


4.4 Results

Table 4.6: DLS statistics of purified His-SycD and His-SycD/YopD complex according to the histograms
shown in figure (4.8

Ry (nm) MW (kD) polydispersity (%) baseline SOS error n

His-SycD 3.4 58 £ 1 142 £ 6.2 1.000 1.8 £ 0.7 15
His-SycD/YopD 6.4 120 £ 2 23.2 £ 8.1 1.000 44+£15 15
4.4.4 DLS

Due to the importance of a homogeneous solution of soluble protein as a prerequisite for
crystallization, the monodispersity of the purified His-SycD and His-SycD/YopD complex
was confirmed by DLS. Both protein species were highly monodispers in solution, when
measured at similar concentrations as used during the crystallization experiments (see
figure and table [L6]). The estimated molecular weights from the calculated hydrody-
namic radius obtained from the autocorrelation function (58 kD for His-SycD; 120 kD for
His-SycD/YopD) are in very good agreement with the ones determined by the calibrated
Superdex 200 column (~60 kD and ~130 kD, respectively; see also section [L.4.3). Since
the size determination in both methods is based on the apparent hydrodynamic radius of
the protein particles, the calculated molecular mass is not very accurate and can easily
be overestimated when the shape of the particles deviates significantly from an assumed
ideal sphere. The observed particles most probably represent a homodimer of His-SycD
(theoretical mass 44 kD) and a heterotetramer of a His-SycD dimer binding two YopD

molecules (theoretical mass 116 kD).

4.4.5 Sensitivity of His-SycD to oxidation

SycD from the Yersinia virulence plasmid pYVe227 and in this study expressed from
plasmids pPB11, pPB14 and pPB17 has four cysteines at positions 63, 79, 113 and
164 within its amino acid sequence. Cysteines are known to be prone to oxidation.
They can form intra- and intermolecular covalent disulfide bonds between two adjacent
side chains via their sulfo-hydryl groups by the following spontaneous chemical reaction:
2 R-SH 4+ Oy — R-S-S-R + 2 H5;0O. Many periplasmic and extracellular proteins con-
tain intra- and/or intermolecular disulfide bonds at redoxpotentials higher than —145 mV
(Jones et all 2004). Disulfide bonds can play important roles in protein function and

increase protein stability as e.g. in the very stable secreted cholera toxin. However,
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Figure 4.8: DLS intensity histogram of (a) His-SycD (¢ = 4.5 mg/ml) and (b) His-SycD/YopD complex
(¢ = 3.5 mg/ml) purified from His-SycD, YopB and YopD expressing cells.

within the reducing environment of the bacterial cytosol, which is the natural environ-
ment of SycD, disulfide bonds usually do not form. We therefore investigated if His-SycD
is oxidized during purification. Disulfide bond formation in purified His-SycD and His-
SycD/YopD complex was proven by comparing the protein samples on PAA gels, that were
run under reducing or non-reducing conditions (figure [L.9]). Beneath the single monomer
band of purified His-SycD on a reducing gel, a second band, which runs a bit faster, ap-
peared on a non-reducing gel. This indicates the formation of an intramolecular disulfide
bond in some but not all His-SycD molecules. Even after longer storage times the pro-
tein did not convert completely into its oxidized form and the inhomogeneity remained.
Within the complex with YopD, His-SycD behaves differently. The monomer band al-
most disappears on the non-reducing gel. Instead a band with the apparent molecular
weight of a His-SycD dimer appeared above the YopD band indicating that the observed
His-SycD dimer in the complex is stabilized by a intermolecular disulfide bond [compare
with the results obtained by SEC and DLS (sections and [£.4.4]). YopD itself does
not contain any cysteines in its amino acid sequence and thus is not involved in disulfide

bond formation.

Two attempts were made to prevent disulfide bond formation in His-SycD under the
artificial oxidative conditions during the purification, since inhomogeneity in disulfide
bonds can be an important obstacle for crystallization. The first approach was the use
of reducing agents during the purification. Initial tests with protein purified under non-
reducing conditions revealed, that 5 mM DTT, 20 mM (-mercaptoethanol and 20 mM
glutathion were sufficient to dissolve already formed disulfide bonds in His-SycD. Their

use during the purification neither had an influence on the protein purity nor the elution
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His-SycD His-SycD/YopD
roonr roonr
36 KD = W = His-SycD dimer
31 KD = 36 kD == e we — YopD
31 kD =
21 kD — W
21 KD = = == His-SycD monomer

Figure 4.9: Comparison of reducing (r) and non-reducing (nr) SDS-PAGE of His-SycD and His-
SycD/YopD purified under non-reducing conditions from His-SycD, YopB and YopD expressing cells
(plasmid pPB14). The disulfide bond formation of His-SycD within a homodimer differs from that in the
complex with YopD.

behaviour from the gelfiltration column and led to homogeneous protein without disulfide
bonds. Only the nickel column had to be regenerated more frequently since reducing

agents led to partial stripping of the nickel ions from the column.

The second approach was to generate oxidation resistant mutants of His-SycD by re-
placing the cysteine residues with alanines via site directed mutagenesis at one or more of
the four positions. All 15 possible combinations of cysteine to alanine mutations (see table
[4.7) were introduced into His-SycD on plasmid pPB14, where His-SycD is expressed to-
gether with YopB and YopD, and verified by DNA sequencing. So far ten of these mutants
(four single, three double, two triple and the quad mutant) have been further investigated
in respect to overexpression and solubilility of the three proteins and binding/elution be-
haviour to/from the nickel sepharose beads. Whereas the expression pattern of His-SycD,
YopB and YopD was more or less the same for all His-SycD mutants (not shown), substan-
tial qualitative and quantitative differences could be observed concerning the solubility of
the three proteins and the complex formation between His-SycD and YopD and/or YopB.
For comparison the cysteine mutants were purified from the soluble extract of transformed
E. coli cells with a nickel batch procedure. The elution fractions containing the His-SycD
mutants and the respective coeluted proteins were compared on a reducing and a non-
reducing PAA gel (figure [LI0). As expected, the purified cysteine to alanine mutants of
His-SycD showed considerable differences among each other on a non-reducing gel which
corresponds to differences in disulfide bond formation. Only two of the tested mutants

were resistant to oxidation by the formation of disulfide bonds: the double mutant 7D
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Table 4.7: His-SycD mutants created by site directed mutagenesis. Mutants that were already purified
and tested for their disulfide bond formation are highlighted in bold.

plasmid C63A C79A C113A Cl164A

pPB14-2C | - - -

pPB14-6C - ° - -

pPB14-3A | - ; . ]

pPB14-4C - - - °

pPB14-G3 . ° - -

pPB14-E1 ° - ° -

pPB14-4A | ; ; .

pPB14-12 - ° ° -

pPB14-6D - ° -

pPB14-7D - - ° °

pPB14-K2 ° ° ° -

pPB14-A1 ° ° - °

pPB14-1.2 . - ° °

pPB14-B2 - ° °

pPB14-B3 . ° °

538:5 ¢ s5iz¢g

50 kD 50 kD <
KD —— — —— :\tggg 36 kD =.:- - — :xgg

22 kD W ==His-SycD
..w 22kD .. .... S = His-SycD
.. -

16 kD - -
— 16 kD

(a) reducing SDS-PAGE (b) non-reducing SDS-PAGE

Figure 4.10: Comparison of ten nickel batch purified His-SycD mutants and their complexes with YopB
and YopD expressed from plasmid pPB14. The eluted protein samples were loaded on a reducing (a) and
a non-reducing (b) PAA gel to investigate the sensitivity of the His-SycD mutants to oxidation. 7D and
B3, highlighted in bold, are insensitive to oxidation [compare (a) and (b)].

100



4.4 Results

(His-SycD(C1134, C1644)) anqd the quad mutant B3 (His-SycD(C644, CT94, CLI3A, C1644)) = A]]
other cysteine to alanine mutants of His-SycD showed differences between the reducing
and the non-reducing gel and thus were no good candidates for crystallization exper-
iments. Mutant 7D was still able to bind YopD, but not YopB (figure £10). Both
His-SycD(C1134, C1644) 4n( its complex with YopD could be purified in the same way as
established for the original His-SycD/YopB/YopD expressing construct. The yield of so-
luble His-SycD(C1134; €1644) anq coeluted YopD was significantly lower, but still enough to
purify sufficient amounts of His-SycD(C1134, C1644) anq His-SycD(CH3A: C1644) /YopD com-
plex for crystallization experiments. In contrast, the quad mutant of His-SycD could only
be purified in small amounts and only without the copurification of YopD. Due to these

reasons the quad mutant B3 was not further investigated.

