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Identification and characterization of the enzymes involved in biosynthesis of FAD

and tetrahydromethanopterin in Archaea

Zahra Mashhadi

ABSTRACT

Methanogens belong to the archaeal domain, are anaerobes and produce methane from

CO2 or other simple carbon compounds. Methanogenesis is a key process of the global carbon

cycle and methanogens produce about 75-85% of all methane emissions.

Besides the universally occurring coenzymes that are needed in normal metabolic pathways,

such as biotin, coenzyme A, thiamine, FAD, PLP, etc.; methanogens need six additional

coenzymes that are involved in the methane production pathway: methanofuran,

tetrahydromethanopterin, coenzyme F420, coenzyme M, coenzyme B, and coenzyme F430.

Although now it is known that some non-methanogenic archaea and bacteria have several of

these coenzymes, they are named methanogenic coenzymes since these six coenzymes were first

isolated and identified from methanogens.

We are using Methanocaldococcus jannaschii as a model organism of methanogens to

understand and investigate pathways of coenzymes biosynthesis. Our laboratory is involved in

establishing the chemical functions of hypothetical proteins that function in targeted biochemical

pathways leading to coenzyme production within the euryarchaeon M. jannaschii and identifying

their corresponding genes. While there are many coenzymes present in this organism, my focus

is on the biosynthetic pathways of tetrahydromethanopterin and FAD.

7,8-Dihydro-D-neopterin 2’,3’-cyclic phosphate (H2N-cP) is the first intermediate in the

biosynthesis of the pterin portion of tetrahydromethanopterin (H4MPT), a C1 carrier coenzyme.

This intermediate is produced from GTP by MptA (MJ0775 gene product), a new class of GTP

cyclohydrolase I. An Fe(II)-dependent cyclic phosphodiesterase (MptB, MJ0837 gene product)

hydrolyzes the cyclic phosphate of H2N-cP to a mixture of 7,8-dihydro-D-neopterin 2’-

monophosphate and 7,8-dihydro-D-neopterin 3’-monophosphate. MptB requires Fe2+ for activity,

the same as observed for MptA. Thus the first two enzymes involved in H4MPT biosynthesis in

the Archaea are Fe2+ dependent.
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In the FAD biosynthetic pathway, the conversion of riboflavin first into FMN and then to

FAD is catalyzed by a bifunctional enzyme (RibF) that first acts as a kinase converting riboflavin

to FMN in the presence of ATP and then acts as a nucleotidyl transferase using a second ATP to

convert the FMN to FAD. Identification of the archaeal CTP-dependent riboflavin kinase, RibK

(MJ0056 gene product) led us to identify a archaeal monofunctional FAD synthetase, RibL

(MJ1179 gene product). RibL is the only air-sensitive FAD synthetase identified.
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CHAPTER 1

Methanogens and biosynthesis of methanogenic coenzymes

Life on Earth can be placed into three domains, Archaea, Eukarya, and Bacteria. Prior to 1990

Archaea were classified as a group of Bacteria and were named Archaebacteria. In 1977 Carl

Woese claimed that Archaebacteria had a different evolutionary history from other forms of life,

which was revealed from a phylogenetic tree based on their ribosomal RNA (rRNA) sequences

(1). He proposed the three-domain classification of life and put the Archaebacteria in a separate

domain, Archaea (2). Archaea are single cell organisms that do not have a nucleus or other

organelles. Although Archaea and Bacteria differ biochemically and genetically, most of the

archaeons have similar size and shape to bacteria and they cannot be differentiated under the

microscope. Besides their different rRNA sequence, the differences between Archaea, Bacteria,

and Eukarya also include their cell membrane composition. Archaeal cell membranes contain

isoprenoids lipids with ether linkages to L-glycerol (3) while Bacteria and Eukarya have fatty

acids with ester linkage to D-glycerol. Unlike bacteria, archaea do not have peptidoglycan in

their cell wall (4). Although archaeons are prokaryotes, their replication, transcription, and

translation proteins are more similar to eukaryotes than bacteria (5-7). Like bacteria, archaea

have one RNA polymerase but the protein assemblies and its function in transcription is similar

to the Eukaryotic RNA polymerase II (Fig. 1.1) (8). The archaeal DNA replication machinery is

very similar to that of eukaryotes. Even several structures of components of archaeal replication

factors brings important insights for eukaryotic DNA replication mechanism (9). All archaeal

genome sequences revealed that they have many unique genes not found in other organisms (6,

10, 11).

The domain of Archaea presently has five taxonomic phyla, Crenarchaeota,

Euryarchaeota, Korarchaeota, Nanoarchaeota, and the recently proposed Thaumarchaeota (12).

Crenarchaeota and Euryarchaeota are the two main phyla of this domain and contain the most

intensively studied organisms. Crenarchaea, thermophilic and thermoacetophilic archaea, are

most abundant in marine environments. Euryarchaeota, which includes methanogenic, extremely
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halophilic, and some extreme thermophilic archaea, exist in different habitats from

hypertermophilic vents to ruminant intestinal tracts.

1.1-Methanogens, biological generators of methane

Methanogenesis, the anaerobic production of methane from CO2 or other simple carbon

compounds such as acetate, is a key process of the global carbon cycle. Methanogens produce

about 75-85% of all methane emissions (13). The production of methane as a major catabolite is

unique to methanogens. The major portion (60-90%) of methane produced by methanogens

escapes to the atmosphere and contributes to the greenhouse effect, while the reminder is used by

methanotrophs as a carbon and energy source. Archaeons and particularly methanogens are not

pathogens (14) and they are resistant to most antibiotics (15).

Methanogens can be found in many different anaerobic habitats including intestinal tracts

of ruminants and termites, marine and freshwater sediments, geothermal areas, and rice field soil.

Methanogens have great diversity in both salinity and temperature requirements for growth.

There are some methanogens in the Methanohalophilus genus that grow well in up to 2.5 M salt

concentration (16). In contrast some methanogens live in freshwater. Methanogens are anaerobes

and they do not grow or produce methane in presence of oxygen. A study of oxygen toxicity in

methanogens, including Methanococcus voltae and Methanobacterium thermoautotrophicum,

revealed after they are exposed to O2 they die within several hours (17). There is some evidence

of oxygen adaptively in some methanogens. For instance, several studies revealed that some

methanogens possess small amount of superoxide dismutases (18, 19). Also, it has been shown

that when M. thermoautotrophicum is exposed to O2, AMP or GMP binds to the 8-hydroxy of

the deazoflavin ring of coenzyme F420, the hydride transfer coenzyme, via a phosphoester linkage

and forms F390. This reaction is catalyzed by F390 synthetase (20), which causes the maximum

absorbance of this coenzyme to shift from 420 nm to 390 nm. This factor 390 is not able to react

with the F420-dependent dehydrogenase, which is involved in methanogenesis. It is proposed that

it is a signal for methanogen cells exposed to oxygen (21).

Production of methane by methanogens can occur by three different catabolic pathways:

CO2 reducing pathway, methylotrophic pathway and aceticlastic pathway (Fig. 1.2). The CO2-
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reducing pathway includes four steps of two-electron reductions to convert CO2 to methane (Fig.

1.2 A) (22). The methylotrophic pathway uses compounds that contain methyl groups such as

methanol and trimethylamine to produce methane (Fig. 1.2 B). For instance, in absence of H2 the

methylotrophic methanogens use one mole of methanol and oxidize its methyl group to CO2 and

produce six reducing equivalent ([H]). These 6[H] then are used to reduce 3 moles of methanol

to 3 moles of methane. The aceticlastic pathway is the acetate degradation pathway (Fig. 1.2 C).

In this pathway acetate splits and its carboxyl group is oxidized to CO2 and its methyl group is

reduced to methane. In all of these cases the final formation of methane is catalyzed by

methylCoM reductase.

Most methanogens use H2 as electron source through the activity of hydrogenases, either

F420-dependent dehydrogenase or non-F420-dependent dehydrogenase. Methanogens can use

either geologically available H2 or, more commonly, hydrogen produced by other organisms.

Some methanogens are able to use formate instead of H2 (23, 24). Most methanogens can only

use one or two carbon sources however some strains of Methanosarcina can utilize up to seven

different substrates.

1.2-Introduction to Methanocaldococcus jannaschii

Methanocaldococcus jannaschii belongs to Methanocaldococcaceae family, which are

methanogens, in phylum of Euryarchaeota. M. jannaschii was originally isolated from a white

smoke hydrothermal vent in the bottom of the pacific ocean (25). M. jannaschii is an

hyperthermophile that grows in the temperature range of 48° to 94°C with the optimum growth

temperature at 85°C and under the pressure more than 200 atm (25). M. jannaschii is autotroph

and can grow on mineral media supplied with CO2 and H2. This methanogen reduces CO2 to

methane by using H2 as an electron source and uses the energy produced in this process for its

growth. This organism uses ammonium and elemental sulfur as nitrogen and sulfur source,

respectively. M. jannaschii can only use carbon dioxide as carbon source for its methane

production. M. jannaschii was the first archaea to have its genome sequenced (26).

The M. jannaschii genome consists of three distinct elements: a main circular

chromosome, a large circular extrachromosomal element (ECE) and small ECE. The main

circular chromosome, large and small ECEs are predicted to have 1682, 44, and 12 open reading
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frames, respectively. According to TIGR database, about 58% of the M. jannaschii genes are

annotated as hypothetical.

 1.3-Unique coenzymes required in methanogesis

Methanogens possess unique coenzymes that are involved in methane production.

Methanogenesis requires two sets of coenzymes: C1 carrier coenzymes, which bind to C1-

intermediates and electron transferring coenzymes, which transfer electrons to the C1-

intermediates in the CO2 reduction pathway to methane. C1 carrier coenzymes include

methanofuran, tetrahydromethanopterin (H4MPT), factor III (modified B12), coenzyme F430, and

coenzyme M (CoM). Electron transferring cofactors include coenzyme F420, N-7-

mercaptoheptanoyl-O-phospho-L-threonine (H-S-HTP or CoB), and coenzyme F430. The

structures of these coenzymes are shown in Figure 1.3. Although it is now known that even some

non-methanogenic archaea and bacteria have several of these coenzymes, since these six

coenzymes were first isolated and identified from methanogens they are referred to as

methanogenic coenzymes. The methanogenic coenzymes were described fifteen years after

discovery of the first methanogens (27). CoM was discovered and isolated from

Methanobacterium strain M. O. H. (28). The coenzyme F420 was first isolated from

Methanobacterium strain M. O. H. (29). In 1978, coenzymes F430 and F342 (later known as

methanopterin) were reported for the first time (30). The existence of coenzyme B (CoB) first

was notice in Methanobacterium thermoautotrophicum and later it was purified from the same

organism and its structure was proposed (31, 32). Methanofuran was discovered as a formyl

carrier in methanogens (33). Besides these unique methanogenic coenzymes there are other

coenzymes involved in this pathway, such as FMN, FAD, and Coα-[α-(5-

hydroxybenzimidazolyl]-cobamide (factor III), which is a B12 analog.

In addition to the methanogenic coenzymes, several transition metals such as iron, nickel,

cobalt, molybdenum, and tungsten are required by methanogens. These metals are essential for

the activity of some enzymes involved in methanogenic pathway (34, 35). For instance,

methanogens contain several hydrogenases that activate molecular H2. F420-reducing

hydrogenase catalyzes the reduction of F420 by transferring a hydride from molecular hydrogen

to F420.  This F420-reducing hydrogenase is a nickel and iron dependent enzyme (36).
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1.4-Methanogenic pathway

The methanogenic pathway elucidated by CO2-reducing methanogens for instance M.

jannaschii involves six methanogenic coenzyme and distinct enzymes in nine chemical steps.

Formylmethanofuran dehydrogenase, the first enzyme acting in methanogenesis pathway

catalyzes reversible addition of CO2 to methanofuran forming a formamide derivative of

methanofuran (reaction #1, Fig. 1.3) (37). Free formate can not be used by methanogens and in

order to utilize formate it should first be oxidized to CO2 (38). The formyl group is then

transferred from formylmethanofuran to N5- of tetrahydromethanopterin (H4MPT), the second

C1 carrier cofactor involved in this pathway. This reaction, reaction #2 shown in Figure 1.3, is

catalyzed by formylmethanofuran:H4MPT formyltransferase and forms methanofuran and N5-

formylH4MPT (39). N5-Formyltetrahydromethanopterin then undergoes a cyclization to make

N5,N10-methenyltetrahydromethanopterin catalyzed by N5,N10-methenyltetrahydromethanopterin

cyclohydrolase (40). The reversible reduction of N5,N10-methenyltetrahydromethanopterin to

N5,N10-methylenetetrahydromethanopterin, shown in reaction #4, Fig. 1.3, is catalyzed by an

F420-dependent methylene-H4MPT dehydrogenase (41). This reduction requires a reduced F420

(H2F420) as a hydride transfer coenzyme. The reduction of oxidized F420 generated in this step to

the active form of the coenzyme is catalyzed by F420-reducing hydrogenase. There is another

non-F420-dependent hydrogenase identified in methanogens, which catalyzes this reversible

reduction of reaction #4 (42). The next step, the conversion of N5,N10-

methylentetrahydromethanopterin to N5-methyl-H4MPT (reaction #5, Fig. 1.3), is catalyzed by

F420-dependent methylene-H4MPT reductase (43). This reaction consists of transferring a hydride

from H2F420 to N5,N10-methylene-H4MPT. The methyl group from the product, methyl-H4MPT,

will then be transferred first to corrionoid factor III (reaction #6, Fig. 1.3) and then to coenzyme

M (CoM) (reaction #7, Fig.1.3) (44, 45). This methyl transfer chain is coupled with a sodium ion

transporting system. The electrochemical sodium ion gradient produced in this step is coupled to

a proton gradient, which further drives synthesis of ATP. Methyl-CoM reductase catalyzes the

last step of methane production (reaction #8, Fig. 1.3), by reducing the methyl-CoM with CoB to

form methane with concurrent formation of a heterodisulfide linkage between CoM and CoB

(46). There are three unique coenzymes (CoM, CoB, F430) involved in this step. Coenzyme F430

is another methanogenic specific coenzyme, which is a nickel porphinoid. For activation of
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molecular hydrogen in this step, the cell uses F420-non-reducing hydrogenase. Heterodisulfide

reductase then reduces the disulfide bond between CoM and CoB to regenerate the two

coenzymes (47).

As my Ph.D. project I focused on biosynthesis of two coenzymes in M. jannaschii. One

methanogenic coenzyme, tetrahydromethanopterin, and one well distributed coenzyme, FAD.

Below, I summarized the chemical steps and some gene products known to be involved in

biosynthesis of these two coenzymes.

1.5-Biosynthesis of methanopterin

Tetrahydromethanopterin (H4MPT) is the C1 carrier coenzyme involved in the second

through sixth steps of methanogenesis, at the methenyl, methylene, and methyl level (48). This

coenzyme carries the formyl group, derived from CO2, through the reduction reactions to get to

the methyl group (Fig. 1.3).  In methanogens, H4MPT also serves as a substitute cofactor for

many of the enzymes where the canonical C1 carrier coenzyme, folate, would function since

most methanogens do not have folate (49-51). The one known exception to this rule is

Methanosarcina barkeri that possesses several gene products, which are tetrahydrofolate-specific

enzymes (52).

Methanopterin was first reported as factor F342 (53) and was later identified as a pterin

derivative (54). In 1984 the structure of methanopterin was established (55). Homologs of first

established methanopterin structure are known with several modifications including methylation

of different sites of the pterin ring or different modifications of the coenzymes side chain (56).

The biosynthesis of H4MPT starts with GTP, which serves as precursor for the formation

of the pterin ring. 4-Aminobenzoic acid is a precursor to the arylamine (5-(4-aminophenyl)-

1,2,3,4-tetrahydroxypentane) portion of the final structure (Fig. 1.4). By condensation of the

products of these separate pathways the functional portion of this coenzyme is generated (57). A

final series of reactions then form the biologically active coenzyme, H4MPT. The structure of the

H4MPT, especially in the functional portion, is similar to that of 5,6,7,8-tetrahydrofolate

(H4folate). Both of these coenzymes are active in their reduced form, H4MPT and H4folate (Fig.

5.1), and the C-6 of the reduced pterin ring in both has the same stereochemistry (58, 59).
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1.6-Formation of the Pterin ring of tetrahydromethanopterin

Despite the fact that the structure of folate and methanopterin are similar and the cell

extracts of methanogens readily converted GTP to 6-hydroxy-7,8-dihydropterin, as occurs in the

bacterial biosynthetic pathway of the pterin portion of folates, methanogenic archaea do not

possess the homologs for the genes of folate biosynthetic enzymes. Although the precursor, GTP,

and the final product of the pathways, 6-hydroxymethyl dihydropterin pyrophosphate, are the

same for both folate and methanopterin pathways the intermediates and genes producing the

enzymes involved in these pathways are different. For example, unlike the bacterial pathway for

biosynthesis of folate that has 7,8-dihydroneopterin 3’-triphosphate as the first intermediate, 7,8-

dihydroneopterin 2’3’-cyclic phosphate (H2neopterin-cP) serves as the first intermediate in

archaeal pterin biosynthesis (60).  Also, archaea do not have homologs of E. coli genes, folE,

folB, and folK, responsible to produce GTP cyclohydrolase I, dihydroneoptedin aldolase, and 6-

hydroxymethyldihydroneopterin pyrophosphokinase, respectively. These enzymes are involved

in the formation of 6-hydroxydihydropterin pyrophosphate (Fig. 5.2).

The first enzyme involved in the archaeal methanopterin biosynthetic pathway is MptA,

coded by the MJ0775 gene in M. jannaschii, which is a new type of GTP cyclohydrolase (61).

MptA catalyzes the conversion of GTP to H2neopterin-cP while the GTP cyclohydrolase I

(GTPCHI) that is found in bacteria produces 7,8-dihydroneopterin 3’-triphosphate. Unlike

bacterial GTPCHI as well as other GTP cylohydrolases that require Zn2+ for activity, MptA

requires Fe2+.

The H2neopterin-cP is subsequently hydrolyzed to either 7,8-dihydroneopterin 2’-

phosphate (H2N-2’P) or 7,8-dihydroneopterin 3’-phosphate (H2N-3’P) by the activity of MptB,

coded by MJ0837 gene in M. jannaschii (Fig. 1.4) (62). M. jannaschii cell free extracts readily

converts both H2N-2’P and H2N-3’P to 7,8-dihydroneopterin (H2neopterin). The utilization of

Fe2+ by the anaerobic methanogens and not by the aerobic analogs of this enzyme likely relates

to the availability of the soluble, reduced form of iron present in methanogen habitats. Based on

a chemical speciation study, Fe2+ concentration in the hydrothermal vents is about 700 µM (63).

We currently have no genomic leads for the non-orthologous replacements for H2neopterin

aldolase (FolB) (64) and 6-hydroxymethyldihydropterin pyrophosphokinase (FolK) catalyzing
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two consecutive reactions to produce 6-hydroxymethyl H2pterin and 6-hydroxymethyl H2pterin

pyrophosphate (Fig. 1.4).

1.7-Early steps in riboflavin biosynthetic pathways to form 5-amino-6-ribitylamino-

2,4(1H,3H)-pyrimidinedione (ARP)

Like in H4MPT biosynthesis, GTP serves as the precursor for making riboflavinand F420.

In this section biosynthesis of 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione (ARP),

which is an intermediate in riboflavin biosynthetic pathway and also a precursor for the

coenzyme F420 will be briefly reviewed. RibA, GTP cyclohydrolase II, is the first enzyme

involved in the established riboflavin biosynthetic pathway in bacteria (reaction #11, Fig. 1.5).

Analysis of archaeal genomes has generally shown the absence of ribA. In archaea conversion of

GTP to compound 3 (Fig. 1.5) is done in two consecutive reactions catalyze by ArfA and ArfB

(reactions #1 and #2). ArfA, archaeal GTP cyclohydrolase III, is coded by the MJ0145 gene in

M. jannaschii and converts GTP to 2-amino-5-formylamino-6-ribosylamino-4(3H)-pyrimidinone

5’-monophosphate (FAPy). In the next reaction FAPy is converted to compound 3 by activity of

ArfB, coded by the MJ0116 gene in M. jannaschii. The deamination (reaction 12) and the

dehydrogenation (reaction 13) steps, which convert compound 3 to compound 5, are catalyzed

by a bifunctional enzyme (RibD) in bacteria (blue arrows route, Fig. 1.5) (65) and by two

separate enzymes in plants (66, 67). It has been shown that some bacteria have a monofunctional

reductase as well as a bifunctional enzyme. But in fungi and archaea these two steps occur in the

reverse order and are catalyzed by two separate enzymes (68).  ArfC, coded by the MJ0671 in M.

jannaschii, is the archaeal enzyme that catalyzes the reduction of the ribose ring of compound 3

to compound 4 (69).  ArfC and its homologs in other archaea have good sequence similarity with

the N-terminal section of RibD that contains the reductase active site (66). Compound 4 is then

converted into 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione (ARP, compound 6 in Fig.

