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ABSTRACT Most prokaryote-secreted proteins are transported to the cell surface us-
ing either the general secretion (Sec) or twin-arginine translocation (Tat) pathway. A
majority of secreted proteins are anchored to the cell surface, while the remainder
are released into the extracellular environment. The anchored surface proteins play a
variety of important roles in cellular processes, ranging from facilitating interactions
between cells to maintaining cell stability. The extensively studied S-layer glycopro-
tein (SLG) of Haloferax volcanii, previously thought to be anchored via C-terminal in-
tercalation into the membrane, was recently shown to be lipidated and to have its
C-terminal segment removed in processes dependent upon archaeosortase A (ArtA),
a recently discovered enzyme. While SLG is a Sec substrate, in silico analyses pre-
sented here reveal that, of eight additional ArtA substrates predicted, two substrates
also contain predicted Tat signal peptides, including Hvo_0405, which has a highly
conserved tripartite structure that lies closer to the center of the protein than to its
C terminus, unlike other predicted ArtA substrates identified to date. We demon-
strate that, even given its atypical location, this tripartite structure, which likely re-
sulted from the fusion of genes encoding an ArtA substrate and a cytoplasmic pro-
tein, is processed in an ArtA-dependent manner. Using an Hvo_0405 mutant lacking
the conserved “twin” arginines of the predicted Tat signal peptide, we show that
Hvo_0405 is indeed a Tat substrate and that ArtA substrates include both Sec and
Tat substrates. Finally, we confirmed the Tat-dependent localization and signal pepti-
dase | (SPase I) cleavage site of Hvo_0405 using mass spectrometry.

IMPORTANCE The specific mechanisms that facilitate protein anchoring to the ar-
chaeal cell surface remain poorly understood. Here, we have shown that the pro-
teins bound to the cell surface of the model archaeon H. volcanii, through a recently
discovered novel ArtA-dependent anchoring mechanism, are more structurally di-
verse than was previously known. Specifically, our results demonstrate that both Tat
and Sec substrates, which contain the conserved tripartite structure of predicted
ArtA substrates, can be processed in an ArtA-dependent manner and that the tripar-
tite structure need not lie near the C terminus for this processing to occur. These
data improve our understanding of archaeal cell biology and are invaluable for in
silico subcellular localization predictions of archaeal and bacterial proteins.

KEYWORDS archaea, archaeosortase, C-terminal processing, exosortase, Haloferax
volcanii, Tat substrates, cell surface, protein secretion, secretion systems

rokaryotic cell surfaces are decorated with a diverse set of proteins that perform
functions that are crucial to a variety of cellular processes, ranging from cell-cell
communication to stress response and cell stability. Most surface proteins are trans-
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ported across the cytoplasmic membrane via either the secretion (Sec) or the twin-
arginine transport (Tat) pathway (1-3). The Sec pathway, which is found in all species
of eukaryotes as well as those of both prokaryotic domains, transports proteins across
the cytoplasmic membrane in an unfolded conformation. In most organisms, this
pathway typically transports the major portion of secreted proteins across the cyto-
plasmic membrane (4). However, the haloarchaea, such as Haloferax volcanii, are
predicted to use the Tat pathway, which transports proteins in a folded conformation,
for a large portion of their secreted proteins (4, 5). The reason why many haloarchaeal
proteins use the Tat pathway is perhaps because proteins transported in an unfolded
conformation do not fold properly in highly saline extracytoplasmic environments
lacking ATPase-driven chaperones (4, 6, 7). For example, nearly half of all H. volcanii-
secreted proteins are predicted to be transported to the cell surface via the Tat pathway
(5, 8). Once on the cell surface, a subset of secreted proteins are released into the
extracellular environment. However, the vast majority are anchored to the cell surface,
i.e., to the cytoplasmic membrane of archaea and Gram-positive bacteria, to the inner
(cytoplasmic) membrane or the outer (surface) membrane of Gram-negative bacteria
and a subset of archaea, or to the prokaryotic cell wall (7, 9-11). A diverse array of
protein-anchoring pathways have evolved to facilitate retention of these secreted
proteins at the cell surface, including a recently described mechanism that facilitates
C-terminal lipid-mediated anchoring of prokaryotic proteins (12-14).

The H. volcanii S-layer glycoprotein (SLG), which is the sole component of the cell
wall in this halophilic archaeon (15), contains a C-terminal tripartite structure consisting
of a PGF motif, followed by a hydrophobic stretch and a positively charged region (14).
C-terminal processing and lipid modification of this protein are dependent on a novel
enzyme known as archaeosortase, which is homologous to the exosortase in Gram-
negative bacteria (12-14). The predicted substrates of this enzyme contain a highly
conserved C-terminal tripartite structure reminiscent of the substrates of a family of
acyltransferases found in many Gram-positive bacterial species known as sortases (10,
14,16, 17). The sortases process and subsequently covalently link their substrates to the
bacterial cell wall. Although substrates of sortase and archaeosortase contain similar
highly conserved tripartite structures and the enzymes each contain similar putative
catalytic amino acid triads, no sequence or structural homology has been detected
between the sortases and archaeosortases (14).

Recently, we determined that SLG processing and lipidation both depend on the
presence of the PGF motif in this ArtA substrate (13). While only the highly abundant
SLG in H. volcanii has been confirmed to be processed and anchored in an ArtA-
dependent manner, in silico analyses predicted that many archaeal and bacterial
genomes encode an archaeosortase and exosortase, respectively. These analyses have
also shown that any genome that encodes either of these homologous enzymes also
encodes secreted proteins that contain the highly conserved tripartite structure (14). In
H. volcanii, in silico analyses have revealed that, in addition to the SLG, seven proteins
carrying the signal peptide, as predicted by SignalP and/or the PRED-SIGNAL program,
contain the highly conserved C-terminal tripartite structure of a predicted ArtA sub-
strate (14, 18).

In addition to the previously confirmed ArtA substrate, SLG, the study described
here revealed another ArtA substrate, Hvo_0405, a predicted Tat substrate containing
the conserved tripartite structure of the ArtA substrates but that is closer to the center
of the protein than to the C terminus. This provides an excellent opportunity to
determine whether ArtA can recognize and process proteins in which the conserved
tripartite structure is centrally located as opposed to C-terminally located, and whether
a subset of Tat substrates can be processed and anchored to the cell surface in an
ArtA-dependent manner.

Our in silico analyses have revealed that the more central location of the conserved
tripartite structure in Hvo_0405 may be the result of a fusion of two genes, one
encoding an ArtA substrate and the second encoding a protein containing a NifU-like
domain that is commonly found in the Fe-S cluster scaffold protein, NifU of nitrogen-
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fixing bacteria and rhodobacterial species; the function(s) of these proteins has not yet
been determined (19). While Hvo_0405 is not expressed under standard laboratory
conditions, we have shown that when expressed in trans in H. volcanii, Hvo_0405 can
be processed in an ArtA-dependent manner. Moreover, site-directed mutagenesis of
the conserved “twin” arginines in the Tat signal peptide prevents processing of this
protein. These data strongly suggest that this and other Tat substrates, in addition to
a subset of Sec substrates that contain the conserved tripartite structure of ArtA
substrates, can be processed in an ArtA-dependent manner.

