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Summary. Choline is a quaternary ammonium compound that is 
normally reabsorbed by the renal proximal tubule, despite its 
acknowledged role as a substrate for the renal organic cation 
(OC) secretory pathway. The basis for choline reabsorption was 
examined in studies of transport in rabbit renal brush-border 
membrane vesicles (BBMV). Although an outwardly directed H + 
gradient (pH 6.0in:7.5ou 0 stimulated uptake of tetraethylammo- 
nium (TEA), a model substrate of the OC/H + exchanger in renal 
BBMV, it had no effect on uptake of 1/xM choline. A 5 mM t r a n s  

concentration gradient of choline did, however, drive count- 
ertransport of both TEA and choline, although t r a n s  TEA had no 
effect on choline accumulation in BBMV. A 20 mM concentration 
of unlabeled choline blocked uptake of both choline and TEA by 
>85%, whereas 20 mM TEA blocked only TEA uptake. The 
kinetics of choline uptake into vesicles preloaded with I mM 
unlabeled choline appeared to involve two, saturable transport 
processes, one of high affinity for choline (Kt of 97 b~M) and a 
second of low affinity (K t of -10  raM), the latter presumably 
reflecting a weak interaction of choline with the OC/H + ex- 
changer. An inside-negative electrical PD stimulated the rate of 
uptake and supported the transient concentrative accumulation 
of choline in BBMV. The high affinity transporter showed a 
marked specificity for choline and closely related analogues. A 
model of the molecular determinants of substrate-transporter in- 
teraction is described~ We conclude that the electrogenic high 
affinity pathway plays a central role in renal reabsorption of 
choline. 
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Introduction 

Choline is-i required by all cells for the synthesis of 
the membr~ane phospholipid,, phosphatidylcholine. 
In addition, it is an essential precursor in neuronal 
tissues for the synthesis of the neurotransmitter, 
acetylcholine. Therefore, it is n o t  surprising that the 
plasma, concentration of choline is tightly regulated' 
(Bligh, 1952),.. Transport: of choline: in the brain 
(Ducis, 1988)'. and in red cells (D~ves & Krupka, 
1979), has receipted con:sidevable attention, as has 

choline absorption in the intestine (Sanford & 
Smyth, 1971; Herzberg & Lerner, 1973; Kuczler, 
Nahrwold & Rose, 1977; Kessler et al., 1978; Heg- 
azy & Schwenk, 1984; Sheard & Zeisel, 1986), re- 
flecting its role as a dietary requirement in some 
animals, including humans (Zeisel, 1981; Zeisel et 
al., 1991). However, the mechanism(s) associated 
with the renal transport of choline are poorly under- 
stood. 

Renal tubular transport is directly involved in the 
regulation of the plasma concentration of choline 
(Acara, 1975; Besseghir, Pearce & Rennick, 1981) by 
means of transepithelial transport pathways that pro- 
duce either net tubular secretion or reabsorption, de- 
pending on the circulating level of choline (Vander, 
1962; Acara & Rennick, 1973; Acara, Roch-Ramel & 
Rennick, 1979; Besseghir et al., 1981). When the 
plasma concentration is less than 100/XM, there is a 
net reabsorption of choline, whereas net secretion oc- 
curs when the concentration exceeds 100/XM (Bes- 
seghir et al., 1981). The secretory pathway for organic 
cations (and bases; OCs) is well characterized (Ross 
& Holohan, 1983). Flux from the blood into the cell, 
across the peritubular membrane, involves a carrier- 
mediated process that is driven by the inside-negative 
membrane potential of the cell or, possibly, by medi- 
ated exchange with a pool ofintracellular OCs (Holo- 
han & Ross, 1980; Dantzler & Brokl, 1988; Montrose- 
Rafizadeh et al., 1989; Sokol & McKinney, 1990). 
Flux from proximal cells into the tubular filtrate, 
across the luminal brush-border membrane, involves 
a carrier-mediated exchange of OC for H § (e.g., Ho- 
lohan & Ross, 1981; Ross & Holohan, 1983; Wright, 
1985; Wright & Wunz, 1987b). The luminal OC/H + 
exchanger is believed to be the rate-limiting step in 
OC secretion (Schfili et al., 1983; Montrose-Rafiza- 
deh, Roch-Ramel & Schfili, 1987), as well as the active 
step in secretion (Holohan & Ross, 1981 ; Ross & Ho- 
lohan, 1983). Choline is known to interact with both 
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the basolateral (Dantzler & Brokl, 1988; Sokol & Mc- 
Kinney, 1990) and luminal OC transporters (Holohan 
&Ross, 1980; Wright, 1985; Dantzler & Brokl, 1988), 
and inhibitors of OC secretion block the renal clear- 
ance of choline when the plasma concentration ex- 
ceeds 100/XM (Trimble, Acara & Rennick, 1974). 

Circulating levels of choline in plasma typically 
do not exceed -25  /ZM (Bligh, 1952; Besseghir et 
al., 1981). Therefore, under normal circumstances, 
choline is reabsorbed, not secreted, by the proximal 
tubule. Despite this fact, the reabsorptive steps for 
choline have received little attention. In the present 
study, we examined the transport pathways for cho- 
line in BBMVs from rabbit kidney. Choline uptake 
involved at least two distinct pathways, one of high 
affinity and one of low affinity for this OC. The low 
affinity pathway was the OC/H + exchanger. The 
high affinity pathway was insensitive to gradients of 
either H + or Na +, but was stimulated by inside- 
negative electrical PD, and showed a marked degree 
of specificity for choline and closely related chemical 
structures. It is likely that the high affinity pathway 
is involved in the reabsorption of choline by the 
proximal tubule. 

Materials and Methods 

PREPARATION OF BRUSH-BORDER 

MEMBRANE VESICLES 

BBMV were prepared from corticies isolated from kidneys of 
New Zealand White rabbits, using a Cae+-Mg 2+ precipitation 
procedure modified from that of Kinsella, Holohan and Ross 
(1979). Compared to the initial homogenate, these membranes 
are routinely enriched approximately 10-fold in activity of treha- 
lase and alkaline phosphatase, and one fold or less in activity of 
Na,K-ATPase and K-dependent p-nitrophenylphosphatase 
(Wright & Wunz, 1987a). BBMV were used within 24 hr of prepa- 
ration if held on ice, or within two weeks if kept frozen in liquid 
nitrogen (there was no systematic drop in transport activity, com- 
pared to fresh membranes, by BBMV held in these ways). Unless 
otherwise noted, vesicles were suspended in 150 mM KCI, 300 
mM mannitol, and 10 mM N-[2-hydroxyethyl]piperazine-N'-[2- 
ethanesulfonic acid] (HEPES) adjusted with KOH to pH 7.5. 

MEASUREMENT OF CHOLINE TRANSPORT 

Uptake of choline was measured using a rapid filtration procedure 
(Wright et al., 1983). Briefly, the transport reaction was started 
by rapidly mixing 5-10/*1 of the BBMV suspension (35-350 mg 
of membrane protein) with 90-195 /~1 of transport buffer con- 
taining salts and radiolabeled substrate (see the figure legends 
for a description of the composition of intra- and extravesicular 
solutions in individual experiments). The transport reaction was 
stopped by adding 1 ml of an ice-cold "quench" solution, which 
typically was identical to the BBMV suspension solution, with 
the addition of 100 /*M HgCI 2 (in preliminary experiments we 

found that the addition of HgCI 2 inhibited efflux of accumulated 
choline from BBMV). One ml of the quenched reaction mixture 
was filtered under vacuum through a 0.45/,m filter (type HAWP; 
Millipore). The trapped membrane vesicles were rinsed with 4 
ml of the quench solution, and the remaining radioactivity was 
measured using a liquid scintillation counter (Beckman model 
LSC3801). All samples were corrected for variable quench. Each 
sample was also corrected for nonspecific binding of radioactive 
substrate to the filters and membranes by subtracting the number 
of counts remaining on filters when membranes were initially 
mixed with the transport buffer to which the cold quench solution 
had already been added. Uptakes were expressed as moles of 
choline accumulated per milligram of membrane protein (Bio- 
Rad; 7-globulin standard). Experimental incubations were per- 
formed at room temperature (21-23~ Control experiments re- 
vealed that choline uptake was a linear function of time for 3 
sec over the range of substrate concentrations and under the 
conditions employed in the studies of the kinetics of choline 
transport. 

