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ABSTRACT 

 

 

Creatine kinase (CK) is one of the eight members of the family of phosphagen kinases, 

enzymes that play an important role in energy metabolism of cells displaying high and variable 

rates of ATP turnover such as muscle fibers, photoreceptors, neurons, transport epithelia and 

spermatozoa. CK catalyses the reversible transfer of the phosphoryl group from creatine 

phosphate (CP) to ADP yielding ATP. In the vertebrates CK exists as two cytoplasmic isoforms 

namely muscle (M) and brain (B), which are capable of forming homo- (MM, BB) and 

heterodimers (MB). In striated skeletal muscle fibers, a small but significant fraction of MM-CK 

is localized near the M-line in the sarcomere and near sarcoplasmic reticulum (SR) Ca
+2

-

ATPases while some BB-CK in neurons is localized on the plasma membrane near the Na
+
:K

+
-

ATPases. In the vertebrates the so-called sarcomeric mitochondrial CK (sarMiCK) and 

ubiquitous mitochondrial CK (ubiMiCK) isoforms of CK are targeted to the mitochondrial 

intermembrane space where they exist in an octamer-dimer equilibrium. In the primitive-type 

spermatozoa of certain protochordates and protostome and deuterostome invertebrates, yet 

another type of CK is present which is localized in the flagellar membrane via a myristoylate 

anchor. This flagellar CK (flgCK) consists of three fused, complete CK domains and was the 

result of a gene duplication-fusion event followed by unequal crossing over.  

The available evidence indicates that all CK isoforms are targeted to some extent to 

specific intracellular compartments and are often found to be closely associated with the sites of 

ATP generation and utilization. How early did this commitment to intracellular targeting take 

place? This thesis focuses on the cloning and expression of three CKs, denoted CK1, CK2 and 

CK3, from the sponge Tethya aurantia, a representative of the oldest, extant group of metazoan 

(multi-cellular) animals. Sequence analyses showed that CK2 most closely resembles 

mitochondrial CKs, and phylogenetic analyses using Neighbor Joining (NJ) revealed that CK2 

forms the base of the mitochondrial clade whereas CK1 and CK3 form the base of a large cluster 

consisting of the flagellar CKs. CK1 and CK3 are very similar to each other. The cDNAs for 

CK1 and CK3 and three constructs of CK2 in which the sequence for the targeting peptide was 

deleted at different cleavage sites (termed CK2/1-3) were expressed in E. coli. All constructs 

yielded significant soluble CK activity that was partially purified and then subjected to size 
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exclusion chromatography. CK1 and CK3 eluted as dimers. Given their position in the NJ tree 

and the fact that these CKs exist as dimers, these proteins were termed protoflagellar CKs. 

Tethya CK2 is clearly a mitochondrial CK based on the presence of a mitochondrial 

targeting peptide and its position in the NJ tree. Surprisingly, the three mitochondrial constructs 

(CK2/1-3) were also found to be dimers in contrast to all known invertebrate and vertebrate 

mitochondrial CKs that are primarily octameric or mixtures of octamers and dimers.   A 

conserved tryptophan residue (Trp264 in Chicken sarMiCK) has been implicated in a number of 

studies as being important for octamer formation. Tethya CK2 has a Tyr residue at this 

equivalent position. In order to evaluate the role of this highly conserved tryptophan residue in 

the quaternary structure of mitochondrial CKs, site- directed mutagenesis of the Tyr  Trp on 

the three CK2 constructs was performed and the oligomeric state determined using Dynamic 

Light Scattering (DLS). Earlier mutagenesis studies as well as recent unpublished work from our 

lab have shown that the mutation of this tryptophan with a conserved amino acid leads to the 

destabilization and in some cases complete disruption of the octamer. Interestingly the Tyr  

Trp mutation on the three CK2 constructs did not lead to the formation of an octamer. It appears 

that although the absolutely conserved tryptophan residue is important for octamer stabilization, 

there are other forces involved that lead to the formation of a functional octamer. Thus, T. 

aurantia mitochondrial CK appears to be missing at least one, possibly many, of the structural 

elements necessary for octamerization and, as such, constitutes an early step in the evolution of 

MiCKs and potentially may be a useful experimental vehicle for elucidating the evolutionary 

steps leading to octamer formation in this key metabolic enzyme. 

 

 

 

 



 1 

 
 

 

 

 

 

 

INTRODUCTION 

 

 

All cells need a constant source of energy for their day to day activities such as motility, 

membrane transport of substances and biosynthesis.  The primary energy source for these 

processes is the hydrolysis of ATP. The “gamma- phosphate” of this molecule is highly labile 

and so ATP hydrolysis to ADP and Pi is greatly favored. However, the energy content of this 

reaction is not fixed but is a function of how far the ATP hydrolysis reaction is displaced from 

equilibrium and is given by the following equation: 

∆GATP  = ∆G° + R * T * ln [ADP][Pi] / [ATP] (where ∆G° is the standard free energy of ATP 

hydrolysis, R is the gas constant, T is the absolute temperature in °Kelvin and [ATP], [ADP] and 

[Pi] are the cellular concentrations under physiological conditions.) 

  Under normal conditions the set point ∆GATP  value is ~-60 KJ/mol. A small net decrease 

in the [ATP] causes a large change in the [ADP][Pi] / [ATP] ratio and drastic changes in the 

∆GATP value which might prove to be deleterious for a variety of cellular processes such as active 

transport of ions or myosin, kinesin and/or dyenin based motility/contractility. This 

disequilibrium between the levels of ATP and ADP can be delayed by the presence of 

phoshagens. Phosphagens are phosphorylated guanidino compounds that replenish ATP by the 

action of corresponding guanidino kinases. In cells displaying high and variable rates of ATP 

turnover such as burst muscles, photoreceptors, neurons and spermatozoa, these phosphagen 

kinases (PhK) catalyze the reversible transfer of the phosphoryl group from a phosphorylated 

guanidino compound to ADP to yield ATP. 

 

phosphagen + MgADP + H
+ 

   guanidine acceptor  + MgATP  

As a result of this phosphoryl transfer, high levels of [ATP] and low levels of [ADP] can 

be maintained under stress situations at the expense of the guanidino compound. This enables the 

phosphagen kinase reaction to keep the effective free energy of hydrolysis of ATP high.  

Phosphagen kinases constitute a family of highly conserved (~40% identity) enzymes 

consisting of eight unique members, creatine kinase (CK), arginine kinase (AK), glycocyamine 

kinase (GK), tauracyamine kinase (TK), hypotauracyamine kinase (HTK), lombricine kinase 

Phosphagen kinase 
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(LK), opheline kinase (OK) and thallassemine kinase (ThK).  Most of these enzymes exist as 

functional monomers, dimers or octamers; the prototypical monomer being 40-45 kDa. Each 

kinase has a corresponding guanidino compound that is phosphorylated to form a phosphagen. 

Figure 1 shows the structures of the eight different  known phosphagens.  

Of these eight members, CK and AK are the most extensively studied phosphagen 

kinases and are widely distributed throughout the animal kingdom (Ellington, 2001). Vertebrates 

express CK only (Watts, 1975). However, CK is also expressed in both higher and lower 

invertebrates as well (Ellington, 2001). Though a variety of phosphagen kinases are found in the 

lower organisms, AK is the most widely distributed phosphagen kinase in this group. The 

evolutionary relationships of the phosphagen kinases remain somewhat obscure. However, it is 

thought that CK, GK and LK may have shared a common immediate ancestor and that AK 

probably is the closest to the ancestral form. The reasoning for this latter assertion is manifold: 

(a) AKs use an unmodified guanidine substrate (arginine) while the others use highly modified 

substrates, (b) AKs are typically monomeric while the others are oligomers, and (c) AKs are the 

most widely distributed phosphagen kinase amongst the invertebrates. 

Creatine kinase (creatine phosphate [CP] + MgADP + H
+ 

 creatine [Cr] + MgATP) 

has been the most extensively studied phosphagen kinase due to its importance in normal and 

pathophysiological processes in humans. Two major physiological roles have been attributed to 

the CK reaction. The first one, that of a “temporal ATP buffering” system, is the more 

traditionally accepted role of CK. In this context, the CK reaction buffers ATP by maintaining 

high ∆GATP values during times when there is a temporal disequilibrium in ATP demand and 

supply (Kammermeier, 1987; Kammermeier, 1993) as might take place during burst muscle 

contraction. The second role is that of a  “spatial ATP buffering” system as proposed by Meyer 

et al. (1984). This group suggested that the transport of the high-energy phosphate can be 

modeled as a form of facilitated diffusion. That is, CP constitutes the primary carrier of “high-

energy” phosphate instead of the adenine nucleotides. This energy transport role of the CK 

reaction is due to the fact that the reaction is maintained near equilibrium with its substrates in 

vivo, the total creatine/CP pool is higher than the adenine nucleotide pool and CP being smaller 

in size than ATP has a higher diffusion coefficient (Meyer et al, 1984). It has been suggested that 
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spatial ATP buffering is merely a special application of the temporal ATP buffering role of the 

CK reaction (Meyer et al, 1984). 