RESULTS AND DISCUSSION

Sequence analysis of Hvo_0405. In previous work, the H. volcanii genome was
predicted to encode eight ArtA substrates (14). Subsequent analysis has revealed an
additional H. volcanii polypeptide, Hvo_0405, containing a putative ArtA recognition
motif that is not located at the C terminus, as it is in other predicted substrates. Instead,
the PGF motif, followed by a hydrophobic stretch of amino acids and a positively
charged region, is located 171 amino acids (aa) N-terminal to the stop codon of
Hvo_0405 (Fig. 1A).

The Hvo_0405 region N-terminal to the PGF motif contains a predicted Tat signal
peptide and several LVIVD repeat domains (Fig. 1A), which are predicted to form a
four-B-stranded B-propeller domain that is often found in archaeal and bacterial
proteins that localize to the cell surface (19, 20). The Hvo_0405 region C-terminal to the
PGF motif contains a conserved NifU-like domain; originally discovered in proteins
involved in nitrogen fixation, proteins containing a NifU-like domain are found in many
species and typically bind a 4Fe-4S cluster (Fig. 1A) (19, 21, 22).

To determine whether the noncanonical ArtA substrate structure found in Hvo_0405
is conserved in other Haloferax spp., we performed BLAST searches for homologs and
created a protein alignment using all Haloferax spp. sequenced to date. Surprisingly, H.
volcanii Hvo_0405 demonstrated sequence homology to two polypeptides in other
Haloferax species, including a protein containing LVIVD repeat domains and a NifU-like
domain (Fig. 1A; also data not shown). The predicted protein containing the LVIVD
repeat domains also contains a predicted N-terminal Tat signal peptide, in addition to
the conserved ArtA recognition tripartite structure at the C terminus. Therefore, the
most parsimonious explanation for the ArtA recognition motif not being localized to
the C terminus in Hvo_0405 is that at some point during its evolutionary history, a
mutation in the H. volcanii genome resulted in the fusion of two polypeptides that had
previously been separately translated, with the polypeptide that became the N-terminal
portion of the nascent fusion containing an ArtA recognition motif.

Since a fusion of two genes to form a gene encoding a single polypeptide requires
a mutation or genome rearrangement, we sought to determine the precise genomic
changes in H. volcanii that resulted in the fusion of Hvo_0405. We performed nucleotide
alignments of the corresponding genomic regions for each of the 11 Haloferax species
(Fig. 1B; also data not shown). We found that the nucleotide sequences are highly
conserved between H. volcanii and the other Haloferax spp. but discovered a single-
base-pair deletion in the H. volcanii hvo_0405 region encoding the charged domain of
the tripartite structure. The deletion of this single cytosine base causes a frameshift that
leaves the stop codon out of frame and an intergenic region that is translated without
interruption, all while preserving the reading frame of the downstream sequence
encoding the protein containing the NifU-like domain, thereby resulting in a single H.
volcanii protein containing both the LVIVD repeat domains and the NifU-like domain.
Interestingly, we also found that in Haloferax mediterranei, the otherwise conserved PGF
motif is mutated to TGF. While we previously showed that a PGF motif is required for
ArtA-dependent processing, this finding raises the question of whether a motif having
a threonine rather than a proline at position +1 can be recognized by ArtA, potentially
expanding the range of predicted ArtA substrates significantly (13, 14).

Construction and characterization of an H. volcanii Ahvo_0405 mutant strain.
To determine whether this fusion protein is functional and what role it might play in the
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A Signal peptide Y LVIVD repeat LVIVD repeat
H. volcanii MDRRQFLRTVGASALAVSTAAVVGSRPATAHPGPFEPLGRIDIDGAKEAVVSADGETVFVAATSGYAVVDISAPERQELLAERRDPLSDREDGPFRGLYDAKLDGDTLLVVGPANPIPGA
H. lucentense MDRRQFLRTVGASALAVSTAAVVGSRPATAHPGPFEPLGRIDIDGAKEAVVSADGETVFVAATSGYAVVDISAPDRPELLAERRDPLSDREDGPFRGLYDAKFDGDTLLVVGPANPIPGA
H. dem'm'ficans MDRRQFLRTVSASALAASTAAVAGSRPATAHPGPFEPLGRIDIDGAKEAVVSADGETVFVAATSGYAVVDISAPDRPELLAERRDLRSDREDGPFRGLYDAKLDGDTLLVVGPANPIPGA
H. mediterranei MDRRQFLHVTGAALIAGVT---GTSHTAVAHPGPFEPLGRIDIDGAKEAVLSPDGKTAFVAATTGYVIVDISTPDRPRIIAERRNLIADRDDGPIRGIFDVKLDDDTLLVVGPANPLPGA

H. gibbonsii MDRRQFLRSIGASAVAATTVSVAGSRPVTAHPGPFEPLGRIDIDGAKEAVVSADGQTVFVAATSGYAVVDISAPDRPELLAERRDPLSDREDGPFRGIYDVKLDGDTLLVVGPANPIPGA
Nkkkkhky kg gk * Ky L kkkdkk kR Rk Rk Rk gk kk gk Rk kR kg sk kk gk gk L gokkkkg  ghhghkkkgkkg gk kgk Rk kR g Rk

LVIVD repeat
H.volcanii PAGVLVVDVSDPATPEEIAFHETEFPIHNCFAADGRAYLTANDGDRNPLVVLDIDSGDELGRWSVVDADDRWADVPPSMRS VHDVWVHDRVAHVALWDAGTWLVDLSDPASPWVLGAVSP

H. lucentense PAGVLVVDVSDPANPDEIAFHETGFP IHNCFAADGRAY LTANDGDRNPLVVLDIDSGDELGRWS VVDVDDRWADVP PSMRS VHDVWVHDRVAHVALWDAGTWLVDLSDPASP SVLGAVSP
H. denitrificans  PAGVLVVDVSDPASPEEIAFHETDFP IHNCFAADGRAYLTANDGDRNPLVVLDVDS GDELGRWS VVDADDRWADVS PSVRS VHDVWVS DAVAHVALWDAGTWLVDLSDPASPSVLGAVSP
H. mediterranei  p1GVLYVVDVSDPHAPEKHGFYETEFP IHNCFAADGRAYLTANDGDENPLVVLD IETGDELGRWS VVSADERWATVPSGVRAVHDVWVQDE IAH I ALWDAGTWLVDLSDPDDPSVLGSVSP

H. gibbonsii PAGVLVVDVSDPATPEEIAFHETEF P IHNCFAADGRAYLTANDGDRNPLVVLDTDTGDELGRWS VVSADDRWADVPASVRS VHDVWVREGVAHVALWDAGTWLVDLSDPASPSVLGS VSP
KRR RRKEE  kpp KikE KARRRKEA KRR RR KRR KRR KRR AR KRR ki RKE ks R RRRARR 3 s AR RARRRKKKARRKRRE |k KEA KKK

LVIVD repeat LVIVD repeat
H. volcanii GDPEEIAALTPRGRNRERRTPPGNHHYVATDDAGDLLGVGVESWATEVDRDDGTTELVGGPSGVELWDVTDPANPERRSTIEPPAS PDPTLGGVWI TAHNFDFRDDRLY TSWYRGGVKRH

