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ABSTRACT: Protein ProP acts as an osmosensory transporter in diverse bacteria. C-Terminal residues 468
497 of Escherichia coliProP (ProlEc) form a four-heptad homodimerig-helical coiled coil. Arg 488,

at a core heptad position, causes it to assume an antiparallel orientation. Arg in the hydrophobic core
of coiled coils is destabilizing, but Arg 488 forms stabilizing interstrand salt bridges with Asp 475 and
Asp 478. Mutation R488I destabilizes the coiled coil and elevates the osmotic pressure at whieb ProP
activates. It may switch the coiled-coil orientation to parallel by eliminating the salt bridges and increasing
the hydrophobicity of the core. In this study, mutations D475A and D478A, which disrupt the salt bridges
without increasing the hydrophobicity of the coiled-coil core, had the expected modest impacts on the
osmotic activation of PraBc. The five-heptad coiled coil aAgrobacterium tumefacier®roP (ProAt)

has K498 and R505 a positions. Mutation K498l had little effect on the osmotic activation of PP

and ProAt-R5051 was activated only at high osmotic pressure; on the other hand, the double mutant was
refractory to osmotic activation. Both a synthetic peptide corresponding tcAPresidues 478516 and

its K498l variant maintained the antiparallel orientation. The single R505I substitution created an unstable
coiled coil with little orientation preference. Double mutation K498I/R505I switched the alignment, creating
a stable parallel coiled coiln vivo cross-linking showed that the C-termini of PAtRand ProAt-K498l/

R505I were antiparallel and parallel, respectively. Thus, the antiparallel orientation of the ProP coiled
coil is contingent on Arg in the hydrophobic core and interchain salt bridges. Two key amino acid
replacements can convert it to a stable parallel struciturgtro andin vizo. An intermolecular antiparallel

coiled coil, present on only some orthologues, lowers the osmotic pressure required to activate ProP.
Formation of a parallel coiled coil renders ProP inactive.

Changes in extracellular osmotic pressure disrupt cell the cytoplasmic accumulation of organic osmolyt&shoth
structure and function by eliciting transmembrane water in intact cells and after purification and reconstitution into
fluxes that concentrate or dilute the cytoplasm. Cells respondproteoliposomes 4). ProP is a member of the major
by adjusting the distributions of selected solutes across thefacilitator superfamily (MFS)(5) and a H-solute symporter
cytoplasmic membrane, and water follows, restoring cellular (6, 7). The structure of Prdec is being elucidated (Figure
hydration and volumelj. Multiple osmoregulatory systems  1A), and experimental data support a homology model for
adjust cellular solute content in response to osmotic stressits membrane-integral helix bundle8—<10). ProP ortho-

(1, 2). The ProP protein oEscherichia coli(ProFEc) is logues are divided into two classes based on the sequences
denoted an “osmosensory transporter” because it sensesf their cytoplasmic C-terminil(0, 11). ProFEc and other
increasing osmotic pressurl) and responds by mediating group A orthologues terminate in series of heptad repeats
characteristic ofr-helical coiled coils (Figure 1C). Group
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Ficure 1: C-Terminal domain of ProP. (A) A member of the major facilitator superfamily, ProP, has 12 transmembrane helices (TMI
TMXII), six periplasmic loops (P P6), and five cytoplasmic loops (ELL5) (9). The structures represented in black and white (not gray)
were modeled with the crystal structure of paralogue GIpT as a tem@ga{@NIl —TMXII) or determined by NMR spectroscopy of the
corresponding synthetic peptidégj (the C-terminal coiled-coil domain, represented by the white box and shown in panel B). All ProP
orthologues have extended C-termini (gray and white boxes). Only group A orthologues [including thode ftolin(ProFEc) and A.
tumefaciengProFAt)] share the C-terminal coiled coil (white box), and the coiled coil is absent from group B orthologues like that from

C. glutamicum(ProRCg, gray box). (B) NMR solution structure of a peptide replica of residues B4E87 of ProlEc (18). The antiparallel

a-helical coiled-coil structure appears to be stabilized by two salt bridges, each formed by the interaction of R488 on one strand with D475
and D478 on the other. (C) Alignment of the C-termini of FEePProFAt, and ProRg. Residues TGVTM of TMXII in ProEc (underlined)

are integral to the membran&Q). Residues D468R497 of ProlEc (squiggly underline) are represented by the NMR structure in panel B

(18). Lettersa—g mark the coiled-coil heptad positions. Letters designating acidic residues are colored red and those designating basic
residues blue. Upward-pointing arrows mark the positions of residues D475, D478, and R488Hug, RraPdownward-pointing arrows

mark the positions of residues E485, D488, E495, K498, and R505 inAP(efe the text). Note that group B orthologue RegRhares

an extended, anionic C-terminus with the group A orthologues but lacks the distal, basic sequence required for the coiled coil.

B orthologues have shorter C-terminal extensions with no more to stability in the antiparallel than in the parallel

heptad repeatsl(). orientation (5, 16). The interactions that maintain parallel,
Coiled-coil sequences are characterized by seven-residudiomodimeric coiled coils are relatively well understoa)(
heptad repeats with hydrophobic residues at @end d In contrast, orientation-specifying interactions for antiparallel

positions. The polypeptide chains can associate with eitherCO'l_ed coﬂs are less understood anq may not be obvious from
parallel or antiparallel orientations. Residues at like positions @Mino acid sequences&—24). We investigated the deter-
are paired in the hydrophobic core of two-stranded parallel minants of orl_entatl_on fpr fthe I?roP _(:0|Ied COI_| and elucidated
coiled coils @ with & andd with d'). Residues at positions ~ the role of orientation in its biological function.

eandg may form interhelical ion pairs that increase stability =~ Parallel and antiparallel alignments for the four-heptad
and direct chain registry, but they can contribute an order repeats of Proc (residues 468497) are shown in panels
of magnitude less to stability than the hydrophobic cage( A and B of Figure 2. The corresponding peptide formed a
14). Core residues at unlike positions are paired in two- homodimerico-helical coiled coil, but it was unexpectedly
stranded antiparallel coiled coila vith d' andd with &), disrupted when Arg 488 (in a heptagbosition) was replaced
and ionic interactions can involve pairing of positiewwith with lle (25). The nuclear magnetic resonance (NMR)
€ andg with ¢'. The packing of hydrophobes contributes structure of this peptide revealed a homodimeric antiparallel
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Ficure 2: Homodimerico-helical coiled coils formed by the ProP C-terminal domains. (A) The sequence dE€refidues 468497 is

shown in the antiparallel alignment shown by the NMR structure of Zoetewey €t8l(gee Figure 1B). (B) The sequence of PEoP

R488lI residues 468497 is shown in the predicted, parallel alignme2if)( (C and D) The sequences of PAtRand ProRAt-K498I/R505I

residues 478516 are shown in the predicted antiparallel and parallel alignments, respectively. laettersark the coiled-coil heptads.

