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Abstract

The inner-membrane protein YscU has an important role during the assembly of the
Yersinia enterocolitica type Il secretion injectisome. Its cytoplasmic domain (YscU°)
recognizes translocators as individual substrates in the export hierarchy. Activation of
YscU entails autocleavage at a conserved NPTH motif. Modification of this motif
markedly changes the properties of YscU including translocator export cessation and
production of longer injectisome needles.

We determined the crystal structures of the uncleaved variants N263A and N263D of
YscU® at 2.05 A and 1.55 A resolution, respectively. The globular domain is found to
consist of a central, mixed B-sheet surrounded by a-helices. The NPTH motif forms a
type Il B-turn connecting two B-strands. NMR analysis of cleaved and uncleaved
YscU® indicates that the global structure of the protein is retained in cleaved YscU®.
The structure of YscUC variant N263D reveals that wild-type YscUC is poised for
cleavage due to an optimal reaction geometry for nucleophilic attack of the scissile
bond by the side-chain of Asn263. In vivo analysis of N263Q and H266A/R314A YscU
variants showed a phenotype that combines the absence of translocator secretion with
normal needle-length control. Comparing the structure of YscU to those of related
proteins reveals that the linker domain between the N-terminal transmembrane
domain and the autocleavage domain can switch from an extended to a largely a-
helical conformation, allowing for optimal positioning of the autocleavage domain

during injectisome assembly.
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Introduction

The enteric pathogen Yersinia enterocolitica uses a sophisticated injection machinery
called an injectisome to translocate effector proteins across eukaryotic cell
membranes by type Il secretion (T3S). This supramolecular structure, found in many
Gram-negative pathogenic or symbiotic bacteria, including Salmonella spp., Shigella
spp. and enteropathogenic Escherichia coli, is evolutionarily related to the bacterial
flagellum." A basal body consisting of several rings connected by a central rod spans
the two bacterial membranes in both structures.?®> The basal body bears an

extracellular structure referred to as a needle®>¢®

, pilus® or filament,'®'? depending on
the family of injectisomes. Upon contact with the eukaryotic host cell, a set of effector
proteins that subvert host cellular functions to the pathogen's benefit is translocated
into the eukaryotic cytoplasm.”'*

The rotationally symmetric basal body of the T3S system (T3SS) actively exports the
components of the extracellular needle structure.®>*'>'® The length of the Yersinia
injectisome needle, assembled from the 9-kDa protein YscF, differs from species to
species. In Yersinia enterocolitica, the needle length of ~60 nm correlates with the
length of the “molecular ruler’ protein YscP." A needle tip complex, made of the
protein LcrV,'® functions as a scaffold to assemble a pore in the target cell membrane
consisting of YopB and YopD, through which T3SS effectors are translocated into the
host cell.”® Beside the “molecular ruler” model,™ two other models for needle/hook

1 and the molecular stopwatch mechanism,?' are

length control, the cup mode
discussed. As a clear hierarchy in the synthesis of the needle components is not
discernible, the T3SS presumably discriminates between substrate classes to
assemble this complex molecular machine.? Needle assembly depends on the export
of early substrates such as the needle subunit YscF and the molecular ruler YscP.
Thereafter, the system switches its substrate specificity to intermediate (translocators)
and late (effectors) export substrates. The substrate specificity switch is thought to
involve at least two proteins, the molecular ruler YscP and the inner membrane protein
YscU.23%

In the 40 kDa membrane protein YscU, four N-terminal transmembrane helices are
followed by a globular cytoplasmic domain (YscU®).2° The latter, which was originally
been found in the C-terminal cytoplasmic domain of the Salmonella flagellar YscU

homolog, FIhB,? is cleaved autoproteolytically within a conserved NPTH sequence.?’
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Autocleavage, however, is abrogated by substituting either asparagine or proline by
alanine.?” Bacterial mutants carrying these substitutions no longer export translocator
proteins (YopB, YopD and LcrV), whereas export of effector proteins is not affected.?
Cleaved YscU thus appears to discriminate between translocator and effector
proteins. The mutant yscUn263a, furthermore, secretes less YscP and makes longer
needles.?

Here, we report the crystal structures of the non-cleavable YscU \z63a and YscUnzeap
variants from Yersinia enterocolitica and compare them to the related structures of
EscU, SpaS?® and Spa40.?° Based on the structural information, additional YscU®
mutants were designed to elucidate their in vitro autocleavage behaviour and the

nature of the resulting in vivo phenotypes.



