10% (14), the spectral positions of the
MDR’s oscillate as well. The observed oscil-
lation frequency and damping constant for
the resonance peak positions have been used
to determine the dynamic surface tension
and viscosity for flowing droplets (13).
The occurrence of the red laser emission
at the spherical liquid-air boundary (Fig. 2)
clearly demonstrates that optical feedback is
confined near the surface, confirming the
surface nature of the output resonance. As
discussed earlier, the broadband fluores-
cence emission of the laser dye ensures that
some of the wavelengths within the fluores-
cence bandwidth will satisfy resonance con-
ditions for any droplet morphology, and it
will be at those wavelengths that enhanced
optical feedback occurs. It is the optical
feedback at these different specific wave-
lengths that gives rise to the lasing surface
wave. In contrast, the two green spots locat-
ed on the front and back surfaces of the
droplet (Fig. 2) result from the specular
reflections of incident radiation at the inter-
face. When the input resonance condition is
fulfilled, other parts of the droplet interface
in addition to the two spots will exhibit
green radiation (4). However, since the
incident laser radiation is monochromatic,
the input resonance condition can be satis-
fied only for specific droplet sizes and
shapes. In contrast, since the laser emission

is broadband, the output resonance condi-
tion can always be satisfied for all sizes and
shapes, as Figs. 2 and 3 indicate.

The surface-wave nature of the laser emis-
sion provides a novel means for observing
droplets of different sizes and shapes and
particularly for highlighting their liquid-air
interface. Photographs of a droplet stream
within the first few millimeters of the orifice
exit are shown in Fig. 3. The droplets are
generated from a cylindrical stream of liquid
that is periodically pinched off by the vibrat-
ing orifice. The highly distorted droplets
evolve into more regular and discrete sphe-
roids that undergo a series of shape oscilla-
tions, becoming alternately prolate and ob-
late. Farther downstream from the orifice,
surface tension forces the droplets to be-
come essentially spherical (Fig. 2). The de-
tails of the evolution from a cylindrical
stream to spherical droplets, particularly the
interfacial regions, are highlighted by laser
emission from all irradiated portions of the
droplet stream. As seen in Fig. 3, it is clearly
not necessary that the droplets be spherical
or of a particular size for laser emission to be
achieved. Laser emission is also present in
the much smaller satellite droplets and in the
cylindrical necking regions of the droplet
stream (Fig. 3).

Regardless of the highly distorted droplet
shape and size, near-field photographs dem-

onstrate that laser emission highlights the
liquid-air interface. Such laser emission pho-
tographs can provide a novel technique to
study droplet dynamics.
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Indirect Observation by '>*C NMR Spectroscopy of a
Novel CO, Fixation Pathway in Methanogens

JEREMY N. S. Evans, CYNTHIA J. TOLMAN, MARY F. ROBERTS

High-field carbon-13 nuclear magnetic resonance (NMR) spectroscopy has been used
to monitor the isotopic dilution of doubly carbon-13-labeled precursors for 2,3-
cyclopyrophosphoglycerate, a novel primary metabolite that occurs in certain metha-
nogens. A unique carbon dioxide fixation pathway that gives rise to asymmetric
labeling of acetyl coenzyme A has been demonstrated in Methanobacterium thermoau-
totrophicum. The effect of selected metabolic inhibitors on the labeled species in the
pathway has been examined by NMR. These techniques establish a general, sensitive
method for the delineation of convergent biosynthetic pathways.

ETHANOGENS ARE ARCHAEBAC-

l \ / I teria (1) that can produce meth-
ane by reduction of carbon diox-

ide with hydrogen. This reaction provides
the cells with energy. The fixation of CO,,
which is the sole carbon source for autotro-
phic methanogens, into cellular material ini-
dally occurs by formation of acetyl coen-
zyme A (CoA) (2-4), and this has been
shown (4, 5) to be derived from CO, via
two different pathways. Neither the Calvin
cycle (6) nor the reductive tricarboxylic acid
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cycle (7) operates in CO; assimilation in the
methanogenic autotroph Methanobacterium
thermoautotrophicum (2, 8, 9). Instead, car-
bon assimilation takes place by a third CO,
fixation pathway, in which 90 percent of the
total CO, is converted into CH4 and the
remainder is used largely for acetyl CoA
synthesis (10). The novel metabolite 2,3-
cyclopyrophosphoglycerate (CPP) is formed
rapidly at high intracellutar concentrations
(10 mM)(11). Recent carbon-13 (**C) nu-
clear magnetic resonance (NMR) studies

have shown that CO,, acetate, pyruvate, and
phosphoenolpyruvate (PEP) serve as bio-
synthetic precursors for CPP and that CPP
occupies a central role in carbohydrate me-
tabolism (12).

