiety, 

EC = [ATP]+ I/2 [ADP] , 
[ATP]+[ADP]+[AMP] 

and is therefore a linear measure of the 
amount of metabolic energy momentarily 
stored in the adenine nucleotide pool. 
Although the theoretical range of EC ra- 
tios is from 0.0 (all AMP) to 1.O (all 
ATP), extensive laboratory studies indi- 
cate that the EC ratio in growing cells 
is stabilized at a value of between 0.8 
to 0.9 (Chapman et al., 1971, and refer- 
ences contained therein). In principle, 
measurement of the EC parameter in en- 
vironmental samples might be useful for 

(ATP, ADP and AMP) are ubiquitous in liv- estimating and comparing the overall en- 
ing cells, and are responsible for cou- ergetic state of naturally occurring 
pling intracellular energy-producing and microbial populations. Several investiga- 
energy-requiring metabolic reactions. De- tions have recently been conducted where 
tailed laboratory studies concerning the EC ratios were determined in natural sea- 
regulation of enzyme function and the water (Wiebe and Bancroft, 1975; Karl, 
control of biosynthetic processes have 1977) and plankton samples (B~mstedt and 
resulted in the formulation of the ade- Skjoldal, 1976; Skjoldal and B~mstedt, 
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1976). Although the absolute growth rate and (NH4) 3 P04 (0.5 g 1-I). At various 
cannot be predicted from EC measurements stages of growth, a small portion of the 
alone, the rate of protein synthesis and medium was rapidly removed from the cul- 
the capacity for cell growth have both ture tube using a sterile syringe sam- 
been shown to be more closely correlated pler, and was immediately injected into 
to changes in the EC ratios than to 
changes in the absolute concentrations 
of intracellular ATP, ADP or AMP (Swedes 
et al., 1975). 

The methods that are most frequently 
employed for adenine nucleotide deter- 
minations involve enzymatic conversions 
of ADP and AMP to equivalent levels of 
ATP, followed by a quantitative analysis 
of the ATP via the firefly biolumines- 
cent reaction. Although detailed proce- 
dures have already been described for 
adenine nucleotide determinations in 
plant tissue and bacterial cell extracts 

5 ml of boiling Tris buffer. An equiva- 
lent volume of cell-free medium (0.45 ~m 
filtrate) was also extracted at each sam- 
pling period in order to monitor, and 
correct for, extracellular adenine nucle- 
otides. Cell growth was monitored using 
optical density measurements (Coleman 
Jr. II Spectrophotometer). 

Charcoal Column Experiments 

A series of charcoal-celite columns were 
prepared as described by Hodson et al. 
(1.976) using disposable glass Pasteur 

(Pradet, 1967; Chapman et al., 1971), sev- pipets (15 x 7 mm). Various solutions 
eral modifications were necessary in were prepared by mixing known concentra- 
order to adapt these techniques for mea- tions of ATP, ADP and AMP together to 
suring the relatively low adenine nucleo- produce a wide range of expected EC ra- 
tide levels ([A T ] 510 ng ml -I extract) tios (0.5 to 1.O). A portion of each mix- 
that occur in most marine environments. 
In addition, the analytical techniques 
described in this paper are compatible 
with either purified or crude luciferase 
enzyme preparations, thereby leaving the 
choice of reagents up to the individual 
investigator. 

Materials and Methods 

ture was pipetted onto the appropriate 
column and the nucleotides were bound, 
rinsed, eluted, dried and reconstituted 
with Tris buffer to the exact starting 
volume, as described by Hodson et al. 
(1976). An additional portion of each 
mixture served as a control sample and 
was assayed at the same time as the col- 
umn extracts. 

Sample Collection and Nucleotide Extraction Enzymatic Conversions of ADP and AMP to ATP 

Seawater samples were collected at vari- For each sample, 200 ~i of the Tris buf- 
ous stations using 5 1 Niskin bottles 
(General Oceanics, Miami, Florida, USA). 
Prior to sample collection, the bottles 
were scrubbed with 70% ethanol and 
rinsed thoroughly with filtered (0.45~m) 
seawater. Immediately upon shipboard ar- 
rival, the water samples were pre- 
filtered through a 183 ~m Nytex mesh in- 
to acid-washed glass bottles. Various 
volumes of each individual water sample, 
ranging from 20 to 500 ml (depending 

fered extract are pipetted into a series 
of 4 disposable glass culture tubes (12 
x 75 mm) labeled A, B, C and D. In addi- 
tion to the sample extracts, a Tris buf- 
fered reagent blank, a set of 6 to 8 ATP 
standards ranging in concentration from 
I to 50 ng ATP ml-1, and a series of 
solutions containing various ratios of 
ATP, ADP and AMP are also prepared and 
processed simultaneously. For ATP deter- 
minations (Tube A), 50 ~i of a solution 

upon sample depth), were filtered through containing MgC12 (15 mM) and sodium phos- 
microfine glass-fiber filters (Reeve phate buffer (75 mM, pH 7.4) are pi- 
Angel, 24 mm diameter, 984-H), and the petted into each tube. For ATP plus ADP 
particulate material retained by the fil- determinations (Tube B), 50 ~i of a solu- 
ter was extracted for adenine nucleo- 
tides using the boiling Tris method pre- 
viously described by Holm-Hansen (1973). 
All extracts were stored frozen (-2OOC) 
prior to analysis. 

