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SUMMARY

The s¢reening procedure described 10 the preceding paper allowed a practical
purification procedure to be devised that wus automated for human é-phospho-
gluconate dehvdrogenase. The purification needed only twa chromalographic sieps,
first on immobilized Procton Blue HE-GN and then on Phenyl-Sepharose, This
technique also gave purificd laclate dehydrogenase. Both ensymes showed single
bands m SDS pelvacrylamide gel electrophoresis.

INTRODUICTION

The resulis of the screening procedure described in the preceding paper
prompted us 1o devise a complete purification procedure for human 6-phaspho-
sluconate dehvdrogenase (6PGDY) from human haemolysate using an immohlized
dye, Procion Blue HE-GN. The first trial om 4 large scule showed that 6PGD could be
obtained in a fairly purificd statc by NAPP clution. Only one major contaminant
could be seen by gel electrophoresis, and this 36 kDa contaminant was identified as
lactate dehvdropenase (LI3H), Separation of the two enzymes was easily achieved by
differential elution procedures from the immaohilized dve column. Diverse procedures
for the specific elution of the enzymes from the dve columns were tried and the results
are presented in this paper.

EXPERIMENTAL
The dye. chemicals and most of the methods employed were the same 1o those

described in the precceding paper. Mucleotides were obtained from Bochringer
(Mannheim, F.R.G.) or Sigma (Saint Lous. MO, US A
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The procedure used for dve immohilizanon was also essentially the same.
However, the results described in this paper were olrtained with dye immobilized on
Sepharose CL 4B from Pharmacia (Uppsala, Sweden) and not on Ultrogel A4 (TBF,
Villenguve la Garenne. France). The dye incorporaton was 6.2 mgzml of wet
Sepharose [the dye incorporated in Ultrogel A4-B16 11 (see the preceding paper) was
6.0 mg/ml]. Bleed volume mcasurcments (made with 1.6-ml columns, see the
preceeding paper) gave values of 90 ml for Procion Blue HE-GN -Ultrogel and of 155
ml for Procion Blug HE-GN-Sepharose. The better performance of the latter gel is
reminiscent of similar results obtained by Dean er al.!, who siudied the effect of the
matrix used for immobilization on the performance of dyc columns.

The buffers used for the purification procedure were as follows:

(A} 10mAM potassium hydroxide adjusted to pH 6.5 with solid morpholinoethane-
sulphonate containing 30 mM sodium chloride and 2 mM magnesium chloride®; (B)
the same as bufter A but adjusted to pH 7.5; {C) the same as buffer A but the sodium
chioride concentration was 2 M and magnesium chloride was absent: (T2 6 Af urea: (E)
the same as bulfer A but containing ammonium sulphate at 20% saturalion: (F) the
same as buffer A bur containing ammoniom sulphate at 80% saturation.

The nucleotide solution for the elution of LDH {rom the Procion Blue HE-GN
column was 3 mAM AMP dissolved in buffer A, and that for the clution of 6PGD from
the Procion Blue HE-GN column was NADP dissolved in digestion bufTer hydrolysed
completely to NMN and 2'5-ADP by snake venom phosphodiesterase (see below for
details).

Lactate dehydrogenase (LDH) was assayed according to Beutler®.

The isozymic pattern of LDI1 was determined by electrophoresis (Helena Labs.,
Beaumont, TX, U.S.A.).

The protein (haemogiobin) conlent in the starlmg material was delermined
according to Drabkin*, Other protein assays were performed according to the
Brudlord procedure’ using reagents from Bio-Rad Labs. {Richmond, CA, 1/.8.A)).
However, the prowein contents of totally purified 6PCGIY pools were evaluated from
optical density measurement at 280 nm using an A{%, value of 10 (ref. 6).

Polvacrylamide gel electropharesis in the presence of sodium dodecyl sulphate
(SDS-PAGE) was conducted according to Laemmli’. Molecular weight markers were
obtained from Pharmacia.

Hydrolysis of NADP by phosphadicslerase from Crotalus durissus (Bochringer)
was carried out in a buffer of the same composition as buffer A but containing 20 mAM
Tris and adjusted to pII 8. Completion of digestion was checked by chromatography at
37°C om an octadecylsilica column {25 x (.46 cm 1.D.) (Merck, Darmstadt, F.R.G.).
The mobile phase® was 75 mM dipolassium hydrogenphosphate buffer adjusted to pH
4.12 with phosphoric acid. containing 1.4 mAf undecanoic acid (Aldrich, Mibwankee,
WI, LS A and 12% (viv) methanol. This procedure gives a clear separation of
NADDP, NMN and 2'5-ADP.

