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SUMMARY 

The use of immobilised metal-ion affinity chromatography with Cu’+-imi- 
nodiacetate-Sepharose 6B as an affinity sorbent for the separation of endopeptidases 
and exopeptidases from the culture filtrates of Aspergillus niger is discussed. The 
performance of the affinity sorbent in relation to reproducibility of results and the 
effect of ballast substances on protein uptake were studied. The nature of the ad- 
sorption isotherms obtained with carboxypeptidase I and the semi-purified extract, 
containing acid protease, carboxypeptidases, pigments and various other contami- 
nating substances, are compared. The partition coefficient, Kd, of the affinity system 
with respect to carboxypeptidase I was determined and the dissociation constant, KL, 
of the carboxypeptidase I-Cuz+ -iminodiacetate complex was deduced. 

INTRODUCTION 

Serine carboxypeptidasesi and acid carboxypeptidases2 are proteolytic en- 
zymes, capable of releasing carboxy-terminal amino acids from peptides, with rather 
low specificity. These enzymes are found in many plants and microorganisms. Unlike 
pancreatic carboxypeptidases A and B, serine carboxypeptidases are not inhibited by 
metal-chelating agents like 1, lo-phenanthroline 3. However, many acid carboxypep- 
tidases of fungal origin are inhibited by metal ions, like Cu2+ (refs. 4 and 5). In a 
recent publicatio@, we showed how this effect could be exploited for the separation 
of endo- and exopeptidase activities and for the purification of acid carboxypepti- 
dases from an Aspergillus niger culture medium. The method used, called immobi- 
lised-metal-ion affinity chromatography (IMAC), takes advantage of the affinity of 
A. niger acid carboxypeptidases for Cu2+ , which is coupled to iminodiacetate (IDA), 
Sepharose 6B. In another recent paper7, we demonstrated the presence of carboxy- 
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peptidase isoenzymes (carboxypeptidases I, II, III) in A. niger culture filtrates, by 
using modified elution conditions, and we described the use of tandem desalting 
affinity chromatography on Sephadex G50 and Cu2+-IDA-Sepharose 6B for the rap- 
id isolation of the three carboxypeptidases. Characterization studies have shown that 
although these three enzymes have nearly identical molecular weights (cu. 140 000), 
isoelectric points (ca. 5.0) and other properties, their affinities for their substrate 
(carbobenzoxy-L-Glu-L-Tyr) differed. All three peptidases were inhibited by phen- 
ylmethanesulfonylfluoride, indicating that they are serine carboxypeptidases. They 
were also inhibited by tosyl phenylalanyl chloromethyl ketone, suggesting the pres- 
ence of a histidyl residue in their active sites. 

Although IMAC was developed more than a decade agoa and although various 
fundamental aspects of its functioning are already knowng, little work has been done 
on the quantitative aspects of immobilised-metal-ion protein interactions. This paper 
discusses certain preliminary results of a quantitative study of the behaviour of 
Cu2 +-IDA-Sepharose 6B with respect to the semi-preparative purification of proteins 
isolated earlier7. The study is interesting, because the carboxypeptidases interact with 
Cu2+-IDA in a pseudospecific rather than a biospecific way. These enzymes are 
neither metalloproteins nor are they dependent on metals for their activity. 

EXPERIMENTAL 

Chromatography 
The afflnity sorbent, Cu “-1DASepharose 6B, was prepared according to Por- 

ath and OlinlO. Tandem desalting affinity chromatography was performed on a Se- 
phadex G50 column (45 x 3.2 cm) and a Cu2+ column (20 x 2.5 cm). The flow- 
rate was maintained at 112 ml/h (13.9 cm/h for the desalting column and 22.8 cm/h 

40 60 60 
0 

Fractions (lOml/tube) 

Fig. 1. Chromatography of the three carboxypeptidases and the acid protease by tandem desalting-affinity 
chromatography on Sephadex G50 and Cu ‘+-IDA-Sepharose 6B. (0) Absorbance at 280 mn; (*) cas- 
einolytic activity of acid protease; (A) esterase activity; fractions 10 ml/tube, flow-rate 112 ml/h. Buffers: 
(1) 50 mM acetate (pH 5.3); (2) 5 mM Gly-HCl (pH 3.0); (3) 100 mM Gly-HCl (pH 3.0). Peak I: excluded 
peak from Sephadex G50; peaks IIa,b: unretained peak from affinity column; peaks III, IV and V: eluted 
peaks containing the three carboxypeptidases. 
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for the affinity column). The capacity of the column was determined by the frontal 
elution technique” at a linear velocity of 5.4 cm/h. All elutions were carried out at 
room temperature (about 22°C). The elution of proteins was monitored by regis- 
tering the absorbance at 280 nm. 

