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Abstract. Three lines of evidence indicate that arginine- Key words: Phosphate-binding — Reconstitution —
46 (R46) and arginine-275 (R275) are essential to theMembrane transporter protein — Butanedione
function of UhpT, the Pi-linked antiport protein &sch-
erichia coli. A role for arginine was initially suggested ]
by the sensitivity of UhpT to inhibition by 2,3- Introduction
butanedione, an arginine-directed probe. Since the pres-
ence of substrate protected against this inhibition, thign Escherichia coli,transport of hexose phosphates is
work further suggested that arginine(s) may lie at or neamediated by the membrane protein, UhpT (@iptake of
the UhpT active site. In other work, each UhpT argininehexosephosphate), a chemiosmotic transporter enabling
was examined individually by using site-directed muta-the accumulation of external sugar phosphate by an ex-
genesis to generate a cysteine or a lysine derivative. Witghange with internal anions such as inorganic phosphate
two exceptions (R46, R275), all arginines could be re-(Pi) [32, 33, 46]. Biochemical and genetic studies [23,
placed by either cysteine (10 of 14 residues) or lysine (130, 48] indicate that UhpT has 12 transmembrane seg-
of 14) without loss of function, implicating R46 and Ments, presumed to be-helices [51], and that it re-
R275 as essential to UhpT function. This idea wasSembles in general structure a large number of other
strengthened by examining a multiple alignment of thePOrters in prokaryotes and eukaryotes [21, 32,
eleven known UhpT-related proteins=80% identity). 34l UhpT and its relatives ifE. coli [9, 15, 23], Sal-
That alignment showed R46 and R275 were two of theMonella typhimurium[16] Bacillus subtilis [38] and
only three arginines strongly conserved in this group offa@mophilus influenzag 1] comprise a distinct cluster
proteins. Considered together, these different ap®f bacterial anion exchange proteins within the Major
proaches lead us to conclude that UhpT and its relative§acilitator Superfamily (MFS) [34]. . .
have only two arginine residues (R46, R275) whose pres-  UNPT is the best-studied of the bacterial anion ex-
ence is essential to function. Prior biochemical work hadchange transporters [32] and presently serves as an at
placed R275 at the external entrance to the translocatiofi@ctive model for identification of residues essential to
pathway, and a symmetry argument emerging from thdransport by Pi-linked exchange. An important recent
multiple alignment suggests a similar position for R46.finding has been that TM7, the seventh transmembrane
Accordingly, by virtue of their locations at the entrance Nelix, lines the substrate translocation pathway [36, 50,
to this pathway, we speculate that R46 and R275 func®1l, and for this reason one questions whether residues in
tion in establishing substrate specificity. TM7 participate in substrate recognition. In particular,
we note that arginine-275 (R275) is located at the end of
TM7, just inside the external mouth of the translocation
pathway [36, 48], and that crystallographic study of
* Present addressDepartment of Microbiology, Faculty of Pharma- Splu_ble ,prOtemS, shows arginine to be often involved in
ceutical Sciences, Okayama University, Okayama, 700 Japan binding Inorganic and organic phosphates [% late}.
However, mutation of R275 yields nonfunctional product
Correspondence taP.C. Maloney [48; see beloy so the role of this residue could not be
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addressed directly_ For this reason, the present work has the presence or absence of protective substrate, at 25°C and in a
explored other ways to probe the relevance of argininéolution containing (in m): 60 Tris/sulfate, 50 potassium borate, 10
residues in UhpT function Experiments using Chemicalpotassium sulfate, 1.5 magnesium sulfate. The reaction was terminated

dificati fi th f critical at the specified times by 10-fold dilution of aliquots into a chilled stop
maodification now confirm the preésence or criical ar- solution (pH 7) lacking butanedione (inmjt 100 MOPS/K, 50 potas-

ginine(s) in UhpT, and the results of mutagenesis showjym borate, 15 potassium sulfate, 2.5 magnesium sulfate; quenched
that only R46 and R275 among UhpT arginines are resamples were kept on ice until assay.

quired for expression and function. These findings, to-

gether with early biochemical work, the proximity of
R275 to the transport pathway and a presumption o

symmetry in UhpT structL!re, 'eaP' tp specqlatlon t_hat R4GJhpT function was monitored by transport df'C]G6P into either

and R275 are involved directly in interactions with sub- intact cells or Pi-loaded proteoliposomes. For the former assay, cells

strate anions. were washed and resuspended in assay Buffer B {ij: 50 potas-
sium chloride, 20 MOPS/K (pH 7), 1 magnesium sulfate) at a final
density of 0.3 mg protein/ml. On equilibration at 23°C, M

