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Passive hemagglutination is widely used 
for the assay of small amounts of antigen and 
antibody. Recent studies have indicated that 
a variety of antigens can be covalently cou- 
pled to the erythrocyte surface with the aid 
of glutaraldehyde (GA) , a bifunctional cross- 
linking reagent ( 1-3). Although GA-treated 
erythrocytes have been employed in the 
study of macrophage adherence (4), cell per- 
meability ( 5 ) ,  cell structure (6) and hemor- 
rheological properties (7), the effect of GA 
on specific components of the red cell mem- 
brane has not been investigated. In  this re- 
port it will be shown that GA renders eryth- 
rocytes resistant to hemolytic agents and to 

. mechanical stresses, and that these alter- 
ations are accompanied by irreversible mod- 
ifications of acetylcholinesterase (ACHE), an 
integral part of the human red cell mem- 
brane (8). 

Materials and Methods. Preparahjon of red 
ceZEs. Blood from normal adult individuals 
and from newborn infants was collected with 
EDTA. The erythrocytes were washed thrice 
with 20 vol of ice-cold 0.1 M sodium-potassi- 
urn phosphate buffer (pH 8.0). The superna- 
tant and buffy coat were removed by suction 
after each centrifugation. After the last spin- 
ning an approximate 50% (v/v) red cell sus- 
pension was prepared and used immediately. 
When the influence of pH was investigated, 
the cells were washed with and suspended in 
phosphate buffer adjusted to the appropriate 
pH. Hemoglobin-free membranes were 
prepared by osmotically induced hemolysis 
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(9). 
GA treatment. A 50% (w/w) GA solution 

(Biological grade, Fisher Scientific Co.) was 
diluted with phosphate buffer and used at 
once. Unless otherwise indicated, 20 vol of an 
appropriately diluted GA solution were 
added to 1 vol of a 50% cell suspension at  4" 
and incubated for 20 min at 25". Cells 
treated with buffer alone served as controls. 
At the end of the incubation period, erythro- 
cytes were washed five times with 100 vol of 
phosphate buffer and after the last centrifu- 
gation adjusted to a 50% suspension. 

Enzyme assay. ACHE activity was mea- 
sured at 412 nm on duplicate 0.1% cell sus- 
pensions in 0.1 M phosphate buffer (pH 8.0) 
using acetylthiocholine as substrate and 
5 : 5'-dithiobis- (2-nitrobenzoic acid) as color 
reagent (10). Enzyme activity was related to 
packed cell volume, which was determined 
after centrifugation of triplicate cell aliquots 
in microhematocrit capillary tubes at  15,500g 
for 5 min. No correction was made for 
trapped fluid. Percent of ACHE activity re- 
maining after GA treatment was computed 
from the activity of controls. 

Stabdity of ACHE. For heat stability 
studies, GA-treated membranes were diluted 
1 : 100 in 0.01 M phosphate buffer (pH 8.0) 
and triplicate 1 .O-ml aliquots were incubated 
at  56" for various time intervals. The con- 
trols were kept at 4'. After incubation, 10 ml 
of ice-cold 0.1 M phosphate buffer (pH 8.0) 
were added and ACHE activity was mea- 
sured subsequently. The effect of urea on 
ACHE activity was investigated by adding 
10 ml of various concentrations of urea in 0.1 
M phosphate buffer (pH 8.0) to duplicate 
1.0-ml aliquots of 1% (v/v) membrane sus- 
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FIG. 1. Effect of concentration and pH on ACHE 
inactivation by GA. (A, top) At 4', tso duplicate 
0.2 ml of a 50% (v/v) red cell suspension in 0.1 M 
phosphate buffer (pH 8.0), 4 ml of GA in the 
same buffer were added. After 20 min at  2 S 0 ,  the 
cells were washed five times with 10 ml of buffer. 
A 50% suspension was prepared after the last cen- 
trifugation. ACHE activity was determined colori- 
metrically and related to packed cell volume. The 
percent activity remaining was calculated from the 
activity of cells incubated without GA. (B, bottom) 
Same as above, except that washing, suspension, GA 
treatment and subsequent washing of erythrocytes 
were carried out with phosphate buffers adjusted to 
pH indicated. The Concentration of GA was 5 mg/ 
ml. 

pensions in the same buffer. The residual 
enzyme activity was determined after 15 min 
at 25" and related to the respective controls 
treated with buffer alone. 

