
periment. This constancy, plus the re- 
semblance of the proton NMR spectrum 
of the reaction products to that of di- 
methylformamide, suggested that the 
five unknown signals might be associated 
with a single species, possibly the syn 
and anti forms of the N-formyl derivative 
of iminodiacetic acid (IDA), a new com- 
pound (1) not previously reported in the 
literature: 
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In an effort to demonstrate whether 
this was the case, we prepared an au- 
thentic sample of N-formyliminodiacetic 
acid {FIDA or [N-(formyl)-N-(carboxy- 
methyl)-glycine]} by an alternate route. 
We refluxed the disodium salt of IDA 
(Aldrich Chemical; 20g, containing 2 per- 
cent by weight of NTA as an impurity) 
with 100 ml of 90 percent HCOOH at 
150?C for 10 minutes (> 95 percent con- 
version) (6). The solution was distilled 
under a vacuum overnight to remove the 
bulk of the HCOOH, and the residual so- 
lution was brought to pH 9 with 10 per- 
cent NaOH. The synthesized compound 
was positively identified as FIDA on the 
basis of elemental and spectral analysis 
(7). The 13C NMR spectrum of the syn- 
thesized FIDA was coincident with that 
of the five unknown signals in the solu- 
tion containing the products of the NTA- 
chlorine reaction. 

The product yields from the NTA- 
chlorine reaction at pH 11.0 were esti- 
mated from the NMR peak heights 
to be as follows: FIDA, 1.46 mmole 
(40 percent yield); trioxymethylene, 
0.36 mmole; HC03-, 0.73 mmole; and 
HCOO-, 0.13 mmole. The amount of un- 
reacted NTA was 0.52 mmole or 15 per- 
cent of the starting material. We have al- 
so found that FIDA is produced at pH 
5.0 from NTA and hypochlorous acid un- 
der otherwise identical conditions to 
those at pH 11.0, although apparently in 
somewhat lower yields (- 10 percent). 
Formaldehyde (trioxymethylene) was al- 
so present, and so was IDA when the re- 
action solution contained phosphate buf- 
fer for pH stabilization (8). 

To provide a preliminary assessment 
of the potential hazard of FIDA, we eval- 
uated the synthesized material in the 
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tested the FIDA twice in water at six 
dosages ranging from 10 to 5000 ,ug per 
plate. No mutagenic response was ob- 
served at any dosage, an indication that 
FIDA is not a potent mutagen. 

This report is a further step toward ad- 
dressing the concerns originally voiced 
by the Woods Committee over a need for 
information on NTA derivatives that 
might be formed from reactions in the 
environment and on their mutagenic po- 
tential. The lack of mutagenicity of 
FIDA in the Ames test is reassuring but, 
because this compound is new, other 
toxicological and environmental data 
should be sought as part of the contin- 
uing program to ensure the safety of 
NTA input into widespread use (10). Re- 
search on the reactivity of NTA with 
other oxidants in the environment is also 
warranted for the same reason. 
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DNA Organization of Methanobacterium thermoautotrophicum 

Abstract. The organism Methanobacterium thermoautotrophicum, an archae- 
bacterium, is evolutionarily very distant from both traditional prokaryotes and eu- 
karyotes. Its genome (DNA) has physical characteristics typical of most prokaryotes 
except that it is quite small (about 109 daltons, less than half the size of the genome of 
Escherichia coli) and contains a significant amount (6 percent) of DNA which rena- 
tures extremely rapidly. 
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Studies by Woese and Fox (1) indicate 
that the traditional classification of life 
into two kingdoms, prokaryotes and eu- 
karyotes, should be replaced by three 
categories or lines of descent, which 
Woese and Fox call archaebacteria, eu- 
bacteria, and urkaryotes. They propose 
these divisions because the comparison 
of two-dimensional nucleotide patterns 
(fingerprints) of 16S and 18S RNA's in- 
dicates that these three groups are evolu- 
tionarily equidistant from each other. 
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The eubacteria and urkaryotes corre- 
spond roughly to the conventional cate- 
gories of prokaryotes and eukaryotes, 
respectively. For example, the eu- 
bacteria comprise the typical bacteria 
(such as Escherichia, Eubacterium, Mi- 
crococcus, and Spirochaeta) as well as 
blue-green algae and chloroplasts. The 
urkaryotes comprise the typical eu- 
karyotes such as animals, plants, fungi, 
and slime molds; or, more precisely, ur- 
karyotes could be said to comprise the 
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cell components of the traditional eu- 
karyotes that are not of endosymbiont 
origin. The eukaryotic cell is probably of 
composite lineage, some parts being pro- 
karyotic (such as chloroplasts and mito- 
chondria) and other parts urkaryotic 
(cytoplasm and nucleus). 

