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Aequorin Luminescence: Relation of Light Emission

to Calcium Concentration—A Calcium-Independent Component

Abstract. Light emission from the calcium-sensitive bioluminescent protein aequo-
rin was measured at calcium ion concentrations of 107° to 1072 molar. At very low
Ca*" concentrations, light emission is independent of calcium ion concentration. The
maximum slope of the log-log plot of light as a function of calcium ion concentration
is about 2.5. The complete relation is well described by a two-state model involving

three calcium-binding sites.

Aequorin, the photoprotein extracted
from the jellyfish Aequorea (1), emits
light when it is exposed to calcium ions.
This unusual property has generated con-
siderable interest in the mechanism of
the light-emitting reaction (2) and has led
to the use of aequorin as an indicator of
the concentration of free calcium ions
[Ca®*] in a variety of cells (3). The pre-
cise nature of the relation between [Ca?*]
and light emission is of importance to
both of these subjects. Previous studies
of this relation have been restricted to
limited ranges of [Ca?*] and have gener-
ally led to the conclusion that the rate of
the luminescent reaction is proportional
to [Ca**]? (4). We report here a study of
the relation between [Ca®'] and light
emission over a range of [Ca?"] from less
than 107 to 1072M which reveals two
new findings: (i) at very low [Ca®*] there
is a light emission that is independent of
[Ca**] and (ii) at intermediate [Ca®*] the
refation between light emission (L) and
[Ca®"] is not adequately described by an
equation of the form L =« [Ca?*]2.

Aequorin was extracted and purified
4) from Aequorea collected at Friday
Harbor, Washington. For these experi-
ments highly purified salt-free lyophi-
lized aequorin was dissolved in distilled
water in quartz. Ten microliter volumes
of this solution were forcefully injected
into a reaction cuvette containing 1 ml of
test solution (legend to Fig. 1), giving a
final aequorin concentration of about
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5 x107#M. The reaction cuvette was situ-
ated above a photomultiplier, and, by the
combined use of variable electronic am-
plification and neutral density filters,
light could be measured linearly over
eight orders of magnitude. The peak light
intensity (before significant aequorin con-
sumption occurred) was used as the in-
dex of reaction rate.

Figure 1 shows the result of a represen-
tative experiment in which [Ca?*] was
varied with dilutions of CaCl, and by the
use of three different calcium buffers.
The points for each buffer have been
shifted horizontally as a group to give the
best fit to the points obtained by calcium
dilution. This is equivalent to a determi-
nation of the apparent association con-
stant for the calcium buffer and has the
advantage that the constant is appropri-
ate for the conditions of pH, temper-
ature, and ionic strength used in the ex-
periment. The log of the apparent asso-
ciation constant (MY for EGTA
determined in this way at pH 7.0 is
6.45—a value between the widely accept-
ed one of 6.65 (5) and others reported to
be around 6.1 (6). It is worth noting that
the conclusions which follow are equally
valid if reported association constants
are used, the advantage of the above pro-
cedure being only that it reduces the hori-
zontal scatter of points in Fig. 1.

Under the conditions of our experi-
ments, the concentration-effect curve is
essentially flat at [Ca2"] below 1078M.

The tendency toward flattening is appar-
ent in the calcium dilution series al-
though the lowest points of this series
must be regarded as the least reliable be-
cause they would be most influenced by
calcium contamination or by EDTA con-
tamination in the aequorin solution. The
finding, however, was confirmed with all
three of the calcium buffers, most con-
vincingly with CDTA, which buffers
[Ca?*] well over the lowest range that we
explored. Furthermore, when no cal-
cium was added, all three chelators gave
the same low light level. In this case the
[Ca**] cannot be accurately calculated;
atomic absorption spectroscopy showed
that the total calcium in these solutions
(no ingredients of which were passed
through the Chelex column; see legend
to Fig. 1) was | X 107% to 2 X 107°M,
and on this basis the [Ca**] for these
points was calculated to lie between 3 X
10~ and 6 x 107"*M (depending on
chelator). In seven experiments with
aequorin collected in five different years,
the magnitude of this light (as the log, of
the fraction of maximal light emission)
was —6.40 = 0.16 (mean =+ standard de-
viation, n = 7).

