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Role of Intrahelical Arginine Residues in Functional Properties of Uncoupling
Protein (UCP1)

Karim S. Echtay, Martin Bienengraeber, and Martin Klingenberg*
Institute of Physical Biochemistry, Umrsity of Munich, Schillerstrasse 44, D-80336 Munich
Receied September 11, 2000; Rged Manuscript Receed January 3, 2001

ABSTRACT. The functional role of the four intrahelical arginines in uncoupling protein (UCP1) from brown
adipose tissue were studied in mutants where they were replaced by noncharged residues. Wild-type and
mutant UCP1 were expressed $mccharomyces cerisiae. As measured in isolated UCP1, nucleotide
binding was largely lost in mutants of R83, R182, and R276 occurring in three repeated domains and
common to mitochondrial carrier family, whereas mutation of the UCP typical R91 shows normal binding
capacity but>20-fold lower binding affinity and a near loss of pH dependency of binding. In reconstituted
UCP1, fatty acid dependentHransport is retained in all four mutants, but inhibition by nucleotide
changes according to the binding ability of UCP1: @ansport is inhibited only by mutations of arginines

in the first domain (R83 and R91). Also in isolated mitochondriatkansport and respiration with all

four mutants is similar to wt, and inhibition by GDP is found only in R91T. The three “regular” arginines
are suggested to influence the nucleotide binding site indirectly via a charge network and the “extra” R91
directly via an ion bond with the previously characterised pH sensor E190. The mutants were also used
to assess intrahelical control of UCP1. In the yeast cells expressing UCP1, the aerobic growth could be
reduced by fatty acid addition only with the nucleotide insensitive mutants. This demonstrates an
intracellular control of UCP1 by nucleotides and fatty acids.

The mitochondrial uncoupling protein (UCP1jrom FA dependent H transport and in Cl transport 10—13).
brown adipose tissue (BAT) plays an important role in In this program most of the residues mutagenised by us had
thermogenesis by allowing dissipation of energy from the a negative charge.

H* electrochemical gradient across the inner mitochondrial Intrahelical arginines concentrated in the second helix of
membrane I—3). UCP1 is a member of the mitochondrial the three repeat domains in UCP1 are within a certain
carrier family @, 5), and the paradigm of the UCP subfamily variability typical for the mitochondrial carrierd4). Their
(see, for review, reB). Besides transporting H UCP1 is mutational “neutralisation” drastically inhibits functions, for
also able to transport small anions, in particular,@Gbwever, example, the ADP/ATP transport in the yeast AACK)(

at much lower rate. The uncoupling activity by UCP1 is In UCP1, besides the three “regular” arginines an additional
increased by FA and is inhibited by purine nucleoside di- or arginine R91 is located in the second helix which occurs in
triphosphates. all members of the UCP subfamily but also in the ketoglu-

The functional characteristics of UCP1 have been inves- tarate and citrate carrier (see, for review, 1df. In previous
tigated in considerable details, particularly using the isolated Work, Garlid’s group {6, 17) mutated the three “regular”
and reconstituted native UCP1 from BAT (see, for review, arginines and showed inhibition of nucleotide binding for
ref 3). One approach has been mutagenesis to elucidate théhe R83 and R182 but no influence by the mutation in the

role of selected residues in nucleotide binding, &hd Ct third domain. H transport was reported to become insensi-
transport. For this purpose UCP1 was transfected into tive to nucleotides for all three mutations. N
Saccharomyces cearsiag where it is well expressed and Here, we report on the consequences of charge neutrallzmg

inserted into the mitochondrid@10). This approach proves  all four intrahelical arginines. We screened the effect of these
to be fruitful for UCP1, particularly in identifying residues ~mutations at cellular, mitochondrial, isolated, and reconsti-

involved in the intricate pH control of nucleotide binding, tuted level of UCP1. In all mutants the nucleotide binding
but also to recognize residues having an apparent role inis abolished. However, the*Hransport remains unaffected,

whereas the Cltransport is suppressed in two cases. These
" The work was supported by a grant from the Deutsche Forschungs mutants also serve to demonstrate that the uncoupling by
gemeinschaft. (K1.134/36-1). UCP1 within yeast cells is controlled by nucleotide binding