Results. Stability of GA-treated erytliro- 
cytes. Human erythrocytes treated at 25' 
with 0.5 mg/ml ( 5  x M )  of GA were 
not l y s d  by water, nor could hemolysis be 
induced by ultrasonication for 30 min with a 
Raytheon 10-kc oscillaior or by freezing and 
thawing ten times. The treated cells retained 
normal morphological appearance. Although 
vigorous agitation was required to resuspend 
the modified cells after centrifugation, no 
spontaneous au toagglu tination was observed. 

Inactivation of ACHE.  The increased sta- 
bility of treated red cells to hemolytic agents 
was accompanied by irreversible modifica- 
tions in ACHE activity. Incubation of eryth- 
rocytes with GA for 20 min at  25" and pH 
8.0 caused a concentration-dependent loss of 
enzyme activity (Fig. 1A). Approximately 
40% of the activity was lost at a GA concen- 

tration of 0.1 mg/ml and 70% at a concentra- 
tion of 5 mg/ml. Repeated washing with 
buffer or with water of GA-treated erythro- 
cytes did not restore or augment enzyme ac- 
tivity and none was detected in the superna- 
tant liquid after incubation with the alde- 
hyde. No differences in inactivation were 
seen with erythrocytes from individuals of 
different blood groups and the enzyme of 
ACHE-deficient red cells from newborn in- 
fants with ABO hemolytic disease (10) was 
affected to the same extent as the ACHE of 
normal red cells. The exposure of whole 
blood to GA also caused ACHE inactivation. 
Red cell integrity was not essential for the 
effect of GA, because the enzyme of hemo- 
globin-free membrane preparations behaved 
like that of intact erythrocytes. 

The reduction in ACHE activity was de- 
pendent on the pH of the incubation mixture. 
Whereas at pH 8.0, 70% of the activity was 
lost after treatment with 5 mg/ml of GA for 

A IOOK A ''[Y .SMGIML. . 
40 

3 

201 \ 

\ a 

TE M PERATU RE ("C) 

FIG. 2 .  Effect of time and temperature on ACHE 
inactivation. (A, top) To duplicate 0.2 ml of a 50% 
cell suspension, 4 rnl of GA in 0.1 M phosphate 
buffer (pH 8.0) were added. After incubation at 37' 
for time indicated, cells were washed with buffer 
and the percent of ACHE activity remaining was 
determined as indicated in text. (B, bottom) Same as 
above, except that GT treatment was carried out 
for 2 0  min at the temperature indicated. 
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FIG. 3.  Effec't of time on thermostability of ACHE. 
Erythrocyte membranes obtained by osmotic lysis 
were treated for 2 0  min with GA a t  pH 8.0 and 
25". GA was omitted from controls. After five wash- 
ings with 0.01 M phosphate buffer (pH 8.0) a 1% 
(v/v) suspension was prepared with the same buff- 
er. Triplicate 1.0-m.1 aliquots were incubated at 56" 
for time indicated, immediately diluted with 10 ml 
of ice-cold 0.1 M phosphate buffer (pH 8.0) and 
stored a t  4". Enzyme activity was measured simul- 
taneously as indicated in text and related to aliquots 
kept a t  4". 

