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ABSTRACT: Studies of the linkage between ligand binding and subunit assembly of oligomeric proteins have
extensively used the concept of free energy coupling. The “order” of these free energy couplings was introduced
[Weber, G. (1984) Proc. Natl. Acad. Sci. U.S.A. 81, 7098-7102] as the number of subunits that must be
liganded to alter specific intersubunit interactions. This concept dictates that the ligation of fewer subunits
has no effect, but once the order number of subunits becomes ligated, the specific intersubunit interaction
energy between those particular subunits is completely eliminated. Weber’s report claims that the free energy
coupling between oxygen binding and the dimer—tetramer subunit assembly in stripped human hemoglobin
A is “first order”. This conclusion is based on the analysis of a set of previously published equilibrium constants
[Mills, F. C., Johnson, M. L., & Ackers, G. K. (1976) Biochemistry 15, 5350-5362]. I subsequently reported
that the original experimental data, from which the equilibrium constants were derived, are consistent with
both the first-order and “second-order” free energy coupling concepts [Johnson, M. L. (1986) Biochemistry
25,791-797]. T also demonstrated that more precise recent experimental data [Chu, A. H., Turner, B.
W., & Ackers, G. K. (1984) Biochemistry, 23, 604—617] are consistent with both the first-order and
second-order free energy coupling concepts. A recent article [Weber, G. (1987) Biochemistry 26, 331-332]
disagrees that the oxygen-binding data for human hemoglobin A are consistent with a second-order model.
This paper explains the difference in an assumption that led to different conclusions. In my first paper
(Johnson, 1986) I assumed that é,, need not be equal to 4,, and that 4,5 need not be equal to é,5. With
that assumption I demonstrated that both the first- and second-order free energy coupling concepts are
consistent with the experimental data. This paper demonstrates, assuming d,, need not be equal to 4., and
8,5 need not be equal to 8,4, that both the first- and second-order free energy coupling concepts predict a
tetrameric molecule in which oxygenation promotes dissociation. If the assumption is made that é,, = 9y
= 84, = b4, then neither the first- nor the second-order free energy coupling concept is consistent with the
most current and precise experimental data (Chu et al., 1984). Consequently, with either assumption the
first-order free energy coupling concept is not a necessary and sufficient condition to describe the molecular
mechanism of cooperativity in human hemoglobin A.
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’EC binding of oxygen to human hemoglobin A has been
extensively utilized for the analysis of “models” of cooperativity
in oligomeric proteins [cf. Ackers and Johnson (1981),
Herzfeld and Stanley (1974), Johnson (1986), Johnson and
Ackers (1982), Johnson et al. (1984), Koshland et al. (1966),
Lee and Karplus (1983), Monod et al. (1965), Perutz
(1970a,b), Szabo and Karplus (1972), and Weber (1972, 1982,
1984, 1987)]. Human hemoglobin A has been utilized for this
purpose because of the large amount of experimental infor-
mation that is available from numerous experimental proce-
dures [cf. Baldwin and Chothia (1979), Perutz et al. (1969),
Eisenberger et al. (1978), Asher et al. (1981), Russu et al.
(1983), Viggiano and Ho (1979), and Viggiano et al. (1979)].
Of particular importance to the understanding of the coop-
erative mechanism of oxygen binding by human hemoglobin
A is a knowledge of the free energy changes that are con-
comitant with the oxygenation—deoxygenation cycle of human
hemoglobin [cf. Ackers (1980), Ackers and Halvorson (1974),
Ackers and Johnson (1981), Chu et al. (1984), Flanagan et
al. (1981), Johnson and Ackers (1982), Mills and Ackers
(1979), Mills et al. (1976), Pettigrew et al. (1982), and Smith
and Ackers (1985)]. This large library of experimental results
imposes stringent constraints on the types of models for the
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interactions responsible for cooperativity in human hemoglobin
A.

Weber (1984) claims to have demonstrated that the concept
of a first-order free energy coupling is necessary and sufficient
to describe the linkage between subunit assembly and oxygen
binding in human hemoglobin A. The order of free energy
coupling refers to the number of human hemoglobin A subunits
that must be liganded in order to induce a complete elimination
of the free energy of interaction between the specific liganded
subunits. It does not refer to a specific sequence of adding
ligands to the human hemoglobin A tetramer.

