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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employes, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac- 
turer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors exprcssed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 



Preface to Report 

The workshop entitled "Small Genomes: New Initiatives in Mapping 

and Sequencing" was held 5-7 July 1993 at the Center for Advanced 
Research in Biotechnology (CARB) and hosted by the University of 
Maryland Biotechnology Institute (UMBI) and the National Institute of 

Standards and Technology (NIST). The meeting was organized by Dr. Keith 
McKenney (National Institutes of Science and Technology) and Dr. Frank 

Robb (University of Maryland Biotechnology Institute). The workshop was 
sponsored by the Office of Health and Environmental Research of the 

United States Department of Energy. The objective of this workshop was to 
bring together individuals interested in DNA technologies and to determine 
the impact of these current and potential improvements of the speed and 
cost-effectiveness of mapping and sequencing on the planning of future 
small genome projects. A major goal of the workshop was to spur the 
collaboration of more diverse groups of scientists working on this topic, and 

to minimize competitiveness as an inhibitory factor to progress. 

I 

This report was prepared by Drs. Robb and McKenney. It is hoped 
that the workshop and report will result in the formation of new working 
groups in this area of research, which has much to contribute to the 
development of biotechnology, as well as enhancing our understanding of 
the phylogeny and physiologyibiochemistry of microorganisms. 
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Introduction 

There is an unprecedented effort underway to determine the genetic 

infomation that defines living systems, and to use this information to 

understand the organization, expression, function and structure of biological 

systems. This will define the molecular basis for many aspects of living 

systems, inter alia, gene regulation, evolutionary processes and disease. 

One way in which this is occurring is by extensive mapping and sequencing 

efforts. 

The human genome program was developed with the ultimate goal of 
defining the sequence of the entire human genome, as well as several smaller 

genomes. The estimate of the size of the human genome is 3 billion base- 
pairs (bp) and the determination of this sequence will require an enormous 
effort that has already involved a number of international consortia and 

working groups. The ultimate product of the human genome program is 
more than a decade away at this point. 

The establishment of short term objectives that utilize the mapping 

and sequencing technologies to impact problem areas in biotechnology is 
practical and was a major component of the ideas that stimulated this 

workshop. Another contributing factor was the realization that significant 
new technologies developed in part in response to the Human Genome 
Program are now accessible. Increased capacities to map and sequence very 
rapidly have significant implications for the genetics of microbial genomes. 

In particular, for many microbial genomes, methods for genetic analysis are 
either non existent or extremely limited with respect to mapping and 
complementation analysis of genetic systems. In all of these cases the 
availability of rapid physical mapping and sequencing methods will provide 
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a functional substitute for the classical microbial genetics approach. The 

capacity to efficiently map and sequence microbial genomes will impact 

significantly many aspects of biology, bioremediation, biotechnology and an 
understanding of the molecular evolution of living systems. 

Participants with seemingly divergent interests were included in the 

program in order that mapping and sequencing technologies, evolutionary 

biology and industrial perspectives could be represented. The presentations 

were an almost equal mix of technology and biology and the coherence and 

relevance of presentations for each topic was impressive. It was apparent 
from this workshop, as well as related genome meetings that a significant 
new perspective has emerged regarding microbial genomes and their 
analysis. 

The major objectives of the workshop were to identify research 
opportunities of scientific, commercial and national interest. In this regard, 
the workshop was successful in presenting the very exciting new potential 

that exists for significantly improving the quality, speed and efficiency of 
genomic studies with small genomes. A number of issues were defined and 

ideas as well as solutions were discussed as they relate to this new field of 
genome analysis. These include the value (pure and applied) of small 
genome analysis, the methods and techniques of analysis, the mechanisms of 
implementing these technologies, organization of research efforts, the role of 
different groups (university, commercial, industrial, government), and the 
role of the Department of Energy in providing the strong leadership needed 
for this important research effort. 
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WORKSHOP AGENDA 
There were six sessions, two on technology, one on perspective and 

mission and three on genomes that should meet most if not all the important 

objectives of the workshop. The overall aim was to provide a forum for three 

groups whose interaction is vital for focusing current thinking on mapping 

and sequencing small genomes. These groups are genome mapping and 

sequencing project leaders, scientists at the front of new technology for 

facilitating sequence acquisition, and scientists interested in molecular 

evolution. Three United States Government agencies as well as the National 
Science Foundation, participated in the workshop, which provided important 

perspective for all workshop attendees. 

Wednesday July 7th. 1993 

Thursday. Julv 8th. 1993 
Registration and reception at Woodfin Suites Hotel. 6-9 PM 

at CARB 

8:15 David Galas. Opening Remarks 
Session 1. Genome Technology I: 8:30-11:30 am 
Chair: Craig Venter 8:30 "Large scale sequencing projects." 
8:45 William Studier 
"DNA sequencing by primer walking with triple hexamers." 
9:15 Rade Drmanac 
"Accelerated mapping and sequencing of four similar bacterial genomes 
by an integrated SBH-gel approach." 
9:45 Keith Weinstock 
"The S. cerevisiae genome program: EST analysis." 
10:lS Douglas Smith 
"Multiplex sequencing of the Mycobacterium genome." 
10:45 Warren Gish 
"Future schlock: Searching without Bounds." 

General discussion 
11:lS - 11:30 

Lunch 11:30-12:30 
Session 2: Unusual Genomes and Genetic Elements: 12:30-3:30 
Chair: Mitchell Sogin 
1230 Mitchell Sogin 
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"What molecular evolution has to say about small genome projects." 
1:00 Alan Barbour 
"The linear genome of Borrelia spp." 
1:30 Samuel Kaplan 
"Rhodobacter spheroides: A bacterium for all reasons." 

2:OO David Hopwood 
"Some special features of the streptomycetes and their genomes." 

2:30 Francine Perler 
"Protein splicing elements." 

3:OO Larry Shimkits 
"Structure, function and evolution of the myxobacterial genome." 

Session 3: Genome Perspectives and Future Possibilities. 4:OO-600 
Rita Colwell (MBI), Moderator 
David Galas (DOE), Lura Powell (NIST), Philip Hamiman (NSF) 
Mark Guyed Bob Strausberg (NCHGR). 

Dinner at CARB 6:OO-9:00 
Friday July 9th CARB 
8:OO - 8:15 Introductory Remarks: John Ingraham 
Session 4: Ancestral Genomes. 8: 15-1 1:30 
Chair: Gary Olsen 
8:15 Gary Olsen. 
8.30 Peter Markowiecz 
"Genome analysis of the hyperthermophiles Thermotoga muritimu and 

Pyrobaculum aerophilum using the expressed sequence tag strategy." 
9:OO Frank Robb 
"EST analysis with subtractive hybridization: A focused approach to 
sequencing the genome of the Archeon Pyrococcus furiosus." 
9:lO John Reeve 
"DNA binding proteins and genome structure in thermophilic 

methanogens." 
Coffee Break 9:40 - 1O:OO 

1O:OO Robert Charlebois 
"Structural analysis of halobacterial genomes." 

10:30 Neil Hackett 
"Restriction mapping and sequencing the genome of Halobacterium 

halo bium . " 
1l:OO Ed DeLong 
*' Planktonic marine Archaea: Cold-water Crenarcheota ???" 

Break 3:30-4:00 

Lunch 11:30 - 12:15 

~ 

Session 5 Genome Technology I1 12:15-3:00 



Chair: Nat Sternberg 
12:15 Nat Sternberg 
genomic DNA using the phage Pl system." 
12:45 Hiroaki Shizuya 
"The BAC (bacterial artificial chromosome ) system: Application to 

physical mapping and sequencing of small genomes. 
1:15 Robert Waterston 
"Sequencing the C. elegans genome." 

1:45 Antoine Danchin 
"The Bacillus subtiZis sequencing program." 
2:15 Ken Rudd 
"Sequence of the E. coli Genome: Progress and Prospects.'' 

2:45 Claire Berg 

and sequencing." 

Session 6 
Chair: Norman Pace 
3:lS Norman Pace 
"New Perspective on Natural Microbial Populations: Opportunity for a 
Global Genome Survey." 
3:45 David Stahl 
"Relating Geochemical Processes to Population Structure and 
Organisms: Need for a Database.'' 
4: 15 Kenneth Nealson 
"Monitoring Specific Physiologies in the Environment." 

4:45 Stephen Giovannoni 
"Spatial and Temporal Structure in Natural Microbial Populations." 

5: 15 Sandra Nierzwicki-Bauer 
"Molecular Studies of Organisms for the DOE Deep Subsurface 
Program." 
5 4 5  Jeffrey Miller 
Overview: "What small genomes can tell us." 
6:OO Departure from CARB 
7:30 - 1O:OO Informal Dinner Party 

Cloning and dissection of high molecular weight 

p JANUS: Deletion-factory cosmid vectors for high efficiency mapping 

Coffee Break 3:OO-3: 15 
Microbial Populations: A Genomic Approach 3: 15 - 6:OO 
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DISCUSSION 

Advances in DNA Sequencing Technologies. 
Four major areas of real and potentially significant improvement in 

the area of DNA sequencing technologies were presented and discussed. 

