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Identification of Glutamic Acid 479 as the Gluzincin Coordinator of Zinc in FtsH
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ABSTRACT. Escherichia coliFtsH (HfIB) is a membrane-bound and ATP-dependent metalloprotease. Its
cytoplasmic domain contains a zinc-binding motif!FEXXH, whose histidine residues have been shown

to be functionally important. Although they are believed to be involved directly in zinc coordination,
nothing is known about the third zinc ligand of this protease. Sequence alignment indicates that glutamic
acid residues are conserved among the FtsH homologues at positions correspondidé’ @nGIGIpe>

of E. coli FtsH. We replaced each of them by GIn, Asp, Lys, or Val. Mutations at position 479 compromised
the proteolytic functions of FtsH in vivo. In vitro proteolytic activities of the E479Q, E479V, and E479D
mutant enzymes were much lower than that of the wild-type protein and were significantly stimulated by
a high concentration of zinc ion. These mutant proteins retained the wild-type levels of ATPase activities,
and their trypsin susceptibilities as well as CD spectra were essentially indistinguishable from those of
the wild-type protein, indicating that the mutations did not cause gross conformational changes in FtsH.
They exhibited reduced zinc contents upon purification. From these results, we conclude tf4is@lu
zinc-coordinating residue.

FtsH, an ATP-dependent metalloproteasd=stherichia activities @, 10, 12). FtsH also forms a complex with another
coli, has two N-terminally located transmembrane segments,membrane protein complex HfIK/HfIC (HfIKC)1@, 14).
which are followed by a cytoplasmic ATPase domain and a HfIKC was suggested to have a regulatory role against the
protease domainl{-3). FtsH degrades not only soluble proteolytic activities of FtsH, and it differentially affects the
proteins but also some integral membrane protelh), proteolysis of soluble and membrane-bound substr&es (
including the SecY subunit of protein transloca@g gubunit The protease domain of FtsH contains a sequencél’His
a of the H™-ATPase (Fa) (7), and the YccA protein of  Glu-Ala-Gly-His, which conforms to the zinc-binding con-
unknown function ). SecY and Fa are rapidly degraded  sensus motif (HEXXH) found in zinc metalloproteases. The
only when they are in unassembled subunit staeg)( It two histidine residues in this motif are thought to act as zinc
has been proposed that FtsH initiates processive proteolysisigands while the glutamic acid residue is involved in the
of a membrane protein from a cytoplasmic domain and that acid—base catalytic mechanisrh). In accordance with this
this degradation is accompanied by dislocation of the notion, mutational alternations of Gt§and Hig2! are known
substrate into the cytoplasm where the active sites of FtsHto completely abolish the proteolytic activity of FtsH§(
reside @). Membrane association is essential for FtsH to 17). In addition, the in vitro proteolytic activity of FtsH is
degrade membrane protein8, (10). The AAA ATPase  inhibited by a metal chelator, 2-phenanthroline, and stimu-
activities may have an essential role in the dislocation processjated by z@* (18). Although these observations are in
in which unfolding and presentation to the proteolytic active complete agreement with FtsH being a zinc metalloprotease,

site of substrate proteins may occur. its third zinc-coordinating residue has not been identified.
FtsH undergoes self-processing, in which seven amino acidMost zinc metalloproteases with an HEXXH maotif (zincin)
residues are removed from its C-termind4)( Mutational are classified into two subgroups, metzincin and gluzincin

analyses of the self-cleavage reaction showed that FtsH hag19). Metzincins have a conserved motif, HEXXHXXGXX-
limited cleavage specificity; it preferentially cleaves the HD, in which His or Asp at the C-terminal end acts as the
C-terminal side of either a hydrophobic residue or a third ligand for zinc coordination. On the other hand,
positively charged residuell). FtsH is an oligomeric  gluzincins have a zinc-coordinating glutamic acid residue
enzyme, like other ATP-dependent proteases. The N-terminalat a site 18-72 residues C-terminal to the HEXXH motif
membrane region is required for the homooligomerization, (15).

which is a prerequisite for the ATPase and the proteolytic | this study, we attempted to identify the third zinc-
coordinating residue of FtsH. One of the two evolutionally
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Table 1: Plasmids and Primers for tfisH Mutants

pSTD113 pSTD120 pSTD323
Plasmids Primers® derivatives derivatives derivatives
WT pPSTD113 (ref.12) pSTD120 (ref.12)  pSTD323
YEXXH 5'-GAATCGACGGCTTACTACGAAGCGGGTC-3' pSTD316 pSTD318
HEXXY 5'-CCACGAAGCGGGTTATGCGATTATCGG-3' pSTD317 pSTD319
KEXXK 5'-GAATCGACGGCTTACAAGG-