Escherichia coli Experiment 

Escherichia coli cultures were prepared on 
the day of the experiment by inoculating 
50 ~i of an overnight culture into 5 ml 
of sterile medium containing glycerol 
(5 g 1-I), peptone (3 g 1-1), yeast ex- 
tract (3 g 1-I), Na2HPO4-7H20 (7 g 1-I) 

tion containing MgCI 2 (15 mM), sodium 
phosphate buffer (75 mM, pH 7.4), phos- 
phoenolpyruvate (PEP, 0.5 mM), and pyru- 
vate kinase (PK, 20 ~g) are pipetted into 
each tube. For ATP plus ADP plus AMP de- 
terminations (Tube C), 50 ~i of a solu- 
tion containing MgCI 2 (15 mM), sodium 
phosphate buffer (75 mM, pH 7.4), PEP 
(0.5 mM), PK (20 ~g) and adenylate kinase 
(AK or myokinase, MK, 25 ~g) arepipetted 
into each tube.. Tube D is included in the 
current assay methodology in order to de- 
termine the efficiency of the adenylate 
kinase reaction. As will be presented 
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and discussed in the "Results and Dis- 
cussion" section of this report, the ef- 
ficiency of the adenylate kinase reac- 
tion is affected by the total adenine 
nucleotide concentration in the sample. 
To promote this reaction, 50 ~i of a 
solution containing MgCI 2 (15 mM), so- 
dium phosphate buffer (75 mM, pH 7.4), 
PEP (0.5 mM), PK (20 ~g), AK (25 ~g), 
and ATP (10 ng) are pipetted into each 
tube. All reaction tubes were incubated 

(2 ml per vial) and stored frozen (-20oc) 
prior to use. When required, individual 
vials were thawed and further diluted 
with Tris buffer to obtain a set of ex- 
perimental standards (approximately 10-9 
to 10-7 M). Phosphoenolpyruvate was pur- 
chased from Sigma Chemical Company as 
the trisodium salt, and stock solutions 
(1.5 mM) were prepared in Tris buffer, 
and stored frozen (-2OOC) in 2 ml ali- 
quots. Adenylate kinase (1000 to 1500 

at 30oc for 30 min, immersed into a boil- units mg -I protein from rabbit muscle), 
ing water bath (IOOOC) for 2 min, and 
allowed to adjust to room temperature 
(ca. 25oc) prior to the ATP assays. 

ATP Assay 

Lyophilized firefly lantern extracts are 
obtained commercially and stored frozen 
and desiccated (-20oc) prior to use. 
When required, each vial is reconsti- 

pyruvate kinase (350 to 500 units mg-1 
protein from rabbit muscle) and firefly 
lantern extracts (FLE-50) were all ob- 
tained from Sigma Chemical Company. All 
other chemicals used in this study were 
analytical grade reagents. 

Data Reduction and Calculation of the EC Ratio 

tuted with 5 ml of distilled water as de- Net light emission was determined by sub- 
scribed by the manufacturer. After an tracting the appropriate blank value 
aging period of 2 to 3 h at 25oc, the 
enzyme is further diluted to 25 ml with 
equal volumes of MgSO 4 (0.04 M) and 
KHAsO 4 buffer (pH 7.4, O.1M). When a 
large number of determinations are to be 
conducted, the contents of several vials 
are pooled to yield a single luciferin- 
luciferase reaction mixture. For each 

from each of the total light emission 
determinations. Standard curves were 
prepared by plotting net peak light emis- 
sion on the ordinate versus ATP concen- 
tration on the abscissa, for each of the 
three sets of standard data. From these 
curves, the ATP concentration in each of 
the three reaction mixtures (ATP; ATP 

ATP assay, 1.0 ml of the enzyme solution plus ADP; ATP plus ADP plus AMP) was de- 
is pipetted into a disposable glass vial 
(20 x 40 mm) and the vial is inserted 
into the ATP photometer (Model 2000, SAI 
Technology Co., Sorrento Valley Blvd., 
San Diego, California). Two-hundred 
microliters of sample are withdrawn from 
the appropriate culture tube using the 
autopipet supplied by the photometer 
manufacturer (kinetics kit, SAI Technol- 
ogy Co.). The pipet is positioned onto 
the photometer, the endogenous back- 
ground light emission recorded, and the 
analog recorder is started. The sample 
is injected into the enzyme mixture, and 
the peak light emission (0 to 3 sec) is 
displayed on the digital output. It is 
essential that the samples are reproduc- 
ibly injected into the enzyme and that 
proper mixing of the reagents occurs. 
These prerequisites were evaluated by 
statistical analysis of successive in- 
jections using our injection system, and 
by comparing these results to the method 
of integrated light flux measurements. 

