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ABSTRACT 

Kinetics and Regulation of Mitochondria1 Cation Transport Systems 

Martin Jabbek 

Supervising Professor: Keith D . Garlid 

The inner mitochondrial membrane contains transport systems catalyzing influx 

and efflux of cations between the cytosol and mitochondrial matrix. Our laboratory 

studies three distinct cation cycles, and each of these cycles plays a major 

physiological role in the overall energy economy. 

The Ca2+ cycle is responsible for rapid oscillations in matrix Ca2+, which 

result in sustained activation of Ca2+-sensitive dehydrogenases and regulation of ATP 

production. The efflux of Ca2+ from the mitochondrial matrix is carried by the 

Na+/Ca2+ antiporter. We purified the Na+/Ca2+ antiporter from beef heart 

mitochondria and reconstituted the antiporter into liposomes. The kinetics of the 

Na+/Ca2+ exchange were consistent with its participation in rapid Ca2+ oscillation. 

The reconstitution also revealed that the antiporter was capable of both electroneutral 

and electrophoretic Na+/Ca2+ exchange, the mode of transport depending on the 

availability of a pathway for charge-compensating ion transport. 

The K+ cycle maintains the integrity of the vesicular structure of the inner 

membrane. Influx of K+ into the matrix is catalyzed by the mitochondrial KATp 

channel (mitoKATp). MitoK,,, is hypothesized to be the receptor for the 

cardioprotective effects of K+ channel openers (KCO) and for blocking the 

cardioprotection by glyburide and 5-hydroxydecanoate (5-HD). We have studied the 

effect of glyburide and 5-HD on isolated, respiring mitochondria. Our results show 

that glyburide and 5-HD are potent blockers of K+ flux through mitoKATP only in 

open states, in which Mg2+, ATP, and physiological (GTP) or pharmacological 

xiv 



(KCO) openers are present. These results are consistent with a role for mitoK,,, in 

cardioprotection. 

The H+ cycle has been previously characterized only in brown adipose tissue 

mitochondria and consists of uncoupling protein (UCPl), which dissipates energy and 

generates heat by catalyzing back-flux of protons into the mitochondria1 matrix. 

Recently, proteins homologous to UCPl were discovered in many other tissues, 

including white fat and skeletal muscle. If the newly discovered UCP2 and UCP3 

function similarly, they will enhance peripheral energy expenditure and are potential 

targets for the treatment of obesity. We have reconstituted bacterially expressed 

UCP2 and UCP3 into liposomes and shown that UCP2 and UCP3 behave similarly to 

UCP1, i.e., they catalyze electrophoretic flux of protons and alkylsulfonates, and 

proton flux exhibits an obligatory requirement for fatty acids. Proton flux is inhibited 

by purine nucleotides. These findings are consistent with the hypothesis that UCP2 

and UCP3 behave as uncoupling proteins in the cell. 



CHAPTER 1 

INTRODUCTION* 

1.1 The Chemiosmotic Theory and Mitochondria1 Ion Transport 

The chemiosmotic theory describes the mechanism by which substrate 

oxidation, or the absorption of light, is coupled to ATP synthesis. While some ATP 

synthesis is catalyzed by soluble enzyme systems, the largest proportion is associated 

with membrane-bound enzyme complexes which are restricted to a particular class of 

membrane. In the mammalian cell, this task is fulfilled by the inner mitochondria1 

membrane. 

It was the insight of Peter Mitchell, who, working far in advance of 

experimental evidence, postulated that nature uses protonic batteries to perform work. 

He recognized that biological energy conservation is a problem in membrane transport 

(Mitchell, 196 1). 

1.1.1 The postulates of chemiosmotic theory 

The chemiosmotic theory consists of four postulates, each of which has 

been validated by experiment: 

(1) The respiratory and photosynthetic electron-transfer chains should 

translocate protons. 

(2) The ATP synthase should function as a reversible proton-translocating 

ATPase. 

Figures 1.1, 1.2, and 1.3 have been published in this or similar form as Figures 1, 8, 
and 9, respectively, in Cell Physiology Source Book, Second Edition, and are used here with 
permission of Academic Press (http://www.apnet.com): 

Garlid, K. D. (1998) Physiology of mitochondria. In: Cell Physiology Source Book, 2nd 
Edn., pp. 11 1-1 18, Academic Press, San Diego, CA. 



(3) Energy-transducing membranes should have a low effective proton 

conductance. 

(4) Energy-transducing membranes should possess specific exchange carriers to 

permit metabolites to permeate, and osmotic stability to be maintained, in the 

presence of a high membrane potential. 

The consequence of the first three postulates, as diagrammed in Fig. 1.1, is 

the generation of a proton-motive force (Ap), which is defined as the electrochemical 

proton gradient divided by the Faraday constant (ApH+/F): 

Ap = A 9  - ZApH 

where Z is equal to 59 mV at 25°C and A* is the membrane potential. 

Measurements of the proton-motive force have yielded values of about -200 mV in 

isolated rat liver mitochondria respiring in the non-phosphorylating state 4 (Mitchell 

and Moyle, 1969). 

1.1.2 Secondary ion transport as a consequence of cherniosmotic theory 

The fourth postulate demonstrates that, from its very beginning, the 

chemiosmotic theory encompassed more than the mechanism of biological energy 

conservation. Mitchell recognized that the postulated protonic batteries would 

generate transmembrane forces that would have serious consequences for 

mitochondria1 physiology within the cell. Thus, the high membrane potential required 

to drive ATP synthesis would cause cations, particularly potassium, to leak through 

the coupling membrane. Accompanied by anions and water, such leaks would subject 

the subcellular organelle to uncontrolled swelling and eventual lysis. Because the 

operating A\k is so high, cation uptake must be balanced by extrusion of ions against 

the electrical gradient. In recognition of this physiological necessity, Mitchell 

postulated the existence of ion exchange carriers for anions and cations (Mitchell, 

1961, 1966). 

It is noteworthy that the proposal for electroneutral exchange carriers was 

made at a time when there was no experimental evidence for the existence of ion- 

exchange carriers in any membrane. Rather, they were postulated to exist out of 

physiological necessity. 
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Figure 1.1 Chemiosmotic energy coupling of electron transport to ATP synthesis. 
The vectorial enzymes of electron transport and ATP synthesis are coupled indirectly 
via the proton-motive force. Efficient transfer of proton-motive energy from the 
redox chain to the ATP synthase is dependent upon the low permeability of the inner 
membrane to protons (Garlid, 1998). 



Mitchell also introduced a new and useful terminology to distinguish different 

modes of ion transport. Transport of an ion by itself was called uniport; ion transport 

in exchange with another ion was called antiport; and co-transport of two or more 

ions was called symport. 

1.2 The Volume-Regulating Potassium Cycle of Mitochondria 

Maintenance of mitochondrial integrity necessitates that net K+ flux remains 

near zero in the face of rapid fluxes through independent pathways. The 

mitochondrial K+ cycle consists of electrophoretic K+ uptake and electroneutral K+ 

efflux across the inner membrane. The redox energy consumed by this cycle is the 

energy cost of regulating matrix volume (Garlid, 1980). Two transporters have been 

identified that catalyze K+ transport (Fig. 1.2), and both are highly regulated. 

Potassium efflux is mediated by the K+/H+ antiporter, whose existence was predicted 

by Mitchell (1961) and first demonstrated by Garlid nearly 20 years later (Garlid, 

1978). The Kf/H+ antiporter, identified as an 82-kDa inner mitochondrial membrane 

protein (Martin et al., 1984), was subsequently purified and reconstituted (Kakar et 

al., 1989; Jezek et al., 1990a; Li et al., 1990). Potassium influx is mediated by the 

mitochondrial KATp channel. KATp channels were first identified in the plasma 

membrane of cardiac myocytes (Noma, 1983), while ATP-regulated mitochondrial K+ 

channels were discovered in 1991 by Inoue et al. (1991), who reported evidence from 

patch clamp studies of fused mitoplasts. A year later, Garlid's laboratory reported 

reconstitution of a highly purified mitoK,,, (Paucek et al., 1992). 

1.2.1 Physiological roles of mitochondrial K+ cycle 

1.2.1.1 Matrix volume is determined by net potassium flux. When K+ 

influx and efflux are out of balance, the resulting net K+ flux is accompanied by 

electroneutral flux of anions and osmotically obligated water (Garlid, 1988). Because 

matrix [K+] is about 180 mM, net K+ transport will have negligible effect on the 

matrix concentration of K+, but will have a profound effect in matrix volume. Any 

departure from zero net K+ flux will cause a change in matrix volume. The 



OUT 

ATP 

Figure 1.2 The mitochondria1 K' cycle. Electrogenic proton ejection drives 
significant K+ uptake by diffusive leak. In addition, the inner membrane contains a 
KATp channel, which is highly regulated by nucleotides, CoA esters, and 
pharmacological agents. The KATp channel was proposed to consist of two subunits, a 
K+-specific channel and a sulfonylurea receptor (SUR). Net Kt flux is regulated to 
zero in the matrix volume steady state by compensatory Kf efflux provided by the 
electroneutral K+/Ht antiporter, which is regulated by matrix [Mg2+] and [H'] and is 
exquisitely sensitive to changes in matrix volume (Garlid, 1998). 



importance of regulating K+ flux to zero in the steady state is illustrated by noting 

that uncompensated Kf uptake, amounting to as little as 10% of H+ pumping, would 

double matrix volume within 1-2 min (Garlid, 1979). The K+/H+ antiporter, 

inhibited by matrix Mg2+ as well as by matrix protons, provides compensatory Kf 

efflux to maintain matrix volume (Garlid, 1988). 

1.2.1.2 Matrix volume regulates electron transport. Nicholls and 

coworkers have demonstrated that the rate of oxidation of fatty acids is strictly 

controlled by matrix volume in brown adipose tissue mitochondria, where fatty acids 

are the fuel for thermogenesis (Nicholls et al., 1972). A thorough characterization of 

this phenomenon by Halestrap (1989) has led to the following conclusions: (i) 

Increased matrix volume over the narrow range thought to occur in vivo, greatly 

stimulates activity of the respiratory chain in both heart and liver mitochondria. P- 
Oxidation of fatty acids is particularly sensitive to matrix volume. (ii) The site of 

activation has been localized to membrane enzymes that direct electrons to 

ubiquinone. (iii) Matrix volume changes (10-30%) have been observed in vivo during 

respiratory stimulation secondary to hormonal activation of liver (Halestrap, 1989). 

(iv) The molecular mechanism of volume activation is not yet known, but may 

involve a stretch receptor. 

1.2.2 Mitochondria1 KATp channels 

The discovery of mitoK,,, has profound new implications for the 

physiological role of the mitochondria1 Kf cycle, because the existence of a highly 

selective regulated K+ influx pathway now permits volume regulation. MitoK,,, is 

not voltage-gated, the flux-voltage dependence being consistent with a channel 

containing a single energy well near the center of the membrane. MitoK,, activity 

has also been demonstrated in intact mitochondria (Beavis et al., 1993; Szewczyk et 

al., 1993). 

1.2.2.1 MitoK,, is regulated by nucleotides and long-chain acyl-CoA 

esters. Mit0KATP is subject to complex regulation by metabolites, as indicated by the 

following summary of K,,, values for inhibitors and openers obtained with mitoK,, 

reconstituted in liposomes (Paucek et al., 1992, 1996; Garlid et al., 1996b). 



K,, values of inhibition of K+ flux 

ATP and ADP are mutually competitive inhibitors of mitoK,,. The inhibition 

exhibits an absolute requirement for divalent cations: ATP or palmitoyl CoA have no 

effect in the absence of Mg2+, while Mg2+ has no effect in the absence of ATP or 

palmitoyl CoA. Mg2+ also lowers the affinity for glyburide inhibition. Since neither 

glyburide nor palmitoyl CoA are Mg2+ chelators, these findings indicate that Mg2+ 

interacts independently with mitoK,,, and not as a MgATP complex. 

Guanine nucleotides are competitive with ATP. GTP appears to react with a 

high-affinity (0.2 pM) and a low-affinity (15-20 pM) site, whereas GDP appears to 

react with two low-affinity sites (20 pM). ATP is unable to inhibit in the presence of 

physiological GTP concentrations. On the other hand, the K,,, for GTP activation of 

palmitoyl CoA inhibition is in the physiological range. Garlid (1996) proposed that 

the open/closed state of the channel is determined in vivo by the relative occupancy of 

the sites by GTP or long-chain acyl-CoA esters. 

1.2.2.2 MitoK,, is an intracellular receptor for K+ channel openers. 

Kf channel openers (KCO) activate ATP-inhibited KATp channels of plasma 

membranes and are clinically important drugs (Quast and Cook, 1989). These drugs 

ATP 

ADP 

Palmitoyl CoA 

Glyburide 

Free Mg2+ 

Free Ca2+ 

K,,, values of activation of inhibited K+ flux 

22-30 pM 

160-200 pM 

0.25 pM 

65 nM 

80 pM in 0.5 mM ATP 

150 pM in 0.5 mM ATP 

In the presence of 
0.5 mM palmitoyl CoA 

230 pM 

not available 

Activator 

GTP 

GDP 

In the presence of 
0.5 mM ATP 

3-7 pM 

140 pM 

In the presence of 
0.5 mM ADP 

0.12 pM 

3 PM 



were also found to act on mitochondrial KATp channels in their therapeutic range 

(Garlid et al., 1996b). Recognition of mitoKATp as an intracellular receptor for KC0 

adds a new dimension to KC0 pharmacology. A particularly exciting development in 

KC0 pharmacology was the discovery by Grover (Grover et al., 1989; Grover, 1994) 

that KC0 is cardioprotective during experimental ischemia. Working in 

collaboration, Grover and Garlid (Garlid et al., 1997; Grover, 1997) reported 

biophysical and pharmacological evidence that KC0 cardioprotection in myocytes is 

mediated by mitoKATp and not by sarcolemrnal cellKATp channels. Liu et al. (1998) 

provided independent support of this observation by finding that diazoxide targets 

mitochondrial but not sarcolemmal KATp. The same laboratory also reported evidence 

that the activity of mitoKATp can be regulated by protein kinase C in intact heart cells, 

and this regulation provides a direct mechanistic link between the signal transduction 

of ischemic preconditioning and pharmacological cardioprotection targeted at ATP- 

dependent K+ channels (Sato et al., 1998). 

1.2.2.3 Is mitoKATP a heteromultimeric complex? Recent 

breakthroughs by the Bryans and colleagues (Aguilar-Bryan et al., 1995; Inagaki et 

al., 1995; Thomas et al., 1995) have shown that the cellKATp consists of two separate 

proteins, a sulfonylurea receptor (SUR) and an inward rectifying K+ channel (KIR). 

Because each of the metabolic and pharmacological ligands that modify cellKAT, also 

modify mitoKATp, these preliminary studies led Garlid and co-workers (Garlid et al., 

1996b) to hypothesize that mitoKATp is also a heteromultirner consisting of an inward 

rectifying K+ channel, mitoKIR, and a sulfonylurea receptor, mitoSUR. Although 

this hypothesis is still under active investigation, significant progress towards 

identifying these proteins has already been reported by several laboratories (Paucek et 

al., 1997; Suzuki et al., 1997; Szewczyk et al., 1997). Recently, using a SUR 

ligand, fluorescent BODIPY-FL glyburide, a mitochondrial 63-kDa protein was 

identified that supports the heteromultirneric structure of mitoKATP as consisting of a 

55-kDa K+ channel and a 63-kDa receptor (mitoSUR) (Paucek et al., 1999). 

The data in Chapter 3 provide support for a ligand-induced conformational 

change of mitoSUR and are consistent with the role of mitoKATp in cardioprotection. 



1.3 The Calcium Cycle of Mitochondria 

The inner mitochondrial membrane contains at least three transporters for 

regulation of mitochondrial [Ca2+]. The Ca2+ channel is characterized by high- 

capacity, electrophoretic Ca2+ uptake. Free mitochondrial [Ca2+] would exceed 

cytosol levels in vivo by lo6 if mitochondrial Ca2+ were at equilibrium with respect to 

Ca2+ uniport at 180 mV, but instead mitochondria1 and cytosolic Ca2+ levels are 

comparable. Clearly, a Ca2+ efflux mechanism is required for removal of Ca2+ in the 

face of a high A*. The Ca2+ efflux mechanism consists of two transporters. The 

inward Na+ gradient drives Ca2+ efflux via the Na+/Ca2+ antiporter, with the Na+ 

being removed by the electroneutral Na+/H+ antiporter. The energy expenditure of 

this futile Ca2+ cycle (Fig. 1.3) is the cost of regulating mitochondrial metabolism to 

meet the energetic needs of the cell. In addition, the inner mitochondrial membrane 

contains a Ca2+-activated, nonselective, permeability-increasing pore, which is closed 

in tightly coupled mitochondria (Gunter and Gunter, 1994). 

Considerable work has been done on purifying the mitochondrial Ca2+ 

uniporter, and several candidates have been identified (Gunter and Pfeifer, 1990; 

Saris et al., 1993; Mironova et al., 1994). The mitochondrial Na+/Hf antiporter was 

identified as a 59-kDa protein and was partially purified and reconstituted (Garlid et 

al., 1991). Polyclonal antibodies raised against this protein were found to be potent 

inhibitors of Na+ flux (Shariat-Madar and Garlid, 1993). The identification, 

purification, and reconstitution of the mitochondrial Na+/Ca2+ antiporter has also been 

reported (Li et al., 1992). Both Na+/H+ and Na+/Ca2+ exchange activities from beef 

heart mitochondria were first observed by reconstitution of detergent-extracted 

mitochondrial inner membrane proteins which had undergone DEAE-cellulose 

chromatography fractionations. The Na+/Ca2+ antiporter activity correlated with a 

110-kDa protein in a reconstituted system. Transport through a reconstituted 

Na+ /Ca2+ antiporter was inhibited by polyclonal antibodies raised against the 110-kDa 

protein (Li et al., 1992). 
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Figure 1.3 Mitochondria1 Ca2+ cycle. Ca2+ enters the matrix via the electrophoretic 
Ca2+ channel and is ejected by the electrophoretic Na+/Ca2+ antiporter, utilizing three 
ejected protons per Ca2+ taken up. The Na+ is then expelled by the electroneutral 
Na+ lH+ antiporter (Garlid, 1998). 