AAGCGGGTAAGGCGATTATCGGTCG-3' pKSR6E9

E479K 5'-GTGGTCGTCTGGCAAAAGAGATCATCTAC-3' pKSR6 pPKSR10
E479D 5'-GTGGTCGTCTGGCAGATGAGATCATCTAC-3' pKSR24 pPKSR36 pPKSR53
E479V 5-GTGGTCGTCTGGCAGTTGAGATCATCTAC-3' pKSR26 PKSR38 pKSR48
E479Q 5'-GTGGTCGTCTGGCACAGGAGATCATCTAC-3' pPKSR28 pPKSR40
E480D 5'-GTCGTCTGGCAGAAGATATCATCTACGGG-3' pPKSR66
E480V 5'-GTCGTCTGGCAGAAGTGATCATCTACGGG-3' PKSR67
E585K 5'-CTCATGAAATATAAGACTATCGACGCACC-3' PKSR8 pPKSR12
E585D 5'-CTCATGAAATATGATACTATCGACGCACC-3' PKSR30 pKSR42
E585V 5'-CTCATGAAATATGTGACTATCGACGCACC-3' PKSR32 pKSR44
E585Q 5'-CTCATGAAATATGTGACTATCGACGCACC-3' pKSR34 pPKSR46

*Only one of a complementary pair is shown.

MATERIALS AND METHODS

Bacterial Strains and MediéE. coli K-12 strains AD368
(ftsH1/Flacl¥) (20) and AR5090 AftsH3:kan, sthC2}(3)
were described previously.

L medium Q1) containing chloramphenicol (20g/mL)
and/or ampicillin (5Qug/mL) was used for growing plasmid-
bearing cells.

Plasmids pSTD323 ftsH(ATM)-hiss-myd was constructed
by deleting a region corresponding to the N-terminal trans-
membrane region of FtsH from pSTD118s{H-his-myg

using a QuickChange mutagenesis kit (Strategene) and a pai

of primers (CAATTTCACACAGGAAACAGCTATGCGT-
CAAATGCAGGGCGGCGG and CCGCCGCCCTGCAT-
TTGACGCATAGCTGTTTCCTGTGTGAAATTG). Plas-
mids encoding FtsH-HisMyc and FtsHATM)-Hise-Myc
derivatives with an amino acid substitution at position 479
or 585 or in the HEXXH motif are listed in Table 1. They

SecY @4) antibodies. Visualization and quantification were
done by means of an ECL detection kit (Amersham Phar-
macia Biotech) and a Fuji LAS1000 lumino-image analyzer.
Purification of FtsH and Its VariantdtsH-His-Myc and
its variants were purified from cells of AR5090 carrying
pSTD113, pSTD316, pSTD317, pKSR6, pKSR24, pKSR26,
or pKSR28 by Ni*—nitrilotriacetic acid-agarose affinity
chromatography as described previousdy. (The purified
proteins were extensively dialyzed against dialysis buffer (10
mM Tris-HCI, pH 8.1, 5 mM MgCJ, 10% glycerol, 0.5%
Nonidet P-40, 10 mM 2-mercaptoethanol).
FtsHATM)-Hise-Myc and its derivatives were purified
from cells of AR5090 carrying pSTD323, pKSR51, pKSR69,
pKSR53, or pKSR48. The peak fractions of?Ni-nitrilo-
triacetic acid-agarose affinity chromatography were sub-
jected to buffer exchange using a NAP-10 or NAP-25
desalting column (Amersham Pharmacia Biotech) equili-

were constructed as follows. Each of the mutations was first brated with buffer A (10 mM Tris-HCI, pH 8.1, 10%

introduced into thetsH gene on pSTD4011@) using the

glycerol, 5 mM MgC}, 10 mM 2-mercaptoethanol) and to

QuickChange mutagenesis kit and the primers shown in Mono Q column chromatography. The Mono Q column was

Table 1. Then, their 0.7 kilo base pailul —Nrul fragments

washed with buffer A and eluted with a—@ M linear

were used to substitute for the corresponding regions of gradient of NaCl in the same buffer. The peak fractions, as

pSTD120 (2), pSTD113 {2), and pSTD323. pSTD113 and
pSTD323 were derived from pBlueScript SKY(Stratagene)
whereas pSTD120 was from pSC101. pKY228)(carried
the secYgene under the control of tHac promoter.
Complementation AbilitiesA plasmid to be tested was
introduced into AD368 fisH1/Flacl%, and the resulting

detected by SDSPAGE and Coomassie brilliant blue
staining, were pooled and dialyzed against 10 mM Tris-HClI,
pH 8.1, 10% glycerol, and 10 mM 2-mercaptoethanol that
had been prepared zinc-free using plasticware and glassware
prewashed wit 1 M HCI.

In Vitro Proteolytic Actvities of FtsH To measure the

transformant cells were plated on an L agar plate containing FtsH’s activity to degrade resorufin-labeled casein, purified

1 mM isopropyls-p-thiogalactopyranoside and 1 mM cAMP.
Bacterial growth was scored after 12 h of incubation at 30
or 42°C.

