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Extract 

The genetic variant of glucose phosphate isomerase (GPI) with hereditary nonspher- 
ocytic hemolytic anemia (GPI-Nordhorn) is purified 20,000-fold in a one-step pro- 
cedure with a yield of 25%. A specific activity of about 100 IU per mg protein is ob- 
tained. The isoelectric point of the variant enzyme is 9.80, which is slightly higher 
than normal. The molecular weight is 94,000. Kinetic studies with the isolated enzyme 
gave results which are comparable to normal: K, (glucose 6-phosphate (G-6-P)) = 

660 PM, K, (fructose 6-phosphate (F-6-P)) = 97 PM, K i  6-phosphogluconate (6-PG) 
(G-6-P) = 43 WM, K ;  6-PG (F-6-P) = 19 pM, K i 2,3-diphosphoglycerate (2,3- 
DPG) ( F-6-P) = 850 p ~ ,  p H  optimum (G-6-P) = 8.0, and pH optimum (F-6-P) 
= 8.5. I t  can be assumed that a genetically determined amino acid substitution 
causes the alteration of isoelectric point, electrophoretic migration, and increased 
thermolability but does not affect the active site of the enzyme. 

Speculation 

By the preparation of an enzyme variant reported herein a possibility is presented to 
obtain further structural characteristics by means of fingerprinting and amino acid 
analysis. I t  might be possible to correlate functional peculiarities to the altered struc- 
tural properties of variant enzymes. 

Introduction drogenase, the results reported so far suggest a pro- 

In1967BaugI~anetal.[4]publishedthefirstobserva- n~uncedmolecularl leterogeneit~ of GPIdeficiencY. 
tion of GPI (D-glucose-6-phosphate-keto~-isomerase All variants with decreased enzyme activity differ with 
(EC. 5 .3 .1  .9)) deficiency as a cause of hemolytic respect to electrophoretic migration and to behavior 
nonspherocytic anemia. As in the case of G-6-P dehy- and extent of thermal inactivation. It can be assumed 
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that these alterations of pl~ysicocl~emical properties are 
caused by single amino acid substitutions. Ti\lhether 
the kinetic properties of the variant enzymes are 
affected can only be decided by kinetic studies with 
highly purified enzyme preparations. Furthermore, the 
kinetic data represent variables for differentiation of 
genetic variants. 

We report the purification of a new enryme variant 
(GPI-Nordllorn) following a metllod described earlier 
[2, 31. The  kinetic characteristics ot GPI-Nordhorn are 
compared with those of the wild type enzyme. 

Materials and Methods 

All substrates, coenzymes, and auxiliary enzymes for 
optical enzyme determinations were purcliased from C. 
F. Boehringer and Sons [11]. Other chemicals (reagent 
grade) were obtained from E. Merck, AG [12], dialyz- 
ing tubes (type 8/32 Visking) from Serva [13], DEAE- 
Sephadex and Sephadex G-100 and the chromatogra- 
phy columns (I< 25/45 and K 16/90 jacketed) from 
Pliarmacia [14]. 

T h e  standard assay of GPI activity was performed 
according to the metllod of Slein [9] at 25" in 50 mM 
triethanolamine buffer, p H  7.5, containing 1 miu 
EDTA. Enzyme activity is expressed in international 
units. T h e  kinetic studies were performed at 37" in 50 
mM triethanolamine buffer containing 1 mM EDTA, 
p H  7.2. For the backward reaction the system of Slein 
was used with G-6-P dehydrogenase as an auxiliary 
enzyme: 0.3 mM NADP, F-6-P varied from 2 to 0.02 
mM, G-6-P dehydrogenase (purity I)  2 IU, final volume 
I .0 ml. 

For the forward reaction we used the spectrophoto- 
metric assay by Kahana el al. [6] based on the linked 
reactions of phospllofructokinase, pyruvate kinase, antl 
lactate dellydrogenase. The  advantage of this system is 
the recycling of ATP. ATP  is maintained at a constant 
level which is important for the inhibitory effect on 
phospllofructokinase. We modified the system sliglltly 
with regard to the level of ATP: 8 mM i\/IgCl,, 75 innr 
KCI, 1 mM phosphoenolpyruvate, 0.01 miu ATP, 0.3 
mM NADH, G-6-P varied from 4 to 0.05 mix, lactate 
dellydrogenase 5 IU, pyruvate kinase 1.0 IU, and 
pliospl~ofructokinase 0.8 JU, final volume 1.0 ml. 
Because ammonium sulfate is a potent inhibitor of 
GPI [2], it is necessary to remove it by dialysis (10 miu 
triethanolarnine, 1 mM EDTA, 20 mM KC1, pH 7.5, at 
4" for 3 hr). 