4.4.6 Cleavage of the N-terminal His-tag

In all plasmids used for the overexpression, twenty residues, containing amongst others
the His-tag, are fused to the N-terminus of SycD. A thrombin cleavage site within the

linker region allows to remove the tag, that

might interfere during crystallization, after the = E © £ £ § 3
purification.
55 KD
The optimization of the thrombin cleavage — ;5,p— —YopD
conditions was performed with wild type His- *'*°—
SycD and included different temperatures, pro-  s1xp— " o :g;SC’SVCD

tease : protein ratios and incubation times as
described in section [4.3.60l Complete cleavage of
the His-tag from nickel purified His-SycD and
His-SycD/YopD complex, expressed from plas-
mid pPB14, was observed after incubation for S o
six hours at 22°C with 0.5 U thrombin/mg pro- gelfzgenélollegfg;rgg iﬁogoi;ii{tlxﬁrﬁlb;g;ig

tein (see figure LI1T)). These optimized condi- purified from His-SycD/YopB/YopD express-
ing cells at 22°C. Before the cleavage with
0.5 U thrombin/mg protein, the imidazole was
C113A, C164A) hefore crystalliza- removed as described in section

tions were also suitable and applied to the double
mutant His-SycD!

tion experiments (data not shown).
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4.4.7 Crystallization screenings

Sufficient quantities of highly pure and homogeneous protein for crystallization experi-

ments could be obtained for the following proteins:

e His-SycD expressed in presence of YopB (see table [1.4)

His-SycD expressed in presence of YopB and YopD (see table [£.4))

Sch(c113A, C164A

(see table A3))

His-SycD/YopD, expressed in the presence of YopB and YopD (see table E.H])

) after thrombin cleavage, expressed in presence of YopB and YopD

SycD(C1134, C164A) /yop D after thrombin cleavage, expressed in presence of YopB and

YopD (see table E3))

With these proteins extensive crystallization screenings were performed on a nanoliter
scale with a crystallization robot by the sitting drop vapor diffusion method. The results

are summarized in the following.

Crystallization screenings with variants of SycD

The greatest effort in the crystallization of SycD has been done with the wild type protein
containing the His-tag. Table [4.4] gives an overview about the tested conditions. Initial
screenings with varying protein concentrations revealed that a His-SycD concentration
of ~5 mg/ml seems resonable for crystallization since at higher protein concentrations
almost every drop contained precipitate whereas at lower concentrations the protein in
most of the drops was not saturated and the drops stayed clear. Further tested parameters
included the incubation at two temperatures (8°C or 18°C) and the crystallization in the
presence or absence of different reducing agents. Since in non of the tested conditions,
microcrystals or crystals other than salt could be observed, the oxidation insensitive

D(C113A, C164A)

mutant His-Syc was tried for crystallization after the N-terminal His-tag

was removed (see table A.3]). This approach also did not result in crystals.

Crystallization screenings with variants of a SycD/YopD complex

Most crystallization conditions with the complex were performed with the wild type SycD
containing the His-tag. The tested conditions are listed in table L8l As in the case of
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His-SycD, a concentration of the His-SycD/YopD complex around 5 mg/ml seemed suit-
able for the crystallization due to the balanced ratio of precipitates and clear drops. The
tested parameters during crystallization of this protein complex included the incubation
of the plates at two temperatures (8°C or 18°C), the presence or absence of different
reducing agents as well as the addition of various divalent cations to the protein drops.
However, non of the tested conditions produced protein crystals. Additional crystalliza-

tion experiments with a protein complex composed of the oxidation insensitive mutant
SycD(CH3A, C164A) (removed His-tag) and YopD (table E3) also did not result in crystals.

4.5 Discussion

T3SS are used by numerous pathogenic or symbiotic Gram™ bacteria to inject powerful
effector proteins directly into target cells of their eucaryotic host. This mechanism ensures
the survival of these bacteria in their host either extra- or intracellularly within vacuoles
or phagosomes. Since their discovery in the early nineties extensive research on these
fascinating nanomachineries led to the current knowledge of their structure and function.
An increasing number of high resolution structures of single components is now completing
our understanding of the T3S mechanism. The archetypal Ysc system of pathogenic
Yersinia species including the infective agent of bubonic plague is one of the best studied
T3SSs. However, a mystery that remains up to now is the formation of the translocation
pore in the eucaryotic membrane by the so-called hydrophobic translocators YopB and
YopD. So far, such pores neither could be visualized by electron microscopy nor was it
possible to solve a 3D structure of one of its components. Structural investigations were
hindered by the tendency of the hydrophobic translocators to be unstable and to form
large insoluble aggregates when recombinantly expressed. During their cytosolic stage in
Yersinia, YopB and YopD are shielded by their specific chaperone SycD. However, the
exact role of SycD is still unclear and multiple functions from avoiding the aggregation,
keeping YopB and YopD in a stable, secretion competent conformation up to providing a

3D secretion signal and setting a hierarchy for translocator secretion seem conceivable.

In this study an N-terminally His-tagged version of full-length SycD was recombinantly
expressed in E. coli either alone or together with YopB or with YopB and YopD in order
to purify the chaperone or stable chaperone/translocator complexes for their structural in-
vestigation by X-ray crystallography. Whereas His-SycD was not soluble when expressed
without translocators, an increasing amount of His-SycD remained in the supernatant
after the coexpression together with YopB or YopB and YopD. [Schmid et all (2006]) could
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avoid the formation of inclusion bodies during high level expression of a C-terminal His-
tagged SycD variant by using a low expression temperature (27°C), but this approach
did not improve soluble expression of the N-terminally tagged His-SycD when expressed
without a binding partner. Possible explanations for the observed phenomenon of in-
creased His-SycD solubility in the presence of hydrophobic translocators are, (1) that the
latter induce chaperones of the general stress response in E. coli that assist the folding
of His-SycD, (2) a catalytical effect of YopB and YopD during the folding process of His-
SycD or (3) that the presence of translocators leads to a decrease of free His-SycD during

expression which might prevent aggregation.

From the two constructs expressing soluble chaperone, large quantities of highly pure
His-SycD could be purified. Investigations by IEF, SEC and DLS revealed that His-SycD
is homogeneous and monodisperse in solution with an apparent size of ~60 kD. The
observed particles probably represent His-SycD dimers since, at least in the complex with
YopD, disulfide linked His-SycD dimers were confirmed by non-reducing SDS-PAGE. The
increased apparent molecular weight in respect to the theoretical one (two times 21 kD)
might derive from a deviation of the dimer shape from an idealized sphere. A His-SycD
dimer is in agreement with other studies (Darwin and Miller 2001} [Schmid et all, 2006
Tengel et al], 2002) and analogous to class I chaperones which all form dimeric structures
(Feldman and Cornelis| 2003} [Johnson et all, 2005} [Parsot et all, 2003). However, despite
the apparent homogeneity, extensive crystallization screenings with His-SycD samples

never produced any crystals.

Due to the sensitivity of His-SycD to oxidation via disulfide bond formation, various
mutational cysteine versus alanine substitutions were performed. Testing the mutants for
soluble expression, stability against oxidation and their capacity to bind YopB and YopD
yielded the oxidation insensitive His-SycD(C1134 C1644) mytant, that behaved identical
to wild-type His-SycD in other respects. However, even after removing the His-tag by

C113A, C164A)

thrombin cleavage no His-SycD! crystals could be obtained.

During the course of this study the structure of a truncated version of SycD could be
determined by another group (Biittner et all [2008)). The protein was expressed as a glu-
tathion S-transferase fusion protein with an N-terminal glutathion S-transferase tag which
was removed by specific protease cleavage during the purification procedure. After the
observation that the first twenty residues at the N-terminus of SycD degrade during longer
storage at 4°C, which was confirmed by limited proteolysis, Biittner and collegues cre-
ated a shorter expression construct encompassing residues 21-163 (SycDo;_163) that finally

crystallized. This suggests that the N-terminal region of SycD probably is not accurately
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(a) class I (b) class IT (c) class IIT

Figure 4.12: Three classes of T3S chaperones. (a) Heterodimer of the class I chaperone EspN/YscB
bound to YopN. Both chaperone monomers show the typical a/f sandwich fold which is typical for all
class I chaperones. The heterodimeric structure is special since most other class I chaperones act as
homodimers. (b) The class II chaperone SycD forms homodimers and shows an all « fold containing
three tetratricopeptipe repeat motives within each monomer. (c¢) The class III chaperone CesA bound to
the filament forming protein EspA. Note that EspA resembles a second EspA monomer in the four helix
bundle of the 1 : 1 complex. Chaperones are represented in red and orange, the secreted partners in blue.
The coordinate files (1XKP, 2VGX, 1XOU) were downloaded from the PDB 2000) and
the figures created with PyMOL [2002]).

folded and not ordered in the structure and thus hinders crystal formation. Such a degra-
dation of His-SycD could never be observed in this study. In addition to the N-terminus,
Biittner et all (2008) also removed the last five residues at the C-terminus including C164
since ”it might cause disulfide mediated oligomerization”. The relevance of C164 for sen-
sitivity of SycD against oxidation is in agreement with the results presented here. The
double mutant His-SycD(CH134 €1644) did not show any oxidation even though the sin-
gle His-SycD(C6*A) was not sufficient to completely abolish oxidation. Disulfide linked
aggregates have never been observed for His-SycD and the highest observed oligomers
were dimers which is in agreement with the published crystal structure. So the influ-
ence of C164 in avoiding crystallization seems to be rather a matter of conformational

inhomogeneity than of aggregation.

