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Summary. Voltage-clamped single nerve fibers of the frog 
Rana esculenta were treated with the carboxyl group activat- 
ing reagent N-ethoxy-carbonyl-2-ethoxy-l,2-dihydroquinoline 
(EEDQ) in the presence of different primary amines and without 
added amine. Carboxyl groups form stable amide bonds with 
primary amines in the presence of EEDQ. EEDQ treatment re- 
duced the sodium current considerably and irreversibly, regard- 
less of the presence of a primary amine in the Ringer's solution. 
The potassium current was also reduced. After modification the 
reduced sodium currents inactivated slowly and incompletely. 
The descending branch of the sodium current-voltage relation, 
lya(E), was shifted along the voltage axis in the depolarizing 
direction. The size of the shift was strongly dependent on the 
amine present during modification with EEDQ. The voltage-de- 
pendence of sodium inactivation, h~(E), was shifted to more pos- 
itive values of membrane potential by EEDQ in the presence of 
ethylenediamine (11 mV) and glucosamine (3 mV). In contrast, a 
small shift to more negative potentials occurred in the presence 
of taurine ( -3  mV) or without the addition of an amine ( -2  mV). 
A tenfold increase of the calcium concentration still shifted the 
INa(E) and h~(E) curves of the chemically modified fibers. How- 
ever, these shifts were smaller than those observed on untreated 
fibers. The currents remaining after the modification were com- 
pletely blocked by tetrodotoxin; no change of the reversal poten- 
tial occurred. 
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Introduction 

The marked effect of divalent ions, hydrogen ions 
and other monovalent ions on the voltage depen- 
dence of the sodium and potassium permeability 
strongly suggests that anionic sites of the membrane 
contribute to the electrical field across the nerve 
membrane. Most of the external surface potential, 
set up by fixed charges, is created by negatively 
charged groups. These fixed charges on the outside 
of the membrane affect the voltage dependence 
of the excitability . parameters (for example: 
Frankenhaeuser & Hodgkin, 1957; Blaustein & 

Goldman, 1968; Hille, 1968; Brismar, 1973; Drouin 
& Neumcke, 1974; Vogel, 1974; Begenisich, 1975; 
Hille, Woodhull & Shapiro, 1975). 

The most likely candidates for anionic sites on a 
membrane are carboxyl or phosphate groups. From 
experiments with divalent uranyl ions it was con- 
cluded that many of the surface acidic groups are 
phosphate groups (D'Arrigo, 1975). 

Chemical modification of sodium channels with 
reagents known to modify carboxyl groups resulted 
in a reduced binding of the specific sodium channel 
blocker tetrodotoxin (TTX) (Shrager & Profera, 
1973; Reed & Raftery, 1976). Sodium channels, still 
generating action potentials, even in extremely high 
concentrations of TTX could be demonstrated 
(Baker & Rubinson, 1975, 1977). Sodium currents 
were measurable in the presence of high concentra- 
tions of TTX or saxitoxin (STX) after treatment of 
nerve and muscle fibers with a carboxyl group mod- 
ifying reagent (Sigworth & Spalding, 1980; Spald- 
ing, 1980). Furthermore, a carboxyl group was as- 
sumed to be part of the selectivity filter and 
probably identical with the TTX-binding acidic 
group (Hille, 1975a,b). However, treatment of mus- 
cle fibers with a carboxyl group modifying reagent 
resulted in TTX-resistant sodium channels with no 
significant change in their selectivity (Spalding, 
1980). 

In order to investigate the chemical nature and 
functional importance of the negative charges, we 
have modified the carboxyl groups of the nerve 
membrane covalently and studied the effects on so- 
dium currents. Interpretation of data obtained from 
chemical modification studies is not without diffi- 
culty. The most important problems are the speci- 
ficity of the reagent applied and the question to 
what extent the modification reaction has pro- 
ceeded. Problems that have to be considered are 
extensively reviewed by Means and Feeney (1971). 
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Fig. 1. Na currents associated with 6.6-msec depolarizing pulses 
to potentials between -30 and +30 mV before (A) and after (B) 
treatment with EEDQ and ethylenediamine for 10 min. K cur- 
rents were blocked by internal Cs and 12 mM TEA from outside 

