
ABSTRACT 
 
WILLIAMS, DANIEL. Analysis of RNase P Structure and Function. (Under the 

direction of James W. Brown.) 

 The diversity of Archaea in municipal wastewater sludge was investigated by 

amplification of rRNA sequences from sludge DNA using archaeal-specific primers. The 

most common sequences were extreme halophiles; also found were sequence members of 

environmental euryarchaeal and crenarchaeal groups. Only distant relatives of 

Methanosarcina among the Methanomicrobiales were found. 

A detailed comparative analysis of archaeal RNase P RNA structure and a 

comparison of the resulting structural information with that of the bacterial RNA reveals 

that the archaeal RNase P RNAs are strikingly similar to those of Bacteria.  The 

differences between the secondary structure models of archaeal and bacterial RNase P 

have largely disappeared, and even variation in the sequence and structure in the RNAs 

are similar in extent and type.  The structure of the cruciform (P7-P11) has been 

reevaluated on the basis of a total of 321 bacterial and archaeal sequences, leading to a 

model for the structure of this region of the RNA that includes an extension to P11 that 

consistently organizes the cruciform and adjacent highly-conserved sequences.  

Archaeal and bacterial RNase P RNAs are very similar in sequence and secondary 

structure, but in the absence of protein, the archaeal RNAs are much less active and 

require extreme ionic conditions.  In order to assess how readily the activity of the 

archaea RNA alone could be improved by point mutations in its sequence, in vitro 

selection was used to generate variants of the self-cleaving conjugant Methanobacterium 

formicicum: B. subtilus tRNAAsp (cpTP).  Functional variants were generated with a 



   

broad spectrum of mutations that were predominately consistent with natural variation in 

this RNA.  Variants generated from the selection were only comparable to wildtype in 

catalytic activity; more performed significantly faster at lower ionic strength.  These 

results suggest that the archaeal RNase P RNA is globally optimized and that the protein 

may play larger compensatory roles in catalysis than previously thought.  
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BIOGRAPHY 

 There are many people that would say that I have accomplished a significant 

amount of things in such a short period of time in my life.  This may be true to some, but 

to me the things that I have accomplished are just what they are “things”.  In order to 

understand why I think this way then you have to understand who I am and what 

experiences made me what I am.  As a young man, I grew up very poor on a small farm 

in Franklinton, N.C. and was in foster care for most of my life.  Some people might let 

that fact hinder them but I think it has had an opposite effect for me- it has made me 

stronger in some ways but weaker in others.  Although my parents loved me, it was very 

difficult being shuffled between foster homes; it made me feel like I never knew where I 

belonged.  The instability that I experienced early in my life has driven me to seek those 

things that represent some type of stability.  And I have usually found a false sense of 

stability in pursuing different accolades or “things” to which I could control the outcome.  

I have never really known my biological parents but nevertheless, God blessed me with 

two sets of parents that could not have loved me anymore than if I were theirs.  My 

parents are not able to see the things that I have accomplished but I know if they were 

here they would take much pride and joy in all my accomplishments.  But for some 

reason I have never been able to take real pride or joy in things that I have done.  Many 

of my friends along the way made choices that were not the best ones and sometimes I 

have wondered what has kept me from making some of those same choices.   I now know 

that just because you come from nothing and everyone else appears to have everything 

does not mean that you are destined to have nothing.  If you are equipped with the right 

values then anything is possible.  Yes, I was poor but when you grow-up around “old-
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fashioned” people with “old-fashion values,” and you become equipped with values that 

are the key for success.  One of the very first things I learned at an early age growing-up 

on the farm was not to fear hard work.   I have always known that sometimes you have to 

really work hard and be persistent to succeed at anything.  In my lifetime, I have 

considered myself to be very fortunate because almost anything that I have really desired 

in life and made a strong effort to obtain, I have been blessed with.  I did not graduate at 

the top of my class in high school but I had something many of my friends did not have- 

a hunger to have a better life than I knew growing up.  In high school I never really even 

considered going to college other than to a technical school for a degree.  I really did not 

have the competitive SAT scores to get into a well-known college and I could not afford 

the tuition.  Fortunately, I was blessed with the ability to run and so, I received a full 

track scholarship to N.C. Central University.  At N.C. Central University, I initially 

majored in physical education but later switched to biology.  I completed my 6-year 

college career at N.C. Central University with both a B.S. and M.S. degree.  I am in the 

process of finishing one of the highest degrees that you can obtain- Ph. D.  In someway, a 

Ph. D is just another “thing” in my life that I have accomplished that does not bring me 

the happiness I am seeking.  However, my education does allow me to do one of the 

things that I have a genuine passion for- to teach.  I am always amazed when I see a 

student understand a concept initially found difficult.  The one thing that I would like to 

share with everyone is that the most important “thing” in life that brings real joy is a 

sense of family which should be placed first and foremost above anything that you do in 

life.  Although I have had many people to truly love me growing up, I have never really 

developed a true sense of family.  Family teaches you how to be close and most 
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importantly to love.  All the things that I have accomplished are just what they are 

“things.”  Until I am able to make the one most important accomplishment of all, which 

is to find out where I belong, I will never know what a true accomplishment feels like.  
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PREFACE  
 

This dissertation is arranged into four chapters: (CHAPTER 1) LITERATURE 

REVIEW OF RNase P RNA, (CHAPTER 2) PHYLOGENETIC ANALYSIS OF 

ARCHAEA FROM MUNICIPAL WASTEWATER SLUDGE, (CHAPTER3) NEW 

INSIGHTS INTO RNase P RNA STRUCTURE FROM COMPARATIVE ANALYSIS 

OF THE ARCHAEAL RNA, and (CHAPTER 4) A SYSTEMATIC COMPARISON OF 

IN VITRO SELECTED AND NATURAL RNase P RNA VARIANTS.  CHAPTERS 2 

and 4 are manuscripts that are currently in press and will be submitted to the following 

journals: Applied and Environmental Science and Nucleic Acids Research, respectively.  

CHAPTER 3 is a reprint from the journal RNA (2001. 7:220-232). The first part of the 

work that I contributed to in the reprint is discussed in detail in the section entitled 

CHARACTERIZATION OF CHIMERIC ARCHAEA RNase P RNAs.  The second part 

of my contribution to the reprint is included in the comparative analysis of RNase P RNA 

structure based on the isolation of new RNA genes from natural environments, which is 

one of the primary focuses of the lab. 



CHAPTER 1.  LITERATURE REVIEW OF RNase P RNA 
 
 

Introduction 
 
General Properties of RNase P RNA 
  
 We think of proteins as being central to cellular processes, but this view has been 

reshaped significantly by the knowledge that some RNAs are capable of performing 

catalytic processes.  Some examples of catalytic RNAs are the group I intron (1), 

hammerhead (2), ribosome (catalyst in the 23S rRNA peptidyl transferase reaction) (3) 

and ribonuclease P RNA (4).  RNase P in particular is interesting because of its ability to 

be recycled (like proteins) during catalysis; this characteristic, specifically, has made 

RNase P RNA (encoded by the M1 RNA gene) an ideal choice for studying catalytic 

RNAs.  RNase P RNA is an endoribonuclease responsible for the 5' maturation of 

precursor transfer RNA (pre-tRNA) in all cells and subcellular organelles involved in 

tRNA synthesis (mitochondria and chloroplast) (5-7).  In addition to pre-tRNA 

processing, RNase P also processes an array of other substrates, most notably the 4.5S 

RNA and 10Sa RNA (8).  RNase P is composed of RNA and protein components that 

associate in vivo to form a functional holoenzyme.  The RNA is the catalytic center of the 

holoenzyme and has been identified and characterized from representatives of all 

evolutionary domains (i.e. Bacteria, Archaea, and Eucarya).  Under extreme ionic 

conditions, the RNAs of bacteria and some archaea accurately cleave pre-tRNA in 

absence of the protein component.  Although the RNA component of RNase P in several 

archaea (9), organelles (10-12), and eucarya (13-18) are not catalytically active in vitro 

without its associated protein, it is still believed that the RNA is the catalytic center of 

these holoenzymes.  The nuclear RNase P RNA of Saccharomyces cerevisiae was 
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analyzed by substitution of a sulfur group at the pro-Rp oxygen at the cleavage site, this 

RNase P cannot cleave pre-tRNA in which the pro-Rp nonbridging oxygen of the scissile 

bond is replaced by sulfur suggesting that a common RNA based mechanism in bacterial 

RNAs is also present in eukaryotic RNase P RNAs (19).  Mg2+ is required to coordinate 

the nonbridging phosphodiester oxygen of the scissile bond.  In contrast, the RNase P 

reaction in plant chloroplasts does not apparently involve Mg2+ coordinated by the pro-Rp 

oxygen and so is catalyzed by a different, presumably protein based, mechanism.   

Since RNase P activity is present in all domains of life, it is the thought that this 

RNA was present in the common ancestor of life.  Most of the initial information about 

RNase P RNA structure and function was generated from biochemical and comparative 

data of Escherichia coli and Bacillus subtilis (Figure 1).  There are two general types of 

bacterial RNase P RNA secondary structures; the structures are termed either ‘type A’ or 

‘type B’.  Type A is the most common secondary structural form and is considered the 

ancestral RNA type, represented by E. coli RNase P RNA (Figure 2).  The second RNA 

structure, type B a derived form found only in the low G+C Gram positive bacteria and is 

represented by that of Bacillus subtilis (Figure 2).  Comparative analysis of a large set of 

sequences for both structural types has established a model RNase P RNA structure that 

has been used for deciphering RNase P RNA secondary structure from all phylogenetic 

domains.  A standard nomenclature based on the type A structure was established to 

organize the different regions of the RNA by position (designated P1-P20) into a 

consistent structural arrangement (20).  Most of the information about RNA structure in 

this review stems from research involving E. coli RNase P RNA, since it is well 

characterized and is most similar (i.e. of the ancestral type) to the archaeal and eucaryal 
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secondary structures. 

Comparisons of RNase P sequences from all three domains (Bacteria, Archaea, 

Eucarya) have revealed sequence and structural similarities between these RNAs.  

Understanding the role of the RNA in ribonuclease P requires information about the 

ribozyme’s structure and catalytic properties; therefore, the information compiled in this 

review will focus on structural data that may provide new insights into catalytic function. 

 

RNase P RNA Structure 

RNase P RNA structure has been studied in detail in E. coli and B. subtilis (Figure 

1).  The bacterial RNase P RNA subunit is composed of a large RNA ca. 400 nucleotides 

encoded by the rnpB gene and a single protein (ca. 14 kDa) encoded by the rnpA gene.  

Given that the archaeal and eucaryal RNAs are similar in size to those of bacteria, it is 

interesting that these RNAs are associated with a much larger protein component (ca. 50 

to 70%) compared to the bacterial holoenzyme (ca. 10%).  In general, the biophysical 

properties of archaeal and eucaryal RNase P RNAs most closely resemble each other in 

contrast to their bacterial counterparts.  This is consistent with the phylogenetic 

relationships indicated by ribosomal RNA (rRNA) (Figure 3) and other sequence 

comparisons; i.e., the Archaea and Eucarya are close relatives.  Unlike the eucarya, under 

appropriate ionic conditions (high salt concentration) in vitro, the RNA subunit of 

bacterial and some archaeal RNase P enzymes are capable of catalytic activity (4, 9).  

However, enzyme subunits are needed for catalysis in vivo for pre-tRNA processing in all 

organisms investigated.   
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Inferring RNase P Secondary Structure 

The most straightforward method for inferring higher order structure (secondary 

and tertiary structure) of these RNAs has been phylogenetic comparative sequence 

analysis (21, 22).  Comparative analysis has been instrumental in inferring the structure 

of ribosomal RNAs (rRNA), transfer RNAs (tRNAs), group I and group II introns, and 

small nuclear RNAs (snRNAs).  Homologous RNA sequences from different sources are 

compared and structure is inferred on the basis of covariation (changes in sequences that 

occur in concert).  The underlying assumption of comparative analysis of secondary 

structure is that mutations that disrupt Watson-Crick base pairing of functionally 

important helices are deleterious.  However, the effect can be compensated for by a 

second site or compensatory mutation in the other half of the helix that results in restored 

base pairing.  It has been possible to define secondary structure, tertiary interactions, 

discrete elements of structure, determine functional alternatives, and identify dispensable 

elements by using a phylogenetic comparative approach.  Waugh et al. (23) constructed a 

simplified RNA (Min 1 RNA, 263 nt) based on comparative analysis of sequences from 

Gram-positive and purple bacteria, which had cleavage specificity for substrate tRNA 

and comparable cleavage efficiency to native RNA, although it requires extreme ionic 

conditions (2.5 M ammonium chloride).  Min 1 RNA was not active under physiological 

ionic conditions nor could the RNA be stimulated by addition of RNase P protein from 

either E. coli or B. subtilis.  This observation suggested that one or more of the deleted 

structural elements are required for reconstitution with the protein.  The bacterial protein 

is inactivated at high salt, therefore, inability of protein to stimulate Min 1 RNA activity 
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is probably due to incompatible ionic conditions required by Min 1 RNA for activity and 

formation of the RNA: protein complex.   

The differences between bacterial and archaeal RNase P RNA models based on 

comparative data are largely due to the absence and presence of discrete helical elements 

that occur at various positions throughout the RNA.  Although the RNA models appear 

distinctive, an extensive comparison of sequences revealed that the bacterial and archaeal 

type A RNAs (Figure 4) are similar in sequence and structure and their evolutionary 

variation (24, 25).  Phylogenetic minimal bacterial and archaeal consensus RNase P 

RNAs consist of a core structure that is only 60% the size of the native RNA.  The 

bacterial consensus structure consists of helices P1-P5, P7-P11 and P15 that are present 

in all bacterial RNase P RNAs, while the archaeal type A consensus contains all the 

bacterial RNA structures plus helices P16 and P6 (Figure 5).  Although the eucaryal 

RNAs are not as similar in sequence and structure, some homologies with bacterial and 

archaeal RNAs have been identified (26).  A conserved catalytic core has been 

determined for RNase P RNAs from all three evolutionary domains (Figure 6) (26).   

 

Inferring RNase P Tertiary Structure  

Understanding tertiary structure is essential to deciphering catalytic function and 

this is possible through the use of comparative analysis because tertiary structure is most 

likely formed by interactions between variable sequences and secondary structures.  

Identifying tertiary interactions by comparative analysis has been more difficult than 

secondary structural interactions because pairing rules of canonical base pairs do not 

apply, and because base triplets, lone base pairs, backbone interactions, and base-stacking 
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are not as stringently maintained.  However, it is possible to identify tertiary interactions 

by comparing large sets of RNA sequences statistically.  Brown et al. (27) determined 

from comparisons of a large data set of RNase P RNA sequences that the third nucleotide 

in the conserved GNRA tetraloops of L14 and L18 interact with adjacent base pairs in 

helix P8 to form base triplets (refer to Figure 1, E. coli).  Crosslinking data corroborated 

the L18 and P8 interaction, orientation of P8 toward the interior of the catalytic core, and 

the orientation of helices P1-P2-P3 that were previously identified by sequence 

comparisons (28).  GNRA tetraloops are conserved consensus sequences that occur 

frequently in 16S and 23S rRNA and are also common in RNase P RNAs.  RNA helices 

containing the GNRA tetraloop are more stable than other less frequently occurring 

sequences.  Based on phylogenetic and thermodynamic data, tetraloops have been 

evolutionarily selected due to their inherent structural stability and ability to serve as sites 

that aid in correct folding of large RNAs via tertiary interactions (29).   

 

Universally Conserved Catalytic Core    

Another aspect of RNase P RNA structure is the universally conserved “core” that 

has been identified in all organisms.  Chen and Pace (26) determined that these RNAs 

contain five distinct conserved regions (CR I- CR V) and landmark helices.  For instance, 

helix P4 and flanking nucleotides are the most highly conserved sequences in RNase P in 

all phylogenetic domains (20, 30, 31).  Based on biochemical and mutational analyses, 

the P4 region is thought to comprise the catalytic center of the RNA (32, 33).  The 

evolutionary conservation of these sequences has been created in vitro; Frank et al. (33) 

randomized twenty-two nucleotides in the P4 region of the E. coli RNase P RNA but 
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after 10 generations of in vitro selection, each of the randomized positions returned to 

wildtype sequence (refer to Figure 1, E. coli).  The fact that only native sequences were 

recovered in the selection implies that each nucleotide in the randomized region functions 

in some manner during the catalyst cycle and that optimal catalytic activity is obtained 

only when all the nucleotides assume their native identities.  This region is required for 

catalysis, but which nucleotides in P4 contribute directly to catalysis versus structure 

could not be distinguished.  CR I (containing the 5' strand of helix P4), CR IV, and CR V 

(containing the 3' strand of P4) are adjacent to the active site, which was mapped by 

Burgin & Pace (34), and are believed to comprise the catalytic core of the RNA.  

Bacterial RNase P RNA CR III has been implicated as a binding site for protein (35) and 

presumably has a similar function in Archaea and Eucarya.  The function of CR II is yet 

unknown, but the CRs that have been assigned a function appear structurally conserved, 

which implies functional conservation in these regions of the RNA (26).   

 

Global Structure of RNase P RNA 

P1-P9-P14-P16/17-P18 
 

Several helices (P9, P14, P16/17, and P18) found in the core and periphery of 

RNase P RNA are conserved in sequence at their bases and in terminal loops, but are 

variable along the length of the helix.  P9, P14, and P18 form tertiary contacts via 

conserved GNRA tetraloops with other base pairs in the RNA structure.  The terminal 

loop in P9 interacts with the distal end of P1 (36). The GNRA tetraloops of P14 and P18 

form tertiary contacts with conserved base pairs in P8 (27). The loop of P16/17 interacts 

with nucleotides between P5 and P7 to form P6 (37) (refer to Figure 1, E. coli).  
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P2-P3-P4-P12-P13-P15/16  

Some of the more variable helices are the distal region of P12, also distal P3, 

J15/16 and J2/4 (i.e. joining regions) due to frequent insertions and/or deletion of large 

portions of sequences.  For instance, P12 is highly conserved at its base, correlated with 

the presence and absence of P13/P14 (38).   

