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Summary. Choline transport in erythrocytes is irre-
versibly inhibited by N-ethylmaleimide. The hypo-
thesis that the carrier alternates between outward-
facing and inward-facing forms and that only the
latter reacts with the inhibitor (Martin, K. (1971) J.
Physiol. (London) 213:647-667; Edwards, P.A. (1973)
Biochim. Biophys. Acta 311:123-140) is here subjec-
ted to a quantitative test. In this test the effects of a
series of substrate analogs upon rates of inactivation
and rates of choline exit are compared. By hypothe-
sis the effect of an analog in the external solution on
the inactivation rate depends only on how it affects
the proportion of the inward-facing carrier. Since
14C-choline efflux is necessarily proportional to the
concentration of free carrier in the inward-facing
form, the analogs should have related effects on the
two rates. In every case the observed effects were
identical, whether the analogs accelerated transport
or inhibited it. Analysis of the results demonstrates
that (1) the transport mechanism depends on the
operation of a mobile element; (2) distinguishable
inward-facing and outward-facing conformations of
the free carrier, carrier-substrate complex, and car-
rier-inhibitor complex exist, and only the inward-
facing forms react at a significant rate with N-ethyl-
maleimide; (3) carrier mechanisms involving a singie
form of free carrier or a single form of carrier-
substrate complex are ruled out; and (4) dissociation
of the carrier-substrate complex is a rapid step with
all substrate analogs.
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N-Ethylmaleimide (NEM), which reacts with an es-
sential thiol group in the choline transport system of
human erythrocytes, was used by Martin [11] and
Edwards [6] as a probe of conformational states of
the carrier. From the effects of two substrates and
two reversible inhibitors on the rates of inactivation
of the system by NEM it was concluded that two
separate conformations of the carrier exist: an in-
ward-facing and an outward-facing form. However,
in a purely theoretical analysis of transport and its
irreversible inhibition under steady-state conditions,
Lieb and Stein [9, 10, 12] came tc the conclusion
that formulations of the classical carrier model ha-
ving one or two forms of carrier-substrate complex
(Figs.1 and 2) cannot be distinguished. Moreover in
order to establish the cxistence of separate forms of
the free carrier, Lieb and Stein [10] concluded that
the parameters of substrate transport and irrever-
sible inhibition must be related in a definite way, but
that insufficient data were available on the choline
system to apply the proposed test.

That this theoretical analysis is not general is
proven by the fact that in theory separate forms of
complex with a nontransported substrate analog
may be readily and unambiguously demonstrated, as
we explain below. We also show that if the experi-
mental parameters for transport and irreversible in-
hibition are correlated for a series of analogs rather
than a single substrate, then it becomes possible to
demonstrate two forms of complex with substrates
in general.

We now report experiments required to test the
hypothesis of Martin and Edwards. A series of sub-
strate analogs has been used, ranging by degrees
from a good substrate to a nontransported inhibitor
[5]. The observations are clearly inconsistent with
the one-complex formulation of the carrier model,
but are in quantitative agreement with the usual
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Fig. 1. The two-complex formulation of the classical carrier mo-
del. A carrier system is represented having two separate carrier-
substrate complexes, one on the inner (C; T) and one on the outer
(C,T) surface of the membrane. Each carrier species reacts with
an irreversible inhibitor at a rate given by the constants ¢, to ¢,.
Rate constants for carrier reorientation are designated by the
letter f, and those for complex formation by the letter k

two-complex formulation. The results show that the
free carrier and the substrate complex exist in two
different conformational states, one inward-facing
and the other outward-facing, and further that the
rate-limiting step in transport involves the intercon-
version of these states, and not dissociation of the
substrate from the complex with the carrier.

Testing the Hypothesis on N-Ethylmaleimide

According to the interpretation of Martin and Ed-
wards only the inward-facing conformation of the
carrier reacts with NEM. Briefly, their essential ob-
servations were as follows. The substrates choline
and tetramethylammonium ion, when located in the
extracellular medium, were found to accelerate the
rate of inactivation by NEM, whereas protection
was observed when cells were pre-loaded with these
substrates. The opposite effects were observed with
two nontransported substrate analogs: external de-
camethonium protected, and cells pre-loaded with
metanephrine, which enters the cells by passive diffu-
sion, were more susceptible to NEM. It was propo-
sed that the substrate analogs exerted their effect by
altering the carrier distribution between the two
membrane faces. In general, any force shifting the
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Fig.2. The one-complex formulation of the carrier model. Whether
the substrate adds to the inner or outer form of the free carrier,
the same complex is formed. Each carrier species reacts with an
irreversible inhibitor at a rate given by the constants g, te g,

carrier towards the inner surface should increase the
inactivation rate, whereas any force drawing the car-
rier towards the outer surface should reduce it.

