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ABSTRACT. Transporter ProP dEscherichia colsenses extracellular osmolality and responds by mediating
cytoplasmic accumulation of organic solutes such as proline. Lesions@oiRdocus reduce ProP activity

in vivo. ProQ was previously purified and characterized. Homology modeling predicted that ProQ possesses
an a-helical N-terminal domain (residues-130) and g3-sheet C-terminal domain (residues +&32)
connected by an unstructured linker. In this work, we tested the structural model for ProQ, explored the
solubility and folding of full length ProQ and its domains in diverse buffers, and tested the impacts of the
putative ProQ domains on ProP activity vivo. Limited tryptic proteolysis of ProQ revealed protease
resistant fragments corresponding to the predicted N-terminal and C-terminal domains. Polypeptides
corresponding to the predicted N- and C-terminal domains could be overexpressed and purified to near
homogeneity using nickel affinity, size exclusion and reversed phase chromatographies. Circular dichroism
spectroscopy of the purified proteins revealed that the N-terminal domain was predomnduatigal,
whereas the C-terminal domain was predominafitBheet, as predicted. The domains were soluble and
folded in neutral buffers containing 0.6 M NaCl. The N-terminal domain was soluble and folded in 0.1
M MES (2-[N-morpholino]-ethane sulfonic acid) at pH 5.6. Despite high solubilities, the proteins were
not well folded in Na citrate (0.1 M, pH 2.3). The ProQ domains and the linker were expressed at
physiological levels, singly and in combination, in bacteria lacking the chromogmw@llocus. Among

these proteins, the N-terminal domain could partially complemenarth® deletion. The full length protein

and a variant lacking only the linker restored full activity of the ProP protein.

Escherichia colicells regulate their hydration by ac- respond by transporting a variety of structurally related
cumulating and releasing™or organic solutesl). Increases ~ osmoprotectants into the ce)( ProP responds to changes
in the external osmolality cause water to flow out of the cell, in external osmolality in whole cells, membrane vesicles and
leading to dehydration of the cytoplasm, whereas decreasegroteoliposomes3{ 4), indicating that the membrane is the
in the external osmolality cause water to flow into the cell. only other cellular component required for its activation and
Cytoplasmic hydration is maintained through the collective activity. Thus, ProP is both an osmosensor and an osmo-
efforts of osmotically activated solute transporters and regulator 4). ProP is a member of the major facilitator
channels. These proteins act to move solutes into or out ofsuperfamily (MFS) of transporters and a homology model
the cytoplasm in order to control the direction of net water for ProP, based on the crystal structure of GlpT filancoli,
flux across the membrane. Solutes that can be concentrated
in the cytoplasm at high levels without impairing growth I Abbreviations: BCA, bicinchoninic acid; BLAST, basic local

; ; lignment search tool; C, ProQ C-terminal domain; CD, circular
are termed compatible solutes and include compounds Sucrﬁichroism; DNase |, deoxyribonuclease I; DTT, dithiothreitol; EDTA,

as proline, glycine betaine, and ectoine. Those that stimulategthylenediaminetetraacetic acid; ESMS, electrospray mass spectrometry:
bacterial growth when available in high osmolality media FPLC, fast protein liquid chromatographys€i histidine tagged ProQ
are called osmoprotectants)( C-terminal domain; HEPES, 4-[2-hydroxyethyl]-1-piperazine ethane
. sulfonic acid; HN, histidine tagged ProQ N-terminal domaingNC,

ProP is a H/osmoprotectant symporter that can sense pjsiidine tagged ProQ N-terminaC-terminal domain fusion; HPLC,
changes in the osmolality of the external environment and high performance liquid chromatography; IPTG, isopropgtop-
thiogalactopyranoside; L, ProQ linker domain; LC, ProQ linker and
C-terminal domain; N, ProQ N-terminal domain; NC, ProQ N-terminal
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was createds, 6). Like related MFS members, ProP contains and purified by increasing the NaCl concentration of the cell
12 transmembrane domains and has cytoplasmic N- andlysis buffer to at least 0.6 M and maintaining high salinity
C-termini. The cytoplasmic C-terminal domain of ProP is during subsequent chromatographic step4).(However,
extended with respect to those of its closest paralogues, andsuch conditions may not be appropriate for studies designed
a peptide corresponding to residues 4@87 of ProP forms  to test Pro@-ProP interactions. It is possible that only the
an antiparallel, homodimeriay-helical coiled-coil 7—9). N- or C-terminal domain of ProQ is required to amplify ProP
Cross-linking studies indicate that ProP dimers obseimed activity and that the functional domain is more soluble than
vivo may include the coiled-coil structurd@. Mutations the full length protein. If so, the N- or C-terminal domain
that disrupt or impair coiled-coil formatidn vitro decrease  of ProQ may serve as a proxy for the full length protein in
ProP activity and increase the osmolality required to activate future in vitro studies.

ProPin vivo (7, 11). In this study, we confirmed the homology models for ProQ
A pOint mutation, an insertion or an in-frame deletion at by Overexpressing, purifying, and Characterizing ProQ frag-
theproQlocus, dramatically decreased ProP activity but did ments, including the putative domains comprising residues
not lead to its Complete inactivation. TMOQ lesions do 1—130 and 18%+232. Assays performeid vivo were used
not affect the transcription giroP or the translation of the  tg show that the N-terminal domain of ProQ alone can
ProP protein, as determined hyroP::lacZ fusions and  partially amplify ProP activity. The linker is not required,
Western blot analysis, respectivel2(13). Thus, ProQ may  pyt the N- and C-terminal domains are both required for the

act post-translationally, through a direct proteprotein  fy|| amplification of ProP activity in the absence of full length
interaction, to stabilize the active conformation of ProP, or proQ.