SYNTHESIS OF CHOLINE ANALOGUES 

Several structural analogues of choline were synthesized for use 
in tests of the specificity of choline transport in renal BBMV 
(refer to Figs. 8 through 12 for chemical structures). N,N,N- 
trimethyl-N-(3-hydroxypropyl)ammonium iodide was synthe- 
sized by combining 10 mmol of 3-dimethylamino-1-propanol with 
20 mmol of methyl iodide in 10 ml of ethanol (EtOH) and heating 
at reflux for 6 hr. The reaction mixture was cooled to room 
temperature, filtered, and the solid was washed with cold EtOH, 
then dried in v a c u o  3 hr at I I0~ to yield 2.4 g (98% yield) of 
product: mp 198-199~ N,N,N-trimethyl-N-n-propylammon- 
ium bromide was prepared as described by Howton (1947). 
N,N,N-triethyl-N-(2-hydroxyethyl)ammonium bromide was pre- 
pared by refluxing 50 mmol of bromoethanol with 25 mmol of 
triethylamine in 20 ml of EtOH for 18 hr. The solution was cooled 
to room temperature and poured into 50 ml of ether. The resulting 
precipitate was collected by filtration, washed with ether, and 
dried in v a c u o  to yield 4.13 g (73% yield) of a white solid: softens 
at 185~ mp 191-193~ N,N-dimethyl-N,N-di(2-hydroxyethyl) 
ammonium bromide was synthesized by refluxing 11 mmol of 
dimethylethanolamine and 22 mmol of bromoethanol for 15 hr ir 
10 ml EtOH. The solvent was evaporated and the oil was tritu. 
rated several times with ether, then dried under vacuum to give 
2.3 g (98% yield) of the product as a dark oil. N-methyl-N,N,N- 
tri(2-hydroxyethyl)ammonium iodide was prepared from 6.7 
mmol of triethanolamine and 6.7 mmol of methyl iodide using 
the procedure of Werber and Shalitin (1973). A solution of the 
reagents in EtOH was stirred for 15 hr in EtOH then refluxed for 
2 hr to provide 1.4 g (72% yield) of a viscous oil. N-ethyl-N,N,N- 
tri(2-hydroxyethyt)ammonium iodide was synthesized as de- 
scribed for N-methyl-N,N,N-tri(2-hydroxyethylammonium) io- 
dide. After cooling the reaction mixture, a small amount of solid 
crystallized and was collected by filtration to yield 165 mg (8% 
yield) of the product: mp 133-135~ The structure of each com- 
pound was confirmed by IH-NMR. All melting points (mp) are 
uncorrected. 

ABBREVIATIONS OF CHEMICAL NAMES 

N,N,N-triethyl-N-(2-hydroxyethyl)ammonium (TEHE); N,N,N- 
trimethyl-N-(3-hydroxypropyl)ammonium (TMHP); N,N-di- 
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methyl-N-(2-hydroxyethyl)ammonium (DMHE); N-(2-hydroxy- 
ethyl)ammonium (HE); N-ethyl-N,N,N-tri(2-hydroxyethyl)am- 
monium (ETHE); N-methyl-N,N,N-tri(2-hydroxyethyl) 
ammonium (MTHE); N,N-dimethyl-N,N-di(2-hydroxyethyl) 
ammonium (DMDHE); N ,N-dimethylaminopropanone 
(DMAP); N,N,N-trimethyl-N-n-propylammonium (TMP); tetra- 
pentylammonium (TPeA); tetraethylammonium (TEA); tetra- 
methylammonium (TMA); hemicholinium-15 (HC-15); hemi- 
cholinium-3 (HC-3). 

DEVELOPMENT OF A WORKING MODEL FOR THE 

CHOLINE TRANSPORTER BINDING SITE 

The molecular modeling program SYBYL (Tripos Associates, St. 
Louis, MO) was used to generate the structures of choline and 
its analogues. Partial atomic charges were calculated using the 
AMI program within SYBYL, then the structures were energy 
minimized using the Tripos force field. The main structural com- 
ponents of the choline transporter receptor site were modeled in 
the following way. Using the molecular graphics program Midas- 
Plus (Computer Graphics Lab, School of Pharmacy, University 
of California, San Francisco, CA), a carboxyl group (from aspar- 
tic acid) and a peptide bond (serine-serine) were positioned ap- 
proximately as shown in Fig. 15 in relation to the minimum energy 
conformation of HC-3. The peptide and carboxyl residues, which 
were arbitrarily chosen to provide the appropriate functional 
groups, were N-terminated as acetamides while N-methyl groups 
were used to terminate the carboxylic acid ends of the amino acid 
chains. This model was then energy minimized using AMBER 
(Singh et al., 1986) and the all-atom force field (Weiner et al., 
1986) keeping the position of the HC-3 atoms frozen and allowing 
the other residues to move. Calculations involving other choline 
analogues kept the amino acid residues frozen in their minimized 
positions and allowed only the choline analogue to move. Stereo 
projections of the receptor model can be viewed using a 3-D 
viewer stereoscope (e.g., Model CF8, Abrams Instrument, 
Okemos, MI). 

CHEMICALS 

[3H]Choline (-88 Ci �9 mmol- i) was purchased from New England 
Nuclear and [14C]TEA (56 mCi �9 mmol i) was purchased from 
Wizard Laboratories (Davis, CA). All other chemicals were pur- 
chased from common sources and were the highest quality 
available. 

Results 

TIME COURSE OF CHOLINE AND T E A  TRANSPORT 

Uptake of TEA (17/XM) by rabbit renal BBMV was 
stimulated by an outwardly directed H + gradient 
(pH 6.0in : 7.5ou t) (Fig. 1A). Uptake at 5 sec was six 
times higher than that noted under the control condi- 
tion (pH 7.5i, : 7.5out), and at 60 sec TEA content in 
the BBMV was 3.7 times that noted at 60 min (the 
nominal equilibrium condition). This effect of a H § 
gradient on TEA transport,  reported previously by 
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Fig. 1. Effect of pH gradients on TEA and choline uptake in 
BBMV. (A) Vesicles were pre-equilibrated in 150 mM KCI, 44 
mM mannitol, 20 /XM valinomycin (VAL), and 10 mM HEPES 
adjusted to pH 6.0 or 7.5 with KOH (HEPES-KOH). Uptakes 
were measured in a transport buffer with final concentrations of 
150 mM KC1, 44 mM mannitol, 20/zM VAL, 10 mM HEPES-KOH 
(pH 7.5), and 17/s ~4C-TEA. Points are the means of duplicate 
uptakes measured in a representative experiment. (B) Vesicles 
were pre-equilibrated in 150 mM KC1, 300 mM mannitol, and 10 
mM HEPES-KOH (pH 6.0 or 7.5). Uptakes were measured in a 
transport buffer containing final concentrations of 150 mM KC1, 
300 mM mannitol, 10 mM HEPES-KOH (pH 7.5), and 1 /zm 
choline trace-labeled with 3H-choline. Points are the means (--+SE) 
of duplicate uptakes measured in three separate membrane prepa- 
rations. In two cases, 20 mM unlabeled choline was added (to 
block carrier-mediated choline uptake by isotope dilution), re- 
placing 20 mM of KC1; in these cases, points are the mean of 
duplicate uptakes measured in two membrane preparations. 