In devising a quantitative test of this hypothesis
we note that the direction and strength of the pres-
sure exerted by a substrate analog depends on its
rate of transport, and hence a series of substrate
analogs having different transport rates should per-
mit us to gradually alter the carrier distribution. A
kinetic analysis further demonstrates that if the hy-
pothesis is correct, the effect of the analog on the
rate of inactivation by NEM should bear a definite
relationship to its maximum transport rate, and this
relationship becomes the basis of a quantitative test
of the hypothesis. The analysis cannot be applied to
the data available because the two substrates used in
the earlier studies are transported at the same rate
while the inhibitors are not transported at all.

The relationship between the maximum transport
rates of analogs and their effects on inactivation by
NEM is most simply explained in the following way.
When the cells are suspended in pure buffer the
carrier exists as an equilibrium mixture of the outer
and inner free carrier forms (C, and C;, Fig.1) and
by hypothesis the measured inactivation rate (Q) is
proportional to the concentration of the internal
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form (C,)'. Upon addition of a saturating concentra-
tion of a substrate analog to the external solution
there is a redistribution of the carrier. In the new
steady state all the carrier on the outside surface
of the membrane will be present as the complex,
and initially, while the internal substrate concentra-
tion is effectively zero, all the internal carrier will
exist in the free form (assuming for the moment that
the rate of substrate dissociation is rapid compared
to the rate of transfer through the membrane). Since
only the inner form can react with NEM, the inacti-
vation rate under these conditions (Q,,) will again
be proportional to the concentration of the free car-
rier on the inner surface. The ratio of inactivation
rates in the presence and absence of external sub-
strate may therefore be written as

0y [Cilu .
0 [Clrs @

Slowly transported substrates will tend to protect
the system by holding the carrier in the external
complex. Good substrates, for which movement of
the complex is faster than return of the unloaded
carrier, will drive the carrier into the internal face of
the membrane, thereby quickening inactivation.

Now we can show that the rate of choline exit is
also proportional to the concentration of C;. In
terms of the carrier scheme in Fig 3, the rate of exit
for labeled choline (S) is given by f_,[C;S]
—f,[CyS]. By following the method of derivation
given before [4], a completely general solution of
this expression may be found without any assump-
tions as to the rate-limiting steps, in the casc where
the external concentration of the labeled substrate
[So] is zero, but where a second substrate, unla-
beled, is present in the external solution at a given
concentration [Ty]. The rate of exit of the labeled
substrate S is found to be

k_1ky /o [CILS:]
k f ootk _k ,+k 5 f,

S oLCS]=f21C8]= (2)

The ratio of exit rates in the presence and absence of
external substrate must therefore be:

fzici]TU—»w (3)
v [Ci]Ta:O

! The symbols for the experimental inactivation rate constants

in the presence or absence of substrate analogs are defined in the
Appendix. In brief, Q is the rate of inactivation of the undisturbed
transport system, and a subscript To, Ti or To Ti attached to this
constant indicates that the substrate T is present at a saturating
concentration either outside the cell (o), or inside (7), or both. The
inactivation rate constants for individual carrier forms are g, to
q., as shown in Fig. 1.
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Fig.3. The two-complex formulation of the carrier, showing two
substrates, § and T

From Egs. (1) and (3) it follows that:

(5, % &

Since the internal substrate concentration is zero in
the determination of Q,, and Q, the necessary condi-
tion for this equality is indicated in Eq.(4), namely
that the internal choline concentration in the exit
experiment must be well below its half-saturating
concentration, in order not to disturb the carrier
distribution.

As stated above, the effect of an analog on the
rate of inactivation is related to its maximum rate of
transport, and this follows because the ratio of the
parameters (57/0)g;_, for two different analogs is
equal to the ratio of their maximum zero-trans entry
rates [4]. Hence,

Q To/Q) 1_ (T/—Tu) 1

©Qr,/Q)2 (V1)

where the subscripts 1 and 2 denote two different
substrate analogs, and where V,, is the maximum
rate of substrate entry.

In the above analysis we assumed that substrate
dissociation is a rapid step compared to transfer of
the substrate complex across the membrane
(k 3»f 5, k_4>f;). Were it a slow process, the
predictions would be different. With a transported
substrate outside the cell the internal carrier would
then exist partly or wholly as the substrate complex.
If this complex as well as the free carrier reacts with
NEM, as the evidence cited below shows, while exit
of radioactive choline depends on the free carrier
alone, then obviously the effects on inactivation and

©)
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transport rates would bear no simple relationship to
one another. However, were identical effects actually
observed in all cases, it would be possible to con-
clude that substrate dissociation is always a rapic pro-
cess.

