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The thermodynamic of the enzymatic conversion (penicilliu acylase) of aqueous penicillin G to phenylacetic acid and 6-aminopeni- 
cillanic acid have been studied using both high-pressure liquid-chromatography and microcalorimetry. The reaction was carried out 
in aqueous phosphate buffer over the pH range 6.0-7.6, at ionic strengths from 0.10 to 0.40 mol kg-‘, and at temperatures from 292 
to 322 K. The data have been analyzed using a chemical equilibrium model with an extended DebyeHEckel expression for the 
activity coefficients. For the reference reaction, penicillin G-(aq)+ H,O(l) = phenylacetic acid-(a@+ Cami~~openicillanic 
acid-(aq) +H+(aq), the following parameters have been obtained: K = (7.35 f 1.5) x 10B8 mol kg-‘, AGO = 40.7 $10.5 k.l mol-‘, 
AH* = 29.7kO.6 kJ mol-‘, and AC; = - 24O& 50 J mol-’ K-’ at 298.15 K and at the thermochemical standard state. The extent of 
reaction for the overall urnversion IS highly dependent upon the pH. 

1. Inlmduction 

Many penicillin antibiotics used in medicine 
are produced semi-synthetically by chemical mod- 
ification of the basic penicillin structure. The 
starting point for chemical modification is fre- 
quently 6-aminopenicillanic acid [l]. It can be 
produced by the hydrolysis of penicillin G using 
the enzyme penicilhn acylase (EC 3.5.1.11): 

C&-CO-NH 

Penicillin acylase 

s CH, H O 
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F== N CH, 
0 COOH 
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hydrogen ions to these species. In penicillin G the first ioniza- 
tion is from the carboxyl group and the second from the amine 
group. In 6-aminopenicillanic acid, the first ionization of the 
neutral molecule is from tbe carboxyl group and the subse- 
quent one from the amine group. The APAH: ion is formed 
by protonation of the neutral molecule at the amine group. 

In 1984 nearly 2500 tons of 64minopenicillanic 
acid were produced using this reaction [2]. When 
manufacturing large quantities of materials the 
efficiency of product yield becomes a matter of 
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practical and economic importance. Chemical 
thermodynamics provides the formalisms and 
methods needed to obtain an understanding of the 
conditions under which the product yield can be 
optimized. The literature, however, contains only 
one equilibrium investigation (31 of this reaction, 
and there are no calorimetric data. Therefore, we 
have undertaken a systematic investigation of the 
thermodynamics of this process. A principal ob- 
jective was the determination of the Gibbs en&y 
(AGO), enthalpy (AH’), and heat capacity (AC:) 
changes at 298.15 K for the following reference 
reaction: 

Penicillin acylasa 

H 0 
2 

plliCillillG 
WH- 1 

CH, 

CH, + CH,COO- + H+ 

COO- 

6-aminopenicillanic acid 
(APAW ) 

phenylacetic acid 
(+A-) 

Since the thermodynamic parameters for the refer- 
ence reaction refer to the thermochemical stan- 
dard state (hypothetical ideal solution of unit 
molality), they are independent of pH. The ther- 
modynamics of the overall conversion, however, 
will be shown to have a high dependence on pH. 

In this investigation we have used high-pressure 
liquid chromatography (HPLC) to determine equi- 
librium constants as a function of temperature 
(292-322 K), pH (6-7.5) and ionic strength 
(0.1-0.4 mol kg-‘). Microcalorimetry was used to 
measure enthalpies of reaction as a function of 
temperature and pH. The calorimetry provides an 
inherently more accurate method for the de- 
termination of the enthalpy and heat capacity 
changes than can be obtained from a calculation 
using the temperature dependency of equilibrium 

constants. Alss, a test of the accuracy of the two 
sets of measurements is the agreement of the 
enthalpy change determined using calorimetry with 
a value of the enthalpy determined from the tem- 
perature dependency of the equilibrium data. The 
experimental data have been treated in terms of a 
chemical equilibrium model which considers both 
the multiplicity of the species in solution and ionic 
strength effects. It provides a coherent treatment 
of the thermodynamics of the overall process in 
terms of these effects. 

2. Experimental 

Phenylacetic acid and the sodium salt of peni- 
cillin G were purchased from Sigma *. 6-Amino- 
penicillanic acid and immobilized penicillin 
acylase, used for the equilibrium measurements, 
were supplied by Beecham Laboratories, Piscata- 
way, NJ. The moisture contents of phenylacetic 
acid, penicillin G and 6-aminopenicillanic acid 
were determined by Karl Fischer analysis to be 
less than 0.1 mass%. The soluble penicillin acylase, 
used for the calorimetric measurements, was sup- 
plied by Boehringer Marmheim and Dr. Richard 
Virden, University of Newcastle upon Tyne, U.K. 
It was dialyzed against phosphate buffer prior to 
use. KH, PO, and K,HPO,, used in the prepara- 
tion of the buffer and the mobile phase, were 
obtained from Fisher Chemical Co. 

