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Summary.  We have previously shown that a mechanism for 
transporting L-lactate is located in cardiac sarcolemmal mem- 
branes (Am. J. Physiol. 252:C483-C489, 1987). This mechanism 
has now been shown to transport pyruvate also. The transporter 
recognizes a wide range of monocarboxylic acids with chain 
lengths of three to six carbons, as evidenced by their ability to 
inhibit L-lactate uptake into sarcolemmal vesicles�9 The ability of 
the monocarboxylate analogues to inhibit depends strongly on 
the nature of substituents, particularly at the second carbon. L- 
lactate and pyruvate transport are not affected by dicarboxylates 
other than oxaloacetate. The transporter is inhibited by the pro- 
tein modifiers diethylpyrocarbonate, dinitrofluorobenzene, and 
phenylisothiocyanate. Diethylpyrocarbonate inhibition is not re- 
versed by hydroxylamine, nor is dinitrofluorobenzene inhibition 
reversed by thiol reagents, suggesting that the target residues are 
not histidine, or tyrosine or cysteine, respectively. Several 
monocarboxylates effectively protect the transporter from inhi- 
bition by the modifying reagents, suggesting that the modified 
residue(s) may be at or near the binding site. Alternatively, the 
target amino acid(s) in the transport protein may become inac- 
cessible due to a conformation change triggered by the substrate 
analogues. Overall, the results suggest that a sensitive free amino 
group, associated with substrate binding, is attacked by the pro- 
tein-modifying reagents. 
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Introduction 

A mechanism that facilitates the transport of L-lac- 
tate across cardiac sarcolemmal membranes has re- 
cently been reported [33]. This transport system has 
many kinetic properties and inhibitor sensitivities 
similar to those of the monocarboxylate trans- 
porters in erythrocytes [4, 8, 10], Ehrlich ascites 
cells [31] and hepatocytes [tl ,  12], although some 
significant differences exist. A component of L-lac- 
tate accumulation by skeletal muscle may be due to 
a similar system [35]. Uptake of L-lactate by sarco- 
lemmal vesicles appears to proceed as L-lactate / 
H + cotransport; also, uptake is inhibited by an out- 

wardly directed proton gradient [33]. These 
characteristics have recently been reported for a 
lactate transport system in placental brush border 
membranes [1], and monocarboxylate-/H + cotrans- 
port has previously been suggested to be the mode 
of transport in erythrocytes [4, 8, 10], Ehrlich as- 
cites cells [31], and hepatocytes [12]. 

It is of interest to determine whether, as sug- 
gested by preliminary data on sarcolemmal vesicles 
[33] and by earlier studies on acidification of 
Purkinje fibers [5] and on perfused hearts [20], the 
cardiac sarcolemmal L-lactate transporter is also a 
general monocarboxylate-transporting system, and 
to identify molecular characteristics required for 
substrate recognition. We report below on pyruvate 
transport by cardiac sarcolemma. The effect of a 
wide array of other monocarboxylates and of dicar- 
boxylates on L-lactate or pyruvate transport was 
also investigated. The cardiac sarcolemmal system 
appears to respond to some substrate analogues dif- 
ferently from monocarboxylate-transporting mech- 
anisms in other cells. 

No plasma membrane monocarboxylate/proton 
cotransporter has yet been isolated or characterized 
molecularly. However, the observed inhibitory ef- 
fects of the sulfhydryl group reagents pCMBS 1 and 
NEM contributed to the conclusion that the sys- 
tems are proteinaceous [8, 33]. In an attempt to 
identify amino acid residues essential for substrate 
binding or transport, several other protein-modify- 
ing reagents have now been tested for their ability to 
inhibit monocarboxylate transport in cardiac sarco- 

~ Abbreviations used are: DEPC = diethyl pyrocarbon- 
ate (ethoxyformic anhydride); DMSO = dimethyl sulfoxide; 
DNFB = 2,4-dinitrofluorobenzene; DTT = dithiothreitol; 
FCCP = carbonylcyanide 4-trifluoromethoxyphenyl hydrazone; 
FITC = fluoroscein isothiocyanate; MOPS = 4-morphotine pro- 
panesulfonic acid; NEM = N'-ethylmaleimide; P1TC = 
phenylisothiocyanate; pCMBS = 4-(chloromercuri)benzene- 
sulfonate. 
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lemmal vesicles. The results of these experiments 
all suggest that an amino group in a hydrophobic 
environment at or near the binding site is essential 
for transport function. 

Interpretation of protein-modification results 
was aided by the fact that some substrate analogues 
were able to provide significant protection from in- 
hibition by certain group-modifying reagents. This 
information also contributes to a description of the 
nature of the interaction of substrates with the 
transport proteins. Additionally, it should be useful 
in studies leading to the isolation of the cardiac sar- 
colemmal monocarboxylate-/H + cotransporter. 

ent without significantly quenching counts. Measurements of up- 
take of pyruvate or L-lactate as a function of time indicated that 
uptake was approximately linear for 10 or 20 sec, respectively 
(Fig. 1 and ref. 33). These uptake times were used in subsequent 
experiments for determination of initial rates of uptake. 