Methanobacterium  theymoautotrophicum
cells fed with *CO, exhibit intense reso-
nances at 70.1 and 78.6 parts per million
(ppm); these peaks were assigned to C-3
and C-2 of CPP (II). Furthermore, [1-
13Clacetate is incorporated specifically into
C-2 of CPP, [2-PClacetate into C-3 of
CPP, and [1-*C]pyruvate into C-1 of CPP.
Since CPP is rapidly and intensely labeled by
1BCO,, [*Clacetate, and [*C]pyruvate, it is
a suitable probe for reactions leading up to
C; units. In particular, with the use of
doubly labeled precursors, *C NMR can be
employed to detect any scrambling of C; or
C; units that occurs in Mb. thermoautotyo-

phicum. The spin-spin coupling ('Jcc) of

[2,3-1*C,]CPP is thus diagnostic for the
integrity of a C, precursor such as [1,2-
B3C,lacetate. If label scrambling were to

Department of Chemistry, Massachusetts Institute of
Technology, Cambridge 02139.
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occur, the C; unit would be degraded to C,
units, which can exchange with 2C0,, re-
sulting in the introduction of '2C next to
BC on resynthesis. That scrambling of CPP
can take place after its formation can be
ruled out, since the forward reaction from
CPP leads to gluconcogenesis, and the back
reaction from CPP to PEP or pyruvate is
disfavored thermodynamically (12).

Feeding experiments with [1,2-*C;Jace-
tate and [2,3- ‘3C2 pyruvate show that
scrambling of the *C->C unit does indeed
occur (Fig. 1). The C-2 of CPP labeled from
[1,2-1*C,]acetate appears as a double dou-
blet (Jec = 39.0 Hz, Jcp = 6.3 Hz) with
a relatively small superimposed central dou-
blet (Jcp = 6.2 Hz) (Fig. 1B). The latter
central peak arises from '*C next to '*C. The
C-3 of CPP shows more total '*C intensity
and exhibits a more intense central doublet
(Jcp = 7.1 Hz) flanked by a double dou-
blet. The large central doublet for C-3 re-
flects the greater amount of *C at C-2 of
CPP. This labeling pattern can be rational-
ized in terms of the asymmetric acetic acid
pathway shown in scheme 1.

€Oz -~ CHz~methanopterin=coenzyme M -S-CHg*CHy
Corrinoid={CH3)

CO dehydrogenase
COy== [(3*0]2 [CH;;g—]Z Acetyl CoA 3 Pyruvate

PEP

}

cPP

|

Carbohydrate

Carbon monoxide dehydrogenase has
been extensively studied (13, 14) from the
acetogen Clostridium thermoaceticum and is
thought to fix one CO,, which gives rise to
the carboxylate of acetate (15). That the
enzyme carries out the reduction of CO; in
the presence of hydrogen, to yield enzyme-
bound CO, is borne out by recent observa-
tions of CO formation accompanying meth-
anogenesis (5, 16, 17). The novel C;-meth-
anopterin (18) involved in methanogenesis
also acts as the precursor for the methyl
carbon of acetate. Our *C NMR data indi-
cate that ['*C;]acetate or its activated form
can be broken down to an activated
[®C]methyl derivative and bound CO.
Only the latrer exchanges appreaably with
the '2CO, pool, presumably via carbon
monoxide dchydrogenasc

A comparison of *C couphng patterns
for CPP incubated with [1,2- 3C2]acetate
for 6 and 12 hours reveals little change in
the isotopic dilution pattern, although the
total >C intensity is increased. The CPP
pool is dynamic, and its turnover rate is
regulated by the cell growth rate (12). The
invariability in the Jcc patterns must reflect
an equilibrium of back flux of acetate
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Fig. 1. *H-decoupled *C
NMR  spectra (100.6
MHz) of ethanol extracts
of Mb. thermoautotrophi-
cum fed for 6 hours with
(A) CO,/H, £1:4 by
volume); (B) *“CO,/H,
(1:4 by volume) plus
[1,2-3C,]acetate (20
mlll), and (C) ]2C02/H2
(1:4 by volume plus [2,3-

BC,Jpyruvate (10 mM).

