
Article
Franka Scharfe
0022-2836/© 2015 The
(http://creativecommons.o
Structure and Evolution of N-domains in
AAA Metalloproteases
nberg, Justyna Serek-Heu
berger, Murray Coles,
Marcus D. Hartmann, Michael Habeck1, Jörg Martin,
Andrei N. Lupas and Vikram Alva

Department of Protein Evolution, Max Planck Institute for Developmental Biology, 72076 Tübingen, Germany
Correspondence to Andrei N. Lupas: andrei.lupas@tuebingen.mpg.de
http://dx.doi.org/10.1016/j.jmb.2014.12.024
Edited by A. Panchenko
Abstract

Metalloproteases of the AAA (ATPases associated with various cellular activities) family play a crucial role in
protein quality control within the cytoplasmic membrane of bacteria and the inner membrane of eukaryotic
organelles. These membrane-anchored hexameric enzymes are composed of an N-terminal domain with one
or two transmembrane helices, a central AAA ATPase module, and a C-terminal Zn2+-dependent protease.
While the latter two domains have been well studied, so far, little is known about the N-terminal regions. Here,
in an extensive bioinformatic and structural analysis, we identified three major, non-homologous groups of
N-domains in AAA metalloproteases. By far, the largest one is the FtsH-like group of bacteria and eukaryotic
organelles. The other two groups are specific to Yme1: one found in plants, fungi, and basal metazoans and
the other one found exclusively in animals. Using NMR and crystallography, we determined the subunit
structure and hexameric assembly of Escherichia coli FtsH-N, exhibiting an unusual α + β fold, and the
conserved part of fungal Yme1-N from Saccharomyces cerevisiae, revealing a tetratricopeptide repeat fold.
Our bioinformatic analysis showed that, uniquely among these proteins, the N-domain of Yme1 from the
cnidarian Hydra vulgaris contains both the tetratricopeptide repeat region seen in basal metazoans and a
region of homology to the N-domains of animals. Thus, it is a modern-day representative of an intermediate in
the evolution of animal Yme1 from basal eukaryotic precursors.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The AAA+ (ATPases associated with various
cellular activities) superfamily of proteins represents
one of the largest and most diverse clades of
ring-shaped P-loop NTPases [1]. They are ubiquitous
to all domains of life and are involved in the energy-
dependent unfolding and disaggregation of macromol-
ecules. AAA+ proteins are characterized by the
presence of a non-ATPase N-terminal domain, one
or two central copies of an extended P-loop ATPase
harboring the conserved Walker A and B motifs, and a
C-terminal α-helical subdomain (the C-domain; see
Ref. [2]).
AAA proteins form a family within the AAA+

superfamily that is distinguished by the “second
region of homology” found in their ATPase domain
Authors. Published by Elsevier Ltd. This
rg/licenses/by-nc-nd/4.0/).
[3]. They assemble into hexameric complexes and
play a significant role in many cellular processes,
including protein degradation and maturation, gene
expression, membrane fusion, membrane complex
formation, and microtubule regulation. We have
previously classified AAA proteins into six clades: D1
domains, D2 domains, proteasome subunits, metallo-
proteases, the “meiotic” group, and BCS1 [4].
The AAA metalloprotease subfamily has been

identified so far in bacteria and eukaryotes but not in
archaea. All members of this subfamily are mem-
brane anchored through their N-terminal domain and
are followed by one AAA ATPase module and a
C-terminal metallopeptidase domain of the M41
family, which harbors the conserved Zn2+-binding
motif HEXXH. Hexameric complexes of these
proteins are located in the cytoplasmic membrane of
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Fig. 1. Cluster map of AAAmetalloprotease N-domains.
Sequences were clustered in CLANS at a BLAST P-value
cutoff of 1e-10. Each dot represents one protein sequence.
BLAST connections are shown as gray lines; the darker a
line, the higher the similarity. Sequences that matched the
N-domain of E. coli FtsH with an HHpred probability of
≥50% were assigned to the FtsH-like group (see Materials
and Methods) and are colored orange. Yme1-like proteins
are colored red, paralogs of canonical FtsH from Bacillales
and Clostridiales are in blue, paralogs of canonical FtsH
from Myxococcales are in green, and the four highly
divergent non-canonical groups from Kinetoplastida are in
yellow. Sequences that could not be assigned to a
particular group are shown as black dots. Further details
are provided in the text.
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bacteria and in the inner membranes of mitochondria
and chloroplasts, where they are involved both as
proteases and as chaperones in processing soluble
andmembrane-associated proteins. The first reported
protein of the AAA metalloprotease subfamily was
FtsH from Escherichia coli (occasionally also referred
to as HflB; see Refs. [5] and [6]). It forms a
homohexamer where each polypeptide chain spans
the cytoplasmic membrane twice, thereby localizing
the AAA and protease domains to the cytoplasm and
the N-domain to the periplasm. The N-domain,
including the two transmembrane (TM) helices, is
involved in oligomerization and can regulate the
activity of the hexamer in conjunction with the
membrane proteins HflK and HflC [7,8].
Most bacteria contain only one FtsH homolog,