it may link ProP activation to other cellular processes. ProP
is embedded in the membrane with its C-terminus in the EXPERIMENTAL PROCEDURES
cytoplasm, where it forms a homodimeric coiled-coil with a
neighboring ProP monomer. The conformation of ProP is  Bacterial Strains and Plasmid§he genotypes of thE.
believed to change as osmolality increases, giving the coli strains used for this study are listed in Table 1S
transporter partial activity. ProQ, or a protein whose function (Supporting Information). Plasmid isolation was performed
depends on ProQ, may then stabilize the active conformationusing QIAprep Spin Miniprep Kits (Qiagen, Mississauga,
of ProP, amplifying transport activityl). Bacteria containing ~ ON). Routine DNA manipulation, plasmid construction,
ProQ orthologues do not always contain ProP orthologues, electrophoresis, and transformation were carried out as
and bacteria that contain ProP orthologues often lack ProQdescribed previouslyl{, 18). The polymerase chain reaction
(14). Thus, the function of ProQ may not be confined to the (PCR) was performed as described previou$B) (singPfu
amplification of ProP activity. turbo polymerase (Invitrogen, Burlington, ON) and oligo-
ProQ is a 26 kDa, basic, cytoplasmic protein with a nhucleotides were purchased from Cortec DNA Services
calculated pl of 9.7%2, 13). BLAST analysis reveals no  (Kingston, ON). The Molecular Biology Supercenter (Uni-
ProQ homologues with known functions3, 14). A homol-  versity of Guelph, Guleph, ON) performed DNA sequencing
ogy model for residues-1129 of ProQ was derived from  to verify all plasmid constructs.
the crystal structure of FinO, a basic mRNA binding protein  plasmids encoding most ProQ fragments were constructed
implicated in the regulation of F-pilus biogenesisEncoli by PCR amplifying the requireproQ sequence (plus desired
(14, 15). This model was based on a very strong match of flanking sequences) with plasmid pDC77 as the template or
the ProQ N-terminal sequence to the FinO structure by fold by excising the require@roQ sequence from an existing
recognition server 3D-PSSM and an almost gapless structureplasmid, then inserting the amplicon or oligonucleotide in
to sequence alignment for residuesI21. A homology  an appropriate vector, and recovering the resulting plasmid
model for residues 178232 of the protein was derived from by transformation intde. coli DH5a. followed by subsequent
the crystal structure of an SH3-like domain of a myosin transformation into the relevai. coli genetic background
motor protein inDictyostelium discoideun(l4, 16). This  (Table 1 and Table 1S (Supporting Information)). The PCR
model was based on multiple, weak matches to the five primers are listed in Table 2S (Supporting Information).

strande@3-meander, classified as an SH3-like domain or an : ; . ;
. ! . . To construct plasmid pMS14, the oligonucleotide encoding
Sm mOt.'f.' |dent_|f|ed_ bY 3D-PSSM. The_50 amino acid, residues M+E130 of ProQ was PCR amplified, adding a
hydro_phlllc peptlc_ie linking these two regions of the ProQ 5 BanHl site and a 3Hindlll site but no termination codon
protein was predicted to be mostly unstructured. (Table 2S, Supporting Information). The amplified sequence

_ Experiments involvingn vitro systems, such as proteo- s jigated into vector pQES2L to create an intermediate
liposomes co-reconstituted with purified ProP and ProQ, are 2 smid PMS9. The oligonucleotide encoding residues

needed to test the hypothesis that the ProQ protein interacts ;1 go—pF232 of ProQ was amplified using primers ProQ2

directly with the 'FfroP protein. Sudh uitro work rquires __and ProQ Fusion 1 (Table 2S, Supporting Information).
that ProQ be purified and stable in solutions compatible with Digestion of the resulting PCR product and plasmid pMS9

ProP function. Smith et al. reported that native ProQ i coR) allowed for the insertion of the C-terminal codin

. S - g
(a_bbrewateq below as Q) and histidine taggeq ProQ (ProQ'sequence in-frame with the N-terminal coding sequence. The
Hiss, abbreviated below as QHcould be kept in solution g ientation of the insert was confirmed through restriction

analysis and sequencing.
SDS, sodium dodecyl sufate; SB8SAGE, sodium dodecyl sufate ; ; ; ; ; Cp—
polyacrylamide gel electrophoresis; SH3, Src homology 3: TAPS, [(2- Culture Media Bacteria were cultivated in solid or liquid

hydroxy-1,1-bis (hydroxymethyl) ethyl) amino]-1-propane sulfonic acid: LB (20) or i_n a MOPS based minima_' mediurgl). The
TFA, trifluoroacetic acid. MOPS medium was supplemented with 43.5 mM glycerol
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Table 1: Plasmids and Encoded Proteins

Encoded Protein

Plasmid®  Vector?

Name Structure Schematic®
pDC77  pBAD24  Q ProQ ]
pMSI1 pBAD24 N ProQ(M1-E130) ]
pMS15 pBAD24  C M-ProQ(S181- F232) M I

pMSI8 pBAD24  NL ProQ(MI-1183) ]
pMS19  pBAD24 LC M-ProQ(E131-F232)

M I
pMS21  pBAD24 N TTOQIMI-EI30)-AW- I AV, .
M

ProQ(V180-F232)

pMS22  pBAD24 L M-ProQ(E131-V180)

PMSI  pQE60  QHq ProQ-Hs .
pMSI0  pQES2L  HeN MRGSH"’EGSE)I;”Q(ML .

PMSI3  pQES2L  HC MRGSH,GSM- M I

ProQ(S181-F232)

MRGSHeGS-ProQM1- [ I .. A\ ... .

pMS14  pQES2L HeNC  E130)-AW-ProQ(V180-
F232)

2The details of plasmid construction are provided in Experimental Procedures and Table 1S (Supporting Information). The construction of
pDC77 (L3) and pMS1 {4) was reported previously. The other plasmids were constructed for this $tlilg. vectors are pBAD243@), pQE60
(Qiagen, Mississauga, ON), and pQE82L (Qiagen, Mississauga,®Mlgd rectangles indicate the segments of ProQ encoded by the listed plasmids.
N-terminal open squares indicate the N-terminal tag MRGSHHHHHHGS. The C-terminal gray square for the protein encoded by pMS1 denotes
an RSHHHHHH tag.

and 9.5 mM ammonium chloride as carbon and nitrogen analyzed by Western blotting in comparison with these
sources, respectively, and 1.6 mM Vitamipdhd 0.24 mM standards, as follows. The quantity of full length ProQ
tryptophan to satisfy auxotrophic requirements of the strains. expressed from plasmid pDC77  coli WG914, without
Ampicillin (Amp, 100xg/mL), kanamycin (Km, 5@g/mL), arabinose induction, was determined by comparing it with
or both were added as required to maintain plasmids basechurified QH; on Western blots. Expression of the ProQ
on vectors pBAD24 (Amp), pREP4 (Km), pQE60 (Amp), fragments at levels equimolar with full length ProQ, as
or pQE82L (Amp). indicated by standards representing the ProQ fragments, was
Transport AssaysBacteria were grown in MOPS based  attained by arabinose supplementation of the relevant cultures
minimal medium (as above), and the initial rates of proline at the following concentrations (mM): N, 5.3; NL, 1.3; LC,
uptake were determined as described previou&. ( 4.0; and NC, 0.1 (fragment names are defined in Table 1).
SDS-Polyacrylamide Gel Electrophoresis and Western pragments C and L were not detected by Western blotting
Blotting. SDS-PAGE was performed as described by eyven when their expression was fully induced (arabinose at
Laemmli 3) with gels containing 12% or 15% (W/V) 13 3 mM:; see Results). These induction conditions were used

polyacrylamide with 0.9% or 1.1% (w/v) bis-acrylamide, o poth competition and complementation experiments.
respectively. Tricine SDSPAGE was performed as de-