Materials and Methods

Washed red cells (5-10% hematocrit) were incubated for 12hr or
more at 37°C, with one change of solution, to free them of
endogenous choline. The isotonic saline medium contained 0.1 %,
glucose and 0.02 % chloramphenicol. The cells were then washed
several times in ice-cold buffer and packed by centrifugation.

I. The Rate of Inactivation by N-Ethylmaleimide
A. Treatment of cells

Cells (2.5% suspension) were treated with 1mm NEM in the
presence of a choline analog at a saturating concentration outside
the cells or in its absence. The suspending medium, held at 37°C,
contained 154mmM NaCl and 5mMm sodium phosphate buffer at
pH 6.8. Solutions of NEM and the analog were added to the cell
suspension at zero time, and samples (40ml) were removed at
intervals and placed in 50-ml tubes containing mercaptoethanol
(final concentration, 10.6 mm). The tubes were immediately spun
in a clinical centrifuge for 3min, after which the supernatant was
aspirated and the cells washed 3 times in saline solution. The
treated cells were then transferred to conical tubes, packed by
centrifugation (10 min) and assayed for choline uptake.

B. Uptake Assay

The procedure for determining uptake rates was described be-
fore [5]. The concentration of [methyl**C]choline (30 or
53 mCi/mmol) was 3.0 pm.

C. Determination of Inactivation Rates

Plots were constructed of the natural logarithm of the rate of
choline entry, as determined in the uptake assay, against the time
of treatment with NEM. The pseudo-first-order inactivation-rate
constant was obtained from the slope of the line, by a least-
squares analysis. Results under four different conditions are
shown in Fig.4. In every case a linear relationship is observed.

II. The Rate of Choline Exit

The rate of exit of '*C-choline was determined in the presence of
a substrate analog at a saturating concentration outside the cell
or in its absence, as previously described [3]. The internal con-
centration of '*C-choline was approximately 2um (compared to
an internal half-saturation constant of 30 pm).

I1I. Materials

The synthesis of the choline analogs was described earlier [5].
Red cells were prepared from outdated blood from a blood bank
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Fig.4. The inhibition of choline transport activity as a function of
time of treatment with 1 mM N-ethylmaleimide (NEM), pH 6.8,
37°C, in the presence of different choline analogs. The analogs,
their concentrations, and the pseudo-first order inactivation rate
constants (k) calculated from the slopes of the lines, are as fol-
lows: 1, dimethyl-n-decyl(2-hydroxyethyl) ammonium bromide
(18 um), 0.0194+0.0039 min~!; 2, control in pure saline solution,
0.197+0.015min"*; 3, diethylmethyl(2-hydroxyethyl) ammonium
iodide (385um), 0.245+0.013min~*; and 4, choline chloride
(50um), 0.357+0.026 min~*. In each case the substrate analog is
present at a saturating concentration (values of the experimental
half-saturation constants in entry, K,,, are given in Table2). The
inactivation rate constants and their standard deviations were
calculated by a least squares analysis

Results

Experimental values of Q,,/Q and of (57/p);_, are
recorded in Tablel. Values are also given for the
ratio of inactivation rates in the presence of an ana-
log and in the presence of choline (Q,,/Q..). to-
gether with the corresponding ratio of rates,
(BT /5", o The latter is the ratio of exit rates of
14C-choline with an analog or with unlabeled cho-
line outside the cell. In every case the ratios (#7/%)g;_,,
and Q,,/Q are equal, and in addition (57/5°")g,_, is
equal to Q,./0 ., In these experiments both inacti-
vation and transport rates were measured on the
same sample of cells. In other experiments the rates
were determined at different times and with cells
from different donors. Here average values in a
number of experiments were calculated and are giv-
en in Table2. Again the two ratios are seen to be
equal with all analogs. The ratios given in Tables1
and 2 are plotted in Fig. 5, where the points are seen
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Table1. Effects of choline analogs at saturating concentrations outside the cells on the rates of carrier inactivation by 1mm