The crystal structure of SycD published by [Biittner et all (2008) revealed a new fold
for this first class II chaperone in comparison to class I or III chaperones (see figure
HI2)). So indeed, it was important to solve the SycD structure to gain new insights in
the T3S process. The idea that T3S chaperones could set a hierarchy on secretion is
already discussed in further publications (Birtalan et all 2002; [Feldman and Cornelis),
2003)). The finding that the different classes of chaperones have unique structures fits

into this model. One could imagine, that needle components bound to their specific class
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IIT chaperone have the highest affinity to the secretion apparatus and thus are secreted
first. Translocator loaded class II chaperones might be secreted if the amount of the
first decreases in the bacterial cytosol. Subsequently it would be the turn of the effectors
that have a specific class I chaperone, and in a last step, chaperone independent and
possibly cotranslational secretion might complete the “bacterial kiss”. Of course, further

experiments need to be done to support or rebut this model.

In contrast to the detailed information about effector/class I chaperone interactions
obtained from several 3D structures with atomic resolution, the knowledge about translo-
cator binding to class IT chaperones is scarce. Limited proteolysis of a PcrH/PopD com-
plex, the P. aeruginosa equivalent to the SycD/YopD complex, revealed several protected
fragments of the N-terminal region of PopD that all include the predicted hydrophobic
transmembrane region [Faudry et al] (2007). This suggests that translocator binding to
their chaperone occurs in analogy to effector-chaperone complexes with the N-terminal
region, and that the hydrophobic segments are protected by the chaperone to prevent
aggregation. In this study, well defined His-SycD/YopD complexes could be purified from
E. coli cells expressing His-SycD, YopB and YopD. Even though YopB was copurified
with these complexes by IMAC, homogeneous complexes containing YopB could not be
obtained, neither with His-SycD nor with His-SycD and YopD. In cells expressing only
YopB together with His-SycD, the situation was even worse, since YopB could only be
detected in the insoluble fraction of lysed cells. Aggregation of translocator proteins is an
abundant phenomenon and the fact that YopB has two predicted transmembrane regions

instead of one in YopD putatively makes it more susceptible to this problem.

Investigating the His-SycD/YopD complex according to its size by analytical gelfiltra-
tion and DLS revealed molecular masses in the range of 120-130 kD which strikingly agrees
with 121 kD determined for the homologous IpgC/IpaC complex from S. flezner: (Birket
et al,2007). In combination with crosslinking studies, Birket et al! (2007) proposed a 2 : 2
complex which also seems reasonable for His-SycD/YopD with the monomers encompass-
ing molecular weights of 21 kD and 33 kD, respectively. Extensive crystallization exper-
iments with the purified His-SycD/YopD and oxidation stable SycD(C1134 C1644) /'y
(removed His-tag) complex unfortunately did not result in crystals — maybe due to the
same reasons as already discussed for the crystallization of His-SycD alone or maybe due
to other features arising from disordered parts of YopD. Whether T3S chaperones play
a role in keeping their substrates completely or partially unfolded is discussed contro-
versially in the literature. If this were the case, crystallization of complexes including

full-length translocators would be a major challenge or not possible at all. Whatever the
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problem is, there is at least one example of an outer T3S protein which could be crystal-
lized together with its class I chaperone, and that was folded in the complex (see figure
E12L [Schubot et all, 2005). So far, there is no reason conceivable, why the hydrophilic
domains of the translocators YopB and YopD should not be folded, too, when bound to
their class IT chaperone SycD and then, why such complexes should not theoretically crys-
tallize. Protein crystallization is known to be an unpredictable trial and error procedure.

Further work hopefully will answer these questions.
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2D
3D
ABC

BCA
BCIP
B-O0G
B-thio-OG
B-DG
3-NM
3-DM
3-UM
f-DDM
blast
CsEy
CsE,
CF-4
CF-5
CF-6
CF-7
Cm
cmce

cv

DLS
DTT
EDTA
EM
EPEC
FPLC
FWHM
Hepes
HHE-«
His-tag
IDA
IEF

A List of abbreviations

two-dimensional

three-dimensional

ATP binding cassette

ampicillin

bichininic acid
5-bromo-4-chloro-3-indolyl phosphate
n-octyl-3-D-glucoside
n-octyl-3-D-thio-glucoside
n-decyl-3-D-glucoside
n-nonyl-3-D-maltoside
n-decyl-B3-D-maltoside
n-undecyl-p-D-maltoside
n-dodecyl-3-D-maltoside

basic logical alignment search tool
tetraethylene glycol monooctyl ether
n-octylpolyoxyethylene

cyclofos-4

cyclofos-5

cyclofos-6

cyclofos-7

chloramphenicol

critical micelle concentration
column volume

dynamic light scattering
dithiothreitol
ethylenediaminetetraacetic acid
electron microscop-e/y
enteropathogenic E. coli

fast protein liquid chromatography
full-width-half-maximum
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
all-trans 4,4 propylbicyclohexyl-o-D-maltoside
histidine tag

iminodiacetic acid

isoelectric focussing
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IMAC
IPTG
LB
MAD
MALDI-MS
MDPP
MPL
NBT
NCBI
NTA
PAA
PAGE
p-blast
PCR
PDB
Pi
PMSF
PVDF
rms
SD
SDS
SE
SEC
SLS
SOS

immobilized metal affinity chromatography
isopropyl [3-D-thiogalactopyranoside
Luria-Bertani

multiple anomalous dispersion

matrix assisted laser desorption/ionization mass spectrometry
Modular Micrograph Data Processing Program
mass-per-length

nitro blue tetrazolium

National Center for Biotechnology Information
nitrilotriacetic acid

polyacrylamide

polyacrylamide gel electrophoresis
protein-protein blast

polymerase chain reaction

Protein Data Bank

inorganic phosphate

phenylmethylsulphonyl fluoride
polyvinylidene difluoride

root mean square

standard deviation

sodium dodecyl sulfate

standard error

size exclusion chromatography
Swiss-Light-Source

sum over squares

scanning transmission electron microscop-e/y
type I secretion (system)

type II secretion (system)

type III secretion (system)

type IV secretion (system)

type V secretion (system)

transfer-DNA
trishydroxymethylaminomethane

zwittergent 3-8

zwittergent 3-10

zwittergent 3-12

zwittergent 3-14

zwittergent 3-16



B E. col: optimized nptA sequences

The ten gene sequences that were synthesized for the expression of NptA proteins in E.
coli are listed here. The GenBank identifier of the original gene sequence (Benson et al.l
2008)) and the UniProtKB/TrEMBL accession number (Consortiuml, 2009) are given in
parenthesis. The 5 BamHI and 3’ Xhol site are underlined.