Detection of FtsH Variants by ImmunoblottinGells of
AR5090 carrying arftsH plasmid were grown at 37C to a
mid-log phase, and thac transcription was induced with 1
mM isopropyl-p-thiogalactopyranoside for 2 h. A portion
of the cultures (containing about-6 107 cells) was removed
and mixed with the same volume of 10% trichloroacetic acid.
Proteins were analyzed by SBBAGE and immunoblotting
with anti-FtsH @3), anti-v®? (a gift of M. Kanemori), or anti-

1 Abbreviation: PAGE, polyacrylamide gel electrophoresis.

FtsH derivatives (4.5:9) were incubated with resorufin-
labeled casein (4fdg; Roche Diagnostics K.K.) at 4Z in
buffer (200uL) containing 50 mM Tris-HCI, pH 8.1, 5 mM
MgCl,, 10 mM 2-mercaptoethanol, 0.5% Nonidet P-40, and
ZnCl, (0, 0.5, 25, or 60M) in the presence or absence of
2.5 mM ATP. A 35uL portion of the reaction mixture was
withdrawn at intervals and mixed with 18L of 10%
trichloroacetic acid. After 10 min or more at°C, samples
were centrifuged, the supernatant was mixed with 2 volumes
of 0.5 M Tris-HCI, pH 8.8, and absorbance at 595 nm was
measured.

To measure the FtsH’s activity to degrade SecY, purified
SecY (final concentration, 2-73.7 ug/mL) and the FtsH-
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Hise-Myc or its variants (final concentration, 3g/mL) were
incubated at 37C in buffer containing 50 mM Tris-HCI,
pH 8.1, 5 mM MgC}, 10 mM 2-mercaptoethanol, 0.5%
Nonidet P-40, 0 or 3.3 mM ATP, and either ZnQ@Ir zinc
acetate (0, 0.5, 25, or 6QM). Samples were withdrawn at
intervals and mixed with the same volume of 3DS sample
buffer (25). Proteins were separated by 15% acrylamide
0.12%N,N'-methylenebis(acrylamide) SDFAGE 6) and
detected by immunoblotting using anti-SecY serum.

Metal Quantitation The purified preparations of FtsH-
(ATM)-Hise-Myc and its variants were denatured by treat-
ment with 3% perchloric acid at room temperature. The
denatured protein (220470 ug) in 25ulL was mixed with
475uL of 0.1 mM 4-(2-pyridylazo)resorcinol (PAR) in 500
mM HEPES/KOH, pH 7.5, and absorbance at 500 nm was
measured using a Beckman DU-600 spectrophotom2Ter (

Zinc standard solution (atomic absorbance grade; nacalai

tesque) was used as a standard.
ATPase Actiity Assay ATPase activities of FtsH-Hijs

Myc and its derivatives were assayed as described previously

(20). Briefly, 60 uL of a sample containing 50150 ng of
purified protein, 50 mM Tris-HCI, pH 8.1, 5 mM Mggl
25 uM zinc acetate, 10 mM 2-mercaptoethanol, 0.5%
Nonidet P-40, and 1 mM ATP was incubated at°&7for 1

h. Then, it was mixed with 24@L of the malacite green/
poly(vinyl alcohol)/ammonium molybdate reagent anc80

of 34% sodium citrate. After 30 min at room temperature,
absorbance at 660 nm was measured.

Trypsin Digestion of FtsHTrypsin digestion was carried
out essentially as described by Akiyama et 2B)( Purified
FtsH-His-Myc and its derivatives (about Ogg/mL) were
treated with trypsin (0.zg/mL) at 0°C in buffer containing
50 mM Tris-HCI, pH 8.1, 5 mM MgCl, 25uM zinc acetate,
10 mM 2-mercaptoethanol, and 0.5% Nonidet P-40 in the

presence or absence of 5 mM ATP. Samples were withdrawn

at intervals, mixed with the same volume of 8DS sample
buffer containing 2 mM phenylmethanesulfonyl fluoride and
6 mM p-toluenesulfonyk-lysine chloromethyl ketone hy-
drochloride, and incubated at 3 for 5 min. Proteins were
separated by 16.1% acrylamid®.12%N,N'-methylenebis-
(acrylamide)-modified gel and visualized by Coomassie
brilliant blue staining.

Circular Dichronism(CD). CD spectra of purified FtsH-
(ATM)-Hise-Myc, FtsHATM/KEXXK)-Hiss-Myc, FtsH-
(ATM/E479D)-His-Myc, and FtsHATM/E479V)-His-Myc
(about 0.2ug/mL) were obtained in the wavelength range
of 200—250 nm using circular dichroism spectropolarimeters
(Jasco J-725). Ten scans were averaged for each sampl
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417 479 585