N-ethylmaleimide and on rates of *“C-choline efflux (2 yn)®

Analog Concen- Ky, (um)  Sam- Qr,/0 O sino Oro/Qeno (/o™i
tration ple
(DY)
Choline 50 63 +£06 1 1.81 +0.19 1.90+0.10
Dimethylethyl(2-hydroxyethyl) ammonium iodide 80 124 +06 1 1.71 +£0.15  1.84+0.09
2 1.06 +£0.11 0.9340.04
3 1.02 +0.10  0.92+0.07
Diethylmethyl{2-hydroxyethyl) ammonium iodide 385 352 £77 1 124 0.12 1.31£0.10
2 0.75 +£0.09 0.63+0.04
3 0.68 +0.09 0.62+0.03
Diethyl-n-decyl(2-hydroxyethyl) ammonium bromide 18 1.95+005 1 0.098 +£0.015 0.11+0.02
3 0.089+0.007 0.06+0.014

a

Q is the inactivation rate in the absence of substrates or inhibitors. @, and Q

are the inactivation rates with an analog T or with

cho

choline, respectively, in the external solution at a saturating concentration. The corresponding transport rate measurements are o, 57 and
7°P°; thus (§7/0)s;_, is the ratio of '*C-choline exit rates in the presence and absence of an analog T in the external solution, and
(07/v°"%)g;_. o is the ratio with either the analog T or with choline (cho) outside the cell. Choline exit rates are determined with an internal
concentration of **C-choline (~2um) which is much below its internal half-saturation constant, 30um. K, is the external half-saturation
constant for an analog [5]. Experiments were done with cells from three different donors, designated as 1, 2 and 3. Standard deviations of

the measurements are mcluded.

Table 2. Effects of choline analogs on N-ethylmaleimide inactivation rates and '*C-choline efflux, as in

Table 12
Structure K, (um} Concen- 05./0 Concen-  (57/B)g;,q

R tration (um) tration

' (um)

R,~*N—CH,—CH,—OH

R3
Rl R2 R3
Me Me Me 6.3 25— 52 1.94+0.15 (3) 52 1.91+0.09 (6)
Me Me Et 12.4 42— 80 1.70+0.02 (3) 80 1.81+0.06 (5)
Me Et Et 35.2 195—-385 124+0.07 (4) 385 1.31+0.05 (5)
Me Me n-Prop 332 190 1.2140.27 (2) — 1.32+0.03°
Me Me iso-Prop 303.0 1,698 0.53+0.09 (2) 2,400 0.56+0.06 (4)
Me Me n-But 30.1 114 0.2340.08 (2) - 0.12+0.02°
Et Et n-Dec 1.95 12-18 0.08+0.03 (4) 18 0.08+0.04 (4)

a

Average values for the ratios Q,,/Q and (87/D)y, ., are given for experiments carried out with red cells

from different donors, and the standard deviations of the means are listed. The figure in brackets following
each experimental ratio indicates the number of different experiments involved in its determination.

b

varying concentrations of the analogs in the external solution.

to be distributed along a line of unit slope passing
through the origin.

Detailed Analysis

The essential features of the analysis were outlined
above. We now present a more rigorous treatment,
with the aim of deciding what carrier models are
inconsistent with the observation that Q, /Q

Obtained by extrapolation to infinite concentration from at least 8 determinations of the rate at

=(0"/t)s;_. o for a whole series of substrate analogs,
and of deciding what constraints may be imposed
upon any adequate carrier model.

In testing the hypothesis that the carrier exists in
different conformations on the inner and outer sur-
face of the membrane, two additional observations
will be taken into account, as follows.

1. The rate of inactivation with choline at saturating
and equal concentrations inside and outside the
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Fig. 5. The relationship between inactivation rate ratios and trans-
port rate ratios in the presence or absence of an analog outside
the cell. Solid circles, average values for cell samples derived from
different donors (Table2). Open circles, values obtained from a
single cell sample (Table1). Points marked with an x are ratios in
relation to determinations in the presence of choline (Q,,/Q
and (§7/6°"),_ o; Table1)

cho

cells, Q;,7;, is similar to that in the absence of any
substrate or inhibitor [1, 11]. The ratio of these
rates, Qr,7+/0, equals 1.18.

2. With a nontransported substrate analog bound to
the inner carrier form, the inactivation rate is rough-
ly 3 times greater than in the absence of substrates
or inhibitors [1, 11].

L. The Classical Carrier Mechanism Having Inner
and OQuter Forms of Substrate Complex:
An Adequate model

A. From a general kinetic treatment of transport
and inactivation rates for the model in Fig 1 (see
Appendix), it may be shown that if Q,/0
=(0;/D)s;_ 0, then the following relationship must
hold:

—J?_I—Jr——Jrf3 <1+%) N o

+‘12

foo h

In Eq.(6), g represents rate constants for inactiva-
tion, f rate constants for carrier reorientation, and k
rate constants for substrate dissociation.

