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Abstract To test the suggested structural relationship between 
the electrogenic H + transporting system and the NADPH 
oxidase of phagocytes, the existence of the enzyme and the 
transport process was investigated in human tonsillar T 
lymphocytes. It is shown that tonsillar T cells possess an 
arachidonic acid activatable, Cd 2+- and Zn2+-sensitive electro- 
genic H + efflux pathway with similar properties as reported 
earlier in various phagocytic cells. The presence of cytochrome 
bsss, the membrane component of the oxidase, could not be 
detected in tonsillar T lymphocytes either by immunoblot or by 
flow cytometric analysis. It is suggested that the electrogenic H + 
transporting pathway is structurally independent of the NADPH 
oxidase complex. 
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1. Introduction 

A Cd 2+ and Zn ~+ inhibitable electrogenic H + conducting 
pathway has been described in the plasma membrane of dif- 
ferent leukocytes, namely in human and pig neutrophil gran- 
ulocytes, peripheral lymphocytes, macrophages and HL60 
cells [1-11]. In electrophysiological studies a voltage-depend- 
ent, outwardly rectifying and absolutely H+-selective current 
was characterized in various phagocytic cells [6 8,11]. Exogen- 
ous arachidonic acid (AA) and lowering of the intracellular 
pH were reported as the most common stimuli of the trans- 
port [4~11]. Recently also receptor-mediated activation of the 
H+-efflux has been described in neutrophils [12,13]. 

An important physiological role for this H+-conductance 
has been suggested in O2--producing cells [1,2]. The 02 -gen- 
erating NADPH oxidase consists of a membrane component 
(cytochrome b55s) and at least three cytosolic proteins 
(p47phox, p67pho× and rac) which are translocated to the mem- 
brane upon stimulation [14]. The enzyme transfers one elec- 
tron from intracellular NADPH to extracellular (or intrapha- 
gosomal) 02, thereby producing O~- and H + in the external 
(or phagosomal) and in the cytoplasmic space, respectively. 
H+-efftux through a channel could provide both charge com- 
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Abbreviations: AA, arachidonic acid; BCECF/AM, 2',7'-bis(carbox- 
yethyl)-5(6)-carboxyflourescein acetoxymethyl ester; CGD, chronic 
granulomatous disease; CHO, Chinese hamster ovary; DCCD, N,N'- 
dicyclohexylcarbodiimide; NDGA, nordihydro-guaiaretic acid; PBS, 
phosphate-buffered saline; PLA2, phospholipase A2; pHi intracellular 
pH; pHo, extracellular pH; PE, R-Phycoerythrin; SDS-PAGE, SDS- 
polyacrilamide gel electrophoresis; AET, 2-aminoethyl-isothiouro- 
nium. 

pensation for the electron transport and prevent significant 
intracellular acidification during the respiratory burst. 

Although H+-transport through this pathway has been ex- 
tensively characterized, the molecular basis of the proposed 
channel activity could not be identified, yet. The molecular 
and functional relationship between the NADPH oxidase 
and the putative H+-channel was investigated in several stu- 
dies. First, alteration of the electrogenic H+-transport was 
observed in neutrophils of CGD patients lacking different 
components of the NADPH oxidase [15,16]. In a previous 
study we showed that in peripheral pig lymphocytes, which 
possess an electrogenic H+-transporter in many aspects simi- 
lar to that of granulocytes and macrophages, the two specific 
cytosolic components of the oxidase are not detectable. This 
finding indicates that the operation of the H+-channel does 
not require the assembly of a functional NADPH oxidase [11]. 
On the basis of measurements carried out on CHO and un- 
differentiated HL60 cells transfected with the cDNA of 
gp91ph .... the large subunit of cytochrome b55s, Henderson et 
al. [17] suggested that the gp91phox protein could function as 
the AA activatable H+-channel. The functional characteriza- 
tion of the expressed transport route remained, however, in- 
sufficient. The H+-fluxes have not been investigated in the 
physiological outward direction which is the only possible 
direction of the transport according to several studies [6- 
8,10], neither was the sensitivity of the detected H+-move - 
ments to heavy metals demonstrated. 