I recently published a paper (Johnson, 1986) in which it was
demonstrated that free energy couplings of both first and
second order are capable of describing the oxygen-binding data
which Weber (1984) indirectly used, as well as more precise
recent experimental data (Chu et al., 1984). Most recently,
Weber (1987) claims to have found an inconsistency in the
calculations that led to my conclusions.

It is a difference in a basic assumption in the analysis that
has led to these apparently contradictory conclusions. If one
assumes that the intrinsic affinities of the « and @ chains within
the hemoglobin tetramer are equal to the intrinsic chain af-
finities within the hemoglobin dimer, as Weber (1984, 1987)
did, then neither the first- nor second-order free energy cou-
pling concept is consistent with all of the currently available
experimental data. If the affinities are not assumed to be
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equal, as per my paper (Johnson, 1986), then both the first-
order and second-order free energy coupling concepts are
consistent with the actual experimental data. In either case,
it is not experimentally justified to limit the description of the
molecular mechanism of cooperativity in human hemoglobin
A to a first-order free energy coupling concept.

EXPERIMENTAL DATA EMPLOYED

Two independent sets of previously published data were used
in this study (Mills et al., 1976; Chu et al., 1984). Both sets
pertain to the binding of oxygen to stripped human hemoglobin
A as a function of both hemoglobin concentration and oxygen
concentration.

In these sets of data the binding of oxygen was measured
as a function of oxygen concentration at a range of human
hemoglobin A concentrations. It has been shown that at low
concentrations of hemoglobin a significant fraction of the
oxygenated human hemoglobin A will occur as dimers, while
the deoxygenated hemoglobin will exist predominantly as
tetramers (Ackers & Halvorson, 1974; Johnson & Ackers,
1977; Johnson et al., 1976; Mills et al., 1976; Valdes & Ackers,
1978). In addition to the oxygen-binding data, each of these
sets of data includes an independent evaluation of the dimer
to tetramer association constant for both oxygenated and
deoxygenated human hemoglobin A. In Weber’s description
of the order of free energy coupling (1984, 1987), he used
equilibrium constants that Mills, Johnson, and Ackers (1976)
evaluated from the Mills et al. (1976) data set by a model-
independent thermodynamic analysis.

For the analysis presented here the original oxygen-binding
data were used rather than equilibrium constants derived from
the data. To ensure statistical validity, the nonlinear least-
squares analysis method requires using the actual experimental
observations and their concomitant experimental uncertainties.
This allows for a comparison of different mechanisms of ox-
ygen binding and different relative minima of the same
mechanism on the basis of changes in the variance of the
nonlinear least-squares analysis.

ORDER OF FREE ENERGY COUPLING CONCEPT

The most general case of the first- and second-order free
energy coupling concepts applied to human hemoglobin A
incorporates 10 distinct parameters. Six of these describe the
oxygen-binding properties of the tetrameric oligomer, three
describe the oxygen-binding properties of the dimeric oligomer,
and one refers to the self-association of the dimers to form
tetramers.

In the free energy coupling concept of the human hemo-
globin A tetramer, there are six possible oxygenation-sensitive
free energies of interaction between the following pairs of
subunits: o!g!, &?8?, o!B?, a?8!, e, and 88 (Weber, 1984,
1987; Johnson, 1986).! Oxygenation-sensitive constraints are
defined as those constraints that are altered by the state of
oxygenation of the particular human hemoglobin A oligomer.
These thermodynamic constraints, or free energies of inter-
action, are defined to exist if neither of the paired subunits
is oxygenated. For first-order free energy coupling, these
constraints are released if either of the paired subunits is

! The parameter names used in this manuscript, o'8', a?8?, o!8?, a?8',
aa, and 88, were defined by Weber in his 1984 publication and used
subsequently in the literature discussion (Johnson, 1986; Weber, 1987).
An earlier work of mine (Johnson et al., 1984) used the same names for
the parameters of a different mechanistic description of the functioning
of human hemoglobin. Please note that the calculations present here and
in my previous report on the order of free energy coupling (Johnson,
1986) are not in any way dependent on the Johnson-Turner—Ackers
mechanistic model of hemoglobin (Johnson et al., 1984).
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oxygenated. For second-order free energy coupling, the con-
straints are released only when both of the subunits are oxy-
genated. Therefore, for these types of interactions the ref-
erence state is defined to be the fully oxygenated tetramer.
In the present paper it is assumed that '8! = ?8% and «!$?
= o?B'. These two types of interactions are referred to as /8
and o'@, respectively, where i is not equal to j. A summary
of the number of constraints of each of these types for both
first- and second-order free energy coupling for each of the
10 possible ways to partially or fully oxygenate the human
hemoglobin A tetramer can be found in Johnson (1986).