1.5) by the sequential action of a deaminase at C-2 of the pyrimidine to produce 5-amino-6-

ribitylamino-2,4(1H,3H)-pyrimidinedione (compound 5, Fig. 1.5) and a phosphatase. These two

steps are like eukaruyotic pathway (67). However there are no homologs of C-terminal,

deaminase portion, of RibD in the archaea and the enzymes involved in these last two steps have

not yet been identified.
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1.8-Pathway for conversion APR to riboflavin

This part of the pathway starts by converting the ribulose 5-phosphate (compound 7) to

formate and 3,4-dihydroxy-2-butanone 4-phosphate (compound 8, Fig. 1.5) catalyzed by RibB,

coded by MJ0055 in M. jannaschii (White, R. H., unpublished results). Condensation of

compound 8 and ARP is catalyzed by RibE and its archaeal homologs, the gene product of

MJ0303 in M. jannaschii, to form 6,7-dimethyl-8-ribityllumazine (compound 9, Fig. 1.5).

Riboflavin synthase, RibC, and it is archaeal homologs (MJ1184 gene product in M. jannaschii)

use two molecules of compound 9 to produce one molecule of riboflavin and also one molecule

of ARP. There is a fundamental difference in the stereochemistry of the pentacyclic intermediate

involved in this latter step in archaeal pathway compare to established pathway in other

organisms (70).

Riboflavin is converted finally to FMN and FAD via consecutive phosphorylation and

adenylation. Two different groups of enzymes are known to be involved in the conversion of

riboflavin first to FMN and then to FAD. In one group, the conversion of riboflavin to FMN, the

phosphorylation reaction, and then to FAD, the adenylation reaction, is catalyzed by a

bifunctional enzyme (RibF) (71, 72). In the other group, these reactions are catalyzed by two

separate enzymes, riboflavin kinase also refer to as RibR, flavokinase, or FMN1 (73, 74) and

FAD synthetase (FAD1 in yeast) (75). In both cases ATP serves as the phosphoryl and adenylyl

donor.  There are no homologus genes encoding for any of these enzyme in the archaea. There

are, however, two monofunctional enzymes in the archaea that catalyzed these consecutive

reactions first forming FMN and then FAD. RibK is the archaeal riboflavin kinase and is unique

due to using CTP as phosphate donor (76).  The structure of this protein is similar to the other

riboflavin kinases but its primary sequence is more similar to some transcription factors (77).
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1.8-Conclusion

Genomic projects aim to determine the complete genome sequence of an organism. It is often

reported that the goal of sequencing a genome is to obtain information about the complete set of

genes in any particular genome. Knowing the genes in any genome organism without knowing

their particular function is not very helpful. Identifying the exact biochemical function of each

gene product is an important scientific endeavor in this post genomics age. The metabolic

diversity present in organisms of all three domains of life can be concluded after identification of

how the many unknown gene products function. Defining function of every gene, no matter from

which organism, has a significant advantage.

As a member of Dr. Robert White laboratory, I focused on biosynthetic reactions in a

methanogenic archaeon, M. jannaschii, to identify and characterize genes involved in coenzyme

biosynthesis. Knowledge about function of gene products in M. jannaschii as a methanogen can

be applied to a diverse range of disciplines from reducing greenhouse gas emission to efficiently

producing methane energy sources from anthropogenic wastes. Worldwide, methanogenic

archaea produce more than 400 million tones of the greenhouse gas, methane, each year as an

essential part of the global carbon cycle (78). Consequently, an understanding of the chemistry

and biochemistry of methanogenic coenzymes is essential for our understanding of global carbon

flux.

Study of the functional genomics of M. jannaschii is also very productive because of the

following reasons. Because M. jannaschii is an autotrophic and lithotrophic

microorganism—able to grow on only hydrogen, CO2, and mineral ions—its genome includes

the genetic information needed to sustain life using only inorganic precursors. M. jannaschii can

be grown to high cell densities to supply cell extracts necessary for biochemical analyses (79).

Since M. jannaschii is a hyperthermophile (25), purification of its heterologously produced

proteins that are typically stable to heating at temperatures that denature most native E. coli

enzymes (>70 °C), facilitating purification, activity assays, and X-ray structural analysis.

The metabolism of M. jannaschii, as well as that of other methanogens has not been

studied as extensively as that of other organisms. Based on my search of the TIGR database

about 58% of the M. jannaschii genes are annotated as hypothetical. The M. jannaschii genome

sequence revealed that about 19% of the encoded proteins, mostly involved in biosynthesis of the
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methanogenic coenzymes, are archaeal specific. Identifying and characterizing these genes may

lead to the discovery of new pathways and new biological functions different from what is

already known.
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1.9 FIGURES

Figure 1.1 Subunits of RNA polymerase in the three domains of life.

The closer the colors match, the higher the homology. Conservation of the subunits throughout
the three eukaryotic RNA polymerases is shown with an asterisk. Reprinted with permission
from John Wiley and Sons (Werner Finn, 2007).
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2.1 ABSTRACT

7,8-Dihydro-D-neopterin 2’,3’-cyclic phosphate (H2N-cP) is the first intermediate in

biosynthesis of the pterin portion of tetrahydromethanopterin (H4MPT), a C1 carrier coenzyme

first identified in the methanogenic archaea. This intermediate is produced from GTP by MptA

(MJ0775 gene product), a new class of GTP cyclohydrolase I. Here we report the identification

of a cyclic phosphodiesterase that hydrolyzes the cyclic phosphate of H2N-cP and converts it to a

mixture of 7,8-dihydro-D-neopterin 2’-monophosphate and 7,8-dihydro-D-neopterin 3’-

monophosphate.  The enzyme from Methanocaldococcus jannachii is designated MptB (MJ0837

gene product) to indicate that it catalyzes the second step of the biosynthesis of methanopterin.

MptB is a member of the HD domain superfamily of enzymes, which require divalent metals for

activity.  Direct metal analysis of the recombinant enzyme demonstrated that MptB contained 1.0

mole of zinc and 0.8 mole of iron per protomer.  MptB requires Fe2+ for activity, the same as

observed for MptA.  Thus the first two enzymes involved in H4MPT biosynthesis in the Archaea

are Fe2+ dependent.

2.2 INTRODUCTION

Methanopterin is one of a series of coenzymes that serve as C1 carrier coenzymes in

methanogenesisthe conversion of CO2 and acetate to methane (1).  In addition to its

functioning in the methanogens in methane production, it also serves as a substitute cofactor for

many of the enzymes where the canonical C1 carrier coenzyme folate would function (2-4).  This

cofactor substitution is required because folate is not found in most methanogenic archaea (3).

The one known exception is the confirmed presence of tetrahydrofolate dependent enzymes in

Methanosarcia barkeri (5). GTP is known to be the precursor for the synthesis of the pterin

portions of both of these coenzymes.

A review of fully sequenced and annotated genomes of methanogenic archaea revealed

that homologs of the genes of folate biosynthetic enzymes were absent in the methanogens

despite the fact that cell extracts of methanogens readily converted GTP to 6-hydroxymethyl-7,8-
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dihydropterin with 7,8-dihydro-D-neopterin 2’3’-cyclic phosphate (H2N-cP) and 7,8-dihydro-D-

neopterin (H2N) serving as intermediates (6, 7).  A bioinformatic analysis of the different archaea

genomes identified several genes that may be involved in archaeal pterin biosynthesis (8).  Using

this information it was established that the first enzyme in the archaeal pterin pathway is a new

type of GTP cyclohydrolase, MptA, coded by the MJ0775 gene in Methanocaldococcus

jannaschii (9).  Unlike the analogous GTP cyclohydrolase I enzymes found in bacteria where the

product is 7,8-dihydroneopterin 3’-triphosphate, the product of the M. jannaschii enzyme is

H2N-cP. All other known GTP cyclohydrolases have been characterized as Zn2+ dependent

enzymes (10), but MptA was found to be unique in its Fe2+ requirement for activity.  To process

the H2N-cP product of MptA to 7,8-dihydro-D-neopterin, the cyclic phosphodiester must be

hydrolyzed.  Here we report the identification of a cyclic phosphodiesterase in M. jannaschii,

MptB, coded by the MJ0837 gene that hydrolyzes this 5-member cyclic phosphodiester to

produce both 7,8-dihydro-D-neopterin 2’-phosphate (H2N-2’-P) and 7,8-dihydro-D-neopterin 3’-

phosphate (H2N-3’-P) (Fig. 2.1). The MJ0837 gene product is named MptB because it catalyzes

the second step in the methanopterin biosynthetic pathway.

2.3 MATERIALS AND METHODS

Chemicals. Diammonium D-neopterin 3’-phosphate, 7,8-dihydro-D-neopterin 3’-phosphate and

other pterins were obtained from Schircks Laboratories, Jona, Switzerland. GTP, ATP, 2’,3’-

cAMP, 3’,5’-cAMP, 3’,5’-cGMP, bis(4-nitrophenyl)phosphate, O-(4-

nitrophenylphosphoryl)choline; and all other chemicals were obtained from Sigma. 4’,5’-cFMN

was prepared as previously described (11), briefly, 10 mM FAD was incubated in 50 mM Tris-

HCl pH 8.8 in presence of 10 mM MnCl2 for 3 h at 37 °C followed by centrifugation.

Cloning and Recombinant Expression of MptB. The MJ0837 gene which encodes the protein

identified by Swiss-Prot accession number Q58247 (12) was amplified by PCR from genomic

DNA using oligonuculeotide primers synthesized by Invitrogen. Primer MJ0837Fwd, 5’-

GGTCATATGGAGAGGTTAATAAAATTG-3' introduced an NdeI restriction site at the 5’-end

of amplified DNA and MJ0837Rev, 5'-GCTGGATCCTTAATTGGATTCTTTATTTTC-3'
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introduced an BamHI restriction site at the 5’-end. PCRs were consist of 1× GeneAmp PCR

buffer (Invitrogen), 1 µM each primer, 200 µM each dNTP, 1 µg of M. jannaschii chromosomal

DNA, and 5 units of AmpliTaq LD DNA polymerase (Invitrogen) in a total volume of 100 µL.

MJ0837 was amplified during 35 cycles, and each cycle include incubation at 95 °C for 1 min,

55 °C for 2 min, and 72 °C for 3 min. PCR product was purified using a QIA spin column

(QIAGEN Inc.). Purified PCR product was digested with NdeI and BamHI restriction enzymes

(Invitrogen). DNA fragments were ligated into compatible sites in plasmid pT7-7 (13) using

bacteriophage T4 DNA ligase.  Recombinant plasmid, pMJ0837, was transformed into

Escherichia coli strain BL21-Codon Plus (DE3)-RIL (Stratagene). Plasmid DNA sequence was

verified by dye terminator cycle sequencing at University of Iowa, DNA Facility.

Transformed E. coli cells were grown in Luria-Bertani/Miller broth (200 mL)

supplemented with 200 mg ampicillin. Cultures were shaken at 37 °C and 250 rpm until they

reached an absorbance of 1.0 at 600 nm. Expression of MJ0837 was then induced with 27 mM

D-(+)-lactose. After an additional 4 h incubation with shacking at 37 °C, the cells were harvested

by centrifugation (6000 × g, 10 min). The harvested cells were stored at –20 °C, Induction of

MJ0837 was confirmed by SDS-PAGE analysis of the cellular proteins.

Generation of Site-directed Mutants. Three mutants of MptB (H61N, H96N, and D167N)

were generated using the QuikChange site-directed mutagenesis kit (Stratagene) using template

pMJ0837.  The H61N primers were: 5’-

GAAGGTGGGTTAATAGAAAATACAATACAATATCAGTAAC-3’ (forward) and 5’-

GTTACTGAT- ATTGTATTTTCTATTAACCCACCTTC-3’ (reverse). The H96N primers

were: 5’- CGCTGGAGCTTTATTAAATGATATTATGAAGCCATAC-3’ (forward) and 5’-

GTATGGCTTCATAATATCATTTAATAAAGCTCCAGCG-3’ (reverse). The D167N primers

were: 5’-CATATATTGTCCATTATGCTAATGAAGCAGATTCAAAG-3’ (forward) and 5’-

CTTTGAATCTGCTTCATTAGCATAATGGACAATATATG-3’ (reverse). Expression of the

mutants was the same as with the wild-type.  The mutations were confirmed by sequencing of

plasmid inserts.

Purification of Recombinant MptB and its Mutants. The frozen E. coli cell pellet (~0.5 g wet

weight) was suspended in 3 mL of extraction buffer (50 mM N-tris(hydroxymethyl)methyl-2-

aminoethanesulfonic acid (TES), pH 7.0, 10 mM MgCl2, 20 mM DTT) and lysed by sonication

using Heat Systems Ultrasonics/W-385 (3 min with 5 sec pause).  MptB and its mutants were
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found to remain soluble after heating the cell extracts for 10 min at 80 oC.  This process allowed

for their purification from the majority of E. coli proteins, which denature and precipitate under

these conditions.  In the second step of purification, MptB and its mutants were purified by

anion-exchange chromatography of the 80 oC soluble fraction on a MonoQ HR column (1 × 8

cm; Amersham Bioscience) using a linear gradient of NaCl from 0 to 1 M in 25 mM TES buffer,

pH 7.5 over 55 mL at one mL/min flow rate.  MptB elutes at about 0.5 M NaCl.  All protein

concentrations were determined by Bradford analysis (14).

Measurement of Native Molecular Weight of MptB. The native molecular weight of MptB

was determined by size exclusion chromatography on a Superose 12HR column (10 mm x 300

mm) separated with aerobic buffer containing 50 mM HEPES pH 7.2, and 50 mM NaCl at 0.5

mL/min with detection at 280 nm.  Protein standards used to calibrate the column included

apoferritin (443 kDa), alcohol dehydrogenase (150 kDa), bovine serum albumin (66 kDa),

carbonic anhydrase (29 kDa), and cytochrome c (12.4 kDa).

Transmission Electron Microscopy (TEM) of MptB. A MptB sample was sent to Purdue

University for TEM analysis. The MptB sample was purified by MonoQ, and was 3 mg/ml MptB

in 25 mM TES, pH 7.0 with 470 mM NaCl. Formvar (400 mesh) with carbon coated grids were

used.  Formvar was partially removed by placing grids on dichloroethane soaked filter paper for

20 min. Grids were glow discharged to make them hydrophobic prior to use. Samples were

imaged in a Philipe CM-100 TEM (FEI Corporation, Hillsdale, Oregon) using 80 kV

accelerating voltage. Magnification used was 105 K and 145 K read-out. There were further

calibration using asbestos lattice to 102,200 and 147,000x.

 Metal Ion Analysis of MptB and its Mutants.  Metal analysis of MptB and its mutants was

performed at the Virginia Tech Soil Testing Laboratory using inductively coupled plasma

emission spectrophotometry (ICPES). The ICPES was a Spectro CirOS VISION (Spectro

Analytical Instruments) equipped with a Crossflow nebulizer with a Modified Scott spray

chamber.  A 50 mg/L yttrium internal standard was introduced by peristaltic pump. Protein

solutions, which were eluted from MonoQ, were diluted in elution buffer to give a final

calculated metal concentration of 0.5 ppm, assuming one equivalent of metal per protomer.

Samples were analyzed for iron, manganese, zinc, magnesium and nickel.

Analysis of Enzymatic Activity of MptB. The standard HPLC assay for MptB with H2N-cP as

substrate was performed in two steps. The first step includes the incubation of 3 µg of MptA in
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39 mM TES (K+) buffer containing 15 mM DTT, pH 7.2, 1.4 mM Fe(NH4)2(SO4)2, and 2.4 mM

GTP in total volume of 42 µL under Ar gas at 70 ˚C for 30 min to make the H2N-cP substrate for

MptB. As the second step, the assay was continued by adding 12 µg of MptB and incubating at

70 ˚C for 30 min. 60 µL methanol was added to stop the reaction.  The dihydropterin reaction

products were oxidized to pterins by the addition of 5 µL iodine in MeOH (50 mg/mL) and the

samples were incubated for 30 min at room temperature. NaHSO3 (5 µL, 1 M) was added to

reduce excess iodine.  HPLC analysis of the reaction mixtures is described below.

The standard spectrophotometric assay for MptB was performed by incubation of 8.4 µg

of MptB in 11 mM TES buffer, pH 7.2, 0.75 mM MnCl2 and 1.5 mM of bis-pNPP in total

volume of 134 µL at 70 ˚C for 10 min. The incubation was quenched at the end of incubation by

adding 1 ml of 0.02 M NaOH. UV-Vis absorption with λmax of 405 nm was used to detect the

generated 4-nitrophenolate using a Shimadzu UV-1601 UV-Visible spectrophotometer.

Testing Alternative Substrates. MptB was tested for hydrolysis of alternative substrates such as

ATP; 2’,3’-cAMP; 3’,5’-cAMP; GTP and 3’,5’-cGMP by incubation of 13 µg of MptB in 29

mM TES buffer pH 7.0, 5.8 mM MnCl2  and 8.8 mM of each substrate in total volume of 17 µL

at 70 ˚C for 10 min.  Thin-layer chromatography was used for product analysis as described

below.

4’,5’-cFMN was also tested as an alternative substrate.  The assay for the hydrolysis of

phosphodiester bond of 4’,5’-cFMN was performed by incubation of 34 mM TES buffer, pH 7.0,

13 µg of MptB, 2.3 mM MnCl2  and ~3 mM of cFMN in total volume of 44 µL at 70 ˚C for 20

min. The HPLC method was used to separate and detect FMN, FAD, and 4’,5’-cFMN.

The standard spectrophotometric assay condition was used for the hydrolysis of 4-

nitrophenylphosphoryl choline (pNPPC) phosphodiester bond.

HPLC Analysis of Products. A Shimadzu HPLC System with a C18 reverse-phase column

(Varian PursuitXRs, 4.6 × 250 mm, 5 µm particle size) was used for analysis of products when

either H2N-cP or cFMN were used as substrate.  The elution profile included 95% sodium acetate

buffer (25 mM, pH 6.0, 0.02% NaN3) and 5% MeOH for 5 min followed by a linear gradient to

20% sodium acetate buffer and 80% MeOH over 40 min.  The flow rate was 0.5 mL/min.  In all

assays using HPLC analysis, 80 µL of methanol was added to the assay mixture at the end of the

incubation to precipitate the proteins.  After centrifugation (14000g, 10 min), 600 µL H2O was

added to the supernatant for HPLC analysis.
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Pterins were detected by fluorescence using an excitation wavelength of 356 nm and an

emission wavelength of 450 nm.  Under these conditions, pterins were eluted in the following

order and indicated retention times: neopterin 3’-phosphate, 6.2 min; neopterin 2’-phosphate, 6.8

min; D-neopterin 2’,3’-cyclic phosphate, 7.9 min; neopterin, 10.8 min. Flavins were detected by

fluorescence using λmax of excitation of 450 nm and λmax emission of 520 nm.  The flavins were

eluted in the following order: FAD 26.5 min, cFMN 28 min and FMN 29 min.

Thin-layer Chromatography Analysis. In studies using cyclic nucleotides as substrates,

products were separated on silica plates with a solvent system consisting of 0.2 M ammonium

bicarbonate in 70% ethanol.  This solvent system was used previously to separate the cyclic

nucleotides from tri-, di- and monophospho nucleotides (15).  Under this condition the retention

factor (Rf) are as follow: ATP, 0.11; ADP, 0.35; 5’-AMP, 0.44; 2’,3’-cAMP, 0.84; GTP, 0.038;

5’GMP, 0.36; 3’,5’-cGMP, 0.78.  Also cellulose plates eluted with a solvent system consisting of

saturated ammonium sulfate, 3 M sodium acetate and isopropanol (80:6:2 vol/vol/vol) was used

to separate 2’- from 3’-NMPs (16).  Under this condition the Rf’s are as follow: 2’,3’-cAMP,

0.08; 2’-AMP, 0.23; 3’-AMP, 0.15.

Metal-Ion Dependency of the MptB Reaction. Assay for metal dependency of MptB was

performed in presence of either 0.75 mM of MnCl2.4H2O, ZnCl2, MgCl2·6H2O, CoCl2·6H2O,

NiCl2·6H2O, Fe(NH4)2(SO4)2·6H2O, FeNH4(SO4)2·12H2O or no metal under standard

spectrophotometric assay conditions with bis-pNPP as substrate.

Temperature Stability of MptB. The temperature stability of MptB was determined by

treatment of the enzyme under different conditions.  These included incubation of 13 µg enzyme

in standard spectrophotometric assay buffer in total volume of 34 µL containing 0.73 mM MnCl2

at 70, 80, 90 and 100 °C for either 45 minutes or 2.5 h in sealed tubes.  A sample that did not

contain MnCl2 was also heated for 45 min at these different temperatures.  Following heating,

the enzyme mixture was cooled on ice, centrifuged and bis-pNPP was added as substrate. The

final composition, volumes of the reaction mixture and incubation condition were as described

for the bis-pNPP standard assay above.  The samples were incubated at 70 °C for 10 min and

analyzed as described above for standard spectrophotometric assay.  

pH Optimum of the Recombinant Enzyme.  The activity of MptB was determined at 0.5 pH

increments between pH 5-9 using a three component buffer system consisting of BisTris,

HEPES, and CHES (17).  The assay was performed by the incubation of 33 mM BisTris, 17 mM
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HEPES and 17 mM CHES, 8.4 µg of MptB, 0.75 mM MnCl2, 1.5 mM bis-pNPP at the indicated

pH’s in total volume of 134 µL at 70 °C for 10 min. After incubation 1 ml of 0.02 M NaOH was

added to all samples followed by measuring the absorbance at 405 nm.

