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Facile Enzymatic Synthesis of Ketoses
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Abstract: Studies of rare ketoses have been hampered by a lack
of efficient preparation methods. A convenient, efficient, and
cost-effective platform for the facile synthesis of ketoses is
described. This method enables the preparation of difficult-to-
access ketopentoses and ketohexoses from common and
inexpensive starting materials with high yield and purity and
without the need for a tedious isomer separation step.

The only seven monosaccharides that occur naturally in
substantial quantities are D-xylose, D-ribose, L-arabinose, D-
galactose, D-glucose, D-mannose, and p-fructose.!! Of all
possible structures, the twelve ketopentoses and ketohexo-
ses?! can be divided into two types based on their C-3
configuration: (3S)-ketoses and (3R)-ketoses (Figure 1). With
the exception of D-fructose, all of these ketoses are defined as
“rare sugars”.”l Despite their lower accessibility, rare ketoses
offer enormous potential for applications in food, pharma-
ceutical, medicinal, and synthetic chemistry.”
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Figure 1. Twelve naturally occurring ketopentoses and ketohexoses
including six (3S)-ketoses and six corresponding (3R)-ketoses.
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Aldose-ketose isomerization is the most important
method for ketose preparation,”! even though the reaction
equilibrium is very unfavorable for ketose formation.
Significant progress has been achieved by using both chemical
and enzymatic isomerization schemes over the last two
decades.! Approaches to improve aldose—ketose conversion,
including the addition of borate to break the aldose—ketose
reaction equilibrium,”! directed evolution,® and the discov-
ery of novel enzymes in nature,””’ have also been suggested.
Nevertheless, these methods require a complicated isomer
separation step to obtain the ketose in pure form. Further-
more, only four rare ketoses (D-xylulose, D-ribulose, L-
ribulose, and D-tagatose) can be directly isomerized from
the most common aldoses, and the synthesis of other rare
ketoses has thus been more challenging. Chemical methods
for the synthesis of these rare ketoses require tedious
protection/deprotection  manipulations."”  Alternatively,
enzymatic preparation by epimerizing ketoses at the C-3
position, 'l oxidizing polyols,'? or relying on aldol condensa-
tion!"”! proceeds regio- and stereoselectively without protec-
tion. However, these processes suffer from low yields,
expensive starting materials, or complicated isomer separa-
tion. Therefore, most of the rare ketoses are still not readily
available, which in turn has hindered studies of this funda-
mental class of carbohydrates.

Herein, a convenient, efficient, and cost-effective plat-
form for ketose syntheses is described. All of the rare
ketopentoses and ketohexoses were produced by utilizing this
platform, with the exception of L-sorbose. L-sorbose, a starting
material for the production of vitamin C, has been produced
in industrial settings and is consequently inexpensive.!'¥

Our strategies are based on a “phosphorylation—de-
phosphorylation” cascade reaction. In the first reaction step
(Scheme 1), we combined thermodynamically unfavorable
bioconversions of common (35)-sugars to the desired (3S)-
ketoses (route A) or (3R)-ketoses (route B) with phosphor-
ylation reactions by substrate-specific kinases ( fructokinase
(HK) from humans in route A and L-rhamnulose kinase
(RhaB) from Thermotoga maritima MSBS in route B). In the
second reaction step, adenosine phosphates (ATP and ADP)
were selectively removed by a convenient method called
silver nitrate precipitation. Then, acid phosphatase (AphA)
was added to hydrolyze the phosphate groups and produce
the desired ketoses. Notably, both reaction steps can be
performed in a one-pot fashion. The preparation of L-fructose
from DL-glycerol 3-phosphate and glycerol by relying on aldol
condensation using rhamnulose bisphosphate aldolase
(RhaD) is illustrated in Scheme 2. L-Psicose was further
prepared from L-fructose by using the targeted phosphoryla-
tion strategy shown in Scheme 3.
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Scheme 1. One-pot two-step enzymatic synthesis of L-ribulose, b-
xylulose, and p-tagatose (Route A), and L-xylulose, p-ribulose, -
sorbose, p-psicose, and L-tagatose (Route B).
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Scheme 2. One-pot multienzyme reaction for the synthesis of L-fruc-
tose.