In the antiparallel alignment, K498 is salt bridged to E4&3d R505 to E485%and D488. In each case, a structural model for the putative
coiled coil is also shown (gray ribbons). Residues replaced with cysteine for cross-linking analysis during this study are highlighted. Q497
residuesq position) are proximal in both antiparallel and parallel orientations, whereas L508 resicu@st{on) are distal in the antiparallel
orientation and proximal in the parallel orientation. Models were built using SPERBY The antiparallel ProR model was derived by
extending the helices of the Pri&Pstructure (PDB entry 1R48) by seven residues and substituting the sequence At FiaPparallel

model for ProRAt-K4981/R5051 was derived from the parallel coiled-coil structure 1ZXA [coiled-coil domain of cGMP protein kinase
(53)]. Potential disulfide bond sites were tested in both models by making Cys substitutions in SPDBV and checking for a lack of disruptive
effects on coiled-coil structure as well as appropriateS3ond distance and orientation.

coiled coil (18). Arg in the hydrophobic core of parallel also increase the continuous array of hydrophobic lle and
coiled coils is destabilizing because of electrostatic repulsion Leu residues, paired across the hydrophobic core, from only
(12, 13), so pairing of Arg with lle in the antiparallel two in the antiparallel structure with Arg 488 to seven in
orientation (Figure 2A) would be greatly favored over pairing the parallel structure with lle 488 (Figure 2A,B).

of Arg with Arg in a parallel coiled coil. Interhelical salt There is also evidence that Pe@dimerizes and anti-
bridges linking Arg 488 with Asp 475 and Asp 478 would parallel coiled-coil structures are presémtizo. When the
offset the destabilizing effect of Arg in the hydrophobic core transporter was expressed at a physiological level, Cys
(Figures 1B and 2A). The NMR structure and other observa- introduced in transmembrane segment (TM) XII or at coiled-
tions provided a rationale for the antiparallel orientation of coil position 480 could be cross-linked. Cys at other
this coiled coil and its disruption by replacement R4883, ( positions, including coiled-coil position 473, could n&0O(

26). While this mutation would eliminate the interhelical salt 27). Residues at position 473 would be close in parallel, but
bridges that stabilize the antiparallel orientation, it would not in antiparallel, coiled-coil dimers. The R488I mutation
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impaired cross-linking of the 480C variant and enhanced For each peptide, this yielded two pairs of covalently linked
cross-linking of the 473C variant, suggesting that antiparallel homo-stranded molecules with matching sequences but with
coiled coils are present in WT transporter dimers and the disulfide bridges at opposite ends. In addition, antiparallel

C-termini of R488I variants can be parallél0]. hetero-stranded molecules linked at opposite ends could be
More importantly, these structural phenomena have func- generated by mixing the parallel molecules in REDOX
tional correlates. The group B ProP orthologue fi@oryne- reactions. When the N-terminal disulfide-bridged homo-

bacterium glutamicumlacking the coiled coil, is activated ~ stranded molecules were formed, the C-terminal cysteine was

at a higher osmolality than group A orthologues, which left protected with the ACM group. Crude polypeptides were
terminate in heptad repeatslj. Similarly, ProfEcvariants ~ purified by reversed-phase chromatography (RPC) on a
with truncated C-termini and variant PiBBR488| are  Zorbax semipreparative SB-C8 column [9.4 mm (inside
activated at much higher osmolalities than WT FEoP11). diameter)x 250 mm, 5um particle size, 300 A pore size]
Thus, the coiled coil is not an osmosensper se but it by linear AB gradient elution (acetonitrile increasing 0.1%/
adjusts the response of group A transporters to a lower min), where eluent A was 0.05% aqueous TFA and eluent
osmolality range. In addition to ProP, two other bacterial B was 0.05% TFA in acetonitrile, at room temperature with
transporters are serving as model systems for the study ofa constant flow rate of 2 mL/min. The purity and homogene-
osmosensing: Nabetaine symporter BetP and ATP binding ity of the polypeptide were verified by analytical RPC on a
cassette transporter OpuA. All three proteins are regulatedZorbax analytical SB-C8 column [4.6 mm (inside diameter)
by cytoplasmic, C-terminal extensions; however, the exten- x 250 mm, 5um particle size, 300 A], by quantitative amino
sions are structurally unrelated, and the cytoplasmic domainsacid analysis (Beckman model 6300 amino acid analyzer)
of BetP and OpuA are believed to serve as osmosensingand by electrospray mass spectroscopy using a Mariner
switches (). Biospectrometry Workstation mass spectrometer (PerSeptive
The R488I substitution in Prd has additional functional ~ Biosystems, Framingham, MA). Sedimentation equilibrium

consequences that are helping us to understand how thénalyses were performed as previously describ@. (
coiled coil adjusts the transporter's response range. ThePeptide molecular we|ghts and §ed|mentat|on behavior are
activation of ProEcis sustained, the activity remaining high ePorted as Supporting Information (Table S1).

as long asE. coli cells remain in high-osmolality medium. Circular Dichroism (CD) SpectroscopgD spectroscopy
In contrast, osmotic activation of PrEB-R488I is transient. ~ Was performed on a Jasco-810 spectropolarimeter with
ProFEC-R488I activity can be detected immediately after constant N flushing (Jasco, Inc., Easton, MD), and the
bacteria are subjected to an osmotic upshock, but that activityMethodology was described previousBg( 30). For CD
declines 10-fold witmi 1 h @5). Here we show that Wavelength scansa 5 mg/mL .stock so]utlon of each
disrupting the coiled-coil salt bridges (mutations D475A and Polypeptide in 100 mM potassium chloride and 50 mM
D478A) had a much weaker impact on PEaflunction than ~ Potassium phosphate (pH 7) (benign solvent) was diluted
both disrupting the salt bridges and increasing the hydro- into the same buffer to a concentration of8@ and scanned
phobicity of the coiled-coil core (single mutation R4881). " the presence of 0.2 MM DTT and the presence and absence

Most importantly, the Asp to Ala replacements did not render of 50% trifluoroethanol (TFE). Mean residue molar ellipticity
ProFEc activation transient. [®] was calculated using the following equation:

The group A ProP orthologue frogrobacterium tume- _
faciens(ProFAt) includes five C-terminal heptads [as con- [6] = (Ogpmrw)/(1dc) ()
trasted with four for ProBc (Figure 1C)]. The antiparallel
coiled coil of ProRAt, modeled on thé&. coli structure, would
have a total of four (rather than two) sets of salt bridges
involving two basic residues ia positions (Figure 2C). In
this work, we exploited the potential for modulation o
ProFAt coiled-coil stability to explore the determinants o

coiled-coil orientation and the relationship between coiled- f lot of fraction folded st b i th
coil structure and ProP function. Our data show that , o @ Plot of fraction folded aganst temperature on the

replacement of both core basic residues with lle is necessar)pas'S of the assumption that each peptide was fully folded

and sufficient to switch coiled-coil orientation and render at 5°C and fully unfolded at 95C. .
ProRAt refractory to osmotic activation. REDOX Analyses by RRPThe short and long versions

of each peptide (defined in Results) were first individually
EXPERIMENTAL PROCEDURES disulfide-bridged and then stirred into a redox buffer to
promote disulfide interchange. The short peptides were
Peptide Synthesis, Oxidation, Purification, and Charac- disulfide-bridged by stirring them in an iodine solution (100
terization Polypeptides were synthesized via a manual solid- mM in 30% aqueous acetic acid) under constanttdl
phase methodology using 9-fluorenylmethoxycarbonyl chem- remove Acm protecting groups from the C-terminal Cys and
istry (FMOC). Manual solid-phase methodology has been simultaneously oxidize them. The long peptides were dis-
described previoush2g, 29). Different side chain protection  ulfide-bridged by air oxidation of the unprotected N-terminal
groups Trt (trityl) and Acm (acetamidomethyl) were used Cys [overnight stirring in a 100 mM NHCO; buffer (pH
to protect the N-terminal and the C-terminal Cys, respec- 8.5)]. The desired products were purified by RPC (described
tively. This differential protection scheme allowed the above). The short and long oxidized peptides were then
formation of in-register parallel homo-stranded molecules mixed in a 1:1 ratio in the redox buffer [10-fold molar excess
linked at either the N- or C-termini with a disulfide bond. of reduced and oxidized glutathione (500 mM) in 100 mM

where®qps is the observed ellipticity in millidegrees, mrw
is the mean residue molecular weights the optical path
length of the CD cell (centimeters), ands the polypeptide
f concentration (milligrams per milliliter). For thermal melting
¢ experiments, data points were taken &tClintervals at a
scan rate of 60C/h from 5 to 95°C. T, was determined
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Table 1: Plasmids

plasmid

encoded protein

source or reference

pBAD24 Nil (expression vector)

pDC79
pDC80
pDC86
pDC141
pYT15
pYT16
pYT17
pYT18
pYT19
pYT13
pCG1
pYT14
pCG2
pEB1
pEB2
pEB3
pEB4
pEB5
pEB6
pEB7
pEB8

ProEc

ProEc-Hiss
ProEc-R488I
ProEc*-E480C
ProREC-D475A
ProfEEC-D478A
ProfEEc-D475A/D478A
ProfECG-D476A

ProfEc-D475A/D476A/D4AT8A

ProfAt

ProAt-K498lI
ProRAt-R505I
ProRAt-K4981/R505I
ProRAt-Hisg

ProAt-K498I/R505I -Hig

ProRAt-R505I-His
ProAt-K498I-Hiss
ProAt-Q497C-Hig
ProAt-L508C-His

derived from pDC79
derived from pDC79
derived from pDC79
derived from pDC79
derived from pDC79
11

derived from pYT13
derived from pYT13
derived from pYT13
derived from pYT13
derived from pCG2
derived from pYT14
derived from pCG1
derived from pEB1
derived from pEB1

ProRAt-Q497C/K4981/R505I-His  derived from pEB2
ProRAt-K498I1/R5051/L508C-His  derived from pEB2

aPlasmids (except pBAD24) are pBAD24 derivatives containing

fragments approximately 1.6 kb in size that encode EmProFAt,
or a variant of either transporteE. coli ProP is denoted Pr&®; a
cysteine-less, histidine-tagged PExR/ariant is denoted Prd*, and

A. tumefaciendroP is denoted Pré®.

Tsatskis et al.

(GenAlyTiC, Guelph, ON) before the plasmid was expressed
in E. coli WG350.

Transport AssaysBacteria were cultivated and assays
performed as described by Culham et 38)(using the media
described above and buffers prepared as described by Racher
et al. 39). Osmolalities of culture media and buffers were
adjusted with NaCl and measured with a Wescor vapor-
pressure osmometer (Wescor, Logan, UT). With the pBAD
vector system, variations in expression of transporter variants
can be eliminated by titrating arabinose induction. Bacteria
were therefore cultivated in media supplemented with
arabinose at the indicated concentrations, and expression
levels were monitored by Western blotting as described
below. Initial rates of proline uptake were measured using
L-[U-1C]proline (GE Healthcare, Baie d'UrféQC) at 0.2
mM. All assays were conducted in triplicate, and all
experiments were performed at least twice. Representative
rates from single experiments are cited as the mean
standard deviation.

According to our standard procedu8), an aliquot of a
concentrated bacterial suspension in NaCl-free MOPS me-
dium devoid of organic supplements is introduced into an
assay medium of the desired osmolality, this mixture is
aerated for 3 min, and radiolabeled proline is added to initiate
the uptake reaction. To determine the impact of the aeration

KCl'and 50 mM potassium phosphate (pH 8.0)]. Atintervals, period on the rate of proline uptake, cells were added to assay
5 uL aliquots were taken and the reaction was quenched by pyffer from which NaCl had been omitted, the mixture was
adding 5% aqueous acetic acidub). The reaction mixture

was then separated by RPC on a Zorbax analytical SB-C8,nq p4Clproline and NaCl were added to simultaneously
column [4.6 mm (inside diameter) 250 mm, 5um patrticle

size, 300 A] using a slow gradient (0.33% acetonitrile/min)
to measure the proportions of disulfide-bridged peptides that
were homo-stranded (starting material) and hetero-strande

(new product).
Culture Media E. coli strains were grown at 37C in LB

medium 1) or in NaCl-free MOPS medium, a variant of

the MOPS medium described by Neidhardt et 32) from

which NaCl was omitted. MOPS medium was supplemente
with NH,CI (9.5 mM) as a nitrogen source and glycerol

(0.4%, v/v) as a carbon souraeTryptophan (245%:M) and
thiamine hydrochloride (1ug/mL) were added to meet
auxotrophic requirements. Ampicillin (10@g/mL) was
included to maintain plasmids, amdarabinose was added Assays), and Western blotting was performed as described

as specified to adjugiroP expression.
Bacteria, Plasmids, and Molecular Biological Manipula-

incubated for 0, 1, 2, 3, 5, or 10 min at 26, with shaking,

impose an osmotic upshift and initiate proline uptake.

Subsequent steps were performed as described previously
38). To determine the time course for the development of
roP activity following an osmotic upshift, NaCl was omitted

from the assay buffer. Cell suspension was added to the assay

buffer, and the mixture was incubated for 5 min at°Z5

with shaking. NaCl was then added, and at various subse-

d quent times,'C]proline was added to initiate proline uptake.

Subsequent steps were performed as previously described
(39).