Tab. 1

Fig. 1

10

15

20

Fig. 2

25

30

Wiesand et al., 2008 Structure of YscU 5

Results

Crystal structures of YscU® N263A and N263D

The YscU® variants N263A and N263D readily yielded well-diffracting tetragonal
crystals. Crystallization of cleaved, wild type YscU®, by contrast, was not successful.
The structure of YscU® N263A was solved using SeMet-based multiwavelenght
anomalous diffraction (MAD) phasing. Two (of four expected) selenium positions were
sufficient to build an initial model, which was refined at a resolution of 2.05 A (Table 1).
The isomorphous structure of YscU® N263D was correspondingly refined at a
resolution of 1.55 A (Table 1).

The globular domain of uncleaved YscU® (Fig. 1) consists of a central, five-stranded,
mixed [B-sheet (I-V), surrounded by four a-helices (1-4). a-helix 3 is almost
perpendicular to the strand orientation of the central B-sheet. The NPTH-cleavage
motif forms a type Il B-turn connecting B-strands | and Il with position 263 located at
the C-terminal end of 3-strand I.

The globular autocleavage domain is preceded by an extended N-terminal loop
containing a well defined a-helix (a0) comprising residues 232-244. This helix forms
an antiparallel interaction with helix 4 of a symmetry-related YscU® monomer in the

crystal.

Structural basis for autocleavage of YscU

Close inspection of the modified NPTH motif in isosteric variant YscU® N263D (DPTH,
Fig. 2a) shows that the main-chain carbonyl of Asp263 is tightly locked into position
via hydrogen bonds to the backbone nitrogen atoms of His266 and lle267. This
structural stiffness is enhanced by the peptide bond of Pro264. All main-chain dihedral
angles of the DPTH residues fall in the allowed regions of the Ramachandran plot,
indicating no obvious conformational strain. A salt bridge with the guanidinium group
of Arg314 positions the side chain of Asp263 above its main-chain carbonyl group.
The ideal entry angle for a nucleophilic attack of a carbonyl group has been proposed
to lie between 100° and 110°, and a distance between nucleophile and electrophile of
2.5 A. 393" The corresponding angle of the YscU® N263D variant is 109° with an N-C
distance of 2.8 A. The B-amide nitrogen of Asn263 would therefore be positioned
perfectly for a nucleophilic attack. Furthermore this geometric arrangement favours a

stabilizing orbital overlap (Fig. 2b), where the anti-binding o*-molecular orbital (MO) of
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the Cqasn-Nasn bond interferes with the nascent binding 6-MO of the C(=0O)-N-bond in
native YscU.

Cleavage does not affect the overall structure of wild-type YscUC

Recombinantly produced wild-type YscU® is readily cleaved into a ~6.3 kDa
N-terminal (a-helices 0-1 and B-strand |) and a ~10.5 kDa C-terminal (a-helices 2-4
and B-strands 1I-V) fragment. The fragments, remain tightly linked, however,?’ resulting
in a single peak in gel-filtration chromatography (data not shown). Cleavage of the
wild-type protein thus does not cause significant overall structural rearrangements
compared to the uncleaved YscU® variants. This was confirmed by 2D-NMR (["°N,"H]-
HMQC) spectroscopy by comparing "°N-labelled wild-type and N263A YscU® (Fig. 3).
Overall, wild-type YscU® shows a good dispersion of the signals, characteristic for a
folded globular conformation. An equally good dispersion of the signals is observed for
N263A YscUC. The NMR-spectra of wild-type and N263A YscU® superimpose very
well, with most peak positions being are virtually identical and line-widths apparently
unaffected. Cleaved and uncleaved YscU thus share the same overall structure with

minor, but physiologically highly relevant, changes in and close to the NPTH motif.

The role of conserved amino acids in YscUC cleavage in vitro

Substituting the nucleophile Asn263 by alanine, aspartate and glutamine abolishes
autocleavage of YscU. While Asn263 is thus essential for YscU—-autocleavage, the
role of surrounding residues is less clear. A systematic mutational analysis of the
NPTH motif reveals an active participation of Pro264 and His266 in YscU
autocleavage (Fig. 4a and b), whereas Thr265 is not involved.?” Substitution of Pro264
by alanine reduces cleavage of YscUC significantly, whereas substitution by glycine
prevents cleavage altogether. Variant H266A shows a partial cleavage of YscU®. The
structure of YscUC shows that two arginine residues (Arg296 and 314) flank the NPTH
motif. Of these, Arg314 is highly conserved, Arg296 less so. Substituting Arg314 by
alanine correspondingly reduces cleavage partly whereas cleavage of variant R296A
is unaffected. Interestingly, cleavage is entirely abrogated in the double variant
H266A/R314A, suggesting a synergistic involvement of these residues in the

mechanism of cleavage.
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Cleavage of some autocleavage-deficient YscU mutants is partially restored at
high pH