Materials and Methods [**C]G6P was added, and aliquots were removed after 1 min for fil-
tration and washing using presoaked Millipore HAWP filters (046
pore size). Assays were in triplicate, and the reported values reflect the

EXPRESSIONPLASMIDS AND BACTERIAL STRAINS averages of three or more independent experiments. To monitor trans-
port after reconstitution, proteoliposomexh¢ve were spotted in du-

Escherichia colistrain RK5000, deleted for the chromosor&b re- plicate onto 0.22um GSTF Millipore filters and washed with 5-ml

gion, was host for p261, an ampicillin-resistant phagemid carrying a 2Buffer A. The vacuum was discontinued, and transport was initiated

kb Nsil-BamHI fragment encoding UhpT under control of the lac pro- by layering 0.25 ml Buffer A containing 5Qm [*“C]G6P over the

moter [15]. (RK5000 and p261 were from R.J. Kadner, University of immobilized proteoliposomes; after 3 min the reaction was stopped by

Virginia.) Cells harboring p261 or its derivatives were grown over- vacuum filtration, followed by two rinses with 5-ml Buffer A [1].

night in LB medium (plus antibiotic), diluted 100-fold into fresh LB

medium (plus antibiotic) and grown at 33°C until mid-exponential

phase (ORs, of 0.6-1.0). Since RK5000 lacks the Lacl gene, this ELECTROPHORESIS ANDWESTERNBLOTTING

leads to a 50- to 100-fold constitutive overexpression of phagemid-

encoded UhpT. SDS-PAGE using 12.5% acrylamide [27] was performed without pre-
heating of samples. After transfer to nitrocellulose [36, 41], protein
was visualized using a rabbit polyclonal antiserum (1/2,500) reactive to

MUTAGENESIS a peptide derived from the UhpT C-terminus [36]. Western blots were
developed with chemiluminescence (Amersham); quantitation of

Site-directed mutagenesis was performed by the method of Kunkescanned gels was performed with NIH Image v1.59.

[26], using uracil-substituted ssDNA selected from phagemids grown

in the dut ungstrain, CJ236 [50]. The mutagenic oligonucleotides

(Core Facility, Johns Hopkins Medical School) contained diagnosticCHEMICALS

restriction sites for preliminary identification of putative mutants; in all

instances, mutagenesis was verified by DNA sequencing using th€albiochem-Novabiochem was the source of n-ogtplglucopyranoside;

dideoxy chain termination method [43]. butanedione was from Aldrich Chemicdt. coli phospholipid was
purified from crude material provided by Avanti Polar Lipid [1].
D-1-[*“C]G6P was from DuPont-New England Nuclear.

P\SSAYS OFTRANSPORT

RECONSTITUTION

As described earlier [1], membranes obtained by osmotic lysis of ly-SEQUENCEALIGNMENTS
sozyme-sensitized cells [47] were incubated for 20-30 min on ice with
40 mv potassium phosphate, 20% glycerol, 0.E%coli phospholipid, Amino acid sequences are specified in the single letter code, and when
1 mm dithiothreitol, 0.5 nm phenylmethylsulfonyl fluoride and 1.2% discussed in the text, they are written in PROSITE pattern format [4].
octylglucoside. Insoluble material was removed by centrifugation in Pairwise and multiple alignments were performed with ClustalW1.7
an Eppendorf refrigerated microcentrifuge (15,00@ for 15 min) (default settings) from the Baylor College of Medicine Search
prior to storage of the crude detergent extract at =70°C. Launcher (http://kiwi.imgen.bcm.tmc.edu:8088/search-launcher/
For reconstitution, a portion of the crude detergent extract waslauncher.html) for eleven sequences drawn from public databases.
mixed, in a final volume of 1 ml, with bath-sonicated liposomes (5 mg Most sequences were found at full-length (or nearly so), but in three
E. coliphospholipid) and sufficient detergent and buffer to maintain the cases only partial information was available: 32 residues for GIgH. of
concentrations noted above. After 20 min on ice, proteoliposomesnfluenzae;72 residues for GIpT of. actinomycetemcomitang15
were formed at room temperature by 16-fold dilution into 108 m residues for UhpT oL. lactococcus.In these instances, upstream and
potassium phosphate (pH 7), followed by a 20-min incubation, also atdownstream DNA sequences were also examined to search for errors
room temperature [1]. Proteoliposomes were pelleted in the coldthat may have led to inadvertent mistranslation. We found evidence of
(145,500 xg for 60 min) and resuspended at 2—6 mg protein per ml in this for GlpT of H. influenzae[11], where an artefactual truncation
Buffer A (75 mv potassium sulfate, 20 mMMOPS/K, 2.5 nm magne- appeared likely, due a region of high GC content; the full-length 480
sium sulfate). residue sequence was recovered by taking this into account. A similar
Modification of arginine was achieved by incubating proteolipo- truncation may have occurred for PgtP $f typhimuriumwhose re-
somes (0.2 to 0.4 mg protein/ml) with 50vn2,3-butanedione at pH 8, ported amino acid sequence terminates after eleven transmembrane
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helices [16], rather than the twelve found in other examples; for pur- 1256
poses of multiple alignment we extended the PgtP sequence to include