In the third category, the archae- 
bacteria, are found several groups of un- 
usual organisms such as the methano- 
gens, halophilic bacteria, and thermo- 
philic bacteria. These apparently dis- 
similar groups prove, on the basis of 
their two-dimensional nucleotide pat- 
terns, to be evolutionarily rather closely 
related. Accordingly, though they are 
prokaryotes in the traditional sense of 
not having their genetic material local- 
ized in a separate nucleus, they are nev- 
ertheless placed by Woese and Fox in a 
kingdom of their own because of their 
vast evolutionary distance from all other 
prokaryotes (the eubacteria) and, equal- 
ly, from all eukaryotes (the urkaryotes). 
This classification is supported by stud- 
ies (2) of the cell walls, lipids, and modi- 
fication patterns of bases in ribosomal 
and transfer RNA's (rRNA's and 
tRNA's). 

Perhaps the most surprising element of 
Woese and Fox's new classification is 
not that the archaebacteria are so dif- 
ferent from the eubacteria but that they 
are in fact as close to the urkaryotes as 
they are to the eubacteria. It is then of 
interest to examine whether the DNA or- 
ganization of the methanogen Meth- 
anobacterium thermoautotrophicum re- 
sembles more closely that of the eu- 
bacteria or the urkaryotes with respect 
to complexity of the DNA, and whether 
there is a significant amount of repeated 
DNA. 

To address these questions, we isolat- 
ed DNA from frozen cells of M. 
thermoautotrophicum (strain AH), char- 
acterized the DNA with respect to vari- 
ous physical parameters (see below), and 
then performed renaturation kinetic ex- 
periments (below). The DNA was puri- 
fied by two different methods: the Mar- 
mur procedure (3) and equilibrium band- 
ing on a potassium iodide (KI) gradient 
(4). The KI-isolated DNA was purer. Its 
hyperchromicity (increase of absorbance 
at 260 nm when thermally denatured to 
single strands) was 41.1 percent com- 
pared to 34.9 percent for the DNA isolat- 
ed by the Marmur method. 

The thermal denaturation profile of M. 
thermoautotrophicum DNA isolated by 
both methods is very sharp: it required 
6.0?C to go from 10 to 90 percent dena- 
tured, while Escherichia coli required 
6.3?C. This indicates homogeneity in 
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base composition throughout the gen- 
ome. The Tm (the temperature at which 
half the final hyperchromic shift is 
reached) is 89.4 + 0.4?C relative to a Tm 
of 90.0?C for E. coli DNA. This corre- 
sponds to a G * C content of 49.4 percent 
(5) for the methanogen. 

The buoyant density in cesium chlo- 
ride at neutral pH was measured in the 
Spinco Model E ultracentrifuge. For the 
Marmur-isolated DNA, the banding pat- 
tern seen in ultraviolet scanner optics re- 
vealed a somewhat asymmetrical peak 
with a density of 1.704 ? 0.003 g/cm3 rel- 
ative to a marker density of 1.724 for Mi- 
crococcus lysodeikticus DNA. To see 
whether the asymmetry was real or 
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Fig. 1. Renaturation kinetic experiments on 
the DNA of M. thermoautotrophicum and E. 
coli. (A) Renaturation followed by HAP with 
3H-labeled DNA (C) and the optical HAP 
method (O and *, for two different experi- 
ments). The fraction of DNA bound at zero 
time has been subtracted out. The average 
fragment length, L, was 366 base pairs for the 
3H-labeled methanogen DNA, 280 and 292 
base pairs for the methanogen DNA in the 
two optical HAP experiments, and 250 base 
pairs for E. coli. The data were adjusted to 
400 base pairs in the figure with the use of the 
single-strand length dependence (16) of L?045. 
The Cot is measured in (moles nucleotides) x 
(second)/liter. (B) Renaturation was followed 
by optical absorbance. The original data were 
normalized by dividing by the absorbance at 
zero time (actually, at about 1 minute), finding 
the percentage change in absorbance at 5 min- 
utes on this basis, and correcting the value at 
5 minutes to 100 percent in order to account 
for the single-strand structure formation that 
occurs during the first 5 minutes or so ( I1, 14). 
The Cot is measured as (moles base pairs) x 
(second)/liter. 