Spectral intensities in (A)
and (B) are normalized to
those in (C). Cells of Mb.
thermonutotrophicum were
grown and extracted as de-

scribed (1), and **C feed-

ing experiments were per-

formed as described (12).
NMR spectra were ob-
tained with a flip angle of
90°, a recycle time of 1

second, and a spectral res-
olution of 1.53 Hz per

through C; units and forward flux to CPP.
The incorporation of [2,3-13C,]pyruvate
into CPP shows the same behavior as [1,2-
BC,]acetate except that more *C is incor-
porated into CPP overall (Fig. 1C). This is
consistent with pyruvate being a later bio-
synthetic precursor for CPP than acetate.
The scrambling exhibited by the [2,3-
BC,]pyruvate feeding experiment also es-
tablishes the reversibility of pyruvate syn-
thase, the enzyme that condenses activated
acetic acid and CO,.

As an extension to the use of doubly
labeled precursors for CPP to probe
C; — G, reactions, we investigated the effect
of selected metabolic inhibitors on ['*C;,]-
acetatc incorporation. The effect of cyanide

)laropyl iodide on CPP synthesxs from
Cz acetate was assessed in Mb. ther-
mouutotmphzcum Since cyanide is known to
inhibit CO dehydrogenase (19), it should
prevent bound CO, generated by the
[®C,Jacetate back reaction of acetate syn-
thesis, from exchanging with 'CO,. As
?rcdlcted cells fed on [1,2-13C,Jacetate,
2CO,/H;, and KCN (50 piM) showed rap-
id labeling of CPP (Fig. 2B) but no scram-
bling (that is, no significant *C central
doublet above natural abundance levels for
C-3 of CPP).

Propyl iodide, at concentrations up to 50
pM, inhibits the growth of Mb&. thermoanto-
trophicum (20) and is thought to inhibit the
formation of a methylated corrinoid enzyme
(21) that is probably involved in acetate
synthesis (17). It therefore prevents the for-
mation of the methyl group of acetate from

point.

N o
B '
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sc (ppm)

Fig. 2. 'H-decoupled *C NMR spectra (100.6
MHz) of ethanol extracts of Mb. thermonutotrophi-
cum fed for 6 hours with [1,2-°C,Jacetate (20
mM), ?COyH, (1:4 by volume), and (A) no
additions (control); (B) cyanide (50 w); (C)
propyl iodide (100 uM); and (D) fluoro opyruvate
(1 mM). In (E) cells were fcd thh CO,/H,
(1:4 by volume) plus fluoropyruvate (1 mM) for
2 hours. Spectra were obtained with the parame-
ters outlined in Fig. 1.
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Fig. 3. "H-decoupled *C NMR spectra (67.9 MHz) of ethanol extracts of Mb. thermoautorrophicum fed
with BCO,/H, (1:4 by volume) for 0.5 hour followed with *CO,/H, (1:4 by volume) for the times
given (in hours) in the presence of fluoropyruvate (10 mA{). Spectra were obtained with the parameters

outlined in Fig. 1.

CO,. At higher concentrations it also inhib-
its methanogenesis. Thus it could be expect-
ed that, in a feeding experiment with [1,2-
13C,]acetate in the presence of propyl iodide
(100 pi), CPP would be produced but
exchange of bound *CO with ?CO, would
be unaffected. Figure 2C shows that C-2 of
CPP was largely unaffected except that *C
incorporation was lower, whereas the sharp
central doublets at C-3 reflect a much larger
quantity of *C next to >C than in the
experiment without inhibitor. Thus more
back flux of acetate to C, units occurs before
it is eventually fixed into CPP. Since this
concentration of propyl iodide to some ex-
tent affects methanogenesis {and hence the
amount of adenosine triphosphate (ATP)
available for cellular reactions], the large
back flux can be explained as a decrease in
the forward flux of acetate into CPP. There-
fore, proportionately more scrambling oc-
curs.