Titration of MptB with Metals. The enzymatic activity of MptB was assayed by incubation

with different concentrations of Mn2+ and Fe2+ and using the bis-pNPP standard

spectrophotometric assay.  The ratio of Mn2+ and Fe2+ to MptB protomer ranged from 0 to 682

and from 0 to 3.4, respectively.  The assays were performed in a total volume of 134 µL in

presence of 2.2 µM of MptB at 70 ˚C for 10 min.  Experiments using Fe(NH4)2(SO4)2 were done

in presence of 4 mM DTT and under Ar gas.

Oxygen Sensitivity of MptB Activated with Fe2+.  The inactivation of Fe2+ activated MptB by

air was measured by exposing a Fe2+ activated sample to air and following the loss of activity

with time.  Thus to a stirred 10 µM anaerobic solution of MptB in 40 mM TES buffer, pH 7.2

was added 20 µM Fe(NH4)2(SO4)2. At times 0, 2, 10, 30, 60 and 120 min, 37 µL of mixture was

transferred to a sealed tube containing Ar gas and 100 µL of 2 mM of bis-pNPP was added.

After 10 min at 70 ˚C the released pNP was measured as described above.

2.4 RESULTS

Identification of MptB

Based on the information that HD domain superfamily of enzyme has phosphohydrolase

activity (18), we first considered that the MJ0778 derived protein, which is a member of this

superfamily, to be our desired enzyme since it is clustered with the MptA coding gene in several

methanogenic archaeal genomes. This protein could generate H2neopterin by hydrolyzing the

H2N-cP to H2N-3’P.  We recombinantly expressed the MJ0778-derived enzyme and found that it

did not catalyze the hydrolysis of H2N-cP.  Several other homologs to MJ0778, containing the

HD motif, were also identified in the M. jannaschii genome by Aravind and Koonin (18).  We

then checked another proposed member of this superfamily, MJ0837. The protein product of the

MJ0837 gene readily catalyzed the hydrolysis of H2N-cP to H2N-P as shown in Figure 2.1.
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Purification and Characterization of MptB

The MJ0837 gene from M.  jannaschii was cloned and overexpressed in E. coli.  The

resulting protein was purified first by heating the cell extract at 80 oC followed by anion-

exchange chromatography of the soluble proteins.  The SDS-PAGE analysis of the purified

MptB with Coomassie staining showed a single band corresponding to the mass of about 29-30

kDa with a purity of >95%.  This molecular weight is consistent with the predicted monomeric

molecular mass of 28.5 kDa.  Size exclusion chromatography showed a molecular mass of 280

kDa consistent with the MptB existing as a dodecamer.

TEM analysis posed some difficulties as MptB sample contained some impurities.

However, rosettes with six petals of consistent size were visible (Fig. 2.2). The rosettes are quite

small (~10 nm) so very high magnification was needed to try to capture them. I conclude from

this data that MptB may be a dimer of hexamers.

The MonoQ-purified recombinant MptB showed no activity with the range of substrates

discussed below presumably due to the oxidation of Fe2+ to Fe3+.  This activity could be restored

by the addition of either Fe2+ or Mn2+ to the purified enzyme.  After the addition of 1.4 mM Fe2+,

the enzyme showed a specific activity of 29 ± 3

nmol min-1 mg-1 and 360 ± 30 nmol min-1 mg-1 for the hydrolysis of H2neopterin 2’,3’-cyclic

phosphate (H2N-cP) and bis-pNPP, respectively (Table 2.1).  Experiments with the Fe2+

reconstituted enzyme acting on H2N-cP greatly complicated the enzymatic assay due to both the

inactivation of the enzyme and destruction of this substrate by oxygen.  Both of these problems

were eliminated by the use of 0.75 mM Mn2+ to activate the enzyme and the use of bis-pNPP as

substrate.  With these changes the enzyme has a specific activity of 430 ± 20 nmol min-1 mg-1

with bis-pNPP as substrate (Table 2.1).

Efficiency of Oxidation of 7,8-Dihydroneopterin to Neopterin

7,8-Dihydropterins are not fluorescent whereas pterins are, so it is necessary to oxidize

the products of the reaction to pterins so that they could be analyzed by fluorescence.  It is well

known that dihydropterins can be oxidized to pterins with I2 in dilute HCl (19).  However such

acidic conditions cannot be used in our assay, because it will result in acid catalyzed opening the

5-member cyclic phosphate. Iodine oxidation in basic solution, which will prevent this

hydrolysis of the cyclic phosphate, can also do the desired oxidation (20), however basic solution
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can not be used in our assay because it is known to result in removal of the chain from the pterin

ring during oxidation (20).  In this work we used I2 in methanol at neutral pH to oxidize the

dihydroneopterins to pterins.  To determine the efficiency of this oxidation, known

concentrations of H2pterin and H2neopterin were oxidized with I2 in methanol and the efficiency

of the conversion to pterin and neopterin respectively was measured by HPLC. The efficiency of

oxidation with I2 in methanol for 30 min at room temperature was determined to be 80% for

H2pterin and 90% for H2neopterin.

Use of a Coupled Assay

Since 6,7-dihydroneopterin 2’,3’-cyclic phosphate (H2N-cP) was not easily prepared

synthetically we generated it enzymatically from GTP using MptA.  During this assay about 0.4

mM H2N-cP was made before the MptB enzymatic reaction was started.

Identification of MptB Reaction Product(s)

Hydrolysis of 6,7-dihydroneopterin 2’,3’-cyclic phosphate with MptB at 70 °C for 30

min produced two products when assayed by HPLC using fluorescence detection at the pterin

λmax of excitation and λmax of emission wavelengths (Fig. 2.3). These two peaks were identified

based on their elution times as D-neopterin 2’-phosphate (about 40% of the total) and D-

neopterin 3’-phosphate (about 60% of the total).  Both showed fluorescent spectra consistent

with the presence of pterins.  Acid hydrolysis of neopterin 2’,3’-cyclic phosphate produced the

same two products with the ratio of 1:4 for H2N-3’P and H2N-2’P when analyzed by HPLC (9).

Treatment of the MptB reaction mixture with alkaline phosphatase resulted in the removal of the

phosphate from both isomers with the resulting formation of D-neopterin that was confirmed by

HPLC.

Substrate Specificity of the MptB Reaction

MptB was able to utilize a variety of phosphodiesters as substrates: H2N-cP produced

H2N-2’-P and H2N-3’-P; bis-pNPP and pNPPC produced nitrophenyl phosphate; and 2’,3’-

cAMP produced 3’-AMP.  Other phosphate ester containing compounds including ATP, 3’,5’-

cAMP, GTP, 3’,5’-cGMP and 4’,5’-cFMN did not serve as substrates for MptB.  Bis-pNPP was

used as substrate in all characterization experiments since the assay can be done under aerobic
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condition.  The specific activity of the Mn2+ activated enzyme was 430 ± 20 nmol min-1 mg-1 for

bis-pNPP and 710 nmol min-1 mg-1 for 2’, 3’-cAMP (Table 2.1).

Attempt to Determine the Kinetic Values

H2N-cP is not commercially available, which makes it hard to determine the kinetic

values of MptB with H2N-cP as a substrate.  Even by producing H2N-cP by the MptA catalyzed

transformation of GTP, high sensitivity of the H2N-cP to oxygen makes working with this

substrate almost impossible without anaerobic facilities.  The activity of MptB measured with

different concentrations of either bis-pNPP or pNPPC as substrate increased in a linear manner

up to 15 mM.  Even at high concentration of bis-pNPP or pNPPC, MptB’s specific activity

continued to increase up to the solubility limit of these compounds.  As a result we were not able

to determine the kinetic values of MptB with either bis-pNPP or pNPPC as substrates.

Metal-Ion Dependency of the MptB Reaction

As isolated, MptB is inactive in the absence of added metal ions.  By adding different

metal ions to the assay mixture it was revealed that MptB hydrolyzes the phosphodiester bond of

bis-pNPP most efficiently in presence of added Mn2+ or Fe2+ but not Fe3+ (Table 2.2).  Activity

of MptB was restored by using Fe2+ at the physiologically relevant concentrations of about 4 µM

although higher concentrations of Mn2+ (750 µM) were able to restore activity comparable to that

seen with ferrous ion. Also Co2+ was found to restore some activity at 0.75 mM but the level was

only 3.2% of that of Fe2+ (Table 2.2).

Since high concentrations of Mn2+ were able to restore most of the activity of MptB, and

it is more convenient to work with Mn2+ than with Fe2+ under aerobic condition due to air

oxidation of Fe2+ to Fe3+, most of the experiments were done with Mn2+.

Identification of Catalytically Important Residues

Alignment of MptB homologs from the HD superfamily allowed for the identification of

two conserved histidine and two conserved aspartate residues, H61, H96, D97, and D167 (18).

With this knowledge, three of those residues in MptB, H61, H96, and D167 were chosen to

change to asparagines, the most conservative changes possible.  ICPES was used to determine

the identity and quantity of metal ions present in the purified recombinant enzymes.  Isolated
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pure recombinant MptB was found to contain 0.8 moles of iron and 1.0 mole of zinc per

protomer using the Bradford protein assay to measure the protein concentrations.  The metal

content of the wild type and mutants and their specific activity with H2N-cP, bis-pNPP and 2’,3’-

cAMP are summarized in Table 2.1.  With one exception, all of the mutant enzymes showed

reduced activities when assayed with each of the three substrates.  The exception was the H96N

mutant that showed about 1.9 fold higher specific activity with bis-pNPP than that of the wild

type (Table 2.1).

Temperature Stability of Recombinant MptB

Heating of MptB at 70, 80, 90, and 100 °C, in either presence or absence of Mn2+ reveals

interesting results.  In the first case by heating MptB at 70, 80, 90, and 100 °C in absence of

Mn2+ for 45 min, the activity of the enzyme drops about 30% from the 70 °C heated sample to

the 100 °C heated sample.  In presence of Mn2+, however in the case of 45 min heating the

activity of the enzyme increases about 53% from the 70 °C heated sample to the 100 °C heated

sample. But in the case of 2.5 hr heating the activity of the enzyme drops about 26% from the 70

°C heated sample to the 100 °C sample. Adding Mn2+ to the enzyme was observed to increase

the temperature stability of the protein.

pH Optimum of the Recombinant Enzyme

Using a three component buffer system consisting of BisTris, HEPPS and CHES allowed

a pH range from 5 to 9 to be determined in one buffer system. The best activity of MptB with

bis-pNPP in this buffer system was observed at pH 7.5 (Fig. 2.4).

Titration of MptB with Metals

The activity of MptB increased by increasing the ratio of either Fe2+ to MptB from 0 to

2.1 (Figure 2.5) or Mn2+ to MptB from 0 to 682 (Figure 2.6).  When doing these experiments it

was found that DTT is required in the activation experiments using Fe2+.  It is not clear why DTT

was required for the Fe2+ activation of MptB but there are several examples of were thiol

compounds are required to remove Fe3+ from a protein and so it can be replace with Fe2+ (21).

Since we are using the enzymatic rate to determine Fe2+ binding to the enzyme,

KeleidaGraph 4.0 was used to fit the metal titration data (Fig. 2.5, 2.6) to a rectangular
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hyperbolic equation to determine the dissociation constants (KD) of about 1.6 ± 0.35 µM for iron

and 739 ± 0.1 µM for manganese.

Oxygen Inactivation of MptB

The specific activity of Fe2+ activated MptB toward hydrolysis of bis-pNPP upon

exposure to air assuming an exponential decay was determined to have a half-life of about 5 min.

2.5 DISCUSSION

MptB contains the HD motif and is annotated as a member of the metal-dependent

phosphohydrolase superfamily (18).  The members of this superfamily are very different in

sequence but they all have conserved histidines and aspartates, which are involved in divalent

metal binding and in forming the catalytic site (18).  Some of the HD domain enzymes have been

crystallized and, according to their structures, HD domain proteins can even have different folds.

By using the DALI-structural similarity search program it is revealed that the local structure

around the putative active sites in all HD-domain enzymes, however, are similar (22).  Based on

the secondary structure threading, the most similar known structure to MptB is a protein with HD

domain that is predicted to be a hydrolase.  This structurally analogous protein to MptB was

produced from uncultured thermotogales bacterium, and was also found to contain two irons

(PDB id: 2pq7).

Characterized HD domain enzymes catalyze many different reactions but the functions of

many are presently unknown.  There are 11 known families of phosphodiesterases (PDEs),

which are members of the HD domain superfamily (23). All eleven families contain two

histidine and two aspartate metal binding residues that are conserved (24).  All of the known

enzymes in PDEs family that use cyclic nucleotides 3’,5’-cAMP, or 3’,5’-cGMP as substrates

produce 5’-AMP or 5’-GMP as products (Table 2.3) (25-33).  All of these PDEs function in

signaling pathways to regulate the concentration of intracellular secondary messengers 3’,5’-

cAMP or 3’,5’-cGMP.  Also there are some cyclic phosphodiesterases which hydrolyze 2’,3’-

cNMP to produce either 2’-NMP (CthPnkp) (34), 3’-NMP (DR1281) (35) or both (λ-phage and
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Rv0805) (34, 36).  It is proposed that the role of these 2’,3’-cNMP phosphodiesterases are to

repair RNA 2’,3’ cyclic ends (34), which are intermediates in RNA processing.  MazF, an

mRNA interferase in E. coli, is an example of these cyclic phosphodiesterases that is highly

conserved among prokaryotes.  MazF is a endonuclease that produces a 2’,3’-cP at the 3’ end of

RNA and a hydroxyl group on the 5’ end (37).  tRNA splicing endonuclease in yeast is another

characterized endonuclease, which converts pre-tRNA to mature tRNA, by producing 2’,3’-

cyclic nucleotides (38).   An archaeal tRNA endonuclease which is homologous to yeast tRNA

splicing gene, has also been identified (39). There are even members of HD-domain family that

have both 2’, 3’-cyclic phosphodiesterase and phosphomonoesterase activities (40).

Based on this information we first considered that the MJ0778, which is a HD domain

enzyme that is also clustered with the MptA coding gene in several methanogenic archaeal

genomes.  We recombinantly expressed the MJ0778-derived enzyme and found that it did not

catalyze the hydrolysis of H2N-cP.  Several other homologs to MJ0778, containing the HD motif,

are also found in the M. jannaschii genome (18).  Among these is MJ0837.  The protein product

of the MJ0837 gene readily catalyzed the hydrolysis of H2N-cP to H2N-P as shown in Figure 2.1.

Unlike most enzymes that produce a single enzymatic product, this enzyme catalyzed the

formation of both H2N-2’P (about 40% of the total) and H2N-3’P (about 60% of the total)

positional isomers from H2N-cP. The formation of both isomers is of no consequence since we

have shown that both isomers are readily metabolized to H2neopterin by M. jannaschii cell

extracts (unpublished data).  MptB is also able to hydrolyze the cyclic phosphate of 2’,3’-cAMP

but not that of 3’,5’-cAMP, 3’,5’-cGMP or 4’,5’-cFMN.  Interestingly only 3’-AMP was formed

from 2’,3’-cAMP.  We propose that the production of the two isomers results from the binding of

the H2N-cP in two different conformations that allows for two different orientations of the cyclic

phosphate as shown in Figure 2.7.  As the adenine ring binds to its binding pocket in MptB, the

2’,3’-cyclic phosphate of the cAMP is fixed in place because of the presence of the ribose ring,

which causes strict orientation of the cyclic phosphate in the active site containing the

nucleophilic Fe2+ bound water (Fig. 2.7A).  In the case of the H2N-cP, that does not contain the

ribose ring, two different orientations of the cyclic phosphate can occur upon binding to MptB

thus allowing for the hydroxide to attack the phosphate from either apical position, one

producing H2N-3’P (Fig. 2.7B) and the other producing H2N-2’P (Fig. 2.7C).  This can occur

because H2N-cP does not have the β-substituted ribose ring in its structure so the cyclic
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phosphate may rotate freely around the C1’-C2’ bond (“b” bond in Figure 2.7) and as a result

H2N-cP can have two different orientations. The nucleophilic attack of a hydroxide at the

phosphorus by applying the “apical in-apical-out” rule, which is applied in all phosphoryl

exchange reactions involving a pentavalent intermediate, forms only 3’-AMP in case of

consuming 2’,3’-cAMP as substrate.

Another possible explanation for the production of two different isomers is by the

binding of the H2N-cP in two different binding sites that results the orientation of the cyclic

phosphate in the active site to be in the two different orientations as described above.  The

resolution of this issue must await the structural determination of the enzyme.

The metal dependency of phosphodiesterases varies widely.  We have summarized in

Table 2.3 the list of metals, which are either observed in the crystal structure of some of the

phosphodiesterases (25-28, 32, 33, 41) or have been observed to be required for the activity of

these enzymes (30, 34-36, 42, 43).  ICPES analysis of purified inactive MptB indicated the

presence of 0.8 mole iron and 1.0 mole zinc per protomer.  Although ICPES analysis was able to

detect the presence of iron, the exact location and ligands of both the iron and zinc are unknown.

Since the enzyme is inactive when purified aerobically on MonoQ or when incubated with Fe3+

and the enzymatic activity was restored by the addition of Fe2+, we can conclude that the iron

needs to be in the reduced state.  Also the time course assay of the O2-dependent loss of activity

of the MptB in presence of Fe2+ emphasized that this reaction is Fe2+-dependent. An Fe2+ aquo

complex has an acid dissociation constant that would allow for the production of the required

nucleophilic hydroxide (44). Although the Fe3+ enzyme was expected to have an even lower

pKa, the additional positive charge on the metal to which the hydroxide is bound will not allow

the hydroxide to function as a nucleophile. The utilization of Fe2+ by the enzymes from

anaerobic methanogens may relate to the higher availability of the soluble, reduced form of iron

present in the habitats of the methanogens.

Adding either DTT or dithionite to the enzyme containing assay mixture was not able to

restore the activity of the enzyme by reducing the Fe3+ bound to MptB back to Fe2+ (unpublished

data).  As shown here adding either Fe2+ or Mn2+ was able to restore the MptB activity.  This

regeneration of activity could either result from the replacement of the bound Fe3+ by either Fe2+

or Mn2+ or by reduction of the bound Fe+3 with the added Fe2+.  However since other reducing

agents failed to restore the enzymatic activity and the non-reducing Mn2+ did restore activity, the
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replacement of the Fe3+ by Fe2+ is the most likely scenario. This replacement is also expected

considering that catalytically active Fe2+ is likely bound more tightly than catalytically inactive

Fe3+.

Having metal ions in the catalytic site of phosphodiesterase can also stabilize the

transition state of hydrolysis by neutralization of negative charge on phosphate, and to interact

with the oxygen of the leaving alcohol (45). Metal ions can accelerate the hydrolysis of

phosphate diesters due to three factors: Lewis acid activation (<102-fold), intermolecular

nucleophile activation (108-fold), and leaving group stablization (106-fold). In some cases these

factors can combine to give the overall rate acceleration more than 1016 (46).

In the site directed mutant H61N, MptB loses almost all of the iron and its specific

activity is about 13% of that of wild type for H2neopterin-cP, 7.6% for 2’3’-cAMP and about

17% for bis-pNPP.  In the case of H96N, MptB loses half of the iron and so its specific activity is

about half of that of wild type for 2’3’-cAMP, 65% for H2neopterin-cP but 186% for bis-pNPP.

The reason for the higher activity of H96N in the case of using bis-pNPP as substrate is not clear

but the same result was observed for a phosphodiesterase from Mycobacterium tuberculosis (34).

In the case of the site directed mutant D167N, MptB has almost all of the iron but its specific

activity is only about 3.5% of that of wild type for H2neopterin-cP in presence of added Fe2+, 3%

for 2’3’-cAMP and about 17% for bis-pNPP in presence of added Mn2+.   We propose that the

reason for this decrease in the specific activity without losing any iron is that D167 is the base

(Fig. 2.6) that abstracts the proton of the Fe2+ or Mn2+ bound hydroxide ion that facilitates its

nucleophilic attack on phosphate.

Because adding Zn2+ plus Fe2+ caused lower activity (26 nmol min-1 mg-1) compared to

adding Fe2+ alone in the assay (370 ± 30 nmol min-1 mg-1), we can speculate that Zn2+ replaces

Fe2+ resulting in decreased activity.  This result is consistent with a proposed structural role for

Zn2+ and a catalytic role for Fe2+ in MptB.