These included high throughput multiplex sequencing (Doug Smith of 

Collaborative Research), high throughput parallel automated fluorescent 

sequencing (Craig Venter of The Institute for Genome Research), novel 

triple primer walking (Bill Studier of Brookhaven National Laboratory) and 
sequencing by hybridization (Rade Drmanac of Argonne National 
Laboratory). 
Multiplex DNA Sequencing Technology: 

The multiplex sequencing methods have been clearly demonstrated to 
be of great utility for producing DNA sequences, especially for genomes that 

contain high GC content DNA. DNA rich in GC presents the greatest 

challenge for the widely used Sanger method because of difficulties 

associated with polymerase dependent synthesis of the DNA sequencing 
reactions. The Church multiplex method uses the Maxam and Gilbert 
chemical breakdown method to produce DNA sequencing reaction products 
that are subsequently fractionated on gels and blotted to nylon membranes 

for multiplex analysis using vector specific probes. Dr. Doug Smith 

described significant improvements in computer software used to call DNA 
sequences as well as assemble and manage sequencing projects. 
Massive Parallel Fluorescent DNA Sequencing: 

The implementation of massively parallel commercially available 
automated fluorescent DNA sequencers was described by Dr. Craig Venter 
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from The Institute for Genome Research (TIGR) for the analysis of human 

expressed sequence tags (ESTs). Dr. Venter discussed the potential 

application of such a high throughput facility for the analysis of microbial 

genomes and suggested that by comparison to the human genome project, 

the microbial genomes would provide excellent model systems for whole 

genome analysis using the TIGR model. Estimates of DNA sequence output 

were in the range of 400,000 bases per day for a facility running 30 Applied 

Biosystems model 373 DNA sequencers with one run per instrument per 
day. 

Novel Triple Hexamer Primer Sequencing: 

Primer walking methods have been quite successful in many DNA 
sequencing projects. However, two major limitations inhibit the broad 
application of primer walking methods. The first major limitation is 
logistical: sequence the end of a cloned fragment, design a new primer 
sequence, synthesize a new primer, use the primer in a sequencing reaction 

and generate new sequence. This cycle is repeated again in order to move 
along the sequence in steps of three to five hundred bases at a time. The 

second major limitation is the cost associated with synthesis and purification 

of the primers. Because each primer is used only once and because the 

chemistry of synthesis has a fixed lower limit (in terms of nanomoles of 
primer synthesized) the cost of each primer of average base length twenty is 
approximately thirty dollars. Dr. Bill Studier has developed a method that 
replaces a single primer of length 18 with three hexamers that are contiguous 
in sequence. The ability of each hexamer to prime individually is blocked 
by the use of a single stranded binding protein that destabilizes the hexamer 
but does not inhibit the ability of three contiguous hexamers to form a 

functional primer. This development suggests that one can use an array of 
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hexamers (all possible hexamers would number 4096) that could be 

synthesized in bulk and stored in a rapid access format for robotic selection 
and pipeting into sequencing reactions, This would overcome the two major 

limitations of primer walking sequencing and shows great potential. 

Sequencing by Hybridization (SBH): 
Dr. Rade Drmanac (Argonne National Lab) was one of the inventors 

of sequencing by hybridization and described his groups efforts to develop 

methods and techniques that use primer hybridization to sequence and map 

DNA. While the SBH method has been demonstrated to work on relatively 

small sequences, it is currently limited by our ability to synthesize efficiently 
large arrays of DNA oligonucleotides. Current efforts at Affymetrix (Santa 
Clara, CA.) by Dr. Steve Foder and colleagues using photolithographic 
techniques to generate miniaturized arrays of high density oligonucleotides 

offers a real solution to this problem. The use of high density arrays of 
clones and hybridization of specific oligonucleotide probes to map clones 

was described and provided an exciting new tool to construct and 

characterize a genome library. This method could be ideal for providing 

ordered arrays of small insert clones from microbial genomes. 
Advances in Mapping Technology 

All current genome projects involved in the determination of DNA 
sequence information are dependent on the availability of cloned and 
mapped DNA fragments (with the minor exception of small viral or plasmid 

genomes). There are a variety of tools that have been developed to clone 
and map DNA fragments that range from relatively small fragment size (1 to 
10 Kb), through the 20 to 40 Kb range, into the 80 to 100 Kb range and all 
the way up to the 1000 Kb range. Each cloning system has specific 
advantages and disadvantages with no clear "best" system that solves all 
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problems without introducing new ones. Among the problems of greatest 

concern is that of clone stability, the ability of any cloning system to 

accurately and faithfully replicate the cloned DNA sequence. A number of 
talks described "new and improved" cloning systems and the general 

consensus was that many if not all of the problems associated with different 

cloning systems have been identified and solutions have been or are being 

implemented. The only exception to this was perhaps the yeast artificial 
chromosome system and this was because this system was not directly 

addressed by any of the participants. 

Large Insert Bacterial Cloning Systems 

The phage P1 cloning system created and constructed by Dr. Nat 

Sternberg (Dupont, Wilmington, DE.) was presented. Two significant and 
real advantages of the P1 suggest that it is the best currently available 
bacterial cloning system of constructing sequence ready clones. The first 

advantage is the capacity of P1 clones to carry up to 100 kbp of insert DNA. 
The second and most important advantage is the apparent stability of DNA 
inserts in P1. Dr. Sternberg attributes this to the very low copy number of 

this vector system. Dr. Hiroyaki Shizuya described the bacterial artificial 

chromosome (BAC) and fosmid systems which are based on the bacterial F 
replicon. These systems achieve unprecedented stability of large inserts 

cloned in E. coli and may provide the most efficient means of generating 
multiple contiguous libraries. Similar vectors (pDual) were described by Dr. 
Claire Berg and the utility of the vectors for construction of ordered 
deletions was presented. 



Candidate Organisms and Systems 
The problem of deciding "which genomes" to target first is extremely 

complex, and dynamic with respect to the ongoing advances in sequencing 

technology. It is clear that comparative analysis provides the most sensitive 

tool that we know for assessing the biological importance of specific genes 

or sequences. In a graphic acknowledgment of the power of the comparative 
approach, it was asserted that the an E. coli genome project will not be done 

until the sequence of Salmonella typhimurium is also complete (Ken Rudd). 
However, the practicality of completely sequencing multiple genomes is 

dependent, at some level, on three factors: The size and complexity of the 

genomes, the rate of advances in sequencing technology, and the level of 
funding commitment to diverse projects. We can address these as three 
issues. 
Genome size and complexity: 

It is generally felt that organisms in the e 1.5 X 106 base pair (bp) 
range have specific relatives with larger genomes. Thus few, if any present 

day genomes are this simple. They are, instead, degenerate, which is 

manifested in fastidious growth. The drawback in focusing on genomes of 

this sort is that the full complement of cellular functions will not be present 
in the final database. On the other hand, sequencing to closure using existing 
technology (e.g. multiplex sequencing, in the case of Mycobacterium) was 
shown by Douglas Smith to be feasible. 

An increasing number of genomes in the 1.5 X 106 - 3 X 106 bp size 
range are being found. These include some free living organisms including 

the genera, Themotoga, Lactobacillus, Pyrococcus, Thermococcus, and 
Sulfolobus. Most of these organisms are anaerobic, but they are 

phylogenetically diverse, 
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The aerobic prokaryotes in the 3.0 X 106 - 6 X 106 bp size range 
include many commonly studied genera such as Escherichia, Bacillus and 

Halobacterium. 

A number of prokaryotes have genomes in the 6 X 106- 12 X 106 bp 
size range, including Streptomycetes, Cyanobacteria and Myxobacteria. The 

additional genome size is probably accounted for by the complex life styles 

(differentiation) and unique physiologies (numerous secondary metabolites 

such as antibiotics). 

Lineages including yeast and Dictyostelium with genomes of roughly 
5 X 107 bp occupy the 12 X 106- 108 base pairs size range which could be 

dubbed the area of "lower" Eukaryotes. Of particular interest are the genus 

Giardia and some of the amitiochodrial lineages such as microsporidia which 
are of uncertain genome size but may well occupy this range. 

Genomes of size range > 108 bp are large genomes characteristic of 

"higher" eukaryotes including plants and animals. 
In the context of the technology that is currently available, the genome 

size range where a sequencing effort would have most impact is in the 1.5 X 
106 - 6 X 106 bp range. There are large scale sequencing efforts including 

Bacillus subtilus, E. coli, Mycoplasma capricolum, Mycobacterium leprae 

and Mycobacterium tuberculosis which allow a concrete application of 
comparative analysis in the detection of protein sequences. From the 
sequence of any single organism, there is significant uncertainty as to 
whether a particular short "open reading frame" actually produces a protein 
product. If this genomic sequence were compared to the corresponding 
region of a second genome, comparison of the amount of divergence of the 
DNA sequences to the amount of divergence of the potential peptide 

sequence provides insights into the actual function, since sequences that do 



produce proteins display more conservation at the amino acid level than 

would be expected from the number of nucleotide changes. 

It is clear, however, that the phylogenetic diversity of the microbial 

world requires that more than E. coli be mapped and sequenced. At the 
minimum, one genome from each major phylogenetic group should be 
sequenced. Beyond that, genome organization should be studied in several 

clusters of genera to analyze patterns of conservation and divergence of 

genetic organization and information. Complete sequencing of one genome 
in the cluster and mapping plus partial sequencing interesting regions of the 

other genera should suffice. One cluster obviously contains E. coli K-12, S. 

typhimurium LT-2, and their pathogenic relatives (although E. coli should 

not be used as a model of how to sequence a genome economically). 
Another of these clusters should include the Mycoplasmas, their putative 
ancestor(s) such as B. subtilis., and the Streptomycetes. The Mycoplasmas 

have the practical advantage that they contain the smallest known 
organismal genomes, so that several Mycoplasma genomes can be fully 
analyzed for a fraction of the cost to analyze one “normal “prokaryotic 

genome. Scientifically, they would tell us something about the minimal 
requirements for a free-living organism and about evolution towards less 
complexity (in addition, many are medically important). Since the genomes 
of B. subtilis and at least three Mycoplasma species are already being 
sequenced and analysis of this cluster is already in progress. 

Other genomes in this area that were considered by the workshop on 
the basis of their intrinsic novelty were the linear and telomere containing 

genomes of spirochaetes such as Borrelia spp. (Alan Barbour), whose 
members are capable of extensive antigenic successions, the large, linear 
genomes of the streptomycetes ( David Hopwood). Larry Shimkits 
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described the M yxobacterial genome and Antoine Danchin discussed the 

Bacillus genome project. It would have been interesting to have more 

information about the genome of Escherichia coli on the one hand and the 

genome of Saccharomyces cerevisiae on the other hand. The EST analysis of 
S. cerevisiae is at an advanced stage and three chromosomes have been 

almost completely sequenced. 