For chemical modification we used the highly 
specific carboxyl group activating reagent EEDQ. 
This reagent is known to convert carboxyl groups 
into highly reactive esters. These active esters react 
readily with nucleophiles available and form stable 
amide bonds in the presence of primary amines 
(Belleau & Malek, 1968; Belleau, DiTullio & Godin, 
1969). This mechanism of action makes it possible 
to introduce amines with different properties into 
the membrane. We have studied the action of 
EEDQ in the presence of a diamine (ethylenedi- 
amine), a monoamine (glucosamine) and a mono- 
amine bearing an additional negative charge 
(taurine). The action of EEDQ without primary 
amine was also investigated. In addition, we studied 
the effects of increased calcium concentration in 
fibers that have been chemically modified with the 
carboxyl group reactive reagent. Part of the results 

have been presented in abstract form (Rack, 1983; 
Rack & Woll, 1984). 

ABBREVIATIONS: N-Ethoxycarbonyl-2-ethoxy-l,2-dihydroquin- 
oline (EEDQ), Morpholinopropanesulfonic acid (MOPS), 
Morpholinoethanesulfonic acid (MES), Dimethylformamide 
(DMF), Tetrodotoxin (TTX), Tetraethylammonium (TEA), Tri- 
methyloxonium (TMO). 

Materials and Methods 

Single nerve fibers were dissected from the sciatic nerve of the 
frog Rana esculenta (Sfftmpfti, 1969). A node of Ranvier was 
voltage clamped at 15~ by the method of Nonner (1969). The 
fiber was cut on both sides of the node at a distance of about 0.75 
mm. The ends of the fiber were in 117 mM CsC1, 5 mM NaC1, 2 
mM MOPS, pH 7.3; this solution was used for blocking K cur- 
rents. The potential at which 30% of the Na channels are inacti- 
vated was taken as the normal resting potential and defined as E 
= -70 inV. The fibers were held at E = -70 mV. The command 
voltage pulses were generated by a 10-bit D/A converter under 
computer control. Membrane currents were filtered by a 10-kHz 
low-pass filter and sampled in 37 and 185-/xsec intervals by 
means of a 12-bit AID converter, also operating under computer 
control. Absolute membrane currents were calculated by assum- 
ing a longitudinal axoplasmic resistance of 10 MO, correspond- 
ing to a value of 140 Ml~/cm for the resistance per unit length of a 
frog nerve fiber of 14 ~m diameter (see Stfimptti & Hille, 1976). 
An analogue circuit was used to compensate the symmetrical 
component of the capacitive and leakage currents. All potentials 
are given as absolute potentials. 

To measure the halE) curve, 40-msec conditioning pulses to 
varying potentials followed by a constant test pulse to + 10 mV 
were used. Normalized test pulse current was plotted against 
membrane potential during the conditioning pulse. The equation 

h ~ -  + C (1) 
E -  Eh 

1 + exp k 

was fitted to the experimental points. In this equation, k is the 
slope parameter and Eh is the potential at which h= = 0.5 + C. C 
is used for the description of a noninactivating component of the 
sodium permeability. 

SOLUTIONS 

The node was superfused continuously with Ringer's solution 
with or without a chemical reagent. The control Ringer's solution 
contained (mM): 110 NaC1, 2.5 KC1, 2 CaC12, 12 TEA, and 4 
MOPS. The pH was adjusted to 7.2 with 1 N NaOH. 

Several test solutions have been used. Ringer's with in- 
creased Ca concentration contained 20 mM CaC12 instead of 2 
raM, with no change in the concentration of the other salts or pH. 
The Ringer's solution with reduced NaC1 contained ~ choline 
chloride and ] NaCI or ] RbCI and ] NaC1. EEDQ was dissolved 
in dimethylformamide (DMF). The dissolved reagent was slowly 
added to stirred Ringer's solution (mM: 110 NaC1, 2.5 KC1, 2 
CaCI2, 12 TEA, and 4 MES) and the pH adjusted to 5.5 with 1 N 
NaOH. Alternatively, the NaC1 was replaced by RbCI and the 
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pH adjusted to 5.5 with tetramethylammoniumhydroxyde in- 
stead of NaOH. This second solution was used in several experi- 
ments in order to prevent shifts of the reversal potential that may 
occur simply by Na ion influx during the relatively long time of 
modification and washing. Rubidium was used as the permeabil- 
ity of the Na channel for this ion is below 3% of that for sodium 
ions (Hille, 1972). Quaternary amines may be used for the same 
purpose; to exclude a possible contamination with primary 
amines, that may be present in such a preparation, we favored 
the use of RbCI. A 2 mM solution of EEDQ in Ringer's was 
prepared, the final concentration of DMF was 2%. If desired, an 
appropriate amine was added to give a final concentration of 10 
raM. EEDQ is slowly hydrolyzed by water. As revealed by the 
change of absorption at 262 nm the t~j2 of EEDQ hydrolysis in 
Ringer's solution, pH 5.5, is approx. 75 rain. Therefore the indi- 
vidual Ringer's solution was freshly prepared for each experi- 
ment and applied to the nerve fiber immediately after prepara- 
tion. After application the preparation was washed with 
reagent-free Ringer's solution for at least 10 min before measure- 
ments were continued. 

