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An Enzymatic Route to L-Ornithine from Arginine- 
Activation, Selectivity and Stabilization of L-Arginase 
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DEGUSSA AG, Organic and Biological Chemistry R&D, P.O. Box 1345, D-63403 Hanau, Germany 

Abstract-The non-proteinogenic amino acid L-omithine (L-Om) can bc conveniently obtained by enzymatic hydrolysis of 
argiuiue (Arg) with argiussc (EC 353.1). Arginase from calf liver (V,, = 459 umoY(min*mg), K, = 25.5 mM) is inhibited 
competitively by L-Om (Ki = 480 mM). The enzyme was found to bc completely enantioselcctive (E-value > 100) so that D,L-kg 

can be split into D-kg and L-Om. Operational stability at 25 OC (deactivation rate coustsnt kd,,t = 3.8 x lOA h-l; 71~ = 182 h) is 
sufficient for USC in a continuous process but is significantly smaller than temperature stability (heact = 4.1 x 10m4 h-l; rta = 1682 
h); mechanical stress through stirring and unsteady Mn2+ supply owing to oxidation in the continuous process arc believed to 
cause the difference. Addition of ascorbic acid stabilizes calf liver arginasc at temperatures higher thau 25 OC (at 60 “C, AAGS = 2.9 
kJ/mol). 

Introduction 

Purpose and scope 

As components of parenteral nutritioti solutions and 
pharmaceutical intermediates, L-arginine (L-Arg) salts can 
he replaced by salts of L-omithine (L-Or-n) which have 
superior physical properties and lead to lower urea load in 
the body. L-Chn salts can be obtained either through 
ferruentation processe~~~~ based on sugars or from chemical 

or enzymatic transformation of L&g. While fermentations 
need large volumes for economical operation and while 
chemical hydrolysis of L-Arg results in by-products from 
racemization (D&g) and side reactions (citrulline), L-Om 
is accessible by enzymatic hydrolysis of L-Arg.3-5 This 
way, in large-scale synthesis as well as in the mammalian 
body as part of the urea cycle (Figure l), L-Om is obtained 
by hydrolysis of its guanidino group with L-arginase (L- 
arginine amidinohydrolase, EC 3.5.3.l)(eq. 1): 

(1) 

Figure 1. Arginase reaction in the urea cycle. 

Abbreviations: n-Arg ((R)-Arg) = D-arginine, L-Arg (@-At-g) = 
L-arginine, L-Orn ((a-Om) = L-ornithine 
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One potential drawback of the enzymatic route is that 
arginase is available from commercial sources in diagnostic 
quantities only. The goal of this work was to check 
feasibility and potential of a large-scale synthesis of L-Om 
salts based on commercially available arginase from calf 
liver. 

Properties of calf liver arginase 

Arginase is a metalloenzyme with narrow substrate 
specificity which can be isolated from different hepatic 
tissues (calfi beef,7 rat,8 or hum~9), from other organs 
such as ox erythroc test* 

Y 
but also from plants (jack 

beat&t or iris bulbs 2, or from microorganisms such as 
Bacihs subtilis’3 or Saccharomyces cerevisiae.14 All 
mammalian liver arginases seem to be composed of four 
subunits with about 30 kDa each. Table 1 summa&es the 
properties of calf liver arginase. 

Arginases contain four Mn atoms per protein molecule, 
which are essential for enzymatic activity and in some 
cases, strnctural integrity of the protein molecule (for Mn 
affinity constants of calf liver enzyme, see Table 1). The 
structure of the active site is not clear, however, C 

B 
s does 

not seem to be inv01ved.~~ Arginase is activated1 ?17 and 
stabilized4 by Mn2* ions; at the optimum pH of 9.5- 
10,r7~r8 100 8 activation is reached at 5 x lo4 M;r8 for 

Table 1. Pmpcrtin ofcalfand be&liver arginase 

possible substitutions, see Table 1. The reason for 
activation of arginase by Mn2+ ions is reversible 
dissociation of some of the manganese with a concomitant 
loss of activity. After dialysis, the beef liver enzyme 
contains only one manganese per complete enzyme 
molecule and retains 25 % of its activity,7 whereas addition 
of Mu2+ restores almost all of the original activity. 

