Molecular Cell, Volume 36

Supplemental Data
Sequence-Specific Intramembrane
Proteolysis: Identification of

a Recognition Motif in Rhomboid Substrates
Kvido Strisovsky, Hayley J. Sharpe, and Matthew Freeman

Supplemental Experimental Procedures
Rhomboid substrate prediction

The proteome sequences of P. stuartii were downloaded from NCBI (Accession number
NZ_ABJD00000000, that represents a collection of whole genome shotgun sequences).
Putative single pass transmembrane proteins were identified using the combined signal
peptide and TMD prediction program Phobius (Kall et al., 2004). A hydrophobicity-scanning
algorithm (Sharpe et al., unpublished) was used to refine the transmembrane boundaries of
proteins predicted to have type I or type 11l topology (i.e. periplasmic N-terminus). The
approximate edges from Phobius were indented by 4 amino acids at both ends and a window
of five residues was used to scan for mean hydrophobicity using the Goldman-Engelman-
Steitz hydrophobicity scale (Engelman et al., 1986) which is the most appropriate
hydrophobicity scale for amino acids in single pass transmembrane regions (Koehler et al.,
2009). Transmembrane domain boundaries were then defined by a window average
hydrophobicity of greater than -0.94 kcal/mol or by individual residue hydrophobicity of

greater than 8.0 kcal/mol.

To identify proteins that contained the rhomboid recognition motif, the specificity
matrix (Fig. 4B) was used to derive a regular expression describing the recognition motif as
follows. The P4, P1 and P2’ positions were allowed to be occupied only by amino acids that,
in the context of TatA, permitted 51-100% cleavage efficiency in comparison to the wild type
(denoted by white and light grey squares in Fig. 4C). All other positions, that is, P5, P3, P2,
and P1’, were allowed to be occupied by any amino acids except for those that caused

decrease of cleavage efficiency to 0-25% compared to the wild type TatA (black squares in



Fig. 4B), unless they occurred in a known substrate (that is glutamate in P3 of Spitz, and
aspartate in P1’ of LacYTMZ2). Next, the putative type | and I11 proteins were scanned for the
regular expression within a sequence window such that the P2’ position of the motif (Fig.6A)
was up to 10 amino acids upstream of the N-terminal TMD boundary and greater than 16
residues upstream of the C-terminal boundary of the TMD (analysis range P). Motif quality in
these hits was scored by summing up P4, P1, and P2’ contributions following this arbitrary

scheme:
Position P4: I, M,orY =4;ForW=3;VorL=2
Position P1: AC=6; GS =4
Position P2’: FIMVAC = 3; LTW =2

Putative type | or Type Il proteins that did not have any motif in a sequence window
defined such that the P2’ position was no more than 10 amino acids upstream of the N-
terminal TMD boundary and no more than 5 amino acids downstream of the C-terminal TMD
boundary (analysis range N) were predicted not to be AarA substrates. Proteins that contained
the motif downstream of analysis range P were excluded from further analysis because their
motifs were deemed topologically unlikely to be accessible to rhomboid cleavage when

embedded in the lipid bilayer.

For cloning purposes, the corresponding nucleotide sequences were obtained using the
tblastn function of BLAST (Altschul et al., 1990) on P.stuartii contigs downloaded from The
Genome Center at Washington University School of Medicine in St. Louis
(http://genome.wustl.edu/pub/organism/Microbes/Human_Gut_Microbiome/Providencia_stua

rtii/assembly/Providencia_stuartii-2.0.1/output/).

Supplemental Results

Newly generated or unmasked secondary recognition motifs explain the apparent

exceptions in motif recognition by AarA.

As described in the main text, the P2’ mutant of Gurken (1247G) and P1 and P4 mutants
of Spitz (A138F and L135G, respectively) were unexpectedly cleaved at almost wild type

levels by AarA. To examine the products in more detail, we introduced these three mutations



into the corresponding chimeric MBP/Trx fusion proteins (Fig. 1A), and determined cleavage

sites by AarA in vitro using N-terminal sequencing and mass spectrometry (Fig. 5C).