Equilibrium measurements for the conversion 
of penicillin G to 6-aminopenicelIanic acid and 
pheuylacetic acid were carried out starting either 
with penicillin G (for forward reactions) or with 
6-aminopenicillanic acid and phenylacetic acid (for 
reverse reactions) in phosphate buffer. The sub- 
strate solutions were prepared by dissolving known 
amounts of substrate(s) in phosphate buffer. The 
immobilized penicillin acylase was added to each 
solution and the solutions were then equilibrated 
in a thermostatted water bath controlled to within 
f 0.05 K. The solutions were continuously stirred 

l Certain commercial materials and products are identified in 
this paper to spxify adequately the experimental procedures. 
Such identification does not imply recommendation or en- 
dorsement by the National Bureau of Standards. 
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with a Teflon-coated magnet prior to injection 
into the HPLC. Generally reactions were carried 
out for approx. 24 h. 

Quantitative analysis of the equilibrium mix- 
tures was performed by using a Zorbax ODS, 
4.6 X 250 mm column and a Hewlett-Packard 
model 1090 liquid chromatograph equipped with a 
diode array detector. The mobile phase consisted 
of 29% methanol and 71% 0.02 M KH,PO, at pH 
4.7. The mobile phase flow rate was 0.7 ml min-‘. 
The detector was set at 220 run. Under these 
conditions the retention times were 3.4, 8.3 and 
19.8 min, respectively, for APA, +A and PG. A 
typical chromatogram is shown in fig. 1. The areas 
under these peaks correspond to the total amounts 
of 6-aminopenicillanic acid, phenylacetic acid and 
penicillin G in solution; i.e., they include all ionic 
forms. 

The microcalorimetric techniques have been 
previously described [4]. Heat measurements were 
performed by mixing two separate solutions, des- 
ignated as enzyme and substrate solutions, respec- 
tively, in the microcalorimeters. The enzyme solu- 
tion contained the soluble penicillin acylase and 
the substrate solution contained penicillin G. The 

w 
ed 

1 

Fig. 1. Chromatogram of mixture of 6-aminopenicillanic acid, 
phenylacetic acid and penicillin G. Retention times of these. 

compounds: 3.44, 8.30 and 19.81 min, respectively. 

penicillin acylase had been dialyzed against the 
phosphate buffer used to contain both it and the 
substrate solution. Since this reaction proceeds 
substantially to the right under the experimental 
conditions used in this investigation, the reverse 
reaction was not carried out in the microcalorime- 
ter. 

Approximate values of ionization constants of 
penicillin G and 6-aminopenicillanic acid were 
determined using acid-base titrations with a wm- 
bination pH electrode as the end-point indicator. 

3. Results and discussion 

For the conversion of penicillin G to phenyl- 
acetic acid and 6-aminopenicillanic acid the refer- 
ence reaction can be represented as: 

PGH- + H,O = (PA- + APAH- f H+ 

The overall conversion is represented as 

(A) 

CPG+H,O=&+A+~PA+~,H+ (A’) 

where IE represents the totality of the different 
ionic states of a given substance in solution and 
nH is the number of protons produced or ab- 
sorbed as a part of the reaction. The equilibrium 
constants (K) and enthalpy changes (AH) for the 
reference reaction and for other related equilibria 
are given in table 1. Application of equilibrium 
thermodynamics to this system leads to the follow- 
ing: 

fro = [PGH-I/[ CPG] 

= ([Hfl/~,,+l+K,,/[H+]}-l (I) 

fg~ = [Wj/[z+A] = { [H+l/&, + 1) -’ (2) 

&A = [APAH-l/[uPA] 

= {[H+12/(~,,,K,) + [H+l/K,, 

+I+ &&[H+l) -’ (3) 

KA’ = [CAPA] [&#&[~PG] 

= KAfm/([H+l.fd+A) (4 
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Table I 

Thermodynamic parameters at 298:15 K relevant tothe conversion of penicillin G to phenylacetic acid and &minopenicUanic acid 
in aqueous solution 

The standard state is the hypothetical ideal solution of unit molality. The values of K,,, AHI, AC;,, and pK,,, were obtained 
from the regrea&n analysis. * 

