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The Periplasmic Domains dEscherichia coliHfIKC Oligomerize through
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ABSTRACT. The periplasmic domains of tlescherichia colHfIK and HfIC were coexpressed and purified.

The two polypeptides copurified in a 1:1 ratio, as determined by quantitative amino acid analysis. Circular
dichroism studies showed the complex to have substantial helical/coiled-coil content that melted with
midpoints in the range of 2629 °C depending upon the concentration, implying a reversible
oligomerization. The average molecular weight of the soluble HfIKC determined by sedimentation
equilibrium ultracentrifugation using a single-species model varied with rotor speed, providing further
evidence of concentration-dependent oligomerization. The data were well-fit by models that specified a
protomer ton-mer oligomerization, with the heterodimeric HfIKC as the protomer and valueb®efiween

7 and 10. Multiple-sequence alignments of both HfIK and HfIC revealed regions near the C termini to
contain 11-residue hendecad repeats, indicative of right-handed coiled coils, with characteristic small
residues in the, f, h, andj positions. To test the importance of the small size of these positions, two
residues in the HfIC domain, Ala-262 infaposition and Gly-268 in am position, were mutated to
isoleucine. The HfIKC:A2621 mutant complex showed lower helicity than the wild type, and its melting
was less concentration-dependent. During purification of HfIKC:G268I, the mutated HfIC subunit
precipitated, leaving a preparation of the pure peripheral HfIK domain. This polypeptide behaved as a
monomer in sedimentation equilibrium experiments and showed low helicity, implying that the protein
conformation is largely dependent upon heteromeric subunit interactions. These results demonstrate the
importance of right-handed coiled-coil interactions in the oligomerization of HfIKC, and a model entailing
the formation of a right-handed helical barrel is proposed.

The HflIK and HfIC polypeptides form a multisubunit homology) protein superfamily that includes the mitochon-
complex that is bound to bacterial cytoplasmic membranes drial prohibitin complex, stomatins (band 7), flotillins, and
through single-membrane-spanning domains located near thehe hypersensitive-induced reaction (HIR)lant disease
N termini of each polypeptidel-3). The large, peripheral  response gene8<{10). A range of functions is attributed to
C-terminal domains composed of residues-1919 of HflK these proteins, including action as chaperofé} (egulators
and 25-334 of HfIC in Escherichia coliare located in the ~ of membrane channeld.?), and lipid recognition 10), as
periplasmic spacel]. Thehfl genes were originally identified  well as protease modulation.
as loci where the mutation led to a high frequency of Little is known about the structure of any members of the
lysogenization by phage(5). It is now known that this effect  superfamily. HfIK and HfIC are required for the stability of
occurs through their modulation of the activity of the each other in vivo 13), and an HfIKC complex has been
membrane-bound AAA protease FtsH, which degrades the purified following detergent solubilization from membranes,
A cll repressor in addition to a number Bf colimembrane  confirming their physical interactiorsf. The mass of this
proteins @, 6, 7). However, the mechanism of this regulation complex and the number of subunits that it contains have
and the overall function of the HfIKC complex remain yet to be determined. Recent work shows that a portion of
obscure. the bacterial complement of HfIKC is associated with FtsH

On the basis of sequence comparisons, HfIKC belongs toin a supercomplex having a sedimentation coefficient higher
the PID (proliferation, ions, and death) or PHB (prohibitin than 30S, implying a large structure indedd)( The best

estimates of the molecular weight of yeast prohibitin are in
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To learn more about the interactions and structure of Purification of the soluble domains of HfIK and HfIC was
HfIKC, we coexpressed the periplasmic domains of the two carried out at 4C and was followed by sodium dodecyl
polypeptides in the absence of the N-terminal membrane sulfate-polyacrylamide gel electrophoresis (SBBAGE)
domains and studied them using the biophysical techniquesusing the buffer system of Laemmlig). Cells fran 1 L of
of circular dichroism (CD) spectropolarimetry and analytical culture were suspended in 50 mM Tris-HCI and 10 mM
ultracentrifugation. Here, we show that the soluble domains MgCl, at pH 8.0 to produce a 10% cell suspension.
assemble reversibly into oligomers and that they contain Phenylmethanesulfonyl fluoride andaminobenzamidine-
significant helical character. Furthermore, we have identified HCI were added to concentrations of 1 and 5 mM, respec-
sequences near their C termini that contain an unusual 11-tively, and then the cells were disrupted by one passage
residue repeat motif indicative of right-handed coiled coils, through a French pressure cell at 20 000 psi. The peripheral
and we present mutational evidence of the importance of domains of HfIK and HflIC were sedimented by centrifugation
these sequences for oligomerization. for 10 min at 10 000 rpm in a Beckman JA-20 rotor. The

precipitates were washed by resuspension in 50 mM Tris-
EXPERIMENTAL PROCEDURES HCl and 10 mM MgC} at pH 8.0 and subsequent centrifuga-

Plasmid ConstructiorRecombinant DNA techniques were  tion, and then the step was repeated gsinM NacCl, 50
carried out using standard procedures. Polymerase chairmM Tris-HCI, and 1 mM ethylenediaminetetraacetic acid
reactions were performed using Taq polymerase (Fermentas)EDTA) at pH 8.0. HfIK and HfIC were solubilized by
and a touch-down protocol. Plasmid pKH1%} ¢r deriva- homogenizing the pellenil M guanidine-HCI, 100 mM
tives were used as templates. All constructs were verified Tris-HCI, and 1 mM EDTA at pH 8.0 and stirring on ice for
by DNA sequencing and restriction enzyme mapping. 1 h. After centrifugation to remove insoluble material, the

