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Nitration of racemio,L-1,2,4-butanetriol affords the energetic =~ Scheme 1 @

material p,L-1,2,4-butanetriol trinitrate2, which is less shock OH

sensitive, more thermally stable, and less volatile than nitrogly&erin. OH O ACOH g~~~ OH o

However, the limited availability of 1,2,4-butanetriol has impeded oR 2 » 1% 8% ©

substitution of 1,2,4-butanetriol trinitrate for nitroglycerin. Catalytic o 74% on \/‘2:/ on  HO

hydrogenation ofo,.-malic acid (Scheme 1) constitutes one 32 A2l HO™™ ) 1%

synthetic route tm,L-1,2,4-butanetriol. This account establishes . ) _ 3_/° 8%

microbial synthesis as an alternative catalytic strategy. Enzymes  keaction conditions: 5000 psizHRu on C, 135C, H0.

from three different microbes are recruited to create biosynthetic scheme 2 2

pathways (Scheme 2) by whichl,2,4-butanetriolaand.-1,2,4- OH OH OH OH OH O

butanetriollb are derived fronp-xylose 4a and L-arabinosesb, HO. _+ H 28 Ho X OH BB HO_L OH

respectively. \)\ﬁg \)\6/,4\0( \)\/U\g

4a D-xylose 5a D-xylonic 6a D-3-deoxy-glycero-
OR 1 R=H D,L-1,2,4-butanetriol acid pentulosonic acid
RO\/\/\OR (2 R=NO, D,L-1,2,4-butanetriol trinitrate 4b L-arabinose 5b L-arabinonic 6b L-3-deoxy-glycero-
acid pentulosonic acid
Commercial synthesiof p,L-1,2,4-butanetriol employs NaBH c OH O d OH

reduction of esterified,L.-malic acid3.2 For every ton of 1,2,4- —_— HOMH — HONOH

butanetriol synthesized, multiple tons of byproduct borates are 7a D-3,4-dihydroxybutanal 1a D-1,2,4-butanetriol

generatedp,L-Malic acid can also be hydrogenated over various 7b L-3,4-dihydroxybutanal 1b L-1,2,4-butanetriol

catalysts (Cu-Cr, Cu—Al, Ru—Re) at 2906-5000 psi of H and aEnzymes (microbial source): (@)xylose dehydrogenas® ( fragi);

60—160°C reaction temperaturé¥ields of 1,2,4-butanetriol range (&) L-arabinose dehydrogenas. frag); (b) o-xylonate dehydrataseE(

from 60% to 80%. A variety of byproducts are also formed during €°l); (') L-arabinonate dehydratas. (frag)); (c) benzoylformate decar-
. . boxylase P. putidg; (d) dehydrogenaseE( coli).

high-pressure hydrogenatiéihese byproducts are not generated

when esterified malic acid is reduced using NaBld,L-Malic acid

is synthesized from the-butane component of liquefiable petroleum

gas via intermediacy of maleic anhydritle.

To examine product and byproduct yields in detail, Ru on C
was selected as the catalyst for reduction of malic acid due to its
commercial availability and use in lactic acid hydrogenatidns.
Reduction ob,L-malic acid was optimized relative toipressure,
temperature, concentration, and the ratio of catalyst to substrate.
Hydrogenation at 5000 psi and 136 of a 1 Magueous solution
ofymal?c acid using 1.3 sml % relative to subst?ate of 5wt % Ru coll K-12_ was discovered to coin_cide \_/vithxylo_nate dehyd_rata#é
on C afforded 1,2,4-butanetriol in 74% yield. Byproducts (Scheme expression. Transport of-xyl_onlc_amd and its conversion into
1) accounted for a total of 25% of the starting malic acid and 3-deoxyp-glyceropentulosonic aciéa (Scheme 2) thus employed
complicated purification ob,.-1,2,4-butanetriol using distillation. ~ €NZymes native tc. coli. L-Arabinonic acid catabolism and

Melting points, a key consideration in energetic material L-arabinonate dehydrat£8é! _actlv!ty needed for generation of
formulations, differ for a single enantiomer relative to a racemic 3-deoxyt-glyceropentulosonic acib (Scheme 2) were absent
mixture. Microbial syntheses were therefore needed for both 1,2,4- N E. coli. This necessitated the isolation and heterologous expres-
butanetriol enantiomersTo address this challenge, the opposing Sion of the encoding genes fronPa fragi genomic DNA library.

C-4 stereogenic centers pixylose and.-arabinose were exploited Three cosmids enabldsl coli K-12 to catabolize -arabinonic acid.
(Scheme 2) as the basis for synthesis-df,2,4-butanetriola and From a 5.0 kb region shared between these cosraatiyencoded
L-1,2,4-butanetriolb, respectively. Botb-xylose and.-arabinose ~ L-arabinonate dehydratase and aatp-encodedL-arabinonate

are abundantly available in heteroxylans derived from corn fiber transport protein were identified.

and sugar beet pufMixing of microbe-synthesized enantiomers Attention then turned to identification of a 2-ketoacid decar-
laandi1b (Scheme 2) would provide the equivalent of the racemic boxylase capable of catalyzing the conversions of pentulosonic acid
D,L-1,2,4-butanetriol currently used to manufactuse-1,2,4- 6ato p-3,4-dihydroxybutanalaand pentulosonic aciéb to L-3,4-
butanetriol trinitrate. dihydroxybutanal’b (Scheme 2). Only benzoylformate decarboxy-