 How can CK activities in cells be sufficiently high at sites of ATP synthesis (the 

mitochondria, ATP “source”) and sites of ATP hydrolysis (cytoplasmic and membrane- bound 

ATPases, ATP “sink”) for the CK reaction to remain nearly instantaneously at equilibrium with 

its substrates? One possibility is that the cells can maintain globally high CK activities 

throughout the cytoplasm (Meyer et al, 1984). Alternatively, CK activities can be localized at 

ATP “source” and “sink”. In the vertebrates, CK exists as two cytoplasmic isoforms namely 

muscle (M) and brain (B), which are capable of forming homo- (MM, BB) and hetero-dimers 

(MB). Although largely soluble, up to 10% of MM-CK in muscle is particulate, being associated 

with the myofibril in close proximity to myosin ATPases and also bound to the sarcoplasmic 

reticulum (SR) in the vicinity of the Ca
+2

 -ATPases (Wallimann et al., 1992). Likewise, some 

BB-CK in neurons is associated with the plasma membrane in close proximity to Na
+
:K

+
-

ATPases.  Two additional isoforms, the so-called sarcomeric mitochondrial CK (sarMiCK) and 

ubiquitous mitochondrial CK (ubiMiCK) are known to exist in the intermembrane space of the 

mitochondria. Vertebrate mitochondrial CK exists in an octamer-dimer equilibrium with the 

octamer being the predominant form under physiological conditions (Wyss et al., 1992). X-ray 

crystal structures of chicken sarMiCK and human ubiMiCK (Fritz-Wolf et al., 1996; Eder et al., 

2000) have shown that the top and bottom surfaces of the octamer are identical and have exposed 

positively charged residues at the C-termini of each subunit, which are involved in interaction 

with the negatively charged phospholipids. Due to its symmetrical shape mitochondrial CK is 

able to bind to both the outer and inner mitochondrial membranes at the same time (Schlattner et 

al., 1998). Thus octameric MiCK not only regulates the vectorial transport of the high energy 

phosphate out of the mitochondria but it also plays a “quasi-structural” role in contact site 

formation. To sum up, all vertebrate CK isoforms show varying degrees of targeting to specific 

intracellular compartments where they are closely associated with the sites of ATP generation 

and utilization. Meyer et al., (1984) have pointed out that localization maintains high CK 

activities where they are needed and also achieves an economy of protein. 

The discovery of MiCK and reports of intracellular targeting of CK led to the 

development of the phosphocreatine circuit model (Wallimann et al., 1989) which proposes that 

MiCK has preferential access to ATP transported from the matrix by the adenine nucleotide 

translocase. It then catalyzes the formation of CP by the transfer of the high energy phosphate 
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from ATP to creatine. CP then diffuses out of the mitochondria to the cytoplasmic compartment 

where it diffuses to the ATP sink for rephosphorylation of ADP to form ATP via the activity of 

cytoplasmic CK. Thus, two different pools of adenine nucleotides are thought to exist at the 

source and the sink (Wallimann et al., 1992).  

Apart from the two roles mentioned above phosphagen kinases play a number of other 

roles, including regulation of glycogenolysis, proton buffering and intracellular energy transport. 

Depending on the prevailing ∆GATP value, cellular phosphagens trap considerable amounts of 

inorganic phosphate (Pi), which is liberated upon net phosphagen hydrolysis (Ellington, 2001). 

Low Pi concentration has been proposed as one of the factors that suppress glycogenolysis under 

resting conditions and that liberation of Pi upon net CP hydrolysis is critical in promoting 

glycogen breakdown during muscle contraction (Griffiths, 1981). 

It has long been known that CK evolved as a result of two gene duplication events from 

an ancestral phosphagen kinase. The first, gave rise to the primitive cytoplasmic and the 

mitochondrial isoforms (Qin et al., 1998) and a later gene duplication event led to the divergence 

of the M and B type cytoplasmic and the sar- and ubiMiCK isoforms (Mühlebach et al., 1994). 

The timing of the original gene duplication event is obscure but it is thought to have taken place 

very early since CK is widely distributed not only in the protochordates but also in deuterostome 

and protostome invertebrates (Suzuki et al., 2004), some of which last shared a common ancestor 

with man roughly 700 million years ago.  

It has been hypothesized by Ellington (2001) that the capacity for intracellular targeting 

of CK evolved early as a means of facilitating energy transport in highly polarized cells and was 

subsequently exploited for temporal ATP buffering and dynamic roles in metabolic regulation in 

cells displaying high and variable rates of aerobic energy production. The evidence for this 

comes from a number of observations. One of these is the existence of another form of CK 

expressed in the spermatozoa of polychaetes, echinoderms and tunicates, the flagellar CK 

(flgCK), which consists of three fused CK domains (Tombes et al., 1987; Ellington et al., 1998). 

The flgCK  appears to have evolved as a result of a gene duplication/fusion followed by an 

unequal crossing over event (Wothe et al., 1990). In sea urchins this form is localized in the 

flagellar membrane by a myristoylate anchor to help the cell overcome the long reaction 

diffusion constraints due to the length of the flagellum (Quest et al., 1997). Another important 

observation is that in a variety of groups like sipunculids, echiuroids, polychaetes, echinoderms 
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and tunicates, the CP/CK system is virtually always present in the spermatozoa, regardless of 

which phosphagen system is expressed in somatic cells or eggs (Ellington et al., 1998). Also, 

MiCK has never been observed in the somatic tissues of invertebrates and has been found to be 

restricted to the primitive spermatozoa of these organisms. This indicates that there is a strong 

association between CK and its mitochondrial isoform with the highly polarized primitive type 

cells. All of these examples point to the fact that intracellular targeting and localization of the 

CP/CK system to where it is needed has been a primitive feature and has played an important 

role in the evolution of this enzyme system. 

With the solving of the crystal structure of the chicken sarMiCK (Fritz-Wolf et al., 1996) 

and the human ubiMiCK (Eder et al., 2000) a lot of site-directed mutagenesis studies has been 

done to investigate the residues involved in octamerization. One such residue is the Trp264 in 

chicken sarMiCK which was shown to be located at the dimer-dimer interface and is a part of the 

hydrophobic patch between two dimers within the MiCK octamer (Fritz-Wolf et al., 1996). It has 

been suggested that the octamers are stabilized by a combination of hydrophobic and polar 

interactions (Gross et al., 1995). Trp264 is a highly conserved residue across all known 

octameric mitochondrial CKs. Substitution of this Trp with cysteine in the chicken sarMiCK 

leads to destabilization of the octameric structure (Gross et al., 1994). Site-directed mutagenesis 

of the charged N-terminal residues, which are responsible for the polar interactions between two 

dimers, also causes destabilization of the octamer (Khuchua et al., 1998). 

  It is well known that the original gene duplication event giving rise to the cytoplasmic 

and the mitochondrial CK genes occurred very early but the exact timing of this event is still 

unknown. There have been reports of CK activity being present in sponges as early as the 

1950’s. Around 20 years ago, it was reported that specimens of the sponge Tethya aurantia 

contain CK activity (Robin and Guillou, 1980). This observation was further confirmed in our 

lab by the demonstration of low but significant CK activity in this species (Ellington, 2000). 

Tethya aurantia is widely distributed throughout the world's oceans. It is a member of the   

phylum Porifera; the most ancient of all extant metazoan (multicellular animal) groups, and 

belongs to the Demospongiae, sponges with a siliceous spicule endoskeleton. This thesis seeks to 

elucidate the nature of CK(s) in sponges and its’ evolutionary relationship to other CKs by 

amplification and sequencing of cDNAs, bioinformatic analysis of deduced amino acid 

sequences and expression and characterization of recombinant protein. Site-directed mutagenesis 
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studies have also been undertaken to investigate the role of the conserved tryptophan in the 

quarternary structure of the mitochondrial CK obtained from this sponge. 
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MATERIALS AND METHODS 

 

 

Animals 

 The marine sponge Tethya aurantia (Demospongiae) is widely distributed throughout the 

world's oceans including along the southern and central coast of California. This species is 

commonly known as the “orange puffball”. Specimens of T. aurantia were collected by Sea Life 

Supply, Sand City, CA and were shipped by overnight air freight. Animals were placed in a re-

circulating aquarium and were processed the next day for total RNA isolation. 

Molecular Biology Procedures 

RNA isolation. Several specimens of T. aurantia were cut in half and carefully inspected 

for the presence of  commensals; none were evident. Sections of tissue were removed 

encompassing both inner and outer regions of the animals. Total RNA was isolated using 

TRIZOL reagent (Invitrogen, Carlsbad, CA). Approximately 2.5 g of T. aurantia tissue was 

homogenized in 40 ml TRIZOL reagent using a Brinkmann Polytron (Brinkmann Instruments, 

Westbury, NY). The homogenate was centrifuged at 12000 g for 10 min and the supernatant 

containing RNA was decanted. After addition of chloroform, the organic and aqueous phase 

were partitioned through centrifugation. The upper, colorless aqueous phase was carefully 

decanted and RNA was precipitated with isopropanol. The purified RNA was washed in 75% 

ethanol and centrifuged at 7500 g for 5 min. The supernatant was discarded and pellets were 

again resuspended in a small amount of ethanol and distributed into four microfuge tubes. Three 

tubes were stored at –70 ºC. One working tube was prepared by dissolving the RNA precipitate 

in DEPC water. 

cDNA synthesis. Reverse transcription was performed on total RNA templates using 

Ready-To-Go You-Prime First-Strand Beads (GE Healthcare, Piscataway, NJ) and a lock-

docking oligo-dT primer (5' –GGCCACGCGTCGACTAGTAC (T) 17 (A, C, G) (A, C, G)-3') 

(Borson et al., 1992).  