Chemicals and Supplies 

The sodium salts of ATP, ADP, AMP, GDP 
and GTP were all obtained from Sigma 
Chemical Company (St. Louis, Missouri). 
Stock nucleotide solutions (2 ~M) were 

termined, and the amounts of ATP enzy- 
matically produced from ADP and AMP were 
calculated as differences between these 
measured values. By correcting for the 
proportion of the sample actually as- 
sayed, and the volume of water original- 
ly filtered, the ATP, ADP and AMP values 
can be expressed on a per liter basis. 
The value A T represents the total ATP 
equivalent (in ng 1-I) of all three 
adenine nucleotides. The adenylate EC ra- 
tio was determined using the formulation 
of Ball and Atkinson (1975) in order to 
reduce the propagation of errors. 

Results and Discussion 

Although a number of different instru- 
ments have been used to measure light 
emission from the firefly bioluminescent 
reaction (see Strehler, 1968), we se- 
lected a commercial ATP photometer which 
had the capability of measuring the peak 
height of the luminescent reaction. When 
recording peak emission data, it is im- 
perative that the samples are reproduc- 
ibly injected into the enzyme mixture 
and that complete mixing of the reagents 
occurs. Fig. I shows the results of a 
mixing experiment that was conducted in 

prepared in Tris buffer (pH 7.7, 0.02 M), order to determine the correct reaction 
proportioned into clean glass vials volumes for our assay system. In these 
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ENZYME(ml) 0.2 0.4 0.6 0.8 1.0 1.5 2.0 

SAMPLE(ml) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

NET PEAK 1754 2751 5554 5790 5 9 8 9  5989  3967  
EMISSION 
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Fig. i. Kinetics of the firefly bioluminescent reaction as a function of enzyme volume. The volume 
of the sample, an ATP standard solution (ATP = 5 ng ml-l), was kept constant and was injected into 
various volumes of crude luciferase as described in "Materials and Methods" 

Table i. Comparison of peak height emission and 
integrated light flux measurements for quantita- 
tive ATP determinations 

ATP Sam- Peak Integral 
(ng per ple (counts x 10 -3 ) (CPM x 10 -3 ) 
sample) 

a 4.01 25.72 
b 4.O3 25.32 
c 4.06 24.49 
d 3.94 24.99 
e 3.94 25.30 
f 3.94 25.20 
g 3.94 25.58 
h 3.90 24.8O 
i 3.89 25.37 
j 3.96 25.25 

= 3.96 ~ = 25.20 
s = 0.05 s = 0.36 

s/~ = 1.26% s/~ = 1.43% 

20 a 

b 
C 

d 
e 

f 
.g 

h 
i 

J 

40.79 
40.54 
41 15 
41 87 
41 93 
41 06 
41 17 
42 I0 
41 73 
41 47 

= 41.39 
s = 0.52 

s/~ = i .26% 

347.2 
36o.4 
368.2 
364.5 
369.5 
379.2 
373.2 
379.2 
377.9 
375.6 

= 370.0 
s = 10.09 

s/~ = 2.73% 

experiments, a series of vials was pre- 
pared containing variable volumes of the 
firefly luciferase preparation. Each 
vial was placed into the photometer, and 
the analog recorder was turned on. At 
time zero, 0.2 ml of an ATP standard 
(5 ng ATP ml-1) was injected into the 
vial and the kinetics were recorded. Fif- 
teen seconds after sample injection the 
vial was removed from the photometer, 
mixed gently by hand, and replaced into 
the photometer. The first three light 
emission curves (Fig. I, I-3) display 
discontinuities in the reaction decay 
kinetics upon manual mixing, indicating 
that proper initial mixing had not oc- 
curred. The remainder of the light emis- 
sion curves (Fig. I, 4-7) indicate prop- 
er mixing kinetics. For all of our ade- 
nine nucleotide analyses, 0.2 ml of the 
appropriate sample extract or nucleotide 
standard solution was injected into 
1.0 ml of the luciferase preparation. 