The only well studied example of the enzymatic hydrolysis of 5-member cyclic

phosphodiesters is concerned with their involvement as proposed intermediates in the hydrolysis

RNA by ribonuclease. Nucleoside 2’,3’-cyclic phosphates can serve as substrates for RNase

(47). The absolute stereochemistry of this hydrolysis has been studied and shown to proceed by

an in-line mechanism (48, 49). The same #stereochemistry has been found in ribonuclease-T1 (50)

and by a nonspecific phosphohydrolase (51) and is likely to be the same for MptB.
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MptA is present in the genomes of almost all the archaea except in the Class

Thermoprotei, while MptB is present in members of the Class Methanococcales as well as in

only a few other archaea.   Since the other methanogens contain methanopterin or one of its

many derivatives, then there should be at least one other gene in the other methanogens that

encodes for a protein to hydrolyze the cyclic phosphate intermediate in their methanopterin

biosynthetic pathway.  Since the halobacteria contain folate but no methanopterin, then it is

likely their MptA is producing the folate pterin without the help of MptB.
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2.7 TABLES AND FIGURES

Table 2.1 The metal content and specific activities of MptB and its mutants with either

H2neopterin-cP, bis-pNPP or 2’,3’-cAMP as a substrate.

Specific Activity (a)

(nmol min-1 mg-1)

Metal/Protomer  (b)

Protein H2neopterin-cP in

presence of Fe2+

bis-pNPP  in

presence of Mn2+

2’,3’-cAMP  in

presence of Mn2+

Fe Zn Ni Mn

MptB

wild type

29 ± 3 430 ± 20 710 0.8 1.0 < 0.36 < 0.03

MptB

H61N

3.8 ± 0.2 74 54 < 0.05 0.6 < 0.25 < 0.02

MptB

H96N

19 ± 7 800 350 0.4 0.77 < 0.3 < 0.02

MptB

D167N

1 ± 0.3 75 15 0.76 0.47 < 0.07 0.05

(a) The specific activity measurement with H2neopterin-cP as the substrate was done at an

Fe2+ concentration of 1.4 mM. The concentrations of Mn2+ in the bis-pNPP and 2’,3’-

cAMP experiments were 0.75 mM and 5.8 mM, respectively.

(b) The metals in the proteins were measured from MonoQ purified samples without the

addition of any metals.
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Table 2.2 Dependency of the activity of MptB on different divalent metal ions.

The assay was done in presence of either 0.75 mM MnCl2, ZnCl2, CuCl2, CoCl2, NiCl2,

Fe(NH4)2(SO4)2, FeNH4(SO4)2  or no added metal with bis-pNPP as substrate.

No

metal

Mn2+ Fe2+ Co2+ Ni2+ Mg2+ Zn2+ Fe3+

Specific Activity

(nmol mg-1 min-1)

2.0 430 ± 20 370 ± 30 12.0 3.0 0.0 0.0 0.0
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Table 2.3 List of the known phosphodiesterases and phosphomonoesterases where their

metal dependency and substrates are known.

Enzyme Metal Substrate Ref.

PDEs 2 Zn+2, Mg+2 cAMP, cGMP (32)

PDEs 3 Fe+2, Fe+3 cAMP (30)

PDEs 3B Mg+2, Mg+2 cAMP, cGMP (29)

PDEs 4 Zn+2, Mn+2 cAMP (31)

PDEs 5 Zn+2, Mg+2 cGMP (27)

PDEs 7 Zn+2, Mg+2 cAMP (26)

PDEs 10 Zn+2, Mg+2 cAMP, cGMP (25)

cNMP PDEs Zn+2 cGMP (33)

cNMP PDE

(Rv0805) from

M. tuberculosis

Mn+2, Fe+3 cAMP, cGMP (28)

Mammalian

PAPs

Fe+2, Fe+3 Non-specific hosphomonoesterase (41)

Plant PAPs Zn+2, Fe+3 Non-specific hosphomonoesterase (41)

YfcE Zn+2(PDB 1SU1),

requires Mn+2

No natural substrate is detected. (42)

CthPnkp Ni+2, Mn+2 2’,3’-cAMP (36)

Bacteriophage λ

phosphatase (λ-

Pase)

Mn+2, Mn+2 2’,3’-cAMP (36)

MJ0936 Mn+2, Mn+2 Phosphodiesters but not cyclic

phosphodiesters

(43)

DR1281 Mn2+, Fe2+ or Co2+ 2’,3’-cAMP (35)

Rv0805 Mn+2, Mn+2 2’,3’-cAMP (34)
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Figure 2.1 The early steps of the methanopterin biosynthetic pathway.

GTP is the precursor for the synthesis of the pterin portion of the methanopterin.  MptA, which is

a GTP cyclohydrolase, catalyzes conversion of GTP to H2N-cP.  MptB catalyzes the second step,

hydrolysis of the cyclic phosphate into two products, H2N-2’P and H2N-3’P.  One or two

phosphatase(s) and an aldolase, that have yet to be identified, catalyze the next two steps to give

H2-6-hydroxymethylpterin.
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Figure 2.2 Transmission Electron Microscopy (TEM) of MptB.

Rosettles of consistent size are visible. The most clear one are boxed.
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Figure 2.3 HPLC trace of the assay mixture that shows hydrolysis of H2neopterin-cP to

H2N-2’P and H2N-3’P by MptB.

The substrate and both products are oxidized to neopterin-cP, N-2’P and N-3’P, respectively, to

be visualized by their fluorescence.
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Figure 2.4 Effect of pH on hydrolysis of bis-pNPP by MptB.

The best activity for MptB was observed at pH 7.5.
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Figure 2.6 Titration of MptB with Mn2+.

The activity of MptB bis-pNPP was measured while the ratio of MnCl2 to MptB was varied from

0 to 682 in presence of 2.2 µM of MptB.
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When 2’,3’-cAMP is used as substrate (A), the presence of the ribose ring, allows only one

orientation of the cyclic phosphate when bound to the enzyme. Under these conditions the

nucleophilic attack of a Fe2+ bound hydroxide at the phosphorus allows for the formation of only

3’-AMP. In case of H2N-cP, because of the absence of the ribose ring, the cyclic phosphate ring

can easily rotate around bond “b”. H2N-cP can have one orientation as shown in (B) and

nucleophilic attack of a hydroxide at the phosphorus produces H2neopterin-3’P. By rotating the

cyclic phosphate around bond “b” H2N-cP will produce another orientation as shown in (C) and

nucleophilic attack of a hydroxide at the phosphorus produces H2neopterin-2’P.
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3.1 ABSTRACT

The riboflavin kinase in Methanocaldococcus jannaschii has been identified as the

product of the MJ0056 gene.  Recombinant expression of the MJ0056 gene in E. coli led to a

large increase in the amount of FMN in the E. coli cell extract. The unexpected features of the

purified recombinant enzyme were its use of CTP as the phosphoryl donor and the absence of a

requirement for added metal ions to catalyze the formation of FMN from CTP and riboflavin.

Identification of this riboflavin kinase fills another gap in the Archaeal flavin biosynthetic

pathway. Some divalent metals were found to be potent inhibitors of the reaction. The enzyme is

a unique CTP-dependent kinase, which maybe represents the first member of a new kinase

family.

3.2 INTRODUCTION

Work on the biosynthesis of riboflavin, FMN, and FAD in the archaea has revealed a

number of surprises both in terms of the genes encoding the pathway enzymes as well as the

pathway itself. Analysis of archaeal genomes has generally shown the absence of ribA, the gene

encoding for GTP cyclohydrolase II, the first enzyme involved in the presently established

pathways to riboflavin in bacteria.  In the archaea this reaction was found to be catalyzed by two

separate enzymes (Fig. 1.5). The first enzyme GTP cyclohydrolase III (ArfA), produces 2-

amino-5-formylamino-6-ribofuranosylamino 4(3H)-pyrimidinone 5’-phosphate (compound 2 in

Fig. 1.5) and two inorganic phosphates by hydrolysis of GTP (1).  This intermediate is

subsequently hydrolyzed to 2,5-diamino-6-ribofuranosylamino 4(3H)-pyrimidinone 5’-phosphate

(compound 3), by ArfB, the MJ0116 gene product in M. jannaschii (2). Compound 3 is then

converted into 5-amino-6-ribitylamino-2,4(1H,3H)pyrimidinedione (ARP, compound 6 in Fig.

1.5) by a dehydrogenase designated as ArfC (MJ0671 gene product in M. jannaschii) (3, 4), a

deaminase and a phosphatase following the eukaryotic pathway (3). The involvement of

compound 2 in the pathway does not occur in either the bacterial or eukaryotic pathways. The

dehydrogenase and deaminase steps are in the same order as the eukaryotic pathway and are
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reverse from that found in the bacterial pathway (Fig. 1.5).  The product of this series of

reactions, ARP, is the precursor to F420 and riboflavin (5).  In the conversion of ARP to

riboflavin in the archaea, there is a fundamental difference in the stereochemistry of the

pentacyclic intermediate involved in the dismutation of 6,7-dimethyl-8-ribityllumazine into

riboflavin and 5-amino-6-ribitylamino2,4(1H,3H)-pyrimidinedione in the last step of riboflavin

biosynthesis (6).

Two different sets of known enzymes involved in the conversion of riboflavin to a redox

active form as FMN or FAD. One set includes bacterial bifunctional enzyme (RibF) which

catalyzes first the phosphorylation of riboflavin to FMN follow by adenylation of FMN to FAD

(7, 8). ATP is the other substrate in both steps. In the other set these two consecutive steps are

catalyzed by two separate enzymes, riboflavin kinase (RibR, flavokinase, or FMN1) and FAD

synthetase (FAD1 in yeast) (9). Enzymes homologs to the yeast flavokinase (FMN1) (10) are

widely distributed (11).

Aside from the differences in the enzymes used to generate FAD, other differences in the

pathways and/or enzymes have been noted. It has been reported that the ribF gene in Bacillus

subtilis uses reduced riboflavin as the substrate (12, 13), the Corynebacterium ammoniagenes

RibF can use meta-phosphate as the phosphoryl donor (14) and the macrolide resistance gene

mreA of Streptococcus agalactiae has also been shown to function as a riboflavin kinase (15).

The absence of identifiable genes encoding for any of these enzymes in the archaea has

prompted a search for the genes/reactions required to carry out these last two steps of FAD

biosynthesis in the methanogens.  Here we report that the MJ0056 derived protein is an archaeal

specific riboflavin kinase that catalyzes phosphorylation of riboflavin to produce FMN by using

CTP as a phosphoryl donor (Fig. 3.1). We designate it RibK to indicate the unique character of

this archaeal riboflavin kinase. To date, orthologs of MJ0056 are found only in archaea. These

findings indicated that this gene product is the archaeal kinase despite the fact that it has no

detectable sequence similarity to any known kinase.

3.3 MATERIALS AND METHODS

Chemicals. All chemicals were obtained from Sigma/Aldrich.
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Cloning, Recombinant Expression and Purification of RibK. The M. jannaschii gene at locus

MJ0056 (Swiss-Prot accession number Q60365) (16) was amplified by PCR from M. jannaschii

genomic DNA using oligonuculeotide primers synthesized by Invitrogen. The primer

MJ0056Fwd 5’-GGTCATATGATTATTGAGGGAGAAG-3’ introduced an NdeI restriction site

at the 5’-end of amplified DNA and MJ0056Rev 5’-

GATCGGATCCTTATTCATCTTTATCTCCC-3’ introduced an BamHI restriction site at the 5’-

end. PCR mixtures consisted of 1× GeneAmp PCR buffer (Invitrogen), 1 µM each primer, 200

µM each dNTP, 1 µg of M. jannaschii chromosomal DNA, and 5 units of AmpliTaq LD DNA

polymerase (Invitrogen) in a volume of 100 µL. The MJ0056 gene was amplified during 35

cycles, and each cycle include incubation at 95 °C for 1 min, 55 °C for 2 min, and 72 °C for 3

min. PCR product was purified using a QIA spin column (QIAGEN Inc.). Purified PCR product

was digested with NdeI and BamHI restriction enzymes (Invitrogen). DNA fragments were

ligated into compatible sites in plasmid pT7-7 (17) using bacteriophage T4 DNA ligase.

Recombinant plasmid, pMJ0056, was transformed into Escherichia coli strain BL21-Codon Plus

(DE3)-RIL (Stratagene). Plasmid DNA sequence was verified by dye terminator cycle

sequencing at University of Iowa, DNA Facility.

Transformed E. coli cells were grown in Luria-Bertani/Miller broth (200 mL)

supplemented with 1 mg/mL ampicillin. Cultures were shaken at 37 °C and 250 rpm until they

reached an absorbance of 1.0 at 600 nm. Expression of the MJ0056 gene was then induced by

adding 2% (w/v) of D-(+)-lactose. After an additional 4 h incubation with shaking at 37 °C, the

cells were harvested by centrifugation (6000 × g, 10 min). The harvested cells were stored at –20

°C. Production of recombinant RibK was confirmed by SDS-PAGE analysis of the cellular

proteins.

The frozen E. coli cell pellet (~0.5 g wet weight) was suspended in 3 mL of extraction

buffer (50 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES), pH 7.0, 10 mM

MgCl2, 20 mM DTT) and lysed by sonication using Heat Systems Ultrasonics/W-385 sonicator

(3 min, 5 sec pulse with a 5 sec pause between pulses).  RibK was found to remain soluble after

heating the cell extracts for 10 min at 70 °C.  This process allowed for its purification from the

majority of E. coli proteins, which denature and precipitate under these conditions.  In the second

step of purification, RibK was purified by anion-exchange chromatography of the 70 oC soluble

fraction on a MonoQ HR column (1 × 8 cm; Amersham Bioscience) using a linear gradient of
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NaCl from 0 to 1 M in 25 mM TES buffer, pH 7.5 over 55 mL at one mL/min flow rate. Elution

of the protein was monitored by UV absorbance at 280 nm. RibK elutes at about 0.2 M NaCl.

All protein concentrations were determined by Bradford analysis (18).

Measurement of Native Molecular Weight of RibK. The native molecular weight of RibK was

determined by size exclusion chromatography on a Superose 12HR column (1 × 30 cm;

Amersham Biosciences) separated with aerobic buffer containing 50 mM HEPES pH 7.2, and 50

mM NaCl at 0.5 mL/min with detection at 280 nm.  Protein standards used to calibrate the

column included alcohol dehydrogenase (150 kDa), bovine serum albumin (66 kDa), carbonic

anhydrase (29 kDa), and cytochrome c (12.4 kDa).

Metal Ion Analysis of RibK. The MonoQ purified protein was analyzed for iron, manganese,

magnesium, and zinc at the Virginia Tech Soil Testing Laboratory using inductively coupled

plasma emission spectrophotometry (ICPES). The ICPES was a Spectro CirOS VISION (Spectro

Analytical Instruments) equipped with a Crossflow nebulizer with a Modified Scott spray

chamber.  A 50 mg/L yttrium internal standard was introduced by peristaltic pump. The protein

fraction was diluted in elution buffer to give a final metal concentration of 0.5 ppm prior to

analysis, assuming one equivalent of metal per protomer.

Analysis of Enzymatic Activity of RibK. The standard assay for RibK was performed by

incubation of 47 mM TES buffer, pH 7.2, containing 1.2 µg of RibK, 1.7 mM CTP and 0.37 mM

riboflavin in a final volume of 61 µL at 70 °C for 10 min. Following incubation 100 µL of

methanol was added to stop the reaction. After centrifugation (14000g, 10 min) and evaporation

of the methanol, H2O was added to the supernatant to adjust the volume to 660 µL for HPLC

analysis. Analysis of the enzyme-catalyzed reaction was conducted using HPLC with detection

of riboflavin and FMN using a Shimadzu HPLC System with a C18 reverse-phase column

(Varian PursuitXRs, 250 × 4.6 mm, 5 µm particle size) and detected by fluorescence using λmax

excitation of 450 nm and λmax emission of 520 nm. The elution profile consisted of 5 min at 95%

sodium acetate buffer (25 mM, pH 6.0, 0.2% NaN3) and 5% methanol followed by a linear

gradient to 20% sodium acetate buffer/80% MeOH over 40 min at 0.5 mL/min.

Characterization of the Enzymatically Prepared FMN. After incubation of RibK under

standard assay as described above, the identification of FMN as a product was established by its

absorbance spectra by SPD-M10AVP Diode Array detector after HPLC separation. Also,
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electrospray mass spectroscopy (ES-MS) analysis by direct infusion. Known FMN also was used

as control.

Testing Alternative Substrates. RibK was tested for its ability to use other nucleotides such as

CTP and GTP as a phosphoryl donor to riboflavin to produce FMN.  The standard assay

conditions were used in the incubation in presence of either 1.7 mM ATP or GTP instead of

CTP.

Metal-ion dependency of RibK reaction.  The assay for metal dependency of RibK was

performed by incubation of 1.2 µg RibK with 1.7 mM CTP, 0.37 mM riboflavin and 1.6 mM

Mg2+, Mn2+, Zn2+, Ni2+, Cu2+ or Co2+, no metal, or EDTA under standard assay conditions.

Determination of the Kinetic Constants for RibK. Assays to determine the kinetic constants

for CTP were performed under standard assay conditions with the following modifications. In

this assay 1.2 µg of RibK was incubated in 47 mM TES (K+) buffer, pH 7.2, and 26 µM

riboflavin in presence of either 0, 2, 4, 20, 61, 182, or 546 µM CTP in a total volume of 61 µL at

70 ˚C for 10 min. To determine the kinetic constants for riboflavin, the assay was performed as

above in presence of 1.6 mM CTP and the concentration of riboflavin was varied from 0, 1.3,

2.6, 6.6, 13, or 26 µM riboflavin.

3.4 RESULTS

Recombinant Expression and Purification of RibK

The MJ0056 gene from M.  jannaschii was cloned and RibK overexpressed in E. coli.

The resulting protein was purified by first heating the cell extract at 70 °C followed by anion-

exchange chromatography of the soluble proteins.  The SDS-PAGE analysis of fractions of the

purified RibK with Coomassie staining showed a single band corresponding to the mass of about

15 kDa with a purity of >95%.  This molecular weight is consistent with the predicted

monomeric molecular mass of 15.7 kDa. ES-MS measured a mass of 15218.1 ± 10 that agrees

with the calculated mass of 15213.8 from the gene sequence for a protein of 132 amino acids.

The data from size exclusion chromatography indicated that the enzyme was a monomer (19.7

kDa).



60

Identification of Reaction Catalyzed by RibK

Incubation of RibK with riboflavin and CTP at 70 °C for 10 min produced a new

fluorescent compound when the reaction mixture was assayed by HPLC with detection at the

flavin excitation/emission wavelength. Under these conditions riboflavin eluted at 31.1 min,

FMN at 29 min and FAD at 26.5 min. The peak was identified as FMN based on its HPLC

elution time (29 min) as compared to the known.  The new peak had the FMN absorbance

spectrum, which shows λmax at 267, 370, and 446 nm. ES-MS analysis of direct infusion of the

product, gave the same ES-MS spectrum as authentic FMN with a [MH]+ ion at 457.0 m/z and

[MNa]+ ion at 479.0 m/z in the positive mode (Fig. 3.2 A) and a [M-H]- ion at 454.9 m/z in the

negative mode (Fig. 3.2 B). The MS-MS of the 457.0 m/z ion for both the known and

enzymatically generated FMN gave the same ions at 439.0 m/z for [M-H2O]+, 377.1 m/z for

[riboflavin]+, 359.1 m/z for [riboflavin-H2O]+ and 243.1 m/z for [flavin ring system]+ (Fig. 3.2

C). The MS-MS of 454.9 m/z ion for both the known and enzymatically generated FMN gave the

same ions at 241.0 m/z for [flavin ring system]-, 212.9 m/z for [M-flavin ring system]- and 96.9

m/z for [phosphate]- (Fig. 3.2 D).

Testing Alternative Substrates

RibK was able to utilize other nucleotides such as ATP and GTP as phosphoryl donor, to

convert riboflavin to FMN. The enzyme was most active with CTP as substrate. RibK activity

with 1.7 mM ATP or GTP was 30% and 11% of that seen with CTP, respectively.

Metal Content and Metal-Ion Dependency of RibK Reaction

ICPES was used to determine the identity and quantity of metal ions present in the

purified recombinant enzyme. The result showed four to five moles of Mg and 0.0013 moles of

Zn per mole of protein.  Using the standard assay method supplemented with ether no metal ions

or with 1.6 mM Mg2+, Mn2+, Zn2+, Ni2+, Cu2+ or Co2+ or in present of EDTA the following

specific activities were observed: 60.5, 57.1, 32.8, 10, 36, 2.2, 25, and 0.28 nmol min-1 mg-1,

respectively (Fig. 3.3).
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Determination of the Kinetic Parameters of RibK

The RibK kinetics were determined under steady state conditions in the presence of

saturating concentrations of either CTP or riboflavin. KeleidaGraph 4.0 was used to calculate the

kinetic parameters from the Michaelis-Menten plot. The measured kinetic parameters for RibK

with CTP as the phosphate donor are as follow: for riboflavin, KM
app = 18.3 ± 0.8 µM, Vmax= 109

± 3 nmol min-1 mg-1, and Kcat/KM  = 1.5 × 103 M-1sec-1  and for CTP: KM
app = 0.3 ± 0.05 mM,

Vmax= 72 ± 4 nmol min-1 mg-1, and Kcat/KM  = 60 M-1sec-1.