Genome Perspectives and Future Possibilities 

Current and future support for small genomes was discussed by the 

panel moderated by Dr. Rita Colwell. Panel contributors included Dr. David 

Galas (US Department of Energy), Dr. Lura Powell (National Institute of 
Standards and Technology), Dr. Philip Harriman (National Science 
Foundation) and Dr. Robert Strausberg (National Center for Human Genome 
Research). Each member of the panel briefly described programs in their 
organizations that contribute to the overall genome effort. The panel 

represented three different agencies (Health and Human Services, Energy, 

and Commerce) as well as the National Science Foundation. These 

agencies provide all of the federal government support for genome research. 

With regard to the question of microbial genomes, there is currently no US 
microbial genome program and no formal program that has targeted funding 
for this area. The Canadian Institute for Advanced Study has funded 2.8 

million dollars for the mapping and sequencing of the Sulfolobus genome 
and the early stages of the project were described. 
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CONCLUSIONS AND RECOMMENDATIONS 

It is clear that the current array of small genome projects represents 
quite arbitrary choices of organisms, driven by pragmatism rather than a 
consideration of phylogenetic or other fundamental biological principles in 
the choice of organisms. As this report is being prepared, no genome from a 
cellular organism has been completely sequenced. Emerging from the 

presentation of sequencing technology at the workshop, it is clear that the 
pursuit of extensive sequence data from microorganisms is feasible and that 
our capabilities for rapid sequence acquisition will grow significantly. This 

implies that a far broader vision should be applied to the choice of organisms 
for extensive sequencing. For example, although it is clear that 
microorganisms represent a repository of the oldest conserved genetic 

information, the Archaea which contain the most deeply branching small 
subunit sequences have not yet been identified as major targets for extensive 

sequencing projects. 
The major question facing a decision making body on a coordinated 

program for sequencing entire small genomes is "What is small?". Our ideas 
of a feasible project now will be outmoded totally in 10 years time. For the 

purposes of comparison, genomes the size of C .  elegans (100 million bp) 
and down are in this range. From a consideration of the high throughput 
sequencing projects that were discussed at the workshop, namely the 
genome projects of yeast (14 million bp) and C .  elegans, it is clear that with 
current technology the smallest genomes of free living prokaryotes, at 1.8 to 
2.0 million bp, may be able to be sequenced by a shotgun approach. 
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It is also well known that a large proportion of the microorganisms 
from the environment defy cultivation and isolation. In many cases, the 

direct acquisition of sequence data from the communities of organisms may 

predate their isolation, as described by Pace, Giovanonni and Delong. 

Only then will a genome sequencing program realize anything 

approaching its full potential, and biology, in both its applied and basic 

aspects, will reap the expected rich harvest. The majority of information 

generated by genome sequencing will necessarily provide answers to 

questions that have not been, or can not be, asked before hand. Yet this does 

not reduce genome sequencing merely to a mega-exercise in "hunting" or 
"gene discovery"; and this cannot be construed to mean that there is no 

rationale for the choice of genomes to be sequenced, or that this choice can 
only be made on an individual, idiosyncratic basis, or for practical reasons 

alone. 

Potential applications of small genome research 
The focused effort to characterize microbial genes and genomes (and, 

on a smaller scale, gene products) will provide the biotechnology industry 

with a wide range of new sources of products that would be applicable in 
bioremediation, chemicals, agriculture, medicine and pharmaceuticals 

development, and many other industries. Many of the most successful 
products of and enabling technologies for the biotechnology industry have 

been derived from microbes, primarily bacteria and yeast. Examples include 

penicillin and other antibiotics, a variety of industrial enzymes, restriction 
enzymes, and DNA polymerases. 
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Accelerated mapping and sequencing of four similar bacterial 
genomes by an integrated SBH-gel approach 

R. Drmanac, Center for Mechanistic Biology and Biotechnology, Argonne 
National Laboratory, Argonne, IL 60439 

We have developed facilities for the large-scale collection of oligonucleotide 
hybridization data. The setup can be used for the fhe  mapping (100-bp 
resolution) and sequencing of cDNAs and chromosomal DNAs. The procedure 
involves the preparation of cloned DNA fragments directly from bacterial 
cultures by PCR using BioOvens and the spotting of 31,104 samples on a 
15x23 cm membrane by an adapted Biomek1000. Hybridization signals are 
determined by recently developed image analysis (DOTS) and data evaluation 
(SCORES] programs. Similarities and overlaps of the clones are estimated by 
SuILlll l lf l  ’ g appropriately weighted differences in the hybridization signals. 

The data production line has the capacie to score 8-32 probes (7-mer) per day 
on 30,000-120,000 DNA fiagments. In the first application, 16,000 cDNA 
clones fiom an infant brain library were hybridized with 210 probes. Over 
6000 distinct clones and 1500 clusters comprising from 2 to 800 similar or 
identical clones have been identified. An additional 40,000 clones have been 
prepared by PCR and the data accumulation is in the process. 

The method is nicely suited for fine mapping and sequencing of bacterial 
genomes. One filter with 31,104 dots can accommodate a library (1.5- to 2-kb 
clones) comprising 10- 15 equivalents of a bacterial genome. Hybridization 
data from 200 probes are expected to be sufficient for the assembly of clone 
contigs and the construction of a fine map with an average displace-nt 
between the nearest clones of 150 bases. The maps will allow the selection of 
minimally overlapped clones for sequencing and the integration of various 



genetic data produced by hybridizing membranes with specific fractions of 
genomic DNA or with mRNAs expressed under different physiological 
conditions. Assuming 30% of the production line to be devoted to bacterial 
mapping, one genome can be finished in two months at a cost of $60,000 once 
the library is prepared. 

SBH offers an exciting possibility for the efficient simultaneous sequencing of a 
few similar bacterial genomes. I have proposed recently a sequencing scheme 
that requires hybridization data from 3000 7-mer probes and targeted single- 
pass gel sequences having as much as 1OYo error. If only a single genome is 
sequenced, gel sequences have to cover entire genome. If hybridization data 
are collected on four 70- to 95%-similar genomes, less than 10% of the each 
genome has to be sequenced by gel. Selected clones covering four bacterial 
genomes can fit on one filter and probing will take 100 working days. The 
estimated cost is 10 cents per base-pair. 

In the collaboration with Frank Robb, we have started mapping the Pyrococcus 
jiu-bssus genome. The plasmid library with 1.5-kb inserts is arrayed in 
microtiter plates, and 15,000 clones are prepared by PCR and spotted on a half 
of the filter. We are now in the process of collecting hybridization data. In 
addition to the 7-mer probes, we will hybridize primers used for sequencing 
hundreds of cDNAs from this organism to map discovered genes and to isolate 

I 

corresponding genomic clones. Work supported by the U.S. Department of 
Energy, Office of Health and Environmental Research, under-. Contract 
NO. W-3 1 - 109-ENG-38. 



DNA SEQUENCING BY PRIMER WALKING WITH TRIPLE HEXAMERS 

F. William Studier 
Biology Department, Brookhaven National Laboratory 

Three adjacent hexamers can prime sequencing reactions sel ectJvely 
when temp1 ate DNA i s  saturated with a single-stranded DNA-binding protein 
(SSB). Priming by individual hexamers is prevented by the  SSB, but base 
stacking between adjacent hexamers drives formation of a priming complex. 

Tests w i t h  more than 1000 different hexamers indicate that most 
will part ic ipate  in forming priming complexes, and priming has been 
effective on templates as large as cosmid DNAs (40 U p ) .  
prevented by hairpin structures that are too stable to be disrupted by 
SSB, but such structures are expected to be recognizable and infrequent 
i n  most templates. Outside of such hairpins, 75% of  more than 1000 
triple hexamer combinations tested on M13 DNA primed easily readable 
sequence. The fraction o f  successful primings should increase as other 
factors that  a f f e c t  prjming are defined. 

Priming i s  

A 1 ibrary o f  a1 1 4096 possible hexamers could provide ready access 
to sequencing prtmers for only pennies per priming. A hexamer library 
could improve the efficiency o f  even small-scale sequencing, eliminating 
the need for synthesizing new primers, subcloning, making nested 
deletions, or other strategjes f o r  determining sequences longer than a 
few hundred base pairs. Automation o f  the entire sequencing process 
should be straightforward and might produce sequencing machines capable 
of providing 10 kbp of finished sequence per hour. 

Reference: J. Kieleczawa, J. J. D u m ,  F. W. Studier. DNA Sequencing by 
Primer Walking with S t r i n g s  o f  Contiguous Hexamers. Science 258, 1787- 
1791 (1992). 



The Saccharomyces cerevisiae genome program: EST analysis. 
Keith G .Weinstock. 
The Institute for Genomic Research, 932 Clopper Road, Gaithersburg, MD 20878. (301)869- 
9056. E-mail: kgweinst@tigr.org . 

Expressed Sequence Tag (EST) projects provide a method for rapid gene discovery and 
also allow a characterization of the pattern of gene expression of cells under different conditions. 
We have chosen the 14 Mbp genome of Saccharomyces cerevisiae for an EST project due to its 
simplicity, high coding capacity, lack of introns, and the ability to use molecular genetics to 
study function. PolyA RNA was isolated from an exponentially growing culture of S. cerevisiae 
in a rich growth medium and used to construct a directional cDNA library in the lambda ZAP II 
bacteriophage. pBluescript SK( ) plasmids containing the cDNA inserts were produced by in 
vivo excision. ESTs were generated by single-pass sequencing of a portion of these cDNA- 
containing plasmids. These sequences were compared to the public DNA and protein databases 
with several programs, including BLAST, and have been separated into four categories: 

1) those previously described in S. cerevisiae (56%); 
2) those having a non-exact match to an S. cerevisiae gene (1.5%); 
3) those not described in Saccharomyces but in another organism (9.6%); or 
4) those currently undescribed (33%). 