The enzyme extract was a gift from Drs. Chow Ching Cheng and J. M. Le- 
beault of the Division des Proddes Biotechnologiques of the University of Com- 
piegne. Chromatography was done after filtration on a Whatman No. 1 filter paper 
and precipitation with ammonium sulphate (0-900/, saturation). The extract obtained 
after desalting on the Sephadex G50 column, was concentrated using an Amicon 
diafiltration cell and was used for frontal elution when studying the effect of ballast 
substances on the affinity column. The peak corresponding to carboxypeptidase I in 
Fig. 1 was concentrated by diafiltration and used for the chromatographic studies 
concerning carboxypeptidase I. 

Assays 
Carboxypeptidases were assayed with benzoyl-L-arginine ethyl ester (BAEE) 

according to Schwert and Takaneka 12. Casein was used for the assay of acid protease 
using the method of Ichishima13. 

The partition coefficient, Kd, of carboxypeptidase I on the affinity sorbent was 
determined by’ 1 

K 
d 

= bound enzyme 

free enzyme 
(1) 

The dissociation constant, KL, of the enzymeligand complex was determined 

by 

where Lo is the ligand concentration. 

RESULTS 

Separation of endo and exopeptihse activities 
Acid protease activity was separated from that of the three carboxypeptidases 

as described in ref. 7. In a typical experiment, 30 ml of the ammonium sulphate 
extract containing 1740 absorbance units (280 nm) were injected into the Sephadex 
G50 column, which was subsequently washed with 50 mM starting buffer (acetate; 
pH 5.3). The flow-rates were as indicated above and lo-ml fractions were collected. 
The first (excluded) peak that appeared at the outlet of the desalting column was 
passed directly into the Cu2 + column. The Sephadex column was then disconnected 
and both columns were washed separately with the starting buffer. When the unre- 
tained peak from the Cu ’ +-IDA-Sepharose 6B column was complete, the starting 
buffer was replaced with the first elution buffer (5 mM Gly-HCl; pH 3.0). After the 
appearance of the first peak, the second elution buffer (100 mM Gly-HCl; pH 3.0) 
was used to continue the elution. 
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Performance of tandem Sephadex GSO-Cu2 + -IDA-Sepharose 6B 
Chromatography was carried out on a tandem system to study the perform- 

ance under non-saturated conditions and the reproducibility of the elution volumes 
of the three peaks containing the carboxypeptidase activity (Table I). We also studied 
the reproducibilities of yields and purification factors. Repeated adsorption and 
desorption was performed in eleven experiments. Minor variations in the elution 
volumes were noticed (VRtCPase ,) = 104.66 ml f 0.529; VR(cPasc rr) = 56.3 ml f 1.118; 
V R(CPase ,I,) = 117.3 ml f 1.004). Similarly, the yields in activity and protein remained 
almost constant (79% f 1.53 and 93.8% f 0.88, respectively), while the average 
purification factors varied little (24.9 fold f 0.815). Furthermore, there was no 
need to renew the Cu 2t load on the column after each run. No removal of Cu2+ 
was noticed. 

Capacity of Cu Z+-IDA-Sepharose 68 for carboxypeptidase I and the adsorption iso- 
therm 

Purified enzyme solutions (peak corresponding to carboxypeptidase I in Fig. 
1) of increasing concentrations were used for frontal elution chromatography in order 
to determine the adsorption isotherm of the system and, subsequently, the capacity 
of the affinity adsorbent for carboxypeptidase I. The volume of the column was 2.85 
ml, and the linear velocity was 5.4 cm/h. The retained protein was desorbed with 5 
mM Gly-HCl (pH 3.0) after saturating the column with carboxypeptidase 1. 

The adsorption isotherm (Fig. 2a) is linear up to a particular concentration of 
the injected enzyme. Beyond that, it becomes convex and flattens out. The maximum 
capacity achieved was about 55 mg of protein per ml of sorbent, when the sample 
concentration was 10 mg/ml or higher. When the sample concentration was below 
10 mg/ml, the adsorption is lower. Evidently, the amount of solute taken up by the 

0 4 8 12 16 20 Initial concentration 24 26 extr% 
36 40 

Co of 
(mg prot/ml eritiact) 

injected 

Fig. 2. Adsorption isotherms of the affinity sorbent (a) for purified carboxypeptidase I, (b) under repeated 
saturations and desorptions using a desalted extract containing the carboxypeptidases, acid protease and 
ballast substances, (c) using a fresh column for each run (same extract as for b). 
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Fig. 3. Stability of thd partition coefficient of the alTmity system with carboxypeptidase IaS solute. 

stationary phase is dependent on the concentration of the protein in the sample. This 
indicates that adsorption is determined by the partition coefficient of the protein. 