3’ RACE analyses. RACE (Rapid Amplification of cDNA Ends) protocols were 

patterned after those of Frohman et al. (1988). Unless otherwise stated, all PCR amplifications 

were conducted using a Hybaid PCR-Sprint (Middlesex, UK) thermocycler.  The 3' end of the 
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cDNA was amplified using Ex Taq DNA polymerase (Takara, PanVera, Madison, WI), the lock-

docking oligo-dT primer, and a primer (5’-GGNCAYCCNTWYATHATGAC-3’), which 

corresponds to a highly conserved sequence (GHPF/YIM) in CKs (Suzuki et al., 2004).  PCR 

amplification was performed using a touchdown PCR protocol with the following conditions: 1 

cycle at 95 ºC for 3 min; 4 cycles at 95 ºC for 1 min, 56 ºC for 1 min and 72 ºC for 1.5 min. The 

next cycles had the same denaturation and extension temperatures of 95 ºC and 72 ºC, 

respectively, but the annealing temperature was decreased every 4 cycles by 4 ºC until 48 ºC, 

dropped to 45 ºC for another 4 cycles and then increased to 50 ºC for the next 16 cycles followed 

by 1 cycle of final extension at 72 ºC for 5 min. Product(s) of  ~1000 bp were produced which 

were incubated at 72 ºC for 20 min with 0.5 µl Taq polymerase (Promega, Madison, WI) to add 

the A’ overhangs to facilitate subcloning. The PCR product was then gel-purified and subcloned 

into the puC19 TA cloning vector (Invitrogen). Blue/white screening was performed using 

isopropyl-beta-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indoyl-beta-D-

galactopyranoside (X-Gal) to identify plasmids with the insert. Plasmids from two independent 

clones were sequenced using the M13 forward and reverse primers in an automated Applied 

Biosystems model 3100 Genetic Analyzer (Foster City, CA).  

5’ RACE analyses. Gene specific reverse primers were designed for each CK cDNA and 

were used to amplify the 5’ end using a Clontech  (Palo Alto, CA) SMART RACE cDNA 

amplification kit. The gene specific primers for CK1, CK2 and CK3 were: Tethya1- 5’-

GGTCGGTGTGCTTAGCTTCCTTCC-3’, Tethya2- 5’-GTTGGATGAATGGCAGATTTGGG- 

GTAGC-3’ and Tethya3- 5’-CGTAAGAGCTTCAAGTCCGTCAATCGTA-3’ respectively. 

PCR amplification was conducted under the following conditions: 1 cycle at 95 °C for 5 min, 38 

cycles at 94 °C for 1 min, 65 °C for 1.5min and 72 °C for 2 min and a final extension at 72 °C 

for 5 min. Products of ~500 bp, ~600 bp and ~700 bp for CK1, CK2 and CK3, respectively, were 

produced. These were subcloned and sequenced as above. 

Full Length cDNA cloning, expression and purification 

Cloning of full length constructs. Full length cDNAs for each CK were produced by 

PCR amplification of oligo-dT primed cDNA using a gene specific forward primer containing a 

START codon, a gene specific reverse primer containing a STOP codon and Promega Pfu Turbo 

DNA polymerase. In the case of CK2, which had the mitochondrial targeting sequence, three 
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truncated cDNA constructs were amplified having slightly different cleavage sites. The 

following gene specific forward and reverse primers were used:  

1. CK1START: 5’ATGGCAGCCAAGACGAAATGTAAC 3’ (CK1 forward primer).  

2. CK1STOP: 5’ CTACTTTGGGATGAGGTCATCAAT 3’ (CK1 reverse primer).  

3. CK2START1: 5’ ATGGCAGCGTTTATGAATCGC 3’ (CK2 precursor forward 

primer). 

4. CK2START2: 5’ ATGGGAGCTGCTCCAGGAGCCTAC 3’ (CK2/1 mature cDNA 

construct forward primer).  

5. CK2START3: 5’ ATGGCTCCAGGAGCCTACAAGAAG 3’ (CK2/2 mature cDNA 

construct forward primer).  

6. CK2START4: 5’ ATGGCTGCTCCAGGA GCCTACAAG 3’ (CK2/3 mature cDNA 

construct forward primer). 

7. CK2STOP: 5’ CTAGAGTTTATCGATCAG GCT 3’ (reverse primer for all CK2 

constructs).  

8. CK3START: 5’ ATGTCTTCAGGCTCTAAAGCTAAG 3’ (CK3 forward primer).  

9. CK3STOP: 5’ CTACTTGGGGACAAGATCATCAAT 3’ (CK3 reverse primer). 

 Amplification conditions were as follows: (94 °C for 4 min) x 1, (94 °C for 1 min, 55 °C for 1.5 

min, 72 °C for 2 min) x 33 and (72 °C for 5 min) x 1. All resulting products were incubated with 

0.5 µl of Taq polymerase at 72 ºC for 20 min to add A’ overhangs. These were then ligated into 

the pETBlue1 AccepTor vector system (Novagen, Madison, WI) and transfected into NovaBlue 

Singles (Novagen) cells using the manufacturer’s protocol. Colonies with the recombinant DNA 

were identified using blue/white screening. Cells containing the plasmid with the insert were 

grown overnight as 5 ml LB cultures containing 50 µg/ml carbenicillin. Plasmids were isolated 

using the QIAprep Miniprep kit (Qaigen, Valencia, CA). Orientation of CK1 and CK3 inserts 

was established by digestion with BglII and Nhe1 restriction enzyme and by Xho1 and Nhe1 for 

CK2. Glycerol stocks for the verified plasmids were prepared and stored at –70 °C. 

Expression of the full length constructs. The plasmids verified for orientation and 

sequence were used to transform Tuner (DE3) pLacI expression hosts according to 

manufacturer’s instructions. Recombinant CKs were expressed in E. coli as 1L LB cultures 

containing 50 µg/ml carbenicillin. The cells were grown at 37 °C until the OD600 reached 0.5 

units.  The temperature was changed to 15 °C and the culture was induced after 1 h with 1 ml of 
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0.84 M IPTG. After 24 h of expression, bacteria were harvested by centrifugation and stored at –

70 °C until purification.  

Purification of recombinant protein. Pellets were thawed and lysed in 60 ml of 50 mM 

Tris/HCl (pH 7.8 at room temperature)-300 mM NaCl-5 mM EDTA-10% glycerol and 14 mM β-

mercaptoethanol [β-MSH] using a microfluidizer (Microfluidics, Newton, MA). Cellular debris 

was pelleted by centrifugation at 23,000 x g for 20 min at 4 °C. CK was assayed 

spectrophotometrically in the reverse direction (creatine phosphate to ATP) as previously 

described (Strong & Ellington, 1993). All five constructs, CK1, CK3 and the three CK2 

constructs (denoted CK2/1, CK2/2 and CK2/3), when expressed in E. coli at 15 °C for 24 h 

yielded significant soluble CK activity.  

For purifying the two cytoplasmic CKs (1 and 3) and the three CK2 constructs the 

supernatants were exhaustively dialyzed against 10 mM Tris/HCl (pH 8.4 at room temperature)- 

0.5 mM EDTA- 1 mM DTT-5% glycerol, briefly centrifuged and then applied to a 40 ml DEAE 

Sepharose fast flow (GE Healthcare, Piscataway, New Jersey) column equilibrated with dialysis 

buffer followed by washing and then elution with a linear 0 to 0.75 M NaCl gradient. A flow rate 

of 24 ml/h was used and 10 min fractions were collected. Tubes containing peak CK activity 

were pooled and purity assessed through SDS-PAGE (Laemmli, 1970).  

Analytical procedures 

 Partially purified protein was concentrated to >50 enzyme units [µmoles 
.
 min

-1
] per ml 

using spin filters. Small aliquots of the concentrates were injected into a pre-calibrated Superdex 

200HR column (GE Healthcare) running on a Beckman System Gold system under conditions as 

previously described (Ellington et al., 1998). Fractions (0.25 min each; 0.1 ml) were collected 

and subsequently assayed for CK activity. Each construct was subjected to three 

chromatographic runs. The tubes containing the peak CK activity for each construct were pooled 

and analyzed for purity by SDS-PAGE (Laemmli, 1970). Native Mr values were estimated by 

comparing the elution time(s) of the CK(s) with those of the standard proteins (Ellington et al., 

1998). Protein was assayed by using the BioRad (Hercules, CA) Bradford (Bradford, 1976) 

assay reagent with bovine serum albumin as the standard. 

Site-directed mutagenesis of CK2 

In order to evaluate the role of a highly conserved tryptophan residue in the quaternary 

structure of mitochondrial CKs, site- directed mutagenesis on the three CK2 constructs (denoted 
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CK2/1, CK2/2 and CK2/3) was carried out using the QuikChange Mutagenesis kit provided by 

Stratagene (La Jolla, CA). A single amino acid change (Tyr to Trp) was carried out based on the 

protocol provided by the manufacturer. The template plasmid was amplified using PfuTurbo™ 

DNA polymerase, a forward primer (5’-CAAGAAAGATGGCTGGGAATTTATGTGG -3’) and 

a reverse primer (5’- CCACATAATTCCCAGCCATCTTTCTTG -3’) under the following 

conditions : (95° C for 1 min) x 1, (95° C for 30 sec, 60° C for 30 sec, 68° C for 16 min) x 16 

and (68° C for 7 min) x 1. The original methylated plasmid was digested using the enzyme Dpn-I 

by incubating at 37° C for 1 h. The amplified plasmid was then transformed into E. coli  XL1-

Blue supercompetent (Stratagene, La Jolla, CA) cells according to manufacturer’s protocol. The 

transformed cells were grown on plates containing 50 µg/ml carbenicillin. Plasmids were 

isolated using the QIAprep Spin Miniprep kit (Qaigen Inc. Valencia, CA). The mutations were 

verified through sequencing in the 5’ and 3’ direction using the PetBlueUp and PetBlueDown 

primers (EMD Biosciences, Inc, San Diego, CA). The mutated plasmid was then re-transformed 

into the BL21 Tuner (DE3) competent cells according to manufacturer’s protocol. 