Two additional parameters are required to fully describe
the binding of oxygen to tetrameric human hemoglobin A.
These two parameters, d,, and 644, are the free energies of
interaction of oxygen with the individua! o and 3 subunits in
tetrameric human hemoglobin A. These composite parameters
include all of the possible interactions within the human
hemoglobin A tetramer that are not specifically addressed by
the &'f, o, aex, and B8 described above. Most specifically,
the é,, and &, parameters include a contribution from any
oxygenation-insensitive constraints imposed along the o/®, aa,
and 88 interfaces when the individual o83 dimers associate to
form the tetramers. Since these two parameters, 64, and 8,4,
are actually composites of a large number of different types
of interactions, it is unrealistic to assume that both parameters
will necessarily have the same numerical value. In light of
the recent discussion in the literature (Noble, 1983; Peller,
1982; Weber, 1982, 1984) pertaining to the molecular origin
of asymmetry of ligand binding as it relates to differences in
the « and 8 subunits, it is critically important that d,, and d4
not be required, or assumed, to have the same meaning or
numerical value.

The mathematical formulation for the dimeric species is
analogous to that for the tetrameric oligomers. Two param-
eters, 6,, and 6,3, pertain to the properties of the dimeric
oligomers and are analogous to the tetramer parameters 8,
and 8,5 These dimer parameters are composites of a number
of, but not all of, the same interactions that were summed into
the corresponding tetramer parameters. It cannot be assumed
a priori that &,, and 6,5 have the same conceptual meaning
as the respective tetramer parameters or that they have the
same numerical values. Interactions of a type analogous to
&' could also occur in the dimer oligomers and are referred
to as d,5 The free energy coupling concept thus requires three
parameters to describe the oxygen-binding properties of the
dimeric oligomers, i.e., 8,,, 075, and d,4. It has been shown
[cf. Mills et al. (1976) and Mills and Ackers (1979)] that the
dimeric oligomers bind oxygen noncooperatively. I have
therefore assumed, as Weber did in his reports on the order
of free energy coupling (Weber, 1984, 1987), that §,, is equal
to 4,5 and that no oxygenation-sensitive interactions, 6,4, exist
in dimeric oligomers.

The free energy coupling concept does not explicitly include
a formulation of the interactions involved in the dimer to
tetramer polymerization that are not sensitive to oxygenation.
Consequently, a mathematical formulation of the concept
requires that one of the dimer to tetramer free energies of
association be included. We chose °AG,, the free energy to
form deoxygenated tetramers from deoxygenated dimers,
because it has been measured independently under the same
experimental conditions (Ip et al., 1976; Mills et al., 1976; Chu
et al., 1984).

MATHEMATICAL FORMULATION

The translation of the thermodynamic concept of order of
free energy coupling into a mathematical expression that
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describes fractional saturation as a function of oxygen and
hemoglobin concentrations requires two types of information.
First, the allowed types of thermodynamic interactions between
individual constituents of the molecule must be explicitly
defined. These free energies of interactions are referred to
as thermodynamic constraints upon the system. The second
type of required information is an explicit statement of the
rules by which these constraints are altered during the func-
tional cycle. For the present example the functional cycle is
the oxygenation—deoxygenation of the hemoglobin and its
concomitant subunit dissociation and association. Once the
constraints and rules have been defined an equation that de-
scribes the fractional saturation with oxygen as a function of
oxygen concentration and protein concentration can be for-
mulated. This equation is then utilized by a nonlinear
least-squares fitting algorithm to estimate the numerical values
of the free energy coupling parameters with the highest
probability of being correct, the confidence intervals for the
estimated parameters, and various measures of the good-
ness-of-fit such as the variance.

Once the constraints and rules have been defined, the for-
malisms of statistical thermodynamics are employed to
translate the thermodynamic concepts into equations describing
the oxygen-binding data. The statistical thermodynamic ap-
proach utilizes partition functions (Herzfeld & Stanley, 1974;
Hill, 1960; Johnson, 1986; Johnson & Ackers, 1977; Johnson
et al., 1984; Lee & Karplus, 1983; Noble, 1983; Peller, 1982;
Szabo & Karplus, 1972), which are sometimes called binding
polynomials. Derivations of the statistical thermodynamic
equations are presented elsewhere (Johnson, 1986) and will
not be repeated here.