While calf and beef liver arginase have similar structure and 
properties (see Table l), even other mammalian hepatic 
arginases differ sig~~c~dy from calf liver arginase: rat 
liver arginase dissociates into subunits upon removal of 
~g~~tg (while calf liver enzyme does not) and has 
different dissociation constants of Mn2+ from calf liver 
enzyme [rat liver enzyme: two dialyzable Mn2+ (K = 2 x 
104 M-l), two Mn2+ inaccessible to EDTA (K > 3 x lo7 
M-’ )].2u 

Prepamtion of D-arginine 

There is an increasing demand for the unnatural ammo acid 
D&g as part of pharmaceutical peptides such as LHRH 
antagonists. 21 Synthesis via resolution of a racemate of 
D,L-Arg derivatives is difficult: L-Arg is not a subs~a~ for 
acylases22 or amidnses23 and precursors cannot be 
synthesized by Strecker synthesis24 because the 
corresponding aldehyde, 5-guanidinobutyraldehyde, is not 

MN-: 120 kD (138 ktP; beef: 115 kD7) 

Conf iguratioxP*: identical tetramer 

pIb: 4.05 (beef: 5.90’) 

pIx ~ptiEulnP*” : 9. S-10 

metal atrnufP: 4 HII, 1 per suDunit 
activator: Mrf+ (optimum f&P+] = 0.5 H@)~ 

substitutions’*: 

(rel. activity) 

Cd’+ (32%: opt. p?? 9.5-10) 

Co’+ (23%: opt. pH 8.5-9) 
Ni” (8%; opt. pH 8.5-9) 

HP, Ca’+, CLP: inactive 

dissociation K ZrZ = 2.0&0.5*109 K’ [diss. at 4°C) 
constants”: K1 = 4.2+1.7*10’ BP Idias. at 37-C) 

(o-phenanthroline) K, = 2 lo* Xx (not diss. at 37-C) 

L-a&nine 100% 
D-arginine o%= 

L-canavanine 0.1%‘” 

L-homoarginine 2. OF’ 

Na-acetyl-arginine 3.9%” 
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available. However, owing to its basic nature, the abundant 
L-Arg can easily be racemized according to established 
procedure~.~ Based on the assumption, tested in this paper, 
that D-Arg is neither a substrate nor an inhibitor, arginase 
could be utilized for the co-synthesis of two valuable 
pharmaceutical intermediates: 

D,L -Arg + Hz0 + ~Arg + L-Chn + urea. (2) 

The applicability of eq. 2 depends on three conditions: 

2).‘6917 Maximum activity was found in the pH range 
between 11.0 and 12.0. Some other arginases show similar 
properties such as arginase from ox erythrocyteslu (pH 
optimum at 11.5). During most runs no buffer was added 
to the L&g substrate solution in order to keep a low salt 
level for simplified separation and work-up of the L-&n 
product. Depending on initial concentration of L-Arg 
substrate, the initial pH is between 11.0 and 11.5, i.e. in 
the optimum pH range. 

(i) calf liver arginase is sufficiently enantioselective; 
otherwise, the L-Orn product generated is not 
enantiomerically pure. 
(ii) D-Arg is neither a strong nor a non-competitive 
inhibitor, so that the L-enantiomer of Arg is transformed 
completely, resulting in enantiomerically pure D-Arg. 
(iii) D&g can be separated quantitatively from L-&n. 

In the course of L-Arg hydrolysis to L-Om, the pH 
decreases Gram around 11.5 to about 9.5. Even at pH 11.5, 
enzyme deactivation is slow enough not to cause 
significant damage. However, in this work we tested the 
hypothesis that arginase stability decreases with rising 
initial PH. As stated previously4 conversion of L-Arg to L- 
Orn by arginase does not necessitate addition of a buffer. 