Autocleavage of the slow-cleaving variant P270A of the flagellar protein FIhB® (a
homologue of YchC) has previously been reported to be pH-dependent®. YscU®
variants N263D, P264G, P264A and H266A/R314A were therefore analysed at pH 9,
10 and 11 (Fig. 4c). In variant N263D, no cleavage was observed at higher pH-values,
whereas P264G, P264A and H266A/R314A were partially cleaved only at elevated
pH. These observations match the published data on FIhB P270A,%* suggesting that

the nucleophile Asn263 needs to be activated by deprotonation of its side chain amide

group.

YscU mutants that are not cleaved in vitro do not export the translocator LcrV

Next, the export of the LcrV protein in the corresponding Yersinia mutant strains was
investigated. Secretion was not affected for wild-type YscU, and the variants H266A,
R314A and R296A, but is lost in variants N263A, N263D, N263Q, P264A, P264G, and
H266A/R314A, as confirmed by an immunoblot of the supernatant (Fig. 5). The LcrV
secretion pattern is in excellent agreement with the data described above for in vitro

autocleavage.

The T3SS injectisome needle length is influenced strongly by YscU mutations
The influence of the YscU modifications on needle length was investigated by
measuring needles from Y. enterocolitica AyscU mutant bacteria expressing the
respective mutants in trans. Bacteria expressing wild-type yscU produced regulated
needles of 69+10 nm. Similar needle lengths were measured for the YscU variants
H266A (67+9nm), R314A (72+12nm), and R296A (76+11nm). In contrast, the length of
needles in YscU variants N263A (125+40nm), N263D (143+51nm), P264A
(112+42nm), and P264G (114+30nm) was longer and less regulated. Interestingly,
YscU variants N263Q (80£16nm) and H266A/R314A (77+15nm) were regulated with a
length distribution slightly larger than that of wild-type YscU (Fig. 6).
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Discussion

YscU is poised for autocatalytic cleavage

To elucidate the structural basis of YscU® autocleavage, the crystal structures of
YscUC® variants N263A and N263D were determined at high resolution. Additional
single-residue YscU® variants within the NPTH motif or its immediate vicinity were
investigated with respect to their participation in cleavage and needle-length control.
The crystal structure of non-cleaving YscU® variant N263D (the asparagine
nucleophile is replaced by the isosteric homologue aspartate) suggests that the side-
chain of Asn263 is positioned ideally for a nucleophilic attack and subsequent
cleavage of wild-type YscU®. In N263D, the attack on its own carbonyl is prevented by
the insufficient nucleophilicity of the Asp 263 carboxylate, despite its equivalent
positioning. In N263Q, the nucleophilicity should be similar to that of asparagine.
However, the longer and hence more flexible, side chain disfavours the formation of a
lactam ring in this variant, preventing cleavage of YscUC.

YscU® autocleavage is crucially dependent on the positioning of the attacked carbonyl
group of Asn263, which is part of the peptide bond to Pro264. Increased flexibility of
the main chain correspondingly disfavours cleavage in the variants P264A and
P264G. As indicated above, cleavage is less efficient in variants H266A and R314A,
but entirely abrogated in H266A/R314A. Increasing the pH increases cleavage,
implicating both His266 and Arg314 in efficient autocleavage. By means of a hydrogen
bond, Arg314 presumably serves to optimally position the side chain of Asn263
allowing nucleophilic attack to occur at an angle of 109°. The role of His266 is,
however, less clear. It may potentially mediate the abstraction of a proton from Asn263
either directly or by deprotonating an intermediate water molecule. A similar
phenomenon has been proposed for a histidine residue during autosplicing of the
DnaB mini-intein.>® Thr265, as the only imperfectly conserved amino acid of the NPTH
motif, does not appear to be involved directly in the cleavage reaction.?*?® A
preference for B-branched amino acids indicates a role in stabilizing the type Il turn.>*
Our results are supported by similar structural and functional data recently reported for
the YscU homologues EscU from enteropatogenic E. coli, SpaS from Salmonella
typhimurium?® and Spa40 from Shigella Flexneri.?® The crystal structures of the

cleaved wild type EscU as well as a number of EscU variants were determined and
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correlated with in vivo cleavage experiments of full-length EscU (variants). Wild type
EscU, SpaS and Spa40 reveal unchanged tertiary structures of nicked proteins,
concurring with our conclusion based on NMR-analysis of YscU® wild type and mutant.
The only major differences concern YscU® variants H266A and R314A and their
homologous variants in vivo in full-length EscU. Both YscU® variants show partial
autocleavage in vitro and a wild type-like secretion of LcrV in vivo. EscU variant
H265A is found be fully autocleaved but secretion of T3S substrates is lost?®. EscU
variant R313A, by contrast, remains uncleaved but again T3S substrates secretion is
lost.?® A third EscU variant, R133T, is fully cleaved but retains normal effector
secretion.?® Thus, despite a high level of structural conservation between YscU and
EscU, some differences between the Yersina and EPEC T3SS may exist. The in vitro
cleavage data on YscUC His266 variants would presumably implicate His265 in EscU
in the asparagine-driven autocleavage reaction.