spurious, we looked at the purer, KI-iso- 
lated DNA. We found a density of 
1.707 ? 0.003 g/cm3 relative to the same 
bacterial marker density; and now the 
peak was symmetrical, with no satellites 
being visible. The profile was very simi- 
lar to that of the marker DNA, both 
peaks having a half-width at half maxi- 
mum of 0.45 ? 0.005 mm. The content 
(mole percent) of G . C is 54.7 percent 
for the KI-isolated DNA and 51.0 per- 
cent for the Marmur-isolated DNA rela- 
tive to M. lysodeikticus at 72 percent, 
based on the formula of Schildkraut et al 
(6). 

The purpose of the DNA renaturation 
kinetic experiments was to determine 
genome size (complexity), number of 
classes of DNA, and the amount of high- 
ly repeated DNA or foldback DNA. 
These may be determined most readily 
by "melting" the DNA to single strands, 
following the renaturation to double- 
stranded form, and plotting the unrena- 
tured fraction as a function of time by the 
Cot method (7) where Co is the initial 
concentration of nucleotides (moles per 
liter) and t is time (seconds). The genome 
size (complexity) is then proportional to 
Cot1/2, the value of Cot when renaturation 
is half complete; the shape of the curve 
tells whether there is only one class of 
(nonrepeated) DNA or whether there is 
also one or more classes of inter- 
mediately repeated DNA; and the "zero- 
time" renaturation (fraction which forms 
double helices faster than can be mea- 
sured) determines the amount of fold- 
back or highly repeated DNA. 

The DNA's used in the renaturation 
experiments were sheared to - 300 base 
pairs and sized by gel electrophoresis 
with restriction enzyme (Hae III) digest 
of plasmid pBR722 as a marker. The 
renaturation was studied by two dif- 
ferent methods; binding to hydroxy- 
apatite (8) (HAP) and ultraviolet absorp- 
tion at 260 nm (Fig. 1). In the HAP ex- 
periments, the DNA was denatured at 
100?C for 10 minutes and was allowed to 
renature at Tm -25?. The time course of 
the reaction was followed by measuring 
at intervals the portion (double-stranded) 
of DNA bound to the HAP at 60?C after 
which the single-stranded DNA was 
eluted at 100?C and independently mea- 
sured. We used both tritium-labeled 
DNA, prepared by the method of nick 
translation (9), and nonradioactive DNA 
in concentrations large enough for sam- 
ples and washings to be measured opti- 
cally. For the labeled DNA, the curve 
(Fig. 1A) shows a Cot112 of about 1.6, 
while the curve for unlabeled DNA 
yields a Cot1/2 of about 1.3 (Fig. 1A). For 
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both these experiments, Cot1/2 = 3.6 for 
E. coli, yielding a complexity for the 
methanogen 2.3 and 2.8 times smaller 
than that of E. coli (Fig. 1A). 

The ultraviolet absorption (optical) 
method for studying renaturation kinet- 
ics consists of denaturing the DNA at 
100?C and then following the formation 
of double-stranded DNA at Tm -25?C by 
monitoring the loss of optical hyper- 
chromicity at 260 nm. In this case, the 
time course of the reaction follows a 
somewhat different formula from the 
single second-order renaturation reac- 
tion, since ultraviolet absorption mea- 
sures the fraction of nucleotides in 
double-stranded form while HAP mea- 
sures the fraction of strands that have 
formed double-helical structures. The 
two are different because the shearing of 
the DNA (to 300 base pairs) occurs at 
random: a typical "+" strand will then 
have only a two-thirds overlap on the av- 
erage with a complementary "-" strand 
(10), so that 33 percent of the nucleotides 
will be in single-stranded tails. 

