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The analysis of the function of essential enes
vivodepends on the ability to experimentally modulate levels of
their protein products. Current methods to address this are
based on transcriptional or post-transcriptional regulation of
mRNAs, but approaches based on the exploitation of translation
regulation have so far been neglected. Here we describe a
toolbox, based on amber suppression in the preséhee of
acetyl-lysine (AcK), for translational tuning of protein output.
We chose the highly sensitive luminescence system LUxCDABE
as a reporter and incorporated a UAG stop codon into the gene
for the reductase subunit LuxC. The system was used to
measure and compare theecés of AcK- andN -(tert
butoxycarbonyiHysine (BocK) dependent amber suppressidischerichia coWe also demonstrate here that, in
combination with transcriptional regulation, the system allows protein production to be either totally repressed or gradually
adjusted. To identify sequence motifs that provide improved translational regulation, we varied the sequence context of th
amber codon and found that insertion of two preceding prolines drastically decreases luminescence. In addition, using LacZ a:
reporter, we demonstrated that a strain encoding a variant with a Pro-Pro amber motif can only grow on lactose when AcK is
supplied, thus coming the tight translational regulation of protein output. In parallel, we constiictedstmin that
carries an isopropyb-1-thiogalactopyranoside (IPTG)-inducible version of the AcK-tRNA synthetase (ACKRS) gene on the
chromosome, thus preventing mischarging of noncognate substrates. Subsequently, a diaminopimelic acid auxotrophic mut:
( dapA was generated demonstrating the potential of this strain in regulating essential gene products. Furthermore, we
assembled a set of vectors based on the broad-host-ramyeheB BRable the AcK-dependent amber suppression system to
control protein output not only i colibut also iralmonella enteréeal Vibrio cholerae

KEYWORDS:translational regulation, gene silencing, PyIRS, Salmonella enterica, Vibrio cholerae, genetic screen

ost gene silencing strategies target gene expression agtiéer stop codon UAGDue to its substrate promiscuity and
level of transcription by exploiting the activity ofits narrow distribution, PylIRS has become a powerful means of

transcriptional regulatoesg. TetR! Lacf or the CRISPRi  expanding the genetic code to include synthetic "icAAs.
systemi.Alternatively, gene expression can be tightly regulatédday, over 150 substrates can be incorporated into proteins
post-transcriptionally by the useedf, microRNAs or small by means of amber suppressihThis in turn has enabled
interfering RNASHere, we show that translational regulationresearchers not only to investigate post-translationaiamodi
can also be employed to sensitively adjust protein levels. tions;’but also to introduceiorescent labefsand ultimately

Canonically, 20 dirent amino acids can be utilized for allows one to engineer proteins with neodfunctions. In
polypeptide synthesis by the translational apparatus. Howe8d,5 Rovnegt alintroduced the orthogonal translation system
the genetic code can be translationally expanded to direct @a@sisting of an aminoacyl-tRNA synthetase and its cognate
incorporation of two natural but noncanonical amino aciddAG-reading tRNA froriMethanococcus janaselfiich is
(ncAAs), namely selenocysteine {$ew) pyrrolysine (Pyl).  optimized for the incorporation écetyl-phenylalanine,
Both Sec-tRNA and Pyl-tRNA recognize coddGs# and into anE. colMG1655 derivativéWith this strain, they found
UAG, respectivelythat are usually reserved for translationthat three amber mutations, one in each of the open reading
termination. Whereas Sec is found in a variety of proteins infemes of the essential gemesG, dnafnd serScan be
domains of lif€** Pyl is restricted to a small number of rescued by an external supply of 4-aqeftginylalanine.
proteins in a few archaeal and bacterial speties. Along the same line Yusuke Kato and co-workers demonstrated
methanogenic archaea suchMathanosarcina barkéhnie
pyrrolysyl tRNA-synthetase (PylRS) charges its cogneie February 9, 2017
tRNAcya (encoded byylT) (Figure A) to suppress the Published: June 8, 2017
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Figure 1.PyIRS and AcKRS based amber suppression. (A) The pyrrolysyl-tRNA synthetaseM@yi&®)safcina mdeais its natural

substrate pyrrolysine onto its cognate suppresse iRéi#oded byylT). The six amino acids that form the pyrrole ring binding pocket are
indicated® (B) Acetyl lysyl-tRNA synthetase (AcKRS), a PylRS variant bearing the highlighted amino acids at positions 301, 306, 309 and 3¢
which enable it to interact speally withN -acetyl-lysine (AcKJ.

the tunable translational control using site-spg@dbda-— quantied using either greenorescent protein (GFPpr -
tyrosine incorporation Escherichia ¢8fi* Thus, the amber  galactosidase (LatZis the reporter. We decided to use
suppression system can be useddieetly deplete essential luminescence as the readout, and chose the system based on
gene products at the translational level. expression of th&uxCDABEoperon fromPhotorhabdus
In the present study we describe the assembly of a versatitinescerfsux) (Figure 2, B). In this systeruxA and
toolbox for control of protein levels in diverse bacterial speciggBencode the- and -subunits of the luciferase heterodimer
usingN -acetyl-lysine (AcK)-dependent amber suppression.(Figure A), while the reductase, transferase and synthase
specied by LuxC, D and E, respectively, together form the
RESULTS AND DISCUSSION complex that synthesizes and regenerates the myristyl aldehyde
substrate required for the bioluminescent reaétigore

Selection of N -Acetyli-lysine for Amber Suppres- gé)?’mz The Lux system is highly sensitive and allows one to

sion. Our study began with the selection of a suitable substr ntify amber ression in livin lis in redf tim
to be incorporated by PyIRS-mediated amber suppression. amber Suppressio g cells e e

choseN -acetyl-lysine (AcK) for this purpose because an 0 make Iummescence development not only de'pe.ndent on
evolved variant of PyIRS has been reported to CharggAtRNAamber suppression but also tunable at the transcriptional level
with AcK’??and AcK occurs frequently in bacterial proteins a&¢ cloned thiixCDABECassette into pBAD/HISA, placing it

a product of the post-translational nuadion of the -amino under the control of thearabinose (Ara)-inducible promoter
group of lysine residdés’® Lysine acetylation can be Psap The stop sequence TAG was inserted at position 3 in the
catalyzed by protein acetylases such @s(Matz) in  uxCgene Figure B) _