At the end of each elution, the amount of protein transferred to the affinity 
sorbent for a given concentration of solute in the mobile phase was calculated. The 
linearity of the graph in Fig. 3 indicates the stability of the partition coethcient, &, 
of carboxypeptidase I. The slope of the graph yields a partition coefficient of 0.83. 
The correlation coefficient is 0.998. 

Dissociation constant of the enzyme-ligand complex 
With the partition coefficient, &, determined above, the dissociation constant, 

KL, of the carboxypeptidase I-Cu 2+-IDA complex was calculated from eqn. 2. A 
value of 5.14 . 1OF M was obtained, indicating the fairly high affinity of carboxypep- 
tidase I for the adsorbent. 

Influence of ballast proteins on the capacity of the afinity adsorbent 
Two series of experiments were carried out to study the effect of ballast sub- 

stances in the extract on the capacity of the affinity column for the carboxypeptidases. 
The column volume was 11 ml, and the linear velocity was 5.4 cm/h. The extract 
contained acid protease, carboxypeptidase, and other proteins and pigments. 

In the first series of experiments, increasing concentrations of the extract were 
injected on a given affinity column, until saturation occurred. The protein was then 
desorbed from the saturated column, and the capacity of the gel for the carboxypep- 
tidases was determined. The adsorption isotherm (Fig. 2b) obtained was convex, and 
the slope of the curve near the origin was lower than in Fig. 2a. 

In a second set of experiments, a column with fresh gel was used for each 
chromatographic run, and increasing concentrations of the extract were injected. The 
capacity of the affinity adsorbent was calculated at the end of each elution. The slope 
of the isotherm (Fig. 2c) is higher than in the isotherm obtained’ for the former series 
of elutions. The difference in the capacities of the gels determined from the two iso- 
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therms (Fig. 2b and c) indicates the effect of the accumulation of impurities when 
the same affinity column is used for repeated saturations. 

DISCUSSION 

The IMAC-based purification method described here is a convenient method 
for separating endo- and exopeptidase activities. Furthermore, under appropriate 
conditions, carboxypeptidase isoenzymes can be eluted individually. 

Under non-saturated conditions, tandem desalting IMA chromatography on 
Sephadex G50 and Cu ‘+-IDA-Sepharose 6B is highly reproducible. No significant 
variations in elution volumes, yields and purification factors were observed, even 
after 11 cycles. However, pigments found in the crude extract bind irreversibly to 
Cu’+-IDA, and their accumulation begins to be visible at the inlet of the column. 
Upon saturation, these ballast substances hinder the correct functioning of the system 
by lowering the capacity of the affinity sorbent. This is in accordance with previous 
observations, even in the case of biospecific affinity sorbents14. 

The adsorption isotherm of carboxypeptidase I on the affinity system is linear 
when the initial concentration of the injected extract is low. At higher concentrations, 
the isotherm becomes convex and reaches its maximum capacity of about 55 mg/ml. 

The partition coefficient of the system remains constant up to the saturation 
point of the affinity sorbent. The partition coefficient, Kd, of 0.83, determined from 
the slope of the graph, is not high for an affinity system. Nevertheless, the dissociation 
constant, KL, of 5.14 . 10F5 M, calculated using the Kd value of 0.83, indicates that 
the affinity of carboxypeptidase I for the sorbent is reasonably high. An indepth 
study by other chromatographic methods is underway to elucidate this phenomenon. 

Kinetic studies have shown that Cu2+ competitively inhibits carboxypeptidase 
(Ki = 15.8 . 10e3 M)15. This study shows that the affinity of the carboxypeptidase is 
many times higher for immobilised Cu 2+ However, the action of immobilised Cu2+ . 
is not directed towards active sites, since elution of the enzyme by using its substrate 
was not possible. This could also mean that the interaction of Cu2+ with the car- 
boxypeptidases is dependent on the coordination geometry and on the conformation 
of Cu2+ in its free and its immobilised form. 

The influence of ballast substances on the column performance is clearly shown 
in the two adsorption isotherms (Fig. 2b and c). The accumulation of pigments and 
other substances in the column drastically affects the capacity and causes fouling. 
Clearly, the carboxypeptidases are not the only components of the extract which 
have an affinity for Cu2 + . 

