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ABSTRACT: A new, efficient method for the isolation of (2R,3S)-isocitric acid (ICA) from its fermentation solution was
developed. It is noteworthy that this method is based on selective adsorption directly from the fermentation solution on activated
carbon, followed by the release of both ICA and citric acid by means of elution with methanol and their final separation by
known methods. Thereby, several disadvantages were overcome: Electrodialysis is no longer necessary to remove cations such as
Na® from the fermentation solution. Also, several hitherto accompanying dyestuffs were not observed with this method.
Furthermore, removal of water by distillation is expendable. Eventually, the new crude product is of a quality that also avoids the
use of a tedious slide vane rotary vacaum pump distillation of the trimethyl esters of both acids, which hitherto was the basis for
the separation of ICA. In summary, the new method distinctly spares energy as well as time.
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B INTRODUCTION tetrahydrofuran alcohol is an important building block
A few years ago, we introduced (2R,3S)-isocitric acid (ICA (1); .for .th.e synt.hesis of sev.eral clinicall?r useful HIV protease
Figure 1), a substance that was only of analytical interest at that 1nh1121tors like darunavir, brecanavir, GS-9005, and SPI-
time, as a new member of the chiral pool.1 In the meantime, 256.°

this member of the citric acid (CA) cycle has now become All of these applications underline the extraordinary role of
available for synthesis or other applications in kilogram isocitric acid as a promising chiral pool educt or for direct
amounts from the fermentation solution of Yarrowia lipolytica usage.

yeast strains and renewable plant oil (e.g, sunflower or

rapeseed oil) as a substrate, although it cannot be purchased B RESULTS AND DISCUSSION

commercially yet. Generation of ICA from Natural Materials. The isolation
ICA has hitherto been used for the multigram synthesis of and enrichment of ICA from natural materials, e.g, leaves of
several chiral derivatives, as shown in Figure 1. Crassula plants, is tedious, complicated, and associated with low
Firmly convinced that this compound has prospects, we have product yields."~® The biosynthesis of ICA by the nonconven-
worked at improving the access to ICA in several directions. tional yeast Y. lipolytica from hydrophobic substrates, e.g., fats,
This effort was also supported by several publications related to oils, fatty acids, n-alkanes, and ethanol, is more efficient.” "

ICA. Unfortunately, wild-type Y. lipolytica strains accumulate >90 g

(a) Several authors reported on the role of isocitrate in L™ only in mixtures of ICA and CA, wherein the ICA/CA
erythroid development.” It has been found that the molar ratio ranged from 1.1:1 to 1.4:1."7'>'* Strategies to
formation of erythrocytes is regulated by iron—sulfur increase the selectivity of ICA or CA formation include classical
enzymes (aconitases) that catalyze the isomerization of strain mutagenesis'* or the use of isocitrate lyase inhibitors
citrate to isocitrate. Iron deficiency leads to reduced such as itaconate'” on the one hand and strain improvement by
aconitase activity, whereas exogenous isocitrate abrogates genetic modifications on the other hand."*™'¢ A particular
the erythroid iron restriction response in vitro and target is the overexpression of the aconitase encoding ACOI1
reverses anemia progression in iron-deprived mice. gene in Y. lipolytica, a key enzyme of the ICA formation

(b) Ranby et al. reported that isocitrate can be used to buffer pathway. The recombinant strain Y. lipolytica H222-S4-
Ca’" activity at physiological concentrations and there- (p67ACO1) T1 with 8—10 copies of the ACOI gene increased
fore can serve as an anticoagulant.3

(c) Recently, Moore et al. described a multigram synthesis of Received: March 11, 2017
furofuranol derivative 10 starting from ICA.* This bis- Published: May 17, 2017
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Figure 1. (2R,3S)-Isocitric acid (1) and functionalized derivatives 2—10 obtained from it.

the ICA/CA ratio to 2.4:1 in sunflower oil in comparison to the
wild-type strains (ICA/CA ratio from 0.54:1 to 1:1, ie., 35—
49% ICA with strains H222 or H222-54)."*

The ACOI multicopy strain Y. lipolytica H222-S4-
(p67ACO1) T1 was used in this work, wherein applying the
bioprocess under optimized bioreactor conditions led to a
further increase in the selectivity of ICA production to 75—80%
(details will be published elsewhere).