Aeromonas salmonicida subsp. salmonicida A449
(GenBank: 4996447, UniProtKB/TrEMBL: A4SQ53)

5’ ggatccCAGCAAACCCAAAGCCTCCCGCAGCAGCGCGCGTICTCACTTCCGTTCTCTGTTCAACTGGGTTAC
GGTAATCGCACTGGTCTACATCATTCTGGTAGCGGTAGGCGCGGTTTCTCACGGTTTCAAAGGTTTTTCTGGTGGT
GCTGAAGGTGCTGCACAGATCTTTGCATTCGCCAATAACCCGTTTGTTGCTCTGCTGCTCGGCATTCTCGCTACTG
CGCTGGTCCAGTCTTCTTCCACCGTTACCTCTGTTATTGTCGGCCTGGTTGCTGGTGGCCTCCCTATTGGCATGGC
AATTCCGATGATTATGGGCGCTAATCTCGGTACGACCATTACGAACACCATCGTCTCTCTGGGCCACATCCGTGAC
CGCGCTGAGTTTCGTCGTGCGTTTGCAGCCGCCACGGTCCACGACTTCTTCAACCTCCTCGCCGTCTTCATCTTCC
TGCCGCTCGAACTCATGTTCGGTICTCCTCCAAAAATCTGCGGAATGGCTGGCGACCCTCCTGGTGGGTAGCGCCGA
TCTGTCTATGAAGGGTGTTGACTTTATGAAGCCACTGACCGCCCCTGCCCTGAACCTGATCGATTCTGCGGTCGCG
TTTCTGCCGGGTAAGGGTGCCGCCATCGCGACTATTGTAATCGGTATCCTGCTGATCCTCGCGTGTGTAACCTACC
TCGGTAAAGTTCTGCAGCAGGTTICTCGTTGGCCGTGCCAAGGAGCTGCTCCACAAAGCGCTGGGTCGTGGCCCGCT
GACCGGTATCGCGTCTGGTACCCTGGTAACGATCATGGTTCAATCCTCTAGCACGACCACGTCTCTGATGATCCCG
CTGGCGGGTGGCGGTGTTTTCTCTACCCGTCAGCTGTACCCGTTCACCCTGGGCGCGAACATCGGTACCACGATTA
CGGCCCTGCTCGCAGCTACGGCTATCTCTGGTGCAGGTGCAAAACTCGCCCTGACCATCGCCCTCGTTCACGTACT
CTTTAACCTCTTTIGCCGTTGTACTGATCTACGGTGTCCCGTTCCTCCGCGAGCTCCCAATCAAGGCGGCAGAGGGT
CTCGCCCGTGTTGGCTCTGAGAACAAACTCCTGGCACTCGGTTACGTTGCGGGTCTGTITTTTCGCACTCCCGGCTC
TCATGATGGTTGCATCTAAAtaatctcgag 3’
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B E. coli optimized nptA sequences

Algoriphagus sp. PR1
(GenBank: 126646065, UniProtKB/TrEMBL: ASHUUS5)

5’ ggatccGACCTGCTGGACCAAGAGAAGCCAGTTGCAAACAAGCCGAAAAGCTTCATTICTCATGCTGCTGGC
GATTGTGCTCTTCATCTTTAGCATCGACCTCCTCACGGTTGCCATGGGCCAGCTCAACAATTCTGTTGCGTCCAAC
ATTCTGATGGCGACCCGTAACCCGTTCGTCTCTCTGTTCATCGGTCTGCTGATGACGGCGCTGCTGCAGTCTTICTT
CTACCGTTACGTCTTCCATCGTTGCTATCGTCGCAGCCGGTAACATTAGCCTCGAACAGGCGGTTCCAATGGTTAT
GGGTGCGAACATCGGTACCACCCTCACCTCTACGCTGGTCAGCTTCAGCTACATTATGAAGAAAAAACACTTCAAG
CGCGCCATCTCTGCCGGTGTICCTCCACGACCTGTTCAACATCATCACCGTTIGCGATCCTGTTCCCGCTGGAGCTGT
ACTTCAAATTCCTGTCTAAATCGCGCACCAGCTCGCCTCTCTICTTCCTGACCGGTGAATCCTACAGCGGTGGTTTC
GGTTACAACAAAGTTTTTACGCGTCCGCTGACCGAATGGATCTCTGAAGTTCTGCAAATCCCATTCCTCACCCTCG
TTATCGCCATTTTCCTCGTCTTTGGTGCGATCAAACTGCTGAGCTCTGCGGTATACAAAGCCTTCGTGCTGGATTC
CTTCCAAAGCATCAACAACATGGTGTTTAAGAAGCCGTACCTGGCGTTCATCTACGGTACGTTTTITCACTGCGGCC
GTTCAGTCTAGCACGGTGACCACTTCICTCGTTGTTCCGCTCGTGGCGAACAAGAAAGTCTCCCTCAAGAAGGCGT
TTCCGTTTATCATTGGCGCGAATATTGGCACCACCATTACCGCGGCTATTGCCGCAATCTACAAAACCGAAGCGGC
CATCGCCCTGGCATTCGTCCACTTCCICTTCAACTTCTTCGGTGCGCTGATCTTTCTGCCGTTCCCGGGTATCCGT
AACATCCCGGTTACGCTCGCGAAATACATGGGTCGTAAAAGCGTTCAGACCCGCTTTATCGGTTTCGCGTACATCC
TGCTGACCTTTTTCATCATCCCGTTTICTICCTIGATCTATTTTTCTACCtaatctcgag 3’

Chlorobium phaeobacteroides BS1
(GenBank: 67938125, UniProtKB/TrEMBL: BBEEKW2)

5’ ggatccAGCGTTCATTCTIGGTACGCTCAGCCAGACGGGTTCCACTGGTTCTAAACCGGCCGTAAAGGAATG
GTTCTTCGTTGCCGTACTCGTGTATCTIGCTGCTCGTGTCCGTCGCACTGATCGGTTCTGGTTTTAAGGCGGCAGCC
GGTGACAACGCAAAAGAACTGTTCGCGTTTGCGGTAAACCCAGTCTCTGGTCTCGTTATTGGCATTGTCGCTACGG
CGCTGCTGCAATCCTCCTCCACGGTAACTAGCATTATCGTTGGCCTGGTGGCAGGCGGTCTCCCTGTAGGCATTGC
GATTCCGATGGTTATGGGCGCCAATATCGGCACGACTATCACGAACACCATCGTATCTCTGGGCCATGTGCGTGAA
GGTGAAGAATTCAAGCGTGCTTTTGCAGCCGCGACCATCCATGACTTCTTCAACCTCCTCTGCGTAATTATCTTCC
TGCCGCTGGAAATGTTTACGGGTTATCTGGCGAAAGCCGGCCACATGCTCGGCGTCTTICTTTGCCGGTGGCGACAG
CATGTCCATTAAGGGCTTCAACTTCATCAAGCCGCTCGTTAAGCCTGCGGTTCACCTGTTCGAAGGCACGCTCCAG
GGTGTTCTGCCGCAGGTTACCGCCGGCATCGTCACGATCATCATCGGCATTATGATCATCGTCGCCGTCATCACCA
TGCTCTCTCGTCTGCTGAAGGCCCTGATGGTTGGCAAAGCCAAAGAGATCCTCCGTAAATCTGTTGGTCGTGGTCC
ACTCTCCGGTATGTTTTCTGGCACCTTCCTGACCGTCCTCGTGCAGTCCAGCTCTACCACTACGTCTCTCATCGTT
CCGCTCGCGGGCAACGGTGTGTTCTCTCTGAAACAGATCTATCCGTTCACCCTCGGCGCAAACATTGGTACTTGCA
TCACCGCTCTCTTCGCAGCGACCGCGATTACCGGTCCGAACGCGGTTTTCGCGCTCCAAATTGCGTTCGTCCACCT
GCTIGTATAATGTTTCCGGTGTCCTGGTTATTTACTCTATGCCGCTCCTGCGCAACCTGCCGATCCGTGCGGCCGAA
GCGCTCGCCGAAGTGTCTACCGACAACAAACTGTTTGCCCTGGCGTACGTCCTGGGCGTGTTCTTTCTCATTCCGG
GCGTTCTIGATCTTTTTTAGCACGAACGGCGGTGTTtaatctcgag 3’
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Corynebacterium glutamicum ATCC 13032
(GenBank: 19553937, UniProtKB/TrEMBL: Q8NM36)