Table I shows a comparison of the 
statistical variation for two ATP stan- 
dards when assayed by the peak height 
emission and by the more conventional 
integrated light-flux measurements. In 
both cases, the reproducibility of the 
peak data was equal to, or better than, 
the integrated determinations. In addi- 
tion to the speed (approximately 30 sec/ 
sample) of the peak assay, the ease of 
operation, and high level of reproduc- 
ibility (~ I to 2%), peak measurements 
are essential for obtaining accurate ade- 
nine nucleotide determinations (see sub- 
sequent "Results and Discussion"). 
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25 �9 PK, PEP, MK / ' ~  
( heat deactivated) / /  

�9 PK,PEP, MK / /  
A 20 (no deactivation) S 
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Fig. 2. Effects of heat deactivation on sensitiv- 
ity and linearity of standard ATP solutions. MK: 
myokinase (adenylate kinase) 

The heat deactivation step proposed 
in the current assay methodology has not 
been utilized in previous energy charge 
studies; however, we found that it was 
essential for measuring adenine nucleo- 
tide concentrations of less than 50 ng 
A T ml -I of sample extract. Since most en- 
vironmental extracts contain between I 
to 30 ng A T ml -I , this additional pro- 
cedural step is essential. Fig. 2 pre- 
sents a pair of ATP standard curves, 
each containing PK, AK and PEP, the only 
difference being that the samples repre- 
sented by the lower curve were heat- 
deactivated (2 min, IOOOC) prior to the 
peak emission analyses. It is evident 

,t ,SI 
N ~  eactivati~ 

i pEAK=5400 ~ i n J l  i i ____~ ct 

5 4 5 2 I 0 
< TIME, sec 

ATP--50 ng ml-' 
PK, MK, PEP 
( heat deactivated) 

J 
PEAK = 
14,800 
I _  I r- 

6o 0 
<---TI ME, sec 

ATP=50 ng ml-' 
PK, MK, PEP 

~ ~ k ~  eactivati~ ) 

PEAK = 16,000 
I I 

60 0 
<--- TIME, sec 

Fig. 3. Kinetics of ATP production in absence of 
the heat deactivation procedure, and a compari- 
son of reaction kinetics of a standard ATP solu- 
tion with and without heat deactivation. MK: 
myokinase (adenylate kinase) 

that in the absence of heat deactivation, solution (30 ng ATP ml -I) containing py- 
both the linearity of the standard curve ruvate kinase, adenylate kinase and PEP, 
and the lower limit of ATP detection are with and without a 2 min heat deactiva- 
greatly affected. This discrepancy be- tion step. These data once again estab- 
tween the two curves is caused by the lish that ATP is produced within the 
immediate production (O to 3 sec) of ATP sample-enzyme mixture, and that this ATP 
in the presence of PEP and pyruvate ki- rapidly reacts (<0.5 sec) with the fire- 
nase, presumably from ADP contained with- fly luciferase causing an elevated peak 
in the crude luciferase preparations, emission. If, however, the original sam- 
Since pyruvate kinase is a heat-labile ple extracts contain >50 ng A T ml -I, the 
protein, a 2 min heating period is suffi- heat deactivation step is not necessary 
cient to denature the enzyme and produce since the analytical interference result- 
the expected linear standard curve (Fig. ing from the pyruvate kinase activity is 
2, circles). The kinetics of ATP produc- overwhelmed by the magnitude of the ATP- 
tion resulting from the addition of pyru- dependent peak light emission. At all 
vate kinase and PEP are reproduced in 
Fig. 3. When a reagent blank (Tris buf- 
fer) containing only pyruvate kinase, 
adenylate kinase and PEP (but no ATP) is 
injected into a vial containing firefly 
luciferase, less than 0.5 sec elapse be- 
fore light emission commences. The lower 
portion of Fig. 3 compares the light 
emission kinetics for an ATP standard 

concentrations of ATP ~50 ng ml -I , the 
peak light emission was comparable for 
samples with or without a prior heat de- 
activation step. 

Although the heat deactivation step 
is essential for low-level adenine nucle- 
otide analyses (A T <50 ng ml-1), it in- 
troduces an additional methodological 
consideration to quantitative adenine 
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nucleotide determinations. Unlike pyru- 
vate kinase, adenylate kinase is an ex- 
tremely heat- and acid-stable protein 
(Noda, 1973). Less than 10% of its cata- 
lytic activity is destroyed during the 
proposed heating period (2 min, IOOOC). 
The selective denaturation of pyruvate 
kinase tends to alter the final reaction 
equilibrium, resulting in the backproduc- 
tion of ADP from ATP in solution (AMP + 
ATP , " 2 ADP). The equilibrium of 
this reaction is achieved within approxi- 
mately 25 min at 25oc. In practice, a 
series of ATP standards are carried 
through all of the enzymatic reactions, 
and separate standard curves are then 
plotted. From Fig. 4 it is evident that 
all three of the standard curves are 
linear and pass through the origin, the 
only difference being in the values of 
their slopes. For data reduction, the 
ATP concentrations in Tubes A and B are 
calculated from the upper curve, and the 
ATP concentrations in Tubes C and D from 