We propose the following autocleavage reaction mechanism (Fig. 7). (i) The unique
reaction geometry of YscU and its homologues is a prerequiste for the nucleophilic
attack. The B-amide nitrogen, activated through proton abstraction by His266 or an
intermediate water molecule, is optimally positioned to attack the electrophilic carbonyl
carbon at an angle of 109° (108° in EsclU). (ii) The tetrahedral reaction intermediate is
stabilized by hydrogen bonds to the backbone amides of His266 and lle267. (iii)
Protein cleavage gives rise to a labile succinimide, which is rapidly hydrolysed to yield
a new C-terminal asparagine or iso-asparagine.

The structure of YscUC also explains phenotypes of previously reported YscU variants.
The strongly reduced export of the presumed inner rod protein Yscl (in an yscPyscU
mutant background) in the YscU variant Y317D implicates Tyr317 in interacting
directly with Yscl.*® Structurally, this strictly conserved residue is fully exposed at the
surface of a-helix 3. Presumably, the introduction of a negative charge prevents
interaction with Yscl explaining the observed phenotype.28 The YscU variant G270N
has been reported to cause the complete loss of T3S and YscU autocleavage.>®
Gly270, in the middle in B-strand Il, is fully buried in the hydrophobic core of the
domain. Replacing this by the significantly bulkier asparagine presumably prevents

correct protein folding, resulting in the loss of this protein and non-functional T3SS.



10

15

Fig. 8

20

25

30

Wiesand et al., 2008 Structure of YscU 10

Needle length in a non-cleavable YscU mutant is controlled even without YscP
over-expression

In vivo analyses reveal a new phenotype for the YscU variants N263Q and
H266A/R314A. These variants do not undergo autocleavage in vitro. Corresponding
bacterial mutants do not secrete the translocator LcrV. Their needles are, however, of
normal size, although significantly less YscP is secreted compared to wild type
bacteria (data not shown). In the YscU N263A mutant, wild type needle length could
be restored only by YscP over-expression implying that YscU autocleavage inhibition
diminishes YscP secretion losing control over needle length.?? The phenotype
observed here for the variants N263Q and H266A/R314A demonstrates that the
inhibition of the autocleavage may indeed affect the secretion of YscP and LcrV
without relinquishing control over needle length. The fact that different phenotypes are
observed for N263A and N263Q despite involving the same residue, may indicate that
small amounts of YscP are sufficient to determine needle length but that a defined

conformation of YscU is also required.

The flexible linker region is composed of two hinged a-helices

A structural superposition of uncleaved YscUC® variant N263A with EscU® (rmsd 1.3 A
for 94 common Ca atoms), SpaS form Salmonella typhimurium (rmsd 1.0 A for 80 Ca
atoms), and Spa40 from Shigella flexneri (rmsd 1.0 A for 82 Ca atoms) reveal virtually
identical folds for the cytoplasmic core region and the NPTH motifs (Fig. 8b), despite a
low level of overall sequence identity (Fig. 8a).

An obvious difference between YscUC and its homologues EscU®, SpaS® and Spa40®
involves the proposed flexible linker (211-248) connecting the globular autocleavage
domain to the N-terminal membrane-spanning four-helix bundle (Fig. 8b). In YscUS,
amino acids 232-244 form a well-defined o-helix, which is not observed in the
homologous structures. In the crystal structure of YscU®, a-helix a0 is involved in a
crystal contact to a-helix a4 of the next monomer. One of the crystal forms of EscU°
additionally reveals a further a-helix (a-1) N-terminal of a0.%*The presence of a-helix
o0 confirms earlier predictions of the secondary structure for the flagellar protein
FIhB.*’

The linker region is essential for T3S.?® Corresponding deletions 232-236, 234-245
and 230-245 in EscU and the point mutation G235P (S236P in YscU) abolish the

export of T3S substrates, despite autocleavage of EscU being detectable. Similar
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results have been obtained for the FIhB protein.>” Mapping these mutations onto the
structure of YscU® indicates that each would delete or kink a-helix a0, which
presumably functions as a spacer element, separating the globular autocleavage
domain from the inner membrane. Additionally, the helix could be involved in direct or
indirect binding of other components.