As the [Ca?*] is raised from low levels,
the light increases so that the slope of the
log-log plot increases from zero to a max-
imum of about 2.5 (at [Ca**] = 10"°M)
and then falls again to zero at saturating
[Ca?*] levels. Between 3 X 1077 and 3 X
10~ , the points lie close to a straight
line with a slope of 2.52 in this experi-
ment (determined by linear regression of
the points on the log-log plot over the
stated range). In eight experiments, the
mean slope determined in this way from
calcium dilutions was 2.46 = 0.033
(mean = standard error, n = 8). The
EGTA-buffered points extend over this
range and confirm this finding (slope
2.54 + 0.039, mean = S.E.,n = 7). The
slopes from the calcium dilution and the
EGTA-buffered series are not significant-
ly different (P > .1), but both are signifi-
cantly greater than 2.0 (P < .001).

Some properties of the Ca**-indepen-
dent light were studied. It is absent when
the aequorin has been discharged by
Ca?t. When pH was varied, light in-
tensity was least at pH 7 and was in-
creased by a factor of 2 to 3 at pH S and
9. When the KCI concentration in the
test solution was increased from 0.01 to
0.50M, the Ca*'-independent light was
reduced by a factor of 2. As temperature
was increased from 0° to 40°C, the Ca**-
independent light increased by a factor
of 67. An attempt was made to see wheth-
er the Ca?™-independent light was depen-
dent on free oxygen. We could detect no
difference in the light emission of solu-

SCIENCE, VOL. 195



Fig. 1. The relation between light emission and [Ca**] for aequorin.
All solutions contained 150 mM KCI, 5mM PIPES [piperazine-N,N'-
bis(2-ethanesulfonic acid)], pH 7.0, and were at room temperature
(22°C). Points are experimental data, lines are predictions from theo-
retical models described in text. Ordinates: log,, of the ratio of peak
light intensity to the peak light intensity in saturating [Ca®*]. Ab-
scissae: log,, of the free calcium concentration (M). @, [Ca?*] deter-
mined by dilutions of 1M CaCl,. Before addition of CaCl,, these
solutions were passed through a Chelex 100 (Bio-Rad Laboratories)
column which reduced [Ca?"] to less than 1078}, (I, O, A, [Ca?*] set
by EGTA [ethylenebis(oxyethylenenitrilo)tetraacetic acid], EDTA
(ethylenediaminetetraacetic acid), and CDTA [(1,2-cyclohexylene-
dinitrilo)tetraacetic acid] buffers, respectively. Buffer solutions were
made by mixing two solutions containing: (i) 1 mM chelator, and
(ii) 1 mM Ca chelator, in addition to the other salts. Solutions (i)
and (ii) were mixed in proportions 0.1 to 10. The logs of the ap-
parent association constants (log K') determined by the method
described in the text are given on the graph. For comparison, the
reported log apparent association constants (M~') for EDTA and

—4 +

logyo (L/Lmax)

Model A,

Model Ay
Model B

e [ca2*] set by dilution

o EGTA buffer log K’ 6.45
o EDTA buffer log K’ 7.2
s CDTA buffer log K’ 7.6

CDTA (I1) are 7.3 and 7.8, respectively. The three points on the left
(undefined abscissae) were obtained with solutions (i) alone. Lines
were calculated from theoretical models, with equations derived in the text: For model A,, K = 3.5 X 10*M !, n = 2. Addition of Ca*-
independent light = —6.22 (units of ordinate) gave dashed line. For model A;, K = 6.2 X 10°M ', n = 3, Ca?*-independent light = —6.22. For
model B, Ky =7 x 10M~', Kz = 1.18 X 102, n = 3. .

tions equilibrated with 100 percent O,
and with argon containing O, at 0.5 part
per million. Silver ions increase the
Ca?*-independent light substantially
when as little as 107°M AgNO, is added.
Addition of 5 mM MgCl, was found to re-
duce Ca?*-independent light by a factor
of 2.