After 144 h of cultivation time, 684 g L' ICA was
determined in the cultivation broth. The molar ratio of ICA/
CA was distinctly enhanced from nearly 1:1 (wild-type strains)
to 3.1:1. Detailed experimental data on the bioprocess is given
in the Supporting Information.

Isolation of ICA from Natural Materials. The isolation of
ICA was addressed as a process that offers both challenges and
opportunities for simplification. The main weak points in the
current methods' are (1) the need for electrodialysis, a step
that was necessary to remove Na' ions from the fermentation
solution in which they came by stabilization of the fermentation
pH with NaOH, (2) the coloration of the fermentation solution
that was passing through the electrodialysis, and (3) the
considerable amount of water that had to be removed by
distillation in vacuo after electrodialysis prior to the first step of
separating ICA from CA, i.e,, their esterification into separable
trimethylesters (hitherto, this step additionally included an
ambitious distillation in vacuo).

Enrichment of Carboxylic Acids from Fermentation
Solutions by Adsorption. Adsorption is a very effective
technology for the separation of low-concentration materials
from complex mixtures in a fluid phase. The affinity, capacity,
and selectivity of the adsorbent and the relationship between
the adsorptive state and water determine the separation
process.

The recovery of carboxylic acids by solid materials was
investigated with the goal of concentrating the acids. The use of
anionic exchange resins and nonionic materials was applied to
aqueous carboxylate solutions obtained after the fermentation
process, for instance, sodium salts from lactic, succinic, and
CAs. A usual way to recover the carboxylate is to capture the
organic anions at the surface of a strong anionic exchange resin.
The purity of the recovered acids depends on the concentration
of the organic acids and all other anions in the fluid phase and
the selectivity of the ion exchange material. The acids can be
removed from the surface by treatment with NaOH solution,
yielding a highly concentrated aqueous solution. Caused by the
presence of inorganic acids in the fermentation solution, the
product contains their salts too. To obtain pure acids, a
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multistep tre1a7tment by membrane separation and dialysis steps
is necessary.

The adsorption of carboxylic acids on mineral materials such
as alumina or hematite is described at high pH values. However,
the sorption capacities were too low for this to be considered as
a recovery method.'®"” Hydrophobic high-silica sorbents were
explored. Desorption with pressurized water at higher temper-
atures was not successful. The use of water-soluble organic
solvents under ambient conditions was not effective. The strong
adsorption of organic solvents necessitates a regeneration step
at high temperature.”

In this article, we report solutions for all of the problems
mentioned above; these arise from using an adsorption process
for the selective removal of both tricarboxylic acids directly
from the fermentation solution.

Enrichment and Isolation of ICA/CA. The development
of the new adsorption process for the enrichment and isolation
of ICA was performed in two steps. In the first step, the
influence of the pH value on the adsorption process was
investigated in detail. In the second step, various desorption
procedures were studied and evaluated to select the optimum
method.

For example, the adsorption of reactive dyes containing three
or more sulfonic acid groups and of other ionic components on
activated carbon is influenced by the type of activated carbon
and the parameters of the water phase, e.g., pH value or ionic
strength.”’ Because ICA and CA are tricarboxylic acids with an
alcohol group, the effect of solution pH on the adsorption of
ICA/CA was investigated primarily. In Figure 2, the adsorption
isotherms for an ICA/CA mixture (78:22) at different pH
values are shown. The significant influence of the pH value of
the water phase on the adsorption behavior can be explained by
the surface functional groups and the pH,,. of the activated
carbon and the dissociation equilibrium of ICA/CA given by
the pK, values (Table 1). The pH,,. of the activated carbon
describes the acidity/basicity and the net surface charge in
solution. The surface groups of the activated carbon are
carboxy, hydroxy, and phenolic groups.”* The basic functional
groups include oxygen containing species and s-electron
systems of carbon basal planes. The density of surface
functional groups depends on the preparation technology and
the precursor.”” The combined influence of all functional
groups determines pH,,, the pH value at which the net surface
charge on the carbon is zero. At pH < pH,,,, the carbon surface
has a net positive char%e, whereas at pH > pH,,, the surface has
a net negative charge.”*