MATERIALS 
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N-Ethoxycarbonyl-2-ethoxy-l,2-dihydroquinoline (EEDQ) and 
tetramethylammonium hydroxide were obtained from Sigma, 
MOnchen, F.R.G. Ethylenediamine, taurine, rubidium chloride, 
and tetraethylammonium chloride (TEA) were from Fluka, Neu- 
Ulm, F.R.G. Morpholinopropanesulfonic acid (MOPS), morpho- 
linoethanesulfonic acid (MES) and glucosamine were from 
Serva, Heidelberg. All other chemicals were analytical grade and 
were purchased from Merck, Darmstadt, F.R.G. 

Fig. 2. Fit of the decaying phase of the Na current associated 
with a 14-msec pulse to + 10 mV before (A) and after (B) treat- 
ment with EEDQ and ethylenediamine. The currents in A and B 
were fitted with the equations: IN, = -21.28 exp( t /0 .49)  1.76 
exp(-t/3.9) - 0.16 [nA], and /Na = --4.89 exp(-t/2.96) - 0.81 
[nA], respectively 

Results 

EEDQ AND ETHYLENEDIAMINE 

Two mM EEDQ were applied to the nerve fiber in 
the presence of 10 mM ethylenediamine for 10 min 
and then washed out with reagent-free Ringer's so- 
lution. During the application of the chemicals at 
low pH, INa and IK decreased quickly and com- 
pletely. A strong, irreversible decrease of the 
currents was observed after washing with normal 
Ringer's. 

As the modification procedure lasts a relatively 
long time an increase of the sodium concentration 
of the axoplasmic side of the fiber may occur, 
thereby causing a shift of the reversal potential 
(ENa). In order to prevent such an effect, NaCl-free 
Ringer's solutions were used during the chemical 
procedure and washout when the reversal potential 
was examined while the currents were measured in 
full NaC1 before and after modification (see Materi- 
als and Methods). 

Figure 1 compares Na currents before (A) and 
after (B) treatment with EEDQ and ethylene- 
diamine. The size of the Na inward currents in A 

and B shows that the Na permeability is about four 
times smaller in B than in A. The time to peak was 
increased by a factor of 1.54 and the decay of the 
Na current was considerably slower after treatment 
with the carboxyl group reactive reagent in the 
presence of ethylenediamine. For a quantitative 
analysis, the decaying phase of the Na inward' cur- 
rent associated with a 14-msec pulse was fitted by 
the sum of one or two exponentials and a time- 
independent term Is (Fig. 2). The normal Na current 
was best fitted with two exponentials 0-hi = 0.49 
m s e c ,  rh2 = 3.93 msec) and L = -0.16 nA, whereas 
the Na current recorded after treatment could be 
described by a single exponential with a relatively 
large time constant (~h = 2.96 msec) and L = -0.81 
nA. Even during a 3-sec pulse to 0 mV inactivation 
of the Na current in fibers treated with EEDQ and 
ethylenediamine was not complete. 

Plotting INa versus pulse potential revealed that 
treatment with 2 mM EEDQ and 10 mM ethylene- 
diamine for 10 rain shifted the descending branch of 
the INa(E) curve by 12 mV in the depolarizing direc- 
tion, but did not alter the reversal potential (Fig. 3). 
Part of the 12-mV shift could be due to an artefact of 
series resistance caused by the considerable reduc- 
tion of INa during the chemical treatment. However, 
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Fig. 3. Peak sodium current-voltage curve, IN,(E), before (o) and 
after t reatment  with 2 mM EEDQ and 10 mM ethylenediamine for 
10 min, (x) in 2 mM Ca, ( 0 )  in 20 mM Ca. Currents after treat- 
ment  multiplied by 2.7 (x) or 3.68 ( 0 )  to facilitate comparison of 
the IN,(E) curves 

a similar shift (13.5 mV) was observed when the 
currents before and after modification were of equal 
size (see Table); this was achieved by recording the 
currents before modification in } Na (} Na replaced 
by Rb) and the currents after modification in full 
Na. To facilitate comparison, the currents in Fig. 3 
are scaled so that the maxima of the INa(E) curves 
are equal. 

