Complementary DNA Coding Click Beetle Luciferases
Can Elicit Bioluminescence of Different Colors
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Eleven complementary DNA (cDNA) clones were generated from messenger RNA
isolated from abdominal light organs of the bioluminescent click beetle, Pyrophorus
plagiophthalamus. When expressed in Escherichia coli, these clones can elicit biolumines-
cence that is readily visible. The clones code for luciferases of four types, distinguished
by the colors of bioluminescence they catalyze: green (546 nanometers), yellow-green
(560 nanometers), yellow (578 nanometers), and orange (593 nanometers). The
amino acid sequences of the different luciferases are 95 to 99 percent identical with
each other, but are only 48 percent identical with the sequence of firefly luciferase
(Photinus pyralis). Because of the different colors, these clones may be useful in
experiments in which multiple reporter genes are needed.

EARLY ALL OUR KNOWLEDGE OF

beetle luciferases is derived from

studies of a single species, the
North American firefly Photinus pyralis.
Comparative studies with other beetle lucif-
erases have been hampered because of limit-
ed availability of the other species. Evolu-
tionarily, beetle luciferases are unrelated to
any of the other groups of luciferases that
have been studied biochemically (7). Little is
known about the luciferases from other bee-
tles except that they all catalyze the produc-
tion of various colors of light through the
oxidative decarboxylation of beetle luciferin
(2). Since the substrates of the luminescent
reaction are the same in all these beetles, the
different colors must be due to differences in
the structure of the enzymes (3).

Recently we cloned a cDNA that codes
for the luciferase of P. pyralis, and have
shown that it can be used to express biolu-
minescence in Escherichia coli. We report here
the cloning of cDNAs that code for several
new luciferases from a bioluminescent click
beetle, Pyrophorus plagiophthalamus. This bee-
tle is unusual because it can emit biolumi-
nescence of a wide range of colors from a
single species. The expression products in E.
coli of the cDNAs derived from this beetle
are able to produce green, yellow-green,
yellow, and orange light. As determined
from the nucleotide sequences of the clones,
the amino acid sequences of these click
beetle luciferases are highly conserved
among one another, but diverge from the
sequence of the firefly luciferase. Taxonomy
indicates that the click beetle luciferases
probably are the most evolutionarily distant
of the beetle luciferases from the firefly
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luciferase (4). This distance is reflected by
differences in their chemical properties.

Pyrophorus plagiophthalamus is a large beetle
with two sets of light organs. One set, on
the dorsal surface of the head, emits light
that is greenish but the exact color varies
between individual beetles of the species,
ranging from green (548 nm) to yellow-
green (565 nm). The other set, at the anteri-
or of the abdomen, generally emits light of a
longer wavelength than the head organs but
also varies between individuals ranging from
green (547 nm) to orange (594 nm) (5). We
converted mRNA isolated from the abdomi-
nal light organ of 60 beetles to cDNA and
inserted this into a specialized lambda clon-
ing vector, Lambda ZAP (6). The ability to
convert this modified lambda vector into a
bacterial expression plasmid (Bluescript)
through an in vivo process allowed us to
screen the cDNA library by two methods
(7). In the phage form of the library, we
screened with antibody to firefly luciferase
that cross-reacts with the click beetle lucifer-
ases (8) and isolated four full-length clones
that expressed bioluminescence in E. coli. A
portion of the cDNA library was converted
into the plasmid form, and we screened this
for bioluminescence in the bacterial colo-
nies. Bioluminescence can be initiated in
colonies of E. coli expressing luciferase by
adding luciferin to the media (9). Seven
more cDNA clones were isolated by this
method. It was determined visually that of
the eleven clones, one produced green light,
one produced yellow-green light, six pro-
duced yellow light, and three produced or-
ange light. -