Western BlottingWhole cell proteins were prepared for
Western immunoblotting as described above (Transport

by Culham et al. Z5) using the procedure of Towbin et al.
(40). His-tagged proteins were detected with HRP-conjugated

tions Genes encoding ProP and its variants were expressedanti-pentaHis antibodies (Qiagen Inc., Mississauga, ON) and
from the AraC-controlled p promoter in plasmid-bearing
derivatives oft. coliWG350 [F trp lacZ rpsL thiA(putPA)-

101 A(proU)600 A(proP-melAB)21P(5). Each strain con-
tained pBAD24 83), or a pPBAD24 derivative listed in Table

1. Basic molecular biological techniques were as described

by Sambrook and RusselB4). Chromosomal DNA was
isolated as described by Bayliss et &5) The polymerase

chain reaction (PCR) was carried out as described by Brown
and Wood 86). Site-directed mutagenesis was performed
using the QuikChange mutagenesis kit (Stratagene, La Jolla

CA) as described by Culham et &) (Oligonucleotides were

purchased from Cortec DNA Services (Kingston, ON). Each

the ECL plus visualization system (GE Healthcare) according
to the manufacturers’ instructions.

In Vivo Cross-Linking of ProPAfThe ability of dithiobis-
(maleimidoethane) (DTME) to cross-link PraPdimersin
vivo was examined as described by Hillar et 2F7)( Bacteria
were cultivated in LB medium supplemented with sufficient
p-arabinose to bring each PraPvariant to the level attained
by ProHEc*-E480C without arabinose induction. Pie¢
Hiss, used as an electrophoretic standard, was purified as
described by Racher et al)(

Protein AssaysProtein concentrations were determined

recombinant plasmid was recovered from a ligation mixture by the bicinchoninic acid assa$¥) using the BCA kit from
by transformation ofE. coli DH5a (37), and the entire
sequence of the encodeoroP variant was confirmed

Pierce (Rockford, IL) with bovine serum albumin as the
standard.
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Ficure 3: Impacts of mutations on the osmotic activation of ProP.
Bacteria expressing Pr&®, ProRAt, or a variant of either trans-
porter were cultivated in NaCl-free MOPS medium (0.15 mol/kg),
and initial rates of proline uptake were determined as described in
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subsequent osmotic upshift. Bacteria expressing PcoRere
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periods as described in Experimental Procedures. Assay media were
adjusted to 0.46@), 0.52 @), or 0.89 mol/kg &) with NaCl as
[*“C]proline was added to initiate the uptake assay at the indicated
times after bacteria were diluted into the unadjusted transport assay
mixture.

0 2

tions altered the osmotic activation profile of the transporter
much less profoundly than did mutation R488I. Additional
mutation D476A had no further effect (Figure 3B).

The initial rate of proline uptake via Pr&Rincreases over
time after an osmotic upshift and is then sustained indefi-
nitely (6, 25), whereas activation of Pr&@-R488I is
transient 25). We refined our transport assay protocol before
determining the impacts of additional mutations on this
activation time course. Previous measurements indicated a
longer half-time for ProBc activation in cells [1 min §)]
than in proteoliposomes<20 s @)]. ConcentratedE. coli
suspensions rapidly consume available oxygen, and osmotic
upshifts inhibit respiration42). Oxygen uptake measure-
ments confirmed that respiration resumed slowly gitecoli
cells were diluted from concentrated suspensions into our
assay mixture43). When cells were pre-aerated before NaCl
and proline were added to simultaneously adjust the osmo-
lality and initiate uptake, the measured proline uptake rate
increased with pre-aeration time and the period to reach the
maximum rate increased with osmolality (Figure 4). The
assay protocol was therefore revised to ensure that cells were

Experimental Procedures using assay media adjusted to the indicate@Ctively respiring before assays were initiated.

osmolalities with NaCl. The variants were (A) PEdX(®), ProFEc-
D475A @), ProFEC-D478A (a), and ProlEc-R488I (v), (B)
ProFEc (@), ProFEC-D475A/D478A @), ProFEC-D475A/D476A/
D478A (a), and ProEc-R488I (v), and (C) ProRt (@), ProFAt-
K498 (), ProfAt-R505I (a), and ProAt-K498I1/R505I (¥).

RESULTS

Impacts of Replacements D475A, D476A, and D478A on
the Osmotic Actiation of ProPEc The ProfEc coiled coll
may be antiparallel because Arg 488 forms salt bridges with
Asp 475 and Asp 478, and an Ard\rg pair in the
hydrophobic core would be destabilizing (Figure 1B®)(

As shown previously45), mutation R488I profoundly altered
the dependence of PrBPactivity on osmolality (Figure 3A).
To determine how eliminating only the salt bridges would
perturb activity, Asp 475 and Asp 478 were replaced with
Ala, singly and in combinations. As expected, these muta-

With a 5 min pre-aeration period, both PE® and
ProFEc-R488I attained maximal activities within 1 min of
an osmotic upshift (Figure 5). The activation time course
was too rapid to be delineated by our transport assay, and it
was undoubtedly influenced by effects of osmolality on both
respiration and the transporter. However, the distinction
between sustained activation of PEsfRand transient activa-
tion of ProFEc-R488I remained clear. Analogous measure-
ments showed that activation of PEB&®D475A/D478A was
also sustained (Figure 5). Thus, eliminating the salt bridges
of Arg 488 with Asp 475 and Asp 478 had weaker effects
on ProEEc than simultaneously eliminating those salt bridges
and increasing the hydrophobicity of the coiled-coil core,
which occurs with replacement R488I (Table 2).

Impacts of Replacements K498l and R505I on the Osmotic
Activation of ProPAt We turned to ProRt to further explore
structure-function correlations for ProP. Tsatskis et al1
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12 — . . . - - ' was expressed at a lower level than the other variants when
all four were induced by adding 0.4 mM arabinose to the
10 | 1 culture medium (data not shown). However, the activity of
ProFAt-K498I1/R505I-Hig remained low even when 4 mM
08| 1 p-arabinose was used, and its expression became comparable
to that of the other variants (Figure 7). Thus, this low activity
06 4 was a property of the transporter itself, not a consequence
of its expression level.
04l | Impacts of Replacements K498l and R505I on Stability
and Orientation for Peptide Replicas of the ProPAt C-
Terminal Domain Multiple factors could influence the
relative stabilities of the antiparallel PrBE and ProfAt
, , , , ) ) , coiled coils. The interactions in the extra heptad of the RtoP
0 10 20 30 40 50 60 coiled coil might confer higher stability (Figure 2A,C). Arg
505 and Lys 498 of Prof&t are ata positions and may form

i o interchain salt bridges with two residues (Glu 485 and Asp
Ficure 5: Impacts of mutations on the activation time course of

ProFEc. Bacteria expressing Prée (@) or variant ProEc-D475A/ 488) and one residue (Glu 495), respectively. The salt bridges