Microbial synthesis (Scheme 2) of 1,2,4-butanetriol enantiomers lase expressed Byseudomonas putié# catalyzed these reactions.
began with the reported oxidation ofxylose using fermentor- Other 2-ketoacid decarboxylases screened but found to lack the
controlled cultures (1 L scale) ¢fseudomonas fraghTCC4973? requisite activity included indole 3-pyruvate decarboxylase ex-
p-Xylose (100 g/L) was oxidized at 30C to p-xylonic acid 5a pressed b¥rwinia herbicold?b and a variety of different pyruvate

(77 g/L) in 70% yield.L-Arabinose was discovered to be similarly
oxidized in 54% overall yield to a mixture afarabino-1,4-lactone
(40 g/L) andL-arabinonic acid5b (15 g/L). The lactone was
subsequently hydrolyzed to-arabinonic acid.Escherichia coli
constructs were then employed for the conversion-gflonic 5a
acid and L-arabinonic acid5b into the enantiomers of 1,2,4-
butanetriol.

Previously undocumented catabolism mkylonic acid byE.
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for a 3% vyield of this byproduct, whileE. coli BL21(DE3)/
pPWNG6.222A synthesized ethylene glycol (0.087 g/L) in 2% yield.
A key feature of the microbial synthesis of 1,2,4-butanetriol is
the substitution of a straightforward enzymatic reduction of an
aldehyde for the problematic catalytic reduction of a carboxylic
acid. The high Hpressures and elevated temperatures required for
hydrogenation of malic acid are thus avoided. Byproduct formation
resulting from cleavage of carbeiarbon bonds is also substan-
tially reduced. Further metabolic engineering is clearly required to
increase product yields and concentrations. Nonetheless, microbial
catalysis is an intriguing alternative to catalytic hydrogenation for
the large-scale synthesis of 1,2,4-butanetriol needed for replacement

aplasmids (size): restriction enzyme maps. Sites are abbreviated asOf Nitroglycerin with 1,2,4-butanetriol trinitrate. The significance

follows: B = BanHl, Bg = Bglll, E = EcdRl, H = Hindlll, S = Scd.

of such a substitution is considerable given that nitroglycerin has

Parentheses indicate that the designated enzyme site has been eliminatedheen used in industrial and military energetic materials since the

Lightface lines indicate vector DNA; boldface lines indicate insert DNA.

decarboxylases expressed Bymomonas mobiljgc Acetobacter
pasteurianug2d Zymobacter palma&e and Saccharomyces cere-
visiag1?f

Native dehydrogenase activity . coli was anticipated to be
adequate for the reduction of butarfal to p-1,2,4-butanetriolla
and butanalrb to L-1,2,4-butanetriollb (Scheme 2). To test for
the needed dehydrogenase activity, ineactoli DH50/pWN5.238A

(Scheme 3) expressing benzoylformate decarboxylase was incubate

in medium containing racemio,L-3-deoxyglycerepentulosonic
acid. Accumulation ob,L-1,2,4-butanetriol indicated th&t. coli

expressed the required dehydrogenase activity under aerobic culture

conditions.

With the required enzyme activities identifiefl, coli constructs
were assembled for the conversions mkylonic acid 5a and
L-arabinonic acicdbb synthesized by. fragi from p-xylose4a and
L-arabinosetb (Scheme 2)p-1,2,4-Butanetriol-synthesizirtg. coli
DH50/pWN6.186A (Scheme 3) carriedRa putida mdICplasmid
insert encoding benzoylformate decarboxylase while relying on
nativep-xylonate transport along with nativexylonate dehydratase

and dehydrogenase activities. The required heterologous expression

of only a single gene was a consequencé& o€oli catabolism of
p-xylonic acid. By contrast,-1,2,4-butanetriol-synthesizirig coli
BL21(DE3)/pWN6.222A (Scheme 3) carried tRe putida mdIC
plasmid insert encoding benzoylformate decaboxylade, feagi
aadhplasmid insert encoding-arabinonate dehydratase, an®.a
fragi aatp insert encoding an.-arabinonate transport protein.
Alcohol dehydrogenase activity was the only natizecolienzyme
activity recruited forL-1,2,4-butanetriol synthesis.
Fermentor-controlled cultivation (1 L) oE. coli DH5a/
pWN6.186A at ambient pressure and 38 resulted in the
conversion ob-xylonic acid (10 g/L) intop-1,2,4-butanetriol (1.6
g/L) in 25% vyield. Similar cultivation ofE. coli BL21(DE3)/
pWN6.222A led to the conversion afarabinonic acid (10 g/L)
into L-1,2,4-butanetriol (2.4 g/L) in 35% yield. Stereochemical

assignments for microbe-synthesized products were based on the
conversion to Mosher esters and comparison with similarly deriva-

tizedp- andL-1,2,4-butanetriol obtained from commercial sourdes.
E. coliDH5a/pWN6.186A synthesized ethylene glycol (0.093 g/L)

original dynamite formulations developed by Nobtl.
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