* To whom correspondence should be addressed. Phodé: (89) and by fatty acids. This vindicates our stand of the physi-
5996-473. Fax:+49 (89) 5996-473. E-mail: klingenberg@pbm.med.uni.  ological importance of those regulatory factors and contra-
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I Abbreviations: WT, wild-type: UCP, uncoupling protein; BAT, dicts recent publications, that they do not play a role in vivo
brown adipose tissue; AAC, ADP/ATP carrier; dansyl-GTROZ5- (18’ 19)-

(dimethylamino)-naphthaline-1-sulfonyl]-GTP; FA, fatty acid; BrLA,

2-bromododecanoic (lauric) acid; PMSF, phenylmethanesulfonyl fluo- MATERIALS AND METHODS

ride; MQAE, N-(ethoxycarbonylmethy)-6-methoxyquinoliniumbrom- .

side; Mops, 4 morpholine propane-sulfonic acid; CCCP, carboxyl Materials n-Decylpentaoxyethylene (gEs), Dowex 1-X8

cyanide m-chlorphenylhydrazone; OD, optical density. (200-400 mesh), and 2-Br-dodecanoic acid were obtained
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from Fluka. F*C]JGTP was from Amersham Corp.-@- centrifuged at 10g for 30 min at 4°C. The supernatant
Dansyl-GTP (20-[5-(dimethylamino)-naphthaline-1-sulfo- was purified on a hydroxyapatite column (5 mL for 15 mg
nyl]-GTP) was synthesized as described by Huang andof mitochondrial protein) and eluated by 20 mM 4S&,
Klingenberg 20). The fluorescence dyes MQAR{(ethoxy- 0.2 mM EDTA, and 5 mM Mops, pH 6.7, at room
carbonylmethyl)-6-methoxyquinolinium bromide] and py- temperature. The UCP1-containing fraction was collected and
ranine (8-hydroxpyrene-1,3,6-trisulfonic acid, trisodium salt) concentrated by pressure dialysis to 2 mg/mL, with a yield
were purchased from Molecular Probes. of about 1.5-2.0% of mitochondrial protein.

Methods UCP1 was expressed in the diploid yeaSt ( The measurement of{C]GTP binding to isolated protein
cerevisiag) strain W303 transformed with vector pEMBLYE4  followed the published procedure using Dowex for removal
which contains the coding sequences for hamster brownof free 14C GTP @). UCP1 (200ug/mL) was added to a
adipose tissue wild-type UCP1(@) or the mutants (R83Q,  buffer containing 15 mM Mops and 1 mM PMSF. To this,
RI1T, R182Q, and R276Q). Gene expression was under thg14C]GTP in concentration from 1 to 30M with specific
control of gal 10/cycl promoter. Yeast cells were grown at activity of 9 dpm/pmol was added. After 30 min incubation
29 °C in selective lactate medium and expression of UCP at 0°C, 50uL of the sample was applied to a column %2
was induced by adding 0.4% galactose # h before 60 mm) of 20 mg Dowex 1X 8 (Clform) and washed twice
harvesting. Mitochondria were then isolated from protoplasts with 100xL of H,O. In the eluate, the boun&'C]GTP was
as previously described.(). determined by scintillation counting. The binding rate of GTP

Mitochondria.Respiration of UCP1 containing mitochon-  was measured with an automated rapid mixing and separation
dria was measured with the platinum electrode, and H sampling machine developed in our laboratoi)( The
transport of mitochondria was recorded with a fast responsereconstitution of isolated UCP1 into phospholipid vesicles
pH electrode (Russel, Scotland) as described previol&y ( as well as measurement offHand CI transport into
21). For measuring respiration, mitochondria (0.1 mg/mL) reconstituted phospholipid was based on the procedures
were suspended in a buffer consisting of 0.65 M sorbitol, introduced for UCP1 from brown fat adipose tiss@é, 23)

10 mM KCL, 10 mM Tris, and 0.05% bovine serum albumin, and followed the protocol describedq).