[~ Ec !IEA GHAIIGR———GGRLA'EEIIYGP———ALMKY'ETIDAP

Ao HEA GHALMGL--- GGRAAEEVFFGK---KLLEKETITCE

Bf  HEA GHTVVGV---GGRVAEEVTFG----TLLDMETLDAE

Bs HEGGHTVIGL---GGRVAEEIIFG----TLLKVETLDAE

Bb  HEA GHALLHY---GGYASEQINLG---- ELVLKETLTDK

Bj  HEGGHAIVGL---GGRVAEELIFGR---GLLEFETLSGD

Ct  HESGHAIVGL---GGRAAEQIFLG----MLIEFETLDSK

Cp  HES GHAVVGL---GGRAAEEIFL G----MLIEFETLDSK

Hil HEA GHAIVGY---AGRLAEDLIYGE---ALVKYETIEEE

P Hi2 HEA GHAIVGY---AGRLAEDLIYGE---ALVKYETIEEE
— Hf  HES GHAVISE--- GGRAAEDVFLQ---- ELFEKEVITGE
D Hp  HES GHAVISE---GGRAAEDVFLE----ELFDKEVITGE
o Hm  HEA GHALVGG---GGRVAEAIVLK----TLMDKETIEAS
g L1  HEAGHAIVGL---GGRLGEEIVFG----ALLKY ETLDAK
= ML  HEGGHTLAAW---GGRAAEELVFR----ELLEKETLHRP
LLI Ms  HEGGHTLAAW---GGRAAEELVFR----ELLEKETLHRA
Mt  HEG GHTLAAW--- GGRAAEELVFR----ELLEKETLHRP

Mg  HEA GHALVGL---GGRAAEEEIYGN---ALLIAETILKS

Mp  HEA GHALVGL---GGRAAEEEIYGP---ALLIAETILKS

Rp  HEGGHALVGL---AGRVAEEIIFGR---ALIEYETLSGQ

Sp  HEAVHTIVGL---GGRVAEEIIFN----ALLKYETLDST

Sc¢  HEGGHALVAA---GGRAAEELVFH----ALLEKETLGKE

Ss1 HEV GHAIVGT---GGRAAEEEVFGD---LLIEKETIDGE

Ss2  HEV GHALIGT---GGRVAEEVIFGD---ALIDQETIEGE

Ss3  HEV GHALVGA---GGRAAEEIVFD----KILEKEVIEGE

Ss4 HEA GHALVGA---GGRIAEEIIFGE---ILVEKETVDSE

Tm  HEA GHAVVST---GGRAAEEVVFG----TILLEKETIEGD

| Tp HET GHALAGT---SGRAAEFVAFG----RLLERETIERD

[ At HEA GHALVGA---GGRVAEEVIFGD--- LLIEKETVDGE

Cc HEAGHAVAAT---AGRAMEEIVFGL---ELVEKETIEAK

Gt HEV GHAIIGT---GGRAAEEVVFGL---LLIEKETIDGD

O Ntl HEV GHAICGT---GGRAAEEVIFGE---VLLEKETMTGD
w Nt2 HEA AHALVGA---GGRVAEEVIFGQ---LLIEKETVDGE
==| O0s HEVGHAITGS---GGRAAEQVIFGE---KLLDKETMDGD
E Pp  HEV GHAIIGS---GGRAAEEIIFGD---LLIEKETIEGN
et Sc1  HEA GHAVCGW---GGRVSEELHFP----ELLRKEAITRE
Llj_l Sc2  HEA GHAVCGW---GGRVSEELHFP----VLLKKEVLTRE
Sc3  HEA GHAIMAK---GGKIAEELIYGK---GLIEY ETLDAH

Sp  HEGGHALVAL---GGRAAEELLYGK---ALVDYEFLTAE

Dm  HES GHALVGW--- GGRAAENLVFN----ALLEKETLDYD

Hs  HES GHAIIAY---GGRVAEELIFGT---ALLTYETLMPK

Mn  HES GHAIIAY---GGRVAEELIFGT---ALLTYETLDAK

L Sm  HEA GHALVAL---GGRVGEELVFGA---ALLHF ETLTKD

Ficure 1: Sequence alignment for some selected intervals of FtsH
homologues. Amino acid sequences of the FtsH homologues were
aligned using the ClustalW program. The HEXXH motif and the
conserved glutamic acid residues are shown in bold face, and only
the sequences around them are shown. The positions ¥ His
Glu*"®, and GIi§%° of E. coli FtsH are indicated by arrowheads.
Abbreviations: EcEscherichia coli(accession number P28691);
Aa, Aquifex aeolicugAAC07029); Bf, Bacillus firmus(P94304);

Bs, Bacillus subtilis(P37476); BbBorrelia burgdorferi(AAC67120);

Bj, Bradyrhizobium japonicunfCAB51029); Ct,Chlamydia tra-
chomatigfAAC68438); Cp,Chlamydophila pneumo@AD19135);

Hil and Hi2,Haemophilus influenzgd®71377(FtsH-a) and P45219-
(FtsH-b)]; Hf, Helicobacter felif032617); HpHelicobacter pylori
(P71408); HmHeliobacillus mobils (AAC84037); LI,Lactococcus

Yactis (P46469); MI,Mycobacterium leprag CAA18796); Ms,

Measurements were carried out at room temperature usingmycobacterium smegrh@AAC32257); Mt,Mycobacterium tuber-

a 0.1 cm path-length quartz cell. Buffer (10 mM Tris-HCI,
pH 8.1, 10% glycerol, 5 mM MgG) and 10 mM 2-mer-
captoethanol) alone was used as a control.