whereas varying numbers of AAA metalloproteases
have been identified in eukaryotic cells. One of the
best studied cases is that of the three orthologs in
yeast, which form two complexes with opposite
topology within the inner membrane of mitochondria,
termed i-AAA and m-AAA [9]. The homooligomeric
i-AAA complex, named for the location of the
catalytically active parts within the intermembrane
space, is formed by Yme1 (Yta11), a protein with a
single TMhelix. Theheterooligomericm-AAAcomplex,
where the C-terminal domains face the matrix of the
organelle, is formed by the orthologs Yta10 and Yta12,
each containing two TM helices. Notably, in photosyn-
thetic organisms such as cyanobacteria and plants, the
number of AAA metalloprotease genes is significantly
increased in comparison to mitochondria and to
bacteria that produce energy only by cellular respira-
tion. For instance, in the genome of Synechocystis sp.
PCC 6804, four FtsH homologs have been identified
[10], and inArabidopsis thaliana, as many as 17 genes
encode such proteases [11].
Our previous work on the classification of AAA

proteins showed that the N-domains of AAA metal-
loproteases are less conserved by comparison to
their AAA and catalytic domains [4]. Yme1-like
N-domains exhibit no homology to the N-domains of
other metalloproteases, and additionally, they form
two distinct groups that share no apparent sequence
similarity. Spurred by these results and by the
tremendous growth of sequence data in recent
years, we decided to revisit the N-domains of AAA
metalloproteases in order to gain further insight into
their evolution.
Results and Discussion

To gather the N-domains of AAA metalloproteases,
we searched the non-redundant protein sequence
database at the National Center for Biotechnology
Information (NCBI) using HMMER3 [12], with the
profile of the M41 metallopeptidase from the Pfam
database as seed. This yielded 11,816 sequences
that were subsequently filtered to remove partial and
redundant sequences and sequenceswithout anAAA
domain. In the resulting 10,352 sequences, the AAA
domain and amino acids following it were masked
out to obtain the set of N-domains. We employed
cluster analysis for inferring the evolution of these
sequences as, unlike phylogenetic methods that
require well-curated multiple alignments and only
allow calculation of trees with at most a few thousand
sequences, clustering allows handling of large data-
sets comprising highly diverse, unaligned sequences.
For cluster analysis, we used CLANS [13], an
implementation of the Fruchterman–Reingold graph
drawing algorithm, which treats sequences as point
masses in a virtual multidimensional space, wherein
they attract or repel each other depending on their
pairwise sequence similarities. Sequences find their
equilibrium position based on the force vectors
resulting from all pairwise interactions. In the equili-
brated map, groups of sequences with statistically
significant pairwise similarities form tightly connected
clusters, whereas dissimilar sequences tend to drift to
the periphery.
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Fig. 2. Cluster map of FtsH-like N-domains. Sequences were clustered at a BLAST P-value cutoff of 1e-10. Each dot
represents one protein sequence. BLAST connections are shown as gray lines; the darker a line, the higher the similarity.
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The N-domains were clustered in CLANS by their
pairwise BLAST P-values and the resulting map
shows many distinct clusters and a number of
singletons scattered in the periphery (Fig. 1). The
largest cluster is formed by several tightly connected
subclusters comprising FtsH-like N-domains from
different bacterial and eukaryotic phyla. A divergent
projection from this cluster comprises sequences from
ε-proteobacteria. Twoother clusters, loosely connected
to each other, contain Yme1-like proteins, which are
exclusive to eukaryotes. Additionally, the periphery
of the map contains distinct clusters of N-domains
from Kinetoplastida, Bacillales/Clostridiales, and
Myxococcales that show no sequence similarity to
each other or to other clusters in the map. Our map
indicates that AAA metalloproteases have recruited
non-homologous N-domains several times in the
course of their evolution.