Amino acids such as Gly229 and Gly248 in EscU are assumed to provide flexibility to
the linker region.?® Substituting conserved Gly229 by proline in EscU (G230 in YscU
and located N-terminal of a-helix a0) decrease the export of T3S substrates
dramatically. An equivalent substitution in Gly247 (G248P in YscU and located
C-terminal of a0) also reduces the export of T3S substrates. Combining the structural
information on YscU® and EscUC with the in vivo data suggests that YscU-like proteins
are composed of three units (Fig. 9): A membrane-spanning N-terminal domain and a
C-terminal, cytoplasmic, globular, autocleavage domain bridged by a flexible linker
region that can switch from an extended to a partially a-helical conformation. This
adaptable architecture of the linker allows for sufficent conformational freedom to
enable interactions of the autocleavage domain with other components of the T3SS

during T3SS assembly.
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Materials and Methods

YscU in vivo experiments

Bacterial strains, plasmids and genetic constructions are given in Supplementary Data
Table 1. E. coli Top10 was used for plasmid purification and cloning. Bacteria were
grown routinely on Luria-Bertani (LB) agar plates and in liquid LB-medium. Ampicillin
was used at concentrations of 200 pug/ml.

Plasmids were generated using either the Pfu turbo polymerase (Stratagene) or Vent
DNA polymerase (New England, Biolabs). Oligonucleotides for genetic constructs are
given in Supplementary Data Table 2. All constructs were confirmed by sequencing

using a 3100-Avant genetic analyser (ABI Prism).

LcrV secretion and immunoblotting

Induction of the yop regulon was as described by Cornelis et al..*® Expression of the
different genes cloned downstream of the pBAD promoter was induced routinely by
adding 0.2 % L-arabinose to the culture before the shift to 37 °C, and again 2 hours
later. Glycerol (4 mg/ml) was added as a carbon source when expressing genes from
the pBAD promoter. Total cell and supernatant fractions were separated by
centrifugation at 20,8009 for 10 min at 4 °C. The cell pellet was taken as the total cell
fraction. Proteins in the supernatant were precipitated with 10 % (w/v) trichloroacetic
acid (final concentration) for 1 hour at 4 °C.

Supernatant (SN) and total cell (TC) fractions were separated bay SDS/12% PAGE. In
each case, proteins secreted (SN) or produced (TC) by 2.5 x 10’ bacteria were loaded
in each lane. Immunoblotting was done using rabbit polyclonal antibodies against LcrV
(MIPA220; 1:2000). Detection was done with the respective secondary antibodies
conjugated to horseradish peroxidase (1:5000; Dako), before development with

supersignal chemiluminescent substrate (Pierce).

Electron microscopy

Needles were visualized by transmission electron microscopy as described.®%. After
induction of the yop regulon for 4 h at 37 °C bacteria were harvested by centrifugation
at 2000g and resuspended gently in 20 mM Tris-HCI, pH 7.5. Droplets were applied
for 1 minute to freshly glow-discharged, formvar-carbon coated grids, and negatively

stained with 2 % (w/v) uranyl acetate. Bacteria were visualized in a Philips CM100
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transmission electron microscope at a nominal magnification of 20,000x and an
acceleration voltage of 80 kV. Sizes were measured with the Soft imaging system

software (Hamburg, Germany).

Expression and Purification of YscU®

The cytoplasmic domain of YscU® was expressed in E.coli Tuner (DE3) cells using
vector pGEX-6P-1 (GE Healthcare). A single colony was used to inoculate a
preculture of 20 mL of Luria-Bertani medium with 200 uyg/mL of ampicillin. The cells
were grown at 37 °C to an Agpo of 0.6. A 10 mL preculture was transferred in 1 L of
Terrific Broth (100 pg/mL of ampicillin), grown at 37 °C to an Asgo of 0.6, supplemented
with 0.2 mM isopropyl thiogalactopyranoside, incubated for 16 h, and then harvested
by centrifugation.