TM12 (see late). As well, because the UhpT and UhpC protein&of

coli so closely resemble their homologs $h typhimurium(ca. 94% 100
identity) [23], we excluded the latter to avoid bias in multiple align-
ment.

To search for internal duplications in UhpT-related proteins, we
used Block Maker (http://dot.imgen.bcm.tmc.edu:9331/seqg-search/S
protein-search.html) to analyze a set containing the N- and C-termina
halves of the sequences described above; the partial sequencés.from -
actinomycetemcomitarendL. lactis (abovg were assigned to the N-
or C-terminal halves according to their position in the multiple align-
ment of complete sequenceseé late). Block Maker utilizes two
separate programs (MOTIF and GIBBS), each based on different as
sumptions and principles, to find highly conserved ungapped segments
in a sequence set [22]. Strong evidence for the presence of a conserved 0 L 1 1
block is provided when these two programs identify the same segment 0 50 100 150
[22]. .

A signature sequence for UhpT-related proteins was identified Time (min)
by repetitive sampling of the Swiss Protein database using strings
of conserved residues as recommended by PatternSearch (http¥i9- 1. 2,3-Butanedione inhibition of UhpT. Phosphate-loaded proteo-
www.genome.ad.jp/SIT/MOTIF.html). liposomes were placed for the indicated times in the presence (closed

symbols) or absence (open symbols) of 5@-butanedione, in borate-

containing buffer at pH 8seeMaterials and Methods). The reaction
ABBREVIATIONS was quenched by dilution of aliquots into a chilled stop buffer at pH 7
lacking butanedione. Subsequently, duplicate samples of each aliquot
Avere placed on Millipore filters for assays of glucose 6-phosphate
transport.nset: Structure of the borate-stabilized complex of arginine
and 2,3-butanedione.
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The abbreviations and trivial names used are: Pi, inorganic phosphat
OG or octylglucoside, n-octys-D-glucopyranoside; G6P, glucose 6-
phosphate.

phosphate binding site [e.g., 13, 24, 39]. Indeed, as
Results noted in Table 1, the presence of saturating levels of
external 2-deoxyglucose 6-phosphate (2DG6P) largely
prevented inhibition by 2,3-butanedione. By contrast,
AN ARGININE-SPECIFICREAGENT INHIBITS UhpT the same concentration of galactose 6-phosphate, a poo
substrate for UhpT [33], had no significant effect on the
Our first experiments used chemical modification as aaction of this arginine-directed reagent. This last obser-
generic tool to ask whether UhpT arginine(s) might playvation rules out nonspecific actions of 2,3-butanedione
some functional role. Such selective modification of ar-on proteoliposomes and instead points to a specific ac-
ginine is usually achieved by treatment with 2,3-tion on UhpT itself.
butanedione, 1,2-cyclohexanedione or phenylglyoxal, Using these same experimental conditions (i.e.,
each of which has adjacent carbonyl groups spaced aprable 1), we also analyzed proteoliposomes containing
propriately for interaction with the guanido group of ar- GIpT, the Pi-linked glycerol 3-phosphate antiporteof
ginine [7, 8, 12, 35, 40]. From among these potentialcoli [2]. In this instance, 2,3-butanedione inhibition was
probes, we selected 2,3-butanedione, whose interactiomore pronounced (19 + 11% residual activity with bu-
with arginine is stabilized in the presence of boratee( tanedione alone), and substrate protection was corre-
Fig. 1, inset). spondingly diminished (57 + 8% residual activity in the
Incubation of Pi-loaded proteoliposomes with 2,3- presence of both butanedione and 2 mlycerol 3-
butanedione, in the presence of borate, led to prompphosphate). Inhibition by 2,3-butanedione was also ob-
decay of UhpT function as judged by tests of glucoseserved in two trials using proteoliposomes containing
6-phosphate transport (Fig. 1, closed symbols); this ingtP, the phosphoenolpyruvate transporte3almonella
activation required the presence of boratet(shows,  typhimurium[16, 33], but substrate protection could not
which itself had minimal effect (Fig. 1, open symbols). be documentednpt shown. Together with the observa-
This behavior suggested inhibition of UhpT occurred fol- tions described above (Fig. 1, Table 1), these findings
lowing derivatization of arginine, and the experienceshow that chemical modification of arginine residue(s)
with soluble proteins indicates that such functional defi-leads to inactivation of Pi-linked antiporters, and sug-
cit might involve modification of one or a few residues gests that in at least two cases (UhpT and GlpT), the
[39]. We also examined this response in the presence cusceptible arginine(s) is (are) shielded from attack as a
substrate, since protection by substrate could indicateesult of conformational changes accompanying sub-
that the susceptible residue(s) is(are) at or near the sugatrate binding and transport.
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Table 1. Butanedione inhibition of UhpT Table 2. UhpT function of arginine mutants