Carboxylic acid inhibitors were added to the uptake media 
as Na" or Tris salts, adjusted to the same pH as the medium. The 
ionic strength was maintained by adding the Na + or Tris salt of 
the nontransportable anion, gluconic acid, to control samples, 
and/or by decreasing the concentration of NaCI in the uptake 
solutions. Specific details are mentioned in the results where 
appropriate. 

PROTEIN MODIFICATION 

Materials and Methods 

SARCOLEMMAL VESICLES 

Sarcolemma was isolated from trimmed left ventricles of canine 
hearts as previously described [14, 26]. The sarcolemmal band 
from the sucrose gradient was diluted about eightfold with 140 
mM sucrose, 5 mM MOPS, pH adjusted to 7.4 with either Tris 
base or NaOH, and centrifuged at 155,000 x g for 75 min. The 
resulting pellet was resuspended to a protein concentration of 5 
to 10 mg/ml in 280 mM sucrose containing 10 mM of the same 
buffer, and stored in liquid N2 until use. These preparations were 
typically enriched over 50-fold in the sarcolemmal markers p- 
nitrophenyl phosphatase and Na+/K+-dependent ATPase [14] 
and contained negligible amounts of the mitochondrial mem- 
brane marker lipid, cardiolipin (R. Vermuri, this laboratory, un- 
published results). The preparation is a mixture of right-side-out 
and inside-out vesicles which are >80% sealed, as judged by the 
effects of ionophores on Na+/K+-dependent ATPase activity 
[14]. 

MONOCARBOXYLATE TRANSPORT 

Transport of monocarboxylate was measured as uptake of ~4C- 
labeled L-lactate or pyruvate by sarcolemmal vesicles using a 
procedure described previously [33]. Briefly, a 10-/xl aliquot of 
vesicle suspension, typically 1.5-2.0 mg protein/ml in 280 mM 
sucrose buffered as described above, was mixed rapidly with 40 
p,l of uptake medium containing 0.2 to 0.25/xCi of t4C-monocar- 
boxylic acid substrate plus cold Na + or Tris salt of the monocar- 
boxylate to the desired concentration, 140 mN NaC1, 10 mM 
MOPS/Tris or MOPS/NaOH buffer at the same pH as the vesi- 
cles, and 5 /xN monensin. Monensin was added from a freshly 
prepared stock solution of 5% ethanol in DMSO, such that the 
final concentrations of ethanol and DMSO were 0.05 and 1%, 
respectively. These amounts of the solvents had no effect on 
uptake. Measurements were made at room temperature unless 
otherwise indicated. 

Uptake was stopped after the desired time by manual addi- 
tion of 1 ml ice-cold, buffered, isotonic KCI solution to the sus- 
pension. One ml of this mixture was immediately filtered through 
a 0.45/xm nitrocellulose filter (Sartorius No. 11336) and washed 
twice with 3 ml of the same solution. Radioactivity remaining on 
the filter was determined by scintillation counting after addition 
of 6 ml of a mixture of 60% Betafluor (National Diagnostics) and 
40% ethanol, which rendered the wet filters essentially transpar- 

Sarcolemmal vesicles were preincubated with protein modifying 
reagents in buffered sucrose solutions in the absence or presence 
of monocarboxylates which might protect from modification. Os- 
motic strength was maintained at 280 mOsmolar by adjusting the 
amount of sucrose added to the solutions, after ionic strength 
was adjusted with sodium gluconate. If present, monocarbox- 
ylate salts were added to vesicle suspensions 5 to 7 min before 
addition of the protein modifier. Typical reaction mixture vol- 
umes of 40 to 50 ~1 contained 100/xg membrane protein. Modifi- 
cation reactions were terminated by dilution of the suspension 
into 8 to 10 volumes of ice-cold 280 mM sucrose, 10 mM MOPS/ 
Tris, pH 7.4, and immediate centrifugation in a Beckman airfuge 
at 175,000 x g for 20 min. The resulting sarcolemmal membrane 
pellet was resuspended in the dilution medium and incubated 
-30  min at room temperature prior to uptake measurements. 

Particular conditions used for individual modifiers were as 
follows: Phenylglyoxal was recrystallized from hot water and 
stored desiccated at room temperature. Stock solutions were 
freshly prepared in 100 mM lutidine (2,6-dimethylpyridine) buffer 
at pH 8.4. The incubation suspension contained 50 mg lulidine 
buffer at pH of 8.1. Stock solutions of DEPC in ethanol were 
prepared daily. Intermediate dilutions of this reagent into buf- 
fered sucrose were made immediately prior to addition to the 
sarcolemmal vesicle suspension, which was subsequently incu- 
bated for 15-20 min at room temperature. DNFB solutions were 
freshly prepared in methanol each day. An intermediate dilution 
into buffered sucrose was made just prior to addition to the sar- 
colemmal suspension. All solutions or suspensions containing 
DNFB were kept in the dark. PITC solutions were prepared in 
DMSO. Intermediate dilutions into buffered sucrose were opal- 
escent; solutions of PITC at the final concentrations used in 
incubation media were clear. No Tris was present in any solution 
used for these modifications. Final concentrations of organic sol- 
vents were 0.2% for ethanol, and 0.5% for methanol and DMSO. 
These concentrations had no effect on uptake of L-lactate by 
control sarcolemma. 