Expression and purification of the CK2 mutants 

Expression of the CK2 mutants. Expression of the site-directed mutants was identical 

to that of the wild-type CK1-3. 

Purification of the CK2 wild-type and mutants. The frozen pellets were thawed and 

lysed in 50 mM Tris/HCl (7.8 at room temperature)-300 mM NaCl-5 mM EDTA -10% glycerol 

and 14 mM β-mercaptoethanol [β-MSH]  (lysis buffer) using a microfluidizer (Microfluidics). 

The cells were resuspended in 60 ml of lysis buffer using a transfer pipette until there were no 

visible clumps. The cell suspension was subjected to 100 cycles of  microfluidization and 

collected in 50 ml falcon tubes. The resulting lysate was centrifuged at 23,000 x g for 20 min and 

the supernatant dialyzed against 10 mM Tris/HCl (pH 8.4 at room temperature) 0.5 mM EDTA 

and 1 mM DTT – 5% glycerol for 4 hrs (2 x 1litre). It was then centrifuged briefly for 10 min at 

23,000 x g and applied to a 40 ml DEAE Sepharose fast flow (GE Healthcare) column 

equilibrated with dialysis buffer. The sample was loaded at a flow rate of 24ml/h, followed by 

washing and then elution with a linear 0 to 0.75 M NaCl gradient collecting fractions every 10 

min. Tubes containing peak CK activity were pooled and concentrated down to a volume of 1-2 

ml. A small amount of glycerol was added to the sample to increase its density so that it could be 

layered easily on the column bed and 50 mg/ml of Blue Dextran was added to make it visible as 
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it moved through the column. A 135 ml Sephacryl-200 Prep Grade size-exclusion (GE 

Healthcare) column was equilibrated with running buffer consisting of 25 mM Tris/HCl (pH 8.0 

at room temperature), 100 mM NaCl, 1 mM DTT, 0.5 mM EDTA - 5% glycerol. The pooled 

sample was then applied to the column at a flow rate of 30 ml/h and 2 min fractions were 

collected. Fractions containing peak activity were analyzed for purity by SDS-PAGE (Laemmli, 

1970) and pooled. Protein concentration was determined using the standard BioRad (Hercules, 

CA) Bradford (Bradford, 1976) assay reagent with bovine serum albumin as the standard. 

Dynamic Light Scattering Experiments 

Quaternary structure of Y W mutants and the corresponding wild type forms was  

evaluated using dynamic light scattering (DLS). Protein samples (55 µl) at a concentration of 

~2.5 mg/ml were used to determine the oligomeric state using the DynaPro Dynamic Light 

Scattering Instrument (Viscotek Corporation, Houston, Texas). The sample was incubated at 20 

°C for 4 hrs before performing the experiment. It was then centrifuged at 13000 rpm at 20 °C for 

30 min to settle down any fine particulates that would interfere with DLS measurements. The 

cell was flushed multiple times with 1% Triton-X100 to remove any dust or residual impurities 

from inside the cell. It was then rinsed several times with de-ionized water and dried in an 

inverted position using compressed air. The exterior of the cell was cleaned with lens paper. The 

cuvette with the protein sample was placed inside the aperture and illuminated by a semi-

conductor laser of approximately 830 nm wavelength. The DynaPro instrument analyzes the time 

scale of the scattered light intensity fluctuations by a mathematical method called 

autocorrelation. The instrument calculates the translational diffusion coefficient (DT) of the 

molecules in the sample from the autocorrelation scattered light intensity data and the 

hydrodynamic radius RH is calculated from DT using the stokes-Einstein equation. The molecular 

weight is estimated using the RH and the sample temperature using a standard curve of MW vs 

RH of globular proteins. Polydispersity of the sample is denoted by %Pd and it corresponds to the 

standard deviation of the peak. Based on experimental evidence an RH of ~4 nm  and ~8 nm 

indicate an oligomeric state of a dimer and octamer, respectively.  

 Sequence and phylogenetic analyses. 

 Sequences were assembled using available Sequencher software (Gene Codes, Ann 

Arbor, MI). Multiple sequence alignments were conducted in GCG (Accelrys, San Diego, CA) 

using the PileUp function. Phylogenetic analysis was carried out using the Neighbor-joining (NJ) 
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implementation provided by PHYLIP (Phylogenetic inference package). Bootstrap analysis was 

carried out on the sequences by creating 100 pseudoreplicates. ProtDist (Felsenstein, 1993) was 

used to generate 100 distance matrices using the following parameters: the default amino acid 

change model was set to Jones–Taylor–Thornton model (JTT), rate variations among sites were 

set to ‘Gamma distributed rates,’ coefficient of variation of substitution rate among sites was set 

to 1.41, and 100 data sets were analyzed. These distance matrices were then submitted for NJ 

analyses. A consensus tree was calculated from all the different pseudoreplicates to obtain the 

bootstrap values for each node. 
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RESULTS 

 

 

Sequencing and sequence analysis 

Three unique cDNA(s) denoted Tethya CK1, CK2 and CK3 were obtained from T. 

aurantia. The 3’ and 5’ RACE revealed a 3’ untranslated region (UTR) of 199 bp, 144 bp and 

122 bp for CK1, CK2 and CK3 respectively and a 5’ UTR of 81 bp for CK2 and 126 bp for CK3. 

The 5’ UTR of CK1 could not be amplified. CK1 has an open reading frame (ORF) of 1140 bp 

coding for a protein with a calculated subunit mass of 42.65 kDa and an estimated isoelectric 

point (pI) of 6.61. CK2 consists of an ORF of 1224 bp, an estimated isoelectric point (pI) of 8.1 

and a calculated subunit mass of 44.94 kDa. CK3 codes for a protein having an ORF of 1125 bp, 

a calculated subunit mass of 41.59 kDa and an estimated isoelectric point (pI) of 5.72. The 

cDNA and deduced amino acid sequences for CK1, CK2 and CK3 are shown in Figures 2, 3 and 

4 respectively. On comparison with other known CK sequences, it was observed that CK2 was 

homologous to the mitochondrial CKs whereas CK1 and CK3 were most similar to the 

cytoplasmic and flagellar CKs. The cDNA sequences have been deposited in GenBank 

(accession numbers AY494845, AY494846, AY494847, respectively). 

Figure 5 shows an alignment of the deduced amino acid sequences of CK1, CK2 and 

CK3. CK1 and CK3 are more similar to each other than to CK2. The alignment was created 

using CLUSTALX (Thompson et al., 1997) and visualized using genedoc 

(http://www.psc.edu/biomed/genedoc/). The figure clearly shows the presence of the N-terminal 

mitochondrial targeting sequence in Tethya CK2. The N-terminal region of CK2 was analyzed 

using an online tool MITOPROT (http://ihg.gsf.de/ihg/mitoprot.html) that predicts the most 

likely N-terminal cleavage site and the probability that the given amino acid sequence is a 

mitochondrial targeting sequence. Although the tool did not predict the actual cleavage site, the 

MITOPROT analysis yielded a high probability of 0.67 that Tethya CK2 has a mitochondrial 

targeting sequence. The same tool gave a probability of 0.0179 and 0.0234 for CK1 and CK3, 

respectively. Figure 6 shows a detailed analysis of the N-terminal regions of some of the known 

mitochondrial CKs. 
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Figure 2. cDNA and deduced amino acid sequences of CK1 from Tethya aurantia. The 
termination codon is indicated by an asterisk. The amino acids  are numbered on the right and 
the nucleotides are numbered on the left side. 
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Figure 3. cDNA and deduced amino acid sequences of CK2 from Tethya aurantia. The 
termination codon is indicated by an asterisk. The amino acids  are numbered on the right and 
the nucleotides are numbered on the left side. Arrows indicate the three different cleavage sites . 
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Figure 4. cDNA and deduced amino acid sequences of CK3 from Tethya aurantia. The 
termination codon is indicated by an asterisk. The amino acids  are numbered on the right and 
the nucleotides are numbered on the left side. 
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Figure 5. Multiple sequence alignment of the deduced amino acid sequences of Tethya CK1, 
CK2 and CK3. Orange blocks correspond to residues common to all three CKs; gray blocks 
correspond to residues common to two of  them. 
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The features characteristic of mitochondrial targeting sequences are that they typically 

are  rich in basic residues which allow the membrane potential to promote initial insertion of 

presequences into the inner membrane, they have blocks of hydrophobic residues that allow 

them to pass through the inner and outer membrane of the mitochondria and they have very few 

if any acidic residues (Pfanner et al., 2002). This pattern is a highly conserved feature of all 

mitochondrial proteins even though they have had up to a billion years to diverge. The N-

terminal targeting sequence of some of the mitochondrial CKs has been determined 

experimentally (Mühlebach et al., 1996). Two different targeting sequence prediction tools 

MITOPROT and SignalP (http://www.cbs.dtu.dk/services/SignalP/; Bendtsen et al., 2004; 

Nielsen et al., 1997; Nielsen et al., 1998) were used to determine the probable cleavage site for 

the MiCKs for which the targeting sequence has not yet been determined. The signal prediction 

results show that cleavage likely takes place in similar regions of each MiCK (purple residues in 

Figure 6). 