5’ ggatccATGCTCCTICTCCGGTTGGGGCAAGTTTGTTCGTTGGCTCCTCGTCCTGCTGTCCATTCTCGTCAT
TATCATCGGCATCAATCTCATCCTGGACGGTGTCTATGGCTTCGGCACCTTCAGCACTACGCAAATGTACCAAGTG
GCCAAAGACCCACTCATTGGCGTTCTGATTGGCATTCTGGCAACGGCACTCGTCCAATCCAGCACGACCACTACGA
CGCTCACCGTCACTGCGGTGGGTACGGGCATCGTGTCCGTTCCGGTCGCGATCCCGATTATTCTCGGCGCTAATAT
CGGTACCACCATTACTGCCATGCTCGTIGGCATTTAGCTACGTTGGCGAACGCCGTGAATTTAAGCGCGCCTTTACT
GTAGCAGCCATGCACGTGTGGTTCAACGTCCTCGTAATCCTCGTTCTGTTCGTCGTGGAACTGCTGTTCCACCCGT
TTCGTACTATCTCTGGCGCAATCGCAACCGAGATTACTCTCACTACCGGTGGTTCTCTCCCTACCTCCGGTGTTAT
GACGAAAATCTTTGACCCTCCAACGCAACTGCTCGGCATGAATGGTCTGATCGGCTCCATCGGTAATCCGAGCATT
TCCGCGATCGTTTGCCTGGTTGTAGGTACGATCCTCATTCTGATCTCCGTGCGTGCTATGTCCAGCCAAATTCGCA
CCATCACCGCGGCTACCGTTACGTCCATCATGGACAAGGTGATTAACCCGGAAAACAGCCCTAAGGCGACCATCCT
GTCTAACTTCTGGAGCTTTATCCTCGGCGTGCTCTTCACCCTGATGGTCACGGCTTCCTCTGTGACCGTAGCTTCT
ATGCAACCTGTCGCCGCGAGCGGCGTGGTAAAGCAGAAGCCGCTCCTGGGCGTTATCCTGGGTGCAAACGTGGGCA
CCACCGTGACTGCAATGTTCGCGACTTITCGCTATCGTCAGCGACCAAGGCGAGTTTGCCATCCAGGCAGCTCTGAT
TCACCTCATCGTCAACTTTACGGGTGCGCTGCTGGTGCTGTGCATTCCGCAGCTCGCTAATGTGATCATCCACCTG
GCGGAAAAAACCGCTAACCTGACTGCGCGTTCCTACTCTATCACTCTCGCTACCATCGTGACGGCGTATGTGCTGG
TCCCGAGCGCAGTACTCATGATTTACTTICTTCATCtaatctcgag 3’

Crocosphaera watsonii WH 8501
(GenBank: 67921248, UniProtKB/TrEMBL: Q4C7L6)

5" ggatccATTCAGCCGATCAACGACAAGATTACGGGCAAGAACAACAACTTCCTICAAGTGGCTGGGCGTTAT
CATCCTCGTCTACTTTCTGATTGTGGCGGTTACGCTCATCTCTAGCGGTTTCAAGCTGTCTGTTGGCGAACGCGCG
GAAGAGCTGTTTACTTTTGCAACGAACCCTTTCGCGGGTCTGATCGTTGGCATTATGGCGACCGCTCTCATCCAGT
CCAGCTCTACCGTCACGTCCATTATCGTGGGCCTCGTTGCGGGTGGCCTGCCGGTTAGCATCGCGGTTCCGATGGT
CATGGGCTCTAACCTGGGCACCACCATCACCAATACTATCGTCTCTCTCGGCCACATCGGTAACAAAGAGGAGTTC
CGTAAAGCGTTTGCAGCGGCGACCATCCACGACTTCTTCAACCTCCTGGCCGTTCTCATTTTCCTGCCGCTGGAGA
TCACCACCCATTTCCTCGAAAAAACTGCACTGTTCCTGGCGCAGTTCCTGAAAGGTACCGAAACCCCGGACCTCAC
GGGCTTCAATTTCGTTGAGTTCATCACCGTACCGGTGCTCAAGCTCATGAAACAGGTTACCGTGAACCTCCCGCAG
CCGTTCGATGGTATCGCGCTGATTACGATCGGCATCGTTCTGATCTTCGTGAGCATCCTCTACATCGGCAAGATTC
TCAAGTCCCTCCTCATCAACCAAGCGAAGGGCATCCTGAACACGGCGATGGGTAAAAACGCGGTCTTCTCTATTCT
GCTCGGCACGATGGTGACCATGCTGGTTCAGTCCTCTTCTACCACCACCTCTCTCATGGTTCCGCTGGCAGGTGTT
GGTCTCCTGTCTCTGGAAAAGATCTACCCGTTCATCCTGGGTGCAAACATTGGTACCTGCATCACGGCGCTGCTGG
CTGCGACGGCAGTTAAAGAAAACGCCATTGCCGCCCTCGAGATCGCACTCGTTCACTTCCTGTACAACTGCTCTGG
CGTAATTCTCATCTACGGCATCCCGTTCCTGCGCAAAATCCCGATTGTCGGTGCGAAAACCCTCGCCCACGTTGCG
TCTGAGAAAACCTACCTGGCTCTGGTTTACCTGATCATTGTGTTCTTCGTCCTCCCGATCCTGATCCTCAACATCT
CCTTTAACAATCCGtaatctcgag 3’
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Halorhodospira halophila SL1
(GenBank: 121996892, UniProtKB/TrEMBL: AIWT65)

5’ ggatccGCGCAGGGTAAGACCGCGTCTGCAGCTGGTGCAGATAGCGCAGCTGTCCGTCAACGTGAGGTTCC
GGCTTGGCTCCGCGGTGTTTACGCCGGTCTCTGICTCTATCTGTTTCTCGCAGCGCTCAACGTTATCGGTTCTGGT
CTCGGCACGTTTGGCGAAGCGTCTGATTTTCTGGTGCGTGCGTTCGAGTACGGTGAAAACCCTTTCATCGCGCTGC
TCGGCGCTGTACTGGTCACTGCGATCGTTCAGTCTAGCTCTTTCACCACTGCGCTCATCGTTACCCTCGTAGCGAC
TGGCGAGATGACCCTGGGTACCGCTGTIGTTCGCTATCATGGGTGCGAACATCGGTACCTCTGTCACCGCGATTCTIC
GTTGCCCTGGCCAATATGCGTATCCGTCGCACCTTTCGTCGCAGCTTTACTGCGGCGCTCCTGCATGACTTTTTCA
ACATCCTGACCGTTGCAGTTCTGTTCCCGCTCGAATGGATCACCTCTGCGATTGCGGAATCTGGTCGTGGCGTTAT
TACTCAGGCCGCTGCCTGGCTGGCGAACCTGGTTGGCCTGCCAGAAGTTGCGCGTCCTGACTCTCCAGTTGGTGTA
GTTACGGCGCCAATTGTTGGTCTGTTCGAATCCGGTGGTGGCACTCTCGCATCTACGGAAATCGCCGAAGGCCTCC
TCGTGGCTGCTGGCGGTCTGGTTCTGATGTTTGTTGCGCTCGTGCTCATGGTTAAAAACCTGCGCGGTGCACTCCT
GCGTCACATGGACGGCCTGTITTCGCTCCTACTTCTTCCGCACTGATCCGCGTTCTTACGGTATCGGTGCTGTCAGC
ACTGTTATGGTTCAGAGCAGCACCATCACCACGTCCCTGATGGTTCCACTCGCTGGCGCAGGCGTGGTCCCAATGC
GCCGTGTCCTGCCGTTTATGATGGGTTICTAACCTCGGTACTACGGCAACCAGCGTGCTCGCGGCGACTGCGAACCC
GGTTTCTGCCGCGCTCACCGTGGCATTTGTGCATGTGCTGTTCAACCTGCTGGGCACCGCAATTTGGTACCCGCTIC
CGCTACGTTCCGATTCGCATGGCTTCTTGGTATGGTCGTCTCGCGGGTCGCTCTATGCCTTACGCGTTCCTGTTCC
TCTTTCTCGTCTTCCTGGTACTGCCGCTCCTCGGTCTCGCTGTTACTGAACTGCTCCTGATGCACCGTtaatcteg

ag 3’

Photobacterium profundum 3TCK
(GenBank: 90412458, UniProtKB/TrEMBL: Q1Z388)