Harvested cells were resuspended in PBS, containing 2 yL of Benzonase (250 U/mL,
Novagen) and 1 tablet of Complete Mini Protease Inhibitor (Roche). Cells were lysed
by French press and centrifuged. The supernant was incubated with glutathione
Sepharose (GS, GE Healthcare) for 4 h at 4 °C. Unbound protein was washed three
times from the GS column with protease buffer (50 mM Trizma base pH 7.5, 150 mM
NaCl, 1 mMDTT, 1 mM EDTA). A 75 puL sample of PreScission Protease (GE
Healthcare) in 10 mL protease buffer was incubated with loaded GS over night at 4 °C.
The protein was eluted four times with protease buffer and dialysed against buffer A
(20 mM Hepes, pH 7.0, 100 mM NaCl). The protein solution was applied to a cation-
exchange column (MonoS, GE Healthcare) equilibrated with buffer A and eluted with a
0.1 M -1 M NaCl gradient in buffer A. The YscU®-containing fractions were identified
by SDS-PAGE, concentrated to 5-15mg/mL and further purified using a gel
permeation column (Superdex S75 16/60, GE Healthcare) equilibrated with 20 mM
Hepes pH 7.0, 150 mM NaCl. I-Selenomethionine (SeMet)-labelled and N-labelled
YscU® N263A, as well as N-labelled YscU® wild type were as described.*® YscU®
mutations were introduced using the QuikChange kit (Stratagene) and verified by DNA
sequencing (GATC, Konstanz, Germany). YscUC variants were purified as described

above.

Preparation of pH-dependet cleavage
The different YscUC variants were expressed and purified as described above. P264A

was dialysed against 25 mM Ches-buffer, 100 mM NaCl for 3h at room temperature.
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P624G, H266A/R314A and N263D were dialysed against 25 mM CAPS-buffer,
100 mM NaCl for 4h at room temperature. Afterwards, the solution of protein P264G
was stored for 48 h and H266A/R314A and N263D were stored for 24 h at 4 °C.
Cleaved proteins were submitted to SDS/15% PAGE and stained with Coomassie

brilliant blue.

Crystallization and Structure Determination

YscU® N263A and its SeMet-labelled derivative were crystallised using the hanging
drop method using 3 yL of a 8 mg/mL protein solution mixed with 3 yL of reservoir
buffer (1.6 M (NH4).SO4, 0.2 M NaCl, 0.1 M Hepes, pH 7.5) in the droplet. Crystals
grew within ~4 days at 20 °C to sizes of up to 180 ym x 180 ym x 120 ym. Crystals
were transferred in cryo buffer containing reservoir buffer with 16 % (v/v) glycerol as a
cryo protectant and flash-frozen at 100 K in liquid nitrogen. Four multiwavelength
anomalous diffraction (MAD) data sets of SeMet-labelled YscU® N263A were collected
at beamline X12 at the EMBL Outstation (Hamburg, Germany) and processed with the
HKL2000*° and MOSFLM.*' Localization of two selenium sites, which were used for
phasing and the generation of a partial model, was done with AUTORICKSHAW.*
Manual model building was carried out using COOT*® and refinement was completed
using REFMACS5. **

The X-ray data set of YscU® N263D was collected at ESRF beamline ID29 (Grenoble,
France), processed with MOSFLM*' and scaled with SCALA.** Using REFMAC5*® and
SeMet-labelled YscU® N263A as a phasing model, the structure was solved by
difference fourier and further refined with COOT *® and REFMAC5.**

The validation of both structures was done with MOLPROBITY.*" Data collection and
refinement statistics are given in Table 1. Figures were prepared using PYMOL

(http://pymol.org).

NMR Analysis

For NMR spectroscopy, we used a 12 mg/mL solution of uniformly "°N-labelled YscU®
in a mixed solvent of 95% (v/v) H20, 5% (v/v) ?H20 and a 10 mg/mL solution of YscU®
N263A in the same solvent. The NMR samples contained 50 mM NaCl, 3 mM KCl,
12 mM Na;HPO, and 2 mM KH;PO, at pH 6.8. The Bruker Advance Il 600
spectrometer used for this study was equipped with a 5-mm Z-axis gradient triple-

resonance cryo-probehead. The 2D ["°N,'H] correlation spectra were recorded at
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®1=2100 Hz and ® = 8400 Hz. The maximal evolution times were timax= 60 ms and
tomax = 240 ms and the time domain data size was 256 x 2048. Programs PROSA*®

and CARA*® were used for data processing and spectral analysis, respectively.

Protein Data bank accession codes
The coordinates have been deposited in the Protein Data bank (PDB) under accession

code 2v5g and 2wOr.
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Figure Legends

Fig. 1. Ribbon plot of the monomer of YscU® N263A. The position of the mutation
in the cleavage site is indicated by an asterisk (*). After cleavage YscUC is divided into
an N-terminal and a C-terminal half, shown in brown and green, respectively. The
modified NPTH motif, as well as Arg314 and Arg296, are depicted as stick-and-ball

models.