Immunoblot analysis confirmed the pro-
duction of full-length click beetle luciferase
in E. coli. Despite some of these clones being
detected with antibody to firefly luciferase
during the library screening of plaques, we
could not detect the gene products in blots
made directly with E. coli lysates. The

expression of bioluminescence was im-
proved by transferring the cDNA clones
into a plasmid vector incorporating the tac
promoter (10). A lysate from E. coli express-
ing the green-emitting luciferase from this
vector was partially purified. After gel elec-
trophoresis and blotting, a single antigenic
band was revealed that comigrated with the
native click beetle luciferase. Subsequently
one ¢cDNA clone from each of the four
color-emitting groups was sequenced. An
open reading frame was revealed in each that
could potentially code a protein, the se-
quence of which correlated with the entire
length of the sequence for firefly luciferase.
Thus the complete protein coding regions of
the click beetle luciferases were apparently
contained within their cDNA clones.
Expression of bioluminescence from the
tac vector yielded sufficient intensity, upon
addition of luciferin to the media, to allow
measurement of the spectral distribution
from intact cells (Fig. 1). This confirmed the
visual assignment of the 11 cDNA clones
into four color groups. For each of the four
colors, the bioluminescence spectrum is a
single peak qualitatively similar to the spec-
tra of the native click beetle luciferases (3).
The range of colors from the clones is
representative of the full range measured
from the abdominal light organs of living
beetles. However, there are colors emitted
by the beetles, within the extremes of this
range, that do not correspond to any of the
clones (5). Thus other luciferase genes may
not have been isolated. Spectra of the lucif-
erases were also measured from partially
purified preparations obtained from lysates
of the E. coli expressing the cDNA clones.

Fig. 1. Bioluminescence from colonies of E. coli
expressing the click beetle luciferases. Four streaks
of E. coli, each consisting of hundreds of colonies,
show the four colors of bioluminescence emitted
by the different luciferases. The colonies were
grown on nitrocellulose filters layered on top of
nutrient agar. To initiate the bioluminescent reac-
tion, the filters were removed from the agar and
soaked with 1 mM luciferin in 100 mM sodium
citrate, pH 5.0. The photograph was produced
from a 2-s contact exposure of the colonies onto
Ektachrome 64.
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Between pH 6 to 7, the spectra of these
preparations were indistinguishable from
those of intact cells. At pH 8 there was a
slight broadening of the spectra for the
green- and yellow-emitting luciferases. The
firefly luciferase shows a large spectral shift
between pH 6 to 8. At pH 8 its spectral
maximum is at 560 nm, which shifts to 615
nm (red) at pH 6 with a decrease in the
quantum yield (11).

The sequences of the different click beetle
luciferases are highly similar (Fig. 2). The
open reading frame of each of the sequenced
¢DNA clones potentially codes a 543-resi-
due polypcptldc Comparisons of the de-
rived amino acid sequences show a 95 to
99% identity between the different color-
emitting luciferases. Thus the number of
amino acids that are responsible for the
differences in the color is small. Because
variation in color results directly from differ-
ences in the primary structures of the lucifer-
ases, specialized posttranslational modifica-
tions or unusual microenvironmental effects
are not necessary to account for the color
variation in the living beetles.

Comparison of the sequences of click
beetle luciferases with that of firefly lucifer-
ase shows a low similarity. Alignment of
their deduced amino acid sequences reveals
that the various click beetle and the firefly
luciferases are 48% identical (Fig. 3). Six
gaps in the alignment of one to two amino
acids in length account for most of a seven—
amino acid difference in the lengths of the
open reading frames between the firefly and
click beetle luciferases. No regions in the
alignment show especially high sequence
similarity, thus giving little indication that
particular regions have been conserved be-
cause of catalytic or structural constraints on
the enzymes. An exception to this is in the
last three amino acids which, for the firefly
luciferase, have been shown to be necessary
for translocation into peroxisomes (12).
Given the close functional similarity of these
enzymes, it is almost certain that the click
beetle luciferases are also located in peroxi-
somes.