D-Arg has been tested as a potential substrate; results were 
negative with arginase from mammalian livers (calf,6 ox% 
andchi~ken~) but slightly positive with enzyme from 
plants (lupins26 and jack beans”). However, the use of. 
D,L-Arg as substrate has never been explored (although the 
idea has been voiced in reE3) and neither has the effect of D- 
Arg as a potential inhibitor nor the enantioselectivity of 
any arginase. Separation of D-Arg from L-Orn might be 
achieved by ion exchange chromatography on a basic resin. 

Activation by Mn2+ ions and MnO2 precipitation. In 
accordance with the literature18 (however, see ref.31) an 
optimum concentration of the activator Mn2+ of 0.5 mM 
was found. At the prevalent alkaline pH values, MnO2 
from the oxidation of Mn2+ precipitates. To suppress 
oxidation, ascorbic acid was added as a reducing agent. It 
was found that ascorbate did not just prevent oxidation of 
Mn2+ at many conditions but also seemed to influence 
arginase activity decay (see below). 

Results 

Activity of arginase 

Activity vs pH profile. As was found earlier by our group4 
the activity vs pH profile of calf liver arginase extends far 
more to the alkaline side than mported previously (Figure 

Kinetics. Figure 3 depicts conversion vs time profiles of 
the arginase-catalyzed conversion of L-Arg to L-Orn in a 
batch reactor; parameters are substrate concentration and 
L/D-ratio of Arg. In all cases, conversion to L-Om is 
quantitative as expected from thermodynamic~;~~ however, 
at high substrate concentration or long residence time, a 
small amount of a-aminovalerolactam can be detected. 
This results from a cyclization reaction of L-&n product 
following the desired transformation: 

L-Arg 
N”z 

L-h 
N”2 

a-aminovalerolactam 

7 7.6 8 8.3 9 9.6 to 10.3 11 11.5 12 12.5 13 
inilM pH-value 

Figure 2. Activity vs pH profile of arginaae.’ 
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For all conversion vs time profiles, the concentration of L- 
Arg was varied without the addition of buffer. The enzyme/ 
substrate (L-A.rg)-ratio was kept constant at 10 k&its/ 
(LxM L&g). Thus, the profiles in Figure 3 should all 
superimpose; deviations might be caused by pH variation 
at different substrate concentration and inhibition effects. 

It can be inferred from the curves in Figure 3 that L-Arg is 
not a substrate inhibitor. Since, especially at intermediate 
conversions, the rate decreases with increasing [L&n] but 
still reaches 100 % conversion at long times the product 
most likely acts as a competitive inhibitor, in accordance 
with the literatumls The reaction rate with L-Arg is also 
decreased in the presence of equal amounts of D-Arg 
(racemate). Att&ment of complete conversion in each case 
also suggests competitive inhibition. By nonlinear 

regression of the initial rate data with L-Arg, Km was 
determined as 2S.S m&I, V,, as 459 Units I= ~moY(min 
mg)]. With typical [EJ of 0.46 PM (MW = 120 kD), &at 
can be estimated as 1.2 x 103 s-1. These data compare with 
K, values of 4.0 m.M16 (29 mM for ox liver arginase)z6 
and& values of 6 x lo3 s-1*16 or 2.2 x lo3 s-1,17 (1.17 
x lo3 s-l at pH 9.5’ for the beef liver enzy~). 

Inhibitors: L-Om, L-Lys and D-Arg. The inhibitory effect 
of L-Orn and L-Lys impurities which are often found in raw 
Arg solutions was studied further by plotting initial rates 
of a 50 mM L-Arg solution with specified amounts of 
inhibitor at the usual enzyme/substrate-ratio (Table 2 and 
Figure 4). 

Figure 3, Ccxwersion vs time profiles of the arginase reaction. 

