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SUMMARY
Current work at Argonne empasizes the use of fully deuterated algae and cyanobacteria as

tools in the study of photosynthesis and as a source of complex substrates for the culture of
engineered overproducing bacteria.

INTRODUCTION

Deuterium is an important tool in the analysis of biological systems by magnetic resonance

spectroscopies and neutron scattering. Consequently, a laboratory biology of deuterium has

developed that involves two basic approaches to the culture of highly deuterated microorganisms.

One approach involves the autotrophic culture of micro-algae in 99.7 atom % D heavy water to

yield products useful for the study of photosynthesis and protein chemistry. This approach also

yields complex substrates for the culture of heterotrophic microorganisms in D2O(ref. 1). A

second approach involves heterotrophic culture of bacteria in D2Oon a variety of deuterated (and

often natural abundance) substrates, such as succinate-d4, methanol-dj, glucose and glycerol.

Early work in the area of biosynthesis with deuterated microorganisms has been summarized (ref.

2). In this report we summarize current biosynthetic work with deuterium at Argonne.

RESULTS AND DISCUSSION

The deuteration work in this Laboratory is based largely on (he autotrophic culture of micro-

aleae and cyanobacteria in 99.7 atom % D heavy water. Fully deuterated materials are desireable

for electron spin resonance and proton magnetic resonance (pmr) studies associated with

photosynthesis. The green alga Scenedesmus obliauus is grown in large amounts (many hundreds

of grams per year) for use mainly as the source of substrate (ref. 3) for the culture of

photosynthetic (ref. 4) and other bacteria. The cvanobacterium Svnechococcus lividus is a source

of fully deuterated chlorophyll a. B-carotene, photosystem I particles and phycocyanin. The
2H-phycocyanin finds application in neutron spectroscopy and protein dynamics (ref. 5).
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Recently the fresh water micro-alga Chlorella vulearis has been cultured axenically in 99.7

atom % D heavy water. (Previously, the fully deuterated algae used here have not been bacteria-

free.) This advance allows one to induce amino-acid transport systems (ref. 6) so that 'H-amino

acids can be fed to an otherwise fully deuterated alga. (Algae grown on inorganic nitrogen will

not take up amino acids.) C. vulearis. axenic and adapted to D2O, will grow on glycine-dsas the

sole nitrogen source. If a second amino acid such as 1H-tyrosineis added in small amounts to the

culture nutrient medium, it will be taken up by the cell and used in biosynthesis. Figure 1

illustrates the pmr analysis of Chlorella cells grown in such a manner. Essentially all of the

tyrosine incorporated into cellular protein is at natural abundance (except for the hydrogen at the

alpha position, which is exchanged during metabolism). Fully deuterated glycine is relatively

inexpensive, so large quantities of algae can be grown in this way.
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Fig. 1. 'HCI hydrolyzate of 50 mg. of Chlorella vulearis grown in D2Oon glycine-d5 with added
^H-tyrosine. Before hydrolysis the cells were washed two times with 50 volumes of xH2Oand two
times with 50 volumes of IN^ICI. If any fully deuterated tyrosine were present, 'HC1 hydrolysis
would introduce protons ortho to the hydroxyl group that would give a pmr line at 6.85 ppm and
distort the typical doublet pattern of normal tyrosine (inset). No significant distortion is
observed, so essentially all the tyrosine of the cellular protein was :H-tyrosine. The line at 3.2
ppm is the 011 of tyrosine and there are lines at about 2.2 and 2.6 ppm due to exchangeable
protons in glutamic and aspartic acids, respectively (ref. 17). The multiplicities are due to the
fact that there is only partial exchange (ref 17). The strong line at 5.0 ppm is from water protons.

Since only plant microorganisms can be cultured in fully deuterated form, it was not possible

to obtain fully or highly deuterated proteins of animal origin until genetically engineered bacteria

became available. The first experiment along these lines was conducted by Seeholzer et. al. (ref.

7). An Escherichia coli strain engineered to overproduce chicken calmodulin was cultured in

D2O with fully deuterated algal hydrolyzate as the carbon source. Calmodulin production was



induced in the usual way and yields of fully deuterated calmodulin were comparable, though
somewhat lower, than the natural abundance system. PMR analysis showed that the
2H-calmodulin was indeed fully deuterated so that the complex between 1H-melittin and 2H-
calmodulin could be studied by pmr analysis of the melittin lines only.

As listed in Table 1, a number of other proteins have been expressed in fully deuterated form
by using deuterated alga) hydrolyzate in D2O as the carbon source. Typically, the yield of
overproduced protein on a per liter basis is about half of normal, although on the basis of cell
weight the yield is better. With chicken myosin light chain the yield of deuterated protein is 70
percent of normal when compared on the basis of cell mass (ref. 8).

TABLE 1

Overproduced Area of
Protein Application

Calmodulin PMR of binary complexes (ref. 7)
Chicken myosin Small angle neutron scattering (SANS)
(light chain) studies of muscle protein complexes

(ref. 15)
Chicken a-Tropomyosin SANS studies as above (ref. 15)
Bacterial lysozyme SANS (ref. 16)
Sigma subunit of RNA SANS (ref. J I)
polymerase

While it is likely that the overproduction of fully deuterated proteins by bacteria will require

the rich nutrient medium afforded by algal hydrolyzate, LeMaster and Richards (ref. 9) have

developed a system for producing 75 atom % randomly deuterated protein for use in proton

magnetic resonance spectroscopy. In their system, transformed E. c_gji cells are grown in 85

percent D2O with 82 percent labeled 2H-succinate and 85 percent labeled 2H-DL-aianine

(obtained by an exchange reaction) as the only sources of carbon. They observed a 5-10 percent

isotopic selection against deuterium, so the final protein product (thioredoxin) was 75 percent

labeled with deuterium. This labeled protein is advantageous for its analysis by prm spectroscopy

(ref. 9), as resonance lines are sharpened considerably. These workers also made good use of fully

deuterated ami no acids obtained from hydrolyzed Methvlophilus methvlotrophus cells grown in

D2Oon CD3ODat the Stable Isotope Resource of Los Alamos.

The system of ref. 9 could be useful in obtaining highly labeled nucleic acids for use in

neutron scattering experiments. While one can obtain highly labeled protein by the culture of

bacteria in D2Owith IH-glucose(refs. 10,11), the nucleic acid from such cultures is only about

50 percent labeled with deuterium. Similar results are obtained with D2Ocultures grown on aH-

glycerol (in this case the protein is more uniformly labeled than from ]H-glucose cultures (ref.

12)), so that in order to obtain very highly labeled nucleic acid it is necessary to culture bacteria

in D2Owith deuterated algae hydrolyzate (ref. 13). In the future it may be possible to obtain

fully and partially deuterated proteins and nucleic acid directly from autotrophically grown and

genetically engineered cyanobacteria (ref. 14 and references therein).
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United Sutes
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, 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 expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.