All known bioluminescent reactions
are thought to involve the oxidation of an
organic substrate (luciferin or chromo-
phore). However, the Ca**-dependent
light emission of photoproteins such as
aequorin does not require exogenous O,.
Thus it seems likely that the active photo-
protein molecule contains some form of
bound oxygen and that, when the protein
combines with Ca*", a conformational
change occurs which allows the. bound
oxygen to oxidize the chromophore with
the emission of light (7). Two general
sorts of mechanisms might be respon-
sible for the Ca**-independent light: ei-
ther the luminescent reaction proceeds
at a low rate in a manner unrelated to the
Ca?*-dependent luminescence (model A)
or, alternatively, the same mechanisms
that lead to Ca?'-dependent lumines-
cence occur at a low rate in the absence
of Ca?" (model B). An example of the
first alternative would be the oxidation of
the chromophore by exogenous oxygen.
The absence of a detectable effect of O,
depletion argues against this mechanism,
although the possibility remains that oxi-
dation of the chromophore might require
an activated oxygen species rather than
O, (7). The finding that the Ca**-indepen-
dent light is increased by Ag* raises the
possibility that this component might be
due entirely to trace concentrations of
ions (such as Ag*) that are not strongly
bound by the Ca2* chelators used. We
have eliminated this possibility, at least
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for Ag*, by showing that addition of
I mM CN-, which binds Ag" very
strongly, generally has little or no effect
on the Ca?*-independent light. (It is
worth noting that the exceedingly low
concentrations of Ag* released by some
pH reference electrodes or an Ag wire in
the Ca?*-chelated solution can increase
Ca**-independent light considerably; the
increase is eliminated by addition of
CN™.) An example of the second alterna-
tive would be that a conformational
change leading to oxidation of the
chromophore might occur spontaneously
in the absence of Ca*" but be greatly ac-
celerated by the binding of Ca**.

A way of trying to decide between
these alternatives is to construct models
of the proposed mechanisms for com-
parison with the experimental data. It
has been proposed (8, 9) that two cal-
cium ions must be bound to aequorin si-
multaneously to produce light emission
and that light intensity is proportional to
the concentration of Ca, aequorin (model
A,). More generally, for each binding
site

Ca** + A éCaA

where K is the equilibrium association
constant and A represents aequorin. If n
identical sites on each aequorin molecule
must be occupied for luminescence to oc-
cur, then:

L

[CaA] "

= (a1 % [Caa]
K[Ca?*] "
Ui+ Kicas )

max

Model A

where L/L,.,, = (peak light intensity)/
(peak light intensity at saturating [Ca?*]).
Curves calculated from model A when
n = 2 and 3 are shown in Fig. 1. In each

logro [ca2*] (M)

case, K has been chosen to give the op-
timum fit to the upper experimental
points. The dashed lines show how the
numerical addition of a fixed amount of
light equal to the Ca?*-independent light
affects these curves. The maximum pos-
sible slope of these curves on a log-log
plot is n, so that model A,, with a maxi-
mum slope of 2, is inconsistent with our
data.

Model B is based on the assumptions
that each of the sites to which Ca2* binds
has two states, T and R, which are in
equilibrium and that light is emitted by
the molecule only when n sites on the
molecule are in the R state. Calcium
binds much more avidly to the R state,
and hence at high [Ca?"] most of the sites
will be in the R state. For each site

Kg
R + Ca** =RCa
K 1}
T

where Kj is the equilibrium association
constant and K., = [T})/[R]. In the usual
two-state model (/0) Ca?* also binds to T
with a binding constant, K,.. We find the
curves fit our data well, provided that
K < Ky; hence we have made K, = 0to
reduce the number of arbitrary constants
in the model. The proportion of sites in
the R state is the expression within the
large parentheses shown below. If we as-
sume that » sites on one molecule must
simultaneously be in the R state and that
the fractional light intensity is equal to
the proportion of molecules in that form,
then

L

Lo~ UIR]

LI KICa]
( I + Kyg + Kg[Ca?'] )

[R] + [RCa] "
+ [T] + [RCa] ) B

Model B
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A curve calculated from model B (n = 3)
is shown in Fig. 1. This curve fits the ex-
perimental points substantially better
than those from models A, and A; (all
have three arbitrary constants). An al-
most equally good fit can be obtained
with model B when n = 4 (with adjust-
ment of the other constants), but values
of n = 2 or 5 will not give a satisfactory
fit. The fit of model A, can be slightly
improved (at the expense of additional
arbitrary constants) by giving the three
sites different microscopic binding con-
stants, but the fit of model B remains
substantially better. Model B is also the
most attractive in the sense that the
Ca**-independent light is an integral part
of the model rather than simply an added
constant. More detailed structural
and chemical information about the
aequorin molecule will be required to
finally decide among these and other pos-
sible models.

The results are important to the use of
aequorin as an intracellular calcium in-
dicator. Clearly in the range of [Ca®*]
where the Ca?'-independent light be-
comes a significant fraction of the Ca**-
dependent light, the utility of acquorin as
a [Ca®"] indicator will be correspond-
ingly reduced. Under the conditions of
the experiment in Fig. 1, [Ca*"] below
about 3 X 1078 could not be deter-
mined with aequorin. However, this lim-
iting concentration is crucially depen-
dent on the conditions; for instance, we
have found that a change in KCI concen-
tration from 0.01 to 0.50M produces an
approximately parallel shift of the curve
to the right by 1.5 log units. In addition,
there is a change in the level of Ca**-in-
dependent light (noted above). As an
overall consequence the minimum de-
tectable [Ca®*] at 0.50M KCIl might be
about 107°M, but at 0.01M it might be
107°M . The [Mg**] and perhaps other as-
pects of the intracellular environment
will also affect the minimum detectable
[Cazt].

