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Control of Enzyme Activity in Organic Media by Protein-NH"CI~ == Protein-NH,+ H" + CI” (1)
Solid-State Acid—Base Buffers

Protein-COOH+ Na™ == Protein-COONa" + H™ (2)

Evagelos Zacharis, Barry D. Moore,* and Peter J. Halling* o . . .
g y g Equilibrium can be reached with other pairs of species able

Departments of Bioscience & Biotechnology to exchange lons in the Same way, S”.Ch. asAaand HA
and Pure & Applied Chemistry dls_solved in the organic pha&eThe equ|I|br|_a can be_ charac-
University of Strathclyde, Glasgow G1 1XW, UK. terized by potentials for the exchange of ions, whlch car.l.be
presented as products or ratios of thermodynamic activities,
Receied August 1, 1997  a*ac- andayt/aya.> Each protein group will have a char-
acteristic value of the appropriate potential.
The behavior of enzymes is strongly dependent on the Another type of equilibrium that can exchange ions in the
protonation state of their ionizable groups. In low-water média, same way involves solid-phase species,fe.g.
the initial protonation state of enzymes is set by the pH of the
aqueous medium from which they are drfethut may be Lys-HCI
controlled subsequently by appropriate “organic-phase buffers”.
Here, we identify a new versatile method of control based on Such a pair of solids will generate a single characteristic value
“solid-state buffers”. These consist of pairs of crystalline solids of ay+aci- at equilibrium, since the crystalline solids will have
that can be interconverted by exchange dfahd another ion. a fixed thermodynamic activity, whatever their quantity. An
Each pair sets, at equilibrium, a characteristic potential for the alternative, equivalent picture is the generation of a fixed
appropriate acigbase exchange, quantifiable as a ratio or (extremely small) partial pressure of HCl gas. It is possible to
product of thermodynamic activities of ions. The concept was think of a combination of reactions 1 and 3 as an equilibrium
demonstrated by adding insoluble mixtures of zwitterionic amino between the solid pair and protein amino groups:
acids and their hydrochloride salts to a suspension of im-
mobilized subtilisin in hexane or toluene. As predicted, the Protein-NHCI™ + Lys,, = Protein-NH + Lys-HCI

cryst ~

eryst = LYSeryet + HT + CI” ()

cryst

rate of enzyme-catalyzed transesterification depends on the @)
choice of solid buffer pair, here decreasing in the sequence:
Lys and LysHCI, Arg and ArgHCI, Lys-HCI and Lys2HCI. Thus, the solid buffer pair will control the protonation state of

Importantly, the rates were independent of both the initial the protein.
aqueous pH to which the immobilized enzyme was adjusted  Figure 1 shows how subtilisin activity in hexane is affected
and of the ratio of the solid species. The acizhse exchange by the pH of the aqueous solution in which the immobilized
potential of these solid-state buffers is theoretically solvent- enzyme is washed before drying. Without other additions, the
independent, giving an important advantage over organic-phasewell-known phenomenon of “pH memory” is clearly observed.
buffers. Combined with their ease of use, this may lead to In contrast, in the presence of solid particles of Lys and-Lys
widespread applications for the control of protein ionization HCI, there is little dependence on previous aqueous pH,
states in organic media. consistent with the proposed buffering action. The rate is also
Change in the protonation state of functional groups on a around four times that in the optimal pH control. This latter
protein requires a balancing change in counterions. The higheffect is less obviously expected, but clearly valuable for
dielectric in agueous solution means these counterions are freeapplications. It probably reflects the fact that the enzyme
to move away from the protein. As a result, their identity often activity will depend on at least two independent acixhse
does not affect ionization; therefore, pH alone describes parameters, as introduced above. Adjusting the pH of the initial
behavior. In low-water organic media, where dielectric is aqueous sodium phosphate buffer will principally affagt/
smaller, the counterions will be much more closely associated ay,+ (or pH — pNa) of the dried enzyme, and probably cannot
with the protein molecules. Hence, the protonation of protein bring ay+ac- (or pH + pCl) into the range achieved with the
groups will be controlled by the availability of both counterions Lys and LysHCI solid buffer. This is an example of how these
and H". Hence, it is best to consider equilibria explicity ~ two parameters can be independently manipulatamithat the
involving counterions, such as the following: full acid—base behavior of the enzyme in low-water media is a
function of both.
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Figure 1. Solid-state acigtbase buffer overcomes the effect of previous
aqueous pH. Subtilisin Carlsberg was immobilized by covalent attach-
ment to PolyHipe beads, as descrilié@ihe beads were washed in 20
mM aqueous sodium phosphate buffer of the given pH before air drying.
The catalyst (15 mg) and the organic phase (5 mL of hexane with 20
mM Ac-Phe-OEt ad 1 M PrOH) were separately pre-equilibrated to
thermodynamic water activity of 0.87. They were then shaken together
at 22°C, with periodic samples analyzed by GLC. The initial rate was
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positions of other equilibria. Table 1 shows the effects of the
solid buffers on the equilibrium between 1.8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) and its hydrochloride ion pair in homoge-
neous organic solution. We have previously used such DBU-
based buffers to control the activity of subtilisin in pentan-3-
one3 The effective basicity parallels the catalytic activity
obtained with each pair, suggesting that the optimal value of
ay+ac- for this enzyme is equal to or smaller than that in
equilibrium with Lys and LysHCI.8

It should be noted that these effects are quite different from
the effects of co-drying salts and buffers with the enzyme
preparation8. Addition of solid KCI to our reaction system
had no effect on the rafé. It is interesting however, that solid-
state acie-base buffer pairs may also be generated inadvertently
during drying of enzymes from buffered aqueous solutions. This
may be one reason for the observed dependence of activity in
organic media on the type of buffer us®d as well as previous
aqueous pH.