The ESTs from this particular growth condition were dominated by ribosomal proteins 
(30%) and glycolytic enzymes (9.8%). The most abundant single transcript encoded the 
translation elongation factorl-alpha (6.1%). We are currently screening additional clones to 
reduce the redundancy of the ESTs we sequence. This EST data set, which is expected to be 
completed this year, should provide a comprehensive basis for gene identification in other 
eukaryotes. 

mailto:kgweinst@tigr.org


Sogin, 1 
Comparative anaiyses of small genomes 
Mitchell L. Sogin, Marine Biological Laboratory 

It is difficult to imagine how genome data might be interpreted outside of the paradigm of 
molecular evolution. The study of conserved patterns in proteins and gene sequences related 
by common ancestry provides clues about function and higher order structure. In concert with 
the historical information afforded by molecular phylogeny, comparative studies of small 
genomes can elucidate genetic mechanisms that led to new biochemical capabilities and 
hence, novel phenotypes. 

In order to develop a conceptual framework that can describe the link between evolution of 
genotype and phenotype, fundamental questions about patterns and mechanisms of genome 
evolution must be addressed. What are the evolutionary constraints on gene order? What 
mechanisms govern functional divergence for individual members of gene families? Is there a 
role for exon shuffling in genome evolution? To what degree has lateral gene transfer between 
species effected our evolutionary history? Do coding regions for essential molecular 
constituents of the nervous system trace their evolutionary origins to genomes of unicellular 
organisms? When were the essential components of the cytoskeleton invented and what are 
the major genetic innovations that led to successful pathogenicity, multicellularity and cellular 
differentiation? Answers to these questions will come from comparative genome studies in 
phylogenetically diverse species. 

Phylogenetic frameworks relating all organisms in this biosphere can be inferred from 
comparisons of slowly evolving molecules. In contrast to today's text book standard, "Five 
Kingdoms", phylogenies based upon comparisons of ribosomal RNA molecules describe three 
major domains. They include the Archaea, the Bacteria and the Eucarya. Within the Eukarya 
the "higher" kingdoms (Fungi, Plantae, and Animalia) are joined by at least two novel complex 
evolutionary assemblages, the "Alveolates" and "Stramenopiles". The separation of these 
eukaryotic groups (described as the eukaryotic "Crown") was preceded by a succession of 
earlier diverging protist lineages, some as ancient as the separation of the prokaryotic domains. 

Current genome projects are limited to mostly large genomes from species diverging near the 
"crown" of the eukaryotic subtree as well as the eubactena Mvcobacterium, E. coli and 
Mvcoplasrnq. No archaebacterial or protist genome efforts are active and cyanobacterial 
genomes have been completely ignored despite the fact that without these organisms and their 
organellar descendants (chloroplasts) life on this planet as we know it would be impossible. If 
molecular phylogenies based upon rRNA sequence similarities reflect true evolutionary 
distances, there will be major gaps in our knowledge of genome evolution un!ess programs are 
expanded. According to that criteria, resources for preliminary cloning and mapping should be 
applied to studies of prokaryotic taxa and an array of protists (mostly microbial forms). This will 
lay the foundation for multiple large scale sequencing efforts using anticipated technological 
improvements now under development. 

I f  a phylogenetic perspective is overlaid upon the design of small genome studies, the broad 
range of evolutionary distances betwsen major groups will allow molecular comparisons that 
can elucidate aspects of molecular shspe and structure that are important to function and 
furnish information not accessible through site-directed mutagenesis experiments. 
Comparative genome approaches will lead to an understanding of how genomes have evolved 
into diverse phenotypes, will lay the groundwork for designing proteins that can function under 
unusual conditions e.g. high temperature, high pressure, etc.- and will provide an enormous 
data-base resource for the design of molecular microbial ecology studies that can be applied to 
bio-remediation. 



Rhodobacter sphueroides: A bacterium for all reasons 
Samuel Kaplan, Microbiology and Molecular Genetics, University of Texas Health Science 
Center, 1.765 John Freeman Building, 6431 Fannin, Houston, Texas 77030. 

As a representative of the non-sulfur purple photosynthetic bacteria, Rhodobactersphaeroides 
is comprehensive in its ability to derive energy, reducing power and carbon, reflecting 
complete genetic and biochemical diversity. It can be grown as an oxidative or 
photosynthetic lithotroph, chemotroph, either aerobically or anaerobically, and as a 
phototroph, under anaerobic conditions. It is fermentative and in the absence of combined 
nitrogen it can fix atmospheric N2. It can evolve copious amounts of H2 under certain 
growth conditions, make polybetahydroxybutyrate and is either tolerant of and/or can reduce 
exceedingly high concentrations of metal oxides and oxyanions. It has been used for years 
by the Japanese to "seed" tertiary sewage treatment ponds and in Indonesia it appears to be 
the primary N2-fiing organism in rice paddies. 

The organism undergoes morphological and developmental changes in response to 
anaerobiosis and has to date revealed a unique form of flagellar apparatus and associated 
sensory transducing system. 

Well developed transformation and conjugation systems have been demonstrated and are 
readily usable. Recent studies have shown that this bacterium possesses two dissimilar 
chromosomes designated I (4046kb) and 11 (914kb) each of which has been mapped both 
physically and genetically with complete agreement. Each chromosome contains rRNA 
genes, tRNA genes, genes encoding auxotrophic markers, radiation resistance genes and 
genes encoding a host of metabolic activities. For at least some of those genes found on the 
small chromosome, there are functionally homologous counterparts on the large 
chromosome, Le., the organism is a partial diploid. To date this partial diploidy 
encompasses genes involved in aminolevulinate synthesis, nearly all of the Calvin cycle 
enzymes, a membrane-bound iron-sulfur protein and perhaps the pathway for 
polybetahydroxybutyrate synthesis. Chromosome transfer (conjugation) mediated through 
plasmid encoded functions is inducible by anaerobiosis and the homologous pairs of genes 
present on different linkage groups show an unmistakable interdependence in regad to their 
regulatory activities. 

The electron transport chain is functionally and structurally analogous to the eukaryotic 
mitochrondial electron transport chain and other genetic determinants reveal a clear 
mitochrondial counterpart. The organism stands at the branch point between gram-negative 
and gram-positive prokaryotes. It is without doubt the best described photosynthetic 
organism with regard to the early evefits in photosynthesis and the recent evolution of 
molecular genetic investigations have made this organism accessible to regulatory and 
structure-function investigations. 

Continued analysis supports the notion that studies of R sphaeroides will yield new insights 
into our knowledge of metabolic diversity, photosynthesis and bioremediation, genome 
organization and evolution, the evolution of diploidy and the genesis of endosymbiosis. 



Some special features of streptomycetes and their genomes 
D A Hopwood, John Innes Institute, Norwich NR4 7UH, UK 

Members of the genus SPeptomyces have several features that make them especially interesting 
in the context of comparative bacterial genetics. (1) They have one of the most complex 
developmental cycles amongst bacteria; a coherent system of branching cells (the vegetative 
mycelium) produced in the primary stage of growth later gives rise to an aerial mycelium, which 
in turn metamorphoses into chains of spores. The colony can thus be regarded as consisting of 
several diverse "tissues" in which different subsets of genes are expressed and in which diverse 
structures become differentiated, providing an excellent system for the study of prokaryotic 
development biology. (2) They produce most of the naturally occurring antibiotics so far 
identified. Study of the genetics of antibiotic production is well advanced and has revealed 
complex gene clusters containing the information for antibiotic biosynthesis, self-resistance and 
export, as well as pathway-specific regulatory genes. Some of this knowledge is being used 
effectively for the production of novel, "hybrid" antibiotics by genetic engineering; an especially 
exciting aspect of this work is the elucidation of the "programming" mechanism of polyketide 
synthases. (3) The Sireptomyces genome consists of high [G + CJ DNA (on average about 73 
mole %). The chromosome is some 75% larger (at about 8 Mb) than that of E. coli, but much 
of the extra DNA is deletable to yield strains that survive and reproduce under laboratory 
conditions. Most surprisingIy, the genomes of Streptomyces Ziuidans and S. coelicolor have recently 
been shown to be linear structures with protein molecules covalently bound to the free ends, an 
organisation found in some other linear genetic elements, including the linear plasmids which 
abound in streptomycetes. The talk will review these special features of Streptomyces, as well as 
progress in detailed physical analysis and cloning of the genome of S. coelicoZor A3(2), genetically 
the "type" member of the genus. The resulting knowledge and clones will be a significant resource 
in the further study of Streptomyces biology with both fundamental and applied goals. 



Structure, function, and evolution of the myxobacterial genome 

He, Q.1, H.-W. Chenl, A. Kuspa*, Y. Cheng3, D. Kaisers, K. Lee1, & L. J. Shimketsl 
1 Department of Microbiology, University of Georgia, Athens, GA 30602. 2Department of 
Biology, University of California, San Diego, La Jolla, CA 92093. 3Biochemistry 
Department, Stanford University, Stanford, CA 94305. 

The myxobacterial genome encodes the morphogenic behaviors fruiting body 
formation and rippling which are unique in the prokaryotic world. The genome sizes of 
several myxobacteria have been determined by pulsed field gel electrophoresis including 
Myxococcus xanthus, 9,454 kb, Stigmatella aurantiaca, 9,200 to 9,870 kb, and 
Stigmatella erecta, 9,710 to 10,010 kb (1,2). The organization of the M. xanthus genome 
was examined by hybridization of the 16 Asel restriction fragments with a genomic library 
prepared in yeast artificial chromosomes (YAC) (3) and Spel-digested DNA. Those YAC 
clones and Spel restriction fragments containing an Asel restriction site hybridized with 
two different Asel restriction fragments providing evidence that these fragments are 
juxtaposed in the intact chromosome (4). The results suggest that the genome consists 
of a single, circular chromosome. To improve the resolution of the physical map, YAC 
clones hybridizing with a particular Asel restriction fragment were arranged into contigs 
based on the order of their internal EcoRl restrictions sites. The contigs were aligned with 
the AseilSpel physical map by common elements such as internal Asel and Spel 
restriction sites, and by hybridization with gene specific probes. The YAC clones span 
92% of the chromosome providing a detailed EcoRl restriction map. Over 70 genetic 
markers, most of which are involved in development, have now been mapped. 