The nonlinear least-squares procedure that was used for the
estimation of these parameters from the actual experimental
observations has been presented elsewhere (Atha et al., 1979;
Johnson, 1983; Johnson & Ackers, 1977, 1982; Johnson et al.,
1981; Johnson & Frasier, 1985; Johnson et al., 1976) and will
not be restated here.

For a complete definition of the thermodynamic parameters,
the reader is referred to the literature (Ackers, 1980; Ackers
& Halvorson, 1974; Ackers & Johnson, 1981; Atha et al.,
1979; Chu & Ackers, 1981; Chu et al., 1984; Flanagan et al,,
1981; Ip et al., 1976; Johnson, 1986; Johnson & Ackers, 1977,
1982; Johnson et al., 1976, 1984; Mills & Ackers, 1979; Mills
et al., 1976; Pettigrew et al., 1982; Smith & Ackers, 1983;
Valdes & Ackers, 1978).

RESULTS AND DIScuUSSION

There is one significant difference in an assumption used
in my previous paper on the order of free energy couplings
(Johnson, 1986) and Weber’s recent publication (Weber,
1987). I assumed that the intrinsic affinities of the hemoglobin
chains within tetrameric human hemoglobin Ay, 84,, and d4,
are not required to be the same as the intrinsic affinities of
the hemoglobin chains within dimeric hemoglobin, é,, and 8,3.
Conversely, Weber has assumed that d,, = 85, and 845 = 0.
Weber did note this difference in his recent paper (Weber,
1987), but he misinterpreted its significance, thus obtaining
conflicting results from the second-order coupling analysis that
I described in the previous work (Johnson, 1986).

In Weber’s analysis (Weber, 1987) of the second-order free
energy coupling concept, he compared the total free energy
to oxygenate two isolated a and two isolated § chains
[dG°(sub) by his notation] with the free energy to totally
oxygenate the tetramer of human hemoglobin A [dG°(tet) by
his notation]. This calculation was performed on the first two
columns of my previous paper’s Table III (Johnson, 1986).
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Weber’s values of dG°(tet) are —27.31 for the analysis based
on the first-order free energy coupling concept and —27.30 for
the analysis based on the second-order coupling concept. His
calculation of dG°(sub) was performed by “adding twice the
values given for the binding by the « and g chains (4,, and
845 of the [mentioned] table)”. In this context he mistook these
values to be equal to the values for the isolated chains. The
correct method to calculate dG°(sub) is to sum all of the
interactions that can occur within the dimer, in this case twice
the sum of 8,, and 8,5, My earlier paper states, “For these
analyses the values of °AG,, 6,,, and 8,5 were taken to be the
values that gave the lowest variance from the thermodynamic
analysis in terms of the Adair constants” [see Table II of
Johnson (1986)]. The values for the intrinsic affinities of
dimeric human hemoglobin A that were presented in Table
IT of my previous publication (Johnson, 1986) are AG,,” =
AG,,’ = -8.38 kcal/mol. I also should have noted, to avoid
misunderstanding, that for a noncooperative dimer AG,,’,
AG,), 6y, and 8,4 are all equal by definition. The calculation
of dG°(sub) that utilizes the correct values of the intrinsic
affinities of the isolated chains, 8,, and 8,4, yields the value
—-33.52 for the analysis of both first- and second-order free
energy coupling concepts.

The values of the difference, dG°(sub) — dG°(tet), i.e., 6.21
for analysis based on the first-order coupling concept and —6.22
for the analysis based on the second-order coupling concept,
are identical within reasonable precision. This indicates that
both the first- and second-order free energy coupling concepts
predict a tetrameric molecule which dissociates upon oxy-
genation. The negligible difference in these answers leads one
to conclude that both the first- and second-order free energy
coupling concepts equally describe the experimental data.

My previous paper (Johnson, 1986) also indicates that both
the first- and second-order free energy coupling concepts
predict a tetrameric molecule which dissociates upon oxy-
genation. The values of the variance-of-fit, presented in Tables
IIT and IV of that paper (Johnson, 1986), are nearly identical
for all of the fits to a particular data set. These variances-of-fit
are also virtually identical with the variances obtained from
the model-independent thermodynamic analysis of the same
comprehensive data sets. These data sets include a series of
oxygen-binding curves at different hemoglobin concentrations
as a measure of the dissociation properties of human hemo-
globin A. If the first-order free energy coupling concept
correctly predicts that the hemoglobin tetramer dissociates
upon oxygenation and the second-order free energy coupling
concept incorrectly predicts, as Weber concluded (1987), that
the hemoglobin tetramer associates upon oxygenation, then
the two concepts could not yield the same variances-of-fit.