RESULTS

Identification of Consared Glutamic Acid Residues in a
C-Terminal Region of FtsHrtsH does not have a sequence
conserved in metzincin (HEXXHXXGXXH/D) but has
several glutamic acid residues in the downstream of the
HEXXH motif. Computer-aided amino acid sequence align-
ment of FtsH homologues (Figure 1) revealed that two

culosis (P96942); Mg, Mycoplasma genitalium(P47695); Mp,
Mycoplasma pneumonia@75120); Rp,Rickettsia prowazekii
(Q9ZEAZ2); Sp,Streptococcus pneumonig®69076); ScStrep-
tomyces coelicolo(CAB42757); Ss1, Ss2, Ss3, and Ss4nS
echocystissp. (Q55700, P73179, P73437, and P72991); Tm,
Thermotoga maritima(AAD35665); Tp, Treponema pallidum
(083746); At, Arabidopsis thaliana(Q39102); Cc,Cyanidium
caldarium(019922); Gt, Gillardia theta(O78516); Nt1 and Nt2,
Nicotiana tabacunfAAD17230(Pftf) and BAA33755]; OsPdon-
tella sinensigP49825); PpPorphyra purpuregP51327); Ss1, Ss2,
and Ss3,Saccharomyces cersiae [S46611(YTA10), S54465-
(YTAL12), and P32795(YMEL)]; SpSchizosaccharomyces pombe
(CAA19064); Dm, Drosophila melanogaste(CAA19646); Hs,
Homo sapiengAAD20962); Mm,Mus musculu§AAC35558); Sm,

glutamic acid residues are completely conserved at positionsSchistosoma manso(CAA82844).
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corresponding to GH#° and GI#®® in E. coli FtsH. These FES S S DS D <
glutamic acids, the C-terminal 58th and 164th residues of S LS E & é«;ﬁg’@f G L& F e
the HEXXH motif, respectively, were investigated for their A _ HisgMyc
possible roles in the FtsH activities and zinc binding. ' _ : ~FtsH’

Complementation Adfities of the Gld’® and Gl B___ 32
Variants. We constructed FtsH variants having either Asp ?
(E479D, E585D), Val (E479V, E585V), Gin (E479Q, cms.. "*_1-8 v
E585Q), or Lys (E479K, E585K) in place of Gldor GIUF, m.m“g bk e
Additionally, variants with alterations in the HEXXH motif 123 456 78 9101112

were constructed by mutating conserved hlst|d|ne(s) to LyS FIGURE 2. In vivo prOteOlytiC functions of mutant enzymes with

alteration at Glér® and GIwe, Cells of AR5090 AftsH) carrying
(KEXXK) and Tyr (YEXXH and HEXXY). All of the FtsH two compatible plasmids, pKY248&écY and one of the plasmids

mutants carried a C-terminal polyhistidine and a Myc epitope encoding thetsH derivatives as indicated below, were grown in L
tag (His-Myc tag) to facilitate their detection and purifica- medium at 30°C and induced with 1 mM isopropyp-p-
tion. Abilities of the mutant genes to complement the thiogalactopyranoside and 5 mM cAMPrf8 h for the synthesis
ftsH1(Ts) mutation were examined. Expression of E585Q, of SecY and the FtsH variants. Proteins were precipitated by 5%

-, trichloroacetic acid and analyzed by SBBAGE followed by
E585D, and E479Q mutant genes from a low copy plasmid immunoblotting using anti-FtsH (A), anti¥ (B), and anti-SecY

supported growth of thétsH1 mutant cells at restrictive  (c) antibodies. ThetsH plasmids carried were pKSR10tgH-
temperature (42C), although slightly less efficiently than  (E479K-hissmyc lane 1], pKSR36 ffisH(E479D-hiss-myc lane
theftsH' plasmid. On the other hand, neither of the E479K, ﬁ], PKSR|38 ﬁiﬁKEiéggig?ﬁ?égé%rg 'C:{], PKSRl‘lOfESg]'(EAIZS?IgA:Z
is-myG lane 4], p s -hiss-myg lane 5], p
E429D{ E479V, E58t5.K' .E5tﬁ5v' HEXY, o0 YEXXM [SH(EBB5D) hiss myc lane 6], pKSRA4 ISH(ESBBY-his-mye
mutant genes was active in the complementation. lane 7], pKSR46 fSH(ES85Q-hissmyG lane 8], pSTD318 -

In Vivo Proteolytic Function of the FtsH Variants. sHYEXXH-hiss-myg lane 9], pSTD319ffsHHEXXY)-hiss-myG
Although theftsH gene function is essential for cell growth lane 10], pSTD120ffsH-hisrmyg lane 11], and pMW119H (vector;
under the normal condition, trhC21suppressor mutation lane 12). FtsHindicates the C-terminally self-processed product
enables cells to grow without Ftsi2g). Cells of AR5090  ©f FtsH-His-Myc (11).

