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Organic Synthesis Using Enzymes in Two-Phase
Aqueous Ternary Polymer Systems

Sir:

The practicality of enzymes as catalysts in organic syn-
thesis often depends on the efficiency with which they can
be recovered from product mixtures and reused.l '2 Two
general approaches are presently available to the design of
synthetic reactors based on enzymes: either the enzymes
may be immobilized on (in) an insoluble support, or they
may be used in solution and reisolated by ultrafi ltration, ad-
sorption, precipitation, or other methods.2 When applicable,
immobilization is usually the preferable approach: immobil-
ized enzymes often enjoy protection against deactivation by
adventit ious proteases and are not exposed to the potential-
ly deactivating conditions encountered during isolation
from solution. Immobilized enzymes are, however, not ap-
plicable in reactions involving insoluble substrates, or in se-
quences requiring the enzymes to associate with or disso-
ciate from other insoluble proteins or macromolecules dur-
ing reaction.3 Further, partial or complete deactivation
often accompanies the immobilization of sensitive enzymes.

We wish to describe a new strategy for uti l ization of en-
zymes as catalysts in organic synthesis based on their parti-
t ion in aqueous two-phase ternary polymer systems. Many
aqueous polymer solutions show low mutual solubil ity, and
two-phase ternary polymer systems have been extensively
uti l ized for biochemical separations.a's The partit ion of ma-
terial between the two phases depends on the composition,
pH, and ionic strength of the system,4 and is also affected
by the presence of polyelectrolytes6 or specific l igands cova-
lently bound to one of the polymers.T Characteristically, the
partit ion coefficients, K,E of various proteins between the
phases of the system formed from dextran and poly(ethyl-
ene glycol)  (PEG) in watere are in the range K = 0.1 to l0.a
Low molecular weight substances such as inorganic salts,
amino acids, sugars, and nucleotides partit ion almost equal-
ly between the two phases ( i .e. ,  K = |  ) .  We take advantage

of the difference in K between substrate, product, and enzy-
matic catalyst to construct a two-phase biosynthetic reactor
(TPBR). An efficient TPBR should consist of two, immisci-
ble, aqueous polymer phases in which the enzyme is parti-
t ioned predominantly into one phase. If the partit ion coeffi-
cient for enzyme is far from unity, and that for substrates
and products is close to unity, it is possible to separate the
enzymatic catalyst from products efficiently by extraction.
To assess the influence of the magnitude of K of an enzyme
in a two-phase system on the operation of a TPBR, it is use-
ful to analyze a simple model. We assume that the init ial
quantity of the enzyme added to the TPBR is 16, the vol-
ume of the upper (enzyme poor) phase is Z1 and its enzyme
concentration is C1, and the volume of the lower (enzyme
rich) phase is V2 and its enzyme concentration is Cz. The
loss of enzyme from the lower phase in each stage of sepa-
ration is described by eq 3. For

K = CrlCz

A o  =  A t  *  A z  =  C r V r  *  C z V z  ( 2 )

A t  =  A s ( \  +  V 2 ( K V t ) - ' ) - r  ( 3 )

an enzyme with K = 0.001 in a TPBR with VlY2 = 100,
the loss of enzyme from the lower phase to the upper in one
stage would be 9.17o. Since for most enzymes values of K
<0.001 or )1000 are unl ikely,3 countercurrent operat ion
with multiple partit ion of the product mixture is necessary
to minimize loss of the enzyme from a TPBR.

The operation of a single stage of this type of reactor has
been demonstrated using a model system based on glucose
6-phosphate dehydrogenase (G-6-PDH, .D-glucose 6-phos-
phate:NADP+-oxidoreductase, EC 1.1.1.49) isolated from
Torula yeast.r0 The partit ion coefficient of G-6-PDH in the
commonly used dextran-PEG two-phase system is K = 0.20
(Table I); this value indicates that the protein partit ions to
the extent of 837o in the lower (dextran rich) phase at a
phase volume rat io,  Vr lVz = l .  Because this part i t ion rat io

( l )
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Table I. Partit ion Coefficients, K, for G-6-PDH, Its Conjugate with
Modi f ied Polyethylene Glycol ,  Substrate,  Cofactor ,  and Product  in
Dextran-PEG and Ficoll-UCON Two-Phase Systems

Partit ion coefficient, Kd

Substance Dextran-PEGb Ficol l -UCONc

sari ly the case that manipulat ion of polymer composit ions
wil l  generate ternary two-phase systems in which some ar-

bitary enzyme wil l  show both satisfactory part i t ion coeff i-

cients, good activi ty, and long operating l i fet ime. We have

brief ly explored the practical i ty of modifying the enzyme
instead of the ternary polymer system to inf luence i ts part i-

t ioning characterist ics. a,t  r- Di-p-nitrobenzoxypoly(ethylene-
glycol) ( l)  was synthesized by the reaction of the potassium

sal t  o f  PEG wi th  p-n i t robenzy l  bromide in  DMSO. Com-
pound I was reduced with alkal ine aqueous hydrosulf i te to

a;. i ' -di-p-aminobenzoxypoly(ethylene glycol),  to which G-

6-PDH was coupled by t reatment  wi th  l -e thy l -3- (3-d i -

methylaminopropyl)carbodiimide hydrochloride in a phos-

phate buf fer  a t  pH 4.80.  The crude G-6-PDH-PEG conju-
gate (22o/o yield, calculated on the basis of enzymatic act ivi-