Weber (1984, 1987) has assumed that the intrinsic chain
affinities within the dimer and within the tetramer are equal,
i.e., 0y, = 0y5 = 84, = 045. However, this assumption is in-
consistent with the results of the model-independent thermo-
dynamic analysis. It is experimentally observed that the fourth
oxygen binds to the tetrameric oligomer with a higher affinity
than the oxygens which bind to the dimeric oligomer. This
phenomenon, called quaternary enhancement, is evident in the
model-independent thermodynamic parameters (Mills et al,,
1976; Mills & Ackers, 1979; Chu et al., 1984).

However, because a difference in an assumption exists be-
tween my paper (Johnson, 1986) and the papers of Weber
(1984, 1987), I have repeated my calculations for the first-
order free energy coupling concept, incorporating the as-
sumption that the intrinsic chain affinities within the dimer
and within the tetramer are equal, 6, = 059 = 04, = 045 For
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Table I: Free Energies (kcal/mol) of the First-Order Constraints
Mills et al. (1976) Chu et al. (1984)

°AG, ~14.384 ~14.424

024 -8.384 -8.32¢

825 -8.38¢ -8.32¢

040 ~8.384 -8.32¢

dag -8.384 -8.32¢

aa -1.59 (-1.81, -1.37)%  -1.62 (-1.81, -1.40)*

86 0.0° 0.0°

a'f 0.0° 0.0°

o/ -2.29 (-2.42, -2.18) ~-2.38 (-2.50, -2.27)

o€ 1.20 x 1073 7.18 X 10
derived parameters

AG, -5.71 -5.57

AGy -6.61 -6.52

AG,y -6.63 ~6.50

AGyy -8.38 -8.32

*AG, -8.19 -8.04

9 Assumed to be equal to the values determined from the model-in-
dependent thermodynamic analysis. ®The numbers in parentheses
correspond to a confidence interval of 1 standard deviation. These are
presented only for the parameters that were actual fitting parameters.
“The lowest variance-of-fit for the model-independent thermodynamic
analysis for the Mills et al. (1976) data was ¢* = 2.5 X 107° and for
the Chu et al. (1984) data was 2 = 1.24 X 1075,

these calculations the values of 38 and &8’ were assumed to
be zero as in the previous works (Weber, 1984, 1987; Johnson,
1986). °AG,, 6,,, and 8,5 were assumed to have the values
determined by the model-independent thermodynamic analysis,
as in the previous papers (Weber, 1984, 1887; Johnson, 1986).

The results of this analysis using the Mills et al. (1976) data
are listed in the second column of Table I. The value used
for 6, = 855 = 84, = 845 was the one determined from the
model-independent thermodynamic analysis, ~8.38 kcal /mol
(Mills et al., 1976). The variance-of-fit, o, for the first-order
free energy coupling concept is 49 times larger than the
corresponding model-independent thermodynamic analysis for
the same data. The number of degrees of freedom from this
data set is 234. Consequently, a variance ratio of 49 corre-
sponds to a vanishingly small probability that is a reasonable
fit of the data. Therefore, the first-order free energy coupling
model is inconsistent with the Mills et al. (1976) data when
the assumption is made that 8,, = 8,5 = 84, = 84p.

Table I also presents the same calculations for the more
precise Chu et al. (1984) data assuming that 6,, = 8,5 = 04,
= 045 = —-8.32 kcal/mol. The analysis of the first-order free
energy coupling concept for this set of data also yields a
vanishingly small probability of being a reasonable fit of the
data. Consequently, the first-order free energy coupling
concept is inconsistent with the Chu et al. (1986) data when
the assumption is made that 6,, = 8,5 = 04, = 045