Analysis of FMN in E. coli Overexpressing ribK

After overexpressing ribK in E. coli the cell extract was yellow indicating the presence of

a flavin. Since these flavins eluted from MonoQ-separated cell extracts, the MonoQ fractions

containing flavins were used to measure the amount of riboflavin, FMN, and FAD in the

extracts. The flavins of the most intense fraction was separated by HPLC and then identified by

their fluorescence. The fraction from the ribK expression contains about 8.7 µM FMN and it

contains no FAD. This value was six fold higher than was observed in cell extracts from cells

expressing other enzymes not related to FMN production.

3.5 DISCUSSION

Riboflavin serves as an redox active coenzyme either after phosphorylation, to form

FMN, or after phosphorylation and then adenylation, to form FAD. Bacteria possess a

bifunctional enzyme (RibF) that first acts as a kinase converting riboflavin to FMN in the

presence of ATP and then acts as a nucleotidyl transferase using a second ATP to convert the

FMN to FAD and PPi (7, 8). Conversion of riboflavin to FAD in Eukaryotes requires

involvement of two separate monofunctional enzymes, riboflavin kinase (RibR, flavokinase, or

FMN1) and FAD synthetase (FAD1 in yeast) (9). The absence of identifiable genes encoding for
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any of these enzymes in archaea has prompted a search for the genes/reactions required to carry

out these last two steps of FAD biosynthesis in the methanogens.

It was noticed that the crystal structure of MJ0056 gene product recently deposited in the

PDB (code 2oyn) had a similar structural fold to that found in the human and yeast riboflavin

kinases (19, 20), as well as the riboflavin kinase domain of the flavin-binding protein from

Thermotoga maritima, annotated as an FAD synthetase (21). This crystal structure also contained

a bound CDP in the same position as the ATP bound in the human enzyme. In addition, in the

archaeal genomes of Archaeoglobus fulgidus DSM 4304, Haloarcula marismortui ATCC 43049,

Halobacterium sp. NRC-1, Methanothermobacter thermautotrophicus str. ∆H, Methanococcus

maripaludis S2, Methanococcoides burtonii DSM 6242, Methanosarcina acetivorans C2A,

Methanosarcina mazei Go1, and Methanopyrus kandleri AV19, the MJ0056 gene (ribK) is next

to the MJ0055 gene (ribB), which encodes 3,4-dihydroxy-2-butanone-4-phosphate synthase that

is involved in the biosynthesis of riboflavin (Fig. 1.5). The MJ0056 derived protein is an archaeal

specific riboflavin kinase that catalyzes the reaction shown in Figure 3.1. We designate it RibK

to indicate the unique character of this archaeal riboflavin kinase. To date, orthologs of MJ0056

are found only in archaea.

The E. coli cells that overexpressed ribK, have more FMN compared to other E. coli cells

overexpressing a gene not related to riboflavin biosynthesis. Our data shows that cell extracts

derived from cells expressing ribK was found to have six fold more FMN than was observed in

cell extracts from cells expressing other enzymes not related to FMN production.

RibK is unique in using CTP as a phosphoryl donor.  RibK is also able to use other

nucleotides, ATP and GTP, as a substrate. The activities with ATP and GTP at the same

concentrations were 30% and 11% of that seen with CTP, respectively. All of the previously

reported riboflavin kinases are metal dependent and they are mostly Zn2+ or Mg2+ dependent (13,

22, 23). Using the standard assay method supplemented with ether no metal ion or with 1.6 mM

Mg2+, Mn2+, Zn2+, Ni2+, Cu2+ or Co2+ the following specific activities were observed: 0.7, 0.6,

0.35, 0.12, 0.4, 0.02, 0.27 µmol min-1 mg-1.

As shown in Figure 3.3, RibK has the best activity without any added metal and EDTA

causes total inactivation of the enzyme. Metal analysis of purified RibK revealed that it contains

five moles of Mg per mole of protomer and so RibK does not need additional metal to be active.



63

Adding any metal except Mg2+ inhibits the activity of the RibK and Zn2+ and Cu2+ are the most

powerful inhibitors for this enzyme (Fig. 3.3).

There is a wide range of kinetic values reported for riboflavin kinases from different

organisms. The lowest KM values reported for riboflavin and ATP are 120 nM and 210 nM,

respectively, for flavokinase from Neurospora crassa (22) and the highest KM values for

riboflavin and ATP are reported as 420 µM and 4.55 mM, respectively, for the rat liver enzyme

(24). Also the range of specific activities for flavokinases varies enormously, ranging from

0.00023 µmol min-1 mg-1 for flavokinase in rat liver (24) to 2.95 µmol min-1 mg-1 for flavokinase

from Neurospora crassa (22).  The RibK kinetic values (KM
app = 18.3 ± 0.8 µM, Vmax= 109 ± 3

nmol min-1 mg-1, and kcat/KM  = 1.5 × 103 M-1sec-1  and for riboflavin and KM
app = 0.3 ± 0.05 mM,

Vmax= 72 ± 4 nmol min-1 mg-1, and kcat/KM  = 60 M-1sec-1 for CTP) fall in the middle of this broad

range. The reasons why this enzyme preferentially uses CTP as the phosphate donor instead of

ATP, as is found in all most all known kinases, is not clear. 1H-NMR analysis of M. jannaschii

cell extracts indicates that the concentration of CTP is comparable to that of ATP (R. H. White,

unpublished). Thus the enzyme could simply be taking advantage of the high CTP concentration.

The only known example of a CTP dependent kinase is dolichol kinase (25). There are a few

GTP-dependent kinases e.g. phosphoglycerate kinase (26), polyribonucleotide 5'-hydroxyl-

kinase (27) and some kinases are probably promiscuous and can use either GTP or CTP. There

are also some other non ATP-dependent kinases such as a few ADP-dependent and

pyrophosphate kinases (28, 29).

The evolutionary lineage of this archaeal riboflavin kinase is not clear, as it is so different

from all other kinases. This alternation in kinases is common in the archaeal biosynthetic

pathways where we find a new shikimate kinase in the shikimate pathway (30), a new

isopentenyl phosphate kinase in a new pathway to isoprenoids (31) and a new predicted

panthothenate kinase in coenzyme A biosynthesis (32).

An important biological implication of the presence of RibK homologs in those archaeal

genomes that have no genes for de novo riboflavin synthesis, such as: Pyrococcus abyssi GE5,

Pyrococcus horikoshii OT3, and Thermoplasma acidophilum DSM 1728 is that RibK provides a

route for FMN and FAD biogenesis via salvage pathway from exogenous riboflavin.
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While this work was under review, Ammelburg, et. al., published data showing that the

MJ0056 gene product was a riboflavin kinase and proposed a evolutionary lineage of MJ0056 to

other riboflavin kinases (33).
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3.7 FIGURES
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RibK is unique in using CTP as phosphoryl donor for phosphorylation of riboflavin to form
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A
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C                                                                       D

Figure 3.2 ES-MS and MS-MS spectrum of Known FMN and RibK-produced FMN.

ES-MS spectrum of authentic FMN (left) and enzymatically generated FMN (right) in the
positive mode (A) and in the negative mode (B). The MS-MS of the 457.0 m/z ion for both the
known and enzymatically generated FMN gave the same ions
(C). The MS-MS of 454.9 m/z ion for both the known and enzymatically generated FMN gave
the same ions (D).
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Figure 3.3 Specific activity of RibK assayed with different metals.

MonoQ purified RibL (1.2 µg) was incubated with 1.7 mM CTP, 0.37 mM riboflavin and either

EDTA, no added metal, or the indicated metals at concentration of 1.6 mM in a total volume of

61 µL of TES buffer.
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4.1 ABSTRACT

FAD synthetases are monofunctional enzymes that catalyze the transfer of the AMP

portion of ATP to FMN to produce FAD and pyrophosphate (PPi). Monofunctional FAD

synthetases exist in eukaryotes while bacteria have bifunctional enzymes that catalyze both the

phosphorylation of riboflavin and adenylation of FMN to produce FAD.  Analyses of archaeal

genomes did not reveal the presence of genes encoding for either group, yet the archaea contain

FAD. Our recent identification of a CTP dependent archaeal riboflavin kinase strongly indicated

the presence of a monofunctional FAD synthetase.  Here we report the identification and

characterization of archaeal FAD synthetase. The Methanocaldococcus jannaschii gene,

MJ1179, encodes a protein which is classified in the nucleotidyl transferase protein family and

was previously annotated as glycerol-3-phosphate cytidylyltransferase (GCT). GCTs are

involved in teichoic acid biosynthesis, a key component of some bacterial cell walls but absent in

archaea. The MJ1179 gene was cloned and its protein product heterologously expressed in E.

coli.  The resulting enzyme catalyzes adenylation of FMN with ATP to produce FAD and PPi.

The MJ1179-derived protein has been designated as RibL, to indicate that it follows the

riboflavin kinase (RibK) step in the FAD biosynthetic pathway. RibL is active only under

reducing conditions. RibL was found to require divalent metals for activity with the best activity

being observed with Co2+, where the activity was four times greater than that with Mg2+. RibL

was also found to catalyze cytidylation of FMN with CTP, making the modified FAD, flavin

cytidine dinucleotide (FCD).  Unlike other FAD synthetases, RibL does not catalyze the reverse

reaction to produce FMN and ATP from FAD and PPi.  Also in contrast to other FAD

synthetases, PPi inhibits the activity of RibL.
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4.2 INTRODUCTION

Riboflavin (vitamin B2) is the redox-active component of FMN and FAD, which are

essential coenzymes in all free-living organisms.  Phosphorylation of riboflavin to FMN and

subsequent adenylation of FMN to FAD are catalyzed by the enzymes riboflavin kinase and

FAD synthetase, respectively.  It is known that bacteria have a bifunctional enzyme that

catalyzes both phosphorylation and adenylation reactions to convert riboflavin to FMN and then

FAD (1, 2). The kinase active site is located in the C-terminus and adenylyltransferase is located

in the N-terminus of the bifunctional E. coli enzyme, RibF (3).  Work on the Corynebacterium

ammoniagenes bifunctional FAD synthetase revealed that there are two ATP binding sites, one

in the N- terminus and one in the C-terminus (2), and two independent flavin-binding sites, one

for the riboflavin kinase activity and one for the FAD synthetase activity (4).  Eukaryotes have

two separate monofunctional-enzymes each catalyzing one of the reactions (5).

The Archaeal riboflavin biosynthetic pathway has revealed a number of differences from

the canonical pathway both in terms of the genes encoding the pathway enzymes and the

pathway itself (6-8).  One of the differences is that archaeal genomes do not contain homologs of

canonical riboflavin kinase and FAD synthetase. Like eukaryotes, archaea have two separate

monofunctional enzymes for FMN and FAD production.  Although all known riboflavin kinases

use ATP as a phosphoryl donor, archaea contain a monofunctional enzyme, RibK, that

phosphorylates riboflavin with CTP (6).  Here we report the identification and characterization of

the archaeal monofunctional FAD synthetase, from Methanocaldococcus jannaschii, which is

encoded by MJ1179. The MJ1179 encoded protein is classified as a nucleotidyl transferase and

was previously annotated as glycerol-3-phosphate cytidylyltransferase (GCT)

(www.ncbi.nlm.nih.gov). The product of the reaction catalyzed by GCTs, CDP-glycerol, is a key

intermediate in teichoic acid biosynthesis, a component of the bacterial cell walls. Based on the

fact that archaea do not have teichoic acid, this suggested the MJ1179 gene product might have a

different function. MJ1179 encoded protein was tested for FAD synthetase activity. Here we

report that MJ1179 gene product is the archaeal FAD synthetase that we designated as RibL.

Aligning the RibL sequence with its homologs shows existence of two conserved cysteines at the

C-terminal part of these proteins.  The involvement of these cysteines in catalytic activity of

RibL was also investigated.
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4.3 MATERIALS AND METHODS

Chemicals.  All chemicals were obtained from Sigma/Aldrich.

Identification of FAD in M. jannaschii by LC-ES-MS. Frozen M. jannaschii cells (9) (~50 mg

wet weight) were suspended in 200 µL of extraction buffer (50 mM N-

[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES), pH 7.0, 10 mM MgCl2, 20 mM

DTT) and lysed by sonication. All M. jannaschii proteins in the extracted sample (40 mg/mL)

were denatured and precipitated by adding 20 µL of 2 M trichloroacetic acid (TCA). After the

centrifugation (16,000g for 10 min) the pellet was washed with 50 µL water and combined with

soluble fraction. The soluble fraction was washed three times with 100 µL of diethyl ether to

remove all of the TCA and the resulting sample had a pH of ~6.5.

LC-ES-MS was used to separate and identify FAD in the prepared sample. An Agilent

HPLC equipped with a ZORBAX Eclipse XDB-C18 column (4.6 mm i.d. × 50 mm length, 1.8

µm particle size) was used for separation of M. jannaschii cell extract components. This HPLC

system was interfaced with a 3200 Q TRAP mass spectrometer to identify FAD from cell extract.

The elution profile consisted of a linear gradient from 95% 25 mM ammonium acetate solution

and 5% methanol to 35% 25 mM ammonium acetate solution and 65% methanol over 10 min at

0.5 mL/min. Known FAD eluted at 26.5 min.

Cloning and Recombinant Expression of RibL and its mutants.  The MJ1179 gene which

encodes the protein identified by Swiss-Prot accession number Q58579 (10) was amplified by

PCR from genomic DNA using oligonuculeotide primers MJ1179Fwd: 5’-

GGTCATATGAAAAAGAGGGTAG-3' and MJ1179Rev: 5'-GCTGGATCCTTAGATTTTA

ATCTC-3'.  Purified PCR product was digested with NdeI and BamHI restriction enzymes.

DNA fragments were ligated into compatible sites in plasmid pT7-7 to generate pMJ1179. Two

mutations of MJ1179, C126S and C143S, were generated using the QuikChange site-directed

mutagenesis kit using pMJ1179 as a template. The C126S primers were 5’-

GGTTATAAAAAAAGTCCATTTCACAG-3’ (forward) and 5’-

CTGTGAAATGGACTTTTTTTATAAC-3’ (reverse). The C143S primers were 5’-

GGAGATTCAGCAATAAAGAG-3’ (forward) and 5’-CTCTTTATTGCTGAATCTC-3’

(reverse). The mutations were confirmed by sequencing of their plasmid inserts (pMJ1179

C126S and pMJ179 C143S). Recombinant plasmids, either pMJ1179 or one of the mutated
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plasmids, were transformed into E. coli strain BL21-Codon Plus (DE3)-RIL. Expression of RibL

was done as described previously in Chapter 2. Expression of mutants was under the same

condition as that of the wild type. Induction of RibL and its mutants were confirmed by SDS-

PAGE.

Purification of recombinant RibL and its mutants. Frozen E. coli cell pellet (~0.4 g wet

weight from 200 mL of medium) was suspended in 3 mL of extraction buffer and lysed by

sonication.  RibL and its mutants were found to remain soluble after heating the resulting cell

extracts for 10 min at 70 °C followed by centrifugation (16,000g for 10 min).  This process

allowed for the purification of RibL and its mutants from the majority of E. coli proteins, which

denature and precipitate under these conditions. The next step of purification was performed by

anion-exchange chromatography of the 70 °C soluble fractions on a MonoQ HR column (1 × 8

cm; Amersham Bioscience) using a linear gradient from 0 to 1 M NaCl in 25 mM pH 7.5 TES

buffer, over 55 min at a flow rate of one mL/min and 1 mL fractions were collected. Protein

concentrations were determined by Bradford analysis (11).

Metal Ion Analysis of RibL and its Mutants.  Metal analysis of purified RibL was performed

at the Virginia Tech Soil Testing Laboratory using inductively coupled plasma emission

spectrophotometry (ICPES).  The MonoQ purified proteins were diluted in 25 mM Tris buffer,

pH 7.5 to give a final calculated metal concentration of 0.05 ppm prior to analysis, assuming one

equivalent of metal per protomer.  Samples were analyzed for iron, manganese, magnesium, zinc

and cobalt.

Measurement of the Native Molecular Weight of RibL.   The native molecular weight of RibL

was determined by size exclusion chromatography on a Superose 12HR column (10 mm x 300

mm) separated with buffer containing 50 mM HEPES pH 7.2, and 150 mM NaCl at 0.5 mL/min

with detection at 280 nm.  Protein standards used to calibrate the column included apoferritin

(443 kDa) alcohol dehydrogenase (150 kDa), conalbumin (77 kDa), and vitamin B12 (1.4 kDa).

Analysis of Enzymatic Activity of RibL and its Mutants.  The standard assay for RibL was

performed by incubation of 2 µg of RibL in 35 mM TES (K+) buffer, pH 7.2, 14 mM DTT, 7

mM MgCl2, 5.7 mM ATP and 0.17 mM FMN in total volume of 35 µL at 70 ˚C for 15 min. The

activity of the mutants was tested with 3.5 µg of the RibLC126S or 5.5 µg of the RibLC143S

under the standard assay conditions. Following incubation, 70 µL of methanol was added to stop

the reactions. After centrifugation (16,000g, 10 min) samples were separated from the pellet and
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the methanol was removed by evaporation. Water was added to the supernatants to adjust the

volumes to 100 µL for HPLC analysis.  A Shimadzu HPLC System equipped with a RF-10AXL

fluorescence detector and a C18 reverse-phase column (Varian PursuitXRs, 250 × 4.6 mm, 5 µm

particle size) was used. The elution profile consisted of 95% sodium acetate buffer (25 mM, pH

6.0, 0.02% NaN3) and 5% methanol for 5 min followed by a linear gradient to 20% sodium

acetate buffer and 80% methanol over 40 min at 0.5 mL/min. Under these conditions flavins

were eluted in the following order: FAD 26.5 min, FMN 29 min, and riboflavin 31 min. Flavins

were detected by fluorescence using λmax excitation of 450 nm and λmax emission of 520 nm (6).

A known concentration of FAD was used to calculate the conversion factor of fluorescent units

to nmoles of FAD. This conversion factor was used to determine amount of FAD produced in

our experiments.

Testing Alternative Substrates. RibL was tested for its ability to use other nucleotides such as

CTP and GTP to transfer CMP and GMP to FMN to produce the modified FADs, flavin cytosine

dinucleotide (FCD) and flavin guanine dinucleotide (FGD), respectively.  The standard assay

condition was used in the incubation in presence of either 5.7 mM CTP or GTP instead of ATP.

Metal-Ion Dependency of the RibL Reaction.  Assay for metal dependency of RibL was

performed by incubation of 2 µg RibL with 5.7 mM ATP, 0.084 mM FMN and 2.8 mM of

MgCl2, MnCl2, ZnCl2, CoCl2, NiCl2, Fe(NH4)2(SO4)2, or no metal under standard assay

conditions. In the case of Fe(NH4)2(SO4)2, argon gas was used to remove oxygen and prevent

oxidation.

Synthesis of Flavin Cytidine Dinucleotide (FCD).  Synthesis of FCD was performed by

dissolving of 0.1 g FMN and 35 mg CMP in 1 mL of trifluoroacetic anhydride (TFAA). The

procedure was based on the previously described preparation of FAD from FMN and AMP (12)

but with the following modifications: We did not grind the ingredients in mortar and a N2 gas

stream was used for evaporate the solvents from the reaction mixture at the completion of the

reaction. The recovered dried yellow reaction powder was dissolved in water for purification by

preparative thin layer chromatography (TLC) using a solvent system consisting of 0.2 M

ammonium bicarbonate in acetonitrile, water and formic acid (80:20:10 v/v/v). The flavin

containing compounds were visualized as yellow spots that were fluorescent when exposing the

TLC plates to UV light. The identification of recovered FCD was established by its absorbance

spectra and ES-MS analysis by direct infusion in ammonium acetate (1 g/L) buffer.
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Characterization of the Enzymatically Prepared FCD and FAD. RibL (4 µg) was incubated

in 28 mM TES (K+) buffer, pH 7.2, containing 5.7 mM MgCl2, 0.9 mM FMN and either 14 mM

CTP or ATP in total volume of 30 µL at 70 ˚C for 45 min. Separation of product and substrates

were performed by preparative TLC as described above. Under these conditions the retention

factor (Rf) for FMN, FAD and FCD was 0.3, 0.15 and 0.18 respectively. The yellow FAD and

FCD bands were eluted from silica plate with water and dissolved in 100 µL ammonium acetate

(1 g/L) buffer for ES-MS by direct infusion.