FtsH-like N-domains

The largest cluster within the map (Fig. 1) is the
central FtsH-like cluster, comprising 9,069 of the
10,352 sequences, which are to 87% of bacterial
origin. In most of these sequences, the FtsH-like
N-domains can be readily detected even with the least
sensitive sequence comparison methods such as
BLAST and PSI-BLAST. Radiating from this cluster
are a few divergent branches containing orthologs
from species with special lifestyles, such as the
Mycoplasmatales as intracellular pathogens (Fig. 2).
The most divergent branches, however, contain
paralogous sequences from organisms that also
have a canonical FtsH copy in the central cluster.
Particularly conspicuous is a distant branch of para-
logs from ε-proteobacteria (Fig. 2), which have all lost
their proteolytic activity, as judged by the absence of
the HEXXHmotif in the protease domain. Outside this
branch, proteolytically inactive paralogs are almost
exclusively found in cyanobacteria and organelles.
Our map shows a clear separation of chloroplastic

and mitochondrial FtsH paralogs. The grouping of
chloroplast FtsH-like N-domains with the ones from
cyanobacteria and the close proximity of N-domains
of mitochondrial proteins to those from α-proteobac-
teria reflect the endosymbiotic origin of the organelles
(Fig. 2). Unlike bacteria, in plastids, multiple FtsH
paralogs allow the formation of both homooligomeric
and heterooligomeric complexes (for review, see Ref.
[14]). In plants, the number of paralogs in chloroplasts
is much higher than that in mitochondria. Out of the 17
paralogs described forA. thaliana, 13 are known to be
targeted to the chloroplast [15], 3 to the mitochondria
[16], and 1 to both organelles [17]. Even though we
only clustered the N-domains, our results are consis-
tent with those of previous studies, which were based
on the phylogenetic analysis of full-length sequences
[18], and we could reproduce the subgrouping of the
closely related copies. As exemplified for A. thaliana,
the FtsH paralogs formed five groups: AtFtsH1/5,
AtFtsH2/6/8, AtFtsH7/9, AtFtsH3/10, and AtFtsH12
(Supplementary Fig. S1). In two of these groups,
AtFtsH1/5 and AtFtsH2/8, the N-terminal TM
sequence appears to be interpreted as a signal
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Fig. 3. NMRstructure of theE. coli FtsH-Nmonomer. (a) Schematic topology diagram of the N-domain. β-Strands are shown
asarrowsandα-helices are shownas cylinders. (b)Cartoon representation of theFtsH-Nmonomer. (c) Superimposition of the
E. coli FtsH-N (PDB code 2MUY) and the human Afg3L2-N structures (PDB code 2LNA). (d) Structure-based sequence
alignment of E. coli FtsH-N and Homo sapiens Afg3L2-N. Structurally equivalent residues are shown in capital letters and
conserved residues are in boldface. The secondary structure is shown above the sequences (h, helix; e, strand). Residues
forming the two intersubunit salt bridges, Asp33-Lys87 and Asp79-Lys76, are marked in cyan.
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sequence and cleaved off after membrane insertion,
leaving themature proteinswith a single TMhelix [19].
The cleavage site in these proteins appears to be
conserved in cyanobacterial proteins, raising the
possibility that this process predates the origin of
90°

7 nm

Fig. 4. Crystal structure of the E. coli FtsH-N hexamer in c
model (top and side views). Individual subunits are colored o
approximately 5–7 nm and a height of approximately 2.5 nm. S
and two salt bridges, Asp33-Lys87 and Asp79-Lys76.
chloroplasts. Certainly, cyanobacteria contain a sep-
arate, paralogous group that only contains a singleTM
helix, showing that proteins with this topology
emerged several times in the evolution of the FtsH
group.
K76
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artoon representation, embedded in a transparent surface
range and gray. The complex has a lateral dimension of
ubunit interfaces are stabilized by hydrophobic interactions
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Fig. 5. Amino acid conservation of E. coli FtsH and human Afg3L2 N-domains. Surface mapping of evolutionarily
conserved residues onto the hexameric structure of E. coli FtsH-N is shown in (a) and onto a homology model of human
Afg3L2-N is shown in (b). Amino acids are colored by residue conservation: red (high conservation) to white (no
conservation). Conservation is especially high at the subunit interfaces.
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The NMR structure of E. coli FtsH-N

To obtain structural information for the FtsH-like
group of N-domains, we expressed and purified the
periplasmic region (amino acid residues 25–96) of the
FtsH protein from E. coli. The structure of this region,
solved using NMR, revealed a compact monomeric
α + β fold in solution, comprising two α-helices and five
β-strands, with a topology of β1-α1-β2-β3-β4-α2-β5
(Fig. 3a). The hydrophobic core of the molecule is
formed by the packing of the two helices against the
β-strands β2-β5 (Fig. 3b). Soon after we solved our
bacterial structure, a representative structure of a
eukaryotic FtsH homolog, that of the inner membrane
space domain of human mitochondrial protein Afg3L2,
was reported {Protein Data Bank (PDB) code 2LNA
[20]}. Despite exhibiting a low level of sequence
identity, the two domains are structurally similar, with
a root-mean-square deviation (RMSD) of 2.5 Å over 51
Cα positions (Fig. 3c and d). By comparison to the
E. coli structure, the loop regions are in general longer
in Afg3L2. Nonetheless, these two structures estab-
lish the conservation of this fold across bacteria and
mitochondria.