(AftsH sthC21/HacZAM15) carrying the plasmid for the

1 2 3
SecY-Lac4x fusion protein form blue colonies on an agar 5

plate containing 5-bromo-4-chloro-3-indofyip-galactoside

(Xg), because SecY-LaeZis stabilized in this strain. The

extent of color development, which should be correlated with 5
accumulation levels of SecY-LacZ(6), was used to assess

the proteolytic activities of the FtsH variants that were 3
coexpressed from a compatible plasmid. Thus, expression

4 5 6 7 8 9 10 11 12 13
+ -+ -+ -+ ATP
0 24 24 0 24 24 0 24 24 0 24 24 Time (min)

of wild-type FtsH as well as of E585K, E585D, E585Q, and
E479Q mutants markedly decreased the color development.
In contrast, cells expressing the E479K, E479D, E479V, 2
E585V, YEXXH, and HEXXY forms of FtsH remained blue,
suggesting that these FtsH variants had significantly impaired
proteolytic function.

Their in vivo protease activities were studied more directly
by examining cellular accumulation of a soluble and a
membrane-bound substraté? and SecY, respectively, as
well as the C-terminal self-processing of FtsH (Figure 2).
The FtsH variants and SecY were expressed from compatible
low copy plasmids in the\ftsH cells. Whereas wild-type wT E479D E479V HEXXY
FtsH-His-Myc was self-processed into Ftskhat had lost Ficure 3: Nucleotide-induced conformational changes in the FtsH

the C-terminal HisMyc tag (Figure 2A, lane 1111), no mutants. Purified samples of FtsH-kHslyc, FtsH(HEXXY)-Hiss-

processing was observed for the proteolytically inactive MYC: FtSH(E479D)-HigMyc, and FisH(E479V)-HisMyc (13ug),

as indicated, were treated with/g/mL trypsin at 0°C for O or 24
YEXXH and HEXXY mutants (lanes 9 and 10). Although iy in ‘the presence or absence of 1 mM ATP. Proteins were

most GI#® mutants were self-processed (lanes8, the separated by SDSPAGE and stained with Coomassie brilliant blue.

E479Q and the E585V forms of FtsH were only less Positions of molecular mass markers (shown in kilodaltons) are

pronounced'y processed. No Se'f-processed product Wag'n_dicated on the left. The arrow and O_pen arrowhead indicate FtS_H-

observed for E479K, E479D, and E479V (lanes4), 'E?SG_MyC and the 33 kDa trypsin-resistant fragment generated in
. . e presence of ATP, respectively.

suggesting that these mutants lack the protease activity.

Accumulation of¢®? and SecY was reduced markedly by

expression of FtsH-HisMyc but not by expression of the  functions. Gl§% seemed less important since it was replace-

HEXXH motif mutants (Figure 2B,C, lanes-4.1). Also, able by several other amino acid residues.

the E479K, E479D, E479V (lanes-B), and E585V (lane Structural Integrity of the GI/° Mutants.It is known that

7) mutants were unable to reduce these substrates. Theyluzincins have a zinc-coordinating glutamate residue located

E585K, E585D, E585Q, and E479Q mutants were apparentlyat a site 18-72 residues C-terminal to the HEXXH maotif.

as active as the wild-type FtsH (lanes@and 8). Thus, the  Our results raise a possibility that G18 (the 58th residue

Glu*"® mutants were severely defective in the proteolytic from the HEXXH motif) serves as the third zinc ligand.

marker
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T
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Ficure 4: CD spectra of the FtsiA(TM) derivatives. CD spectra
of FtsHATM)-Hisg-Myc (—), FtsHATM/KEXXK)-His ¢-Myc (— —),
FtsHATM/E479D)-His-Myc (---), and FtsHATM/E479V)-Hiss-
Myc (— — -) were obtained as described in Materials and Methods.

To characterize the mutant enzymes biochemically, we
purified the E479Q, E479D, E479V, E585D, and HEXXY
variants as well as the wild-type FtsH protein. The purified
FtsH(E479D)-His-Myc and FtsH(E479V)-HisMyc proteins
retained significant ATPase activities. Although their ATPase
activities were lower than that of the wild-type protein (about
40% and 70%, respectively, as compared with the wild-type
enzyme), the significance of these levels of reduction is
unclear since FtsH(E585D)-Hidlyc and FtsH(HEXXY)-
Hiss-Myc also had reduced ATPase activities (about 33%
and 45%, respectively, of wild type). To know whether the
Glu*™® alteration affected the overall structure of FtsH, we
examined the trypsin digestion patterns of the purified
proteins. It was shown that ATP binding induces some

Biochemistry, Vol. 41, No. 6, 20021865

trypsin treatment 23). However, an ATP-binding motif
mutant does not undergo such a conformational chat®)e (
As shown in Figure 3, the digestion profiles did not differ
significantly between the WT and the mutant proteins. The
digestion profiles upon shorter trypsin treatments did not
significantly differ either among these proteins (data not
shown). These results indicate that the mutations do not
abolish the ATP-dependent conformational change of FtsH.
We also constructed and purified soluble forms of these
proteins, FtsHATM)-Hise-Myc, FtsHATM/E479D)-His-
Myc, FtsHATM/E479V)-His-Myc, and FtsHATM/
KEXXK)-Hiss-Myc, which lacked the N-terminal membrane
region. Their CD spectra were measured (Figure 4). The
E479V,E479D, and KEXXK mutant proteins exhibited
spectral profiles very similar to that of the wild-type FtsH-
(ATM)-Hise-Myc; all of these proteins had about 22%
o-helix, 20%p-sheet, and 25%-turn. These results indicate
that these mutations do not cause gross conformational
changes in FtsH.