Plasmid pLB8 was designed to coexpress the periplasmicsupernatant solution was dialyzed into 50 mM Tris-HCI, 10%
domains of HfIK and HfIC. The sequence encoding residues glycerol, and 1 mM EDTA at pH 8.0 (TGE buffer) and then
Lys101-Glu419 of HfIK was amplified using oligonucle-  |oaded onto a DEAE-Sepharose column ¢30.5 cm), and
otides with sequences of CAGCTGGCGCCGAAGCCG- proteins were eluted with a linear gradient 6f800 mM
AACGC and CAGCTGGATCCCATCGTTATTCCCCCT as  NaCl in TGE buffer. Fractions containing HfIKC were

forward and reverse primers, respectively. The sequencepooled, dialyzed into TGE buffer, and loaded onto a

encoding Gly25Arg334 of HfIC was amplified using  hydroxyapatite column (5 mL bed volume). HfIKC was
oligonucleotides CAGCTGGATCCGAAGGTGAGCGC and  eluted with a linear 6300 mM gradient of sodium phosphate

CAGCTAAGCTTTTAACGCGTTGCG as forward and re- gt pH 8.0 in TGE buffer. Pure protein samples were frozen
verse primers, respectivelyEhd, BamHl, and HindllI and stored at-80 °C. After thawing, samples were centri-
restriction sites used during the assembly of the product tofuged fa 3 h at 38 000 rpm taemove insoluble material
produce the soluble HfIKC construct are underlined. The that formed during storage and thawing, before all subsequent
products were combined using tBaHl sites, cleaved with  stryctural analyses. Soluble HfIKC:A262 was purified using
Ehed and Hindlll, and inserted into pJB31(), which had  the same procedure. HfIC:G268! precipitated during purifica-
been digested witcd andHindlll, to produce pLB8. The  tjon of the HfIKC:G268I complex, and pure preparations of
HfIK sequence is preceded by codons for methionine and Hfik were eluted from the hydroxyapatite column.

serine; the HIIC sequence is preceded by codons. for Amino Acid Analysis and Mass Spectrometric Identifica-

methionine, glycine, and serine. tion of Proteins Quantitative amino acid analysis of samples
Plasmid pLB9 was identical LB8 ex for a mutation . AR . )
asmid pLB9 was identical to pLB8 except for a mutatio was carried out in triplicate at the Alberta Peptide Institute

encoding a G268| change in HIIC. The HfIC sequence was (University of Alberta, Edmonton, Canada). The yields of

amplified by the mutagenic primer CAGCTGCTGAGCGT- Ala. Arg. Asx. Gl gL di uncti th
CAGATT CGCATCATGCGTGG and the reverse Hfic ‘Y& Ard, AsX, BIx, and Lys were used in conjunction wi
the inferred amino acid composition to calculate the total

primer above. Thalpl site used for cloning is underlined, . : . .
and the mutagenic codon is shown in bold. The product was Protein concentrations. Correction factors for protein assays
. using the Coomassie Blue (BioRad) and Advanced (Cytosk-

inserted into pLB8 using thBIpl andHindlll sites. Plasmid ) A ;
pLB10 was identical to pLB8, except for a mutation encoding eleton) reagents, using bovine serum albumin as the standard,

an A262| change in the HfIC subunit. The DNA was ‘Were determined.

amplified by the mutagenic primer CAACTGCTCAGCT- Protein bands were robotically excised from polyacryla-
TCAAT CAGCGTTCTGGTCAC and the forward HfIC  mide gels and digested with trypsin in the Drimmer Family
primer from the construction of pLB8. ThBlpl site used Cell Signalling Laboratory at the University of Western
for cloning is underlined, and the mutagenic codon is shown Ontario. Mass spectrometric analysis of peptides was done

in bold. The product was inserted into pLB8 using Bipl using a Micromass matrix-assisted laser desorption ionization
andBanHlI sites. (MALDI)-R mass spectrometer in the Dr. Don Rix Protein
Expression and Purification of Soluble HflK@eripheral Identification Facility in the University of Western Ontario
domains of HfIK and HfIC were expressed from pLB8HN Biological Mass Spectrometry Laboratory. Data were ana-
coli strain MM294 (8), grown n 1 L cultures of % YT lyzed using ProteinLynx software. The slower migrating band
medium (Becton Dickinson) containing 48/mL ampicillin. of the HfIKC peripheral domain complex was identified as

Initial cell growth was at 37C. WhenAsoo reached a value  the HflK component, with 52% coverage of the wild-type

of 0.5-0.8, expression was induced by the addition of 0.3 amino acid sequence compared to a possible 78% coverage.
mM isopropylthiogalactoside and the temperature was re- The faster migrating band was identified as the HfIC
duced to 30°C. A total of 3-6 h later, the cells were = component, with 43% coverage compared to a possible 93%
harvested by centrifugation and stored frozen-80 °C. coverage of the wild-type amino acid sequence.
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CD SpectroscopyCD studies were performed on a Jasco were also constructed; equilibrium constar€g, for such
J-810 spectropolarimeter equipped with a Peltier temperaturemodels are defined by eq 3.
control system (Biomolecular Interactions and Conformations
Facility, University of Western Ontario). A cell with a path K. — [n-mer] 3)
length of 0.1 cm was used. Protein samples were dialyzed A [protomer]
into buffer containing 10 mM sodium phosphate at pH 7.5, ) ) o
10% glycerol, and 1 mM EDTA. CD spectra were collected Sedimentation equilibrium data for HfIKC were subsequently
at 5°C in 0.5 or 1 nm steps at scan speeds 26 nm/ fit to the protomer:n-mer models using eq 4.
min. CD values were converted to mean residue ellipticity 2

; . 1 _ ) — N2 2

(6) in un_wlts of degre_e cfdmol! by st_andard procedures. c = {Co eXF{ﬁMp(l —Dp)(r* —r, )]} +

Protein denaturation was followed in the CD at 222 nm. 5
The temperature was increased at a rate ofCImin. { n F{ w N2 2 ]}

