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Synthesis of Todorokite 

Todorokite of chemical composition (M~~.~,N~o.o~)(M~~.ISM~O~.+~OM~~".~~) 0 1 2  3.07 
H20 was synthesized by a two-step procedure. First, sodium birnessite was synthe- 
sized and magnesium was exchanged for sodium to form magnesium birnessite, which 
was autoclaved under a saturated steam pressure at 155OC for 8 hours to form well- 
crystallized todorokite. Synthesized todorokite particles consisted of fibers extending 
from a central plate. The plate itself was made of twinned fibers forming a trilling 
pattern. The in£rared spectra and x-ray diffraction patterns were similar to those of 
natural todorokite samples. Calcium birnessite and nickel birnessite, when autoclaved 
under conditions similar to those for magnesium birnessite, yielded a todorokite 
structure. However, the formation of todorokite from calcium and nickel birnessite 
was less extensive. 

'E  REPORT THE SYNTHESIS OF 
todorokite, which is formed 
principally in nature as an end 

product of oxidation of manganese ( ~ n ~ + )  
in marine environments and under earth- 
surface conditions. There has been great 
interest in this tunnel-structured mineral 
because it is a major constituent of deep-sea 
manganese nodules (1) and has the potential 
of becoming a polymetallic resource of the 
twenty-first century (2). Knowing the 
chemistry of todorokite is important for 
understanding how nodules form and how 
they concentrate transition elements from 
ocean waters (3). 

Todorokite was synthesized because natu- 
ral samples of high purity are rare, and 
samples free of impurities and of high crys- 
tallinity are necessary for chemical and min- 
eralogic studies. The synthesis involved a 
two-step procedure. First, sodium birnessite 
(4) was synthesized by oxidation of h4n2+ in 
an alkaline medium. The magnesium was 
then exchanged for sodium, and the magne- 
sium birnessite was autoclaved at 155°C for 
8 hours in an aqueous medium with or 
without excess MgC12 to obtain todorokite. 

Infrared spectra of natural todorokite in- 
dicate that todorokite is not analogous to 
any of the synthetic phases (5)  reported to 
be identical to todorokite (6). The largest 
tunnel structure reported for a synthetic 
manganese oxide (2 octahedra by 3 oaahe- 

dra) is that of psilomelane (7). Tunnel- 
structured manganese minerals such as cryp- 
tomelane and houandite have been synthe- 
sized by dry heating of birnessite saturated 
with the appropriate cations K+ and ~ a ~ + ,  
respectively, at 500" to 800°C (8) .  In the 

1000 6 0 0  2 0 0  
W a v e  number (cm-') 

Fig. 1. Infrared spectra of synthetic todorokite (S) 
and natural todorokites from Montenegro mine, 
Cuba (M), and Charco Redondo, Cuba (C). 
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above syntheses, the size of the cation con- 
trols th; dimensions of the tunnel (2 octahe- 
dra by 2 octahedra). However, the large size 
(ideally 3 octahedra by 3 octahedra) of the 
todor6kite tunnel rewires an unusuallv 
large cation. Because 'such an unhydrated 
inorganic cation does not exist, the large 
hydrated ~ g ~ +  cation in aqueous solution 
was used in this preparation. 

First, birnessite was synthesized by a 
modification of the procedure of StWi (9) .  
Manganese dichloride (200 ml, 0.5M) was 
placed in a 500-ml plastic beaker. Oxygen 
was then bubbled into the solution through 
a glass frit at a rate of 1.5 liters per minute [it 
was important to maintain this rate of oxv- 
gen flow to prevent the formation of haus- 
mannite (Mn304)]. This was followed by 
the addition of 55 g of NaOH in 250 ml of 
HzO. 

After 5 hours oxygenation was stopped 
and the black precipitate (buserite) was 
washed with deionized water until the su- 
pernatant was salt-free. The product was 
freeze-dried. which dehvdrated the buserite 
to birnessite, and stored. Infrared analysis, 
x-ray diffraction, and electron microscopy 
(10) indicated that birnessite was the only 
crystalline phase present. 

In the second step, a 25-mg sample of the 
sodium birnessite was shaken with 20 ml of 
lN MgC12 for 12 hours. The sample was 
then centrifuged and washed twice with 20- 
ml portions of distilled deionized water to 
remove the exchanged sodium. The magne- 
sium birnessite synthesized was either dis- 
persed in distilled water or fresh lN MgC12 
(20 ml). These mixtures were autoclaved at 
155°C in a sealed 25-ml Teflon-lined stain- 
less steel container under autogenous pres- 
sure for 8 hours. The container was then 
cooled to room temperature, and the con- 
tents were washed free of any excess MgC12 
with water. The product was then freeze- 
dried and stored. Increased autoclaving time 
gives rise to slightly sharper x-ray diffraction 
peaks (1 1 ) ; however, it also causes the grad- 
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Fig. 2. Transmission electron micrograph of 
birnessite (A) and of synthetic todorokite, show- 
ing fibers extending from a center plate of matted 
fibers that retains the morphology of the parent 
bimessite (B). (C)  Selected-area electron diffrac- 
tion of the matted fibers, showing d-spacing 
randomness in three directions in the plane of 
view. 

ual appearance of another mineral-manga- 
nite (12). The chemical composition of the 
synthetic todorokite fiom magnesium bir- 
nessite autoclaved for 8 hours, determined 
on the basis of a 12-0 gen unit cell, was 
( ~ p o ~ ~ ~ ~ . ~ ~ ) ( w . ~ d ~ ~ ~ ~ ~ o ~ ~  3.07 
H20 (13). 