Additions Activity Remaining Target Residue Relative Activity?
None (1.00) Arginine - Cysteine Arginine- Lysine
Butanedione 0.49+0.08
Butanedioneplus 2-deoxyglucose 6-phosphate  0.89 + 0.07 Arginine-9 0.99 £ 0.07 0.58 £0.03
Butanedioneplus galactose 6-phosphate 0.41 Arginine-20 - 0.12+0.01 0.45+0.03
Arginine-21 1.26 +0.02 1.23+0.05
1 Pi-loaded proteoliposomes were placed at pH 8 with 50 2;3- Arginine-46 - 0.01+0.01 - 0.01+0.01
butanedione in the presence or absence of @0pmotective substrate,  Arginine-154 0.84 +0.07 1.21+0.01
as indicated. After incubation for 45 min, proteoliposomes were dilutedArginine-155 0.75+0.03 1.08 £0.04
10-fold into a chilled stop solution at pH 7 lacking butanediosee(  Arginine-157 0.72+0.04 0.58 +0.02
Materials and Methods), and residual UhpT function was monitored byArginine-211 0.83+0.05 1.04+0.03
transport of {*C]G6P. Arginine-275 - 0.01+0.02 - 0.01+0.01
2Mean values from two or more independent experiments; if appro-Arginine-325 - 0.02+0.01 0.79+0.03
priate, the mean is given s£ Arginine-326 0.60 £ 0.07 0.46 +0.03
Arginine-449 1.04+£0.09 1.11+0.01
Arginine-452 0.83+0.07 0.90 £0.03
Arginine-453 0.88+0.01 1.13+0.03
MUTAGENESIS IDENTIFIES CRITICAL ARGININES INUhpT Control, wild typé 1032007 1154006
Control, no insert 0.01+0.001

The findings from chemical modification suggested that

the active site of UhpT has one or a few nearby arginines; Residues in bold face indicate those identified as highly conserved by

but no particular residue(s) could be identified in this multiple alignment of UhpT and its relativeseeFig. 3). _

way. To provide specificity, we therefore examined 2 Mean values #sE relatlve to the pareptal wild type protein qssayed in

UhpT with methods of higher resolution. first noting the parallel; from 3-5 independent experiments. Arrows show instances of
. . . . low specific activity.

sensitivity O_f function to mUtager_]eS'S of argln_ln_es and3These data include assays of wild type-plasmids recovered during

then surveying the degree to which UhpT arginines ar@nutagenesis and assays of RK5000 carrying the expression plasmid

conserved in related proteins; as summarized below, bothithout a UhpT insert.

avenues of study gave similar answers.

In the first of these alternative approaches, site-Thus, among the fourteen UhpT arginines, the approach
directed mutagenesis was used to replace arginines, im]ased on mutagenesis scored On|y two residues (R46]
dividually, with either Cysteine or Iysine. In this way, R275) as essential to overall function.
each target position was assigned to either of three cat- |t seemed likely that the UhpT variants having pa-
egories. On the one hand, retention of normal activity byrental levels of transport would also show parental levels
an R C mutant was taken as evidence that the presencef expression, and this presumption was verified in a
of arginine has no bearing on protein function. If, on theWestern blot ana|ysisn()t ShOWbI of the twelve |y5ine
other hand, an R~ C mutation disrupted function but derivatives with normal or near normal function (cyste-
the R - K substitution did not, it was presumed that ine replacements were not tested). But because of their
arginine satisfies a general requirement for positivejow levels of function, we directly assessed protein ex-
charge. Finally, if both R~ C and R- K derivatives  pression for both the cysteine and lysine substitutions for
were defective, we concluded that arginine itself is speR46 and R275. Such work showed that the R46C and
cifically required at the particular position. (There was R275C substitutions gave normal yields of UhpT (90%—
no instance in which an R. C variant retained activity 110%), while the R46K and R275K derivatives were
while the R - K mutant did not.) present in considerably reduced amounts (17 and 4%,