E. coff’ but can also result from a nonenzymatic reaction W€ note that alterations at thesbd of coding sequences
with acetyl phosphaf&® Note that protein acetylation is nota Might aect translation esiency due to changes in mRNA
permanent modtation, but can be reversed by deacetylas fglding” *° and accordingly one should be careful when
e.g.CobB, in bacterfaThis would allow the production of an Inserting TAG here. On the other hand, the region close to the
unaltered protein when a native lysine codon is replaced Biptein start site often lacks structural features important for
UAG and read by AcK-dependent amber suppféésion. Protein function and therefore tolerates manipulation without
Apart from the fact that AcK is found naturally in proteins, Rerturbation of functionality. In the case of LuxC, secondary
has no eect on bacterial growt(pplementary Figure,34 structure pred_|ct|on _dld not |dent|f_y_ariygllx or -sheet in
commercially available and is relatively cheap. For examiie, rst sixamino acids and thus giviaghint for a tolerance
supplementing 1 L of culture medium with 1 mM AcK costtpward insertions. Furthermore, there is relative low sequence
around 8, and is thus about as expensive as IPTG. Tak&®nservation in this region and some LuxC homologues even
together, these considerations make AcK an ideal substratehaue N-terminal extensiorsg. LuxC of Photobacterium

used the previously described PyIRST expression system fpfsphoreusdtogether indicating this region to be suitable
Methanosarcina mglgzmn' d introduced the mutations reported for TAG insertion.

by Umeharat al’ to render the enzyme specfor Ack, We analyzed Lux-amber reporter{uactivity inE. coli
resulting in th&l -acetyl lysyl-tRNA synthetase/tRppair ~ BW25113 which, in addition to pBAD/HisA-Lux(Am), harbors
(ACKRST) Figure B). the vector pACYCDuet-AcKRST that codes for AcKRS and its

Development of a Luminescence-Based Amber  cognate tRNA, (Figure B,2C, Table ). We grew the cells
Suppression Reporter Amber suppression is conventionallyin LB and supplemented the medium with either 0.2% Ara, 1

1893 DOI:10.1021/acssynbio.7b00048
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Figure 2 A luminescence-based amber suppression bioreporter (A) Basic principle of the luminescence sysiimt(irhapftomluminescens
Thelux genes are organized inltheCDABEperon, which encodes the multienzyme complex LUuxCDE and the luciferase heterodimer LuxAB.
These two orchestrate substrate synthesis/regeneration of myristyl aldehyde and generate luminescence, respedfiVeisi@sdéreceux
reporter: ThéuxCDABBperon oP. luminesceves placed under the control of the Ara-inducible progygte@m the third codon of the open

reading frame hfxCwas replaced by an amber stop codon, resulting in the Lux-amber repByté€jlLxminescence production ofAix

E. coliBW25113. A construct in which the wildtyg€ ORF was left unaltered was used as a positive contijpl Gells harboring the
corresponding Lux reporter plasmid in combination with pACYCDuet-AcKRST, which codes for the AcCKRS and itg gpgreate dRiMA

in LB overnight and luminescence production was monitored in response to Ara and/or AcK, and is given in relative light units (RLU). Error ba
represent the standard deviation of data from theeendiexperiments. (D) Parameter optimization fordnd Luk™encodinde. colstrains.

Ara and AcK concentrations were varied and maximal luminescence was determined. The resulting luminescence vahedswanged from
detectioh (0) RLU (blue) to 9.0¢< 1¢° RLU (yellow).

mM AcK or both compounds togetheig(re £). The Lux Additionally, we used the fTiuminescence reporter to
reporter plasmid pBAD/HisA-Lux, in which the wildiyge investigate the potential Nf-(tertbutoxycarbonylHysine
ORF was unchanged, served as a positive contiplThex (BocK) as alternative substrate for translational protein level
maximal luminescence was determined and is given in relatiostrol. BocK can be incorporated into the genetic code
light units (RLU). As expected, cells harboring pBAD/HisAemploying the wildtype PylRSTLike AcK, BocK is
Lux produced light after induction with 0.2% Ara, irrespecticemmercially available and comparably cheap. In contrast to
of the presence or absence of Adtfu(e ). In contrast, in  AcKRS, PyIRS is not promiscuous to charge-¢RMAth
LuX*™-expressirfg. colcells, luminescence was best stimulatedatural amino acié® and thus we were curious to compare
by a combination of the two substances. However, under Attee two aminoacyl-tRNA-synthetases in our test system with
inducing conditions, we detected signt light emission &L respect to misacylation and amber suppressimmey. To
1¢ RLU) even in the absence of AcK. This result can binis end we transformd#l coliBW25113 cells harboring
explained by translational read-through mediated by bindingp®&AD/HisA-Lux(Am) in combination with pACYCDuet-
near-cognate tRNA®r by misaminoacylation of tR{A®® PylIRST? pACYCDuet-AcKRST or the empty vector
Strikingly, while Lisharboring cells showed a certain degre@ACYCDuet-1, respectively, in order to discriminate between
of light production in the absence of Ara, th&laontaining misacylation and translational read through. Subsequently, light
cells remained completely daFigre £). Thus, the  production was analyzed in the resulting strains in the presence
combination of transcriptednand translational control of 0.2% Ara with and without the supplement of 10 mM BocK
completely abolishes protein output, in line with an earli@nd AcK, respective§upplementary Figurg.368dependent
report:’ of PyIRS and AcKRS we measured a base level luminescence of
In the next step we systematically varied both thabout 2.0x 1 RLU. This value further increased in cells
concentration of Ara and AcK and compared the luminesceragboring pACYCDuet-AcKRST to about>5.00° RLU
of LuX™ with Lux cells Figure B, Supplementary Figure without the addition of AcK, indicating mischarging of
S). As before, light production by the ‘Lsiain was tRNAc,s by endogenously available noncognate substrates.
essentially unected by increasing concentrations of AcKBy contrast, in cells bearing pACYCDuet-PylIRST we did not
(Supplementary Figure,Sthd reached a maximum when the observe such an increase in luminescence clearly showing, that
growth medium contained.02% AraHigure £, Supple- natural amino acids are not recognized by PylRS. Therefore,
mentary Figure $2n contrast, luminescence in the®fux BocK might be a good alternative to ACKRS in order to control
strain responds to the increasing presence of AcK, which allpweatein output translationally. Note that the BocK supplement
for adjustment of the light output over a range that extendssulted in an approximately 5-fold increase in luminescence in
from “below detectidn(blue) to more than 3.8 1 RLUs cells expressipgIR®pylT. This was slightly (1:01¢ RLU)
(green), corresponding to 41% of the maximal light intensitywer compared to the maximal value measured with ACKRST.
that we could measure with*L{sigure £, D,Supplementary  Thus, and similar to AcK dependent amber suppression, the
Figure SR translational regulation with BocK/PylRST allows a tight