In Figure 3, the influence of the pH value of the water phase
on the equilibrium loading of CA on activated carbon and the

pzc)
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Figure 2. Adsorption isotherms of ICA/CA (78:22) at different pH
values. pH 6, untreated fermentation solution; pH 2, prepared by
addition of sulfuric acid to the fermentation solution. Conditions:
different amounts of activated carbon, 86 g L™' ICA/CA mixture, 25
°C.
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Figure 3. Influence of pH on the equilibrium loading of CA on
activated carbon and on the dissociation of CA.

dissociation behavior of CA are shown. Because of their similar
pK, values, the functions for CA and ICA are almost the same.
The highest loading was observed at pH values in the range of
1.5—2.5. In this pH region, the surface loading of the activated
carbon is positive and ICA is in its neutral or single negatively
charged form. At pH < 1, the OH group of CA is protonated,
resulting in a positive charge. The charged CA and the surface
of the activated carbon repell each other. In alkaline medium,
the surface of the activated carbon and the deprotonated CA
had the same negative charge and repell each other too.

Independent tests on the adsorption of sulfuric and
hydrochloric acids show the adsorption of inorganic acids in
traces only. The high selectivity of the activated carbon used in
the tests allows the enrichment of a mixture of ICA/CA in the
absence of other components. The product is nearly free of
inorganic acids. This point is the advantage of activated carbon
over ion-exchange resin, which accumulates all acids at its
surface.

Tests of the Desorption of ICA/CA. To remove the ICA/
CA from the surface of the activated carbon, two approaches
can be followed: changing the pH value to be in the alkaline

868

range or using organic solvents. Both ways are feasible. In the
first step, the loaded activated carbon needs to be washed with
water to remove the components of the fermentation solution.

The desorption of ICA/CA can be performed using a diluted
NaOH solution at pH > 12. This can be done because the
adsorption equilibrium at high pH values is shifted to the water
phase. Using this effect, more than 99% of ICA/CA can be
removed. After removal of the water by distillation, the sodium
salt of the organic acids can be isolated. For the further
processing (esterification and fractional crystallization), the
salts cannot be used. An additional preparation step, e.g,
electrodialysis, is necessary.

To avoid the formation of sodium salt, an organic solvent can
be used to remove ICA/CA from the activated carbon. By
drying the loaded and washed activated carbon, large amounts
of the water can be removed. Desorption with organic solvents
possessing low boiling points offers the possibility of isolating
the ICA/CA mixture in the form of the pure acids. To select
the solvent, the physical and chemical properties of the solvent
and the conditions of the previous and following preparation
steps were considered. In the esterification, methanol is used as
the solvent. After drying, the activated carbon contains traces of
water, which is miscible with alcohols and acetone. Desorption
of ICA/CA can be achieved by polar organic solvents like
dichloromethane, acetone, ethanol, and methanol in high yields.
The recovery rate of ICA/CA is summarized in Table 2. In due
consideration of the points described above, methanol was
selected for the desorption of the organic acids.

Table 2. Recovery Rate of ICA/CA in the Extraction of
Activated Carbon with Various Organic Solvents®

organic solvent recovery rate (%)

methanol 90
ethanol 87
2-propanol 69
2-butanol 68
acetone 72

“Conditions: 2.4 g of activated carbon, loading: 80—100 mg g_l,
extraction four times with organic solvent, 25 °C.

Fixed-Bed Adsorption Studies: Breakthrough Tests.
On the basis of the described results, adsorption of the ICA/
CA mixture was carried out after reducing the pH value of the
original fermentation solution from 6 to 2 by the addition of
sulfuric acid. A fixed-bed adsorber with an inner diameter of 30
mm and a height of 170 mm was filled with activated carbon
(Bliicher GmbH) and washed with distilled water. The acid
solution with a 91 g L™' CA and ICA mixture was pumped
through the adsorber. Figure 4 represents the schematic
diagram of the fixed-bed adsorption/desorption (eluation)
system. The breakthrough can be detected directly by a pH
detector (Figure S). A loading of about 400 mg g~' was
calculated from the concentration of ICA/CA in the water
phase in the inlet and outlet streams and the mass of activated
carbon used in the fixed bed. The calculated loading
corresponds to the data determined by the adsorption isotherm
procedure.

