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Lingulodinium polyedrum luciferase is a bioluminescent protein

found in the marine dino¯agellate formerly known as Gonyaulax. It is

located in organelles called scintillons that emit brief and bright

¯ashes of light that are regulated by an endogenous circadian clock.

The complete luciferase molecule has a molecular mass of 136 994 Da

and contains three homologous domains, each of which is a separately

active luciferase. Two of these domains, D2-LCF and D3-LCF, have

been cloned, expressed and crystallized. Crystals of D2-LCF were

obtained from PEG 10 000 in space group P212121, with unit-cell

parameters a = 49.1, b = 104.7, c = 180.3 AÊ . They diffract to 2.9 AÊ on a

rotating anode. Crystals of D3-LCF were grown from PEG 2000 in

space group P212121, with unit-cell parameters a = 58.86, b = 63.98,

c = 95.76 AÊ . They diffract to 2.3 AÊ on a rotating anode.
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1. Introduction

Lingulodinium polyedrum (Fig. 1; formerly

Gonyaulax polyedra) is one of several marine

unicellular dino¯agellates that emit light as

brief (�100 ms) and bright (�1010 photons)

¯ashes that can be observed when ocean water

is disturbed at night (Hastings & Dunlap,

1986); the bioluminescence is regulated by an

endogenous circadian clock (Hastings, 2001).

Light is emitted from numerous (�400 per

cell) small (�0.4 mm in diameter) organelles

called scintillons, which occur as bulbous

cytoplasmic projections into the vacuole

(Nicolas et al., 1987; Fritz et al., 1990). These

contain a luciferase (LCF) which, in concert

with its tetrapyrrole luciferin substrate

(Nakamura et al., 1989), is responsible for light

generation. In this species (but not all others;

Schmitter et al., 1976; Knaust et al., 1998), the

scintillons contain a second protein, the luci-

ferin-binding protein (LBP; Nicolas et al., 1991;

Morse et al., 1989; Desjardins & Morse, 1993).

The luciferase of L. polyedrum has a mole-

cular mass of 136 994 Da and comprises three

intramolecularly homologous domains, each

containing a catalytic site, preceded by an

N-terminal region that is homologous to the

N-terminal region of the LBP (Li et al., 1997).

Each homologous domain is a separately active

luciferase; the sequences of the three are

approximately 75% identical overall and

�95% identical in the more central regions,

presumably the location of highly conserved

catalytic domains. In addition, the frequency of

synonymous (silent) nucleotide substitutions in

the central regions of the repeats is extremely

low, suggesting that those regions in either the

DNA or RNA have a function in addition to

coding for protein, possibly binding a regula-

Figure 1
(a) Illustration of the test or shell of L. polyedrum (after Kofoid). (b) Fluorescence microscopy of four L. polyedrum
cells showing the many light-emitting organelles (scintillons) with a background red ¯uorescence of chlorophyll from
chloroplasts. Zeiss ®lter set #487718; excitation, 395±420 nm; emission, 450±560 nm (Fritz et al., 1990). (c) Transmission
electron micrograph of whole cell of L. polyedrum. Arrows point to the locations of scintillons (Nicolas et al., 1987).
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tory element. In the genome, the lcf gene is

organized as tandem repeats (Li & Hastings,

1998) and, like the gene for LBP (Lee et al.,

1993), does not contain introns. The spacer

region between the lcf genes has no TATA

box or other known conserved eukaryotic

promoter elements, but a candidate

promoter sequence has been identi®ed by

comparison with the dino¯agellate

peridinin-chlorophyll binding protein (Le et

al., 1997; Li & Hastings, 1998).

An important feature of the system is that

a pH change appears to trigger the ¯ash

(Krieger & Hastings, 1968; Morse et al.,

1989). At a high pH the luciferin is bound to

LBP and LCF is not active, a property

shared by peptides of each of its three

domains (Li et al., 2001). As a consequence,

the reaction occurs maximally at pH 6.3 and

virtually not at all at pH 7.5 and above.

Flashing is postulated to be the result of a

rapid and transient change in pH within the

scintillon caused by the opening of channels

in the membrane, allowing protons to enter

rapidly from the acidic vacuole (Nicolas et

al., 1987).

Recent searches yielded no sequences in

the database that had even the slightest

indication of sequence similarity to the three

repeat domains of dino¯agellate LCF

(Hastings & Wood, 2001). The discovery

that the luciferase contains three homo-

logous repeat units, referred to as D1, D2

and D3, led to their individual expression

and characterization. The luciferase activity

of each domain is less than that of the full-

length protein, owing at least in part to the

fact that only one active site is present (Li et

al., 1997). Activity, but a decreased amount,

is retained upon the removal of the ®rst �50

N-terminal amino acids of any one of the

domains. Notably, these truncated domains

retain signi®cant activity at pH 8, although it

is decreased from that at pH 6.3. Four

histidines in this N-terminal region have

been implicated in the regulation of activity

by pH (Li et al., 2001).