A hexameric assembly of E. coli FtsH-N

In addition to the solution structure, we obtained a
2.55-Å crystal structure, which was solved by using
the NMR structure as a molecular replacement
model. The monomer is very similar to the solution
structure, with an RMSD of 0.78 Å over 62 Cα

positions. The asymmetric unit contains three
monomers belonging to two hexameric rings.
These rings can be constructed by crystallographic
symmetry, one from a single monomer by 6-fold
symmetry and the other one as a trimer of the other
two monomers. The two hexamers are virtually
identical, with an RMSD of 0.5 Å over all Cα

positions, and have a disk-like shape of approxi-
mately 5–7 nm diameter and 2.5 nm height (Fig. 4).
The interfaces between adjacent monomers are
mainly hydrophobic and are further stabilized by the
two salt bridges Asp33-Lys87 and Asp79-Lys76.
Using ConSurf [21], we found that regions of high

sequence conservation are mainly located at the
subunit interfaces (Fig. 5a), supporting the physiolog-
ical nature of the observed hexamer. However, the
two salt bridges that stabilize adjacentmonomers inE.
coli are not conserved. Since hexamer formation was
not detectable in solution, it is likely that oligomeriza-
tion is mainly driven by hydrophobic interactions and
that this may need high local protein concentrations,
which can be realized in vitro in protein crystals and in
vivo by membrane anchoring.
Like our FtsH-N NMR structure, the solution

structure of the human Afg3L2 N-domain was
determined as a monomer. To evaluate whether it
might also be hexameric in vivo, we built a homology
model based on the hexameric FtsH-N structure and
mapped the sequence conservation of Afg3 proteins
onto the model. Again, the conservation is highest at
the subunit interfaces (Fig. 5b), suggesting that
eukaryotic FtsH-like N-domains also form hexameric
rings with the same architecture as their bacterial
homologs.
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Fig. 8. Multiple sequence alignment of Yme1 N-domains (TPR fold) of plants, fungi, and basal metazoans. The
alignment comprises representatives (Table S2) of the groups marked in the cluster map in Fig. 7. Numbers in parentheses
represent the length of the omitted segments. Highly conserved residue columns are shown in boldface. Residues that
could not be aligned are shown in lower case. The secondary structure is shown above the sequences (h, helix; e, strand)
and TM helices are marked in red.
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In order to illustrate the position of the N-domain
ring within the AAA metalloprotease complex, we
generated a model of E. coli FtsH. For this, we used
our hexamer, the crystal structure of the cytoplasmic
(a) Yme1-NN

(b) Yme1-NC

Fig. 9. Multiple sequence alignment of animal Yme1 N-dom
and H. vulgaris. This region appears to have been replaced by
Yme1-NC domains of Chordata. This domain is found in all ani
above the sequences (h, helix; e, strand) and residues that co
region of Thermotoga maritima FtsH (PDB codes
2CE7 and 3KDS), and the cryo-electron microscopy
(EM) density map of the yeast m-AAA complex
(EMD-1712; see Ref. [22]).
ains. (a) The alignment of Yme1-NN domains of Chordata
new forms in Nematoda and Diptera. (b) The alignment of
mals. In both alignments, the secondary structure is shown
uld not be aligned are shown in lower case.
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As can be seen in Fig. 6, the N-domain ring is
oriented such that the β-sheets of the subunits face
the cytoplasmic membrane and the α-helices face
the periplasm. Overall, the dimensions of this ring
are comparable to those of the 12-helical TM domain
and considerably smaller than those of the ATPase
and protease rings.

Yme1-like N-domains

In the map, the second largest cluster, comprising
619 sequences, is formed by the N-domains of
eukaryotic Yme1-like proteins. This cluster consists
of two main subgroups, connected by a single
sequence. One subgroup is formed by the Yme1
N-domains of plants, fungi, and basal metazoans
and the other by those of all other metazoans. The
bridging sequence belongs to the cnidarian Hydra
vulgaris (Fig. 7). This map topology is in general
agreement with our previous results, where, howev-
er, due to an oversight, we unfortunately misanno-
tated the Yme1-like subgroups [4]. Sequence
searches, even with the most sensitive methods
such as HHsearch, detect no similarity between the
two subgroups, indicating that they are evolutionarily
unrelated. While the N-domains of plants, fungi, and
basal metazoans make matches to proteins with
tetratricopeptide repeat (TPR) folds, the N-domains of
the other animals have no homologs of known
structure. The N-domain of H. vulgaris bridges
the two clusters as it comprises both a TPR domain
and a region of homology to the animal N-domains
(Fig. 7).
In an alignment of representative sequences from