DA478A @) or ProFEc-R488I (v) were cultivated in NaCl-free ~ would stabilize the coiled coil and favor the antiparallel
MOPS medium (0.15 mol/kg), and initial rates of proline uptake orientation. However, the two charged residues limit the

were determined as a function of time after an osmotic upshift as continuous arrays of hydrophobic residues at @andd

described in Experimental Procedures. Assay media were adjuste i ; A _
to the following osmolalities with NaCl: 0.46 mol/kg for PrBP dﬁqoosrlgogilto tevrzjlycg\;]iepceljti(\;/zalna:?sb;‘ﬂ; Sgg)uigcb?grggirctjti;
and ProEc-D475A/D478A and 0.68 mol/kg for Pr@R-R488I. » only P ydrop

Relative rates of proline uptake were calculated by dividing each are paired across the coiled-coil core in HEaRFigure 2A),
rate by the maximum rate measured for the corresponding variantand none of the hydrophobic pairs are consecutive in RroP
(nanomoles per minute per milligram of protein): 96.56 for FQP (Figure 2C). On balance, the coiled coil of PAtPwas
58.63 for ProlEc-D475A/D478A, and 17.91 for Prdfe-R488lI. predicted to be more stable than that of FEoPA ProPAt

. . . ... variant with lle replacing both Lys 498 and Arg 505 was
showed that the relationship between proline uptake activity predicted to form highly stable, parallel coiled coils with

and osmolality for ProRt is analpgous to that of Préf nine continuous pairs of large hydrophobes in core positions
when b(_)th are expressqu_En coli (compare panels A and (Figure 2D).
C of_F|gure 3)'. In a_dd|t_|on, both transporters undergo Circular dichroism (CD) spectroscopy was used to measure
sustained osmotic activation (compare Figures 5 and 6). the impact of the K498I and R505| replacements (singly and
We compared the impacts of substitutions K498| and in combination) on the helical content of each peptide (Figure
R505I, singly and in combination, on the osmolality depen- gA) and its stability (Figure 8B). Helical content in benign
dence and osmotic activation kinetics of PAdPProFAt- solvent P22, for each peptide as a percent ®f.;, for the
K498l was similar in properties to Pré though the activity  fylly folded helical peptide Pro®-K498I/R505I) and ellip-
of ProPAt-K498I declined a little with time after an osmotic t|c|ty ratio (9222/6208) were used to assess coiled-coil
upshift [compare squares (PPK498I) with circles (Pro- formation @4) (Table 2). As predicted, the peptide with
PAY) in Figures 3C and 6]. The impact of replacement R505I double replacement K4981/R4041 was a fully folded coiled
on the osmolality dependence of PAiRctivity [in Figure  coil (100% a-helical) with ©,,4/020s greater than 1.0, but
3C, compare triangles (R505I) with circles (WT)] was very the WT peptide was moderately helical (80% relative to
similar to the impact of replacement R488I on the osmolality propat-K4981/R5051), with®,,4/0 05 slightly less than 1.0.
dependence of Pr&R activity [in Figure 3A, compare | jke ProRAt-K498I/R505!, peptide Prof-K498! had almost
inverted triangles (R488I) with circles (WT)]. In both cases, the maximum helical content and an ellipticity ratio greater
the amplitude of osmotic activation decreased and a muchthan 1.0. In contrast, peptide P@FR505! had a much lower
higher osmolality was required to elicit that activation for helical content, with spectral minima shifted to lower
the mutant than for the WT. However, like that of PA4P  \avelengths and an ellipticity ratio 0£0.9, indicative of
K498|, the osmotic activation of PréfeR505I! declined Only more randomness. CD Spectroscopy was also used to record
slightly with time after an osmotic upshift [in Figure 6, the thermal denaturation profiles of the peptides (Figure 8B)
compare squares (PraPK498I) with triangles (ProRt- and determine the temperature at the midpoint of each
R505I)]. When replacements K498| and R505] were com- thermal transition T) (Table 2). As expected, the WT
bined, the resulting transporter had minimal activity regard- propat coiled coil (T, = 45.5°C) was significantly more
less of osmolality (Figure 3C, inverted triangles) or time after stable than the WT Prd® coiled coil [T, = 28 °C (26)].
an osmotic upshift (Figure 6, inverted triangles). Induction The properties of the Pré®peptides reflected the anticipated
of transporter expression with-arabinose at levels up to  thermal destabilization due to the R505I substitution and the
13.3 mM failed to enhance this activity (data not shown). stabilizing effect of the K498l substitution. Surprisingly, the
The experiments described above were performed with thermal stability of double replacement peptide PxtP
untagged ProRt and its variants. To determine whether the K498I/R5051 was similar to that of single replacement
measured activities (Figures 3C and 6) were influenced by peptide ProRt-K498l, despite introduction of the destabiliz-
variable transporter expression levels, a six-His tag was addedng R505I substitution.
to the C-terminus of each transporter and their activities and These results showed that the contributions of the K498l
expression levels were estimated. PA6R498I/R505I-Hig and R505I substitutions to coiled-coil structure and stability

Relative Proline Uptake Rate

02

0.0

Time (min)



Coiled-Coil Orientation Switching in ProP Biochemistry, Vol. 47, No. 1, 20087

Table 2: Properties of Peptides and ProP Variants

transporter propertiés

continuous paired
hydrophobes in the

coiled-coil coré peptide propertiés cross-linked cysteines
ProP variarit antiparallel parallel ®]222(% helix) [0]24[@]20e Tm (°C) amplitude threshold duration central peripheral
ProFEC 2 5 —14400(39%) 0.86 28 normal normal sustained  yes no
ProFEC-R488I 6 7 —866(C (24%) 0.66 NTf reduced  markedly transient  yes yes
elevated
ProFEC-D475A/D478K& 2 5 NT NT NT reduced  slightly sustained NT NT'
elevated
ProPAt 1 5 —25900 (80%) 0.97 455  normal normal  sustained yes no
ProPAt-K498lI 4 7 —31300 (97%) 1.01 63.5 normal normal sustained fNT  NTf
ProPAt-R505I 3 5 —16000 (50%) 0.88 <10 reduced  markedlysustained  NT NTf
elevated
ProPAt-K498I/R505I 8 9  —32200 (100%) 1.05 64.0 inactive NA NA  yes yes

aProFEc and ProRAt are the ProP orthologues frob coli andA. tumefaciensrespectively. See Figure 1C for relevant amino acid sequences.
b Maximum number of continuous pairs of hydrophobic residues at coiled-coil core positamsd. For example, the WE. coli coiled coil has
one run of two continuous pairs plus two single pairs of hydrophobic resi@{©§2.. and [9]20s are ellipticities at 10C. For the ProRt peptides,
the % helix is the helicity of each peptide in benign buffer as a percentage of the helicity of the fully folded peptide4881/R505!1 under
benign conditionsT, is the temperature at which a 50% decrease in folding occutiBlade osmotic activation profiles (Figures 3, 5, and 6) are
described by specifying their amplitude (the maximum activity attained), the threshold for osmotic activation (the osmolality at which transporte
activity begins to rise), and the duration of activity (whether it remains 1 hour or more after an osmotic upshift). Fdr &nas3-linking of Cys
residues introduced at the center of the coiled-coil sequence (central) or near the C-terminus (peripheral) is illustrated in Figure 10in@ross-link
of ProFEc was reported by Hillar et al.2(). ® Properties of the wild-type and R488| P peptides were reported previousig5( 26). The
reportedTy, of 28 °C was based on analysis of the PEafpeptide at a concentration of 38/ at pH 7.5.7 Not tested9 Not applicable.
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Ficure 6: Impacts of mutations on the activation time course of 0
ProPAt. Bacteria expressing Pré® (@) or variant ProRt-K498lI FiGURe 7: Expression levels of His-tagged PAtR/ariants. The