1.3.1 Physiological roles of mitochondrial Ca2+ 

1.3.1.1 Cd+ is a secondary messenger. While mitochondria increase 

their rate of ADP phosphorylation many fold in response to either increased ADP and 

Pi concentrations or to decreased ATP concentrations, it has become evident that this 

substrate-product feedback control is not the primary metabolic control mechanism 

(Gunter, 1994). Changes within the cell that require a modification of the metabolic 

rate are generally signaled to the cell through hormones, neurotransmitters, or growth 

factors (so-called primary messengers), while the agent of these changes within the 

cell is most likely to be a common secondary messenger. Of the known secondary 

messengers, it appears that only Ca2+ is transferred into the mitochondrial matrix 

(Denton and McCormack, 1990). 

1.3.1.2 Cd+ regulales the tn'carboxylic cycle. Intramitochondrial 

Ca2+ has been reported to be capable of increasing the rate of oxidative 

phosphorylation through activation of a series of steps in metabolic pathways, 

including dehydrogenases coupled to the tricarboxylic acid cycle, electron transport, 

phosphorylation at the F,F,,ATPase, and adenine nucleotide transport (Hansford, 1985, 

1991; Denton and McCormack, 1990; Gunter et al., 1994). Three dehydrogenases of 

the Krebs cycle are Ca2+-regulated enzymes: NAD+-isocitrate-, 2-oxoglutarate-, and 

pyruvate-dehydrogenase (ICDH, OGDH and PDG). In the case of ICDH and OGDH, 

the affinity for the substrate has been shown to be increased, independently, by both 

Ca2+ and ADPIATP ratio (Denton et al., 1978; McCormack and Denton, 1979). This 

implies complex regulation, which includes, together with the relay signalling from 

extracellular agonists, a feedback control by the end-product of aerobic metabolism 

(Rutter and Denton, 1988). In the case of PDH, the action of Ca2+ is not on the 

enzyme itself, but on a phosphatase which relieves an inhibitory phosphorylation of 

PDH by a kinase associated with the multi-subunit complex (Denton et al., 1972). 

The reported range of Ca2+ affinity of the three dehodrogenases is different for each 

enzyme, and also depends on ADP/ATP ratio (Rutter and Denton, 1988, 1989). 

Thus, the mitochondrial Ca2+ transport mechanisms, which control mitochondrial 

Ca2+ concentration, control the rate of ATP production, and play a major 

physiological role in cellular bioenergetics. 
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1.3.1.3 Mitochondria are tuned to cytosolic C d +  oscillations. Matrix 

[Ca2+] increases and rapidly oscillates upon cell stimulation with the agonist coupled 

to IP, generation. The IP,-induced Ca2+ oscillations have been observed by several 

laboratories in a variety of tissues (Rizzuto et al., 1994; Hajnbczky et al., 1995; 

Sparagna et al., 1995; Jou et al., 1996; Rutter et al., 1996). Frequency-modulated 

oscillations of cytosolic Ca2+ are believed to be important in signal transduction, but it 

has been difficult to correlate these oscillations directly with the activity of Ca2+- 

regulated targets. Recent major progress by Hajndczky et al. (1995) studied the 

control of Ca2+-sensitive mitochondrial dehydrogenases by simultaneously monitoring 

mitochondrial Ca2+ and the redox state of flavoproteins and pyrimidine nucleotides. 

Rutter et al. (1996) compared mitochondrial Ca2+ with the activity of the Ca2+ - 

sensitive matrix enzyme, pyruvate dehydrogenase, using the Ca2+ sensitive 

photoprotein, aequorin, incorporated into mitochondria. These studies concluded that 

mitochondria are tuned to oscillating cytosolic Ca2+ signals, but not the steady-state 

increases in matrix Ca2+, and the frequency of Ca2+ oscillations can control the Ca2+- 

sensitive mitochondria1 dehydrogenases over the full range of their activities. 

1.3.2 Na+-Dependent ca2+ Efflux 

A Na+-dependent transport mechanism is thought to dominate the Ca2+ 

efflux of mitochondria from heart, brain, skeletal muscle, parotid gland, adrenal 

cortex, brown fat, and other excitable cells (Crompton et al., 1977, 1978; Murphy 

and Fiskum, 1988). 

1.3.2.1 Kinetics and regulation of Nu+ dependent C d +  efflux. In 

intact mitochondria, the Na+ -dependent Ca2+ efflux mechanism transports S f  + 

(Crompton et al., 1976) but not Mn2+ (Gavin et al., 1990, 1991) as a substitute for 

Ca2+, while Li+ can substitute for Na+ (Crompton et al., 1976). This mechanism can 

be inhibited by a wide variety of inhibitors including Mg2+ (Wingrove and Gunter, 

1986), Mn2+ (Gavin et al., 1990, 1991), trifluoroperazine (Hayat and Crompton, 

1985), diltiazem (Chiesi et al., 1987; Rizzuto et al., 1987), verapamil (Wolkowicz et 

al., 1983), clonazepam (Chiesi et al., 1987), arniloride (Jurkowitz et al., 1983; 

Sordahl et al., 1984; Schellenberg et al., 1985), and tetraphenylphosphonium 



(Wingrove and Gunter, 1986). Transport via this mechanism is activated by spermine 

and spermidine (Nicchitta and Williamson, 1984) and stimulated in brain mitochondria 

by ethanol (Rottenberg and Marbach, 1991). 

Studies on the purified reconstituted Na+ /Ca2+ antiporter revealed a new 

finding that this protein catalyzes Na+/LiC exchange in the absence of Ca2+ (Li et al., 

1992). Further characterization of the reconstituted Na+/Ca2+ antiporter is described 

in Chapter 2. 

1.3.2.2 Na+:C#+ stoichiometry. Prior to 1994, a most researchers 

thought of the Na+-dependent Ca2+ efflux mechanism as a passive electroneutral 

Ca2+/2Na+ antiporter. This conclusion, based on transport kinetic studies (Crompton 

et al., 1977; Wingrove and Gunter, 1986), received particularly strong support from 

the results of Brand (1985) and the reconstitution studies of Li et al. (1992). 

However, Baysal et al. (1991) found that the Ca2+ efflux was increased by 

addition of nigericin, which decreased ApH and increased A9. This suggested an 

electrophoretic component for this transport. Baysal et al. (1994) also determined that 

the Na+-dependent mechanism has more energy available to it than can be explained 

by the mechanism functioning as an electroneutral antiporter. 

The earlier results of Brand (1985) were reevaluated by Jung and co-workers 

(Jung et al., 1995), who found Brand's approach conceptually sound, but raised 

questions concerning some of the assumptions and approximations used. The 

conclusion of this study was that the stoichiometry of this transporter was at least 

3Na+ ions per Ca2+ ion. These results thus reopened the issue of stoichiometry and 

energy supply for the mechanism and suggested that the Na+-dependent Ca2+ efflux 

mechanism may function under some conditions as a Ca2+/3Na+ antiporter. It was 

also suggested that the antiporter may be able to promote either electroneutral or 

electrophoretic exchange as a function of its regulatory state, but this remains to be 

demonstrated (Brierley et al., 1994). 

Our results, summarized in Chapter 2, obtained with a purified reconstituted 

Na+/Ca2+ antiporter, provide additional kinetic data and further support the proposed 

variability in the stoichiometry of this transport protein. 



1.4 The Mitochondria1 Proton Cycle 

When inner mitochondrial membrane permeability to H+ ions is increased, 

electron transport is uncoupled from oxidative phosphorylation. Redox energy is 

rapidly burned off as heat, because protons leak back into the matrix and no energy is 

conserved to make ATP. 

1.4.1 General physiology of UCPl 

Nature has designed a protein expressly for the purpose of uncoupling. 

Uncoupling protein-1 (UCPl), cloned in 1985 (Bouillaud et al., 1985, 1986; Jacobson 

et al., 1985; Ridley et al., 1986) and called UCP until 1997, is an inner mitochondrial 

membrane protein (Cinti et al., 1989) expressed exclusively in the brown adipose 

tissue (Cannon et al., 1982; Cadrin et al., 1985; Klaus et al., 1991). UCPl short- 

circuits the insulating inner membrane, thereby causing mitochondria to produce heat 

instead of ATP (Cannon and Nedergaard, 1985). 

In rodents, brown adipose tissue (BAT) contributes to both the maintenance of 

body temperature in a cold environment through nonshivering thermogenesis and the 

control of body weight through the regulatory part of diet-induced thennogenesis 

(Rothwell and Stock, 1979; Himms-Hagen, 1990). It has been shown that during 

cold acclimation the capacity of brown adipocytes to produce heat is determined by 

the UCPl content of their mitochondria (Heaton et al., 1978; Hansen and Knudsen, 

1986; Rafael et al., 1986). 

1.4.2 Physiological regulation of UCP1-mediated uncoupling 

The expression of UCPl is regulated at the transcriptional level 

(Ricquier et al., 1991), and its control has been extensively studied (Silva et al., 

1997). Norepinephrine is a strong physiological activator of UCPl expression (Mory 

et al., 1984; Ricquier et al., 1986) and activation of the 61-, P2-, /33- and al- 

adrenergic receptors (Ricquier et al., 1986; Muzzin et al., 1989; Rehnrnark et al., 

1990). Inhibition of the a2-adrenergic receptor (Savontaus et al., 1997) has been 

shown to increase the expression of UCP1. The thyroid hormone tri-iodothyronine 



(T3) has been reported to act as a permissive factor for the full induction of UCPl 

gene expression by norepinephrine (Bianco and Silva, 1988; Silva, 1988). 

The kinetic regulation of UCP1-mediated uncoupling is still an unresolved 

problem. After norepinephrine activation of specific receptors on the plasma 

membrane, levels of CAMP increase and protein kinases are activated. This leads to a 

release of fatty acids from cellular stores and increased uncoupling. Uncoupling via 

UCPl requires fatty acids and is inhibited by cytosolic ATP, which binds to the 

protein without hydrolysis (LaNoue et al., 1986). However, results from kinetic 

studies (Jezek et al., 1994), EPR probes (Jezek and Freisleben, 1994) and site- 

directed mutagenesis (Murdza-Inglis et al., 1994) indicate that fatty acids do not affect 

nucleotide binding or inhibition. Normal cytosol [ATP] should therefore prevent 

thermogenesis no matter how much fatty acid is released from cellular stores after 

stimulation. These findings raise again the long-standing question of how UCPl is 

regulated in the cell (Nedergaard and Cannon, 1992). 

Several types of regulation have been proposed: (i) Cytosol pH. This has 

been most thoroughly studied by Klingenberg and coworkers (Lin and Klingenberg, 

1982; Huang and Klingenberg, 1995). The K, for ATP binding increases strongly 

with pH above 7. This is due to three dissociations, one at the terminal phosphate 

and two at the protein binding site. The latter includes Glu/Asp and His residues, 

each of which must be protonated to bind ATP. Thus, as pH increases above 7.2, 

both sites lose protons, and binding will decrease despite greater availability of 

tetravalent ATP. (ii) Cytosol ~ g ' + .  Free ATP binds to UCP1, so increased cytosol 

[Mg2+] will also reduce binding and inhibition. (iii) ATP redistribution. Observations 

by LaNoue et al. (1986) led to the proposal that ATP may redistribute from the 

cytosol to the mitochondria1 matrix upon activation of the brown fat cell, resulting in 

reduced cytosolic [ATP]. (iv) Cytosolic agonist. Nedergaard and Cannon (1992) 

raised the possibility that a partial agonist may bind to UCP1, displacing ATP without 

inhibiting transport. 

The most important clue to physiological regulation of UCPl may be the one 

pointed out by LaNoue (LaNoue et al., 1986): brown fat cells consist largely of fat 

droplets and mitochondria; cytosol volume is vanishingly small. This means that pH, 



[Mg2+], and [ATP] can be perturbed more significantly by a signal arising from 

norepinephrine-induced stimulation. 

1.4.3 Mechanisms of UCPl transport 

Any mechanism needs to account for the following experimental 

observations: (i) UCPl mediates electrophoretic proton transport. (ii) Proton 

transport requires the presence of free fatty acids (Nicholls, 1979; Jezek et al., 1994; 

Winkler and Klingenberg, 1994). (iii) UCPl mediates transport of halides, alkyl- 

sulfonates, and a variety of other monovalent anions (Jezek and Garlid, 1990; Jezek et 

al., 1990b). (iv) Both anion and proton transport are allosterically inhibited upon 

binding of a purine nucleotide to UCPl (Lin and Klingenberg, 1982; Jezek and 

Garlid, 1990; Jezek et al., 1990b; Winkler and Klingenberg , 1994). 

An early hypothesis by Nicholls (1974) and Klingenberg (1990) explained 

UCPl transport by proposing that it is an anion carrier for which OH- is the preferred 

substrate, with C1- competing with OH-. Fatty acids activate the carrier allosterically 

by an unspecified mechanism without affecting C1- transport. This hypothesis became 

untenable in the face of new data provided by Jezek et al. (1994), which supported a 

mechanism in wich the transport pathway for anions is identical with fatty acid 

binding site and distinct from the nucleotide binding site. 

Although the mechanism of transport of UCPl is still a matter of controversy, 

there are two main hypotheses explaining this mechanism. The fatty acid-buffering 

model, introduced by Winkler and Klingenberg (1994), suggested that free fatty acids 

bind UCP1, and their carboxyl groups serve as H+ donors. In this model, fatty acids 

are not translocated through the membrane. The second model, introduced by 

Skulachev and Garlid, proposes that deprotonated fatty acid anions are transported by 

UCP1, and the protonated form traverses (flip-flops) the phospholipid bilayer of the 

membrane (Skulachev, 1991; Garlid et al., 1996b). In both models, 

protonation/deprotonation of fatty acid carboxyl groups participate in H+ transport. 

These two hypotheses are reviewed in greater detail in Chapter 4, which also 

discusses how the two main mechanisms of transport relate to newly discovered 

uncoupling proteins. 



1.4.4 Emergence of a new uncoupling protein family 

Several observations led to the hypothesis that there could exist 

uncoupling proteins in tissues other than BAT. First, adult humans, who possess very 

little active BAT (Cunningham et al., 1985; Lean et al., 1986), produce heat in their 

skeletal muscle in response to glucose or catecholamine administration (Astrup et al., 

1985, 1986, 1989; Simonsen et al., 1993). Second, mitochondria1 H+ leaks have 

been observed in tissues devoid of UCP (Brand, 1990; Nobes et al., 1990; Harper et 

al., 1993); they may account for up to 50% of the oxygen consumption of some 

tissues (Brand et al., 1994; Rolfe and Brand, 1996) and up to 30% of whole body 

metabolic rate in the rat (Rolfe and Brand, 1997). It was suggested that the H+ leak 

was related to resting metabolic rate (Porter and Brand, 1993; Rolfe and Brand, 

1997). Supporting these previous observations, several groups independently cloned 

novel UCPs, i.e., UCP2 (Fleury et al., 1997; Gimeno et al., 1997) and UCP3 (Boss 

et al., 1997; Vidal-Puig et al., 1997) (Fig. 1.4). UCP2, which has amino acid 

identity of 55% to UCP1, maps to regions of human chromosome 11 and mouse 

chromosome 7 that have been linked to hyperinsulinemia and obesity. UCP2 is 

expressed in most tissues studied in humans and rodents. UCP2 mRNA is not 

regulated by norepinephrine, but rather by the adipocyte hormone, leptin, which may 

upregulate UCP2 in tissues that express the leptin receptor (Zhou et al., 1997). 

UCP3 is 57% identical with UCPl and 73% identical with UCP2. It is expressed 

only in BAT and glycolytic skeletal muscle (Boss et al., 1997). A short form of 

UCP3 was also found. It is missing the C-terminus (amino acids 276-312), which is 

a crucial part of the nucleotide binding domain in UCPl (Boss et al., 1997). Thus, 

UCP1, which was thought to be a protein unique to BAT, is in fact a member of an 

emerging family of uncoupling proteins expressed in humans and animals, and even in 

plants (Vercesi et al., 1995; Jezek et al., 1996; Laloi et al., 1997). 

1.4.5 Proposed physiological roles and regulation of the new UCP2 

The physiological functions of UCP2 and UCP3 have been deduced 

primarily from their striking homology to UCP1, which is the terminal effector of the 

catabolic cascade of fatty acid-mediated, nonshivering thermogenesis. Except for the 
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Figure 1.4 Amino acid sequence alignments of human UCP3L, UCP3S, UCP2 and 
UCP1. The sequences are presented in single letter code. Identical or similar amino 
acids are highlighted. Gaps introduced into the alignments are illustrated with a dash. 
Potential transmembrane a-helixes are underlined and numbered in roman numerals 
( I - 1 )  The potential purine-nucleotide binding domain (PNBD) is underlined twice 
(according to Boss et al., 1998). 



studies summarized in Chapter 5, the transport mechanisms and regulation of the new 

UCPs are unknown, and their physiological roles are hypothetical. 