When reversal of a protein modification reaction was inves- 
tigated, a 40 or 50/xl aliquot of incubated vesicle suspension was 
diluted into 385 /~1 of 280 mM sucrose, 10 mM MOPS/Tris, pH 
7.4, containing 20 mM NHzOH (for DEPC) or 5 mM DTT (in the 
dark, for DNFB), and incubated for the given times at room 
temperature before being centrifuged as described above. 

MATERIALS 

DEPC, DNFB, FITC, PITC, D- and k-lactic acids, pyruvic acid, 
3-hydroxybutyrate sodium salt, D,L-2-hydroxyvalerate sodium 
salt, gluconic acid sodium salt, succinic acid, oxaloacetic acid, L- 
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alanine, NEM, DTT and monensin were from Sigma; 2- 7 
methyl,2-hydroxy propionic acid sodium salt, 2-hydroxybutyric -~ 
acid sodium salt, L-malic acid, 2-oxobutyric acid sodium salt, ~ 6 
oxaloacetic acid, 2-oxovaleric acid, 2-oxo,4-methylvaleric acid, 
and 2-oxoglutaric acid were from Fluka; 2-hydroxy,2-methyl- ~' 
butyric acid, D,L-2-hydroxycaproic acid, L-norvaline, L-2-hy- -~ 5 
droxy,4-methylvaleric acid, 4-hydroxybutyric acid sodium salt, = 
2-oxocaproic acid, L-isoleucine, S(-)2-chloropropionic acid, n- m" 4 
butyric acid, n-valeric acid, and 2,6-dimethylpyridine were from <~ m 
Aldrich. Other chemicals were of reagent grade. Deionized water ,, 3 

x: 
of resistivity 18 M~'I was used to prepare solutions for modifica- 
tion and uptake procedures. UJ4C-L-tactic acid sodium salt and ~ 2 
IJ4C-pyruvic acid were from Amersham. w 

rY 
>- 
o_ 

Results 

PYRUVATE TRANSPORT 

BY SARCOLEMMAL VESICLES 

The time course of pyruvate uptake by sarcolemmal 
vesicles is shown in Fig. 1. As can be seen from the 
inset, uptake remains linear for approximately 10 
sec at room temperature. At pH 7.4 the initial up- 
take rate is a saturable function of pyruvate concen- 
tration (Fig. 2). From Eadie-Hofstee plots of such 
data the apparent affinity of the sarcolemmal trans- 
porter for pyruvate was calculated to be 5.0 -+ 1.6 
mM (n = 4). An example is shown in the inset of 
Fig. 2. As suggested by preliminary work [33], L- 
lactate is an effective inhibitor of pyruvate uptake 
by sarcolemmal vesicles; a 100-fold excess of L- 
lactate inhibits pyruvate uptake by 77 _+ 7%. 

Pyruvate and L-lactate transport share many 
characteristics. We previously presented evidence 
that L-lactic acid crosses the sarcolemma as an L- 
lactate-/H + cotransport. It was shown that in the 
presence of an inwardly directed Na + gradient, 
monensin enhances L-lactate uptake about sixfold 
by preventing buildup of protons inside the vesicles 
[33]. The effect is not specific for Na+; K + + nigeri- 
cin will serve as well. Pyruvate uptake by cardiac 
sarcolemmal vesicles has now been observed to in- 
crease 4- to 10-fold under the same conditions. Fur- 
thermore, a K § gradient in the presence of FCCP + 
valinomycin stimulates the rate of uptake to the 
same extent that the Na § gradient + monensin 
does, whether the monocarboxylate transported is 
L-lactate or pyruvate. Both L-lactate and pyruvate 
transport display a very large temperature depen- 
dence between 10 and 37~ initial uptake rates for 
both substrates are increased 10-fold over this tem- 
perature range. The sensitivity of pyruvate and L- 
lactate transport to inhibition by other monocar- 
boxylates and by dicarboxylates is similar (see 
below). 

As is the case for L-lactate transport [33], pyru- 
vate transport is sensitive to sulfhydryl group re- 
agents. Preincubation of sarcolemmal vesicles with 
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Fig. 1. Uptake of pyruvate by cardiac sarcolemmal vesicles 
loaded with 280 mM sucrose, 10 mM MOPS/Tris, pH 7.4, as a 
function of time at room temperature. External medium con- 
tained 1 mM pyruvate, 112 mm NaCI, 56 mM sucrose, 10 mM 
MOPS, pH 7.4, and 6.5 ~M monensin. Inset: Uptake determined 
over short time periods using another vesicle preparation and the 
same conditions 
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Fig. 2, Dependence of pyruvate uptake by cardiac sarcolemmal 
vesicles on external pyruvate concentration; uptake conditions 
as in Fig. 1. Inset: Eadie-Hofstee plot of data in Fig. 2, (-Q-), and 
of data from uptake measurements using sarcolemmal vesicles 
that had been treated with 7/xM DEPC, (-O-). Slope of solid line, 
which is least squares fit of data, gives apparent K~ for pyruvate 
of 4.8 mM; treated vesicles have K~ of 4.7 mM 

10 mM NEM for 30 min at 37~ and pH 7.4 inhibited 
over 90% of pyruvate uptake. Lower concentra- 
tions of reagent or shorter incubation times resulted 
in less complete inhibition. 