Eucaryal (nuclear) sequences are related in structure with bacterial and archaeal 

RNase P RNA regardless of the variability observed in specific helical elements (Figure 

6) (26).  The presumption that conserved helices are essential to RNA function in vitro 

has been tested through mutational analysis of the bacterial RNase P RNA.  Four 

phylogenetically variable structural elements (P3, P12, P13, P14, and J16/17) were 

simultaneously deleted from E. coli RNase P RNA to determine the functional role of 

these elements (39). The mutant RNA was functional, but it had several defects that 

probably derived from general disruption of the RNA.  Deletion of the distal portion of 

helix P3 in E. coli RNA had no measurable biochemical effect confirming comparative 

data that predicted that the length of this helix was not important to catalytic function.  In 

addition to P3, deletion of helices P12-P13-P14 resulted in an increase in the monovalent 

salt requirement but no defect in Km of Kcat when under these conditions.  The findings 

suggested that structural disruption was compensated for at high salt probably due to 

increased base stacking and reduced electrostatic repulsion.  The effect of deleting stem-

loop J16/17 in E. coli RNase P RNA increases the Km for pre-tRNA nearly 100-fold 

compared to native RNA.  Deleting part of J16/17 possibly disrupts the structural stability 

of the RNA since this region is known to participate in a long-range interaction with P7 
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forming the P6 pseudoknot in E. coli RNase P RNA (no Kcat defect: not directly catalysis) 

(37). 

Tertiary Interaction of P8-P14-P18 

P18 is highly conserved structural element consisting of an 8 bp stem-loop 

terminated by a GNRA tetraloop that interacts with P8 in most bacterial RNAs (refer to 

Figure 1, E. coli).   P8 is implicated in the recognition of the pre-tRNA T-loop and the 

stabilization of this region by interactions with P14 and P18 is an essential structural 

requirement for recognition of substrate (40); deletion of P14 or P18 results in RNAs that 

are defective in vitro under physiological conditions but under increased ionic strength 

retain wildtype activity (39).  

The green-sulfur bacteria (i.e. those of Chlorobium sp.) lack P18, but the RNA 

has catalytic activity comparable to native E. coli RNA.  Deletion of helix P18 in the E. 

coli RNA increased the monovalent salt requirement in vitro from 1M to 3M NH4Cl (20).  

The Km and Kcat for E. coli ∆P18 was significantly increased at 1M NH4Cl but similar to 

wildtype at 3M NH4Cl.  Because of the known interaction of L18 with P8 (27), it is likely 

that when the interaction is disrupted (∆P18) an increase in salt is necessary to restore 

stability and subsequently substrate recognition.   Frank et al. (33) showed that if 

nucleotides flanking P18 were mutated that this generated an RNA with reduced pre-

tRNA binding (increased Km).  Complementation analysis further showed that the 

nucleotides flanking P18 are essential for cell viability in vivo (41).  These findings 

suggest that P18 and adjacent joining regions (CRIV) may be involved in structural 

stabilization of the RNA but are not essential for catalysis.  
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Phylogenetically Dispensable Structures 

P12 
A study by Siegel et al. (42) confirmed the hypothesis that phylogenetically 

volatile structures are dispensable based on research of RNase P RNA in Mycoplasma 

fermentans (smallest known RNase P RNA, 276 nt).  This RNA is noteworthy because it 

is devoid of the stem-loop structure P12 (containing only a 3 nt sequence in its place), but 

nevertheless, it remains catalytically active in vivo.  P12 is interesting because it is 

universally present and occurs at the same position in all RNAs relative to the universal 

loop.  In order to test whether P12 is essential for catalysis, the helix was replaced with 

the three-nucleotide sequence in the E. coli RNase P RNA; the mutant RNA was 

comparable to native E. coli RNase P RNA in catalytic efficiency (Kcat/Km) at optimal 

ionic strength (1.5M).  However the deletion of P12 did result in a 10-fold decrease in 

catalytic efficiency at 1M ammonium acetate, which implies a modest structural role, but 

the helix is not essential for substrate binding or catalysis.  The results prompted the 

generation of a synthetic minimal RNase P RNA (Micro P).  Deleting all of the 

evolutionarily variable structures from the M. fermentans, Micro P was catalytically 

active in vitro but with a 600-fold decrease in catalytic efficiency relative to native RNA 

even at ionic optimum (3M). 

In summary, the bacterial structural elements previously discussed that were 

shown to be phylogenetically dispensable are the distal region of P3, P12, P13/14, part of 

the P16/17 region and P18.  Deletion of these structural elements are alleviated by high 

ionic concentrations in vitro, which implies that the RNA may be structurally disrupted 

but unchanged in affinity for substrate or catalytic rate.   
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RNase P RNA Function 

Mechanism of Enzyme Action 

 tRNA processing is a complex suite of posttranscriptional modifications resulting 

in maturation of pre-tRNA.    RNase P cleaves the 5' leader sequence of pre-tRNA, 

generating a mature tRNA 5' phosphate, and 3' hydroxyl terminus on the leader fragment.  

The cleavage mechanism is not fully understood but general features of the reaction are 

clear.  Cleavage carried out by RNase P holoenzyme or the RNA subunit itself consists of 

three basic steps: binding of pre-tRNA, cleavage of the scissile phosphodiester bond, and 

dissociation of 5' leader and mature tRNA products.  RNase P is distinguished from 

group I and group II introns by its ability to be recycled during catalysis, unlike the self-

splicing introns that perform a cis-transesterification (43).  Cleavage of pre-tRNA by 

RNase P is thought to involve Mg2+ directed attack by hydroxide ion (a nucleophile) in an 

SN2-type reaction.  Magnesium is coordinated to the pro-Rp phosphate oxygen and 

deprotonates a water molecule for in line nucleophilic attack on the scissile phosphorus-

oxygen bond (Figure 7) (44, 45).   

 

Recognition of Substrate 

Given the vast array of pre-tRNAs and other RNA molecules that RNase P must 

process (46), accurate recognition of the correct substrate phosphodiester bond is a 

crucial step that must occur prior to cleavage.  RNase P recognizes the tertiary structure, 

not the sequence, of the mature domain of pre-tRNA.  Structural elements recognized by 

RNase P are the tRNA acceptor stem, T-loop, and the CCA tail, which are common 

elements of all natural tRNAs.  Given that the mature tRNA binds as well as pre-tRNA to 
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RNase P RNA (Km ≈ 10nM) suggested that the leader plays no significant role in 

recognition by the RNase P RNA.  Comparisons of primary sequence of the pre-tRNA 5'-

leader revealed that there is no common structure or sequences present that aid in the 

recognition by RNase P but it does bind the protein (47, 48).  One compelling fact 

supports this idea that the 5'-leader sequence is not a significant determinant for 

recognition; competitive inhibition was observed when mature tRNA was added to the in 

vitro reaction (49-51).  However, the bacterial RNase P holoenzyme binds pre-tRNA 

much better than mature tRNA suggesting that the protein binds in a sequence-

nonspecific way to the 5' leader.  Artificially generated substrates consisting solely of the 

T-stem/loop, acceptor stem, and 5'-leader sequence were recognized and cleaved by 

RNase P but with an increased Km; the reduced binding energy for interaction is 

presumably due loss of other structural elements (D-loop and anticodon) in the synthetic 

pre-tRNA (52, 53).  Another feature that is important for pre-tRNA recognition by RNase 

P was the 3'-NCCA sequence.  The 3'-NCC of the 3'-CCA tail interacts specifically with 

the GGU motif located between the regions joining the J15/16 loop (refer to type A 

secondary structure; Figure 4) in the bacterial RNase P RNA (52).  The loop of J15/16 

has also been implicated to have a similar function (recognition of pre-tRNA CCA tail) in 

the archaeal type A RNA secondary structure.  Chemical footprinting data show that 

deletion of the 3'-terminal CCA correlated with loss of protection of the J15/16 loop in 

bacterial RNase P RNA secondary structure (54).  The region between the J15/16 loop 

and pre-tRNA were crosslinked with pre-tRNA substrates containing wildtype or mutated 

3' tails (without CCA, CC, or C) containing 3' photoagents.  Stepwise removal of these 

nucleotides from the 3'-terminal CCA increased the Km incrementally by several orders of 
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magnitude (55).   RNase P also recognizes the CCA tail in other substrates such as the 

4.5S RNA.  The overall cleavage efficiency for precursor 4.5S RNA (p4.5S) is similar to 

processing of pre-tRNA by E. coli RNase P.  The RNase P holoenzyme has a much lower 

Km for p4.5S than the RNA above using the same substrate and this difference is much 

greater than in the case of pre-tRNAs, which suggests that the protein plays specific role 

in recognition of p4.5S. 

 

Role of Cations 

The reaction cleavage reaction requires monovalent (preferably K+ or NH4
+) and 

divalent cations (preferably Mg2+).  Approximately 1M monovalent and 10 mM divalent 

cations elicit optimal activity of bacterial RNase P RNAs in the absence of protein.  It is 

thought that the high concentration of monovalent cations and the RNase P protein have a 

similar function of screening electrostatic repulsions in the RNA phosphate backbone 

(51).  The absence of counterions would prevent correct folding of the RNA and as a 

result inhibit catalysis.   Mg2+ is the most efficient divalent cation, although Mn2+, Ca2+, 

and Sr2+ can promote the reaction, but at much lower rates (45, 49).  In the case of 

Manganese resulted in a shift of the cleavage site and kinetic constants, in particular Kcat 

(56).  tRNA cleavage rates have a cooperative dependence on divalent ion concentration 

and the reaction requirement appears primarily catalytic rather than structural (45).  Frank 

and Pace (57) showed that a single point mutation in the highly conserved P4 domain 

(cytosine to a uracil transition at position 70) could alter the divalent metal preference 

from Mg2+ to Ca2+ in E. coli RNase P RNA.  This region (P4) of the molecule has been 

previously implicated in binding catalytic Mg2+ (32).  Evidence from intermolecular 
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crosslinking data revealed that divalent cations are not needed for correct folding of 

either RNase P or tRNA not for docking efficiently (49).  However, multiple magnesium 

ions (at least three classes) are required for optimal catalytic activity.  Kinetic analysis 

shows that the RNase P catalytic mechanism has a cooperative dependence upon 

magnesium concentration.  Deoxyribose substitution at the cleavage site reduces the 

number of Mg2+ bound from three to two and increases the apparent dissociation constant 

for Mg2+ from the micromolar to millimolar concentrations; substitution of the 2' OH at 

the cleavage site reduces the catalytic rate (45).  The 2'-OH at the site of cleavage is 

thought to act as a ligand for Mg2+.  Multiple roles of Mg2+, rather than only a primary 

involvement in catalysis have been suggested (58).  From a combination of steady-state 

kinetics, transient kinetics, and equilibrium binding measurements, it was shown that 

Mg2+ contributes to stabilizing RNA structure, enhancing affinity of bound substrate, and 

increasing catalysis.  Data from chemical protection experiments show that low ionic 

concentrations of Mg2+ aid in folding of the RNA, which suggests a greater involvement 

in structural stabilization than previously thought (59).   

 

RNase P Protein Composition 

There is some uncertainty regarding the role of the protein moiety of RNase P in 

the catalytic reaction.  It is thought that the protein aids in structural stabilization of the 

folded RNA, based on the observation that the RNase P RNA-alone reaction is facilitated 

by either protein or a high ionic strength.  Stabilization of the RNA may be in part due to 

ionic screening by the basic amino acids of the protein moiety that facilitates substrate 

binding without interfering with product release (51).  The bacterial RNase P RNA is 
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associated with a protein subunit in a 1:1 stoichiometry and the protein appears unrelated 

in sequence to any of the multiple protein subunits associated with archaeal and eucaryal 

RNase P.  The B. subtilis protein crystal-structure has been determined and it appears to 

be similar in topology to ribosomal protein S5 and elongation factor G.  Lumelsky and 

Altman (60) used chemical mutagenesis to generate a variety of RNA variants and 

determined that the (E. coli) protein in vitro could suppress the effects of these mutations 

in the RNA.  Nearly half the residues were deleted from the N-terminus and C-terminus 

of the RNase P protein, but in conditions of excess protein, RNase P activity could still be 

promoted.  The N-terminal deletions are able to bind to RNase P RNA but C-terminal 

deletions showed no detectable binding in vitro (61).  This indicates that intact RNase P 

protein sequence is not required for promoting catalytic activity.  In vitro selection was 

used to evolve RNA with novel catalytic activity in the presence of the C5 protein.   The 

C5 protein enhanced substrate versatility of RNase P RNA but it did not buffer the trade-

off observed in producing novel catalytic activity.  Evolving the ribonucleoprotein for 

improved DNA cleavage activity was accompanied by a 500-fold decrease in pre-tRNA 

cleavage efficiency (62).  The B. subtilis protein has a unique mode of interaction with 

the RNase P RNA:tRNA complex;  the central cleft of the protein directly interacts with 

the 5'-leader sequence of pre-tRNA and the orientation of the leader in the central cleft 

places the protein component in close proximity to the active site.  This result suggests 

that the catalytic active site in RNase P occur near the interface of RNA and protein (63).    

Kurz et al. (64) determined that the B. subtilis protein subunit enhances substrate affinity.  

The protein component modestly affects several steps in the catalytic scheme, including 

≤10-fold increases in the rate constant for tRNA dissociation, the affinity of tRNA, and 
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the rate constant for phosphodiester bond cleavage.  The main role of the protein appears 

to be to facilitate recognition of pre-tRNA by enhancing the interaction between the 

enzyme and the 5'-leader of the substrate rather than stabilizing the tertiary structure of 

the folded RNA.  In order to investigate the role of the B. subtilis protein component in 

affinity for substrate, binding and cleavage of substrates with varying 5'-leader lengths 

was analyzed.  The data indicated that the cleavage rate constant catalyzed by the 

holoenzyme was not dependent on the leader length. However, the association rate 

constant for substrate binding to holoenzyme increases as the length of the leader 

increases, and this is reflected in enhanced substrate affinity of up to 4 kcal/mol.  This 

data suggests that a direct or indirect interaction occur between the 5'-leader sequence 

and the protein component of RNase P (65).   

 

Archaeal RNase P RNA  

 Because archaeal and bacterial RNase P RNAs generally are similar in sequence 

and structure and are the only RNase P RNAs that are catalytically active in vitro in 

absence of protein, comparisons that are made about the archaeal RNA will focus on 

these RNAs.  The eucaryal RNA is quite different in sequence and structure, and is not 

active in vitro, it is less useful to make reference to its RNA in respect to archaeal’s RNA 

structure or function. 

 
Comparative Analysis and Secondary Structure 

RNase P RNA sequences from 40 members of the Euryarchaea and Crenarchaea 

has provided information necessary to develop a model for archaeal RNA secondary 

structure (24, 25) (Figure 8).  Archaeal RNase P RNAs are separated into two structural 
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types: type A (e.g. Methanobacterium thermoautotrophicum) and type M (e.g. 

Methanococcus jannaschii) (Figure 8).  Type A is the structural type that is similar to the 

ancestral bacterial RNase P type A structure.  The archaeal type M structure is distinctive 

due to the absence of P8 (involved in recognition of T-loop), loop P15 and the regions 

distal to P15 (involved in recognition of the pre-tRNA 3' terminal CCA {55, 66}), and is 

found only in members of the genus Methanococcus and Archaeoglobus.  

The archaeal RNA secondary structure has been reevaluated and differences that 

existed previously between the bacterial and archaeal secondary structure models have 

largely disappeared (24-25).  A consensus structure has been developed for the archaeal 

RNase P RNA that is similar to the bacterial RNA and nucleotides that are conserved in 

the bacterial RNA are also generally conserved in the archaeal RNA. (Figure 5).  The 

archaeal consensus secondary structure consists of 13 helices and at least 68% of the base 

pairings proposed in the structure is supported by covariation data (compensatory base 

changes).  Given that the archaeal RNAs appear to contain all the consensus features that 

occur in the bacterial minimum structure (Figure 5), it is surprising that the RNA alone 

reaction requires such high ionic concentrations for catalytic activity.  There are subtle 

differences in structure between archaeal and bacterial RNase P RNAs.  For instance, the 

structure P15/16 is highly conserved in bacteria but varies amongst the archaeal RNAs.  

Despite the variation in the archaeal P15/P16 loop, this region has been implicated in 

recognition (like bacteria) of pre-tRNA 3' terminal CCA.  A second case is helix P11, 

which was previously thought not to exist in the archaeal RNA but is now supported by 

covariation data (24).  P8 in the archaeal RNAs vary in length and appears to coincide 

with the variation observed when P18 is altered in bacteria.  P8 in some bacterial RNase 
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P RNAs differs from the canonical in structure when the conservative element P18 is 

absent but these RNAs remain catalytically active (20).  It is possible that because P18 

forms a tertiary interaction with P8 (27) that this interaction somehow contributes to the 

conservation of P8 structure when P18 is present in bacteria, or that the loss of P18 is in 

someway compensated for by alteration of P8.  Deletion of P18 from the E. coli RNase P 

RNA increased the monovalent requirement from 1M to 3M ammonium acetate and also 

increased the Km of the reaction at lower ionic strength.  This indicates that P18 is not 

essential for catalytic activity but is probably involved in structural stability (20).  Other 

missing features of the archaeal RNA is the absence of helix P13 and P14, which are 

present in type A bacterial RNase P RNAs but absent in type B RNAs and are not 

essential for catalytic activity (39).  