0 0,l 0,2 0,3 0,4 05 0,8 0.7 0,8 0,Q 1 

[Inhibitor]. M 

Figore 4. Inhibition of arginase by L-&II and tLys. 
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Table 2. Effects of L-Chn and L-Lys on the hydrolysis of L-Acg 

[ L-Orn ] conversion v O.Ml=w v O.-M=- 
(M) after 2 h (%) (=W(L*h) (%I 

0 40.2 0.151 100.0 

0.01 39.0 0.146 97.0 

0.05 36.6 0.137 91.0 

0.1 28.5 0.107 70.9 

0.2 24.1 0.090 60.0 

0.4 22.3 0.084 55.5 

0.75 11.3 0.042 28.1 

[1 L-Lye 1 conversion v o.=oi- V o.arqin~u 

(M) after 2 h (2) (nol/(L*h) (8) 

0 40.2 0.151 100.0 

0.1 34.3 0.129 85.3 

0.2 32.1 0.120 79.9 

0.4 22.9 0.086 57.0 

0.5 19.9 0.075 49.5 

0.75 17.5 0.066 43.5 

Cond. 5 x lo4 M MnsO,.%O, 2.5 x lO-+M asaxbic acid, 50 mM L&g, [El = 100 kUnits/(L x ML-A@, [sld[El = 1.63 x 106, starting pH: 
11.5. 

A linear slope of a l/[fl vs [Zj plot distinguishes a purely 
competitive inhibition mechanism from a partially 
competitive one.s3 Simultaneously, the apparent and the 
intrinsic Km-value are proportional to [a according to eq. 4 
from which the inhibition constant Ki can be calculated: 

h,app = &ir~tr(~+WQ- (4) 

Since the runs have been conducted at [L-Arg] = 50 mM = 
2Krn;rntrt Vo = Vmax 2 Km,ind{Km,h& + [fl/Ki)I = Vmax 

‘Y(3 + [I]/Ki). At [Zj = Ki7 Vo = Vm, 2/(3 + 1) = Vm,x/2. 
SO, Ki CLUI be calculated with sufficient accuracy from a V, 
vs [I] plot such 8~ Figure 4. For L-Om, Ki is determined as 
487 mM (9 = 0.985), for L-Lys, Ki equals 484 mM (r2 = 
0.990), i.e. L-Cm and L-Lys are equally strong inhibitors. 
These values are far higher than those in the literature: 1.3 
mk4.6*16 At ordinary assay conditions, [L-&n] <C Ki, SO 

inhibitory effects are not observed. In this work, however, 
maximum product concentration was sought for optimal 
space-ume-yield and work-up efficiency. 

D-Arg has been tried as a substrate but not checked as 
potential inhibitor. For the results in Table 3, [L-Arg] was 
kept constant at 500 mM while increasing amounts of D- 
Arg were added to cover the range from pure L-Arg to the 
racemate @,L-Arg). While D-Arg certainly seems to inhibit 
the enzymatic hydrolysis of L-Arg, Ki,D_hg cannot be 

calculated according to the procedure applied for L-Cm and 
L-Lys because [S] = 500 mM = 20 Kmhtr and thus V, is 
too close to v,,. A rough estimate from the initial rate 
data in Table 3 suggests that the inhibition constant for D- 
Arg might be around 600-800 mM, so even at the 
solubility limit of D,L-Arg (- 1.25 M) inhibition by 
equimolar amounts of D-Arg is not important. 

Selectivity of arginase 

Enuntioselectivity of arginase. D&g is neither a substrate 
of arginase nor a non-competitive inhibitor (Figure 3); the 
other main condition for using the arginase reaction for the 
preparation of D-Arg (eq. 2) is sufficiently high 
enantioselectivity of the enzyme. In a 50:50 mixture of D- 
and L&g, the formation of L-Om as well as D-Om was 

folIowed by chiral HPLC directly from the reacting 
solution at different degrees of conversion to test the 
enantioselectivity of calf liver arginase. At no degree of 
conversion could D-Om be detected in the solution. To 
allow calculation of the E-value which characterizes 
enantioselectivity according to eq. 102’ the limit of 
detection of 1.0 % of D-Orn next to L-on? was taken as the 
maximum possible D-&n content. With e.e.p = 0.98 at 50 
% conversion (x = 0.5, based on D,L-Arg), E = 458, i.e. E 
> 100 is obtained from eq. 10. Since the e.e. of both 
isolated D&g and L-Orn products was higher than 99.8 %, 
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the above calculation of E represents a conservative 
estimate and calf liver arginase can be regarded as 
completely enantioselective. 