us (Wright & Wunz, 1987b) and others (Rafizadeh et 
al., 1986; Sokol & McKinney,  1990), supports the 
contention that TEA transport  in rabbit renal BBMV 
involves a carrier-mediated exchange with H § (or, 
alternatively, a cotransport  with OH -).  Indeed, this 
profile of sensitivity of transport  to a pH gradient is 
the criterion typically used to gauge the interaction 
o fa  substrate with the renal OC/H § exchanger  (Ross 
& Holohan, 1983). Thus, it was significant that an 
outwardly directed pH gradient had no effect on the 
accumulation of choline at any time point studied 
(Fig. 1B). Choline uptake into the BBMV did involve 
a saturable component;  however ,  as shown in two 
experiments in which we included 20 mM unlabeled 
choline in the extravesicular solution, the 5-sec up- 
take of 1 /s 3H-choline was reduced by 76-81%, 
whereas uptake at 60 min was not affected (Fig. 1B). 
Also of note, when K + in the extravesicular  solution 
was replaced with Na § resulting in an inwardly 
directed Na + gradient, choline uptake was not af- 
fected (data not shown). These data suggest that 
mediated uptake of choline, at least from micromolar  
concentrations, does not involve a substantial inter- 
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action with the same pathway used by TEA (i.e., 
the OC/H + exchanger) or with a Na-dependent 
pathway. 

In a separate experiment, we verified that trans- 
port of choline by BBMV involved movement of 
substrate into an osmotically reactive space. Accu- 
mulation of choline was measured after 60-rain incu- 
bations in transport buffers containing 0.03/xM 3H- 
choline and increasing concentrations of the imper- 
meant solute, sucrose (all other constituents were 
the same as the vesicle resuspension buffer). Choline 
accumulation in the BBMV was inversely related to 
the external sucrose concentration (data not shown), 
as expected if upt~ike included partitioning into a 
space whose volume was reduced by the osmotic 
extraction of water. Choline uptake in the presence 
of 600 mM sucrose was 34% of that noted in the 
absence of sucrose, and the y intercept of the line 
describing uptake vs. 1/[sucrose] suggested that 
binding of choline to the vesicle membrane could 
account for as much as 29% of the total equilibrium 
accumulation of substrate. In several experiments 
we examined the effect of 20 mM choline on accumu- 
lation of 3H-choline, and the results permitted two 
conclusions to be drawn. First, binding was presum- 
ably a nonsaturable process, because the addition of 
20 mM unlabeled choline did not effect the accumula- 
tion of choline observed after 60 rain of uptake (Fig. 
1B). Second, binding was either a slow process, 
compared to mediated uptake, or occurred at in- 
travesicular sites, because 20 mM choline blocked 
approximately 95% of total choline uptake observed 
at 2-3 sec (data not shown). 

RECIPROCAL E F F E C T S  OF TFans-SuBSTRATE 
CONCENTRATIONS ON C H O L I N E  AND T E A  

TRANSPORT 

TEA transport in renal BBMV is accelerated by 
outwardly directed gradients of suitable OC's, such 
as TEA itself, as well as by outwardly directed gradi- 
ents of H +. As shown previously (Wright & Wunz, 
1988), this reflects the carrier-mediated exchange of 
substrates which share a common countertransport 
pathway. Choline has been shown to influence the 
activity of OC/H + exchanges in renal BBMV (Holo- 
han& Ross, 1980; Wright, 1985), so it was of interest 
to examine the effect of choline gradients on TEA 
transport and of TEA gradients on choline transport. 

An outwardly directed gradient of unlabeled 
TEA (1 mM) increased by 3.5-fold the 5-sec accumu- 
lation of 17 /~M 14C-TEA and supported a 3.4-fold 
overshoot of J4C-TEA accumulation in our BBMV 
(Fig. 2), in general agreement with our earlier obser- 
vations (Wright & Wunz, 1988). An outwardly di- 
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Fig, 2, Effect of trans-substrate concentrations on TEA uptake 
in BBMV. Vesicles were pre-equilibrated in 150 mM KCI and 
5 mM HEPES-KOH (pH 7.5). In some cases pre-equilibration 
included either 5 mM choline or 1 mM TEA (as indicated in the 
figure). Uptake was measured in transport  buffers containing 150 
mM KCI, 5 mM HEPES-KOH (pH 7.5), and 25 /xM 14C-TEA. 
Unlabeled TEA or choline was added as necessary to maintain a 
constant extravesicular (cis) concentration of the preload sub- 
strate (125 b~M for choline; 25 ~M for TEA). Points are means 
(-+sE) from two separate experiments.  

rected gradient of unlabeled (5 raM) choline also 
stimulated the 5-sec accumulation of J4C-TEA 
(three-fold) and supported a 3.2-fold overshoot, con- 
firming the contention that choline and TEA can 
share a common exchange pathway. The inverse 
experiment produced a different result. Whereas an 
outwardly directed choline gradient increased the 5- 
sec uptake of 125/XM 3H-choline (over 20-fold), and 
supported an overshoot of choline accumulation (15- 
fold), an outwardly directed TEA gradient had no 
effect on choline uptake (Fig. 3). 

RECIPROCAL Cis INHIBITION OF C H O L I N E  AND 

T E A  TRANSPORT 

A possible explanation of the differential effects of 
trans-substrate concentrations on TEA vs. choline 
uptake is that (at least) two separate transport path- 
ways are involved: the TEA/H + (i.e., OC/H +) ex- 
changer, which will accept choline when present in 
large concentrations, thereby leading to the ob- 
served trans-stimulation of TEA uptake noted in 
Fig. 2, and a second pathway that has a relatively 
high affinity for choline and a low affinity for TEA 
and H +, thereby explaining the failure of outwardly 
directed gradients of TEA and H + to significantly 
influence choline uptake (Figs. 1B and 3). 

To provide further support for this hypothesis, 
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Fig. 3. Effect of trans-substrate concentrations on choline uptake 
in BBMV. Vesicles were pre-equilibrated in 150 mM KCI and 
5 mM HEPES-KOH (pH 7.5). In some cases pre-equilibration 
included either 5 mg choline or 1 mM TEA (as indicated in the 
figure). Uptake was measured in transport buffers containing 150 
mM KCI, 5 mM HEPES-KOH (pH 7.5), and 125/,t,M 3H-choline. 
Unlabeled TEA or choline was added as necessary to maintain a 
constant extravesicular (cis) concentration of the preload sub- 
strate (125 ]~M for choline; 25 /s for TEA). Points are means 
(+--SE) from two (trans-TEA) to five (trans-choline) separate ex- 
periments. 

we examined  the effect  o f  large cis concent ra t ions  
o f  chol ine and T E A  on the t ranspor t  of  these two 
substra tes .  As  shown  in Fig. 4A, uptake  o f  50 /J,M 
14C-TEA was b locked  > 9 0 %  by  a 20 mM cis concen-  
t rat ion o f  unlabeled T E A ;  indeed,  we rout inely use 
20 mM T E A  to provide  a comple te  compet i t ive  block 
of  the car r ie r -media ted  c o m p o n e n t  o f  T E A  t ranspor t  
in renal B B M V  (e.g.,  Wright  & Wunz ,  1987b, 1988). 
A 20 mM cis concen t r a t ion  o f  choline was  also rea- 
sonably  effect ive at b locking  T E A  transpor t ,  reduc- 
ing up take  by approx imate ly  85% (Fig. 4A). Uptake  
of  choline showed  a comple te ly  different profile of  
inhibition (Fig. 4B). Whereas  20 mM unlabeled cho-  
line r educed  uptake  o f  1 /*m 3H-choline by >90%,  
20 mM T E A  had no significant inhibitory effect. 
These  data  suggest  that,  a l though choline can inter- 
act  with the T E A / H  + exchange  pa thway  in renal 
B B M V ,  there  is a second  pa thway  (or set of  path- 
ways)  having a substant ial ly higher affinity for  cho- 
line than does  the T E A / H  + exchanger .  