 

Catalytic Properties 

There are fundamental structural features that are conserved in bacterial, archaeal, 

and eucaryal RNase P RNAs, and it is reasonable to imagine there are similarities in the 

catalytic properties of these RNAs.  However this is not the case for the ionic requirement 

for catalytic activity, which is significantly different for bacterial and archaeal RNAs.  In 

the case of eucarya, the RNase P RNAs are not active in vitro in the absence of protein 

subunits (13-18).   Although there is a general understanding of the structure and function 

of archaeal RNase P RNA, this RNA subunit is better understood than the archaeal 

holoenzyme or its protein subunits.  Until recently, the RNA subunit of the archaeal 

RNase P RNA was considered not to be catalytically proficient in vitro.  Pannucci et al. 

(9) showed that the RNA of methanobacteria, thermococci, and halobacteria are 
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catalytically active in vitro under extreme ionic conditions: 3M-4M ammonium acetate 

and 300-400mM Mg2+ and extremely high enzyme to substrate ratios and long 

incubations.  Although the high ionic concentrations could promote activity in some 

archaeal groups, many other groups remain inactive under these conditions.  The overall 

catalytic activity for the archaeal RNAs are low in comparison to the bacterial RNA.  The 

most active archaeal RNase P RNA, that of M. thermoautotrophicum, has a Km in excess 

of 40µM compared to 74nM for the E. coli RNase P RNA.  Interestingly, many of the 

archaeal RNAs that are most active (e.g. Methanobacterium sp.) are most similar to 

bacterial type A RNAs in both sequence and structure (Figure 4).  It is possible that those 

RNAs that are not active (mainly those of type M structure; refer to Figure 8) are missing 

essential structural elements (P8, P15/16 loop, and regions distal to the P15/16 loop; 

Figure 8) that are needed recognition of substrate in the RNA alone reaction.  

         

Archaeal Holoenzyme  

Initial characterization of the archaeal RNase P enzyme was based on biochemical 

studies of the holoenzyme purified from two species: Sulfolobus acidocaldarius and 

Haloferax volcanii (67, 68).  The holoenzyme is composed of RNA and multiple 

proteins; the RNA is believed to be the catalytic center.   The holoenzyme of S. 

acidocaldarius has a buoyant density of 1.27 g/ml in contrast to that of H. volcanii, which 

has a reported buoyant density of 1.61 g/ml in CsSO4.  H. volcanii and E. coli (buoyant 

density of 1.55 g/ml) holoenzymes are sensitive to micrococcal nuclease; and similar 

buoyant densities suggest a complex composed of predominately RNA.  The RNA 

subunit of H. volcanii is similar in sequence (43%) to most bacterial RNase P RNAs.  
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The enzymes of Bacteria, Eucarya, and mitochondria are also sensitive to micrococcal 

nuclease, which suggests that the RNA subunit is essential for catalytic activity.  In 

contrast to those of H. volcanii and E. coli, the holoenzyme of S. acidocaldarius RNase P 

is lower in density (1.28-1.4 g/ml Cs2SO4) and insensitive micrococcal nuclease, 

suggesting greater protein content.   

Recently, the RNase P holoenzymes of two species of methanogenic archaea have 

been partially purified (69, 70).  The holoenzyme of M. thermoautotrophicus has a 

buoyant density of 1.42 g/ml in Cs2SO4, indicating an approximately equal content of 

protein and RNA; the density is inconsistent with the density of the single small bacterial-

like protein subunit.  Four hypothetical open reading frames in the M. 

thermoautotrophicus genome were identified that have similarity to four of the nine 

Saccharomyces cerevisiae RNase P protein subunits (70).  However, the archaeal RNase 

P RNA of M. thermoautotrophicus and M. formicicum can be reconstituted with B. 

subtilis protein at low ionic strength (0.1M ammonium acetate, 25 mM MgCl2), which 

suggests that the RNAs contain all the structural features needed to interact with and 

respond to the bacterial protein.  M. jannaschii (type M structure) holoenzyme has a 

buoyant density of 1.39 g/ml in CsSO4 indicating a fractionally larger protein content and 

a Km of 32nM (69).  The holoenzyme tolerates a wide range of ionic conditions (20-

500mM ammonium acetate, 2.5-30mM MgCl2).  It appears that type M RNAs have 

evolved a greater dependence on its protein subunits for activity and the absence of P8 

and P15 has little effect on catalytic activity of the holoenzyme.  Reconstitution 

experiments of the archaeal type M RNA with the bacterial protein were unsuccessful 

(unpublished data from the lab of James Brown).  Given the enormous structural 
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difference between the archaeal type A (most similar to bacteria) and type M RNA 

structure in particular the absence of specific substrate-binding domains, it is not 

surprising that the M. jannaschii RNA would not reconstitute with the bacterial protein.  
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Escherichia coli RNase P RNA   Bacillus subtilis RNase P RNA 

                                  

            

            

Figure 1. Secondary structure of bacterial RNase P RNAs.  Escherichia coli and Bacillus 

subtilis secondary structures were determined by phylogenetic comparative analysis as 

described in the text.  P: paired regions (i.e. helical) are numbered according to their 

location relative to the 5'-end of the RNA (20).  Sequences connecting helices are termed 

joining regions (J; e.g. J3/4).  Loops capping the terminal end of a particular helix are 

denoted by the prefix L (loop; e.g. L9 means the capping of helix P9).  Helices P4 and P6 

form long-range interactions with other helices in the RNA: represented by solid lines. 
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Figure 2. Bacterial RNase P RNA consensus secondary structures.  Helices are labeled as 

described in the legend of Figure 1.  The consensus bacterial RNAs are distinguished into 

two structural types (type-A and type-B) as described in the text.  Type-A structure is 

represented by E. coli RNase P RNA while type-B is represented by B. subtilis RNase P 

RNA.  Universally conserved nucleotides are in upper case letters (A, U, G, or C); those 

nucleotides that are 80% conserved are in lower case.  Filled circles indicate nucleotides 

present in all RNAs but not conserved in identity (• ).  Lightly shaded gray lines indicate 

those sequence regions that are variable within a particular bacterial group.   
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Figure 3. Small subunit ribosomal (ssu-rRNA) RNA phylogenetic tree.  Phylogenetic 

trees generated from RNase P RNA sequences are in general agreement with those 

generated from ssu-rRNA sequences.  The major groups form distinct monophyletic 

groups and the branching order is consistent for both RNase P and ssu-rRNA 

phylogenetic trees.  The differences that are observed between RNase P and ssu-RNA 

trees are largely due to differences in evolutionary rates and modes in different groups 

and a ca. 6-fold overall difference in evolutionary rate between these RNAs. 
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 Escherichia coli             Methanobacterium thermoautotrophicum 
 
 
Figure 4. Bacterial and archaeal type-A secondary structures.  E. coli and M. 

thermoautotrophicum RNAs are similar in sequence and secondary structure as described 

in text.  However, the most obvious distinguishing structural feature about these RNAs is 

the absence of P18 in addition to other subtle differences such as the absence of helix 

P13/14, lengthening of P9 and P12, and shortening of P3 in the archaeal RNA.  Both 

RNAs have some similar structural elements: e.g. P8 (recognition of T-loop) and J15/16 

(binds pre-tRNA 3'-CCA). 
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Figure 5. Bacterial and archaeal type A consensus secondary structures.  RNase P RNA 

structures were derived from comparative sequence analysis as described in the text.  

Only those nucleotides which are present in all of the available RNase P RNA sequences 

from each group are present in the consensus structures (refer to Figure 2 for explanation 

on the conservation of each nucleotide).    
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Figure 6. Universally conserved catalytic core secondary structures.  The catalytic-core 

of RNase P RNA from all evolutionary domains examined is composed 5 conserved 

regions (CR).  Locations of CRs have been determined based on comparative sequence 

analysis as described in the text.  CR 1 and CR V are the regions that contain P4, which is 

thought to be part of the active site (26, 33, 57).  CR III has been implicated as a possible 

binding site for proteins in bacteria and may have a similar function in other RNase P 

RNAs (35). Nomenclature for the RNAs was based on Haas et al. (20) (refer to Figure 1).  

Conservation of nucleotides in the RNA has been previously explained in Figure 2.  

Phylogenetic relationships of the organisms corresponding to the RNase P RNAs are 

shown in the central rooted three-domain phylogenetic tree (also refer to Figure 3 for a 

more accurate depiction of archaeal phylogeny).     
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Figure 7. The RNase P RNA cleavage reaction.  pre-tRNA is cleaved by RNase P in 

which mature 5'-ends is generated in the mature tRNA.  There are three determinants (T-

loop, T-stem, and acceptor stem) for substrate recognition by RNase P that are discussed 

in detail in the text.  RNase P can be recycled during the cleavage reaction, which gives it 

a similar characteristic to that of proteins.  The pre-tRNA scissile bond is indicated by as 

a sphere shown above.  Mg2+ coordinates an ion to the pro-Rp oxygen for an in-line 

nucleophilic attack of the scissile phosphate bond.
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Methanobacterium thermoautotrophicum                        Methanococcus jannaschii 
   
 
Figure 8. Secondary structure of archaeal RNase P RNA.  Archaeal RNAs are 

distinguished into two secondary structural types: type-A (M. thermoautotrophicum) and 

type-M (M. jannaschii).  The archaeal type A structure is most similar to the ancestral 

bacterial type A structure (refer to Figure 4).  Type-M is distinguished from type A based 

on the absence of regions distal to P15 (binds pre-tRNA 3'-CCA), absence of P8 

(essential for recognition of pre-tRNA T-loop) and a general reduction in regions distal to 

P9.   
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PREFACE 
 
 The main body of work in chapter 2 entitled PHYLOGENETIC ANALYSIS OF 

ARCHAEA FROM MUNICIPAL WASTEWATER SLUDGE is in press and will be 

submitted to the journal of Applied and Environmental Science.  Initially, Beverly M. 

Vucson started this analysis in order to determine the diversity of organism present in 

wastewater sludge; she cloned and partially sequenced the ssu-rRNA genes.  We finished 

the project by completing the sequencing and phylogenetic analysis of these ssu-rRNA 

genes.   
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ABSTRACT 

 The diversity of Archaea in municipal wastewater sludge was investigated by 

amplification of rRNA sequences from sludge DNA using archaeal-specific primers. The 

most common sequences were extreme halophiles; also found were sequence members of 

environmental euryarchaeal and crenarchaeal groups. Only distant relatives of 

Methanosarcina among the Methanomicrobiales were found. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 
 

37 

INTRODUCTION 

 Anaerobic digestion of wastewater sludge involves the mineralization of organic 

carbon into acetate, formate, hydrogen, and CO2 by a consortium of microorganisms (1, 

2).  Methanogenic Archaea use these substrates to produce methane; classically, the 

methanogens thought to be central to this process are Methanosarcina barkeri and 

relatives, which can use a relatively wide range of substrates for methanogenesis (2-7).  

 We recently used DNA isolated from digested sludge from a municipal 

wastewater cesspool (“lagoon”) as a source of ribonuclease P RNA gene sequences for a 

comparative analysis of the structure of the RNA in Archaea, and were surprised that no 

sequences related to those of Methanosarcina were obtained, although the primers used 

in the polymerase chain reactions can amplify the sequence from M. barkeri (8). We 

therefore investigated the phylogenetic diversity of Archaea in this environment by 

analysis of ribosomal RNA sequence sequences amplified from this DNA using archaeal-

specific primers. 

 

MATERIALS AND METHODS 

 DNA from a sample of cesspool sludge from the Cary South Municipal Treatment 

Plant was isolated previously (8).  Small subunit ribosomal RNA genes were amplified 

from this DNA using primers 8FAPL (5' GGCTGCAGTCTAGATCCGGTTGATCCTG 

CCGG 3') and 1492RPL (5' GGCTCGAGCGGCCGCCCGGGTTACCTTGTTCGACT 

T 3').  PCR reactions were performed in buffer containing 50mM KCl, 10 mM Tris-Cl 

(pH 8.3), 1.5 mM each- dGTP, dCTP, dATP, and dTTP, 0.05% Nonident P40, 5% 

acetamide, and 200 ng of each primer.  Reactions were incubated for an initial 2 min at 
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94ºC and amplified for 30 cycles at 92ºC for 1.5, 55ºC for 1.5 min, 72ºC for 0.5 min 

followed by a final extension step at 72ºC for 7 min.  Amplification products were 

digested with NotI and PstI and separated by agarose gel electrophoresis (3% NuSieve 

GTG agarose; FMC, Rockland, ME).  Gel slices containing ca. 1.5 kbp products were 

excised, melted at 65ºC, liquefied with agarase (Promega), and used directly in ligation 

reactions containing NotI and PstI-digested pBluescript KS+ DNA (Stratagene).  Fifty-

two clones containing ca. 1.5 kbp insertions were initially assessed from sequence and 

“T-track” data obtained from either end of each clone. Of the 35 non-chimeric (as 

determined by CHIMERA_CHECK version 2.7{ http://www.rdp.cme.msu.edu }), full-

length archaeal ssu-rRNA clones fell into 13 groups of ≥99% sequence identity. The 

complete sequence of a single representative from each of these 13 groups was 

determined.  Each sequence was used to search the NCBI/GenBank database for the most 

similar sequence (and in cases where this was an environmental sequence, the most 

similar sequence from a named, cultivated species).  These sequences were added to an 

alignment of archaeal sequences representing the major phylogenetic groups extracted 

from the Ribosomal database Project (http://www.rdp.cme.msu.edu).  Phylogenetic 

analysis was performed using PHYLIP (version 3.732; 

http://evolution.genetics.washington.edu) (Figure 1). 

 

RESULTS AND DISCUSSION 

 The wastewater sludge ssu-rRNA sequences fell into 5 phylogenetic clusters. 

Surprisingly, the largest of these clusters comprising (“46-1”, “39-2”, 44A-1”, and “69-

1”; totaling 13  (38%) of the sequences) were related to a large group of euryarchaea for 
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which no cultivated species have been identified, and therefore no phenotypic data are 

available; it seems likely on the basis of their phylogenetic placement and prevalence in 

the wastewater sludge environment that this group is methanogenic.  The next largest 

group of sequences (11 “41-1” and 1 “38B-1” sequences; totaling 12 (32%) of the 

sequences), were related to alkalyphilic members of the extreme halophiles.  Sequence 

41-1 was the most frequent single sequence to occur in the data set.  Consistent with the 

presence of these organisms in this environment, enrichment cultures using halophilic 

media (ATCC media 1270 and LB containing 20M NaCl) innoculated with similar sludge 

samples quickly yield growth of rod-shaped halophilic Archaea.  Sequence “33-1” (total 

of 4 (12%) sequences) is related to another environmental euryarchaeal group, 

exemplified by sequence SBAR16, from the Santa Barbara channel and distantly related 

to the genus Thermoplasma; in this case, the phylogenetic placement of the group does 

not clearly imply a methanogenic (or non-methanogenic) phenotype.  Sequences “72-1” 

and “52-2” (total of 2 (6%) sequences) are related to a little-known group of 

environmental crenarchaeal sequences exemplified by pJP89 from Obsidian Pool, 

Yellowstone National Park, and most closely related to the presumably mesophilic 

pGrfC26, from a freshwater lake sediment. No sequences related to the genus 

Methanosarcina were obtained, but 2 sequences (6%; “61-2” and “120A-4”) were closely 

related to the Methanothrix/Methansaeta group and 2 sequences (6%; “19-1” and “57-1”) 

were most closely related to environmental clone WCHD3-07 in the 

Methanocullex/Methanospirillum group, both subgroups of the Methanomicrobiales. 

Indeed, the most obvious green autoflourescent organisms seen in these sludge samples 

and mesophilic methanogen enrichment cultures containing either CO2/H2 or methanol 
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are phenotypically similar to Methanospirillum. These latter two groups of sludge 

sequences may represent the methanogens in the wastewater environment utilizing 

hydrogen-independent substrates, such as methanol and acetate, for methanogenesis. 

 This analysis represents a qualitative view of a very complex and dynamic 

environment. Nevertheless, it is clear that the archaeal population of anaerobic 

wastewater environments is much more diverse than generally thought, both among 

methanogenic and non-methanogenic species. 
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Figure 1. Phylogenetic analysis of wastewater sludge ssu-rRNA sequences. This tree was 

constructed by the neighbor-joining method using PHYLIP (version 3.732; 

http://evolution.genetics.washington.edu). The alignment contained a representative 

sampling of sequences from the RDP (http://www.rdp.cme.msu.edu) and the most similar 

sequence to each sludge sequence available in the NCBI/GenBank database (see text). 

The Escherichia coli and Thermotoga maritima sequences served as outgroups. The 

percentage of internal branches present in trees from 1000 bootstrap sampling of the 

alignment are shown above each branch - values below 50% and those not present in the 

consensus of the bootstrapped trees are not shown. The sludge sequences fell into the 

same phylogenetic groups in both parsimony and maximum-likelihood analyses (data not 

shown). 
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Figure 2. Small subunit ribosomal RNA sequence alignment.  Alignment only contains 

only those clones isolated from wastewater sludge.  The entire ssu-rRNA sequence data 

set used to perform the phylogenetic analysis is listed in the phylogenetic tree in Figure 1.   