pH 6.8. Substrate for respiration was 3 mM NADH. Lauric

acid (100u4M) was added to induce uncoupling and GDP RESULTS

(500uM) for its inhibition. For H transport measurements, i o o

isolated mitochondria (1.5 mg/mL) were suspended in 0.6 Nucleotide BindingFor a determination of UCP1 content
M mannitol, 100 mM KCI, 2.5 mM KHPQO,, and 1 mM in m|tochor)dr|a, the titration with dansyl-GTP was qsed, as
MOPS, pH 7.2, to a final volume of 30@L. Electron in our previous work on UCP1 mutants expre_ssed in yeast.
transport was blocked by addition ofM antimycin, and It proved to be more reliable tha##€]GTP binding, where
the ADP/ATP carrier was inhibited by the addition ofi5! a high background binding was measured in control mito-
bongkrekate and 10M carboxyatractylate. Lauric acid (50 chondria from yeast cells without the plasmid carrying the
uM) was added as an activator of UCP1. The télease, UCP1-DNA. Ac';co.rdmg to these measurements in _aII fqur.
initiated by addition of 2¢M valinomycin, was calibrated mutants, the binding was dec_reased to the detection limit
by addition of 10 mM HSO; in steps over 20 nmol of H (data not shown). The question arose whether by these

The total H release capacity was recorded after addition of Mutations the affinity of UCP1 or the incorporation of protein
2 uM CCCP. The H transport inhibition was measured in I mitochondria was affected. An estimation of the UCP1

the presence of 50M GDP. content by ELISA titration show_ed indeed a Iovyer but still
Nucleotide binding to isolated mitochondria was performed clearly defined content of UCPL1 in the mutant mitochondria.
with the fluorescence nucleotide derivative dansyl-GTP as AS compared to wt, the content amounted to 30, 35, 30, and
described previously20). Fluorescence was recorded on 0% in the mitochondria of R83Q, R91T, R182Q, and
MPF-44A fluorescence spectrophotometer (Perkin-Elmer). R276Q, respectively. This was confirmed by the distinctly
To unmask UCP1 from residual endogenous bound ATP, lower yield of part|al_ly punfled_ mutant proteins [about 6.5
mitochondria at a concentration of 5 mg of protein/mL in 0.7% of the total mitochondrial protein as compared to wt
incubation buffer containing 250 mM sucrose, 1 mM EDTA, (1.5-2.0%)].
1 mM PMSF, and 20 mM Hepes, pH 8.0, were shaken with ~ The isolated UCP1 enabled a systematic binding study
Dowex (120 mg/mg of protein) at room temperature for 1 h using [*C]GTP. The three mutational charge neutralizations
(20). For the fluorescence measurements, mitochondria wereof the common intrahelical arginines R83Q, R182Q, and
filled into a cuvette (5x 5 mm) at 1 mg protein/mL  R276Q abolished binding of GTP at neutral pH (Table 1).
incubation buffer, pH 6.8, containing XM carboxyatrac- At low pH (<5.5), a small binding capacity was observed.
tylate. The specific fluorescencAf) due to binding atthe ~ For R83Q, as extrapolated in the mass action plotBhe
nucleotide binding site of the UCP1 was obtained by was 5.5umol/g protein, and for R182Q and R276Q, 6.5 and
subtracting from the total fluorescence the residual fluores- 6.3 at pH 4.5. At pH 5.5, It decreased to 3.3 andin®l/g
cence measured after addition of 1.5 mM ATP. protein, respectively. The binding affinity was reduced more
Isolated and Reconstituted UCPWild-type and mutant i R83Q than in R182Q and R276Q.
UCP1 were isolated from yeast mitochondria basically as On mutational charge neutralization of the more UCP1
described??2, 10). Mitochondria were solubilized at a protein  typical arginine (R91) almost normal binding capacity was
concentration of 15 mg/mL for 45 min at@ with Triton retained {12 umol/g protein) up to pH 7.0, but decreased
X-100 at a ratio of 1.2 mg of detergent per mg of protein in by about 30% at pH 7.5. The affinity was low throughout
the presence of 20 mM N&O,, 0.2 mM EDTA, 1 mM the pH range studied as compared to wt. In view of the
PMSF, and 20 mM Mops, pH 6.7. The suspension was known pH dependence of the affinity for nucleotides, the
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Table 1: GTP Binding to Wild-Type and Mutant UEP

uncoupling Kb Bmax Kon x 1073
protein UCP1  pH (uM (umol/g prot) (M~1sh
wild-type 4.5 0.28+ 0.01 13.5+ 0.6 0.59+ 0.03