ty ) ,  had K = 3 .0  in  the dext ran-PEG two-phase system,

and was assumed to be a mixture of conjugates with dif fer-

ent K values. I t  was purif ied by successive part i t ion between

PEG and dextran phases unti l  a constant r( = 27 was

reached (9.5Vo yield, based on original act ivi ty).  Thus, con-
jugation of G-6-PDH with a functional ized polyethylene
glycol results in a 135-fold increase in part i t ion coeff icient
(Table  I ) ,  w i th  the G-6-PDH-PEG conjugate par t i t ion ing,

as expected, predominantly into the more hydrophobic PEG

phase in a PEG-dextran two-phase system. This result em-
phasizes the potential f lexibi l i ty of the TPBR; i t  is possible

to manipulate the part i t ion coeff icients of enzymes between

the two phases by choice of polymers, by changing ionic
s t rength and composi t ion and pH,  and by chemica l  modi f i -
cation of the enzymes: control of the part i t ion coeff icients
of start ing materials, products, and cofactors should also be
possible. Judicious adjustment of al l  of these part i t ion coef-
f icients should make i t  possible to separate enzymatic act iv-
i ty from products eff iciently in many ful ly developed sys-
tems .

A number of questions must be explored before a large-
scale TPBR based on cel l- free enzym^tic catalysis can be
constructed routinely. First,  how do the polymers that com-
pose the two phases inf luence substrate, product, and cofac-
tor binding and substrate turnover at the enzyme active
site? Second, what are the characterist ics of dif fusion of
subst ra tes and products  wi th in  a  s ing le  phase and between
two phases of the ternary polymer system, and how does
th is  d i f fus ion in f luence the product iv i ty  o f  a  TPBR? Thi rd ,
what are the most eff icient methods of dispersing the phases
in  one another ,  and of  separat ing them af ter  react ion?
Fourth, how are enzymatic and cofactor l i fet imes in these
systems maximized? F i f th ,  what  are the most  e f f ic ient
methods for separating polymers from products? Work on
these problems is in progress. Although these questions can-
not presently be answered, i t  is clear that two-phase ternarl"
aqueous polymer systems already provide a useful basis for
u t i l i z ing enzymes in  bench-sca le  organic  synthes is .  and
offer a potential ly practical approach to large-scale synthe-
s is  wi th  enzymes whose const i tu t ion or  mechanism of  act ion
prec lude convent iona l  immobi l iza t ion methods.
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would be unsat is factory for  ef f ic ient  " immobi l izat ion" of

the enzyme in a TPBR without  several  countercurrent  ex-

t ract ion stages,  other two-phase systems were explored

which were expected to minimize or  maximize K.  Systems

incorporating ionic polymers were avoided, on the (untest-

ed) bel ief that they might interact with the enzyme, sub-
strate, or product in undesirable ways. The most useful sys-
tem seemed to be that which involved neutral polymers hav-
ing the largest possible dif ference in hydrophil ici ty; we em-
ployed Ficol l  (a synthetic polymer of sucrose) and UCON
50 HB 5100 (a  copolymer  o f  e thy lene g lyco l  and propy lene
glycol).  The part i t ion coeff icient for G-6-PDH in this sys-
t em was  0 .008 .1 |

A representative experimental procedure for the conver-

sion of glucose 6-phosphate to 6-phosphogluconate i l lus-

trates the synthetic appl icat ion of this two-phase system.
Reaction was carr ied out in a 150-ml polyethylene centr i-
fuge tube, equipped with a Teflon-coated magnetic st irr ing
bar  and a pH e lect rode.  The UCON phase (90.0 ml )  was

added in to  the tube,  and,  wi th  gent le  s t i r r ing,  0 .855 g (1 .00

mmol)  o f  NADP+ and 0.300 g (  1 .05 mmol)  o f  g lucose 6-
phosphate were dissolved in this solut ion. The solut ion was

adjusted to pH 7.51 by adding a few drops of 50olo aqueous

sodium hydrox ide.  G-6-PDH (220U.)  was d isso lved in  10.0

ml of the Ficol l  phase, and added to the well-st irred UCON
phase. The pH of the heterogeneous reaction mixture de-
creased sharply during the f irst 5 min, and became constant
at pH 7.25 after 30 min at 25". The two l iquid phases were

separated by centr i fugation. Appropriate assays indicated

the presence of  203 U.  (92o/" )  o f  G-6-PDH in  the F ico l l
phase; the experimental recovery of the enzyme was in ex-

cel lent agreement with value of 93o/" calculated using the

experimental part i t ion coeff icients. The yields of 6-phos-
phogluconate l0  and NADPH spect rophotometr ica l ly  deter -

mined in the UCON phase were 8l and 84olo, respectively;
both yields are consistent with the part i t ion coeff icient and
phase volume rat io used. Further separation and purif ica-
t ion of the products by DEAE cel lulose anion exchange
chromatography y ie lded the pure ammonium sa l ts  o f  6-
phosphogluconate and NADPH in 57 and 59olo isolated
y ie lds,  respect ive ly .

Th is  example ind icates the feas ib i l i ty  o f  car ry ing out  en-
zymatical ly catalyzed organic synthesis in a two-phase

aqueous ternary  po lymer  system,  and demonst ra tes the ease

of recovery of enzyme from product in such a system. Al-

though the par t i t ion coef f ic ient  o f  nat ive G-6-PDH f rom
Torula yeast was satisfactory for direct use in the Ficol l-
UCON system (Table  I ) ,  the par t i t ion coef f ic ients  o f  o ther

enzymes of  in terest  in  synthes is  are not ,  and i t  is  not  neces-
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