H. lucentense GDPEEIAALTPRGRNRERRTPPGNHHYVATDDAGDLLGVGVESWATEVDRDDGTTELVGGPSGVELWDVTDPANPERRST IEPPAS PDPTLGGVWI TAENFDFRDDRLY TSWYRGGVKRH
H. denitrificans  GDPEDIAALTPRGRHRERRTPPGNHHYVATDDAGDLLGVGVESWAVEVDRDDGTTELVGGPGGVELWDVADPANPERLST I EPPAGPDPTVGGVWI TAHNFDFRDDRLY TSWYRGGVKRH
H. mediterranei  GpppTIADLPITRQRQLAGRTPPGNHHYVATDDSGDLLGVGIESWGVEI ERDDETTDLVGGPSGVELWD I SDPSNPTRLST I DPPTS PDPTFGGVWI TAHNFDFHDGHLY TSWYRGGVKLH
H. gibbonsii GDPEELSGLGARDRRREGRTPPGNHHYVATDDSGDLLGVGIESWAVEVERDDGTTDLVGGPSGVELWDVSDPANPTILSTIEPPTS PDPTVGGVWI TAENFDFRDDRL Y TSWYRGGVKRH

T TE ek Rk Rk k ko g Rk kR kok g Rk | s kg g kkk Kk g kR kk  kkkkkk g g Ak gk Rkkgkkg Kk Rk kkk kR hkkkkgk | sk kkkk ok kk kK K

DVSDPTDPVELAWWRDPERASFWTAQYAYPFADEGVFVASSRGVGDASPALY TFPDHAGDQRDPPTLRAEPTTEPLVNTPTPTP-SPSGNETAASAS--ETESSTSTTDAPGFGLGVGAA
DVSDPTDPVELAWWRDPERASFWIAQYAYPFADEGVFVASSRGVDDASPALY TFPDHAGNQRDPPTLGAEPTTEPLVNTPTPTT-SPSGNETAAPAS—ETESSTSATDAPGFGLGVGAAA
DVSDPTDPVELAWWRDPDRASFWSAQYAYPFADEGVFVAS SWGVGDASPALY TFPDHAGDQRDPPTLGAEPTTESLVNTPSPT-~----GNETAASTSATESATSTSTTDAPGFGFGVGAA
DVSDPTDPVELAWWRDPTRASFWIAQYAYPFADEGVFAAS SWGGRDGLGALY TFPDHAGEQRDPPPLGAEPS TNSSHNTHNSAGTATFGAESTPTASATETTPTSTTTDATGFGLGVGTA

H. volcanii

H. lucentense
H. denitrificans
H. mediterranei

H. gibbonsii DVSDPTDPVELAWWRDPERASFWTAQYAYPFADEGVFVAS SWGVGDASPALY TFPDHAGDQRDPPTLGPETT TESLVNTPTPTA -~ — ~NEATAPEPGDES SESTS TTDARGFGLGVGAA
£ Fkk kR kR Rk kR kR KAk Kk kkk gk AR KRR AR KAk Ak K k| kA kkAkkAkkgkkAkk Kk gy *x g *g % Shkk Kkkghkkkgk
N NifU-like domain

Z' l”""‘:a"" ALGVAGWLVRVTSGATESDRRSRPRASTGTPHRVVPASNLSRTTE I AFLSPAGASGEPFHSNPWGSKHRSMSDESES LKERVETWMVGQMPT I QMHGGNS VVRKADAES GEVVVELGGAC
. ;ce' ense 41 GUAGWLVRRHERRD. ESESLKERVETWMVGQMPT I QMHGGNSVVRKADAES GEVVVELGGAC
= e"’;z’f ICANS A1 GLAGWLARRRGRRD MSDESESLKERVETWMVGQMPI IQMHGGNS VVRKADAES GEVVVELGGAC
i ":f;b erranet  p1,.yAASWWSRHRRRSE YESESLKERVETWMVGQMPI IQMHGGNSVVRKADAESGEVVVELGGAC
. gibbonsii AL CVAGHLARRHRRED ESESLKERVETWMVGQMPT I QMHGGNS VVRKADAES GEVVVELGGAC
R N Y

. NifU-like domain
H. volcanii AGCGISNITAQNIQSDLIMIFDEITDVQVKVPSSGE T RGGELQYGD
H. lucentense AGCGISNITAQNIQSDLIMIFDEI TDVQVKVPSSGDHGSS TVEGGRGGELQYGDEGPGHF
Z' Z’;’Zﬁfr’f:n'fi AGCGISNITAQNIQSDLIMIFDEVTDVQVKVPSSGDHGSS TVEGGRGGELQYGDEGPGHF
: AGCGISNITAQNIQSDLIMIFDEITDVQVKVPSSGDHGSS TVEGGRGGELQYGDEGPGHF

H. gibbonsii AGCGISNITAQNIQSDLIMIFDEITDVQVKVPSSGDHGSS TVEGGRGGELQY GDEGPGHF
ko kK ko k kK kK g o Kk kK kK kK ke
PGF i
. TCGACCTCGACGACCGACGCGCCGGGGITCGGACTCGGCGTCGGCGCGGCGECGCTCGGCGTCGCCGETTGECTGETCCGC~GTCACGAGCGGCGCGACTGAGAGCGACCGACGCTCGCGCCCGAGAGCGTCGACGGGAACACCGCAC
H. volcanii s TSTTDAPGTFGLGVGAAATLTGV VA ATGWLTVUR-VTSGA ATTET ST DT RTRST RTPTRATSTTGT P H

TCGACCTCGGCGACCGACGCGCCGGGGTTCGGACTCGGCGTCGGCGCGGCGGCGCTCGGCGTCGCCGETTGGCTGGTCCGCCGTCACGAGCGGCGCGACTGAGAGCGACCGACGCTCGCGCCCGAGAGCGTCGACGGGAACACCGCAC

H.luemense g n g o 7 p A P GF GL GV GAAATLG VA ATGWILVRREETRTRD *

H. denitrificans TCGACATCGACGACCGACGCGCCGGGCTTCGGGTTCGGCGTCGGCGCGGCGGCGCTCGGACTCGCCGGCTGGCTGGCCCGCCGTCGCGGGCGGCGCGACTGAGGGAGCGACGTAGCACCCGGCGCGGCGACTCGCGTGGT TTCCGCGT
: T S T T D AP GF GF GV GAAALGLA AGWTU LA AR RIR RRGT RRD *

ACATCCACTACGACCGACGCGACGGGGTTCGGGCTTGGCGTTGGAACCGCCGCGCTCGTGGCTGCTAGCTGGTGGTCTCGGCATCGTCGCCGTAGTGAGTGACGTGGTGCGTCGACCGACCACACGAATCTATCACGAACAACCGGGA
s T T TDATGT FGLGV GTA A ATULVA AR ASWMWS RHRTI RI RS E *

H. gibbonsii TCGACATCGACGACCGACGCGCCGGGGTTCGGACTCGGTGTCGGCGCGGCGGCCCTCGGTGTCGCCGGCTGGCTGGCCCGTCGTCACCGGCGGCGCGACTGAGGGCGGCGCGACTGCGGGCGACCGGCTCCGACGCCCGACGCGCCGG
s T s T TDAUPGTFGLGV GAAALGVAGWULA AURTR RIHERI®RIPRD *