Determination of the Enzymatic Reaction Product as Pyrophosphate. The PPi produced by

the enzymatic reaction was assayed by enzymatic coupling to the oxidation of NADH utilizing

pyrophosphate dependent fructose-6-phosphate kinase, fructose-1,6-diphosphate aldolase, triose

phosphate isomerase, and glycerophosphate dehydrogenase.  The enzymes and substrates

necessary for the coupling were provided from pyrophosphate reagent kit for the enzymatic

determination of pyrophosphate (Sigma P7275). The sample mixtures consisted of 29 mM TES

pH 7.5, 1.8 mM CoCl2, 0.4 mM FMN, 4.5 mM ATP, 12 µg RibL in total volume of 110 µL.  The

control mixture was the same as the sample mixture but FMN was omitted. Following incubation

at 70 °C for 30 min, sample mixtures were cooled on ice, centrifuged and combined with 100 µL

pyrophosphate reagent at 30 °C in a 100 µL cuvette.  The oxidation of NADH was monitored at

340 nm.

Determination of the Kinetic Constants. Assays to determine the kinetic constants for ATP

were performed under standard assay conditions with the following modifications. In this assay 2

µg of RibL was incubated in 35 mM TES (K+) buffer, pH 7.2, 7 mM MgCl2, 0.17 mM FMN in

presence of either 0, 0.014, 0.03, 0.06, 0.2, 0.3, 0.6, 1.4, 2.8 or 5.7 mM ATP in total volume of

35 µL at 70 ˚C for 15 min.  When CTP was used as substrate everything was as same as the

standard assay and the concentration of CTP was varied from 0 to 5.7 mM.  To determine the

kinetic constants for FMN, the assay was performed as above in presence of 5.7 mM ATP and

concentration of FMN was varied from 0, 5, 10.5, 21, 42, to 84 µM FMN.

Effect of Pyrophosphate on the Reaction. The assay was performed under standard assay

conditions with different concentrations of PPi (0.28, 1.4, 7.1 mM) being added to the reaction

mixture.  HPLC was used to analyze the product as explained above.

Testing the Effects of the Redox State of RibL on Its Activity.  Two sets of experiments were

conducted to examine the role of the two conserved cysteines at the C-terminal end of the RibL.
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In the first experiment 2 µg of RibL was incubated in 37.5 mM TES (K+) buffer, pH 7.2, 5.6 mM

DTT, and 0.1 mM FMN in the total volume of 32 µL at room temperature for 15 min under

argon gas. ATP (5 mM) and either MnCl2 or Fe(NH4)2(SO4)2 at total concentration of 2.5 mM

were added.  Samples were incubated at 70 ˚C for 15 min and then assayed for FAD. A control

mixture contained the same as components but in the absence of DTT and in presence of MnCl2.

In the second experiment cysteines were alkylated to see if this affected the activity of RibL. The

samples which contained 2 µg of RibL in 37.5 mM TES (K+) buffer, pH 7.2, 4 mM DTT, in the

total volume of 11 µL were incubated at room temperature for 15 min. Argon gas was used to

remove the oxygen from incubating mixture. Iodoacetamide (IAA) at the final concentration of

11.8 mM was added to the sample followed by 25 min incubation at room temperature followed

by adding β-mercaptoethanol at final concentration of 48 mM to remove excess IAA. ATP (5.7

mM), 0.1 mM FMN and MnCl2 in total concentration of 2.9 mM were added. Sample in the total

volume of 35 µL were incubated at 70 ˚C for 15 min and then assayed for FAD by HPLC.

4.4 RESULTS

Identification of FAD in M. jannaschii

Existence of FAD in M. jannaschii was investigated and its presence was confirmed by

both LC-MS/MS and by its fluorescence by HPLC analysis with fluorescence detection.

Expression and Purification of RibL and its Mutants

The MJ1179 gene from M. jannaschii and both its C126S and C143S mutants, were

cloned and overexpressed in E. coli. The recombinantly expressed proteins were extracted from

the cells by sonication and purified first by heating the extract at 70 °C for 10 min followed by

anion-exchange chromatography of the soluble proteins. The SDS-PAGE analysis of the purified

RibL and the mutants with Coomassie staining showed a single band corresponding to the

molecular mass of about 17 kDa with a purity of >95% (Fig. 4.1). This molecular mass is

consistent with the predicted monomeric molecular mass of 17,288 Da for RibL. About the same

amount of each protein was isolated indicating that the mutations did not reduce the protein
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stability. Based on the size of the ORF, MALDI-MS was used to analyze the protein sample for

its precise molecular mass. Size exclusion chromatography showed a molecular weight of 29

kDa consistent with the RibL existing as a dimer.

Identification of Reaction Catalyzed by RibL

Incubation of RibL with FMN and ATP at 70 °C for 15 min produced a new fluorescent

compound when the reaction mixture was assayed either by HPLC using fluorescence detection

at the flavin excitation and emission wavelength or by TLC.  The peak was identified as FAD

based on its HPLC elution time (26.5 min) and its TLC Rf  (0.15) as compared to the known.

The new peak had the FAD absorbance spectrum, which shows λmax at 266, 371 and 450 nm.

LC-MS of the TLC-purified product, gave the same ES-MS spectrum as an authentic sample of

FAD showing a [M-H]- ion at 784.4 m/z. The Ar-collisionally induced fragmentation of the

784.4 m/z ion for both known and enzymatically generated FAD, gave the same set of fragment

ions at 517.1, 455.3, 437.3, 408.3, and 346.3 m/z.

To determine if the other product(s) of this reaction was one pyrophosphate or two

inorganic phosphates, the PPi generated in the reaction mixture was enzymatically assayed. The

enzymatic coupling assay revealed that PPi is the other product of adenylation of FMN by RibL.

The data shows that 0.1 mM PPi was produced which was equal to the amount of FAD produced

indicating that no phosphate was generated in the incubation.

Substrate Specificity of the RibL Reaction

RibL was able to utilize other nucleotides such as CTP and GTP as substrates, producing

the modified coenzymes, FCD and FGD, respectively.  The FCD product was confirmed by

comparison to a known, synthetically prepared sample.  The specific activity of RibL with ATP,

CTP, or GTP as the nucleotidyl donor was measured under standard assay conditions with

incubation of 2 µg RibL and 0.084 mM FMN and either 5.7 mM ATP, CTP or GTP. The specific

activity of RibL is 10, 4, and 1 nmol mg-1 min-1 with ATP, CTP, and GTP, respectively. LC-MS

of the TLC-purified FCD produced by RibL gave the same ES-MS spectrum as authentic sample

showing a [M-H]- ion at 760.2 m/z. The Ar-collisionally induced fragmentation of the 760.2 m/z

ion for both the synthesized and enzymatically generated FCD gave ions at 517.1, 437.2, 384.1,

and 322.1 m/z.
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Metal content and Metal-Ion Dependency of RibL Reaction

ICPES was used to determine the identity and quantity of metal ions present in the

purified recombinant enzyme. MonoQ purified RibL was found to contain 0.2 mole of iron and

8.4 mole of magnesium per protomer. The Bradford protein assay was used to measure the

protein concentration. Both the RibLC126S and RibLC143S were found to contain no detectable

metals. A metal dependency assay revealed that RibL has its best activity in presence of Co2+

(Fig. 4.2) where the activity was four times greater than with Mg2+.

Determination of the Kinetic Parameters

The specific activity of RibL versus different concentrations of ATP up to 1.4 mM was fit

into a hyperbolic curve (Fig. 4.3A) and shows that RibL reaches its maximum activity at an ATP

concentration of about 1.4 mM.  The RibL activity decreases about 20% when the concentration

of ATP is higher than physiologically relevant concentration (~5 mM). When using CTP as the

nucleotidyl donor the activity of RibL reaches the maximum activity at a CTP concentration of

also about 1.4 mM (Fig. 4.3B). In this case, the RibL activity decreases about 68% and 95%

when the concentration of CTP was 5.7 and 11.4 mM, respectively (data not shown for the later

one). The RibL kinetics was determined under steady state conditions in the presence of either

5.7 mM ATP or 0.17 mM FMN as fixed substrate concentration. The KeleidaGraph 4.0 was used

to fit the data (Fig. 4.3, A and B) to Michaelis-Menten plot with substrate inhibition using the

equation Y= Vmax * X / (Km + X * (1+X/Ki)). In the case of FMN as variable substrate, the

data was fitted to a Michaelis-Menten plot. The measured kinetic parameters for RibL with ATP

as the nucleotidyl donor are as follow: for FMN, KM
app = 63 ± 21 µM, Vmax= 14 ± 2.6 nmol min-1

mg-1, kcat/KM
app = 64 M-1sec-1; for ATP: KM

app = 25 ± 7.7 µM, Vmax= 14 ± 0.97 nmol min-1 mg-1,

kcat/KM
app = 160 M-1sec-1, and Ki = 31 ± 28 mM. The high error is due to the one data point in the

graph (Fig. 4.3A) that shows inhibition with ATP. When CTP is used as substrate, the KM
app,

Vmax and kcat/KM
app for CTP was 480 ± 170 µM, 10 ± 1.1 nmol min-1 mg-1, and 6 M-1sec-1

respectively. Kinetic parameters for CTP were determined by fitting the first half of the data

points from Figure 4.3B (eliminate the inhibited part) to Michaelis-Menten plot because the

inhibition in this case is dramatic.
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Inhibition of RibL reaction by Pyrophosphate

Adenylation of FMN by ATP catalyzed by RibL is inhibited by PPi. The activity of the

RibL decreased by 30%, 85%, and 95% when the incubation of RibL with FMN and ATP assay

was done under standard condition in the presence of 0.28, 1.4 and 7.1 mM PPi, respectively.

Testing the Effects of the Redox State of RibL on the Activity

Sequence alignment of the homologs of RibL shared a motif contains two conserved

cysteines that could either be involved as a redox sensor by forming a disulfide or in metal

binding. To test these ideas two different sets of experiments were conducted. In the first set of

experiments the specific activity of the enzyme was measured under standard assay condition

with MnCl2, when the enzyme was assayed either in presence of DTT under argon or with DTT

under air (Table 4.1). Specific activity of RibL was the highest, 39.7 nmol mg-1 min-1, in the

presence of DTT under argon and decreased to 22 nmol mg-1 min-1 when the incubation was

conducted with DTT in the presence of air which is the standard assay conditions. In absence of

DTT, RibL showed a specific activity of only 3.3 nmol mg-1 min-1.

In another experiment the two cysteines were first reduced by DTT and alkylated with

iodoacetamide. Alkylation of both cysteines was confirmed with electrospray mass spectroscopy

(ES-MS) by detection of the expected alkylated tryptic peptides (data not shown). After treating

the RibL with IAA, RibL lost almost all of its activity as shown in Table 4.1.

Activity of RibL’s Mutants

The activity of the RibL mutants and also RibL as a control were tested under standard

assay conditions. The activity of the mutants was tested in presence of Mg2+ and Co2+ (Table

4.2). This experiment revealed that in presence of MgCl2, RibLC126S had about two times

higher activity than wildtype, 12 nmol mg-1 min-1 and 5.1 nmol mg-1 min-1, respectively.  The

activity of the RibLC143S is about that of the wildtype, 4.03 nmol mg-1 min-1. The specific

activity of RibLC126S and RibLC143S in presence of CoCl2 is 0.64 nmol min-1 mg-1 and 0.24

nmol min-1 mg-1, respectively, which is very low compared to the wildtype activity 59.7 nmol

min-1 mg-1.
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Analysis of Flavins in E. coli Overexpressing ribL and its Mutants

After overexpressing wildtype ribL in E. coli the cell extract was slightly yellow however

the E. coli cell extracts after overexpressing of the mutated ribL constructs had a much more

intense visible yellow color. Flavins eluted from MonoQ-separated cell extracts were used to

measure the amount of riboflavin, FMN, and FAD in the extracts. The flavins of the most intense

fraction of either RibL or its mutants were separated by HPLC and then identified by

fluorescence. The fraction from the ribL expression contains about 4.8 µM riboflavin and 3.3

µM FMN and it contains no FAD. The FMN and FAD concentration in the fractions from C126S

and C143S mutants were 4.8 µM FMN, 19.1 µM FAD, and 6.4 µM FMN, 21.3 µM FAD,

respectively.  No riboflavin was detected in MonoQ-purified fractions from either of mutants.

4.5 DISCUSSION

Currently two pathways are known for the conversion of riboflavin to FAD, one using a

single bacterial bifunctional protein, RibF, and the other using two separate eukaryotic proteins,

a riboflavin kinase followed by a FAD synthetase (1, 2, 5). Recently two homologous genes were

identified in plants, which both contain FAD synthetase activities but not riboflavin kinase

activities (13).

Until recently no evidence for either of these pathways were apparent in the archaea

despite the fact that M. jannaschii does contain FAD as indicated by direct analysis of the cells

as shown here. Additionally, gene products that have been studied in other organisms and are

known to function with FAD are also encoded in M. jannaschii genome.  Recently a new

riboflavin kinase was discovered in M. jannaschii (RibK) that used CTP as the phosphate donor

(6). Here we have shown that the MJ1179 gene product is an archaeal FAD synthetase. The

MJ1179 gene product is designated as RibL to indicate that it catalyzes the last step of the

biosynthesis of FAD.

RibL is in the nucleotidyltransferase family of proteins and was annotated as a glycerol-

3-phosphate cytidylyltransferase (GCT). The chemistry of the reactions catalyzed by GCTs and

FAD synthetases are the same (Fig. 4.4). In both cases a nucleophilic phosphate attacks the α-

phosphate of a nucleotide triphosphate, ATP in FAD synthetases and CTP in GCTs.
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Pyrophosphate is released as the other product in both reactions. GCTs have three conserved

sequence motifs: HXGH, which is conserved in almost all nucleotidyltransferases, RYVDEVI,

which is conserved in all GCT proteins and RTXGISTT, which is a signature motif found only in

the GCT family (Bold in Fig. 4.5) (14). HXGH and RTXGISTT motifs form the binding site for

CTP in GCTs (14).  The residues in the HXGH motif interact with phosphate groups of

nucleotides and stabilize the transition state (15) while RTXGISTT motif residues form that

primarily interact with cytidine. The RYVDEVI motif is the site for homodimer interaction (14).

Among these three motifs only the HXGH motif is conserved both in the archaeal RibL and the

bacterial RibF enzymes (16). The archaeal RibLs also have a conserved CX2HSX5KEX5C motif

in the C-terminal starting in about the same location as the conserved RTEGISTT motif found in

the GCT enzymes. Having a pair of conserved cysteines (Fig. 4.5, highlighted in black) made us

consider their possible function in this enzyme. One possibility considered is that they could be

as a redox sensor (17) undergoing oxidation to the disulfide during oxidative stress reducing

enzymatic activity and thereby reducing FAD production in the cell. Although one could easily

understand how cysteine residues located only a few residues from each other could readily form

a disufide in a protein in our case the cysteines are separated by 16 amino acids. It has however

been shown that cysteines located far from each other in primary and secondary structure can

make disulfide bond by causing protein rearrangement (18). Also we found that the M.

jannaschii cell extract converts the added FAD to riboflavin-4’,5’-cyclic phosphate (cFMN).

This indicates that FAD biosynthesis would be blocked and FAD levels in the cells would be

reduced. By knowing that FAD is required by several enzymes involved in methanogenesis

which is the energy producing pathway in methanogens including M. jannaschii, it can be

concluded that in oxidative stress the FAD synthetase (RibL) will stop making FAD and also the

already exist FAD in the cell eventually will be converted to cFMN then the whole

methanogenic pathway will shut down. Alternatively the conserved cysteines could serves as

ligands for metal binding that could be involved in the enzyme reaction mechanism (19). Since

the air-oxidized enzyme has no activity and the DTT-reduced enzyme had full activity this

suggests that formation of the disulfide bond completely blocks the activity. That disulfide was

mostly likely between these two conserved cysteines is supported by the observation that these

two cysteines are the only cysteines in the whole protein. However alkylation of these two
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cysteines with IAA that would have also blocked disulfide bond formation results in almost

inactivation of the protein.

Generating of two mutants of RibL in which each of the cysteines was mutated to serine,

C126S and C143S, resulted in higher activity than wild type RibL. Unlike wildtype RibL that

has best activity in presence of Co2+, none of these mutants showed activity with Co2+. Our data

also shows that overexpression of either mutant in E. coli results in the producion of more FMN

and much more FAD and a consumption of riboflavin.

We thus see a complex pattern of activation/inactivation of the RibL. The enzyme with

reduced cysteines or when one of the two cysteines is replaced with serine is active. Only when

the protein has two reduced cysteines can Co2+, Mn2+, or Mg2+ further activate the enzyme. This

could occur by the binding of these metal ions to the cysteines. Oxidation or alkylation of the

cysteines produces an inactive protein that cannot be reactivated by the addition of these metal

ions.

We have not been able to identify any of the known conserved motifs for FMN and FAD

binding (20, 21) in RibL. This indicates that RibL may contain a new flavin-binding site. The

determination of the nature of flavin binding site must await the x-ray structure of RibL with

bound FMN.

Most of the known adenylyltransferases including phosphopantetheine

adenylyltransferase (22), nicotinate mononucleotide adenylyltransferase (NMAT) (23), and FAD

synthetase (2) catalyze the reverse reaction (FAD + PPi   ATP + FMN).  Incubation of RibL

with FAD and PPi reveals that RibL does not catalyzed the reverse reaction to produce FMN and

ATP (data not shown). Before our work, FAD synthetase from rat liver was the only known

example of a irreversible adenylyltransferase (24).  One reason why the RibL is not able to

catalyze the reversible reaction would be if the enzyme produces two inorganic phosphates rather

than PPi. A precedent for this is the MJ0145 gene product, GTP cyclohydrolase III, that was

shown hydrolyzing PPi from the GTP followed by hydrolysis of the PPi into two inorganic

phosphate (25). We used a pyrophosphate assay to confirm that PPi, not two phosphates, is the

product of RibL catalyzed reaction. Based on our work, PPi inhibits the forward reaction, which

is not observed in other FAD synthetases. It has been demonstrated that PPi also inhibits the

activity of GCT from Bacillus subtilis (26).  These authors suggest that this inhibition of GCT

with PPi was due to ping-pong mechanism in which ATP binds to the enzyme and release the
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PPi resulting in a covalently bond AMP. Further characterization of the enzyme, however,

revealed that in fact the enzyme followed a rapid equilibrium random order mechanism (26).

Based on studies on FAD synthetases that showed all of these enzymes also catalyze the reverse

reaction and their mechanism is ordered sequential, inhibition of RibL with PPi and also the

irreversibility of RibL bring up the idea that RibL could have a ping-pong mechanism. But RNA

capping enzymes and DNA ligase, examples of a covalent nucleotidyl transferases, all possess a

conserved lysine (KXDG) in their active site (27). These enzymes also have five other motifs

that are common structural basis for this covalent catalysis. RibL and its homologs do not

possess these conserve motifs (common structural basis) for having ping-pong mechanism

suggests that RibL proceeds via a rapid equilibrium random order mechanism. In addition Hanes

plots of  [FMN]/v against [FMN] in present of different fixed concentrations of ATP, showed a

series of nonparallel and non-intersecting lines indicating that RibL proceeds by a ternary-

complex mechanism with substrate (ATP) inhibition (data not shown).

The kinetic constants of RibL are comparable with the FAD synthetase in rat liver that

shows the KM
app for FMN and ATP of 91 and 71 µM, respectively (28) and quite different from

kinetic properties of FAD synthetase from in other organisms.  For instance KM
app of FMN = 1

µM, KM
app of ATP = 37 µM for the Corynebacterium ammoniagenes enzyme (2) and KM

app of

FMN = 0.36 µM and Vmax= 3.9 nmol min-1 mg-1 for human enzyme (29).

RibL is present in all methanogens and is distributed with lower homology among other

archaea. Homologs of RibL with very low homology are present in a few bacteria and are

annotated as glycerol-3-phosphate cytidylyltransferase. In Archaeoglobus fulgidus the MJ1179

homolog, AF1418, is clustered with riboflavin synthase (ribC).

Considering what is now currently known about the differences between the enzymes in

the pathways for riboflavin and FAD biosynthesis in the archaea and bacteria (6-8), the data

presented here further support the idea that the evolution of the biosynthetic pathways to these

two coenzymes has proceeded along at least two different pathways in the organisms on earth.

This idea also applies to the biosynthesis of methanopterin an analog of the bacterial coenzyme

folate (30).
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4.7 TABLES AND FIGURES

TABLE 4.1.  Effects of the redox state on the specific activity of RibL.

All of these experiments were done in presence of 2 µg RibL, 5 mM ATP, 0.1 mM FMN, and

2.5 mM MnCl2.  The concentration of DTT used was 5.6 mM and mercaptoethanol (ME) was

calculated to be 40 mM.

Assay condition

+DTT, +Ar +DTT, air -DTT, air Alkylated

Cys’s, +ME

air

Specific activity

(nmol mg-1 min-1)

         40 22 3.3 0.26
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TABLE 4.2. Specific activity (nmol mg-1 min-1) comparison of RibL and its mutants with

different metals.

All of these experiments were performed under standard assay condition in presence of DTT and

air.