1894 DOI:10.1021/acssynbio.7b00048
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protein output control when combined with inducible gendierarchy of suppression, with arginine codons in this position
expression. showing the lowest and aspartate codons stimulating the
Adjustment of the Amber Codon Context Permits highest suppressionaiency when UGA was the stop codon.
Modulation of Protein Output. In the preceding section we On the basis of thesadings, we decided to investigate the
showed that the L% strain produces sigoant levels of in uence of R A ; and D, A ; on amber suppression. We
luminescence even in the absence of the cognate Ack®$ included HH ,, a context motif that was idegdi in a
substrate AckF{gure £), which prompted us to ask whether screen for ecient incorporation of ncARsMoreover, we
an additional amber codon in the reporter gene might eliminateose Ks D , P ; and P, P ;, as well as a combination of the
this background signal. Indeed, the introduction of a secoib (K 4D 3P , Py, to precede the stop site. These sequence
TAG intoluxCcompletely abolished light production, despitecontexts are known to cause ribosome stalling and should thus
supplementation with AcRaple ). This implies that the interfere with translation terminafior?

second amber codon brings translatitux6fto a halt. We All Lu¥™variants were constructed essentially as depicted in
therefore undertook further engineering to enable suppressfagure B, by insertion of the motif after GiytheluxCgene.
to compete with terminatiot'? Luminescence was measured ugggirélucing conditions as
described above, and in the presence and absence of 1 mM
Table 1. Inuence of the 5Amber Context on AcK, respectivelyigble ). _ .
Luminescence Productitn As before Rigure £), the strain containing the £ix
reporter construct produced a maximal level of luminescence
motif AcK (1 mM) mean 107SD x 10° (RLU) of about 2.4 1P RLU upon supplementation with AcK. This
Lux 7165+ 392 is a 3.5-fold increase relative to cells that were grown without
Lux + 7252+ 486 AcK. In comparison, the maximal light intensities emitted by
Luxt™ 689+ 26 Lux-RA(Am) and Lux-DA(Am) cells grown in the presence of
L™ + 2406+ 77 AcK were 3.4 1¢ and 5.0x 1 RLU, respectively, and
LuxA™ 0 di ered signcantly from each other. This might be explained
LuAm + 0 by altereduxCexpression, as regulatory elements are located
LupRAGm 919+ 68 within the rst 50 codons.Regardless of theseedences, the
LupfAGAm + 3400+ 22 relative increases in luminescence in the presence of AcK were
LupPAAm 194+ 33 comparable, at 3.7-fold for TAY%™ and 2.6-fold for
LuyPAtm + 496z 51 LuPAA™ - Mottagui-Tabaet al.showed that, in principle,
LuxHAm 1434+ 21 arginine and aspartate in the second last position to UAG
LuptHem + 3717+ 633 follow the same rules as when UGA is the stop codon, but that
Lux®Pem 20+ 5 the e ect with UAG was less pronouriéekhis latter factor
Lux©PAm + B+ 26 may account for the smalletences in light production seen
LuxPm 112+ 35 between amber-suppresse4R and LuRAA™,
LuxPAm + 691+ 72 In agreement with theadings of Potet al, we observed
LuX(®PPam 3+3 increased luminescence fof'fé%) compared to the original
Lux(©PPem + B 7 LuX*™ bioreportef* However, this is largely attributable to

®Cells harboring the corresponding Lux reporter plasmid imcreased translational read-through, as indicated by the
combination with pACYCDuet-AcKRST were grown in LBjncrease in light production seen in the absence of AcK
supplemented with 0.2%arabinose overnight and luminescence(Taple ). The analysis of amber context motifs that promote
Ipr?]ductpn \éva&s monitored in response to AcK and is given in rEIatWBosome stallingkDP, PP and KDPPrevealed a strong
ight units (RLU). decrease in luminescence, which wascted by the presence
of AcK. This decrease is presumably the result of the
It is known that the context of an internal stop codon carecruitment of ribosome rescue systems, such as tmRNA,
have a huge impact on translational readttrégtnis led  which ultimately lead to abortion of transl&tiGi.the three
us to analyze the imence of sequence motifs known to havearrest motifs tested, only the PP motif present in tHéAux
signicant eects on amber suppression. AcK incorporationeporter had a signant eect on amber suppression. In this
into the nascent chain competes with translational terminatioase, the addition of AcK to the growth medium was correlated
mediated by the release factor RF1. This competition vVgth an increase of >6-fold in luminescetiee highest
re ected by the fact that even at saturating AcK concentratiordative change observed with any of the motifs tested. Thus, a
the luminescence of Blixcells does not reach the level diprolyl amber context would appear to be especiallyidene
observed in the LUE. colstrain Figure £). However, the in experiments where coupling with transcriptional regulation
e ciency of recognition of the amber stop codon by RF1 iwust be avoided.
modulated by the base that follows it. WHiednla 3 uracil A Diproline Amber Context Allows Tight Regulation
best ensures termination, amber suppression is favored yf a-Galactosidase Protein LevelsWe next tested whether
neighboring adenif&° The threonine sense codon ACU that the integration of an amber stop codon into the bacterial
follows the UAG in the LA% reporter should therefore chromosome might allow for tighter regulation of protein
promote suppression and was left intact. Accordingly, yweoduction irE. coliFor these experiments, we chose-the
focused on the sequence contexto5the amber codon. galactosidase LacZ, which cleaves the disaccharide lactose into
Although the codon directly upstream of the stop site is ofgalactose amdglucose. This enzyme is essential for growth
importancé’ in 1994 Mottagui-Tabar and co-workers foundof E. coleells on lactose as sole carbon source. We constructed
that the penultimate codon has a majoueimce on  two E. colstrains, bearing either an Am (TAG) or a PP(Am)
termination irE. colf® In that study, the authors described a(CCG CCG TAG) insertion after the ninth codon inlab&