Protein content in crude hemolysates was deter- 
mined as hemoglobin, in enzyme preparations by 

measuring the absorbance at 280 nm in 40-mm cu- 
vettes in a Beckman DB-G spectrophotometer; a spe- 
cific extinction of El,",,,, = 10 was used. 

For enzyme preparation [3], 20-30 ml veno115 blood 
were collected in acid-citrate-dextrose solution; platelets 
and leukocytes were removed by cotton wool filtration 
[5]. Isolated erythrocytes were llemolyzed by digitonin 
[7]. The  hemolysate was dialyzed against 10 inM Tris 
buffer containing 1 mM EDTA, p H  8.0, overnight at 
4", 200-fold volume. DEAE-Sephadex A-50 was pre- 
pared for chromatography by careful equilibration to 
the dialysis buffer and a column (K 25/45 jacketed), 
whicll was cooled to lo0, was filled. The  clialy/ecl 
material was applied to the column by a pump with a 
constant flow rate of 16 ml/hr.  Elution was performed 
with the same buffer as that used for dialysis and 
equilibration. Fractions o l  6.2 ml were collectecl antl 
assayed for optical density at 280 nm and GPI activity. 

Isoelectric focusing [lo] was performed in an LKB 
8101 column, volume 110 ml, anocle at the top of the 
column. A p H  gradient of 8-10 was usecl with a 
concentration of the amplloline of 1% in  a sucrose 
density gradient. Focusing was carried out at 0.5" for 
120 hr. After termination of the experiment fractions 
of 1.5 ml were collected. p H  was measured at 0°, 
correcting for p H  deviation of the calibration buffer at 
this temperature. 

The  molecular weight was determined by gel cliro- 
matography over Sephadex G-100 in a column (K 161 
90 jacketed) at 10". I n  addition to 1 ml hemolysate of 
the patient with GPI-Nordhorn an appropriate 
amount of blue dextran and about 10 IU of crystalline 
aldolase and lactate dellydrogenase were applied to the 
column. The  elution buffer contained 50 mnf trietha- 
nolamine, 1 mM EDTA, 50 mM KCI, p H  7.5. 

The  results of the purification procedure are summa- 
rized in Table I. Tlle elution profile of GPI-Nortlhorn 
is demonstrated in Figure 1. Total GPI activity appears 
as a l~omogenous peak and is well separated from 
pl~osphoglycerate kinase, wllicll is eluted as the next 
following enzyme. Fructions 12 and 13, containing the 
main activity (0.48 IU), were combined. Tlie protein 
concentration was lower than 0.0004 mg/ml. T h e  
factor of purification is at  least 20,000-fold, specific 
activity is about 100 IU/mg protein. No contaminat- 
ing enzymes were detectable. This part of the prepara- 
tion was used for the kinetic studies. The  yield of the 
pooled fractions 10-15 amounted to 45%. 



Table I .  Purification of glucose phosphate isomerase (GP1)-Nordhorn from erythrocytes 

GPI activity 
Volume, ml Protein, mg/ml Sp act, IU/mg protein Yield, % Purification, -fold 

IU/ml IU/vol 

Hemolysate 16.0 0.1212 1.94 24.6 0.0049 100 1 
Dialysate 16.6 0.1095 1.82 22.8 0.0048 94 0.98 
DEAE-Sephadex eluates 

Fractions 12 and 13 12.4 0.0385 0.48 < 0.0004 > 96 25 >20.000 
Fractions 10-15 37.2 0.0234 0.873 45 

Fig. I. Purification of glucose phosphate isomerase (GPIj-Nord- 
horn by Sephadex-DEAE A-50 chromatography; absorbance at 
280 nm. PGK: phosphoglycerate kinase. 
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Fig. 2. Determination of molecular weight of glucose phosphate 
isomcrase-Nordhorn (GPI-NORDHORN) by Sephadex G-100 
chromatography. Phosphoglycerate kinase (mol wt 48,000); hemo- 
globin (mol wt 68,000); lactate dehydrogenase (mol wt 140,000); 
aldolase (mol wt 160,000). 