H. mediterranei

FIG 1 Hvo_0405 is a fusion protein resulting from a single base deletion. (A) Predicted amino acid sequence alignment of Hvo_0405 with sequences of two
proteins in other Haloferax species, which are encoded by genes adjacent to each other. Proteins homologous to the N-terminal region of Hvo_0405 contain
a predicted Tat signal peptide, a signal peptidase | (SPase I)-processing site (arrowhead), conserved LVIVD repeat domains, and a PGF motif followed by a
hydrophobic stretch and a positively charged region typical of ArtA substrates. Proteins homologous to the Hvo_0405 C-terminal region contain a NifU-like
domain. An asterisk indicates positions which have a single, fully conserved residue, a colon indicates conservation between groups with strongly similar
properties, and a period indicates conservation between groups with weakly similar properties. (B) Nucleotide alignment of the DNA sequences homologous
to hvo_0405; the H. volcanii hvo_0405 gene appears to have lost a conserved cytosine 1,462 bp 3’ of the start site. This single-base-pair deletion (arrow) results
in a frameshift, replacing the last five amino acids, eliminating the stop codon, and resulting in an in-frame intergenic region leading to the fusion that includes
the N- and C-terminal regions of Hvo_0405. The protein and DNA sequence alignments shown include sequences from four Haloferax species, in addition to
H. volcanii, which are representative of the sequences tested for all 11 Haloferax genomes available to date.

cell, we created an H. volcanii Ahvo_0405 mutant strain and sought to characterize its
defects. The Ahvo_0405 mutant strain (see Fig. S1 in the supplemental material) does
not exhibit a discernible growth defect in comparison to the H53 background strain in
a semidefined Casamino Acids (CA) medium (Fig. S2A). Additionally, when grown in CA
liquid culture inoculated either with a colony or after liquid-to-liquid transfers, the cells
of the Ahvo_0405 mutant strain display morphologies similar to those of the parental
strain (Fig. S2B). Moreover, the deletion of hvo_0405, which is predicted to encode a cell
surface protein containing low-complexity LVIVD repeat domains, does not result in any
discernible surface adhesion phenotype under standard conditions (Fig. S2B). To date,
we have been unable to reliably ascribe any phenotype to the loss of hvo_0405.
Characterization of ArtA-dependent processing of Hvo_0405. Previous in silico
studies have described only putative archaeosortase and exosortase substrates con-
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FIG 2 Hvo_0405 processing is dependent upon ArtA. Western blot analysis of proteins isolated from cell
pellets generated from mid-log-phase liquid cultures for the wild type (WT), the Ahvo_0405 mutant, or
the AartA Ahvo_0405 mutant transformed with pTA963 (control) or pTA963 expressing Hvo_0405 with
a 6XHis tag using anti-Hvo_0405-N-term antibodies recognizing the N terminus of Hvo_0405 (A) or
anti-penta-His antibodies recognizing the C-terminal 6 XHis tag (B). Numbers indicate molecular masses
in kilodaltons, and the arrowhead indicates the unprocessed full-length Hvo_0405. The images shown
represent the results from at least three independent replicates tested.

taining a tripartite structure located at the C terminus (14, 17). Since the Hvo_0405
tripartite structure is atypically located, we asked whether H. volcanii ArtA has a strict
requirement that the tripartite structure of a substrate be located at the C terminus. To
investigate this possibility, we constructed a plasmid containing the hvo_0405 coding
sequence fused to a C-terminal polyhistidine tag under the control of a tryptophan-
inducible promoter. Additionally, we created an antibody that detects only the
N-terminal portion of Hvo_0405 (Hvo_0405-N-term), which contains the LVIVD repeat
domains. When we induced expression of Hvo_0405 from a plasmid in cells containing
ArtA, we observed both the full-length Hvo_0405 polypeptide, consisting of an N
terminus containing LVIVD repeat domains and a C terminus containing a NifU-like
domain, and processed forms of Hvo_0405 detected by immunoblotting using either
anti-Hvo_0405-N-term or anti-penta-His antibody (Fig. 2). Strikingly, upon immunoblot
analysis of proteins isolated from cells lacking ArtA, we observed only a band corre-
sponding to the full-length form of Hvo_0405 (not yet processed by ArtA) (Fig. 2),
strongly suggesting that Hvo_0405 is processed in an ArtA-dependent manner. To date,
we have been unable to detect Hvo_0405 in nontransformed H53 parental strain cells
grown under a variety of conditions (in semidefined versus complex medium or in
biofilms) via immunoblotting with the anti-Hvo_0405-N-term antibody (Fig. 2; also data
not shown). This result, which is consistent with mass spectrometric analyses that failed
to identify Hvo_0405 peptides in H53 (data not shown) and microarray analysis not
identifying significant hvo_0405 transcript (C. Daniels, unpublished data), may explain
the absence of an observable phenotype for the Ahvo_0405 mutant strain.

Canonical ArtA substrates, such as the SLG, are predicted to localize to the cell
membrane. Since our data suggest that Hvo_0405 is an atypical ArtA substrate, we
sought to determine the subcellular localization of the processed N- and C-terminal
portions of Hvo_0405. To this end, we purified cytoplasmic, membrane, and superna-
tant fractions from both cells that express ArtA and cells that lack ArtA, each induced
to express the Hvo_0405 construct. We found that although some full-length protein
was observed in membrane fractions, full-length Hvo_0405 predominantly localizes to
the cytoplasm, suggesting that this protein is posttranslationally inserted into the
membrane, consistent with our in silico prediction of its being a Tat substrate (Fig. 1A
and 3). Again, only full-length Hvo_0405 was observed in ArtA-deficient cells (Fig. 3),
supporting our hypothesis that Hvo_0405 is processed in an ArtA-dependent manner.
The processed N-terminal fragment containing the LVIVD repeat domains, which was
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FIG 3 Processed Hvo_0405 N- and C-terminal regions localized to the membrane. Western blot analysis of
cytoplasmic (c), membrane (m), and supernatant (s) fractions for protein isolated from mid-log-phase liquid
cultures of the Ahvo_0405 mutant or the AartA Ahvo_0405 mutant, transformed with pTA963 (control) or
pTA963 expressing Hvo_0405 with a 6 XHis tag, using anti-Hvo_0405-N-term antibodies recognizing the N
terminus of Hvo_0405 (A) or anti-penta-His antibodies recognizing the C-terminal 6XHis tag (B). Numbers
indicate molecular masses in kilodaltons, and the arrowhead indicates the unprocessed full-length
Hvo_0405. The images shown represent the results from at least three independent replicates tested.

detected with a signal intensity significantly greater than that of the full-length protein,
localizes exclusively to the membrane fraction, suggesting that, like SLG, this ArtA-
processed protein is membrane anchored (Fig. 3A). Unfortunately, attempts to detect
lipid-modified Hvo_0405 were unsuccessful (data not shown). Using mass spectromet-
ric analysis to resolve this was not possible due to the limited information available on
the lipid modification site. While it is possible that Hvo_0405 is not lipid anchored, we
cannot exclude the possibility that the Hvo_0405 protein concentration was too low to
be detected using '“C-labeled mevalonic acid, which we had previously used to
confirm the ArtA-dependent lipidation of the highly abundant SLG (13).