Several experiments intended to study the ¢onditions for elution by nucleotides
were conducted on a small scale on columns of 1.5-cm LD. filled to a height of 2.7 cm.
The volume of deposited haemolysate (prepared as mentioned below) was 60 ml, the
flow-rate was 12 ml/h and volume of collected [Ttactions was 3 ml.

After deposition, the columns were rinsed for 2.5 h with buffer B, then for
2 h with buffer A, The columns were then developed with 15 ml of the various solutions
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of nucleotides in buffer A (readjustment of pH was sometlimes necessary) and further
rmsed with buffer A,

RESULTS AND DISCUSSION

Efurion of enzyntes by mueleorides

A large number of enzymes were purified by laking advantage of the fact thad
inclusion of the enzyme cofactor elutes the protein from the immobilized dye column.
Nevertheless, this fact obviously does not prove that the dve binding site is identical
with the substrale binding site. In at least one msiance (with Cibacron Blue and aleohod
dehvdrogenase®} it was deflinilely proven by careful crystallographic studies thal Lhe
dye did overlap with the nucleotide binding site, but was linked to the protein by other
residues not invalved in nucleotide enzyme interactions, If the enzyme does bind to the
dye by just one part of the nucieotide binding site, ane can expect that a fragment of the
nucleotide will be effective in promoting cnzyme desorption. Moreover, one can
speculate that a combination of fragments may be cffective. The impetus to search for
eluents other than the coenzyme itself can also be based on economic reasons:
fragments of the nucleotide can he cheaper than the nucleotide itsell’

TABLE
RECOVERY OF 6PGD AND LDH FROM IMMOBILIZED PROCION BLUF HE-GN

Mumerical values given are porcentages of enzymatic aetivitics depasited en the eolumins which ware fouad
in the eluaie alter switching o nucleotide containing developer.

Elyeni Canceniration APGD LDH
T M [ )
NADP 0.3 0 nd*
1 23 3
2 &l n.d.
3 A1) 13
FALY-ADP 0.3 K {
1 43 n.d.
2 aly nd.
1} = i
¥ 5-ADP 1 as n.d.
¥.3-ADP | v} n.d.
NALD ] 0 a7
AMP 5 0 7
NMM s 0 1]
NMN + 20(3.5-ADP 035 +1 36,5 n.d
I + 2 95 ]
MMM 1 AMD 112 0 16
25 4 2% n.d. R
5403 n.d. [
WNADP + Z(¥LE-ADP I+ 1 7 nd
I+ 2 10 n.s
MNATY 4 T(VILE-AP 1+ 7 74 n.d.
NADP hydrolysed by phosphodiesterase [ (snake venom) z 96 1]

* Nat determined.



416 Y. KROVIARSKI ¢r al.

The aim of the studies desceribed below was to find rapidly an efficient and cheap
wav of clutine the enzvmes from the immaobilized dve column, Tt is understood that
results obtained by the empirical method used (see Experimental) are only qualitative
and mostly interesting from a practical point of view. In no way do we claim that they
could give a true quantitative description of the interactions ol the protetn with Lhe dve
in the presence of inlcracting substances.

The results of trials with several eluting apents for 6PGL and LIDH are given in
Table I.

NADP was observed to be able Lo ¢lute 6PGD. The mixed isomer 2'(3),5-ADP
was also able to elute the enzyme efticiently, The active species in the isomer mixture
was shown to be the 2/,5-ADP isomer. The phosphate grafied in the 2'-position of the
ribose ring scems 10 be of the greatlest importance for competition with the dye because
neither NAD, AMP nor 3.,5-ADP is able to elute 6PGD. Nicotinamide mono-
nucleotide has no eluting power for 6PGD but a mixture of | mA NMN and 2 m¥
2'(3).5-ADP is ¢learly more efficient than | mM NADP or 2 mM 27(31.5-ANP nsed
alone o elute the enzyme from the dye column. This suggests on the one hand that
NMN at least interacts with the enzyme and on the other that it assists the other half of
the cofactor molecule to elute the enzyme from the column. From these results one can
guess thaut il would be interesting 1o check analogues of NADP possessing a longer or
possibly more flexible link between 2'(3),5-ADP and NMN parts with regards to their
ability to elute the enzyme from the dve column.