There are only two possible solutions to Eq.(6).
First, the inactivation constants for the outward-
facing free carrier and for the carrier-substrate com-
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plex in either conformation (¢q,, g5 and g,) may be
insignificant compared to that for the inward-facing
free carrier (¢;). Second, some or all of these con-
stants, ¢,, g, and g,, may be nonzero, with the equali-
ty in Eq.(6) preserved because of compensating val-
ues of the transport rate constants, f5, f 1, fi, f_;
and k_,. We shall consider each of these possibili-
ties in turn.

(@) 4:>95: 93, 44

Two different observations clearly rule out this case.
First, the inactivation rate with saturating choline in
both compartments, inside and outside the cell
(@1, is roughly equal to that in pure salt solution
(Q), as was noted above. Since

Qrori =395 +f_ 39/ f5+1_3) (7
and
Q=(fig:+f 1a:)/(fi+]_)) ®)

it follows that g5 and g, cannot both be negligibly
small relative to ¢g,. Second, although the inactiva-
tion rate is very low with a reversible inhibitor pres-
ent outside (Q,,), the rate with an inhibitor bound
to the inner carrier form (Q,) is 3 times higher than
in the absence of substrates or inhibitors (Q). The
measured inactivation rate with such an inhibitor,
which does not undergo transport and for which

fi=f_3~0, is
0ri=4s. ©9)

Therefore g, cannot equal zero?, and the first solu-
tion, where ¢,, g5, g, <4, must be ruled out.

(b)

/s ) q>
+ (1 +r== === (11)
LV kN
In considering how this equality may hold, we will
take up each term separately.

(W) q./f,

The following analysis shows that g, is negligibly
small relative to ¢,. As seen in Table2, 0,,/0=194

for choline. The general expression for this ratio is
2 An alternative explanation for failure of an analog to under-
go transport is rate-limiting dissociation of the substrate complex
{(k_3.k _4< f3.f_3) In this case a nonpenetrating inhibitor should
exert the same effect whether located in the internal or external
compartment (see Appendix):

Oro=0ri=(f3q5+ 395+ 1_3) (10)

Since an external inhibitor protects against inactivation while an
internal inhibitor makes the system more vulnerable, the hy-
pothesis of rate-limiting dissociation must be rejected.
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found from Table 3 (Appendix).

Qn:(qﬁf__lq +%(1+k£_f

k~4
0 (1+%+%‘j(1+ff;:))(f1q1+f_1q2)'

With the use of the inequalities previously demon-
strated in the case of choline [8]. f ,/f;<1 and
S+ f 55k, <1, Eq. (12) reduces to the follow-
ing form:

_Q&: 511(f1+f_1) —1.94.
Q0 fisnt+S1q,

Since f, and f_, were shown [8] to be approximate-

ly equal (f_,/f;~09), Q,,/Q can approach a value
of 2 only if g, is very much smaller than q,.

(i1)

qs(L+f_3/k_ /S5

The above analysis shows that ¢,/f], the term on the
right-hand side of Eq. (11), is very small relative to
q:/f_ 1, and it follows that the terms on the left-hand
side must also be very small, including the term
above. With nontransported inhibitors in the ex-
ternal solution, for which f, and f_, approach zero,
the expression for @, (Table 3) reduces to ¢,, and
in these cases Q,, is experimentally found to be
equal to zero (Fig.4, Tables 1 and 2). Hence with
inhibitors, g, equals zero. There is the possibility
with a rapidly transported substrate, where k_, and
f3>f 4 or f,, that g, is nonzero but that neverthe-
less q,/f5<q,/f_;- This cannot be true for substrates
having intermediate transport rates, such as diethyl-
methyl-, dimethyl-n-propyl- and dimethylisopropyl-
{2-hydroxyethyl) ammonium ions, whose maximum
transport rates are lower than choline’s (Table2;
[5]). Here f; or k_, must be comparable in size to

Jau )45

(12)

(13)
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f_, and f, (see Appendix, Eq. (18)) so that unless
4,49, q(1+f_3/k _,)/f; would not be negligible
relative to ¢,/f_,. We conclude therefore that g,
must be small relative to g, with both inhibitors and
substrates.

(i) qs/k_4
This is the last of the three terms in Eq.(11), and as
seen in the preceding section, it too must be small
relative to q,/f_;. However g, itself is not small. It
was shown in section (a) that ¢, and g, cannot both
be small with choline, and since g, is small, g, must
be large. It was also shown in section (a) that g4 is
large with a nontransported analog as well. Despite
this, the term ¢,/k_, is small with all analogs, and
this can only happen if k_,» f_|, ie, if the rate of
substrate dissociation is far more rapid than reorien-
tation of the free carrier. In fact, rapid substrate
dissociation was previously demonstrated in the case
of choline [8]. We may now extend this conclusion
to all substrate analogs, including inhibitors, since
the relationship Q,,/Q =(7"/%)s;_ , holds throughout
the series of substrates (see also footnote 2).