5.0 0.31+0.01 13.2£ 0.7 0.47+0.02
55 0.37+ 0.02 12.6+ 0.8 0.31+ 0.02
6.0 0.39+ 0.02 12.2+ 0.9 0.25+ 0.02
6.5 1.05+ 0.06 12.0+ 0.6 0.20+ 0.01
7.5 7.90+ 0.63 10.2£ 0.9 0.03+ 0.004
R83Q 4.5 11.5£ 0.6 55+ 0.4
5.0 12.1+ 0.8 4.0+ 0.3
5.5 329+ 26 1.3+ 0.1
6.0 0 0 0
6.5 0 0 0
7.5 0 0 0
R91T 4.5 15+ 1.2 11.8+ 0.6 0.11+ 0.01
5.0 16+ 1.1 11.8+ 0.7 0.08+ 0.008
55 27+ 2.1 11.9+ 0.5 0.05+ 0.005
6.0 31+ 25 11.3+ 0.6 0.04+ 0.003
6.5 39+ 3.1 9.0+ 0.8 0.02+ 0.002
7.5 56+ 5.1 8.0+ 0.7 0.01+ 0.005
R182Q 4.5 2.40: 0.09 6.5+ 0.3
5.0 2.60+ 0.11 5.8£ 0.5
5.5 4,50+ 0.23 3.3+ 0.2
6.0 0 0 0
6.5 0 0 0
7.5 0 0 0
R276Q 4.5 4.56t 0.22 6.3+ 0.4
5.0 4.60+ 0.36 5.0+ 0.4
5.5 8.00+ 0.56 1.3+ 0.1
6.0 0 0 0
6.5 0 0 0
7.5 0 0 0

2TheKp values were evaluated fror*C]GTP titration of 20Qug/
mL UCP at 0°C. TheByax values were obtained from the mass action
plot. The rate constantss) were evaluated from time study of
[*C]GTP binding to UCP at 158C. Results for each UCP1 type were
measured with two different protein preparations.
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Ficure 1: pH dependence of dissociation constants of GTP binding
to wt and R91TUCPL1. ThKp values were evaluated from théC]-
GTP titration. UCP1 (0.2 mg of protein/mL) was incubated in 15
mM Mops buffer and 1 mM PMSF at 0C for 30 min with
increasing concentrations{B0 uM) of [1*C]GTP. Binding was
determined by the “anion exchange metha@B)( The samples were
passed through a small column ¥260 mm) containing 20 mg of
wet Dowex 1-X8 (Ct form) and the bound nucleotides were
determined by scintillation counting of the eluate.

Ko was determined in the pH range from 4.5 to 7.5.
Interestingly, in R91T the pH dependency of the affinity
(pKp) for the binding of GTP was nearly flat (Figure 1).
The affinity increases only 2-fold whereas in wt UCP1 from
pH 6.0 to 7.5 it decreases about 20 times (see als@)ref
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Ficure 2: HT and CI transport into proteoliposomes reconstituted
with purified wt and mutant UCP-1. Hinflux was measured as
the change in external pH monitored by pyranine fluorescence at
exc = 467 nm andlem = 510 nm. Ct influx was monitored by
fluorescence of MQAE, loaded into the vesicle g = 355 nm
and Aem = 460 nm at pH 6.8 and 10C. For H" transport
measurement, a 50L portion of vesicles was added to 0.5 mM
Hepes buffer, pH 7.5, containingdM pyranine, 0.5 mM EDTA,
and 280 mM sucrose to a final volume of 33D. Valinomycin of
final concentration 2.5«M was added to generate membrane
potential in the presence of 128/ laurate. HSO, was added in
steps of 20 nmol of H to adjust the pH to 6.8. The uncoupling
with CCCP (1uM) was used to determine the capacity of H
conductance across the vesicles. For @nsport, a 5@L portion
of vesicles was suspended in 4 mM sodium phosphate buffer
containing 155 mM KCI to a final volume of 386L. The CI-
influx rate was monitored after addition of @M valinomycin.
Tributyltin acetate (4Q«M) was added to equilibrate internal and
external chloride. The Clinflux rate was calculated from the
fluorescence data as describdd)( Values from three different
reconstituted proteins.

