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TITLE
PRODUCTTON OF GLYOXYL,IC ACID BY ENZYMATIC OXIDATION OF GLYCOLIC ACID
5 Background of the Invention
1. Field of the Inventilon:

This invention concerns an improved process for
the production of glyoxylic acid by the glycolate
oxidase catalyzed oxidation of glycolic acid.

10 Although the enzyme catalyzed reaction of glycolic
acid with oxygen has been known for many years, the
previously described processes have not proved
commercially advantageous for several reasons. The
most important of these 1s that previous reactions

15 have been'carried out at high dilutions 0of glycolic
acid, typically concentrations of 40 mM or less.
Selectivity for glyoxylic acid and yiélds of the
glyoxylic acid product have usually beeh low. A
disadvantage of the use of very dilute starting

20 glycolic acid concentrétions 1s the necessity for

" large and expensive reaction vessels to achieve high
production rates. Also, since glyoxylic acid is
usually sold as a 50% agqueous sdlution'(Ullmans),
concentrating the dilute glyoxylic acid produced

25 using dilute starting reagents 1s costly. Further,
if such concentration were done by evaporatioh or by

" reverse osmosis, any non-volatile by-products such as
oxalic and formic acids and/or their salts and
unreacted glycolic acid would remain in solution as

30 impurities. Finally, it would be advantageous if the

| relatively expensive enzymes used in the reaction
could be used more efficiently or effectively
recycled and if no environmentally detrimental wastes
were producéd.

35 - The preSent invention provides a commercially
practical method for the production of glyoxylic acid
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by the glycolate oxidase catalyzed oxidation of
glycolic acid through the increase of starting
substrate concentrations and through the use of

selected yield improving additives.

2. Bacgk r

The present invention is a process for the
production of glyoxylic acid by the oxidation of
glycolic acid by oxygen, using an enzyme, glycolate
oxidase, as a catalyst for the reaction. '

N. E. Tolbert et al., J. Biol. Chem., Vol. 181,
905~-914 (1949) reported that an enzyme extracted from

tobacco leaves catalyzed the oxidation of glyCoiic
acid to formic acid and CO, via the intermediate
glyvoxylic acid. They further found that certain
compounds such as ethylenediamine blocked the
oxidation of the intermediate leoxylic acid to other
products. The oxidations were carried out at a pH of
about 8, using glycolic acid concentrations of about
3-40 mM (millimolar), except for one experiment

(p. 907), very poorly described, where the initial
concentration of glycolic acid was somewhere between
132 and 196 mM. .The only details given about this
experiment are thé approximate glycolic acid
concentration, the fact that the oxidation was not
run to completion, and that some amount of the
2,4-dinitrophenylhydrazone of glyoxylic acid wés
isolated. In particular, no details are given as to
vields and the duration of the reaction. The optimum
pH for the glycolate oxidation was reported to be
8.9. Oxalic acid (100 mM) was reported to inhibit
the catalytic action of the glycolate oxidase.

I. Zelitch and S. Ochoa, J. Bigl. Chem., Vol.
201, 707-718 (1953) reported that the formation of
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formic acid and CO, in the glycolate oxidase
catalyzed oxidation of glycolic acid resulted from
the nonenzymatic reaction of H,0, with glyoxylic
acid, these being the primary products of the enzyme
catalyzed oxidation of glycolic acid. Thus, they
observed that addition of catalase, an enzyme that
catalyzes the decomposition of H,0,, greatly improved
the yields of glyoxylic.acid by suppressing the
formation of formic acid and CO,. The glycolate
oxidase théy used was 1solated from spinach leaves.
It was used at a pH of about 8, with an 1initial
glycolic acid concentration of 10 mM. They also
found that addition of FMN (flavin mononucleotide)
greatly increased the efficiency of the glycolate
oxidase.

. C. Robinson et al., J. Biol. Chem.,, Vol.
237, 2001-2009 (1962) also found that catalase
increases the yield of glyoxylic acid from glycolic

acid. They apparently used a ratio of about 80:1 of

catalase:glycolate oxidase. They also concluded that

the catalase was decomposing hydrogen peroxide

produced in the glycolate oxidase catalyzed reaction’
of glycolic acid with oxygen (in their paper,
glycolate oxidase is referred to as "short chain
L-alpha-hdyroxy acid oxidase"). They found'that FMN
was helpful in maintaining glycolate oxidase
activity. They alsoqdetermined that the maximum rate
of oxidation of glycolic acid catalyzed by glycolate
oxidaSe occurs at a concentration of glycolic acid
(substrate) of 3.3 mM and that, "The reaction was

concentrations of these substrates, glycolate, and

"
¢ o o



WO 91/05868

10

15

20

25

30

35

2067384 PCT/US90/05659

K. F. Richardson and N. E. Tolbert, J. Bigl.
Chem., Vol. 236, 1280-1284 (1961) showed that buffers
containing tris(hydroxymethyl)aminomethane inhibited
the formation of oxalic acid in the glycolate oxidase
catalyzed oxidation of glycolic acid. They too ran
their reaction at a pH of about 8 and found that FMN
increased glycolate oxidase efficiency. The maximum
glycolic acid concentration they used was 20 mM.

C. O. Clagett, N. E. Tolbert and R. H. Burris,
J. Biol, Chem., Vol. 178, 977-987 (1949) discovered
that the optimum pH for the glycolate oxildase
catalyzed oxidation of glycolic acid wlith oxygen was
about 7.8-8.6, and the optimum temperature was.
35-40°C. Their maximum substrate (glycolic acid)
concentration was about 20 mM.

There are numerous other references to the
oxidation of glycolic acid catalyzed by glycolic acid
oxidase, for example: |
- Isolation of the enzyme (usually includes an'

-assay method): |

I. Zelitch in Methods of Enzymology, Vol. 1,
Academic Press, New York, 1955, p. 528-532,
from spinach and tobacco leaves.

M. Nishimura et al., Arch. Blochem.
piophys., Vol. 222, 397-402 (1983), from
pumpkin cotyledons.

H. Asker aﬁd D. Davies, Biochim. Biophys.
Acta, Vol. 761, 103-108 (1983), from rat
liver.

M. J. Emes and K. H. Erismann, Inkt. J.
Biochem., Vol. 16, 1373-1378 (1984), from
Lemna Minor L.

-
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- - Structure of the enzyme:

F. Cederlund et al., Eur. J. Biochem., Vol.

173, 523-530 (1988).
Y. Lindquist and C. Branden, J, Biol. Chem.,

Vol. 264, 3624-3628 (1589).
In all of the above references, and all others
that have been studied [with the one exception noted

above in the discussion of N. E. Tolbert et al.,

J. Biol, Chem,, Vol. 181, 905-914 (1%49)], the

maximum initial concentration of glycolic acid that
has been used is about 40 mM, the pH has usually been
about 8-9, FMN is sometimes added, an amine 1S
sometimes added, and catalase is sometimes added.