Table 1 shows a comparison of the percent identity and similarity of amino acid residues 

between the three Tethya CKs and some of the representative mitochondrial, cytoplasmic and 

flagellar creatine kinases. Cytoplasmic and mitochondrial CK sequences from vertebrates 

(Danio, chicken and mouse), protochordates (Ciona and Branchiostoma), protostome 

invertebrates (polychaetes Chaetopterus and Marphysa and brachiopod Glottidea) as well as the 

three domains of flgCKs from Strongylocentrotus, Ciona and Chaetopterus were used for the 

comparisons. All three Tethya CKs share >65% identity and are more than 75% similar to each 

other. Based on the comparisons it is clear that Tethya CK2 is more similar to the mitochondrial 

isoforms than to the cytoplasmic and flagellar isoforms of CK whereas CK1 and CK3 are more 

homologous to the cytoplasmic and flagellar CKs than to the mitochondrial CKs. Tethya CK1 

and CK3 are the most similar to Marphysa cytoplasmic CK and display >60% identity to the 

cytoplasmic CKs and the three domains of flagellar CK except to the Domain1 of Chaetopterus 

flgCK. CK2 on the other hand is most similar to Chaetopterus MiCK and shows >64% identity 

to the other MiCKs. 

Phylogenetic analysis of deduced amino acid sequences 

 A phylogenetic analysis of some of the available cytoplasmic, mitochondrial and flagellar 

CKs along with the three Tethya CKs was performed using the Neighbor Joining implementation 

provided by the PHYLIP package in GCG (Figure 7). Three major clusters are clearly evident in 

the resulting bootstrapped NJ tree. The first cluster consists of all the mitochondrial CKs that  
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Figure 6.  An alignment of the mitochondrial targeting peptides of selected MiCKs. 
Hydrophobic, basic and acidic residues have been denoted in blue, red and green respectively. 
The cleavage site has been denoted in purple. 
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Table1. Percent amino acid sequence identity of Tethya CK1, CK2 and CK3 to each other and to 
the selected CK sequences. Percent similarities are shown in parentheses. Values were 
determined using the MatGat 1.5 (Matrix Global Alignment tool) (Campanella et al., 2003).  
The mitochondrial sequences used for comparison are the precursor proteins. 

 

 

 Tethya CK1 Tethya CK2 Tethya CK3 

Tethya CK1 - 66.8(77.1) 81.0(89.7) 

Tethya CK2 66.8 (77.1) - 67.2 (78.1) 

Tethya CK3 81.0 (89.7) 67.2 (78.1) - 

ChaetopterusMiCK 65.8 (78.5) 72.2 (85.3) 64.4 (76.0) 

DanioUbiMiCK 59.5 (71.0) 65.9 (80.1) 60.8 (72.7) 

ChickenUbiMiCK 60.2 (71.5) 66.1 (81.5) 61.7 (73.6) 

MouseUbiMiCK 59.9 (71.5) 67.1 (81.8) 61.3(73.0) 

ChickenSarMiCK 59.5(70.6) 64.7(78.5) 61.9(72.1) 

MouseSarMiCK 59.7(70.6) 64.4(78.5) 61.9(72.8) 

DanioMCK 70.0(79.3) 63.1(75.2) 73.0(81.4) 

DanioBCK 70.2(80.6) 65.5(76.7) 71.1(83.5) 

ChickenMCK 69.0(79.1) 65.2(76.2) 71.2(81.7) 

ChickenBCK 68.9(80.3) 65.0(75.7) 70.1(82.7) 

MouseBCK 67.4(80.6) 65.5(75.4) 69.0(82.4) 

MouseMCK 68.9(79.8) 65.5(76.4) 72.2(82.7) 

CionaCK 65.5(79.2) 64.0(76.7) 65.9(80.1) 

BranchiostomaCK 68.8(81.3) 65.3(75.9) 72.4(85.0) 

MarphysaCK 71.0(81.3) 66.6(74.9) 72.8(84.8) 

ChaetopterusCK 68.8(81.3) 64.2(74.7) 70.2(82.4) 

BrachiopodCK 70.2(82.1) 64.7(73.0) 72.9(83.2) 

SeaUrchinD1 61.5(74.7) 59.0(71.0) 63.8(78.1) 

SeaUrchinD2 63.1(75.7) 58.4(72.5) 67.0(79.4) 

SeaUrchinD3 64.5(77.3) 58.2(71.5) 67.7(78.3) 

ChaetopterusD1 58.2(69.3) 58.3(73.0) 58.9(70.4) 

ChaetopterusD2 66.5(76.3) 60.0(72.5) 68.1(77.1) 

ChaetopterusD3 66.3(80.5) 58.0(71.7) 66.7(79.7) 

CionaD1 64.2(77.0) 62.7(75.2) 65.5(77.0) 

CionaD2 66.3(77.8) 62.5(75.7) 66.4(79.6) 

CionaD3 66.4(79.4) 60.8(72.5) 68.9(81.3) 
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were used for the analysis. The second cluster consists of the invertebrate, protochordate, hagfish 

and the vertebrate cytoplasmic M and B CKs and the last cluster consists of the flagellar CKs 

from a marine worm (Chaetopterus), a protochordate tunicate (Ciona) and an echinoderm 

(Strongylocentrotus). Tethya CK2 forms the base of the mitochondrial clade, which includes all 

the vertebrate, invertebrate and protochordate MiCKs. The bootstrap value for the node 

connecting Tethya CK2 to the mitochondrial cluster is 75%, which means that the node is very 

well resolved. This result combined with the fact that Tethya CK2 has an N-terminal targeting 

sequence clearly indicates that Tethya CK2 is mitochondrial and is the ancestral form of MiCK 

in all higher organisms. Tethya CK1 and CK3 form the base of the flagellar cluster implying that 

CK1 and CK3 are more closely related to the flagellar isoforms than to the cytoplasmic isoforms 

of CK. Thus they can be considered to be the protoflagellar CKs.  Although the bootstrap value 

for this node is less than 50%, both Tethya CK1 and CK3 clearly cluster together with the 

flagellar CKs. The NJ tree suggests that three different CK genes existed in Porifera before the 

divergence of the multicellular organisms. One of them codes for the mitochondrial isoform of 

CK and the other two can be termed as the protoflagellar CKs that might be the ancestral form of 

the fused trimer before the fusion and unequal crossing over events that produced the true 

flgCKs. 

Characterization of full length recombinant CKs  

Five different full length constructs (CK1, CK3, CK2/1, CK2/2 and CK2/3) were 

expressed at 15 °C for 24 h to yield significant soluble activities (>2000 EU per litre of culture). 

(EU = µmoles 
.
 min-1). Due to the uncertainty of the cleavage site for the mitochondrial targeting 

sequence, three different constructs for CK2 were constructed using three different cleavage 

sites. The first 32 N-terminal residues were deleted in the case of CK2/1 yielding an N-terminal 

sequence of MGAAPGAYKK. CK2/2 starts from residue 35 with an N-terminal sequence of 

MAPGAYKK whereas CK2/3 starts with residue 37 with an N-terminal sequence of MGAYKK. 

These three constructs had  calculated Mr values of 41.76, 41.63 and 41.59 kDa respectively. 

The estimated isoelectric point (pI) for each was the same, approximately 6.84. 

All five CK constructs were partially purified using the DEAE Sepharose fast flow (GE 

Healthcare) column through ion-exchange chromatography and then subjected to the Superdex  
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Figure 7:  Neighbor joining (NJ) tree for 32 representative CK sequences including T. aurantia 
CK1, CK2, and CK3 (TethyaCK1, -CK2, and -CK3). Numbers correspond to percentage of 
times that a particular topology appeared at a particular node in 100 bootstraps. For the nodes 
that do not have any bootstrap values, the values are less than 50%. The mitochondrial (MiCK), 
flagellar (FCK), and cytoplasmic (CytCK) CK clusters are delineated by the vertical bars at 
right. Symbols--Cytoplasmic, dimeric CKs: ChaetopterusCK (polychaete Chaetopterus 
(AAD36984)), MarphysaCK (polychaete Marphysa (BAD34672)), BrachiopodCK (brachiopod 
Glottidea (AY364084)), BranchiostomaCK (lancelet Branchiostoma (AAK29780)), CionaCK 
(tunicate Ciona (AAK29781)), ChickenBCK (chicken B (P05122 )), MouseBCK (mouse B 
(NP_067248)), DanioBCK (zebra fish Danio B (CAI11959)), HagfishCK1 (Atlantic hagfish 
Myxine (AAP68792)), HagfishCK2 (Pacific hagfish Eptatretus (AAP68793)), MouseMCK 
(mouse M (NP_036662)), ChickenMCK (chicken M (NP_990838)), and DanioMCK(zebra fish 
Danio M (NP_571007)); Flagellar CKs (flgCKs): Chaetopterus-FlgCK1, -FlgCK2, and –FlgCK3 
(polychaete Chaetopterus domains 1, 2, and 3, respectively(AAR14888)), SeaUrchin-FlgCK1, -
FlgCK2, and –FlgCK3 (sea urchin Strongylocentrotus domains 1, 2, and 3, respectively 
(P18294)), and Ciona-FlgCK1, -FlgCK2, and –FlgCK3 (tunicate Ciona domains 1, 2, and 3, 
respectively(from genomic sequencing data, Suzuki et al.,2004)); and Mitochondrial: 
ChaetopterusMiCK (polychaete Chaetopterus (AAK35006), CionaMiCK (tunicate Ciona (from 
genomic sequencing data, Suzuki et al.,2004)), DanioMiCK (zebra fish Danio (NP_942096)), 
ChickenUbiMiCK (chicken ubiMiCK (NP_989513)), MouseUbiMiCK (mouse ubiMiCK 
(NP_034027), ChickenSarMiCK(chicken sarMiCK), and MouseSarMiCK (mouse sarMiCK 
(NP_940807)).  
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200HR size exclusion chromatography which showed that the elution times for the protoflagellar 

forms, CK1 and CK3, were consistent with these proteins being dimeric CKs. Surprisingly, all 

three mitochondrial constructs also eluted as dimers unlike all known mitochondrial CKs which 

are primarily octamers or a mixture of octamers and dimers. The octamer-dimer equilibrium in 

MiCKs is known to shift to dimers at low protein concentrations (Wyss et al., 1990). However, 

in the case of all three Tethya CK2 constructs, protein concentrations were > 1 mg/ml, well 

above threshold concentrations known to promote octamer dissociation in octameric MiCKs. 