As explained, thermodynamics indicates that the solid pairs
used should fix the protein protonation state at equilibrium. Less
expected is the finding that the effect on the enzyme and its
catalytic activity is rapid. To test this more clearly, we
performed a reaction with a high enzyme concentration of 36 g

determined as the linear increase in Ac-Phe-OPr concentration overLfl, so the reaction progress could be followed over a shorter

24 h or so, and normalized to the total weight of the immobilized
enzyme preparation. Where shown, 100 mg each of Lys andHGls
were added at the start of the reaction. (The same rates were obtaine
if these solids were present during water activity pre-equilibration.)
All points represent at least two replicates in close agreement. The
effect, and others reported in this paper, have also been demonstrate
with two different batches of immobilized enzyme.

Table 1. Effects of Different Types of Solid-Phase AciBase
Buffer?

subtilisin activity

ARt equilibrated
(nmolmin*mg™)  pBU-HCI)[DBU]
salts added in hexane intoluene in MPO
Lys + Lys-HCI 5.1 0.80 0.28
Arg + Arg-HCI 1.3 0.25 0.42
Lys-HCI + Lys-2HCI 0.005 0.005 >60
none 1.0 0.31

aEnzymic reactions as for Figure 1. Aqueous washing pH was 8.
To relate to protonation of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU),
1.2 g of each of the pair of solids was shaken with 60 mL of 10 mM
DBU in 4-methylpentan-2-one (MPO; methyl isobutyl ketone). Samples
were removed and centrifuged, and 3 mL of liquid phase was mixed
with 3 mL of MeOH, 2 mL of HO, and methyl red indicator and then
titrated with 0.1 M agueous HCI. Changes in titre from the initial DBU

solution were monitored over time and reached steady values after 5 h

(20 h for LysHCI and Lys2HCI).

time period. With the addition of solid Lys and Ly4Cl, no

4ag period in the progress curve could be detected, allowing us

0 set an upper limit of 3 min for the equilibration time.
Achievement of equilibrium requires that HCI (or its component

Jons) be exchanged between the solid buffers and the suspended

particles of immobilized enzyme. This might occur via dis-
solution in the organic liquid phase, though solubilities in hexane
will be small, as will the vapor pressure of HCI. It is possible
that trace impurities such as organic amines transport HCI bound
as an ion pair. An alternative possibility is transfer on direct
contact between particles in the shaken suspension. We tested
this mechanism in experiments where such contact is reduced
or prevented. The particles of Lys and kME! were separated
from the enzyme by a no. 0 glass frit or encapsulation with a
polyamide membrane. The rates observed were still substan-
tially faster than the control (2.9 and 2.1 times, respectively),
though slower than with direct addition.

Finally, we demonstrated the potential of solid-state buffers
to enhance the rate with freeze-dried enzyme powders. Lys
and LysHCI were tested with subtilisin in the classic “straight
from the bottle” form. The rate with added buffer was more
than doubled.

In conclusion, we have demonstrated that suitable pairs of
crystalline solids can control acitbase conditions in low-water
organic media and, hence, the catalytic activity of enzymes. This

HCI does not greatly affect the initial rate, it did have a method seems to have considerable potential. Further develop-
noticeable effect on the full course of the reaction. With added ment will require the identification of solid pairs able to generate
solid-state buffers, the decline in rate at longer reaction times values of aytac- covering the full range of interest. A

was much less pronounced than in the control reaction (dataseparate series will be needed to control the complementary
not shown). This effect probably indicates that, without parametemly+/anst.

buffering, some unfavorable change in aclthse conditions
at longer times. Small amounts of acidic Ac-Phe, from a
hydrolytic side reaction, may be responsible.
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Tabie 1 shows that the solid buffers have comparable effects encapsulating salts.

on the activity of the same enzyme in toluene. Since we predict
the value ofay+ac- generated by a given solid buffer pair should

be independent of the solvent (assuming the use of solvent-
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(8) Note that Arg binds HCI slightly less strongly than Lys in the solid
state. The relevant protonation in Arg is presumably ofctkemino group,

independent standard states), this is encouraging. A pair foundand crystal interactions will play an important role in each case.

optimal for a particular enzyme should be valid for all low-
polarity solvents in which ion-pairing remains complete, as
supported by our data (Table 1). In contrast, the effective acidity
of buffersdissobedin the bulk organic phase will alter because
of differing solvation effects.

There should also be a relationship between the different
values ofay+ac- generated by these solid-state buffers and the

(9) For example, see: Khmelnitsky, Y. L.; Welch, S. H.; Clark, D. S.;
Dordick, J. SJ. Am. Chem. S0d.994 116, 2647-2648 and ref 2d.

(10) Khmelnitsky et af.also found that co-drying with the enzyme was
essential to observe any effect. Note also that our experiments are performed
with immobilized subtilisin, where enzyme makes up only a small portion
of the solid particle.

(11) Some salts that might be used in buffer pairs also form hydrates at
the water activities used for enzymic reactions, which will complicate their
application.