This approach showed that most of the fourteenrespectively) (Fig. 2). This showed that cysteine substi-
UhpT arginines are not essential to function (Table 2).tution at these two positions yields nonfunctional prod-
Thus,=60% wild-type specific activity was retained for yct, a conclusion also reached for the lysine derivatives,
ten examples in which cysteine replaced arginine; in thejespite their low level of expression, since the functional
four remaining cases, residual specific activities rangindassay was of sufficient sensitivity. (Reduced expression
from 1% to 12% indicated some significant role for the of the lysine derivatives may in part reflect an increased
wild-type residue. When the lysine replacements weresharge density, since the positive charge of arginine is

analyzed (Table 2), derivatives of the ten “nonessentiar’distributed throughout the terminal guanido group_)
arginines continued to show wild-type function, as might

be expected. In addition, two cases which had proversoyservep Arcinings iInUhpT

negative in the earlier test (the R20C and R325C vari-

ants) were now recovered with wild-type or near wild- Mutational studies identified two positions (nos. 46 and
type activity (45 and 80% parental activity, respectively).275) at which arginine itself appears necessary for UhpT
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expression and/or activity, and two other positions (nos & & &

20 and 325) at which positive charge is required. To = & < & O

evaluate the broader significance of such observations & @- 5‘90 o\% N c{}" qj,‘f'J
AR R S N <&

we correlated these findings with the distribution of ar-
ginine residues in proteins related to UhpT. A search o |
|

sequences available as of August, 1997, revealed eleve
examples with significant homology with Uhp 0%
identity) (Fig. 3). These examples, from six different
eubacterial genera (Bacillus, Escherichia, Haemophilis,

Lactobacillus, Salmonella, Shigella), include presump-':ig- 2. Exprgssion of.R46 and .R275 sgbs_titution mutgnts. Washed
tive antiporters for hexose 6-phosphate (termed UhpT)Ce”s harboring plasmids encoding the indicated proteins were pro-

tessed for SDS-PAGE (40g total cell protein per lane). After transfer
glycerol 3-phosphate (GIpT) or phOSph09|yceratesto nitrocellulose, Western blots were developed using chemilumines-

(PgtP), as well as receptors for glucose 6-phosphatgence; scanned images were quantitated using NIH Image v1.59.
(termed UhpC). By accepting a less restrictive definition

of homology &20% identity), more distantly related se-

quences were also identified, in both prokaryotes and® & sedquence set comprised of the N- and C-terminal
eukaryotes, but we chose the stricter criterion so as tgalves of the sequences noted above (Fig. 3). Four can

establish a set of sequences that could be assigned?édateellallaoégs \évetret:hidentified, threle by '\flOT IF and two
unique signaturetielov) rom , but there was overlap only in one case.

Multiple alignment of UhpT-related sequences Thus, a 24-residue consensus emerged from the MOTIF
showed that 49 residues in UhpT (excluding the initial Sl’?eerNhP(L)Lvl\:/hlﬁelﬁc\(;n?z;/raCE)IeKZLlLre(':slc?uZVbllzxiBame
methionine)—about 10% of the total—are conserved in ' omp

from the GIBBS routine (F-E-I-G-Y-G-V-G-K-F-I-M-

7 or more of the nine sequences considered. Thes&-W-L-S-D-R-A-N-P) The near identity of these seg-
highly conserved residues are distributed in a nonuni- ‘ Y