In my first paper (Johnson, 1986) on the order of free energy
coupling, I assumed that §,, need not be equal to §,, and that
0,4 need not be equal to 6,5 When that assumption was made,
I demonstrated that both the first- and second-order free en-
ergy coupling concepts are consistent with the actual exper-
imental data. In this report I have reanalyzed the data as-
suming that 8, = 0,3 = 84, = 845 and have shown that the
first-order free energy coupling concept is not consistent with
the more precise Chu et al. (1984) data or the Mills et al.
(1976) data. In either case the first-order free energy coupling
concept of cooperativity is not a necessary and sufficient
condition to describe the actual experimental data pertaining
to human hemoglobin A.
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ABSTRACT: The regulation of bioluminescence in Vibrio fischeri involves both an autoregulatory mechanism
and the adenosine cyclic 3’,5’-phosphate/crp system. The lux regulon from V. fischeri strain MJ-1, consisting
of two operons, L (left) and R (right), and at least seven genes, /uxR (L operon) and /uxICDABE (R operon)
and the intervening region, functions in laboratory strains of Escherichia coli [Engebrecht, J., Nealson,
K., & Silverman, M. (1983) Cell (Cambridge, Mass.) 32, 773-781]. The regulatory region, consisting of
luxR, encoding the regulatory protein, and /uxI, encoding a function required for synthesis of the autoinducer,
and the intervening region of V. fischeri strain ATCC 7744 has been cloned and the nucleotide sequence
determined. The regulatory protein is an M, 28 518 polypeptide consisting of 250 amino acid residues; the
I protein is an M, 21937 polypeptide consisting of 193 amino acid residues. The /uxR gene, the only known
gene of the L operon, is transcribed in the opposite direction to the direction of transcription of the other
genes of the /ux regulon. There are 218 base pairs that separate the 5’ end of the open reading frame of
the /uxR gene from the 5’ end of the open reading frame of the /uxI gene, the first gene in the rightward
operon. In this region, there are both an apparent catabolite repressor protein binding site and an inverted

repeat structure that may serve as protein binding sites for the regulation of bioluminescence.

Regulation of bioluminescence in marine bacteria has been
a subject of inquiry for many years (Harvey, 1952). The first
semiquantitative description of this phenomenon was presented
in 1968 by Kempner and Hanson, who ascribed the lag in
appearance of luminescence following inoculation of a broth
culture to metabolism of inhibitors in the medium (Kempner
& Hanson, 1968). Nealson et al. showed that the lag in
appearance of luminescence was not due exclusively to in-
hibitors of the luminescence system but that the bacteria
produce and secrete into the medium a compound responsible
for induction of bioluminescence, and described this phenom-
enon as “autoinduction” (Nealson et al., 1970; Rosson &
Nealson, 1981). A more detailed physiological and biochem-
ical description of the process of autoinduction led to the
isolation and structural elucidation of the autoinducer of Vibrio
fischeri (Eberhard et al., 1981). This substance, N-(3-oxo-
hexanoyl)homoserine lactone, has been synthesized and shown
to function in a biological assay system (Eberhard et al., 1981;
Kaplan et al., 1985). Investigation of the effect of synthetic
autoinducer on expression of luminescence from a natural
isolate of V. fischeri deficient in autoinducer synthesis con-
firmed that the autoinducer is both freely diffusable and ef-
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fective at very low concentrations (Kaplan & Greenberg,
1985).

Following the initial cloning of /uxA and /uxB encoding the
a and B subunits of luciferase from Vibrio harveyi B392
(Baldwin et al., 1984; Cohn et al., 1983), a Sa/l fragment from
Vibrio fischeri strain MJ-1 was cloned and shown to express
the entire regulon, including genes necessary for the autoin-
duction phenomenon, in Escherichia coli strain ED8654
(Engebrecht et al., 1983). By transposon insertion mutagenesis
and polypeptide synthesis in minicells, seven genes in two
operons of the /ux regulon were defined (Engebrecht & Sil-
verman, 1984, 1986). Their organization is shown in Figure
1. The rightward operon contains /uxA4 and /uxB, which
encode the o and 8 subunits of luciferase, as well as /uxC,
luxD, and luxE, which encode proteins required for synthesis
of the aldehyde substrate, and also JuxI, which encodes a
function required for synthesis of the autoinducer molecule.
The only known gene in the leftward operon, /uxR, encodes
a regulatory protein.

Earlier investigations showed that catabolite repression
played a role in the regulation of bioluminescence (Nealson
et al,, 1970, 1972; Friedrich & Greenberg, 1983). Dunlap and
Greenberg (1985), using a series of ¢rp and cya mutants in
E. coli, have supplied compelling evidence that the adenosine
cyclic 3',5'-phosphate (cAMP)!/CRP complex is indeed im-

! Abbreviations: CRP, catabolite repressor protein or cyclic AMP
binding protein (CAP); cAMP, adenosine cyclic 3',5'-phosphate; bp, base
pair(s); SDS, sodium dodecyl sulfate.
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