v

3
R182Q

R276Q

binding rates could only be measured in R91T, and were
found to be 5-10 times slower than in wt. From pH 6.5 to
7.5, the binding ratek,, decreased only 2-fold for the R91T
mutant, consistent with the low pH influence on the binding
affinity but different from the 7-fold decrease for wt.
Reconstituted Syste@n reconstitution of isolated UCP1
into phospholipid vesicles, the'Hand CI~ transport capaci-
ties were measured. In all these mutant UCP the lauric acid
activated H transport rate was almost the same as in wt
(Figure 2A). ATP (10Q«M) only weakly (20%) inhibits the
H* transport activity of R83Q, R182Q, and R276Q, whereas
with RO1T nearly full inhibition (~85%) was achieved. This
agreed for all mutants with the results of nucleotide binding.
The CI” transport was differently affected by these mutations
(Figure 2B). Almost no Cl transport activity was measured
in R83Q, and in R91T only about 25% of the wt activity.
This activity was inhibited to the basal level by ATP. In
R182Q and R276Q mutants the Gflansport activity was

The rate of nucleotide binding has been used to supplementlightly inhibited by ATP. In conclusion, charge neutraliza-

the information on the affinity. The binding rate ofC]-

tion of the positive residues R83 and R91 suppresses Cl

GTP to isolated UCP1 from yeast was measured by antransport but not H transport.
automated mixing, sampling, and separation apparatus. The Nucleotide and Fatty Acid Effects on"HPermeability of
evaluation according to a second-order reaction gives rateYeast MitochondriaTo ascertain whether the effects of the

constantsky,) listed in Table 1. However, because of a too
low affinity and Bmax of R83Q, R182Q, and R276Q, the

mutations were the same in the original mitochondrial
environment, uncoupling and*Hransport by UCP1 were
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Table 2: Transport Activities of Wild-type and Mutant UCPs in ") § A
Mitochondrig 8% 5] T
- - 2%
mitochondria 5 £ 4
H* transport respiration 53
(nmol/min mg) (%) 5.6 31
LA GDP 352
UCP1 - +GDP A activation inhibition o ]
control (UCP) 7.5+19 75+15 0  25+3 0 8 .
Wt 284+21 92+23 19.2 86+8 91+ 35 5 o O L | L
R83Q 24.0+1.8 244413 0 63+14 O S UCR Wt ReQ R RIS R2rq
: . . . - ETATE
RO1T 276+1.9 13.8+1.3 138 639 34+5 © [E2-Bia W< BAA(S M)
R182Q 19.6£1.1 16.0+£20 3.6 51+7 9+2
R276Q 30422 284+19 2 64+ 12 0

aTransport activities of UCP1 in mitochondria are measured as
described in the Materials and Methods. The uncoupling effect on
mitochondrial respiration due to UCP1 is presented as percentage of
fatty acid-activated respiration and as percentage of GDP-sensitive
portion of this activation.{= 3—4 different mitochondria preparations).

RIT
-Ucp
+UCP

R276Q|
R182Q
R83Q

studied in isolated mitochondria. The data of the respiratory
control and the H transport using our previously introduced
procedure 12) are summarized in Table 2. The mutants
showed almost the same fatty acid dependehtuidtake
activity as wt; only in R182Q it is decreased. In line with
the resylts 'on rec'qnstlf[uted UCP1, this Kansport was Ficure 3: Intracellular regulation of UCP1 as monitored by the
nucleotide I_nse_n_s_ltlve in R83Q, _R182Q’ and R276Q. In growth rate of wt and the arginine mutants. (A) Comparison of the
RO1T, the inhibition by nucleotide was about 65% as growth with and without 1..M 2-bromo-dodecanoic acid (BrLA)
compared to wt (92%), but still significantly higher than in expressing wt and mutant UCP8Lh after induction with galactose.