Figure 2 shows the calibration curve for the determi- 
nation of the molecular weight. A value of 94,000 was 
obtained for GPI-Nordhorn. The  result of isoelectric 

FRACTIONS 

Fig. 3. Determination of the isoelectric point of glucose phosphate 
isomerase-Nordhonl by isoelectric focusing. 

focusing is given in Figure 3. GPI activity is eluted in 
homogenous peak. The  isoelectric point of GPI-Nord- 
horn is 9.80. Figure 4 demonstrates the effect of p H  on 
the reaction rate of GPI-Nordhorn in either direction. 
The  optimum for the backward reaction with F-6-P as 
the substrate is p H  8.5, for the forward reaction with 
G-6-P as the substrate is p H  8.0. The  Michaelis- 
Menten constants (Km) for GPI-Nordhorn, obtained in 
Lineweaver-Burk plots, were as follows: K, (G-6-P) 660 
pM, KIn (F-6-P) 97 p ~ .  The ratio of maximal velocity 
(V,,,) of the forward reaction to the backward reaction 
was 1.16. 

For further characterization, the influence of effec- 
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%

pH

Fig. -I. pH dep endency of forw ard (G6P) and backward (F6P)
reac tion of glucose phosphat e isomcrase-Nordhorn ,

Summary

enzyme, the val ue for GPI-Nordhorn is lower. This
can be explained by the loss of activity before and
during the purificati on process.

The results obtained with hemolysates of CPI-Nord
horn [8] are different from those of the wild type
enzyme: abnormal elect rophoretic migration and in
creased thermal lability. The elevated isoelectric point
of 9.80 is in accordance to the electrophoretic study
which shows a mi gration of 132%. I t can be assumed
tha t in the case of CPI-Nordhorn, the mu tation results
in a substitution of an am ino acid with different
cha rge. This mo lecular alt eration caus es an increased
lability of the enzyme. It ha s no effect on the mo lecu
lar weight of the enzyme protein under the method
applied.

The kinetic studies re veal ed a Mi cha elis-Menten
constant for F-G-P, an inhibitor constant for 2 , 3-D PG,
and an inhibitor constant for 6-PG for the backward
reaction which are no rmal. The effect of pH on the
reactio n rate in both directions is normal. The Km

value for G-6-P is sligh tly h igher than tha t for the
normal en zyme; th e K, valu e for G-PG of the forward
reaction is lower th an th at for the normal en zyme .
The ratio of Vmnx of the forward to the ba ckward
rea ction is sligh tly increased . However, these constan ts
do not differ signifi cantly from normal. It can be
assumed that the amino acid substitution in the case of
GP I-Nordhorn doe s not affect a region close to the
act ive site.
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T able II . Physicoch em ica l and ki ne tic propert ies of g lu cos e
phosphate isomerase (G P I) -Nordhorn in co m par ison to n ormal
en zyme'

M ol w t
Isoel ectri c poi n t
Sp act, IV/mg prote in '
V ma x (G -6-P) / V m ax (F -6-P)
K m (G -6 -P ) , J.tM

K m (F -6-P ) , J.tM

pH optimum (G-6-P)
p H optimum (F -6-P)
x , 2 ,3-D PG (F -6-P ) , J.tM

x , 6-PG (G-6-P), J.tM

K i 6-P G (F -6-P), J.tM
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i G -6-P: glucose 6-phosphate ; F -6-P: fr uctose 6-phosph at e ;
2 ,3 -D PG : 2 ,3 -d iphosphoglyccrate; 6- PG: 6-phosphoglucon at e .
2 Af'te.r purification .

tors on GPI was studied. 6-PG and 2 , 3-DPG inhibit the
normal enzyme in a competitive fash ion [3]. At a
physiologic concentra tion , 2 , 3-DPG affects on ly th e
backward reaction.

For the backward reac tion of GPI-Nordhorn, we
found an inhibitor con stant (K i ) of 850 p.M for 2 , 3
DPG and of 19 p.M for G-PG . For the forward rea ction
of GPI-Nordhorn, we obtained a K, value of 43 p.1I1 for
G-PG (T able II ).

Discussion

A preparation of GPI-Nordhorn with a specific activ
ity of abou t 100 IV f mg protein was ob tained . In
comparison to th e specific activi ty of the normal

A new enzyme vari ant of GPI with nonspherocyt ic
hemolytic anemia is purified an d characterized for its
bio chemical character istics. The new variant, GPI
Nordhorn, is altered in it s isoelectric point, electro
phoretic behavior, and thermostabi lity, but shows
normal kin etic properties.
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