Stability of arginuse 

Temperature stability. To assess the storage stability of 
argiuase and to investigate the influence of temperature on 
the stability as well as the role of ascorbic acid as a 
stabilizer of arginase, deactivation curves were measured at 
different temperatures. The data in Table 4 reveal that, at all 
investigated ~rn~r~~s in the range of -25 to 60 “C, calf 
liver arginase deactivates by a simple exponential decay 
law: 

[Elti=, f = bYlactive,Ow(-~~t 0. (3 

The corresponding half-time of deactivation, 2112, after 
which 50 % of the initial activity remains, can be 
calculated by zl~ = In 2/bact. 

Table 3. Effect of &Atg on L-Arg hydrolysis by arginase 

Below room temperature, arginase is stable over several 
months at pH 9.5 if both manganese ions and ascorbic acid 
are added. In the range of temperatures typical for 
processing, stability is sufficient (TIQ at 25 “C is 70 days). 
However, even at slightly elevated temperatures, arginase 
deactivates rapidly: 2112 at 37 ‘C is only nine days. 
Without the initial addition of ascorbic acid, the enzyme 
deactivates significandy faster. The stabilization of arginase 
at temperatures higher than 25 “C through the addition of 
ascorbic acid is reflected in a lower free enthalpy of 
d~ctivatiou AGS. The activation parameters AG*, AE! and 
AS are obtained from a In (~~~/~ vs l/T plot (Figure 5) 
by taking logarithms of the expression for beact from the 
theory of absolute reaction rates 

&act = @T/h) exP [-WWRTI 
(kTlh)exp [-(AH*- TAS*)IRTI; 

ln (kd,&T) = h(k/h) + tiht - MhtT. 

@a) 

(6b) 

Ratio Arg- conversion (%) 

L/D-&q conf. 1.0 h 1.5 h 

loo:o 1; 37.4 40.7 

85:15 L(D) 25.1 34.8 

70:30 L(D) 24.6 31.8 

60~40 L(D) 22.2 32.2 

50:50 DL 15.6 19.4 

after kraiil- vo.-IwI 

2.0 h (~oVb'h) (%I 

45.6 0.187 100.0 

40.2 0.150 80.3 

35.4 0.1380 73.8 

37.8 0.1376 73.6 

26.4 0,097 59.5 

Cod. 5 x I@ M MnSO~H20,2.5 x 10m4 M ascorbic acid, 0.5 M L-Arg, [EJ = 100 kUnits/(L XM L-A@. [SJJEI = 1.63 x 106, star&g pHz 11.5. 

Table 4. Tempemture stability of calf liver arginase 

T 

(K) t-c) 
ic acid 

L (h-+1 ~,/z (h) 

253 -25 4.5*104 15359 

277 4 7.5*l.o-S 9200 

298 25 4.X.10- 1682 

303 30 1.1.10" 645 

310 37 3*2*10-' 217 

323 50 1.9*l.o-* 36.5 

333 60 7.1*104 9.8 

ut ascorbic acti 

km (h-+1 rx/n thl 

1.2.10-3 573 

5.5.10~’ 125 

4.4*10-2 15.6 

1.97*1o-z 3.52 

Cored. 5 x lo4 ~~O~.H~O, if applicable 2.5 x 10h4 M ascorbic acid, 0.75 L&g, [EJ = 10 kUni~~ x M L-A@. [Q&E] = 1.63 x 106, 
starting pH: 9.5 
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_, In (k deactiT) Wh*Kl 

-2 

-3 

-4 - 

-5 - 

-6 - 
4°C 

60% WC 37% 30% 25°C X 

-7 
I I I I I I I I I 1 I 
I I I I I I 

2,8 2,9 3 3,l 3,2 3,3 3,4 3,5 3,8 3,7 3,8 3.9 4 

l/T l 10 ̂3 [l/K) 

Figure 5. Temperature stability of calf liver arginase [log(k&T) vs l/T plot]. 