1.4.5.1 Possible role of UCP2 in the maintenance of low levels of 

oxygen and oxygen radicals. Under resting conditions, energy consumption is low 

and the availability of ADP for phosphorylating respiration decreases, which may 

result in an increase in intracellular levels of 0, and one-electron 0, reductants. 

These conditions could enhance the formation of reactive oxygen species (ROS), such 

as superoxide ions, hydrogen peroxide, or the hydroxyl radical, which then cause 

oxidative damage within the cell. It has been proposed by Skulachev that 

nonphosphorylating (uncoupled or noncoupled) mitochondrial respiration allows the 

maintenance of low levels of both 0, and ROS when phosphorylating respiration fails 

due to a lack of ADP. An increase in the Hf leak of the mitochondrial membrane in 

State 4 would thus stimulate 0, consumption and decrease the formation of ROS 

(Skulachev, 1996). Experimental support for the role of UCP2 in the control of 

cellular processes involving free radicals generated by mitochondria was provided by 

Negre-Salvayre et al. (1997). 

1.4.5.2 Possible role of UCP2 in the control of insulin secretion. 

Glucose-induced insulin secretion by pancreatic islet cells has been shown to require 

mitochondria (Soejima et al., 1996) and to involve an increase in the cellular 

ATPIADP ratio (Nilsson et al., 1996). UCP2 is expressed in pancreatic islets (Zhou 

et al., 1997) and might, by decreasing the cellular ATP levels, blunt glucose-induced 

insulin secretion. Leptin, which decreases the insulin response to glucose and other 

fuels (Koyama et al., 1997), was found to increase UCP2 mRNA expression in 

pancreatic islets (Zhou et al., 1997). It can be hypothesized that a high level of 

UCP2 could decrease insulin secretion. 

1.4.5.3 UCP2 and UCP3 as obesity gene candidates. Because UCP2 

and UCP3 may be involved in energy dissipation, they might participate in weight 

regulation. Mutations in their genes could play a role in the development of obesity 

and/or noninsulin-dependent diabetes. But even if no defects in the UCP2 and UCP3 

genes can be associated with human obesity, these proteins could still represent good 

targets for drugs aimed at increasing energy expenditure. The maintenance of skeletal 



muscle UCP3 expression during food restriction and refeeding might prevent the 

observed increase in food efficiency and might abet weight loss or inhibit weight gain 

(Boss et al., 1998). 



CHAPTER 2 

ELECTRONEUTRAL AND ELECTROPHORETIC Na+/Ca2+ EXCHANGE 

MEDIATED BY THE RECONSTITUTED 

BEEF HEART MITOCHONDRIAL Na+/Ca2+ ANTIPORTER 

2.1 Introduction 

The Ca2+ cycle of cardiac mitochondria is responsible for rapid oscillations in 

matrix Ca2+, which result in sustained activation of Ca2+-sensitive matrix 

dehydrogenases in response to cellular demands for increased ATP production 

(Rizzuto et al., 1992, 1994; Hajnbczky et al., 1995; Sparagna et al., 1995; Jou et al., 

1996; Rutter et al., 1996). The Na+/Ca2+ antiporter carries out the efflux side of this 

important cycle, and Cox and Matlib (1993) have shown directly that the cardiac 

mitochondria1 Na+/Ca2+ antiporter plays a central role in regulating turnover of the 

tricarboxylic acid cycle and the rate of oxidative phosphorylation. 

We showed previously that the purified beef heart mitochondria1 Na+/Ca2+ 

antiporter catalyzes Na+ and Ca2+ flux following its reconstitution into liposomes. 

The exchange that we observed was obligatorily electroneutral, consistent with 

Brand's conclusion (Brand, 1985) that the antiporter catalyzes electroneutral exchange 

in a Na+:Ca2+ ratio of 2:l. Subsequently, however, Jung et al. (1995) made the 

important discovery that the cardiac Na+/Ca2+ antiporter is electrophoretic. We have 

re-investigated this problem with the surprising result that the exchanger catalyzes 2: 1 

electroneutral exchange in the absence of counterion movement in liposomes and 3: 1 

electrophoretic exchange when a counterion transport pathway is provided. It is 

evident that electrophoretic coupling (Jung et al., 1995) is the physiologically 

important mode in mitochondria respiring in vivo. 



The kinetics of Na+/Ca2+ exchange are consistent with its participation in 

mitochondria1 Ca2+ oscillation. In particular, exchange is strongly inhibited at 

alkaline pH, an effect mediated by a sharp increase in the K, for Ca2+. We found 

that BSA increased the V,, of Na+/Ca2+ exchange by 3 to 4-fold. By exclusion, this 

effect appears to be due to protein-protein interaction, raising the intriguing 

possibility that the exchanger is subject to autoregulation by an intrinsic peptide, as 

has been demonstrated for plasma membrane Naf /Ca2+ antiporters (Li et al., 1991; 

Kleiboeker et al., 1992; Chin et al., 1993). 

2.2 Materials and Methods 

2.2.1 Materials 

SBFI and Calcium Green were obtained from Molecular Probes and 

Fura-2 from Calbiochem. Octylpentaoxylene was obtained from Bachem. Other 

chemicals and reagents were from Sigma. Beef heart mitochondria were prepared by 

differential centrifugation (Garlid et al., 199 1). 

2.2.2 Purification and reconstitution of the Na+/Ca2+ antiporter 

The protocols for purifying and reconstituting the Na+/Ca2+ antiporter 

have been described in detail (Li et al., 1992; Garlid et al., 1995). Briefly, beef 

heart submitochondrial particles were prepared and treated to remove the F, subunit 

of ATPase and other adherent proteins (McEnery et al., 1989). Proteins (100 mg) 

were extracted for 1 h in buffer containing 3 % Triton X-100, then centrifuged, and 

the supernatant collected for purification. The solubilized protein was loaded onto a 

20-ml DEAE-cellulose column and washed with 80 ml of loading buffer containing 

1 % Triton X-100. The second bed volume was further purified on a 5-ml DEAE- 

cellulose column, with Na+/Ca2+ exchange activity being found in the second bed 

volume. This fraction is reconstitutively active and contains two dominant protein 

bands on SDS-PAGE at 110 kDa and 70 kDa (Li et al., 1992). 

The purified protein fraction was added to a 10: 1 mixture of L-a-lecithin 

(Avanti) and cardiolipin in 10 % octylpentaoxyethylene. The buffer composition at 



this stage defines the internal medium, the composition of which is described in detail 

in the figure legends. This mixture was loaded onto a 2-ml Bio-Beads SM-2 column 

(Bio-Rad) to remove detergent and form proteoliposomes. After incubation for 90 

min at 0-4"C, the column was centrifuged at 400 x g for 2 min to collect the 

proteoliposomes. To remove extravesicular probe, 200-p1 aliquots of the 

proteoliposome suspension were passed twice through 4-rnl Sephadex G-25-300 

columns. The final stock vesicle suspension (nominally 50 mg lipidfml) was stored 

on ice during the experiment. Protein content, measured by the Amido Black method 

(Kaplan and Pedersen, 1985), was normally 50-70 ng protein per mg of lipid. 

Intraliposomal volume of each preparation was estimated from the volume of 

distribution of entrapped probe and was normally found to be 1 pl per mg of starting 

lipid (Garlid et al., 1995). 

2.2.3 Fluorescence measurements 

We used Fura-2 (500 pM) and Calcium Green (100 pM) to measure 

internal Ca2+ concentration and SBFI (250 pM) to measure internal Na+ 

concentration. Proteoliposomes were added to 2 ml of assay medium at a final 

concentration of 0.5 mg of lipid per ml of assay medium, and probe fluorescence was 

measured on an SLM-Aminco 8000c spectrophotometer (Li et al., 1992; Garlid et al., 

1995). Excitation and emission wavelengths corresponded to those described by 

Molecular Probes. 

2.2.4 Determination of free Ca2+ 

Internal and external media were buffered with high concentrations of 

EGTA and/or HEDTA. The pH shift at pH 7.3, caused by additions of CaCl, to the 

medium, was compensated by immediate addition of an amount of TEA-OH 

determined by pH electrode to neutralize the effect of the added Ca2+. Free [Ca2+] 

was estimated using the software Chelator, which was kindly provided by Dr. T. J. 

M. Schoenmakers. The Chelator software accounts for the effect of medium pH, 

temperature, and ionic strength in the calculation of apparent dissociation constants 

for CaEGTA or CaHEDTA (Blinks et al., 1982; Schoenmakers et al., 1992). 



2.2.5 Fluorescent probe calibration 

Fluorescence emission, F, by the probe increases with increasing free 

concentrations of the cationic ligand, Fi],,. The initial concentration, [M"],,, may 

be zero or non-zero by experimental design. The following general relationship holds 

for any value of Mfree : 

F - Fl = (A[M1fJI(d1) {F- - F) (1) 

where A[MIf = [MIf, - [M0Ifre, F, is the fluorescence when A[MIf = 0, and F,, is 

the fluorescence at saturating cation concentration. The apparent probe dissociation 

constant, K t ,  is related to the true dissociation constant, K,,, as follows: 

I(dl = I(d + [M"lfree (2) 

or, 

I(dl = Kd* ~Fmax - Fo}~{Fmax - F1) (3) 
where Fo is the fluorescence in the absence of ligand. Thus, K,, can be obtained from 

Equation 2 if [MO], is known or from Equation 3 if it is not. 

Calibrations of intraliposomal probe were performed on each preparation. The 

cation, Na+ or Ca2+, was added stepwise to the external medium in the presence of 

ionophore to equilibrate the cation with the intraliposomal space (Garlid et al., 1991). 

Monensin was used for Na+ in calibrating SBFI, and ionomycin was used for Ca2+ in 

calibrating Fura-2 and Calcium Green-2. Data were fitted to a linearized form of 

Equation 1, yielding the parameters F,, and K,,', and K,, was evaluated according to 

Equations 2 or 3. Calibrations routinely yielded values of K,, in good agreement with 

the literature. For Na+ flux measurements, calibration parameters were applied to 

each experimental run to convert SBFI fluorescence intensity to [Na+], from which 

the initial rates were obtained by linear regression. 

For Ca2+ flux, the desired quantity is total intraliposomal Ca2+ concentration, 

[Ca2+Ia. For this purpose, we devised a simple and accurate approximation to 

Equation 1 that yields [Ca2+],,1 directly: 

F - F, = a A[Ca2+],, (4) 

where a is the proportionality constant, given by 

Lim a {as A [ C ~ ~  +I, -, 0) = (K,/&') ((F- - F,)/[HEDTA],) ( 5 )  



where [HEDTA], is free intraliposomal HEDTA concentration, and KE is the apparent 

dissociation constant of CaHEDTA, as determined by the Chelator program. 

This approximation is justified on theoretical grounds. Because HEDTA was 

present in excess, and because initial rates were measured within the first 20 s after 

initiation of Ca2+ flux, A[Ca2+],, was 5 100 pM and A[Ca2+], was I 20 nM, 

satisfying the condition in Equation 5. Experimental validation of Equations 4 and 5 

are provided by the calibration curves in Fig. 2.1. Fluorescence is linear with 

A[Ca2+],,,, for both Fura-2 and Calcium Green-2, as predicted. Furthermore, the 

measured values of a yield calculated K, values, using Equation 5, of 167 nM for 

Fura-2 and 820 nM for Calcium Green, in reasonable agreement with published 

values (Grynkiewicz et al., 1985) and those given by Molecular Probes. 

Accordingly, it is justifiable to use the following expression for Ca2+ flux into 

the liposomes: 

d[Ca2+],o,/dt = (l la) dF/dt (6)  

where a is determined by calibration. The primary advantages of Equation 6 are that 

it bypasses ambiguities in estimating K, and KE and yields the desired Ca2+ flux 

directly. 

2.3 Results 

2.3.1 Stoichiometries of electroneutral and electrophoretic Na+/Ca2+ 

exchange 

Figs. 2.2 and 2.3 summarize data relating to the stoichiometries of the 

two modes of exchange. Fig. 2.2 contains the [Ca2+]-dependence of electroneutral 

Ca2+ uptake and Na+ efflux. The two curves are from parallel reconstitutions that 

were identical except that one preparation contained SBFI and the other contained 

Fura-2. Na+ /Ca2+ exchange is electroneutral in this experiment, because no 

counterion was available to support charge movement through the antiporter, and the 

liposomes are highly impermeable to ions. Proton flux, the only significant diffusive 

flux under these conditions, amounted to less than 10% of the observed Ca2+ flux. In 

three independent experiments, the K, for Ca2+ was 2.10 f 0.16 p M  in the Ca2+ 



Figure 2.1 Dependence of Fura-2 and Calcium Greenm-2 fluorescence on total Ca2+. 
The Ca2+-dependent increase in fluorescent intensity (F - F,) is plotted versus 
A[Ca2+Id, as defined in Section 2.2. Calcium was equilibrated in the presence of 
250 nM ionomycin, and 2 min were allowed for equilibration after each addition. 
Linear regression of the data gave values of a! = 0.805 mM-' for Fura-2 (@) and 
0.265 mM-' for Calcium Greenm-2 (0).  Internal and external media contained 125 
mM TEA-Cl, 25 mM NaC1, and 25 mM TEA-TES, pH 7.30. At the start of the 
Fura-2 experiment, vesicles contained 500 pM Fura-2, 10 mM TEA-HEDTA, and no 
Ca2+. The following values were used for the calculations in the text: KE = 1.66 
pM, [HEDTA], = 10 mM, and (F,, - F,) = 0.81. At the start of the Calcium 
Green-2 experiment, vesicles contained 100 pM Calcium Green-2, 5 mM TEA- 
HEDTA, and 1.9 mM Ca2+; K, = 1.66 pM, [HEDTA], = 3.1 mM, and (F,, - F,) 
= 0.91. 



Figure 2.2 Electroneutral Na+/Ca2+ exchange and its dependence on [Ca2+]. Initial 
rates of Ca2+ influx (a) and Na+ efflux (o), measured in proteoliposomes 
reconstituted with the purified Na+/Ca2+ antiporter, are plotted versus external free 
[Ca2+]. Fura-2 and SBFI were loaded separately into two preparations of 
proteoliposomes. Internal medium contained 125 mM TEA-Cl, 25 mM NaCl, and 1 
mM TEA-HEDTA. External medium contained 5 mM TEA-EGTA, 5 mM TEA- 
HEDTA, and 150 mM TEA-Cl. Both media contained 25 mM TEA-TES , pH 7.30. 
CaCl, and TEA-OH were added to external medium in order to vary free [Ca2+] 
without changing pH, as described in Section 2.2. 



Figure 2.3 Electroneutral and electrophoretic Na+/Ca2+ exchange by the 
reconstituted Na+/Ca2+ antiporter. PANEL A contains the [Ca2+]-dependence of Ca2+ 
influx in the presence (0)  or absence (*) of 25 nM valinomycin in medium containing 
150 mM K+.  Valinomycin increased Vm without affecting Hill slope or Km for Ca2+. 
Ca2+ uptake on the antiporter was driven by a Na+ gradient. Internal medium 
contained 500 pM Fura-2, 100 mM TEA-Cl, 50 mM NaCl, 10 mM TEA-HEDTA, 
and 25 mM TEA-TES, pH 7.3. External medium contained 5 mM TEA-EGTA, 5 
rnM TEA-HEDTA, 150 mM KCI, and 25 mM TEA-TES, pH 7.3. PANEL B 
contains the [Nac]-dependence of Na+ influx in the presence (0 )  or absence (9) of 25 
nM valinomycin in medium containing 150 mM K+.  Valinomycin increased V,, and 
Hill slope without affecting the Km for Na+. Na+ uptake on the antiporter was driven 
by a Ca2+ gradient; internal [Ca2+Ifrw was 5 pM. Internal medium contained 250 pM 
SBFI, 50 mM TEA-Cl, and 100 mM KCl. External medium contained 150 mM C1- 
as the Na+ or TEA+ salt, as indicated on the abscissa. Both media contained 5 mM 
TEA-EGTA, 5 mM TEA-HEDTA, and 25 rnM TEA-TES, pH 7.30. 



influx experiment and 1.98 f 0.06 pM in the Na+ efflux experiment. The Hill 

slopes for both Ca2+ influx and Na+ efflux were about 0.9. The ratio (Na+:Ca2+) of 

the V, values was 1.9, indicating a 2: 1 exchange in the electroneutral mode. 

Fig. 2.3A demonstrates the effects of a permeant counterion on Ca2+ influx via 

the Na+/Ca2+ antiporter. The two experiments shown were carried out in the 

presence or absence of valinomycin in identical media, containing 150 mM [K+],. In 

a large number of experiments of this type, valinomycin always increased the V, for 

Ca2+ influx by 50-150%. The K, for Ca2+ was 0.9 pM and was unaffected by A*. 

This lower value (compare with 2 ,uM in Fig. 2.2) was due to the presence of K+ in 

the medium (as discussed below). 

Fig. 2.3B demonstrates the effects of a permeant counterion on Na+ influx via 

the Na+/Ca2+ antiporter. The two experiments shown were carried out in the 

presence or absence of valinomycin in identical media, with the vesicles containing 

100 mM [K+], and 10 pM free Ca2+. Valinomycin always increased the V,, for Na+ 

influx by 150-250%. The K,,, for Na+ was 8.2 f 1.4 mM (n = 4) and was 

unaffected by valinomycin. The most striking effect of valinomycin was on the Hill 

slopes for Na+ influx. These were 1.8 f 0.2 (n = 4) in the absence of valinomycin, 

indicative of 2: 1 Na+/Ca2+ exchange in the electroneutral mode, and 2.8 f 0.2 (n = 

3) in the presence of valinomycin, indicative of 3: 1 Na+ /Ca2+ exchange in the 

electrophoretic mode of transport. 