Fig. 2. (a) Detailed stereoview of the modified NPTH motif of YscU® N263D. The
C-terminal and N-terminal halves are shown in brown and green respectively. The
isosteric Asp263 is optimally positioned (109°) for a nucleophilic attack, as indicated
by the red dashed line. Hydrogen bonds are indicated by black dashed lines. The
(2Fo-Fc,ac) electron density map of the cleavage site is depicted at a contour level of
1.50.

(b) Orbital-model illustrating the stabilizing orbital overlap. The anti-bonding
o*-molecular orbital (MO) of the C4-N bond in Asn263 (blue) interferes with the
nascent bonding 0-MO of the C(=0)-N-bond (red).

Fig. 3. [**N,'H]-HMQC NMR spectra of YscU®. The contour lines of wild-type YscU®

are shown in orange, those of YscU® N263A in black.

Fig. 4. Cleveage behaviour of different YscU® variants expressed in E.coli. (a)
Coomassie-stained 15% SDS-PAGE analysis of cells producing various YscU®
variants. (b) Overexpressed cells analyzed by immunoblotting using an anti-YscU®
antibody. (c) pH-dependent cleavage of YscUC-variants. SDS-PAGE analysis of

purified YscU®-variants incubated at different pH-values.

Fig. 5. Analysis of LcrV secretion by different yscU mutants. Total cell (TC) and
supernatant (SN) fractions of corresponding in trans complemented Yersinia AyscU

mutant bacteria analyzed by immunoblot with anti-LcrV antibodies.
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Fig. 6. Needle length measurements of yscU mutant bacteria expressing the
corresponding yscU alleles in trans from the pBAD promoter. Indicated are the

median, the standard deviation (sd), and the number of needles measured (N).

Fig. 7. Structure-based model of succinimide-mediated cleavage of YscU. (I)
His266 (or a His266-activated water molecule) abstracts a proton from the B-amide
nitrogen of Asn262. The latter nucleophilically attacks the Asn262 carbonyl resulting in
the rate-limiting tetrahedral intermediate (ll). Cleavage of the peptide bond yields a

labile C-terminal succinimide (1) which is hydrolysed to asparagine or iso-asparagine.

Fig. 8 (a) Structure-based sequence alignment of YscU® from Y. enterocolitica
(Swiss-Prot. accession number Q56844) with FIhB® from S. thyphimurium (P40727),
EscUC from E. coli (Q7DB59), SpaS® from S. thyphimurium (P40702), Spa40° from
S. flexneri (Q6XVW1) and HerU® from X. oryzae (Q5H6T1). The secondary structures
are from YscU® N263D. Conserved amino acids are marked in bold letters on coloured
backgrounds. Substituted residues in this study are indicated by a yellow background.
Less conserved amino acids are also bold and coloured in blue.

(b) Stereoview YscU® variant N263D (green) superimposed on its wild-type
homologues EscUC (blue), SpaSC (grey) and Spa40® (orange). Important positions

are marked by a green sphere.

Fig. 9 Model of tripartite domain arrangement of YscU: The N-terminal,
membrane-spanning domain is followed by a flexible linker region and a globular

autocleavage domain.
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Table 1 Data collection and refinement statistics

SeMet-labeled Ysclnao:n Yeelneen
Peak Inflection High remote Low remote

Data collection sististics
Beamline DESY X12 DESY X12 DESY X12 DESY X12 ESRF ID28
Space group P4.2,2 P4.2.2 P4.2,2 P4.2,2 P4.2.2
Unit cell: a, ¢ (A) 56.2,68.1 66.2, 68.1 66.2, 68.1 66.3, 68.8 66.5, 681
Wavelength (A) 0.97854 0.97893 0.895370 1.0000 0.9500
Resolution (A) 30.0-2.33 40.0-2.33 40.0-2.33 30.0-2.0 10.0-1.55

(2.41-2.33) (2.41-2.33) (2.41-2.33) (2.11-2.0) (1.63-1.55)
Mosaicity (°) 0.80 0.98 0.89 095 0.24
Unique reflections 6910 (670) 6907 (663) 6920 (667) 10836 (1517) 21871 (3232)
Completeness (%) 100 (99.9) 100 (100) 100 (100) 100 (100) 96.7 (99.9)
Multiplicity 13.6 (12.0) 13.6 (12.6) 13.8 (13.3) 13.6 (13.6) 3.1(3.1)
Ve, 317 (8.2) 343 (8.8) 34.0(9.5) 81(2.2) 8.4 (4.8)
R %Y 8.2 (31.5) 7.7(29.8) 7.8(31.0) 6.9(35.2) 52(15.1)
Wilson B-factor (A2) 39 39 38 25 19
Solvent content (%) 45 45 45 45 45
Refinament statisfics
R oy Pree” (%) 22171253 2017225
Mumber of atoms
Protein / solvent / chloride 1027 /16211 1104 113372
rmsd.
Bonds (A) / angle (°) 0.015/1.756 0.019/1.698
Ramachandran plot
Residues in favoured /
Allowed regions (%) 953/47 9654/38
B-factor (A*) average
Protein / solvent / chloride 299/347/27.0  203/336/351

Values in parentheses refer to the highest resolution shell.