Firefly luciferase has historically been
used as a bioluminescent reporter of chemi-
cal events associated with adenosine triphos-
phate (ATP) metabolism (13). With the
cloning of its cDNA, this luciferase has also
recently found application as an effective
reporter of genetic events (14, 15). Its prin-
cipal advantages are that (i) the initial poly-
peptide derived from the mRNA requires
no posttranslational modifications for enzy-
matic activity; (ii) the Juminescent reaction
can be measured with high sensitivity; (iii)
the assay of the gene product is rapid and

. does not use substrates requiring special
precautions (such as radioactive isotopes or
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Fig. 2. Spectra of the click beetle luciferases, from
intact E. coli immersed in luciferin, show four
overlapping peaks of nearly even spacing. The
maximum intensity of each spectrum has been
normalized. The spectra were measured on a
Fastie-Ebert—type grating spectrometer (2) and
were corrected for the spectral sensitivity of the
photomultiplier tube and for time-dependent
variation in the intensity of the luminescent reac-
tions. Wavelength positions were calibrated
against the spectral lines of a mercury vapor lamp.
Virtually identical spectra were obtained from
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lysates of these E. coli between pH 6 to 8. The lysates were prepared from cells grown to middle or late
log-phase growth at 37°C, and then for 2 hours at 30°C with isopropylthiogalactoside (IPTG) added to
1 mM. The cells were washed and resuspended in approximately 1/150 volume of the culture with 100
mM potassium phosphate, pH 7.0, 2 mM EDTA, and 35% of saturation (NH,4),SO,. After lysis by
sonication and removal of the debris by centrifugation, (NH4),SO4 was added to 53% of saturation and
the precipitate was dissolved in 1/15 volume of the lysate with 100 mM potassium phosphate, pH 7.0, 2
mM EDTA, and 50% glycerol. The spectra were measured from 10 ul of this solution diluted 100-fold
with 50 mM 2-(N-morpholino)ethanesulfonic acid, 50 mM 2-(N-morpholino)propanesulfonic acid
(MOPS), 50 mM tricine, 5 mM MgSQO,, 1 mM EDTA, 0.1 mM luciferin, 1.5 mM ATP, 1 mM NaF,
0.2 mg of bovine serum albumin per milliliter, and 10% glycerol. The spectra were measured at pH 6.0,

7.0, and 8.0.
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Fig. 3. Alignment of the amino acid sequences of the click beetle and the firefly luciferases is shown to
emphasize sequence differences. The sequence information is derived from the open reading frames of
the corresponding cDNA clones. The identity of each luciferase sequence is indicated at the right of
each line by a two letter code: FF, firefly; GR, green-emitting click beetle; YG, yellow-green—emitting
click beetle; YE, yellow-emitting click beetle; and OR, orange-emitting click beetle. Only the sequence
for the green-emitting click beetle luciferase is shown in entirety. Gaps in the alignment of this sequence
are indicated by hyphens. Other luciferase sequences have letter designations only at sites where they
differ from the green-emitting luciferase; where the sequences are the same there is a period. Numbers
on the right indicate the position of the amino acid at the end of each line. Abbreviations for the amino
acid residues are A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met;

N,

Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

chemically unstable compounds); and (iv)
gene expression may be detected without
disruption of living tissue. Compared with
the conventionally used assay of chloram-
phenicol acetyltransferase (CAT) for gene
activity, firefly luciferase is assayed in min-
utes as opposed to hours, and is 100 to 1000
times more sensitive (15).