Interestingly, the processed C-terminal fragment containing the NifU-like domain is
also exclusively localized to the membrane, but, consistent with results from whole-cell
fractions, it is found in much lower abundance than the full-length form, possibly due
to the degradation of this C-terminal region (Fig. 3B). While membrane association of
the C-terminal region is likely due to the N-terminal transmembrane segment remain-
ing after ArtA processing, in Haloferax species in which this NifU-like domain-containing
protein is not fused to an ArtA substrate, it is likely a cytoplasmic protein. Therefore, this
membrane-associated protein may be unstable because it is not adapted to function as
a membrane protein.

Hvo_0405 is a Tat substrate. As noted above, identification of full-length Hvo_0405
in the cytoplasm could be explained by the fact that, once translated, this protein, as
predicted, is transported via the Tat pathway. We then sought to experimentally
determine whether Hvo_0405 is indeed a Tat substrate. Since both Sec and Tat
transport pathways are essential in H. volcanii, deleting the genes involved in these
pathways to determine which transport pathway is used by Hvo_0405 is not feasible
(5). Therefore, we generated a plasmid expressing a gene encoding an Hvo_0405
construct, in which the nucleotides encoding the highly conserved two arginine
residues at the N terminus of Hvo_0405 (Fig. 1A), which are predicted to be crucial for
Tat substrate recognition, were mutated to encode two lysine residues (Hvo_0405KK).
We then expressed this tryptophan-inducible Hvo_0405KK mutant in trans in the
Ahvo_0405 mutant strain to determine whether the mutated protein can still be
transported properly. By immunoblot analysis of proteins isolated from cell membrane
and cytoplasmic fractions, we found that the twin-arginine residues are required for
Hvo_0405 processing, as the processed forms of Hvo_0405 in the membrane fractions
were observed only in strains expressing Hvo_0405 that contain the twin-arginine
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FIG 4 The Hvo_0405 Tat signal peptide is critical for ArtA-dependent C-terminal processing. Western blot
analysis of proteins isolated from the cytoplasmic (c), membrane (m), and supernatant (s) fractions of the
Ahvo_0405 mutant expressing the wild-type C-terminally His-tagged Hvo_0405 (Hvo_0405RR) or
C-terminally His-tagged Hvo_0405 with a mutated twin lysine signal sequence (Hvo_0405KK), using
either anti-Hvo_0405-N-term antibodies (A) or anti-penta-His antibodies recognizing the C-terminal
6XxHis tag (B). Numbers indicate molecular masses in kilodaltons, and the arrowhead indicates the
unprocessed full-length Hvo_0405. The images shown represent the results from at least three inde-
pendent replicates tested.

residues, while the strain expressing the Hvo_0405KK mutant contained only full-length
protein (Fig. 4).

Interestingly, we found that a fraction of the unprocessed Hvo_0405KK continued to
be localized to the membrane (Fig. 4). It is possible that the presence of this small
fraction of unprocessed Hvo_0405KK is due to contamination from the cytoplasm,
which would further support our hypothesis that Hvo_0405 is indeed a Tat substrate,
as the Hvo_0405KK is no longer targeted to the membrane. However, we hypothesize
that the likely reason for the Hvo_0405KK membrane localization is that the Sec
machinery recognizes the hydrophobic region in the tripartite structure of the
Hvo_0405KK mutant and targets the protein to the cytoplasmic membrane. Due to its
at least partially folded state, the Hvo_0405KK mutant protein would be unable to
properly translocate across the cytoplasmic membrane through the Sec pore,
resulting in the full-length Hvo_0405KK mutant protein, which cannot be processed
in an ArtA-dependent manner, localizing to the membrane. In this scenario, it would
also be unlikely that the evolutionarily conserved signal peptidase | (SPase 1), the
peptidase that processes Sec and Tat substrate signal peptides, would be able to
process Hvo_0405KK. To test this hypothesis, we performed mass spectrometric
analysis of trypsin-digested proteins isolated from the membrane and cytoplasmic
fractions of the Ahvo_0405 mutant strain expressing either the wild-type
Hvo_0405RR or the mutated Hvo_0405KK. While multiple tryptic peptides were
detected in the trypsin-treated proteins isolated from membrane fractions of strains
expressing either Hvo_0405RR or Hvo_0405KK, a semitryptic peptide, HPGPFEPLGR,
was found only in protein samples from the wild-type strain expressing Hvo_0405RR
(Table 1). This semitryptic peptide likely represents the most N-terminal peptide of the
mature Hvo_0405 protein, and its N-terminal sequence indicates the position of the
SPase | cleavage site, which is consistent with the predicted signal peptide cleavage site
identified by SignalP (23). In contrast, while we did not detect any semitryptic frag-
ments in the membrane fractions from the mutated strain expressing Hvo_0405KK, a
tryptic peptide including the SPase I-processing site, PATAHPGPFEPLGR, was identified
in both replicates, suggesting that only the unprocessed signal peptide was present
(Table 1). It should be noted that, despite the generally accepted “Keil rules” (24), tryptic
cleavage before proline is possible (25). These results provide additional support for
Hvo_0405 as a bona fide Tat substrate, as well as provide one of only a few in
vivo-confirmed SPase |-processing sites for archaeal or bacterial Tat substrates.

A second semitryptic peptide, SDESESLKER, was identified exclusively in protein
samples isolated from the cytoplasmic fractions of strains expressing either
Hvo_0405RR and Hvo_0405KK (Table 1). Interestingly, in all other Haloferax spp., this
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TABLE 1 Peptide identifications in strains expressing Hvo_0405RR or Hvo_0405KK

Hvo_0405RR Hvo_0405KK
Peptide sequence Semitryptic Membrane Cytoplasm Membrane Cytoplasm
PATAHPGPFEPLGR No + + + +
HPGPFEPLGR Yes i = = =
EAVVSADGETVFVAATSGYAVVDISAPER No + — — —
QELLAER No =F = = =
RDPLSDR No + — — —
RDPLSDREDGPFR No =F 4F 4F +
DPLSDREDGPFR No + + — +
AYLTANDGDRNPLVVLDIDSGDELGR No =F 4F 4F 45
SVHDVWVHDR No + + — +
VAHVALWDAGTWLVDLSDPASPWVLGAVSPGDPEEIAALTPR No + — — =
STIEPPASPDPTLGGVWTTAHNFDFR No + + — +
STIEPPASPDPTLGGVWTTAHNFDFRDDR No TF = = ar
LYTSWYR No + — — —
HDVSDPTDPVELAWWR No =F 4F 4F +
HDVSDPTDPVELAWWRDPER No + — — —
ASFWTAQYAYPFADEGVFVASSR No =F = = =
GVGDASPALYTFPDHAGDQR No + + + +
GVGDASPALYTFPDHAGDQRDPPTLR No =F = + -
TTEIAFLSPAGASGEPFHSNPWGSK No + + + +
SMSDESESLK No = 4F = 45
SMSDESESLKER No + + + +
SDESESLKER Yes = 4 — +
VVPASNLSR No + + + +
VPSSGDHGSSTVEGGR No =F + + +

semitryptic fragment corresponds to the penultimate position of the region containing
the start codon of the NifU-like domain-containing protein (Fig. 1). The removal of the
N-terminal methionine is consistent with methionine aminopeptidase processing ob-
served in many prokaryotic species (26). This observation supports our hypothesis that
the DNA between the regions encoding the Hvo_0405 N-terminal region, which
contains the LVIVD repeat domains, and the C-terminal region containing the NifU-like
domain includes an internal promoter that continues to drive expression of the protein
containing the NifU-like domain.