Other additives to improve the yield of glyoexylic

acid have also been mentioned.
Numerous ordinary chemical (nonenzymatic)

methods for the industrial synthesis of glyoxylic
acid have been proposed, see for example U.S. Patents
3,281,460, 4,146,731 and 4,235,684, as well as
Ullmanns Encyklopadie der technischen Chemie, 4th
Ed., Vol. 12, Verlag Chemie, Weinheim, 1976, . p. 381
(herein Ullmanns). Some of these processes produce
environmentally ipjurious products. None of these
contemplate tﬁé Qxidation of glycolic'acid to
glyoxylic acid.

Even though glycolic acid is an article of
commerce, o Applicaﬁt's knowledge no one has
previously contemplated using the glycolate oxidase
‘catalyzed oxidation of glycolic acid for the
production of glyoxylic acid. It 1is speculated that
this may be due to the unfamiliarity of chemists and
chemical engineers with enzyme reactions
(biochemistry), the lack of recognition by
biochemists that such a process was desirable, the
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relatively low yvields or conversions reported 1n most
of the literature, reported substrate inhibition
and/or the low concentrations of substrate previously
used.

Summary of the Invention

This invention relates to a process for the

production of glyoxylic acid comprising contacting,
in an aqueous solution at a pH of about 7 to about
10, glycolic acid, glycolate oxidase and oxygen (O,),
in the presence of an effective amount of an additive
that improves the yield of glyoxylic acid, wherein
the initial glycolic acid concentration is 200 to
about 2500 mM. The process is a practical one for
commercial production in that it is characterized as
being carried out at relatively high glycolic acid
concentrations. Under optimum conditions, it also
gives very high yields of glyoxylic acid at high
conversion, and makes efficient use of the relatively
costly enzyme(s) used in the process.

Glvcolic acid concentrations of 200 to about
2500 mM may be used, and in addition tb the glycolate
oxidase catalyst, one or more compounds such as
catalase and certain ahines are also present to
improve yields of glyoxylic acid. Added FMN is
optionally present to improve the enzyme
productivity. Oxygen, usually from the air or in a
purer form (such as an iﬁdustrial grade of oxygen) is
used as the oxidant in the reaction. The reaction
may be done at oxygen pressures above atmospheric
pressure to increase the reaction rate.

1pt ] f the Inv 1lon

This invention concerns the glycolate oxidase

catalyzed oxidation of glycolic acid.
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It has been determined that at initial
substrate concentrations as high as about 2500 mM
high yvields of glyoxylic acid can be obtained. Yield
can be further maximized by the addition of catalase
or other additives alone or 1n combination . The
high yield is unexpected in view of the reported
Substrate inhibition and/or possible product
inhibition of the glycolate oxidase, and also the
possible inhibition of the catalase, when present
(for a discussion o0of substrate and product
inhibition, see M. Dixon et al., Enzymes, 3rd Ed.,
Academic Press, New York, 1979, p. 96-7, 126-7, and
T. Godfrey and J. Reichelt, Industrial Enzymology,
The Nature Press, New York, 1983, p. 847). Indeed,
we have found that at initial concentrations of
glycolic acid over about 2500 mM the glycolate
oxidase catalyzed reaction is'relatively slow. This
slowing of the rate of reaction becomes noticeable at
initial concentrations over 1500 mM, and gradually
gets worse as the substrate concentration increases.
Fortunately, this slowing occurs at a high enough
concentration so that a practical process can be
operated. It has not been proven whether this
slowing of the feaction rate is due to substrate or

product inhibition or some other factor. Also the
high concentrations of a selected additive (when

present), such as an amine added to increase yield,
could also cause inhibition or even denaturation of
one or both enzymes. '

.Although high concentration of the substrate is
the key to the commercially useful process described

~ herein, other factors which enhance the usefullness
"of the process are the high selectivity to the

glyoxylic acid product and the high conversion of the
substrate to the glyoxylic acid product. 1In order
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to achieve a high yvield of glyoxylic acid with very
little by-product or side reaction, it has been found
advantageous to add to the reaction mixture additives
that improve the yield of glyoxylic acid, either the
enzyme catalase, or a selected amine, such as
ethylenediamine. The best yields are obtained when
both catalase and a selected amine are added to the
reaction. 1In addition, in order to increase the
productivity of the glycolate oxidase, flavin '
mononucleotide (hereinafter FMN) may optionally be
added in small amounts.

By the term "yield"” herein 1s meant the
percentage of glyoxylic acid obtained, based on the
total amount oOf glycolic acid present at the
begihning of the reaction. By the term "conversion”
herein is meant the percentage o0of glycolic acid
present at the beginning of the reaction that has
reacted to form any other product. By the term
"selectivity"” herein is meant the percentage of

glyoxylic acid obtained from the glycolic .acid that

“has reacted. It therefore follows that,

mathematically, vield equals conversion times
selectivity. By the term "enzyme productivity” is
meant the amoﬁnt of glyoxylic acid produced per unit
Oof enzyme.

Glycolic acid (2~hydroxyacetic acid) 1is
available commercially from E. I. du Pont de Nemours

and Company, Inc. In the present reaction its

initial concentration i1s in the range of 200 to about

2500 mM, preferably about 250 to about 1500 mM and
most preferably about SOO-to about 1000 mM. Because
the glycolate oxidase catalyzed oxidation 1s run at a

pH of 7-10, during the oxidation it is believed

glycolic acid is present as glycolate anion. It 1is



CA 02067382 2000-08-29

WG 91/05868 PCT/US90/05659

‘D

to be understood herein that the use of the term

glycolic acid, when referring to glycolic acid in s

N

anion.