Process QKm 
equilibrium constant 

AHO AC, References 

kJ mol-’ J mol-’ K-’ 

PGH-+H,O-+A-+APAH-+H+ K,,=(7.35*1.5)xlO-s 29.7 f0.6 -240*:50 this work; regressed from 
experimental data 

PGH, = PGH-+H+ 
PGH- = PG.- +H+ 
+AH=+A-+H+ 

pK,, = 2.6 
pKzpD =s 9.0 
pi& = 4.3 -3.7 -105 

estimated 
this work, pH titration 
Smolyakov and Primanchuk IS]; 
also see references cited in ref. 6 

APAH; = APAH, + H+ 
APAH, = APAH- + H+ 

PKM, = 2.6 
QK-~= 5.4 = 31 

Berezin et al. [7] 
S-200 A Ho and AC,$ were estimated; 

pK,, is based upon a 
regression analysis 

APAH- = APA’- +H+ 
H,PO,- = HPO,2- +H+ 

pK3~~~~9.9 
pKp = 7.20 4.14 - 149 

this work, pH titration 
the values of pK and A Ho are 
from Larson and Hepler [8]: 
AC: is calculated from data in 
the compilation of Abraham 
and Marcus [9] 

nH=1+f,{[H+l/Kl,-K2,/[H+l} 

-r,,I 2[H+ 12/&~~n4L~~) 
+ [H+l/Gm 
-K,,,/[H+1} -f+~{[H+l/h.d (5) 

AH,f = AH,+f,{[H+lAHm 

-Km AH,/[H+l) 

-h*( ( [H+12/(K,*,K,,))(AH,, 
+W,,) 
+ [H+lA&m - h,m&hw~/[H+l) 
-&.A{ [H+ 14dL ) (6) 

In the above equations, square brackets represent 
concentrations in solution expressed either as mol 
(kg solution)-’ or as mol (kg solvent)-’ and the f 
terms are the fractions of a given substance exist- 
ing in a specified ionic state. K*‘ is the equi- 
librium constant which is obtained from the chro- 
matographic experiments where total concentra- 

tions of reactant and products are determined. 
The calorimetrically determined enthalpy also in- 
cludes a contribution due to the heat of buffer 
protonation which is equal to - n,A Hbuff,, where 
the latter quantity is the enthalpy of ionization of 
the buffer used in the system. 

The temperature dependence of the Gibbs en- 
ergies (AGO) or equilibrium constants and the 
enthalpies of the reaction can be calculated from: 

AG;= -RT ln K= AH,0 + AC;(T- 0) 

+ T( AG,o - AH;)/8 - TAC’ ln( T/8) 

(7) 

AH,o=AH,o+AC;(T-0) (8) 

where T is the thermodynamic temperature, 8 the 
reference temperature of 298.15 K and R the gas 
constant (8.31451 J mol” K-l). Effects of non- 
ideality are accounted for by using an extended 
Debye-Hiickel equation [lo]: 

In yi = -A~~1’/~/(1+ BP2) + XCmj (9) 
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Table 2 

Entbalpics of reaction of penicillin G to the equilibrium mix- 
ture of it and phenylacetic acid and 6-aminopeniciUanic acid as 
a function of temperature and pH 

The reactions were carried out in 0.1 M phosphate buffer and 
the initial concentration of penicillin G was 10 4 1 mM. The 
pooled standard deviation of the measurements (two or three 
replicates for each data point) is 0.38 W mol-‘. 

Observation T(K) PH AH (kJ mol-‘) 

1 298.15 6.00 19.73 
2 298.15 6.54 22.95 
3 298.15 7.00 23.80 
4 304.40 6.00 19.63 
5 304.40 6.54 22.91 
6 304.40 7.00 23.44 
7 304.40 7.44 23.26 
8 310.15 6.00 19.60 
9 310.15 6.54 22.61 

10 310.15 7.00 23.48 

where yi is the activity coefficient of the 6th 
species and zi its charge, A a DebyeHiickel con- 
stant, I the ionic strength, B an ‘ion-size’ param- 

Table 3 

eter, h an average interaction parameter and Cmj 
the sum of the molalities of the other species in 
the solution. Initial estimates of 1.6 mol kg-’ and 
0.0 kg mol-’ were made for B and h, respectively. 
Improved values of these quantities were later 
regressed from the data (see below). 