100 2oz~ 1Y Zalz )

a =
Rumg:

bR =100 ¥ ppfo— Fol> 0o Test set size for YscUMN262A rem 5% and for YsclUN2030 349,
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Supplement 1 Plasmids used in this work

Plasmids Current strain Genotype and derivation References
designation

pYV plasmids

pYV40 WT pYV plasmid from Y. enterocolitica E40 Sory et al.’

pYVe22703 pYVe22703 pYV plasmid from Y. enterocolitica \W227 Cornelis ef al.2

serotype O:9
pLY4001 AyscU pYV40 AyscU: deletion of yscU codons 1-354  Sorg et al3

Expression plasmids

pBADMycHisA Invitrogen

pLY7 yseUttt pBAD:: yscl, yself was amplified from Sorg et al3
pYVe22703 using oligos 3704 and 3724 and
cloned into the Ncol / EcoRl sites of
pBADmycHisA

pSTW7 yacUyogaattt PBAD:: ysclUy.s4, mutation N263A was Sorg et al.3
introduced into pLY7 by site directed
mutagenesis using oligos 3725 and 3726

pISO153 ¥5CUgqatt PBAD:: ysCUpg,,,, mutation R314A was this study
introduced into pLY7 by site directed
mutagenesis using oligos 4842 and 4843

pISO166 yscUyaeap™" pBAD:: yscly 550 Mutation N263D was this study
introduced into pLY7 by overlapping PCR
using oligos 3724/4955 and 4954/3704

pISO167 y8CUpog30" PBAD:: ysCUy 43¢ Mutation N2683Q was this study
introduced into pLY7 by overlapping PCR
using oligos 3724/4957 and 4956/3704

pISO168 VSCU yagea*t PBAD:: ySCU, 1ng6a: Mutation H266A was this study
introduced into pLY7 by overlapping PCR
using oligos 3724/4959 and 4958/3704

plSO169 YSCUssanmaran™™  PBAD: ¥SCU pssamasgn Mutation H266A was  this study
introduced into pISO153 by overlapping PCR
using oligos 3724/4959 and 4958/3704

pISOA174 YsCUpagea™" PBAD:: ysclUpyg e mutation P264G was this study
introduced into pLY7 by site directed
mutagenesis using oligos 5031 and 5032

pISOA175 ¥8€Upsgea*t* PBAD:: yscUg,gs,; mutation R296A was this study
introduced into pLY7 by site directed
mutagenesis using oligos 5033 and 5034

'Sory MP, Boland A, Lambermont |, Comnelis GR (1995) Identification of the YopE and YopH domains
required for secretion and interalization into the cytosol of macrophages, using the cyaA gene fusion
approach. Proc Natf Acad Sci U S A 92: 11998-12002.

2Carnelis G, Vanootegem JC, Sluiters C (1987) Transcription of the yop regulon from Y. enterocolitica
requires trans acting pYV and chromosomal genes. Microb Pathog 2: 367-379.

3Sorg, |, Wagner, S., Amstutz, M_, Muller, S. A Broz, P, Lussi, Y., Engel, A. & Cornelis, G. R. (2007). YscU
recognizes translocators as export substrates of the Yersinia injectisome. Embo J 26, 3015-24.



Supplement 2 Oligonucleotides used for the genetic constructions

No. Sequence Restriction site
3704 gatcgaaticttataacatttcggaatg EcoRI
3724 gatcccatggecagcggagaaaagacagag Neol
4842 atcccattagccgctgcetctttattgg

4843 ccaataaagagcagceqggctaatgggat

4956 gtggtggtagetcagecgacecatatig

4957 caatatgggtcggctgagctaccaccac

4958 gctaatccgaccgctattgetatigg

4959 ccaatagcaatagcggtcggattage

5031 gctcatcagtggtggtagetaatgggacceatatigetatiggtatictitataage

5032 gcttataaagaataccaatagcaatatgggtcccattagetaccaccactgatgage

5033 cgatgcccaagttcagactgtggccaaaatagcagaagaagaagg

5034 ccticttcttctgetattttggecacagtctgaactigggeateg