the plant/fungal group with basal metazoans, that is,
the choanoflagellate Monosiga brevicollis, the
sponge Amphimedon queenslandica, the placozoan
Trichoplax adhaerens, and the cnidarians Nematos-
tella vectensis andH. vulgaris, the conservation of the
TPR domain is clearly apparent (Fig. 8). We conclude
that Yme1-like proteins arose from FtsH-like AAA
metalloproteases by the loss of the first TM helix and
substitution of the α + β fold with the TPR fold
(Fig. 10). The TPR fold represents the basal form of
Yme1-like N-domains. At one point prior to the split
between Cnidaria and Bilateria, Yme1 proteins
appear to have acquired an additional domain
preceding the TPR part (Yme1-NN), as still seen
today in theN-domain ofHydra (Figs. 9a and 10). After
separation from the Cnidaria, the Bilateria appear to
have lost the TPR part by displacement with yet
another domain (Yme1-NC) and this new two-domain
structure became the canonical form of N-domains in
animal Yme1 (Figs. 9b and 10). Nematoda and
Diptera seem to have replaced the Yme1-NN domain
with phylum-specific regions (Fig. 10), suggesting that
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the diversity of AAA metalloprotease N-domains is
continually evolving.

NMR structure of Saccharomyces cerevisiae
Yme1 N-domain

The Yme1 protein of S. cerevisiae is thus far the
best-studied member of this family. Its N-domain
comprises a mitochondrial targeting signal of 49
residues. The remaining 180 residues to the single
TM helix correspond to a ~19-kDa domain. Prelim-
inary investigation of this segment by NMR and
proteolytic stability tests showed a stable and folded
core from residue 97 to residue 177. The N-terminal
and C-terminal flanking regions were disordered in
solution, which is in agreement with secondary
structure predictions, performed using IUPred [23].
We therefore used the folded core with a C-terminal
His-tag for further structural analysis. Attempts to
crystallize the TPR domain were not successful
under any of the tested conditions. NMR studies
revealed a fold with five helices (Fig. 11a), of which
α2-α3 and α4-α5 form TPR hairpins. The hairpins
superimpose with an all-backbone RMSD of 0.35 Å
and generate, together with the adjacent helix α1, a
right-handed superhelix (Fig. 11b). The packing
angle between the individual helices of the two
repeats is 22° and 18.7°, respectively, which is in
agreement with the average packing angle of 24°
observed in canonical TPRs (Fig. 11c; see Ref. [24]).
While most plants, fungi, and basal metazoans
appear to possess a TPR domain similar to the
one seen in yeast, in some fungi and plants, the
second repeat has an extended loop inserted
between the two helices (Fig. 8).
In solution, we found no biochemical evidence for

oligomerization of the complete N-domain (without
mitochondrial targeting signal) or of the truncated
versions of it. Nonetheless, we consider it possible
that the highly conserved segment preceding the TM
helix (Fig. 8), which is predicted to form an extended
β-strand, hexamerizes to forma funnel at the entrance
of the TM pore.

Other AAA metalloprotease N-domains

Over the course of our analysis, we became aware
of some peripheral clusters of N-domains that show
no sequence similarity to other N-domains in the map
(Fig. 1). The proteins in these clusters are paralogs of
canonical FtsH proteins, as the organisms in which
they occur also contain one or more proteins in the
central cluster. In one such peripheral cluster, formed
by proteins of Bacillales and Clostridiales, a periplas-
mic N-domain appears to be missing entirely and the
AAA domain is preceded solely by a hairpin formed of
two TMhelices. In another peripheral cluster, formed of
proteins from Myxoccocus, no TM helices are detect-
able, suggesting the existence of soluble AAAmetallo-
protease forms. TheN-terminal region in theseproteins
is made up of a degenerate AAA ATPase module.
As an exception to the rule that N-domain diver-

gence occurs only in paralogy to canonical forms, we
find that the N-domains of Kinetoplastida are all
divergent and no canonical forms are observed.
These N-domains are found in four clusters, which
are scattered in the periphery of the map (Fig. 1) and
show no sequence similarity to each other. All
Kinetoplastida have paralogs in at least two of the
clusters and none in all four.
Conclusion

Proteins of the AAA family have diverse N-
domains, corresponding to their broad set of roles
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in cellular processes. Within individual branches,
however, proteins share similar functional roles and
have the same type of N-domain. AAA metallopro-
teases are unusual in having recruited distinct,
non-homologous N-domains several times in the
course of their evolution. We have used the
principle of maximum parsimony to retrace the
evolution of this AAA subfamily, allowing the fewest
possible evolutionary changes at each step. None-
theless, nature often does take more roundabout
evolutionary routes, but with the currently available
molecular and functional data on AAA metallopro-
teases, we cannot infer if their diversity may have
arisen through such routes.
The clearly ancestral form, represented in about 90%