The fact that the slope of the relation
between light and [Ca?"] varies contin-
uously with [Ca?*] introduces further dif-
ficulties into the use of aequorin as a
quantitative [Ca?*] indicator. Previously
we (4) and others (8) felt that one of the
most practicable approaches to calibrat-
ing the aequorin response in vivo was to
determine the light emission appropriate
to some known [Ca*]—preferably the
resting [Ca*']--and to assume that a
square-law relation held between light
and {Ca**] above and below this level. It
now appears that not only must the light
emission from an aequorin-injected cell
be determined for some known [Ca®']
but the shape of the relation between
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light and [Ca**] must be determined un-
der conditions appropriate to the intra-
cellular milieu and over the range
through which the intracellular [Ca?*]
varies.
Davip G. ALLEN
JoHN R. BLINKS
FRANKLYN G. PRENDERGAST
Department of Pharmacology,
Mayo Medical School,
Rochester, Minnesota 55901
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Conjugal Transfer of the Gonococcal Penicillinase Plasmid

Abstract. Certain gonococci, which heretofore have lacked a conjugal mating sys-
tem, can sexually transfer a small plasmid (4.5 x 10°daltons) which carries the gene

for B-lactamase production. Frequencies of conjugal transfer were similar into di-

verse recipients (other gonococci, Neisseria flava, and Escherichia coli), which sug-
gests that gonococci may transfer the plasmid promiscuously in nature.

Recently, strains of penicillinase-pro-
ducing Neisseria gonorrhoeae (PPNG)
have been identified (/). The potential so-
cial and medical impact of these strains
is considerable (2).

We have performed experiments dem-
onstrating that penicillinase-producing
gonococci can sexually transfer the pen-
icillinase gene to other gonococci and to
other species of bacteria. Up to the pres-
ent, the only known mechanism of genet-
ic transfer in the gonococcus has been by
transformation (3). Past experiments that
attempted to demonstrate conjugal trans-
fer of drug resistance by gonococci were
unsuccessful ).

Table 1. Host range and transfer frequency of
the gene for penicillinase production in pen-
icillinase-producing gonococcal strain FA288.
Strain FA306 is a spontaneous penicillinase-
negative segregant of FA288. Strain FA305 is
an unrelated strain derived from F62.

Frequency of

Penicillin-sensitive pencillinase-
recipient producing

transconjugants™®

N. gonorrhoeae FA306 2 x 1074
N. gonorrhoeae FA305 6 x 1076
E. coli C600.5 2 x 1074
N. flava 1 % 107®

*Matings were generally for 16 hours in broth or on
filters. Frequencies are expressed per number of do-
nor CFU at onset of mating.

Two different naturally occurring
PPNG isolates (FA288 and FA290) were
tested for ability to act as conjugal do-
nors of the penicillinase gene (5). Recipi-
ent strains included a spontaneous pen-
icillinase-negative derivative of FA288,
as well as other unrelated gonococci, and
one isolate each of Escherichia coli
(C600.5) and Neisseria flava (ATCC
14221).

Two different mating conditions were
used. In the first, about 107 donor colo-
ny-forming units (CFU) per milliliter
were mixed with the recipient (about 10®
CFU/ml) in 10 ml of gonococcal base
(GCB) broth, followed by incubation for
2 to 16 hours at 37°C with moderate agi-
tation. Alternatively, equal amounts
(about 10 CFU of each strain) were ap-
plied to sterile membrane filters (type
HA; pore size, 0.45 um, Millipore) and
incubated overnight on GCB agar plates
6, 7). Deoxyribonuclease was included
in the mating mixtures to inactivate any
spontaneously released transforming
DNA; concentrations were 100 ug on the
filter and 50 ug/ml in broth. In all cases,
the donor was a penicillinase-producing
(or pencillin-resistant) strain, and the re-
cipient was penicillin-sensitive. Selec-
tion for penicillinase-producing trans-
conjugants was made on plates con-
taining penicillin or ampicillin, and other
antibiotics to inhibit the donor strain (8).
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