Subsequent exposure of the chemically modi- 
fied fiber to 20 mM CaC12 (instead of 2 mM) caused a 
further shift of the descending branch of the IN~(E) 
curve by 14 mV (0 in Fig. 3). Average values for 
the shifts caused by modification and for the shifts 
produced by 20 mM Ca are given in the Table. 

On the same fibers we measured the steady- 
state inactivation curve, h4E). The modification 
procedure had three marked effects: it shifted the 
potential for half inactivation (Eh) to more positive 
values of membrane potential, decreased the slope 
of the curve, and induced a noninactivating compo- 
nent (Fig. 4). To account for this noninactivating 
component the constant C was introduced into Eq. 
(l) (see Materials and Methods). In the experiment 
of Fig. 4 the 10-rain treatment with EEDQ and 
ethylenediamine resulted in a shift of Eh from -64.8 
to -54.5 inV. The slope factor k was increased from 
6.5 to 11.9 inV. In a total of five experiments the 
average shift of Eh was 11.3 (+ 1.6) mV (mean • 
SD), i.e. similar to the shift of the descending branch 
of the INa(L) curve (see Table). 

Subsequent exposure of the modified fiber to 20 
mM Ca induced a further shift of the h~(E) curve (O 
in Fig. 4). Eh was shifted from -54.5 to -46.1 mV 
and k decreased from 11.9 to 9.0 mV. Thus, the high 
Ca concentration partially re-established the normal 
slope of the ho~(E) curve. As shown in the Table, the 
effect of 20 mM Ca on the h~(E) curve, expressed as 

hoo 
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Fig. 4. Steady-state inactivation curve, h,(E), of  the sodium sys- 
tem before (o) and after (x) treatment with 2 mM EEDQ and 10 
mM ethylenediamine for 10 rain, both measured in 2 mM Ca. The 
curve ( 0 )  is the h.(E) curve with 20 mM Ca after treatment.  
Points were fitted by Eq. (1) with Eh = -64 .8  mV, k = 6.5 mV 
and C = 0.018 for o, Eh = -54 .5  mV, k = 11.9 mV and C = 0.083 
for x, and Eh = -46.1  mV, k = 9.0 mV and C = 0.089 for �9 At 
-100 mV, the current after EEDQ/ethylenediamine treatment in 
2 mM Ca was 29.2% of  the current measured before in the same 
Ringer 's solution 

change in the half potential Eh, was smaller after 
modification than before. 

In order to investigate how far the reaction has 
proceeded during our 10-min treatment protocol, 
we superfused a fiber for 20 rain with EEDQ and 
ethylenediamine. The shift of the descending 
branch of the INa(E) curve measured in 2 mM Ca + + 
was 19.6 mV instead of t2.1 mV and that of Eh of 
the h~(E) curve 13.3 mV instead of 11.3 mV when 
compared with the average shifts after I0 rain; in 
addition the slope factor k increased by 6.4 mV in- 
stead of 4.7 mV during the prolonged treatment. 
Subsequent exposure of the modified fiber to 20 mM 
Ca ++ produced a shift of the descending branch of 
the INa(E) curve by 12.2 mV, and of the h~(E) curve 
by 12.1 mV, i.e. resulted in the same shifts as after 
our standard treatment protocol of l0 min (see Ta- 
ble). Thus, all carboxyl groups that can be affected 
by an increase of Ca ion concentration have been 
modified during our 10-min treatment. 

E E D Q  AND G L U C O S A M I N E  

The same procedure as described above was used to 
test the effects of glucosamine in the presence of 
EEDQ. When the single charged amine was present 
instead of the double charged ethylenediamine, the 
descending branch of the INa(E) curve was shifted 
by only 5.8 to 6.5 mV and the Eh of the h~(E) curve 
by only 2.7 mV while k increased by 2.9 _+ 0.6 mV. 