To achieve the designed outcomes, there are three
challenges: 1) the identification of kinases that can phosphor-
ylate the desired ketoses at the C-1 position but not starting
sugars or intermediates, 2) the availability of a D-tagatose 3-
epimerase (DTE) that specifically epimerizes ketoses at C-3
but not ketose 1-phosphates, and 3) an efficient method to
separate sugar phosphates from the adenosine phosphates
(ATP and ADP).

The first reaction step for the approaches shown in
Schemes 1 and 3 was carried out under slightly basic
conditions, in which all of the enzymes were quite active.
Nevertheless, monosaccharides are unstable in alkaline
media,® and the isomerases in the reaction system may
also isomerize the intermediate ketose phosphates to a certain
extent when the kinase that phosphorylates ketoses at the C-5
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Scheme 3. One-pot multienzyme reaction for the synthesis of L-psi-
cose.

(pentose) or C-6 (hexose) position is used. To avoid such
unwanted side reactions, kinases that phosphorylate ketoses
at the C-1 position were utilized."® In route A (Scheme 1),
a kinase that can phosphorylate (3S)-ketoses (D-xylulose, L-
ribulose, and D-tagatose) but not (35)-aldoses (D-xylose, L-
arabinose and D-galactose) is necessary. In route B, a kinase
that specifically recognizes (3R)-ketoses but not (35)-ketoses
and (3S)-aldoses is required. By screening the substrate
specificity of many kinases (data not shown), we discovered
that fructokinase (HK) from humans!” accords well with the
requirements of route A, and L-rhamnulose kinase (RhaB)
from Thermotoga maritima MSBS8, a novel enzyme that
absolutely requires ketoses with (3R)-configuration, accords
well with the requirements of route B (see the Supporting
Information). HK can also phosphorylate L-psicose effi-
ciently, while no activity towards its corresponding (3R)-
ketose (L-fructose) was detected, thus making it possible to
establish the reaction for the preparation of L-psicose from L-
fructose (Scheme 3). Another requirement for the establish-
ment of the transformations shown in (Schemes 1, route B
and Scheme 3) is that DTE, which catalyzes the interconver-
sion of (3S)- and (3R)-ketoses, 'l does not epimerize ketose 1-
phosphates, otherwise the products obtained will be a mixture
containing both (35)-ketoses and (3R)-ketoses. DTE does not
recognize D-fructose 6-phosphate or D-ribulose 5-phos-
phate.''l' We therefore hypothesized that it would not
recognize other ketose phosphates such as ketose 1-phos-
phates. This hypothesis was supported by purity analysis of
the final products (Table 1).

In the second reaction step, acid phosphatase was used to
hydrolyze the phosphate group of ketose 1-phosphates to
produce ketoses under acidic conditions (pH 5.5) in which
monosaccharides are stable. However, the presence of
adenosine phosphates (ATP and ADP) inhibits the hydrolytic
activity of the acid phosphatase.'® In this work, a convenient
method referred to as silver nitrate precipitation was used to
selectively remove the adenosine phosphates. Silver phos-
phate is insoluble and silver ions can thus precipitate ADP
and ATP."! Interestingly, we noticed that silver ions cannot
precipitate monophosphate sugars when the sugars are
composed of four or more carbons (Table S2 in the Support-
ing Information). It appears that binding of the sugar group to
phosphate prevents silver phosphate precipitation. By apply-
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Table 1: Synthesis of rare ketoses using the two-step strategy shown in Schemes 1 to 3.