1895 DOI:10.1021/acssynbio.7b00048
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coding sequencEigure 3). Similar to LuxC, our decision for resulting strains LF1-LacZ(Am) and LF1-LacZ-PP(Am) and to
the insertion position was based on a lack of structural elemdntgher exclude anyeets on protein activity we engineered
as well as comparatively low sequence conservationsn the two strains containing a lysine codon instead of TAG for use as
ten N-terminal amino acids of LatZn addition to the positive controls (LF1-LacZ-K and LF1-LacZ-PPK). These two
strains were compared with wildtype MG1655 cells and found
to be phenotypically indistinguishable with respect to both
growth on lactose andgalactosidase activity (data not
shown). By contrast, both LF1-LacZ(Am) and LF1-LacZ-
PP(Am) exhibited strongly diminished LacZ production
(Figure B). Moreover, whereasgalactosidase activity was
still detectable in LF1-LacZ(Am) in the absence of AcK (141
MU; MU = Miller Units), only background levels (55 MU)
were measured in strain LF1-LacZ-PP(Am). As expected,
addition of 1 mM AcK to the medium increased LacZ
production in both cases, to 468 MU (LF1-LacZ(Am)) and
111 MU (LF1-LacZ-PP(Am)), respectively. In agreement with
our previousnding for the luminescence reportef 14X,

the PP(Am) context resulted in a more pronounced decrease in
translational output, caming that it further reduces leakiness

in the system. The virtually complete abrogation of LacZ
production is further illustrated by the fact that the color
change from white to bluemf colcolonies encoding LacZ-
PP(Am) is strictly dependent on Aékgre €). In contrast,

the LF1-LacZ(Am) strain turns blue when grown on LB/X-Gal
agar plates containing theZ inducer IPTG Kigure E€).
Furthermore, LF1-LacZ-PP(Am) containing AcCKRST was only
able to grow on lactose when AcK was concomitantly supplied,
while the residual-galactosidase activity in LF1-LacZ(Am)
cells Figure B) was sucient to promote growth even in the
absence of AcKFigure B). Thus, these data further
corroborate ourndings with the Lux reportefsigure €,

D; Table ).

The ability to tightly control LacZ synthesis in this way
demonstrates the potential of our system for AcK-dependent
translational regulation of essential genes with a apdwér
context.

Chromosomal Integration of AcCKRS Enhances Regu-
lated Amber Suppression. Having shown that amber
suppression is a potent molecular tool for the regulation of
translational output, we set out to englBeenlin such a way
that it can serve as a host for investigation of the function of
essential genes in an AcK-dependent manner. In a previous
publication we reported the construction of a strain named
LF1, into which we had inserted a kanamycin resistance
cassette and a wildtype coga;ps[(conferring streptomycin
_ _ ~ sensitivity) into thiaclocus.

Figure 3.Regulation of LacZ levelsEincolby amber suppression. The two genes aranked by FRT sites that mediate Red/
(A) Genetic organization of tlieZgene irE. colLF1-LacZ strains. !JET (Gene Bridges) recombination, which permits scarless

E. colLF1 strains were constructed by inserting either an amber (LF, sertion of any DNA sequence of interest within 1 day. We

LacZ(Am)) or PP amber sequence (LF1l-LacZ-PP(Am)) after th . . . .
ninth codon of théacZgene. Corresponding lysine codon insertionsiS€d this method to integrpigS/pyITinto the LF1 strain.

served as positive controlsF1-LacZ-K and LF1-Lacz-PPK, WhilepylSwas set under the control @f ByIT (tRNAcua)
respectively. (B) Quantitative analysis of amber suppression oféxpression was kept constitutively expressed emplgying P
galactosidase LacZ. To measure-gladactosidase activity, cells were The genomic context of the resultant insert in the new strain
grown in LB overnight and reporter activity was determined accordib1-AcKRST is depicted Figure A. To test amber

to Miller’” in the presence/absence of the amber suppressiasuppression iB. colLF1-AcKRST, the cells were transformed
machinery (ACKRST). Cells were incubated with IPTG, AcK or @ith pBAD/HisA-Lux(Am), and luminescence was monitored
combination of both substances. The activity is given in Miller Unitg response to the external supply of IPTG and AcK. As
(MU). (C) Qualitative analysis of amber suppression offLawil expected, no luminescence was detectable in the absence of

LF1 strains described in (A) were grown on LB agar supplement . - .
with 80 M X-Gal, 1 mM IPTG and 1 mM AcK as indicated. (D) both substances. Similarly, supplementation with 1 mM AcK

Growth analysis &. coliLF1 strains with lactose as sole carbon@lone did not lead to any measurable light production, while
source. LF1 strains with and without ACKRST were grown in Maddition of IPTG to the medium on its own resulted in only
minimal mediufii supplemented with 20 mM lactose in the very weak luminescence of approximately I00RLU. In
presence/absence of 1 mM AcK in microtiter plates. stark contrast, the simultaneous presence of AcK and IPTG
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number from about 280 in the plasmid-based systam
one in the chromosome abhocompletely abolishes
mischarging of tRNA. Furthermore, the coupling of
chromosomal integration of the amber suppression machinery
(AcKRST) with IPTG-inducible expressigoyt8 eliminates
the physiological burden that goes along with the constitutive
expression of orthogonal tRNAs and aminoacyl tRNA
synthetases(Supplementary Figure).S4
To proof functionality of the parental stiaincoliLF1-

AcKRST in regulating the expression of essential gene
products, we aimed to generate a mutant with a defect in cell
wall biosynthesis. For this purpose, we chose the gene encoding
dihydrodipicolinate synthase DapA, being crucial for the
generation of meso diaminopimelic acid (ER)cordingly,
adapAdeletion causes DAP auxotrophy. To this efd todi