In order to further investigate the possible involvement of 
the cytochrome b~ss oxidase component in the H+-channel 
activity, we examined the existence of an electrogenic H +- 
transporting pathway in tonsillar T cells. This lymphocyte 
population is unable to produce O[ and we presumed that 
they do not express cytochrome b55s. Our results suggest that 
the AA activatable and CdZ+,Zn2+-sensitive electrogenic H +- 
efflux in T cells is not coupled to the molecular presence of the 
cytochrome b~ss protein. 

2. Materials and methods 

2.1. Chemicals and solutions 
BCECF/AM and nigericin were obtained from Calbiochem; 

NDGA, AA, RPMI 1640 and AET from Sigma; valinomycin from 
Serva; Percoll from Pharmacia; FCS from Sebac, Lymphoprep from 
Nycomed. The FITC-labelled anti CD3 antibody was a kind gift from 
Dr. Katalin Pfil6czi. The antibodies reacting with the small and large 
subunits of cytochrome b55s (anti-p22phox and gp91vbx ) were kind 
gifts from Dr. Arthur J. Verhoeven and Prof. Dirk Roos [18]. 

Composition of the media used: Phosphate-buffered saline (PBS) 
medium= 137 mM NaC1, 8.1 mM Na2HPO4, 2.7 mM KC1, 1.5 mM 
KH2PO4 and 5 mM glucose, pH 7.3; KCI medium= 140 mM KC1, 5 
mM Tris-HC1 and 5 mM glucose, pH 7.4; RPMI  rnediurn=RPMI 
1640, 2 mM glutamine, 1 mM sodium pyruvate, 100 IU/ml penicillin, 
100 pg/ml streptomycin and 10% FCS; FACS rnediurn=132 mM 
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NaC1, 6 m M  KC1, 1.2 m M  K2HPO4, 1 m M  MgSO4, 20 m M  HEPES, 
1 m M  EGTA and 0.5% BSA. 

2.2. Cell preparation 
Lymphocytes  were collected from human  tonsils by s tandard tech- 

niques [19]. T cells were separated by rosetting with AET-bromide- 
treated sheep red blood cells [20]. Resting B cells were prepared ac- 
cording to [20]. 

Separated T cells (in rosettes) were suspended in R P M I  medium 
and centrifuged through 65% Percoll in order to remove B cell con- 
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Fig. 1. Inhibition of  the electrogenic H+-transpor t  by Cd 2+ and 
Zn 2+. (A) Effect of  Cd 2+ on the valinomycin-induced intracellular 
alkalinization (one experiment, representative of  five similar ones). 
(B and C) Inhibitory effect of  different concentrations of  Cd 2+ (B) 
or Zn 2+ (C) on the rate of  H+-extrusion from acidified tonsillar T 
cells under basal conditions (i.e. presence of valinomycin only) (0)  
or stimulated by 3 laM AA (D). The graphs show one experiment 
representative o f  three similar ones. The value 100% corresponds to 
0.177 ApH/min or to 0.531 ApH/min in the case of  basal or AA-sti- 
mulated H + efflux, respectively. 
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tamination. T cells were collected from the bot tom of the tube. To 2.5 
ml of  sample of  this preparation 5 mt of  150 m M  NaCI, 50 pl of  0.5 
M Tr is -EGTA and 15 ml of  distilled water were added for lysis of  
erythrocytes. After 40 s of  careful mixing, iso-osmotic conditions were 
restored with NaC1. Cells were pelleted (840×g, 10 min), washed and 
resuspended in PBS. Purity of  the T cells and contaminat ion of the B 
cell preparation with T cells was controlled by flow cytometric ana- 
lysis using anti-CD3 antibody [21]. Purity of  the preparations was 95 
99%. 