Increased Zinc Dependence of the GlMutant Enzymes.
We examined in vitro proteolytic activities of the E479Q,
E479D, and E479V mutant proteins (Figure 5). FtsHeHis
Myc degraded resorufin-labeled casein very efficiently
without addition of ZA* to the reaction buffer. Its activity
remained unaffected by addition of Znup to 600uM
(Figure 5A). Thus, the wild-type FtsH-Hidyc may contain
tightly bound zinc ions even after purification. In contrast,
FtsH(E479D)-His-Myc (Figure 5B) and FtsH(E479V)-His-
Myc (Figure 5C) showed very low casein-degrading activities
in the zinc-free reaction buffer. Addition of Zhsignificantly

structural changes in FtsH, which can be demonstratedstimulated the proteolytic activities of these mutant proteins;

experimentally by the generation of a 33 kDa fragment upon

A 20

casein-degradation activities of FtsH(E479Q)<Nd/c,
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Ficure 5: Degradation of resorufin-labeled casein by the FtsH variantsu@ @&ach of FtsH-HisMyc (A), FtsH(E479Q)-His-Myc (B),
FtsH(E479D)-Hig-Myc (C), and FtsH(E479V)-HisMyc (D) was incubated at 42C in a 200uL reaction mixture with 4Qtg of resorufin-
labeled casein in the presence of 2.5 mM ATP (closed circles), 2.5 mM ATP anMZmCl;, (open circles), 2.5 mM ATP and 6QM

ZnCl, (closed squares), or 6Q0M ZnCl, but no ATP (open squares).

Samples were withdrawn at the indicated time points and mixed with

trichloroacetic acid. After centrifugation, absorbance at 574 nm of the supernatants was measured.
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Ficure 6: Degradation of SecY by the FtsH variants. (A) FtsH(E479V)stilyc (1.1 xg) was incubated at 37C in a 30uL reaction

mixture with SecY (53 ng) in the presence of 2.5 mM ATP and either 0 orl5ZnCl,. At the indicated time points, samples were
withdrawn and analyzed by SDAGE and immunoblotting using anti-SecY antibody. SecY, SecY(N), and SecY(C) indicate intact
SecY, the N-terminal fragment of SecY, and the C-terminal fragment of SecY, respectively, present in the purified SecY preparation used
in this experiment. (B) SecY degradation was followed in the presence of FtgHviis FtsH(HEXXY)-Hiss-Myc, FtsH(E479D)-His

Myc, or FtsH(E479V)-His-Myc (1.1ug), in the presence of 2.5 mM ATP (open circles), 2.5 mM ATP plug#6ZnCl, (closed circles),

or 2.5 mM ATP plus 60QtM ZnCl, (closed squares). Intensities of the SecY(C) fragment were quantified, and relative values (% of the
initial intensity) were plotted.

FtsH(E479D)-His-Myc, and FtsH(E479V)-HisMyc were To study proteolytic activities against SecY, FtsH was
stimulated 1.8-fold, 4.1-fold, and 1.5-fold, respectively, by incubated with purified SecY, and its degradation was
25uM Zn?*. All of the above reactions of casein degradation followed by immunoblotting. As described previousBgJ,

were ATP dependent (Figure 5). In the presence of2b the SecY preparation contained two fragments, SecY(N) and
zinc, FtsH(E479Q)-HisMyc exhibited a 25-fold lowe¥max SecY(C), which had presumably been generated by OmpP
(0.0057ug mL™* min~%, with 22.5ug of FtsH-Hig-Myc/ after cell disruption (Figure 6A). Although appreciable
mL) as compared with the wild-type protein (0.4§ mL™* fractions of the intact SecY aggregate into SDS-resistant
min~Y), while the difference in the&<,, values was much  forms upon incubation at 37C, SecY(N) and SecY(C) do
smaller (159 and 4@g/mL, respectively), indicating that  not (10). Thus, decrease of these fragments, rather than that
the mutation mainly affected the catalytic reaction. of intact SecY, was taken as the result of proteolysis. Again,



The Third Zinc-Coordinating Residue of FtsH Biochemistry, Vol. 41, No. 6, 20020867