; ; ; : C, Ky expgs5=nM (1 r-—r +1, (4

Inflection points from the melting curves were determined oA 2RT" oL~ ) o) o (4)
using a linear extrapolation metho#(( 21) and by fitting

to eq 1 using Prism 4 software (GraphPad) as descr@d ( In this expression\, is the mass of the protomer and other

terms are as defined above. Fits were tested using a runs
Hof1 1 test in Prism 4 (Graphpad).
m

A
Yo+ mX) + (Vg + mdx)exp[T(ﬁ1 B ;)] L RESULTS

Y= 14 ex%AHm(i 3 ;)] Multiple-Sequence Alignments of HfIK and HflC.Rel

R \T X an 11-Residue Repeat Patteisual inspection of align-
ments of HfIK and HfIC sequences from a range of bacterial
classes (parts A and B of Figure 1) reveal the C-terminal
domains of each to contain unusual 11-residue hendecad
repeats, g§bcdefghiji, with small residues in the, h, and

j positions and larger, hydrophobic residues often indhe
the midpoint of the transition, andHy is the enthalpy of ~ &ndepositions. The hendecad region of HfIC also has small
unfolding atT, in kcal/mol. In the absence of a specific '€Sidues in thef positions. To determine if the hendecad
model for unfolding of HfIKC, the fittedAH,, values lack pattern identified represents the major periodicity of thl_s;
quantitative thermodynamic significance and were used here®9i0n, sequence alignments were analyzed by Fourier

as a semiquantitative indicator of the cooperativity of tansform using the FTwin program of the online REPPER
unfolding. server 24). REPPER can analyze individual sequences, user-

Analytical UltracentrifugationSedimentation equilibrium supplied sequence alignments, or PSI-BLAST alignments

studies were carried out using a Beckman Optima XL-A gene_rate_d by the server, using e_ither standard criteria
Analytical Ultracentrifuge (Biomolecular Interactions and provided in the program or values assigned by the user. Some

. . ) X . of the expected periodicities that might be seen with an
Conformatlons FaC|I|§y, University ofWefstern Ontario). An undecad pattern, i.e., 11, 11/2, 11/3, 11/4, and 11/5, were
An60Ti rotor and six-channel cells with Epon-charcoal

centerpieces were used. Protein samples were dialyzed int evident when _either the_standard binary or Kymoolittlg
10 mM sodium phospha';e 10% glycerol, 1 mM EDTA, and Chydropathy criteria provided by the server were applied to
100 mM NaCl at pH 7.5 Buffer and dilu’ted 0 the de’sired the sequence alignments (data not shown). Howeve_r,_ beqagse
concentration Centriflljgation was carried out at’°G the pattern s based on both size and hydrophot_)lcny, It IS
Absorbance n'1easurement5 at 280 or 230 nm were coI.Iectedqo.t SUrprsing that the .clea.rest results were obtained using
in 0.002 cm radial steps and averaged over 10 readings. Th criteria designed to distinguish between the types of residues
T . ' hat we have observed in the different positions. Glycine and
densities of solvents were calculated from published tables.

Partial specific volumes of both soluble HfIKC and soluble alanine were given large positive values; serine, threonine,

HfIK were calculated from their amino acid compositions and valine, which sometimes occur in positions dominated
(23) to be 0.73 mL/g. by alanine, were given smaller positive values; large

) . . hydrophobic residues were given large negative values; and
Data were ana_lyzed_usmg moqlels constructed in _Prlsm 4p0|ar residues, proline and cysteine, were given null value,
(Graphpad). A single ideal species model was defined by 55 described in the caption of Figure 1. Results obtained by
eq 2. applying these criteria to the hendecad regions of HfIK and

5 HfIC PSI-BLAST profiles are shown in parts C and D of

_ - N2 2 Figure 1. For HflIK, the three strongest periodicities cor-

“=% eXF{ZR'IMObgl o) =) o () respond to 11/5, 11, and 11/2, while for HfIC, the pattern is
even stronger, as ratios of 11 constitute the five strongest

wheregc; is the concentration at radiusc, is the concentra-  peaks. Similar but slightly less precise periodicities were
tion at reference radius,, w is the angular velocity of  obtained using only the sequences aligned in parts A and B

m

In this expressionx is the temperature in Kelviry, andyy
refer to they intercepts of the native and denatured baselines,
respectivelym, andmy are the slopes of the baselingsis

the gas constant in kcal mélK ™1, T, is the temperature at

the rotor, Mops is the molecular weight of the proteim, of Figure 1 (data not shown). These analyses provide strong
is the partial specific volume of the proteip,is the den- objective support for the generality of the hendecad pattern
sity of the solvent,R is the ideal gas constant, is the identified in the sequences shown.

temperature in Kelvin, anlj is the baseline offset. A series Hendecad patterns are indicative of an unusual type of
of protomern-mer models with different values oh coiled coil in which 11 residues make 3 helical turns with
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A HflIK 230 240 250 260 270 280
hendecad abcdefghijkabcdefghijkabcdefghijka
E. coli ETIRPYDMGITLLDVNFQAARPP-EEVKAAFDDAIAARENEQQYIREAEAYTNEVQPRANGQA
R. palustris KTLDSYGAGVLIQQVQMQEVDPP-QQVIDAFRDVQAARADLERLOQNEAQTYANRVIPDAKGRA
T. maritima --EATDKWGVRITRVEIKKIDPP-QDITDAMSKQMKAERTKRAAILEAEGYKQAEILKAEGQK
B. halodurans ELMDLYQIGISISDVELQDVELPTEEVRRAFTDVTDAREERLTKINEANRYRNQETNEVEGEK
C. thermocellum ASLDAYDIGIQVLDVEKIQDSEPPTEEVKQAFKNVENAKQSKETAMNEANKYRNTEIPKAQAEA
D. psychrophila --EASQNWGVEVLRYEIKDITPP-HSVMEAMEKQMRAVREKRATIALSEGDRQARINRAEGLK
T. denticola --EASDNWGIKVTRYEIRDITPT-RTILEAMERQMRAEREKRANILSSEGKQQSRINISLGKK
290 300 310 320 330 340

hendecad becdefghijkabcdefghijkabcdefghijk

E. coli QRILEEARAYKAQTILEAQGEVARFAKLLPEYKAAPEITRERLYIETMEEVLGNTREVLVN- -
R. palustris SQIIQNAEGYKGQAIARAKGQSARFLDVFEEYKKAPAVTRERIYLETMERVLGSADKLVYDP -
T. maritima NAAILRAEGEAEATIKRVAEANMQKLILEARGQAEAIKLVFNAIHEGNPTKDLLTVRYLETL- -
B. halodurans DAIISRAEGQRADRIETARGDVARFNALYEEYLVNPDVTRQRLVLETLESILPDTEIYIMD- -