Fixed-Bed Desorption Studies: Recovery of ICA/CA.
The fixed bed loaded with an ICA/CA mixture was treated with
methanol to remove the organic acids. The test was carried out
with a fixed bed containing 50 g of activated carbon loaded with
20 g of the ICA/CA mixture. A methanol flow of 1 mL min !
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Figure S. Breakthrough curve of ICA/CA with a fixed-bed activated
carbon adsorber. Conditions: S0 g of activated carbon, loading: 400
mg g, flow: 1 mL min~" methanol, 25 °C.

was pumped through the air-dried activated carbon bed. At the
outlet of the fixed bed, 10 mL fractions of methanol were taken
and analyzed (Figure 6). In the first 40 mL of methanol, water
and traces of sulfuric acid were found. In the next fractions
(from SO to 150 mL), more than 95% of the organic acids was
eluted. These fractions can be collected and directly used in the
esterification because they are free from water and sulfuric acid.
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Figure 6. Concentration of the acids as a function of the pumped
volume at the outlet of the fixed bed during the recovery of ICA/CA.
Conditions: 50 g of activated carbon loaded with 20 g of ICA/CA,
methanol flow: 1 mL min~', 25 °C.

Alternatively, by evaporation of the solvent, a mixture of ICA/
CA can be obtained.

Thus, by using the described fixed-bed adsorption/
desorption with activated carbon, the aqueous fermentation
solution after crossflow microfiltration (73 g L' ICA + CA,
76.7% ICA) was easily transferred into a methanolic ICA/CA
solution containing these two acids in an almost similar ratio
(120 g L' ICA + CA, 73.2% ICA, free from water and sulfuric
acid) ready for further use.

For isolation of ICA by esterification and fractional
crystallization, our method as reported was adapted and is
described in the Supporting Information."

B CONCLUSIONS

By the new procedure described herein, ICA can be isolated in
good yield and high purity (Figure 7). In contrast to the

pHE
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Electrodialysis Adsorption /
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ICAICA | pH2
aqueous
ICA/ICA
Evaporation methanolic
water
MeOH
. Me; CA

Me; ICA
liquid

Figure 7. Flowchart of proposed ICA isolation by adsorption/
desorption steps (red boxes) and steps from the previous method that
are avoided' (black boxes).

method described previously,' ICA can now be obtained in a
simplified way by adsorption on activated carbon and
desorption with methanol. Separation of ICA from the
accompanying CA is then possible by esterification to form
both trimethylesters, from which the CA trimethylester is
removed by crystallization, with the liquid ICA trimethyl ester
remaining in a highly enriched form," allowing the synthesis of
(2R,3S)-isocitric acid lactone-2,3-dicarboxylic acid dimethyles-
ter (3) or the corresponding (2R,3S)-isocitric acid lactone-2,3-
dicarboxylic acid as pure ICA building blocks from the chiral
pool.

The important advantage of adsorption with activated carbon
is the high selectivity. Only organic acids are accumulated at the
surface of the adsorbent. Inorganic acids and salts remain in the
fermentation solution. In contrast, ion exchange resins have no
selectivity with respect to acids. The recovery of ICA, CA, and
other organic acids can be accomplished by extraction of the
activated carbon with methanol or other organic solvents.

Several disadvantages have now been overcome: Electro-
dialysis is no longer necessary to remove cations such as Na*
from the fermentation solution. Several hitherto accompanying
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yellowish compounds were not observed using this method. A
very extensive and tedious removal of water by distillation is
expendable. Therefore, the new crude product is of a quality
that also avoids the use of a tedious slide vane rotary vacuum
pump distillation of the trimethyl esters of both acids, which
hitherto was the basis of the separation of ICA. In summary, the
new method distinctly spares working time as well as energy.
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