The experimental data are summarized in ta- 
bles 2 and 3. They include both equilibrium and 
calorimetric data which have been determined as a 
function of temperature, pH and ionic strength. 
As indicated above, the primary object of this 
investigation was the determination of the thermo- 
dynamic parameters (AGO, AWO, and AC,) for 
the reference reaction (process A). The model 
presented above allows one to calculate the ob- 
served or measured quantities under a variety of 
experimental conditions which include variations 
in the aforementioned experimental conditions. 
Consequently, we have used the above model and 
computational procedures similar to those previ- 
ously described [lo] to regress the desired parame- 
ters. The regression analysis was performed so as 

Equilibrium constants (I&, = ~PA][L$A]/~PG]) for the conversion of penicillin G to phenylacetic acid and 6-aminopenicillanic 
acid 

Starting concentrations of penicillin G (for forward reactions) and 6-aminopenicillanic acid and phenylacetic acid (for reverse 
reactions) were lo-16 mm01 (kg solution)-‘. All reactions were carried out in phosphate buffer (0.1 mol l-l), with the exception of 
observations 11, 12, 17 and 18. The pooled standard deviation of the measurements (three to five observations for each reported 
value) is 4.7% of tbe value of KA,. A test of material balance was applied to each set of observations; it was found to hold within the 
imprecision of the measurements. 

T (K) Forward reaction 

Observation PH K.C 
(mol kg-‘) 

Reverse reaction 

Observation PH KA* 
(mol kg-‘) 

292.15 1 6.67 0.330 2” 6.68 0.275 
298.15 3 6.71 0.445 4 6.59 0.382 
304.15 5 6.68 0.579 6 6.54 0.469 
310.15 7 6.10 0.221 8 6.02 0.194 
310.15 9 6.30 0.416 10 6.07 0.247 
310.15 lib 6.54 0.694 12b 6.43 0.590 
310.15 13 6.61 0.756 14 6.39 0.524 
310.15 15 6.68 0.644 16 6.59 0.565 
310.15 17= 6.74 1.051 18c 6.46 0.536 
310.15 19 7.05 1.71 20 6.85 1.13 
310.15 21 7.55 7.46 22 7.32 4.16 
316.15 23 6.65 0.879 24 6.59 0.725 
322.15 25 6.75 1.19 26 6.53 0.776 

’ This observation was given zero weight in the correlation. 
b 0.1 M phosphate buffer +0.2 M KCI. The ionic strength was approx. 0.40 mol kg-‘. 
’ Buffer concentration was 0.05 mol I-‘. The ionic strength was approx. 0.11 mol kg-‘. 
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to minimize the quantity Xd,?, where d, is the 
weighted difference between a measured and 
calculated data point. The weighting was per- 
formed so as to give unit weights to all points with 
the exception of a single outlier in the equilibrium 
data set. For the equilibrium data the percentage 
difference between measured and calculated quan- 
tities was used in the regression calculations. The 
weighting was carried out this way, since the mea- 
sured values of the equilibrium constant (KA,) are 
highly dependent upon pH while the measured 
enthalpies (AH,,) are not. 

The results of this regression analysis are: K = 
(7.35 f 1.5) x lo-* mol kg-‘, AGO = 40.7 f 0.5 kJ 
mol-‘, AH’= 29.7 f 0.6 kJ mol-’ and AC:= 
-240 + 50 J mol-’ K-’ at 298.15 K for the 
reference reaction (process A). These uncertainties 
correspond to approx. 95% confidence limits. The 
parameters in the activity coefficient expression 
were also regressed; the results obtained were 
B = 1.4 mol-‘I* kgl/* and h - -0.05 mol-’ kg. 
In performing these calculations we initially used 
a value of pK,, equal to 4.6 from the work of 
Berezin et al. [7]. We were unable to obtain a 
satisfactory representation of our experimental 
data using this value. We therefore made this 
parameter an additional object of the regression. 
When this was done, we obtained a value of 5.4 
for pJLPA. In the absence of any data for AH&*, 
we have estimated it by assuming that AS0 for the 
ionization is equal to zero. AC:,,, was estimated 
at -200 J mol-’ K-’ based upon known values 
of this quantity for other acid ionizations [8]. We 
also attempted a measurement of the second ioni- 
zation constant of 6-aminopenicillanic acid using 
acid-base titrations of it with a combination pH 
electrode as the end-point indicator. The inflec- 
tion point was difficult to determine from the 
experimental results ‘&d based upon these rather 
unsatisfactory experiments we were able to con- 
clude only that pK,, is in the range 4.2-7.2, An 
accurate electrochemical determination of this 
quantity would be extremely useful. However, in 
its absence we have relied on a value of pKZApA 
equal to 5.4 in the treatment of the experimental 
data. 