Tethya MiCK is clearly an obligate dimer. 

Analyses of CK2/1, CK2/2 and CK2/3 and the respective Tyr Trp mutants 

Figure 8 is a multiple sequence alignment of the mitochondrial CKs in a region 

containing an absolutely conserved tryptophan residue (Trp264 in Chicken sarMiCK) that has 

been implicated in a number of studies as being critical for octamer stability (Fritz-Wolf et al., 

1996; Gross et al., 1995, Gross et al. 1994). This residue is not present in cytoplasmic and 

flagellar CKs (Ellington and Suzuki, 2005). The equivalent residue in Tethya CK2 is a tyrosine. 

Interestingly, in unpublished work in this lab, we have recently demonstrated that MiCKs from 

another sponge Suberites ficus and the colonial hydroid Hydractinia echinata have a histidine in 

the equivalent Trp264 position. This observation makes us believe that the mitochondrial form 

from these lower organisms too may be dimeric. Given the importance of  the absolutely 

conserved tryptophan in octameric MiCKs, site-directed mutants (Y W) were constructed for 

all the three Tethya CK2 constructs. They were expressed and purified to near homogeneity as in 

all the other Tethya CKs. When expressed, all Y W mutants yielded considerable soluble 

activity. The specific activities (expressed as EU/mg Bradford protein at 25 
o
C) of CK2/1 wild 

type, CK2/1Y W, CK2/2 wild type, CK2/2Y W, CK2/3 wild type and CK2/3Y W were 

33.7, 106.9, 31.9, 71.3, 36.5 and 23.4 respectively. Two of the three mutants actually displayed 

higher specific activities than the corresponding wild type proteins. The wild-type and the site- 

directed mutants of Tethya CK2 were analyzed using two different techniques, size exclusion 

chromatography and DLS to determine their oligomeric state. The elution times for the site-

directed mutants were consistent with dimeric CKs. Figure 9 shows the elution profile of CK2/1 

Y W mutant. There was no peak at the position where the octamer should elute. Samples were 

hand collected from the Superdex 200HR column and assayed for CK activity. There was no 

evidence whatsoever of CK activity at the elution position corresponding to that of an octamer.  
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Figure 8. Multiple sequence alignment of 80 residues close to the C-termini of 20 MiCKs . The 
conserved Trp264(Chicken sarMiCK) is shown in green. The equivalent residue in Tethya is 
shown in orange. 

MusSar (vertebrate Mus musculus sarcomeric MiCK (NP_940807)), RatSar (vertebrate 
Rattus norvegicus sarcomeric MiCK (S17188)), RabbitSar (vertebrate Oryctolagas cuniculus 
sarcomeric MiCK (O77814)), HumanSar (vertebrate Homo sapiens sarcomeric MiCK 
(NP_001816)), ChickSar (vertebrate Gallus gallus sarcomeric MiCK (P11009)), AcerMiCK 
(vertebrate Chaenocephalus aceratus MiCK (AAO24741)), MusUbi (vertebrate Mus musculus 
ubiquitous MiCK (NP_034027)), RatUbi (vertebrate Rattus norvegicus ubiquitous 
MiCK(P25809)), HumanUbi (vertebrate Homo sapiens ubiquitous MiCK (NP_066270)), BosUbi 
(vertebrate Bos taurus ubiquitous MiCK (NP_776700)), ChickUbi (vertebrate Gallus gallus 
ubiquitous MiCK (NP_989513)), XenoUbi (vertebrate Xenopus laevis ubiquitous MiCK 
(AAH45123)), DanioUbi (vertebrate Danio rerio ubiquitous MiCK (NP_942096)), TakiUbi 
(vertebrate Takifugu rubripes ubiquitous MiCK (AAF78086)), CionaMiCK(tunicate Ciona 
intestinalis MiCK (unpublished)), CV-MtCK (polychaete Chaetopterus Variapedatus MiCK 
(AAK35006)), SiphoMiCK(sipunculid Siphonosoma sp. ST01 MiCK(BAD34677)), 
NeanthMiCK( polychaete Neanthes diversicolor MiCK (BAD34676)), NamalyMiCK 
(polychaete Namalycastis sp. ST01 MiCK (BAD34675)), TethyaCK2 (porifera Tethya aurantia 
(AAS72895)), HyMtCK(Cnidaria Hydractinia echinata (est)). 
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Figure 9: A representative FPLC chromatogram of the CK2/1 Y W mutant. Arrow indicates 
the elution position of the octamer. Numbers indicate the elution times in min. 
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In order to rule out the possibility of dilution-induced octamer dissociation that might lead to a 

shift towards the dimer equilibrium, the above results were confirmed and validated by DLS 

procedures. DLS measurements of the obligately dimeric rabbit muscle cytoplasmic CK and 

recombinant, octameric Chaetopterus MiCK yielded RH values of ~4 nm and ~8 nm, respectively 

(Table 2). DLS measurements were then made on the wild-type and the site-directed mutants. 

Average RH and polydispersity values were obtained for three replicates of each of the six 

constructs. A polydispersity value of less than 30% indicates that the peak is monomodal. The 

average value of RH ranged between 3.73-4.36 nm (Table 2) consistent with the dimeric 

quaternary structure. Based on the octamer-dimer equilibrium studies that have been done in our 

lab (G.Hoffman, personal communication), it has been determined that the presence of ~10% 

octamer leads to a shift in the RH  from ~4 nm to ~5.2 nm. The average polydispersity values for 

all the six constructs were also less than 30%. Thus, the results conclusively showed the absence 

of any octameric species in any of the wild-type or mutant Tethya CK2s.       
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Table2. Hydrodynamic radius RH and Polydispersity (%Pd) for CK2/1, CK2/2 and CK2/3 wild-
type (WT) and the respective Y W mutants. Rabbit muscle CK (Roche Applied Science, 
Indianapolis, IN) and recombinant Chaetopterus MiCK (provided by G. Hoffman) were used as 
dimeric and octameric benchmarks, respectively. Each value is a mean ± standard deviation of 
three different measurements.  

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

All measurements were done at a temperature of 20 ºC and a concentration of 2.5 mg/ml 

except for rabbit MM-CK which was at a concentration of 2.0 mg/ml. 

 

 

 

 

 

 

 

 

 

 

 

 

 Radius (RH (nm)) Polydispersity (%Pd) 

 WT Y W WT Y W 

CK2/1 3.9 3.73±.057 13±2.30 15.23±1.59 

CK2/2 3.96±.058 4.36±.115 10.1±1.94 19.73±1.05 

CK2/3 3.86±.058 3.86±.058 17.13±4.61 16.83±4.21 

Rabbit MM-CK 4.06±.054 - 15.0±0.9 - 

Chaetopterus MiCK 8.02±.054 - 20.33±4.88 - 



 35 

 
 

 

 

 

 

 

DISCUSSION 

 

 

It is well known that CK exists as cytoplasmic (M and B) and mitochondrial (ubiMiCK 

and sarMiCK) isoforms in the vertebrates. There is a third isoform (flgCK), which has been 

discovered recently in some invertebrates and a protochordate (Tombes et al., 1989; Ellington et 

al., 1998, Suzuki et al., 2004). The evolutionary relationship of these isoforms is still not very 

clear. Qin et al. (1998) have proposed that there was an initial gene duplication event that gave 

rise to the primitive mitochondrial and cytoplasmic forms from a prototype CK. The flgCK was 

formed as a result of a gene duplication, fusion and unequal crossing-over event (Wothe et al., 

1990). This early divergence event of mitochondrial and cytoplasmic genes occurred before the 

divergence of the two major metazoan lineages, the protostomes and deuterostomes (Pineda and 

Ellington, 1999). Likewise, the flgCK gene arose around this time as it is present in both 

lineages (Suzuki et al., 2004). The M and B cytoplasmic CK and ubi- and sarMiCK genes 

evolved early in the evolution of vertebrates (Uda et al., 2004; Suzuki et al., 2004; Ellington and 

Suzuki, 2005). The current study has shown the presence of a mitochondrial and two 

protoflagellar CKs in a marine sponge T. aurantia which last shared a common ancestor with 

higher organisms possibly as long as a billion years ago (Nikoh et al., 1997). Thus, CK has an 

ancient heritage in which targeting to intracellular compartments evolved quite early. 