In summary, the following conditions are re-
quired to satisfy Eq. (11):

(@) 92, 94<4,, 45

(b) k_u>f

B. A second experimental relationship demonstrated
in Fig. 4 is the following:

QTO/Qcho:(ﬁT EChO)Si—»O

where cho designates the experimental value with a
saturating concentration of choline in the external
medium. The condition required for this equality is

) =2 (1) o

A5 A e (1 (14)

k_y K. fy

Table 3. Experimental inactivation rate constants expressed in terms of individual constants for the two-
complex formulation of the carrier model in Fig.1 and for the one-complex formulation in Fig.2

Experimental Analog location Two-complex model

One-complex model

inactivation (saturating)
rate constant
Inside  Outside
0 _ _ IR St/ 14s
S/, Sty

s, _ n k_afsas+foifsas+f ko +f g, k_yq,+/f 145
k(S D+ G+ 15) k_a+/,

0, . _ k»3f~3Q2.+flf73q4+fl(k—3+f3)q3 k_3q,+/f145
k_s(fi+f )+ L5+ 15) Jitk_s

Orori + + ‘f3 q‘3+f7“3 L q3

St/
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where the primed constants are those for choline. A
detailed analysis of this expression will not be given
here, since following the procedure above leads to
essentially the same conclusions: that g, and ¢, are
negligibly small compared to ¢; and ¢35, and that
k_, and k' , are very much larger than f_,.

II. A Model with only One Form of Carrier-Substrate
Complex: An Inadequate Model

The one-complex model (Fig.2) predicts that with a
nontransported inhibitor, where k_,=k ;=0, O,
=(Q,, (Table3). This contradicts the experimental
results, since with inhibitors Q,,~0 while O, is the
highest inactivation rate observed. The two-complex

scheme reduces to a one-complex model if the rate .

of reorientation of the carrier-substrate complex is
very much faster than the rate of substrate dissocia-
tion, and in this case too Q,, =@, for a nonirans-
ported analog, as was pointed out in Footnote 2.

While the above is sufficient to rule out the one-
complex scheme, we may note that in general it fails
to explain how Q,/Q=(®"/t)_, for a complete
series of substrate analogs. For this to be true, it
may be shown from the expressions for the con-
stants given in the Appendix that ¢g,/k_,=q,/f,. This
equality would hold if g,=¢;=0, but in this case
substrates and inhibitors at saturating concentra-
tions should completely protect the system (for a
substrate at equilibrium Qy,;;=¢3, and for inhibi-
tors also, Q,,=Q;=¢5) but this is not found experi-
mentally. If g, and g, are nonzero, the term g,/f;
will be substrate-independent, while k_, in the term
q5/k_, varies with different substrates. Accordingly,
it would be necessary to assume that g;/k , is a
constant equal to ¢,/f;, and that ¢, is proportional
to k_,. Again, with a nontransported analog, for
which k_,=0, g, must also be zero. Hence inhibi-
tors should always protect, but they do not.

Conclusions

The conclusions to be drawn from the present ex-
periments hinge upon the quantitative relationships
between transport and inactivation rates found in
the presence of a series of substrate analogs having
varying maximum transport rates. The results con-
firm and extend the hypothesis of Martin [11] and
Edwards [6]. Based on this evidence the main fea-
tures of the choline transport mechanism are as fol-
lows:

1) The process of substrate transfer across the
membrane requires a change in conformation in the
carrier of such magnitude that a substrate site which
has been exposed on one surface of the membrane
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disappears, after which a substrate site becomes ex-
posed on the other side. The mechanism is therefore
that of a “mobile carrier”, defined previously [2] as
“any specific saturable transport system dependent
on the operation of a mobile element.”

2) Distinct inward-facing and outward-facing
carrier conformations are detected experimentally in
the free carrier, in the carrier-inhibitor complex, and
in the carrier-substrate complex. The basis for this
conclusion is the finding that the inward-facing
forms of the free carrier and of the carrier complex
with substrates or inhibitors react far more rapidly
with NEM than the outward-facing forms. Indeed, a
model which takes account of only one form of
carrier-substrate complex (Fig.2) cannot explain the
observations on substrates or inhibitors, as we have
seen. This one-complex model, which was developed
by Lieb and Stein [9, 10, 12] and shown to be
consistent with a number of observations on trans-
port kinetics, must therefore be rejected, at least in
the case of the choline system. Further, the conclu-
sion reached by Lieb and Stein [9, 10, 12] that
steady-state data on either substrates or irreversible
inhibitors cannot distinguish between a one-complex
(Fig.1) and a two-complex (Fig.2) formulation of the
carrier must also be revised.