The ¢cDNAs coding for the click beetle
luciferases also have these features, and, as
they can be distinguished by color, may be

useful in situations where multiple reporters
are desirable. Expression in exogenous hosts
should differ little between these luciferases
because of their sequence similarity. Also,
since the colors do not shift near physiologi-
cal pH, the different luciferases can be dis-
tinguished in vivo as well as in vitro. Thus
the click beetle luciferases may provide a
dual reporter system that can allow two
different promoters to be monitored within
a single host, or for different populations of
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cells to be observed simultaneously. The
ability to distinguish each of the luciferases
in a mixture, however, is limited by the
width of their emissions spectra. From cal-
culations based solely on the overlap of the
spectra of the green- and orange-emitting
luciferases, one luciferase in a mixture
should be detectable in the presence of a 25-
fold excess of the other.
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Reexamination of the Three-Dimensional Structure of
the Small Subunit of RuBisCo from Higher Plants

STEFAN KNIGHT, INGER ANDERSSON, CARL-IVAR BRANDEN

The structure of LsSs RuBisCo (where L is the large subunit and S is the small
subunit) from spinach has been determined to a resolution of 2.8 ingstrom by using
fourfold averaging of an isomorphous electron density map based on three heavy-atom
derivatives. The structure of the S subunit is different from that previously reported for
the tobacco S subunit in spite of 75 percent sequence identity. The elements of
secondary structure, four antiparallel B strands and two « helices, are the same, but the
topology and direction of the polypeptide chain through these elements differ
completely. One of these models is clearly wrong. The spinach model has hydrophobic
residues in the core between the « helices and B sheet as well as conserved residues in
the subunit interactions. The deletion of residues 49 to 62 that is present in the
Anabaena sequence removes a loop region in the spinach model. The positions of three
mercury atoms in the heavy-atom derivatives agree with the assignment of side chains

in the spinach structure.

HAPMAN et al. (1) HAVE RECENTLY

described the tertiary structure of

plant RuBisCo, the key enzyme (2)
in the Calvin cycle of carbon dioxide fixation
in photosynthesis. Their model is based on
an electron density map to 2.6 A of the LgSs
molecule from tobacco. We have deter-
mined the structure of LgSg RuBisCo from
spinach to 2.8 A resolution and find very
significant differences in the structure of the
S subunit compared with the reported to-
bacco structure. Since there is 75% identity
between the amino acid sequences of these
two polypeptide chains, they are expected to
have similar tertiary structures.

Crystals of spinach RuBisCo that diftract
to 1.7 A resolution were grown from solu-
tions of the activated form of the enzyme
with a bound transition-state analogue (3).
These crystals contain one-half the LgSg
molecule in the asymmetric unit. There is a
local noncrystallographic  fourfold axis
through the molecule, which has approxi-
mate 422 symmetry. X-ray data were collect-
ed on the synchrotron radiation source in
Daresbury, United Kingdom, for the native
enzyme and three heavy-atom derivatives.
An initia] electron density map was calculat-
ed with the use of isomorphous phase an-
gles. These were refined by real-space aver-
aging (4) around the local fourfold axis.
Data collection procedures and phasing sta-
tistics have been briefly described (5).

The final electron density map was of very
good quality, as would be expected by four-
fold averaging of an electron density map

based on three heavy-atom derivatives. Al-
most all of the side chains could easily be
identified from the known sequences of the
spinach S and L chains (6, 7), which com-
prise 123 and 475 residues, respectively.
The sequence of the S subunit, which was
determined by amino acid analysis (6), con-
tains only one Cys residue, Cys 112. How-
ever, two independent determinations of the
amino acid content of the spinach small
subunit (8) made in different laboratories
have shown that there are three Cys residues
per subunit. Furthermore, almost all of the
small subunits from higher plant RuBisCo
for which the sequences are known contain
three Cys residues at positions 41, 77, and
112. We therefore conclude that in all prob-
ability the spinach small subunit also con-
tains Cys residues at these three positions.
Our electron density map also strongly sup-
ports Cys side chains at these positions; the
side-chain electron densities are appropriate
for Cys (Fig. 1b).

We first built the L chain (5) using the
known structure of L, RuBisCo from Rho-
dospirillum rubrum (9). We found, in agree-
ment with the work on the tobacco enzyme
(1, 10), that higher plant L chains have a
structure that is quite similar to that of the
bacterial enzyme (9) except at the carboxyl
terminal. The arrangement of the L subunits
in the spinach enzyme into four L, dimers
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