We also regressed a value of AHi using only 
the equilibrium data with a fixed value of -240 J 

mol-’ K-’ for AC,*. The result was AH: = 30.9 
+ 6.0 kJ mol-’ at 298.15 K in good agreement 
with the result of 29.7 + 0.5 kJ mol-’ obtained 
from the calorimetric data. 

We now turn to a consideration of the precision 
and accuracy of the measurements on this system. 
Residual plots for both the enthalpy and equi- 
librium data are shown in figs. 2 and 3, respec- 
tively. The standard deviation of the fit to the 
enthalpy data is 0.40 kJ mol-’ which is close to 
the pooled standard deviation of the measure- 
ments themselves (0.38 kJ mol-‘). The standard 
deviation of the fit to the equilibrium data is 17%. 
This is significantly larger than the pooled stan- 
dard deviation of the measurements of &, (4.7%). 
However, KA, is highly dependent on pH. Specifi- 
cally, if the values of the pH in the data in table 3 
are perturbed by f 0.05, the calculated values of 
KAl are changed by f 11%. Since the pH measure- 
ments have an uncertainty associated with them of 
approx. f 0.05, the standard deviation of the fit to 
the equilibrium data can be accounted for by the 
random errors associated with the measurement of 
KA# and pH. 

2 + -1 x + 

a + 
I 1 I I I 

2 4 6 8 10 

observation 

Fig. 2. Deviation plot for the calorimetric measurements. The 
differences (kJ mol-‘) between the measured and calculated 
enthalpies of reaction are given as a function of tbe observa- 

tion number (see table 2). 



Y. B. Tewari, RN. Goldberg/ Themw&amics of enzymatic hydrolysis of penicillin G 251 

$ 10 lb zb 2; 30 

observation 

Fig. 3. Deviation plot for the equilibrium measurements. The 
percentage differences behveen the measured and calculated 
values of the equilibrium constant K*, are given as a function 

of the observation number (see table 3). 

We have also examined the deviations for trends 
in pH, temperature, and ionic strength and find 
that there are no significant trends in the devia- 
tions that are attributable to these parameters. 
Also, examination of the deviations of the results 
obtained from both the forward and reverse reac- 
tions shows no significant effect due to this ex- 
perimental factor. These items plus the fact that 
the van’t Hoff enthalpy is in agreement with the 
calorimetric enthalpy strengthens our overall con- 
fidence in the accuracy of the measurements and 
of the model which has been used in the correla- 
tion. 

The only other data in the literature with which 
our results can be compard are those of Svedas et 
al. [3]. They report three equilibrium data points 
(pH 5-6, T= 298.15 K, and I = 0.1 mol kg-l; 
imprecision is 20-50%). We have compared their 
results with the values calculated from the model 
presented herein and find their results to be lower 
by a factor of 5-10. If pK,, is set equal to 4.6 
in the model, the discrepancy is reduced to being a 
factor of 2-4. However, the overall discrepancy 

cannot be explained by any other such adjust- 
ments. Svedas et al. [3] used different methods of 
analysis for each of the reactants and products 
while we used a single direct method for all three 
substances with calibrations for each of the re- 
sponse factors performed on a daily basis [ll]. We 
believe that a possible explanation for the dis- 
crepancy is a systematic error in one or more of 
the analytical methods used by Svedas et al. [3]. 

The model of this system can be used to calcu- 
late values of KAe as a function of pH, tempera- 
ture, and ionic strength. Of these three variables, 
the pH has the greatest effect on KAP (see fig. 4). 
Thus, the direction, or extent of the overall reac- 
tion, can be controlled by appropriate adjustment 
of the pH. For example, using the value of KA,, 
obtained from fig. 4, one can calculate that 99.90% 
of penicillin G will be converted at a pH of 8.0 to 
the products 6-aminopenicillanic acid and phenyl- 
acetic acid at 310.15 K and an ionic strength of 
0.1 mol kg-‘. Changes of ionic strength and tem- 

6.5 

PH 
Fig. 4. Calculated values of the logarithm of the equilibrium 
constant K,,e as a function of pH at different ionic strengths 
and temperatures: T= 298.15 K and Z= 0.0 mol kg-’ 
(- ); T-298.15 K and 130.1 mol kg-’ (------); 
T=310.15KandZ=0.0mo1kg-‘(~~~~~~);andT=310.15 
K and Z = 0.1 mol kg-’ (- - ---). I& = [mPA]p+A]/ 
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perature do not significantly affect the product 
yield. Thus, these environmental uxrditions can be 
adjusted to optimize the rate of reaction and sta- 
bility of the enzyme used for the conversion. 
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