Using the TatFind and TatP programs, we also determined whether any of the other
putative H. volcanii ArtA substrates are predicted to be Tat substrates (5, 8). Despite
containing twin arginines in the charged region of the signal peptides of Hvo_2160 and
Hvo_B0206, neither of these two predicted ArtA substrates were predicted by TatFind
to be Tat substrates. Alternatively, sequence analysis with TatP predicted that
Hvo_2160 is indeed carrying a Tat signal peptide. The discrepancies between these Tat
substrate prediction programs indicate that it is imperative to carry out additional in
vivo studies like the one presented here to obtain a larger training set for optimizing
the subcellular localization prediction programs.

Concluding remarks. In this work, we demonstrate that the predicted ArtA sub-
strate Hvo_0405 is likely a fusion of an ArtA substrate and a cytoplasmic protein,
resulting in a tripartite structure no longer located at the C terminus. Despite the
atypical localization of this putative ArtA recognition motif, we demonstrate that
Hvo_0405 is indeed processed in an ArtA-dependent manner. Interestingly, there are
fewer positively charged residues following the PGF motif and hydrophobic stretch in
Hvo_0405 than in homologs from other Haloferax species (one versus five to six) (Fig.
1). Since this paucity of positively charged residues apparently does not interfere with
ArtA processing, we can conclude that either this is not a requirement for ArtA
substrates, consistent with the putative ArtA substrate Hvo_1095 that also contains
only a single positively charged residue at the C terminus, or that the role of these
residues in anchoring the C terminus to the cytoplasmic membrane is subsumed by the
large NifU-like domain of Hvo_0405. Together with our observation that the conserved
PGF motif is TGF in the H. mediterranei homolog of LVIVD domain-containing
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Plasmid or strain Relevant characteristics?®

Reference or source

Plasmids
pET-22b(+) Amp'; expression vector; T7 promoter, C-terminal 6 XHis tag
pTA131 Amp’; pyrE2+ marker
pTA963 Amp’; pyrE2* and hdrB* markers; p.tnaA (Trp-inducible promoter)

pFH24 PTA131 with insert: Xhol::700 bp 5’ of hvo_0405::700 bp 3’ of hvo_0405:Xbal
pFH25 pTA963 with insert: p.tnaA:Ndel::hvo_0405 cds:GGP linker::6 X His::stop::EcoRlI
pJS143 PET-22b(+) with insert: T7 promoter:lacO:ribosomal binding site:Ndel::hvo_0405

(bp 64-1344):KL(HindlI)AAALE linker::6XHis tag:stop

pJS151 pTA963 with insert: p.tnaA:Hvo_0405 cds with coding bases 7-12 mutated from
CGCCGC to AAGAAG (changes RR to LL):GGP linker:6XHis tag:stop

Strains

DH5a E. coli F~ ¢$80dlacZAM15 A(lacZYA-argF)U169 recA1 endA1 hsdR17(r,~ my+) phoA

SUpE44 thi-1 gyrA96 relAT A~
DL739 E. coli Cmr; MC4100 recA dam-13:Tn9

BL21(DE3) E. coli Cm"; strain B F~ ompT gal dcm lon hsdSg(rg~ mg™) gal decm (DE3 Allac/
lacUV5-T7p07 ind1 sam7 nin5]) [malB*]K-12(AS)(pLysS[T7p20 oriy;sal)

H53 H. volcanii DS70 ApyrE2 AtrpA
AF103 H53 AartA

FH24 H53 Ahvo_0405

FH35 H53 AartA Ahvo_0405
JS1 H53 containing pTA963
JS13 H53 containing pFH25
JS16 FH24 containing pTA963
JS17 FH24 containing pFH25
JS23 FH35 containing pTA963
FH41 FH35 containing pFH25
FH59 FH24 containing pJS151

Novagen
32

28

This study
This study
This study

This study

Invitrogen

31
33

32

12

This study
This study
This study
This study
This study
This study
This study
This study
This study

aAmpr, ampicillin resistance; cds, coding sequence; Cm’, chloramphenicol resistance.

N-terminal region of Hvo_0405, these findings suggest that ArtA has a broader sub-
strate repertoire than previously thought (Fig. 1).

Our data also suggest additional mechanisms by which proteins can become associated
with the cell membrane. The LVIVD repeat domain-containing N-terminal region of
Hvo_0405 is likely membrane anchored via lipidation, similar to other ArtA substrates.
It is intriguing that the NifU-like domain-containing C-terminal region is also membrane
associated, likely due to the hydrophobic region that was originally part of the tripartite
structure but now remains attached to the N terminus after ArtA-dependent process-
ing. This is likely a novel cellular location for this NifU-like domain-containing protein,
as it is almost certainly a cytoplasmic protein in other Haloferax spp., consistent with the
identification of the second semitryptic peptide, exclusively in the cytoplasm (Table 1).

Using site-directed mutagenesis, we demonstrate that Hvo_0405 is a Tat substrate
and that its processing is dependent upon the Tat pathway by both immunoblotting
and mass spectrometry. Additionally, our mass spectrometry data confirm the SPase
I-processing site in vivo. Prediction of SPase |-processing sites in Tat substrates has been
challenging due to a paucity of confirmed SPase I-processing sites, evidenced by the
failure of TatP to accurately predict the Hvo_0405-processing site. Studies like these
will almost certainly provide better training sets for prediction programs, not only
for accurate prediction of Sec and Tat substrates in halophilic archaea but also in
the prediction of ArtA substrates in archaea and exosortase substrates in Gram-
negative bacteria.

MATERIALS AND METHODS

Strains and growth conditions. The plasmids and strains used in this study are listed in Table 2. H.
volcanii strain H53 and its derivatives were grown at 45°C in liquid (orbital shaker at 250 rpm) or on solid
semidefined Casamino Acids (CA) medium supplemented with tryptophan and uracil (both at 50 ug -
ml~" final concentration) (27). Solid medium plates contained 1.5% (wt/vol) agar. To ensure equal agar
concentrations in all plates, agar was completely dissolved in the medium prior to autoclaving, and the
autoclaved medium was stirred before plates were poured. Strains transformed with pTA963 were grown
on CA medium supplemented with tryptophan (50 wg - ml=" final concentration) (28). For selection of
the deletion mutant, 5-fluoroorotic acid (5-FOA) (Toronto Research Biochemicals) (150 wg - ml~" final
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concentration) and uracil (Sigma) (10 g - ml=" final concentration) were added to CA medium.
Escherichia coli strains were grown at 37°C in NZCYM (Fisher Scientific) medium supplemented with
ampicillin (Sigma) (100 ug - ml~" final concentration) (29).

Nucleotide and amino acid sequence analyses. Protein and nucleotide alignments of Haloferax
species Hvo_0405 homologs were performed with Clustal Omega using sequences from H. alexandrinus
(gene locus tags RS08345 and RS08350), H. denitrificans (gene locus tags RS09235 and RS09240), H.
elongans (gene locus tags RS04170 and RS04175), H. gibbonsii (gene locus tags ABY42_01850 and
ABY42_01855), H. larsenii (gene locus tags RS15950 and RS15955), H. lucentense (gene locus tags RS15835
and RS15830), H. mediterranei (gene locus tags AFK18107 and AFK18108), H. mucosum (gene locus tags
RS07215 and RS07210), H. prahovense (gene locus tags RS02190 and RS02195), and H. sulfurifontis (gene
locus tags RS09845 and RS09840). Coding sequences were also determined by Geneious version 6.1.8
(Biomatters Ltd.). Signal sequence prediction was performed using the TatFind server (http://signalfind.org/
tatfind.html) (6), SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/) (23), and TatP 1.0 server
(http://www.cbs.dtu.dk/services/TatP/) (30).