the other intrahelical arginine mutants. The uncoupling as (0 = 3). (B) Concentration dependence effect of BrLA on the

e i . .growing of control yeast cells (without UCP1) (insert figure), and
measured by the respiration revealed a similar pattern. Launcthe growth at constant concentration (18 BrLA) of wt and of

acid activated respiration in all mutants, although less than pant transformed cells. Yeast transformants were grown at 29
in wt, particularly in R182Q. GDP abolished the lauric acid °C in a medium containing 0.67% yeast nitrogen base, 0.1%
induced uncoupling almost fully in wt and to about half in glucose, 0.1% KbPOj, 0.12% (NH),SOs, 2% lactate, and 0.1%

RI1T whereas in all three mutants of the “regular” intrahe- 32:2%{?‘5{2(1?%”%?]5 ng;;'%ftcc)) gfvﬁﬁ g(‘;égt?\}eﬂg‘ztgf:ﬁ:;ﬁn

. - . . 50f 0.

lical arginines the uncoupling was GDP regstant. . (0.67% yeast nitrogen base, 0.05% glucose, 0.1% casamino acid,
The fact that the H transport rates in mitochondria are o4 |actate, 20 mg/L tryptophane, and 40 mg/L adenine, pH 6.0)
the same for three mutants, as wt, although the level of and grown at 29°C with vigorous shaking till an OD of 0.5.
expression is only one-third of wt requires comment. In the Galactose at a final concentration of 0.4% was then added to induce
mitochondrial assay, the turnover of UCP1 is-8M0 times ~ the expression of UCP.

lower than in the reconstituted vesicles and limited by the ) o )

low capacity for H uptake rather than by the UCP1 content formed cells (F|gur¢ 3A). This indicates the existence of an
within certain limits. This is true to a some extent also for intracellular inhibition of UCP1 by nucleotides. As a
the uncoupling measurement respiration, where the un-consequence, growth of cells with the mutants of UCP1,

coupled respiration varies less between mutant and wt thanR83Q, R182Q, and R276Q, unable to bind nucleotides,
UCP1 content. should be retarded. Interestingly, growth rate was the same

Intracellular Regulation of UCP1 in Yeasthese arginine @S With wt-UCP1 (Figure 3A). Only on addition of BrLA to
mutants of UCP1 provide a unique opportunity to study the th.e cells, growth was decreased about 2.5-fold (Figure 3A).
intracellular regulation of UCP1 in yeast cells. The fact that Differently, yeast expressing R91T had the same growth as
UCP1 expressing yeast cells grow well indicates that W-UCP. This adds to the evidence that inhibition by
uncoupling activity by UCP1 must be low. The question nL_JcIeotm!e_s might be rgqunsmk_a for the suppressed uncou-
arises, why UCP1 is inhibited although, as shown with the Pling activity of UCP1 in vivo (Figure 3B). In conclusion,
isolated mitochondria, it is potentially active inkransport. 1N yeast, the uncoupling potential of UCP1 depends on the
Two possibilities are obvious: UCP1 is inhibited by nucle- addltlon of fatty acid since there is no significant difference
otides or it is not activated due to the lack of fatty acids. To In the cell growth between wt and all these mutants.
differentiate these regulatory influences, the nucleotide OPViously the level of endogenous fatty acids in yeast cells
insensitive mutants were most welcome. As an indirect 'S insufficient to activate UCP1.
indicator of an uncoupling by UCP1, we measured the
aerobic growth rate of the yeast cells under 2-Br-lauric acid DISCUSSION
(BrLA) which is an excellent activator of UCF2]) but The present set of mutations of positive residues in UCP1
cannot be metabolized. The control experiments with non- concentrates on the four intrahelical arginines. The single
transformed cells gave the UCP1 unrelated uncoupling effectmutational charge neutralization enlarges our assignments
of FA, since also the control cells were affected by:18 of charged residues to UCP1 functions. They also provide
BrLA as shown in the insert of Figure 3B. Cells expressing an opportunity to gain some insight into the intracellular
wt-UCP1 were not more sensitive to BrLA than untrans- regulation of UCP1. The mutational effects were studied on