2.3.2 Further evidence for 3:l Na+/Caz+ stoichiometry in the 

electrophoretic mode of Na+/Caz+ exchange 

We also exploited the dependence of Na+/Ca2+ exchange on A\k to 

determine the stoichiometry of the Na+/Ca2+ antiporter. As shown in Fig. 2.4, Ca2+ 

influx increases linearly with increasing A\k over the range measured. The Na+/Ca2+ 

stoichiometry, n, is contained in the total driving force 

for Na+/Ca2+ exchange, AFNalCa: 

AFN~Ic~ = n AFN~+ - AFc~z+ 
where 

AjiM = RT In( m, / LM],, ) + zFA* 



Figure 2.4 Membrane potential dependence of Ca2+ flux and the stoichiometry of 
Na+lCa2+ exchange. Ca2+ influx data are plotted versus A* in the presence (*) or 
absence (0 )  of 25 nM valinomycin. Internal medium contained 100 pM Calcium 
Greenm-;?, 1 pM free [Ca2+] and 5 mM Kt. External medium contained 5 pM free 
[Ca2+] and 125 mM TEA-Cl, which was replaced by KC1 to achieve the indicated A* 
values. Both media contained 25 mM Nat, 5 mM TEA-HEDTA, and 25 mM TEA- 
TES, pH 7.3. Transport rates where determined from fluorescence traces within 10 S 

after the transport was initiated by addition of proteoliposomes to the assay medium. 
Each point represents an average from three determinations. 



is the electrochemical potential of cation M, z is its charge, R is the gas constant, T is 

absolute temperature, and F is the Faraday constant. At gradients causing zero Ca2+ 

flux (x-intercept), the overall driving force is also zero, and 

Ap~a+ = Ap~a2+ (9) 

The stoichiometry can thus be calculated from the known Naf and Ca2+ 

concentrations and the steady-state value of A* at the intercept, Aq0. 

The experiment of Fig. 2.4 was carried out in the absence of a Na+ gradient, 

and linear regression of the dependence of Ca2+ influx on A* yielded a value for A?!, 

of -42.8 mV. The stoichiometry was then calculated as 

n = 2 + (RTIFA*,) (In [Ca2+],/ [Ca2+],J = 2.97 

A similar response to A* was observed when both Na+ and Ca2+ gradients were 

present (not shown). Linear regression yielded a value for A*, of -212.6 mV, 

leading to a stoichiometry of n = 2.8 1. 

2.3.3 Electroneutral Na+/Li+ and Na+/K+ exchange in the absence of 

calcium 

To our surprise, we observed that the purified reconstituted Naf /Ca2+ 

antiporter catalyzed electroneutral Na+/Lif and Na+/K+ exchange in the absence of 

Ca2+, as shown in Fig. 2.5. The V,, was about the same as the V,, for Naf flux 

during electroneutral Na+/Ca2+ exchange (see Fig. 2.2). The K,,, for Kf was 20 f 3 

mM (n = 3), and the K,,, for Lif was 27 IfI 4 mM (n = 3). Na+/Li+ and Na+/Kf 

exchange were each inhibited by diltiazem and TPP', and the K,, values for 

inhibition were approximately the same as those for inhibition of Na+/Ca2+ exchange 

(not shown). 

It is important to emphasize that these experiments were carried out in the 

absence of Ca2+. In the presence of Ca2+, Na+ did not induce K+ flux, K+ was not 

competent to induce Ca2+ counter-flux, and Ca2+ did not induce K+ counter-flux (data 

not shown). 
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Figure 2.5 Na+/Lit and Na+/K+ exchange via the Na+/Ca2+ antiporter in Ca2+-free 
media. Initial rates of Nat efflux are plotted versus medium [Kt] (@) and medium 
[Lit] (0). Proteoliposomes contained 125 mM TEA-C1, 25 mM NaCl and 250 pM 
SBFI. External medium contained 150 rnM TEA-Cl, substituted with LiCl or KC1 to 
achieve the indicated cation concentrations. Both media contained 1 mM TEA-EGTA 
and 25 rnM TEA-TES, pH 7.30. 



2.3.4 Regulation of the Na+/Caz+ antiporter by K+ 

K+ stimulates both Na+/Ca2+ and Ca2+/Ca2+ exchange via the 

Na+/Ca2+ antiporter in intact mitochondria (Crompton et al., 1980; Hayat and 

Crompton, 1982). As summarized in Table 2.1, K+ caused an increase in the 

apparent affinity of the carrier for Ca2+ without affecting the V, for Ca2+ uptake. 

The Km for Ca2+ was decreased from 2 pM in the presence of 2.5 m M  [K+] to 0.9 

pM in the presence of 100 mM K+. This effect was only observed when K+ was 

present on the same side of the membrane as Ca2+; trans K+ had no effect on the K, 

for Ca2+. 

2.3.5 Regulation of the Na+/Ca2+ antiporter by pH 

Baysal et al. (Baysal et al., 1991) showed, in intact beef heart 

mitochondria, that the Na+/Ca2+ antiporter is regulated by matrix pH and exhibits 

maximal activity at pH 7.4-7.6. We investigated the effects of pH on Naf-dependent 

Ca2+ uptake via the reconstituted Na+/Ca2+ antiporter and observed maximum activity 

at pH 7.0 (Fig. 2.6). Ca2+ flux was strongly inhibited at alkaline pH. This result, 

which supports the conclusion that pH is a powerful modulator of mitochondria1 

Na+/Ca2+ exchange (Baysal et al., 1991), does not indicate the target of this effect. 

This was elucidated in further experiments that examined the effect of pH on the V, 

and Km for Na+/Ca2+ exchange. As shown in Fig. 2.7, the effect of varying pH is 

mediated entirely via changes in the Km for Ca2+. In three independent experiments, 

the Km was shifted from 0.55 f 0.16 pM at pH 7.0 to 42 + 14 pM at pH 6.5, and to 

approximately 1.0 f 0.4 mM at pH 7.8. 

2.3.6 Regulation of ~ a + / C a ~ +  exchange by diltiazem and TPP' 

Diltiazem inhibits Na+/Ca2+ exchange in beef heart mitochondria with 

K,, = 7 pM (Vaghy et al., 1982), and TPP+ inhibits Na+/Ca2+ exchange in rat liver 

mitochondria with K,, = 0.2 pM (Wingrove and Gunter, 1986). These agents also 

inhibited Na+/Ca2+ exchange in the reconstituted system, as shown in Fig. 2.8. The 

K,, for diltiazem was 10 f 3 pM, and the K,, for TPP+ was 0.6 f 0.2 pM. 



TABLE 2.1 

Effects of Internal and External K+ on K,,, for Cd+ Influx 

Shown are K, values for Ca2+ observed when Ca2+ influx was measured 

under conditions varying with respect to intra- and extra-vesicular [K+]. KC1 

was substituted for TEA-Cl to obtain the indicated concentrations. Parallel 

proteoliposome preparations were made for measurements differing with respect 

to internal [Kf]. Internal and external media were otherwise as described in the 

legend to Fig. 2, with [Ca2+ 1, being varied. Data are expressed as the mean 

obtained in three independent experiments. 



Figure 2.6 Regulation of the Na+lCa2+ antiporter by pH. Initial Ca2+ uptake rates 
were measured in proteoliposomes at different media pH values. Proteoliposomes 
were loaded with 500 pM Fura-2 and 50 mM NaCl. Rates at each pH were measured 
in triplicate, and the error bars reflect the means f standard error of the estimate. 2 
pM free Ca2+ was present in external medium. Internal and external media were 
otherwise as described in the legend to Fig. 2.2. 



Figure 2.7 The effect of pH on the kinetics of Na+/Ca2+ exchange. Initial rates of 
Ca2+ uptake into proteoliposomes were measured as medium [Ca2*] was varied at 
three different values of medium pH. Internal and external media were as described 
in the legend to Fig. 2.2. The estimated K, values are given in the text. The curves 
are plotted with Hill coefficients of 1. Medium pH was 7.0 (*), 6.5 (o), or 7.8 (x). 
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Figure 2.8 Inhibition of Na/Ca2+ exchange by TPP' and diltiazem. Percent 
inhibition of initial rates of Ca2+-induced Na+ efflux is plotted versus medium [TPPt] 
(a) or [diltiazem] (0).  Proteoliposomes were reconstituted with purified Na+/Ca2+ 
antiporter and loaded with 250 pM SBFI. 5 pM free Ca2+ was present in external 
medium. Internal medium contained 125 mM TEA-C1 and 25 mM NaCl. External 
medium contained 150 rnM TEA-C1. Both media contained 5 mM TEA-EGTA, 5 
mM TEA-HEDTA, and 25 mM TEA-TES, pH 7.30. 
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Complete inhibition of the cardiac mitochondria1 Na+/Ca2+ antiporter by TPP+ has 

not previously been reported. The data in Fig. 2.8 are measurements of Ca2+- 

dependent Na+ efflux. Nearly identical results were obtained when Na+-dependent 

Ca2+ efflux, K+-dependent Na+ efflux, or Li+-dependent Na+ efflux were 

measured. 

2.3.7 Regulation of Na+/Ca2+ exchange by bovine serum albumin 

During the development of a protocol to help preserve the purified 

Na+/Ca2+ antiporter for longer periods of time, we found that BSA stimulated 

Na+/Ca2+ exchange when added to the assay medium. Fig. 2.9A contains 

representative traces from proteoliposomes incubated with BSA for 2 min, followed 

by the addition of 5 pM free Ca2+ to initiate Na+/Ca2+ exchange. Electroneutral Ca2+ 

uptake on the exchanger was about 2-fold higher in the presence of BSA (trace c of 

Fig. 2.9A), as compared with control (trace b of Fig. 2.9A). Electrophoretic Ca2+ 

uptake was also stimulated about 2-fold by BSA (data not shown); thus the effects of 

BSA and A* are additive. 

BSA is a potent activator of Na+/Ca2+ exchange, as illustrated by the 

dose-response curves in Fig. 2.9B. The apparent K, for this effect was about 250 

nM (16 pglml), and maximal stimulation was 3-fold in this experiment and up to 4- 

fold in other experiments. Removal of endogenous fatty acids, which are very low in 

this preparation, did not appear to be responsible for this effect, because fatty acids 

had no effect on Na+/Ca2+ exchange. Moreover, BSA removal of a heavy metal 

inhibitor can be excluded, because a high concentration of HEDTA was present on 

both sides of the membrane. It is worth noting that there was no decay of Na+/Ca2+ 

exchange activity during these incubations, and the BSA stimulation was unchanged 

when BSA and control runs were compared at the beginning and end of a 4-h 

experiment. 
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Figure 2.9 Stimulation of Na+/Ca2+ exchange by BSA. Ca2+ uptake was initiated by 
adding 5 pM free Ca2+ after proteoliposomes were preincubated for 2 min in assay 
medium containing indicated [BSA]. Internal and external media were otherwise as 
described in the legend to Fig. 2.2. PANEL A: Fura-2 fluorescence intensity is 
plotted versus time. Trace a ,  no Ca2+; trace b, 5 pM free Ca2+; trace c ,  5 pM free 
Ca2+ and 1 p M  (64 pglrnl) BSA. PANEL B: Ca2+ influx is plotted versus [BSA]. 



2.4 Discussion 

Understanding the kinetics and regulation of the mitochondrial Na+lCa2+ 

antiporter is essential for assessing its role in regulating mitochondrial metabolism and 

for comparing its structure-function with other members of this expanding gene 

family. Reconstitution is a particularly useful technique for these purposes, because it 

provides reliable estimates of kinetic parameters that are difficult to obtain in isolated 

mitochondria. Reconstitution is also capable of revealing new properties that could 

not readily be obtained in the complex setting of intact mitochondria. 

2.4.1 Stoichiometry of the mitochondrial Na+/Ca2+ antiporter 

The Na+/Ca2+ antiporter is able to catalyze both electroneutral and 

electrophoretic exchange. Electroneutrality is required to explain spontaneous 

exchange in the absence of a permeant counterion and is further supported by the 

kinetic data. In three parallel experiments, the ratio of Na+:Ca2+ V,, values was 

1.8-1.95, and the Na+ dependence of Na+ uptake exhibited a Hill slope close to 2. 

We conclude that the antiporter catalyzes 2: 1 Na+/Ca2+ exchange in the electroneutral 

mode. 

Valinomycin stimulated Na+/Ca2+ exchange in the presence of a K+ gradient 

(Fig. 2.3), and the Hill slope for Ca2+-dependent Na+ flux increased to 2.8. A 

thermodynamic analysis of the A* dependence of Ca2+ flux (Fig. 2.4) yielded 

Na+/Ca2+ stoichiometry values of 2.8-3.0. We conclude that the antiporter catalyzes 

electrophoretic 3: 1 Na+/Ca2+ exchange in the presence of permeant counterion. 

These results support findings in intact mitochondria, which suggested three 

independent binding sites for Na+ (Hayat and Crompton, 1982) and confirm findings 

of electrophoretic Na+/Ca2+ exchange in intact mitochondria by Jung et al. (1995). 

2.4.2 Ion selectivity of the mitochondrial Na+/Ca2+ antiporter 

The surprising new result that this carrier mediates Na+/K+ and 

Na+/Li+ exchange in the absence of Ca2+ would be difficult to discern in 

mitochondria due to the multiplicity of transport pathways for alkali cations. Li+ can 



induce Ca2+ efflux from mitochondria (Crompton et al., 1978), but there was no 

previous indication of Na+/Li+ exchange in the absence of Ca2+. 

K+ could not substitute for Na+ in inducing Ca2+ transport, nor did Ca2+ 

induce K+ transport. Nevertheless, the Na+/Ca2+ antiporter catalyzed Na+/K+ 

exchange. This is reminiscent of the K+/H+ antiporter, in which cationlcation 

exchange proceeds normally when K+/H+ exchange is fully inhibited by DCCD 

(Garlid et al., 1986; Kakar et al., 1989). The cation exchange pathway in both 

carriers is non-selective for alkali cations. If the Na+/Ca2+ antiporter contains 

separate pathways for alkali cations and Ca2+, it follows that Na+ and Li+, but not 

K', induce a conformational change that permits Ca2+ movement across the protein. 

K+ is also transported by the electrophoretic Na+/Ca2+ exchanger of the bovine rod 

outer segment, which exchanges 1 K+ and 1 Ca2+ for 4 Na+ (Schnetkamp and 

Szerencsei, 199 1). 

2.4.3 Kinetics and regulation of the mitochondria1 Na+/Ca2+ antiporter 

Studies on mitochondria have indicated a Km for Ca2+ between 2 and 13 

pM Ca2+ (Crompton et al., 1976; Coll et al., 1982; Hansford and Castro, 1982). In 

the reconstituted system, we estimate the physiologically relevant Km to be 0.9 pM in 

the presence of K+ (Table 2.1). The effect of K+ , which has also been observed in 

intact mitochondria (Crompton et al., 1980), is mediated by an increase in the 

apparent affinity for Ca2+. The Km for Ca2+ is profoundly affected by pH with a 

profile in general agreement with the one observed in isolated mitochondria (Baysal et 

al., 1991). As with all such measurements, the K, values for Ca2+ depend strongly 

on the estimate of free [Ca2+]. We note that the Chelator program (Schoenmakers et 

al., 1992) yields values of free [Ca2+] that are two and three times higher than those 

estimated by Grynkiewicz et al. (1985) and McCormack et al. (1989), respectively. 

The Km for Na+ was 8 mM when proteoliposomes contained 10 pM free Ca2+, 

in agreement with values obtained in isolated mitochondria, which vary between 2.6 

and 12 mM (Cox and Matlib, 1993; Hayat and Crompton, 1982; Crompton et al., 

1978; Crompton et al., 1976). Cytosolic [Na+] has been estimated between 5.7 and 

10 mM in heart (Lee and Fozzard, 1975; Van Echteld et al., 1991). 



The Na+/Ca2+ antiporter is sensitive to a variety of pharmacological agents, 

including trifluoperazine (Hayat and Crompton, 1985), diltiazem (Vaghy et al., 1982) 

and amiloride (Jurkowitz et al., 1983). Our studies show that diltiazem and 

tetraphenylphosphonium cation inhibit the antiporter with potencies similar to those 

observed in isolated mitochondria (Vaghy et al., 1982; Wingrove and Gunter, 1986). 

2.4.4 Regulation of Na+/Ca2+ exchange by BSA 

BSA stimulated Na+/Ca2+ exchange, primarily by increasing V , .  The 

effect appears to be due to protein-protein interaction and we suggest that BSA may 

be mimicking an endogenous regulator. Plasma membrane Na+/Ca2+ antiporters from 

a variety of tissues contain an intrinsic exch~nge inhibitory peptide (XIP) (Li et al., 

1991; Kleiboeker et al., 1992; Chin et al., 1993) which has been suggested to react 

with another region of the exchanger to produce an inactive conformation or with 

neighboring lipid to produce an active conformation (Shannon et al., 1994). In view 

of these results, we are investigating the possibility that BSA is masking an intrinsic 

autoregulatory inhibitor peptide of the mitochondrial carrier. 

2.4.5 The role of the Na+/Ca2+ antiporter in regulating matrix CaZf 

It was proposed some years ago that mitochondrial Ca2+ cycling is 

responsible for the energetic response to signals calling for increased work and, 

hence, ATP production (Denton and McCormack, 1985; Hansford, 1985). These 

concepts have now been extended by studies, beginning with Rizzuto et al. (1992), 

showing that matrix [Ca2+] increases rapidly and transiently upon stimulation with 

agonists coupled to IP3 generation. The phenomenon of rapid Ca2+ oscillations has 

been observed by several laboratories in a variety of tissues (Rizzuto et al., 1994; 

Hajn6czky et al., 1995; Sparagna et al., 1995; Rutter et al., 1996; Jou et al., 1996). 