scribed by Schagger and von Jagd)(with a 16.5% T, Protein Querexpression .a'nd Pur!ficatiquhe ProQ frgg- .
6% C separating gel, a 10% T, 3% C spacer gel, and a 49,ments expressed and purified during this st_udy are listed in
T, 3% C stacking gel. Gels were stained with Gel-Code Blue Table 1. QH was overexpressed as describéd)( HeN,
(Pierce, Rockford, IL) according to the manufacturer's HsC, and HNC were overexpressed by growig coli BL-
instructions. 21 Gold harboring the relevant plasmid (Table 1) overnight
Western blotting was performed as previously described In @mpicillin supplemented LB medium and subculturing the
(14) using anti-ProQ antibodie43). Quantitative Western ~ bacteria to an initial OB of 0.4 in the same medium.
blotting was used to adjust the expression levels of ProQ Cultures were grown to an Qg of 0.6, and expression of
fragments as follows. Full length ProQ (@+and the ProQ the recombinant protein was induced by adding IPTG to 1
fragments (KN, HeC, and BNC, Table 1) were purified by =~ mM. Incubation continued fo4 h at 37°C, and protein
Ni (NTA) chromatography for use as standards. Cells expression stopped when cells were harvested by centrifuga-
cultivated in media supplemented with arabinose at varioustion and washed once in ice cold saline (0.85% (w/v)). The
levels (0-13.3 mM) were solubilized and the extracts resulting pellets were stored at40 °C.
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Fragment 1  mrr—rmr—mmrmmommr—r—r
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27__- Glu-C —_— =
17— S — -
14— B8 | 130 180 232
65— SETmem - .f Fragment3 T
3.4 — Trypsin - E
Glu-C| =
0 130 180 232

Ficure 1: Limited trypsin proteolysis. Qkiwas purified by Ni-NTA and gel exclusion chromatography. (Left Panel) Limited proteolysis

and Tricine SDSPAGE were performed as described in Experimental Procedures. The final lane replicates that shown for 30 min of
digestion with Fragments 1 and 3 outlined. The numbers to the left are the sizes of the molecular weight markers. (Right Panel) Fragments
1 and 3 were digested to completion with Trypsin or Glu-C, the resulting peptides were extracted from the gel as outlined in Experimental
Procedures, and these peptides were analyzed by MALDI-TOF mass spectrometry (Table 2). The identities of the detected peptides were
determined by searching the NCBI database using ProF@@)agd are shown as horizontal black bars. Partial oxidation of methionine
residues during sample preparation led to the identification of the oxidized peptide species (open bars). The box above the coverage maps
represents the distribution of the trypsin cleavage sites over ProQ, and the numbers below the coverage maps indicate the residues at the
limits of the putative ProQ domains.

Proteins were purified by Ni(NTA) affinity chromatog-  (w/w). The digestion was carried out at 3Z. Samples were
raphy as described for QH(14) and by gel exclusion taken at 15 min intervals over the first 90 min and
chromatography. Buffers used for the purification of QH immediately boiled in SDSPAGE sample buffer for 10 min.
HeN, HsC, and BNC by Ni(NTA) affinity chromatography  Protease resistant fragments were visualized via Tricine

were based on buffer A (50 mM Na phosphateM NacCl, SDS-PAGE (as above). Gel slices containing protein
and 1 mM DTT at pH 8.0). The lysis buffer was buffer A fragments that were trypsin resistant after 30 min of digestion
supplemented with lysozyme (1 mg/mL), DNase | (3§ were excised. Control gel slices were obtained from empty

mL), RNase A (3Q«g/mL), and Roche EDTA free Protease lanes of the same gels. The protein fragments in these gel
Inhibitor (5 mg/mL) (Roche, Laval, Quebec). The column slices were digested to completion with trypsin or Glu-C
wash buffer and elution buffer were buffer A supplemented (Promega, Madison, WI) and the resulting peptides extracted
with 20 mM and 250 mM imidazole, respectively. Gel from the gel as describe@%). Peptides were desalted using
exclusion chromatography was performed using a SuperdexZiptips (Millipore, Mississauga, ON) and resuspended in a
75 HR 10/30 gel exclusion column with 50 mM Na saturatedx-cyano-4-hydroxy cinnamic acid matrix in 0.1%
phosphate, 0.6 M NaCl, 10 mM imidazole, 1 mM DTT, and TFA in 50% acetonitrile. The masses of the resulting peptides
1 mM EDTA at pH 8 as the elution buffer at*€. were determined by MALDI-TOF mass spectrometry using
Protein purity was analyzed, and the proteins were further Reflex 1ll MALDI TOF (Bruker Daltonics, Billerica, MA).
purified by reversed phase HPLC (RP HPLC). Analytical The identities of the resistant fragments and the resulting
and preparative scale RP HPLC were carried out on ancoverage of ProQ (accession number P45577) were deter-
Agilent 1100 series HPLC with a diode array and a Zorbax mined by using ProFoun@6) to search the NCBI database.
C8 column (15 cmx 4.6 mm, 5um pore size). Varying Determination of Protein Solubilitie®rotein solubilities
gradients of eluents A (0.2% trifluoroacetic acid in water) were explored as described by Collins et al., employing the
and B (0.2% trifluoroacetic acid in acetonitrile) were used sodium salts of buffer bases 0.1 M citrate at pH 2.3,
with a constant flow rate of 1 mL/min. Two milliliter ~ phosphate at pH 4.2, MES at pH 5.6, PIPES at pH 6.5,
fractions were collected, and HPLC purified proteins were HEPES at pH 7.5, and TAPS at pH 8%7]. These buffer
further analyzed by analytical RP HPLC, SBBAGE bases were supplemented with the following salts at 0.2 and
(described above), and electrospray mass spectrometryd.5 M: MgCh, CaCh, NH4CI, LiCl, KCI, KSCN, NaNG;,
(ESMS), performed using a Mariner Biospectrometer Work- or NaCl. Briefly, purified proteins at concentrations of 1 to
station (Perseptive Biosystems, Forester City, CA). Further 2 mg/mL in the elution buffer were dialyzed into deionized
details of protein purification are provided in the legend to water overnight. The resulting precipitates were resuspended,
Figure 3. aliquots of the suspension were put into microcentrifuge
Limited Trypsin DigestionQHs was purified fromE. coli tubes, the protein was recovered by centrifugation, and the
SG13009 pMS1 using a combination of Ni (NTA) affinity supernatant was removed. The pellets were resuspended by
and gel exclusion chromatographies (as above). Purifiedrepeated pipetting in 0.1 mL of the buffers specified above
protein at a concentration of 0.5 mg/mL in 50 mM Na or in water, the suspensions incubated at room temperature
phosphate, 0.6 M NaCl, 10 mM imidazole, and 1 mM DTT for 30 min, and the insoluble protein again pelleted by
at pH 8.0 was diluted to a final concentration of 0.3 mg/mL centrifugation. The amount of protein in solution in the trial
and combined with trypsin present in the same buffer buffer was measured with the Bradford Assag)( Signifi-
(Promega, Madison, WI) at a ratio of 500 ProQ/1 trypsin cant solubilization of the protein occurred when the quantity
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QH, SHVA G| G2 amino acid analysis. Each spectrum is the average of 8
97— wavelength scans.
Protein AssaysProtein concentrations were determined
A9m using the BCA assay?20) with reagents from Pierce,
N—— Y — (Rockford, IL) or the Bradford assag®) with reagents from
91—l Sigma (Oakville, ON) according to manufacturers’ instruc-
4. tions.
H.N RESULTS
9 S| EATINGT G2 . . . .
07— Limited Protec_)ly_sls Supports the Predicted Domain Struc-
| ture of ProQ Limited proteolysis was used to compare
45— ‘ protease resistant fragments of ProQ with the predicted
31— domains. Tryptic digestion was selected to define protease
21— resistant regions because ProQ contains 36 potential tryptic
14_;,.- cleavage sites with 18 in the predicted N-terminal domain
(residues $£130), 13 in the predicted linker domain (residues
| ' 131-179), and 5 in the predicted C-terminal domain
(residues 186232).
S Al G1 G2 These experiments identified four protease resistant frag-
H.C ments after trypsin digestion for 30 min, 2 of which remained
after 90 min of digestion (referred to as Fragment 1 and
97 = Fragment 3) (Figure 1). The identities of these two fragments
45— were further assessed by independent in-gel digestion with
31:!‘ trypsin or Glu-C (trypsin and Glu-C cleave peptide bonds
14—8 C-fcerminal to.the basic amino acid residues and to glutamic
b P acid, respectively). Fragment 1 had an apparent molecular