The enzyme glycolate.oxidase may be 1solated
. from numerous sources (supra). According to the book

Enzyme Nomenclature 1984, (Recommendations of the

10 Nomenclature Committee if the International Union of
Biochemistry on the Nomenclature and Classification
©f Enzyme-Catalyzed Reactions), Academic Press.
New York, 1984 (hereinafter IUB), Pg. 52-3, the
Systematic name for this type of enzyme is

15 (S)-2-hydroxy-acid oxidase and its Number 3=
E.C. 1.1.2.15.
The glycolate oxidase used in the reaction should be
present 1n an effective concentration, usually =&
concentration of about 0.001 to about 1000 IU/mL,

20 preferably about 0.1 to about 4 IU/mL. An IU
(International Unit) is defined as the amount of

enzyme that will catalyze the transformation of one
micromole of substrate per minute. A procedure for

the assay of this enzyme is found in I. Zelitch and
25 S. Ochoa, J. Biol. Chem., Vol. 201, 707-718 (1953),

This method
ls also used to assay the activity of recovered or

recycled glycolate oxidase.
The pH of the reaction solution should be about
30 7 to about 10, preferably about 8.0 to about 9.5 and
most preferably 8.0 to 9.0. The pH can be maintained
by a buffer, since enzyme activity varies with pH.
It has also been found that the PH of the reaction

35 ~often useful to start the reaction near the high end

cpmesminge  go o —_— . B L T R AR o AT e ad Pl A ALYy St b ANl e e gy s s e, R e LR T
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9.0-9.5, and allow it to drop during the reaction.
It has also been found that certain amines, such as
5 ethylenediamine and tris(hydroxymethyl)methylamine
(hereinafter TRIS) improve the yield of glyoxylic
acid . Although inorganic buffers may be used, 1t is
preferred to use excesses (over the molar amount of
glycolic acid) of these amines to act as Dbuffers, as
10 well as improve yieids._ Ethylenediamine 15
preferred. Thus, these amines are used 1n a molar
ratio of amine/glycolic acid (starting amount) of
abOut 1.0 to about 3.0, preferably about 1.0 to 2.0,
and most preferably about 1.05 to about 1.33. Within
15 this range, the exact value may be adjusted to,obtain'
the desired pH. With very basic amines used:- at high
amine to glycolic acid ratios, 1t may be necéssary to
adjust the pH, as by adding acid, for examplé
hydrochloric or sulfuric acids. With less basic
20 amines such as TRIS, it may be necessary to add a
base to maintain the desired pH. Although it 1is
possible to use higher amounts of amines, such larger
amounts usually have little or no beneficiél effect
and incur a cost penalty, especially in the 1solation
25 of the product. -Thus, the lowest ratio of amine to
glycolic acid consistent with obtaining the desired
‘yield, selectivity_aﬁd pH should preferably be used.
Another additive that may be used to increase
the yield of glyoxylic acid is the enzyme catalase.
30 Catalase [this is the systematic name, Number
E.C. 1.11.1.6 (IUB)] catalyzes the decomposition of
hydrogen peroxide to water and 6xygen, and it 1is
believed to improve yields 1n the present process Dby
accelerating the decomposition of hydrogen peroxide
35 which is a primary product in the glycolate oxidase

catalyzed reaction of glycolic acid and oxygen to
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form glyoxylic acid. The concentration of catalase
should be about 50 to about 100,000 IU/mL, preferably
about 350 to about 14,000 IU/mL. It is preferred
that the catalase and glycolate oxidase
concentrations be adjusted within the above ranges so
that the ratio (measured in IU for each) of
catalase:glycolate oxidase is at least about 250:1.
FMN 1s an optional added ingredient, used at a
concentration of 0.0 to about 2.0 mM, preferably
about 0.01 to about 0.2 mM. It is believed the FMN
increases the productivity of the glycolate oxidase.
By productivity of the glycolate oxidase is meant the
amount of glycolic acid converted to glyoxylic acid
per unit of enzyme. It is to be understqod that the
concentration of added FMN is in addition to any FMN
present with the enzyme, because FMN is often also
added to the enzyme during the preparation of the
enzyme. The structure of FMN and a method for'its

analysis is found in K. Yagai, Methods of
Biochemistry Analysis, Vol. X, Interscience

Publishers, New York, 1962, P. 319-355,

Oxygen (O5) is the oxidant for the conversion
of the glycolic acid to glyoxylic acid. For example,
1t may be added as a gas to the reaction by agitation
of the liquid at the gas-liquid interface or through
a membrane permeable to oxygen. Although not wanting
to be bound by this hypothesis, it is believed that
under most conditions, the reaction rate is at least
partially controlled by the rate at which oxygen can
be dissolved into the aqueous medium. Thus, although
cXxygen can be added to the reaction as the oxygen 1in
alr, it is preferred to use 3 relatively pure form of
cxygen, and even use elevated pressures. Although no

e dibest Knteytupdif -y AL B 1610 dal 2 1 A dral L e 120 *a88.95%s ¢ sss g sm po T .
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upper limit of oxygen pressure 1s known, oxygen
pressures up to about 50 atmospheres are preferred,
5 and up to about 15 atmospheres are most preferred.

Agitation is important to maintailning a high oxygen
dissolution (and hence reaction) rate. Any
convenient form of agitation 1s useful, such as
stirring. As 1s well known to those skilled in the
10 art, high shear agitation or agitation that produces
foam may decrease the activity of the enzyme(s), and
hence should be avoided.
The reaction temperature is an important
variable, in that it affects reaction rate and the
15 stability of the enzymes. A reactlion temperature
range of about 0 to about 40°C may be used,
preferably a range of about 5 to about 30°C and most
preferably a range of 5 to 20°C. Of cdurse, the
temperature should not be so low that the water
20 starts to freeze. These preferred temperaturés are
lower than those reported previously, and take 1into
consideration preservation of enzyme activity as well
as reaction (glycolate oxidation) rate. Temperature
can be controlled by ordinary methods, such:as, but
25 not limited to, by.using a jacketed reaction vessel
and passing liquid of the appropriate temperature
through the jacket. |
The reaction vessel may be constructed of any
material that is inert to the reaction ingredients.
30 Upon completion of the reaction, the enzymes
may be removed by filtration, or if present in small
enough amounts so that their presence 1s not
injurious, be denatured by heating to 70°C for 5
minutes. The amines are most conveniently removed by
35 use of an 1ion éxchange resin. An acidic catiohic

exchange resin is used to remove the amine. Suitable
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resins include Amberlite™ CG120, Amberlite™ IR120 (made

Dy Rohm & Haas Co.) and Dowex™ 5g (made by Dow
5 Chemical Co.). The amine may then be recovered and

subsequently recycled by treatment of the resin with
strong base. Filtration of the enzymes and amine
recovery are turther i1llustrated by the Examples.
The product glyoxylic acid is useful in the
10 preparation of vanillin, ethylvanillin, as well as
being used in ion exchange resins and as an acid
catalyst in the pharmaceutical industry (Ullmanns).
As mentioned above, it is usually sold as a 50%
welght percent agueous solution. It is also to be
15 understood that reference to glyoxylic acid in this
Application can also mean the glyoxylate anion,
especially when the glyoxylic acid is present‘in a
solution whose pH is greater than about 2.3.