Knowledge of the individual structures of

these domains, as well as their con®guration

in the full-length molecule, should result in a

clearer understanding of the mechanism of

the light-emitting reaction and its regulation

by pH change. Here, we report the cloning

and expression of individual domains, the

crystallization of these domains and their

initial characterization using X-ray diffrac-

tion.

2. Materials and methods

Earlier studies established that the full-

length L. polyedrum luciferase gene, as well

as each of its three individual repeat

domains, can produce enzymatically active

proteins when expressed as a GST fusion

protein in Escherichia coli. We produced two

different GST luciferase constructs called

GST-D2-LCF and GST-D3-LCF. Derived

from the second and third repeat domains of

LCF, each construct has a molecular mass of

about 44 000 Da. When efforts to obtain

crystals were not successful, it was consid-

ered that the GST tag might be interfering

with crystallization.

As an alternative, domains 2 and 3 were

overexpressed in pQE30 (Qiagen, CA,

USA) tagged with six histidines at the

N-terminus. The yields were quite high

(>6 mg lÿ1) and protein that was >95% pure

was eluted from the nickel-agarose resin.

After gel ®ltration with Sephacryl 100, the

purities of the eluted constructs were

97±99%, as judged by densitometry of the

stained PAGE gels. Both domains proved

crystallizable, but the needle-shaped crystals

were inadequate for diffraction analysis.

Again, it was considered that the tag might

be interfering with the formation of favor-

able crystals.

We therefore produced tag-free recombi-

nant peptides of the D2 and D3 luciferase

domains in E. coli by inserting a TEV

protease site between the histidine tag and

the luciferase and then removing the tag by

protease treatment. We chose the TEV

protease for two reasons. It retains about

80% of its maximum activity at 277 K, an

advantage to us because low temperature

favors the stability of the luciferase. Also,

TEV protease can be supplied in a histidine-

tagged form (Life Technology Company)

and can thus be easily removed along with

any undigested His-tagged luciferase by

passing the reaction mixture through a

nickel column. To incorporate the TEV

protease site, we ampli®ed the lcf insert

using the modi®ed forward primer, which

contains an additional stretch of nucleotides

at the 50-terminus for coding the peptide

sequence of the TEV site (ENLYFQG), and

cloned it into pQE30.

Following this strategy, we produced tag-

free D2 and D3 proteins, which after puri-

®cation by gel ®ltration were >97% pure.

Western analysis with anti-histidine mono-

clonal antibody demonstrated that the

histidine tag was removed from the TEV-

treated samples. Both tag-free peptide

constructs resulted in crystals suitable for

diffraction, as described below.

Selenomethionine derivatives of D2 and

D3 were generated using a method similar to

that described by Van Duyne et al. (1993).

Brie¯y, E. coli BL21 cells carrying a plasmid

with luciferase D2 or D3 were incubated at

310 K in 25 ml LB containing 50 mg ampi-

cillin and 15 mg kanamycin per millilitre of

medium. After 10 min, the above 25 ml was

added to 25 ml of fresh medium containing

ampicillin and kanamycin and placed in a

310 K shaking incubator (250 rev minÿ1) for

about 10 h. The culture was then centrifuged

at 3000g for 15 min. The pellet was re-

suspended in 25 ml of M9 medium and

divided among four 4 l ¯asks containing pre-

warmed M9. At this point, 8 ml of 50%

glucose, 1 ml thiamine (5 mg mlÿ1), 1 ml of

1 M MgSO4, 0.1 ml of 1 M CaCl2 and fresh

ampicillin and kanamycin were added. All

solutions were either autoclaved or ster-

ilized by ®ltration. The ¯asks were allowed

to shake at 265 rev minÿ1, 310 K until OD600

reached 0.4. The temperature was then

reduced to 295 K and 10 ml of an amino-acid

cocktail was added to each ¯ask. The cock-

tail consisted of 10 mg mlÿ1 each of lysine,

threonine and phenylalanine and 5 mg mlÿ1

each of leucine, isoleucine and valine.

At this time d,l-selenomethionine (2 ml of

25 mg mlÿ1) was also added. After 15 min,

the cells were induced with 0.1 M IPTG and

shaken at 250 rev minÿ1 at 295 K overnight.