The ancient changes in genome structure that accompanied the evolution of 
fruiting body development were examined by comparing myxobacterial genomes with 
those of their closest relatives, the other members of the 6 Proteobacteria (for review, 5). 
The myxobacterial genomes are over 6-fold larger than those of the sulfur and sulfate- 
reducing bacteria and the bdellovibrios. Since the M. xanthus genome contains a similar 
proportion of coding and noncoding sequences as the E. coli genome, the evolution of 
the M. xanthus genome appears to have been accompanied by an increase in gene 
number. However, only about 740 genes increase expression during development, 55 of 
which are essential for development (6). Thus, the majority of the DNA appearing during 
the evolution of myxobacteria appears to not be involved in development. 

The complete sequence of the M. xanthus chromosome is expected to be a 
valuable research tool in our quest to understand the molecular mechanisms control!ing 
multicelluar development and genome evolution. Since some of the myxobacterial 
sensory transduction pathways appear to be configured similarly to those found in 
mammals, the hope is that unifying concepts linking all life forms will emerge. 

1. Chen, ti.-W. et al. 1990. J. Bacteriol. 172:2109-2115. 
2. Neumann, B., et ai. 1992. J. Bacteriol. 174:6397-6310. 
3. Kuspa, A. et al. 1989. Proc. Natl. Acad. Sci. ‘JSA 86:8917-8921. 
4. Chen, H.-W. et al. 1991. J. Bacteriol. 17321 09-21 15. 
5. Shimkets, 1. J. 1993. In Myxobacteria i f ,  M. Dworkin and D. Kaiser (ed.) American 

Society for Microbiology, Washington DC. 
6. Kroos, L. et al. 1986. Dev. Bioi. 11 7:252-266. 



ABSTRACT 

Linear chromosome and plasmids of the spirochete Borrelia. 
Alan Barbour, University of Texas Health Science Center, San 
Antonio, TX. 

Members of the genus Borrelia are host-asociated spirochetes that 
shuttle between vertebrates and hematophagous arthropods. The 
%GC contents of these species are about 30%, most members are 
cultivable, and there is no genetic transfer system as yet for Borrelia. 
All species of Borrelia examined to date differ from other spirochetes 
and most other bacteria in having a genome that is largely linear. 
Species that have been best studied are 5. hermsiiand B. turicatae, 
which cause relapsing fever, and B. burgdorferi, 5. garini, and B. 
afzelij, which cause Lyme disease. In these species there is a linear 
chromosome of approximately one megabase, one to several linear 
plasmids of 16 to 200 kilobases, and none to a few circular plasmids 
of 8-50 kilobases. There are 5-20 copies of the chromosome and 
each type of plasmid that distributed along the length of each cell as 
discrete genomes. The major surface proteins, which are lipoproteins 
and often variable in expression, are encoded by linear or circular 
plasmids and not the chromosome. Linear plasmids of B. hermsiiand 
B. burgdon‘eri have telomeres that are covalently-closed hairpins. 
The terminal 15-25 nucleotides most closely resemble the telomeres 
of poxviruses and African Swine Fever virus, the iatter which has the 
same tick vector as a relapsing fever Burrelia sp. In a heritable 
change in B. hermsiia previously linear plasmid of 180 kilobases now 
is a stable circular plasmid of 180 kilobases in the cells. Physical 
maps of the chromosome have been produced for the three species 
that cause Lyme disease. Several genes have been cloned and 
mapped to the chromosome, linear plasmids, or circular plasmids in 
B. burgdorferi. Because of the amount of information already known 
about this organism, B. burgdorferi is the most appropriate species 
among Borrelia spp. and probabiy all spirochetes for detailed 
character iza tio n of its g en o rn e. 



Protein Splicing Elements 
F.B. Perler, M. Xu, D.G. Comb, M.W. Southworth, W.E. Jack, F. Mersha, H. 
Kong, C. Noren, and H. Jannasch? 
New England Biolabs, Inc., Beverly, MA. 01915 USA, and tWHOI, Woods 
Hole, MA. USA. 

Protein splicing refines our view of genetic information transfer and has 
been observed in all kingdoms. Protein splicing involves the synthesis of a 
protein precursor, followed by the excision of an intervening protein 
sequence (IVPS) and the 'ligation' of the amino and carboxy peptide 
fragments (EPS, external protein sequence) 
simple protein splicing mechanism will be presented. In an attempt to 
define the minimal protein splicing element, we have subcloned IVPS 
cassettes into the middle of the Lac2 
In each case, splicing is less efficient than in the native polymerases, 
allowing isolation of the precursor protein and in vitro splicing. In vitro 
splicing of purified protein precursors clearly demonstrates that protein 
splicing is self-catalyzed. These fusions also indicate that an IVPS plus 1 
downstream amino acid are sufficient minimal protein splicing elements. 
All IVPSs characterized to date encode homing endonucleases, which can 
function as mobile genetic elements. Lateral transmission of protein 
splicing elements has been demonstrated in yeast (Gimble and Thorner). * 

W e  have cloned DNA polymerases from 9 marine vent isolates. IVPSl is 
present in half of these DNA polymerases, and IVPS2 is present only in 
T.ZitoraZis. Isolates from Naples and California both have IVPSl alleles. Two 
isolates from the Guaymas Basin are 95% identical in a 320 bp region 
where the DNA polymerase IVPSs are present, but only 1 of these 2 strains 
has an IVPS. This data implies that gene transfer can occur between 
widely dispersed marine vent organisms. Possible mechanisms include 
phage, plasmids, F-like factors, or other transducing strategies. In E.coZi, 
IVPS endonuclease activity makes plasmids toxic, resulting in poor cell 
growth. The presence of 2 IVPSs in the T.2itoraZis 
renders it unclonable in moderate copy number plasmids (pBR322/ 
pETllc). Selection against lambda phage containing these IVPSs is less 
noticeable, possibly because the host is killed naturally during phage 
replication. 

These results demonstrate that rearrangement of genetic information 
can occur on any of 3 levels: DNA, RNA or protein. Furthermore, it opens up 
new avenues for protein engineering. 

to form a mature protein. A 

gene and an MBP/paramyosin fusion. 

DNA polymerase gene 



AMERICAN SOCIETY FOR MICROBIOLOGY 
Public and Scientific Affairs Board 
1325 MASSACHUSE~S An., N.W. 
WASHINGTON. D.C. 20005-4171 
TEL. (202) 737-3600 
FAX: (202) 942-9335 

July 7, 1993 

A Framework for Microbial Genome Studies 

The American Society for Microbiology (ASM) recently convened an ad hoc 
subcommittee* of its Public and Scientific Affairs Board @AB) (list below) to assist 
government R&D agencies in pursuing current opportunities that exist in genome analyses 
related to microbiology. "he following issues related to the advancement of microbial genome 
studies were discussed: 

@Where does the science stand at present; 
*Can we provide a rationale for selecting microorganisms for study; 

Within that rationale, can we provide a set of guidelines for selecting specific microorganisms 
for study; and, 
*In view of the above, can a consensus be reached on a balanced approach to studies that would 
be most useful to the advancement of microbial genomic science. 

Studies of small genome organisms are feasible and important. They hold promise for 
fundamental discoveries with applications to pathogenesis, bioremediation, biotechnology, and 
understanding of evolution. Such comparative genome studies will reveal connections between 
combinations of sequence motifs and protein function that might lead to ability to design 
enzymes with the biotechnologically valuable properties of heat-, pH- and osmolarity-resistance 
typical of some microorganisms. However, current genome projects do not adequately represent 
the full range of microorganisms, We should develop a microbial genome program for the U.S. 
based on rational priorities that can be used to make strategic decisions about the appropriation 
and distribution of funding and resources. We recommend that the rationale for selecting 
microorganisms for study is to base their selection on the phylogenetic tree based upon recent 
molecular sequencing data. Representatives so chosen will provide sequences related to the 
evolutionary process, structure and function relationships, and chromosome structure. 

Genome amroaches to biodiversitv. bioremediation. and biotechnology Interest in 
microorganisms continues to increase as the full understanding is gained that they include active 
agents in geochemical cycles and they represent the repository of the oldest conserved regions 
of present day genetic information. Furthermore, microorganisms represent a reservoir of 
structural and biochemical diversity that exceeds the contents of current textbooks by orders of 
magnitude. Knowledge of those organisms adapted to resist ultraviolet irradiation or to grow 

*(Ron Atlas, University of Louisville; Kenneth Berns, Cornell University; Gail Cassell, 
University of Alabama at Birmingham; Rita Colwell, University of Maryland System; Harlyn 
Halvorson, Marine Bioscience Policy Center; fohn Ingraham, University of California at Davis; 
Sam Kaplan, University of Texas at Houston; Mitchell Sogin, Marine Biological Labs) 



symbionts 
pathogens 

Extrerneophiles 
Archaebac teria 

a) Thermophiles 
b) Halophiles 
c) Methanogens 

Rationale. i.e. Dotential criteria for selectiw remesentatives from the above 

*Fundamental knowledge to be gained 
*Economic significance 
*Health relevance 

Ecosystem (Environment) significance 
Phenotypic Diversity 

.Genome organization and accessibility for ease of study 

What we mipht learn from microbial seauences 

.The linkage between Genotypic and Phenotypic E V O ~ U ~ ~ O R  
*Horizontal gene flow 
*The role of conservation 

Genome architecture 
Sequence motifs 

*Metabolic evolution 
Consortia -- Coevolution 

Structure -- Function relationships 
*The nature of symbiosis 
*Survival, dormancy, etc., in the global eiivironment 

(biotechnology applications, especially) 
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What We Can Learn about and from Ancestral Genomes 

Gary J. Olsen 

Department of Microbiology, University of Illinois, Urbana, IL 6 180 1 

It is common to speak of one organism or another as primitive. This is a potentially misleading 
perspective since most of our molecular information is about to present-day organisms, not their 
ancestors. Generally, our inferences about ancestors is based upon what they passed to their 
descendents. When we find that a particular property is observed frequently among diverse 
descendents, we (usually correctly) attribute that property to inheritance from their most recent 
common ancestor. In doing this, we are hypothesizing a property of the ancestor, and thus 
learning its nature. 