of these proteins, possesses two membrane-spanning
helices that bracket a small periplasmic domain
(Fig. 10). This domain has an unusual α + β fold and
hexamerizes to forma ring at the entrance to the central
pore of the TM domain through which presumably
substrates are translocated. After the origin of
eukaryotes and the establishment of mitochondria
and chloroplasts as organelles, a paralog of the
ancestral form emerged, in which the N-terminal TM
helix and periplasmic domain were replaced by a new
domain with a TPR fold (Fig. 10). This new form,
Yme1, had an inverted membrane topology, with the
ATPase and protease domains in the intermembrane
space rather than in the matrix of the organelles. The
availability of ATP, which is absent from the periplasm
in bacteria but present in the intermembrane space of
organelles, must have facilitated this inversion. The
TPR fold, representing the basal form of Yme1-like
N-domains, was elaborated by an additional N-terminal
domain (Yme1-NN) before the separation of Cnidaria
andBilateria, as exemplified presently by theN-domain
of Hydra. Subsequently, the Bilateria substituted the
TPR part with a further new domain (Yme1-NC) to give
rise to the N-domain of other animals (Fig. 10). Within
the Bilateria, Nematoda and Diptera appear to have
replaced theYme1-NNdomain by newphylum-specific
forms. It would be interesting to complete the picture of
N-domain diversity by obtaining structures of these
animal domains. Ultimately, it is unclear why so many
different N-domains have been harnessed despite the
function of the FtsH-like and Yme1-like AAA metallo-
proteases remaining the same: that of protein quality
control.
Materials and Methods

Bioinformatics

To compile the set of AAA metalloprotease N-domains,
we gathered their full-length sequences and masked out
the AAA and M41 domains. To this end, we obtained the
sequences of AAA metalloproteases by searching the
non-redundant protein database at NCBI using HMMER3
[12] with the profile hidden Markov model (HMM) of the M41
peptidase domain as query. The profile HMMwas calculated
from the Pfam seed alignment of the M41 domain (PF01434;
seeRef. [25]), comprising 31 sequences, using the hmmbuild
tool from the HMMER3 package [12].The searches were
performed in default settings. We pooled full-length
sequences for the resulting matches and filtered out
sequencesannotatedas “partial”andsequencesshorter than
400 residues. This was performed to exclude incomplete
sequences, as the M41 and AAA domains themselves
comprise about 450 residues. The resulting set contained
10,733 sequences.
To detect AAA domains in this dataset, we first built a

profile HMM of the AAA domain (helix α0-α12) in the M41
seeds. The AAA domains were aligned using Clustal
Omega [26] and the profile HMM was derived using
hmmbuild. Next, an HMMER3 search was seeded with
this profile HMM to detect AAA domains in the pooled
sequences. All matches with at least 80% coverage of the
AAA profile HMM were grouped to obtain the set of AAA
metalloproteases. Sequences that failed the coverage
criterion but possessed the Walker A and B motifs were
also retained. Themetalloproteases of the basal metazoans
T. adhaerens (NCBI GI number 196013470), N. vectensis
(156407406), and M. brevicollis (167520684) were
manually curated and were included in the final set of
10,352 AAA metalloproteases (Supplementary Data S1
and Table S1). For these three proteins, the correspond-
ing genome scaffold regions, with additional 2000 base
pairs flanking them, were gathered from the genome
portal of the Department of Energy Joint Genome Institute
[27] and Augustus gobics [28] was used for gene
prediction. For all sequences, the AAA domain and amino
acids succeeding it were masked out to obtain the set of
N-domains.
The obtained N-domains were clustered in CLANS [13]

by their pairwise BLAST P-values [29]. Clustering was
performed to equilibrium in two-dimensional (2D) space at
a P-value cutoff of 1.0e-10 with default settings, except for
attract value = 20 and attract exponent = 2. We built
multiple sequence alignments for each of the 10,352
N-domains using the buildali.pl script (with default parame-
ters) from the HHsearch package [30]. Profile HMMs were
calculated from the alignments using hhmake, also from the
HHsearch package. We also built profile HMMs for the
N-domains of E. coli FtsH and yeast Yme1 and compared
them to the profile HMMs of all N-domains using HHsearch.
Sequences that matched the N-domain of E. coli FtsH or of
yeast Yme1 with a probability of ≥50%were assigned to the
FtsH-like or to the fungal, plant, and basal metazoan
Yme1-like group, respectively. The maps shown in Figs. 2
and 7, as well as in Supplementary Fig. S1 were extracted
from the map of all N-domains (Fig. 1) and were also
clustered at a P-value cutoff of 1.0e-10.
The structural alignment shown in Fig. 3c was generated

interactively in Swiss-PDB viewer [31] and the corre-
sponding structure-based sequence alignment is shown in
Fig. 3d. The multiple sequence alignments shown in
Figs. 8 and 9 were generated manually, guided by
pairwise alignments obtained from HHsearch. Secondary
structure prediction shown in these two figures was
calculated using the Quick2D tool from the MPI Bioinfor-
matics Toolkit [32]. The evolutionary conservation analysis
shown in Fig. 5 was carried out using ConSurf in default
settings, with the “Clean UniProt” as the reference
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database [21]. The homology model of the Afg3L2-N
hexamer was generated by superimposing the structure of
Afg3L2-N monomer (PDB code 2LNA) onto our hexameric
assembly of E. coli FtsH (PDB code 4V0B) in Swiss-PDB
viewer. TM helices were predicted using Phobius [33] and
TMHMM [34].