15 
ATP REAGENTS 

_e ADP REAGENTS /m, 
�9 AMP REAGENTS ~ � 9  

b_ 
z 1 0 _  
o_ 
(/') 
__ - 
:E 
IL l  

I 

d 5 
v 

h i  
(3- 

0 ~ I I I J I I I I I I 
0 I0 20 50  4 0  50  

ATP C O N C E N T R A T I O N  ( n g  m l  -~) 

Fig. 4. Representative standard curves for ade- 
the lower curve (see Fig. 4) . If individ- nylate energy charge determinations 
ual standard curves are not prepared, 
the experimental results will often in- 
dicate negative values for the concentra- 35 
tion of AMP, as has been reported previ- 
ously in the literature (B~mstedt and 
Skjoldal, 1976). In addition, the prepa- 30 
ration of these standard curves enables 
the investigator to detect and correct ~25 
for any adenine nucleotides that may be Q 
contaminating the commercial pyruvate 
kinase and adenylate kinase preparations, ~ 20 
and will also correct for any contaminat- 
ing activities (e.g. adenine deaminase, 
ATPase, etc.) that would tend to alter w 15 
the final levels of ATPFor this reason, 
these curves should be constructed even i0 
if the heat deactivation procedure is 
not utilized, z 

Several previous investigators have 
been concerned with estimating the effi- 
ciency of the coupled pyruvate kinase- 
adenylate kinase reaction (i.e., AMP 
ATP). Although many published reports indi- 
cate coupled enzymatic efficiencies of 100% 
(Johnson et al., 1970; Weiss et al., 1972; 
Kimmich et al., 1975; Lundin and Thore, 

/ �9 - AMP 
50  ng 

/ 
0 [ L I I I I I I I [ I I I I 

0 25 50 75 I00 
ATP ADDED (ng  ml - I )  

"- AMP 
30ng 

�9 AMP 
lOng 

Fig. 5. ATP-dependent conversion of AMP to ATP 
via the coupled pyruvate kinase/adenylate kinase 

1975), the concentrations of adenine nu- reactions. All samples were incubated for 30 rain 
cleotides used in these studies were gen- at 3ooc and heat deactivated (lO0oC, 2 rain) 
erally in the micromolar range (500 to prior to the ATP assay. All ATP determinations 
10OO ng AT ml -I ) �9 As mentioned previous- are corrected for exogenous ATP 

ly, most environmental samples contain 
only 0.1 to I% of these levels, and 
kinetic information concerning the cou- 
pled enzymatic reactions at these concen- is a greater efficiency of conversion of 

trations is lacking. Fig. 5 shows peak 
light emission data resulting from the 
enzymatic conversion of three concentra- 
tions of AMP in the presence of varying 
concentrations of exogenous ATP. It is 
apparent that as the total concentration 
of ATP in each sample increases, there 

AMP to ATP by the coupled reaction (Fig. 
5). In other words, by increasing the 
ATP concentration, the apparent K M of 
adenylate kinase for AMP is lowered. 
These experimental results are consis- 
tent with the random bi-bi reaction mech- 
anism for adenylate kinase recently pro- 
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Fig. 6. Effects of addition of exogenous GDP on kinetics and reactivity of ATP, GTP and mixed nu- 
cleotide extracts 

posed by Rhodes and Lowenstein (1968). 
The addition of 10 ng ATP to each of the 
D tubes (see "Materials and Methods") 
ensures a more efficient conversion of 
AMP to ATP within the reaction mixture. 
Although this refinement in methodology 
may not be necessary for all environ- 
mental energy charge determinations, 
especially since AMP is generally a mi- 
nor portion of the total adenine nucleo- 
tide pool in growing cells (I to 10%), 
it does enable one to determine a more 
reliable estimate of the total AMP (and 
AT) concentration, and therefore a more 
correct EC ratio. 

When utilizing enzymatic techniques 
to determine various compounds quantita- 
tively, it is essential to evaluate the 
substrate specificity for each of the 
enzymes utilized, and to determine the 
extent of analytical interference (if 
any) resulting from closely related com- 
pounds. Although crystalline firefly 
luciferase is specific for ATP (McElroy 
and Green, 1956; DeLuca, 1976), a number 
of other ribose and deoxyribose nucleo- 
tides, especially guanosine triphosphate 
(GTP), will stimulate light emission in 
most commercial luciferase preparations 
(i.e., crude as well as "purified" com- 
mercial reagents; Karl, unpublished re- 

ADP, GDP, IDP, dADP, UDP, CDP and dCDP 
in decreasing order of reactivity (Kayne, 
1973). Adenylate kinase, on the other 
hand, is very specific for AMP as the 
phosphoryl acceptor (AMP + NTP ~ ' ADP 
+ NDP), even though the specificity for 
the phosphoryl donor is much more re- 
laxed (Noda, 1973). Peak height measure- 
ments substantially reduce the analyti- 
cal interference resulting from non- 
adenine nucleotide triphosphates (GTP, 
UTP, CTP and ITP), although if the con- 
centration of GTP is significant, rela- 
tive to the level of ATP (i.e., [GTP] 