KINETICS OF CHOLINE TRANSPORT 

Measu remen t s  o f  the effect of  cis choline concent ra -  
t ion on the rate o f  chol ine up take  into B B M V  used 
vesicles  p re loaded  with I mM unlabeled choline as 
a means  to increase  the initial rate o f  uptake.  Also,  
because  m e m b r a n e  potent ial  was  found to influence 
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Fig. 4. Reciprocal inhibition of choline and TEA transport. Vesi- 
cles were pre-equilibrated in 150 mM KC1 and 5 mM HEPES-KOH 
(pH 6). Two-sec uptakes were measured in buffers containing final 
concentrations of 150 mM KCI, 5 mM HEPES-KOH (pH 7.5), 
either (A) 50/*M 14C-labeled TEA or (B) 1 /xM 3H-labeled choline, 
and 20 mm concentrations of either unlabeled choline or TEA. 
Vertical bars represent mean uptake (+SE), expressed as the 
percentage of uptake measured in the absence of inhibitor, from 
three experiments using separate membrane preparations. 

choline t ranspor t  in these B B M V  (discussed below),  
all studies o f  the kinetics of  chol ine t ranspor t  were  
carried out under  " v o l t a g e - c l a m p "  condi t ions ,  using 
equal intra- and ext raves icular  concen t ra t ions  o f  K + 
in the p resence  of  the K + ionophore ,  va l inomycin .  
As shown in Fig. 5, choline uptake  was a curvi l inear  
funct ion o f  concen t ra t ion  over  the range o f  25 /,LM 
tO 10 mM. An  Augustinsson-Woolf-Hofstee plot o f  
these data (see inset of  Fig. 5) was  dist inctly nonlin- 
ear indicating that choline uptake  into B B M V  in- 
volved  more  than a single saturable site descr ibed  by 
Michael is -Menten kinetics.  T w o  models  for  chol ine 
uptake  were  cons idered:  (i) a single saturable  car- 
rier, with high affinity for  choline,  plus a nonsa tur -  
able process  (i.e., diffusion or  nonspecif ic  binding);  
and (ii) two saturable carriers,  one  with high affinity 
and one with low affinity for  choline.  Both  models  
descr ibed the data  with equal efficacy. H o w e v e r ,  the 
results presented  in Figs. 1-4 indicate that  chol ine 
interacts  with at least two separate  t ranspor t  path-  
ways ,  so the two-carr ie r  model  offers the mos t  likely 
explanat ion for  the obse rved  profile o f  chol ine up- 
take in B B M V :  

Jm~x [el J = jlax [c] 
+ (1) 

K ~ + [ C ]  K ~ + [ C ]  
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rate of choline transport into BBMV. Vesicles were pre-equili- 
brated in 149 mM KCI, 300 mM mannitol, 10 mM HEPES-KOH 
(pH 7.5), 20 ~M V A L  and 1 mM choline (to establish a t r a n s -  

stimulation condition). Three-sec  uptakes were measured  in a 
transport  buffer with final concentrat ions of 150 mM KC1,300 mm 
mannitol ,  10 mM H E P E S - K O H  (pH 7.5), 20/*M VAL,  a trace- 
label of  3H-choline plus unlabeled choline to achieve total sub- 
strate concentrat ions ranging from 25 >M to 10 mM. Points are 
means  (--+SE) of  uptakes  measured  in triplicate in three separate 
membrane  preparations.  The curve was fit to the data using a 
nonlinear  regression algorithm (Enzfiner,  BioSoft), a s suming  the 
presence of two saturable choline t ransport  pa thways  (Kit = 97 • 
40 .4 /*M;J~ax-  1 2 - + 2 . 0 n m o l ' m g  l . m i n  ~;K~= 10 +-- 8.0 mM; 
Jn]~:, = 38 -+ 13.1 nmol  . mg -I . min- I ;  s e e  text). The inset is a 
Woolf -August insson-Hofs tee  plot of  these data; the lines are 
drawn according to the kinetic cons tants  for the two pathways 
calculated from the nonlinear regression algorithm. 
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Fig. 6. The effect of  increasing t r a n s  concentra t ion of  choline on 
the rate of  choline transport  into BBMV. Vesicles were pre- 
equilibrated in 145-150 mM KCI, 300 mM mannitol ,  10 mM 
H E P E S - K O H  (pH 7.5), and from 0 to 5 mM unlabeled choline. 
Three-sec uptakes  were measured  in t ransport  buffers containing 
final concentrat ions of 150 mM KCI, 300 mM mannitol ,  10 mM 
H E P E S - K O H  (pH 7.5), and a total concentra t ion of choline (i.e., 
3H-choline and unlabeled choline carried over  f rom the membrane  
suspension)  of  125/XM. Each point is the mean  (+SE) of  uptakes ,  
measured  in triplicate, in BBMV from three separate  membran e  
preparations.  Uptakes  presented here represent  choline accumu-  
lation in excess  of  that noted in the absence  of intravesicular  
choline (i.e., zero t r a n s  condition). Zero t r a n s  uptake was 2.5 -+ 
0.29 nmol �9  i .  m i n - i  The line describes a Michael is-Menten-  
type relationship ( s ee  text) and was fit to the data using a nonl inear  
regression algorithm (K,4,.,,,, = 1.54 _+ 0.08 raM; J*ax - 13.2 -+ 
0.59 nmol �9 mg -~ . rain-l) .  The inset is a Woolf -August insson-  
Hofstee plot of  these data. 

where J is the rate of  total choline transport  f rom an 
external substrate concentrat ion of [C]; Jm~x is the 
maximal rate of  t ransport  via the indicated pathway 
(the superscripts  1 and 2 refer to the "high affinity" 
and " low affinity" choline transport  pathways,  re- 
spectively), and K, is the external choline concentra-  
tion resulting in half-maximal choline transport  via 
the indicated pathway.  Pathway 2 (K] = 10 -+ 8.0 
mM; Jmax = 38 -+ 13.1 nmol .  mg -1 �9 rain - l )  is likely 
to be the OC/H + exchanger,  with which choline 
appeared to have an interaction when present at high 
concentration.  However ,  the kinetic characteristics 
of  pa thway 1 (KIt = 97 + 40.4 /XM; Jm~ = 12 -+ 2.0 
nmol �9 mg-1 . min- l )  indicate that it was the domi- 
nant mode of choline uptake f rom concentrat ions of 
1 mM or less. 