form fashion (Fig. 3), showing a clear tendency to Clus_ments is considered highly significant, since the two pro-
. N ; -~ grams are based on different assumptions and operating
te_r, _and, in the N-terminal half of the protein, to lie principles [22]. The idea that these segments reflect an
within or near the borders of the trapsme_mbrane S€93uthentic duplication is further strengthened by the find-
ments identified by reporter gene fusions in UhpT andi st at their distal ends, one finds the motif identified
GIpT [9, 23, 30] (the boundaries of TM11 and TM12 are " iffiths et al. [18] as a duplication within the MFS
not well-delineated by such work). _ (G-x-(3)D-[RK]-x-G-[x]-R-[RK]). We conclude that
Among the ten arginines classified as nonessentia{)hp1 and its relatives contain a 22-residue internal du-
by mutagenesis (Table 2), only R157 is strongly con-pjication whose consensus takes the form: F-E-I-[AG]-
served (Fig. 3), indicating that it may be of evolutionary Y-G-V-G-K-x(3)-G-W-L-S-D-R-A-N-P-R. The posi-
rather than mechanistic significance. Such a conclusiofgn of this duplication is indicated in Fig. 3 as the se-
iS Consistent W|th the faCt that R157 Iies W|th|n a Signa-quence bIOCkS Surrounded by a dotted perimeter'
ture sequence (R-G-x(5)-W-N-x(2)-H-N-G) that By reducing the level of homology required for in-
uniquely defines this family of transporters and recep-clusion (to=20% identity) the alignment of Fig. 3 was
tors. R20, which had been classified as critical becausgxpanded to include a g|ucarate transportij{ci”us
of its basic nature, has no counterpart among relatives ofubtilis (GLUC_BACSU), a glycerol 3-phosphate trans-
UhpT, but R325, the other required basic residue, doegorter in Arabidopsis thaliangGLPT_ARATH) and in
show partial conservation (4 of 7 aligned residues at thiCaenorhabditis eleganseveral proteins related to the
position are arginine or lysine). This is not unexpectedsugar phosphate receptor, UhpC (UHAQ1G6.3,
since the sequence between G316 and R325 reflects @HPC T10C6.J, UHPCT11G6.4). This enlargement
duplicated motif widely distributed within the MFSde  (not showi) reinforces the significance of the mutagen-
below). Mutagenesis had also identified two argininesesis of UhpT (Table 2), since R46 is present in all in-
(R46, R275) as absolutely essential to UhpT. Emphasizstances (14/14), and R275 in most (8/12) (in three other
ing the broader relevance of this conclusion, these twa@ases, this positive charge may be represented by the
residues are present in all sequences examined (Fig. 3ysine at positiom-3). Moreover, R157, which seems of
Conservation of this sort supports the idea that R46 anéhterest in (at least) a taxonomic sense, continues to be
R275 are specifically required for the proper assemblypresent at high frequency (13/14). There is, neverthe-
and/or catalytic function of UhpT. less, a clear heterogeneity within this larger set—for ex-
Multiple alignment of UhpT-related proteins was ample, it was not possible to identify a signature se-
also the basis of a useful additional finding. In a searchquence in this case; nor did the methods used to identify
for internal duplications specific to UhpT-related pro- an internal duplication yield a consistent solution. De-
teins, we applied the MOTIF and GIBBS algorithms [22] spite such divergence, the continued significance of R46,

|
|
|
§
{
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LEMTOL

UHPT_ECOLI MWLHQVRKPTLDLP EVRR W
UHPC_ECOLI @LPFLKAPADAFIHTnKYlYnARYI
GLPT_ECOLI ELSI!K -PAPHKARLPAAEIDP
GLPT_HAEIN MFGPFK-PAPHIA!LPAEKIDS
GLPT_BACSU M&HIFK-PAPHIBRLDDSKMDAA
PGTP_SALTY MLTILR-TGQSAHKVPPBKVQATYG
UHPT_SHIFL
UHPT_LACLA

GLPT_HARAC

MPYLVEQG-! g&nnnr

UHPT_ECOLI

GLPT_BACSU
PGTP_SALTY
UHPT_SHIFL
UHPT_LACLA [GM
GLPT_HAEAC

UHPT_ECOLI E
UHPC_ECOLI QQQ--EGAG-LTRKEBLTRYVLI
GLPT_ECOLI NEK-~-AEQE-LTAKQRFMQYVL
GLPT_HAEIN NEKT-YEND-LTAKERFVTY
GLPT_BACSU PFKN--QEKE-LTTKEHLFOYVLNY
PGTP_SALTY QEFCTYV
UHPT_SHIFL AKGREQGPR-LSIPDHIRKHIIRY
UHPT_LACLA

GLPT_HAEAC 72
UHPT_ECOLX 463
UHPC_ECOLI 439
GLPT_ECOLY 452
GLPT_HAEIN VIAVLLLLIVMV-EEGKHKAKLGDTYGTK 480
GLPT_BACSU ILATVFLAL EHV- 444
PGTP_SALTY #CYLSHRGGLELERQRONALHNQDSLQ 457
UHPT_SHIFL 334
UHPT_LACLA === mmmmmmmm e i e e e e e e e e e e o 215
GLPT_HAEAC : o mmmmmm e m s BT R 72

Fig. 3. Multiple alignment of UhpT-related sequences. Using sequences36f6 identity with UhpT, multiple alignment was performed using
ClustalW1.7, without endgap penaltyeeMaterials and Methods). UhpT arginine residues are indicated by inverted arrowheads. The shaded bo:
give transemembrane helices as identified by hydropathy analysis and by PhoA and LacZ gene fusions in UhpT and GIpT [9, 23, 50], modifie
follows: the extracellular boundary of TM8 has been shifted distally (by four residues) relative to earlier models [50] to allow for access of tryp
to lysine-294 [36]; the extracellular boundary of TM12 has been shifted distally to allow for the apparent insertion of six residues in the exte
loop connecting UhpT TM11 and TM12. The dotted perimeter shows the internal duplication identified by the MOTIF and GIBBS algcfithms |
22]; the consensus sequence for this duplication is given in the text. The smaller, solid perimeter gives the location of the internal duplice
identified by Griffiths et al. [18] in members of the MFS. Italicized residues for PGIALTY indicate residues encoded by sequencesf3he
reported stop codors¢eMaterials and Methods).