Flagellar CKs have a myristoylation sequence at the N-terminus  (Quest et al., 1992), 

which when myristate is covalently attached, anchors the flgCK in the flagellar membrane in 

close proximity to dynein ATPases (Quest et al., 1997). Functional studies have shown that 

MiCK, which is targeted to the intermembrane space, can form transient or semi-permanent 

contacts between the outer and inner membranes, so-called “contact sites” (Rojo et al., 1991, 

Stachowiak et al., 1996). This creates a microcompartment, which favors creatine 

phosphorylation and its vectorial transport back into the cytoplasm (Rojo et al., 1991; Brdiczka 

et al., 1994; Biermans et al., 1990; Kottke et al., 1991; Stachowiak et al., 1996). This “quasi-

structural” role is largely dependent on the octameric state of MiCK (Rojo et al., 1991; 

Stachowiak et al., 1996). The octameric MiCK can be dissociated into dimers by conversion to 

the TSAC (transition-state analogue complex) and dimeric MiCK has a significantly reduced 
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capacity for membrane binding and cross-linking as compared to the octameric enzyme 

(Schlattner et. al., 2000).  

 Of the vertebrate and invertebrate CKs that have been studied so far, the cytoplasmic 

forms exist as dimers while the mitochondrial forms exist as mixtures of octamers and dimers 

with the octamer being the predominant form under physiological conditions (Gross and 

Wallimann, 1993, Wyss et al., 1995; Ellington et al., 1998). In the present work, the cDNA and 

deduced amino acid sequences of three different CKs (CK1, CK2 and CK3) from the sponge 

Tethya aurantia have been determined. CK1 and CK3 display much greater sequence similarity 

to each other than to CK2. Based on the sequence comparisons, CK1 and CK3 are closely related 

to the domains of flagellar CK and cytoplasmic CK whereas CK2 is most similar to the 

mitochondrial CK isoforms (Table 1). When expressed as recombinant proteins both CK1 and 

CK3 exist as native dimers as was determined through size exclusion chromatography. The NJ 

phylogenetic analyses (Figure 7) showed that CK1 and CK3 clustered together with the flagellar 

CKs and are at the base of the flagellar CK cluster. The phosphagen kinase family is highly 

prone to gene duplication and fusion events. Characterization of CK genes has provided 

compelling evidence for this assertion (Suzuki et al., 2004). The two cytosolic isoforms are 

identical in size and location of the exons. They differ from the mitochondrial CK gene exons in 

length in only one of the exons (Qin et al., 1998). Also comparison of the genes of the three 

isoforms of CK show that two introns are present in all CKs providing strong evidence for the 

common origin of these genes (Suzuki et al., 2004). Though both CK1 and CK3 exist as dimers, 

they could represent the ancestral form from which the contiguous trimer evolved. That is, these 

two forms may be the precursors for the contiguous trimer prior to gene fusion and unequal 

crossing over events. They have hence been termed protoflagellar CKs.  

The NJ tree demonstrates that there is a complex relationship between the three domains 

of Chaetopterus, Strongylocentrotus and Ciona flgCK. Even though the available data are not 

sufficient to resolve the order of the appearance of the domains, given the topology of the tree 

and the low probability of a gene duplication /fusion followed by an unequal crossing over event 

taking place more than once it can be suggested that the flgCKs share a common ancestor with 

the cytoplasmic and mitochondrial CKs. However it is clear that these genes diverged early in 

metazoan evolution. Interestingly, we have recently found an EST (expressed sequence tag) 

sequence of what appears to be a true flgCK in the hydrozoan (a cnidarian) Hydractinia echinata 
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indicating that gene fusion and unequal crossing over occurred very early (Ellington, 

unpublished). 

 The cytoplasmic clade is highly resolved with the MCKs and BCKs grouping into 

distinct clusters. The protostome cytoplasmic CKs also form a separate cluster that contains the 

cytoplasmic CK from a protochordate lancelet Branchiostoma. This positioning is somewhat 

anomolous but it has also been observed in previous phylogenetic analyses (Uda et al., 2004; 

Suzuki et al., 2004). The exact relationship between the protoflagellar CKs of Tethya aurantia 

and true cytoplasmic CKs of protostomes and deuterostomes remains to be fully elucidated. 

However, phylogenetic results consistently show that these forms, plus the true flgCKs, clearly 

form a large supercluster distinct from the MiCK lineage (Ellington and Suzuki, 2005). 

The presence of an N-terminal targeting sequence (Figure 6) as well as the phylogenetic 

analyses (Figure 7) unequivocally show that Tethya CK2 is a mitochondrial CK. This 

observation is supported by a high bootstrap value of 75% for the node connecting Tethya CK2 

with the other MiCKs. The mitochondrial cluster itself is very well supported. The topology of 

the clade is also consistent with the phylogenetic relationships between the organisms.  

On being expressed as a recombinant protein in E. coli, none of the three CK2 constructs 

(CK2/1, CK2/2 and CK2/3) were found to be octameric but, in fact, were clearly dimeric in 

quaternary structure. This observation was confirmed using two independent techniques (size 

exclusion chromatography and DLS). There was no CK activity observed at the position of the 

octamer in the elution profile of any of the Tethya CK2 constructs. The DLS experiments also 

did not provide any evidence for the presence of an octameric species, the RH values being 

consistent with that of Rabbit MM-CK, which is dimeric (Table 2). The estimated pI value for all 

the three constructs of Tethya CK2 was approximately 6.84 which is in contrast to pI values of 

most known MiCKs. MiCKs typically have a basic pI which gives them a net positive charge at 

physiological pH values (Wyss et al., 1992). This facilitates the binding of the MiCK to the 

negatively charged cardiolipin in the inner mitochondrial membrane as well as other 

phospholipids in the inner portion of the outer membrane (Wyss et al., 1992). 

 Both invertebrate (unpublished observations, G. Hoffman) and vertebrate (Furter et al., 

1992; Eder et al., 2000; Fritz-Wolf et al., 1996) MiCKs can be expressed in E coli. as active 

octamers. One could attribute the inability to find octameric Tethya CK2 to the incorrect choice 

of the cleavage site. But that was not the case, since all three constructs yielded significant 

soluble CK activity comparable to what is seen when known octameric CKs are expressed 
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(Furter et al., 1992). Based on the sequence comparisons (Figure 6), it appears that our choice of 

cleavage site lies in the right vicinity. Tethya aurantia MiCK is clearly an obligate dimer 

suggesting that this protein constitutes an initial stage in the evolution of the mitochondrial 

isoform. 

Which structural features are lacking in Tethya aurantia MiCK that preclude octamer 

formation? Trp264 in chicken sarMiCK, which is absolutely conserved in all mitochondrial CKs 

that form octamers, is a key residue for octamer stability as demonstrated by site-directed 

mutagenesis (Gross et al., 1994). This tryptophan forms a part of the hydrophobic interaction 

patch between two dimers that shield the central electrostatic interactions from the solvent 

(Gross et al., 1994, Fritz-Wolf et al., 1996). Replacement of this trytophan with cysteine 

destabilized the octameric structure by one-fourth of the total interaction free energy by 

weakening the hydrophobic contacts (Gross et al., 1994). The equivalent residue of Trp264 in 

Tethya CK2 is a tyrosine (Figure 8). Another interesting observation was the presence of a 

histidine as an equivalent residue of Trp264 in the cnidarian Hydractinia MiCK (Ellington 

unpublished observations). It is likely that Hydractinia MiCK is also dimeric. In the present 

effort, site-directed mutagenesis of the corresponding tyrosine to tryptophan in all three Tethya 

aurantia CK2 constructs failed to elicit octamers indicating that the Trp264 equivalent is not the 

sole residue involved in octamer formation and/or stabilization of the octameric state. We know 

that other residues are involved in true octameric CKs.  

It has been shown that octamer formation is also mediated by interactions of charged 

residues at the N-termini (Kaldis et al., 1994; Khuchua et al., 1998) as well as the hydrophobic 

interactions between two dimers (Eder et al., 2000). It has been demonstrated that the 

substitution of the selected charged residues in the N-terminal heptapeptide in mouse sarMiCK 

with glycine residues leads to a shift in the octamer-dimer equilibrium towards the dimer 

(Khuchua et al., 1998). It has also been shown that the substitution of the first four charged 

residues in chicken sarMiCK leads to a 146-fold increased dissociation rate (Kaldis et al., 1994). 

On comparison of the deduced amino acid sequence of Tethya CK2 with some of the MiCKs it 

was observed that Tethya CK2 also lacks some of the other residues that might be involved in 

salt-bridges between two dimers in an octamer. Figure 10 shows some of the residues that have 

been identified as being involved in octamerization based on the sequence alignment and the 

crystal structure of human ubiMiCK (Eder et al., 2000). Tethya CK2 thus appears to be missing 

some of the structural elements that are necessary for octamerization and as such represents an 
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early step in the evolution of this key enzyme. Determining which combination of interactions 

produce and stabilize the octamer will likely be a complex task.   

Clearly, much remains to be elucidated in terms of our understanding of the evolutionary 

pathway leading from the dimeric MiCK of Tethya aurantia to the octameric MiCKs of higher 

forms. What were the minimum structural changes required to achieve octamerization? Using the 

available sequence database an exhaustive multiple sequence alignment of MiCKs can be created 

and using a structure guided approach (available MiCK crystal structures), residues that are 

conserved in known octameric MiCKs but are not present in Tethya CK2 can be identified 

followed by a systematic site-directed mutagenesis approach to see the effect of each mutation. 