(m), ProFAt-R505I (a), or ProFRAt-K498I/R505I (r) were cultivated expression levels (top) and activities (bottom) of the His-tagged
in NaCl-free, arabinose-supplemented (0.4 mM) MOPS medium ProPAt variants were measured as described in Experimental
(0.15 mol/kg), and initial rates of proline uptake were determined Procedures. Bacteria were cultivated in NaCl-free MOPS medium
as a function of time after an osmotic upshift as described in containing 0.4 mM arabinose (PraPHiss, PromAt-K498I-Hiss, and
Experimental Procedures. After pre-aeration, assay media wereProPAt-R505I-His) or 4 mM arabinose (PraR-K4981/R5051-His).
adjusted with NaCl to an osmolality of 0.51 mol/kg. Initial rates of proline uptake were measured in MOPS medium
supplemented with 0.2 M NaCl (0.56 mol/kg). Cell extractg«(p

were neither equal nor additive. To determine whether coiled- Of protein) were separated by SBBAGE, and His-tagged Pré®
coil orientation changes may contribute to differences in variants were detected by Western blotting. A replicate gel stained

. . ; with Gelcode Blue showed equivalent levels of other proteins
helical content and stability among these peptides, we among the four samples.

determined the thermodynamically preferred orientation for

the coiled coil formed by each peptide variant. Two variants synthesis (see Experimental Procedures for details) so that
of each sequence were designed so that covalently crosseach peptide could form only homo-stranded parallel coiled
linked, parallel homodimers and antiparallel heterodimers coils, cross-linked at the same termini and with partners of
could be differentiated by RPC. Flexible Trp-Gly-Gly-Cys the same length.

and Gly-Gly-Cys linkers were added to the N- and C-termini,  First, each shorter peptide was oxidized, forming C-
respectively, of each longer peptide, and a Gly-Gly-Cys terminally disulfide-linked homo-stranded molecules. Next,
linker was added only to the C-terminus of each shorter each longer peptide was oxidized to form N-terminally
peptide (Table 3). A differential Cys-protection scheme with disulfide-linked homo-stranded molecules. Equimolar quanti-
two different thiol-protecting groups was used during ties of these parallel homo-stranded molecules were then
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ments K498l and R505I. Dithiobis(maleimidoethane) (DTME)
is a bifunctional thiol reagent with a cross-link length of
approximately 1.3 nm and a cleavable disulfide. In previous
studies based on a PraP variant lacking all four native
Cys residues, position-specific DTME cross-linking of
ProFECc was shown to occum wivo (10). Cysteines are
present at the same four positions in PhtRnd ProlEc,
and evidence suggests that the FEoRys residues are in
the protein coreg). As expected, DTME did not cross-link
ProPAt-Hiss (data not shown). Residues Q497 and L508 were
separately replaced with Cys in the backgrounds of RtoP
Hiss and ProRAt-K498I/R505I-Hig. The Cys substitution
variants retained transport activity (data not shown). Like
previously cross-linked residue 480C of PEw{10), residue
497 of ProfAt is at a heptady position, at the midpoint of
the coiled-coil sequence (Figure 2C,D). DTME was expected
to cross-link the ProRt-Q497C C-termini if they formed
coiled coils with the indicated registers, whether their
orientation was antiparallel (Figure 2C) or parallel (Figure
2D). ProFAt residue 508 is at a heptablposition, selected
because insertion of a disulfide bond at thposition in a
model two-stranded coiled coil did not perturb the structure

Peptide sequences (short versions) are listed in Table 3. CD spectr&nd contributed to coiled-coil stability4f). The 508C
were determined under reducing conditions in benign solvent [100 residues of an antiparallel PrAFcoiled coil with the register

mM KCI, 50 mM KPQ, (pH 7.4), and 0.2 mM DTT]. Mean residue

molar ellipticity has units of degrees per square centimeter per

decimole. (A) Circular dichroism (CD) spectra of the reduced
ProPAt peptides. (B) Thermal stabilities of the reduced PxbP

illustrated in Figure 2C would be too far apart for DTME
cross-linking, whereas those in the parallel coiled coil
illustrated in Figure 2D would be close and may spontane-

peptides monitored at 222 nm in benign solvent (converted to ously form disulfide bridges.

fraction folded relative to the most helical analogue, K498I/R505I).

mixed in a redox buffer containing equimolar reduced and

oxidized glutathione (pH 8.0) to promote disulfide bond

exchange and allow selection of the most thermodynamically

DTME cross-linking of these PrdR variants yielded the
expected results (Figure 10). PAiFQ497C-Hig migrated
predominantly with an apparent molecular weight (MW) of
approximately 45 kDa before DTME treatment (predicted

stable peptide orientation. In this system, starting parallel MW ©of 56 kDa). Anomalous migration is characteristic of
homo-stranded molecules comprised of peptides with equa||ntegral membrane proteins like ProP, as illustrated by the

lengths may be maintained or may undergo disulfide

migration of the purified ProBc-Hiss standard. A little

exchange to form antiparallel hetero-stranded moleculesProtein with the dimer molecular weight of 90 kDa was
comprised of one short and one long peptide. Figure 9 showsPresent for each Pré variant without DTME treatment.

that, at equilibrium, peptides PrélPand ProAt-K498I had
switched to antiparallel hetero-stranded coiled coils of
different lengths. These coiled coils with the antiparallel