 
 
10        20        30        40        50        60            
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    .......................UCUAGAUCCGGUUGAUCCUGCCGGAGGCU~ACUGCUA  
46-1    .......................UCUAGAUCCGGUUGAUCCUGCCGGAGGCU~ACUGCUA  
44A-1   .......................UCUAGAUCCGGUUGAUCCUGCCGGAGGCU~ACUGCUA  
19-1    .......................UCUAGAUCCGGUUGAUCCUGCCGGAGGCC~ACUGCUA  
61-2    .......................UCUAGAUCCGGUUGAUCCUGCCGGAGGUU~ACUGCUA  
72-1    .......................UCUAGAUCCGGUUGAUCCUGCCGGACCCC~ACUGCUA  
39-2    .......................UCUAGAUCCGGUUGAUCCUGCCGGAGGCU~ACUGCUA  
33-1    .......................UCUAGAUCCGGUUGAUCCUGCCGGCGGCC~ACCGCUA  
38B-1   .......................UCUAGAUCCGGUUGAUCCUGCGGGAGGCC~AUUGCUA  
120A-4  .......................UCUAGAUCCGGUUGAUCCUGCCGGAGGUU~ACUGCUA  
57-1    .......................UCUAGAUCCGGUUGAUCCUGCCGGAGGCC~ACUGCUA  
41-1    .......................UCUAGAUCCGGUUGAUCCUGCCGGAGGCC~AUUGCUA  
62-2    .......................UCUAGAUCCGGUUGAUCCUGCCGGACCCC~ACUGCUA  
 
                 70        80        90       100       110       120         
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    UUGGGAUUCGACUAAGCCAUGCGAGUCAA~GGU~~~~~~~~~~~~~~~~~~~~GUCUU~~  
46-1    UUGGAAUUCGACUAAGCCAUGCGAGUCAA~GGU~~~~~~~~~~~~~~~~~~~~GUCUU~~  
44A-1   UUGGGAUUCGACUAAGCCAUGCGAGUCAA~GGU~~~~~~~~~~~~~~~~~~~~GUCUU~~  
19-1    UCAGAGUUCGAUUAAGCCAUGCGAGUCGA~AA~~~~~~~~~~~~~~~~~~~~~GGUGC~~  
61-2    UCGAGGUUCGACUAAGCCAUGCGAGUCGA~AUG~~~~~~~~~~~~~~~~~~~~~UAGC~~  
72-1    UCGGGAUAGGACUAAGACAUGCUAGUCGC~GUG~~~~~~~~~~~~~~~~~~~~~~CUU~~  
39-2    UUGGAAUUCGACUAAGCCAUGCGAGUCAA~GGU~~~~~~~~~~~~~~~~~~~~GUCUU~~  
33-1    UUGGAAUUCGAUUAAGACAUGCGAGUCGA~GA~~~~~~~~~~~~~~~~~~~~~GUCGC~~  
38B-1   UUGGAGUCCGAUUUAGCCAUGCUAGUUGC~AC~~~~~~~~~~~~~~~~~~~~~GGGUU~~  
120A-4  UCGAGGUUCGACUAAGCCAUGCGAGUCGA~AUG~~~~~~~~~~~~~~~~~~~~~UAGC~~  
57-1    UCGGAGUUCGAUUAAGCCAUGCGAGUCGA~GA~~~~~~~~~~~~~~~~~~~~~GGUGC~~  
41-1    UUGGAGUCCGAUUUAGCCAUGCUAGUUGC~AC~~~~~~~~~~~~~~~~~~~~~GGGUU~~  
62-2    UCGGGAUGGGACUAAGACAUGCUAGUUGA~GCG~~~~~~~~~~~~~~~CCUUCCAGCC~~  
 
                130       140       150       160       170       180      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    ~~CGGAC~~~~~~~~~~~~~~~~~~~~~~GCCGGCGUACGGCUCAGUAACACGUAGGUAA  
46-1    ~~CGGAC~~~~~~~~~~~~~~~~~~~~~~GCCGGCAUACGGCUCAGUAACACGUAGGUAA  
44A-1   ~~CGGAC~~~~~~~~~~~~~~~~~~~~~~GCCGGCAUACGGCUCAGUAACACGUAGGUAA  
19-1    ~~AAGAC~~~~~~~~~~~~~~~~~~~~~~CUCGGCAUACUGCUCAGUAACACGUGGACAA  
61-2    ~~AAUA~~~~~~~~~~~~~~~~~~~~~~~CAUGGCGUACUGCUCAGUAACACGUGGACAA  
72-1    ~~CAG~~~~~~~~~~~~~~~~~~~~~~~~CCAAAACGAGGCACGGCAAACAGCUCAGUAA  
39-2    ~~CGGAC~~~~~~~~~~~~~~~~~~~~~~GCCGGCAUACGGCUCAGUAACACGUAGGUAA  
33-1    ~~AAGGA~~~~~~~~~~~~~~~~~~~~~~CUCGGCGGACCGCUCAGUAACACGCGGAUAA  
38B-1   ~~AGACC~~~~~~~~~~~~~~~~~~~~~~CGUAGCAGAUAGCUCAGUAACACGUGGCCAA  
120A-4  ~~AAUA~~~~~~~~~~~~~~~~~~~~~~~CAUGGCGUACUGCUCAGUAACACGUGGACAA  
57-1    ~~AAGAC~~~~~~~~~~~~~~~~~~~~~~CUCGGCAUACUGCUCAGUAACACGUGGACAA  
41-1    ~~AGACC~~~~~~~~~~~~~~~~~~~~~~CGUAGCAGAUAGCUCAGUAACACGUGGCCAA  
62-2    ~~AUGUG~~~~~~~~~GGAGG~~~~~~~~CGCAGCGCACAGCUCAGUAACACGUGGCUAA  
 
                190       200       210       220       230       240      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    CCUACCCUCAGGACUGAGAUAACCCCG~GGAAACUGGGGCUAAUAUUAGAUA~~GAUAAA  
46-1    CCUACCCUCAGGACUGAGAUAACCCCG~GGAAACUGGGGCUAAUAUUAGAUA~~GAUAAA  
44A-1   CCUACCCUCAGGACUGAGAUAACCCCG~GGAAACUGGGGCUAAUAUUAGAUA~~GAUAAA  
19-1    CCUACCCUACAGAAGAGGAUAACCCCG~GGAAACUGGGGAUAAUACCCUAUA~~GACUAU  
61-2    CCUACCCUCCGGACGGGGAUAAACCCG~GGAAACUGGGUAUAAUACCCGAUA~~GAUCUC  
72-1    CACGUGGCUAAUCUGCCCUUAGGACGCGAACAACCCCGGGAAACUGGGGCUAAUUCUCGA  
39-2    CCUACCCUCAGGACUGAGAUAACCCCG~GGAAACUGGGGCUAAUAUUAGAUA~~GAUAAA  
33-1    CAUGCCCUUGGGUGGGGGAUAACCUCG~GGAAACUGAGAAUAAUACCCCAUA~~GAUCUA  
38B-1   ACUACCCUACAGAGCGGGAUAACCUCG~GGAAACUGAGGCUAAUCCUGCAUACGGCUCUC  
120A-4  CCUACCCUCCGGACGGGUAUAAACCCG~GGAAACUGGGUAUAAUCCCCGAUA~~GAUCUC  
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57-1    UCUAACCUACGGAAGAGGAUAACCCCG~GGAAACUGGGGAUAAUACUCUAUA~~GACUAU  
41-1    ACUACCCUACAGAGCGGGAUAACCUCG~GGAAACUGAGGCUAAUCCUGCAUACGGCUCUC  
62-2    CCUGCCCUUGGGACGAGACCAACCCCG~GGAAACUGGGGAUAAUCCUCGAUAGGUGAAGA  
 
                250       260       270       280       290       300      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    AGGUACUGGAAU~GUU~~CUUUUAUCCAAA~GC~~~~~~~~~~~~~UUUU~~~~~~~~~~  
46-1    AGAUACUGGAAU~GUU~~CUUUUAUCCAAA~GC~~~~~~~~~~~~~UUUU~~~~~~~~~~  
44A-1   AGGUACUGGAAU~GUU~~CUUUUAUCCAAA~GC~~~~~~~~~~~~~UUUU~~~~~~~~~~  
19-1    GGAUGCUGGAAU~GCU~~CUGUAGCCGAAA~GG~~~~~~~~~~~~~UCCG~~~~~~~~~~  
61-2    GACUGCUGGAAU~GCA~~UCGAGGUCGAAA~GC~~~~~~~~~~~~~UCCG~~~~~~~~~~  
72-1    UAGGUGAAGAACUCUGGAAUGAGUCUUUGCCUAAAAGAGCUUACGUUAUGCUCGUAAGUU  
39-2    AGAUACUGGAAU~GUU~~CUUUUAUCCAAA~GC~~~~~~~~~~~~~UUUU~~~~~~~~~~  
33-1    GAAAGCUGGAAU~GCU~~UUUAGAUCCAAAA~C~~~~~~~~~~~~~UCCG~~~~~~~~~~  
38B-1   ~~AUGCUGGAAGUGCA~~GAGAGCUCGAAACGC~~~~~~~~~~~~~UCCG~~~~~~~~~~  
120A-4  GGUCGCUGGAAA~GCC~~CCGAGAUCGAAA~GC~~~~~~~~~~~~~UCCG~~~~~~~~~~  
57-1    GGAUGCUGGAAU~GCU~~UUGUAGUCGAAA~GG~~~~~~~~~~~~~UCCG~~~~~~~~~~  
41-1    ~~AUGCUGGAAGUGCA~~GAGAGCUCGAAACGC~~~~~~~~~~~~~UCCG~~~~~~~~~~  
62-2    ACUCUGGAAUGAGUCUUUGCUUAAAAGGCGUUGGAUCAUGCUUUCAGCGC~~~~~~~~~~  
 
                310       320       330       340       350       360      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    GCG~C~CUGAGGAUGGGCCUGCGUCCGAUUAGGUUGUUGGUGGGGUAAUGGCCCACCAAG  
46-1    GCG~C~CUGAGGAUGGGCCUGCGCCCGAUUAGGUUGUUGGUGGGGUAAUGGCCCACCAAG  
44A-1   GCG~C~CUGAGGAUGGGCCUGCGCCUGAUUAGGUUGUUGGUGGGGUAAUGGCCCACCAAG  
19-1    CCG~C~UGUAGGAUGGGUCUGCGGCCGAUUAGGUUGUUGUUGGGGUAACGGCCCAACAAG  
61-2    GCG~C~CAGAGGAUGGGUCUGCGGCCUAUCAGGUAGUAGUGGGUGUAGCGUACCUACUAG  
72-1    UCGCC~~UAAGGAUGAGGCCGCGACCGAUCAGGUUGUUGGUGAGGUAAUGGCUCACCAAG  
39-2    GCG~C~CUGAGGAUGGGCCUGCGCCCGAUUAGGUUGUUGGUGGGGUAAUGGCCCACCAAG  
33-1    GUG~C~CCAAGGAUUGGUCUGCGGCGUAUCAGGUUGUAGUGGGUGUAACGGACCCCCUAG  
38B-1   GUG~C~UGUAGGAUGUGGCUGCGGCCGAUUAGGUAGACGGCGGGGUAACGGCCCACCGUG  
120A-4  GCG~C~CAGAGGAUGGGUCUGCGGCCUAUCAGGUAGUAGUGGGUGUAGCGUACCUACUAG  
57-1    CCG~C~CGUAGGAUGGGUCUGCGGCCGAUUAGGUUGUUGUUGGGGUAACGGCCCAACAAG  
41-1    GUG~C~UGUAGGAUGUGGCUGCGGCCGAUUAGGUAGACGGCGGGGUAACGGCCCACCGUG  
62-2    CGC~C~C~AAGGAUGGGGCCGCGACCGAUCAGGUUGUUGGUGAGGUAAUGGCCCACCAAG  
 
                370       380       390       400       410       420      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    CCUGCGAUCGGUACGGGCAGUGAGAGCUG~AAGCCCGGAGUUGGGGACUGAGACAAGGCC  
46-1    CCUACGAUCGGUACGGGCAGUGGGAGCUG~UAGCCCGGAGUUGGGGACUGAGACAAGGCC  
44A-1   CCUACGAUCGGUACGGGCAGUGGGAGCUG~AAGCCCGGAGUUGGGGACUGAGACAAGGCC  
19-1    CCUGUAAUCGGUACGGGUUGUGGGAGCAA~GAGCCCGGAGAUGGAUUCUGAGACACGAAU  
61-2    CCUACGACGGGUACGGGUUGUGAGAGCAA~GAGCCCGGAGAUGGAUUCUGAGACACGAAU  
72-1    CCUUUUACCGGUGCGGGCCGUGAGAGCGG~GAGCCCGGAGAUGGGCACUGAGACAAGGGC  
39-2    CCUACGAUCGGUACGGGCAGUGGGAGCUG~UAGCCCGGAGUUGGGGACUGAGACAAGGCC  
33-1    CCUAUGACGCGUAAGGGCCUUGAGAGAGG~AAGCCCUGAGAUGGACUCUGAGACAUGAGU  
38B-1   CCAGUAAUCGGUACGGGUUGUGAGAGCAA~GAGCCCGGAGACGGUAUCUGAGACAAGAUA  
120A-4  CCUACGACGGGUACGGGUUGUGAGAGCAA~GAGCCCGGAGAUGGAUUCUGAGACACGAAU  
57-1    CCUGUAAUCGGUACGGGUUGUGGGAGCAA~GAGCCCGGAGAUGGAUUCUGAGACACGAAU  
41-1    CCAGUAAUCGGUACGGGUUGUGAGAGCAA~GAGCCCGGAGACGGUAUCUGAGACAAGAUA  
62-2    CCUUUUACCGGUGCGGGCCGUGAGAGCGG~GAGCCCGGAGAUGGGCACUGAGACAAGGGC  
 
                430       440       450       460       470       480      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    CCAGGCCCUACGGGGCGCAGCAGGCGCGAAACCUCUGCAAUGCGGGAAACCGUGACAGGG  
46-1    CCAGGCCCUACGGGGCGCAGCAGGCGCGAAACCUCUGCAAUGCGGGAAACCGUGACAGGG  
44A-1   CCAGGCCCUACGGGGCGCAGCAGGCGCGAAACCUCUGCAAUGCGGGAAACCGUGACAGGG  
19-1    CCAGGCCCUACGGGGCGCAGCAGGCGCGAAAACUUUGCAAUGCGGGAAACCGUGACAAGG  
61-2    CCAGGCCCUACGGGGUGCAGCAGGCGCGAAAACUUUACAAUGCCGGCAACGGCGAUAAGG  
72-1    CCAGGCCCUACGGGGCGCAGCAGUCGCGAAAACUUUGCAAUACACGAAAGUGUGACAGGG  
39-2    CCAGGCCCUACGGGGCGCAGCAGGCGCGAAACCUCUGCAAUGCGGGAAACCGUGACAGGG  
33-1    CCAGGCCCUACGGGGCGCAGCAGUCGCGAAAACUUCACAAUGGGGGAAACCCCGAUGAGG  
38B-1   CCGGGCCCUACGGGGCGCAGCAGGCGCGAAACCUUUACACUGCACGACAGUGCGAUAGGG  
120A-4  CCAGGCCCUACGGGGUGCAGCAGGCGCGAAAACUUUACAAUGCCGGCAACGGCGAUAAGG  
57-1    CCAGGCCCUACGGGGCGCAGCAGGCGCGAAAACUUUACAAUGCGGGAAACCGUGAUAGGG  
41-1    CCGGGCCCUACGGGGCGCAGCAGGCGCGAAACCUUUACACUGCACGACAGUGCGAUAGGG  
62-2    CCAGGUCCUACGGGGCGCAGCAGUCGCGAAAACUUUGCAAUACACGAAAGUGUGUCAGGG  
 
                490       500       510       520       530       540      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    GGAUCCCAAGUGCUCAU~~~~~~~~~~~~~~~~~~~~~~GCAUUGCAU~GGG~~CUGU~U  
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46-1    GGAUUCCAAGUGCUCAU~~~~~~~~~~~~~~~~~~~~~~GCAUUGCAU~GGG~~CUGU~U  
44A-1   GGAUCCCAAGUGCUCAU~~~~~~~~~~~~~~~~~~~~~~GCAUUGCAU~GGG~~CUGU~U  
19-1    AAACUCUGAGUGCCCGU~~~~~~~~~~~~~~~~~~~~~~~~~AAAAUC~GGG~~CUGU~C  
61-2    GGACCUCGAGUGCCAGG~~~~~~~~~~~~~~~~~~~~~~~~~UUACA~~AAU~~CUGGCU  
72-1    CUAUCCCGAGUGCCAUC~~~~~~~~~~~~~~~~~~~~~~CGCUGAGG~~AAG~~GCUUUU  
39-2    GGAUUCCAAGUGCUCAU~~~~~~~~~~~~~~~~~~~~~~GCAUUGCAU~GGG~~CUGU~U  
33-1    GAAUUCCAAGUGCCAGC~~~~~~~~~~~~~~~~~~~~~~ACAUUGUGC~UGG~~CUGU~U  
38B-1   GGACUCCAAGUGCGAGG~~~~~~~~~~~~~~~~~~~~~~~GCAUAUA~~GUC~~CUCGCU  
120A-4  GGACCUCGAGUGCCAGG~~~~~~~~~~~~~~~~~~~~~~~~~UUACA~~AAU~~CUGGCU  
57-1    GAACUCCGAGUGCCCGU~~~~~~~~~~~~~~~~~~~~~~~~~UAAAUC~GGG~~CUGU~C  
41-1    GGACUCCAAGUGCGAGG~~~~~~~~~~~~~~~~~~~~~~~GCAUAUA~~GUC~~CUCGCU  
62-2    UCAUCCCGAGUGCCGAC~~~~~~~~~~~~~~~~~~~~CGCUGAGGUUG~~G~~~CUUUUA  
 