INHIBITION OF L-LACTATE UPTAKE 

BY OTHER MONOCARBOXYLATES 

A wide variety of substituted and unsubstituted 
monocarboxylic acids is able to inhibit L-lactate up- 
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Table 1. Inhibitory effect iveness of  various monocarboxyla tes  ~ 

Subst i tuent  C3 % C4 % C5 % C6 % 
compounds  inhib, compounds  inhib, compounds  inhib, compounds  inhib. 

None  Propionate 42 -+ 8 Butyrate  65 -+ 7 Valerate 79 -+ 3 (Hexanoate)  
Hydroxy  L-2-OH 56 • 6 2-OH 49 • 1 D,L-2-OH 62 --+ 3 D,L-2-OH 67 • 9 

(=L-lactate) 
D-2-OH 13 --+ 7 

(=D-lactate) 
2-OH,2CH3 10 -+ 6 2-OH,2-CH3 13 -+ 4 

2-OH,3-CH3 34 • 2 
3-OH 23 -+ 1 
4-OH 23 + 2 
2-oxo 75 -+ 4 Oxo 2-oxo 58 • 3 

(=pyruva te )  
Methyl  2-CH3 39 • 1 

( - i sobu ty ra te )  
Chloro S( )-2-C1 56 + 2 
Amino  L-2NH3 9 b 

L-2-OH,4CH3 84 _+ 1 

2-oxo 84 -+ 4 2-oxo 87 +_ 5 
2-oxo,4-CH3 90 • 1 

L-2NH3 13 b 
D-2NH3 0 b 

Percent  inhibition of the initial rate of  uptake of  1 mM external  k-lactate by l0 mM inhibitor added as Na salt. Controls  contained l0 
mM Na gluconate.  Data are averages of three or more  exper iments ,  _+ SE unless otherwise indicated. 
b Average of two exper iments .  

take by sarcolemmal vesicles, as measured by their 
effect on initial rate of L-lactate uptake from 112 mN 
Na +, 56 mM sucrose buffered at pH 7.4. For com- 
parative purposes the percent inhibition caused by a 
10-fold excess of the different monocarboxylates 
tested is listed in Table 1. Sodium gluconate was 
used to balance ionic strength in controls. Vesicles 
were loaded with 280 mM sucrose, 10 mM MOPS, 
pH 7.4. All uptake media contained 5/J,M monensin, 
to prevent acidification of the vesicle interior. 

Increasing inhibitor chain length from three 
to five carbons progressively increases inhibitory 
potency for all classes of substituents (Table 1). 
The addition of one more methylene group to the 
chain to produce a molecule six carbons long may 
not have any further effect. Also, the nature and 
location of substituent groups can markedly alter 
the extent of inhibition for compounds of the same 
chain length. 

A hydrogen bonding group is not required at the 
2 position for effective inhibition; equal inhibitions 
are caused by S(-)2-chloropropionate and L-lac- 
tate. The transporter may recognize L isomers of 
compounds substituted at the 2 position preferen- 
tially; however, unavailability of both pure isomeric 
forms of many of the compounds prevented a thor- 
ough investigation of this point. When the inhibitor 
used was a mixture of stereoisomers, the extent of 
inhibition probably was less than that which would 
be observed for the pure L isomer, due to stereose- 
lectivity of the transporter. Addition of a second 
substituent at the C2 position reduces effectiveness 

of the inhibitor, as does the presence of amino 
groups at this position. 

Monocarboxylates with hydrogen bonding sub- 
stituents in the 3 or 4 position, rather than at the 
second carbon, are not effective inhibitors of the 
transporter (e.g., compare 2- and 3- or 4-hydroxy- 
butyrates). However, addition of a methyl group at 
the 4 position, such as in 2-oxo,4-methylvalerate, 
may be advantageous. 

The extent of inhibition of the initial rate of 1 
mM L-lactate uptake depended strongly on inhibitor 
concentration. Essentially complete inhibition was 
caused by 100 mM L-2-hydroxy,4-methyl- or 2-ox- 
ovalerates. The sigmoidal dependence of percent 
inhibition on the log of inhibitor concentration is 
shown for o,L-2-hydroxyvalerate, pyruvate, and 
cold L-lactate in Fig. 3. Dixon plots of data for the 
competitive inhibitors L-lactate and pyruvate sug- 
gested that approximate K[s were 15-20 mM for 
both (data not shown). These concentrations lie in 
the range of substrate affinities of the transporter. 
Also, the effectiveness of the 2-hydroxyvalerate 
may have been decreased because it was a racemic 
mixture. The pure L-isomer is not available com- 
mercially. 