This suggests that knowledge of the genomes of an appropriately selected (phylogenetically 
diverse) set of present-day organisms will give us insights into the genome of the most recent 
common ancestor. Learning about this genome is not just an intellectual exercise; the genome of 
the most recent common ancestor defines the genetic building blocks (be they exons to be 
shuffled, or domains to be recombined) from which subsequent genomes were assembled, and to 
which innovations were applied. Again, this might be uninteresting if it did not suggest a finite 
complexity to such interesting problems as inferring the structures of protein domains. (If there 
is a finite pool of domains, that is good. If we can make useful predictions about the nature of 
that pool, better yet.) 

The question then becomes, do we need to sequence several diverse, large genomes to learn 
about the common ancestor? As chance (and perhaps necessity) would have it, probably not. It 
seems that a diverse sampling of the deepest branches in the tree of life can be had from small 
genomes of Bacteria, Archaea, and, preferably, some of the simpler Eucarya. 
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pJANUS: deletion-factory cosmid vectors for high efficiency mapping and 
sequencing. Claire M. Bergl, Gan Wangl, Xiaoxin Xu1 and Douglas E. Berg? 
1Univ. of Conn. Storrs, CT and 2 Washington Univ. Med Sch., St. Louis, MO. 
CMB: Ph: (203) 486-291 6. FAX (203) 486-1936. Berg@UCONNVM.uconn.edu. 

The pJANUS/pDELTA-1 family of cosmid cloning vectors use an engineered 
yS (Tnl 000) transposon to generate nested deletions by intramolecular 
transposition. These deletions are useful for locating genes, generating 
restriction maps, and DNA sequencing. Deletions that extend in either 
direction are easily obtained by plating on media that select for loss of a 
contraselectable gene on one side of the cloning site and retention of a 
selectable gene on the other side. Random deletion endpoints can be mapped 
or specific endpoints selected by agarose gel electrophoresis. To access both 
target strands in a single clone, the essential plasmid replication origin is 
between the ends of yS, so deletions in either direction are viable. Phage T? 
and SP6 promoters serve as primer binding or riboprobe sites in deletion 
derivatives. A IacZa multiple cloning site facilitates cloning. 

pJANUS-1 (G. Wang, R. Blakesley, D. Berg and C. Berg, PNAS, August, 1993), 
pJANUS-2 (unpublished) and pDELTA-1 (1 993 GIBCO/BRL catalog) contain the 
pUC19 high copy number reptication origin, but different restriction sites. 
pJANUS-2 lacks ama and can be used for directed cloning of entire pUC-based 
plasmids. 

pJANUS-3 (under construction) will contain a single copy, highly 
amplifiable, run-away origin for cloning DNAs that do not survive in high 
copy number plasmids. 

Robert Blakesley and Alice Young (Life Technologies) collaborated on 
pJANUS-1 and pDELTA-1 construction. Chin-Yin Tai (UCONN) collaborated on 
pJANUS-2 construction. Supported by funds from DOE and Life Technologies. 

mailto:Berg@UCONNVM.uconn.edu


A. High copy number pJANUS vectors 

CONTRA- CONTRA-, . 
\I 

- 0  
.CONTRA- 2, ' 

SELECT' 

8. Single copy number pJANUS vector 

Figure 1. Structure of NANUS cosmid cloning vectors. The fl transpos 
of these vectors contains 40 bp inverted repeats of the 6 end of $3 bracketing SP6 
and T7 promoters, restriction sites and the ori region of pUC19 or an engineered 
amplifiable origin. Outside of the transposon are the contraselectable sacB and 
strA genes, a cos site, the selectable kan and tet genes and a cloning site. 
pDELTA-1 is available from GIBCOBRL. The Xba I sites in NANUS-1, NANUS- 
and pDELTA-1 are not unique, but they can be used for cloning, because the 
second Xba I site is in lac. 
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malysis of genomes of hyperthermophilic microorganisms. EST and genomic 
libraries of the hyperthermophiles Thermotoga madtima and Pyrobaculum 
aerophilum were constructed. Sequencing -200 tags from Thermotoga revealed 
the presence of a beta-galactosidase homologous to that in E. coli, and indicated 
that this organism has a genome very similar to other eubacteria. Pyrobaculum 
aerophilum proved to have a protease homologous to Gram-positive subtilisins, 
which was cloned and sequenced. Unlike subtilisins from moderate thermotphiles, 
its was possible to clearly identify sites invoived in its extreme (1 1 0-1 30°C) optimum 
for activity. 

Overlapping libraries of both organisms have been constructed, and a physical map 
is being prepared for complete genome sequencing. 



EST analysis with subtractive hybridization: A focused approach to sequencing the 
genome of the Archaeon Pyrucoccus furiosus. 

Frank T. Robb, Kim M. Borges, Kelly Robinson, Harold J. Schreier (Center of Marine 
Biotechnology, University of Maryland), Maria Davis, Joe Szasz, Carl Fuller, and John W. 
Chase (US Biochemical Corp.) 

!PyocumfurioJuJ is a strictly anaerobic Archaeon with an optimal growth temperature of 
100 "C. This relatively well-studied hyperthermophile is heterotrophic, and is able to metabolize 
several proteins and sugars, with copious production of hydrogen or hydrogen sulfide. The lack 
of genetic systems for hyperthermophiles hinders their genetic analysis. In order to offset this, 
mapping and sequencing of their relatively small genomes may replace conventional approaches. 
In addition, the small size of the genome makes mapping and sequencing feasible, and thus 
provides a test system for techniques that will eventually be applied to larger genomes. We have 
begun a study of the genome of using Expressed Sequence Tag (EST) analysis 
combined with subtractive cDNA cloning techniques. 

To locate coding regions we have performed singie run sequencing of random cDNAs 
from T.:fiuu.;)su, followed by analysis with the BLASTX program using the non redundant (m) 
database. A total of 120 sequences have been analyzed to date, and 25 percent of these 
sequences matched segments of known genes from the Archaea, Eucarya, or Bacteria. We have 
identified gene products involved in central metabolism, DNA and RNA modification, 
translation, nitrogen metabolism, and lipid metabolism, as well as several unusual gene products 
(pigment, cell cycle, ATPase). Thirty percent of these identified sequences were found in 
organisms from all three Domains, indicating that they represent ancient conserved regions. 

In order to study P. jknum regulons, we have used subtractive hybridization. In OUT 
initial experiment, cDNAs representing maltose inducible mRNA were isolated as follows. RNA 
extracted from T.j%n3~ultures grown in the presence of maltose was enriched by a procedure 
that involved successive steps to remove ribosomal and non-maltose dependant RNAs. This was 
used to generate cDNAs that were used to probe a T.fwrosusgenomic library. We have idensled 
and isolated 12 maltose regulated clones from T.firkm~. Preliminary sequencing of highly 
inducible genes revealed that one class corresponded to a large operon encoding RNA 
polymerase subunits. Another class included the gene encoding pyruvate dikinase, an enzyme in 
the glycolytic pathway of the organism. This technique will be used in f'uture to isolate genes 
induced by a range of physiological challenges. 

Genes and ESTs identified by these approaches will be used as markers in high 
resolution physical maps, which will be important in ultimately determining the complete 
genome sequence. This study will give insight into both gene regulation and phylogeny in these 
unusual organisms. 

Supported by the Office of Naval Research and the United States Biochemical 
CorporatiodAmersham. 



Structural analysis of halobacterial genomes 
Robert L. Charlebois 
Department of Biology, University of Ottawa, 30 Marie Curie/priv., Ottawa, Ontario, K1N 6N5, 
Canada. 
phone: 6 13 -564-2437; fax: 6 13-564-5608; emai 1: RLCHALO @ACADVM~ .UOTI'AW A. CA 

Extremely halophilic Archaea possess a genome which is structurally and functionally 
heterogeneous. An assortment of plasmids, and compositionally distinct islands within the 
chromosome, constitutes between 20-30% of the total sequence. Some of these subgenomic 
compartments-those with a lower mol% G+C content-appear to attract insertion elements in large 
numbers which can effectively shuffle the genome through frequent transpositions and through 
recombination among copies of the elements. The halobacterial genome may therefore be of great use 
in identifying stabilizing forces which might oppose and restrict continual rearrangement. 

To learn about constraints on genome structure and about genome origins and evolution in 
halobacteria, it is necessary to undertake high-resolution comparative studies. Working towards this 
aim, my collaborators and I have constructed two halobacterial contig maps to date, and we are 
preparing to construct another. 

The genome of Haloferax volcanii is 4.1 Mbp in size and has five replicons: a chromosome 
(2.92 Mbp) and four plasmids (690,440,86 and 6 kbp). Eleven percent of the DNA is of the FII type 
(lower mol% G+C) and is rich in insertion elements. Parts of the 690-kbp plasmid and all of the 440- 
kbp plasmid, however, are not FII, but their function still remains quite unclear. 

The genome of Halobacterium sp. GRB is 2.5 Mbp in size, also partitioned into five replicons: 
a chromosome of 2.04 Mbp, and plasmids of 305, 90, 37 and 1.8 kbp. Structural heterogeneity is 
evident in GRB as well, but unlike other well-studied halobacteria, repeated sequences (and hence 
insertion elements) are very rare in this strain, explaining its genetic stability. GRB might thus be used 
as a host in IS invasion experiments, and in the characterization of relatively unscathed FII. 