                550       560       570       580       590       600      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    CUUUGGU~~~~~~~~~~~~~~~~~~~~CUAAGUA~~~~~~~~~~~~~~~~~~~ACCAGAG  
46-1    CUUUGGU~~~~~~~~~~~~~~~~~~~~CUAAGUA~~~~~~~~~~~~~~~~~~~ACCAGAG  
44A-1   CUUUGGU~~~~~~~~~~~~~~~~~~~~CUAAGUA~~~~~~~~~~~~~~~~~~~ACCAGAG  
19-1    CAUUGGU~~~~~~~~~~~~~~~~~~~~GUAAAAA~~~~~~~~~~~~~~~~~~~ACCAGUG  
61-2    GUCGUGAUGC~~~~~~~~~~~~~~~~~CUAAAAA~~~~~~~~~~~~~~~~~~~GCAUUGC  
72-1    ACCCAGUCUA~~~~~~~~~~~~~~~~~GAACGC~~~~~~~~~~~~~~~~~~~~~~~UGGG  
39-2    CUUUGGU~~~~~~~~~~~~~~~~~~~~CUAAGUA~~~~~~~~~~~~~~~~~~~ACCAGAG  
33-1    CUCUGGU~~~~~~~~~~~~~~~~~~~~CUAAAAA~~~~~~~~~~~~~~~~~~~ACCGGAG  
38B-1   UUUCACGACC~~~~~~~~~~~~~~~~~GUAAGG~~~~~~~~~~~~~~~~~~~~AGGUCGC  
120A-4  GUCGUGAUGC~~~~~~~~~~~~~~~~~CUAAAAA~~~~~~~~~~~~~~~~~~~GCAUUGC  
57-1    CACCAGU~~~~~~~~~~~~~~~~~~~~UUAAAUA~~~~~~~~~~~~~~~~~~~ACUGGUG  
41-1    UUUCACGACC~~~~~~~~~~~~~~~~~GUAAGG~~~~~~~~~~~~~~~~~~~~AGGUCGC  
62-2    CCCAGUCUA~~~~~~~~~~~~~~~~~~GAAAGC~~~~~~~~~~~~~~~~~~~~UGGGGGA  
 
                610       620       630       640       650       660      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    G~AGUAAGGGCUGGGCAAGA~~CCGGUGCCAGCCGCCGCGGUAAUACCGG~CAGCUCAAG  
46-1    G~AGUAAGGGCUGGGCAAGA~~CCGGUGCCAGCCGCCGCGGUAAUACCGG~CAGCUCGAG  
44A-1   G~AGUAAGGGCUGGGCAAGA~~CCGGUGCCAGCCGCCGCGGUAAUACCGG~CAGCUCAAG  
19-1    A~AGAAAGGGCCGGGCAAGA~~CCGGUGCCAGCCGCCGCGGUAAUACCGG~CGGCUCGAG  
61-2    AUAGCAAGGGCCGGGCAAGA~~CCGGUGCCAGCCGCCGCGGUAACACCGG~CGGCUCGAG  
72-1    GGAAUAAGGAGAGGGCAAGU~~CUGGUGUCAGCCGCCGCGGUAAUACCAG~CUCUCCGAG  
39-2    G~AGUAAGGGCUGGGCAAGA~~CCGGUGCCAGCCGCCGCGGUAAUACCGG~CAGCUCGAG  
33-1    A~AGUAGGGGCCGGGUAAGA~~CGGGUGCCAGCCGCCGCGGUAAUACCCG~CGGCCCAAG  
38B-1   AGAAUAAGGGCUGGGCAAGA~~CCGGUGCCAGCCGCCGCGGUAAUACCGG~CAGCCCAAG  
120A-4  AUAGCAAGGGCCGGGCAAGA~~CCGGUGCCAGCCGCCGCGGUAACACCGG~CGGCUCGAG  
57-1    A~AGAAAGGGCCGGGCAAGA~~CCGGUGCCAGCCGCCGCGGUAAUACCGG~CGGCUCGAG  
41-1    AGAAUAAGGGCUGGGCAAGA~~CCGGUGCCAGCCGCCGCGGUAAUACCGG~CAGCCCAAG  
62-2    AUAAGGAGAGGGCAAGUCUG~~GUGUCAGCCGCCGCGGUAAUACCAGCUC~UCCGAGUGG  
 
                670       680       690       700       710       720      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    UGGUAGCCGCGAUUAUUGGGCCUAAAGCGUUCGUAGCCGGAUAAGUAAGUCUUUGGUUAA  
46-1    UGGUAGCCGCGAUUAUUGGGCCUAAAACGUUCGUAGCCGGAUAAGUAAGUCUUUGGUUAA  
44A-1   UGGUAGCCGCGAUUAUUGGGCCUAAAACGUUCGUAGCCGGAUAAGUAAGUCUUUGGUUAA  
19-1    UGGUGGCCACUAUUACUGGGCUUAAAGCGUUCGUAGCUGGUUUGUUAAGUCUCUGGGGAA  
61-2    UGGUAACCGUUAUUAUUGGGUCUAAAGGGUCUGUAGCCGGCCGGAUAAGUCUCUUGGGAA  
72-1    UGGUGUGGAUGUUUAUUGGGCCUAAAGCAUCCGUAGCUGGCUAGGUAAGUCCCUUGUUAA  
39-2    UGGUAGCCGCGAUUAUUGGGCCUAAAACGUUCGUAGCCGGAUAAGUAAGUCUUUGGUUAA  
33-1    UGGUGGUCGAUAUUAUUGAGCCUAAAACGUCCGUAGCCGGUUUUGUAAAUCCUUGGGUAA  
38B-1   UGAUGGCCGCUCUUAUUGGGCCUAAAGCGUCCGUAGCUGGCCACGCAAGUCCGUCGGGAA  
120A-4  UGGUAACCGUUAUUAUUGGGUCUAAAGGGUCUGUAGCCGGCCGGAUAAGUCUCUUGGGAA  
57-1    UGGUGGCCACUAUUACUGGGCUUAAAGCGUUCGUAGCUGGUUUGUUAAGUCUCUGGGGAA  
41-1    UGAUGGCCGCUCUUAUUGGGCCUAAAGCGUCCGUAGCUGGCCACGCAAGUCCGUCGGGAA  
62-2    UGU~GGACG~~UUUAUUGGGCCUAAAGCAUCCGUAGCUGGCUGAACAAGUCCCCUGUUAA  
 
                730       740       750       760       770       780      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    AUCCUGCAACUCAACUGUGGGAAAUCUAGGGAUACUGCGUG~~UCUUGAGACCGGGAGAG  
46-1    AUCCUGCGACUUAACCGUGGGAAAUCUAGAGAUACUGCUUG~~UCUUGAGACCGGGAGAG  
44A-1   AUCCUGCGACUUAACCGUGGGAAAUCUAGAGAUACUGCUUG~~UCUUGAGACCGGGAGAG  
19-1    AUCUUCCGGCUUAACCGGAAGGCGUCUCAGGGAUACUGGCA~GACUAGGGACCGGGAGAG  
61-2    AUCCAGCAGCUCAACUGUUGGGCUUUCAGGAGAUACUGUCU~GGCUCGAGGCCGGGAGAG  
72-1    AUCCACCGAAUUAAUCGUUGG~AUCGCGGGGGAUACUGCUU~GGCUAGGGGACGAGAGAG  
39-2    AUCCUGCGACUUAACCGUGGGAAAUCUAGAGAUACUGCUUG~~UCUUGAGACCGGGAGAG  
33-1    AUCGACCAGCUUAACUGUUCGAAGUCCGGGGAGACUGCAAG~~ACUUGGGAUCGGGAGAG  
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38B-1   AUCUCCUCGCUCAACGAGGAGGCGUCCGGUGGAAACUGUGU~GGCUUGGGACCGGAAGAC  
120A-4  AUCCAGCAGCUCAACUGUUGGGCUUUCAGGAGAUACUGUCU~GGCUCGAGGCCGGGAGAG  
57-1    AUCUUCCGGCUUAACCGGAAGGCGUCUCAGGGAUACUGGCA~GACUAGGGACCGGGAGAG  
41-1    AUCUCCUCGCUCAACGAGGAGGCGUCCGGUGGAAACUGUGU~GGCUUGGGACCGGAAGAC  
62-2    ACCCACCGAUUUAAUCGUUGG~UCUGCGGGGGAUACUGCUC~GGCUAGGGGACGAGAGAG  
 
                790       800       810       820       830       840      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    GUUAGAGGUACUCCUAGGGUAGGGGUGAAAUCCUGUAAUCCUAGGGGGACCACCUGUGGC  
46-1    GUUGGAGGUACUCCCAGGGUAGGGGUGAAAUCCUGUAAUCCUGGGGGGACCACCUGUGGC  
44A-1   GUUGGAGGUACUCCCAGGGUAGGGGUGAAAUCCUGUAAUCCUGGGGGGACCACCUGUGGC  
19-1    GUGAGAGGUACUCCAGGGGUAGGAGUGAAAUCCUGUAAUCCUUGGGGGACCACCUGUGGC  
61-2    GUGAGAGGUACUUCAGGGGUAGGGGUGAAAUCUUGUAAUCCUUGAAGGACCACCAGUGGC  
72-1    GCAGACGGUAUUUUUGGGGUAGGGGUGAAAUCCUAUAAUCCCAGGAAGACCACCAGUGGC  
39-2    GUUGGAGGUACUCCCAGGGUAGGGGUGAAAUCCUGUAAUCCUGGGGGGACCACCUGUGGC  
33-1    GUGAGAGGUACUUCUGGGGUAGGGGUAAAAUCCUGUAAUCCUAGAAGGACCACCGGUGGC  
38B-1   CUGCGGGGUACGUCCGGGGUAGGAGUGAAAUCCUGUAAUCCUGGACGGACCACCGGUGGC  
120A-4  GUGAGAGGUACUUCAGGGGUAGGGGUGAAAUCUUGUAAUCCUUGAAGGACCACCAGUGGC  
57-1    GUGAGGGGUACUCCAGGGGUAGGAGUGAAAUCCUGUAAUCCUUGGGGGACCACCUGUGGC  
41-1    CUGCGGGGUACGUCCGGGGUAGGAGUGAAAUCCUGUAAUCCUGGACGGACCACCGGUGGC  
62-2    GCAGACGGUAUUCCCGGGGUAGGGGUGAAAUCCUAUAAUCCCGAGAAGACCACCAGUGGC  
 
                850       860       870       880       890       900      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    GAAGGCGUCUAACUGGAACGGGUCUGACGGUGAGGGACGAAACCUAGGGGAGCGAGCCGG  
46-1    GAAGGCGUCCAACUGGAACGGGUCUGACGGUGAGGGACGAAACCUAGGGGAGCGAGCCGG  
44A-1   GAAGGCGUCCAACUGGAACGGGUCUGACGGUGAGGGACGAAACCUAGGGGAGCGAGCCGG  
19-1    GAAGGCGUCUCACCAGAACGGCUCCGACAGUGAGGGACGAAAGCUGGGGGAGCAAACCGG  
61-2    GAAGGCGUCUCACCAGAACGGACCUGACGGCAAGGGACGAAAGCUAGGGGCACGAACCGG  
72-1    GAAGGCUGUCUGCUAGAACGCGCCCGACGGUGAGGGAUGAAAGCUGGGGGAGCGAACCGG  
39-2    GAAGGCGUCCAACUGGAACGGGUCUGACGGUGAGGGACGAAACCUAGGGGAGCGAGCCGG  
33-1    GAAGGCGUCUCACUAGAACGAAUCCGACGGUGAGGGACGAAGCCCUGGGGCGCAAACGGG  
38B-1   GAAAGCGCCGCAGGAAGACGGAUCCGACGGUGAGGGACGAAAGCUCGGGUCACGAACCGG  
120A-4  GAAGGCGUCUCACCAGAACGGACCUGACGGCAAGGGACGAAAGCUAGGGGCACGAACCGG  
57-1    GAAGGCGCCUCACCAGAACGGCUCCGACAGUGAGGGACGAAAGCUGGGGGAGCAAACCGG  
41-1    GAAAGCGCCGCAGGAAGACGGAUCCGACGGUGAGGGACGAAAGCUCGGGUCACGAACCGG  
62-2    GAAGGCUGUCUGCUAGAACGCGCCCGACGGUGAGGGAUGAAAGCUGGGGGAGCGAACCGG  
 
                910       920       930       940       950       960      
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    AUUAGAUACCCGGGUAGUCCUAGGCGUAAAUGAUGCGAGUUAAGUGUGGGGGCAUC~UAC  
46-1    AUUAGAUACCCGGGUAGUCCUAGGCGUAAAUGAUGCGAGUUAAGUGUGGGGGCAUC~UAC  
44A-1   AUUAGAUACCCGGGUAGUCCUAGGCGUAAAUGAUGCGAGUUAAGUGUGGGGGCAUC~CAC  
19-1    AUUAGAUACCCGGGUAGUCCCGGCUGUAAACGAUGCGCGUUAGGUGUAUCGGUGAC~CAC  
61-2    AUUAGAUACCCGGGUAGUCCUAGCCGUAAACGAUACUCGCUAGGUGUCGGCCACGG~UGC  
72-1    AUUAGAUACCCGGGUAGUCCCAGCUGUAAACGAUGCAGACUAGGUGUUUGGACGGC~CAC  
39-2    AUUAGAUACCCGGGUAGUCCUAGGCGUAAAUGAUGCGAGUUAAGUGUGGGGGCAUC~UAC  
33-1    AUUAGAUACCCCGGUAGUCCAGGGUGUAAACGCUGCGGGCUUGGUGUUGGGGGUCC~UUU  
38B-1   AUUAGAUACCCGGGUAGUCCGAGCUGUAAACGAUGUCUGCUAGGUGUGACACAGGC~UAC  
120A-4  AUUAGAUACCCGGGUAGUCCUAGCCGUAAACGAUACUCGCUAGGUGUCGGCCACGG~UGC  
57-1    AUUAGAUACCCGGGUAGUCCCAGCCGUAAACGAUGCGCGUUAGGUGUAUCGGUGAC~CAC  
41-1    AUUAGAUACCCGGGUAGUCCGAGCUGUAAACGAUGUCUGCUAGGUGUGACACAGGC~UAC  
62-2    AUUAGAUACCCGGGUAGUCCCAGCUGUAAACGAUGCAGACUAGGUGUUUGGACGGC~CAC  
 
                970       980       990       1000      1010      1020     
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    GA~GAUGGCCCUGUGCUGUAGGGUAGCCGUUAAACUCGCCGCCUGGGGAGUACGGUCGCA  
46-1    GA~GAUGGCCCUGUGCUGUAGGGUAGCCGUUAAACUCGCUGCCUGGGGAGUACGGUCGCA  
44A-1   GA~GAUGGCCCUGUGCUGUAGGGUAGCCGUUAAACUCGCUGCCUGGGGAGUACGGUCGCA  
19-1    GA~GUCACCGAGGUGCCGAAGAGAAAUCGUGAAACGUGCCGCCUGGGAAGUACGGUCGCA  
61-2    GA~CCGUGGUCGGUGCCGUAGGGAAGCCGUGAAGCGAGCCACCUGGGAAGUACGGCCGCA  
72-1    GUGCCGUUCUA~GUGCCGCAGGGAAGCUGUUAAGUCUGCCGCCUGGGGAGUACGAUCGCA  
39-2    GA~GAUGGCCCUGUGCUGUAGGGUAGCCGUUAAACUCGCUGCCUGGGGAGUACGGUCGCA  
33-1    GA~GGGCGCCCAGUGCCGGAGAGAAGUUGUUAAGCCUGCUGCUUGGGGAGUACGUCCGCA  
38B-1   GAGCCUGUGUU~GUGCCGCAGGGAAGCCGUGAAGCAGACCGCCUGGGAAGUACGUCCGCA  
120A-4  GA~CCGUUGUCGGUGCCGUAGGGAAGCCGUGAAGCGAGCCACCUGGGAAGUACGGCCGCA  
57-1    GA~GUCACCGAGGUGCCGAAGAGAAAUCGUGAAACGUGCCGCCUGGGAAGUACGGUCGCA  
41-1    GA~GCCUGUGUUGUGCCGCAGGGAAGCCGUGAAGCAGACCGCCUGGGAAGUACGUCCGCA  
62-2    GU~GCCGUUCUAGUGCCGCAGGGAAGCUGUUAAGUCUGCCGCCUGGGGAGUACGAUCGCA  
 
                1030      1040      1050      1060      1070      1080     
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        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    AGGCUGAAACUUAAAGGAAUUGGCGGGGGAGCACCACAAGAGGUGGA~GGCUGCGGUUCA  
46-1    AGGCUGAAACUUAAAGGAAUUGGCGGGGGAGCACCACAAGAGGUGGA~GGCUGCGGUUCA  
44A-1   AGGCUGAAACUUAAAGGAAUUGGCGGGGGAGCACCACAAGAGGUGGA~GGCUACGGUUCA  
19-1    AGGCUGAAACUUAAAGGAAUUGGCGGGGGAGCACCACAACGGGUGGA~GCCUGCGGUUUA  
61-2    AGGCUGAAACUUAAAGGAAUUGGCGGGGGAGCACCACAACGGGUGGA~GCUUGCGGUUUA  
72-1    AGAUUGAAACUUAAAGGAAUUGGCGGGGGAGCACCACAAGGGGUGAA~GCUUGCGGUUUA  
39-2    AGGCUGAAACUUAAAGGAAUUGGCGGGGGAGCACCACAAGAGGUGGA~GGCUGCGGUUCA  
33-1    AGGAUGAAACUUAAAGGAAUUGGCGGGGGAGCACCGCAACGGGAGGA~GCGUGCGGUUCA  
38B-1   AGGAUGAAACUUAAAGGAAUUGGCGGGGGAGCACUACAACCGGAGGA~GCCUGCGGUUUA  
120A-4  AGGCUGAAACUUAAAGGAAUUGGCGGGGGAGCACCACAACGGGUGGA~GCUUGCGGUUUA  
57-1    AGGCUGAAACUUAAAGGAAUUGGCGGGGGAGCACCACAACAGGUGGA~GCCUGCGGUUUA  
41-1    AGGAUGAAACUUAAAGGAAUUGGCGGGGGAGCACUACAACCGGAGGA~GCCUGCGGUUUA  
62-2    AGAUUGAAACUUAAAGGAAUUGGCGGGGGAGCACCACAAGGGGUGAA~GCUUGCGGUUUA  
 