C. thermocellum DRILRNAESQKQTKINEARGEVAKFLEMYEEYKNYKDVTKTRLYLEAMEEILPGITVYIED--
D. psychrophila REAIAVSEGEKQKRINEAEGQAKEIEVVAQATAEGLKKVANALSLEG-GETAANLRVAEKYVV

T. denticola KEAINKAMGEKQRRINLAEGRSKAIEITSNATAEGLRLIADALSQPG-GRTAMGIRLAENYIQ
B HfIC 210 220 230 240 250 260

hendecad jkabcdefghijkabcdefghijkabcdefghijkabcdefg
E. coli LGIEVVDVRIKQINLPTEVSEATYNRMRAEREAVARRHRSQGQEEAEKLRATADYEVTRTIAE
R. palustris YGISVVDVRIRRADLPEQNSQAVYQRMQTERQREAAEFRAQGGOKAQEIRSKADREATVIIAE
T. maritima FGIEVVDVRVEKHADLPAENEKAVYERMKAERYSIAAQIRAEGEKEARKIRAEADKTAKVLIAE
B. halodurans LGIVLLDVEMKRTDLPEENEEAVYRRMISERESIAQDYLESQGDAEANRIRARTDQEVTEILAK

C. thermocellum  YGITVYDVKIKKLDLPVENEETVYERMISEREKIAEQYKAEGEYEANKIKNEVDKQVNIIISE
D. psychrophila YGIELIDVMFKRVNYIESVRLTVYQRMISERKRIAAEKRSLGEGEKAQILGKVDRDLQEITSE

T. denticola FGLEVVDLIFKGIKYSDELENSVFSRMIKERNQIAGTFRSTGDGEKLKILGELENEKRTILSQ
270 280 290 300 310 320

hendecad hijkabcdefghijkabcdefghijkab

E. coli AER IM:RGg.:EM.KLF FSKDP-DFYAFIRSLRAYENSFSGNQDVMVMSPDSDFFRY

R. palustris ANSEAEQIRG ERNRLFATAYSKDP-EFFAFYRSMTAYEQSLESNDTRFLLRPDSDFFRF

T. maritima AQSKAEQIKGTGEASAVEIYAEVFSKDE-DFYEFWRTMEVYRSIEKG- - -ILIIGDELDALKY

B. halodurans AFADAEEIIGAGEAEAAEIYNESFGRDP-EFYQLYRTLLSYEKTIGD-QTVIVLPADSPYARI

C. thermocellum AKASAQELIGEGEAEYIRILSEAYSGEKKEFYEYVKTLEAMKASLKG-EKTLILPIDSPITKY
D. psychrophila AKRQALGIKGKADAEATKIYAKAYSQDP-EFYAFQKTLESYHRKVVGG-NTKLVISSDSDMFKY

T. denticola AYAESERIKGDADAKAVAIYAESYGKSP-EFYSFWKSMEIYKNSLP- - ETEKVLSTDMEYFQY
11/5
W i 172}
8 600} 8 400
= . =
0 0 an\
2.20 2.74 3.64 5.41 10.53 220 2.74 3.64 5.41 10.53
Periodicity Periodicity

Ficure 1: Sequence alignments of the coiled-coil regions of HfIK (A) and HfIC (B) sequences from seven phylogenetically distinct bacteria.
Sequences used in the alignment were from the following species (phylogenetic tBxan)i (Gammaproteobacter)aRhodopseudomonas
palustris(Alphaproteobacterip Thermotoga maritim&Thermotogak Bacillus halodurangBacilli), Clostridium thermocelluniClostridia),
Desulfotalea psychrophil@Deltaproteobacteriy and Treponema denticol@Spirochaetes Each set of sequences was submitted to the
online multiple-sequence alignment program ClustalW (EMBL-EBI, European Bioinformatics Institute). The default parameters were used.
The upper line shows the hendecad positions. For both alignments, small residues (AGS) or thpositions are highlighted in blue,

while larger hydrophobic residues (FILMVY) in tretor e positions are highlighted in gold. Small residues (AGS) in ftip@sitions of

HfIK or in the f or j positions of HfIC are highlighted in pink. In the. coli HfIC sequences, positions Ala-262 and Gly-268, mutated in
this study and positions Gly-275 and Asp-285 that are altered imftie mutant §) are shown in boxes. The periodicities of the amino
acid sequences of positions 26515 of HfIK (C) and 223-295 of HfIC (D) were analyzed using the FTwin component of REPPER [Max
Planck Institute for Developmental Biology, Bimgen, Germany24)]. Profiles were calculated by PSI-BLAST using tBecoli sequences

as input. Amino acid residues were assigned the following values: Aand G, 5; S,3;VandT,1;C,D,E,H,K,N,P,Q,and R, O; F, |,
L, M, W, and Y, —5.