[ATP]), the final calculated adenylate 
EC ratio will be in error, unless the ap- 
propriate corrections are made. When GTP 
(or any other NTP) is injected into the 
crude enzyme mixture, ATP is produced 
from ADP in a reaction catalyzed by the 
enzyme nucleoside diphosphate kinase 
(NDPK) present within the firefly lucif- 
erase preparations (ADP + NTP , ~ ATP 
+ NDP; Keq = 1.0). A simple procedure 
that can be routinely followed in order 
to eliminate this source of interference 
is the addition of GDP to the crude en- 
zyme preparation prior to the ATP deter- 
mination. Fig. 6 shows the effect of GDP 
addition (400 ng per sample) on the ki- 
netics and reactivity of several nucleo- 

sults). The pyruvate kinase reaction tide preparations. Since the firefly 
(ADP § PEP ' ATP + pyruvate) is rela- NDPK reaction appears to be relatively 
tively non-specific, and will catalyze non-specific, the addition of GDP will 
the transfer of phosphate from PEP to inhibit ATP production from UTP, ITP and 
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CTP as well as from GTP (Karl, unpub- W I0 
lished results) �9 

Although the assay methodology pre- 
sented in this report is routinely stan- I 
dardized with test solutions of adenine O 05 
nucleotides (see "Materials and Methods") 
in order to monitor the enzymatic con- 
version efficiencies, an experiment was W 
conducted with thebacterium Escherichia Z W 0 
coli to compare our results with those 
of previously published reports�9 Fig. 7 
indicates that the EC ratio is main- 
tained at a value between 0.8 and 0.9 I0 
throughout the exponential growth phase, 
results that are nearly identical to 
those reported by Chapman et al. (1971) 
and Swedes et al. (1975). 

The primary analytical consideration 
for determining environmental EC ratios 
concerns the extremely low levels of 
adenine nucleotides that occur in most 
ecosystems. Hodson et al. (1976) de- 
scribed a charcoal adsorption technique 
as a means of concentrating ATP extracts 
from marine environments. We investi- Z 

W 
gated the possibility that the charcoal D 
adsorption methodology might be useful O l 
for other adenine nucleotide determina- 
tions as well. A charcoal column adsorp- 
tion experiment was conducted as de- 
scribed in "Materials and Methods", and O 
the results are presented in Table 2. 
When a solution of ATP was applied to an 
activated charcoal column, bound, rinsed, 
eluted, evaporated and reconstituted 
with Tris buffer as described by Hodson 
et al. (1976), both ATP and ADP were de- 
tected in the final solution (Table 2). 
However, in the control sample, only ATP 
was detected (Table 2, Sample I). These 
results indicate that ATP hydrolysis had 0.01 
occurred at some point during the char- 0 
coal column procedure. A similar effect 
can be seen for Samples 3, 4, and 5 of 
Table 2. Moreover, the actual quantita- 
tive recovery of each of the three ade- 
nine nucleotides varied considerably. 
The recovery of ATP and AMP were approxi- 
mately 56 and 35%, respectively; whereas 
the "apparent recovery" of ADP varied 

O Q O O O 
O O 

I I I I I I I I 

I000 

0 

I I I I I I I I0 
60 120 180 240 

TIME, min 

O 

7 
s 

Fig. 7. Escherichia coli. Adenylate energy ratios 
during growth in batch culture. Open circles: op- 
tical density; filled circles: ATP 

mental results of Ireland and Mills 
(1966), where the binding and elution 
properties of activated charcoal were 
examined using a variety of purines and 
purine nucleotides. Moreover, they dis- 
covered that the percent recovery varied 
with the amount of nucleotide applied to 
the column, and that the recovery was 
also affected by the presence of other 
organic substances (Ireland and Mills, 
1966). Although the charcoal column pro- 
cedure may be useful for certain ecolog- 

determine the correct EC ratio for a par- 
ticular sample extract, the recovery of 
each of the three adenine nucleotides 
would have to be determined independent- 
ly and corrected for, and the effect of 
hydrolysis (as well as other chemical re- 
actions such as deamination, etc.) would 
have to be carefully evaluated. The fact 
that ATP hydrolysis does occur during 
the charcoal adsorption procedure sug- 
gests that extreme caution should be 
used whenever this technique is applied 

from 70 to 94%, depending upon the 
amount of ADP that was produced from the ical studies, it cannot be used for quan- 
hydrolysis of ATP. These observations titative adenine nucleotide determina- 
are consistent with the extensive experi- tions in its present form. In order to 
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Table 2. Charcoal columns and adenine nucleotide determinations 