                1090      1100      1110      1120      1130      1140     
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    AUUGGACUCAACGCCGGAAAACUCACCGGGAG~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
46-1    AUUGGAUUCAACGCCGGAAAACUCACCGGGAG~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
44A-1   AUUGGACUCAACGCCGGAAAACUCACCGGGAG~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
19-1    AUCGGACUCAACGCCGGGAAACUCACCAGUUA~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
61-2    AUUGGAUUCAACGCCGGAAAUCUUACCGGGAC~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
72-1    AUUGGAGUCAACGCCGGAAAUCUCACCGGGAG~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
39-2    AUUGGAUUCAACGCCGGAAAACUCACCGGGAG~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
33-1    AUUGGAUUCAACACCGGACAACUCACCAGGAG~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
38B-1   AUUGGACUCAACGCCGGACAUCUCACCAGCAU~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
120A-4  AUUGGAUUCAACGCCGGAAAUCUUACCGGGAC~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
57-1    AUCGGACUCAACGCCGGGAAACUCACCAGAUA~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
41-1    AUUGGACUCAACGCCGGACAUCUCACCAGCAU~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
62-2    AUUGGAGUCAACGCCGGAAAUCUCACCGGGAG~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
 
                1150      1160      1170      1180      1190      1200     
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CGACAGC~~AGUAUGAUUGCC  
46-1    ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CGACAGC~~AGUAUGAUUGCC  
44A-1   ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CGACAGC~~AGUAUGAUUGCC  
19-1    ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~AGACAGC~~UGAAUGAUAGUC  
61-2    ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CGACAGC~~AAUAUGAAGGCC  
72-1    ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CGACAGC~~AGUGUGAAGGCC  
39-2    ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CGACAGC~~AGUAUGAUUGCC  
33-1    ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CGACGGU~~UACAUGAAGGCC  
38B-1   ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CGACAGUA~GCAAUGAACGUC  
120A-4  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CGACAGC~~AAUAUGAAGGCC  
57-1    ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~AGACAGC~~UGAAUGAUGGUC  
41-1    ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CGACAGUA~GCAAUGAACGUC  
62-2    ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CGACAGC~~AGGGUGAAAGCCAGAU  
 
                1210      1220      1230      1240      1250      1260     
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    AGGUUGAUGACCUUGCU~UGA~CAAGCUGAGAGGAGGUGCAUGGCCGCCGUCAGUUCGUA  
46-1    AGGUUGAUGACCUUGCU~UGA~CAAGCUGAGAGGAGGUGCAUGGCCGUCGUCAGUUCGUA  
44A-1   AGGUUGAUGACCUUGCU~UGA~CAAGCUGAGAGGAGGUGCAUGGCCGCCGUCAGUUCGUA  
19-1    GGGCUGAAGACUCUACU~UGA~CUAGCUGAGAGGAGGUGCAUGGCCGUCGUCAGUUCGUA  
61-2    AGGCUGAAGACUUUGCC~GGA~UUAGCUGAGAGGUGGUGCAUGGCCGUCGUCAGUUCGUA  
72-1    AGAUUAAAGGUCUUGCC~AGA~CGAGCUGAGAGGAGGUGCAUGGCCGUCGCCAGUUCGUG  
39-2    AGGUUGAUGACCUUGCU~UGA~CAAGCUGAGAGGAGGUGCAUGGCCGUCGUCAGUUCGUA  
33-1    AGGCUGAUGACCUUGCC~UGA~UUUUCCGAGAGGUGGUGCAUGGCCGUCGUCAGUUCGUA  
38B-1   AGUGUGAUGAGCUUACU~GGA~GCUACUGAGAGGAGGUGCAUGGCCGCCGUCAGCUCGUA  
120A-4  AGGCUGAAGACUUUGCC~GGA~UUAGCUGAGAGGUGGUGCAUGGCCGUCGUCAGUUCGUA  
57-1    GGGCUGAAGACUCUACU~UGA~CUAGCUGAGAGGAGGUGCAUGGCCGUCGUCAGUUCGUA  
41-1    AGUGUGAUGAGCUUACU~GGA~GCUACUGAGAGGAGGUGCAUGGCCGCCGUCAGCUCGUA  
62-2    UAAAGGUCUUGCU~AGA~CGAGCUGAGAGGAGGUGCAUGGCCGUCGCCAGUUCGUGCCGU  
 
                1270      1280      1290      1300      1310      1320     
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    CCGUGAGGCGUCCUGUUAAGUCAGGCAACGAACGAGACCCUUGCAUCUAGUUGCCAGCAG  
46-1    CCGUGAGGCGUCCUGUUAAGUCAGGCAACGAACGAGACCCUUGCGUCUAGUUGCCAGCAG  
44A-1   CCGUGAGGCGUCCUGUUAAGUCAGGCAACGAACGAGACCCUUGCAUCUAGUUGCCAGCAG  
19-1    CUGUGAAGCAUCCUGUUAAGUCAGGCAACGAGCGAGACCCACGCCAACAGUUGCUAGCUC  
61-2    CUGUGAAGCAUCCUGUUAAGUCAGGCAACGAGCGAGACCCACGCCCACAGUUGCCAGCGU  
72-1    CCGUGAGGUGUCCUGUUAAGUCAGGCAACGAUCAAGACCCGCGUCCUCUGUU~~~~GCAA  
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39-2    CCGUGAGGCGUCCUGUUAAGUCAGGCAACGAACGAGACCCUUGCGUCUAGUUGCCAGCAG  
33-1    CCGUAAGGCGUUCUCUUAAGUGAGAUAACGAACGAGACCCUCGCCGUUAAUUGCUAGUGU  
38B-1   CCGUGAGGCGUCCUGUUAAGUCAGGCAACGAGCGAGACCCGCACUCCUAAUUGCCAGCAA  
120A-4  CUGUGAAGCAUCCUGUUAAGUCAGGCAACGAGCGAGACCCACGCCCACAGUUGCCAGCGU  
57-1    CUGUGAAGCAUCCUGUUAAGUCAGGCAACGAGCGAGACCCACGCCAACAGUUGCUAGCUC  
41-1    CCGUGAGGCGUCCUGUUAAGUCAGGCAACGAGCGAGACCCGCACUCCUAAUUGCCAGCAA  
62-2    GAGGUGUCCUGUUAAGUCAGGCAACGAUCGAGACCCGCGUCCUCUGUU~~~~GCUACC~~  
 
                1330      1340      1350      1360      1370      1380     
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    AUCCC~~UUCGGGA~~~UGCUGGGUACC~CUAGAUGGACCGCCACUGCUAA~AGUGGAGG  
46-1    GCCCC~~UUCGGGA~~~UGCUGGGUACC~CUAGACGGACCGCCACUGCUAA~AGUGGAGG  
44A-1   AUCCC~~UUCGGGA~~~UGCUGGGUACC~CUAGAUGGACUGCCACUGCUAA~AGUGGAGG  
19-1    GUCC~~~~UCCGGGA~~UGGAGAGGACA~CUGUUGGGACCGCCUCUGCUAA~AGAGGAGG  
61-2    ACUC~~~~UCCGGAG~~UGACGGGUACA~CUGUGGGGACCGCCGCUGCUAA~AGCGGAGG  
72-1    CC~~~~~~AGCUUUG~~AGCUGGGCACA~CUGAGGAGACCGCCACUGAUAA~AGUGGAGG  
39-2    GCCCC~~~UUCGGGA~~UGCUGGGUACC~CUAGACGGACCGCCACUGCUAA~AGUGGAGG  
33-1    UCUC~~~~UCCGGA~~~GAGCACGCACA~UUAACGGGACCGCUGUCGCUAA~GACAGAGG  
38B-1   CACCC~~~UUGUGGU~~GGUUGGGUACA~UUAGGAGGACUGCCAGUGCCAA~ACUGGAGG  
120A-4  ACUC~~~~UCCGGAG~~UGACGGGUACA~CUGUGGGGACCGCCGCUGCUAA~AGCGGAGG  
57-1    GUCCC~~~~CCGGGA~~UGGAGAGGACA~CUGUUGGGACCGCCUCUGCUAA~AGAGGAGG  
41-1    CACCC~~~UUGUGGU~~GGUUGGGUACA~UUAGGAGGACUGCCAGUGCCAA~ACUGGAGG  
62-2    ~~~~AGUCUUG~~UGCUGGGCACA~CUGAGGAGACCGCCACUGAUAA~AGUGGAGGAAGG  
 
                1390      1400      1410      1420      1430      1440     
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    AAGGAGAGGGCGACGGUAGGUCAGUAUGCCCCGAAUCUCCCGGGCUACACGCGGCCUACA  
46-1    AAGGAGAGGGCGACGGUAGGUCAGUAUGCCCCGAAUCUCCCGGGCUACACGCGGCCUACA  
44A-1   AAGGAGAGGGCGACGGUAGGUCAGUAUGCCCCGAAUCUCCCGGGCUACACGCGGCCUACA  
19-1    AAGGAAUGGGCAACGGUAAGUCAGCAUGCCCCGAAUUAACUGGGCUACACGCGGGCUACA  
61-2    AAGGAAUGGGCAACGGUAGGUCAGUAUGCCCCGAAUAUCCCGGGCUACACGCGAGCUACA  
72-1    AAGGAGCGGGCCACGGCAGGUCAGUAUGCCCCGAAUCUCCCGGGCCACACGCGAGCUGCA  
39-2    AAGGAGAGGGCGACGGUAGGUCAGUAUGCCCCGAAUCUCCCGGGCUACACGCGGCCUACA  
33-1    AAGGAGAGGUCAACGGUAGGUCCGUAUGCCCCGAAUCUCCUGGGCUACACGCGCGCUACA  
38B-1   AAGGAACGGGCAACGGUAGGUCAGUAUGCCCCGAAUGUGCUGGGCGACACGCGGGCUACA  
120A-4  AAGGAAUGGGCAACGGUAGGUCAGUAUGCCCCGAAUAUCCCGGGCUACACGCGAGCUACA  
57-1    AAGGAAUGGGCAACGGUAGGUCAGCAUGCCCCGAAUUAUCUGGGCUACACGCGGGCUACA  
41-1    AAGGAACGGGCAACGGUAGGUCAGUAUGCCCCGAAUGUGCUGGGCGACACGCGGGCUACA  
62-2    AGCGGGCCACGGCAGGUCAGUAUGCCCCGAAUCUCCCGGGCCACACGCGAGCUGCAAUGG  
 
                1450      1460      1470      1480      1490      1500     
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    AUGGACAGGACAAUGGGCU~CCGAUCCCGAAAGGGAAAGGCAAUCCUUUAAACCUGUUCU  
46-1    AUGGGCAAGACAGUGGGCU~CCGAUCCCGAAAGGGAAAGGCAAUCCUUUAAACUUGCUCU  
44A-1   AUGGACAGGACAAUAGGCU~CCGAUCCCGAAAGGGAAAGGCAAUCCUCUAAACCUGUUCU  
19-1    AUGGGUGGGACAAUGGGUA~UCGACACCGAAAGGUGAAGGCAAUCUCCUAAACCCAUCCU  
61-2    AUGGUUGGUACAAUGGGUA~UCUACCCCGAAAGGGGAUGGAAAUCUCCUAAAGCCAAUCU  
72-1    AUGGCAGGUACAAUGGGUU~CCGACCUCGAAAGGGGGAGGCAAUCUCGAAAGCCUGCCGU  
39-2    AUGGGCAAGACAGUGGGCU~CCGAUCCCGAAAGGGAAAGGCAAUCCUUUAAACUUGCUCU  
33-1    AAGGUUGGGACAAUGGGCU~CCGACAUCGAAAGGUGAAGGCAAUCU~CGAAACCCAAUCG  
38B-1   AUGGCCGAGACAGUGGGAC~CCUACCCCGAGAGGGGACGGUAAUCUCCGAAACUCGGUCG  
120A-4  AUGGUUGGUACAAUGGGUA~UCUACCCCGAAAGGGGAUGGAAAUCUCCUAAAGCCAAUCU  
57-1    AUGGGUGGGACAAUGGGUA~UCGACACCGAAAGGUGAAGGCAAUCUCCUAAACCCAUCCU  
41-1    AUGGCCGAGACAGUGGGAC~CCUACCCCGAGAGGGGACGGUAAUCUCCGAAACUCGGUCG  
62-2    CAGGGACAAUGGGUU~CCGACCUUGAAAAGGGAAGGCAAUCU~CGAAAGCCUGCCGUAGU  
 
                1510      1520      1530      1540      1550      1560     
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    UAGUUCGGAUUGAGGGCUGUAACUCGCCCUCAUGAAGCUGGAAUCUCUAGUAAUCGCGUG  
46-1    UAGUUCGGAUUGAGGGCUGUAACUCGCCCUCAUGAAGCUGGAAUCUCUAGUAAUCGCGUG  
44A-1   UAGUUCGGAUUGAGGGUUGUAACUCGCCCUCAUGAAGCUGGAAUCUCUAGUAAUCGCAUG  
19-1    UAGUUCGGAUUGUGGGCUGCAACUCGCCCACAUGAAGCUGGAAUCCGUAGUAAUCGUGUC  
61-2    UAGUUCGGAUUGAGGGCUGCAACUCGCCCUCAUGAAGCUGGAAUCCGUAGUAAUCGCGUU  
72-1    AGUUGGGAUCGAAGGCUGCAA~CCCGCCUUCGUGAACAUGGAAUCCCUAGUAAUCGCGUG  
39-2    UAGUUCGGAUUGAGGGCUGUAACUCGCCCUCAUGAAGCUGGAAUCUCUAGUAAUCGCGUG  
33-1    UAGUUCGGAUUGAGGGUUGUAACUCACCCUCAUGAAGCUGGAUUCCGUAGUAAUCGCGGA  
38B-1   UAGUUCGGAUUGCAGGCUGAAACUCGCCUGCAUGAAGCUGGAUUCGGUAGUAAUCGCCGU  
120A-4  UAGUUCGGAUUGAGGGCUGCAACUCGCCCUCAUGAAGCUGGAAUCCGUAGUAAUCGCGUU  
57-1    UAGUUCGGAUUGUGGGUUGCAACUCACCCACAUGAAGCUGGAAUCUGUAGUAAUCGUGUC  
41-1    UAGUUCGGAUUGCAGGCUGAAACUCGCCUGCAUGAAGCUGGAUUCGGUAGUAAUCGCCGU  
62-2    UGGGAUCGAGGGUUGUAACCCAUCCUCGUGAACAUGGAAUCCCUAGUAAUCGCGUGUCAU  
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                1570      1580      1590      1600      1610      1620     
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    UCAUCAU~CGCGCGAUGAAUACGUCCCUGCUCCUUGCACACACCGCCCGUCAAUCCACCU  
46-1    UCAUCAU~CGCGCGGUGAAUACGUCCCUGCUCCUUGCACACACCGCCCGUCAAUCCACCU  
44A-1   UCAUUAU~CGUGCGGUGAAUACGUCCCUGCUCCUUGCACACACCGCCCGUCAAUCCACCU  
19-1    UCAAAAU~GGCACGGUGAAUAUGUCCCUGCUCCUUGCACACACCGCCCGUCAAACCACCC  
61-2    UCAACAG~AACGCGGUGAAUACGUCCCUGCUCCUUGCACACACCGCCCGUCAAACCACCC  
72-1    UCAUCAG~CGCGCGGUGAAUACGUCCCUGCUCCUUGCACACACCGCCCGUCGUUCCAUCC  
39-2    UCAUCAU~CGCGCGGUGAAUACGUCCCUGCUCCUUGCACACACCGCCCGUCAAUCCACCU  
33-1    CCAACAA~UCCGCGGUGAAUAUGCCCCUGCUCCUUGCACACACCGCCCGUCAAACCACCC  
38B-1   UCAGAAG~ACGGCGGUGAAUACGUCCCUGCUCCUUGCACACACCGCCCGUCAAAGCACCC  
120A-4  UCAACAG~AACGCGGUGAAUACGUCCCUGCUCCUUGCACACACCGCCCGUCAAACCACCC  
57-1    UCAAAAU~GGCACGGUGAAUAUGUCCCUGCUCCUUGCACACACCGCCCGUCAAACCACCC  
41-1    UCAGAAG~ACGGCGGUGAAUACGUCCCUGCUCCUUGCACACACCGCCCGUCAAAGCACCC  
62-2    UAG~CGCGCGGUGAAUACGUCCCUGCUCCUUGCACACACCGCCCGUCGUUCCAUCCGAGC  
 