Neutrophil  granulocytes were isolated from citrated human  blood 
as described in [22]. 

2.3. Measurement of H+-movements through the plasma membrane of 
T and B cells" 

H +-movements  through the plasma membrane  of  T and B lympho- 
cytes prepared from human  tonsils were measured by monitoring in- 
tracellular pH changes with the same technique as used for the char- 
acterization of  the electrogenic H +-transporting pathway of 
neutrophil granulocytes, peripheral lymphocytes, macrophages and 
enterocytes [4,7,11,16,23]. Briefly, intracellular pH was measured on 
the basis of  the fluorescence of  the pH indicator dye BCECF. T or B 
cells (5x  106 107) suspended in 1 ml of  PBS were incubated with 4 pM 
BCECF/AM at 37°C for 20 min. Cells were then diluted, washed and 
resuspended at 5-7z108/ml  in PBS medium. In order to obtain a 
t ransmembrane  pH gradient of  about  0.7 unit, the intracellular com- 
par tment  of  BCECF-loaded cells was acidified to pHi 6 .70+0.14 
(n = 4) by using the a m m o n i u m  pre-pulse technique [24] as detailed 
in [4]. Cells were finally resuspended in 150 m M  choline chloride, 5 
m M  Tris-HCl and 5 m M  glucose, pH 7.4. Acidified cells were kept at 
4°C. Fluorescence of  BCECF loaded cells was monitored by a Perkin- 
Elmer 3000 spectrofluorimeter with wavelengths of  495 and 530 nm 
for excitation and emission, respectively. No  significant change in the 
baseline fluorescence was observed up to 3 h from the time of  loading 
the cells with the indicator. Typically, 2.5× 105 BCECF loaded cells 
were suspended in 2.5 ml of  a KCl-based, Na+-free medium (KCI 
medium). The high external K + concentration largely dissipated the 
internal negative membrane  potential that could hinder the movement  
of  protons. The lack of  external Na  ~ excluded the participation of the 
Na+/H + exchanger in the pHi changes. The possibility of  the involve- 
ment  of  a K+/H + exchanger in the detected H+-transport  was ex- 
cluded as detailed previously [11]. The electrogenic H+-etttux was in- 
itiated by the addition of  0.8 tiM valinomycin. K ~ influx via this 
ionophore could serve as charge compensat ion for the proton extru- 
sion through the channel. All further additions are detailed in the 
legend to the respective figure. Calibration of the signal in terms of 
ph i  was carried out as described in [4]. 

Experimental data are presented as mean + S.E.M. of  the number  of  
experiments (n). 

2.4. Immunodetection of the cytochrom b568 component of the NADPH 
oxidase 

Lymphocytes and granulocytes (5 × 105 cells) were lysed in hot sam- 
ple buffer containing 2% SDS and subjected to SDS-PAGE. The 
separation gel contained 10% acrylamide. Electrophoretic separation, 
transfer to nitrocellulose sheets and reaction with the antibodies were 
carried out as detailed in [25]. Alkaline phosphatase-labelled anti- 
mouse IgG was used as the second antibody and the colour reaction 
was developed with 5-bromo-4-chloro-3-indolyl phosphate  plus nitro- 
bluetetrazolium. 