Measured specific activity (nmol mg-1 min-1)

Added metal RibL-WT RibLC126S RibLC143S

Mg2+ 5.1 12 4

Co2+ 60 0.64 0.24
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Figure 4.1 The SDS-PAGE of RibL containing samples.

The protein standard marker was run in lane marked as M. The lanes 1 and 2 show the insoluble

and soluble proteins after heating the recombinant E. coli cells containing pMJ1179 at 70 °C for

10 min, respectively. The lanes 3 to 9 are consecutive MonoQ eluted fractions containing RibL.

 1       2     3      4      M    5      6       7       8     9

 RibL
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 31
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Figure 4.2 Dependency of divalent metals on the RibL catalyzed conversion of ATP and

FMN to FAD and PPi.

MonoQ purified RibL (2 µg) was incubated with 5.7 mM ATP, 0.084 mM FMN and either no

added metal or the indicated metals at 2.8 mM in presence of 14 mM DTT in a total volume of

35 µL of TES buffer. Only the Fe(II) assay was done under argon gas.
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Figure 4.3 Plot of steady-state kinetic data for RibL.

Measured specific activities (nmol mg-1 min-1) of RibL at (A) ATP concentrations of 0, 0.014,

0.03, 0.06, 0.2, 0.3, 0.6, 1.4, 2.9, 5.7 mM and (B) CTP concentration of 0.0, 0.3, 0.6, 1.4, 2.9,

5.7, 11.4 mM in presence of 0.17 mM FMN and 7 mM Mg2+ after 15 min incubation at 70 °C.
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 A                                                     B

Figure 4.4  Chemical reactions that are catalyzed by (A) FAD synthetase and RibL and (B)

GCT.

In all cases the phosphate group of the substrate attacks the α-phosphate of the ATP resulting in

release of inorganic pyrophosphate.
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                                         * **** ** **   *  *    * * *    **

RibL-M.jannaschii      ------------------MKKRVVTAGTFDILHPGHYEILKFAKSLGDELIVIVARDETV

RibL-M.voltae          MPKNENNPNIKNNNHQSPKKRIALTAGTFDLLHPGHFNTLNFAKKHADELVVVLARDETV

RibL-M.maripaludis     -----------------MEKKIAVTAGTFDLLHPGHFNTLNFAKKHADELVVIIARDETV

RibL-M.aeolicus        ------------MKTNDKTKKIVLTAGTFDLLHPGHHNTLKYAKSLGDELIVVIARDETV

GCT-B.subtilis         -------------------MKKVITYGTFDLLHWGHIKLLERAKQLGDYLVVAISTDE-F

GCT-L.grayi            -------------------MKKVITYGTFDLLHWGHINLLKRAKSLGDYLVVAISTDE-F

GCT-L.sakei            -------------------MTKVLTYGTFDLLHWGHVHLLERASQLGDELIVGLSTDE-F

GCT-B.licheniformis    -----------------MTMKKVITYGTFDLLHWGHIKLLERAKQLGDYLVVAISTDE-F

GCT-B.clausii          -------------------MKKVITYGTFDLLHWGHINLLKRAKDLGDYLIVAISSDE-F

                          *          *    *    **          *         *  * * *

RibL-M.jannaschii      KKLKGRKPIIPEEQRREMVEALKPVDKAILG-SLKNKLEPILELKPDIIVLGPDQTTFDE

RibL-M.voltae          KRIKGRRPVIPEEQRKIMIETLKPVDKAILG-SLTDKLEPILSVKPDIIVLGPDQTTYQL

RibL-M.maripaludis     KKIKGRSPVIPEEQRKIMIEALKPVDRAVLG-SLTNKLEPILEIRPDVIVLGPDQTTYQI

RibL-M.aeolicus        KKIKGRKPVIPENQRREMIEAIKPVDKAILG-SLTDKLEPILKIKPDIIVLGPDQITFDA

GCT-B.subtilis         NLQKQKKAYHSYEHRKLILETIRYVDEVIPEKNWEQKKQDIIDHNIDVFVMGDDWEG---

GCT-L.grayi            NAVKHKQSFHNYENRKLILEAIRYVDEVIPENDWEQKISDVQAHDIDIFVMGNDWEG---

GCT-L.sakei            NAEKHKEAYHSYEHRKYILEAIRYVDKVIPEKDWEQKIKDVQKYDIDVFVMGDDWKG---

GCT-B.licheniformis    NLQKQKKAYHSYEHRKLILETIRYVDEVIPEKNWDQKVQDVIDHDIDVFVMGDDWEG---

GCT-B.clausii          NALKQKEAYHSFENRKMILEAIRYVDEVIPENTWEQKVEDVQKYDIDVFVMGDDWRG---

                                                   *   *

RibL-M.jannaschii      ETLKKELAKYNLYPEIVRFRGYKKCPFHSSFDIVKEIIRRFCNKEIKI-

RibL-M.voltae          EELKNQLLERGFKTEIVKVEEYVKCPFHSSYDILKEIIRRWCNKEIELK

RibL-M.maripaludis     NELKAQLAEHSLYPEILKVEDYVKCPFHSSYDILKEIVRRWCCKELKV-

RibL-M.aeolicus        ENLKNELKKLGLDVEIVKTKEYTNCDFHSSYDIIKEIVKRWCNKKIIKK

GCT-B.subtilis         --------KFDFLKDQCEVVYLPRTEGISTTKIKEEIAGL---------

GCT-L.grayi            --------KFDFLKDYCEVIYLERTEGISTTQIKKDLSGSNNKDTDK--

GCT-L.sakei            --------KFDFLKDYCEVIYLPRTTGISTTQIKQDLEN----------

GCT-B.licheniformis    --------KFDFLKDYCEVVYLPRTEGISTTKIKEEIANL---------

GCT-B.clausii          --------KFDFLKEYCEVVYLPRTAGISTTKIKTELLEAKQG------

Figure 4.5  Multiple alignments of RibL and its homologs in other methanogens with some

bacterial GCT sequences.

Protein sequences used to generate this multiple alignment are as follows: RibL-M. jannaschii,

Methanocaldocoaaus jannaschii, gi:41018410; RibL-M. voltae, Methanococcus voltae,

gi:163799362; RibL-M. maripaludis, Methanococcus maripaludis, gi:45358506; RibL-M.

aeolicus, Methanococcus aeolicus, gi:150401726; GCT-B. subtilis, Bacillus subtilis,
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gi:16080627; GCT-L. grayi, Listeria grayi, gi:229556270; GCT-L. sakei, Lactobacillus sakei,

gi:81429187; GCT-B. licheniformis, Bacillus licheniformis, gi:52787498; GCT-B. clausii,

Bacillus clausii, gi:56964865. Stars (*) indicate identical residues in both RibL homologs and

GCTs. Conserved motifs are indicated in bold. The two conserved cysteines in RibL and its

homologes are highlighted in black. The alignment was constructed in “The Biology

WorkBench” using CLUSTALW program.
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5.1 ABSTRACT

Dihydroneopterin aldolase is one of the enzymes involved in biosynthesis of the coenzymes

tetrahydrofolate and tetrahydromethanopterin. Tetrahydrofolate is synthesized in bacteria and

lower eukaryotes de novo. Archaea do not have tetrahydrofolate, instead they synthesize

tetrahydromethanopterin. In both pathways dihydroneopterin aldolase converts 7,8-dihydro-D-

neopterin to 6-hydroxymethyl-7,8-dihydropterin. This enzyme is present in most of the organism

that synthesize folate. Analyses of archaeal genomes did not reveal the presence of a gene for

this aldolase. Here I have tried to identify and characterize the archaeal dihydroneopterin

aldolase. The results from my work are promising and indicate that MJ1585 is the gene that

encodes dihydroneopterin aldolase (DHNA) in Methanocaldococcus jannaschii. Further

experiments are needed to prove my identification.

5.2 INTRODUCTION

Tetrahydromethanopterin (H4MPT) is a C1 carrier coenzyme involved in methanogenic pathway

in methanogens (1). Since the methanogenic archaea lack tetrahydrofolate (H4folate), H4MPT

also serves as a substitute C1 carrier coenzyme for many of the enzymes where the canonical C1

carrier coenzyme folate would function (2, 3). The structure of the functional part of both

coenzymes, H4MPT and H4folate, is almost identical (Fig. 5.1). The only difference in this part

of their structures is methylation at C7 of the pterin in H4MPT, which takes place at the end of

the biosynthetic pathway. Although GTP serves as a precursor for the pterin in both coenzymes

and the chemistry involve in the biosynthesis of the pterin ring for both coenzymes is the same,

the enzymology is very different (Fig. 5.2) (4, 5). A review of fully sequenced and annotated

genomes of methanogenic archaea revealed that homologs of the genes of folate biosynthetic

enzymes were absent in the methanogens despite the fact that cell extracts of methanogens

readily converted GTP to 6-hydroxymethyl-7,8-dihydropterin (H2HMP) with 7,8-dihydro-D-

neopterin 2’3’-cyclic phosphate (H2N-cP) and 7,8-dihydro- D-neopterin (H2neopterin) serving as

intermediates (4).
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7,8-Dihydropterin-2’,3’-cyclic phosphate (H2N-cP) is the first intermediate in this

pathway and is formed by the activity of MptA, archaeal GTP cyclohydrolase (5). The five-

member ring cyclic phosphate of H2N-cP is then hydrolyzed into two products, 7,8-

dihydropterin-2’ phosphate (H2N-2’P) and 7,8-dihydropterin-3’ phosphate (H2N-3’P) (4). By the

activity of yet unknown phosphatase, H2N-2’P and H2N-3’P are converted to dihydroneopterin

(H2neopterin). The next step, which is an aldolase reaction, converts H2neopterin to H2HMP and

glycolaldehyde, seems to share the same substrate and product as dihydroneopterin aldolase

reaction in H4folate biosynthetic pathway (Fig. 5.2).

There are two classes of aldolases based on their catalytic mechanism. Class I aldolases

catalyze the aldol reaction through a protonated Schiff base that forms between substrate and a

lysine residue of the enzyme that stabilizes the enolate anion of the intermediate.  In class II

aldolases a divalent metal, commonly Zn2+, stabilizes the enolate anion of the intermediate.

Dihydroneopterin aldolase (DHNA or FolB) is a unique aldolase in that it does not form a Schiff

base nor does it require divalent metal for its catalytic activity (6). The required Schiff base is

intrinsically part of the H2neopterin structure. DHNA also has epimerase activity which catalyzes

the epimerization of the C2’ of H2neopterin to form dihydromonapterin (H2monapterin). The

biological role of this epimerization is not yet known. Both the aldolase and epimerase reactions

are reversible (6).

The ability of some organisms like Pelasmodium palciparum to synthesize H4folate de

novo but in absence of folB (coding for DHNA) in their genome was a mystery for long time. It

ultimately was found that they possess a gene that encodes for pyruvoyltetrahydropterin synthase

like protein (PTPS III). PTPS catalyzes the conversion of dihydroneopterin 3’-triphosphate

(H2N-3’PPP) to pyruvoyltetrahydropterin which is intermediate in biosynthesis of

tetrahydrobiopterin and triphosphate. This PTPS paralog (PTPS III) catalyzes the conversion of

dihydroneopterin 3’-triphosphate (H2N-3’PPP) to both pyruvoyltetrahydropterin and H2HMP (7,

8). These are explaining how folate synthesis can proceed.

When work on identification of archaeal DHNA was started there were no genomic leads

for the non-orthologous replacements for H2neopterin aldolase in archaea.  I decided on several

approaches to identify the archaeal dihydroneopterin aldolase. The first approach was to purify

H2neopterin aldolase from M. jannaschii cell extracts, as has been done for other proteins in our

lab (9) and also for protein complexes in other organisms (10).The second approach was to
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search all M. jannaschii’s genes annotated as aldolases and after primary sequence and predicted

secondary structure analysis, select those that would be good candidates to catalyze this aldol

reaction. A gene complementation experiment was the third approach that was used to identify

this DHNA.

5.3 MATERIALS AND METHODS

Chemicals. 7,8-dihydro-D-neopterin, 6-hydroxymethyl 7,8-dihydro-D-neopterin and other

pterins were obtained from Schircks Laboratories, Jona, Switzerland. All other chemicals were

obtained from Sigma.

 Isolation of the Native DHNA From M. jannaschii Cell Extracts. Frozen M. jannaschii cells

(11) (5 g wet weight) were suspended in 30 mL of Tris-HCl buffer (25 mM

tris(hydroxymethyl)aminoethane, pH 7.4,10 mM MgCl2) and lysed by sonication using a Sonic

Dismembrator, model 500 (Fisher Scientific).  The cell lysate was clarified by centrifugation

(6000 × g, 15 min) and separated by column chromatography. Several columns were used for the

isolation of DHNA. After each step, the most active fractions were selected for the next column.

The first step was performed on Q-Sepharose (45-165 µm spherical beads) column (2 × 15 cm)

using a linear gradient of NaCl from 0 to 1 M in 25 mM Tris-HCl buffer, pH 7.4 with 10 mM

MgCl2, over 400 mL at 5 mL/min flow rate. Five mL fractions were collected. Q-Sepharose resin

from GE Healthcare was used for packing the column. The eight most active fractions were

combined in total volume of 40 mL. The ultrafiltration membrane (Millipore, NMWL: 3,000)

was used to concentrate the combined fractions to final volume of 3.2 mL. The second step of

purification was performed by anion-exchange chromatography of the concentrated mixed

fraction (~3.2 mL) on a MonoQ HR column (1 × 8 cm; Amersham Bioscience) using a linear

gradient of NaCl from 0 to 1 M in 25 mM Tris-HCl buffer, pH 7.2 over 55 mL at one mL/min

flow rate and 1 mL fractions were collected. The four most active fractions were combined in

total volume of 4 mL followed by concentration and buffer exchange with Tris-HCl buffer pH 8

by using ultrafiltration membrane (Millipore, NMWL: 3,000) to final volume of about 2 mL.

This 2 mL mixture was applied to the same MonoQ column as previous step equilibrated with
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Tris-HCL buffer, pH 8. The last step of purification was performed by size exclusion

chromatography on a Superose 12HR column (10 mm x 300 mm) separated with aerobic buffer

containing 50 mM HEPES pH 7.2, and 50 mM NaCl at 0.5 mL/min and collect 0.5 mL fractions.

The three most active fractions were combined in total volume of 3 mL followed concentration

by Microcon YM-3 (Millipore) to final volume of about 160 µL to apply to size exclusion

column.  

 Analysis of Aldolase Activity. The standard HPLC assay for DHNA with H2neopterin as

substrate was performed by incubation of 20 µL of each fraction in 103 mM CHES (2-[N-

cyclohexylamino]ethanesulfonic acid) buffer pH 8, 11.2 mM DTT, 13.8 mM EDTA, and 0.3

mM H2neopterin in total volume of 29 µL under Ar gas at 70 ˚C for 30 min. Methanol (50 µL)

was added to stop the reaction followed by centrifugation (14000g, 10 min). The dihydropterin

reaction product and substrate were oxidized to pterins by the addition of 5 µL iodine in

methanol (50 mg/mL) and the samples were incubated for 30 min at room temperature. Five µL

of 1 M NaHSO3 was added to reduce excess iodine. A Shimadzu HPLC system with a C18

reverse-phase column (Varian PursuitXRs, 250 × 4.6 mm, 5 µm partical size) was used for

analysis of product.  The elution profile included 95% sodium acetate buffer (25 mM, pH 6.0,

0.02% NaN3) and 5% MeOH for 5 min followed by a linear gradient to 20% sodium acetate

buffer and 80% MeOH over 40 min.  The flow rate was 0.5 mL/min. Pterins were detected by

fluorescence using an excitation wavelength of 356 nm and an emission wavelength of 450 nm.

Under these conditions, neopterin and 6-hydroxymethylpterin (6-HMT) were eluted at 9.9 and

16.8 min, respectively.

Cloning and Recombinant Expression of MJ1585. The MJ1585 gene which encodes the

protein identified by Swiss-Prot accession number Q58980 (12) was amplified by PCR from

genomic DNA as described in Chapter 2 using oligonuculeotide primers synthesized by

Invitrogen. The primer MJ1585Fwd, 5’-GGTCATATGGGGATTTTTATG-3' introduced NdeI

restriction site at the 5’-end of amplified DNA and MJ1585Rev, 5'-

GCTGGATCCTTATTTCCTATCTC-3' introduced BamHI restriction site at the 5’-end. Purified

PCR product was digested with NdeI and BamHI restriction enzymes.  DNA fragments were

ligated into compatible sites in either plasmid pT7-7 or pET-19b to generate pMJ1585 and

pMJ1585-His, respectively. Recombinant plasmid pMJ1585 and pMJ1585-His were transformed

into E. coli strain K-12 Nova Blue (NB). The transformed NB cells were streaked on LBA (LB
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with 100 µg/mL ampicillin) plates. Six single colonies were picked and inoculate in 5 mL LBA

medium and grow overnight at 37 °C and 250 RPM to do Miniprep. The next day Miniprep was

performed following the steps of Miniprep by microcentrifuge tube from QIAGEN to purify

more of each plasmids, pMH1585 and pMJ1585-His. Plasmid DNA sequence was verified by

sequencing.

Recombinant plasmid pMJ1585 or pMJ1585-His were used to transform E. coli strain

BL21-Codon Plus (DE3)-RIL. Expression of MJ1585 with and without His-tag was done as

described in Chapter 2. Induction of MJ1585 was confirmed by SDS-PAGE.

Isolation and Purification of MJ1585 Encoded Protein. Isolation of non His-tag protein was

performed by suspending the frozen E. coli cell pellet (harboring pMJ1585) (~0.4 g wet weight

from 200 mL of medium) in 3 mL of extraction buffer (50 mM N-[tris(hydroxymethyl)methyl]-

2-aminoethanesulfonic acid (TES), pH 7.0, 10 mM MgCl2, 20 mM DTT) and lysed by sonication

followed by centrifugation (16,000g for 10 min). The MJ1585 coded protein was found not to

remain soluble at temperatures higher than 55 °C. The resulting cell extracts from sonication

were heated for 10 min at 55 °C followed by centrifugation (16,000g for 10 min).  This process

allowed for denaturing a portion of E. coli proteins.

Purification of His-tagged protein was performed by suspending the frozen E. coli cell

pellet (harboring pMJ1585-His) (~0.4 g wet weight from 200 mL of medium) in 3 mL of

phosphate buffer (50 mM Na2HPO4, 300 mM NaCl, and 10 mM imidazole) pH 8.0 and lysed by

sonication followed by centrifugation (16,000g for 10 min). Nickel resin, Ni-NTA agarose

(Qiagen) (~600 µL) was washed by phosphate buffer and combined with the soluble fraction of

sonicated cells (about 4 mL) in a 15 mL plastic centrifuge tube. The tube was placed on ice on an

orbital shaker for 30 min. The resin was then packed in a glass pipette and washed with

phosphate buffer (2 mL). A step gradient of phosphate buffer with 20 and 500 mM imidazole

was used to elute the protein. Three mL of buffer with 20 mM imidazole and 2 mL of buffer with

500 mM imidazole were added respectively and fractions of 1 mL were collected. Purification of

MJ1585 coded protein was confirmed by SDS-PAGE and MS of the band in the SGS-PAGE.

Functional Complementation Experiments. The standard heat-shock E. coli competent cell

protocol was followed to make competent cells of E. coli folB::kan. Briefly, the folB::Kan

JW3030-2 strain was from the Keio collection (13) was streaked onto a LB plate containing 50

µg/mL kanamycin. One single colony was picked and used to inoculate a 5 mL LBK (LB media
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with 50 µg/mL kanamycin) medium. The culture was grown overnight at 37 °C with shaking at

250 rpm. The next day 50 mL LBK was inoculated with 100 µL overnight culture and grown

until they reached an absorbance of 0.6 at 600 nm. The culture was then centrifuge at 3000rpm

for 5 min at 4 °C. The cells were resuspended by 25 mL ice-cold 100 mM CaCl2 followed by

incubation on ice for 12 min. Recentrifugation of the cells was followed by resuspending cells in

5 mL mixed ice-cold 100 mM CaCl2 and 15% glycerol. Aliquots of 100 µL were transfer into

microfuge tubes and quickly droped into liquid nitrogen. The competent cells were stored at -80

°C.

E. coli strain Roseltta Blue (DE 3) pLysS was used to purify its rare codon plasmid

(pRARE). The QIA Prep Spin Miniprep kit using a microcentrifuge procedure was used to purify

the plasmid (QIAGEN). The rare-codon plasmid which contains a chloramphenicol resistance

gene was transformed into folB::kan competent cells as described in Chapter 2. The cells were

plated on LBCK (LB with 50 µg/mL kanamycin and chloramphenicol) plates. Single colonies

were picked and used to make competent cells as described above. The pMJ1585-His was then

transformed to the folB::kan/pRARE competent cells.

E. coli folB deletant cells were transformed with PET-19b plasmid containing the

MJ1585 gene, pET19b-MJ1585. The same E. coli cells without pET19b plasmid were used as a

control. Complementation experiments were performed by streaking either transformed cells or

control cells on M9 minimal media plates containing appropriate antibiotics and plus/minus

IPTG. Plates were incubated for two days at 37 °C.