5" ggatccAACACTCAGGCAACGACCGCGGAAACTGCGTCTTCTTCTATGCGTTGGGTTCGTTGGGCGAACCT
GGCGTTTATGCTCTATGTACTGCTCGTTGCGGTGTCTATGGTCAGCTCTGGCTTCAAGTGGTCCGTTGGTGAGCAA
GCGAAAACGCTGTTTGAATTTGCCTCTCATCCGGTTGCGGGTCTGATGATTGGCCTGGTGGCAACTGCCCTCATCC
AGTCCAGCTCTACCGTTACGTCCATCATCGTCGGTCTGGTCGCAGGCGGCCTGCCAGTAGAAACCGCCATCCCAAT
GGTCATGGGTGCAAACATTGGCACTACCCTGACTAACACCATCGTAAGCCTGGGTCACGCCCGCTGCAAAGAAGAA
TTCCGTCGTGCGTTTGCGTCTGCCACGGTTCATGATATCTTTAACCTGCTCGCTGTAGCAATTTTCCTCCCGCTGG
AGATGGTCTTCGGTCTCCTGGACAAAATTAGCCAGTGGCTCGTTTCTCCTATGCTCGATGCGGGTGACATGAGCAT
GAAAGGCCTGAACTTTATGAAGCCGCTCACCCAGCCAGCTGTTGACATCGTTAAAGGTCCGCTCGCCACTTTTGGC
AACGTCGGTGGTGTTGTTCTGATTTTCATCGGCATTGCGCTGATCTTTATGGCAATCACCACGATGGGTAAACTGA
TGCGTTCTCTCATGGTGGGCCGTGCCCGCGATATCCTCAAGTCTGCGATCGGTCGTGGCCCGCTCCACGGCATCGC
CTCCGGTACGGTTGTCACTATCCTCGTGCAGTCTAGCAGCACGACCACCTCTCTGATGGTTCCGCTGGTTGGTACC
GGTGTTCTCAAAGTGCGTGACGTGTACCCGTTCACCCTGGGTGCGAATATCGGCACCTGCATCACGGCGCTCCTGG
CCGCTACGGCTATCTCTGGTGAATACGCGGTGTTTGCTCTGCAAATCGCGCTCGTACACCTGGTGTTCAACGTTCT
CGCGACCCTCGTAATCTTTGGTATCCCAGTACTCCGTGAGCTGCCACTGAAAGGTGCCTTCTTCCTGGGCGATCTG
GCGACCAAGTCCAAAGCTGCGGTAGCCGGTTACATCGCATTCATTTTTCTCGTACTGCCGGGCAGCATTCTGGCAT
TTACCGCCtaatctcgag 3’
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Pseudomonas stutzeri A1501
(GenBank: 146281974, UniProtKB/TrEMBL: A4VJY4)

5’ ggatccACCACCAACACTGGCGCTCTGGCGGACCATTCTACTCCAGCGACCCGTCAATGGCTCTCTTGGCT
GCTGGTTATTACCCTCATCTACCTCCTICCTGGCCGCTGTGGGTGCCATCGGTGACGGCTTCAAGGCGGCAGTTGGT
GATAACGCTAAAGAGCTGTTICGCTTTTGCCACGAACCCGTTCGTICGGTCTGATGATTGGTGTGGCGGCCACGGCGC
TCATCCAGTCCTCTAGCACCGTGACCAGCATTATCGTCGGCATGGTTGCGGGTGGCCTGCCGATCCCAATCGCTAT
TCCGCTCATTATGGGCGCAAACATTGGTACGAGCCTGACTTCTACCATCGTAAGCCTGGGCCACGTCCGTAACGGT
GTAGAGTTCCACCGCGCATTCGCGGCTGCGACTGTTCATGATGCGTTCAACATCACCGCCGTAGCTATCCTGCTGC
CGCTGGAACTGCTGTTTCACCCGCTCGCGCAGATGTCTGAAGTACTGGCCGGTCTGCTCGTTTCCGACAGCACGAG
CGTCGACATGAAGTCCGTCAACTTTATGAAAACCCTCCTGACCCCGGCTAGCGACCTGCTGAACGCGTCCGTTGCC
TGGCTGCCGTCTCAGGTATGGTCTGGCGTTGCCCTGATTGTTATTGGCATTGGCCTGATCCTCTTCGTTGTTCAGG
CGATCGGTAAGGTCCTCCGICGIGTTATGGTTGGTCGTGCGAAAGAGATCATGCACACCTCTGTCGGTCGTGGTCC
GGTTTCTGGTATCGCCTCTGGCACGCTGATCACCATCCTGGTTCAATCTAGCTCTACCACCACCGCTCTGATCGTT
CCACTCGCTGGTACCGGCGTICTICTCTCTGAAGCAGGTTTACCCGTTTACGCTGGGTACGAATATCGGCACTTGCG
TTACCGCACTCCTCGCAGCGACGGCGATTTCCGGTCCGACCGCGGAGCTCGCCATGCAGATCGCGCTGGTGCATCT
GCTCTTCAACCTGTTCGGTATCTTCCTGATCTACGTTICTGCCGTTCCTGCGTGGTGTGCCTCCTGCTATCGCCACG
CACCTCGCGGATCTGGCGCAACGTTCTAAACTGTACGTAGGTGCATACATTGGCGGTGTATTCTTCGGCCTCCCGC
TGCTGCTGATCGGTGGTTCTCAGCTGtaatctcgag 3’

Rhodopirellula baltica SH 1
(GenBank: 1794324, UniProtKB/TrEMBL: Q7UJU6)

5’ ggatccAACGTTGCGTCCGAAAGCGTTGTCGAGAATGCTCTGGACGACGCGCTGAGCGACGAAATGACCAC
CTCTCAATCCGGTAACCCAATCCTGCAGTGGATCTCTGTAGCGGCGCTCGTCTACCTCCTCATTTGCGCTGTTGGT
CTGATTGGTACGGGCTTTAAGACTGCAACGGGTGATGAGGCGAAAGAAATGTTTGCCTTCGCTACCAACCCTTTTG
CTGGCCTCGTAGTGGGCACGGTTGCGACTGCTCTGATCCAGTCTTCTAGCACCGTGACGTCCATTATCGTCGGTCT
GGTAGCTGGCGGCCTCCCTGTTTCCGTIGGCTGTACCTATGGTGATGGGTGCGAACATCGGCACTTCTATCACCAAC
ACCATCGTTTCTCTGGGTCACGTTCGTGAAAAGAAGGAGTTCGCGCGTGCGTTCGCTGCGGCCACTGTACACGACT
TCTTCAACCTGCTGTCTGTTIGTTATTTTCCTCCCGCTGGAGATGATGTTTGGCCTGCTGGAAAAACTGGGCTCTCT
CCTGGCGTCTCTGTTCGTGGTGGAGAACGCCTCCATGAAAGGTATGAACTTCGTTAAAGCGGCGACCGCCCCAGTT
GTCAACAACGCGAAACACATGGTAGAGAACCTGTICTGACGGCATTGGCGGTATGATTCTCATCCTGATCGGCATCG
TCATGATCTTCCTGACCATCCATTACGTGGGTAAGCTGCTGAAACAGCTCATGGTGGGTCGCGCAAAATCTATCAT
GCACGCTGCAATCGGTAAAGGCCCAATGTCCGGTATCGCCTCTGGTACTCTCGTGACCGTACTCGTGCAATCTAGC
TCTACGACGACGAGCCTGATGGTTCCTICTCGCAGGTTCCGGTGCGTTTGGTCTCAAGCAGATCTACCCGTTCACGC
TGGGCGCTAATATTGGCACCTGTATCACCGCTCTGCTCGCGGCAACCGCCGTGGACGGTAATCAATCTGCAGCGCT
CCAGATCGCCTTCATCCACCTCACGTACAACGTTCTGGGCGTCCTCGTTATCTACGGTIGTTCCGTTCCTGCGCTIC
GTTCCAGTACGTGCTGCCGAATGGCTCGGCGCGACGGCTTCTGAAAACAAACTGATTGCCCTCGCGTACATTGTGG
GTGTTTTCTTCCTCATCCCGGGTCTCTGCCTGGGTATCTCTTCTGTTICTGtaatctcgag 3
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Vibrio fischeri ES114
(GenBank: 3278218, UniProtKB/TrEMBL: Q5E7PO0)

5’ ggatccAACACCCAGICTATCTCTGCGGCGACGATGTICTAATACTTCTCGTATGCTGCGTTGGGCGAATCT
CGCGTTCATGCTGTACCTCCTGCTGCTGGCCGTATCTATGGTAGGCACCGGCTTCAAGTGGTCTGTTGGTCAGGAA
GCGAAGGTCCTCTTCGAATTTGCAGCACACCCAATCGCGGGTCTGATGATTGGCCTCGTGGCAACTGCTCTGATCC
AGTCTTCCTCCACCGTTACTAGCATCATTGTCGGTCTCGTTGCGGGTGGCCTGCCGGTTGAAACTGCGATCCCAAT
GGTTATGGGTGCGAATATTGGCACTACTGTGACCAATACCCTGGTATCCCTGGGCCATGCCCGTTGCAAAAACGAG
TTCCGTCGCGCGTTTGCGTGCGCCACCGTCCACGACTTCTTCAACCTGCTCGCCGTTACGATTTTCCTCCCGCTCG
AAATGATGTTCGGTATCTTCCAGAAGCTGTCTGCGTGGCTGGTTTCTCCGCTGCTCAACGCGGGTGATATGTCCAT
GAAGGGCTTCGACTTTATCAAGCCGATCACCAAACCTGTCATCAGCGCCATCCAGGAACCGCTGTICTICTTTICGGT
TCTATGACGGGTGGTCTCCTCATGATTGCCCTGGGTATCACCATTCTGTTCATCGCCATCACCCTGATGGGCAAAC
TCATGAAGTCTCTGATGGTTGGCCGTGCCAAAGAGCTCCTGAAATCCGCTATCGGTCGTGGTCCGATCCACGGTAT
TGCCTCTGGTACCGCAGTAACTGTTCTIGGTTCAGTCCTCCTCTACCACCACCTCTCTCATGGTTCCGCTCGTTGGT
ACTGGTGTCCTCAAAGTTCGTGACGTGTACCCGTTCACGCTCGGTGCCAACATCGGCACTTGCGTGACCGCCCTCC
TCGCAGCGACGGCTGTGTCCGGTGAATACGCGGTTTTCGCACTCCAGATCGCGCTGGTACACCTGTGCTTCAACGT
TATCGCAACGCTGGTTATCTTTGGTACGCCGTTCCTGCGTGAGCTCCCGATTAAAGGTGCTGAATGGATTGCCGAA
ATGGCGAACCGTAACCGTTCCGTGGTTGCCGGCTACCTGGGTTTTGTTTTCATCATTICTGCCGGGTTCTGTCCTGG
CTCTGACCGTITtaatctcgag 3’
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C.1 Supplementary figures