Ei ) L . strain LF1-AcKRS@apAcam was generated using Red/ET

igure 4E. colLF1-AcKRST. (A) Genetic organization oEttepli (Gene Bridges) recombination. As expected LF1-AcKRST/

strain LF1-AcKRSTN -acetyl lysyl-tRNA-synthetaggl§) was . -
cloned under the control of the IPTG-indud#deromoter (R, ﬁ?ﬂ%Aggr%Dhﬁng‘ga(gSgge?;%vr;/t:;yl_EiSEPeF)ﬂggnemed with as

while the cognate tRiN# (pylT) was placed under the control of the .
constitutive promotey, B (B) AcK-dependent amber suppression in 10 trace the observed auxotrophy back to the deletion of
E. coliLF1-AcKRST. Cells were transformed with the Lux-ambdélapAwe constructed a plasmid pBAD/HisA-dapA coding for
reporter (LUX™. The resulting strains were then grown overnight inan N-terminal Higtagged copy of DapA. Ectopic expression of
LB, and luminescence development was recorded in response to IFig-DapA in LF1-AcKRSd@apAcam permitted growth in
and AcK. The maximal luminescence normalized to dadraD a the absence of DAP after induction with 0.2 iytae B.).
16 h time course experiment is depicted. Error bars represent fgside the fact, that this result clearly links the observed
standard deviation of data from threereint experiments. phenotype to the gene deletion, it also demonstrates that the
N-terminal extension of the protein sequence does not interfere
increased the light intensity to abouk3L® RLU. Thus, the  with the enzymatic activity of DapA. Consequently, a plasmid
E. colistrain LF1-AcKRST provides an orgwitch for the =~ pBAD/HisA-dapA(Am) was derived from pBAD/HisA-dapA.
production of sped proteins. It should be noted that 0.2% This daughter plasmid deviates from the parental only by an
Ara was always added to the medium, so tHak@@ABE  amber motif as a third codon in the origlapAORF which
operon was fully induced under all conditions tested. Redalturn follows a 39 amino acids (aa) long N-terminal extension
that whenpyl3/pylT was providedh trans(pACYCDuet- encoded in the pBAD/HisA backbone.
AcKRST) signtant luminescence was observed in the absenceNe investigated the power of coupled transcriptional and
of AcK Figure £). Thus, the reduction pylS/pyIT copy translational regulation by controlling the growth of the DAP

Figure 5Transcriptional and translational control of DAP auxotrophy. Growth analysis of the LFdapék&83irain harboring the pBAD/

HisA-dapA or pBAD/HisA-dapA(Am) plasmid. Cells were grown in a microtiter plate over a time course of 22h in LB with the indicated

supplements. Afterwards pictures of the bacterial cultures were taken. (A) Growth curve and picture of thalapAcAdkdREIN harboring

a plasmid borne copy adpA(pBAD/HisA-dapA), or the empty vector e.v. (pBAD/HisA) as negative control, in response to 0.2% (w/v)
arabinose (Ara), 0.2% (whAglucose (Gluc) or 79V diaminopimelic acid (DAP). Ara and DAP growth curves are depicted as triplicates, Gluc
growth curves are depicted as single measurements. (B) Growth curve and picture of the IdapAeeiiis®ain harboring the empty vector

(e.v.) as negative control or pBAD/HisA-dapA(Am) (f7ysAntaining a plasmid borne copy of DapA with an inserted amber codon, in response
to Ara, DAP, Glud| -acetyl-lysine (AcK) and isopropyb-1-thiogalactopyranoside (IPTG) as indicated. Error bars in the growth curve represent
the standard deviation of data from threzadit experiments.
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Figure 6 A set of broad-host-range cloning vectors for amber suppression in diverse bacteria. (A) Maps of pPBBR1IMCS-X AcKRST derivatives. -
pyl3/ pylT cassette was integrated adjacent to the multiple cloning site in the available broad-host-range plasmids pBBR1MCS-2 to 5. (B) Anal
of amber suppression in cells bearing the pBBR1IMCS-X AcKRST derivatives. pBBR1MCS-X AcKRST vectors wel. tralidfépetlidto

together with the Lux-amber reporter ffuar Lux reporter (LU, as positive control. The resulting strains were grown overnight in LB and
luminescence development was recorded in response to Ara and AcK. The maximal luminescence normgjifredhta the Oilne course

experiment is depicted. Error bars represent the standard deviation of data fraretitregpdiriments.

strain in the presence of a plasmid borne gene copy. Therefarghout any signcant change in QR indicates the

the E. coliDAP strain LF1-AcKRS@apAcam was trans-  development of a suppressor mutation that promotes growth
formed with pBAD/HisA-dapA and pBAD/HisA-dapA(Am), even under translationally repressing conditions. Similar results
respectively and cells were initially cultivated overnight in M&re observed when monitoring the growth of cells containing
supplemented with 79V DAP. The next day cells were pBAD/HisA-dapA in whichgR, dependent gene expression
inoculated into LB + 0.28glucose (Gluc) (to catabolically was catabolically represseeD.2% Gluc)Figure B).

repress g2pinduction), LB + 75M DAP and LB + 0.2% Ara Thus, the coupling of transcriptional and translational
(to induce Bapinduction). Growth of the strain harboring the regulation does not only allow a tunable protein output over
pBAD/HisA-dapA(Am) was additionally monitored in LB + 1several orders of magnitude but also prevents a fast develop-
mM IPTG (to induce expression @f Regulated AckRS), in  ment of suppressor mutation in cases where prolonged
LB+ 1 mMIPTG + 1 mM AcK (to allow Amber suppression)incubation is necessary.

and ultimately in LB containing a combination of all three Four Broad-Host-Range Cloning Vectors Allow Amber
components (0.2% Ara, 1 mM IPTG and 1 mM Ael§l(e Suppression in Diverse Bacterial SpeciesThe demon-

5B). As expected, this coupling of AcK dependent ambsiration that amber suppression permits tight regulation of
suppression with Araaduced transcriptional activation protein output irE. coliraised the question of the sy&em
permitted growth in the absence of DAP. Notably, growtttansferability to other bacteria. To answer this question, we
behavior of cells cultivated with 0.2% L-Ara, 1 mM IPTG andnade use of the various pPBBR1IMCS-X derivatives &%ailable,
mM AcK was beside a short lag-phase almost identical to wihearing resistance cassettes for kanamycin, tetracycline,
we observed for cells that were supplemented with g5 ampicillin and gentamycin, respecfiVdlize pBBR1 origin