The slopes of the adsorption isotherms are also indicative of the influence of 
ballast and other substances on the interaction between the ligand and the proteins 
of interest. When a crude mixture containing the three carboxypeptidases, the acid 
protease and other pigments and proteins is injected, the adsorption isotherms (Fig. 
2b and c) are not very steep, indicating little adsorption of the solute from the mobile 
onto the stationary phase. This could be due to competition among the solutes (car- 
boxypeptidases, acid protease and other proteins and non-proteins) for adsorption 
sites. In effect, carboxypeptidases II and III have a higher affinity for Cu2+, since 
these enzymes are eluted after carboxypeptidase I. Furthermore, the acid protease 
can play the role of a competing ligand since it shows some affinity for immobilised 
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Cu’ +, as evident from its relative elution volume ( VR/ VJ of 1.06. Thus, solutesolute 
interactions could cause a decrease in adsorption. In contrast, when only carboxy- 
peptidase I is injected, it is readily adsorbed, without interference by other substances 
in the sample. This is shown by the slope of the isotherm (Fig. 2a) near the origin. 
We have also found that up to 45% of the total amount of protein injected, is ad- 
sorbed on the stationary phase. In contrast, the gradient of the adsorption isotherms 
when a crude mixture is injected is much smaller, indicating little adsorption. In 
effect, only U-20% of the total protein injected is adsorbed on the affinity gel. Of 
the 1520% adsorbed, about 65% is carboxypeptidase I. 

The shape of the adsorption isotherm also provides a way for predicting band 
shape of the solute on the sorbent i1J6. Convex profiles indicate bands with sharp 
fronts and diffuse tails within the column. This phenomenon can also be observed 
in the elution profile of the carboxypeptidases (Fig. l), which exhibits tailing. Such 
distortions are typical symptoms of diffusional constraints and slow restoration of 
the equilibrium between the mobile and the stationary phasel’J*. The restoration of 
equilibrium is directly dependent on the flow-rate. 

The present study is useful for understanding the behaviour of an affinity sor- 
bent towards different solutes. This is even more significant in our case, which is a 
typical example of group-specific rather than biospecific adsorption. Moreover, the 
enzyme systems involved are closely related to one another. According to Sulkowskig, 
differences in the number of accessible histidyl residues on the proteins’ surfaces 
could account for the differences in the retention of the three carboxypeptidases on 
CU’+-IDA-Sepharose 6B. Such differences could cause differences in mass transfer 
when these proteins are chromatographed individually or together. 

REFERENCES 

1 R. Hayashi and Y. Bai, J. Biol. Chem., 250 (1975) 5221. 
2 H. Zuber and Ph. Matile, Z. Naturforsch. B: Anorg. Chem. Org. Chem., 23b (1968) 663. 
3 L. M. Peterson, M. Sokolowsky and B. L. Vallee, Biochemistry, 15 (1976) 2501. 
4 R. Hayashi, Y. Bai and T. Hata, J. Biochem. (Tokyo), 77 (1975) 1313. 
5 T. Nakadai, S. Nasuno and N. Iguchi, Agric. Biol. Chem., 36 (1972) 1343. 
6 S. Krishnan and M. A. Vijayalakshmi, J. Chromarogr., 329 (1985) 165. 
7 S. Krishnan and M. A. Vijayalakshmi, J. Chromatogr., 370 (1986) 315. 
8 J. Porath, J. Carlsson, I. Olsson and G. Belfrage, Nature (London), 258 (1975) 598. 
9 E. Sulkowski, Trends Biotechnol., 3 (1985) 1. 

10 J. Porath and B. Olin, Biochemistry, 22 (1982) 1621. 
11 C. R. Lowe and P. D. G. Dean, Afinity Chromutogruphy, John Wiley & Sons, London, 1974, p. 12. 
12 G. W. Schwert and Y. Takaneka, Biochim. Biophys. Acta, 19 (1955) 570. 
13 E. Ichishima, Methods Enzymol., 19 (1970) 397. 
14 J. C. Janson, Trends Biotechnol., 2 (1984) 31. 
15 S. Krishnan and M. A. Vijayalakshmi, in A. Faure, C. Doinel and J. F. Stoltz (Editors), Technologies 

de Purification des Prot&zes, Institute Nationale Politechnique de Lorraine, Nancy. 1985, pp. 568-571. 
16 L. R. Snyder, in E. HeRmann (Editor), Chromatography, Van Nostrand Reinhold, New York, 1975, 

p. 46. 
17 J. C. Giddings, in J. C. Giddings and R. A. Keller (Editors), Dynamics of Chromufography, Part I, 

Principles and Theory, Dekker, New York, 1965, pp. 95-118. 
18 J. C. Giddings, J. Chromatogr., 2 (1959) 44. 