It was also demonstrated that Ca2+ oscillations, and not steady-state increases in 

matrix Ca2+, are responsible for sustained activation of Ca2+-sensitive dehydrogenases 

(Hajn6czky et al., 1995; Rutter et al., 1996). 

These new findings impose new requirements on regulation of the Na+/Ca2+ 

antiporter, because it must exchange slowly during the Ca2+ uptake phase and rapidly 
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during the ejection phase. Inhibition of Na+lCa2+ exchange during Ca2+ uptake can 

be understood in the following way: Rapid Ca2+ uptake will transiently alkalinize the 

matrix and lower A*. As shown here, both effects will severely inhibit Ca2+ efflux 

on the exchanger, causing increased amplitude of the Ca2+ spike. pH and A 9  will 

soon be restored toward normal values by uptake of phosphoric acid on its carrier, 

thereby reactivating the Na+/Ca2+ antiporter as the cytosolic CaZ+ spike begins to 

decay. It is not clear that these effects are sufficient to account for the observed 

decay phase of matrix Ca2+, which is extremely rapid. Thus, further regulation, such 

as exists for the plasma membrane Na+/Ca2+ exchanger in the form of XIP, may be 

required for the support of rapid Ca2+ oscillations in mitochondria. 



CHAPTER 3 

STATE-DEPENDENT INHIBITION OF THE MITOCHONDRIAL KAw 

CHANNEL BY GLYBURIDE AND 5-HYDROXYDECANOATE* 

3.1 Introduction 

During steady-state respiration, K+ influx into mitochondria is balanced by K+ 

efflux on the K+ /H+ antiporter, and steady-state volume is maintained. Opening the 

mitochondrial KATp channel (mitoKATp) will increase K+ influx into mitochondria and 

shift matrix volume to a higher steady state. The energetic costs of this futile cycle 

are small, between 100 and 150 nrnol Hf/mg protein- min at 25OC, and we have 

concluded that the sole function of mitoK,,, is to regulate matrix volume (Garlid, 

1996). It has been suggested that matrix expansion secondary to mitoK,,, opening 

plays an important role in cell-signaling pathways calling for activation of electron 

transport and stimulation of fatty acid oxidation (Halestrap, 1994). 

A pharmacological role for mitoK,,, in cardiac ischemia seems clearer. 

During prolonged cardiac ischemia, myocyte ATP levels fall, and the heart does not 

survive reperfusion. Either pretreatment with K+ channel openers (KCO) or 

preconditioning with a brief period of ischemia protects the heart: during subsequent 

ischemia, ATP loss is reduced, and the heart recovers to nearly normal function upon 

reperfusion (Grover, 1994). Importantly, cardioprotection by either KC0 or 

preconditioning is blocked by glyburide and 5-HD. This set of agents-KCO, 

- - 

* This material has been published in this or similar form in the Journal of Biological 
Chemistry and is used here with permission of the American Society for Biochemistry and 
Molecular Biology: 

Jabfirek, M., Yarov-Yarovoy, V., Paucek, P., and Garlid, K. D. (1998) State-dependent 
inhibition of the mitochondrial KATp channel by glyburide and 5-hydroxydecanoate. J. Biol. 
Chem. 273, 13578-13582. 



glyburide, and 5-HD-identifies the receptor as a KATp channel, and pharmacological 

studies indicate that mitoKATp is the receptor for these effects (Garlid et al., 1997). 

A major problem with this hypothesis has been that glyburide appears to be 

ineffective as a specific inhibitor of K+ flux in intact, respiring mitochondria (Beavis 

et al., 1993). Non-specific inhibition of K+ flux does occur (Beavis et al., 1993); 

however, we have attributed this effect, which occurs at high doses of glyburide, to 

low-affinity reactions with key energy-transducing enzymes (Debeer et al., 1974; 

Somogyi et al., 1995; McGuinness and Cherrington, 1990). The effect of these non- 

specific actions is to reduce A*, the driving force for K+ uptake, and has nothing to 

do with mitoKATp. We have now verified this conclusion in experiments that examine 

the effects of glyburide on both respiration and respiration-driven cation uptake into 

mitochondria. 

Failure to inhibit mitoKATP seemed to be a property of both glyburide and 5- 

HD. We recognized, however, that these drugs had only been studied under 

conditions when no other ligands of mitoKATp were present, a condition that never 

occurs in vivo. We now report that glyburide and 5-HD are potent blockers of K+ 

flux through mitoKATP in open states in which Mg2+, ATP, and physiological (GTP) 

or pharmacological (KCO) openers are present. In intact rat heart mitochondria, K,,, 

values for glyburide and 5-HD are about 1 pM and 50 pM, respectively. We infer 

that susceptibility to glyburide and 5-HD requires a ligand-induced conformational 

change in the mitochondrial sulfonylurea receptor (mitoSUR). These results are 

consistent with a role for mitoKAT, in cardioprotection (Garlid et al., 1997; Grover, 

1997). 

3.2 Experimental Procedures 

3.2.1 Preparations 

Rat liver mitochondria were prepared according to Pedersen et al. 

(1978), and rat heart mitochondria were prepared by the  lass-Teflon" 
homogenization procedure according to Matlib et al. (1984). The final mitochondrial 

pellet was washed and resuspended at 50 mglml (liver) or 20 mglml (heart) in 0.22 M 



mamitol, 0.07 M sucrose, and potassium salts of 5 mM TES and 0.5 mM EGTA. 

Mitochondria were kept on ice at pH 7.2 during the experiments. MitoK,,, was 

purified and reconstituted as described previously (Paucek et al., 1996). 

3.2.2 Assay of ion transport in intact mitochondria 

K+ or TEA+ uptake was assayed by following swelling, which 

accompanies net salt transport, using previously established light-scattering techniques 

(Beavis et al., 1985; Garlid and Beavis, 1985). Reciprocal absorbance (A-') at 520 

nm varies linearly with matrix volume within three well-defined regions, separated by 

transitions at 115 and 68 mosmolal (Beavis et al., 1985). 0 is a dimensionless 

parameter that normalizes A-' for mitochondria1 protein concentration, P (mglml), 

P E P/P, (A-I - a), (1) 

where a is a machine constant (0.25 for our apparatus), and P, equals 1 mg/ml. 

To obtain initial rates (dflldt), it is necessary to avoid the sharp discontinuities 

in the relationship between fl and matrix volume. For ion flux measurements, we 

normally begin measurements at 115 mosmolal, where the outer membrane begins to 

break (Garlid and Beavis, 1985). This technique is particularly important for light 

scattering of rat heart mitochondria, which is only weakly sensitive to volume changes 

in the isosmotic domain. Thus, kinetic curves in 250 mosmolal salts exhibit an 

artifactual "lag" during salt uptake as volume goes through the first transition point 

(Garlid and Beavis, 1985). 

115 mosmolal assay media contained either K+ or TEAf salts of chloride (45 

mM), acetate (25 mM), EGTA (0.1 mM) , and TES (5 mM), pH 7.4. Media also 

contained MgC1, (0.1 mM), rotenone (5 pglmg), and cytochrome c (10 pM). 

Respiratory substrates were either succinate (3 mM) or ascorbate (2.5 mM) plus 

TMPD (0.25 mM). Mitochondria were assayed at a concentration of 0.1 mg of 

proteinlml at 25 "C . 

3.2.3 Measurement of respiration 

Respiration was measured with a Yellow Springs oxygen electrode 

assembly in a hypotonic assay medium identical to the one used for measurement of 



Kt uptake, or in an isotonic assay medium consisting of K+ salts of chloride (120 

mM), succinate (10 mM), phosphate (5 mM), TES (5 mM), and MgC1, (0.1 mM), 

pH 7.4, supplemented with rotenone (2 pglmg of protein). Mitochondria were 

assayed at 1 mg of proteinlml at 25 " C .  

3.2.4 Assay of K+ flux in liposomes 

MitoK,,, was partially purified from rat liver mitochondria and 

reconstituted into proteoliposomes loaded with PBFI according to previously published 

protocols (Garlid et al., 1996b). Internal medium contained TEA+ salts of sulfate 

(100 mM), EGTA (1 mM), and HEPES (25 mM), at pH 6.8. 15 p1 of stock 

proteoliposomes (50 mg of phospholipids/ml) were added to 2 ml of external medium 

containing 150 mM KC1 and TEA+ salts of EGTA (1 mM) and HEPES (25 mM), at 

pH 7.4. Temperature was maintained at 25°C during assays. Electrophoretic K+ 

flux was initiated by the addition of 1 pM FCCP to provide charge compensation and 

measured from changes in PBFI fluorescence (Paucek et al., 1996). 

3.2.5 Chemicals and reagents 

PBFI was obtained from Molecular Probes; HEPES was obtained from 

Calbiochem; 5-HD was obtained from RBI; and other drugs and chemicals were 

obtained from Sigma. The Tris salt of ATP was titrated to pH 7.2 with Tris base. 

3.3 Results 

3.3.1 Specific and non-specific cation flux in respiring heart 

mitochondria 

Respiring mitochondria take up K+ by non-specific and specific 

mechanisms, i.e., via diffusion and via mitoK,,,. We used TEA+ to distinguish 

between these two parallel mechanisms, as demonstrated by the four traces in Fig. 

3.1A. K+ flux (trace a) is greater than TEA+ flux (trace b). Addition of ATP 

inhibits Kf flux (trace c) but not TEAf flux (trace 6). These results, which are 

routinely observed in rat heart (Fig. 3.1) and liver (Beavis et al., 1993) 
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Figure 3.1 ATP-dependent K+ uptake by mitochondria. Light-scattering traces from 
rat heart mitochondria respiring on ascorbateITMPD in K+ or TEA+ medium, as 
described in Section 3.2. (A) MitoK,,, is K+ selective: trace a ,  Kf influx in the 
absence of ATP; trace b, K+ influx in the presence of 0.2 mM ATP; trace c, TEA' 
influx in the absence of ATP; trace d, TEA+ influx in the presence of 0.2 mM ATP. 
(B) Failure of glyburide to inhibit Kt influx: trace a ,  K+ influx in the absence of 
ATP; trace b, K+ influx in the presence of 10 pM glyburide; trace c, K+ influx in the 
presence of 0.2 mM ATP. 



mitochondria, permit the following conclusions: (a) TEA+ is transported solely by 

diffusive leak (Garlid et al., 1989) and is not transported by mitoKATp; and (b) in the 

presence of ATP, K+ is transported solely by diffusion, and its flux equals that of 

TEA'. Thus, TEA+ flux may be used as a control for the component of K+ flux due 

to leak. 

The traces in Fig. 3.1B show that 10 pM glyburide does not inhibit K+ flux 

under these conditions, despite the fact that mitoKATp is evidently open. 100 pM 5- 

HD was similarly ineffective (data not shown). To summarize a large body of 

experiments, these agents did not inhibit K+ flux at these doses in rat liver or heart 

mitochondria respiring on succinate or TMPDJascorbate. This failure of glyburide 

and 5-HD to inhibit is the central problem addressed by this paper. 

3.3.2 Non-specific effects of glyburide on K+ flux in mitochondria 

In massive doses, glyburide does inhibit K+ flux, as previously 

reported by us (Beavis et al., 1993) and by Belyaeva et al. (1993) and Szewczyk et al. 

(1996). We concluded, however, that this effect was secondary to inhibition of 

respiration (Beavis et al., 1993). Cation uptake into respiring mitochondria is 

exquisitely sensitive to A\E (Garlid et al., 1989), and it is essential to differentiate 

between non-specific inhibition due to reduced driving force and specific inhibition of 

mitoK,,,. Accordingly, we examined the effect of glyburide on uncoupled 

respiration, on respiration-driven K+ and TEAf uptake, and on respiration-driven K+ 

uptake in the presence of valinomycin. 

The dose-response curves in Fig. 3.2 confirm that glyburide inhibits succinate 

utilization during uncoupled respiration. In hypotonic assay medium supplemented 

with acetate and cytochrome c, the K,, values for inhibition were 5.7 f 2.7 pM (n = 

3) in rat heart mitochondria and 157 f 27 (n = 3) in rat liver mitochondria. In 

isotonic assay medium without acetate, the K,, values for inhibition were 5.3 + 0.5 

pM (n = 2) in rat heart mitochondria and 70 f 2 p M  (n = 2) in rat liver 

mitochondria (not shown). 

A more direct demonstration of the non-specific effect of glyburide on K+ 

uptake was obtained in protocols measuring respiration-dependent cation uptake. As 



Figure 3.2 Glyburide inhibits respiration of rat liver and rat heart mitochondria. 
Oxygen consumption of rat heart (*) and rat liver (0 )  mitochondia (1 mg of 
proteinlml) respiring on succinate is plotted versus medium glyburide concentration. 
Mitochondria were uncoupled by addition of 0.25 pM CCCP. 



shown in Fig. 3.3, cation uptake was inhibited by glyburide as a function of dose. In 

rat heart mitochondria (Fig. 3.3A), the K,, values were 6.4 f 1.1 pM (n = 3) when 

succinate was used as substrate and 470 f 35 pM (n = 2) when ascorbate1TMPD 

was used as substrate. In rat liver mitochondria (Fig. 3.3B), the K,, values were 63 

f 13 pM (n = 3) when succinate was used as respiratory substrate and 476 f 34 

pM (n = 3) when ascorbate1TMPD was used as substrate. Inhibition was 

nonselective-K+ flux and TEA+ flux were inhibited at the same doses-and the K,, 

values were essentially the same as K , ,  values for respiratory inhibition (Fig. 3.2). 

These findings demonstrate that inhibition of cation flux was due to reduction in 

driving force and not due to inhibition of mitoK,,. Similar results were obtained for 

valinomycin-induced swelling in potassium medium (data not shown). 

We conclude that the only inhibition mediated by glyburide under these 

conditions is non-specific, secondary to inhibition of respiration and a reduction of the 

driving force for cation uptake. 

3.3.3 Non-specific effects of 5-HD on Kf flux in mitochondria 

An identical series of experiments was carried out using 5-HD. 5-HD 

had no effect on K+ flux under these conditions. In contrast to glyburide, 5-HD did 

not inhibit uncoupled respiration or cation uptake in either rat liver or heart 

mitochondria up to 500 pM (data not shown). 

3.3.4 Open states in which glyburide and 5-HD specifically inhibit rat 

heart mitoKAW 

Under the conditions of Fig. 3.1, mitoK,,, is open because no 

inhibitory ligands are present. In vivo, mitoK,,, would be opened by 

pharmacological agents (KCOs), such as diazoxide or cromakalirn (Garlid et al., 

1996b), or physiological ligands, such as GTP (Paucek et al., 1996). Moreover, ATP 

and Mg2+ would also be present in vivo. When mitochondria were studied under 

these more physiological conditions, glyburide and 5-HD were potent, specific 

inhibitors of K+ flux, as illustrated by the traces in Fig. 3.4. Control K+ flux (trace 

a, Fig. 3.4) was inhibited in the presence of ATP and Mg2+ (trace b, Fig. 3.4) and 
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Figure 3.3 Glyburide non-specifically inhibits cation flux into mitochondria. 
Dose-response curves for glyburide inhibition of respiration-driven mitochondria1 
swelling in K' (0,o) and TEAt (*, .) media. Kt and TEA' were inhibited 
identically in both succinate (0, a) and ascorbateITMPD (0 ,a). (A) Rat heart 
mitochondria. (B) Rat liver mitochondria. 
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Figure 3.4 Glyburide inhibits the pharmacological open state of mitoK,,,. Light- 
scattering traces from rat heart mitochondria respiring on ascorbateITMPD in K+ 
medium. Trace a ,  K+ influx in the absence of ATP; trace b, K+ influx in the 
presence of 0.2 mM ATP; trace c ,  reversal of inhibition by 10 pM diazoxide in the 
presence of 0.2 rnM ATP; trace d ,  re-inhibition by 10 pM glyburide in the presence 
of 10 pM diazoxide and 0.2 mM ATP. 



then restored to control values by diazoxide (trace c, Fig. 3.4). This 

pharmacologically induced K+ flux was strongly inhibited by 10 pM glyburide to the 

level associated with ATP inhibition (trace d, Fig. 3.4). Note that this glyburide dose 

had no effect on respiration in ascorbatelTMPD and no effect on TEA+ flux (see Fig. 

3.3A). Therefore, the effect is specific for K+ flux through mitoKATp. 

Figs. 3.5A and B contain the concentration dependencies of specific glyburide 

and 5-HD inhibition of K+ flux. The opening effect of 10 pM diazoxide was 

reversed by glyburide with K,, = 1.1 pM (closed circles in Fig. 3.5A), and by 5-HD 

with K,, = 45 pM (closed circles in Fig. 3.5B). The opening effect of 50 pM GTP 

was reversed by glyburide with K,, = 6 pM (open circles in Fig. 3.5A), and by 5- 

HD with K,, = 58 pM (open circles in Fig. 3.5B). 

Three additional ligands were required for specific glyburide inhibition of 

mitoK,,,: Mg2+, ATP, and either GTP or a KCO. No single one of these, nor any 

combination of two, was effective. 