weight of approximately 14 kDa (Figure 1, Tricine SBS

F'GllJRE. 2: hA”a'y?iS of E.mtei‘r“s Ip”!riﬁefdf byt.Ni(NJA.) ad”? gelth PAGE). In-gel digestion of this fragment with trypsin and
exclusion chromatographies. Analysis of fractions derived from the o o .
purification of QH, HeN, and HC. Proteins were purified, and  2nalysis with MALDI-TOF MS identified four peptides

SDS-PAGE (QHs and HN) and Tricine SDS-PAGE (HC) were unique to the digest (not also obtained from control gel slices,
performed as described in Experimental Procedures. The numbersee Experimental Procedures) (Table 2). If the identified
to the left indicate the sizes of the molecular weight markers: S, peptides were all derived from sequences near the N-terminus
soluble fractions; A1, proteins purified by affinity chromatography; ¢ ProQ, then they would span residues-1D0 (Figure 1).
and G1 and G2, fractions obtained by gel exclusion chromatogra- Thei fth tative N-t inal d . id
phy. Gel exclusion chromatography of @ylelded two peaks, and eir coverage of the putative N-terminal domain (residues
both peak fractions are shown (G1 and G2). Gel exclusion 1—130) was calculated to be 42% by dividing the sum of
chromatography of the ProQ fragments partially resolved them the numbers of amino acids in the peptides 320 = 54,
from contaminants, and representative fractions are shown (G1 andTgple 2) by the number of amino acids in the putative
G2). N-terminal domain (130) and multiplying by 100%. How-
ever, the peptide with a mass of 1745 Da could correspond
of protein present in the supernatant was at least 3-fold t0 either N-terminal residues 2B5 or C-terminal residues
greater than the quantity of protein present in water in the 211—226 (Table 2). This ambiguity was resolved by in-gel
same experiment. digestion with Glu-C, which produced four unique peptides
Circular Dichroism Spectroscopgircular dichroism (CD) ~ (Table 2) that spanned residues-2M5 and covered 32%
spectroscopy was performed on a Jasco-810 spectromete®f the putative N-terminal domain (Figure 1). Thus, Fragment
with constant nitrogen flushing (Jasco, Inc., Easton, MD). 1 corresponded to the putative N-terminal domain of ProQ.
Circular optical cells with a path length of 0.05 cm were  Fragment 3 had an apparent molecular weight of ap-
used to determine the spectra of proteins in 0.1 M K proximately 9.3 kDa (Figure 1, Tricine SB®AGE). In-
phosphate at pH 7.4 or 0.1 M Na citrate at pH 2.3 in the gel tryptic digestion of this fragment and analysis by
presence and absence of 0.6 M NaCl over a wavelength rangdMALDI-TOF MS revealed seven unique peptides (Table 2),
of 195-250 nm in 1 nm increments. The concentrations of only three of which could be assigned unambiguously to the
the protein preparations were determined by amino acid predicted C-terminal domain of ProQ (Table 2 and Figure
analysis using a Beckman Model 6300 Amino Acid Analyzer 1). In-gel digestion of Fragment 3 with Glu-C and MALDI-
(Beckman Coulter Inc, Fullerton, CA). Mean residue ellip- TOF MS revealed two unique peptides, one derived from a

ticity was calculated using the following equation: sequence near the N-terminus and another derived from a
sequence near the C-terminus (Table 2 and Figure 1).
0 = (0ps x MRW)/(10 x path length (cm)x Fragment 3 has an apparent molecular weight of 9 kDa, and

concentration (mg/mL))  thus, itis not large enough to span amino acids 228 of
ProQ (Figure 1). Fragment 3 is more likely made up of two
where 6 is the mean residue molar ellipticityops is the fragments with similar molecular weights, which were not
observed ellipticity, MRW is the mean residue weight, and fully resolved by Tricine SDSPAGE. One of these frag-
concentration is the protein concentration determined by ments would be derived from the predicted C-terminal
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QH, ...

Table 2: Masses and Identities of Peptides Derived from Tryptic
ProQ Fragments by In-Gel Trypsin and Glu-C Digestions

measured peptide  peptide identity

samplé enzymé mass (D&) (ProQ residues$)
fragment1l  trypsin 1047.203 120
1175.207 3645
1745.22% 21-35
5 M 211-226
< 2289.169 8%+100
£ fragmentl  Glu-C 1010.693 95105
S 1150.731 26-28
N 1336.823 26-30
© 2281.5 29-49
% fragment3  trypsin 1175.215 3615
k] 1316.252 215226
2 : 1332.222 215226 (oxidized)
< - 1745.238 211-226
21-35 (oxidized)
2122.356 174-193
o 36—54 (oxidized)
-] = 2446.419 17193
-] il fragment3  Glu-C 1336.648 280
= - 2302.530 208228
i : aProQ protein fragments 1 and 3 were obtained as described in the
- L S text and Figure 1° In-gel digestion of each fragment with the indicated
Retention Time (min) enzyme was performed as described in Experimental Procedres.