Intravesicular  choline acted as an energetic acti- 
vator  of  choline uptake (Fig. 3) and, therefore, must 
bind at the cytoplasmic face of the choline trans- 
porter  (see  Turner,  1983). The concentrat ion depen- 
dency of this interaction was examined by gauging 
the ability of  increasing t rans  concentrat ions of  cho- 
line to stimulate the uptake of a fixed concentrat ion 
of 3H-choline. As shown in Fig. 6, the st imulatory 

effect of intravesicular choline on uptake of  125/s 
choline was a saturable function of the t rans - sub-  
strate concentrat ion over  the range of concentra-  
tions examined. The relationship be tween the t rans-  
choline concentrat ion and uptake could be described 
by the Michaelis-Menten equation: 

J~a ,  [C], .  .... 
J* - (2) 

K,_,,.~,,,, + [C],  ........ 

where J* is the rate of  uptake of 125/xM 3H-choline 
(minus the uptake measured  in the absence  of  in- 
travesicular choline), J*~, is the maximal  rate of  up- 
take of 125/zM 3H-choline, [C],,. ....... is the intravesicu- 
lar concentrat ion of choline, and Kt_,,. ..... is an 
apparent  half-saturation constant  for the interaction 
of choline at the t rans -aspec t  of the choline trans- 
porter. In three separate experiments ,  the average 
value for J*ax was 13.2 + 0.59 nmol �9 nag - j  �9 rain l, 
with a KH,.,,ns of 1.54 _+ 0.08 raM. It is appropr ia te  
to emphasize that these apparent  kinetic constants  
probably reflect a saturable choline flux through the 
two separate pa thways  noted above (i.e., the high 
and low affinity pathways) ,  although uptake of 125 
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Fig. 7. Effect of an inside-negative PD on choline uptake into 
BBMV. Vesicles were pre-equilibrated in 150 mM KC1, 300 mM 
mannitol, 10 mM HEPES-KOH (pH 7.5), and 20/ZM VAL. Up- 
takes were measured in a transport buffer containing either 150 
mg KC1 or NaC1 (as indicated), 300 mM mannitol, 10 mM HEPES- 
KOH (pH 7.5), and 25/xM choline trace-labeled with 3H-choline. 
In some cases 20 mM unlabeled choline chloride was added (re- 
placing an equal concentration of KC1) to block carrier-mediated 
choline uptake. Points are means (+SE) of uptakes measured in 
duplicate in three separate membrane preparations. 

/zM choline was likely to have been dominated by 
the high affinity pathway. 

EFFECT OF MEMBRANE POTENTIAL 

ON CHOLINE TRANSPORT 

As a quaternary ammonium compound, choline is 
positively charged. Therefore, we examined the ef- 
fect of an inside-negative electrical PD on the uptake 
of choline by renal BBMV. Vesicles were pre-equili- 
brated in a solution containing 150 mM K § and the 
K § valinomycin, and uptakes were mea- 
sured in transport buffers containing either 150 mM 
K § (resulting in a nominal Nernstian PD of 0 mV) 
or 150 mM Na § (a nominal Nernstian PD at time 
zero of 60 mV, inside negative). As shown in Fig. 7, 
the inside-negative PD stimulated the initial (i.e., 3- 
sec) rate of choline uptake 2.7-fold over the control 
rate and supported a 3.2-fold overshoot at 60 sec. 
Membrane potential appears to have influenced a 
carrier-mediated process, rather than simple diffu- 
sion, because the addition of 20 mM unlabeled cho- 
line to the transport buffer blocked the stimulatory 
effect of the inside-negative PD by >95%. 

STRUCTURAL SPECIFICITY 

OF CHOLINE TRANSPORT 

Several series of choline analogues were tested for 
their ability to inhibit choline accumulation in renal 

BBMV. The apparent affinity of the electrogenic 
choline transporter (Kt of - 100/J,M) is approximately 
100-times that of the OC/H + exchanger (Kt of -10  
mM). Consequently, the use of a concentration of 
labeled substrate (25 /xM) that was much less than 
the apparent Kt of either transporter assured that the 
bulk of the choline transport (>90%) occurred via 
the high affinity, electrogenic pathway. We used 1 
mM concentrations of the analogues to maximize 
their interaction with the transport receptor. Choline 
accumulation measured in the presence of 20 mM 
unlabeled choline averaged less than 5% of that mea- 
sured in its absence, suggesting that virtually all 
of the choline accumulation occurred via a carrier- 
mediated pathway(s). 

As shown in Fig. 8, changes in the alkyl substitu- 
ents on the quaternary nitrogen of choline had a 
profound effect on inhibitory effectiveness of cho- 
line analogues. HE was a poor inhibitor of labeled 
choline uptake, whereas DMHE and unlabeled cho- 
line both blocked transport by >85%. Displacing the 
hydroxyl group from the quaternary nitrogen by one 
additional carbon (TMHP) still permitted an effec- 
tive interaction with the transporter, but replacing 
the methyl residues around the quaternary nitrogen 
with ethyl groups (TEHE) completely eliminated the 
inhibitory interaction with the receptor. When one 
of the three methyl residues of choline was replaced 
with a hydroxyethyl residue, there was still a marked 
inhibition of choline transport (Fig. 9, DMDHE), 
whereas replacement of two of the methyl residues 
with hydroxyethyl residues effectively eliminated 
inhibitory interactions (Fig. 9, MTHE, ETHE). 

The importance of the hydroxyl residue for re- 
ceptor recognition is apparent from the inhibitory 
interactions presented in Fig. 10. Replacement of 
the hydroxyl group with either a methyl (TMP), car- 
bonyl (DMAP), or carboxyl residue (betaine) virtu- 
ally eliminated an interaction of inhibitor with the 
transporter. Likewise, the tetraalkylammonium 
compounds (Fig. 11) had little effect on the trans- 
porter, with neither TMA nor TEA reducing trans- 
port of choline. TPeA did reduce choline transport 
(by 60%), but that effect was likely to be noncompet- 
itive in nature (see Naujokaitis, Fisher & Rabino- 
vitz, 1982). 

Finally, both HC-3 and HC-15, inhibitors of high 
affinity choline transport in a number of systems 
(Lerner, 1989), were effective inhibitors of choline 
transport in renal BBMV (Fig. 12), although HC-3 
was substantially more potent than HC-15. Indeed, 
the apparent K i for HC-3 as an inhibitor of choline 
uptake was 80 -+ 11.8/./.M 01 = 3), which was approxi- 
mately equivalent to the Kit for choline uptake via 
the high affinity pathway. 

We also examined the effects of several other 
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Fig. 8. Inhibition of choline uptake into BBMV by 
cis concentrations of choline analogues; effect of 
different alkyl substituents on the quaternary 
nitrogen. Vesicles were pre-equilibrated in 150 mM 
KCI, 300 mM mannitol, 10 mM H E P E S - K O H  (pH 
7.5l, 20 ~xM VAL, and I mM unlabeled choline. Two- 
or three-sec uptakes were measured in transport  
buffers containing final concentrat ions of  150 mM 
KCI, 300 mM mannitol, 10 mM H E P E S - K O H  [pH 
7.5), a total concentrat ion of choline of 25 /xM, 
labeled with 3H-choline, and a 1 mM concentrat ion 
of choline or a structural analogue of choline. Each 
horizontal bar  represents the uptake of choline 
( + SE), as a percentage of control measured in the 
absence of inhibitor, measured in triplicate in BBMV 
from two or more separate membrane preparations.  
Control uptake for the three experiments was 21.6 -+ 
3.5 prnol � 9  - t  �9 sec ~. The structural formula of 
each inhibitor is presented to the left of  the 
horizontal bars. Abbreviations used and sample size: 
N,N,N-triet  hyl-N-(2-hydroxyethyl)ammonium 
(TEHE; n = 2); N,N,N-tr imethyl-N- 
(3-hydroxypropyl)ammonium (TMHP; n = 3), N,N- 
dimethyI-N-(2-hydroxyethyl)ammonium (DMHE: 
n - 2); N-(2-hydroxyethyl)ammonium (HE; n = 2); 
choline [n = 6). 
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Fig. 9. Inhibition of choline uptake into 
BBMV by cis concentrations of choline 
analogues; effect of hydroxyethyl substituents 
on the quaternary nitrogen. Conditions as in 
Fig. 8. Abbreviations used and sample size: 
N-ethyl-N,N,N-tri(2-hydroxyethyl)ammonium 
(ETHE; n = 3); N-methyl-N,N,N-tri 
(2-hydroxyethyl)ammonium (MTHE; n = 3); 
N,N-dimethyl-N,N-di 
(2-hydroxyethyl)ammonium (DMDHE; n = 
3); choline (n = 6). 