A mixture with low concentrations of 2(30.3-ADP and NADP s extremely
powerlul lor elution of the enzyme rom the column. Yel more striking is the lacl lhat
amixture of (3. 5-ADP and NAD is able to elute elficiently 6PGD from the column,
Therefore, one can guess that in this instance NAD is an analogue of NMN and that
the other part of the molecule (i.e., the “AMP part™) docs not play any role in the
elution of the enzyme from the immobilized dye.

The fact that a mixture of NMN and 2'(3"),5-ADP was very efficient in eluting
6PGD from the column gave the opporiunily to preparc casily a (relatively)
inexpensive eluent for the enzyme from the immohilized dye column: NATDIP was
dissolved o a (inal concentration of 4 mAf in dipestion buffer and submirted to the
action of phosphodicsterase from snake venom (final concentration 0.26 pp/ml).
Digestion was complete after ingubation for 18 h al 37°C. The mixiure was then diluted
once with buffer A and adjusted to pH 6.5 and used directly to elute the enzyme. The
results in Table T demonstrate that, as expected, hydrolysed NADP is more eftective
than unhydrolysed NADP at the same concentration.

The results obtained with LIJH will be discussed in the same way as those
described previously for 6PGD. However, first, one should note that a significant part
of the LIDH activity was not retained by the dye, thus explaining that viclds evaluated
as mentioned in Table I are never guantitative. cven with a powerful cluent such as
NAD or AMP. The isozyvmic patierns of LDH both retained and not retained by the
column were checked by cellulose acetate electrophoresis. Haemolysate showed three
bands corresponding to the A2B2, A1B3 and B4 1sozymes: only the last two were seent
in the breakthrough volume. LDH eluted from the column consisted of a small
proportion of B4 but mostly A1B3 and A2B2, with the latter sozyme cluted lasl in the
activity peak. This finding suggesis that Procion Blue HE-GN does not have the same
alMinity for the two different constitutive subunits of LDH. A similar observation was
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made with Blue dextran agarose'® and also with Cibacron Bluc linked to sitica, which
was used to separate rapidly B4 and A4 isoenzymes''.

NAD and AMP can clute [.IDH retained by Lhe dye; NMN is incfiective, NADDP
can elute a significant portion of retained LIDH activity, showing that grafting
a phosphate group on the 2'-position of the ribose ring does not impair totally the
power of the other parlt of the molecule o compele with the dye [however,
2(3,5-ADP is inetfective]. It is interesting that at “equivalent” concentrations,
mixtures of AMP and NMN are less powerful than NAD in eluting the enzyme, which
1s contrary to the resull obtained with 6PGD; 2 mM hydrolysed NADP could not elute
any LDMI activity.

AMP is preferred to NAD for elution of LDH because of cost. Hydrolysed
NADP is the cheapest eluent for 6PGD.

Large-scale elution of enzymes by « salt gradient from the immobilized dve column

Chromatography was performed on a column of 5 c¢m LD, filled with
immobilized dye to a bed height of 5 cm; the flow-rate was 150 ml/h. The deposited
hacmaolysate volume was 1400 ml. After sample deposition the column was rinsed with
1000 m! of buffer B and then developed with 4 linear gradient obtained by automated
mixing (with a Mixograd apparatus; Gilson, Villiers Le Bel, France) of 450 ml of initial
buffer (buffer A) and 450 ml of final buffer (buffer C).

This linear gradient could not separate LDH and 6PGD significantly, SDS-
PAGE of aliquots of the collected fractions showed the presence of several protein
bands. This resull 1s in sharp contrast to the satisfactory results obtained with
nucleotide elution in a separate pilot experiment on the same scale. We therefore used
the latter procedure for the elution of enzymes from the immobilized dve column in the
routine automated purification procedure described below.

Automared complete purification of human 6 PGD and purification of LDH from the
same stariing material

The rationale for using automation for the relatively large-scale production of
enzymes in the research laboratory has been described®. Briefly, with the equipment
available in a standard rescarch laboratory, it is casicr Lo repeal purifications starting
from a small amount of starting material (f.e., around ! 1) than to purchase specially
dedicated columns or centrifuges necessary for the processing of large volumes of
starting material. The drawback of such an approeach is obviously the time needed to
repeat the purifications. The solulion for us was, as before, 1o automate the
purtfication procedure.