. . » peptide masses were determined by MALDI-TOF MS as described in
FiIGURE 3: Analysis of proteins purified by reversed phase HPLC. Experimental Procedure$The identities of the detected peptides were
Analytical RP HPLC was performed with a linear gradient of eluents  getermined by searching the NCBI database using ProF@ct (This
A (0.2% trifluoroacetic acid in water) and B (0.2% trifluoroacetic 455 was found to correspond to ProQ residues3BLby GluC

acid in acetonitrile) at a rate of 2% per minute over 40 min. No .~ : ; ;
peaks were seen with retention times below 40 min or above 80 digestion (see text}.It was not possible to unambiguously assign these

min for any of the protein preparations. (@H.eft) QHs (at 10.6 masses to either of the listed ProQ peptides (see text).
mg/mL) purified by Ni(NTA) affinity and gel exclusion chromatog-
raphies was dialyzed into 0.1 M Na-citrate at pH 2.3 and diluted to : ; ; ;
1 mg/mL in solvent A. A sample (206L) was analyzed by analytical domain qf ProQ. It would include am|n00a0|ds +7428. .
RP HPLC (as above). (QHRight) QHs (12.7 mg at 10 mg/mL)in  The tryptic peptides would then cover 74% of the putative
0.1 M Na citrate at pH 2.3 was diluted 4-fold into 0.2% TFA in C-terminal domain (residues 18@32), and the Glu-C

water for further purification by RP HPLC using a discontinuous peptide would cover 40% of that domain (Figure 1). The
linear gradient of solvents A and B as follows. A 2% B per min . . i
linear gradient was used from 1 to 20% B, a 1% B per min linear other fragment present in band 3 would include residues 20

gradient was used from 21 to 28% B, a 0.1% B per min linear 54 in the predicted N-terminal domain of ProQ. The tryptic

gradient was used from 28 to 48% B, and a 4.2% B per min gradient peptides would cover 26% of that domain, whereas the Glu-C
was used from 48 to 90% B. The trace on the right was obtained : 0 ;

by analytical RP HPLC (performed as above) on a fraction peptide V\./O"."d cover .8/().(':'9[.”6 1). . .
corresponding to the middle peak in the chromatogram of the ~ Thus, “m't?d trypsin digestion of pU“flff‘d ProQ ylelde_d
partially purified preparation (Qgileft). (HgN, Left) Purified HN protease resistant fragments corresponding to the predicted

(0.06 mg at 30 mg/mL) in 0.05 M sodium phosphate, 0.6 M NaCl, - ~ i i -
and 0.25 M imidazole at pH 8.0 was diluted 200-fold into buffer N- and C-terminal domains. In contrast, fragments corre

A. A sample (2QuL) was analyzed by RP HPLC as outlined above. SPONding to predicted tryptic fragments within the linker
(HeN, Right) The same preparation (0.4 mL) was diluted 10-fold region (amino acids 136173) were not found. These

with solvent A and purified further using RP HPLC with a observations are consistent with the predicted domain
discontinuous linear gradient of solvents A and B as follows. A structure of ProQ

2% B per min linear gradient was used from 1 to 20% B, a 1% B . .
per min linear gradient was used from 21 to 28% B, a 0.1% B per  Putative ProQ Domains Could Be #@rexpressed and

min linear gradient was used from 28 to 48% B, and a 4.2% B per Purified. A multiple sequence alignment of 12 ProQ homo-

min gradient was used from 48 to 90% B. The trace on the right ] i i
was obtained by analytical RP HPLC (outlined above) on a fraction logues (4) was used to define the boundaries of the putative

corresponding to the first major peak in the chromatogram of the N- and C-terminal domains. Each dqmain showed Sequ,ence
partially purified protein (N, left). (HsC, Left) HeC, purified only and secondary structure conservation, whereas the linker
by affinity chromatography and present at 1.6 mg/mL in 0.05 M varied in length and amino acid composition. Predominantly

yi?u tper:jog%r_‘%tl%’ %t?) '\gu';‘fng'A_aRdS%r%% Ilgl ("ani‘lj_‘;zgf"ih?; Fr’n"i'x?u?é Was -helical andg-sheet secondary structures were predicted

was analyzed by RP HPLC as outlined aboveGHRight) HC (7 for peptides corresponding . coli ProQ residues Mi
mg in 5 mL of 0.05 M Na phosphate, 0.6 M NaCl, and 0.25 M E130 and V186-F232, respectively. This was true even

imidazole at pH 8.0) was mixed with 10 mlf 8 M urea in 0.2% houah th nce identity wi li ProO varied from
TFA (the final buffer was 0.017 M Na phosphate, 0.2 M NacCl, though the sequence identity wih co 0Q varied fro

0.083 M imidazole, 5.33 M urea, and 0.013% TFA) and purified 297 for theShigella flexinerihomologue to only 39% for
using a discontinuous linear gradient as follows: 2% B per min the Shewanella oneidendi®mologue 14). Thus, for further
gradient from 0 to 24% B, 1% B per min from 24 to 32% B, 0.1% studies, M:-E130 and V186-F232 were chosen as bound-

B per min from 32 to 52% B, and 4.8% B per min from 52 to ; _ _ ; ; ;
100% B. The right trace represents the chromatogram obtained byarles for the N- and C-terminal domains, respectively.

analytical RP HPLC (outlined above) on a fraction corresponding ~ 1he putative N- and C-terminal domains of Prer?I(H
to the second major peak in the chromatogram of the partially and HC, Table 1) were overexpressed and purified to
purified protein (HC, left). determine whether each could fold as a protease resistant
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nantly HsC as determined by RP HPLC (Figure 3, right),

Table 3: Molecular Weights of Purified ProQ Fragments o
Tricine SDS-PAGE (not shown), and ESMS (Table 3).

protein mass (Da) These experiments showed that N- and C-terminal fragments
name sequence predicted meastred  of ProQ foldedin vivo and could be purified, supporting
QHs  ProQ-H 26958.6  26963.62 the hypothesis that they represent domains present in full
HeN  MRGSHGS-ProQ(MEE130) 15980.9  15999.2 length ProQ.
HeC MRGSHGSM-ProQ(S184+F232) 7125.2  7127.4

Solubilities of ProQ and Its Fragment$he solubilities
of HgN, HeC, and full length Qi were explored as described
by Collins et al. 27). Among the buffers tested, only Na
citrate (0.1 M, pH 2.3) could resolubilize aggregategNH
HeC, and full length QH. Purified QH and HN could be
dialyzed into this citrate buffer and concentrated above 25
mg/mL using Millipore YM-10 (MWCO 10,000 Da) cen-
tricon devices (Millipore, Mississauga, ON)¢N was also
soluble in MES (0.1 M, pH 5.6), but §&€ and QH were

2 The masses of proteins purified by RP HPLC were determined by
ESMS as described in Experimental Procedures and Results.

domainin vivo. Preliminary studies showed thatM and
HeC were expressed maximally when strain BL21-Gold
containing the relevant plasmid (Table 1) was grown in LB
medium to an Olgy of 0.6, and expression was induced with
1 mM IPTG fa 4 h at 37°C (data not shown). QHwas
overexpressed as previously describ&d) ( not.