Increasing fold of growing cells

01 23 45 6 7
Time (hrs) after induction
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four levels of integration: cells, mitochondria, isolated UCP1, which has a g = 4.0. At low pH in the undissociated state
and reconstituted proteoliposomes and comprise the affinityof E190 the positive charge defect in the mutants is
and pH dependence of nucleotide bindingt End CI compensated and the binding state of UCP1 becomes more
transport, uncoupling of respiration. Further, the intracellular populated. However, the transition between the binding and
regulation of UCP1 were investigated. The mutagenesis of nonbinding state is slow and thus even with increased
the three repeat arginines occurring in the second helix of nucleotide concentration only the portion of UCP1 already
each repeat domains was previously reported by Garlid’s in the binding state can be loaded. Differently, the mutant
group (6, 17), but the evaluation confined to nucleotide R91T can be visualized to be fully in a binding competent
binding at the isolated protein and to*Hransport in state, albeit with a low affinity, because R91 is involved
proteoliposomes. directly in the binding whereas the three “regular” arginines
Nucleotide BindingBy the charge neutralizing mutations are visualized to be more engaged in maintaining the
of all four intrahelical arginines, nucleotide binding is competent conformation.
affected but H transport remains unchanged. This extends  The additional intrahelical positive charge R91 is in a

the previous experience that in UCP1 nucleotide binding is gfferent turn of the transmembrane helix 2 as the three repeat
more sensitive than Htransport to manipulation of residues  grginines. It occurs also in the ketoglutarate and citrate carrier
by reagents or by mutations. Several amino acid reagents(32, 33). In R91T the binding capacity is nearly normal but
including arginine reagents affect nucleotide binding but none {he affinity drastically diminished. At the same time, the pH

is known to inhibit H" transport 4—27). The nucleotide  yenendence has nearly vanished. The location of R91 at the
bmdmg site had b_een mapped with the covalent insertion of same turn of helix 2 as the pH sensor E19036) in helix
reactive ATP derivatives28—30) and by mutagenesi®( 4 gyggests that R91 carries the counter charge to E190 in
10, 13, 16, 17, 31). Most of the identified residues are located - jon pair which has been postulated to control the entrance
in the third domain. Therefore, among the four intrahelical {, the binding pocket for the phosphate moiedy35—37).
arginines, R276 is a candidate for the nucleotide binding site. 5, protonation of E190, the gate is opened to the binding
However, the near abolishment of binding also by the ,qcyet and R91 becomes free to interact with the nucleotide
mutations in the first (R83Q) and second domain (R182Q) ph,gphate moiety. The loss of pH dependence and the drastic
would argue for a broader distribution of the nucleotide o qrease of binding affinity in R91T is in line with this role.

interactions or require a different explanation. Our results |, o~cordance. it was shown that on breaking this ion bond
agree and extend the mutational effects of neutralization of ;| E190Q the’ binding affinity increasedld) since the

R 83 and R 182 ri]n rat UCP1 reported b%} Mhodri?nsky etr?l. entrance to the binding pocket is opened and the interaction
(17). However, they are at variance with the claim of t € with the unscreened positive residue is facilitated.
paradox that charge neutralization of R276 retains nucleotide . .

H* and CI- Transport.All four arginine mutants retain

binding although the inhibition of Htransport was lost. This b g : : o
anomaly was not observed in our hands. full H transport activity. iny in R91T it can .be |nh!b|ted
At first sight, the suppression of binding by the neutraliza- by nucleotld.es. The_se fln.dln_gs emphé}s'ze again that in UCP1
tion of these three arginines would indicate that they representin€ nucleotide binding site is not an integral part of the H
path (see, for review, ref 3). The mutational effects on ClI

the positive residues responsible for the interaction with the ) ,
transport are more diverse. Both in R83Q and R91T, ClI

di-and triphosphate moiety of the nucleotides. In fact, also | X e e X .
in the ADP/ATP carrier neutralization of the three homolo- fransportis abolished, pointing to an intimate interaction of
the CI path with the second helix. Arginine residues

gous arginines impairs the interaction of nucleotides as | ; X >
measured by a strongly decreased transport actil@y The important for anion permeation have also been found in