2.5. Flow cytometry 
Binding of the antibodies to permeabilized cells was carried out as 

described in [18]. Briefly, 2x  106 neutrophils or tonsillar T cells were 
permeabilized for 2 min in FACS medium supplemented with 15 pM 
digitonin, then diluted 5-fold with cold FACS medium and centri- 
fuged. The cells were washed and fixed for 5 min by adding an equal 
volume of  1% paraformaldehyde. After washing in PBS, the cells were 
incubated with the monoclonal  anti-gp91phox antibody in FACS med- 
ium at 37°C for 25 min. Subsequently the cells were washed, resus- 
pended in FACS medium containing 2% BSA and PE-labelled goat 
anti-mouse Ig and incubated for another 20 min at room temperature. 
Cells were washed twice, then incubated for additional 20 min with 
FITC-labelled anti-CD3 antibody followed by a last washing. Fluor- 
escence intensities were measured with a Facstar  fluorocytometer 
(Becton Dickinson). 
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Fig. 2. Effect of different pharmacological agents on the electrogenic H+-efItux from acidified tonsillar T cells. Effect of different concentrations 
of AA (A), or 25 gM NDGA (B) or 50 I.tM DCCD (C) on the valinomycin-induced H+-transport. The respective agent was added before vali- 
nomycin. One experiment representative of four (A) or two (B) or three (C) similar ones is shown. For the clarity of presentation, the original 
traces were shifted vertically although the initial pHi was similar. 

3. Results 

3.1. Characterization o f  an electrogenic H + tran~port&g 
pathway in human tonsillar T lymphocytes 

H+-Movements through the plasma membrane of T lym- 
phocytes prepared from human tonsils were measured as de- 
scribed in section 2. Fig. 1A shows our typical basic observa- 
tion. After suspending the tonsillar T cells in the KC1 based 
medium essentially no pH increase could be measured, 
whereas the addition of valinomycin induced a significant in- 
crease in the intracellular pH. The avarage rate of the initial 
pHi-change was 0.177 +0.013 ApH/min (n =4). The fact that 
the pHi-change is promoted by the ionophore, i.e. by allowing 
charge compensating K + movement, suggests that the pHi 
increase is the consequence of an electrogenic H+-egress. Un- 
der comparable conditions, the initial rate of the electrogenic 
H+-etttux from the T lymphocytes falls in the same range as 
reported earlier for neutrophil granulocytes, macrophages and 
peripheral lymphocytes [4,9,11]. 

Cd 2+ and Zn 2+ were described as common inhibitors of the 
electrogenic H+-transporter of neutrophil granulocytes, 
macrophages and peripheral lymphocytes [1,2,4,6-11]. Fig. 
1A shows that 400 gM Cd 2+ causes a significant decrease in 
the initial rate of the valinomycin induced H+-transport of 
tonsillar T cells. The curves with dotted lines in Fig. IB and 
C represent the dependence of the initial rate of the valino- 
mycin-induced (basal) transport on the concentrations of 
Cd 2+ and Zn 2+. Half-maximal inhibition was attained at 
125 gM Cd 2+ and 9 gM Zn 2+, respectively. These values 
are close to those reported previously for neutrophil granulo- 
cytes [4] and peripheral lymphocytes [11] suggesting that simi- 
lar transporters may function in these different cell types. 

The available information about the pharmacological prop- 
erties of the H + pathway is limited. However, in addition to 
the inhibitory effect of heavy metals, there are some common 
features characteristic for this route in granulocytes, macro- 
phages and peripheral lymphocytes. These include the sensi- 

tivity to AA and various drugs influencing its metabolism as 
well as the activating effect of the carboxylating agent 
DCCD. These properties were tested in tonsillar T lympho- 
cytes. 

Fig. 2A shows the activation by exogenously added AA of 
the valinomycin induced H+-efflux. Addition of AA at a con- 
centration of 3 and 6 ~tM induced 2.91 + 1.05- or 6.53+2.1- 
fold (n = 4) increase in the transport rates, respectively. This 
effect of AA was strongly dependent on the presence of vali- 
nomycin indicating that AA does not aspecifically increase the 
permeability of the cells but probably stimulates the transport 
of protons through the electrogenic pathway. The H+-move - 
ment activated by AA also proved to be Cd 2+- and Zn 2+- 
sensitive (Fig. 1B,C). The similar dependence of the rate of 
the basal (only valinomycin-induced) and the AA-activated 
transport on the concentrations of Cd 2+ and Zn 2+ suggests 
that the H+-etttux occurs in both cases through the same 
transport molecule. 