  

5.4 RESULTS AND DISCUSSION

DHNA is a key enzyme in biosynthesis of tetrahydrofolate and tetrahydromethanopterin.

The conversion of H2neopterin to H2HMP is catalyzed by DHNA. We have no data to confirm

glycolaldehyde as the other product. Although in some organisms like P. palciparum, the

substrate (H2neopterin-3’triphosphate) and the enzyme (PTPS III) involved in this step are

different from known DHNA in bacteria, the reaction (aldol reaction) and the H2HMP product is

the same.



104

Despite the fact that methanogens biosynthesize H4MPT de novo and their cells readily

utilize GTP and convert it to 6-HMDHT, a full review of the annotated genome of methanogenic

archaea revealed an absence of homologs of genes involved in biosynthesis of the pterin ring of

H4folate in bacteria. The work in our laboratory has answered some of those questions by

identifying MptA and MptB, which converts GTP to H2N-cP and H2N-2’P (3’P), respectively (4,

5).

There were no gene leads to finding the DHNA based on sequence similarity. One

approach to identify this enzyme was to isolate it from M. jannaschii cell extract. This approach

was attempted several times in our laboratory over the last 6 years. Several columns including

MonoQ, size exclusion, and hydroxyapatite (CHT) were used. DHNA was tracked by its activity

following incubation of the fractions from each column with substrate (H2neopterin). HPLC with

a C18 reverse-phase column and a fluorescence detector set at excitation and emission

wavelength of pterins was used to separate and detect the substrate and product. Every time this

approach was tried it failed. The major reason was due to loss of aldolase activity. This could be

due to either spreading the enzyme into so many fractions, which occurred with the

hydroxyapatite column, and/or instability of the protein(s).

Comparison of the SDS-PAGE pictures of fractions eluted from each column identified

two protein bands with elution patterns that were consistent with the measured aldolase activity.

Electrospray mass spectroscopy (ES-MS) of the protein bands (~29 and 35 kD) and the area

between those bands, which was done at University of Virginia, resulted in an extensive list of

proteins (Table 5.1). Some of these proteins were already characterized (highlighted in green and

referenced). Some were annotated for known reactions that are not similar to an aldol reaction

(Table 5.1, highlighted in yellow).  The remainders were hypothetical proteins (Table 5.1, not

highlighted).  After some basic sequence analysis and secondary structure prediction, some of

the proteins (MJ0054, MJ0144, MJ0227, and MJ1251) were selected to test for aldolase activity.

The genes were amplified and heterologously expressed in E. coli. The expressed proteins

(purified if it was possible, if not crude extract) were tested for aldolase activity. No H2neopterin

aldolase was detected with any of these proteins.

It is very likely that DHNA purified from M. jannaschii cell extract is not visible on SDS

gel because of the low concentration of the protein in the cell. To overcome this problem, I used

more of the M. jannaschii cells (5 g) and repeated the purification. Q-Sepharose was the first
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column used after sonicating the cells, as it was used by other groups to purify multiprotein

complexes (10). The eight most active fractions were combined and concentrated to apply to the

next column, a MonoQ with TES buffer pH 7.2. The four most active fractions from MonoQ

were combined and concentrated to apply to the same MonoQ column equilibrated with TES

buffer pH 8. The three most active fractions from the second MonoQ were mixed and

concentrated to apply to a Superose 12 size exclusion column. The most active fractions eluted

from each column were analyzed by SDS-PAGE (Fig. 5.3). We were able to identify two protein

bands in SDS-PAGE with elution patterns that were consistent with the measured activity in the

corresponding fractions (Fig. 5.3, showed by stars). The obtained ES-MS data showed that the

upper band is elongation factor (MJ0324) and lower band consists of at least two proteins,

MJ0801 and biotin synthetase (MJ0785). MJ0785 is not characterized but it is annotated as a

biotin synthetase and is belong to a radical SAM family of proteins. I did not test the activity of

MJ0801 encoded protein because it is a M. jannaschii specific protein, and is not present in any

other sequenced genomes. No further work was done on these proteins.

   Concurrent with the attempts to purify DHNA from M. jannaschii, a bioinformatics

approach was also applied to try and identify the enzyme. By using the STRING (functional

protein association networks) website I searched for the genes that are linked to those genes,

MJ0775 (MptA), MJ0837 (MptB), MJ1427, and MJ0107 in M. jannaschii or any other archaea.

These genes  are involved in H4MPT biosynthesis. I targeted 5 hypothetical proteins encoded by

MJ0778, MJ0227, MJ0807, MJ0107, and MJ1099 that were genomically associated with those

genes involved in methanopterin biosynthesis. After overexpression they were tested for aldolase

activity. No H2neopterin aldolase was detected with these proteins.

In a third approach to identify the archaeal DHNA the KEGG database was used to

search for all the aldolase encoding genes in the M. jannaschii genome. The sequence of one

member of each aldolase class was blasted against M. jannaschii proteins. M. jannaschii only

had about ten proteins with primary sequence similarity to any of the forty different known

aldolases that have been reported in the literature. In some cases the sequence similarity was as

low as 20% to known aldolases. Several of the proteins in this list are characterized (Table 5.2,

highlighted in green and referenced), some are annotated to catalyze known reactions (Table 5.2,

highlighted in yellow), and one is unknown (Table 5.2, not highlighted). Among these proteins I

chose MJ1585 for testing because it was annotated as an aldolase (STRING website) but the
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substrate was not known. MJ1585 was heterologously expressed in E. coli. Temperature stability

assays on sonicated cells showed that MJ1585 coded protein is not stable above 55 °C. The

soluble fraction of sonicated E. coli cells expressing MJ1585 was incubated with H2neopterin as

substrate under Ar to keep the substrate reduced. The soluble fraction of sonicated E. coli cells

expressing MJ0107 (a non relevant gene) was used as a control. The control was needed because

E. coli cells possess DHNA, which is stable even at high temperatures (5 min in 100 °C) (14).

The preliminary data showed that MJ1585 sample has much more activity compared to the

control (background activity) (Fig. 5.4, A). A Ni-affinity column was used to purify the MJ1585

with the His-tag. MJ1585-His was eluted at 500 mM imidazole (Fig. 5.5). The purified protein

produced two bands on a SDS-polyacrylamide gel. Based on ES-MS analysis, both upper and

lower bands (Fig. 5.5, shown with star) from the purified fraction are the same (MJ1585 gene

product). Activity assays of purified fraction show lots of DHNA activity but the product peak

coelutes with a big hump. This fluorescent hump is caused by a complex that is formed between

imidazole and iodine, which was used at the end of the incubation to oxidize product and

remaining substrate. High concentration of imidazole also makes the MJ1585 gene product very

unstable. The protein precipitated after only one day of storage at -4 °C. Other methods, like

applying the Halo-tag, which is reported to help expression and purification of proteins, should

be tested to try to improve protein stability. By having pure and stable MJ1585 protein more

assays can be performed to do kinetics.

In another experiment, the plasmid containing MJ1585 (pMJ1585) was transformed into

E. coli folB::kan cells to determine if MJ1585 can compliment the lack of folB gene, which codes

for DHNA. The rare codon plasmid (pRARE) was also transformed into these cells due to the

identification of several codons in MJ1585 gene that are not commonly used in E. coli. E. coli

folB::kan with rare codon plasmid but not pMJ1585 was used as a control. Both transformed

cells were plated on M9 minimal media plates with and without adding IPTG to induce

expression of MJ1585. As shown in Figure 5.6 much more cells growth was seen when they

harbor pMJ1585 in both added or not added IPTG.

Since H4folate is an essential coenzyme for the cells and the most important reaction that

requires this coenzyme, as a methyl transfer coenzyme is methylation of dUMP (2’-

deoxyuridine-5’-phosphate) to dTMP (2’-deoxythymidine-5’-phosphate), it was expected that E.

coli folB::kan will not grow on M9 minimal salt plates that does not supply with thymidine or
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folate. To our surprise E. coli deletante cells grow some under this conditions, which shows that

maybe E. coli has other genes that can catalyze the same reaction to keep the cell alive. However

the complementation experiment result clearly shows that E. coli deletant cells have better

growth by harboring the pMJ1585 (Fig. 5.6). This demonstrates that the MJ1585 gene product is

able to restore folate biosynthesis in the ΔfolB cell line. Also, results from another

complementation experiment which folate was added to the M9 plates for both control and

sample cells showed similar growth for both (data not shown).

MJ1585 encoded protein is annotated as an unknown aldolase. The C-terminal half of this

protein has about 40% similarity to MJ0400 encoded protein which is characterized to have two

functions, transaldolase and fructose-1,6-bisphosphate aldolase (15, 16). Activity of MJ0400 as a

transaldolase on 6-deoxy-5-ketofructose-1-phosphate and L-aspartate semialdehyde produces a

compound that is precursor for dihydroshikimate. The MJ1585 gene product should also be

tested for F-1,6-bisphosphate aldolase activity.

To complete this work we need to produce more stable protein to work so we can

characterize this aldolase. One solution might be using Halo-tag, which is clamed to cause more

overexpressed protein. Also Halo-tag makes a covalent bond with the resin, which helps

specifically purifying the overexpressed protein. Also homologs of MJ1585 from other

methanogens can be used.
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5.5 FIGURES AND TABLES

Table 5.1 The proteins identified from SDS-PAGE.

The characterized proteins are highlighted in green. The annotated proteins to known functions

are highlighted in yellow. Uncharacterized proteins are not highlighted.

protein Function Ref.
MJ0004 2-Hydroxyglutaryl-CoA dehydratase activator
MJ0044 IP kinase (17)
MJ0054 Uncharacterized protein
MJ0089 Putative ABC transporter permease protein
MJ0144 FMN-binding hypothetical protein
MJ0148 Probable tRNA pseudouridine synthase B
MJ0179 50S ribosomal protein L2P
MJ0186 Bifunctional ornithine acetyltransferase/N-acetylglutamate synthase

protein
MJ0188 Inosine-5'-monophosphate dehydrogenase, putative
MJ0227 Probable acetolactate synthase large subunit
MJ0286 Uncharacterized protein
MJ0324 Elongation factor 1-alpha
MJ0331 Uncharacterized protein
MJ0501 Uncharacterized protein
MJ0517 Uncharacterized protein
MJ0637 Prephenate dehydratase
MJ0671 Pyrimidine nucleotide reductase (18)
MJ0734 Putative rubrerythrin
MJ0737 Rubredoxin-like non-heme iron protein
MJ0747 Bacteriohemerythrin; Oxygen-binding protein
MJ0761 Uncharacterized deoxyribonuclease
MJ0816 Uncharacterized protein
MJ0831 Single-strand DNase (19)
MJ0885 DNA dependent DNA polymerase B1 (20)
MJ0915 Probable L-aspartate dehydrogenase
MJ0963 Hydantoin utilization protein B
MJ0965 Uroporphyrinogen-III C-methyltransferase
MJ0967 Uncharacterized protein
MJ1038 Tryptophan synthase alpha chain
MJ1059 Capsular polysaccharide biosynthsis protein M
MJ1087 Mevalonate kinase
MJ1123 Uncharacterized protein
MJ1187 Dinitrogenase reductase activating glycohydrolase
MJ1226 Putative cation-transporting ATPase
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MJ1236 Putative mRNA 3'-end processing factor 2
MJ1251 Uncharacterized protein
MJ1322 DNA double-strand break repair rad50 ATPase
MJ1341 Uncharacterized protein
MJ1350 Formylmethanofuran dehydrogenase, subunt C
MJ1378 Carbamoyl-phosphate synthase large chain, N-terminal section
MJ1427 β-RFA-P synthase (21)
MJ1430 Phosphoribosyl-AMP cyclohydrolase/phosphoribosyl-ATP

pyrophosphohydrolase
MJ1465 Probable threonine synthase
MJ1578 Probable cobalt-precorrin-4 C(11)-methyltransferase
MJ1594 Phosphoserine phosphatase (22)
MJ1598 Uncharacterized protein
MJ1607 Uncharacterized glycosyltransferase
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Table 5.2 The proteins identified in aldolase primary sequence search.

The characterized proteins are highlighted in green. The annotated proteins for known functions

are highlighted in yellow but their activity is not proven. Uncharacterized proteins are not

highlighted.

Protein Function Ref.
MJ0400 Fructose-1,6-bisphosphate aldolase, transaldolase (15, 16)
MJ1585 Uncharacterized aldolase
MJ1038 Tryptophan synthase alpha chain
MJ0256 Sulfopyruvate decarboxylase subunit beta (23)
MJ1418 Fuculose-1-phosphate aldolase (24)
MJ0633 Leucyl-tRNA synthetase
MJ0244 Dihydrodipicolinate synthase
MJ0277 Probable acetolactate synthase large subunit
MJ0644 S-adenosylmethionine-2-demethylmenaquinone methyltransferase
MJ0960 Transaldolase (25)
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                98   100   94   58     M    76  100  83  17  19    M    M     99    93   100   39   33

Figure 5.3 SDS-PAGE pictures of the fractions eluted from (A) MonoQ (pH 7.2), (B)

MonoQ (pH 8), and (C) size exclusion chromatography columns.

In each gel picture marker lane in marked as M. The numbers on the top of each lane represent

the relative activity of the respective fractions and are presented in percentage of maximum

activity. Fractions in each gel are consecutive eluted fractions. ES-MS was done for the bands

that are indicated with stars to the right of the bands.

*
*
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Figure 5.4 HPLC traces of the aldolase analysis assays.

(A) HPLC analysis after incubation H2neopterin with sonicated E. coli cells extract that

overexpressed either MJ0107, used as a control shown in the left trace or MJ1585

shown in the right trace. (B) HPLC analysis after incubation of H2neopterin with

purified His-tagged MJ1585 encoded protein. Oxidized substrate (neopterin) and

oxidized product (hydroxymethylpterin) peaks are marked as 1 and 2, respectively.
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                                       1     M     2     3       4     5      6      7      8

Figure 5.5 SDS-PAGE picture of the His-tagged MJ1585 fractions.

The lane with protein markers is marked as M. Pellet fraction after cell sonication is shown in

lane 1. Flow through fraction, 3X wash with 20 mM imidazole, and 3X wash with 500 mM

imidazole are in lanes 2, 3-5, and 6-8, respectively.

*
*
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Figure 5.6 Functional complementation of the E. coli folB deletant by MJ1585 gene.

The E. coli folB deletant strain harboring either pRARE (B and D) or pRARE and pMJ1585 (A

and C) on M9 minimal media plates with or without added IPTG, top (A and B) and bottom (C

and D), respectively. Plates were incubated at 37 °C for two days.

A B

C D
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CHAPTER 6

Conclusions and Outlook

Studying the biosynthetic reactions in M. jannaschii as a model organism for

methanogens is the focus in our lab. Methanogenesis is a key component of the global carbon

cycle and methanogens produce an estimated 75-85% of all methane emissions (1, 2).

Consequently, an understanding of the chemistry and biochemistry of methanogenic coenzymes

is essential for our understanding of global carbon flux. Additionally, the encoded enzymes can

function as specific drug targets in those few bacteria that produce them.  M. jannaschii genome

was the first archaeal genome sequenced in 1996 (3). The 1.66 Mbp complete genome sequence

of this archaeon is predicted to encode about 1738 proteins. Only one-third of its genes were

initially assigned a role with high confidence (3). The metabolism of M. jannaschii, as well as

that of other methanogens has not been studied as extensively as that of other organisms. Even

after the 14 years since the sequencing the M. jannaschii genome, this number have not changed

significantly. Based on my search of the TIGR database about 58% of the M. jannaschii genes

are annotated as hypothetical. A pie chart of M. jannaschii genome function is shown in Figure

6.1 (David Graham, unpublished data). The M. jannaschii genome sequence revealed that about

19% of the encoded proteins are archaeal specific (4). Identifying and characterizing these genes

may lead to the discovery of new pathways and new biological functions different from what is

already known. Most genes involved in biosynthesis of the methanogenic coenzymes are in

archaeal specific group. For instance both GTP cyclohydrolase III (MJ0145) (5) and MptA

(MJ0775) (6) are different from GTP cyclohydrolase I and II, which were known in bacteria (7,

8). Also modified pathways in biosynthesis of aromatic aminoacids and purine have been

reported (9, 10). The rest of the genes are not archaeal specific, in another words they have wider

distribution than just in the archaea. Study of this group of genes in a simpler organism like M.

jannaschii will help to annotate the genes of higher and more complex forms of life such as

plants and animals.

The genome of M. jannaschii includes the genetic information sufficient to maintain life

on simple organic matters like hydrogen, CO2 and some minerals, which makes this organism an
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excellent model to study primitive metabolism. This microorganism is a hyperthermophile and

its proteins are usually stable at higher temperatures (>70 °C), which make working with these

proteins easier and thus more productive. To study the function of these proteins, they can be

heterologosly overexpressed in E. coli. Heat stability of M. jannaschii protein is a big advantage

for their purification. Typically a heating step of the E. coli cell extract at 70 °C or 80 °C follow

by a MonoQ, result in 90 to 95% pure overexpressed protein which can be used in enzyme

assays and crystallization for further structural analysis.

Another reason to study the methabolism of M. jannaschii is our desire to uncover the

nature of the chemical reactions that were occurring in the oceans after the early earth’s surface

cooled down enough to have hot liquid oceans where life could evolve (>3.8 billion years).

These chemical reactions would represent those prebiotic reactions that would have been

specifically used in the first organism. There is very little or no detailed information of the

chemistry involved remaining in the geological records. Study on the first organism that lived on

earth is either difficult or impossible with current technologies.  To identify these reactions, we

must extrapolate back from present-day biochemistry by studying organisms that would be likely

to still function with some of this original ancient anaerobe metabolism.  The study of the origin

of life is also made difficult since we do not know the exact nature of the first living system(s).

But this first form of life, whatever it was, should be hypertermophilic and also should be able to

sustain life only on simple organic compounds and minerals.  It is clear that whatever the

chemistry involved in the first organism was, it did not include the many pathways that are

currently associated with living systems such as glycolysis or the citric acid cycle which are

always used to extrapolate back to the Last Universal Common Ancestor (LUCA). Important

examples of compounds in early life that reside in contemporary organisms would include all the

different cofactors/coenzymes. Evidence that microbial methanogenesis is an ancient process

continues to increase.  Recent geochemical evidence from the carbon isotope analysis of methane

trapped in quartz fluid inclusions supports the presence of the biological production of methane

at >3.46 Gigayear (Gyr =109 years) ago in the Archaean era (11). This is supported by the fact

that > 50% of the genes in archaeal genomes have no assigned function.

Work with M. jannaschii has uncovered several examples of previously unrecognized

metabolism that give us new insights into primitive metabolism may look like (12).  My work

particularly discovered new enzymes involved in the biosynthesis of coenzymes,
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tetrahydromethanopterin and FAD, in M. jannaschii. The research in our laboratory shows that in

the archaea the first two enzymes used for the biosynthesis of methanopterin, MptA and MptB

(Chapter 2), and the first two enzymes involved in coenzyme F420 and riboflavin biosynthesis,

ArfA and ArfB, all begin from the nucleotide GTP and require Fe(II) to function (5, 6, 13, 14).

The oxygenation of the atmosphere resulted in the loss of the soluble Fe(II) as insoluble Fe(III),

and the green oceans became blue as we see them today.  On the basis of the high availability of

Fe(II) in these early oceans, the first reactions used for the cleavage of GTP or GTP-like

molecules were likely Fe(II) dependent.  Discoveries in our laboratory have more than doubled

the number of known examples of enzymes using Fe(II) to carry out this type of hydrolytic

reaction.

It has been shown that M. jannaschii utilizes modified pathways even for the biosynthesis

of widely distributed coenzymes such as FMN and FAD from those known pathways in other

organism. My discoveries in this pathway, identification of first example of CTP-dependent

riboflavin kinase and also a novel air sensitive archaeal FAD synthetase, as part of my Ph.D.

projects has emphasized this fact. In either case, methanogenic coenzymes or more common

coenzymes, establishing the enzymes/genes involved in these pathways has and will continue to

contribute to the assignment of gene function - an important endeavor in this post genomics age

(15).
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Transposons                 0.3%

Misc.                            0.4%

Lipids                           0.6%

Motility                         0.7%

Carbon fixation             1%

Transcription                 1.1%

Restriction/Methylation   1.3%

Regulation                    1.5%

Central Metabolism        1.7%

Carbohydrates               1.8%

RNA Modification            1.9%

Nucleotides                    2%

Replication/Repair          3%

Transport                      4.5%

Amino acids                  4.7%

Energetics                     5.7%

Cofactors                      6%

Translation                   7.6%

Hypothetical                54.2%

Figure 6.1 M. jannaschii gene functions.

The M. jannaschii genes that are predicted to produce protein (1738) are used to make this chart.
Each slide of the pie represents genes that are involved in individual pathways or processes in the
cell and they are color-coded. Indicated percentages are percentage of total genes.
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