3.3.5 Open states in which glyburide and 5-HD specifically inhibit rat 

liver mitoKATP 

An identical series of experiments was carried out with rat liver 

mitochondria, and the results were qualitatively identical to the results with rat heart 

mitochondria. We were also able to compare the effect of substrates on glyburide 

potency in liver mitochondria, because the margin of safety for non-specific inhibition 

during respiration on succinate is much wider in liver than in heart mitochondria 

(compare Figs. 3.3A and B). The results are summarized in Table 3.1. The K,, for 

glyburide inhibition was 3.4 pM when either succinate or ascorbate1TMPD was the 

respiratory substrate. 5-HD also inhibited cromakalim-opened mitoK,,, in liver 

mitochondria respiring on either succinate or ascorbateiTMPD with equal potency 

(K,, = 73 pM). 

3.3.6 Specific inhibition of reconstituted mitoKAm by glyburide and 5-HD 

Table 3.1 also summarizes the effects of glyburide and 5-HD on 

reconstituted mitoKATP purified from rat liver mitochondria. In the presence of Mg2+, 
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Figure 3.5 Specific inhibition of K+ influx in rat heart mitochondria by glyburide 
and 5-HD. Kt influx, estimated from the light-scattering assay, was measured in 
mitochondria respiring on ascorbate1TMPD in K+ medium containing 0.1 mM Mg2+. 
(A) Inhibition by glyburide. Dose-response curves were generated in the presence of 
a pharmacological opener (a), containing 0.2 mM ATP plus 10 pM diazoxide, and in 
the presence of a physiological opener (o), containing 0.2 mM ATP plus 50 pM 
GTP. (B) Inhibition by 5-HD. Dose-response curves were generated in the presence 
of a pharmacological opener (a), containing 0.2 mM ATP plus 10 pM diazoxide, and 
in the presence of a physiological opener (o), containing 0.2 mM ATP plus 50 pM 
GTP. In the absence of ATP (X), 5-HD failed to inhibit. Rates of ATP-dependent 
Kt influx were determined from light-scattering traces similar to those shown in Fig. 
3.4. 



TABLE 3.1 

Specific Inhibition of MitoK,, by Glyburide and 5-HD 

The table compares the mean values of half-maximal inhibition ( +_ S .  D., n = 3) 

by glyburide and 5-HD in three different preparations. Intact mitochondria were 

respiring on succinate or ascorbate/TMPD in K+ medium, and K+ influx was 

estimated from the light-scattering assay. Assay media for mitochondria 

contained varying doses of glyburide or 5-HD and 0.1 mM Mg2+. When added, 

ATP was 0.2 mM. K+ flux through reconstituted rat liver mitoK,, was 

determined from fluorescence of PBFI. Assay media for liposomes contained 

varying doses of glyburide or 5-HD and 0.5 mM Mg2+. When added, ATP was 

0.5 mM. 

Experimental Preparation 

Rat heart mitochondria 

- no ATP 

- ATP + 10 pM diazoxide 

- ATP + 50 pM GTP 

Rat liver mitochondria 

- no ATP 

- ATP + 10 pM cromakalim 

Reconstituted mitoKATp 

- no ATP 

- ATP + 10 pM cromakalim 

- ATP + 20 pM GTP 

K,, - glyburide 

no effect 

1.1 f 0.2pM 

6 + 1 p M  

no effect 

3.4 + 0.3 pM 

250 + 15 nM 

90 f 6 nM 

80 f 5 nM 

K1, - 5HD 

no effect 

4 5 f  5 p M  

58 +_ 5 pM 

no effect 

73 k 3 p M  

no effect 

85 f 5 pM 

N.D. 



ATP, and cromakalim, both glyburide and 5-HD inhibited mitoKATp. Glyburide 

inhibited with Kl, = 90 nM, and 5-HD inhibited with K,, = 85 pM. In the absence 

of ATP, 5-HD had no effect, but glyburide inhibited Kf flux with K1, = 250 nM. 

The latter result is consistent with our previous results on reconstituted mitoKATp in 

the presence of Mg2+ (Paucek et al., 1992). Glyburide was also a potent inhibitor 

(K,, = 80 nM) of the reconstituted mito&, in the presence of Mg2+, ATP, and 

GTP (Table 3.1). 

3.4 Discussion 

There is growing evidence for the hypothesis that mitoKATp is the receptor for 

the cardioprotective actions of K+ channel openers and the cardio-damaging actions of 

glyburide and 5-HD (Garlid et al., 1997; Grover, 1997). Glyburide is a prototypical 

sulfonylurea inhibitor that acts on all KATp channels and blocks the protective effects 

of both KCOs and cardiac preconditioning (Grover et al., 1989; Gross and 

Auchampach, 1992). 5-HD, which is structurally unrelated to glyburide, has been 

characterized as an ischemia-selective inhibitor of KATp channels (McCullough et al., 

1991; Schultz et al., 1997). Like glyburide, 5-HD selectively blocks the protective 

effects of both KCOs (McCullough et al., 1991) and cardiac preconditioning 

(Auchampach et al., 1992; Hide and Thiemermann, 1996). There have been no 

previous studies of the effects of 5-HD on mitochondria. The hypothesis that 

mitoKATp is involved in cardiac protection has been clouded by the lack of a crucial 

piece of evidence: a convincing demonstration that glyburide and 5-HD inhibit ATP- 

dependent K+ uptake in intact mitochondria. 

Mit0KATP activity can readily be elicited in respiring mitochondria, as 

demonstrated by the data in Fig. 3.1. We showed previously that glyburide inhibits 

K+ flux under these conditions; however, inhibition required high doses that inhibit 

respiration in the presence of succinate, and we concluded that this inhibition was 

non-specific (Beavis et al., 1993). Belyaeva et al. (1993) concluded to the contrary 

that mitoKATp was specifically inhibited by 150 p M  glyburide. To resolve this 

disagreement, we carried out a thorough study of the non-specific effects of 



glyburide, as reported in Section 3.3. We found that glyburide is a potent inhibitor of 

uncoupled respiration in both liver and heart mitochondria when succinate was used as 

the respiratory substrate (Fig. 3.2). Over the same dose range, glyburide also 

inhibited diffusive KC and TEA+ fluxes (Fig. 3.3). TEA+ is transported solely by 

leak pathways; accordingly, glyburide inhibited K+ and TEA+ fluxes by depression of 

A* and not by inhibition of mitoK,,,. Thus, glyburide inhibition of K+ flux under 

these conditions is non-specific. 

Respiration using ascorbate1TMPD is relatively insensitive to inhibition by 

glyburide and 5-HD, and the flux experiments using these substrates (Fig. 3.3) permit 

a further conclusion: Glyburide and 5-HD, at any dose, are completely ineffective 

under the conditions that have routinely been used to study inhibition of K+ flux 

through mitoKATp, namely respiration on succinate with rotenone. 

These findings presented a serious obstacle to studies of the pharmacological 

regulation of mitoKATp in mitochondria. We finally recognized, however, that the 

conditions routinely used-namely, in the absence of other ligands of mitoKAT,-are 

far from those present in vivo. In a living cell, the open channel would never be 

exposed to glyburide under such conditions. Rather, the channel would be exposed to 

ATP and Mg2+ and then opened by GTP or a K+ channel opener (Paucek et al., 

1996; Garlid et al., 1996b). Indeed, when the in vitro experiments were adjusted to 

mimic these in vivo conditions, we found glyburide and 5-HD to be potent, specific 

blockers of K+ flux in the open states induced by physiological or pharmacological 

ligands (Figs. 3.4, 3.5, Table 3.1). We emphasize that three components were 

required to achieve inhibition by either of these drugs: Mg2+, ATP, and a 

physiological or pharmacological opener. No single component nor any combination 

of two components was sufficient. This phenomenon was observed in both heart and 

liver mitochondria. 

Results with reconstituted mitoKATp qualitatively reflect results in intact 

mitochondria (Table 3.1). With glyburide, the K,, value was reduced when studied 

in the pharmacological open state. With 5-HD, no inhibition was observed in the 

absence of ATP, but 5-HD inhibited in the pharmacological open state when ATP and 

a KC0 were present. 



Some aspects of these findings raise new scientific questions: (i) What renders 

mitoK,, susceptible to these inhibitors in one open state and not the other? In view 

of the fact that K+ fluxes are identical in all open states, we conclude that the protein 

must be in a different state. Thus, we infer that Mg2+, ATP, and an opener induce a 

conformation in mitoSUR that renders it susceptible to glyburide and 5-HD. (ii) Why 

is glyburide a potent inhibitor of reconstituted mitoK,,, under conditions in which it 

is ineffective in intact mitochondria? The logical inference is that mitochondria are 

regulated by a factor that is lost during reconstitution. These hypotheses are under 

investigation. 

In conclusion, our results are consistent with the hypothesis that mitoK,,, is 

the essential drug receptor involved in ischemic cardioprotection. They also remove 

the previous deterrent to pharmacological studies on mitoK,,, in intact mitochondria. 



CHAPTER 4 

THE MECHANISM OF PROTON TRANSPORT MEDIATED BY 

MITOCHONDRIAL UNCOUPLING PROTEINS* 

4.1 Introduction 

Uncoupling protein 1 (UCP1) catalyzes electrophoretic proton back-flux across 

the inner membrane of brown adipose tissue (BAT) mitochondria, dissipating redox 

energy and providing heat to mammals. Knowledge of the mechanism by which 

UCPl catalyzes proton conductance has achieved new importance with the discovery 

of new and rather ubiquitous mammalian uncoupling proteins 2 (UCP2) and 3 

(UCP3), whose transport functions have so far been inferred only by virtue of their 

strong sequence identities with UCPl (Boss et al., 1997; Fleury et al., 1997; Gimeno 

et al., 1997; Vidal-Puig et al., 1997). However, the mechanism of H+ transport by 

UCPl has remained controversial, and this disagreement inevitably raises a barrier to 

progress in understanding the function of all UCPs. This chapter will therefore focus 

on the biophysical basis of UCP 1 -mediated uncoupling. 

4.2 The Fatty Acid Protonophore Mechanism of UCP-Mediated H+ Flux 

The fatty acid (FA) protonophore model, diagrammed in Fig. 4.1, was 

introduced by Skulachev (1991) and Garlid et al. (1996a). Subsequent reports have 

appeared both in support of the model (Kamp and Hamilton, 1993; Jezek et al., 1996, 

* This material has been published in this or similar form in FEBS Letters and is used here 
with permission: 

Garlid, K. D., Jaburek, M., and Jezek, P. (1998) The mechanism of proton transport 
mediated by mitochondria1 uncoupling proteins. FEBS Left. 438, 1 - 14. 
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Figure 4.1 The UCP-catalyzed protonophoretic cycle. The diagram shows an inner 
membrane segment containing UCP1, The complete uncoupling cycle consists of the 
following steps: 

(i) FA anion partitions in the lipid bilayer with its head group at the level of 
the acyl glycerol linkages and below the surface of the phospholipid head groups. 
This location is shielded from the aqueous phase, which causes the pK, values of FA 
in membranes to be 3-4 units higher than their values in solution (Hamilton and 
Cistola, 1986). There is no significant flux of FA anion, because the bilayer energy 
barrier is too high (Garlid et al., 1989). 

(ii) The FA anion diffuses laterally in the bilayer to reach a subsurface binding 
site on UCP that is shielded from the bulk aqueous phase (Jezek and Garlid, 1990). 

(iii) The energy barrier to FA anion transport is lowered by a weak binding 
site located about halfway through the UCP transport pathway (Garlid, 1990). The 
electric field created by redox-linked proton ejection drives the anionic head group to 
the energy well. The preference of UCP for hydrophobic anions (Jezek and Garlid, 
1990) indicates that the hydrophobic FA tail remains in the bilayer during transport. 

(iv) The FA carboxylate group moves to the other side of the membrane by a 
flip-flop mechanism (Karnp and Hamilton, 1992), then diffuses laterally away from 
the conductance pathway. 

(v) The FA is protonated, and the protonated FA rapidly flip-flops again, 
delivering protons electroneutrally to the mitochondria1 matrix and completing the 
cycle. 



1997a,b; Skulachev, 1998) and in opposition to the model (Bienengraeber et al., 

1998; Gonzalez-Barroso et al., 1998). As shown in Fig. 4.1, UCP catalyzes flip-flop 

of the anionic head group of FA from the matrix leaflet to the outer leaflet of the 

inner membrane. Transport of the anion is driven by the high, inside-negative 

membrane potential (A*). After the carboxyl head group has crossed the membrane, 

it picks up a proton, and the protonated FA spontaneously and rapidly flip-flops back 

to the matrix side, where deprotonation completes the cycle. The net result of the 

cycle is delivery of protons with charge to the matrix. Thus, FA behave as cycling 

protonophores by virtue of the fact that UCP permits the anionic charge to move 

across the inner membrane. 

A striking feature of this model is that UCPl does not conduct protons at all. 

In the FA protonophore model, UCP transports anions, and proton flux occurs 

independently, by non-ionic diffusion. The physiological substrates of UCPl are FA, 

but a wide variety of anions are transported (Jezek and Garlid, 1990) and are 

hypothesized to share parts of the same pathway used by FA anions, as discussed 

below. 

The FA protonophore hypothesis arose from the discovery that alkylsulfonates 

are transported by UCPl and that both the V,, and the apparent affinity (1IKd 

increase with increasing alkyl chain length (Jezek and Garlid, 1990). This of course 

was a major clue, because alkylsulfonates and FA are identical, except for their head 

groups. 

The strongest evidence for the hypothesis was provided by a comparison of 

two close analogues: laurate and undecanesulfonate. Undecanesulfonate anion is 

transported by UCPl with K,,, very similar to the K, for laurate-induced H+ transport. 

Undecanesulfonate is also a competitive inhibitor of laurate-induced H+ transport, and 

both anions are competitive inhibitors of C1- transport. These analogues differ in two 

important respects: undecanesulfonate does not catalyze UCP-mediated H+ transport 

and cannot support nonionic diffusion across the bilayer. The latter property is due to 

the fact that sulfonates are very strong acids. From these facts, we deduced that 

undecanesulfonate transport reflects a half-cycle of the physiological transport 

mechanism. Inasmuch as the anionic head group of undecanesulfonate, which 



resembles laurate in its kinetic properties, is transported by UCP1, there is no 

physicochemical basis for excluding the FA anionic head group from this pathway. 

We devoted considerable effort to experiments designed to falsify the 

hypothesis by identifying a FA (or analogue) that induced UCP-mediated H+ transport 

but could not deliver protons by non-ionic diffusion. An extensive study turned up no 

such exceptions (Jezek et al., 1997a,b). Moreover, absence of protonated FA flip- 

flop was found to correlate with inability to support UCP1-mediated H+ transport. 

4.3 The Fatty Acid Buffering Mechanism of UCP-Mediated H+ Flux 

Protons are directly transported by UCP in the buffering model of uncoupling, 

introduced by Winkler and Klingenberg (1994). In recognition of the requirement for 

FA (Jezek et al., 1994; W i d e r  and Klingenberg, 1994), it was postulated that FA 

are buffering cofactors that operate in conjunction with resident H+-conducting amino 

acids, such as histidines (Winkler and Klingenberg, 1994; Bienengraeber et al., 

1998). 

The isolated fact that alkylsulfonates are competitive inhibitors of FA-induced 

H+ transport via UCPl (Jezek et al., 1994; Garlid et al., 1996a) is consistent with 

this model, because alkylsulfonates are strong acids and cannot buffer. On the other 

hand, the fact that the anionic charge on alkylsulfonates is transported across the 

membrane is a serious problem for the buffering model. As stated above, there is no 

known physicochemical mechanism that would permit alkylsulfonate anion transport 

and prohibit fatty acid anion transport. 

In an important study, Klingenberg and coworkers (Bienengraeber et al., 

1998) showed that mutation of two histidine residues in UCPl causes loss of H+ 

transport. The authors' interpretation of this result was that His145 and His147 

comprise part of the proton-conducting pathway, and they extrapolated their findings 

to the new UCPs: because UCP2 contains neither histidine, they concluded that it 

does not conduct H+ ions. Because UCP3 contains only one histidine, they concluded 

that it must conduct protons only weakly. It should be pointed out, however, that 

plant uncoupling protein (PUMP) catalyzes FA-dependent H+ flux (Jezek et al., 1996) 



and contains no histidines in this region (see Table 4.2). Moreover, preliminary 

evidence from our laboratories shows that UCP2 and UCP3 also catalyze FA- 

dependent H+ flux (see Chapter 5). 

4.4 Are Fatty Acids Required for UCP Activity? 

On the basis of experiments on BAT mitochondria and liposomes, the 

laboratories of Klingenberg (Winkler and Klingenberg, 1994; Bienengraeber et al., 

1998) and Garlid (Jezek et al., 1994; Garlid et al., 1996a) agree that FA are 

obligatory for UCPl activity. This requirement has been called into question in a 

paper showing that a residual, GDP-sensitive uncoupling remains in the presence of 

BSA, leading the authors to conclude that UCPl can conduct protons in the absence 

of FA (Gonzalez-Barroso et al., 1998). It must be stressed that the BSA-insensitive 

rate is only about 10-15 % of the V ,  in the presence of palmitate. This small degree 

of uncoupling is incompetent to achieve the physiological role of UCPl, so the 

relevance of the effect is not clear. It is also not clear that the effect is outside the 

range of measurement error. ** 

As commonly prepared, BAT mitochondria also remain partially uncoupled in 

the absence of nucleotides and the presence of BSA (Nicholls, 1977). This finding 

also led to the conclusion that mitochondria are uncoupled in the absence of fatty 

acids. We carried out a series of experiments that raise doubts about this 

interpretation. When prepared in the usual way, BAT mitochondria exhibited a high 

GDP-sensitive rate of uncoupling that could not be reversed by BSA, even by lengthy 

incubations with high BSA concentrations. On the other hand, when BSA (2-5 

mglml) was added to the BAT tissue during homogenization, and maintained in the 

wash media during isolation, uncoupling was reduced to undetectable levels (Jezek et 

al., 1994). This hysteresis in the BSA effect emphasizes the fact that BSA cannot- 

** It is impossible to evaluate whether the BSA-insensitive rates are statistically different 
from zero. No state 4 respiration rates whatsoever are provided in the paper, nor are 
statistics provided. Instead, the effects of BSA are compared on the basis of respiratory 
control ratios from two different populations of mitochondria. 



remove all endogenous FA once they are bound to mitochondria. We believe that 

three factors contribute to BSA hysteresis: (i) when present during tissue 

homogenization and release of FA from stores, BSA can efficiently adsorb FA; (ii) if 

BSA is not present at this time, mitochondria become abnormally exposed to FA that 

bind with high affmity to mitochondria (partition coefficients surpass 1@, even for 

those FA that are readily removed by BSA (Anel et al., 1993); (iii) once FA have 

been allowed to partition into the inner membrane, they will be more difficult to 

remove-they must leave the inner membrane, cross the intermembrane space to reach 

the outer membrane, and then leave the outer membrane to bind to BSA. Taking 

these factors into account, together with the experimental phenomenon of hysteresis, 

we are skeptical of claims (Nicholls, 1977; Gonzalez-Barroso et al., 1998) that brief 

exposure to BSA in the assay medium is equivalent to complete FA removal. 