The synthetic samples were analyzed by 
x-ray diffraction, with a quartz internal stan- 
dard (4 percent by weight) used for posi- 
tioning the diffraction peaks. The x-ray 
powder diffraction data for the synthetic 
sample and for todorokite (14) were in good 
agreement (Table 1). 

The infrared spectrum (Fig. 1) of synthet- 
ic todorokite (S) matches well with those of 
the natural todorokite samples from Charco 
Redondo, Cuba (C). The natural todorokite 
sample (M) from Montenegro mine, Cuba 
(USNM 113966), has an additional band at 
1032 an-' due to a silicate contaminant. 
The todorokite sample fiom Charo Redon- 
do was free of contaminants. Todorokite 
swctra are distinct from those of bimessite 
6). The bands are sharper and more intense 
for the synthetic todorokite sample than 
those for natural samples. According to Pot- 
ter and Rossman (5). the infrared suectrum 
can unambiguously disthguish wei-crystal- 
lized todorokite from other manganese min- 
erals. The infrared patterns indicate that our 
synthetic sample is similar in crystallinity to 
the well-crystallized natural sample from 
Charco Redondo (5). Infrared spectra for 
natural todorokites show changes in relative 
intensity of bands even among pure speci- 
mens (15). 

The morphology of the synthetic todoro- 
kite consists of fibers extending from a cen- 
tral plate (Fig. 2B), which retained a shape 
similar to that of the parent bimessite (Fig. 
2A). The electron *action pattem (Fig. 
2C) of the plate has pseudohexagonal sym- 
metry resulting from the fibers running in 
three directions (Fig. 3A). These fibers are 
20 to 50 nm in width and 50 pm or less in 
length. They are morphologically similar to 
those of the natural todorokite sample fiom 
Montenegro mine and to those of samples 
described by other investigators (7,16). The 
fibers were tiagile and easily broken into 
shorter sections upon sonication. 

The trilling pattem (Fig. 3A) of the 
twinned crystals is typical of todorokite (3, 
17) and distinguishes it from the platy 
bimessite parent compound. The lattice 
fiinges obtained by high-resolution trans- 
mission electron microscopy (HRTEM) 
(Fig. 3B) show a common a dimension of 
about 1 nm, which indicates a tunnel width 
in one direction of 3 octahedra. This spacing 
is in accordance with that found by Straczek 
and colleagues (18), who reported an ortho- 
rhombic or a monoclinic unit cell of 
a = 0.975 nm, b = 0.284 nm, c = 0.959 
nm, and p - 90' for todorokite. A structur- 
al model of 3 by 3 tunnel dimensions for 
todorokite, based on HRTEM observations 

Fig. 3. (A) Hi -resolution transmission electron p" micrograph o synthetic todorokite, showing the 
trilling pattem of the matted fibers. (B) Enlarged 
view of area indicated by the arrow in (A). (C) An 
individual fiber showing uniform 1-nm spacings 
in the a direction. (D) An individual fiber, show- 
ing mainly 1.25-nm spacings in the a direction. 

Table 1. X-ray powder dif€raction data for syn- 
thetic and natural todorokite. I, relative band 
intensity. 

Synthetic todorokite Natural todorokite* 

d-spacing I d-spacing I 
(nm) (%I (nm) (%I 

YTodorokite from Todoroki mine, Japan (14). 

of thin sections of natural todorokite, has 
been proposed (3,19). The heterogeneity in 
the channel sizes typical of natural todoro- 
kites (13, 17) was also apparent in the 
synthetic sample (Fig. 3, B, C, and D). 
Spacings of 1, 1.25, 1.5, and 2 nm were 
observed for the a parameter in three direc- 
tions parallel to the plate. However, 0.96 
nm w& the predomirkt d-spacing, as sug- 
gested by the sharp x-ray diffraction peaks of 
the oriented sample in the direction perpen- 
dicular to the plate (c).  Therefore, our syn- 
thesis produced a material similar 
to natural todorokite with predominant tun- 
nel sizes of 3 octahedra by 3 octahedra. 