The instrument, which is operated in a cold room, is under the control of a simple
programmer made by associating eleciromechanical timers, liquid and vollage Tevel
sensors and clectronics incorporating a diode matrix. The working principle ot the
machine has already been described ! and a detailed description is beyond the scope of
this paper. However, Fig. 1, showing a flow chart of the machine, and Fig. 2, showing
the time schedule of activation of its elements and a description of the purifltcation
procedure itself given below, will allow the reader to understand how the machine
works. Full details of the construction of the automatic machine and its simple
programmers can be oblained from the authors on request,
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Fig. 1. Diagram of the automatic chromutographie system. The valves and pumps are numbered as in Fig,

2. A—F arc buffers.

Overall procedure

Preparation of haemolysate. We use routinely as starting material either bags ot
outdated packed red cells or blood of patients undergoing therapeutic phlebotomy for
primary polycythaemia {in this instance red cells are collected by centrifugation and
washed once in phosphate-buffered saline). Red cells are lysed by 3-fold dilution with
water and freezing and thawing. The lysate is then diluted twice with buffer A and
cleared from membrane remnants by centrifugation at 10 000 g for 45 min.
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Fig. 2. Diagram of the programme routinely used for the auusmatic purification of 6RFGLY. The horzental
lines show when power is brought ra the valves. pumps. gradient mixer and collector. Most of the
programuung relies on time counting (solid lines) but the end of slarling malerial deposition and calleetian
of LEN and 6PGD pools relies on sensing of liquid levels and voltage levels. respectively (datted lines)

Chromarography on immobilized Procion Blue HE-GN. Centrifuged hacmolysate
{the volumc is usually ca. 1400 ml) is poured into the appropriate reservoir of the
machine as shown in Fig. 1 and the instrument i turned on. The hacmolysate will
therefore flow to the immobilized dve column (I.D. 3 cm, height 3 em, Mow-rate 150
ml/h).

When the haemolysate reservoir becomes empty the column is rinsed for t h with
bufler B, then the flow-rate is automatically increased 1o 300 ml/h and the dye column
is rinsed for a further 3 h with buffer B {the higher pH of buffer B allows some
unwanted proteins Lo be eluted). The column is thereafter rinsed for | h with buffer A,
then 300 mi of 5 mA AMP dissolved in buffer A {contained in a storage loop lxed
under a huffer A reservoir, see Fig. 1) arc pumped on 1o the column. When AMP
begins 1o leave the column {LIDH being cluted at the same time). the effluent fram the
colvmn is adequately collected in the LDH pool storape vessel . The column is then
developed with buffer A for 1 h. The celumn is thereafter developed with 300 ml of
2 mAM hydrolysed NADP. The eluate is diverted to the 6PGT) pool storage vessel. The
immobilized dyc column will then be rinsed with buffer C and D and subsequently
re-equilibrated with buffcr A in order to be ready for the next use.

Phenyl-Sepharose chromatography for 6 PGD purification. The 6PGD-conlain-
ng poelhis antomatically mixed with buffer Fin such a way as to make 1t 20% saturated
in wmmonium sulphate. 11 is deposited on to the Phenyl-Sepharose column (LD, 2.2
cm, height 26 cm) at 72 mi‘h. The ¢olumn is then rinsed for 3 h with buffer E and
developed with a linear gradient between buffer T and buffer A for 6 h. The efllucnt
from Lhe Phenyl-Sepharose column is adequately collected in fractions. The Phenyl-
Sepharose column will then be rinsed by buffer D and re-equilibraled with buffer
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TABLE 11

TYPICAL PURIFICATION OF HUMAN ERYTHROCYTIC 6PGD AND LDH FROM A GIVEN STARTING
MATT.RIAL

On a routine basis specific activities are checked in the starting material and final preducts only.

Fnzyme  Sample or Applied or Acrivity Yield Frotein Specific Purification

collected collecied (IUimi) (%) concentration  activity factor
peak volume (mf) {mgimi) A img )
6PGI) Huemaolysale 1400 ),28 100 a3 0.0045 l
Procion Blue HE-GN 235 1.57 94 (0.080 19.6 44(H)
Phenyl-Sepharose 15 2.31 68 0.092 23 5600
LDH Hacmolysate 1400 3.0 100 63 0.047 i
Procion Blue HE-GN 400 7.25 (i) (1036 014 4285

Phenyl-Sepharose 220 10.6 35.3 ¢.026 407 8659

E during the early stages of the next automatic purification cycle so as to be ready lor
the next use.