                1630      1640      1650      1660      1670      1680     
        ....|....|....|....|....|....|....|....|....|....|....|....| 
69-1    UAGUGAGGUUUAGGUGA~G~GC~~~~UUUG~~CC~~~CUU~~~~~AGG~GUAGAGU~CAA  
46-1    UAGUGGGGUCUAGGUGA~G~GC~~~~UUUG~~CCC~~CU~~~~~~AGG~GUAGAGU~CAA  
44A-1   UAGUGAGGUUUAGGUGA~G~GC~~~~UUUG~~CCC~~CU~~~~~~AGG~GUAGAGU~CAA  
19-1    GAGUGAGGUCUUGAUGA~G~GCCG~~UCG~~~~~~~~UAU~~~~~ACG~CGGCGGU~CGA  
61-2    GAGUAGGGUCUGAAUGA~G~AGCGC~UUCCU~~~~~~CU~~~~~~GGA~GGCGUU~~CGA  
72-1    GAGUGACUCUUGGGUGA~G~GUGCCGUCUU~~~~~~~CAU~~~~~~GG~~~CGGUAUCGA  
39-2    UAGUGGGGUCUAGGUGA~G~GC~~~~UUUG~~~CCC~CU~~~~~~AGG~GUAGAGU~CAA  
33-1    GAGUUGGGUUUCAGUAA~G~GAUAUCUCAU~~~~~~~UUU~~~~~~~G~GGGUCUU~CGA  
38B-1   GAGUGGGGUCCGGAUGA~G~GCCGCCUUCC~~~~~~~~~~~~~~~~GG~~~CGGU~~CGA  
120A-4  GAGUAGGGUCUGAAUGA~G~AGCGC~UUCCU~~CC~~~~~~~~~~~GG~AGGCGUU~CGA  
57-1    GAGUGAGGUCUUGAUGA~G~GCCGUAG~~~~~~~~~~UAU~~~~~ACG~CUGCGGU~CGA  
41-1    GAGUGGGGUCCGGAUGA~G~GCCGCCUUCC~~~~~~~~~~~~~~~~GG~~~CGGU~~CGA  
62-2    GACUUUUGGGUGA~G~GCGUCGU~~~~~~~~~~CACGUU~~~GG~~~CGGCGUCGAAUCU  
 
                1690      1700      1710      1720         
        ....|....|....|....|....|....|....|....|....|. 
69-1    ACCUAGGUUUCGCGAGGGGGGAUAAGUCGUAACAAGGUAACCCGG   
46-1    ACCUAGGUUCCGCGAGGGGGGAUAAGUCGUAACAAGGUAACCCGG   
44A-1   ACCUAGGUUUCGCGAGGGGGGAUAAGUCGUAACAAGGUAACCCGG~  
19-1    AUCUAGGUUUUGCAAGGGGGGUUAAGUCGUAACAAGGUAACCCGG   
61-2    AUUUGGGCUUUGCAAGGGGGGUUAAGUCGUAACAAGGUAACCCGG~  
72-1    AUCUAAGUUUCACAAGGAGGGAAAAGUCGUAACAAGGUAACCCGG   
39-2    ACCUAGGUUCCGCGAGGGGGGAUAAGUCGUAACAAGGUAACCCGG~  
33-1    ACUGAGAUUCAGCAAGGAGGGUUAAGUCGUAACAAGGUAACCCGG   
38B-1   AUCUGGGCUCCGCAAGGGGGCUUAAGUUGUAACAAGGUAACCCGG   
120A-4  AUUUGGGCUUUGCAAGGGGGGUUAAGUCGUAACAAGGUAACCCGG   
57-1    AUCUAGGUUUUGCAAGGGGGGUUAAGUCGUAACAAGGUAACCCGG   
41-1    AUCUGGGCUCCGCAAGGGGGCUUAAGUCGUAACAAGGUAACCCGG~  
62-2    AAGUUUCGUAAGGAGGGAAAAGUCGUAACAAGGUAACCCGG       
 



 

 
 

 
 

50 

REFERENCES 

1. Ferry, J.G. (1993) "Methanogenesis" Chapman & Hall, New York, 1-536. 
 
2. Whitman, W.B., Bowen, T.L., and Boone, D.R. (1991) The methanogenic bacteria, p. 

717-768. In A. Barlows et al. (ed.) The prokaryotes. Springer-Verlag, New York, 
N.Y. 

 
3. Munson, M.A., Nedwell, D.B., and Embley, T.M. (1997) Phylogenetic Diversity of 

Archaea in Sediment Samples from a Coastal Salt Marsh. Appl. Eniv. Microbiol., 63, 
4729-4733. 

 
4. Whitford, M.F., Teather, R.M., and Forster, R.J. (2001) Phylogenetic analysis of 

methanogens from bovine rumen. BMC Microbiol., 1, 5. 
 
5. Schleper, C., Holben, W., and Hans-Peter, K. (1997) Recovery of Crenarchaeotal 

Ribosomal DNA Sequences from Freshwater-Lake Sediments. Appl. Eniv. 
Microbiol., 63, 321-323. 

 
6. Whitehead, T.R. and Cotta, M.A. (1999) Phylogenetic diversity of methanogenic 

archaea in swine waste storage pits. FEMS Microbiol. Lett., 179, 223-226. 
 
7. Silvey, P., Pullammanappallil, P.C., Blacknall, L., and Nichols, P. (2000) Microbial 

ecology of the leach bed anaerobic digestion of unsorted municipal solid waste. 
Water Sci. Technol., 41, 9-16. 

 
8. Harris, J.K., Haas, E.S., Williams, D., Frank, D.N., and Brown, J.W. (2001) New 

insight into RNase P RNA structure from comparative analysis of the archaeal RNA. 
RNA., 7, 220. 

 
 



 

 
 

 
 

51 

PREFACE 

The main body of work in chapter 3 entitled NEW INSIGHTS INTO RNase RNA 

STRUCTURE FROM COMPARATIVE ANALYSIS OF THE ARCHAEA RNA is a 

reprint of published research in the scientific journal RNA (200l; 7:220-232).  The 

specific portion of the research that I have contributed is introduced in the following 

published abstract (Nucleic Acid Symposium Series. 1999; no.41, p184-186), entitled 

CHARACTERIZATION OF CHIMERIC ARCHAEA RNase P RNAs.  Briefly, an RNA 

chimera was constructed by inserting the phylogenetically variable bacterial element 

helix P18 into the archaea Methanobacterium thermoautotrophicum and subsequent 

changes in P8 in order to determine if this structural change would reduce the high salt 

(3M NH4OAc, 300mM MgCl2) requirement of the archaeal RNA.   I also contributed 

environmental isolated RNase P RNA sequences that were used in the comparative 

analysis data set used to reevaluate the archaeal RNA secondary structure.  
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CHARACTERIZATION OF CHIMERIC ARCHAEA RNase P RNAs 

 
 
ABSTRACT 

Archaeal RNase P RNAs were previously thought to be unable to carry out 

catalysis in vitro (1).   However, the RNA alone is active, but very high mono- and 

divalent salt concentrations are required for minimal catalytic activity (2).  Unlike in 

Archaea, their bacterial counterparts are very catalytically active in vitro and do not need 

extremely high salts to carry out catalysis. The core structure of RNase P RNA between 

Bacteria and Archaea are very similar, however, there are differences in the peripheral 

structure of these molecules in respect to variation in size, helical placement and length 

(3).  The question we propose is; What are the differences and/or similarities in structure 

that contribute to RNase P RNA from the achaean Methanobacterium 

thermoautotrophicum being less catalytically proficient than Bacteria?  Homologous 

element (s) from the bacterial RNA (i.e. E. coli) were inserted into the archaeal RNA in 

hopes of making the archaea RNase P RNA as catalytically proficient.  The results 

showed that insertion of helical element P18 and base pair changes in P8 did not increase 

the catalytic proficiency of the molecule. 
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INTRODUCTION 

RNase P is a ribonuclease that cleaves the 5' leader sequence of precursor tRNAs 

(pre-tRNA) by phosphodiester hydrolysis to produce a mature tRNA molecule. This 

endonucleolytic event is site specific and results in a mature tRNA retaining a 5' 

phosphate and a leader fragment with a 3' hydroxyl.  RNase P is ubiquitous in all 

organisms and subcellular organelles involved in tRNA biogenesis.  RNase P RNAs of 

Bacteria are ribozymes- the catalytic subunit of the enzyme is RNA.  Bacterial RNase P 

RNAs are catalytically proficient in vitro, unlike the archaeal counterparts.  The bacterial 

RNase P RNAs (primarily from Escherichia coli and Bacillus subtilis) are the only 

RNase P RNAs that have been extensively studied (4).  The RNase P holoenzyme of 

Bacteria are composed of the large RNA (ca. 400 nucleotides) and small protein (ca. 120 

amino acids).  Archaeal and Eucaryal RNase P holoenzymes contain more protein 

relative to their bacterial counterpart.  The most useful way to understand the structure 

and function of RNase P has been through comparative analysis (5), which has enabled 

the identification of a minimum consensus bacterial (6) and archaeal (7) RNase P RNA 

structure.  The bacterial RNase P RNA has been well characterized in vitro; this has 

proved very useful in determining what structural elements contribute to the catalytic 

proficiency of the molecule. There are core helices (P1-P11 and P15) that are present in 

all bacterial RNase P RNAs that may be essential for function given the conservative 

nature of the helices. Most of the non-conserved helices are subject to variation in length, 

which suggest that they are located in the periphery of the RNase P RNA catalytic core 

(8).  Experiments have been done where helices varying in length have been deleted.  

This results in a destabilized structure, but the molecule still retains most of its enzymatic 
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activity (9, 10).  A few of the dispensable elements are P16/P17/P6, P12, P13/P14, and 

P18.  There is no dramatic reduction in catalytic activity after individual removal of these 

elements.  However, the enzyme does seem to be less stable (temperature sensitive, 

higher ionic requirement) than the native RNA.  It has recently been shown that some 

archaeal RNase P RNAs are active under extreme ionic conditions (requiring 3M 

NH4OAc and 300 mM MgCl2) but are less catalytically proficient compared to bacterial 

RNase P RNA (2). This fact raises the question of what are the differences in structure 

that make one molecule more active than the other. We plan to determine what changes 

in structure may reduce the high salt requirement for minimal catalytic activity in the 

archaeal RNA.  We know that in Bacteria, helix P18 and P14 form a tertiary interaction 

with helix P8 in E. coli (11).  It is believed that these interactions help stabilize the global 

structure and contribute to correct folding of the molecule in vitro.  

In this paper we report the catalytic properties of two chimeric RNase P RNAs 

based on M. thermoautotrophicum RNA containing the E.coli P18. 

 

MATERIALS AND METHODS 

 
Preparation of RNAs 

The RNAs were synthesized as run off transcripts using the T7 promoter.  

Transcription products were purified by electrophoresis on 5% denaturing 

polyacrylamide/8M urea gels. The RNAs were excised and eluted overnight.  Samples 

were ethanol precipitated and resuspended into 75µl elution buffer. 
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Generation of the Chimeric RNAs  

Two archaeal chimeras (one chimera with only P18 inserted and the second 

chimera with P18 and base pair changes in P8) were made by insertion of P18 (based on 

that of E. coli) into the RNA from M. thermoautotrophicum by in vitro site-directed 

mutagenesis and polymerase chain reaction (PCR). In the second chimera, the 

appropriate base pair changes were made in helix P8 to ensure that the tertiary interaction 

was established between the two helices. The primers used are as follows: Mth P18 (5'-

CGGCAGCATTCATCTAGGCCAGCAATTGCTCACTGGCTCGGGCGGACTACCT

C-3') and Mth P8: (5'-CTCAGCTGATGGCTCACGCCACCACGG-3'). 

        

RNase P Assays 

The assays were done in RNase P RNA buffer (50mM Tris-pH 8, MgCl2, 

NH4OAc) under varying concentrations of NH4OAc (.1 mM-4M), MgCl2 (25 mM-

400mM) and temperature (30-60°C).  Each RNA (10 nM) was assayed in the presence B. 

subtilis 32P-labeled pre-tRNAAsp (2 nM) at 46°C for 45 minutes and then stopped by 

adding an equal amount of RNA loading dye.  Samples were run out on 12% denaturing 

polyacrylamide/8M urea gels at 300 volts to visualize cleavage activity.  Cleavage 

products were quantified using Phosphorimagery.  

 

RESULTS 

 Helix P18 was inserted into the M. thermoautotrophicum RNase P RNA based on 

the homologous sequence of helix P18 in E. coli.  The two chimeric RNAs produced are 

as follows: M. thermoautotrophicum P18 (designated Mth P18, contains only the addition 
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of helix P18) and M. thermoutotrophicum P8 (designated Mth P8, contains helix P18 plus 

appropriate changes in helix P8 to allow docking with P18).   

 Native M. thermoutotrophicum RNase P RNA (native Mth) requires a high 

concentration of monovalent (3M NH4OAc) salt for optimal activity as shown in Figure 1 

A.   This result is consistent with earlier experiments of RNase P RNAs from other 

Archaea (2).  The monovalent salt requirement for minimal catalytic activity of Mth P18 

and Mth P8 was the same as the native RNA (Figure 1A).  There is ca. 50% difference in 

relative activity between the native RNA and the two chimeric RNAs at 3M-ammonium 

acetate.  The previous salt titration showed that the optimal activity for the RNAs is at 

3M-ammonium acetate, thus all of the MgCl2 reactions were done at 3M-ammonium 

acetate.  Figure 1 B shows that native Mth has the greatest optimal activity at 300 mM 

MgCl2 in comparison to the lesser active chimeric RNAs, which also have an optimum at 

the same MgCl2 concentration.  Figure 1 C shows that the temperature optimum for 

native Mth, Mth P18, and Mth P8 is 45°C.  Mth P8 is slightly more active than Mth P18 

at the temperature optimum and continues to remain more active as the temperature 

increases.  The tertiary interaction in chimera Mth P8 may be stabilizing the molecule 

better than the P18 alone insertion, which could explain the slight difference in relative 

activity between the chimeric RNAs.  The P18 insertion without an established tertiary 

interaction with P8 could be further destabilizing the molecule, therefore reducing its 

ability to perform catalysis as well.  

 



 

 
 

 
 

57 

DISCUSSION 

We have constructed and characterized chimeric archaeal RNase P RNAs.  P18 

was chosen as the first helical element in constructing the archaea chimera based on 

earlier experiments with Chlorobium spp. (green-sulfur bacteria) that naturally lack P18 

but were still catalytically active in vitro (10).  This finding was surprising since P18 is 

universally present and conserved in other bacterial RNase P RNAs.  The Chlorobium 

spp. and E. coli RNase P RNA with P18 removed are comparable to the native E. coli 

RNase P RNA in catalytic activity; the mutant requires an increase in monovalent salt 

(NH4OAc) concentration from 1M to 3M.  The increase in salt suggests that P18 assists 

in stabilizing the molecule but is not directly involved in catalytic activity.  Helix P18 

from E. coli was inserted into RNase P RNAs from the achaean Methanobacterium 

thermoautotrophicum, but did not reduce the high mono- and divalent salt requirements 

of the molecule for catalysis; these chimeric RNAs were less catalytically active than the 

native RNA.  However, an interesting finding was that it is necessary to establish the P8 

and P18 tertiary interaction in order to maintain catalytic activity comparable to the 

native RNA. We propose that the addition of helix P18 into the molecule further 

destabilizes the RNA unless the helix is anchored into position by interaction with P8.  

The next step will be to insert helix P14 and establish its tertiary interaction with P8, 

completing the tertiary structure of the region.  Another approach is to use in vitro 

selection techniques to generate mutant RNase P RNAs that function in moderate ionic 

conditions.  In vitro selection has proven very efficient in assaying large sets of mutations 

introduced into RNase P RNAs of Bacteria (12, 13).  This will involve the use of a self-
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cleaving conjugate containing the RNA from the achaean Methanobacterium formicicum 

RNase P RNA, and its substrate, precursor tRNA (cpTP RNA).  
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PREFACE 

The work in chapter 4 entitled A SYSTEMATIC COMPARISON OF IN VITRO 

SELECTED AND NATURAL RNase VARIANTS is in press and will be submitted to 

the journal of Nucleic Acids Research.  I am predominately responsible for the research 

in this section of my dissertation.  Briefly, we were interested in whether specific point 

mutations introduced into the archaeal RNase P RNA M. formicicum (M. formicicum: B. 

subtilis pre-tRNAAsp) would reduce the high salt requirement for catalytic activity in 

vitro.  M. formicicum: B. subtilis pre-tRNAAsp is a cis-cleaving RNA that was covalently 

linked to an immobilized surface after which cleavage could be induced under 

appropriate ionic conditions.  Catalytically active RNAs are mutated further and used as 

the starting template in another round of selection.   
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ABSTRACT 

Archaeal and bacterial RNase P RNAs are very similar in sequence and secondary 

structure, but in the absence of protein, the archaeal RNAs are much less active and 

require extreme ionic conditions.  In order to assess how readily the activity of the 

archaea RNA alone could be improved by point mutations in its sequence, in vitro 

selection was used to generate variants of the self-cleaving conjugant Methanobacterium 

formicicum: B. subtilus tRNAAsp (cpTP).  Functional variants were generated with a 

broad spectrum of mutations that were predominately consistent with natural variation in 

this RNA.  Variants generated from the selection were only comparable to wildtype in 

catalytic activity; more performed significantly faster at lower ionic strength.  This 

suggests that the archaeal RNase P RNA is globally optimized and that the protein may 

play larger compensatory roles in catalysis than previously thought.  
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INTRODUCTION 

RNase P RNA is a ribonuclease responsible for the 5' maturation of pre-tRNAs in 

all cells and subcellular organelles that carry out in tRNA synthesis (for review, see 1-3).  

RNase P RNAs identified in each evolutionary domain of life are "ribozymes"- the 

catalytic subunit of the enzyme is the RNA, not the protein, of the ribonucleoprotein 

enzyme.  The RNA subunit of the bacterial RNase P is capable of efficient catalysis in 

the absence of protein (4), whereas those of Eucarya are absolutely dependent on protein 

for function (5-8).  Archaeal RNase P RNAs were initially thought, like those of Eucarya, 

to be dependent on protein for catalytic activity in vitro (9, 10), but the RNase P RNAs of 

some archaea (the methanobacteria, thermococci, and extremely halophiles) have 

recently been shown to be active, at very low levels, under extreme ionic conditions (3M 

ammonium acetate, 300 mM MgCl2) (11).  Bacterial and archaeal RNase P RNA 

secondary structures are very similar; sequences and sequence variation are similar in 

these RNAs, most of which fall into the ancestral “type A” secondary structure class.  