20 stirring was done with a magnetic stirrer bar except
where otherwise indicated. Remaining enzyme activity
was measured by withdrawing an aliquot from the
reaction and assaying directly using standard assay
techniques (supra).

25 It is crucial in these Examples and Experiments
to have an accurate analytical method. It has been
found that high pérformance liquid chromatography
(HPLC) is an excellent analytical method, and it was
used for the analyses reported herein.

30

HPLC Method

Samples for analysis were prepared by mixing
100 puL of the reaction mixture with 300 uL of 0.1 N

HoS504, then filtering the resulting solution through
35 a Millipore Ultrafree MC™ filter unit (10,000 mw

Cutoff). Analyses for glycolic acid, glyoxylic acid,

. e . C e . ) - Tt T e R S TR R MM W A S IB e HECa b S et e ’
BAs e Sty AL ST AT VIO 1 1 .- . . manet e L NI R B LN A T AR Sl J ot 0y
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oxalic acid and formic acid were performed by HPLC on
& Bio-Rad Aminex HPX-87H™ column (300 x 7.8 mm) at
40°C, using as solvent an aqueous solution of H, S0,
(0.01 N) and l-hydroxyethane-1,1-diphosphonic acid
(0.1 mM) at 1.0 mL/minute. The instrument was a
Waters 840 HPLC system with Model 510 pumps, a 712
WISP autosampler, and, in sequence, a 490E UV
detectbr and 410 differential refractometer. UV
analysis was performed at 210 nm. The retention
times for oxalic acid, glyoxylic acid, glycolic acid,
formic acid, and propionic acid (internal standard)
were 4.29, 6.09, 7.77, 8.79, and 11.41 minutes,

respectively.

raration o© olate Oxidase from Spinact
Spinach leaves (2000 g) were homogenized in a
4 L commercial blender containing 1000 mL of 0.1 M
potassium phosphate buffer, pH 8.0 at 40°C. The pulp
was squeezed through 4 layers of cheesecloth,
vyielding 1800 mL of juice. The extract was acidified
to pH 5.2 by the addition of approximately 1 mL of
glacial acetic acid. The mixture was centrifuged at
14000 x g for 15 minutes to remove solids. To the
supernatant was added solid ammonium sulfate
(10.6 9g/100 mL of extract) in order to achieve 20%
saturation. The pH was maintained between 7.8-8.0 by
the addition of 6 N KOH. After the solution was
allowed to stand for 15 minutes, it was centrifuged
for 20 minutes at 14000 x g and the pellet was

discarded. Ammonium sulfate (8.3 g/100 mlL) was added
to the supernatant for a total of 35% saturation.

The precipitate was collected after 15 minutes by
centrifugation at 14000 x g for 20 minutes. The

' R A 4 2 R MM Fakike AL s e e SEELLIL T St R R R R T i [0S Gl et I R L TR Tt LY O LT R L r T PP o s T r N Py P o P epe P PO LT :
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pellet was dissolved in a minimal volume (ca. 180 mL)
of 20 mM ethylenediamine-HCl, pH 8.0 containing 2 mM
flavin mononucleotide. Once dissolved, ammonium
sulfate was added to a final concentration of 3.2 M.
The glycolate oxidase-ammonium sulfate suspension was

stored in darkness at 4°C.

EXAMPLE 1
Oxidation of Glycolic Acid

Into a 3 ounce Fischer-Porter glass aerosol
reaction vessel were placed a magnetic stirring bar
and 10 mL of an aqueous solution containing glycolic
acid (250 mM), ethylenediamine (EDA) (330 mM), FMN
(0.01 mM), propionic acid (HPLC internal.standard, 75

- mM), glycolate oxidase (GAO) (from spinach; 2.0

IU/mL), and catalase (from Aspergillus niger; 1400
IU/mL). The final pH of this solution was 8.9. The
reaction vessel was sealed and the reaction mixture
was cooled to 15°C, then the vessel was flushed with
oxygen by pressurizing to 70 psig and venting to
atmospheric pressure five times with stirring. The
vessel was then pressurized to 70 psi of oxygen and
the mixture stirred. Aliquots (0.10 mL) were removed
through a sampling port (without loss of pressure in
the vessel) at regular intervals for analysis by HPLC
to monitor the progress of the reaction. After 4
hours, the HPLC yields of glyoxylate, oxalate, and
formate were 98.9%, 0.5%, and 0%, respectively, and
0.6% glycolate remained. The remaining activity of
glycoléte oxidase and catalase were both 100% of |

their initial values.



WO 91/05868

10

15

20

25

30

35

O\
S
oD
an i
(o)
CO
PN

PCT/US90/05659

16

ELAMPLE 2
Oxidation of Glycolic Acid
The reaction of Example 1 was repeated, except
that K,HPO, (330 mM) was substituted for
ethylenediamine and the f£inal pH of the solution was
adjusted to pH 8.0 with concentrated HCl. After 4
hours, the HPLC yields of glyoxylate, oxalate, and

formate were 24.4%, 0.3%, and 8.4%, respectively, and
67.1% glycolate remained. The remaining activity of
glycolate oxidase and catalase were 95% and 44% of
their initial values, respectively. |