The obligatory requirement of UCPl for FA is most apparent in reconstitution 

experiments, in which BioBeads are employed to remove detergent and form 

liposomes (Winkler and Klingenberg, 1994; Garlid et al., 1996a). When frozen BAT 

mitochondria were used, we invariably observed a residual H+ flux in 

proteoliposomes. This effect was eliminated by washing the thawed mitochondria 

with 5 mglml BSA prior to extraction (Garlid et al., 1996a). When fresh BAT 

mitochondria were used, Bio-Beads alone apparently removed all of the endogenous 

FA, because residual proton flux was nearly identical to proton leak in protein-free 

liposomes (Garlid et al., 1996a). From these experiments, and those of Winkler and 

Klingenberg (1994), it is clear that UCP1-mediated H+ flux exhibits an absolute 

requirement for FA in the reconstitution system. 

4.5 The Apparent K, for Fatty Acid-Induced Uncoupling by UCPl 

In the protonophore model, FA diffuse laterally within the membrane until 

they reach a weak binding site on UCP that serves to concentrate the FA in the 

conductance pathway (Garlid et al., 1996a). It is evident that FA interaction with 

UCP takes place in the lipid phase. We reported K, values based on total FA, 

[FA],,. These can readily be converted to K, values based on membrane FA, 



[FA],,,, through recently available partition coefficients in liposomes (Anel et al., 

where K, is the partition coefficient and Vm/Va is the 1ipid:aqueous volume ratio, taken 

to be 0.5 x in these experiments (0.5 mg lipidlml). The corresponding aqueous 

concentration, [FA],,, is given by 

fFA1 A, = fFA1 MemblKp (a 
Table 4.1 contains Km data for three FA studied in liposomes containing 

reconstituted UCP1. The aqueous Km values vary by a factor of lo3, whereas 

membrane Km values are remarkably similar at 10-11 mM, consistent with a common 

binding site on UCP 1. 

A recent paper (Gonzalez-Barroso et al., 1998) contains a confused discussion 

of the apparent affmity of UCPl for palmitate. The authors compared aqueous K, 

values with total Km values, despite an explicit statement that the latter values include 

the partition coefficients (Garlid et al., 1996a). The erroneous conclusion that one set 

of values is more "physiological" than the other (Gonzalez-Barroso et al., 1998) 

arises entirely from this inappropriate comparison. When properly compared, the 

observed K,,, values for FA are very similar in all published experiments. Thus, the 

Km for palmitate is about 15 nrnollmg protein (80 nM free FA) in intact mitochondria 

(Gonzalez-Barroso et al., 1998), and about 10 nmollmg lipid (21 nM free FA) in 

proteoliposomes (Table 4.1). 

4.6 Is UCPl a FA Channel or Carrier? 

A minimum model of anion transport through UCPl will include binding sites 

on both surfaces and a central binding site to facilitate transport through the bilayer. 

In fact, the "surface" binding sites are shielded from the aqueous medium and are 

therefore subsurface, as is evident from the fact that transport of alkylsulfonates is 

completely unaffected by hydrophilic sulfonates (Jezek and Garlid, 1990). The 



TABLE 4.1 

K,,, Vdues for Fw-Acid-Dependent, UCP-Mediated Proton Flux 

Km (Total) values refer to total FA in the assay, and were determined as by 

Garlid et al. (1996a). Km (Memb) and Km (Aqueous) were determined according 

to Equations 1 and 2, in the text. 

a Simpson et al., 1974. 

Anel et al., 1993. 

Fatty acid 

Lauric 

Oleic 

Palmitic 

4 
5 x 1 0 3 "  

3.6 x 105 

3.7 x 105 

Km (Total) 

8 PM 

5 mM 

5.3 pM 

Km (Memb) 

11.4 mM 

9.9 mM 

10.5 mM 

Km (Aqueous) 

2.3 pM 

28 nM 

28 nM 
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remarkable observation that any competitive inhibitor of FA or alkylsulfonate 

transport is also transported by UCPl (Jezek and Garlid, 1990) also indicates that the 

binding sites are subsurface. They are probably located near the phospholipid 

acylglycerol linkages, which is also the equilibrium position of the FA carboxylic 

moiety (Hamilton and Cistola, 1986). 

The existence of a single energy well located near the center of the membrane 

was deduced from flux-voltage analysis of non-ohmic C1- flux (Garlid, 1990). The 

FA protonophore model states that C1- cannot access the subsurface binding sites for 

FA, and that C1- is transported by virtue of thermal bombardment of the membrane. 

Thus, C1- uses only part of the physiological conductance pathway for FA anions 

(Garlid et al., 1996a). "Random" access to the central energy well in UCPl is 

reflected in the very low affinity for C1- (K,  = 140 mM) (Garlid et al., 1996a). 

The fact that V,, values for alkylsulfonates increase with increasing chain 

length (Jezek and Garlid, 1990) places a further constraint on the transport 

pathway-the hydrophobic tail of FA must remain at all times in contact with the lipid 

bilayer core and must turn and reverse direction within this environment as the FA 

head group moves from one side to the other. 

Within these constraints, the transport pathway in UCPl may be an anion 

carriedgated pore (West, 1997) or a hydrophobic, single-file, anion conductance 

pathway (Garlid, 1990). These alternatives cannot be distinguished at the present 

time. In either case, polar or cationic residues should reside in the subsurface region 

to serve as initial binding sites for the FA head group. Movement across the 

membrane would be facilitated by additional polar or cationic groups that are buried 

near the center of the membrane. 

4.7 Location of the Fatty Acid Transport Pathway in UCPs 

Mutations of the seven cysteines in UCPl to serine had no effect on function 

or regulation of UCPl (Murdza-Inglis et al., 1993, 1994); however, Gonzalez- 

Barroso et al. (1996) found that mutation of Cys304 to glycine increased the apparent 

affinity of UCPl for palmitate about Zfold (Gonzalez-Barroso et al., 1998). A 2-fold 



change in affinity reflects a very small change in binding energy, about 0.38 

kcal/mol. This is most likely a consequence of minor conformational changes in the 

mutated protein and not due to involvement of Cys304 in or near the transport site. 

In contrast, mutation of histidines 145 and 147 had a dramatic effect 

(Bienengraeber et al., 1998). Single mutations reduced laurate-induced H+ flux by 

85-90%, and the double mutation nearly abolished H+ transport. Loss of function 

after mutation can be difficult to interpret; however, a very nice aspect of this work 

was the demonstration that C1- transport and nucleotide binding were unaffected by 

the amino acid substitutions. The mutations were thus specific for H+ transport 

(alkylsulfonate transport was not evaluated). 

These findings, which strongly imply that HI45 and H147 are located in the 

FA anion translocation pathway, are fully consistent with the FA protonophore model. 

In view of the preceding discussion, the fact that His mutations block FA transport 

without affecting C1- transport implies that these residues reside near the subsurface 

binding site for FA at the matrix lipid-water interface. We would predict further that 

one or both of these histidines protrudes partially into the membrane to be near the 

level of the acylglycerol lingages. 

HI45 and HI47 are located in the matrix loop between transmembrane helices 

3 and 4 of UCPl. As shown in Table 4.2, each of the UCPs contains 3-4 positive 

charges in the stretch corresponding to H145 and R152 in UCP1. These cationic 

residues may provide subsurface binding sites for hydrophobic anions and may also 

serve to anchor this segment to the membrane phospholipid head groups. To provide 

internal anion binding sites, the loop must protrude to a considerable extent into the 

membrane. In fact, this is in accord with the folding model of Klingenberg and 

Nelson (1994) in which a 0-loop is inserted between each pair of transmembrane 

helices. The eight downstream residues between R152 and R161 in UCPl are rich in 

hydrogen-bonding side chains (see Table 4.2), and these residues could form the 

central energy well of the anion conductance pathway. 

Unlike the buffering model, which requires dissociable residues for Hf 

transport (Bienengraeber et al., 1998), the FA protonophore model merely requires 

weak binding sites for anions, which may be provided by histidine, lysine, or 



TABLE 4.2 

Comparison of Amino Acid Sequences Among the Uncoupling Proteins 

135 140 145 150 155 160 

The sequences given [UCPl (Aquila et al., 1985), UCP2 (Girneno et al., 1997), UCP3 (Boss et al., 1997), and PUMP 

(Laloi et al., 1997)l are found in the matrix loop segment between the third and fourth transmembrane helices. PUMP has 

been analyzed by MALDI-mass spectroscopy (Jezek et al., unpublished data) and more than 30% of its sequence was found 

identical to the StUCP gene cloned from potato gene library (Laloi et al., 1997) The matched sequences included the matrix 

loop segment, confirming that FA-translocating PUMP contains no histidines in this region. 
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arginine. Similarly, the energy well sites may be provided by residues that are 

cations or H-bond donors. The sequences in Table 4.2 show that all UCPs contain 

such sites. 

Additional experiments with the His mutants may help to distinguish between 

the two UCP transport models. The buffering model envisions a separate anion 

transport pathway in UCP1, and hence predicts that alkylsulfonate transport would be 

unaffected by the mutations. In the FA protonophore model, transport of C1- and 

short-chain sulfonates would be unaffected, because they do not use the surface 

binding sites. On the other hand, transport of long-chain sulfonates would be 

abolished by the His mutations, like FA. More precisely, the model predicts that the 

mutations would increase the K,,, to levels exceeding the solubility of both long-chain 

FA and sulfonates. 

4.8 Regulation of UCPl 

There is considerable agreement about the nature of nucleotide regulation of 

UCP1. Purine nucleotide (PN) inhibition of UCP-mediated H+ flux is purely 

allosteric, as confirmed by noncompetitive kinetics, by the lack of FA influence on 

the Ki for PN inhibition (Jezek et al., 1994), and by EPR studies with 5-doxyl-stearic 

acid (Jezek et al., 1995). These studies show that FA anion transport and nucleotide 

inhibition are distinct features of UCP involving two distinct binding domains. 

The nucleotide binding pocket in UCPl has been mapped by photoaffinity 

labeling and site-directed mutagenesis and is very extensive. Nucleoside phosphates 

interact with the three arginines that are located on helices 2, 4, and 6 (Modriansky et 

al., 1997), and the sugar base reacts with the matrix segment D233-E261 that 

connects helices 5 and 6. The latter interaction is presumed to confer nucleotide 

specificity (Winkler et al., 1997). 

Nucleotide binding and inhibition take place in three steps (Modriansky et al., 

1997). First, binding of the sugar base moiety and the binding of one 0-phosphate 

group result in a loose-binding conformation of UCP1. In the second step, 

protonation of El90 makes R83 available for binding to the second charge on the 0- 



phosphate of diphosphates and the y-phosphate of triphosphates. An unidentified 

histidine is thought to bind to the second charge on the y-phosphate of triphosphates 

(Winkler et al., 1997). These events, which cause tight binding of PNs (Huang and 

Klingenberg, 1996), have been shown to be insufficient for inhibition (Modriansky et 

al., 1997). To reach the inhibited state, a-phosphate must bind to R.276. This final 

step induces a conformational change that modifies the anion transport pathway, 

causing inhibition of transport (Modriansky et al., 1997). 

It is noteworthy that the three phosphate binding arginines are conserved in 

UCP2, UCP3, and PUMP, suggesting that these proteins are also regulated by 

nucleotides. On the other hand, there are strong differences in the nucleotide-binding 

matrix loop between the fifth and sixth transmembrane domains, suggesting that 

nucleotide specifities may differ. 

4.9 Summary 

Two competing hypotheses describe the mechanism of uncoupling by 

UCP-the FA protonophore model and the H+ buffering model. Both models employ 

the experimental observation that FA are obligatory for UCP1-mediated uncoupling. 

It may be possible to discriminate between the models when the transport functions of 

UCPl and UCP2 are known. The FA protonophore model predicts that they will 

catalyze FA-dependent proton flux, whereas the buffering model predicts that they 

will not. 



CHAPTER 5 

TRANSPORT PROPERTIES AND REGULATION 

OF MITOCHONDRIAL UNCOUPLING PROTEINS 2 AND 3' 

5.1 Introduction 

Uncoupling protein 1 (UCP2) of brown adipose tissue (BAT) mitochondria 

occupies a special place in bioenergetics, because it is the exception that proves the 

rule of Mitchell's elegant chemiosmotic theory (Mitchell, 1961)-a protein designed 

to short circuit the redox proton pumps in order to generate heat and dissipate energy. 

UCPl was identified from functional studies on BAT mitochondria (Nicholls and 

Locke, 1984) and was one of the first membrane proteins to be sequenced (Aquila et 

al., 1985). 

For many years it was thought that UCP was expressed solely in mammalian 

BAT; however, it now turns out that Nature has engineered at least five uncoupling 

proteins. In 1995, a plant uncoupling protein was discovered and later sequenced 

(Vercesi et al., 1995; Laloi et al., 1997), and two years later, UCP2 and UCP3 were 

identified (Boss et al., 1997; Fleury et al., 1997; Girneno et al., 1997; Vidal-Puig et 

al., 1997). UCP4 was recently described as a brain-specific UCP (Mao et al., 1999). 

UCP2 maps to regions of human chromosome 11 and mouse chromosome 7 that have 

been linked to hyperinsulinemia and obesity, and it is hypothesized that UCP2 is the 

peripheral target for energy dissipation in the regulation of body weight. UCP2 is 

* This material has been published in this or similar form in the Journal of Biological 
Chemistry and is used here with permission of the American Society for Biochemistry and 
Molecular Biology: 

Jabfirek, M., Vaiecha, M., Gimeno, R. E., Dembski, M., Jeiek, Zhang, M., Burn, P., 
Tartaglia, L. A., and Garlid, K. D. (1999) Transport function and regulation of mitochondria1 
uncoupling proteins 2 and 3.  J. Biol. Chem. 273, in press. 



ubiquitously expressed in mammalian tissues, whereas UCP3 is expressed primarily in 

glycolytic skeletal muscle in humans and may account for the thermogenic effect of 

thyroid hormone (Gong et al., 1997). These aspects of this rapidly emerging area of 

research have been nicely reviewed by Boss et al. (1998). 

Virtually nothing is known about the transport functions of UCP2 and UCP3, 

and their putative physiological functions have been deduced primarily from their stri- 

king sequence identities with UCPl (Boss et a]., 1998). To address this problem, we 

expressed human UCP2 and UCP3 in E. coli, where they accumulated in inclusion 

bodies. Following detergent extraction, we reconstituted the proteins into liposomes 

and measured H+ and K+ fluxes. Purified UCP2 and UCP3 both catalyzed 

electrophoretic flux of protons and alkylsulfonates, and proton flux exhibited an 

obligatory requirement for fatty acids. We also found that FA-dependent proton 

transport by UCP2 and UCP3 was inhibited by purine nucleotides, albeit with lower 

apparent affinities for nucleotides than those observed with UCP1. From these 

results, we conclude that UCP2 and UCP3 are functional uncoupling proteins and that 

their biophysical properties are consistent with a physiological role in energy 

dissipation. 

5.2 Experimental Procedures 

5.2.1 Expression of UCPs in Saccharomyces cerevisiae 

UCPs were expressed in yeast as described previously (Murdza-Inglis 

et al., 1991). Briefly, the SacIISphI fragments from the M13mp19 plasmid 

containing wild-type rat UCPl cDNA were subcloned into a SacIISphI-cut pCGSllO 

E. COWS. cerevisiae shuttle vector. The S. cerevisiae strain JB516 (MATa, ura3, 

adel, leu2, his4, gal+) was transformed with the shuttle vector construct and plated 

on uracil-lacking selective plates. The resulting yeast transformants were grown at 

30°C in selective medium, and overexpression of UCPl was induced by addition of 

0.2% galactose (Murdza-Inglis et al., 1991). Similar protocols were followed for 

UCP2 and UCP3. 



5.2.2 Expression of UCP2 and UCP3 in E. coli 

Human UCP2 and human UCP3 open reading frames were amplified 

by PCR and inserted into the NdeI and Not1 sites of the pET2la vector (Novagen). 