DAP (Figure B). On the other hand, we could not detect anof replication present in these plasmids is recognized in a wide
increase in Olg,in the cultures lacking either DAP or 0.2%range of bacterial hosts, and they are also mobilizable for
Ara. However, the sole addition of Ara wasiet to conjugational transfér.

promote overnight growth of LF1-AcKRBpAcam with Moreover, the vectors do not belong to the Inc.P, Inc.Q or
pBAD/HisA-dapA(Am). Compared to cultures containing allnc.W incompatibility group, and can therefore be coinherited
three supplements (Ara, IPTG and AcK) we observed amith p15A- or ColE1-dependent repliCb@ansequently, we
extended lag phase and even an initial drop in the startidgned the genes of the amber suppression machinery into
ODgq (Figure B). The latter might be explained by cell lysispBBR1IMCS-2 to 5, keeping the original multiple cloning sites
due to instability of the bacterial cell wall, whereasttthe h intact, and retaining the potential for blue/white screening
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(Figure 8). The function of the resulting derivatives was
validated by transformationEofcolwith the Lu&™ reporter
and subsequent analysis of AcK-dependent amber suppression
(Figure B).

Next we cloned a copy of the NanoLuc luciferase (Nluc) into
pBBR1IMCS-2 AcKRSTigure A) under the control of the
Psap promoter. The plasmids generated in this way
(pPBBR1MCS-2 AcKRST Nliuc, pBBR1IMCS-2 AcKRST Nluc-
(Am), pBBR1IMCS-2 AcKRST Nluc PP(Am)) were then
transferred int&almonella entellid® andVibrio cholerdd
Tor C6706 cells, and the wildtype NanoLuc was used as the
positive control (Nluc). AcK-dependent amber suppression was
analyzed with a NanoLuc variant, containing a UAG as third
codon (NIué™). Again, a position close to the protein start was
selected because the enzyme reportedly tolerates N-terminal
fusion§? In addition, we constructed a variant with PP amber
context (NIUB"™™) (Figure A). The dependence of
luminescence production $n entericand V. choleraeells
on supplementation with Ara and/or AcK was then analyzed.
As expected, cells encoding a NanoLuc without any amber
insertion emit luminescence when grown in the presence of Ara
(Figure B, C). In contrast, sigmiant luminescence
production by cells harboring the Rluor Nlu&P®m
reporter required the simultaneous addition of Ara and AckK.
As inE. colithe PP(Am) context further diminished the low
level of light production seen in the absence of AcK. Thus, our
results are 1:1 transferable fi&mcolito S. entericand
V. choleraand with this, amber suppression is applicable to
diverse bacteria.

CONCLUDING REMARKS

In the present study we |nyest|gated the ap-pllcatlon of A.CEI' Fre 7 Amber suppression3almonella entedcaVibrio cholerae

dependent amber suppression for the regulation of translati %An amber (NIA™ or PP amber motif (NIG&A™) was inserted

outputs. We showed that coupling of transcriptional anger codon 2 of the NanoLuc gene and cloned into the pBBRIMCS-2

translational regulation is aaative way to fully switch the AcKRST backbone. A vector bearing the wildtype NanoLuc gene

synthesis of speciproteins. Manipulation of the concen- served as the positive control (Nluc). pBBRIMCS-2 AcKRST Niluc,

trations of both the transcriptional inducer and AcK permifsBBR1IMCS-2 AcKRST Nluc(Am) and pBBR1IMCS-2 AcKRST Nluc

gradual adjustment of the protein output. Furthermore, and RP(Am) were transferred intbrio cholera@) and Salmonella

line with previous reports, we observed that the incorporati€ftericdC). Luminescence was measured from overnight cultures

of an amber stop codon into a plasmid-borne gene cop§ing the Nano-Glo luciferase assay system. Error bars represent the

resulted in a measurable level of protein synthesis B ndard deviation of data from threereint experiments.

translational read-througliqure Z), which can be

modulated by changing the amber céitékt (Table ). also in other Gram-negative bacteria suh astericar

Such read-through might be beia¢ when reduced levels of V. cholerae

an essential gene product are needed to maintain viability, but

nevertheless cause a mutant phenotype. If necessary, theMATERIALS AND METHODS

translational output can be further increased by ectopicBacterial Stains, Oligonucleotides and Plasmids.

expression of thpyl3/pylT amber suppression system. It Strains, primers and plasmids used in this study are listed in

should be noted that in our system mischarging becom@&spplementary Tables SB All oligonucleotides used for

virtually irrelevant whepylS/pylT was integrated in the PCR amplication and sequencing were synthesized by Sigma-

chromosome and combined with inducible expression. ThisAlslrich. The sequences of all constructed plasmids were

exemplied by the fact th&i. colLF1-AcKRST cells encoding veri ed by Sanger sequencing.

a Luf™ reporter remain completely dark in the absence of Molecular Biological Methods. E. coliS. entericand

IPTG (Figure % Only the concomitant presence of IPTG andV. choleraeells were routinely grown in LB and where

AcK allowed ecient amber suppression. Thus, chromosomahdicated in M9 minimal medifimSolidi cation of the

incorporation of the amber suppression machinery mighitedium was achieved by adding 1.5% (w/v) Agar (Carl

generally increase spaty for ncAAs. Roth). If necessary, media were supplemented with antibiotics
Altogether, our analyses of AcK-dependent amber suppr&sthe following concentrations: ampicillin sodium salt (100

sion as a means of regulating protein production provide thg/mL), chloramphenicol (3@/mL), kanamycin sulfate (50

basis for use of the system as a versatile translational contgdinL), tetracycline hydrochloride (1g/mL), gentamycin

mechanism for investigation of the function of essential germsfate (15g/mL), and streptomycin sulfate (dmL). For