Sample Nucleotide Adenine nucleotide determinations 
no. content Control Column 

(ng ml-l) a ng ml -la % Recovery ng ml -la % Recovery 

1 30 ATP ATP 29.0 97 ATP 
ADP 0 - ADP 
AMP 0 - AMP 

A T = 29.O 97 

2 30 ADP ATP 0 - ATP 
ADP 30. 8 103 ADP 
AMP O - AMP 

A T = 30.8 103 

3 15 ATP ATP 14.3 95 ATP 
iO ADP ADP 10.5 105 ADP 
5 AMP AMP 4.7 94 AMP 

A T = 29.5 98 

4 15 ATP ATP 14.O 93 ATP 
15 AMP ADP O - ADP 

AMP 14.5 97 AMP 
A T = 28.5 95 

5 15 ATP ATP 14.1 94 ATP 
15 ADP ADP 14.8 99 ADP 

AMP 0 - AMP 
A T = 28.9 96 

17.1 
4.0 
0 

AT = 21.1 

O 
21 .i 
O 

AT = 21.1 

8.1 
9.4 
2.0 

AT = 19.5 

8.4 
1.9 
4.7 

A T = 15.O 

8.7 
12.8 
0 

A T _ 21.5 

57 

7O 

7O 

70 

54 
94 
40 
65 

56 

31 
5O 

58 
85 

72 

aAll nucleotides are expressed as ATP equivalents. 

to quantitative analysis of ATP. The re- 
commended use of ATP-u in order to 
determine the efficiency of each column 
(Hodson et al., 1976; Azam and Hodson, 
1977) is only valid if the observed ATP 
hydrolysis occurs during the nucleotide 
adsorption step. If the hydrolysis (and 
release of 32p0 4) occurs during or sub- 
sequent to the elution procedure, then 
the 32P0 4 will be detected and radio- 
assayed as if it were ATP-y-32p. A more 
reliable internal standard would seem to 
be the addition of non-radioactive ATP 
to a subsample of each extract, since 

tion of the volume filtered, there was 
no significant change in the concentra- 
tion of A T . This indicates that the 
cells are rearranging their intracellu- 
lar adenine nucleotides, presumably in 
response to metabolic stress imposed by 
vacuum filtration. This hypothesis is 
supported by the fact that the EC ratio 
consistently decreased as a function of 
the volume of water filtered (Fig. 8). 
The exact magnitude of this "filtration 
effect" is related to the density and 
types of organisms present within each 
sample, and is also related to the in situ 

the final analysis of this internal stan- EC of the water sample. Our experience 
dard will be subjected to the same set 
of reactions and interferences as the 
original ATP in solution. 

Perhaps the most critical methodolog- 
ical consideration concerns the effect 
of vacuum filtration on the determina- 
tion of the adenylate energy charge val- 
ue. It has been previously shown (Cole 
et al., 1967) that centrifugation had a 
detrimental effect on the amount of ATP 
recovered from growing bacterial cells. 
An experiment was conducted at sea to 
determine whether or not vacuum filtra- 
tion had a similar effect on natural mi- 
crobial populations. The results are 
presented in Fig. 8. It is evident from 
these data that, although the total 
amount of ATP per sample when normalized 

has indicated that the higher the ini- 
tial EC ratio, the greater the "filtra- 
tion effect". It is also apparent from 
these data that the effect is not a sim- 
ple linear function of the volume of wa- 
ter filtered, but that an asymptote is 
approached, presumably corresponding to 
some level of maximum metabolic stress 
(EC = 0.5 to 0.6, Fig. 8). A recent re- 
port by Sutcliffe et al. (1976) described 
an unusual problem with ATP determina- 
tions in coastal waters, which we now 
feel might be at least partially ex- 
plained by the EC results presented in 
Fig. 8. The "filtration effect" could 
not be alleviated by reducing the pres- 
sure differential during vacuum filtra- 
tion (our usual AP = 20 cm Hg), nor 

to a per liter basis decreased as a func- could the effect be lessened by convert- 
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Fig. 8. Effect of vacuum filtration on ATP, AT 
and energy charge ratio determinations. This wa- 
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Fig. 9. ATP, energy charge ratios and chlorophyll 
a concentrations for a station located within the 

ter sample was obtained at 33~ i18o47.6'W Southern California Bight (33o15'N; i17o41'W) ap- 
from a water depth of 9 m proximately 5 km offshore. Total water depth was 

200 m 

ing from vacuum to pressure filtration. Since phytoplankton cells probably ac- 
It is very difficult to define this prob- count for the major portion of the mi- 
lem quantitatively in order to apply the 
necessary correction factor. As a com- 
promise, minimal sample volumes should 
be filtered and extracted (i.e., 25 to 
100 ml for coastal oceanic waters <100m; 
250 to 1000 ml for deeper samples). If 
additional reaction sensitivity is re- 
quired in the ATP assay procedure, D- 
luciferin can be added to the enzyme 
preparation as described by Karl and 
Holm-Hansen (1976). 