Plasmid construction. The pFH24 plasmid, used in generating the Ahvo_0405 mutant strain, was
constructed by first PCR amplifying 700 bp 5’ of hvo_0405 using primers FW_0405_Xhol (OP 1) and
RV_0405_Up-DW as well as 700 bp 3’ of hvo_0405 using primers FW_0405_Up-DW and RV_0405_Xbal
(OP 2). Subsequently, these two fragments were joined into a single amplicon by overlap extension PCR
and cloned into pTA131 using Xhol and Xbal. Primers FW_0405_Xhol (OP 1) and RV_0405_Xbal (OP 2)
were used to verify the insert by DNA sequencing.

The pFH25 plasmid used for complementation experiments was constructed by PCR amplifying the
1,971-bp hvo_0405 coding sequence with a 3" GGP linker and 6 XHis tag using primers FW0405Ndel (IP
1) and RV0405EcoRIHis (IP 2). This amplicon was cloned into pTA963 using Ndel and EcoRI. Primers
FWO0405Ndel (IP 1) and RV0405EcoRIHis (IP 2) were used to verify the insert by DNA sequencing.

The pJS143 plasmid used for hvo_0405 expression in E. coli BL21(DE3) strain was constructed by PCR
amplifying 1,281 bp of hvo_0405 (bp 64 to 1344) using primers Hvo-0405-1F and Hvo-0405-1R. This
amplicon was cloned into pET-22b(+) using Ndel and Hindlll. The insert was sequenced using primers
T7 and T7term.

The pJS151 plasmid containing the hvo_0405 coding sequence with codons for the twin-arginine
residues at the N terminus mutated to two lysine residues was constructed by PCR amplification using
primers Hvo0405-3F and RV0405EcoRIHis (IP 2). This amplicon was cloned into pTA963 using Ndel and
EcoRI. The insert was sequenced using primers pTA963-1F and pTA963-1R.

Polymerase, ligase, and restriction enzymes were purchased from New England BioLabs. Plasmids
were initially transformed into E. coli DH5a cells and grown on NZCYM 1.5% agar plates or in liquid
medium supplemented with ampicillin (100 wg - ml=" final concentration). Plasmid preparations were
performed using a QlAprep Miniprep (Qiagen) or PureLink plasmid prep (Invitrogen) kit. Prior to H.
volcanii transformation, plasmids were passaged through the methylation-deficient E. coli strain DL739
(dam-13:Tn9) (31). All primers are listed in Table S1 in the supplemental material.

H. volcanii transformation and chromosomal substitution. H. volcanii was transformed using the
polyethylene glycol (PEG) method (27). Deletion of the hvo_0405 coding sequence in both the H53 and
AartA mutant backgrounds was completed using the pFH24 plasmid, the homologous recombination
(pop-in pop-out) method, and 5-FOA (32). To confirm the deletion of the hvo_0405 coding sequence in
the resulting FH24 and FH35 strains, PCR amplification of the hvo_0405 region was performed using the
FW_0405_Xhol (OP 1) and RV_0405_Xbal (OP 2) primers in both H53 and the AartA mutant, as well as
the FH24 and FH35 deletion strains.

Subcellular fractionation of H. volcanii cultures. H. volcanii transformants were cultured in CA
liquid medium supplemented with tryptophan (50 ng - ml~" final concentration) to an optical density at
600 nm (ODy,,) of approximately 0.5. Cells were separated from the supernatant by centrifugation at
6,000 X g for 5 min; subsequently, supernatants were spun a second time and frozen at —80°C along
with the cell pellets. Cell pellets were fractionated further by first lysing the cells in phosphate-buffered
saline (PBS) with 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) (Sigma), 1 mM
phenylmethylsulfonyl fluoride (PMSF) (Sigma) and 10 mM EDTA (Invitrogen) protease inhibitors. The cell
lysate was centrifuged at 6,000 X g for 10 min to pellet unlysed cells, and the cleared cell lysate was then
centrifuged at approximately 303,500 X g for 30 min in an Optima MAX-TL ultracentrifuge (Beckman).
Subsequently, the membrane-rich pellet was resuspended in PBS. Both the membrane and cytoplasm
fractions were centrifuged again at 303,500 X g for 30 min. Proteins in both the cytoplasm and culture
supernatant fractions were precipitated using 10% trichloroacetic acid (Thermo Fisher Scientific). Protein
pellets from membrane, cytoplasm, and culture supernatant fractions were resuspended in NuPAGE
lithium dodecyl sulfate (LDS) sample buffer (Invitrogen) in volumes proportional to the original culture.

Anti-Hvo_0405-N-term antibody. The anti-Hvo_0405-N-term antibody was generated by first
amplifying a 1,281-bp fragment of hvo_0405 (bp 64 to 1344) that was 3’ of the predicted signal peptide
and 5’ of predicted glycosylation sites and cloned into pET-22b(+) using Ndel and Hindlll restriction sites
to create pJS143. The pJS143 plasmid was transformed into the E. coli BL21(DE3) strain (33), and the
hvo_0405 fragment, under the control of a T7 promoter, was expressed via genome-encoded T7
polymerase induction with isopropyl-B-p-1-thiogalactopyranoside (IPTG) (1 mM) (Sigma) in NZCYM
supplemented with ampicillin (100 g - ml~" final concentration) at 37°C. After 4 to 5 h of induction, cells
were chilled in ice water and pelleted at 4,000 X g for 15 min at 4°C. Cell pellets were frozen at —80°C.

Subsequently, the C-terminally 6XHis-tagged N-terminal fragment of Hvo_0405 was purified by
nickel affinity chromatography. Using Ni-nitrilotriacetic acid (Ni-NTA) Superflow beads (Qiagen) under
denaturing conditions (8 M urea, 100 mM NaH,PO,, 10 mM Tris base), the purified N-terminal protein
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fragment of ArtA-processed Hvo_0405 was eluted according to the manufacturer’s instructions. Purified
protein was then concentrated using Amicon ultracentrifugal filters with a 3-kDa molecular mass cutoff
(Millipore), and PBS was added twice in order to reduce the urea concentration to ~0.4 M. The protein
concentration was then determined using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scien-
tific). Polyclonal antibodies were generated in two rabbits using Complete Freund’s adjuvant over a
90-day production schedule (Cocalico Biologicals, Inc., Reamstown, PA). The two rabbits showed nearly
identical immune responses. Specificity of the anti-Hvo_0405-N-term antibodies for Hvo_0405 was
verified by immunoblotting against purified recombinant Hvo_0405.