Cloning and expression

The E. coli FtsH-N gene, amino acid residues 25–96, was
amplified and isolated by PCR from genomic DNA (NCBI GI
number 388476123; forward primer: 5′-CATGCCATGG-
CAAGCGAGTCTAATGGCCGTAAGGTGGATTAC-3′, re-
verse primer: 5′-CCGCTCGAGCGGTTCTTCAGGCGGTT
CACCGACAACCTT-3′) and was cloned into pET28b for
expression of a protein with a C-terminal hexa-histidine tag.
For expression, E. coli C41(DE3) cells were transformed
with the vector.
The gene encoding the Yme1 N-domain of S. cerevisiae

(amino acids 49–226; NCBI GI number 418575) was
purchased in the pUC57 vector (GenScript). Primers were
designed for ligation into the pET30a vector for the
production of a C-terminal hexa-histidine-tagged fusion
protein, comprising residues 97–176. For expression, the
plasmid was transformed in the E. coli C41(DE3) strain.
For expression of FtsH-N and Yme1-N, respective E. coli

cultures were grown at 37 °C in LB medium, supplemented
with kanamycin (100 μg/ml), induced with 1 mM isopropyl-
β-D-thiogalactoside when OD600 reached 0.4–0.6, and
harvested after 4 h of induction.
For 15N sample labeling and 15N/13C sample labeling,

E. coli cells were grown in M9 minimal medium with
15NH4Cl and

13C uniformly labeled glucose (Eurisotop) as
the sole nitrogen and carbon source, respectively.
Purification of FtsH-N

After resuspension in 50 mM Tris–HCl (pH 7.0), 1 mM
PMSF (phenylmethylsulfonyl fluoride), and protease inhib-
itor mix (Serva), cells were lysed by a French press. The
soluble fraction of the lysate was loaded onto a QHP
anion-exchange column [GE Healthcare; 25 mM Tris–HCl
(pH 7.4), 20 mM to 1 M NaCl gradient, and 2% glycerol].
Sample-containing fractions were mainly found in the flow
through and were further applied to nickel-nitrilotriacetic
acid affinity chromatography [20 mM Tris–HCl (pH 7.4),
200 mM NaCl, and 0–0.5 M imidazole gradient]. The
purified protein was concentrated by a flow filtration
system (Amicon Ultra, Millipore) and dialyzed against
15 mM Mops (pH 7.2) and 75 mM NaCl for crystallization
and against phosphate-buffered saline for NMR studies.
Purification of Yme1-N

Cell pellets were resuspended in 20 mM Tris–HCl
(pH 7.9), 30 mM NaCl, 4 mM MgCl2, 1 mM PMSF, and
protease inhibitor mix (Serva) and were lysed by a French
press. Soluble fractions of the sample were subjected to
nickel-nitrilotriacetic acid affinity chromatography [20 mM
Tris–HCl (pH 7.9), 300 mM NaCl, and 0–0.5 M imidazole
gradient]. Further purification of the sample was achieved
by Superdex 75 gel filtration [GE Healthcare; 0.1 M
NaHCO3 (pH 8.6)]. The Amicon Ultra flow filtration system
(Millipore) was used to concentrate the protein for
structural analyses.

NMR structure determination

For FtsH-N, spectra were recorded at 298 K on Bruker
spectrometers at 600, 750, or 900 MHz. Backbone
sequential assignments were made using standard triple-
resonance experiments. An HNHA experiment was used to
derive 3JHNHA coupling constants and an HNHB experiment
was acquired to assist in rotamer and stereospecific
assignments. For Yme1-N, spectra were recorded at 298 K
on Bruker spectrometers at 600 or 800 MHz. Backbone
sequential assignmentwasperformedusing a strategybased
on three-dimensional (3D) HN(CA)NNH [35] and HNCA
spectra.HNHAandHNHBspectrawere acquired as for FtsH,
but these were combined with a 3D HA[HB,HN](CACO)NH
spectrum [36], both to resolve any ambiguities in sequential
assignment and to provide more definitive rotamer and
stereospecific assignment. For both proteins, assignment of
aliphatic side chains was completed using standard
13C-based total correlated spectroscopy spectra and assign-
ment of aromatic side chains could be largely completed
using contacts in a 2D nuclear Overhauser enhancement
spectroscopy (NOESY) spectra.
Structure calculations were based on distance data