Pure 6PGD is eluted from the Phenyl-Sepharose column as a symmetrical
optical density peak after 3.5 h of the beginning of the linear gradient between buffers
E and A.

Quantitative data on one typical purification procedure are given in Table IL.
The purity of the enzyme pool is routinely checked by SDS-PAGE. Fig. 3 shows the
results of such an electrophoresis. This photograph and also Table IT demonstrate the
high efficicncy of the immobihzed dye chromatography step. The specific activity
of 6PGD routinely obtained al the end of the purification procedure is 25 1U/me.
which corresponds to a 5600-fold purification. The overall yield of the purification
procedure, which was repeated many times, usually lics between 60 and 70%. These

Fig. 3. Flectrophoresis (S138-PACGL) of the products. Lanes A and F, molecular weight markers (from top
to bottom 94, 67, 43, 30, 20 and 4.4 kDua); lanes B and C. aliguots of the LDII and 6PGD pools.
respectively, obtained after the immobilized Procion Blue. HE-GN chromatography step; lanes D and E,
aliquots of purified LDH and 6PGD. respectively, obtained after Phenyl-Sepharose chromatography.
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resulls seem as good as (with regard to specific activity) or better than (with regard to
yield) than those produced by the technique formerly used®, hased on a much more
expensive affinity chromatography support (2°,5-ADI agarose), If one is not
interested in simullaneous LDH purification, it is possible to etute 6PGD directly from
the Procion Blue HE-GN column directly with hydrolysed NADP. without prior use
of AMP. It was checked also on a large scale that no LIDH was eluted by hydrolvsed
NADP, the 6PGD obtained al the end of the purification proeedurc is of same purity
as that produced by the complete procedure.

Phenyl-Sepharase chromatography for LIYH purificarion, The dimensions ol the
Phenyl-Sepharose column used lfor EDH purification are 3.2 cm LID. and height 23 em,
Phenyl-Sepharose chromatography is conducted manually. Solid ammaonium sulphate
is added up to 10% saturation to the LDH pool obtlained in the Procion Blue HE-GIN
chromatographic step. The LDH poolis then deposited at a flow-rate of 110 ml/h en to
the column equilibrated in buffer E containing ammonium sulphate at 10%
saturation. After completion of sample deposition. the column is developed with
a non-linear gradient obtained by adequately mixing inn an automatic gradient former
(Gilson) initial buffer and bufler E. LDH 1s obtained in purc lorm (se¢ Fig. 3),
Quantitative dala on one typical purificalion procedure are given in Table I1.

General commenis

It has already been described by others that it was possible to elute enzymes from
dye columns with substances not known to imreracl with them (for tnstance,
2,3-diphosphoglycerate can elute glueose phosphate isomerase from a dye column as
shown by Prehu er al.'3, who also gave several other examples of the elution of
enzymes with non-natural ligands). Tt s tempting to speculate that every substance
which in some way mimics a dye (7.e., which associates « high density of charged groups
with hydrophobic parts) has the potential to elute a protein from 4 dye column. It has
even been demonstrated that metallic complexes could elute with some specificity
cnzymes from dye columns'*. Ilence we can hypothesize that to find for a given
protein g4 more or less specific eluent Lhat is readily available at a low price will be
mostly a matter of systematic trial.

It has to be stressed, however, that another appraach does exist to reducing the
costs of affinity elution. Scopes’” has demonstrated the usefulness of associating
non-speci fic elution modes with affinity elution: 1 specific eluent has to be applied 1o
the column cnly when by non-specific means (e.g.. by increasing the ionic strength or
pH and/or possibly by using a buffer with no divalent cation added) the prolein of
intcrest s just beginning ta move down the column’™; in this way it is possible to use
low concentrations of specific eluents'®!?. Obviously it could be interesting to
combine both approaches.

Our work on erythrocytic 6PGD and LDH purification is in accordance with the
now generally accepled notion that immobilized dye columns can compete in terms of
efficiency with more expensive affinity chromatography matrices. Immobilized dye
chromatography media ure often used in the laler steps of purification protocols [or
obtaining enzymes from haemolysate!® 2% Our results confirm work by others?'**
demonstrating that immobilized dye chromatography can also be used as the first step
in purification from crude haemolysate. Screening procedures such as those described
in the preceding paper can be very usetul in choasing a dye well adapied 1o a speeitic
purtfication problem.
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