Inhibition of 1 mM pyruvate uptake by various 
monocarboxylates was similar to inhibition of L-lac- 
tate uptake. For example, 10 mM L-lactate or 2- 
oxovalerate reduced the initial rate of 1 mM pyru- 
vate uptake by 62 and 86%, respectively, compared 
with 56 +- 6% and 84 _+ 4% for 1 mM L-lactate up- 
take. 
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Table 2. Effect of  amino acid modifiers on L-lactate transport 

19 

Reagent Target residue(s) Preinc. conditions % inhibition a Reversibility 

DEPC histidine [2, 3, 19, 23] >40 /xM, pH 7.4, 15 min >95% 
amino groups [19] 
tyrosine [19, 21] 

DNFB amino groups [2, 19] 
tyrosine [24] 
cysteine [24] 
histidine [24] 

FITC amino groups [2, 19] 
PITC amino groups [21, 29] 
Phenylglyoxal arginine [19, 32] 

10 p.M, pH 7.4, 15 min 
]0 /J~M, pH 6.6, 15 min 
0.4 raM, pH 7.4, 30 min, dark 

0.5 raM, pH 7.4, 30 min, dark 
0.4 mM, pH 7.4, 30 rain, dark 
5-10 mM, pH 8.1, 75 min 

69 • 12% 0 b 
49 -+ 10% 5 b 
82 -+ 10% 16 _+ 11% c 

- 1  _+2% 
78 • 6% 
47 _+ 4% 

a Average of  three or more experiments,  + SE, except for FITC, for which n = 2. 
b S e e  Materials and Methods for procedural details. 
c 30 min incubation; s e e  Materials and Methods for additional details. 

E F F E C T  OF DICARBOXYLATES j 100 

ON L - L A C T A T E  U P T A K E  < V- 
z 80 

Tenfold excess succinate, L-malate or 2-oxoglu- w 
o w  

tarate in the external medium at pH 7.4 had negligi- <~ 
ble effect on L-lactate uptake by cardiac sarcolem- _cY~ 6o 

~-w mal vesicles. Also, inhibition of less than 20% of N v 
initial uptake rates were repeatedly observed when 7 ~ ~ 4o 
100-fold excesses of these dicarboxylates were w 
present. However, 10- and 100-fold excess ox- z w 20 
aloacetate reduced the monocarboxylate transport 0s 

w by an average of 24 and 53%, respectively, in sev- o_ 
eral experiments. Oxaloacetate had a similar effect 
on pyruvate uptake. 

E F F E C T  OF PROTEIN M O D I F I E R S  ON L - L A C T A T E  

OR P Y R U V A T E  TRANSPORT 

Several amino acid modifiers, other than the sulfhy- 
dryl group reagents previously used [33], were 
tested for their effect on monocarboxylate trans- 
port. The modifiers were selected for their ability to 
react with amino acid residues that can be posi- 
tively charged at pH 7.4, and thus act as monocar- 
boxylate anion binding sites on transporter pep- 
tides. After modification, the sarcolemmal vesicles 
were removed from reagent-containing solution by 
centrifugation, as described in Materials and Meth- 
ods, resuspended in 280 mM sucrose, 10 mM MOPS/ 
Tris, pH 7.4, and diluted into uptake media contain- 
ing Na + and monensin, for the usual initial uptake 
rate measurements. Control vesicles were always 
incubated under modification conditions, but in the 
absence of the modifying reagent, and transport ac- 
tivities were normalized to resuspended membrane 
protein. 

1.0 

i i i i 

_.--121- 
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INHIBITOR CONCENTRATION, mM 

Fig. 3. Inhibition of  1 mM ~4C-L-lactate uptake by cardiac sarco- 
lemmal vesicles by L-lactate (-0-),  pyruvate (-O-), or D,L-2-hy- 
droxyvalerate (-O-) as a function of  inhibitor concentration. 
Note log scale on abscissa. Vesicles were loaded with 280 mM 
sucrose, 10 mM MOPS/Tris, pH 7.4. External medium contained 
56 mM sucrose, 140 mM Na § 10 mM NaMOPS, pH 7.4, 6.5/xM 
monensin,  the indicated concentration of monocarboxylate,  and 
gluconate to balance ionic strength at 140 mM 

Table 2 shows the results obtained with the 
modifying agents used. DEPC was the most power- 
ful inhibitor investigated. The concentrations of 
DEPC used correspond to approximately 5 to 20 
nmol reagent/mg membrane protein, several-fold 
less than usual [23], and among the lowest DEPC 
concentrations reported effective [30]. 