Qxidation of Glycolic Acid

Into a 3 ounce Fischer-Porter glass aerosol
reaction vessel were piaced a magnetic stirring bar
and 50 mL of an aqueous solution containing glycolic
acid (750 mM), ethylenediamine (862 mM), FMN (0.1
mM), propionic acid (HPLC internal standard, 75 mM),
glycolate oxidase (from spinach; 1.0 IU/mL), and .
catalase (from-Aspergillus-nige:; 1400 IU0/mL). The
final pH of this solution was 8.9. The reaction
vessel was sealed and the reaction mixture was cooled
to 15°C, then the vessel was flushed with oxygen by
pressurizing to 70 psig and venting to atmospheric
pressure five times with stirring. The vessel was
then pressurized to 70 psi of oxygen and the mixture
stirred, and 0.10 mL aliquots were removed at regular
intervals for analysis by HPLC to monitor the
progréss of the reaction. After 90 hours, the HPLC

yields of glyoxylate, oxalate, and formate were

99.8%, 0.2%, and 0%, respectively, and no glycolate
remained. The remaining activity of glycolate
oxidase and catalase were 34% and 88% of their

initial values, respectively.
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EXAMPLE 4
Oxidation of Glycolic Acid
Into a 3 ounce Fischer-Porter glass aerosol

reaction vessel were placed a magnetic stirring bar
and 10 mL of an agueous solution containing glycolic
acid (2000 mM), ethylenediamine (2100 mM), FMN (0.0l
mM), glycolate oxidase (from spinach; 1.2 IU/mL), and
catalase (from Aspergillus niger; 1400 IU/mL). The
final pH of this solution was 9.0. The reaction
vessel was sealed and the reaction mixture was cooled
to 15°C, then the vessel was flushed with oxygen by
pressurizing to 70 psig and venting to atmospheric
pressure five times with stirring. The vessel was
then pressurized to 70 psi of oxygen'and the mixture
stirred, and 0.10 mL aliquots were removed at regular
intervals for analysis by HPLC to monitdr thé
progress of the reaction. After 31 hours, no
glycolate oxidase activity remained, so an additional
2.0 IU/mL'of glycolate oxidase was added. After 143

" hours, the HPLC yields of glyoxylate, oxalate, and

formate were 96.8%, 2.2%, and 1.0%, respectively, and
no glycolate remained. The remaining activity of

glycolate oxidasg‘(based on total) and catalase were
69% and 100% of their initial values, respectively.

EXAMPLE 5
Oxidation of Glycolic Acid

Into a 3 ounce Fischer-Porter glass aerosol
reaction veSsel were placed.a,magnetic stirring bar
and 10 mL of an aqueous solution containing glycolic
acid (250 mM) , tris(hydroxymethyl)aminomethane_(TRIS,'
330 mM), FMN (0.02 mM), propionic acid (HPLC internal
standard, 75 mM), glycolate oxidase (from spinach;
0.25 IU/mL), and catalase (from Aspergillus niger;
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1400 IU/mL). The final pH of this solution was
adjusted to 8.3 with 5% NaOH. The reaction vessel
was sealed and the reaction mixture was cooled to
30°C, then the vessel was flushed with oxygen by
pressuriting to 15 psig and venting to atmospheric
pressure five times with stirring. The vessel was
then pressurized to 15 psi of oxygen with stirring.
Aliquzts (0.10 mL) were removed through a sampling
port (without loss of pressure 1in the vessel) at
regular intervals for analysis by HPLC to monitor the
progress of the reaction. After 30 hours, the HPLC
vields of glyoxylate, oxalate, and formate were
89.5%, 3.3%, and 2.8%, respectively, and no glycolate
remained. The remaining activity of glycolate
oxidase and catalase were 52% and 50%‘of their
initial values, respectively.

EXAMPLE 6
Oxidation of Glycolic Acid

The reaction in Example 4 was repeated, except
that the concentrations of glycolic acid and
ethylenediamine were 2500 mM and 2630 mM,
respectively, and'no additional glycolate oxidase was
added at 31 hours.. After 143 hours, the HPLC yields
of glyoxylate, oxalate, and formate were 27.4%, 0%,
and 0%, respectively, and 72.6% élycolate remained,
indicating a decreasé in the rate of the reaction at
2500 mM glycolate. The remaining activity of
glycolate oxidase and catalase were 68% and'so% of

their initial values, respectively.
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Effect of Temperature of
5 Oxidation of Glvcolic Acid

The dependence of catalase and GAO activity on
the reaction temperature was determined using a 3
ounce Fischer-Porter glass aerosol reaction vessel.
Aqueous solutions (10 mL) containing glycolate (230

10 mM) , ethylenediamine (330 mM), glycoiate oxidase (0.5
IU/mL), catalase (1400 IU/mL), and FMN (0.0l mM) were
stirred at wvarious temperatures at pH 8.3 under 1
atmosphere of oxygen. After 1 hour, the yields of
glyoxylate from reactions performed at 40°C, ;O°C,

15 15°C, and 5°C were 92%, 96%, 99%, and 99%,.
respectively, while the remaining catalase/GAO
activity was 38%/87%, 60%/100%, 100%/100%, and
100%/100%, respectively. Lower reactibn-temperatures
result in higher remaining enzyme activities at high

20 glyoxylic acid selectivities.

EXAMPLE 8
Effect of Oxygeh
Oxidat ] - ) lic Acid
25 Using the procedure described in Example 1,
agueous solutiods (10 mL) containing glycolic acid
(250 mM), TRIS buffer (330 mM, pH 8.3), propionic
acid (HPLC internal standard, 75 mM), glycolate
- oxidase (spinach; 0.25 IU/mL), catalase (Aspergillus
30 niger; 1400 IU/mL), and FMN (0.2 mM) were stirred at
-30°C under 1 atmosphére of air (0.2 atmosphere of
oxygen) or 1, 2, 3, 6, or 10 atmospheres of oxygen.
The initial rates of production of glyoxylic acid
(over the first 10-15% of the reaction) at the
35 various oxygen pressures employed are listed in the
table below.
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Oxygen Pressure i Rate
5 (atmospheres) (ymol)/mi,/minute
0.2 0.027
1.0 0.156
2.0 0.301
10 3.0 0.494
6.0 0.752
10.0 1.025
15 EXAMPLE 9

Effect of Glycolate Oxidase
Concentration on Oxidation of leggiig Acid
Using the procedure described in Example 1,
aqueous solutions (10 mL) containing glycolate (250
200 mM), EDA (330 mM), propionic acid (HPLC internal
standard, 75 mM), glycolate oxidase (0.20, 0.40, or
4.0 IU/mL), catalase (1400 IU/mL), and FMN (0.0l mM)
were stirred at 15°C and‘pH 8.9 under 6 atmospheres
of oxygen. The initial rates of production of
25 glyoxylic acid (over the first 10-15% of the
reaction) when using 0.20 IU/mL, 0.40 IU/mL, or 4.0
IU/mL of beet GAO were 1.37 pumol)/mL/minute, 1.33
pmol) /mL/minute, and 1.32 pmol)/mL/minute,
respectively. Under these general reaction
30 conditions, there was no dependence of the-feactiqn

rate on enzyme concentration.