In view of the results obtained with these
wo known inhibitors, we decided to exam-
ine the effect of fluoropyruvate on CPP
biosynthesis. Fluoropyruvate competitively
inhibits pyruvate decarboxylase in Escherich-
ia coli (22). It has also been found to inacti-
vate purified pyruvate synthase from Ab.
theymoautotrophicum in a time-dependent
fashion when the enzyme is assayed in the
reverse direction (23). The action of fluoro-
pyruvate in this instance is not understood,
but there is a precedent for fluoropyruvate
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alkylation of free thiol groups with concomi-
tant loss of hydrogen fluoride (24).

Since the purified pyruvate synthase has
not been shown to be active in the forward
direction, it is cogent to ask how pyruvate
may be synthesized in these cells. If fluoro-
pyruvate inhibits the enzyme in vivo, *C-
labeling of CPP should be dramatically re-
duced, and C; units should accumulate. In
cells exposed to 10 mM fluoropyruvate, the
level of 13C incorporated into CPP from a
BCO,-pulse-'2CO,-chase was reduced, and
the level of '®C-acetate was not increased
(Fig. 3). However, ’C-labeled glutamate
(28.9 ppm) and alanine (17.7 ppm) accu-
mulated, and this implies that pyruvate syn-
thase was not being inhibited. Scrambling of

CPP derived from [1,2-1*C,]acetate was en- -

hanced in the presence of fluoropyruvate
(Fig. 2B), similar to the effects with propyl
iodide. This was confirmed when cells ex-
posed to fluoropyruvate and 3CO, for 2
hours exhibited (Fig. 2E) a double doublet
for C-3 attributable to promotion of the
exchange of C-2 with ’CO,. C-2 showed a
sextet of doublets, reflecting the appreciable
quantity of 12C at C-3 (from residual ?CO,)
and "*C at C-1. The residual 2C at C-2 was
exchanged with 1*CO,, whereas at C-3 the
2C remained.

A novel CO;, fixation pathway for meth-
anogens has thus been demonstrated by '*C
NMR. The reversibility of CO dehydroge-
nase has been shown in vivo by the specific

exchange of C-1 of [*C,]acetate with 12CO,
before its incorporation into CPP. The ob-
servation that [Cp]pyruvate also under-
goes the same exchange reaction implies
cither that pyruvate synthase, which has
been said (25) to operate only in the direc-
tion of pyruvate formation, is reversible or
that another pyruvate decarboxylation en-
zyme is operating in vivo. Cyanide inhibits
CO dehydrogenase, and propyl iodide evi-
dently inhibits the transfer of a methyl
group from methylpterin to a methyl corrin-
oid (probably through alkylation of the cor-
rinoid cobalt) because, although methano-
genesis is not affected by propyl iodide, cell
growth is inhibited. Since the exchange re-
action with 2CO, appears to have been
promoted, the methyl group must be kineti-
cally sequestered on the corrinoid enzyme
for resynthesis of *C-diluted acetate. It is
also conceivable that propy! iodide alkylates
a site on CO dehydrogenase, since it has
been recently proposed that this enzyme
carries out the assembly of acetyl CoA in
acetogenic bacteria (14). Indeed this might
offer an alternative explanation for the pro-
motion of the exchange reaction in the
presence of propyl iodide.

One of the most promising aspects of the
1BC isotopic dilution approach is the possi-
bility for screening inhibitors of carbon fixa-
tion in vitro for their effect in vivo. For
example fluoropyruvate, an inhibitor of cell
growth, does not act in vivo by inhibiting
pyruvate synthase, since '*C-labeled meta-
bolic products of pyruvate (CPP, glutamate,
and alanine) were detected. Instead, isotopic
exchange of acetate carbons (and hence CPP
carbons) are accelerated, suggesting that
fluoropyruvate affects methanogenesis or
the C; — C; condensation reaction.
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Genetic Control of Melatonin Synthesis in the Pineal
Gland of the Mouse