From the slopes of the In (k,-JeactlT) vs l/T plot, AH+ in 
the presence of ascorbic acid is -117.1 f 2.4 kJ/mol (25- 
60 “C; r2 = 0.9988), if stabilizer is absent AHS equals 
-138.1 f 5.2 kJ/mol (30-60 “C; r2 = 0.9972); from the 
intercepts, A# is calculated to be +15.8 f 0.7 J/mol K in 
presence and +87.7 f 1.2 J/mol K in absence of ascorbic 
acid. At 298 K (25 “C), the difference in AG$ is minimal 
-112.0 (no ascorbate) vs -112.4 lcJ/mol while at 333 K 
(60 “C), AAGS is substantially larger at 2.9 kJ/mol (- 
108.9 vs -111.8 Wmol). The data for kd,&T at 

temperatures lower than 25 “C in presence of stabilizer do 
not follow eq. 6, so that identity of the mechanism of 
deactivation most likely holds for T 2 298 K only. The 
significance of stabilization of arginase by ascorbate for the 
operational stability of the enzyme during reaction cannot 
be shown by comparing AGk but must be elucidated with 
a test of operational stability. 

Operutiond enzyme stabiliry. On both laboratory scale (10 
mL) as well as pilot scale (12 L) operational stability of 
arginase was determined with enzyme-membrane CSTRs. 
Since replenishing lost enzyme activity would have meant 
the addition of very small amounts of enzyme on lab scale, 

Table 5. Operationd stability of arginase 

both enzyme activity consumption per unit mass (kg) of L- 
Om product as well as the deactivation rate constant beact 
under operating conditions were determined from 
conversion-residence time-profiles (Table 5). If active 
enzyme concentration at time t, [Elt, is assumed to be 
proportional to degree of conversion at that time, x,, then 
the value of bact can be calculated with the exponential 
decay law eq. 7): 

OC 

XdX,l = v3lnllEJr1 = exp I-bact 01 -t2)1 (7) 

khcl = - (log &.2~X,l )V(h - t2). (8) 

Enzyme consumption per unit mass of product (EC/kg L- 
Om) is determined from the slope of conversion vs 
residence time at maximum conversion, U/h, as well as 
residence time 2, initial substrate concentration [S], and 
maximum conversion b: 

EC Wkg L-Om) = (U/h)(looo1Mw~-~&r 1% xmax). (9) 

Values for both kdeact and EC/product mass are listed in 
Table 5. 

Scaleaaitationstabilizer -stab. 
[Asc.a.)(M) (Ww L-an) (h-l) 

1omL 2OO/min 5.10-’ 10.5 15800 3.7*10+ 

1OlnL 200/min 2.5*10^' 9.5 5460 3.8*10-' 

12L recycle (T = 3h) 0 9.5 5890 n.det. 

12L no 0 9.5 5000 n.det. 

12L no 2.5=10-' 9.5 270 n.det. 

cond. 5 x 10-4 M Wq.&O, ascorbic acid as indicated, 0.75 M L-Arg, [E] = 100 kUnits/(L x M L-Arg), lsl@l = 1.63 x 106. i&&W @-value 
is pH of product solution meaured at maximum conversion. 
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The numbers for kwt at 25 “C from operational stability 
measurements (3.8 x low3 h-l; Table 5) and temperature 
stability measurements (4.1 x lOa h-l; Table 4) suggest 
that during the arginase reaction the enzyme is deactivated 
primarily by mechanical effects from stirring or, more 
likely, by irregular or insufficient supply of manganese 
activator and not by temperature effects. From the results 
in the pilot unit it is concluded that, while stopping 
mechanical agitation results in a decrease of enzyme 
deactivation, the stabilizing effect of adding ascorbic acid 
achieves the main improvement in lowering the 
consumption of enzyme units. 

Other potential causes of arginase in~t~~i~i~. Tests of 
arginase activity in a sequence of batches in the presence of 
polysulfone and regenerated cellulose membrane materials 
as well as no membrane for control revealed no difference 
in enzyme stability. Likewise, addition of large amounts of 
solid MnO2 to arginase solution to test susceptibility to 
solid precipitates did not cause change in activity during a 
sequence of four batches. 