NDGA, an inhibitor of the AA metabolism through the 
lipoxygenase pathway has been described to activate the elec- 
trogenic H efllux from neutrophils [12]. As shown in Fig. 2B, 
a similar effect was observed in T lymphocytes: 25 gM 
NDGA caused a 5-fold elevation in the transport rate. On 
the other hand, inhibition of PLA2 decreased the rate of 
H+-efflux from phagocytes [9,12]. In T cells, 2 p.M quinacrin, 
a potent inhibitor of the PLA2 enzyme decreased the rate of 
the valinomycin-induced H+-efflux by 40% and the NDGA- 
induced stimulation was also inhibited (data not shown). A 
plausible interpretation of these findings could be that NDGA 
activates and quinacrin inhibits the H+-transport through in- 
fluencing the level of the endogenously generated AA [26,27]. 

Finally, we tested the effect of DCCD on the T cell pre- 
paration. DCCD stimulated the Cd2+-sensitive and valinomy- 
cin-induced electrogenic H+-transport in a concentration de- 
pendent manner also in these cells. At a concentration of 50 
I.tM, this compound increased the transport rate to 277 + 25% 
of the basal activity (n =- 3) (Fig. 2C). This value is near to that 
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Fig. 3. Detection of cytochrome bsss by immunoblot. Same amounts 
(5x10 s) of tonsillar T cells (Ly) or peripheral granulocytes (Gr) 
were subjected to Western blot analysis as described in section 2. 
The large and small subunits of cytochrome bsss were detected by 
monoclonal antibodies against gp91phox and p22phox proteins. One 
experiment representative of 4 similar ones. 

found previously in peripheral lymphocytes [11] and neutro- 
phils (Kapus, Susztfik and Ligeti, unpublished observations). 

3.2. Investigation of  the presence of  cytochrome b55s in 
tonsillar T cells 

Henderson et al. [17] suggested, that the AA-stimulated 
electrogenic H +-transport in neutrophil granulocytes is 
mediated by the gp91phox component of the NADPH oxidase. 
We raised the question, whether the electrogenic H+-effiux 
measured in the human T cell preparation can be catalysed 
by this molecule, the expression of which has not yet been 
investigated in tonsillar T cells. We carried out both Western 
blot and flow cytometric analysis on the purified tonsillar T 
cell population and the results were compared to data ob- 
tained in parallel measurements on neutrophil granulocytes. 

The immunoblot shown in Fig. 3 revealed that tonsillar T 
lymphocytes neither express the gp91phox nor the p22phox com- 
ponent of the cytochrome b558 in sufficient amount to be de- 
tectable by this technique. 

Fig. 4 summarizes the data obtained by flow cytometry on 
tonsillar T lymphocytes (Fig. 4A) and neutrophil granulocytes 
(Fig. 4B). Both cell populations were double-stained with 
FITC-labelled antibodies against CD3 markers and anti- 
gp91phox antibodies followed by a PE-conjugated second anti- 
body. As shown on the dot plots, 78% of the analysed gran- 
ulocytes are localized in the upper left quadrant, indicating 
that the anti-gp91phox antibody is able to react with its antigen 
under the applied experimental conditions (Fig. 4B). This 
should be compared to the results obtained with T lympho- 
cytes in which more than 80% of the investigated cells are 
found in the lower right quadrant of the plot (Fig. 4A). 
Thus, the CD3 positive T lymphocytes are not stained with 
the antibody against the gp91pho~ protein. 

These results support our conclusion that the cytochrome 

b55s component of the NADPH oxidase is not expressed in 
human tonsillar T lymphocytes. Similar data were reported 
earlier for human peripheral T lymphocytes [28]. 

4 .  D i s c u s s i o n  

We propose that human tonsillar T cells possess in their 
plasma membrane an electrogenic H+-transporting pathway, 
the properties of which resemble those of phagocytic cells and 
peripheral lymphocytes. We detected: (1) similar transport 
rates under basal conditions; (2) comparable inhibition by 
Cd 2"- and Zn 2+ (similar Ki values); (3) similar activation by 
AA and DCCD. According to our immunoblot and flow cy- 
tometric experiments tonsillar T cells lack the cytochrome bsss 
protein, thus it cannot be the structural basis of the electro- 
genic H+-extrusion in these cells. 