transport of the higher charged ATPwas much more mammalian anion channels, such as for the c_yst_ic_ fibrosis
sensible to introduction of the positive charge defect than ransmembrane conductance reguladgy and the inhibitory
that of ADP*. However, homologously positioned positive 9lycine receptor 39). These mutants also underline the
residues also occur in other mitochondrial carriers which do independence of Htransport from Ci transport, as it was
not deal with nucleotides, such as the carriers for phosphatepr_ev'ousw observed in the E167Q mutah) They disagree
(4), ketoglutarate 32) and citrate 83), which could argue with the FA anion transport theo_r_y of the FA dependent H
against a specific role of these residues in nucleotide binding.transport 40), where the capability of UCP1 to transport
They are also thought to interact with helix terminal acid Several anions is interpreted to be utilized also for the
groups of adjacent tilted helices, as deduced from secondtransport of FA anions. Together with the rapid flip flop of
site mutation in the AAC 34). Breaking this ion bond by undissociated FA an Htransport would be facilitated.
neutralizing the intrahelical arginine would change the tilt  Intracellular Regulation.These mutants also provide an
of the helices. In conclusion, it seems that the intrahelical opportunity to gain insight into the controversial field of the
arginines in UCP1 interact with negatively charged ligands in vivo regulation of UCP1. The necessity for a tight control
within a charge network where a mutational change defect of such a potentially dangerous component as UCP1 is
would destabilize the charge balances and impair nucleotideobvious. The activation by FA and the inhibition by
binding. nucleotides combined with its control by pH provide an
Interestingly, nucleotide binding in these mutants proteins intricate control machinery to cope with the short-term
emerges at pH<5.5, but at a reduced binding capacity. We regulation of uncoupling. Notwithstanding, for the in vivo
propose that the charge defect by the mutations causes a&ituation the regulation by nucleotides has been negd®d (
conformational instability where part of UCP1 is in a state and more recently even the regulation by FA questioned,
incompetent for binding. This instability depends on the pH using mitochondria from UCP1 expressing yeds) (and
and is possibly linked to the ionization state of E190305) mitochondria from UCP1 ablated mic&9). Surprisingly,
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the authors ignore the well-established pH control of nucle- 10.

otide binding, whereby at pH 7.5 the nucleotide inhibition
is relieved 85), and thus, FA should be able to induce
uncoupling despite the presence of nucleotide.

Here we used the growth curves of UCP1 expressing yeast

cells under the assumption that it monitors the intracellular 13.

uncoupling. The comparison between wt-UCP1 and the three
nucleotide insensitive mutants indicates that within the yeast
cell wt-UCP1 is blocked by nucleotides. However, this

difference between wt and mutants emerged only when

UCP1 was activated by addition of FA, providing evidence 16.

for an intracellular regulation by FA, at least in the yeast
model. The finding that UCP1 mutants remain inactive
without FA addition, although they cannot be blocked by
nucleotides, indicates that yeast cells lack endogenous free
FA. The free, i.e., not M bound nucleotide concentration,
appears to be sufficient to block even R91T although it has
a much lower affinity than wt. Admitting that the parameters
governing UCP1 in brown fat adipose cells are somewhat
different from those in yeast, the principal control by FA
and nucleotide can be expected to be similar. At the prevalent
low pH in yeast cells42), the affinity for nucleotide binding
dominates but at pk 7.5 wt-UCP1 might be relieved from
nucleotide blockage.

Recently Hagen et al.48) reported a stimulation of
respiration in UCP1 bearing yeast cells by additional 2Br
palmitate, both when wt and R276L-UCP1 were expressed.
This would indicate either that UCP1 is not inhibited in the
cells by nucleotides or that 2-Br palmitate causes an
unspecific uncoupling. The latter interpretation would be
accommodative with our results, which also indicate an
unspecific effect by 2-Br laurate at higher concentrations
(Figure 3A, insert). In conclusion, the data illustrate the
importance of FA for the intracellular uncoupling of UCP1
in the yeast cell model and thus argue against the recent
claims that FA do not control UCP linked uncouplinty7(

18). They support our stand, that results gained from isolated
UCP1 can be extrapolated to the in vivo environment.
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