respect to the core, forming a right-handed coiled coil with to thea andd positions of the heptad in left-handed coiled

a hydrophobic periodicity of 3.67 (11/3), just as heptad coils, by convention, the, d, e, and h positions of the
patterns are indicative of left-handed coiled coils in which hendecad are located on the side of the helix involved in
7 residues make 2 turns, forming a left-handed coiled coil interhelical interactions and are typically occupied by
with a hydrophobic periodicity of 3.5 (7/22%—27). Similar hydrophobic residues, as seen in the high-resolution structure
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of the four-stranded right-handed helical bundle of a bacterial
surface tetrabrachior2®). While no parallel, two-stranded
right-handed coiled coil has yet been defined at high
resolution, small residues in tleeandh hendecad positions

were suggested to be essential to such a structure, because

larger side chains in these positions would cause steric
clashes?5). The residue pattern seen in HfIK and HfIC thus
suggests that these polypeptides interact along the surface
containing thes, d, e, andh positions to form heterodimeric
right-handed coiled-coil interactions. The small residues in
thej andf positions, located on the side of each helix opposite
the adehsurface (see Figure 5), could provide surfaces for
higher order oligomerization of HfIKC dimers through
additional right-handed coiled-coil interactions. To investi-
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S

gate these possibilities, we undertook the structural charac-

terization of HfIKC.

Expression and Purification of Soluble HflKGitially,
the complete HfIKC complex was purified by a published
technique §), but despite the use of protease-deficient strains,
the product became degraded too rapidly for transfer into
UV-transparent detergents and structural characterization
(data not shown). Soluble forms of HfIK (residues 01
419) and HfIC (residues 25334) lacking the N-terminal
membrane domains were therefore prepared to allow for
structural characterization of the periplasmic domains con-
taining the hendecad repeats. In tBe coli chromosome,
HfIK andHflIC are adjacent cistrons linked by the sequence
GGGGAATAACGATGCGT, where theHflIK stop codon
andHfIC start codon are underlined. Given the proximity of
these signals and the apparent Shibalgarno sequence just
before theHfIK stop codon, this arrangement likely provides
for stoichiometric expression of the two polypeptides through
ribosomal reinitiation. A similar relationship was engineered
in plasmid pLB8, but the downstreaHrfIC start codon was
followed by an in-frameBanH|I site used in cloning, then
by the codons for residue Glu-25, and the restHf€. The
inferred molecular weights of the peripheral domains of HflK

vy

'*-ﬁﬂ

Ficure 2: Expression and purification of the soluble domains of
HfIK and HfIC. (A) E. coli strain MM294 containing pLB8 was
grown either with or without induction by 0.3 mM isopropylth-
iogalactoside. Proteins were extracted from cells with SDS sample
buffer and analyzed by SBSPAGE. The induced polypeptides may
be seen as the closely spaced pair of bands migrating with apparent
molecular weights of 34 06635 000. (B) Coelution of the HfIK
and HfIC polypeptides from DEAE-Sepharose during purification
of the complex. Successive column fractions containing the protein
peak were analyzed by SB®AGE. (C) Elution of pure HflK from

the hydroxyapatite column. The standard purification procedure was
applied to HfIKC:G268I. Successive column fractions containing
the protein peak of HfIK were analyzed by SBBAGE. The two
lanes to the right received smaller samples of the fractions indicated
by the arrows, to confirm that single bands were present.

Table 1: Determination of HfIKC Peripheral Domain Ratio from

and HflC, as expressed, were 35527 and 35 209, respecAmino Acid Composition

tively. As seen in the SDS extract of induced cells shown in
Figure 2A, the two polypeptides were resolved by SDS

PAGE, revealing an expression ratio of approximately 1:1.
The identities of the two polypeptides were confirmed by

mass spectrometric analysis of tryptic digests as describedasx

in the Experimental Procedures (data not shown).
After cell lysis, the polypeptides, which initially sedi-
mented at low speed, could be solubilized using just 1 M

number number  observed expected mol %

residue inK iNnC  mol%+SD KiC: KiC KiC
Ala 34 32 21.43-0.04 21.46 21.36 21.26
Arg 27 31 18.80+ 0.06 18.24 18.77 19.31

35 36 22.80t 0.07 22.75 22.98 23.21
Glx 47 35 26.50+ 0.10 27.68 26.54 25.38
Lys 14 18 10.48t 0.04 9.87 10.36 10.85
sum of 207 0.05 1.85
square$

GUuHCI and remained in solution during dialysis against
buffer containing glycerol. The soluble HfIK and HfIC
polypeptides were then purified by ion-exchange and hy-
droxyapatite column chromatography. HflK and HfIC repeat-
edly coeluted in an apparent 1:1 ratio (Figure 2B), suggesting
their heteromeric association. This stoichiometry was con-

aThe expected mol % of residues listed in this table only, on the
basis of inferred amino acid sequences and subunit stoichiometry
indicated.? The mol % of residues listed in this table only, as
determined by quantitative amino acid analysis carried out in triplicate.
¢ Sum of the squares of differences between observed and expected
mol % for each indicated subunit stoichiometry.

firmed through quantitative amino acid analysis undertaken
to determine exact protein concentrations for CD studies
(Table 1). Residues used in this analysis (Ala, Arg, Asx,
Glx, and Lys) were selected on the basis of their efficient
recovery following hydrolysis and, in the case of GlIx
residues, also because of a large difference in composition
within HfIK and HfIC subunits. Data are presented as the
mol % of this group of residues only. The best fit of
polypeptide stoichiometry to the data, determined by the
minimum sum of squares method, was 1.023 mol of HfIK/1

mol of HfIC. Experimental data were in excellent agreement
with a 1:1 ratio; the expected results for 2:1 and 1:2 molar
ratios are shown for a comparison. This result is most
consistent with the assignment of an HfIKC heterodimer as
the protomer for oligomer formation.