SH1ZzUFUMI EBIHARA, THEODORE MARKS, DAVID J. HUDSON,
MICHAEL MENAKER*

Pincal melatonin may play an important role in regulation of vertebrate circadian
rhythms and in human affective disorders. In some mammals, such as hamsters and
sheep, melatonin is involved in photoperiodic time measurement and in control of
reproduction. Although wild mice (Mwus domesticus) and some wild-derived inbred
strains of mice have melatonin in their pineal glands, several inbred strains of
laboratory mice (for example, C57BL/6]) were found not to have detectable melatonin
in their pineal glands. Genetic analysis suggests that melatonin deficiency in C57BL/6]
mice results from mutations in two independently segregating, autosomal recessive
genes. Synthesis of melatonin from serotonin in the pineal gland requires the enzymes
N-acetyltransferase (NAT) and hydroxyindole-O-methyltransferase (HIOMT). Pineal
glands from C57BL/6] mice have neither NAT nor HIOMT activity. These results
suggest that the two genes involved in melatonin deficiency are responsible for the
absence of normal NAT and HIOMT enzyme activity.

ELATONIN IS SYNTHESIZED IN
the pineal gland from serotonin
by a well-known pathway: seroto-

nin is first acetylated to form N-acetylsero-
tonin (NAS) by the enzyme N-acetyltrans-
ferase (NAT), and then NAS is methylated
by the enzyme hydroxyindole-O-methyl-
transferase (HIOMT) to form melatonin.
NAT activity is cyclic, with high levels at
night and lower levels in the daytime (1).
This cyclic modulation of NAT activity level
is under the control of a circadian pacemak-
er, which in mammals includes the supra-
chiasmatic nucleus (2). HIOMT activity is
nearly constant throughout the day. Rhyth-
mic NAT activity results in robustly rhyth-
mic melatonin synthesis (1). All vertebrate
species so far examined show a daily rhythm
of pineal melatonin content (I, 3). We
report here that some domesticated inbred
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strains of mice (for example, C57BL/6])
have no pineal melatonin at any time of day
or night, whereas wild mice of the same
species (Mus domesticus) synthesize melato-
nin with normal rhythmicity. Our data

strongly suggest that two independently as-
sorting mutant genes, which affect the activ-
ity of NAT and HIOMT, are responsible for
the melatonin deficiency in C57BL/6] mice.

We have measured pineal melatonin con-
tent in a large number of mice of several
different strains (4). These can be divided
into three groups: (i) strains that were estab-
lished as inbred over 40 years ago [C57BL/
6], AKR/], BALB/c, and NZB/BLN]J (5)];
(ii) wild-derived strains inbred for less than
30 years [IS/CamEi, SK/CamEj, SF/CamEi,
PERU-Atteck/CamEi, and one strain of
Mus castenens, the Asian house mouse,
CAST/Ei (5, 6)]; and (iii) mice (Mus do-
mesticus) trapped in Alberta, Canada, and
bred by random mating for about five gen-
erations over 5 years in the laboratory of F.
Bronson [referred to here as the field-de-
rived strain (FDS)].

We have assayed pineal melatonin content
at several times during the day and night (at
hours 6, 14, 18, and 22, where hour
0 = lights on and hour 12 = lights off) in
male and female mice of the strains in the
first group. There was no detectable melato-
nin in any of these strains at any of the times

Table 1. Segregation of progeny in various types of matings. The expected ratios are calculated on the
assumption that two independently segregating genes are responsible for melatonin deficiency in
C57BL mice. The lower limit of melatonin detection in our assay is approximately 10 pg per gland (4).
It is difficult to accurately estimate very low levels of melatonin, especially given the problems of
nonzero cross-reactivity with other compounds such as NAS and variable nonzero blanks. For these
reasons we have arbitrarily chosen a measured level below 20 pg per gland to indicate lack of melatonin
synthesis. If this level were set at 15 pg, then the x* values would be 13.65 in F; X C57BL and 8.49 in
F; X F,. These x? values would allow us to reject the null hypothesis (8). However, x* values obtained if
the level were set at 25 or 30 pg would not allow us to reject the null hypothesis. The best x values for
our model are obtained when the threshold level is set at 25 pg (x> = 0.317, F; x C57BL; x* = 0.423,
F, x F)).

. No : 2
Ratio melatonin Melatonin X
F, x C57BL
Observed 60 25
Expected (of 85 subjects) 63.75 21.25 0.88
F X F,
Observed 21 33
Expected (of 54 subjects) 23.625 30.375 0.52
F, x FDS
Observed 0 26
Expected (of 26 subjects) 0 26 0
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