QHs and HN were purified by Ni(NTA) affinity and gel Secondary Structures of the ProQ Fragmer@&cular
exclusion chromatographies (Figure 2), and the purity of the dichroism (CD) spectroscopy was used to determine whether
resulting preparations was determined by analytical RP H{N and HC fold in vizo to form domains with the
HPLC (Figure 3, left column of chromatograms). This secondary structures predicted by Smith et &) @nd to
material was further purified by preparative RP HPLC and compare the secondary structures of these proteins in buffers
the purity of the resulting preparations determined by that enhance their solubilities. To determine whether the
analytical RP HPLC (Figure 3, right column of chromato- spectra were influenced by contaminants present before RP
grams) (see Experimental Procedures and the legend toHPLC or whether the denaturation of the protein during
Figure 3). In each of the resulting RP HPLC preparations, a purification via RP HPLC was irreversible, the CD spectra
single protein of the expected molecular mass was evidentof proteins purified by Ni (NTA) affinity and gel exclusion
upon SDS-PAGE and dominated the mass spectrum (Table chromatographies were compared with those of proteins
3). Analytical RP HPLC of QHRlpurified by Ni(NTA) affinity purified by RP HPLC, then lyophilized, and resdissolved in
and gel exclusion chromatographies (Figure 2) yielded a the indicated buffers (see the legend to Figure 4). No major
chromatogram that had three large peaks with retention timesdifferences in spectra were observed, and the RP HPLC
of 53.8, 57.3, and 61.9 min (Figure 3, left). Protein recovered purified proteins were used to further analyze each protein’s
from the second and third peaks was identified as; Q¥ secondary structure in various buffers. Smith et al. reported
ESMS and SDSPAGE (data not shown). The basis for the that NaCl at concentrations above 0.6 M solubilizeds@H
resolution of these protein fractions was not determined. Na phosphate buffer at neutral pH and that the CD spectrum
Protein from the peak with a retention time of 57.3 min was of untagged ProQ was pH- but not NaCl-sensitit4)( The
used during subsequent analyses. The composition of thatCD spectrum of Qllin 0.1 M K phosphate buffer at pH 7.4
material is illustrated in the right panel of Figure 3. (Figure 4, top) was similar to that of ProQ in 10 mM K

HeN was purified to near homogeneity by Ni(NTA) phosphate at pH 7.414). These spectra were taken to
affinity chromatography (Figure 2, lane Al). Gel exclusion represent the native secondary structure of ProQ. The
chromatography removed minor contaminants present in theaddition of 0.6 M NacCl did not noticeably change the CD
preparation (Figure 2, fraction G2). Analytical RP HPLC spectrum (Figure 4, top). Similar spectra were also obtained
detected some minor contaminants (Figure 3, lefgN Has with the low pH Na citrate buffer (0.1 M, pH 2.3) in the
resolved from the minor contaminants by preparative RP presence of 0.6 M salt. However, a different spectrum, which
HPLC, as shown by subsequent analytical RP HPLC (Figure showed considerably more random coil structure, was

3, right), ESMS (Table 3), and SD$AGE (data not
shown).

HsC could be partially purified, but many contaminants
were evident when it was viewed by Tricine SBBAGE

obtained in the absence of salt at pH 2.3.

In CD spectrap-helical secondary structure is character-
ized by strong ellipticity minima at 208 and 222 nm. In
highly a-helical proteins, the ellipticities at 222 and 208 nm

(Figure 2, lane Al1). Gel exclusion chromatography resolved are similar. In proteins with mixed-helical and random

part of the HC from the contaminants (Figure 2, lane G2);
however, the protein recovery was poor. For further experi-
mentation, HC was only purified by Ni(NTA) affinity

structure, the ellipticity at 222 nm is much less than that at
208 nm because random structure exhibits a CD spectral
minimum below 200 nm (as shown in Figure 4 for QH

chromatography to reduce protein losses. Analytical RP Canonical3-sheet structure exhibits a weak minimum at 217

HPLC showed that many contaminants remained (Figure 3,

left), but SDS-PAGE and ESMS detected only protein with
the predicted molecular weight ofsH, and that protein was
only found in the major peak. Instability in solution prevented
further purification of HC by RP HPLC using the buffers

employed for the other ProQ fragments. It was, therefore,

nm. Like QH;, HeN was expected to assume its native
conformation in 0L M K phosphate buffer at pH 7.4. The
CD spectrum of BN indicated that it is mosthy-helical
(Figure 4, middle), in agreement with the model for N based
on the crystal structure of FinQl4, 15). There was very
little change in the CD spectrum when 0.6 M NaCl was

denatured in 0.05 M Na phosphate, 0.6 M NaCl, and 0.25 added to this preparation (Figure 4, middle). As for LQH

M imidazole at pH 8.0 containgm6 M urea prior to RP
HPLC purification. The resulting preparation was predomi-

the change of pH to 2.3 in the presence of 0.6 M NaCl had
no effect on the spectrum. Also as for @Hhe spectrum
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Ficure 4: Circular dichroism spectra of QHHgN, and HC. RP
HPLC purified and lyophilized QK HgN, and HC were dissolved

at 1.6 mg/mL in OL M K phosphate at pH 7.4. The solutions were
dialyzed into 01 M K phosphate at pH 7.4 or 0.1 M Na citrate at
pH 2.3. The dialysates were diluted with the same buffer or with
the same buffer supplemented with NaCl to give 0.04 mg/mL
protein in 01 M K phosphate buffer at pH 7.4 (circles) or 0.1 M
Na-Citrate buffer at pH 2.3 (triangles), alone (closed symbols) or
supplemented with 0.6 M NaCl (open symbolskNHwas also
analyzed in 0.1 M MES at pH 5.6 (squares). CD spectra were
recorded as described in Experimental Procedures.

showed a large decreasedrhelical structure in the absence
of salt at pH 2.3. CD analysis ofdN in 0.1 M MES showed
that it folded similarly in that buffer and in K phosphate
(Figure 4, middle). Thus, ¥Q and BN behaved similarly,

Biochemistry, Vol. 46, No. 11, 2008091

it can be concentrated to more than 30 mg/mL. Thus, 0.1 M
MES is a suitable buffer for further physiological studies of
the N-terminal domain of ProQ.

Complementation and Competition Analysigntagged
homologues of various ProQ fragments (Table 1) were
expressed at physiological levels to test thair vivo
functions. To determine if these proteins could complement
a chromosomabroQ deletion or impair the function of full
length ProQin zivo, it was necessary to ensure that they
were expressed at comparable levels. This study employed
the vector pBAD24, which allows for the tight control of
protein expression from the arabinose inducibl@BAD
promoter. ProQ was present at 2 nmol/mg cell protein when
proQ was expressed from the pBAD24 derived plasmid
pDC77 inE. coliWG914 cultivated in MOPS medium (see
Experimental Procedures). The levels of arabinose supple-
mentation yielding equivalent expression levels for the ProQ
fragments were determined by quantitative Western blotting
with purified full length ProQ (QHl), the ProQ domains (@
and HC), and a variant lacking the linker regiondRC) as
standards (see Experimental Procedures). The fragments that
included a linker (NL, LC, and L) and that lacking the linker
(NC) were degradeth vivo (Figure 5B). This degradation
yielded subfragments of similar size to the N- or the
C-terminal domain identified by limited proteolysis vitro
(Figure 1), suggesting that these two ProQ domains were
also presenin vivo.