3) The rate of dissociation of the substrate from
the carrier-substrate complex is in all cases rapid
compared to the rate of reorientation of the free
carrier (k_,> f ). This was previously demonstrat-
ed for choline [8], and is now extended to other
substrates, including those that are slowly transpor-
ted. Accordingly the rate-limiting step in the trans-
port of substrates having a low maximum velocity
must be reorientation of the carrier-substrate com-
plex rather than substrate dissociation
(k_o> f3<f_1).

4) The transport step which fails to occur with
nontransported substrate analogs is not complex for-
mation (since such substrates can be competitive
inhibitors of high affinity [5]) and it is not dissocia-
tion of the complex either. Instead, reorientation of
the carrier-inhibitor complex is blocked (k_,> f3). If
this were not true, then inhibitors on either side of
the membrane would have identical effects on NEM
inactivation rates (see Footnote 2 above).

Appendix

L. Inactivation Rate Equations

A general equation for the inactivation rate may be written on
the basis of the transport scheme in Fig. 1.

Qapp =01 [ CI+a2[Col +45LC;TT+a,[CoTI/C, (A1)
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where 0,  is the measured inactivation rate constant and ¢, q,,
g, and g, are inactivation rate constants for the various carrier
forms and where C, is the total carrier concentration. An analo-
gous rate equation can be written for the transport scheme involv-
ing a single form of substrate complex, as shown in Fig.2:

Qo =@, [CI+4:[Col+45[CTTY/C.. (A2)

Expressions for the individual concentration terms, [ C,] etc., may
be determined by means of the King-Altman schematic method,
and when these are substituted into Egs. (Al) and (A2) the
following general expression for the inactivation rate is found:
[7.] [7] [TILT]
+0p, ==+ Q= e
Q QTDKTU QTIKTi+QT011KTiK¥0
T, T LILT;
AR
Ky, Ky KpKg

Qapp = (A3)

K,, and K, are half-saturation constants for the effect of an
analog on the inactivation rate when it is present either outside
or inside the cell, respectively. These constants are identical to the
transport half-saturation constants determined in zero trans entry
and zero trans exit, respectively, and their definitions in terms of
individual transport constants in Fig.1 have been given previous-
ly [4]. KI, is the half-saturation constant for the effect of an
external substrate on the inactivation rate when the substrate is
also present inside the cell at a saturating concentration. This
constant is identical to the transport constant found in infinite
trans entry experiments [47.

The full expressions for the experimental inactivation rate
constants are listed in Table3 and their definitions are given
below.

a. Definitions of Experimental Inactivation constants

Q. Inactivation rate constant in the absence of substrates or
inhibitors, for a given concentration of N-ethylmaleimide.

Qr,: Inactivation rate constant in the presence of a saturating
concentration of substrate T outside the cells.

Q¢ Inactivation rate constant in the presence of a saturating
concentration of substrate T inside the cells.

Qr,7:: Inactivation rate constant with saturating, and equal, con-
centrations of substrate T inside and outside the cells.

b. Method of Derivation

In deriving Eq.(A3) for the case of the two-complex model, ex-
pressions are first written down for the steady-state concentra-
tions of each of the four carrier species in the reaction scheme in
Fig. 1, following the schematic method of King and Altman [7].
The concentrations, as a fraction of the total carrier C,, are found
to be:

[Ca]/cz:{fsksk/zt.[Tu]*‘ﬁ G}/z (Ad)
LCYC={f sk 3k T1+5.,G}/Z (A3)
LCTYC={f_ 1 ky(f s+k_JITI+ /1S k[T

s ks kg [TILT1Y/Z (A6)
e T]/Cz:{f, 1f3 ks [T1+f k4(f3+k7 3)[T.:|

+ ik ke [TYTZ (A7)

where G=f ;k_,+k_sk_,+f;k_,. and where X is the sum of
all terms in the numerators on the right-hand sides of Egs. (A4)-
(A7). The expressions for the concentrations of individual carrier
forms are then substituted into Eq.(A1l), which gives the inactiva-
tion rate, Q. . As a first step in simplifying this equation, the
numerator and denominator are divided by G(f,+f_,). which is
the constant term in the denominator, Z. Next, substitution is
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made of the substrate dissociation constants found in transport
experiments. These were previously shown to be [4]:

= (L+/)G
K. = -y A8
TR N A T ) (49
= (fi+/..)G
K= A9
N Y R ES TR ) @)
K%:kgs(ﬂ‘;J;?)r;1()fs+f_3) (A10)
where the transport rate is governed by the equation:
—d[T] V([T = [TD/K
= (A1)
TN A N A [

KTa KTi KTi K’Zr"a

When these substrate constants have been taken into account, the
equation for @, is found to be identical to Eq.(A3), with Q, O,
Q,; and Q. ; equal to the expressions shown in Table3 for the
two-complex model.