Specifically, the P2’ mutation of Gurken (1247G) led to cleavage between G247 and
V248 and generated a new recognition site with M244, G247, and F249 in P4, P1, and P2’
positions, respectively. Similarly, the P1 (A138F) mutation in Spitz generated a new
recognition motif with the F138 in P4 position resulting in cleavage between A141 and S142.
Knocking out the original P4 residue in Spitz by L135G mutation shifted the cleavage site
between G143 and A144, revealing a secondary recognition motif, normally cryptic, which
contains permissive P1 (G143), P4 (1140) and P2’ (M145) residues (Fig. 5C). The double
P4/P2’ mutant of Spitz (L135G/1140G) is uncleavable because P4 residues from both
recognition motifs become disabled. The presence of two juxtaposed recognition motifs in
Spitz was also confirmed in another way: individual mutation of the primary (A138P) or
secondary (G143P) P1 residues in Spitz allows cleavage within the other, non-mutated motif,
while the double mutant (A138P/G143P) is uncleavable (Fig. 5D). Thus, the three exceptions
were indeed only apparent; they in fact strongly supported and confirmed the overall
functional conservation and significance of the TatA-like recognition motif in a diverse set of

substrates.
Minor differences in motif recognition by GIpG and YqgP

As with AarA, there were three substrate mutants that appeared partially to contravene
the recognition motif requirement. Gurken P2’ mutant 1247G was cleaved at wild type levels
by GlpG, and LacYTM2 and Gurken P1 mutants (S43F and A245F, respectively) were
cleaved with moderate efficiency by YqgP. We therefore introduced these three mutations
into the corresponding MBP/Trx fusion proteins and determined the cleavage sites by N-
terminal sequencing of the in vitro reaction products (Fig. 5E). The P2’ mutant of Gurken
(1247G) is cleaved by GIpG at its original site indicating that GIpG, while broadly conforming
to the substrate motif, has slightly different preferences at the P2’ position (which is less
tightly constrained than the P4 or P1 positions even for AarA). In addition, YqgP recognises a
secondary, normally hidden, recognition site in LacYTM2 that is perfectly stereotypical (Fig.
5E). Although this is the major cleavage site in the P1 mutant of LacYTM2 (S43F), minor
cleavage at the mutated original site still occurs. More surprisingly, the P1 mutant of Gurken
(A245F) is cleaved at the mutated recognition site with moderate efficiency by YqgP, which

is surprising because phenylalanine in the P1 position has proven highly deleterious in other



cases. Overall, these results indicate that subsite preferences of GIpG and YqgP for the
critical motif positions may be slightly different from those of AarA or that their preferences

may be influenced by the recognition motif sequence context.

Supplemental Discussion
Putative recognition motifs in published rhomboid substrates

Our analysis of rhomboid specificity suggests that those rhomboids that can cleave the
model substrates Spitz, Gurken, TatA and LacyTM2 all specificially recognise a sequence
motif, that we defined by mutagenic analysis of TatA. This conclusion is consistent with
published data on other rhomboids and their substrates. For example, mouse RHBDL2 (which
can cleave Spitz) was shown to cleave mouse thrombomodulin in a cell-based assay and the
cleavage site position has been mapped approximately between proline 508 and leucine 528
(Lohi et al., 2004). Consistent with this, we find at least one stereotypical recognition motif in
this region (putative P1 residues will be displayed in bold red, while P4 and P2’ in bold blue,
and TMD will be underlined): PPsosAVGLVHSGLL 1G1S1ASLCL5,28VVALLALLCHLRKKQ.

In addition, human RHBDL2 cleaves human EphrinB3 roughly between proline 226 and
cysteine 250 (Pascall and Brown, 2004) and there is at least one stronger and one weaker
putative recognition motif in this range: SMP226AVAGAAGGLALLLLGVAGAGGAMC,50WRRR.

It remains to be tested whether and in which of these predicted recognition motifs RHBDL?2

cleaves.

It seems that even some rhomboids with apparently distinct substrate specificity might
require a stereotypical TatA-like recognition motif. The recently identified Entamoeba
histolytica rhomboid 1 (EhROM1) was shown to cleave an E. histolytica surface lectin
EHI_044650 in a cell-based overexpression assay (Baxt et al., 2008). Strikingly, cleavage of
EHI_044650 is blocked by a glycine to valine mutation that occurs in a putative P1 position
within a potential stereotypical recognition motif:
QDVDNTAAIAAGTTVAVVWAVIVVVMVITAIGIKQTV. This is intriquing since EhnROM1

does not cleave Spitz and it was suggested to have different substrate specificity from D.
melanogaster Rhomboid-1 or bacterial rhomboids (Baxt et al., 2008), but it seems that it

might recognise a variant of the TatA-like recognition motif.