R157 and R275 highlights their likely relevance in this (or, in one case, lysine) as a ligand for phosphate oxy-
lineage, and this finding prompts one final comment. Thegen(s). Examples in which arginine is at the active cen-
genomic sequence dlycobacterium genitaliurhas a pu-  ter include the periplasmic phosphate-binding protein
tative sugar phosphate transporter broadly related to Uhp[28] and alkaline phosphatase [24] Bf coli, along with
(19% identity) [14]. Yet this protein, UHPTMYCOG,  various enzymes of intermediary metabolism [5, 10, 19,
has neither the two essential arginines (R46, R275), basi24, 29, 37, 44, 45]. In most of these instances, a role for
residues where positive charge may be required (R20arginine had been inferred, prior to crystallography, from
R325), nor the arginine found to be an index of evolu-the effects of agents such as 2,3-butanedione [revieweoc
tionary relatedness (R157). For these reasons, it seenfiy 39]; and in some of these cases, it is now known that
likely that theM. genitaliumprotein functions other than the arginine modified by such probes is the one located
as a sugar phosphate transporter or receptor. in the substrate binding pocket [10, 24, 25, 39].
With these precedents in mind, we theorized that
arginine or lysine might play a similar role in UhpT, and
Discussion in testing the idea we focused specifically on arginine,
the more frequently found as a phosphate ligand [39].
Using 2,3-butanedione as a probe, we asked first for
IDENTIFICATION OF ESSENTIAL ARGININES chemical evidence of critical arginines in UhpT. Based
on a positive response in these experiments (Fig. 1, Table
This work had its origin in the crystallographic observa- 1), we then used site-directed mutagenesis to examine
tion that enzymes and receptors acting on phosphate @ach UhpT arginine directly. In this second phase, the
organic phosphates use the amino group(s) of arginineapproach was based on results from the survey of Bordo
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target of site-directed mutagenesis in both the lactose
[17], and tetracycline [49] transporters. Neither that
work nor the present study links this region with any
specific function, but by incorporating this motif as part
of a larger duplication in UhpT-related proteins, we
strengthen the idea of an evolutionary link between the
N- and C-terminal halves of such transporters.

The placement of an internal duplication in TM2 and
TM8 (abovg is consistent with the idea that the N- and
C-terminal halves of UhpT share (at least) an evolution-
ary history. So, too, is the distribution of conserved and
nonconserved residues. Thus, in UhpT-related proteins,
Fig. 4. UhpT topology. Topology has been slightly modified from that helices TM1-2, TM4-5, TM7-8, and TM10-11 are en-
given earlier [50], as noted in the legend to Fig. 3. Solid circles showriched for conserved and/or hydrophilic residues, while
arginine residues; enlarged solid circles indicate the essential arginine§;M3, TM6, TM9, TM12 have either no conserved resi-
R46 and R275. .Open qirclgs give the Iocgtions of'UhpT !ysipes. Theques or but a single hydrophobic example (Fig. 3)_ Hy-
internal duplication beginning in TM2 and in TM8 is also indicated. drophobicity calculations for the MFS as a whole give a
similar stratification of helices, and for this reason Gos-

& Argos [6], who examined homologous proteins of yvitz&Brooker [17] were led to develop a general model

known structure and found that arginine is most often'_PN‘?éhi%Tv'TgS? more hydfrfoi)dhobic segmenr;cs (TM3Z T.MG’
replaced by lysine, but never by cysteine. For this rea- ' ) orm a scafiold supporting the remaining,
son, when function was retained in an-RC variant, we ~ MOr¢ hydrophilc segments. The latter, in turn, surround

presumed no specific need for arginine, a response chaia-nOI there_by define the translocation pgthway. Thisis in
acteristic of most positions occupied by arginine in g(lzcord(;/wthhpast suggestions conget;nllng UhpT [36, 50,
UhpT. Correspondingly, when function was lost in an °1]: @nd with arguments presented below.

ot i, iy We note as well that the essential arginines in
R - K derivative, we presumed arginine was specifi-
cally required, a conclusion reached in only two casesUhpT_R46 and R275—are found at or near the external

(Table 2). To strengthen the experimental work, we alsgrurfaces of ML and ™7, respectively, a registratio_n in
assessed the conservation of arginines in proteins relat reement with t_he View that the N- and C-terminal
to UhpT (Fig. 3). Together, these independent ap- alves_ of UhpT m|ghtd|§p!ay pseudo-twofold symmery
proaches document that two arginines (R46 and R275 eﬂ;actlr;g a common origin for the two halves of the
play critical roles in UhpT function. While no specific olecule.

function can be as yet assigned to these residues, suffi-

cient mformat_lon is pre_:sent!y available to allow reason-Ro, g(s) or R46 AND R275

able speculation on this point.