Histidine and tyrosine modifications by DEPC 
can be reversed by hydroxylamine, provided a large 
excess of modifying reagent has not caused a sec- 
ond carboxyethylation to occur at each histidine 
residue [23]. Despite the use of low concentrations 
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Table 3. Protection of  L-lactate t ransport  from DEPC inhibition a 

Monocarboxyla te  % protection 

L-2-OH propionate (L-lactate) 5 -+ 5 
2-oxo propionate (pyruvate)  36 -+ 8 
2-CH3 propionate 25 -+ 2 
L-2-C1 propionate 31 -+ 6 
n-butyrate  69 +- 8 
2-OH butyrate  68 -+ 8 
n-valerate 77 -+ 5 
D,L-2-OH valerate 62 -+ 8 
2-OH,4-CH3 valerate 89 -+ 5 
2-oxo,4-CH3 valerate 1 mM 38 b 

25 mM 73 --+ 1 
50 mM 89 c 

a Vesicles were pre incubated for 5-7  min with 50 mM Na mono-  
carboxylate (unless otherwise noted),  180 mM sucrose,  10 mM 
NaMOPS,  pH 7.4, before 12 b~M DEPC was added. Controls 
contained 50 m g  Na gluconate,  -- DEPC.  After  20 min, vesicles 
were diluted, centrifuged, and resuspended  for uptake measure-  
ments  as described in Materials and Methods .  Data, which are 
means  -+ SE of results  of  three or more  exper iments ,  are pre- 
sented as percent  of  DEPC inhibition prevented by presence of 
the monocarboxyla te .  
b n = l .  
c n  ~ 2 ,  

of DEPC in the present study, investigation of re- 
versal was hampered by significant inhibition of L- 
lactate uptake by high concentrations of NHzOH at 
pH 7.4. Incubations with 20 mM NH2OH for 2 to 4 
hr (Table 2) were not adequate to cause measurable 
reversal of inhibitions ranging from 23 to 75%. 

DEPC appears to be a noncompetitive inhibitor 
of the monocarboxylate transporter, as expected. 
Modification conditions that reduced Vmax for pyru- 
rate uptake by up to 70% did not significantly affect 
the affinity for pyruvate. In one experiment (Fig. 2, 
inset) the apparent Km of a sarcolemmal vesicle 
preparation was 4.8 mM before and 4.7 mM after 
DEPC modification. Another experiment gave simi- 
lar results. 

In contrast to the results in Table 2, the initial 
rate of L-lactate uptake by DEPC-treated vesicles 
was inhibited only 10% when the uptake medium 
was at pH 5.9 (n = 2). This should be compared to 
an average 78% inhibition of uptake from pH 7.4 
medium, measured for the same modified vesicle 
preparations. This result is consistent with the pre- 
vious observation that passive diffusion contributes 
significantly to L-lactate sequestration at the lower 
pH [33]. Furthermore, the ability of the DEPC- 
treated vesicles to accumulate L-lactate indicates 
that the modification treatment did not render the 
vesicles leaky. 

Despite the fact that the amino group modifiers 
DNFB, PITC, and FITC were preincubated with 
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sarcolemmal vesicles at pH 7.4, a pH lower than 
that at which these reagents are usually effective, 
DNFB and PITC caused major inhibition of the ini- 
tial uptake rate of L-lactate (Table 2). The extent of 
this inhibition was dependent on .inhibitor concen- 
tration (data not shown). However, 0.5 mM FITC 
had no inhibitory effect whatsoever. 

Because DNFB may attack residues other than 
amino groups in a reversible reaction at neutral pH 
[28], reversal of DNFB inhibition by dithiothreitol 
was investigated under conditions where the sulfhy- 
dryl reagent did not itself affect monocarboxylate 
uptake. The results (Table 2) suggest that modifica- 
tion of substituents other than amino groups makes 
at most a minor contribution to the inhibitory effect 
of DNFB. 

Table 2 reports the maximum effect that was 
obtained with phenylglyoxal modification. The con- 
ditions used are harsher than those reported to 
cause >80% inhibition of the mitochondrial pyru- 
rate transporter [25] or the erythrocyte inorganic 
anion exchanger [18]. 

P R O T E C T I O N  OF 

THE M O N O C A R B O X Y L A T E  T R A N S P O R T E R  

FROM I N H I B I T I O N  BY P R O T E I N  M O D I F I E R S  

It was possible to protect the transporter from inhi- 
bition by DEPC, DNFB and PITC. If ->50 mM of 
any one of several substrate analogues, which are 
themselves good inhibitors of L-lactate uptake, is 
present during the incubation of sarcolemma with 
the protein modifiers, a significant fraction of the 
inhibition is prevented (Table 3). Incubation of con- 
trol vesicles with the protecting monocarboxylate 
alone, followed by removal of that monocarbox- 
ylate by dilution and centrifugation as described in 
Materials and Methods, did not significantly affect 
subsequent uptake of E-lactate or pyruvate. Such a 
control was performed for every set of experiments. 

The effectiveness of the 4- and 5-carbon mono- 
carboxylates as protectors from DEPC inhibition is 
similar to their effectiveness as inhibitors of e-lac- 
tate uptake (compare Tables 1 and 3). The 3-carbon 
monocarboxylates are less effective as protectors 
than as inhibitors. Surprisingly, the substrate L-lac- 
tate does not protect the transporter from DEPC 
inhibition. Substrate analogues could not prevent 
protein modification by inactivating the protein re- 
agents directly, because none of the monocarbox- 
ylates used contain targeted substituent groups. 
The lack of protection provided by L-lactate, and 
the complete ineffectiveness of sodium gluconate as 
a protector, support the correctness of this assump- 
tion. 
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L-lactate did not behave anomalously in pro- 
tecting from uptake inhibition by DNFB (Table 4). 
In fact, pyruvate and L-lactate are equally effective 
against DNFB, which is consistent with their equal 
inhibitory potencies. Also, L-lactate is a good pro- 
tector from the hydrophobic amino group reagent 
PITC, being as effective as one of the best substrate 
analogue inhibitors, L-2-hydroxy,4-methylvalerate, 
in preventing inhibition. 