The cells were harvested by centrifugation

for 25 min at 3000g, 277 K, resuspended in

300 mM NaCl, 50 mM phosphate buffer

pH 8.0 and stored at 193 K. Puri®cation

was carried out as described for the non-

selenomethionine construct.

3. Results and discussion

3.1. Crystallization of D2 and D3 constructs

D2-LCF crystals were grown by equili-

brating protein (7 mg mlÿ1, 20 mM Tris±HCl

pH 8.0, 1 mM EDTA, 25 mM NaCl, 2 mM

DTT) in sitting drops against 18% PEG

10 000, 0.1 M Bicine at pH 7.7. The 10 ml

total volume of the sitting drop was

composed of equal amounts of protein and

reservoir solution. After four weeks, crystals

of untagged D2-LCF were obtained which

had dimensions of 0.4 � 0.08 � 0.05 mm

(Fig. 2a). Crystals containing selenomethio-

nine had the same habit, but grew at a

slightly lower PEG concentration. Both

native and selenomethionine crystals have

essentially the same unit-cell parameters

a = 49.1, b = 104.7, c = 180.3 AÊ , but the

selenomethionine crystals displayed better

diffraction properties.

Crystals of selenomethionine D2-LCF

were transferred to a cryoprotectant solu-

tion (13% PEG 10 000, 0.075 M Bicine pH

7.7, 25% glycerol) 30 min prior to mounting.

Using an R-AXIS IV++ image-plate
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detector mounted on a MicroMax 007

operating at 40 kV, 20 mA, a data set to

2.9 AÊ containing 238 frames of 0.5� per

frame was collected at 93 K. Using Crystal-

Clear (Rigaku/MSC, 1999), these data were

indexed and processed with statistics as

shown in Table 1. Following analysis of the

unit cell, diffraction pattern symmetry and

systematic absences, we made a space-group

assignment of P212121.

We are anticipating two molecules of

D2-LCF per asymmetric unit. Calculation of

the Matthews coef®cient for two D2-LCF

molecules yields a value of 2.6 AÊ 3 Daÿ1 and

a solvent content of 53% (Matthews, 1968).

Similar calculations for three molecules

per asymmetric unit yielded values of

1.75 AÊ 3 Daÿ1 and 29%, respectively.

For the tag-free D3 construct, initial

crystallization conditions were determined

from a 1536 high-throughput crystallization

scheme (Luft et al., 2001). Upon optimiza-

tion of crystallization conditions, this protein

produced plate-like crystals. Native data

were collected to 2.1 AÊ on beamline F1 at

the Cornell High Energy Synchrotron

Source (CHESS). However, these data were

highly mosaic and could not be indexed

acceptably. Subsequently, using the hanging-

drop method, we crystallized the seleno-

methionine derivative, which yielded crys-

tals that were superior to those of the native

protein. The protein solution used for the

crystallization was 8±10 mg mlÿ1 seleno-

methionine D3 luciferase in 10% glycerol,

25 mm NaCl and 20 mM Tris pH 8.0. They

were equilibrated against 18±20% methyl

ether PEG 2000, 100 mM EPPS buffer pH

7.8±8.4 and have typical dimensions of

0.8 � 0.1 � 0.05 mm (Fig. 2b). Crystals were

cryopreserved in a solution of 20% glycerol,

18% methyl ether PEG 2000, 100 mM EPPS

buffer pH 7.0, mounted in 1 mm cryoloops

(Hampton) and frozen directly in the

nitrogen cold stream (133 K).

Highly redundant data from the D3-LCF

SeMet crystals were collected on an R-AXIS

IV using X-rays generated at 50 kV and

92 mA from a copper rotating-anode

generator (Fig. 2d). Data were measured

using 2.5±3� oscillations at 10 min degÿ1 for

a total of 720�. The crystal-to-detector

distance was 194 mm. Data were processed

using DENZO and SCALEPACK with

statistics as shown in Table 1 (Otwinowski &

Minor, 1997). Notably, the data collected

were highly redundant, with 75% of the

re¯ections having >9 observations. Analysis

of the diffraction pattern symmetry and

systematic absences supports a space-group

assignment of P212121.

Since no homologous proteins are present

in the Protein Data Bank, solution of the

phase problem will require use of a

selenium-based anomalous phasing tech-

nique. The structural solution for these two

constructs should yield closely related

structures that may contain a novel fold.

Following solution of the D2 and D3

constructs, crystals will be sought for other

related constructs such as the D1-D2-D3

protein, the holoenzyme and the holo-

enzyme plus luciferin-binding protein. Key

questions to be answered involve the

description of the luciferin-binding region,

the mechanism of pH-triggered lumines-

cence and the nature of the interactions

between each individual domain and its two

related neighbors, as well as with the

luciferin-binding protein.
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