Calcium. nickel. and cobalt were also used 
as saturating cations in the synthesis proce- 
dure. Autdaved calcium bimessite and to- 
dorokite have similar x-ray diffraction pat- 
terns and infiared spectra; however, broad 
infrared and diffraction bands indicated dis- 
order in the crvstals. Channel dimensions 
for autoclaved hcium bimessite in the a 
direction as observed by HRTEM were 
0.75, 1.0, and 1.25 nm. A nickel-saturated 
sample yielded two phases as identified by 
HRTEM: a todorokite-like phase with pre- 
dominantly 0.5- and 1-nm a dimensions, 
and ano&er phase consisting of electron- 
dense hexagonal plates in minor quantities. 
In the case of autoclaved cobalt bimessite, 
no tunnels were detected by HRTEM. Mag- 
nesium bimessite, upon autoclaving, yielded 
the best crystallized todorokite. 
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E1A Transcription Induction: Enhanced Binding of a 
Factor to Upstream Promoter Sequences 

The adenovirus ElA gene product traw-activates a number of viral and cellular 
promoters. The mechanism for this transcriptional induction was investigated with an 
in vivo ex0111 mapping technique to assay for proteins that interact with an E1A- 
inducible promoter. A protein bound to the early E2 promoter was detected in wild- 
type infected cells. In the absence of ElA induction, specific interactions at the 
promoter could not be detected, as indicated by the absence of an exoIII-protected 
fragment. However, if conditions were established that allowed transcription of the E2 
gene in the absence of ElA, the same ex0111 protection was observed as was found in 
the presence of ElA. These results suggest a model in which the efficient utilization of 
the E2 promoter is mediated by a cellular transcription factor. In the absence of ElA, 
the interaction can take place, but slowly and inefficiently in comparison with the 
interaction in the presence of E1A. 

T H E  PROCESS BY W H I C H  THE INITIA- 

tion of transcription is regulated, 
while of central importance to many 

aspects of biology, is not clearly understood. 
The critical aspects of the process are the 
protein factors that interact with regulatory 
sites of promoters and the manner in which 
the activity of these factors is controlled. A 
particularly useful system for the study of 
transcriptional control are the early genes of 
adenovirus. The regulatoty gene that is re- 
sponsible for this control, the E1A gene, has 
been identified (1-3). A set of five viral 
promoters are coordinately regulated. In 
addition, two cellular promoters, hsp7O and 
p-tubulin, are stimulated by the action of 
the ElA gene product (4-6). Therefore, all 
of the components of a system of transcrip- 
tional control are contained within an early 
viral infection: genes that respond to posi- 
tive control, an identified regulatory gene, a 
set of coordinately controlled genes, and 
genes in a distinct context (cellular chromo- 
some) that are coordinately controlled. 

To gain further insight into the mecha- 
nism of E1A-mediated transcription con- 
trol, we analyzed adenovirus chromatin in 
infected cells for the presence of proteins in 
the vicinity of a promoter controlled by 
E1A-in this case the E2 promoter. We and 
others have shown that this promoter is 
inducible by E lA and requires certain up- 
stream sequences for activity (7-12). The 
fact that there exist sequences critical for 
promoter activity suggests that a protein or 
proteins may recognize these sequences. To 
identify such interactions, we used a tech- 
nique, described by Wu (13), in which 
exonuclease I11 (exoIII) defines protein- 
DNA interactions in vivo. The rationale for 
the procedure in the context of the adenovi- 
rus E2 promoter is shown schematically in 
Fig. 1A. Briefly, nuclei are incubated with a 
restriction endonuclease for which there is a 
recognition site in the vicinity of the sus- 
pected protein binding site. In the case of 
the E2 promoter, there is an Eco RI site at 
-285 relative to the transcription initiation 

site (+ 1).  Therefore, nuclei are incubated 
with Eco RI in the presence or absence of 
exoIII. The DNA is extracted a i~d  purified 
and subsequently digested with S 1 nuclease 
to remove the single-strand tail resulting 
from ex0111 digestion and then digested 
with a second restriction enzyme, this 
case Sst I. The digested DNA is then sepa- 
rated in an agarose gel, transferred to nitro- 
cellulose, and visualrzed with a probe specif- 
ic to the sequence adjacent to the Sst I site. 
Three possible DNA fragmehts can be de- 
tected iri this way. An- st I-Sst I band 
would be present if the Eco RI lgestion 
was not complete. An Sst I-Eco RI frag- 
ment is produced in the absence of ex0111 
digestion. Finally, if a protein is stably 
bound in a nonrandom fashion to a specific 
site on the DNA, then ex0111 digestion is 
stopped and a band is that is 
smaller than the Sst I-Eco RI fragment. 

Such an analysis was performed with nu- 
clei from cells infected kith wild-type ade- 
novirus 5 (Ad5) for 7 hours, in the presence 
of arabinosylcytosine to prevent DNA repli- 
cation (Fig. 1B). In the absence of exoIII, 
two bands are detected and represent the Sst 
I-Sst I fragment and the Sst I-Eco RI 
fragment. In this experiment and most oth- 
ers-that have been done, approximately 50 
percent of the adenovirus chromatin is cut 
bv Eco RI. As the amount of ex0111 added 
to the nuclei is increased, there is the appear- 
ance of lower molecular weight bands. At 
the highest ex0111 concentration, a band of 
995 nucleotides predominates. Such a frag- 
ment indicates that the ex0111 stop is at a 
position of - 85 relative to the E2 transcrip- 
tion initiation site (Fig. 1C). There are 
bitermediate-sized bands, apparently the re- 
sult of incomplete ex0111 digestion since 
they tend to &sappear at higher enzyme 
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