Pmcess co~gu~i5~ and scale-up 

Since arginase was found to be sensitive to mechanical 
agitation it was decided to check the influence of agitation 
by employing either the usual recycle reactor arrangement 
with continuous pumping on the pilot scale or an 
alternative batch-UF-reactor configuration: the reaction was 
carried out in a quiescent medium to avoid mechanical 
agitation while the medium was conveyed hy~aulic~ly to 
charge the reactor and to separate the enzyme over a UF 
membrane after completion of a batch for reuse in the next 

Product 
storage 

tank 

Conventfonaf recycle reactor 

batch (Figure 6). Since residence time could not be 
determined in this set-up, k&act could not be calculated. 
Instead, enzyme unit consumption data based on the 
amount of L-Om produced were taken for comparison with 
conditions on the lab scale. 

Arginase in a pumped solution is found to be unstable at 
an initial pH of 9.5 with Mn2+ but no ascorbic acid added: 
conversion after 24 h decreased from 53 % to zero after five 
runs. Somewhat surprisingly, enzyme stabilized by half- 
equimolar addition of ascorbic acid to Mnz+ in the lab-scale 
reactor at pH 9.5 deactivated almost as fast as the 
unstabilized solution in the pilot-scale reactor (5460 vs 
5890 U/kg L-Om). A quiescent medium not containing any 
ascorbate protected the enzyme somewhat against 
deactivation, so that 8 8 conversion (down from 60 %) 
remained after eight batches (5000 U/kg L-Or@. In 
contrast, during another run in a quiescent medium at pH 
9.5 with half-e uimolar amounts of ascorbic acid added 

9 compared to Mn +, the enzyme was almost stable (88-63 
% conversion) within 12 runs (270 U/kg L-Om). 

Discussion and Conclusion 

Calf liver arginase is sufficiently stable at temperatures up 
to about 37 “C but seems to be deactivated by several other 
factors besides high temperature. Comparison between 
temperature stability and operational stability data suggest 
that mechanical stress through stirring markedly accelerates 
deactivation as do pH values above 10. However, neither 
the presence of a UF membrane nor of solid MnO2 causes 
deactivation of arginase. 

71 
H 

otdescent 
botch reactor 

8- 

Product 
storage 

Batch-uftraffftratfon-reactor 
with hydraulic transport 

Figwe 6. Process design of arginase reaction without mechanical agitation. 
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Temperature stability studies demonstrate the stabilizing where x 
effect of ascorbic acid on arginase. The reason for this 

= degree of conversion, and e.e.s and e.e.p = 

effect, while not having been proven conclusively, most 
enantiomeric excess of substrate (Arg) and product (Om), 

likely is the prevention of oxidation and concurrent 
respectively. The E-value for a completely 

removal from solution of the activator M$+ to solid 
e~tiouns~cific reaction equals one; the higher the E- 

Mno2. 
value the more en~tios~cific the enzyme with regard to a 
pair of enantiomers of substrates and products. 

The results demonstrate the utility of calf liver arginase for 
hydrolysis of L&g for synthesis of L-Om salts as well as 
of D,L-Arg for obtaining D&g besides L-Orn. While 
&+-ions are necessary and sufficient for activation, 
stabiliiation is required for sufficient enzyme operating life. 
Even on pilot scale, satisfacto~ly low values for enzyme 
consumption per kg L-Orn can be achieved. Scalability of 
the arginase reaction seems to present no particular 
problem 

Sepamtion and work-up of D-A@ and L-Om 

Experimental Section 

Materials 

Calf liver arginase {activity 110 U/r@ was obtained from 
Boehringer Mannheim (Mannheim, Germany). Amino 
acids were from Rexim (Ham, Prance). MnSO4 MnO;! and 
ascorbic acid were from E. Merck (Darmstad& Germany). 