Figure C.1: The metal binding site in the dimeric crystal form of PulGas_134(His). The metal ion is

tetrahedrally coordinated between E44 residues in the middle of the N-terminal o-helices of each PulG
monomer and by two water molecules. N123 at the end of S3 stabilizes the complex via H-bonds to the
water molecules and the non-coordinating e-oxygens of the E44 residues. Dashed black lines indicate
coordinating bonds and dashed red lines the H-bonds.
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Figure C.2: Processing of preTcpA in FE. coli strain carrying the prepilin peptidase structural gene
pulO. Proteins were separated by SDS-PAGE and electroblotted onto a nitrocellulose membrane that
was probed with antibodies against TcpA (a gift from R. Taylor).
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Figure C.3: Analysis of pellet (P) and sheared fractions (SF) of E. coli stains PAP7000BG, PAP7501
(pCHAP1216) and PAP9001 (pCHAP1216) carrying pCHAP3100 (ppdD), pCHAP7023 and pCHAP7019
(encoding G17-D and Ga1-D, respectively) by immunoblotting. The relative amounts of secreton compo-
nents present in the cells are indicated by numbers (chromosomal expression level = 1, expression from
plasmid pBR322 = 20). Whether genes under lacZp control are repressed or not is determined by the
presence or absence, respectively, of the lac?' repressor gene (+ or —). Membranes were probed with
anti-PpdD and anti-LamB antibodies.
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Figure C.4: Multiple sequence alignment of the first 23 N-terminal amino acids of PulG, PilE, PilAPAK
and PpdD. Positions 11, 14, 17 and 20 of the PulG, PilE and PilAPAK sequences are occupied by
amino acids of equal characteristics (+), whereas the same positions in PpdD are occupied by amino
acids of opposite characteristics (—). Sequence alignment was done using the MultiAlign software
(http://prodes.toulouse.inra.fr /multalin /multalin.html).
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Figure C.5: Western blot analysis of bacterial pellet (P), sheared fractions (SF) and concentrated sheared
fractions (c¢SF) from E. coli K-12 strain PAP7500BG(ApulG) harbouring pCHAP3100 (encoding PpdD)

(lanes 1-3) and pCHAP7028 (encoding Gai(modisied)-D) (lanes 4-6), respectively. The blotted membrane
was probed with antisera against PpdD.
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Helix 1 Helix 2
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Figure C.6: A structural alignment of the C-terminal globular domain of the pseudopilin PulG with
known type IV pilin structures (the type IVb pilin TepA from V. cholerae and the type IVa pilins
PilA from P. aeruginosa strain PAK (PilAl), PilE from N. gonorrhoeae strain MS11 and PilA from
P. aeruginosa strain k122-4 (PilA2). The superposition was performed by the brute force fit option in
LSQMAN (Kleywegt and Jones), 1994) using a cut-off distance of 5 A. The transfer matrix was calculated
for the first 100 amino acids of the PulG model since amino acids N128—-G132 forming S4 are exchanged
between both monomers in the asymmetric unit. These residues were taken from the other monomer.
1126 and G127 (in italics) were excluded from the alignment since they form a putative flexible hinge
region. Matched residues within the cut-off distance are printed in capital letters. Secondary structure
elements calculated with DSSP (Kabsch and Sander| [T983) are highlighted with colours: blue, o-helix;
light blue, 31¢-helix; green, -strand. Crosses indicate positions that are occupied by structurally related
amino acids in all 5 structures and stars that these residues are similar.
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C.2 Supplementary tables

Table C.1: Oligonucleotide primers used to amplify pilEl and tcpA genes.

Oligo-

nucle- Gene/

otide  position Sequence

2H7 pilE, 5 5 AGAGATGAATTCCCTTCAAAAAGGCTTTA 3’

2H8 pilE, 37 5 AGAGGCAAGCTTAAGGCCTAATTTGCCTCA 3’

3A3 tepA,; 5 5 AGAGATAAGCTTGCAATTATTAAAACAGCTTTTTAAGA 3’
3A4 tepA, 37 5 AACGGCTCTAGAACTTATTTGAATTAGCTGTTACCA 3

Restriction endonuclease sites are underlined.
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Table C.2: Oligonucleotide primers used to construct pilin/pseudopilin chimeras in which the N-terminal
domains were interchanged.

plasmid primer name oligonucleotide sequence
(chimera)
pCHAP7015 1: PpdD5’ 5-CTA TTC GAA TTC AAA GTA GCG
CCA ACC AAA TC-3
(D17-G(His)%)  2: PpdD(NT3’) 5-GGG AAT ACC AAT GGC GCT GAG
CAC GCC GAG GAT-3
3: PulG(CT5’) 5-ATC ATT GCC ATT TTA GCC AGC
CTC GTG GTG CCC-3’
4: PulG3b 5-CAA GAG AAG CTT TAA AGC CGC
GCT GTC GCA-3’
pCHAP7024 1: PpdD5’ 5-CTA TTC GAA TTC AAA GTA GCG
CCA ACC AAA TC-3
(Dy;-G(His)®)  2: PpdD(NT3’)GnewD 5-GTT GCC CAT CAG GTT GGG AAT
ACC AAT GGC GCT-3’
3: PulG(CT5)PnewD  5-AGC GCC ATT GGT ATT CCC AAC
CTG ATG GGC AAC-3’
4: PulG3b 5-CAA GAG AAG CTT TAA AGC CGC
GCT GTC GCA-3’
pCHAPT023 1: PulGH»’ 5-TTG ACG AAT TCA GCT CCA TAC
CTT GAT GAG-3’
(G17-D) 2: PulG(NT3’) 5-GGG AAT ACC AAT GGC GCT GAG
CAC GCC GAG GAT-3
3: PpdD5’(CT) 5-ATC CTC GGC GTG CTC AGC GCC
ATT GGT ATT CCC-3’
4: PpdD4 5-CTA TAG GGA TCC GCA GAC ACA
TTT CAG TGA GC-3’
pCHAPT7019 1: PulG¥»’ 5-TTG ACG AAT TCA GCT CCA TAC
CTT GAT GAG-3’
(Ga1-D) 2: PulG(NT3)prl 5-GTA GTT TTG ATA AGC GGG CAC
CAC GAG GCT GGC-3’
3: PpdD(CT5")prl 5-GCC AGC CTC GTG GTG CCC GCT
TAT CAA AAC TAC-3’
4: PpdD4 5-CTA TAG GGA TCC GCA GAC ACA
TTT CAG TGA GC-3’
pCHAPT7028 1: PulGY’ 5-TTG ACG AAT TCA GCT CCA TAC

(G21(m0diﬁed)'D)