OCs  on cho l ine  transport in renal cort ical  B B M V .  
One mM thiamine  reduces  chol ine  transport in 
guinea pig p lacenta  by > 5 0 %  (Swe iry  & Yudi lev ich ,  
1985), w h e r e a s  it reduced  chol ine  transport in renal 
B B M V  by 25% (-+ 10.7%; n = 2). N~:methyln icot in  - 

amide  ( N M N )  has been  sugges ted  to be both reab- 
sorbed,  as wel l  as s ecre ted  (Bes segh ir  et al. ,  1981). 
H o w e v e r ,  in a single e x p e r i m e n t ,  w e  found no ef fect  
of  1 mM N M N  on the uptake o f  cho l ine  in renal 
B B M V  (data not shown). 
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Fig. 10. inhibition of choline uptake into 
BBMV by cis concentrations of choline 
analogues; effect of modification of the 
hydroxyl residue. Conditions as in Fig. 8. 
Abbreviations used and sample size: N,N- 
dimethylaminopropanone (DMAP; n = 2); 
N,N,N-trimethyl-N-n-propylammonium 
(TMP; n = 3); betaine (n - 3); choline 
(n = 6). 
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Fig. 11. Inhibition of choline uptake into 
BBMV by cis concentrations of choline 
analogues; effect of tetraalkyl quaternary 
ammonium compounds. Conditions as in Fig. 
8. Abbreviations used and sample size: 
tetrapentylammonium (TPeA; n = 2); 
tetraethylammonium (TEA; n = 3); 
tetramethylammonium (TMA; n = 3); choline 
(n = 6). 

A cis inh ib i to r  o f  t r a n s p o r t  need  not  be t rans-  
p o r t e d  i tself;  it can  s imply  b ind  to the  t r anspo r t  re- 
c e p t o r  and  t h e r e b y  fo rm a n o n t r a n s l o c a t a b l e  t rans-  
po r t  c o m p l e x .  T M H P  and  D M H E  (see Fig.  8) were  
bo th  e f fec t ive  at  p r o d u c i n g  a trans-stimulation of  
cho l ine  u p t a k e  in B B M V ,  wi th  the  f o r m e r  c o m p o u n d  
suppo r t i ng  a t r ans i en t  o v e r s h o o t  of  chol ine  acc umu-  
la t ion  (Fig.  13). T h e r e f o r e ,  it is l ike ly  that  bo th  of  

these  c o m p o u n d s  can ,  in a d d i t i o n  to b ind ing  to the  
chol ine  t r a n s p o r t  r e c e p t o r ,  s e rve  as e f fec t ive  sub-  
s t ra tes  for  t r anspo r t .  N e i t h e r  c o m p o u n d ,  h o w e v e r ,  
was  as  e f fec t ive  as cho l ine  i t se l f  at p r o d u c i n g  a trans- 
s t imula t ion  o f  cho l ine  u p t a k e  (Fig.  13). HC-3 ,  de-  
spi te  its i nh ib i to ry  e f f ec t i venes s ,  was  c o m p l e t e l y  in- 
e f fec t ive  as a trans-stimulator of  cho l ine  u p t a k e  (Fig.  
13). It is poss ib l e ,  t he re fo re ,  that  HC-3 b inds  to,  but  
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Fig. 12. Inhibition of choline uptake into BBMV by cis concentrations of choline analogues; effect ofhemicholinium analogs. Conditions 
as in Fig. 8. Abbreviations used and sample size: hemicholinium-15 (HC-15; n = 2); hemicholinium-3 (HC-3; n = 3); choline (n = 6). 

is ineffectively transported by, the choline trans- 
porter of renal BBMV. 

Discussion 

CHARACTERISTICS OF BRUSH-BORDER 

CHOLINE TRANSPORT 

The present set of experiments identified two trans- 
port pathways accessible to choline in rabbit renal 
BBMV: the OC/H § exchanger and a second, novel 
pathway that had a high degree of specificity for 
choline and closely related structures. The OC/H + 
exchanger had a low affinity for choline, compared 
to the second pathway, which accounted for the 
failure of a H § gradient to stimulate choline uptake 
(Fig. 1B). The large (5 mg) concentration of choline 
employed in the trans-stimulation experiment (Fig. 
2) was, however, adequate to activate the OC/H + 
exchanger, thereby resulting in the observed coun- 
tertransport of TEA. The high affinity pathway was 
not influenced by gradients of either H + or Na +. 
Instead, uphill accumulation of choline into BBMV 
was supported by an inside-negative membrane po- 
tential (Fig. 7) and by trans-concentration gradients 
of a small family of choline-like molecules (Fig. 13). 

The high affinity choline transporter in renal 
brush borders is markedly different, in terms of its 
ion dependency and kinetic characteristics, from 

choline transporters described in other tissues. 
Whereas Na + had no effect on choline transport 
in renal BBMV, the choline transport in the brain 
involves cotransport with Na § (Kuhar & Murrin, 
1978). Likewise, several studies have reported a Na 
sensitivity for absorptive choline transport in intes- 
tine (Herzberg & Lerner, 1973; Hegazy & Schwenk, 
1984), although other studies have not (Kuczler et 
al., 1977; Kessler et al., 1978). Transport of choline 
in erythrocytes is not influenced by Na § but, in- 
stead, involves simple facilitated diffusion (see 
Krupka, 1990). However, as with transport in the 
brain, the red cell transporter has a much higher 
affinity for choline than does the "high affinity" 
transporter of renal brush borders: the K t for choline 
transport in renal BBMV was 97/xN (Fig. 5) com- 
pared to the Michaelis constants that range from 10 
/XM to <I  txN in erythrocytes (D6ves & Krupka, 
1979) and synaptosomes, respectively (Lerner, 
1989). Thus, our use of term "high affinity" with 
respect to renal choline transport involves an im- 
plicit comparison to the OC/H § exchanger and its 
lower apparent affinity for choline. 

The characteristics of choline transport in renal 
cortical brush-border membranes noted here are 
comparable to those reported recently for choline 
transport in collecting duct cells isolated from rat 
renal inner medulla (Bevan & Kinne, 1990). These 
similarities include an independence from external 
Na + , a sensitivity to membrane potential, and a Mi- 
chaelis constant on the order of 100 txg. In addition, 
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Fig. 13. Effect on choline uptake into BBMV of t rans  concentra- 
tions of several choline analogues. Vesicles were pre-equilibrated 
in 150 mM KCI, 300 mM mannitol, 10 mM HEPES-KOH (pH 7.5), 
20 p,M VAL, and a 1 mM concentration of analogue (the control 
condition had no analogue). Uptake was measured in transport 
buffers containing final concentrations of 150 mM KCI, 300 mM 
mannitol, 10 mM HEPES-KOH (pH 7.5), 20 /zM VAL, 25 /zM 
analogue (carried over from the membrane suspension), and 0.03 
#M 3H-choline. For the control experiments in which vesicles 
were not preloaded with analogue, the transport buffers included 
25 p,M analogue to maintain a constant c i s - subs t ra te  condition. 
Points are the mean (-+sE) of uptakes measured in triplicate in 
one membrane preparation. The experiment was repeated in a 
second preparation with similar results. 

the profile of apparent specificity of the medullary 
choline transporter is very similar to that of cortical 
BBMV, with maximum inhibition produced by N,N- 
dimethyl-N-(2-hydroxyethyl)ammonium, interme- 
diate inhibition produced by N-(2-hydroxyethyl)am- 
monium and thiamine, and minimal effects produced 
by betaine and TEA. 

The half-saturation constants of the cis vs. trans 
aspects of the choline transporter appeared to be 
quite different (100 ].zM us. 1.5 mM). The K t of an 
exchange process may be influenced by the presence 
of trans substrate (see Krupka, 1989), which pre- 
cludes an absolute comparison of the values re- 
ported above. Nevertheless, the extremes of appar- 
ent affinity observed at the two faces of the 
membrane are suggestive of a kinetic asymmetry 
that may play a role in the preferential reabsorption 
of choline under physiological conditions. 