o

Entry  Starting material Enzymes  Scheme Intermediate Ketose Yield [%]¥  Purity [%]®
OH o OH OH
OWOH AraA HO»}‘?'—O/WOH HOWOH
1 OH OH HK Route A OH O OH O OH 93 ~99
L-arabinose Scheme1 | ribulose 1-phosphate L-ribulose
OH o OH OH
OWOH HO-‘F}-O”WOH HO/\”)Y\OH
9 OH OH XylA Route A OH O OH o o 92 <99
D-xylose HK Scheme 1 p-xylulose 1-phosphate p-xylulose
OH OH o OH OH
~_OH I OH _OH
0% HO-P-0 - HOW
3 OH OH AraA Route A OH O OH O OH 92 <99
p-galactose HK Scheme 1 D-tagatose 1-phosphate  p-tagatose
OH AraA OH OH
ra 7 : :
7z HO-P- < OH HO OH
4 91 >99
L-arabinose RhaB Scheme 1 L-xylulose 1-phosphate L-xylulose
/\T:E;/\ XylA Q 4 4
= y T ~ -
o OH HO-P-O OH HO OH
5 OH OH DTE Route B OH m /T\o‘j\ 91 98.2
D-xylose RhaB Schemel | iibulose 1- -phosphate  p-ribulose
OH OH AraA 0 OH OH OH OH
~_OH ra OH . OH
o7 HO- P o/\n/\/\/ HO X
6 OH OH DTE Route B O O6H o4 Y
D-galactose RhaB Scheme 1 D-sorbose 1-phosphate D-sorbose
OH OH OH OH
i _OH 1 OH o ~_OH
HOW HO-P-O HO
7 O OH DTE Route B OH O OH O OH 93 ~99
p-fructose RhaB Scheme1 D-psicose 1-phosphate D-psicose
OH OH OH OH OH OH
OH I : OH { OH
oY rofo ey
3 o OH DTE Route B b4 O OH o OH 95 <99
L-sorbose RhaB Scheme 1 L-tagatose 1-phosphate  L-tagatose
o
HO™™y " 0-P-on OH OH OH OH
o on GPO SEPD S S S
DL-glycerol 3-phosphate o " HO’Z;'O T én HO T &y
2 7
2 HO/\.;\OH catalase  ocheme 0 %
glycerol RhaD L-fructose 1-phosphate L-fructose
OH OH OH OH OH OH
HO/Y\/'\/OH OTE Ho-B- O/MOH HOWOH
10 o oH HK Scheme 3 oH O OH o OH 90 >99
L-fructose L-psicose 1-phosphate L-psicose

[a] All products were prepared on a preparative (408 mg—628 mg) scale. [b] Defined as the percentage of desired ketose out of the sum of all possible

sugars.

ing this selective precipitation ability, sugar phosphates can be
easily and cleanly separated from adenosine phosphates
(ATP and ADP). The method was tested in the synthesis of
L-rhamnulose 1-phosphate from L-rhamnulose by using RhaB
(see the Supporting Information). Once no L-rhamnulose
could be detected in the reaction by HPLC, ATP and ADP
were removed by adding a small excess of silver nitrate, which
led to the removal of more than 99 % of the ATP and ADP
(Figure S2). Then, excess sodium chloride was added to
remove the redundant silver ions. The total separation process
can be completed in less than 15 min. After desalting by using
Bio-Gel P-2 column, L-rhamnulose 1-phosphate sodium was
isolated in 94 % yield, which is comparable to the yield when
using ion-exchange purification methods but it is more
convenient. The precipitate can be redissolved in ammonium
hydroxide, and the adenosine phosphates (ATP and ADP) or
silver ions can be then recycled. Compared to barium
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precipitation, another sugar phosphate purification method
in which sugar phosphate was isolated as a barium salt by
using barium,?” no additional steps to remove toxic ions and
no accurate pH control are necessary. Moreover, silver is safer
than barium and other metal ions that can be used to
precipitate adenosine phosphates, such as mercury.”!! These
advantages make this method highly attractive for use in
rapidly purifying sugar phosphate.

Having overcome these problems, other conversion-
related enzymes including D-xylose isomerase (XylA),*
RhaD,”! and AphAl"®! from Escherichia coli, L-arabinose
and D-galactose isomerase (AraA) from Thermotoga mar-
itima MSB8,?* and DTE from Pseudomonas Sp. St-24" were
prepared as described in Supporting Information.

In route A (Scheme 1), L-arabinose, D-xylose, and D-
galactose were incubated with their corresponding isomerases
and HK to prepare L-ribulose, D-xylulose and D-tagatose,
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respectively (Table 1, entries 1-3). The reactions were
allowed to proceed until no detectable starting aldoses were
found by HPLC (conversion ratios exceeding 99 %), thus
making isomer separation unnecessary. Silver nitrate precip-
itation was used to remove ATP and ADP. Proteins were also
removed during this process (as confirmed by Bradford
assay). Consequently, two steps of the method could be
carried out in one pot. After the hydrolysis of phosphate
groups in step 2, the solution from each reaction was desalted
by using a Bio-Gel P-2 column. L-ribulose, D-xylulose, and b-
tagatose were finally obtained in more than 90% yield
(Table 1). The products were confirmed by NMR, HPLC and
MS analysis (see the Supporting Information). HPLC and
NMR analysis indicated product purity exceeding 99 %.