Thus, the components available in this molecular toolbtsue-white selection, LB-agar plates were additionally supple-

enable ne-tuning of protein synthesis, not onk.ioolbut mented with 80 M 5-bromo-4-chloro-3-indolyb-galacto-
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pyranoside (X-Gal) (Sigma-Aldrich) and 1 mM isoprapyl PCR), and cloned into pBBRIMCS-2 AcKRST X$idg
1-thiogalactopyranoside (IPTG) (Sigma-Aldrich) to induce th@ndKpn restriction sites. The resulting plasmids, pBBR1IMCS-
lac promoter B, Unless indicated otherwise, 0.2% (w/v) 2 AcKRST Nluc, pBBRIMCS-2 AcKRST Nluc(Am), and

arabinose was added to induce ghgpdPomoter. PBBR1IMCS-2 AcKRST Nluc PP(Am) are liste8ujmple-
All enzymes and kits were used according to thgentary Table S2
manufacturéerdirections. DNA fragments were atifrom E. coliLF1-LacZ-K, LF1-LacZ(Am), LF1-LacZ-PPK, and

agarose gels using a high-yield PCR cleanup and gel extragt{on) acz-Pp(Am) strains, as well as LF1-AcKRST, were
kit (Sued-Laborbedarf). Restriction endonucleases Welgsiructed essentially as described previously tey &ffed
purchased from New England Biolabs. Sequenceaiopt ;.4 4 Jisted iSupplementary Table. S1

were performed by PCR using Phusion Higlty DNA E. colLF1-AcKRSTdapAcamwas generated by using the

polymerase (Finnzymes) or Tag DNA polymerase (Ne S :
England Biolabs). All mutants were constructed by one- ‘%elr?ed/ET recombination technology in accordance to the

two-step PCR using mismatched primerpairs. chnical protocol of the Quick & EBsyoliGene Deletion

-Galactosidase activity assays were performed as essedﬁ'%\_lf ene Brldges)_ and is I|stedsl_npp|ementary Table. S1
described previously. _ x-Based Lumlnescer}ce Activity AssaySingle col_o-
Plasmid and Strain ConstructionpACYCDuet-AcKRST nies were tra_ns_fe_rred into LB suppl_emented W'th the
was constructed as follows: A PCR fragment containing {igPropriate antibiotics, and grown aerobically overnight at 37
respective mutations in tpylS gene was generated as C- On the nextday, cells were inoculated at gg@D.01
described previously by Umelearal.2012 and cloned into  into fresh LB supplemented with the corresponding antibiotics.
pACYCDuet-PylRST using the interiald and Not Cells were then grown aerobically &€3# a microtiter plate
restriction sites SUpplementary Table S2, Supplementaryn @ Tecan Imite F500 system (TECAN) and luminescence
Table SB development in response to AcK and Ara was monitored at 10
LuxCDABEontaining pBAD/HisA constructs were gener-min intervals over the course of 16 h. Light units were
ated as follows: THaxCDABEoperon fromPhotorhabdus normalized to Ofg, and are thus expressed in relative light
luminescemsas ampled from pBBRIMCS-5 TT-RBS%ux, units (RLU). Subsequently RLUs were background corrected
and then cloned into pBAD/HisA (Invitrogen) using and by subtracting the luminescence level detected in cells
Kprl as restriction sites. The resulting vector pBAD/HisA-Lugontaining a vector without laxCDABEoperon. Each
Serveq as'a template for all OIlhDdEDABE)earlng plasmids measurement was performed in trip”cate_
used in this study. To construstCamber versions we used  The Juminescence assay forEtheoliLF1-AcKRST strain
mismatched primer pairSupplementary Table )Sfor was performed as described above but with ¢nendie that

overlap-extension PCR and cloned the resulting fragmegis celis on the second day were inoculated in LB, containing
into pBAD/HiSA-Lux usin§cd andBsGl, thereby replacing pegides the antibiotic additionally 0.2% Ara (wiv). Sub-

the parentaluxC fragment. The resulting plasmids, pBAD/ : :
. . L sequently, luminescence development in response to 1 mM
HisA-Lux(Am), pBAD/HiSA-Lux(2Am), pBAD/HISA-LUX-RA- A i "2’ 1 mM IPTG was detected as described before.

(Am), pBAD/HisA-Lux-DA(Am), pBAD/HisA-Lux-HH(Am), . : - !
PSR ok L KOPIAT) BEADHEALIGPPAm) ard S S Y o
PBAD/HisA-Lux-KDPP(Am) are listed and described ir} Ingle ! - icand V. _

Supplementary Table. S2 ransferred into LB supplemented with kanamycin sulfate (50

The constructs pBAD/HisA-dapA and pBAD/HisA-dapA- 9/ML) and grown overnight aerobically £370n the next
(Am) were generated as follows: From gerntolDNA, day, these cultures were used_ to inoculate the main cultures to
dapAwas ampled and the amber motif was introduced using & ORo 0f 0.01. To determine AcK- and Ara-dependent
mismatched primeB(pplementary Table)SBhe resulting ~ luminescence development, all main cultures were grown
fragments were than cloned into the pBAD/HisA backbor@erobically overnight at 3C in LB supplemented with
usingkhd andEc®I as restriction sites. The resulting plasmid&anamycin sulfate (5@/mL) and containing either 1 mM
are listed irsupplementary Table. S2 AcK, 0.2% Ara (w/v), or a combination of both compounds. A

To generate pBAD/HisA-Kan and plasmid derivativesulture grown in the absence of both served as negative control.
(Supplementary Table)SBe ampicillin resistance cassette ODgywas determined from overnight cultures and the Nano-
was replaced Ioptl, which was ampdid from pBBR1IMCS-2  Glo luciferase assay reagent (Promega) was prepared according
(Supplementary Table) SBhe PCR fragment was introduced to manufacturirinstructions. Then, the experimental cultures
restriction-free into pBAD/HisA as descfibed. were mixed 1:1 with Nano-Glo luciferase assay reagent,

The broad-host-range cloning vectors contpi®pyIT  transferred into a 96-well microtiter plate, and luminescence
were constructed as followstS/pylT was ampled from 55 determined 5 min later with a TecamittnF500 system
PACYCDuet-AcKRST and the resulting PCR fragment WRBECAN). Light units were normalized to g@Dand

clon?‘d iRtoepBBR.ll\/l_CS-Z 05 plaslmids l:sing _lgit[)ii&sltgez expressed in relative light units (RLU). Each measurement
or the Agé restriction site upplementary Table S2, \ac'scrormed in triplicate.