BASIS OF BIDIRECTIONAL CHOLINE FLUX 

IN THE PROXIMAL TUBULE 

The concentration of choline in plasma appears to 
be tightly regulated by the kidney (Acara & Rennick, 
1973; Acara, 1975), with the principal regulatory site 

tubular fi l trate 

| @ 

peritubular space 

Fig. 14. Model for bidirectional choline transport in rabbit renal 
proximal tubules. Cell A emphasizes transepithelial secretion of 
choline; cell B emphasizes transepithelial reabsorption of choline. 
S e e  text for discussion. 

being the proximal tubule (Acara et al., 1979). The 
presence in the proximal tubule of bidirectional cho- 
line transport has been recognized since Vander's 
work in the early 1960s (Vander, 1962). When 
plasma concentrations of choline are less than -100 
ffM, a reabsorptive pathway predominates, whereas 
plasma concentrations greater than 100/.tM result in 
a net secretory flux (Acara et al., 1979; Besseghir et 
al., 1981). Plasma choline concentration in rabbits, 
rats, and humans is <25/ZM (Bligh, 1952; Besseghir 
et al., 198 I); consequently, the typical physiological 
situation is one associated with net choline reab- 
sorption. 

How choline can be reabsorbed under some cir- 
cumstances and secreted under others has not been 
explained. Most OCs (and organic bases), including 
TEA, are secreted at all concentrations tested 
(Acara et al., 1979; Rennick, 1981), and the transepi- 
thelial mechanisms associated with this secretory 
flux have been well characterized (refer to Fig. 14). 
Movement of OCs into proximal cells involves a 
carrier-mediated step at the basolateral membrane 
(system "1"  in Fig. 14). Studies using basolateral 
membrane vesicles (BLMV) from kidneys of rabbit 
(Wright & Wunz 1987b; Jung, Kim & Lee, 1989; 
Montrose-Rafizadeh et al., 1989; Sokol & McKin- 
neT, 1990), rat (Takano et al., 1984), and dog (Holo- 
han& Ross, 1980) suggest that this process involves 
either electrogenic facilitated diffusion or the coun- 
tertransport of an intracellular substrate for the ex- 
tracellular OC. Studies with intact rabbit proximal 
tubules confirm that peritubular OC transport is car- 
rier mediated and may be capable, in the intact cell, 
of moving an OC against its electrochemical gradient 
(Sch~ili et al., 1983; Tarloff & Brand, 1986). Signifi- 
cantly, choline is an effective substrate for the peri- 
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tubular OC transporter, capable of rapid exchange 
with TEA (Dantzler & Brokl, 1988; Sokol & Mc- 
Kinney, 1990). 

The luminal step in OC secretion, first described 
by Holohan and Ross (1981; see also Ross & Holo- 
han,1983), involves the carrier-mediated exchange 
of an OC for H + (system ~ in Fig. 14) and appears 
to be rate limiting in secretion (Schfili et al., 1983; 
Montrose-Rafizadeh et al., 1987). The inwardly di- 
rected H* gradient across the luminal membrane, 
generated, at least in part, by the activity of the Na/ 
H + exchanger (system "3"  in Fig. 14), supports 
the secondary active secretion of OCs; the Na,K- 
ATPase ultimately drives these processes (system 
"4"  in Fig. 14). Choline can serve as a substrate 
for the OC/H + exchanger; i.e., it blocks OC/H + 
exchange (Fig. 4A; Wright, 1985) and choline gradi- 
ents can support uphill transport of OCs (Fig. 2; 
Holohan & Ross, 1980). However, the interaction 
between choline and the OC/H + exchanger is rela- 
tively weak which was reflected by the apparent 
K t of 10 mM for choline transport via the OC/H + 
exchanger (Fig. 5). 

Although it is likely that the secretion of choline 
arises from its interaction with the peritubular and 
luminal transporters for OCs described above, the 
mechanism(s) associated with the reabsorption of 
choline, the normal physiological occurrence, has 
received little attention. Holohan and Ross (1980) 
suggested that bidirectional net transport of OCs 
could arise via a single pathway if there were an 
appropriate set of kinetic asymmetries for the rele- 
vant substrates. Acara et al. (1979) suggested that 
the rapid intracellular conversion of choline to beta- 
ine in proximal cells would represent a metabolic 
sink that could produce an effective means to clear 
choline from tubular fluid, although this mechanism 
would not involve a net transepithelial transport and 
still requires a means for choline to enter the proxi- 
mal cell from the tubular fluid. 

The present set of results, which documents the 
presence of separate, high affinity and low affinity 
transporters for choline in rabbit BBMV, provides 
a means to explain the concentration-dependent, bi- 
directional flux of choline in the kidney. The high 
affinity pathway (system "5"  in Fig. 14), with its K t 
of 100 /XM, would dominate trans-luminal choline 
flux in the concentration range from which net reab- 
sorption is typically noted (Acara et al., 1979; Bes- 
seghir et al., 1981). Furthermore, its electrogenic 
mode of action (Fig. 7) would allow choline to cross 
the luminal membrane in response to the inside- 
negative membrane potential of proximal cells. Exit 
from the cell could occur via the peritubular OC 
transporter, which is known to exchange cyto- 
plasmic choline for extracellular TEA (Dantzler & 

Brokl, 1988; Sokol & McKinney, 1990). When the 
plasma concentration exceeds 100/.LM, cytoplasmic 
choline concentration would rise to levels far in ex- 
cess of that due to uptake from the plasma via the 
basolateral OC transporter. Consequently, the low 
affinity pathway of the luminal membrane (i.e., the 
OC/H + exchanger), with its apparent K t of 10 mM, 
would increasingly play a part in defining the net 
transepithelial flux of choline. As the comparatively 
large transport capacity of the OC/H § exchanger 
is accessed by choline, a net secretory flux would 
result. 

STRUCTURAL SPECIFICITY OF THE CHOLINE 

REABSORPTIVE PATHWAY 

The low affinity choline transport pathway, i.e., the 
OC/H § exchanger, accepts a very broad range of 
chemical structures (e.g., see McKinney, 1987). In 
contrast, the high affinity pathway described here 
showed a marked selectivity for choline and a small 
set of structurally similar molecules, including N,N- 
dimethyl-N,N-di (2-hydroxyethyl)ammonium, N,N- 
dimethyl-N-(2-hydroxyethyl)ammonium, N,N,N- 
trimethyl-N-(3-hydroxypropyl)ammonium, arid he- 
micholinium-3 (Figs. 8-12). Several compounds 
known to interact with the OC/H § transporter had 
little inhibitory influence on the high affinity choline 
pathway, including TEA and NMN. Likewise, gua- 
nidine, a substrate for a separate proton exchange 
process in rabbit renal brush borders (Miyamoto et 
al., 1989), had no effect on choline transport via the 
high affinity pathway. 