After ar8inase reaction, the D-Arg/L-Orn solution (100 mL) 
was given on an ionic exchange column with basic resin 
(Lewatit M600) (resin volume 130 mL, height of bed 17 
cm, capacity of column 0.7 mol OH-/L resin). The Arg 
front elutes after about 50 mL at pH 11.5. The next 800 
n& contained only Arg and urea according to HPLC 
analysis. The solution was clarified with charcoal and 
concentrated on a rotary evaporator to 20 mL. Arg was 
precipitated with 3 to 5 volumes of isopropanol, filtered, 
washed and dried under vacuum at 60 “C. The dried mother 
liquor also contains Arg as side product next to urea as 
main co~onent. 

Batch conditions 

Starting pII value, except for the activity-pH curve, was 
either 11.5, the natural value for L-Arg in water, or 10.0 
(pH value of Or-n in water), adjusted from pH 11.5 with 
cont. HCI. An initial pH of 11.5 was allowed to adjust 
freely between 11.5 and 10.0 during the arginase reaction 
(V,, does not change much in that range); no buffer was 
added to the solution because high salt concentrations are 
undesirable for downstream processing. The temperature 
was 25 “C unless otherwise noted. Typical concentrations 
of L-Arg were 0.75 M. Unless otherwise mentions, 
[Mn2+ I= 5 x IO4 M. Reaction progress was followed by 
HPLC [amino column, mobile phase: phosphate buffer 
@II 6.4)/acetonitrile J . 

Orn was eluted with 200 mL 5 % acetic acid at a pH of 9.9 
to 8.5 (elution of Om starts at about 150 mL). To form the 
acetate salt, equimolar amounts of glacial acetic acid were 
added (pH value reaches 6.9), the solution clarified with 
charcoal, and concentrated to 30 mL. L-Om acetate was 
precipitated with 3 volumes of isopropanol and dried under 
vacuum at 60 “C. 

Tempermre sabi&ty 

Arginase (30 U/n&) was added to 0.75 M L-Arg; the 
enzyme converts all substrate to product so that storage 
conditions closely mimic conditions during reaction. After 
complete conversion at 25 “C after 24 h, the enzyme 
solution was stored in water baths (* 0.1 “C!) at the 
designated ~~~rn~ and pH 9.5 for defined lengths of 
time. An aliquot was added to f&h 0.75 M L&g solution 
at pH 9.5 and 25 OC. Conversion was measured after 2 h 
and compared with the value at 0 h storage time. 

Kinetic data 
Recycle react09 

Initial rate data were analyzed by a non-linear regression 
method (Marquardt routine) with the program OPTI (U. 
Giesecke, KPA Jillich). 

Determination of em&oseZectivity 

The enantioselectivity of arginase was determined by 
measuring concentrations of D&g, LArg, D-Om and L- 
Om simultaneously by HPLC (Crownpak CR+ column). 
Enantioselectivity of enzymatic reactions is expressed as E, 
given by the following equation:27 

On the lab scale, an enzyme membrane reactor (volume 10 
mL) with flat membrane (polysulfone) and stirred 
comp~nts was employed, residence times r were 
between 2.5 and 4 h. On the pilot scale, a recycle reactor 
(volume 12 L) with a hollow-fiber UP module 2.5 m2 
(Romicon), polysulfone was used; residence time z was 3 
h. Reactions conditions were as mentioned above, 

Operational enzyme stability 

E= 
in ((1 -x)(1 + a.e.s)f 

lllfl-x(lt&.&& 
ln (l-x(1-e.e.p)} 

uIL_l 
ln f I~4ND-&zl, If 

(10) 

The basis for gluing o 
B” 

rational enzyme stability has 
been described in refsz ~3~. Operational stability is 
conveniently measured in a recycle reactor operated as a 
CSTR with defined residence time 2, initial substrate 
concentration [&,, and initial enzyme concentration [.E’Jo. 

In the course of the reaction, the enzyme deactivates, i.e. 
[E] decreases. To keep the degree of conversion constant, 
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either fresh enzyme has to be added, effectively bringing [Ej 
back up to [J?&,, or 2 has to be increased to compensate for 
the decrease in active enzyme concentration due to 
inactivation. Choosing the first strategy, enzyme stability 
can be expressed as the amount of enzyme (in units or 
weight) consumed per unit mass of product, EC/unit mass 
of product. 
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