R46 and its neighbors on TM1 have not before been
ELEMENTS OF SyMMETRY IN UhpT examined by mutagenesis, but considerable effort has

been directed to a study of residues in and around TM7,
Theoretical argumentsgel?, 31, 32] and experimental the locus of R275 [36, 50, 51]. In particular, cysteine-
results pee 21, 42] suggest that a dimer of identical scanning mutagenesis provides strong evidence that
subunits, each with six transmembrane helices, served a7 is an amphipathic alpha helix [51] whose hydro-
the ancestral form of transporters such as UhpT, and thathilic surface, defined by its several polar residues (in-
contemporary versions arose in a gene duplication andluding R275), lines the translocation pathway. It is fea-
fusion event generating a covalent heterodimer. Accordsible, therefore, that electrostatic interaction enables the
ingly, one might expect present day examples to exhibipositively charged R275 to take part in recognition of the
elements of structural or sequence homology betweeanionic sugar phosphate substrate. There are other posi
TM1 and TM7, TM2 and TM8, TM3 and TM9, and so tive residues in this region, but it appears that only R275
on. In fact, this idea is compatible with several observa{or R46) could function in this way. Thus, while UhpT
tions made for UhpT, the most significant of which is an arginines and lysines are found mainly at the cytoplasmic
internal duplication (consensus: F-E-I-[AG]-Y-G-V-G- border (Fig. 4), as in most membrane proteins [20], there
K-x(3)-G-W-L-S-D-R-A-N-P-R) encompassing much of are six positively charged residues near the UhpT exter-
TM2 and TM8 and their cytoplasmic extensions (Fig. 3, nal surface (R46, K47, R275, K291, K294, K404) (Fig.
dotted perimeterssee alsoFig. 4). Because this se- 4). However, K47 is not strongly conserved (Fig. 3), and
guence also includes the motif noted by Griffiths et al.K291, K294 and K404 can each be replaced by cysteine
[18] as duplicated in the MFS, this region has been thewithout affecting function [36; M.-C. Fann and P.C.
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Maloney, in preparatior]. Accordingly, we conclude
that R46 and R275 are not only uniquely required ar-
ginines, but are also uniquely required among the basic
residues at the UhpT external surface. '
One cannot assign explicit function to R275, since
its cysteine and lysine derivatives are nonfunctional, so
the following speculation relies heavily on inference. e,
Given this precaution, however, we would emphasize the
following: (i) that substrate protection of 2,3- 7.
butanedione inhibition (Table 1) suggests arginine(s) is
located near the UhpT active site (i.e., the translocation
pathway); (ii) that the functions fulfilled by R46 and
R275 require arginine specifically; and (iii) that there is g
a considerable literature implicating arginine as an active
site ligand for phosphatealpovg. These facts are then
coupled with the postulate that R275 itself faces the 9.
translocation pathway. This latter seems highly likely,
since proximal (V273) and distal (1276) residues on the
same helical surface lie within the central core of the
pathway [48], where they are presumed to be alternately
accessible to both membrane surfacke, 37]. Together,
these findings strongly imply that R275 interacts directly

with substrates transported by UhpT. A related line of11.

reasoning rationalizes the essential nature of R46. Thus,
studies of exchange stoichiometrylinlactis [3] showed

that the UhpT active site has an unusual bifunctional?:

character, in that it can accept either two monovalent
substrate anions or a single divalent anion. Supposing,
that R275 aids in the binding of one substrate anion (one
negative charge), the argument concerning symmetry
(above suggests the correlative function (binding of the

second negative charge) might be assigned to R46, whict.

would lie in an equivalent position in the covalent het-

erodimer. Such inferences are necessarily indi->

rect. Even so, there is considerable supportive evidence
that at least R275 is found in a position where it may be
expected to influence substrate specificity (see above).
For this reason, we suggest that by virtue of their loca-

tions at or near one end of the translocation pathway;7.

R46 and R275 may function in establishing substrate
specificity.

18.
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