20 min at  25"; at  pH 7.0 and 6.0, the loss 
was 50% and lo%, respectively (Fig. 1B).  
Prolonging the time of incubation resulted in 
increased enzyme inactivation, but the rela- 
tively rapid initial loss of activity was fol- 
lowed by a slower rate (Fig. 2A). The action 
of GA on ACHE was temperature dependent. 
A concentration of 0.5 mg/ml at  pH 8.0 
caused 3570 inactivation in 20 min at 4 O  and 
70% at  45". With 5 mg/ml the values were 
50% and 9476, respectively (Fig. 2B). 

Changes in stability of ACHE. The reduc- 
tion in ACHE activity was not associated 
with alterations in substrate specificity, K ,  
and pH profile. However, it was accompanied 
by changes in the stability of the enzyme. 
Thus, the residual ACHE activity after ex- 
posure to GA was more thermolabile than the 
normal enzyme (Fig. 3) .  The decrease in 
stability was dependent on the concentration 
of reagent used. Similar results were obtained 
when membrane preparations with partially 
heat-inactivated ACHE (1 1) were exposed to 
GA, washed with buffer and then incubated 
at  56". The latter findings suggested that the 
reagent did not preferentially affect a more 
stable ACHE species. The decreased stability 
of the residual enzyme activity was also 

evident by exposing GA-treated membranes 
to urea. Thus, after 15 min in 3 M urea at  
pH 8.0 and 25", 40% of the activity was lost 
in control preparations as compared to 70% 
and 55% in membranes pretreated with 5 
mg/ml and 0.5 mg/ml of GA, respectively. 

Discussion. The foregoing results demon- 
strate that GA-induced modifications of the 
erythrocyte membrane were accompanied by 
ACHE inactivation. These observations ex- 
tend earlier studies in which it was shown 
that f ormaldehyde-mediated surf ace a1 ter- 
ations of the red cell were associated with 
reduction in ACHE activity ( 1 2 ) .  The fail- 
ure to restore enzyme activity by repeated 
washing of GA-treated cells indicated that 
the effect was irreversible. This is in keeping 
with the action of GA on other systems, 
reflecting the characteristic reactivity of this 
agent with proteins and its tendency to form 
stable cross-linked derivatives ( 13 ) . Although 
the mechanism by which GA interacts with 
proteins is not fully understood, i t  has been 
shown that i t  reacts preferentially with lysine 
(13) and that a-/?-unsaturated polymeric 
forms may be involved in the formation of 
stable cross-linked derivatives ( 13). The 
resistance of GA-treated erythrocytes to he- 
molytic agents and to mechanical stress is 
probably related to the production of such 
cross-linked structures. 

In experiments to determine the factors 
which influence the coupling of bovine serum 
albumin to red cells in the presence of GA, 
it was found that concentration, volume, time 
and pH were of importance (2).  ACHE 
inactivation was also dependent on these fac- 
tors as well as on the temperature of incu- 
bation. Of particular interest is the finding 
that the residual activity after GA treatment 
was strikingly less resistant to the action of 
heat and urea than the normal enzyme. 
These observations can be contrasted with 
the increased stability of GA-modified gly- 
cogen phosphorylase b (14) and of the residu- 
al ACHE activity of membranes treated with 
175-difluoro-2,4-dinitrobenzene ( 15). Al- 
though the present investigation was restrict- 
ed to a specific protein located at  or near the 
cell surface (8, 16) the possibility exists that 
GA may also affect other surface-related 
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characteristics of the red cell such as electro- 
phore tic mobility and agglutinabili ty . 

Summary. When erythrocytes are treated 
with glutaraldehyde they become resistant to 
hemolytic agents (water) and to mechanical 
stresses (sonication, freeze-thawing ) . These 
alterations are accompanied by the irreversi- 
ble inactivation of acetylcholinesterase, an in- 
tegral part of the erythrocyte membrane. En- 
zyme inactivation is dependent on concentra- 
tion, pH, time and temperature. The reduc- 
tion in activity is not associated with changes 
in substrate specificity, K, and pH profile. 
However, the residual acetylcholinesterase 
activity is more labile to denaturation by 
heat and urea than the normal enzyme. 
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