A detailed multipoint comparison of the genomes of Hf. volcanii and Hb. sp. GRB is underway. 
Apart from the general features of halobacterial genomes discussed above, we find extensive but not 
complete rearrangement of gene order, one chromosome relative to the other, 

Upcoming studies in my laboratory will include testing hypotheses on the origins and function 
of HI and plasmid DNA, and mapping the genome of Haloarculu hispanica. Also, Ford Doolittle, 
Mark Ragan and I have just received generous funding from the Canadian Genome Analysis and 
Technology (CGAT) Program, with additional support from the Canadian Institute for Advanced 
Research (CIAR), to map and to begin sequencing the genome of the crenarchaeote Sulfolobus 
soZfataricus P2. 



Mapping and sequencing the genome of Halobacterium halobium 

Neil R, Hackett 
Department of Microbiology, Cornell University Medical College 
1300 York Ave. Box 62, New York NY 10021 
212 746 6562 

Halobacterium halobium strain NRC-1 has two fractions to its DNA. 
The FI fraction is 69% GC and constitutes the 2,000 Kilobasepair 
(Kbp) chromosome. The FII fraction is 58% GC and represents two 
plasmids, pNRClOO (200 Kbp) and pNRC200 ( 4 0 0  Kbp). The complete 
genomes of strain NRC-1 and its derivative S9, a bacteriorhodopsin 
overproducer derived in 1969, have been restriction mapped by top 
down methods. This project was complicated by the presence of the 
same large (35 Kbp) inverted repeat in both of the plasmids. In 
addition, no restriction enzyme cutting to give an informative but 
manageable number of fragments, The most useful data was obtained 
by 2D pulsed-field gel electrophoresis techniques. We have shown 
that the chromosomes of the two strains contain no major 
rearrangements but the plasmids are highly rearranged. This 
concurs with the extreme genetic instability for some markers on 
the plasmids. 

Obtaining the complete DNA sequence of H. halobium would give a 
fundamental insight into both evolution and protein structure and 
function. Existing manual and automatic sequencing methods are 
argued to be technically adequate to sequence the 
genome. But management techniques would be needed that are not 
generally applied in an academic/research setting. 



I 
DNA binding proteins and genome structure in thermophilic methanogens. John N . 

Reeve, Rowan A. Grayling, Trevor J. Darcy and Kathleen Sandman. Department of 
Microbiology, The Ohio State University, Columbus, OH 43210. 

The presence of a nuclear membrane that separates transcription from translation, and 

the organization of nuclear DNA by histones into nucleosomes and chromatin, are universally 

conserved and defining features of Eucarya. In contrast, there is no nuclear membrane in 

Bacteria nor convincing evidence that nucleoid compaction in Bacteria results from the 

presence of a structuraily conserved nucleoprotein complex. There is also no nuclear 

membrane in Archaea however the existence of a conserved homolog or analog of chromatin 

remains an issue for investigation. With this in mind we have isolated and characterized a 

family of abundant DNA-binding proteins, and their encoding genes, from Methanothemus 

fervidus (opthum growth temperature of 83 "C), Methanobacterium thennoautotrophicum 

strain AH (65°C) and Methanobacterium fonnicicurn (37"). These proteins have been 

designated HMf, HMt and Hfo and have been shown to have primary sequences that are 

-50% homologous to the consensus sequence for eucaryal core histones. They bind to 

double-stranded DNA in vitro to form DNA-protein complexes that are visually very 

reminiscent of eucaryal nucleosomes. The DNA molecule in these archaeal nucleosome-like 

structures (NU) is however constrained in a positive toroidal supercoil and not negatively 

supercoiled like the DNA molecule in an eucaryal nucleosome. The molecular organization 

and assembly of these NLS will be presented and possible roles for HMf in both regulating 

gene expression and in stabilizing the architecture of the genome of the hyperthennophilic 

archaeon M. fervidus, will be discussed. 

Sandman et al. (1990) PNAS a:5788-5791 
Musgrave et al. (1991) PNAS @:10397-10401 
Tabassum et al. (1992) J .  Bacteriol. m:7890-7895 



Planktonic marine archaea: cold-water Crenarchaeota ??? 

Edward F. DeLong, Biology Dept., UC Santa Barbara 

Our current understanding of Life's origins, and the nature of the last common ancestor of extant 
life-forms, depends largely on two types of evidence: The geological record provides information on the 
physical and chemical environment of the early Earth, and so may indicate the habitats available for 
Life's early development. In addition, a biological record, archived in the form of macromolecular 
sequences, can provide infomation on the evolutionary pathways which have given rise to today's major 
biological lineages. Such information has recently been used to infer the likely nature and properties of 
ancient cellular life, and its transition towards the forms observed in modem day cellular organization. 

However, our knowledge of the phylogenetic breadth and diversity of contemporary Life is by 
no means complete. For example, in many naturally-occurring microbial populations, only a small 
propomon of the of the inherent phylogenetic breadth and diversity contained therein has been well 
described and characterized. Until this phylogenetic breadth is fully characterized, it will be difficult to 
predict what traits and which lineages may truly be considered "primitive". Full exploration of naturally- 
occurring diversity may help us to extract the maximum amount of useful historical information from the 
macromolecular sequences of extant cellular organisms. 

An example of unsuspected diversity and phylogenetic depth comes from ecological studies of 
marine prokaryotic plankton. Recent work has shown that abundant and deeply divergent groups of 
marine archaea (archaebacteria), phyiogenetically distinct from any known, cultivated archaea, are 
widepsread in the worlds oceans. One group appears to be the most deeply branching cluster within the 
a rchad  hyperthennophilic lineage (Crenarchaeota), and yet its ecological distribtution and rDNA G + C 
composition suggest that its members are aerobic mesophiles or psychrophiles. It appears that novel 
archaeal phenotypes have yet to be described. Currently, cloning and sequence analysis of large 
genomic fragments from marine "archaeoplankt~" is providing information on the genome structure, 
composition and organization in this divergent group. Further characterization of this (as-yet) deepest- 
branching Crenarchaeaotal group, may provide important comparative information on the evolution of 
Archaea, and their specific relationship to Bacteria (eubacteria) and Eukarya (eukaryotes). 



Cloning and Dissection of High Molecular Weight Genomic DNA Using 
the Phage PI System 

We have used the bacteriophage P1 cIoning system to prepare 
genomic libraries of mouse and human DNA (1-3). The properties of 
these iibraries are described below: 

DNA Source 

Mouse 1 C127 cell line 
(XW mouse) 

Avexagg Genome 
Coverage 

70-70kb 

Mouse 2 Embqmnic stem 80-85kb 
cefl line E14 

Human1 primary 
foreskin 
fibroblasts 

80-85kb 

3x 

5x 

3x 

300 pools 
of 400 
clones each 

360 pools 
of 500 
clones each 

130,000 
arranged 
clones 

These libraries are screened by a top-down PCR approach (4) that 
generates the deaired clone in the cme of the human library or the 
desired pool in the case of the mouse libraries. In the latter case the 
individual clone is isolated by colony hybridization. Thfs system also 
permits [I) easy production of riboprobes &om T7 and Sp6 promoters 
that flank the insert: (2) rapid sequencing of the ends of any clone by 
cycle sequencing techniques; and (3) recovery of the cloned insert by 
digestion of DNA at rare restriction sites that flank the insert. Using the 
mouse 1 Iibrary a P1 conffg of 250-3OOkb was generated in the 
Hsp70/Cps-l region of mouse chromosome 17. Results from these 
Harts indicate the ease with which P1 contigs can be generated, and 
support the contention that the P1 system may more faithfully clone 
genomic DNA than was heretofore possible with cosmid-based systems. 

Using trmsposons to randomly insert sequences into P 1 clones in 
E. coZf we are developing methods (1) to insert genes into cloned inserts 
for subsequent transformation into mammaUan cells; (2) to generate 
nested sets of deletions of any cloned insert and (3) to identify the 
location of genes on any cloned insert. We will describe our progress in 
this area. 

1. N. Sternberg. Proc. Natl. &ad. Sd,, USA= 103 (1990). 
a . . ..e.. . -_.- 

2. 

3. 

J. Rem. B. Sautr. and N. Stemberg. Proc. Natl. Acad. Sci., USA 
89,2056 (1992). 

J. Pferce, and N. Stemberg in Methods In Ehzymology. R W u  Ed. 
~cademic Press inc.) 216, Chapter 47, p. 549. 

4. J. PiWcC. N. Stunbug. and B. Sauer. Mammnlran Genome 3.550 
(1992). 
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The BAC (Bacterial Artificial Chromosome) system: Application t o 
physical mapping and sequencing of small genomes. 

1).H. Shizuya, B. Birren, 'U-J. Kim, M. Simon, 2)J. Stein, 3).I.  
R. Kelly, 4).P. Markowiecz, J.. Miller, and 5).Y.Masuchi, F. Robb. 

Blumental, 

1) Caltech, 2) Agouron Institute, 3) Johns Hopkins, 4) UCLA, 5) COMB 

Physical may ping and subsequent sequencing are facilitated by 
vectors capable of high cloning efficiency, stable maintenance of 
inserted DNA, and which are easy to manipulate. 
based on a single copy F-factor and is capable of cloning foreign DNA 
fragments larger than 300kb. DNA inserted in BACs appears to be 
maintained with a high degree of structural stability in its host, 
Escherichia coli. The BAC vector modified into a "cosmid" cloning 
vehicle, the Fosmic (single copy E-factor based c W  can also be 
used for high efficiency cloning after lambda packaging and infection 
as in conventional cosmid cloning. These Fosmids maintain foreign 
DNA more stably than the current multicopy vectors. When the 
availability of source DNA is limited, such as bacterial cells 
concentrated from environmental samples, or when the organism of 
interest has relatively small genome, Fosmid cloning would be very 
useful. Using these two cloning vectors, we have constructed DNA 
libraries of a variety of organisms. 