Introduction of Mutations in the Hendecad Repette
role of the hendecad repeat in the interaction between HflK
and HfIC was studied by mutating the small residues in two
positions of the HfIC subunit to the larger isoleucine,
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introducing bulk but not polarity or charge. In one case, HfIC
Gly-268 in ana position was mutated (G268I), while in the
other, HfIC Ala-262 in af position was changed (A262l).
These are two of the positions highlighted by boxes in the
E. coli HfIC sequence (Figure 1). Both protein complexes
were overexpressed and purified using the protocol estab-
lished for the soluble HfIKC complex. During the refolding 20— e
and purification procedure for the G268l mutant, the HfIC: 200 210 220 230 240 250
G268 subunit precipitated, while HflK remained in solution Wavelength (nm)

and was recovered from the hydroxyapatite column in pure
form (Figure 2C). The A262] mutant behaved similarly to
the wild-type soluble complex, in that HfIK and HfIC
copurified in a 1:1 ratio, judging from the staining intensities.
However, the complex was more susceptible to precipitation
during the refolding process and had lower solubility once
purified, compared to the wild-type protein. T

5 15 25 35 45 55 65
Analysis of Structure and Stability by CD Spectroscopy.

CD spectroscopy was used to analyze the secondary struc-
tures of the HflIK subunit, soluble HfIKC, and the HfIKC:
A262] complex in solution. CD spectra of HfIKC and A262I
complexes seen in Figure 3A showed prominent minima at
222 and 208 nm, with signal intensities at 222 nm of
—16 600 and —13 900 cn¥? dmol* for HIKC and the L
HfIKC:A262I mutant, respectively, indicating the presence 18 F

8 (kdeg cm?” dmol) 3>

6 (kdeg cm? dmol™) 00

6 (kdeg cm’ dmol) ©

of a substantial helical structure. Analysis of the spectra using 5 15 25 35 45

Temperature (°C)

SELCON 3 @9) indicated 40 and 33% helical content for
HfIKC and the A262l mutant complexes, respectively. In 30
contrast, the isolated HfIK had a signal intensity of just

—6800 cn? dmol™ at 222 nm, indicating that the polypep- G 281
tide possessed only a low level of helical structure in the o
absence of HfIC. It is also notable that thgJ/020s ratios 264

for HfIKC, HfIKC:A262I, and HfIK were 0.92, 0.94, and

0.76, respectively. Noninteracting helices typically give ratios 240 5 o "
of around 0.8, while in coiled coils, the ratio is close to 1.0 " Protein Concentration (mgimL)

(30); therefore, these spectra imply that many of the helical Ficure 3: Analysis of soluble domains of HfIKC by CD. (A) CD
residues in the complexes are in coiled-coil interactions.  spectra of HfIKC @), HfIKC:A262I (¥), and isolated HfIK 4),

cD | d to foll the th ld turati : each at a concentration of 0.50 mg/mL, were collected as described
was also used 1o follow the thermal denaturation of qer the Experimental Procedures. (B) Thermal denaturation of

HfIK, HfIKC, and HfIKC:A262I by observing changes in  HfiIKC (0.47 mg/mL,0), HIKC:A2621 (0.46 mg/mL,v), and pure
the signal at 222 nm as the temperature was increased fromHflK (0.35 mg/mL, o) was studied by following the CD signal at
5 to 85°C (Figure 3B). The pure HflIK exhibited only a 222 nm as the temperature was raised. (C) Effect of the protein

" ; " : concentration on the major thermal transitions of HfIKC (0.09 mg/
modest transition at 59C. This transition was independent mL, O; 0.23 mg/mL,; 0.47 mg/mL,0) and the A2621 mutant

of the concentration, implying that it represented an intramo- complex (0.09 mg/mL®; 0.22 mg/mL, a; 0.46 mg/mL,m) was
lecular change. Together with the spectrum in Figure 3A, determined. Fits of each experimental data set to a two-state
the relatively high temperature of this transition suggests the transition model are shown by the solid lines. (D) Effect of the
possibility that HfIK retains some residual structure in the Pgotem Cﬁnce”“a“g“ Qﬁmdf?f HﬂKf_C () ‘";‘]”déhe A.26(2:' Cé’mp'ebx
absence of HfIC. In contrast, the heteromers showed m”Chi(nd)iCIZt: tﬁgg’Soa/f Coir;;a%ncgomte'rtiatlg_t € data In C. Error bars
larger transitions at lower temperatures, while a second

higher-temperature transition, presumably because of theThe lines of best fit are drawn in Figure 3C, and the inferred
HfIK in the sample, was just visible in those plots. The effect T, values are presented as a function of the protein
of the protein concentration on the CD signal and the primary concentration in Figure 3D. At the lowest concentration used,
thermal denaturation transition was determined for the 0.09 mg/mL, the melting temperatures of soluble HflKC and
heteromeric complexes (Figure 3C). While the CD signal the A2621 mutant were essentially identical, but as the protein
of HfIKC was dependent upon the concentration at lower concentration was increased, tfig for wild-type HfIKC
temperatures and concentration-dependent changes werghcreased much more sharply than that for the A262I
evident in the denaturation curves, the signal of the A2621 complex. The cooperativity of unfolding of HfIKC, measured
mutant was largely independent of the concentration. Eachby the apparemAH,,, also increased more dramatically with
denaturation curve was fitted to eq 1 describing a two-state the concentration than that of the HfIC:A262I mutant (data
transition as described in the Experimental Procedures tonot shown). It may be noted in Figure 3C that the two-state
determine the midpoint of the transitiofi,, and to provide model provided good fits to the data for lower concentrations
a semiquantitative measure of the cooperativity as indicatedbut not higher concentrations of HfIKC, whereas the model
by the apparent enthalpy of unfolding at the midpoixiti,. provided reasonable fits at all concentrations of the A262I
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Table 2: Molecular Weight of the HfIKC Peripheral Complex by A os5
Sedimentation Equilibrium
rotor speed (rpm) observed molecular weight 5 0.65
5000 270300 g
8000 194 200 S 045
10 000 190 400 2
15000 79 800
a Sedimentation equilibrium analytical ultracentrifugation was carried 0-2% o
out as described under the Experimental Procedures. The initial protein ’
conc_entration of HfIKC was 0.7 mg_/mL. 'The mole_cular weight that B o35
provided the best fit of the data to a single ideal species model is shown.
q? 0.65
mutant. Together, these results imply that HfIKC existed in 2
more than one oligomeric state and that at higher concentra- §
tions the predominant form was more stable and more highly g 045
oligomerized than the predominant form at lower concentra-
tions. The less oligomerized form would appear to be at least 0.25
a heterodimer, because the pure HfIK gave only a slight &e Rzgius (cm) "
helical signal. The relatively smaller effects of the protein C 10
concentration on the spectral and denaturation properties of 0.84
the A2621 mutant form suggest that its ability to undergo o
the higher order oligomerization is impaired. 2 067
Sedimentation Equilibrium Analysedligomerization of > 0.4-
the soluble HflIK, HfIKC, and HfIKC:A262| proteins was 0.2+
also studied using sedimentation equilibrium analytical
ultracentrifugation. A range of protein concentrations and °-°'o r 6 9 12 15
rotor speeds were used in the studies. Initial analyses of the n