Fig. 9 presents the results obtained 
from seawater samples collected within 
the Southern California Bight, approxi- 
mately 5 km offshore. The EC ratios were 
calculated from minimum sample volumes 
and, although they might represent slight 

crobial biomass in euphotic oceanic wa- 
ters, any community parameter such as 
the adenylate EC ratio should reflect 
the growth and metabolic characteristics 
of the most predominant organisms. 

Fig. 10 presents ATP, A T and energy 
charge determinations measured within 
water samples collected approximately 
100 km off the Southern California coast 
to a depth of 1500 m. The concentrations 
and vertical distribution of ATP within 
the water samples are similar to the re- 
sults previously presented by Holm- 
Hansen and Booth (1966) for a similar 
station located within the Southern Cali- 
fornia Bight. An interesting feature of 
the vertical profiles is the existence 

underestimates of the true in situ EC val- of a subsurface maximum, in ATP and A T 
ues, we feel they are representative of centered at approximateiy 300 m. This 
the true community levels. The EC ratios elevated biomass is accompanied by an in- 
ranged from 0.69 to 0.81, with maximum crease in the EC ratio to a value of 
ratios corresponding to the subsurface 0.89, the highest ratio measured. These 
maxima in ATP and chlorophyll a concen- data suggest that certain portions of 
trations (i.e., 10 m, Fig. 9). These the water column may contain an ele- 
data suggest that this portion of the wa- vated level of active microbial cells, 
ter column has a greater community meta- relative to the water column directly 
bolic activity and greater potential for 
cell growth than the water located di- 
rectly above or below it. Below approxi- 
mately 20 m, there is a gradual decrease 
in the EC ratio, suggesting reduced 
growth potential. These data and inter- 
pretations are supported by measurements 
of H14C03 uptake calculated from these 
same water samples (data not given). 

above or below them. These environments 
may arise due to density discontinuities 
within the water column resulting in the 
accumulation of sinking organic matter 
as described by Karl et al. (1976); how- 
ever, regardless of their origin, the 
regions of increased biomass and meta- 
bolic activity must be important as 
sites of nutrient regeneration required 
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solid particles, or from multicellular 
organisms, additional factors must be 
evaluated, namely the rate of cell death 
and the effectiveness of the various ex- 
traction techniques for preserving the 
intracellular adenine nucleotides at in 
~vo levels. The EC methodology de- 
scribed in this report offers a new ap- 
proach for the critical evaluation of 
various extraction methodologies. Karl 
and Holm-Hansen (1977) reported that the 
EC ratio measured in beach sand varied 
as a function of the extraction proce- 
dure used. The cold sulfuric acid-EDTA 
procedure of Karl and LaRock (1975) 
yielded consistently higher [ATP]/[A T] 
ratios and higher EC ratios (indicating 
a more efficient extraction procedure) 
than when the sand was extracted with 
either boiling Tris or boiling sodium 

Fig. I0. ATP, A T and energy charge determinations bicarbonate buffers (Karl and Holm- 
for a station located at 32o31.6'N; i18oo7.o'w, Hansen, 1 977). These results support the 
approximately ioo km offshore. Total water depth theoretical thermal gradient hypothesis 
was 1850 m previously proposed by Karl and LaRock 

(1975) . 

for sustained phytoplankton growth. The 
most significant feature of the vertical 
distribution of energy charge ratios is 
the apparent change from a relatively 
high ratio (EC = 0.78 to 0.89) within 
the surface portion of the water column 
(50 to 300 m), to relatively low ratios 
(EC = 0.55 to 0.64) within the deeper 
portions of the water column (>600 m). 
Although the absolute growth rate cannot 
be determined from energy charge ratios 
alone, these results support the notion 
of a general slowdown in mean community 
metabolic activity with increasing water 
depth in the ocean. The water sample col- 
lected at I m, however, exhibited a low- 
er energy charge ratio (and presumably a 
lower growth potential) than the water 
sample collected from a depth of 50 m. 
These results are identical to the data 
presented in Fig. 9, and may be the re- 
sult of inhibition of phytoplankton 
growth due to nutrient depletion or ul- 
traviolet and photo-inhibition, or both. 

The methodology presented in this re- 
port has also been successfully applied 
to the analysis of microbial populations 
within the water column of the Black Sea 
(Karl, unpublished results), to various 
coastal marine sediments, and to a vari- 
ety of multicellular marine and terres- 
trial organisms. Although the results of 
these latter experiments are the subject 
of a separate report (Karl et ai.,1978), 
one important consideration merits atten- 
tion. In order to extract ATP efficient- 
ly from microbial cells attached to 
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