Immunoblotting. Liquid cultures were grown until mid-log phase (ODg,, 0.4 to 0.5), and the cells
were harvested by centrifugation at 4,300 X g for 10 min at 4°C. Cell pellets were resuspended and lysed
in 1% (vol/vol) NUPAGE LDS supplemented with 100 mM dithiothreitol (DTT) (Sigma) and stored at
—20°C. H. volcanii cell pellets or subcellular fractions were electrophoresed on either 10% or 12% Bis-Tris
NuPAGE polyacrylamide gel (Invitrogen) with NuPAGE 3-(N-morpholino) propanesulfonic acid (MOPS)-
sodium dodecyl sulfate (SDS) running buffer (Invitrogen). Proteins were then transferred to a polyvi-
nylidene difluoride (PVDF) membrane (Millipore) using a semidry transfer apparatus at 15 V for 30 min
(Bio-Rad). Next, the membrane was washed twice in PBS, blocked for 1 h in 3% bovine serum albumin
(BSA) in PBS, and washed twice in PBS with 1% Tween 20 and once in PBS. For primary antibodies, either
the mouse anti-penta-His antibody (catalog no. 34660, 200 wg - ml~'; Qiagen) was used at a 1:1,000
dilution in 3% BSA in PBS with sodium azide or the rabbit anti-Hvo_0405-N-term serum was used at a
1:10,000 dilution in 3% BSA in PBS with sodium azide. Subsequently, the membrane was washed twice
in PBS with 1% Tween 20 and once in PBS. For secondary antibodies, either the horseradish peroxidase
(HRP)-conjugated Amersham ECL anti-mouse IgG from sheep (GE) was used at a 1:20,000 dilution in 10%
nonfat milk in PBS, or the HRP-conjugated Amersham ECL anti-rabbit IgG from donkey (GE) was used at
a 1:60,000 dilution in 10% nonfat milk in PBS. The membrane was then washed two to four times in PBS
with 1% Tween 20. HRP activity was assessed using the Amersham ECL Prime Western blotting detection
reagent (GE) and autoradiography. At least three independent biological replicates were performed for
each sample before one representative gel was selected for the immunoblotting result.

Growth curve. H. volcanii liquid cultures were inoculated from colonies into 5 ml of liquid CA
medium supplemented with tryptophan (50 ng - ml=" final concentration), with continuous shaking at
45°C until mid-log phase (ODgq,, ~0.4 to 0.5). Subsequently, approximately 6 ul of each culture (adjusted
slightly for ODg,, differences) was transferred into a well of a sterile 96-well plate containing 194 ul of
fresh liquid medium (eight replicates of two biological replicates). Cultures were grown to stationary
phase with continuous shaking, with OD, recordings taken every 30 min using the BioTek PowerWave
X2 microplate spectrophotometer, as described previously (12).

Light microscopy. One milliliter of a mid-log-phase culture (ODg,,, 0.4 to 0.5) was concentrated by
centrifugation at 4,911 X g for 1 min and pellets were resuspended in 10 ul of liquid CA medium. One
microliter of the concentrated cells was transferred to a microscope slide and observed using the Eclipse
TE2000-U inverted epifluorescence microscope (Nikon USA, Inc.), as described previously (12).

Adhesion assay. H. volcanii surface adhesion assay was carried out based on the modified air-liquid
interface (Ali) assay as described previously (34). Three milliliters of an H. volcanii mid-log-phase culture
(ODgpor 0.4 to 0.5) was transferred into each well of a sterile 12-well plate. Plastic coverslips (22 by 22 mm,
0.19 to 0.25 mm thick) were vertically inserted into each well, followed by overnight incubation at 45°C
without shaking. The next day, the coverslips were gently retrieved from the well and the adhered cells
were fixed by incubating the coverslips in 2% acetic acid for 3 min. Subsequently, the coverslips were
stained in 0.1% (wt/vol) crystal violet solution for 10 min. After washing the excess stain with distilled
water and air drying, the coverslips were examined by light microscopy.

LC-MS analysis. Proteins from membrane fractions were solubilized with 2% SDS in 10 mM Tris-HCl
(pH 7.6). For all samples, the protein concentration was determined by bicinchoninic acid assay (BCA
protein assay kit; Thermo Scientific Pierce) before loading 50 ug of protein onto Amicon ultracentrifugal
filters (0.5 ml; 30-kDa molecular mass cutoff; Millipore) for tryptic digestion using the filter-aided sample
preparation method (35), as described previously (36). Peptides were dried in a vacuum centrifuge and
stored at —20°C. Two biological replicates were processed and analyzed by liquid chromatography-mass
spectrometry (LC-MS).

After reconstitution of the peptides in 2% (vol/vol) acetonitrile and 0.1% (vol/vol) formic acid in
ultrapure water, chromatographic separation was performed on an UltiMate 3000 RSLChano system
(Thermo Scientific). The sample was desalted on a trap column (C,; PepMap 100, 300 um by 5 mm, 5-mm
particle size, 100-A pore size; Thermo Scientific) for 5 min using 0.05% (vol/vol) trifluoroacetic acid (TFA)
and 2% (vol/vol) acetonitrile in ultrapure water, at a flow rate of 10 ul - min—". The trap column was then
switched in line with the separation column (Acclaim PepMap100 C,5, 75 mm by 15 cm, 2-mm particle
size, 100-A pore size; Thermo Scientific). For chromatographic separation, the mobile phases were
composed of 0.1% (vol/vol) formic acid in ultrapure water and 80% acetonitrile (A) and 0.08% formic acid
in ultrapure water (B), and the following gradient was employed using a flow rate of 300 nl - min—": 5
min of 2.5% B, increase to 7.5% B over 4 min, increase to 40% B over 26 min, increase to 99% B over 1
min, and 10 min of 99% B. The column was reequilibrated with 2.5% B for 25 min.

The LC system was coupled via a nanospray source to a Q Exactive Plus mass spectrometer (Thermo
Scientific) operating in positive-ion mode. MS data were acquired from 375 m/z to 2,000 m/z at a
resolution of 70,000 for MS1. The automatic gain control (AGC) target was set to 10° and maximum
injection time to 100 ms. The 12 most abundant precursor ions were triggered for fragmentation by
higher-energy C-trap dissociation with a normalized collision energy of 27. MS2 spectra were acquired
in a dynamic scan range with a fixed first mass of 150 m/z at a resolution of 17,500, with an AGC target
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of 10° and a maximum injection time of 120 ms. Precursor ions with an unassigned charge state as well
as charge of 1 or greater than 5 were rejected. Fragmented ions were dynamically excluded for 15 s.

Peptide spectrum matches (PSMs) were identified with the Python framework Ursgal (version 0.4.0)
(37) using the database search engines X! Tandem (38), MS-GF+ (39), and OMSSA (40). The database
consisted of the UniProt H. volcanii proteome (proteome ID UP000008243) merged with sequences from
the Common Repository of Adventitious Proteins (http://www.thegpm.org/crap/), resulting in a total
database of 4,103 proteins. Decoy sequences were generated by peptide shuffling and included for all
proteins. The Ursgal profile Q Exactive+ was used, including a precursor ion tolerance of 5 ppm and a
fragment ion tolerance of 20 ppm. Additionally, carbamidomethylation of cysteine was set as a fixed
modification and oxidation of methionine as well as N-terminal acetylation as potential modifications.
Three missed cleavages and semienzymatic peptides were allowed. Statistical postprocessing of unified
results was performed with Percolator (41). Since the error probability for each PSM should be controlled
in order to validate the presence of certain peptides, filtering by posterior error probability (PEP) (=0.01)
was chosen instead of a global false-discovery rate. Results from all search engines for both replicates
were combined.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
JB.00802-16.
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