M. R a c k  and  K. -H.  Wol l :  C a r b o x y l  G r o u p  M o d i f i c a t i o n  on  N e r v e  45 

Tab le .  A v e r a g e  shi f ts  o f  the descending b r a n c h  of  the 1Na(E) cu rve  and  of  the ha l f  po ten t i a l  E~, of  the h~(E) c u r v e  p r o d u c e d  by 
modi f i ca t ion  of  the  c a r b o x y l  g roups  and  by  i nc r ea s ing  the  Ca  c o n c e n t r a t i o n  f rom 2 to 20 raM. In add i t ion ,  the increase of the slope 
f ac to r  k o f  the  h=(E) c u r v e  is g iven .  D a t a  a re  g i v e n  in m V  as  m e a n s  -+ SD 

Effect of modification Effect of 20 mM Ca 

Before After Before After 
modification modification modification modification 

EEDQ and: IN~(E) curve h.  curve, (Eh) h= curve, (k) INa(E) curve lye(E) curve h~ curve, (Eh) h~ curve. (Eh) 
(1) ~ (2) b (3) (4) (5) (6) (7) (8) 

Ethylenediamine: 12.1 -+ 1.2 13.5 + 2.2 11.3 -+ 1.6 4.7 -+ 0.6 13.6 +- 0.6 11.0 +- 1.4 
(n = 5) 
Glucosamine: 5.8 --- 0.6 6.5 -+ 1.1 2.7 -+ 1.7 2.9 -+ 0.6 14.0 -+ 1.0 15.3 -2- 1.0 
(n = 3) 16.0 -+ 1.3 16.8 -- 1.6 
Taurine: 4.5 -+ 2.5 5.4 -+ 2.7 -2 ,9  +- 2.2 5.0 -+ 1.8 (n = 16) 14.7 - 7.3 (n = 15) 16.4 -+ 6.7 
(n = 3) 
No amine added 5.0 -+ 1.5 6.6 +- 1.5 -1 .8  -+ 2.2 2.9 -+ 0.4 13.2 -+ 1.7 15.7 -+ 1.5 
(n = 3) 

Currents before and after modification recorded in lull Na,,. 
Currents before modification recorded in ~ and ~ Na,, (see Materials and MethodsL currents after modification in full Na,,. 

The data are summarized in the Table. The reduc- 
tion of the Na currents and the slow and incomplete 
inactivation were essentially the same as described 
above. 

EEDQ A N D  T A U R I N E  

Besides the positively charged amino group, taurine 
contains a negatively charged sulfonic acid group. 
Thus, no change of the net charge will occur by this 
modification reaction. Using the 10-rain treatment 
protocol, we found a small shift of the Eh of the 
h,(E) curve to more negative values of membrane 
potential ( -2 .9  mV), an increase of k by 5.0 +- 1.8 
mV, while the descending branch of the INa(E) 
curve was shifted by 4.5 to 5.4 mV in the depolariz- 
ing direction (see Table). The other effects were the 
same as in the presence of ethylenediamine or glu- 
cosamine (see above). 

EEDQ W i T h O U T  A D D E D  P R I M A R Y  A M I N E  

As described above, the reduction of the Na perme- 
ability, the slow and incomplete inactivation and 
the increase of the slope factor k occurred regard- 
less of the properties of the added amine. The same 
effects could be observed after EEDQ treatment 
without externally added primary amine. Presum- 
ably, the highly active esters formed by EEDQ re- 
act with membrane-bound nucleophilic groups in 
the immediate proximity (e.g. a lysine residue). The 
shift of the INa(E) curve produced by EEDQ treat- 
ment without added amine was similar to that 
caused by EEDQ in the presence of taurine (see 
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Fig.  5. S t e a d y - s t a t e  i nac t i va t i on  cu rve ,  h~(E), of  the sod ium sys- 
tem befo re  (o) and  a f te r  (x) treatment with 2 mM E E D Q  for  10 

min  w i t h o u t  a d d e d  p r i m a r y  amine ,  bo th  m e a s u r e d  in 2 mM Ca. 

The c u r v e  ((>) is the h~(E) c u r v e  wi th  20 mM Ca af te r  t r ea tmen t .  