Finally, we can reconcile our data on Spitz cleavage sites with those published by
others. Baker et al. who used Spitz TMD transplanted into C100-Flag (Urban and Wolfe,
2005), originally a gamma-secretase substrate (Li et al., 2000), detected by mass spectrometry
two in vitro cleavages by GIpG between (in Spitz numbering) A141-S142 and G143-A144
(Baker et al., 2007). In contrast, here we report cleavage of wild type Spitz sequence by three
different bacterial rhomboids and by Drosophila Rhomboid-1 primarily between amino acids
A138-S139. However, we also identify a secondary recognition motif with a cleavage site
between G143-A144, which is employed, albeit less efficiently, when the primary motif is
mutated (Fig. 5C). This secondary motif is preserved and indeed cleaved by GlpG in
C100Spitz-Flag, presumably because the primary motif had been disrupted by the
transplantation of Spitz TMD into the C100-Flag context (C100-Flag in uppercase, Spitz in
lowercase with Spitz numbering used, secondary recognition motif highlighted):
DVGSNKajzgsiasgavggvviatvivitlvmlKKK. Note that the residue that would
correspond to a P4 in the primary Spitz motif is a serine (bold italicized) in C100Spitz-Flag,
which we found non-permissive in this position. In summary, disruption of the primary
recognition motif in C100Spitz-Flag leads to cleavages at normally less favoured sites. This is
similar to what we have observed in the i7 linker insertion mutant of TatA: during
overdigestion of i7 by AarA in vitro, susceptible P1-P1’sites in the linker, lacking stereotypic
P4 and P2’ residues, can be eventually cleaved, albeit considerably more slowly than the true

recognition motif (Fig. 3B, lower graph).
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Figure S1. TM helix destabilizing residues are less important when cleavage occurs outside

the membrane: in vivo confirmation

TatA mutants were overexpressed in wild type P.stuartii. Each protein was purified from the
membrane fraction by NiNTA chromatography via its C-terminal His-tag, and analysed by
MALDI mass spectrometry. The N-termini of individual species were inferred from their
molecular mass, as indicated. The experimental masses of the uncleaved full-length proteins

were consistent with the possible presence of N-terminal formyl-methionine.
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Figure S2. The recognition motif within an oligoalanine context in a mutant TatA is
sufficient to define precisely the cleavage site and confer almost wild type cleavage efficiency

Full-length wild type TatA and its E2A/S3A/T4A/T7A mutant were cleaved in vitro by
purified AarA. Substrates (600 pug/mL) were incubated with AarA (25 pg/mL) at 37°C in the
presence of 20 mM HEPES pH 7.5 and 0.05% (w/v) DDM. At indicated time-points the
substrate and product were analysed by MALDI mass spectrometry. As a control, both
substrates were incubated with 25 pg/mL of AarA S150A active site mutant (lower panels).

The N-termini of individual species were inferred from their molecular mass, as indicated.



Figure S3. Protein sequences of the predicted substrates and non-substrates

All candidate substrates of AarA that we predicted in the P .stuartii genome were ranked
according to their motif quality. The top fifteen candidate substrates and fifteen predicted
non-substrates were selected and their TMDs and surrounding juxtamembrane regions were
amplified from genomic DNA, in vitro translated and radiolabelled. Sequences of those
protein fragments that were thus generated and tested for cleavage by AarA are shown
aligned by the C-terminus of their predicted transmembrane domain (underlined). The
number of amino acids that precede each tested fragment in the corresponding full-length
protein are denoted by a number at the N-terminus of each sequence. The heptapeptide
regions corresponding to the regular expression that encompasses the identified recognition
motifs are highlighted in bold within each sequence and also listed separately in square
brackets with individual motif quality scores indicated. Each protein is further identified by
its NCBI accession and GI numbers, and its predicted topology. For example, ‘085-106i’
indicates a periplasmic N-terminus, transmembrane domain spanning residues 85 to 106, and
intracellular C-terminus; n10-21¢29/300 signifies a signal peptide with a predicted signal
peptidase cleavage site between amino acids 29 and 30. Proteins are listed in the order as they

appear in Fig. 6C; those that were cleaved by AarA are marked with an asterisk.



Figure S3

Top-scoring candidate substrates:
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Predicted non-substrates:
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