However, substantial quantities of PAFQ497C-Hig mi-
grated with apparent molecular weights of 45 kDa (monomer)
and 90 kDa (dimer) after DTME treatment. DTME also

orientation were the more stable and preferred, because littleincreased the proportion of dimeric PAFQ497C/KA498l/
of the starting, parallel homo-stranded molecules remained.R505I-His, as expected (Figure 2D). PraPL508C-His;
In contrast, both parallel homo-stranded molecules (startingWas predominantly monomeric without or with DTME, as
material) and antiparallel hetero-stranded molecules (afterexpected for distal 508C residues in proteins with an

equilibration) were observed for PrAPR505I, hinting that
there was little stability preference for either orientation.
Given its low helical content (50%) and poor thermal stability
(Tm < 10°C), ProRAt-R5051 may not have formed a coiled
coil of either orientation at room temperature. In contrast,
even after being mixed fo4 h in redox buffer, most of
peptide ProRt-K4981/R505I remained homo-stranded. Thus,

antiparallel coiled coil (Figure 2C). In contrast, PAIP
K498I/R5051/L508C-Hiswas predominantly dimeric in the
absence of DTME, and DTME treatment rendered some
protein monomeric. This would be expected if this variant
forms parallel coiled coils (Figure 2D), the 508C residues
in its core spontaneously form disulfide bridges, and
modification of a 508C residue with DTME sterically inhibits

the elevated thermal stability of this peptide may be conferred both dimerization and further cross-linking. A strongly
by the double lle replacements, and the resultant continuousantibody-reactive protein with an apparent MW of ap-

hydrophobic core maintained this fully folded coiled coil in

the very stable parallel conformation rather than the anti-

parallel orientation preferred by PrAPand ProAt-K498I.
Cross-Linking Confirms Predicted Impacts of Replace-
ments K498| and R5051 on Coiled-coil Orientation for
ProPAt In Vivo. Cross-linking was used to determine whether
ProFAt could form dimersn vivo and whether the relative
orientations of ProRt C-termini were affected by replace-

proximately 60 kDa was observed only after DTME treat-
ment of cells expressing either K497C variant of PkbP
(asterisks). This could indicate cross-linking of PAdP
Q497C to its own proteolytic fragment or a differdatcoli
protein.-Mercaptoethanol [5% (v/v)] treatment eliminated
the 90 and 60 kDa species, but not that with an apparent
MW of 45 kDa (data not shown). Since no lower-MW
species were observed with or withgéimercaptoethanol
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Table 3: Peptide Nomenclature and Sequences of RrBBptides Used in This Stutly

Peptide Name Continuous Hydrophobic Peptide Sequence
a and d Residues Per
Peptide

bcdefgabcecdefgabcdefgabcdefgabecdefgabede

WT 5 QHIEKSVEEIDEELAKLEEQKKILQTKREGLVGRHPDLTGGC
K4981 7 QHIEKSVEEIDEELAKLEEQIKILQTKREGLVGRHPDLTGGC
R5051 5 QHIEKSVEEIDEELAKLEEQKKILQTKIEGLVGRHPDLTGGC
K498I-R5051 9 QHIEKSVEEIDEELAKLEEQIKILQTKIEGLVGRHPDLTGGC
WT_L 5 WCGGQHIEKSVEEIDEELAKLEEQKKILQTKREGLVGRHPDLTGGC
K498I_L 7 WCGGQHIEKSVEEIDEELAKLEEQIKILQTKREGLVGRHPDLTGGC
R505I_L 5 WCGGQHIEKSVEEIDEELAKLEEQKKILQTKIEGLVGRHPDLTGGC
K498I-R5051_L 9 WCGGQHIEKSVEEIDEELAKLEEQIKILQTKIEGLVGRHPDLTGGC

2The WT peptide corresponds to residues 4386 of ProRAt. The heptad repeat, denotedadxdefg is shown above the peptide sequences
with residues at positiona andd in the hydrophobic core bold and the sites of substitutions underlined. Substitutions K498l and R505I are at
heptada positions. Two versions of each peptide were synthesized, a shorter version with Gly-Gly-Cys linker at the C-terminus and a longer
version (denoted _L) with Trp-Cys-Gly-Gly at the N-terminus and Gly-Gly-Cys at the C-terminus (see Experimental Procedures).

B | M st} & S GSH gyrad
=t 8-f=H =t ugi=1l
WT D
(8) (10)

B K498I-R505! || C K498 R505I
1 (2) ) (G @ (1)

AU
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(3) 4) 5
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() @ ) @ ©

36 40 44 43 a7 51 38 42 46 39 43 a7
retention time retention time retention time retention time

Ficure 9: Impact of REDOX disulfide exchange on coiled-coil orientation for Cys-bridged Arp&ptides. Peptide sequences are listed

in Table 3. Each panel shows a reversed-phase HPLC chromatogram of disulfide-linkéd papfies, both short and long versions. The

short and long peptides were mixed and the data obtained before (top panels) and after (bottord panejkitathione-containing buffer

as described in Experimental Procedures. The cartoons above the panels illustrate the reactions, Xs marking species that were poorly
represented at equilibrium. (A) WT PraPpeptides [short (1) and long (2) versions]. The peak at a retention time of 42 min (3) showed

the emergence of the antiparallel Cys-linked hetero-stranded coiled coil comprised of one short and one long peptideAttR}S86P

R505I peptides [short (4) and long (5) versions]. The peak at a retention time of 48.5 min (6) was small, showing little formation of
antiparallel hetero-stranded molecules. (C) PR498I peptides [short (7) and long (8) versions]. The peak at 44 min (9) showed the
emergence of the antiparallel Cys-linked hetero-stranded coiled coil comprised of one short and one long peptideA{BRBREPeptides

[short (10) and long (11) versions]. The peak at 44 min (12) showed the emergence of the antiparallel Cys-linked hetero-stranded coiled
coil comprised of one short and one long peptide, but some starting material also remained [parallel homo-stranded molecules (11 and 12)].

treatment, no proteolytic degradation of these PioRriants (Figure 8 and Table 2)]. We tested the prediction that the

was evident. ProPAt coiled coil is antiparallel and examined the impact
of replacing the core basic residues with Ile on its secondary
DISCUSSION structure, stability, orientation, and function.

The coiled-coil sequence of Prafis longer by one heptad Redox analysis confirmed that the WT PAtRpeptide
than the coiled-coil sequence of PEd Sequence align-  formed antiparallel coiled coils at equilibrium (Figure 9).
ments suggested that the antiparallel orientations of bothPeptide ProRt-K498I formed an even more stable, fully
coiled coils would be stabilized by specific ionic interactions foldeda-helical coiled coil {2) that retained the antiparallel
involving charged residues in the hydrophobic core. As orientation (Figures 8 and 9 and Table 2B). Thus, neither
expected, a peptide corresponding to the Rtadequence  coiled-coil formation nor antiparallel orientation required
formed a more stable coiled coil than a peptide correspondingelectrostatic stabilization by Lys 498. Replacement of that
to the ProEc sequenceT, = 45 and 28°C, respectively residue not only was tolerated but also enhanced the helicity
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& o0 group A orthologues can form intermolecular, antiparallel
o me S F8 coiled coils (refsl0, 18, and25—27 and this paper) that favor
ST NG FET ey . - .
& P T S S w bl_Jt are not ess&_anual for conformational cr_]anges a;souated
Sl f‘ = \_ = s - &"Da) with osmotlg activationX1, 46). When bacteria are cult!vgted
— Ba s and maintained at low osmolality, the ProP C-termini may
e e R 9T associate with the membrane surface, a different part of ProP,
A < L 66 or a different protein. The full C-terminal domain [not just
L e — a5 the coiled-coil-forming sequence (Figure 1C)] may be
« 3l involved in such an interaction, and it would be preferred
FicurRe 10: DTME-mediatedin vivo cross-linking of ProRt over homodimeric coiled-coil formation for group A ortho-