Transposon insertion in or deletionmoQ decreases ProP
activity. Expression of ProQ or QHfrom a plasmid
complementproQ lesions, indicating thaproQ is respon-
sible for the effects on ProPL8, 14). In this study, the
impacts of ProQ fragments on ProP activity were determined
by measuring the proline uptake activities of bacteria in
which ProP was the only proline transporter expressed, and
proQ was either expressed from the chromosoie qoli
WG210) or absent because of an in-frame chromosomal
deletion E. coliWG914) (Table 1S, Supporting Information)
(14).

As previously observed, thEoQ deletion decreased ProP
activity, and the plasmid based expressionpodQ from
plasmid pDC77 restored it. Plasmid bag®dQ expression
yielded higher ProQ levels than chromosome base)
expression, yet the resulting ProP activities were similar
(Figure 5Al). The expression of L, LC, or C did not amplify
ProP activity, whereas the expression of N or NL partially

being sensitive to low pH in the absence of salt. CD restored ProP activity (ProQ fragments are defined in Table
spectroscopy of kC showed that its structure was mostly 1) (Figure 5Al). Further increasing the expression of N or
pB-sheet. The spectra were similar at pH 7.4 in the presenceNL did not increase ProP activity above this intermediate
and absence of salt and at pH 2.3 in the absence of saltlevel (data not shown). The expression of a ProQ variant

However, the addition of 0.6 M NaCl to the pH 2.3 buffer
disrupted the structure (Figure 4, bottom).

lacking the 50 amino acid linker region (NC) fully restored
ProP activity (Figure 5Al). As anticipated, N, NL, LC, and

These experiments showed that tagged, full length ProQ NC were all expressed at levels at least equivalent to that of

(QHs) and the expressed N- and C-terminal fragments of
ProQ (BN and HC, Table 1) folded to form domains with
the anticipated secondary structures ifh M K phosphate
buffer at pH 7.4. CD spectroscopy offered no evidence for
the formation of an SH3-like domain by:8. Although these

ProQ (Figure 5BI). Neither C nor L could be detected despite
full arabinose induction (Figure 5BIl). However, the failure
of LC to complement th@roQ deletion suggests that these
subfragments would also be ineffective. Thus, the N-terminal
domain of ProQ may contain residues that are important for

proteins were soluble in Na citrate buffer at pH 2.3, the ProQ function because this domain gives partial comple-
absence of salt increased the random coil structure of QH mentation. However, both the N- and C-domains of ProQ
and HN. Interestingly, the presence of salt at pH 2.3 are important for its complete vivo function.

decreased the structure o§® HsN was also found to be Because ProQ is predicted to interact with ProP, the
soluble and structured in 0.1 M MES buffer at pH 5.6, where expression of an interacting ProQ domain in the presence
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Ficure 5: Functional analysis of ProQ fragments. (Panel A) The proline uptake activities of bacteria expressing ProQ fragments were
determined as outlined in Experimental Procedures. Proline uptake rates were measured in the preseabsénce-) of chromosomally
encoded ProQ (Chromosome) and in the absence of plasmjdn(the presence of the empty pBAD24 vectet'}, or in the presence of
plasmid-encoded Q, N, C, L, NL, LC, or NC (Plasmid). (The ProQ fragments are defined in Table 1.) Cells harpar@daletion (1)
or wild type proQ (Il) at the position of the chromosomptoQ locus. (Panel B) Protein expression levels were determined by Western
blotting with anti-ProQ antibodies as outlined in Experimental Procedures. Samples were loaded at a concentration of 0.08 mg of total cell
protein. The central panel in B shows histidine tagged protein standards, purified via Ni(NTA) affinity chromatography. Quantities of these
proteins equimolar to the quantity of ProQ in cells with plasmid pDC77 were used. These quantities weygQHs), 0.082u9 (He-
QNC), 0.06ug (HsQN), and 0.026:g (HsQC).

of the full length protein may be expected to decrease ProPas determined by CD spectroscopy, because the N-terminal
activity. However, none of the tested ProQ fragments domain (HN) wasa-helical, whereas the C-terminal domain
impaired the ability of full length ProQ to amplify ProP  (HeC) includeds-sheet structure (Figure 4). By performing

activity (Figure 5AIl and BII). simple solubility screens, QHHsN, and HC were found
to be soluble at high concentrations in a second buffer, 0.1
DISCUSSION M Na citrate at pH 2.3. High concentrations ofNHbut not

Multiple studies have shown that the activity of the QHsor HeC could be attained in a third buffer, 0.1 M MES
osmoregulatory transporter ProP is attenuated when ProQat pH 5.6. The impacts of these buffers on the secondary
is absent 12—14, 30). ProQ does not amplify ProP activity ~ structures of the purified proteins were examined. Each
by increasingproP transcription or ProP levelsl®, 13). protein was soluble in 0.1 M Na citrate at pH 2.3. §xhd
Thus, ProQ may act directly on ProP, (L4). HeN lost secondary structure in this buffer, but the structure

The full length ProQ protein was previously purified and could be restored in the presence of 0.6 M NaCl (Figure 4).
found to have limited solubility. Smith et al. proposed that However, BC maintained its structure in this buffer but lost
ProQ comprises an N-terminathelical domain connected  structure in the presence of salt (Figure 4). Previous studies
to a C-terminal SH3-like domain by an unstructured linker showed that high salt cell lysis buffers improved the yields
(14). The mechanism by which ProQ acts on ProP cannot of ProQ and QH by enhancing their solubilitiesl4). The
be predicted via sequence analysis because ProQ has ngecondary structures of QHind HN were maintained in
sequence homologues with known functions. To test the high salt buffers, but that of ¢& was perturbed (Figure 4).
structural model and design functional tests, we first assessedrnese data suggest that the native structure is maintained
the domain structure of ProQ by limited proteolysis. As \yhen the N-terminal domain of ProQ is expressed separately,
predicted, N-terminal and C-terminal fragments of ProQ were 1t the secondary structure of the C-terminal domain is more
protease resistant and hence apparently folded, whereas thgije Future co-reconstitution studies to assess the interac-
central linker was protease sensitive and hence apparentl){ionS of ProQ with ProP in proteoliposomes may be possible

unstructured (Figure 1). 1_'he protease rgsistant .domainsusing the N-terminal domain of ProQ, alone, in 0.1 M MES
persisted even after 90 min treatments with trypsin, even buffer at pH 5.6