From DNA sequencing, the constructs are predicted to encode proteins with an amino 

acid sequence identical to the wild-type UCP2 or UCP3 proteins (Boss et al., 1997; 

Fleury et al., 1997; Gimeno et al., 1997; Vidal-Puig et al., 1997). Plasmids were 

transformed into the bacterial strain BL21 (Novagen). Transformed cells were grown 

at 30°C to A ,  = 0.6 and then induced with 1 mM IPTG at 30°C for 6 h. Cells 

from a 700-ml culture were lysed in a French press in 20 ml of lysis buffer (10 rnM 

Tris, pH 7, 1 mM EDTA, 1 mM DTT). The lysate was centrifuged at 27,000 x g 

for 15 min, and the pellet was resuspended in 20 ml of lysis buffer and centrifuged at 

1000 x g for 3 min. 1-ml aliquots of the supernatant were centrifuged at 14,000 x g 

for 15 min in a microcentrifuge, and the resulting pelleted inclusion bodies were 

stored frozen at -70°C. 

5.2.3 Extraction of UCP;! and UCP3 from inclusion bodies 

We modified published protocols (Fiermonte et al., 1993; Schroers et 

al., 1998) for solubilization of E. coli inclusion bodies. The pelleted inclusion bodies 

( - 2 mg of protein) were suspended and washed three times in wash buffer 

[tetraethylammonium (TEA+) salts of 0.15 M phosphate, 25 mM EDTA, 1 mM ATP, 

and 1 mM DTT, pH 7.81. The final pellet was solubilized in 0.4 ml of 50 mM 

TEA-TES , pH 7.2, containing 1.5 % sodium lauroylsarcosinate (SLS) . The extract 

was supplemented with 10 mg/ml asolectin and 3% octylPOE (C,E, detergent), then 

dialyzed for 15 h against 3 x 400 ml of extraction buffer (TEA+ salts of 50 mM TES 

and 1 mM EDTA, pH 7.2) to remove SLS. In the first two dialysis periods (1 and 

13 h), the extraction buffer was supplemented with 1 mM DTT and 0.03 % sodium 

azide. These were removed from the final dialysis (1 h). Aliquots of the dialyzed 

extract, containing about 0.2 mg of protein, were stored at -20°C. 



5.2.4 Reconstitution of uncoupling proteins into liposomes 

Reconstitutions were carried out as previously described for UCPl 

(Garlid et al., 1995). Egg yolk phosphatidylcholine (UCPl) or soybean phospholipids 

(UCP2 and UCP3) were supplemented with 2 mglml of cardiolipin, dried, and stored 

under nitrogen. Internal medium (TEA+ salts of 30 mM TES, 80 mM SO,, and 1 

mM EDTA, pH 7.2) was added to give a final concentration of 40 mg of 

phospholipidlml of proteoliposome stock. The mixture was vortexed and sonicated to 

clarity in a bath sonicator; detergent (10% C,E,), protein extract, and fluorescent 

probe were added. The final mixture (1.1 ml) was applied onto 2-ml of Bio-Bead 

SM-2 (Bio-Rad) column to remove the detergent. After incubation for 2 h, the 

column was centrifuged, and the resulting proteoliposomes were applied onto a new 

2-ml Bio-Bead column, incubated for 30 min, and centrifuged. The formed vesicles 

(1 ml) were passed through a Sephadex G-25-300 column to remove external probe. 

5.2.5 Fluorescence measurements of ion fluxes 

Ion flux in proteoliposomes was measured using ion-specific fluorescent probes 

and an SLM Aminco 8000C spectrofluorometer. Measurements of H+ fluxes were 

obtained from changes in SPQ fluorescence due to quenching by the anion of TES 

buffer (Orosz and Garlid, 1993). Measurements of K+ fluxes, reflecting the 

movement of ionic charge across the membrane, were obtained from changes in PBFI 

fluorescence (Jezek et al., 1990a; Garlid et al., 1995). Internal and external media 

contained K+ or TEA+ salts of 30 mM TES buffer, 80 mM SO,, and 1 mM EDTA, 

pH 7.2. TEA+ internal medium and K+ external medium were used for the 

experiments of Figs. 5.3 and 5.4 to measure electrophoretic H+ efflux, while these 

cations were reversed for the experiments of Figs. 5.5 and 4.1 to measure nucleotide 

inhibition. Each proteoliposome preparation was individually calibrated for 

fluorescent probe response, and its internal volume was estimated from the volume of 

distribution of the fluorescent probe (Garlid et al., 1995). 



5.2.6 Chemicals and reagents 

PBFI and SPQ were purchased from Molecular Probes, Inc. 

Undecanesulfonate was purchased from Research Plus, Inc. Asolectin (45 % L-a- 

phosphatidylcholine) was purchased from Avanti Polar-Lipids, Inc. Sulfuric acid was 

purchased from Fisher. Materials for UCPl exression in yeast were from sources 

listed previously (Orosz and Garlid, 1993). All other chemicals were from Sigma. 

Purine nucleotides were adjusted to pH 7.2 with Tris base. 

5.3 Results 

5.3.1 Isolation and reconstitution of UCPs expressed in E. coli 

The development of a functional yeast expression system allowed us to 

investigate the structure--function relationship of UCPl using site-directed mutagenesis 

(Murdza-Inglis et al., 1994; Modriansky et al., 1997). Similarly, we attempted to use 

yeast expression for human UCP2 and UCP3 in order to study their function. 

Compared to UCP1, however, UCP2 and UCP3 expressed in lower quantities in yeast 

and were difficult to purify. Expression in E. coli yielded high amounts of UCP2 and 

UCP3, which accumulated in inclusion bodies. However, when the proteins were 

extracted using SLS detergent and reconstituted into liposomes, the proteins were 

found to be inactive (not shown). We obtained functionally active protein by 

supplementing the extract with asolectin and octylPOE and subjecting the extract to 

prolonged dialysis against SLS-free buffer. The dialysis may have reduced the SLS 

concentration, but this was not assayed. The proteoliposomes typically had an 

internal volume of 1.2 pllmg lipid and contained 3-5 pg proteinlmg lipid. To 

estimate the purity of reconstituted UCP2 and UCP3, the proteoliposomes were 

delipidated and subjected to SDS-PAGE with the results shown in Fig. 5.1. 

5.3.2 Undecanesulfonate and fatty-acids induce electrophoretic fluxes in 

liposomes reconstituted with UCP2 and UCP3 

The representative ion flux traces in Fig. 5.2 show that UCP2 catalyzes 

FA-dependent, electrophoretic proton flux. The traces in Fig. 5.2A follow H+ 

movement across the membrane. It can be seen that FAs induce a strong Hf flux 
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Figure 5.1 Purified, reconstituted UCP2 and UCP3. Coomassie-Blue-stained SDS- 
PAGE gels from proteoliposomes containing UCP2 and UCP3. The proteins were 
expressed in E. coli, extracted from inclusion bodies, and reconstituted into 
liposomes. 10 pg of delipidated proteins were loaded on each lane of the gel parallel 
to M, standards. 



CY 

FA VAL 

Figure 5.2 FA-dependent proton and undecanesulfonate transport via UCP2. (A) 
Traces follow changes in intraliposomal acid (6[H+]), which were determined from 
quenching of SPQ fluorescence by the anion of TES buffer (Orosz and Garlid, 1993). 
Trace a ,  40 p M  palmitate and 0.1 pM valinomycin were added sequentially. Trace 
b, valinomycin was added without FA. Trace c, liposomes without UCP2; FA and 
valinomycin were added sequentially. Trace d ,  40 pM undecanesulfonate and 
valinomycin were added sequentially. (Note that traces a and c are offset for clarity.) 
(B) Traces follow changes in total intraliposomal K+ (6[K+]), which were measured 
using PBFI fluorescence. Assay conditions and additions for each trace were identical 
to those described for A. Except for trace c, liposomes contained UCP2. H+ efflux 
was driven by an inward K+ gradient. These data are representative of more than 20 
experiments on 10 different UCP2 reconstitutions. 



(Fig. 5.2A, trace a) that is absent in the absence of FA (trace b) and does not occur 

in liposomes without protein (trace c). Undecanesulfonate, an analogue of laurate, 

does not support H+ transport (trace 6). The traces in Fig. 5.2B follow K+ 

movement. It can be seen that charge movement across the membrane exactly 

matches FA-induced Hf flux (trace a), confirming that the H+ flux is electrophoretic. 

Undecanesulfonate induced a strong K+ flux (trace d), demonstrating that the 

sulfonate anion is transported by UCP2. 

A rapid intraliposomal acidification ensues upon the addition of FA (Fig. 

5.2A, traces a and c). This is due to flip-flop of the protonated FA and acid-base 

equilibration (Garlid et al., 1996a). It is an electroneutral process, as evidenced by 

the lack of a corresponding K+ jump upon the addition of FA (Fig. 5.2B). 

The representative ion flux traces in Fig. 5.3 were obtained with UCP3, and 

they are qualitatively identical in every detail with those of UCP2. These results are 

highly reproducible and are representative of more than 20 assays from 10 or more 

preparations of each UCP. 

Preliminary results from a kinetic study of UCP2 and UCP3 (not shown) 

indicate that there may be quantitative differences in FA preference among the UCPs. 

The K, values for FA are similar among all three UCPs (10-20 nrnol of FA/mg of 

lipid), and the V,, values for palmitate are also similar (10-30 pmollrng. min). 

However, the V ,  for laurate is much lower in UCP2 than in UCPl or UCP3, 

indicating a preference for long-chain FAs by UCP2. 

5.3.3 Inhibition of UCPs by purine nucleotides 

A second essential property of UCPl is its inhibition of fatty acid- 

induced proton fluxes by purine nucleotides. To our surprise, we found striking 

differences in nucleotide sensitivity among the UCPs, as evidenced by the data in Fig. 

5.4 comparing inhibition by 1 mM GDP, ATP, and GTP. To date, we have 

identified ATP as the most potent inhibitor of UCP2 (Fig. 5.5A) and UCP3 (Fig. 

5.5B), although the apparent Ki values for ATP inhibition are considerably lower than 

that for UCPl (Table 5.1). UCP2 and UCP3 are notably less sensitive to GDP or 

GTP, which are potent inhibitors of UCP1. 
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Figure 5.3 FA-dependent proton and undecanesulfonate transport via UCP3. The 
traces shown were obtained under assay conditions identical with those described in 
Fig. 5.2  for UCP2, except that 40 pM laurate was used instead of palmitate. (A) 
Traces follow changes in intraliposomal acid (6[H1]). (B) Traces follow changes in 
total intraliposomal Kt (6[K+]). Except for trace c, liposomes contained UCP3. 
These data are representative of more than 20 experiments on 10 different UCP3 
reconstitutions. 
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Figure 5.4 Sensitivities to nucleotide inhibition of UCP1, UCP2 and UCP3. The bars represent residual, FA-induced proton 
flux in the presence of 1 rnM nucleotide. 100% inhibition was estimated by extrapolation of inhibitor concentration plots 
obtained with ATP, as in Fig. 5.5. 50 pM laurate was used for UCPl and UCP3, and 50 pM palmitate was used for UCP2. 
H+ influx was driven by an outward K+ gradient in the presence of 30 nM valinomycin. Assay pH was 7.2. 



Figure 5.5 Concentration-dependence of nucleotide inhibition of UCP2 and UCP3. 
(A) ATP inhibition of UCPZ-mediated H' influx, in the presence of 50 pM palrnitate, 
pH 7.2. The Ki for ATP inhibition is 710 pM. (B) ATP inhibition of UCP3- 
mediated H+ influx, in the presence of 50 pM laurate, pH 7.2. The Ki for ATP 
inhibition is 670 pM. The curves are representative of three independent preparations 
of UCP2 and UCP3. 



TABLE 5.1 

Ki Values for Nucleotide Inhibition of the Uncoupling Proteins 

Experiments were carried out under identical assay conditions at pH 7.2 as 

described in the legend to Fig. 5.4. 

UCP3 

650 f 36 pM 

-1.7 mM 

-1  mM 

UCP2 

760 + 50 pM 

-1 mM 

- 1.2 mM 

Nucleotide 

ATP 

GTP 

GDP 

UCPl 

125 f 5 pM 

20 f 3 pM 

1 7 f  2 p M  



5.4 Discussion 

Electrophoretic proton flux is the sine qua non of an uncoupling function. The 

data in Figs. 5.3 and 5.4 show that UCP2 and UCP3 meet this primary criterion, 

thereby establishing them as uncoupling proteins in function as well as in name. 

Indeed, the transport properties of UCF2 and UCP3 are qualitatively identical with 

those of UCPl with respect to transport of protons and alkylsulfonates (Jezek et al., 

1994; Garlid et al., 1996a). 

The finding that FAs are obligatory for proton flux mediated by UCP2 and 

UCP3, just as they are for UCPl (Strieleman et al., 1985; Jezek et al., 1994) has 

important implications for the biophysical transport mechanism of UCPs, an issue that 

is not entirely resolved. We favor the FA protonophore model, shown in Fig. 4.1, in 

which UCPs contain a transport pathway for the anionic head groups of FAs and 

alkylsulfonates. The head group is driven from one membrane leaflet to the other by 

the electric field generated by electron transport. When the FA carboxylate reaches 

one side, it picks up a proton and rapidly flip-flops back to release the proton to the 

other side. The UCPs thus catalyze a protonophoretic cycle, leading to uncoupling of 

oxidative phosphorylation (Garlid et al., 1996a). 

An alternative model by Klingenberg and coworkers (Klingenberg and Huang, 

1999) proposes that UCPl transports protons, that the transport pathway contains 

histidines, and that FAs function as non-stoichiometric cofactors to buffer intra- 

channel protons. In a major advance, Bienegraeber et al., (1998) demonstrated that 

substitution of two histidines (H145Q, H147N) in UCPl caused selective loss of H+ 

transport and concluded that these histidines constitute part of the proton conducting 

pathway. The authors go on to predict that UCP2, which contains neither histidine, 

will not conduct protons and that UCP3, which contains only one histidine, will 

conduct protons only weakly. In our view, the mutagenesis results are equally 

consistent with the FA protonophore model and suggest that the histidines in UCPl 

form part of the surface binding site for the FA anion transport pathway. UCP2 and 

UCP3 possess ample basic residues in this region to fulfill this role (Garlid et al., 

1998). Our interpretation therefore predicts that UCP2 and UCP3 will catalyze FA- 



dependent proton transport, and our results thus provide independent support for the 

FA protonophore model (Fig. 4.1). 

Transport of the head group of undecanesulfonate also supports the FA 

protonophore model. Undecanesulfonate is a close analogue of laurate and is a 

competitive inhibitor of laurate-induced H+ transport in UCPl (Jezek et al., 1994). 

The sulfonate group is transported across the membrane by all three UCPs; however, 

alkylsulfonates do not support H+ transport. The reason for this failure is that 

sulfonates are very strong acids and, consequently, cannot deliver protons by 

electroneutral flip-flop across the bilayer (Garlid et al., 1996a). Thus, alkylsulfonates 

share the anion transport pathway in UCPl with FAs, but they cannot complete the 

protonophoretic cycle. The fact that the anionic head group of alkylsulfonates is 

transported across the membrane is a serious problem for the buffering model, 

because there is no known physicochemical mechanism that would permit 

alkylsulfonate anion transport and prohibit FA anion transport. 

Inhibition by purine nucleotides is also an essential property of UCP1. Since 

FAs have no effect on the 4 for nucleotide inhibition (Jezek et al., 1994), it is 

generally agreed that transport and inhibition take place on distinct domains. The 

nucleotide binding domain in UCPl is very extensive and reasonably well 

characterized. The sugar-base moiety reacts with three residues located on the matrix 

segment that connects helices 5 and 6, an interaction that may confer selectivity 

among nucleotides (Winkler and Klingenberg, 1992; Mayinger and Klingenberg, 

1992; Huang and Klingenberg, 1995). A glutamate, GlulgO, in the fourth 

transmembrane helix is the pH sensor for nucleotide binding (Winkler et al., 1997). 

Three arginines, located in the transmembrane helices 2, 4, and 6, are required for 

nucleotide inhibition and have been shown to bind the nucleoside phosphates 

(Modriansky et al., 1997). Site-directed mutagenesis studies have led to a three-stage 

binding-conformational change model for nucleotide binding and inhibition in UCPl 

(Modriansky et al., 1997). 

It is noteworthy that the seven residues involved in nucleotide inhibition are 

largely conserved in UCP2, UCP3, and plant uncoupling protein, suggesting not only 

that these proteins would be regulated by nucleotides but also that regulation would be 



similar among the UCPs. Surprisingly, there are striking differences in nucleotide 

sensitivity among the UCPs, with UCP2 and UCP3 being only weakly sensitive to 

GDP, for example (Fig. 5.4, Table 5.1). Similarly, plant uncoupling protein was also 

only weakly sensitive to purine nucleotides (Jezek et al., 1996). 

The physiological significance of variations in nucleotide inhibition is unclear, 

because it is not known how any of the UCPs are opened in vivo. In the case of 

UCP1, a common view is that uncoupling is initiated by dissociation of ATP (LaNoue 

et al., 1986). In our view, nucleotide debinding is an unlikely opening mechanism; to 

regulate important physiological processes, Nature normally relies on specific 

signalling pathways and not on the law of mass-action. Regulation may involve post- 

translational modification of the proteins; however, no such signaling pathway has yet 

been demonstrated in the opening of any of the UCPs. 

A major value of studies such as these on isolated, reconstituted UCPs is that 

they permit direct comparison with similar studies obtained using UCP1. In this 

regard, our most noteworthy finding is that the three mammalian UCPs are 

qualitatively identical in mediating FA-dependent proton transport. Studies on whole 

cells and isolated mitochondria containing native UCP2 and UCP3 are urgently 

needed to advance the field. It is hoped that the biophysical approach described here 

will prove useful as a guide to studies on the native system. 
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