In the case of the one-complex model in Fig. 2, the equations
for the concentrations of each of the three carrier forms are found
by the method of King and Altman to be:

[CUC=(/stk_s+k )tk ok [T/ (A12)
[CC =itk s+k_)tksk [T/ (A13)
LCTVC =(f_y ks [T+ fi ko LT+ R [ TALT/Z (Al4)

where X is now the sum of the denominator terms on the right-
hand sides of Egs.(A12)-(A14). These equations for the con-
centrations of the carrier species are substituted into Eq.(A2),
following which the equation is simplified by inserting the sub-
strate dissociation constants in transport:

o S )k k)

= Al5
AT -
Sk )
IR ERULEE Rt Al6
klfy ko) (A10)
K;FLI“. (AL7)
r

These constants are found in a general analysis of the one-
complex model in Fig 2, where the general rate expression is
identical in form to Eq.(A11) [1, 9, 12]. The simplified equation
for the inactivation rate found in this way is identical to Eq.(A3),
where the constants Q, Qr,, Oy Q.7 are now defined by the
expressions shown in Table 3 for the one-complex model.

I1. Transport Rate Equations

A general treatment of the two-complex carrier scheme in Figs.1
and 3 was presented earlier [4], and Stein and Lieb [9, 127 have
treated the one-complex scheme in Fig.2. The only expressions
required in the present analysis are those for the flux ratio,
(87/%)s;_.o- This is the ratio of the exit rates for labeled substrate
S, present in the cell at a concentration well below its half-
saturating level, either into a solution containing a saturating
concentration of a substrate analog 7; or into pure buffer. In the
ordinary two-complex scheme this ratio is

f3k74(1 +f>x/,fx)

(BT /0)gyp= = DI Al8
SRV A AN T (A1
while in the one-complex scheme it is given by

1+
©7/0) RarAin (A19)

WO



30

References

1.

Devés-Las Heras, R. 1978. The Kinetic Approach in Mediated
Membrane Transport. Ph.D. Thesis. University of Western
Ontario

. Devés, R., Krupka, R M. 1978. Testing transport models with

substrates and reversible inhibitors. Biochim. Biophys. Acta
513:156-172

. Devés, R.,, Krupka, RM. 1979. A simple experimental ap-

proach to the determination of carrier transport parameters
for unlabeled substrate analogs. Biochim. Biophys. Acta
556:524-532

. Devés, R., Krupka, RM. 1979. A general kinetic analysis of

transport: Tests of the carrier model based on predicted re-
lations among experimental parameters. Biochim. Biophys.
Acta 556:533-547

. Devés, R., Krupka, R.M. 1979. The binding and translocation

steps in transport as related to substrate structure: A study of
the choline carrier of erythrocytes. Biochim. Biophys. Acta
557:469-485

. Edwards, P.A. 1973. Evidence for the carrier model of trans-

R. Devés and R.M. Krupka: Two-State Mobile Carrier Mechanism

10.

11.

12.

port from the inhibition by N-ethylmaleimide of choline
transport across the human red cell membrane. Biochim. Bio-
phys. Acta 311:123-140

. King, E.L., Altman, C. 1956. A schematic method for deriving

the rate laws for enzyme-catalyzed reactions. J. Phys. Chem.
60:1375-1381

. Krupka, R.M., Devés, R. 1980. The choline transport system

of erythrocytes: Distribution of the free carrier in the mem-
brane. Biochim. Biophys. Acta 600:228-232

. Lieb, W.R., Stein, W.D, 1974, Testing and characterizing the

simple carrier. Biochim. Biophys. Acta 373:178-196

Lieb, W.R,, Stein, W.D. 1976. Testing the simple carrier using
irreversible inhibitors. Biochim. Biophys. Acta 455:913-927
Martin, K. 1971. Some properties of an SH group essential for
choline transport in human erythrocytes. J. Physiol. ( London)
213:647-667

Stein, W.D., Lieb, W.R. 1973. A necessary simplification of
the kinetics of carrier transport. Israel J. Chem. 11:325-339

Received 25 August 1980