FtsH-His-Myc-mediated proteolysis of SecY(C) was inde- E585V mutant might disturb this region. Exact roles of this
pendent of the Z& concentration in the reaction mixture motif and the GI&8 residue await further clarification.
(Figure 6). FtsH(E479D)-HisMyc- and FtsH(E479V)-His Substitutions of GItf® did not entirely abolish the pro-
Myc-dependent SecY(C) degradation, which was very slow teolytic activity of FtsH. Cummins et al3@) suggested that
in the absence of 2, was accelerated by Zninclusion metalloproteases with a longer spacer between the second
in the buffer (Figure 6B). FtsH(E479K)-Hislyc and FtsH-  and third ligands have a more flexible zinc-coordinating
(E479Q)-His-Myc also showed similar zinc dependence in  sphere and are more tolerant to substitutions of the third zinc
their SecY-degrading activities (data not shown). The ligand. Thus, an Asp substitution for the third zinc-coordinat-
HEXXY mutant protein showed no proteolytic activity even ing residue that is 59 amino acids away from the HEXXH
in the presence of added zinc (Figure 6B). motif only partially inactivates EP24.1B%), whereas the
Decreased Metal Contents of the GRiMutants. Metal same Glu to Asp substitution at the third ligand that is only
contents of FtsH{TM)-Hiss-Myc, FtsHATM/E479D)-His- 25 or 24 residues away from the second ligand inactivated
Myc, FtsHATM/E479V)-His-Myc, and FtsHATM/ EP24.15 82) and ACE C 84) completely. FtsH might have
KEXXK)-His¢-Myc were measured spectrophotometrically a flexible zinc-coordinating sphere, as its third ligand (Gju
using 4-(2-pyridylazo)resorcinol (PAR). The value for FtsH- is separated from the HEXXH motif by 58 amino acid
(ATM)-Hise-Myc was 0.92 M metal ion/M protein, suggest- residues. It should be noted, however, that aminopeptidase
ing that each FtsH molecule contains one metal ion. In A has a short (19 residues) distance between the second
contrast, FtsHE TM/KEXXK)-His ¢-Myc contained only 0.13  ligand and the third ligand, which can be mutated to Asp
M metal ion/M protein, confirming the importance of the with only ~40% reduction in the enzymatic activitg%).
HEXXH motif in metal binding. The values for FtsATM/ Thus, we do not understand completely the different require-
E479D)-Hig-Myc and FtsHATM/E479V)-His-Myc were ments for the third zinc ligand observed in different zinc
0.72 and 0.50, respectively. Thus, we observed reduced zinanetalloproteases.
contents for the GRf® mutant proteins. The E479D and E479V mutant proteins had very low in
vitro proteolytic activities although our quantitation showed
DISCUSSION that they still had 56 70% metal content. It seems possible

The HEXXH zinc metalloproteases have three residues that these mutant enzymes have abnormal positioning of the
that are directly involved in coordination of the zinc ion: active site zinc caused by the substitutions of the third ligand

two of them are histidine residues within the HEXXH motif residue, and this results in the low enzymatic activities. We
and the remaining Glu (in gluzincin) or His/Asp (in metz- have shown previously that several mutant forms of FtsH,
incin) is located in the C-terminal side of this motif5). including FtsH(HEXXY)? dominantly interfere with the
No information has been available for the third?Ztigand proteolytic activity of the wild-type protein by forming a
of FtsH. Here we show that GIt? of FtsH is completely ~ Mixed complex in vivo §, 36). Assuming the heterogeneous
conserved among the FtsH homologues from prokaryotes toPresence of zinc-free (inactive) and zinc-containing (partially

higher organisms. Our results suggest that‘Glof FtsH is active) mutant proteins, lower proteolytic activities of the
the third ligand for zinc coordination. First, the @l# Glu*”® mutant might be explained by the mixed oligomer

alterations to Lys, Asp, and Val severely compromised the formation, in which the negative effect may be exaggerated.
in vivo proteolytic activities. Second, the purified mutant 1€ E479D protein had higher proteolytic activity and metal
enzymes lacked the activities to degrade resorufin-labeledontent than the E479V protein. Probably an acidic side chain
casein and SecY unless supplemented with*Zexog- is less dlisturbm_g the zinc coordination than a hydrophobic
enously. Third, these mutant proteins had reduced metalSide chain at this position.

contents. Finally, trypsin digestion profiles as well as CD
spectra indicated that substitutions of &fudid not cause
gross conformational changes. Herman et2() éuggested We thank M. Kanemori for ani2, S. Kitada for useful
that theftsH1(Ts) mutation impairs the zinc binding of FtsH.  syggestions in metal quantitation, H. Mori, S. Chiba, K.
This mutation causes amino acid substitutions at two Kanehara, and N. Shimohata for discussion, and M. Yamada,

positions, and one of them (GRito Leu) is close to GHI®. M. Sano, Y. Shimizu, and K. Mochizuki for technical
The ftsH1 mutation might affect the local conformation of 5ggistance.

the zinc-binding region. Formally, a possibility has not been
ruled out that Glé® is not directly coordinating zinc and
that its substitution interferes with zinc coordination. How-
ever, we do not favor this possibility as an Asp or Val
replacement of the adjacent Giresidue, which is also
conserved in many of the FtsH homologues, did not affect >
the FtsH functions (data not shown).
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