Our T lymphocyte preparation contained as a contamina- 
tion 1-5% B cells. Human peripheral B cells are known to 

A ~ 

? 
I 
I 

. , 4  

0 

! 
0 . 1 . 4  
J ~  

5"  

"1 

91 
p h o x  

• " - .  
. ~ . . "  . • - . -  - .  

• ; .  • . : . . .  • : : . . . .  . 

:':':..-;,..:.,_,~...: . • 

. . . .  ~:-.~..~.,~, .:. ~. -... • 
. . . .  ~ , 4 ~  . " ~ , 4 " . . . -  • 

,o' " . . . .  '1"~" " 12 
F L 1 - H x F L 1 - H e i g h t  - - - >  

LYMPHOCYTE 

CD3 

B 

A 
I 
I 
I 

, a -  

i 
0 J . 4  

/ 
-r 
I 

OJ 
.3 
b - o  

0 "II  

91pho× 

• . • ",.~.~ 

'....'.?'..~ .. 

• , ° 

GRAMULOCYTE 

. r  
• : 2 .  

:?•.... 

CD3 
. . . . .  i i~2 . . . . . .  i~3 . . . . .  '1~ 

F L I - H x F L I - H e i g h t  - - - >  

Fig. 4. Flow cytometric analysis of the expression of CD3 marker 
and gp91phox in tonsillar T cells (A) and peripheral granulocytes 
( B ) .  Two-dimensional flow cytometric dot plots correlating the ex- 
pression of CD3 (x-axis) and gp91phox (y-axis). The intensity of 
green fluorescence of FITS (x-axis) and of red fluorescence of PE 
(y-axis) are represented in arbitrary units, on a logarithmic scale. 
96°/'0 of the control granulocytes and 89% of the lymphocytes fall in 
the left lower quadrant. 
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contain cytochrome b558 [28]. In order to exclude the possibi- 
lity that the H+-efflux measured on our preparation originates 
from B cells, we investigated H+-movements  also in purified B 
cell preparations. Under  the same conditions, we detected a 
similar (electrogenic, Cd 2+- and Zn2+-sensitive, AA- and 
DCCD-activatable) H + transporting system in tonsillar B cells 
as well (data not  shown). However, the transport  rates both 
under basal conditions and upon activation by AA are only 
30-40% (e.g. basal activity = 0.0524_+ 0.0148 ApH/min; n -- 5) 
of that calculated for T cells. In fact, any contaminat ion with 
B cells would only decrease the rate of H + movement  mea- 
sured in the T lymphocyte preparation. These data clearly 
show that there is no correlation between the activity of the 
H + pathway and the presence of the cytochrome b5~8. 

H+-Transport ing systems similar to those described in leu- 
kocytes have been recently characterized in functionally dif- 
ferent cell types, e.g. alveolar epithelial cells, oocytes, entero- 
cytes and muscle cells [23,29]. Ability of these cells to produce 
superoxide has never been published, neither was the existence 
of gp91phox demonstrated. It is doubtful  whether a protein 
highly specific for phagocytic cells could be responsible for 
the electrogenic H+-movements  of embryologically so distinct 
cell types. Finally, our data are in good agreement with recent 
findings on C G D  patients '  neutrophils, in which a H + con- 
ductance activated by depolarisation and internal acidification 
has been detected despite of absence of gp91pho× [30]. 

Taken together, we suggest that the electrogenic H + trans- 
porting pathway is structurally independent of the N A D P H  
oxidase complex. Nevertheless it can not  be excluded that in 
phagocytic cells the oxidase may exert a direct or indirect 
regulatory effect on the activation of the putative H + channel 
as suggested by Nanda  et al. [30]. 
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