Given the degree of inhibition of choline trans- 
port displayed by the compounds studied, a set of 
structural elements was deduced that allow interac- 
tion of a substrate with the transport receptor: (i) a 
positively charged nitrogenous nucleus, (ii) a hy- 
droxyl group separated from the nitrogenous nu- 
cleus by two to three methylene carbons, and (iii) 
a minimum of two methyl groups attached to the 
nitrogen. The poor inhibitors of choline transport 
deviated from this set of minimum requirements in 
one or more ways. N,N,N-triethyl-N-(2-hydroxy- 
ethyl)ammonium has ethyl, rather than methyl 
groups about the nitrogen, indicating a steric limit 
within the negative ~ of the receptor. Simi- 
larly, N-methyl-N,N,N-tri(2-hydroxyethyl)ammon- 
ium and N-ethyl-N,N,N-tri(2-hydroxyethyl)ammon- 
ium have two ethanol substituents about the nitrogen 
(in addition to the required hydroxyethyl group). It 
should be noted, however, that the failure of these 
compounds to inhibit uptake could have arisen from 
physical, rather than simply steric properties of 
the extra ethanol groups. N,N,N-Trimethyl-N-n- 
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Fig. 15. Model of the high affinity renal choline transport recep- 
tor. (A) Structural formula of choline. ( B )  Three-dimensional wire 
model of choline's structure. Note the position of the quaternary 
nitrogen and the hydroxyl residue. ( C )  Stereo view of a model of 
the choline transport receptor showing the proposed orientation 
of choline within the receptor and its interactions with a negative 
(NEG) site and a hydrogen bonding (HB) site. See text for dis- 
cussion. 

propylammonium and tetramethylammonium (Figs. 
10 and 1 I ,  respectively), which have the required 
number of methyl groups, lack a hydroxyl group. 
Tetraethylammonium lacks the requisite hydroxyl 
group and has ethyl, rather than methyl substituents 
about the quaternary nucleus. The inhibitory effec- 
tiveness of tetrapentylammonium (Fig. 1 1 )  would 
appear to represent a deviation from the predicted 
influence of large alkyl substituents on the nitroge- 
nous nucleus. However, tetrapentylammonium also 
inhibits choline transport in murine leukemia cells, 
but the interaction is noncompetitive in nature (Nau- 
jokaitis et al., 1982), and therefore, probably reflects 
an interaction at a site removed from the transport 
receptor. Finally, the failure of betaine, N,N-di- 
methylaminopropanone, and N,N,N-trimethyl-N-n- 
propylammonium (Fig. 10) to inhibit choline trans- 
port suggests that there is a strict requirement for a 
hydroxyl group. 

Figure 15 presents a stereo view of a model 
for the high affinity choline transport receptor. The 
stippled region represents the surface of the trans- 
port protein around the choline receptor site derived 
from the steric limits of substrate-receptor interac- 
tions noted above. The receptor consists of a nega- 
tive (NEG) site, presumably a carboxyl function. 
and a hydrogen bonding (HB) site, presumably the 
carbonyl oxygen of an amide (e.g., amide residue of 

arginine, glutamine, or  a peptide bond). The molecu- 
lar mechanics calculations suggest that the choline 
hydroxyl hydrogen must lie about 1.8 A from the 
HB site. The carboxyl oxygens of the NEG site, 
which form an ionic bond with the quaternary nu- 
cleus of choline, are each separated by -3.8 A from 
the choline nitrogen atom. It is useful to consider 
the proposed interaction of hemicholinium-3 with 
this hypothetical transport receptor. The conforma- 
tion of hemicholinium-3 is superimposable on that 
of choline within the proposed receptor. The space 
occupied by the other atoms of the hemiketal ring of 
hemicholinium-3 will extend away from the surface 
of the receptor, and the remaining three ring struc- 
tures will extend out into the aqueous medium. Re- 
call that the ring-restricted conformation of hemi- 
cholinium-3 was as effective at inhibiting the up- 
take of 3H-choline as was unlabeled choline itself 

= Kr.choi,ne). This suggests that the binding 
site "prefers" this conformation of choline rather 
than the extended configuration, hence the assump- 
tion concerning the conformation of bound sub- 
strate. This also provides a basis for how the other 
active analogues fit into the receptor. The structure 
of each of these can be rotated to povide the opti- 
mum bond lengths, as derived from the cholineIHC- 
3 interaction, between substrate and the NEG and 
HB sites of the receptor. The lack of inhibitory activ- 
ity of betaine and N,N-dimethylaminopropanone 
suggest that the HB site of the receptor must be a 
HB acceptor functionality (i.e., carbonyl oxygen) 
which forms a HB with the hydroxyl hydrogen. 
rather than a HB donor such as an amine or hydroxyl 
group which would interact with the oxygen atom of 
choline. The NEG site of the receptor is very specific 
for (at least) two methyl groups attached to the nitro- 
gen atom. N-Methyl-N,N,N-tri(2-hydroxyethy1)am- 
monium and N-ethyl-N,N,N-tri(2-hydroxyethyl) 
ammonium (Fig. 9) each have substituents on the 
quaternary nitrogen which exceed the steric limits 
imposed by the model's receptor site. N,N-Dim- 
ethyl-N.N-di(2-hydroxyethyl)ammonium, however, 
was a reasonably effective inhibitor (Fig. 8), which 
supports the contention that one larger group on the 
nitrogen can be accommodated by simply extending 
away from the receptor out into the aqueous me- 
dium. Protonated ethanolamine, N-(2-hydroxy- 
ethy1)ammoniurn or HE (Fig. 8),  which has no 
methyl groups attached to the nitrogen. did not in- 
hibit choline transport. A molecular model of etha- 
nolamine in the hypothetical receptor can be con- 
structed which provides reasonable interactions 
with the NEG and HB sites of the receptor. How- 
ever, these interactions come at the expense of other 
van der Waal's interactions with the receptor pocket 
due to a difference in the location of the molecular 
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surface of ethanolamine in the receptor compared 
to that of choline. Finally, the model permits an 
explanation of the relatively poor inhibitory effect 
of hemicholinium-15. Although it has the minimum 
structural features that permit binding to the recep- 
tor, it lacks the hydrophilic moiety found in hemi- 
cholinium-3 which extends well into the aqueous 
environment. Instead, it has a strongly lipophilic 
residue extending into the aqueous environment 
which may tend to weaken the substrate-receptor 
interaction. 

The structural specificity of choline transporters 
in other tissues has received considerable attention 
(see Lerner, 1989). Although it is not the purpose of 
the present report to review this broad subject, it is 
relevant to make a few comparisons of the apparent 
specificity of the renal choline transporter and those 
of some selected tissues. A unifying observation is 
the inhibitory effectiveness of hemicholinium-3, 
which blocks choline transport in the kidney (Fig. 
13; see also Trimble et al., 1974) and in every other 
tissue that has been tested (e.g., Lerner, 1989). The 
transporter with characteristics most similar to those 
of the renal choline carrier is that of human erythro- 
cytes (see Krupka, 1990). In addition to being inde- 
pendent of Na=, in marked contrast to the high affin- 
ity choline transporter in brain (Ducis, 1988), the 
specificity of the red cell carrier is very similar to 
that seen here for the renal carrier. In both cases, 
the transport receptors appear to have subsites for 
the three methyl substituents on the quaternary ni- 
trogen; substitutions on one of these sites are permit- 
ted, but restrictions on the size of the other substitu- 
ents are severe. Finally, it is worth noting the 
striking dissimilarity between the specificity of the 
renal transporter and that found in the placenta; 
neither thiamine nor N-(2-hydroxyethyl)ammonium 
was particularly effective at inhibiting choline trans- 
port in renal BBMV, yet both are potent blockers of 
choline transport in perfused guinea pig placenta 
(Sweiry & Yudilevich,1985). 

In summary, the normal, reabsorptive flux of 
choline in the rabbit proximal tubule probably stems 
from the activity of a high affinity transporter for 
choline in the luminal, brush-border membrane. This 
transporter is electrogenic, thereby permitting cho- 
line to enter the cell in response to the inside-nega- 
tive electrical PD across the luminal membrane. The 
electroneutral exchange of choline for another, en- 
dogenous OC presumably completes the transepi- 
thelial flux. Secretion of choline, which occurs when 
plasma choline concentrations exceed 100 #M, in- 
volves the OC-secretory transporters, which include 
an electrogenic, facilitated diffusion process which 
can also exchange one OC for another (this is the 

process that we suggest can be involved in exchange 
of choline for another OC, noted above); and the 
OC/H § exchanger in the luminal membrane. 
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