This would be a difficult task since it is likely that a combination of different interactions holds 

the octamer together. 

It is not known whether Tethya aurantia CK1 and CK3 can exist as heterodimers in vivo. 

It is also not known whether the mitochondrial form Tethya CK2 is actually localized in the 

mitochondrial intermembrane space compartment and whether the dimeric structure has any 

functional implications in terms of energy transport or membrane binding properties. Although 

the tissue activities of CK are very low in Tethya aurantia (~1-4 µmoles x  min
-1

 x g wet wt
-1

) 

for cell fractionation and isolation, localization of the CKs by immuno-cytochemistry or in-situ 

hybridization would be very useful. 

Although the most primitive of extant animals, it is now clear that sponges are true 

metazoans (= multi-cellular animals) based on the fact that they have a variety of molecular 

elements involved in cell-cell and cell-intracellular matrix interactions, contain elements of a 

variety of cell-cell signaling pathways and actually have true epithelia with tight junctions 

(Müller, 2004). Phosphagen kinases function in cells that display high and variable rates of ATP 

turnover. Where in sponges can one find cells that display such characteristics? Sponges are 

suspension-feeders; they trap food from the water that is circulated though the pores of the body. 

Choanocytes are versatile cells that line the interior body walls of sponges. Their flagella beat to 

create the active pumping of water through the sponge, while the collars of the choanocytes are 

the primary areas that nutrients are absorbed into the sponge. Both the flagella and the collars are 

attached to the base of the cell where the mitochondria are located (Larsen et al., 1994). Sponges 

undergo sexual reproduction and release primitive-type spermatozoa into the water column. Like 

choanocytes, the sperm are highly polarized to the extent that mitochondria are spatially 

separated by long diffusion distances from the flagellum. Both choanocytes and primitive-type  
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Figure 10. Multiple sequence alignment of mitochondrial CKs showing some of the residues (in 
blue) that may be involved in octamerization and are absent in Tethya CK2. 
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sperm in sponges are logical sites for expression of both the mitochondrial and protoflagellar CK 

isoforms. The presence of both the isoforms in T. aurantia indicates that physical constraints on 

cellular energy transport were the key driving forces in the evolution of this enzyme. It has been 

hypothesized that the capacity for intracellular targeting of CK evolved early as a means of 

facilitating energy transport in highly polarized cells and was subsequently exploited for 

temporal ATP buffering and dynamic roles in metabolic regulation in cells displaying high and 

variable rates of aerobic energy production (Ellington, 2001). 

The present results show that two protoflagellar CK genes and one mitochondrial CK 

gene existed in this group prior to the divergence of the metazoans. Thus, the original gene 

duplication event giving rise to the cytoplasmic and mitochondrial CKs occurred in the sponges, 

possibly much earlier. Based on morphological similarities to sponge choanocytes, 

choanoflagellate protozoans have long been thought to be closely related to the Porifera 

(Cavalier-Smith, 2000). Recent RNA and other sequences have shown that choanoflagellates are, 

indeed, a direct sister group to the sponges and metazoans (Snell et al., 2001; King et al., 

2001;Lang et al., 2002; Cavalier-Smith et al., 2003). These protozoans have the same polarized 

separation of ATP source and sink as is present in sponge choanocytes and also in primitive-type 

sperm. Thus, the choanoflagellates seem to be the next targets for future efforts in establishing 

the timing of the earliest CK gene duplication events.  

 In conclusion, this work has provided evidence that the protoflagellar and mitochondrial 

genes for CK are present in the oldest of all multi-cellular animals. There is general consensus 

that intracellular targeting of CK isoenzymes serves to facilitate the process of energy transport 

between the mitochondria and cytoplasmic ATPases. By localizing CK activity where it is 

needed and utilizing creatine phosphate as the energy carrier, the CK reaction serves to 

overcome reaction-diffusion constraints caused by polarization of ATP source and sink. The 

presence of protoflagellar and mitochondrial CK genes in sponges suggests that energy transport 

constraints constitute a primitive and fundamental driving force in the evolution of this enzyme 

system. Subsequent evolutionary events, such as the evolution of the flagellar CK or the M- and 

BCK and sar- and ubiMiCK genes, have served to fine tune the CK proteins in terms of their 

functioning in new cellular and physiological contexts. 
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APPENDIX 

 

 

Deduced amino acid sequence of Glottidea pyramidata (Accession # AY364084) 

        1 mpicntnqkn fdpeqdypdl skhnnwmakc ltkeiyaanr dkvtkfgvtl 
       51 dqciqtgvdn pghpfimtvg atagdeesye afadlfdpii dkrhggyakd 
      101 akhktdlnpd hiqggddldp nyvlssrvrt grsirglslp pnctraerra 
      151 veritvdaln gldgefkgky yplsgmteee qdkliedhfl fdkpvspllt 
      201 cagmardwpd argiwhndnk dflvwvneed hirvismekg gnmkkvfkrf 
      251 cdglnkvesl mkgkgkefsw nehlgyvltc psnlgtglrg gvhvkipnls 
      301 kdsrfddile klrlqkrgtg gvdtaavggt fdisntdrlg fseaelvqfv 
      351 idgvklmiem ekklekkqpi ddlipkekkk   

cDNA sequence of Glottidea pyramidata 

        1 gttgtcagcg gtcttccgaa gcagtagcag tgacatccaa agaaatccca 
       51 ccaacatgcc tatctgtaat acaaaccaga agaattttga cccagagcag 
      101 gattatcctg acctgagcaa acacaacaat tggatggcaa aatgccttac 
      151 caaggagatt tatgctgcaa atagagacaa ggtgacaaag tttggagtca 
      201 ctctggacca atgtatccag actggtgtcg acaacccagg ccatcctttc 
      251 atcatgactg tgggtgccac tgctggtgat gaggaaagct atgaagcctt 
      301 tgctgacctc ttcgacccca ttattgacaa gcgtcatggt ggctatgcta 
      351 aggatgccaa gcacaagacc gatctgaacc ccgaccacat ccagggagga 
      401 gatgacttgg atccaaacta cgtgctcagc tcacgtgtgc gcacagggcg 
      451 tagcatccgt ggcctgagct taccacccaa ctgcactcgt gctgaaaggc 
      501 gcgctgttga gcgtatcacc gttgatgctc tgaatggact ggatggagaa 
      551 ttcaagggca aatactaccc actgtcaggc atgacagagg aggaacagga 
      601 taagttgatt gaagatcatt tcctgtttga caaaccagta tctcctcttc 
      651 ttacctgtgc tggtatggcc cgtgactggc ctgatgcccg tggtatttgg 
      701 cacaatgaca acaaagactt tttggtctgg gtgaatgagg aagaccatat 
      751 ccgtgtcatc tccatggaga agggtggcaa catgaagaaa gttttcaaga 
      801 ggttctgtga cggcctgaac aaggtggagt ctcttatgaa gggtaagggc 
      851 aaggagttca gctggaatga acacttgggt tacgtcctaa cctgccccag 
      901 taacttggga actggtctgc gtggtggtgt tcacgtcaaa atccccaatc 
      951 tttccaagga ctcccgcttt gatgacattc tggagaagct gcgcttacag 
     1001 aaacgtggaa caggtggtgt tgacactgct gctgtaggag gaacctttga 
     1051 catctccaac accgaccgtt tgggattctc tgaggcagag ctggttcagt 
     1101 ttgttattga tggtgttaag ctcatgatcg aaatggaaaa gaaactggag 
     1151 aagaaacaac ccattgatga tctgatccca aaagagaaga agaagtagag 
     1201 ggctaactat gtgattacac agactgttga aataacacgc atcattttaa 
     1251 acttacaagg actattttag gtgtcttata tttaagcagt cttttgctgg 
     1301 ctcaaatttg aaaaaaaatt actagaaagt tgtgttgatt gtgataatag 
     1351 acaatgaact gtgatgagag tattttacaa cagctatcta tattaccaaa 
     1401 ttccttgttg ccaaaaactt agccattgct ggtgattcac ataggttctg 
     1451 tttcattatt tacatacaca gtagatgttg aagaacaaat ccattgttta 
     1501 gacaccctgg aaaacaaatg tgccctattt attatccaga ttttactatt 
     1551 tcaaattgcc aaaatcatat atttacatta aaattaatat ttgtgggact 
     1601 gcatctctct ccgattgcca ataaaagtgt ggaagtg  
 
 
 



 44 

 
 

 

The pedicles of several Glottidea were homogenized in TRIZOL reagent (Invitrogen, 

Carlsbad, CA). Total RNA was isolated as specified in the manufacturer s protocol. Purified 

RNA was pelleted and stored in 75% ethanol (in DEPC-treated water) at –70°C. 

Total RNA was used to generate cDNA using Ready-To-Go You-Prime First-Strand Beads 

(Amersham Biotech, Piscataway, NJ) and a lock-docking oligo (dT) primer (Borson et al. 1992). 

RACE (rapid amplification of cDNA ends) protocols were patterned after those of Frohman et al. 

(1988). The 3  RACE was conducted as previously described (Graber and Ellington 2001). A 

~1000-bp product was produced. The 3’ RACE product was subcloned into the puC19 TA 

cloning vector (Invitrogen) and was subsequently sequenced. For amplifying the 5  end, two 

gene-specific primers were synthesized based on the previously obtained 3  RACE product. 5  

RACE using pedicle total RNA was carried out using an Invitrogen 5  RACE system. A ~900-bp 

product was generated, which was subcloned and sequenced as above. 
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