The most obvious consistent structural difference between bacterial and archaeal type A 

RNase P RNAs is the presence of helix P18 in Bacteria (absent only in those of the green 

sulfur Bacteria {12}) and its uniform absence in the Archaea.  The removal of P18 from 

the Escherichia coli RNA results in an increase in the optimum monovalent salt 

requirement from 1M to 3M (ammonium acetate), consistent with the ionic requirement 

of the archaeal RNAs activity in vitro (12).  However, the affinity for substrate (1/Km) by 

the mutant bacterial RNA remains at least 1000-fold higher than the most active archaeal 

RNA, that of Methanothermobacter thermoautotrophicus (formerly Methanobacterium 

thermoautotrophicum (H).  The insertion of P18 into the RNase P RNA of M. 
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thermoautotrophicus (with appropriate sequence changes in P8 to maintain the potential 

for interaction of these helices) did not improve catalytic activity (13).  The differences in 

activity of bacterial and archaeal RNase P RNAs would seem, then, not to reside in the 

differences in their secondary structure, but in more subtle differences in their sequence 

or tertiary structure.  Several group I and group II introns that are dependent on protein 

for efficient cleavage have been dramatically improved by minor sequence changes 

generated during in vitro selection experiments (14-17).  In order to assess how readily 

the activity of the archaeal RNase P could be improved (in the absence of protein), we 

have subjected a self-cleaving archaeal RNase P RNA: pre-tRNA conjugate to in vitro 

selection using sequential rounds of mutagenic PCR and selection for the most rapidly 

cleaving RNAs.  

 

MATERIALS AND METHOD 

Selection 

M. formicicum: B. subtilus tRNAAsp (cpTP RNA) is a circularly permuted 

enzyme: substrate RNAs (Figure 1); this self-cleaving conjugant has been previously 

described (11).  The selection scheme used to generate cpTP RNA variants is based on 

the method of Frank, et al. (18).  Briefly, the cpTP RNA was transcribed in vitro in the 

presence of GMPS (see below) and covalently-linked (refer to the above selection 

procedure by Frank et al.{18}) to iodacetyl-agarose beads (Sulfolink gel, Pierce).  The 

beads were then washed four times with 16 bed volumes of high salt buffer (3M 

ammonium acetate, 50 mM Tris, pH8, 5 mM EDTA) at room temperature, then once in 

wash buffer at 1-3M, as specified for the elution, at 50ºC.  The beads were resuspended in 
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reaction buffer (1M NH4OAc /100mM MgCl2-3M NH4OAc /300mM MgCl2 at 50ºC, as 

indicated in Table 1) to initiate self-cleavage.  RNAs released from the column by self-

cleavage were removed by washing in a reaction buffer in approximately 1-hour 

intervals.  Fractions containing the first 5-10% of the eluted RNAs were pooled and used 

in the next round of the selection.  

 

RNA synthesis and purification 

Uniformly-labeled cpTP RNAs were synthesized in vitro using T7 RNA 

polymerase (Promega) in the presence of [α-32P]GTP.  In vitro transcription reactions 

were modified from Frank et al. (18) as follows: reactions were incubated at 37ºC 

overnight in the absence of glycerol and in the presence of 87mM guanosine 

monophosphorothioate (4:1 ratio of GMPS/GTP) was used to initiate RNA synthesis.  

GMPS was a gift by Daniel Frank and Norman Pace (University of Colorado).  

Transcripts were purified by gel electrophoresis in 6% polyacrylamide/7.5M urea 

gel/TBE buffer (SequaGel, National Diagnostics; 90 mM Tris, 64.6 mM boric acid, 2.5 

mM EDTA, pH 8.3).  Full-length transcripts were excised and eluted by diffusion in 1X 

TE, 0.5 % SDS at 4ºC overnight.  Eluted RNAs were ethanol precipitated, resuspended in 

10mM Tris-Cl, pH 7.5, and quantified by scintillation spectrophotometry.   

 
Error Prone PCR and Reverse transcription  
 

Variant sequences of cpTP RNA were generated by error-prone PCR according to 

Dieffenbach and Dveksler (19); this procedure has an overall error rate of about of 7x10-3 

per nucleotide apparently without significant sequence bias.  Template DNA for cpTP 
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RNA was amplified from plasmid DNA using Taq polymerase (Gibco/BRL) and primers 

"T75'pre" (5'TAATACGACTCACTATAGGGCGAATTGGAGCTCCACC 

GGTCCGGTAGTTCAG 3') and "Mfo260R" (5'CCCAAGCTTCTGCCTCATACAG 

GATTC 3') under error-prone PCR conditions (19), and gel purified.  After the first 

round of selection, the RNA eluted from beads was subjected to reverse transcription as 

described by Frank et al. (18) using the reverse primer Mfo260R, and used directly as 

template in error-prone PCR reactions. 

 

Cloning and Sequencing 

RT-PCR products from each round were cloned into pGem®T (Promega) 

following the manufacturer’s protocol.  Positive clones were identified by amplification 

of a ~446bp product using primers T75'pre and Mfo260R primer under standard PCR 

conditions (94ºC for 1 min, 50ºC for 1 min, 72ºC for 1 min, 30 cycles of amplification) 

from plasmid DNA minipreps.  RNA transcribed from each clone using T7 RNA 

polymerase was assayed for self-cleaving activity (see below).  A total of 50 RNA 

variants with activity comparable to the wild-type RNA were sequenced.  Sequences 

were aligned using Bioedit (Version 5.0.7; http://www.mbio.ncsu.edu/RNase 

P/info/programs/Bioedit/).     

 

Activity Assay 

RNA was synthesized (in absence of GMPS) by run off transcription from 

individual clones, amplified from pool DNA after each selection round as described 

above, and eluted in 50-100µl dH2O at 4ºC overnight.  Eluted RNA (1 or 2µ1) was 

http://www.mbio.ncsu.edu/RNase
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assayed for RNase P activity in 3M NH4OAc, 300 mM MgCl2, 50 mM Tris (pH 8) or 1-

2M NH4OAc, 300 mM MgCl2, 50 mM Tris (pH 8) at 50ºC for 6-8h.  Reaction products 

were separated by electrophoresis (refer to Figure 2) in a 12% polyacrylamide/7.5M urea 

gel/TBE buffer and visualized by phosphorimagery (Molecular Dynamics). 

 

RESULTS 

This in vitro selection scheme was designed to assess how readily the archaeal 

RNase P RNA would be "improved", either by cleaving faster or at lower ionic strength, 

by point mutations.  Random mutations were introduced into an initially completely 

specified sequence by mutagenic PCR in each round of the selection, and those RNAs 

that released themselves from the column matrix by self-cleavage most rapidly after the 

addition of MgCl2 were collected.  Increases in the stringency of each round were based 

on the rate of RNA release from the column (see Table 1).  Individual clones from each 

round were assayed for catalytic activity and active RNAs were sequenced (Figure 2).  

All individual clones had activity comparable to that of wildtype: none self-cleaved 

significantly faster than wildtype at high (3M) or low (1M) salt (data not shown).  

Although the majority of the active clones sequenced were from round 6, in order to 

maximize the extent of sequence variation observed, at least one representative was 

sequenced from each of the earlier rounds except for round 1 (Table 1).  Rounds 8-11 did 

not generate any active clones thus, were not included in the analysis.  The nucleotide 

sequences of several of these non-active clones were determined; all contained variations 

of a sequence that was unrelated to the starting sequence or to any sequence available in 

GenBank.  The origin of this sequence is unknown, nor is it clear how the selection 
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process enriches for this sequence over the cpTP RNA variants.  In order to determine if 

the unrelated RNA sequences were actually sequences derived from the starting sequence 

or some experimental artifact generated during the selection, we repeated the selection 

again starting with round 6 and once again we were unable to recover the starting 

sequence after round 8.  

A broad spectrum of sequence variation consistent with wildtype levels of 

catalytic activity comparable to wildtype was identified in the 50 clones analyzed.  Base 

transitions (115 mutations) and transversions (73 mutations) were the most common 

mutational changes observed, but deletions (30 mutations), and insertions (4 mutations) 

were also represented.  Although the mutations were scattered, most occurred peripheral 

to the catalytic core of M. formicicum RNase P RNA secondary structure, and this 

sequence variation is predominately consistent with naturally-occurring sequence 

variation in this RNA (Figure 1).  The region in the RNase P RNA portion of the 

sequence with the highest density of mutations were the artificial sequence connecting 

the natural 5' and 3' ends of the RNase P RNA (circularly permuted region; CPR).  Given 

that CPR is not native part of the RNA, it is not surprising that sequence variation here is 

tolerated.  Mutations in the tRNA sequences were more evenly distributed than in the 

RNase P RNA sequence and were consistent with naturally occurring sequence variation 

(refer to Figure 1 and 3).  The sequences adjacent to the highly-conserved J15/16 

sequences in the secondary structure of RNase P RNA (between J15/16 and the 3' primer 

sequence) were also relatively more variable than in nature.  It might be expected that the 

covalent linkage of the 3' CCA of the pre-tRNA to its binding site in J15/16 would relax 

the constraints on these sequences because the interaction that requires these sequences is 
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pre-enforced however, this seems not to be the case.  The CCA tail of the tRNA was not 

changed in any of the RNAs, nor was the 6-nucleotide artificial sequence that links the 

substrate to the RNase P RNA.  

CRIII is a highly-conserved region in RNase P RNA amongst all three domains of 

life (20), yet it was a region of relatively high sequence variation among the selected 

RNAs (refer to Figure 3).  However, CRIII is probably involved in protein binding, at 

least in Bacteria (21), and so probably has similar function in Archaea and Eucarya.  

Because the selection was carried out in absence of protein, the sequence of this 

conserved region was apparently less constrained.  In contrast to CRIII, few mutations 

occurred in the remaining conserved regions: CRI, CRII, CRIV, and CRV; those 

mutations that did occur in these regions were only in the most highly-variable positions 

in these conserved sequences, and only resulted in substitutions known to exist in nature 

(refer to Figure 3).  Conserved regions I, IV, and V are central to the catalytic core, so it 

is not surprising that these regions would be constrained because of their direct 

involvement in catalytic activity.  

 

DISCUSSION 

Despite their similarity in sequence and secondary structure, archaeal and 

bacterial RNase P RNAs are functionally very different.  The archaeal RNAs are much 

more dependent on the protein subunits of the enzyme for function, and in the absence of 

these proteins are severely impaired, or in many cases completely incapable of catalysis 

(9-11).  The archaeal RNAs are apparently much more dependent than are the bacterial 

RNAs on protein for structural stabilization (11), and this expresses itself primarily in a 



 

 
 

 
 

83 

poor affinity for substrate (high Km) and requirement for extremely high ionic strength 

and Mg++ concentration, rather than in catalysis (Kcat) (11).   Archaeal and bacterial 

RNase P RNAs are very similar in sequence, secondary structure, and evolutionary 

variation (13, 20-24), and at least some of these RNAs can be functionally reconstituted 

with a bacterial RNase P protein (11).  It might seem likely therefore, that small changes 

in the nucleotide sequence of one of the more catalytically-proficient archaeal RNase P 

RNAs might result in an RNA with bacterial-like levels of activity.  Group I and group II 

introns have been found to be readily improved by mutations generated by in vitro 

selection (14-17).  Although we have generated a large number of functional sequence 

variants by in vitro selection, none of these variants are noticeably improved in catalytic 

rate or ionic strength requirement.  Instead, the sequence variation observed is consistent 

with naturally observed sequence variation except where the idiosyncrasies of the 

selection might be expected to relax the constraints on variation.  This suggests that the 

RNA as a whole is optimized for its function, and that small changes are unlikely to lead 

to substantial improvement.  This is consistent with the results of a related experiment by 

Frank et al. (18) in which the E. coli RNase P RNA was entirely randomized in two 

highly-conserved regions of sequence, CRI and CRV. After 10 rounds of selection, the 

only remaining sequence detected was the original, wildtype E. coli sequence (18); not 

even naturally occurring sequence variations in these regions were observed.  We 

conclude that the RNase P RNAs of Bacteria and Archaea are globally optimized and the 

basis for the large biochemical differences between these two types of RNase P RNAs is 

distributed in the molecule. 
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Table 1.  Selection conditions. 

_________________________________________________________ 
      Ammonium          MgCl2 Reaction times(s)  aactive clones 
Round      acetate (M)         (mM)           (h)          sequenced 
_________________________________________________________ 
1  3  300  2   0 
2  3  300  4   3 
3  3  300  2   3 
4  2  200  2  1 
5  2  200  2   5 
6  2  200  2   35 
7  1  100  2   3 
8  1  100  2   0 
9  1  100  2   0 
10  1  100  2   0 
11  1  100  2   0 
_________________________________________________________  
 
aList of the total number of active clones sequenced from each round.  Rounds 8-11  

did not generate any active clones thus, were not included in the analysis. 
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Figure 1. Secondary structure of the circularly-permuted Bacillus subtilis 

tRNAAsp:Methanobacterium formicicum RNase P RNA substrate:enzyme RNA. 

Lowercase sequences at the 5' and 3' ends of the RNA designate the locations of the 

oligonucleotide primers used in each round of selection. Lowercase sequences joining the 

tRNA and RNase P RNA, and joining the native 5' and 3' ends of the RNase P RNA 

(distal to P1), are non-native sequences.  Helices in the RNase P RNA are designated P1-

P17 according to Haas et al (12).  Conserved regions in the RNase P RNA are designated 

CRI-CRV according to Chen and Pace (20).  tRNA helices are labeled Ac (acceptor 

stem), DHU (dihydrouracil stem), alpha (anticodon stem) and TYC (T-pseudouracil-C 

stem).  The RNase P cleavage site is indicated by the gray arrow.  Nucleotides 

highlighted in black are positions at which mutations (transition, transversion, or 

deletion) are seen amongst the 50 sequenced active RNAs.  Sites of insertions amongst 

these sequences are indicated by the black triangles. 
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Figure 2.  Catalytic activity assay of archaeal RNase P RNA variants.  At least one 

representative from each selection round (except round 1; refer to Table 1) was assayed 

for activity in 3M NH4OAc, 300 mM MgCl2, 50 mM Tris (pH 8) at 50ºC for 6-8h. 

Variants are comparable to wildtype (WT) cpTP RNA in catalytic activity.  The bands 

are qualitative and represent cleaved (top band) and uncleaved  (bottom band) cpTP RNA 

products.  
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Figure 3.  Sequence variation in the selected RNAs compared to naturally-occurring 

variation.  The linear sequence of the cpTP RNA, shown below diagrammatically and 

labeled as in Figure 1, is plotted against sequence variation expressed as H(x) (25). 

Variation observed in the 50 sequenced active selection products is shown by the heavy 

line; naturally occurring variation amongst the 40 available archaeal RNase P RNAs in 

the RNase P Database (http://jwbrown.mbio.ncsu.edu/RNaseP/) and 155 archaeal tRNAs 

in the tRNA Database (http://www.bayreuth.de/departments/biochemie/sprinzl/index. 

html) is shown with the light line. 

http://www.bayreuth.de/departments/biochemie
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SUMMARY 
  
 This dissertation was comprised of four chapters that addressed different aspects 

of archaea RNase P RNA structure as it relates to catalytic function.  The first chapter 

was the literature review, which examined only those papers about RNase P RNA that 

provided new perspectives about catalytic function.  Chapter two was tangential to 

chapters three and four but nevertheless, this chapter was supportive of the latter 

chapters.  This chapter analyzed the diversity of methanogens in wastewater sludge, 

which provided information regarding the availability of RNase P sequences in this 

environment that could be used for subsequent comparative analysis.  The third chapter 

was based on an extensive comparative analysis of archaeal RNase P RNAs that provided 

novel information about RNA structure.  Chapter three also showed that swapping 

conserved structures of the E. coli RNase P RNA into the archaeal RNA would not 

improve the catalytically-proficiency of the archaeal RNA in vitro.  There appears to be 

no structural manipulations that can be performed to increase the catalytic-proficiency of 

the archaea RNase P RNA.  We then speculated whether specific point mutations 

introduced into the archaeal RNase P RNA sequence would improve activity; the results 

from the in vitro selection procedure were discussed in chapter four.  Point mutations in 

the sequence did not improve catalytic activity but the mutations were tolerated 

throughout the archaeal RNA, except in the catalytic core of the RNA.  It appears that the 

archaeal RNA is globally optimized based on the results generated from the chimera and 

in vitro selection data.  The idea of global optimization is indirectly supported by 

comparative data, which suggests that the archaeal and bacterial RNase P RNAs are 

similar in sequence and secondary structure.  We created an even more similar bacterial-
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like structure (archaeal chimera) after swapping structures into the archaeal RNA, thus 

the chimera was more similar in sequence and secondary structure than wildtype archaeal 

RNA, but it still remains poorly active under lower ionic conditions.  Given that the 

archaeal RNA could not be made catalytically-proficient by either approach, it is 

reasonable to believe that the archaeal RNase P RNA may have evolved a greater 

dependence on protein for proficiency than currently understood.   

 Future directions would be to insert helices P13/P14, into the archaea RNase P 

chimera (containing P8 and P18), and determine if this almost identical bacterial-like 

RNase P RNA structure would give comparable catalytic activity to that of native E. coli 

RNase P RNA.  Also, it would be interesting to select for catalytically-proficient archaeal 

RNase P RNAs in the presence of its protein component to determine what, if any, region 

of the RNA is constrained during selection.   
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