data were carried out assuming a single ideal species modelFicure 4: Sedimentation equilibrium analysis of the soluble
HfIK studied at initial concentrations between 0.45 and domains of HfIKC. (A and B) Sample of HfIKC with an initial

concentration of 0.7 mg/mL was centrifuged &Gat a rotor speed
0.9 mg/mL and rotor speeds between 15 000 and 30 000 rpmof 8000 rpm until equilibrium was reached. The cell was scanned

gave good fits for a single species with a molecular weight 4 580 nm. In A, the data were fitted to a single ideal species model,
of 35000+ 3100 (averaget standard error of the mean), while in B, the same data were fitted to a protomer:octamer model,

in good agreement with the expected monomer molecularwhere the protomer was taken to be an HflKC heterodimer with a
weight of 35 526.7. In contrast, the average molecular weight molecular weight of 70 735. The insets show the residuals. (C)

: 1 Analysis of sedimentation equilibrium data fits using the runs test.
calculated for samples of HIKC changed dramatically with Sedimentation equilibrium data were collected at 280 nm for

the rotor speed (Table 2), and the residuals obtained fromsamples with an initial concentration of 0.70 mg/mL at rotor speeds
these fits were not randomly distributed, again implying a of 5000 @) and 8000 4) rpm and at 230 nm for another sample
concentration-dependent self-association behavior. Samplewith an initial concentration of 0.065 mg/mL at a rotor speed of
cata coleted at 8000 pm are shown in Figure 4a; here, 100001 &), Celh e sewas el moiommer e,
the best fit of the_ molecular weight for a sm_glg SPECIES WaS g test, with highep values'indicating an increasedyproba%ility
194 000. The simplest models for association entail the that the residuals were distributed randomly.

oligomerization oh protomers into am-mer complex. Here, ) ) ) o )

we assumed the HfIKC heterodimer to be the protomer, with IMPlying that oligomerization was not completely disrupted
a molecular weight of 70 735 based on the sequences. ModeldY the mutation.

were constructed for values nfra_mgmg from 2 to 16, and_ DISCUSSION

the data were fit to the appropriate equations as described

in the Experimental Procedures. A fit of the data collected Previous work has shown that the HfIK and HfIC
at 8000 rpm to the protomer:octamer model, shown in Figure polypeptides oE. coli are mutually dependent for stability
4B, revealed essentially randomly distributed residuals. Threein vivo and that the polypeptides associate to form large
data sets obtained under differing conditions were fitted to membrane-bound oligomers. However, little physical analysis
each value of. The goodness of each fit was judged by the of these structures has been carried out, and there has been
resultingp value for the runs test, where highprvalues no information on the importance of the membrane-spanning
indicate an increasing likelihood that the residuals are domains for assembly of the complex. Here, we have shown
randomly distributed. Plots gb values as a function af that, after deleting the N-terminal sequences containing the
(Figure 4C) indicate that models specifying the oligomer- single membrane-spanning domains of each polypeptide, the
ization of 7—10 protomers provided the best fits. Attempts resultant soluble domains retained the ability to form a
to conduct sedimentation equilibrium analysis using the heteromeric complex that exists in equilibrium between a
HfIKC:A262] mutant protein gave unreliable results because protomer, likely to be the heterodimer, and higher order
of the precipitation of the protein during the extended species. The CD studies confirmed that these proteins are
equilibrium runs. However, in some cases, fits of the data folded and demonstrated that the structure of HfIK is
to the single-species model gave molecular weights substan-dependent upon interactions with HfIC. Reversible higher
tially higher than that of the protomer (data not shown), order oligomerization of the heterodimeric protomers was
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mutation, which affects ah position, would be expected to
disrupt the heterodimer interface in our model.

The hendecads of HflK and HfIC differ from those
previously identified in the f~-ATP synthaséd subunit in
that small, hydrophobic residues also occur at thesitions
of HfIK and both thg andf positions of HfIC. Because these
positions are situated nearly opposite ¢hendh positions,
they form additional faces that could constitute surfaces for
the higher order oligomerization (Figure 5), resulting in the
formation of a barrel of helices related by right-handed twists.
While the mutation of Ala-262 of HfIC, which occupies an
f position, to isoleucine did not prevent assembly, the reduced
helicity and the reduced concentration-dependent changes
in T, and cooperativity of unfolding for this protein are most
consistent with altered interactions in a coiled-coil oligo-
Ficure 5: Model for the oligomerization of the soluble domains merlzf'itlon interface. Togethgr, the effe_cts of the mu'Fatlons
of HfIKC. (A) Cross-sectional view of the proposed two-stranded described here on the physical behavior of the peripheral
right-handed coiled coil in the HfIKC protomer showing the domains of HfIKC, the functional defects in the Hfl-1 mutant
hendecad positions, with positions highlighted as in Figure 1. (B) previously describeds( 13), and the results of our biophysi-
Proposed arrangement of eight-paired coiled-coil regions of HflK 5| studies provide multiple lines of support for the model

and HfIC to form a right-handed barrel containing 16 helices. (C) . S . :
Helix—helix interactions of HflK and HfIC in the barrel. A section that we formulated on the basis of the bioinformatic analysis.