though many trypsin cleavage sites are present inside each ) ] ]
domain. HeC was predicted to be SH3-like and hence to possibly
The identification of functional ProQ domains may allow Mediate interactions of ProQ with other protein31)(
us to engineer a proxy protein that is more stable and solubleAlthough SH3 domains are predominantiysheet in struc-
in a wider variety of buffer systems than full length ProQ ~ ture, their CD spectra are atypical in having positive
vitro. The boundaries of the putative N- and C-terminal ellipticity with a maximum at 220 nm3@). Because the CD
domains ofE. coli ProQ were estimated to be ME130 spectrum of HC had a minimum at 220 nm in the tested
and V180-F232, respectively (see Results). These fragmentsbuffers (Figure 4, bottom), this work does not indicate that
could be overexpressed and purified using a combination of HsC is SH3-like, but it does support the prediction that the
Ni(NTA) affinity, gel exclusion, and reversed phase chro- C-terminal domain of ProQ is composed of mogihgheet
matographies. Each had the predicted secondary structurestructure.
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A) ProP Coiled-coil Functional analysis revealed that the N-terminal domain
is important for the amplification of ProP activity. The
expression of fragment N, alone, partially restored ProP
activity to theproQ null mutant (Figure 5Al). Interestingly,
the C-terminal fragment (C) did not complement but the
ProQ fragment lacking the linker (NC) completely comple-
mented theproQ null mutation (Figure 5Al). In contrast to
the other fragments, neither C nor L could be detected within
the cells used for these assays by Western blotting (Figure
5BI). However, fragments corresponding in size to L and C
were produced by cells expressing fragment LC, (Figure
B) ProQN 5BI), and the expression of LC and these fragments did not
affect ProP activity (Figure 5Al). It is, therefore, unlikely
FIGURE 6: Electrostatic surfaces of ProP and the N-terminal domain that fragment L or C, alone, can amplify ProP activity. We

of ProQ. The SPDV program Deep view was used to calculate the : .
electrostatic surface potentials of the C-terminal coiled-coil of ProP predicted that fragments N and NL, those that partially

and the N-terminal domain of ProQ. (Blue is positive, red negative, compllem.ented a ProQ deficiency, might 3!59 compete with
and white uncharged.) (A) NMR structure of ProP residues468 ProQin vivo and hence decrease ProP activity. None of the
497, which corresponds to the C-terminal homodimeric, antiparallel fragments, when expressed in th@oQ" background,

coiled-coil structure (pdb accession code 1R48)(B) N-terminal o : ; T
domain of ProQ (amino acid residues.124) modeled on the reduced ProP activity (Figure 5All). This may indicate that

crystal structure of FinO (pdb code 1DVO) as previously described the N-terminal domain contains residues that are important
(14). The modeled structure was rotated through°1®8Ghow two for functional interactions, but these interactions may be

surfaces. weak and require stabilization by another part of ProQ,
possibly the C-terminal domain.

To identify functionally important regions of ProQ,  The sequence and predicted structure of the N-terminal

fragments N, NL, LC, C, L, and NC (Table 1) were expressed domain of ProQ suggest two possible modes of interaction

at physiologically relevant levels using vector pBAD38) with ProP. The N-terminal domain of ProQ may interact

Some were degraded vivo to subfragments corresponding  electrostatically with the C-terminal coiled-coil domain of
in size to those identified as the N- and C-terminal domains ProP, or the N-terminal domain of ProQ may form a coiled-
after limited proteolysisn vitro (Figures 5 and 1). This  coil with the C-terminal coiled-coil domain of ProP. The
further suggested the presence of two ProQ domains. C-terminal domain of ProQ may stabilize either interaction,

ProP
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Ficure 7: Comparison of the demonstrated ProP/ProP and the predicted ProP/ProQ coiled-coils The top panel shows the antiparallel
homodimeric coiled-coil formed by a peptide corresponding to the C-terminal sequence oBRroRe(bottom panel shows the predicted
antiparallel heterodimeric coiled-coil formed by the same region of ProP and residuég 88 ProQ. The hydrophobic core positioas

andd are denoted by three types of boxes (solid, two hydrophobic side chains in the core; hatched, a hydrophobic side chain across from
a destabilizing, positively charged residue in the core; open, a hydrophobic side chain across from a destabilizing residue, Ala or GIn, in
the core). Each coiled-coil would be stabilized by electrostatic interactions arising from the overall peptide polarity (charges in square
brackets flanked by the net charge of each subsequence). In addition, the positively charged core Arg or Lys could form salt bridges with
negatively charged Asp. (These residues are circled.)
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as noted above, or it may link the activity of the N-terminal REFERENCES

domain to other cellular processes.

ProQ is basic (pl 9.7), and the majority of its basic residues
are in the N-terminal domain that can be modeled on the
MRNA binding protein FinO X3, 14) (Figure 6). A homol-
ogy model of ProP predicts that its cytoplasmic face is basic
(5). The NMR structure of the homodimeric coiled-coil
formed by peptide replicas of ProP residues-4887 (pdb
code 1R48) shows an antiparallel structure with an acidic
surface 9) (Figure 6). ProP peptides form this coiled-coil
structurein vitro, and evidence suggests that it is present
within ProP dimerdn vivo (10). Electrostatic interactions
with ProQ may stabilize the ProP coiled-coil and hence the
active conformation of ProP.

The ProP coiled-coil contains six to seven of the heptad
sequence repeats characteristic cghelical coiled-coils.
Typically, amino acids with hydrophobic side chains are
present at most heptaaland d positions. The antiparallel
orientation of the coiled coil may be favored by the formation
of salt bridges between residues R488ppsition) of one
strand and residues D475 and D478 of the opposing strand
and by the overall polarity of the peptid®)( It is possible
that ProQ interacts with ProP by forming heterodimeric
coiled-coil structures. ProQ residues-33 comprise heptad
repeats that could form an antiparallel coiled-coil structure
with the C-terminal coiled-coil domain of ProP. Salt bridges
analogous to those that stabilize the ProP antiparallel
homodimer could similarly stabilize the ProP/ProQ antipar-
allel heterodimer (Figure 7). For example, salt bridges could
form between R488 of ProP and D41 and D44 of ProQ as
well as between K54 of ProQ and D475 and D478 of ProP.

Acidic and basic residues within this ProQ sequence would 10.

thereby complement charges present in the ProP sequence
(Figure 7).
This study shows that ProQ &f. coliis composed of two

domains connected by a protease accessible linker. Residuesi1.

important for ProQ activity may occur within the N-terminal,
130 amino acid domain of the protein. Full complementation
of a proQ deletion requires the presence of the N-terminal

130 and the C-terminal 52 residues but not the 50 amino 12.

acid linker. When expressed separately, the N-terminal

domain appears to retain the secondary structure present;z

within the full length protein. Thus, the N-terminal domain
or the fused N- and C-terminal domains of ProQ may serve
as valid proxies for furthein vitro studies of ProPProQ
interactions.
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