variants. Bacteria expressing PAtRariants were cultivated in LB logues. Homodimeric coiled-coil formation would be in-
medium; proteins were cross-linked with DTME, and cell extracts creasingly favored as cytoplasmic ionic strength and the

were analyzed by SDSPAGE and Western blotting as described L . . .
in Experimental Procedures-Arabinose was added at 50 to degree of crowding increase with medium osmolality. Group

induce expression of PréQ497C/K498I/R505I-Higand at 5uM A orthologues, with a coiled coil, would then be activated
to induce expression of the other proteins. Molecular weight markers at a lower osmolality than group B orthologues, without a
with the indicated sizes (MW) and purified Pfe&Hiss were used coiled coil (11, 25).

as standards. Monomeric and dimeric PkbRigrate with apparent Recently, we showed that PrEP and cardiolipin (CL)

molecular weights of approximately 40 and 90 kDa, respectively, . .
in this system. Plus and minus signs denote the presence and0localize near the poles and septetofcoli cells and the

absence of DTME, respectively. PrPvariants with replacement  polar localization of ProBcis CL-dependent47). The CL
Q497C formed an unexpected species with an apparent molecularcontent of E. coli and the osmolality required to activate
weight of approximately 60 kDa (asterisk; see text). ProFEcincrease in parallel with growth medium osmolality

- ) o (12). The osmolality required to activate PB® also
anq stability of the coiled coll (F|gu_r_e 8). In contrast, the jncreases with the proportion of anionic lipid (CL or
helical secondary structure and stability of the PXBR505I phosphatidylglycerol) in proteoliposomes (T. Romantsov and
variant were low, and it did not prefer either orientation 3 M. wood, unpublished data). These observations suggest
(Figures 8 and 9 and Table 2). This suggested that R505,that, in 4ivo, the C-terminal domain of Pr&® may interact
equivalent to R488 ii. coli, is a more important determinant  ith CL and this interaction may impair osmotic activation.

of coiled-coil stability and antiparallel orientation than K498. membrane (CL) surface association of PEzfay compete
Surprisingly, the peptides with the single replacement K498l \uith intermolecular coiled-coil formation.

and the double replacement K498I/R505I had similar, high  This model is further supported by our studies of ProP
stabilities (Figures 8 and 9 and Table 2). This apparent \ariants with altered coiled coils. Homologous amino acid
paradox was resolved by the obs_ervat|on that pepﬂdes_ﬂft’roP replacements R488! (in Pr&®) and R505! (in ProRt)
and ProRAt-K498I/R505I were in opposite orientations. impair coiled-coil formation by peptide replicas (12% and
ProPAt-K498I/R505I had switched to the parallel orientation Figure 8) and elevate the osmolality required for osmotic
because a long, continuous hydrophobic core had beenyctivation of the intact transporters (Figure 3). Osmotic
created and Arg residues were no longer paired in the pghifts only transiently activate PrEBR488I (ref25 and
hydrophobic core. Figure 5), so it is inactive when bacteria are maintained at
Recently, DTME cross-linking of introduced Cys residues  Jow osmolality or exposed to high-osmolality media for long
showed that the C-termini of Pré&le dimers are antiparallel  periods. DTME cross-links the C-termini of Pie&R488|
in vivo. Mutation R488I promoted cross-linking that would if Cys is introduced at position 473 or 480 because the
be facilitated by reorientation of the C-termini to a parallel C-termini of these dimeric transporters are in the same
alignment 7). Here we applied analogous tools to PA®P  vicinity and this mutation destabilizes the antiparallel
DTME treatment increased the amount of dimer present for orientation 27). In addition, transitions to the active con-
both ProfAt-Q497C-Hig and ProRAt-Q497C/K498I/R5051-  formation may facilitate parallel alignment of the C-termini,
Hise (Figure 10), showing the proximity of the C-termini in  |ocking this transporter in an inactive, osmolality-refractory
both protein dimers. DTME did not increase the amount of state and facilitating cross-linking at both sitek))( No
dimeric ProRAt-L508C-His;; on the other hand, Préf activation time course can be delineated for PxeR498l/
K498I/R5051/L508C-His in control samples was predomi-  R505I because it responds little to osmotic upshifts (Figures
nantly dimeric, and that proportion decreased slightly in 3,6, 7, and 10). Even at low osmolality this transporter forms
DTME-treated cells (Figure 10). These observations supportstable, parallel coiled coils that can be visualized as disulfide-
the view that antiparallel and parallel coiled coils are present bridged two-stranded molecules when residue L508 is
in ProPAtand ProRt-K498I/R505I, respectively. These data replaced with Cys (Figure 10). Hence, PAIFK4981/R505I
support the view that group A ProP orthologues are ho- is always refractory to osmotic upshifts (Figures 3, 6, 7, and
modimers in which the C-termini form intermolecular, 10).
antiparallel coiled coils. However, the C-termini of PAtP This switch between antiparallel and parallel orientations
can align in parallel when only Arg 505 is replaced with for the ProP C-termini illustrates the concept that coiled-
lle, and stable parallel coiled coils can form when both Arg coil domains not only are important in mediating assembly
505 and Lys 498 are replaced with lle. in large complexes but also may be important for dynamic
This information contributes to the following functional subunit realignment. For example, coiled coils in the SNARE
model for osmosensing and the osmotic adaptation of ProP.complex are known to align in either an antiparallel or a
Group A (L0) and B ProP orthologues are homodimers with parallel orientation depending on cellular functioa8)( and
interfaces that include TM XII residues. The C-termini of variants of GCN4 can populate both parallel and antiparallel
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orientations depending on crystallographic conditiof).( 10
In this study, peptides Pré®K498l and ProRAt-K498l/
R505I formed equally stable coiled-coil dimers; however,
transporter ProRt-K498| was activated as osmolality in-
creased, whereas transporter Px6R498I/R5051 was re-
fractory to osmotic activation. This functional difference
correlated with the fact that the C-termini within the

transporter dimers were opposite in orientation. To date, most

11

coiled-coil mutational switching investigations have been 12.

performedin witro with emphasis on structural biology,
protein stability, or amino acid interactions. Little or imo

vivo evidence has been provided to demonstrate the interplay
between coiled-coil alignment and functidi( 50, 51). This
study highlights the relationship betwegnvitro structural
studies and corresponding functional modifications in living
cells, thus stressing the future possibility of designing coiled
coils with specific structural and functional impantvivo.
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