EXAMPLE 10
Oxidation of Glycolic Acid
335 Demonstration of the enzymatic synthesis of

glyoxylic acid on a large scale was performed in an
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Amicon Model 2000 High-Output Stirred Cell, where_a
1.6 mm thick Teflon® sheet was substituted for the
filtration membrane, and which had a magnetically
driven paddle stirrer. Glycolate oxidase (2000 IU,
1solated from spinach) was added to 2.0 L of solution
containing glycolic acid (113 g, 1.49 moles),
ethylenediamine (95 g, 1.58 moles), FMN (9.7 mg, 0.02
mmoles), and catalase [2.8 x 106 IU, from Aspergillus
niger (Sigma)], and the resulting mixture (final pH =
8.9) was stirred at 15°C under 6 atmospheres of
oxygen. Aliquots were removed at regular intervals
for analysis by HPLC to monitor the progress of the
reaction. After 77 hours, HPLC analysis of the
reaction mixture indicated that glyoxylic acid (110
g, 99.6% yield), formic acid (0.2%), and oxalic acid
(0.2% yi1eld) were the only reaction products;
complete conversion of glycolic acid was attained.
Glycolate oxidase and catalase activities were 74%
and 87% of their initial activities, respectively.
The reaction was terminated by sparging the solution
with nitrogen, then heating the reaction mixture to
70°C for 5 minutes under a nitrogen blanket.
Precipitated protein was removed by centrifugation,
and FMN removed by filtration of the reaction mixture
through activated carbon. Any remaining soluble
protein was removed by filtration using a Millipore
Minitan Filtration System™with a 10,000 mw cutoff
filter, then glyoxylate and ethylenediamine (EDA)
were separated by 1on exchange chromatography.

Amberlite™ CG-120 (900 g, Rohm & Haas, 100-200
mesh, 4.5 meg/g) was suspended in 1.0 N HCl to yield
2.0 L of swollen resin, which was then rinsed with
distilled water to remove excess HCl. A S50 x 100 cm
Pharmacia K column was packed with 1900 ml of washed

. o T e e eNgE I AN 1T eI e ey ¢
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resin, 2.0 L of distilled water was pumped through
the column at 8.0 mL/minute, then one-half of the
glyoxylic acid/ethylenediamine (EDA) reaction mixture
(containing 0.78 moles of EDA and 0.75 moles of
glyoxylic acid) was loaded onto the column at a flow
rate of 8 ml/minute. Glyoxylic acid was collected
during an initial water elution phase, which was
monitored by absorbance at 254 nm. Approxzimately 2.2
L of glyoxylic acid-containing eluent were

collected. Ethylenediamine was eluted with 3.4 L of
1 N NaOH, yielding 0.77 moles of EDA (99% recovery).
The column was reequilibrated by washing with 1 N HCl
(2.4 L) followed by 3 L of distilled water to remove
chloride. The combined column fractions containing
glyoxylic acid from the ion exchange column
separation of two 1.1 L fractions of the glyoxylic
acid/EDA eluate were combined and concentrated by
rotary evaporation at 40°C to produce a 50 wt.%
solution containing 1.40 moles (94% yield) of
glyoxylic acid; the‘purity of the glyoxylic acid
produced was greater than 99.5% as determined by,13C
NMR spectroscopy and HPLC analysis.

EXAMPLE 11

Oxidatic of lvcolic Acid

The reaction in Example 1 was repeatedQ except
that the addition of catalase was omitted. After 4
hours, the HPLC yields of glyoxylate, oxalafe, and
formate were 6.2%, 0.7%, and 16.3% respectively, and
7.1% glycolate remained, demonstrating the lower
selectivities obtained when catalase is absent. The
remaining activity of glycolate oxidase was 5% of 1its

initial value.
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EXAMPLE 12
Oxidation of Glvcolic Acid
A stock solution was prepared by mixing 12.5 g
of deionized water, 300 mg of glycolic acid, 1.2 g of
TRIS and 1.0 g of a 0.02 mM solution of FMN in a pH

6.8 phosphate buffer. A 10 g portion of the stock
solution was placed 1n a 250 mL Erlenmeyer flask with

2 mg of bovine liver catalase (purchased from Sigma
Chemical Co., St. Louils, MO, 63178, catalog number
C-10, about 1200 IU/mg). A 0.5 g portion of a
glycolate oxidase suspension (Sigma catalog number
G-4136, from sugar beets, the solution containing 2.4
M (NH4),50,4, 10 mM TRIS, 5 mM FMN, and having about
7.5 IU/ml) was centrifuged and the liquid was 
discarded. The solid was added to the solution. in
the Erlenmeyver flask. The pH was 8.5. The flask was
purged with oxygen for 5 min at about 200 mL O,/min.
The flask was sealed and then shaken with a wrist
action shaker for about 23 hr. Analysis by HPLC

{(similar to but not exactly the same as described

above) showed that the glycolate had been completely
oxidized to glyoxylate and a small amount of oxalate.

.. ) ‘. (] A L 4 '. - ~ ) "
& Ll C INOL NN 53 (3L & U LIl O Wi -4 (A { o

A stock solution was prepared by mixing 12.4 mL

0of deionized water, 305 mg of glycolic acid, 1.0 g of

0.15 mM FMN i1n a pH 7.5 phosphate buffer, and 1.3 g
of 20 weight percent solufion of ethylenediamine in
water. A reaction mixture was prepared by mixing 12
g of the stock solution, 4 mg of bovine liver
catalase (Sigma, catalog number C-10, about 2800
IU/mg), and the centrifuged solid f£rom 1.0 g of a
commercial glycolate oxidase suspension (Sigma
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G-8620, containing 3.2 M (NH,),SO,, 2 mM FMN, 2.8
IU/mL, the glycolate oxidase being isolated from
spinach). The pH was 9.1.

The reactor had 3 components, a 3.65 M length
of 1.6 mm ID by 3.2 mm OD silicone rubber tubing (Dow
Corning Corp.), a Masterflex™peristaltic pump, and a
10 mm ID by 100 mm long (glass) test tube which
served as a reservoir. The tubes to and from the
pump passed through a septum which closed the test
tube reservoir. The reaction mixture was put into

the reactor and then pumped through the tubing for
about 23 hr at a rate of 3.5 mL/min. During_this

time about 5 mL was in the tubing and 5 mL was 1n the
reservolir (but all was circulated around). ,Thé
tubing was coiled lodsely ln 8 gentle flow of air.
HPLC analysils (similar to but not exactly the same as
described above) showed complete oxidation of the

glycolate to glyoxylate and a small amount of oxalate.