The BAC vector is 



P. 2 

R.H. Waterston, John Sulston, et ai. 

The C. elegans genome consortium has used the neady completed clonal 
physicai map as a pdint of departure for genomic sequencing. We have used 
a combination of random and directed strategies to complete more than 2 
Mb of contiguous genomiG sequence. Using both triplet bias and splice site 
and other signaJ sequences with the program GENEFfNDER (P. Green), we 
detect genes on average every 4.5 kb. About 30% of these have informative 
similarity to previous database entries, The annotated sequence is 
submitted when complete, both to the public databases and to ACED8 
(Dutbin and Thierry-Mieg), a C, elegms database presenting the sequence 
in the context of other relevant information about the worm. 

underway with the intent of completing the entire 100 Mb sequence in the 
next five years. 

Expansion of both the Si. Louis and the Cambridge efforts is now 



1 Molecular Studies of Microorganisms for the DOE Deep Subsurface Science 
Program. S.A. Nierzwicki-Bauer, Dept. of Biology, Rensselaer Polytechnic Institute, 
Troy, NY 421 80 

A considerable amount of research on the microbiology of deep subsurface 
environments has been carried out since 1986. This work has been the focus of The Deep 
Microbiology Program, a part of the Subsurface Science Program, sponsored by the U.S. 
Department of Energy (DOE). Researchers involved with this program have been analyzing 
sets of deep sediment and rock cores from the Savannah River Site (SRS), Idaho National 
Engineering Laboratory, Hanford Site, Nevada Test Site, and the Thorn Hill Drill site. 
Chemical, geological, and hydrological data have been obtained for these core samples, along 
with a substantial body of microbiological information. To date, molecular studies have 
concentrated on the microorganisms isolated from the SRS, where four boreholes were 
(aseptically) drilled to depths as great as 300 meters. Over 4000 bacterial isolates were 
obtained from these boreholes and are housed in the Subsurface Microbiai Culture Collection 
(SMCC) at FSU. More recently, molecular studies have employed polymerase chain reaction to 
amplify the 16s rRNA sequences of DNA, directly extracted from frozen sediment samples from 
the Hanford Site. 

To date, selected groups of subsurface isolates have been used for restriction 
endonuclease analysis (Reeves et at., 1991) and comparative 16s rRNA sequencing (Stahl et 
ai., 1997; Stim et al., 1991). Additional studies, examining the DNA composition of specific 
subsurface isolates (Jimenez, 1990), have demonstrated genotype heterogeneity throughout 
the stratigraphy of the SRS boreholes. These studies have served as an initial step towards 
examining the phylogenetic diversity of subsurface microflora using a molecular approach. 
However, the very large number of SMCC isolates precludes their identification using 
comparative sequence analysis. 

Employing species- and group -specific 16s rRNA-directed oligonucleotide probes, our 
group has elucidated a detailed phylogenetic profile of microorganisms residing in the 
subsurface at the SRS More specifically we have screened SMCC isolates obtained from the 
SRS P24 and ClO boreholes, which span most of the same geological formations present in 
the Southeast Coastal Plain sediments. Using probes that specifically hybridize to a number of 
common soil microorganisms, this technique has allowed the identification of approximately 
35% Of the isolates from these boreholes. Screening results revealed that a large number of A. 
plobiformis, c. testosteroni, and A. calcoaceticus strains were isolated from both the subsurface 
(over a range of depths and geological formations) and surface sediments. These groups of 
isolates will be used as "focus clades" (specific model microorganisms) for extensive genomic 
charscterization. Sequence comparisons for selected genes (e.g. &E, 
intergene region) are planned by investigators in the Subsurface Science Program, to provide 
estimates of genetic divergence between the surface and subsurface isolates. In addition, for a 
select group of subsurface microorganisms, group I self-splicing introns are being sequenced. 

and 16s- 23s 
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GENE DISCOVERY AND RECOMBINANT 
EXPRESSION OF ENZYMES FROM 
HYPERTHERMOPHILIC ARCHAEA 

1K. M. BORGES, 1J. DIRUGGIERO, 2M. DAVIS, 25. SZASZ, 2J. W. 
CHASE and IF. T. ROBB. 
1 Center of Marine Biotechnology, University of Maryland, Baltimore, 
MD, USA; 2 United States Biochemical Corporation, Cleveland, OH, USA. 

Abstract 

Microorganisms that grow optimally at temperatures near or above 
100 "C are known as hyperthennophiles. Several extremely thermostable 
enzymes have been purified from these organisms. However, the major 
problem in isolation of new enzymes from hyperthermophiles is the 
difficulty in purifying them in sufficient quantity since biomass production 
can be difficult. We describe a new approach for gene discovery which 
involves large-scale sequencing of random clones followed by database 
analysis to identify potential protein encoding genes. Over 180 sequences 
have been analyzed from the hyperthennophilic Archaeon Pyrococcus 
furiosus. The 30 genes identified thus far include reverse gyrase, RNase H, 
a tRNA activating enzyme, and several genes encoding enzymes of central 
metabolism. Recombinant expression of these genes is in progress in order 
to characterize their products. As an example of this approach, we have 
successfully expressed the gene encoding the P. furiosus hexameric 
glutamate dehydrogenase in Escherichia coli. Heat treatment of the 
recombinant protein triggered assembly of the inactive monomers into 
hexamers fully active at 85 "C. The expressed GDH showed wild type 
levels of specific activity after heat treatment and purification by a f f ~ t y  
chromatography. We intend to apply the same approach to production of 
fully active hyperthennostable enzymes identified by gene discovery. 



Introduction 

Hyperthermophilic organisms inhabit hot environments that can also 
be anaerobic, with extreme variations in pressure, ionic strength, and pH. 
Consequently, production of biomass is often challenging, and traditional 
approaches to protein purification and gene cloning can be difficult. We 
have chosen P. furiosus, a strictly anaerobic Archaeon with an optimal 
growth temperature of 100 "C for our study. Although P. furiosus is 
relatively well-studied, few of its enzymes and genes have been well 
characterized- We describe an alternative approach to the study of 
hyperthermophilic enzymes, which combines gene discovery with 
recombinant gene expression. The strategy is presented in FIG. 1. This 
approach provides the advantages of rapid identification of large numbers 
of genes coupled with production of active proteins in sufficient quantity 
for characterization and commercial development. 

Methods 
Gene Discovery 

P. furiosus cDNA and genomic libraries were prepared by standard 
techniques. Randomly-selected clones were sequenced by the dideoxy chain 
termination method using T3 and T7 sequencing primers. Single run DNA 
sequences were translated into six reading frames and compared to a 
merged non-redundant database of protein sequences using the BLASTX 
program at the National Center for Biotechnology Infomation (NCBI). 
Statistically significant database matches with correct P. firiosus codon 
usage were considered to be valid. 

Gene Expression 
P. furiosus GDH was expressed in E. coli using the PET-1 Id vector. 

Structural analysis of the recombinant GDH was performed by SDS-PAGE 
and molecular exclusion chromatography. GDH activity was assayed at 
85°C by following the glutamate-dependent reduction of NADP+- 

Results 
Gene Discovery 

Thirty database matches were obtained by sequencing of 180 clones 
from P. furiosus cDNA and genomic libraries (TABLE I). These database 



matches represent proteins involved in several aspects of cellular 
metabolism that have not yet been addressed in hyperthermophilic Archaea. 

One of the P. furiosus database matches shows striking homology 
with the RNase HI1 enzyme from E. coli (FIG. 2). This discovery is 
significant since RNase H activity is implicated in several key aspects of 
DNA replication and repair. RNase H is the only replicationhepair 
enzyme other than DNA polymerase that has been reported in P. firiusus 
thus far. 

Reverse gyrase, an unusual enzyme identified only in 
hyperthermophiles, is another enzyme discovered in P. furiosus by random 
sequencing and database comparison (FIG. 3). This type I DNA 
topoisomerase induces positive supercoiling of circular DNA. The P. 
furiosus reverse gyrase gene fragment represents only the second DNA 
sequence available for this enzyme. 

Several novel genes of central metabolism, nucleic acid metabolism, 
and possibly cell division have also emerged from this study. 

Gene Expression 

in the cell-free extract of E. coli (FIG. 4). 
P. furiosus recombinant GDH constituted 15% of the soluble proteins 

The N-terminal amino acid sequence of the recombinant GDH and 
the enzyme from P. firiosus were identical except for the presence of the 
initiator methionine which was absent from P. furiosus GDH. 

The recombinant GDH preparation contained an equal amount of 
monomeric (46,000 Mr) and hexameric (270,000 Mr) forms (FIG. 5A). 
Only the hexameric fraction of the enzyme was active at 85°C (FIG. SB). 

Inactive subunits of the recombinant GDH assembled into active 
hexamers during heat treatment at 75°C for 15 min. The specific activity of 
the heat activated, purified, recombinant GDH and the enzyme prepared 
from P. furiosus were identical (TABLE 2). The recombinant GDH was 
significantly less thermostable at 100°C than the enzyme from P. firiosus. 



Summary 
Random sequencing and database comparison have resulted in 

identification of thirty new genes from the hyperthermophile P. furiosus. 

Two genes involved in nucleic acid modification were discovered: RNase 
H and reverse gyrase. Determination of the full sequences of these two 
genes is nearly complete. Their expression in E. coli is in progress. 

We have successfully expressed the extremely thermostable P. furiosus 
glutamate dehydrogenase in E. coli. After heat treatment the recombinant 
enzyme was fully active at 85°C. 

Analysis of many aspects of cellular metabolism in hyperthermophiles 
will be greatly facilitated by this approach for the identification of critical 
genes and operons. 

An additional advantage of this method is the potential for production of 
mutant variants of the enzymes by site-directed mutagenesis. 
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