Po in t s  w e r e  f i t ted by  Eq.  (1) w i th  Eh = - 6 4 . 2  mV,  k = 6.0 mV 

and  C = 0.012 for  o; Eh = - 6 8 . 4  mV,  k = 8.5 mV and C = 0. 101 
for  x,  a n d E h  = - 5 4 . 3  mV,  k = 7.0 m V  and  C = 0.085 for �9 At  

- 1 0 0  m V ,  the  c u r r e n t  a f t e r  E E D Q  treatment without added  pri- 

m a r y  a m i n e  in 2 mM Ca  was  27.2% of  the cur ren t  m e a s u r e d  
before  in the  s a m e  R i n g e r ' s  so lu t ion  

Table). Figure 5 shows the effect of a 10-min EEDQ 
treatment on the h~(E) curve. This modification pro- 
cedure had two marked effects: it induced a nonin- 
activating component and decreased the slope of 
the curve, while the potential for half inactivation 
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(Eh) was little affected. In the experiment of Fig. 5 
the 10-min treatment resulted in a shift of Eh from 
-64.2 to -68.4 mV and the slope factor k was in- 
creased from 6.0 to 8.5 mV. The average shifts are 
summarized in the Table. These effects did not 
markedly change when the fiber was superfused for 
20 min with the reagent and no added primary 
amine. 

LEAKAGE CURRENT, K CURRENT AND 

TETRODOTOXIN SENSITIVITY 

None of the modification reactions caused a signifi- 
cant change of the leakage current. The fibers re- 
mained stable, no "run-down" of the fiber was in- 
duced. With KCI, instead of CsC1, applied to the cut 
ends of the fiber, and TEA-free Ringer's solution 
the potassium currents measured after the modifica- 
tion reaction were found to be considerably and ir- 
reversibly reduced. No detailed studies concerning 
the modification of K currents were made. As in 
untreated fibers, no sodium inward current was 
measurable when 300 nM TTX were applied to fi- 
bers chemically modified with the carboxyl group 
reactive reagent. Half of the sodium current, left 
after treatment with EEDQ and ethylenediamine, 
was blocked by 3 nM TTX. 

Discussion 

Chemical modification of the nerve fibers with 
EEDQ in the presence or absence of differently 
charged amines caused a considerable reduction of 
Na currents; the inactivation became slow and in- 
complete; furthermore, the slope factor k of the 
h=(E) curve increased. These effects occurred re- 
gardless of the presence or absence of an external 
amine. In addition, shifts of the IN~(E) and the h~(E) 
curve were observed which strongly depended on 
the amine added. 

The mechanism of action of EEDQ has been 
described in detail by Belleau et al. (1969). The re- 
agent reacts with carboxyl groups to form highly 
activated esters. Subsequently, these esters react 
readily with amines, to form stable amide bonds; 
other nucleophiles, like SH-groups, may also react 
with such activated esters. Furthermore, these es- 
ters are hydrolyzed by water, and the carboxyl 
groups originally present are recovered. Reagents, 
that react in a manner like EEDQ, are known to 
introduce intra- or intermolecular crosslinks 
(Hoare, Olson & Koshland, 1968). A membrane- 
bound nucleophile, e.g. a lysine residue, will react 
with a carboxyl group esterified by EEDQ if it is in 

the immediate proximity. Thus, if a membrane- 
bound nucleophile is available near a membrane- 
bound carboxyl group a reaction depends only on 
the activation by EEDQ. If such a reaction occurs, 
it is a favored one. Thus, EEDQ without external 
amine may cause reactions that will also occur in 
the presence of external amines. (In high concentra- 
tions of external amine a competition between 
membrane-bound and external amine may become 
important.) Thus, the effects that occur regardless 
of the presence or absence of an external amine are 
probably due to crosslink reactions. 

In contrast, the shifts of the h~(E) and the INa(E) 
curves strongly depended on the primary amine 
given from outside. The two-step mechanism of 
action with EEDQ and amines allowed the intro- 
duction of amines with different properties, i.e. dif- 
ferent charges (see Fig. 6) causing different effects 
on the h~(E) and the INa(E) curves. Treatment of 
nerve fibers with EEDQ and ethylenediamine 
shifted the descending branch of the INa(E) curve 
and the half potential Eh of the h=(E) curve to more 
positive potentials, i.e. acted like an increase of 
[Ca]o. As this chemical procedure may have re- 
moved negatively charged groups, it is clear that 
this might cause an effect similar to that occurring 
as a result of binding or neutralization of negative 
charges by Ca ++ ions. However, there was still a 
strong effect of increased Ca concentration on the 
modified fibers, although somewhat smaller than on 
untreated fibers (see Table). As the prolonged modi- 
fication experiment demonstrates, a 10-min treat- 
ment of the nerve fiber (our standard procedure) 
leads to a complete modification of carboxyl groups 
that interact with Ca ions; the shifts of the INa(E) 
and the h~(E) curves by an increase of the Ca con- 
centration were the same after a 10- and a 20-min 
treatment with EEDQ and ethylenediamine. There- 
fore, one can conclude that most of the negatively 
charged groups affected by Ca ++ ions are not car- 
boxyl groups. The most likely candidates left for 
interaction with Ca ++ ions on a biological mem- 
brane are phosphate groups. This is in accordance 
with previous findings of D'Arrigo (1975), who con- 
cluded (from experiments with divalent uranyl ions) 
that most of the surface charges at the outside of the 
membrane are due to the presence of phosphate 
groups. 