PulG(NT3’)N-modi

CTT GAT GAG-3

5-CAG GTA GTT TTG ATA AGC GGG
CAC ACC GAG GCT GCT GAG CAC
GGC GAG GAT GCC AAT CAC-3
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Table C.2: (. . . continued)
plasmid primer name oligonucleotide sequence
(chimera)
3: PpdD(CT5’)N-modi 5-AGC CTC GGT GTG CCC GCT TAT
CAA AAC TAC CTG-3
4: PpdD4 5-CTA TAG GGA TCC GCA GAC ACA
TTT CAG TGA GC-3’
pCHAPT7016 1: PilE5’ 5-AGA GAT GAA TTC CCT TCA AAA
AGG CTT TA-3’
(E17-G(His)%) 2: PilE(NT3’) 5-GGG CAC CAC GAG GCT GGC CAA
AAT GCC GAC GAT-3’
3: PulG(CT5)E 5-ATC GTC GGC ATT TTG GCC AGC
CTC GTG GTG CCC-3
4: PulG3b 5-CAA GAG AAG CTT TAA AGC CGC
GCT GTC GCA-3’
pCHAP7017 1: PulG5’ 5-TTG ACG AAT TCA GCT CCA TAC
CTT GAT GAG-3’
(G17-E) 2: PulG(NT3")E 5-GGG AAG GGC GAC TGC CGC GAG
CAC GCC GAG GAT-3
3: PilE(CT5’) 5-ATC CTC GGC GTG CTC GCG GCA
GTC GCC CTT CCC-3’
4: PilE3’ 5-AGA GGC AAG CTT AAG GCC TAA
TTT GCC TCA-3’
pCHAP7026 1: PulGY’ 5-TTG ACG AAT TCA GCT CCA TAC
CTT GAT GAG-3’
(G-APAK) 2: PulG17(NT3")A 5-AAT GGC AAT TGC AGC GAG CAC
GCC GAG GAT AAC-3
3: PilA(CT5)Gqr 5-ATC CTC GGC GTG CTC GCT GCA
ATT GCC ATT CCT-3
4: PilA3’(BH1) 5-CGA CTG AGC GGA TCC GGC GGC
GGC-3
pCHAP7027 1: PulGY’ 5-TTG ACG AAT TCA GCT CCA TAC
CTT GAT GAG-3’
(Gg1-APAK) 2: PulGy; (NT3)A 5-ATT CTG ATA CTG AGG CAC CAC
GAG GCT GGC GAG-3
3: PilA(CT5)Gyy 5-GGC AGC CTC GTG GTG CCT CAG
TAT CAG AAT TAT-3’
4: PilA3’(BH1) 5-CGA CTG AGC GGA TCC GGC GGC

GGC-3’
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Table C.3: Similarity of atomic structures of type IV pilins and PulGas_134(His)®. The structures
were superimposed with the program LSQMAN as described in figure The structures are ordered

according to their similarity to PulG.

PulGys_134(His)® TcpA  PilAPAK  PilE PilAK122-4
PulGos_134(His)® 107 77 (16) 77 (4) 73 (8) 69 (4)
TcpA 2.04 171 67 (7) 70 (8) 61 (5)
PilAPAK 2.12 2.47 120 93 (20) 86 (17)
PilE 2.33 2.51 2.09 158 81 (5)
PilAk122-4 2.63 3.88 2.81 2.55 129

Red numbers show the rms. deviation for Cy-atoms in a 5 A cut-off.

Blue numbers correspond to the number of matched (and identical) residues for each protein pair.

Boldface numbers on the diagonal are the total numbers of amino acids being compared.
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C.3.1 The metal binding site

Even though metals were not added to the crystallization mixture, a strong positive peak
(56 sigma) in the fo—fc electron density map clearly shows the tetrahedral coordination
of a metal ion in the centre of the dimeric structure (figure [C.]).

The only metal that was used during purification was the affinity chromatography
ligand cobalt. Refinement of the structure with a cobalt ion (full occupancy) yielded a
significantly lower temperature factor (B-factor) for the cobalt than for the coordinating
atoms, however. Consequently, the coordinated metal in the crystallized PulG dimer
must be of a higher order than cobalt. The best fit to the calculated fo—fc and 2fo—fc
maps was obtained with a zinc ion and revealed nearly the same B-factors for the zinc
(20.9 A?) and the four coordinating oxygens (OE2 E44 chain A: 19.5 A2, OE2 E44 chain
B: 20.4 A%, water oxygens: 19.7 A% and 20.5 A2) after refinement. This metal binding
site was also occupied in the selenomethionine derivative crystal. Refinement of this
structure with a zinc ion with full occupancy again revealed the best result (assessed by
B-factor comparison of the metal ion and the coordinating oxygens and visual inspection
of fo-fc and 2fo-fc maps). A higher order metal with partial occupancy does not seem
plausible, since a missing metal would result in electrostatic repulsion of the negatively
charged carboxyl groups of glutamates 44 of both PulG monomers, which would abolish
the dimerization.

Furthermore the peak values in an electron density map calculated from the anomalous
differences in the Se energy remote dataset combined with the calculated phases of the
final model should be proportional to the f”-values of the respective anomalous scatterer.
With the mean peak height at the selenium positions as a reference, the anomalous elec-
tron density map revealed an experimental value of 0.75 for the peak of the coordinated
metal ion. This fits best to a theoretical ratio of 0.65 calculated from the f”-values of
zinc and selenium at the corresponding wavelength. Other metals with a similar num-
ber of electrons that commonly occur in proteins (iron, cobalt, nickel, copper) have even
lower ratios for the fs (0.39-0.57). Consistent with these considerations and the B-value
comparison, the distances in the metal donor complex (1.93 A and 1.99 A to the car-
boxylate oxygens; 1.96 A and 1.99 A to the water oxygens) are typical distances for zinc
coordination compared with other high resolution X-ray structures (Harding), 200T]).

C.3.2 Structure based sequence alignment of PulG and type IV
pilins
Structure-based alignments of all type IV pilins and PulG (figure [C.6) revealed a high

structural conservation of the long a-helix and the four (3-strands, despite the low sequence
similarity. Most of the conserved residues are involved in hydrophobic contacts in the core
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of the proteins. Interestingly, even though the fold of PulG is more similar to the type
IVa pilins, it clearly shows more matched residues in the superposition with TcpA and
twice as many identical residues (16) compared to the best fit between PulG and a type
IVa pilin (PilE with 8 identical amino acids) (table [C.3)). Moreover, the calculated root
mean square distances for the matched CA atoms in PulG and TcpA are lower compared
than for all other PulG-pilin super-positions. This similarity between the core structure
of PulG and TcpA is further emphasized by the fact that only three (instead of four for
the type IVa pilins) of the p-strands could be aligned due to the different topology of
the antiparallel (-sheet in the TcpA structure. A comparison of all combinations of pilin
structures confirms that the structures of type IVa pilins are more similar to each other
than to the pseudopilin PulG or to the type IVDb pilin TcpA.

C.3.3 TcpA is processed by PulO prepilin peptidase

TcpA is a member of the type [Vb group of pilins that have a longer N-terminal prepeptide
than PilE, PilA and the major pseudopilins and in which the first amino acid of the
processed protein is a methionine instead of the usual phenylalanine. To demonstrate
preTepA processing by the type II secreton prepilin peptidase PulO, pCHAP1418(tcpA™)
was introduced into E. coli K-12 strain PAP105 (F’lacI9! Tn10) carrying either pUC18
(an empty vector) or pCHAP576 (pUCI18 carrying pulO gene under lacZp control). The
bacteria were grown in LB broth containing ampicillin (100 pg/ml), chloramphenicol
(25 pg/ml) and IPTG (1 mM) at 30°C, harvested when the ODgoonm reached 1.0 and
resuspended in SDS sample buffer for analysis by SDS-PAGE and immunoblotting with
TepA-specific antiserum. The results (figure[C.2]) show that TcpA in the strain with PulO
migrates faster that TcpA in the strain without PulO, indicating prepilin processing.

C.3.4 Amino acid substitutions in the N-terminal region of
PpdD

Despite the fact that PpdD itself is assembled into pili by the secreton, none of the G-D
chimeras were assembled. The N-terminal hydrophobic region was therefore analysed in
order to identify amino acids that might be responsible for this phenomenon. PulG and
all assembled PulG derivatives have a specific pattern of amino acids with hydrophobic or
hydrophilic characteristics/side chains at position +11, 414, 417 and +20 (with respect
to the G-1/F+1 processing site in prePulG). These positions in PpdD are occupied by
amino acids of opposite characteristics, suggesting that this might hamper the assembly
of the G-D hybrids (figure [C4]). Therefore, these 4 amino acids in the N-terminal hy-
drophobic domain of PulG were converted into those found in PpdD (V+11G, G+14A,
A+17S, V420G) at the same positions and the modified PulG derived N-terminus was
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fused to position 21 of the C-terminus of PpdD. Even the Ggi(modified)-D hybrid was still
not assembled into pili (figure [C.3]). This suggests that, besides the overall hydrophobic
character of the N-terminal domains, specific amino acid contacts between the hydropho-
bic N-terminal region and rest of the pseudo- or type IV pilins are needed to achieve the

correct interfacial interactions for pilus assembly.
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