Sulfhydryl group modification also inhibits 
monocarboxylate uptake by sarcolemmal vesicles 
[33]. However, 50 mM 2-hydroxyvalerate was not 
capable of protecting the transporter from inhibition 
by the sulfhydryl group reagent NEM. 

Table 4. Protection of L-lactate uptake flom DNFB or PITC 

inhibition" 

Compound % Protection from 

DNFB PITC 

L-2-OH propionate (e-lactate) 27 -+ 4 56 _+ 8 
2-oxo propionate (pyruvate) 33 -+ 4 - -  
2-OH valerate 65 _+ 4 - -  
L-2-OH,4CH3 valerate 80 -+ 2 47 + 12 

Vesicles were preincubated with 50 mM Na + monocarboxylate; 
protein modifier was subsequently added to 0.8 mM. Protocol 
and controls were as described in Table 3 and text. 

Discuss ion  

The results presented above indicate that cardiac 
sarcolemmal vesicles contain a pyruvate-transport- 
ing mechanism with kinetic properties and inhibitor 
sensitivities very similar to those of the L-lactate 
transporter previously identified in these mem- 
branes [33]. As is the case for hepatocyte monocar- 
boxylate transport [11], the affinity of the mecha- 
nism for pyruvate is about four times that for 
L-lactate. The present results confirm the earlier 
suggestion [33] that the cardiac sarcolemmal L-lac- 
tate transporter is in fact a monocarboxylate trans- 
porter. The effects of ionophores support the hy- 
pothesis that protons are transported with the 
monocarboxylate. 

The transporting mechanism is inhibited by 
many short chain (3 to 6 carbon) monocarboxylic 
acids with a wide variety of substituents at the 2- 
carbon position. Inhibitions cannot be due to acidifi- 
cation of the vesicle interior by transport or diffu- 
sion of nonionized monocarboxylic acids, because 
all uptake experiments were performed in the pres- 
ence of monensin and external Na +, which would 
prevent buildup of an externally directed proton 
gradient. Diffusion of the analogues into the mem- 
brane could possibly result in inhibition of L-lactate 
or pyruvate uptake. However, if this were a signifi- 
cant mechanism of inhibition, the same effective- 
ness would not be expected for compounds of 
widely varying hydrophobicities (cf. 2-chloroprio- 
nate, pyruvate and o,L-2-hydroxyvalerate), be- 
cause they would be expected to equilibrate rapidly 
in the membrane to different extents [5, 34]. Nor 
should compounds with similar hydrophobicities 
cause significantly different inhibitions (cf. 2-hy- 
droxy and 3-hydroxybutyrates, or 2-methylpropio- 
nate and n-butyrate, or 2-hydroxy,4-methylvalerate 
and 2-hydroxyhexanoate). 

Alternatively, it is more likely that the m o n o -  

carboxylate analogues interact directly with the 
transporting mechanism. For example, significant 
inhibition by 2-chloropropionate is consistent with 
its ability to acidify Purkinje fiber intracellular Space 
in a manner sensitive to o~-cyano,4-hydroxycin- 
namic acid [5], a potent inhibitor of the L-lactate 
transporter [11, 33]. 

The results presented in Table 1 suggest several 
possible requirements for recognition of the mono- 
carboxylates by the transporter. Positively charged 
groups hinder interaction, as does the presence of 
two substituents on the second carbon. A strong 
hydrogen bonding substituent on the second carbon 
is not essential, although it does enhance recogni- 
tion. 2-L compounds are preferred. Polar groups to- 
ward the end of the molecule opposite the carbox- 
ylic acid group decrease interaction, whereas 
additional hydrophobic groups in this region en- 
hance it. Some of these conclusions have previ- 
ously been drawn from results of studies on the 
effects of monocarboxylates on L-lactate efflux 
from erythrocytes [7, 8]. 

The experiments with the dicarboxylates are 
consistent with these suggestions, with the notable 
exception of oxaloacetate. Oxaloacetic acid from 
three different suppliers was used to eliminate the 
possibility that the compound was contaminated 
with a potent inhibitor. A satisfactory explanation 
of the ability of this dicarboxylate to inhibit mono- 
carboxylate transport has not been obtained. The 
possible existence of an oxaloacetate-specific trans- 
porter, with very fast kinetics, which cotransports 
two protons and would cause rapid acidification of 
the vesicle interior despite the presence of monen- 
sin, should be checked. 