EXPERIMENT 2
- 0xidation © , 013 ACiC

Into a3 15 mL polypropylene centrifuce tube were
placed 3 mL of an agqueous solution contalning
glycolic acid (3.3 mM), KoHPO, (33 mM, pH 8.0),
glycolate oxidase (spinach, 0.33 IU/mL), catalase
(bovine liver, 1400 IU/mL), and FMN (0.0l mM). The
solution was maintained at 30°C in air, and 0.15 mL
aliquots were removed, filtered through a Millipore
10,000 MW cutoff filter, and analyzed by HPLC. After
1 hour, the yields of glyoxylate, oxalate, and
formate were 80.9%, 3.8%, and 0%, respectively, and
15.5% glycolate remained. After 2 hours, the yields
of glyoxylate, oxalate, and formate were 80.6%,
19.7%, and 0%, respectively, and no glycolate

remailned.
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understood that there is no intent to limit the
invention to the precise constructions herein
disclosed, and it 1is to be further understood that
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10 modifications coming within the scope of the
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What is claimed is:

1.

10.

11.

12.

A process for the production of glyoxylic acid comprising contacting, In aqueous
solution, at a pH of about 7 to about 10, glycolic acid, glycolate oxidase and
oxygen in the presence of catalase, and wherein the mitial concentration of the

glycolic acid is 200 mM to about 2500 mM and recovering the glyoxylic acid.

The process of Claim 1 wherein the initial glycolic acid concentration is about

250 mM to about 1500 mM.

The process of Claim 2 wherein the initial glycolic acid concentration 1s about

500 mM to about 1000 mM.

The process of Claim 1 wherein the glycolate oxidase is present at a concentration

of about 0.001 to about 1000 IU/mL.

The process of Claim 4 wherein the glycolate oxidase is present at a concentration

of about 0.1 to about 4 [U/mL.

The process of Claim 1 wherein the pH 1s about 8.0 to about 9.5.

The process of claim 6 wherein the pH 1s 8.0 to 9.0
The process of Claim 3 wherein the pH is about 8.0 to about 9.5.

The process of Claim 1 wherein the pH is adjusted to about 9.5 at the start of the

reaction and is permitted to decrease to as low as about 8.0 as the reaction

proceeds.

A process for the production of glyoxylic acid, comprising contacting, in aqueous
solution, at a pH of about 7 to about 10, glycolic acid, glycolate oxidase and
oxygen, in the presence of an amine, selected from the group consisting of
ethylenediamine, tris(hydroxymethyl)methylamine, and mixtures thereof, wherein
the initial concentration of the glycolic acid is 200 mM to about 2500 mM and

recovering the glyoxylic acid.
The process of Claim 10 wherein the initial amine is ethylenediamine.

The process of Claim 10 wherein the glycolate oxidase 1s present at a

concentration of about 0.001 to about 1000 IU/mL.
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The process of Claim 10 wherein the pH 1s 8.0 to 9.5.

The process of claim 10 wherein the amine is present in excess amount over the

molar amount of glycolic acid.

The process of Claim 10 wherein the starting amine to glycolic acid ratio 1s about

1.0 to about 3.0

The process of Claim 10 wherein the starting amine to glycolic acid ratio 1s about

1.0 to about 2.0

The process of Claim 10 wherein the starting amine to glycolic acid ratio 1s about

1.05 to about 1.33.

A process for the selective production of glyoxylic acid comprising contacting, in
aqueous solution, at a pH of about 7 to about 10, glycolic acid, glycolate oxidase

and oxygen, in the presence of catalase, and wherein the initial concentration of
said glycolic acid is 200 mM to about 2,500 mM and recovering the glyoxylic

acid..

The process of Claim 18 wherein the concentration of catalase 1s about 50 to

about 100,000 IU/mL.

The process of Claim 19 wherein the concentration of catalase of about 350 to

about 14,000 IU/mL.

The process of Claim 19 wherein the ratio of catalase to glycolate oxidase 1s at

least 250:1.

The process of Claim 1 wherein an amine, selected from the group consisting ot
ethylenediamine, tris(hydroxymethyl)methylamine, and mixtures thereof, 1s also

present.

The process of Claim 22 wherein the initial amine to glycolic acid ratio 1s about
1.0 to about 2.0, the initial concentration of catalase is about 50 to about 100,000

[U/mL and the intitial concentration of glycolate oxidase is about 0.001 to about

1000 ITU/mL.

The process of claim 23 wherein the initial amine to glycolic acid ratio 1s about
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1.05 to about 1.33, and the initial concentration of catalase is about 350 to about

14,000 IU/ml and the initial concentration of glycolate oxidase 1s about 0.1 to

about 4.0 IU/mL.
The process of Claim 24 wherein the pH is about 8.0 to about 9.5.

The process of Claim 25 wherein the temperature is about 0°C to about 40°C

provided, however, that the temperature is not so low that water in the reaction

mixture freezes.

The process of Claim 26 wherein the temperature is about 5°C to about 30°C.
The process of Claim 27 wherein the temperature is about 5°C to about 20°C.

The process of Claim | wherein the oxygen i1s added as a gas at atmospheric

pressure.

The process of Claim 1 wherein oxygen 1s added at a pressure sufficient to

maintain a high oxygen dissolution.

The process of Claim 30 wherein the oxygen 1s added as a gas at a pressurc up to

about 50 atm.

The process of Claim 31 wherein the oxygen is added as a gas at pressure up to

about 15 atm.

The process of Claim 3 wherein an amine, selected from the group consisting of

ethylenediamine, tris(hydroxymethyl)methylamine, and mixtures thereof, 1s also

present.

The process of Claim 33 wherein the initial amine to glycolic acid ratio 1s about
1.0 to about 3.0, the initial concentration of catalase is about 50 to abort 100,000
[U/mL and the intitial concentration of glycolate oxidase is about 0.001 to about

1000 IU/ml.

The process of claim 34 wherein the initial amine to glycolic acid ratio is about
1.05 to about 1.33, and the initial concentration of catalase is about 350 to about
14,000 TU/ml and the initial concentration of glycolate oxidase 1s about 0.1 to

about 4.0 IU/mL.
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The process of Claim 35 wherein the pH is about 8.0 to about 9.0,

The process of Claim 36 wherein the temperature is about 0°C to about 40°C

provided, however, that the temperature is not so low that water in the reaction

miXxture freezes.