of a heterohexadecameric barrel structure made from eight Hilkc However, additional mutational testing of the model will be
protomers is shown, although the barrel may contain a different necessary to establish it firmly, and we cannot distinguish
number. Theahdefaces of each subunit are suggested to interact with certainty between the arrangement proposed in Figure
initially to form the heterodimeric HfIKC protomer. Interactions 5 and one in which the/h surface of each subunit interacts
between HfIKC protomers to form the closed barrel are proposed _ . -

to occur between thg faces. with the f/j _surface of the_ other. _

The peripheral domains of HfIKC are located in the
indicated by the concentration-dependent increases in meltingperiplasmic space, and it is interesting to note that the
temperatures, molecular weights, and cooperativity of de- similarly situated TolC protein also forms a helical barrel
naturation. Good fits to the sedimentation data were obtainedwith a central cavity&3). In this case, the barrel is composed
for models that specified 710 HfIKC protomers in the  of 12 helices, 4 from each of the 3 identical subunits, and
complex. these helices interact in the commonly seen left-handed

We suggest that the previously unrecognized 11-residuemanner. One example of a right-handed helical barrel can
(hendecad) repeats, indicative of right-handed coiled coils be found in the crystal structure of MscS, the heptameric
(27), located toward the C termini of the peripheral domains, small-conductance mechanosensitive membrane channel of
provide interactions critical to oligomerization. Given the E. coli (34). Here, each subunit contributes one helix
helical CD spectra of the protein and the pronounced effectscontaining residues 96110 to produce a right-handed
of mutations in the hendecad repeats, it seems likely thatheptameric helical barrel. As in the coiled-coil regions that
oligomerization occurs through right-handed coiled-coil we have identified in HfIK and HfIC, this part of the MscS
interactions. Because the& d, e, and h positions in the sequence is rich in highly conserved small residues, and the
hendecad repeats, which are located on one side of the helixgrystal structure shows the hetikelix interfaces to be
are occupied by characteristic residues in both the HfIK and centered on alanine and glycine residues.

HfIC subunits, we propose that the initial heterodimer  Support for a helical barrel model of HfIKC oligomeriza-
interaction occurs through these faces (Figure 5A), producing tion also derives from studies of the assembly and structure
a two-stranded right-handed coiled coil related to that of the related mitochondrial prohibitin complexes by Tatsuta
proposed for thé subunit of the H--ATP synthase 31, and co-workers 35). Single-particle electron microscopic
32). This possibility is supported by the near-complete studies showed purified prohibitins to form ring-shaped
disruption of polypeptide interactions by the HfIC:G268I structures with maximal dimensions of 227 nm, and a
mutation, which affects aa position. The strong preference circular arrangement of alternating Phbl and Phb2 subunits
for small residues at this position implies that the bulky was proposed. These workers suggested variability in the
isoleucine would be too large and, in the proposed model, subunit stoichiometry and estimated that the prohibitin
would be expected to weaken heterodimer assembly. Duringcomplex might contain 1620 copies of each subunit, in
purification, the HfIC polypeptide precipitated, while the view of the molecular weight estimated to be-2102 million

HfIK monomer remained in solution. Steric disruption of the by blue native PAGE and size-exclusion chromatografiby (
heterodimer interface is the most likely explanation for the 16). It is notable, however, that the native molecular weight
properties of this mutant in our view, although other effects has yet to be assessed by techniques that are unaffected by
such as intrinsic misfolding of the HfIC polypeptide caused the protein shape, and a ring-like structure could easily result
by the G268l mutation cannot be ruled out. Notably, the in erroneously large values by the techniques that have been
original hfl-1 mutant described in 1975)was subsequently  used.

shown to carry two mutations causing amino acid changes Tatsuta and co-workers3%) also identified coiled-coll

in HfIC, G275D and D285H 13), both located in the  sequences in the C-terminal regions of both constituent
hendecad region that we have identified. The G275D polypeptides, Phbl and Phb2, and showed that deletion of




Oligomerization of HfIKC

these regions disrupted the assembly of the prohibitin 7.

complex, even when the membrane-spanning domains were
intact, implying their role in oligomerization. Furthermore,
Back and co-workers3g) have shown that Lys-204 of Phb1l

and Lys-233 of Phb2, which fall within the coiled-coil 8.

regions, can be chemically cross-linked, indicating their
proximity. The Phbl and Phb2 coiled-coil sequences are

related to those that we have identified in their high frequency 9.

of positions with small conserved residues, but the pattern
of these residues is not so regular as that seen for HflK and
HfIC in Figure 1.

Our results support a role of the coiled-coil domains of
HfIKC in oligomerization, but it appears that the transmem-
brane domains also stabilize the HfIKC complex. The melting
temperature of the soluble HfIKC complex was low, with
the T, value being 29C for the most concentrated samples,
and it would be expected that the membrane domains in the
wild-type HfIKC would provide more stability to the complex
by tethering the polypeptides to the lipid bilayer and, most
likely, through direct interactions as well. There are also 80
amino acid residues near the N terminus of HfIK on the
cytoplasmic side of the membrane that might contribute to
subunit interactions. Recent evidence shows that some
fraction of cellular HfIKC is stably complexed with the FtsH
protease in a form that sediments faster than 30%, put
the excess HfIKC appears to be stable without the benefit
of further interactionsg).

While it is well-established that HfIKC modulates the
activity of the FtsH proteasé(6, 7), there is little evidence
of what it is that HfIKC senses. Given the periplasmic
location, the helical barrel structure that we propose suggests
that the complex may sense some component in the environ-
ment or some condition in the periplasm.
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