derived from 3D 15N heteronuclear single quantum
coherence NOESY and 3DNNH-NOESY spectra acquired
on 15N-labeled samples, as well as 3D 13C heteronuclear
single quantum coherence NOESY and 3D CCH-NOESY
and 3D CNH-NOESY spectra [37] on a 15N,13C-labeled
sample. For Yme1-N, aromatic contacts were observed in a
12C-filtered 2D NOESY spectrum acquired on 15N-labeled
sample. Structural restraints were compiled using a protocol
aimed at high local definition whereby expectation NOESY
spectra are used to test local conformational hypotheses
(in-house software). Chemical shift similarity searches using
the TALOS+ server [38] were used to generate hypotheses
for backbone conformations, while side-chain rotamers not
defined during the process of stereospecific assignment
(e.g., χ1/χ2 for leucine and isoleucine) were searched
exhaustively. Conformations identified in this manner were
applied via dihedral restraints, using the TALOS-derived
tolerances for backbone and ±30° for side chains. Further
nuclear Overhauser enhancement contacts were assigned
iteratively using back-calculation of expectation NOESY
spectra from preliminary structures.
Structures were calculated with Xplor (NIH version

2.9.4) using a three-stage simulated annealing protocol
based on standard scripts. A first stage calculated raw
simulated annealing structures based on all experimental
data. Subsequent stages were used to apply a conforma-
tional database potential and to relax potentials specifying
covalent geometry (e.g., planarity of the peptide bond).
The force field used was modified to allow hydrogen bond
restraints via pseudo-covalent bonds. These were applied
for amide protons in secondary structure where water
exchange rates were low and where hydrogen bond
acceptors were consistently identified in preliminary
calculations. Sets of 100 structures were calculated and
a subset was chosen on the basis of lowest restraint
violations (19 structures for FtsH-N and 22 for Yme1-N).
An average structure was calculated and regularized to
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give a structure representative of the ensemble. Tables of
solution structure statistics for the two structures are
presented in Tables S3 and S4.

X-ray crystallography

Crystallization trials of FtsH-N were performed with a
protein concentration of 10 mg/ml in 15 mMMops (pH 7.2)
and 75 mM NaCl. Hanging drops were prepared with each
1 ml of protein and reservoir solution and were equilibrated
against 500 μl reservoir solution at 297 K. Best-diffracting
crystals grew with a reservoir solution containing 0.1 M
Hepes (pH 7.5) and 2 M ammonium sulfate. Data were
collected at 100 K and at a wavelength of 0.976 Å at
beamline X10SA of the Swiss Light Source on a MAR225
detector (Mar Research). The best dataset was processed
and scaled to a resolution of 2.55 Å in space group P6
using XDS [39]. Molecular replacement was carried out
with MOLREP [40] and the monomeric NMR structure as a
search model. Three copies were located in the asymmetric
unit, which belong to two hexameric rings that are built by
crystallographic symmetry. After initial rigid-body refinement
using REFMAC5 [41], the model was completed by cyclic
manual modeling with Coot [42] and refinement with PHENIX
[43]. Data collection and refinement statistics are summarized
in Table S5. The structure was deposited in the PDB under
accession code 4V0B.
Atomic structure fit

A model of E. coli FtsH was built using our experimental
structure of the N-domain hexamer and a homology model
of the AAA ATPase and protease domains based on the
crystal structures of T. maritima built with Modeller [44].
These structures and models were fitted manually into the
cryo-EM density map of FtsH. To model the TM domain,
we first sharpened the cryo-EM map using a non-negative
deconvolution algorithm [45]. The sharpened density map
clearly shows 12 regularly arranged, rod-like densities
formingsix-membered inner andouter rings intowhich theTM
helices were placed. The structure of entire FtsH was
obtained by connecting the modeled parts based on
evolutionary and biochemical considerations. The N-terminal
TM helices form the inner ring of the TM domain followed
by theperiplasmicN-domain ring. Theouter TM ring is formed
by the TM helices C-terminal to the N-domain. These helices
then extend into the AAA ATPase domain. The structure of a
single FtsH monomer was refined using ISD [46] by fitting it
flexibly into the cryo-EM map assuming C6 symmetry. In
addition to the density fitting score, a purely repulsive
non-bonded force field was imposed to solve van der Waals
clashes. Note that the cryo-EM map contains six additional
areas of knob-shaped density, which appear docked to the
N-domain ring and remain unaccounted for by our model.
Accession codes

Coordinates and structure factors for the FtsH-N
structures and Yme1-N have been deposited in the PDB
(the PDB accession code of the FtsH-N NMR structure is
2MUY, that of the hexameric X-ray structure is 4V0B, and
that of Yme1-N is 2MV3).
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