In route B (Scheme 1), five (3R)-ketoses (L-xylulose, D-
ribulose, D-sorbose, D-psicose, and L-tagatose) were prepared
from five common (3S)-sugars (L-arabinose, D-xylose, D-
galactose, D-fructose, and L-sorbose, respectively). The dis-
covery of DTE made it possible to achieve the interconver-
sion between (35)-ketoses and (3R)-ketoses, which is espe-
cially important for the preparation of (3R)-ketoses."!]
Nevertheless, with the exceptions of two (3S)-ketoses (D-
fructose and L-sorbose), ketoses are not readily available, and
the conversions catalyzed by DTE are an equilibrium
reaction. For example, the conversion ratio is only 20 % for
D-fructose to D-psicose and 27% for L-sorbose to L-taga-
tose.™ The separation of (35)-ketoses and (3R)-ketoses is
difficult owing to their similar properties. In this work, we
combined DTE-catalyzed epimerization with targeted phos-
phorylation of (3R)-ketose by RhaB (entries 7 and 8). To
avoid using ketoses that are not readily available, we included
enzymatic isomerization when starting with (3S)-aldose
(entries 4-6). All reactions were allowed to proceed until no
detectable starting sugars were found by HPLC (conversion
ratios exceeding 99 %). After the hydrolysis of phosphate
groups in step 2, all five (3R)-ketoses were obtained in more
than 90 % yield (Table 1). Given the high substrate specificity
of RhaB, the products L-xylulose, D-sorbose, D-psicose, and L-
tagatose were obtained in more than 99 % purity. p-ribulose
was obtained in 98.2 % purity while 0.6 % of pD-xylulose and
1.2% of p-xylose were observed because D-xylose and D-
xylulose could be phosphorylated by RhaB to a certain extent
(Table S1 in the Supporting Information).

L-fructose was synthesized by using RhaD because there
is a lack of common corresponding sugars. RhaD exclusively
produces L-fructose from dihydroxyacetone phosphate
(DHAP) and L-glyceraldehyde.” However, DHAP and L-
glyceraldehyde are costly and unstable. To increase the
practicality of the process, two previously reported strat-
egies™ ! were combined to allow the use of the inexpensive
materials glycerol and pL-glycerol 3-phosphate to produce L-
fructose 1-phosphate in a one-pot reaction (Scheme 2) in
which L-glyceraldehyde is produced from glycerol by galac-
tose oxidase (GO) and DHAP is produced from pL-glycerol
3-phosphate by glycerol phosphate oxidase (GPO). After the
hydrolysis of the phosphate group in step 2, L-fructose was
finally obtained in 70 % yield with a purity of 99 %. L-psicose
was then prepared from L-fructose by using DTE. However,
the conversion of L-fructose into L-psicose by DTE is

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

unfavorable for L-psicose formation, for which the conversion
ratio is only 24 %.”! Applying the discovery that HK from
humans could efficiently phosphorylate L-psicose but not L-
fructose, L-psicose was prepared from L-fructose by using the
described targeted phosphorylation strategy (Scheme 3) in
90 % yield with a product purity exceeding 99 %.

In summary, a novel method for the facile synthesis of
ketoses was established. This method relies on substrate-
specific kinases and the improved aldol condensation reac-
tion, and makes it possible to use one-pot multienzyme
(OPME)P" reactions to prepare difficult-to-access ketopen-
toses and ketohexoses from common and inexpensive mate-
rials. The described two-step strategy not only provides
unprecedentedly high yields but also avoids the need for
a complicated isomer separation step. ATP is commercially
cheap owing to increased industrial production over the past
decade and an ATP-regeneration system has also been
suggested,”! thus making the transformation reaction de-
scribed herein of particular interest for large-scale produc-
tion.

This study represents a highly convenient and efficient
strategy for ketose synthesis. We anticipate that this method
will accelerate progress in understanding the biological roles
and synthetic applications of rare ketoses, as well as advanc-
ing the synthesis of rare aldoses since the aldose—ketose
isomerization reaction is very favorable for aldose formation.
Future studies will enable the identification of new kinases for
use in sugar syntheses, thereby providing a powerful set of
tools for carbohydrate research.
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