The result is that the time of 50 percent 
renaturation (Cot1/2) measured on HAP 
corresponds to one-third renaturation 
(33 percent) measured optically. We il- 
lustrate this briefly [for more detail see 
(1 )]: letf(t) be the fraction of strands re- 
maining single at time t; this is what we 
determine with HAP. For a single class 
of DNA (for example, nonrepeated 
DNA) under nucleation rate-limiting 
conditions (11), f(t) will follow standard 
second-order kinetics: f(t) = 1/(1 + 
K2Sot) where K2 is the nucleation rate 
constant and So is the initial total con- 
centration of single strands. Let g(t), 
on the other hand, be the fraction of nu- 
cleotides in single-stranded form at time 
t; this is clearly greater than f(t), since 
we must now count not only the nucle- 
otides occurring in free single strands but 
also those in single-stranded tails of par- 
tial double helices. If we take the aver- 
age double-stranded length to be two- 
thirds (so that one-third of the nucle- 
otides are single-stranded) and note that 
the fraction of strands forming double- 
helical regions is 1 - f(t), we see that 

g(t) =f(t) + 1/3 [1 -f(t)] 

or 

g(t) = 2/3 f(t) + 1/3 

Thus, whilef(t) goes from unity (100 per- 
cent) at t = 0 to zero at t = oo, g(t) goes 
from 100 percent at t = 0 to 33 percent at 
t =- (12). At 50 percent HAP renatura- 
tion f(t) = 1/2, while g(t) = 2/3, or 67 

percent. Using this value, we see from 
Fig. lB that the Cot112 (comparable to 
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HAP) is 0.73 for the methanogen and 1.5 
for E. coli, suggesting a complexity for 
the methanogen 2.1 times smaller than 
that of E. coli. 

The three methods agree in that the 
complexity of the methanogen is less 
than that of E. coli. The most reliable, 
we feel, is that of the optical HAP. The 
nick-translation process, used in the iso- 
topically labeled HAP, is well known for 
creating artifacts (13). (However, our la- 
beled HAP and optical HAP data agree 
very well.) The optical method is uncer- 
tain because of (i) the complicating pres- 
ence of random single-strand base-pair- 
ing during the first few minutes of the 
experiments (14), (ii) inaccuracy in mea- 
suring hyperchromicity, and (iii) uncer- 
tainty as to the average amount of single- 
stranded DNA in the tails of partly dou- 
ble-helical molecules (11). On the basis 
of the HAP data alone, we calculate a 
complexity for the methanogen about 
2.5 + 0.3 times smaller than that of E. 
coli. If we assume that E. coli is 2.7 x 109 
daltons (14), then the complexity of the 
methanogen is 1.1 ? 0.15 x 109 daltons. 

The renaturation reaction of meth- 
anogen DNA parallels that of E. coli and 
takes place over two orders of magnitude 
of Cot, indicating that only one class of 
DNA is present (Fig. 1, A and B). How- 
ever, there was some zero-time bind- 
ing-about 6 ? 2 percent of the meth- 
anogen's DNA in the HAP renaturation 
experiments while the E. coli has only 
about 0.5 percent. In Fig. 1, A and B, 
this zero-time-reacted DNA has been 
subtracted out. Possible sources of zero- 
time binding are: highly repeated DNA, 
so-called foldback DNA (15), and cross- 
linked DNA (from free radicals occur- 
ring during shearing, or from nick trans- 
lation). 

In some respects, the DNA of the 
methanogen M. thermoautotrophicum 
resembles the DNA of a typical bacte- 
rium such as E. coli: melting profiles 
show that the methanogen DNA is as ho- 
mogeneous as E. coli's, CsCl banding in- 
dicates that no satellites are present, and 
the renaturation studies indicate that the 
DNA is of one class. The differences 
from typical bacteria are: (i) lesser com- 
plexity and (ii) 6 percent zero-time-react- 
ed DNA in the methanogen, the nature 
of which remains ambiguous at this time. 
It is impressive that, even with a small 
genome size, M. thermoautotrophicum 
is still a free-living organism capable of 
using H2 alone as an energy source and 
CO2 alone as a carbon source. 

Woese and Fox's 16S and 185 RNA 
sequence data (1) place the urkaryotes, 
eubacteria, and archaebacteria at equal 
distances from each other evolutionarily. 

However, the question still exists as to 
the branching pattern of the evolutionary 
tree containing the three groups. If the 
rates of evolution of the RNA sequences 
of rRNA are equal for the three groups, 
the branches corresponding to each must 
diverge from a common point and must 
be of the same length. However, if we 
allow for unequal rates of evolution of 
the sequences of one or more groups, 
other branching patterns are possible- 
for example, the archaebacteria and a 
common ancestor of eubacteria and ur- 
karyotes may first separate, and this an- 
cestor may then further branch into the 
eubacteria and urkaryotes themselves. 
Given the presumed primitive nature of 
methanogens, either of these patterns 
seems attractive. 
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