The response of the sarcolemmal monocar- 
boxylate transporter to 3-hydroxybutyrate distin- 
guishes it from the transporter in other cells. This 
compound has been reported to be a good inhibitor 
of L-lactate uptake in Ehrlich ascite cells [31], thy- 
mocytes [27], and hepatocytes [22], and, when 
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present externally, to stimulate L-lactate efflux from 
erythrocytes [7, 27]. However, the present results 
suggest that 3-hydroxybutyrate interacts rather 
poorly with the cardiac sarcolemmal monocarbox- 
ylate transporter. These results are consistent with 
a previous report that a 5.6-fold excess of 3-hy- 
droxybutyrate reduced 1 mM L-lactate uptake by 
perfused hearts by only 20% [6]. Also, 3-hydroxy- 
butyrate is not as effective an inhibitor of the sarco- 
lemmal transport system as 2-methylpropionate 
(Table 1). The latter compound, in contrast, has 
been observed not to interact with the erythrocyte 
transporter, whereas 3-hydroxybutyrate does [7]. 
Furthermore, a recently reported L-lactate trans- 
port mechanism in skeletal muscle fibers is not in- 
hibited by either 2- or 3-hydroxybutyrate [35]. The 
present findings suggest that cardiac sarcolemma 
may have a distinct transporting system for 3-hy- 
droxybutyrate, which is a major metabolic substrate 
for cardiac cells and is taken up from blood. 

Protein modification experiments using group 
specific reagents do not routinely yield unequivocal 
evidence for a particular essential amino acid resi- 
due [15]. The studies reported above are no excep- 
tion. However, the results may be interpreted con- 
sistently as follows: DEPC has been shown in many 
cases to be more specific for histidine at pH - 6  than 
at pH values greater than 7 [19, 23]. Thus its greater 
effectiveness in experiments at the higher pH, 
and the nonreversibility of DEPC inhibition with 
NH2OH treatment suggest that a lysine, rather than 
or in addition to a histidine, may be the target resi- 
due in sarcolemma [23]. Successful modification by 
DNFB at physiological pH could be attributed to 
reaction with histidine, tyrosine or cysteine rather 
than amino groups, but the failure of thiol reagents 
to cause significant reversal of the effect argues 
against this. Instead, the results suggest an unusual 
lysine residue that is not protonated at pH 7.4 [13, 
28, 36]. Effective inhibition by the hydrophobic 
amino group modifier PITC at this pH, and the fail- 
ure of the much more polar reagent FITC to inhibit, 
are consistent with this interpretation, because an 
amino group in a hydrophobic environment might 
be expected to be unprotonated at pH 7.4 [29]. It 
should also be noted that phosphatidylserine is sub- 
ject to attack by DNFB under these conditions [29, 
36], and that alteration of membrane lipids could 
contribute to the observed inhibition of monocar- 
boxylate uptake by the vesicles. 

The ability of substrates and substrate ana- 
logues to protect the sarcolemmal monocarboxylate 
transport mechanism against inhibition by protein- 
modifying reagents suggests that these reagents re- 
act with amino acid residues that are essential for 
transport activity. Because the substrate analogues 

are themselves inhibitors of L-lactate or pyruvate 
uptake, they may interact with the transporting 
mechanism at or near the substrate binding site. In- 
terestingly, the three carbon monocarboxylates pro- 
vided less protection than expected on the basis of 
their inhibitory behavior. Thus the protective ca- 
pacity of the longer substrate analogues could stem 
from the nonpolar portion of these molecules inter- 
acting with hydrophobic region(s) of the transporter 
at or near the recognition site for substrates. This 
region could contain the putative target lysine resi- 
due. Alternatively, binding of these compounds 
may trigger a conformational change in the trans- 
porter molecules which buries the reactive residue. 
The failure of L-lactate to protect against DEPC in- 
hibition could be owing to the short (3-carbon) sub- 
strate molecule being unable to interact with, and 
thus block, a nearby hydrophobic region of the 
transporter and/or to a slightly different conforma- 
tion change caused by the physiological substrate, 
which might leave the important residue exposed. It 
should also be noted that the poor protection af- 
forded by L-lactate might be caused in part by the 
slightly lower affinity the transporter displays for 
this substrate, compared with that for pyruvate, for 
instance. The physiological substrate might also 
cause protein conformational changes during its 
transport, with the result that different residues are 
exposed to attack by the modifiers. The successful 
protection afforded by L-lactate against PITC inhi- 
bition would then suggest that this modifier may 
interact with different amino acid residues in the 
transport polypeptides from those modified by 
DEPC or DNFB. 

Some substrate analogues can completely pro- 
tect the cardiac sarcolemmal monocarboxylate 
transporter from the inhibition caused by covalent 
modification of specific amino acid residues. These 
analogues should be useful in differential labeling 
experiments [15] designed to identify membrane 
polypeptides which participate in monocarboxylate 
transport. The small size and reversible binding of 
the substrate analogues, compared with that of the 
irreversibly bound isobutylcarbonyl lactyl anhy- 
dride used for erythrocyte labeling [9, 16, 17], might 
simplify design and interpretation of experiments to 
identify the peptide(s) involved in sarcolemmal 
monocarboxylate transport. 
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