It should be noted that the chemical treatment 
with EEDQ in the presence of ethylenediamine or 
glucosamine resulted in a shift of the IN,(E) curve 
and the half potential Eh of the h=(E) curve to more 
positive potentials, i.e. acted like an increase of 
[Ca]o. However, in the experiments with taurine 
and without added amine the h~(E) curves are 
somewhat shifted to more negative values of mere- 
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Fig. 6. Reaction scheme of carboxyl groups with EEDQ and amines. On the left, the membrane with a carboxyl group and the structure 
of EEDQ are shown. X represents a nucleophile located near the carboxyl group. On the right, the resulting derivatives of carboxyl 
groups after treatment with different amines in the presence of EEDQ are illustrated. As can be seen, differently charged derivatives 
are obtained, depending on the amine present during the EEDQ application 

brane potential; the INa(E) curves are slightly shifted 
to more positive potentials. Thus, in these cases, 
and in contrast to the well-known Ca effects, the 
carboxyl group modification can cause shifts into 
opposite directions. This might be interpreted as a 
modification of different carboxyl groups, having a 
separate influence on the position of the INa(E) and 
h=(E) curves. However, it is also conceivable that 
steric alteration of the Na channel at a single site 
slightly facilitates inactivation and, by the same 
time, inhibits activation. 

It is interesting to compare the effects of EEDQ 
with the effects of carbodiimide and trimethyl- 
oxonium (TMO), reagents that also react with car- 
boxyl groups (and other groups). Carbodiimide and 
TMO make sodium channels insensitive to tetro- 
dotoxin (TTX) and saxitoxin (STX). TTX-resistant 
action potentials are observed after treatment of 
crab nerves with 100 mM water-soluble carbodi- 
imide in the presence of glycinemethylester (Baker 
& Rubinson, 1975). Sodium currents are measur- 

able in the presence of high concentrations of TTX 
and STX after treatment of muscle and nerve fibers 
with 50 mM TMO (Sigworth & Spalding, 1980; 
Spalding, 1980). EEDQ treatment, however, did not 
alter the TTX sensitivity of the nerve fiber. The 
difference is probably due to the different specificity 
of the reagents. At present EEDQ is not known to 
activate groups other than carboxyl groups. Carbo- 
diimides may cause crosslink reactions like EEDQ 
(see above) and react further with phosphate, tyro- 
sine and sulfhydryl groups (Kurzer & Douraghi- 
Zadeh, 1967; Carraway & Koshland, 1968; Carra- 
way & Trip|ett, 1970); additionally, a stable adduct 
of carbodiimides with carboxyl groups by internal 
rearrangement has been described (Smith, Moffatt 
& Khorana, 1958). TMO was shown to react with 
carboxyl groups and to alkylate a large number of 
other groups when used in organic phase (Curphey, 
1971). In aqueous solution TMO is much more se- 
lective due to competition with water (Parsons et 
al., 1969; Reed & Raftery, |976). 
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The inactivation time constant is essentially un- 
changed after TMO treatment (Sigworth & Spald- 
ing, 1980). This is in contrast to the effect of EEDQ, 
regardless of the presence of an external primary 
amine. However, TMO is simply an alkylating re- 
agent and cannot cause crosslink reactions (see 
above). The voltage dependence of activation of Na 
current in untreated nerve fibers corresponds within 
4 mV to that of fibers after treatment with the re- 
agent TMO (Sigworth & Spalding, 1980). This result 
is comparable to the small shifts of the descending 
branch of the INa(E) curve caused by EEDQ without 
amine or in the presence of taurine. Neither TMO 
nor EEDQ cause a significant change in the reversal 
potential of the sodium current, indicating that they 
do not significantly alter the selectivity of the so- 
dium channel. 
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