The process of Claim 37 wherein the temperature is about 5°C to about 30°C.
The process of Claim 38 wherein the temperature is about 5°C to about 20°C.

The process of Claim 37 wherein the oxygen 1s added as a gas at a pressure of up

to about 50 atm.

The process of Claim 40 wherein the oxygen is added as a gas at a pressure of up

to about 15 atm.

The process of Claim 1 wherein flavin mononucleotide (FMN) is also present in

the process.

The process of Claim 10 wherein FMN is also present in the process.
The process of Claim 18 wherein FMN is also present in the process.
The process of Claim 22 wherein FMN is also present 1n the process.

The process of Claim 42 wherein additional FMN at a concentration of about 2.0

mM or less 1s added to the process.

The process of Claim 46 wherein the additional FMN 1is added at a concentration

from about 0.01 to about 0.2 mM.

The process of Claim 1 wherein the oxygen for the reaction is added as a gas and
is contacted with the aqueous solution by agitation of the solution at an interface

between the oxygen and the reaction solution.

The process of Claim 22 wherein the oxygen for the reaction is added as a gas and
is contacted with the aqueous solution by agitation of the solution at an interface

between the oxygen and the reaction solution.

The process of Claim 1 wherein the oxygen is added through a membrane

permeable to oxygen.
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The process of Claim 22 wherein the oxygen is added through a membrane

permeable to oxygen.

The process of Claim 48 wherein the oxygen is added as air.

The process of Claim 51 wherein the oxygen is added as air.

The process of Claim 48 wherein the oxygen is in essentially pure form.
The process of Claim 49 wherein the oxygen is in essentially pure form.
The process of Claim 1 subjected to agitation.

The process of Claim 1 wherein the reaction temperature is about 0°C to about
40°C, provided, however, that the temperature is not so low that water in the

reaction mixture freezes.

The process of Claim 57 wherein the reaction temperature is between about 5°C

to about 30°C.

The process of Claim 58 wherein the reaction temperature is about 5°C to about

20°C.

The process of Claim 3 wherein the reaction temperature is between about 0°C to
about 40°C, provided, however, that the temperature 1s not so low that water 1n

the reaction mixture commences to freeze.

The process of Claim 60 wherein the reaction temperature is between about 5°C

to about 30°C.

The process of Claim 51 wherein the reaction temperature is about 5°C to about

20°C.

The process of Claim 1 wherein any enzymes present after the reaction are

removed by filtration.

The process of Claim 18 wherein the initial glycolic acid concentration is about

500 mM to about 1000 mM.

The process of Claim 64 wherein the glycolate oxidase is present at an initial

concentration of about 0.001 to about 1000 IU/mL.
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The process of Claim 65 wherein the glycolate oxidase 1s present at an initial

concentration of about 0.1 to about 4 IU/mL.
The process of Claim 18 wherein the pH is about 8.0 to about 9.0
The process of Claim 65 wherein the pH is about 8.0 to about 9.5.

The process of Claim 22 wherein the amine 1s ethylenediamine or

tris(hydrox ymethyl)methylamine.
The process of Claim 69 wherein the only amine present is ethylenediamine.

The process of Claim 69 wherein the starting amine to glycolic acid ratio 1s about

1.0 to about 2.0.

The process of Claim 71 wherein the starting amine to glycolic acid ratio 1s about

1.05 to about 1.33.

The process of Claim 72 wherein the initial concentration of catalase 1s about 50

to about 100,000 IU/mL.

The process of Claim 78 wherein the initial concentration of catalase of about 350

to about 14,000 IU/mL.

The process of Claim 71 wherein the initial concentration of catalase 1s about 350

to about 14,000 IU/mL.

The process of Claim 75 wherein the initial concentration of glycolate oxidase 1s

about 0.1 to about 4 IU/mL.

The process of Claim 76 wherein the initial ratio of catalase to glycolate oxidase

1s at least 250:1.
The process of Claim 77 wherein the pH 1s about 8.0 to about 9.5.

The process of Claim 78 wherein the temperature is about 0°C to about 40°C
provided, however, that the temperature is not so low that water in the reaction

mixture freezes.
The process of Claim 79 wherein the temperature is about 5°C to about 30°C.

The process of Claim 80 wherein the temperature is about 5°C to about 20°C.
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The process of Claim 79 wherein additional FMN at a concentration of about 2.0

mM or less 1s added to the process.

The process of Claim 82 wherein the additional FMN is added at a concentration

of about 0.01 to about 0.2mM.

The process of Claim 81 wherein the ratio of catalase to glycolate oxidase 1s at

least about 250:1.
The process of Claim 3 wherein FMN is also present in the process.

The process of Claim 44 wherein additional FMN at a concentration of about 2.0

mM or less 1s added to the process.

The process of Claim 86 wherein the additional FMN is added at a concentration

of about 0.01 to about 0.2mM.
The process of Claim 37 wherein FMN is also present in the process.
The process of Claim 26 wherein FMN is also present in the process.

The process of Claim 89 wherein additional FMN at a concentration of about 2.0

mM or less i1s added to the process.

The process of Claim 90 wherein the additional FMN is added at a concentration

of about 0.01 to about 0.2mM.

The process of Claim 43 wherein additional FMN at a concentration of about 2.0

mM or less 1s added to the process.

The process of Claim 92 wherein the additional FMN is added at a concentration

of about 0.01 to about 0.2mM.

The process of Claim 20 wherein the glycolate oxidase 1s present at a

concentration of about 0.1 IU/mL to about 4 IU/mL.
The process of Claim 94 wherein the pH is about 8.0 to about 9.5.

The process of Claim 95 wherein the temperature is about 0°C to about 40°C

provided, however, that the temperature is not so low that water in the reaction

mixture freezes.
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The process of Claim 96 wherein the temperature is about 5°C to about 20°C.
The process of Claim 97 wherein FMN is also present 1n the process.

The process of Claim 1 wherein any enzymes present after the reaction are

removed by filtration, heating or both.

The process of Claim 10 wherein any amines present after the reaction are

removed by use of an ion exchange resin.

The process of Claim 22 wherein any amines present in the reaction are removed

by use of an ion exchange resin.

The process of claim 1 wherein the concentration of catalase 1s about 50 to about

100,000 IU/mL.

The process of claim 1 wherein the concentration of catalase is about 350 to about

14,000 IU/mL.

The process of claim 1 wherein the ratio of catalase to glycolate oxidase 1s at least

250:1.
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