Supplementary Table)S3
The Nluc reporter plasmids were generated by amplifying

the sequence encoding NanoLuc luciferase from pNL1.1 ASSOCIATED CONTENT

(Promega). The respective amber motifs were introducéd Supporting Information

using mismatched primer pairs in a standard BGRI¢-  The Supporting Information is available free of charge on the

mentary Table %3The fragments obtained were each,cs pypjications webgitdOI: 10.1021/acssynbio. 7b00048
combined with the arabinose-inducii)g Promoter frag-

ment (amplied from pBAD/HisA.via overlap-extension Table S1S4; Figures S85 PDF)
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Supplementary Tables

Supplementary Table S1 . Strains used in this study.

Stain

Relevant genotype or description

Reference or source

E.coli'+ . SLU

E. coli BW25113

E. coli MG1655
Salmonella enterica

Vibrio cholera C6706

E. coli LF1

E. coli LF1-LacZ-K

E. coli LF1-LacZ(Am)

E. coli LF1-LacZ-PPK

E. coli LF1-LacZ-PP(Am)

E. coli LF1-AcKRST

E. coli LF1-AcKRST/dapA:cam’

F 80lacZ - M15 (lacZYA-argF)U196 recAl hsdR17 deoR
thi-1 supE44 gyrA96 relAl/pir

F " “(araD-araB)567 “lacZ4787(::rrnB-3) rph-1 " rhaD-
rhaB)568 hsdR514

wild-type; F- lambda- ilvG rfb50 rph-1

Serovar Typhimurium LT2

O1 El Tor isolate from Peru

F~ OilvG rfb50 rph-1 rpsL150 Py.::rpsL-neo-kan::lacZ
100bp’ Kanr’ Strps

Derivative from E. coli LF1, contains an insertion of a
lysine codon (AAA) after position 9 of the lacZ gene,
Kan® Str'

Derivative from E. coli LF-1, contains an insertion of an
amber codon (TAG) after position 9 of the lacZ gene,
Kan®, Str'

Derivative from E. coli LF1, contains an insertion of a
proline-proline-lysine motif (CCG CCG AAA) after
position 9 of the lacZ gene, Kan®, Str’

Derivative from E. coli LF1, contains an insertion of a
proline-proline-amber motif (CCG CCG TAG) after
position 9 of the lacZ gene, Kan®, Str'

Derivative from E. coli LF1, contains the acetyl lysyl-
tRNA-synthetase (AcKRS), a mutated version of the
PyIRS from Methanosarcina mazei towards N 2acetyl
lysine specificity, according to Umehara et al.® and the
cognate amber suppressor tRNAcua (pylT), Kan®, Str'
Derivative from E. coli LF1-AcKRST were the dapA gene
was replaced by a chloramphenicol resistance cassette
using -RED recombinase, Cam'

1

2

3

ATCC 19585
Centers for Disease Control and
Prevention (CDC)

4

this study

this study

this study

this study

this study

this study




Supplementary Table S2 . Plasmids used in this study.

Plasmid

Features

References

pBBRIMCS-2
pBBRIMCS-3
pBBRIMCS-4
pBBRIMCS-5

pBBR1IMCS-2 AcKRST

pPBBR1IMCS-3 ACKRST

pPBBR1IMCS-4 ACKRST

pBBR1MCS-5 AcKRST

pBBR1MCS-5 TT-RBS-lux
pBAD/HisA
pBAD/HisA-Lux

pBAD/HisA-Lux(Am)

pBAD/HisA-Lux(2Am)

pBAD/HisA-Lux-RA(Am)

pBAD/HisA-Lux-DA(Am)

pBAD/HisA-Lux-HH(Am)

PBAD/HisA-Lux-KDP(Am)

pBAD/HisA-Lux-PP(Am)

PBAD/HisA-Lux-KDPP(Am)

pNL1.1
pBBRIMCS-2 AcKRST Nluc

pPBBR1IMCS-2 AcCKRST
Nluc(Am)

pBBR1IMCS-2 AcKRST Nluc
PP(Am)

pBAD/HisA-Kan

Broad-host-range cloning vector, 5.1 kb, ND% Kan'
Broad-host-range cloning vector, 5.2 kb, ND¥; Tet'
Broad-host-range cloning vector, 5.0 kb, ND*; Amp!
Broad-host-range cloning vector, 4.9 kb, ND* Gm'
Broad-host-range cloning vector, Contains the acetyl lysyl-
tRNA synthetase (pylS*) under control of Pgy,s and the
suppressor tRNAcua (pyIT) under the control of Pk, inserted
into the Nsil restriction site, 6.8 kb, ND? Kan'
Broad-host-range cloning vector. Contains the acetyl lysyl-
tRNA synthetase (pylS*) under control of Pgns and the
suppressor tRNAcua (pylT) under the control of Py, inserted
into the Agel restriction site, 6.9 kb, ND? Tet'
Broad-host-range cloning vector. Contains the acetyl lysyl-
tRNA synthetase (pylS*) under control of Pyns and the
suppressor tRNAcua (pylT) under the control of Py, inserted
into the Nsil restriction site, 6.6 kb, ND*, Amp'
Broad-host-range cloning vector. Contains the acetyl lysyl-
tRNA synthetase (pylS*) under control of Pgnns and the
suppressor tRNAcua (pyIT) under the control of Py, inserted
into the Nsil restriction site, 6.5 kb, ND? Gm'

PCR template for the amplification of the lux operon
luxCDABE from Photorhabdus luminescens, ND? Gm'
pBR322-derived expression vector, contains the promotor
Pgap Of the arabinose operon araBAD from E. coli and its
regulatory gene araC, 4.1 kb, Amp'

Contains the lux operon inserted into the Ncol / Kpnl restriction
sites, 9.8 kb, Amp'

Contains the lux operon with an amber codon (TAG) in luxC at
position 3, inserted into the Ncol / BsrGl restriction sites of
pBAD/HisA-Lux, 9.8 kb, Amp'

Contains the lux operon with two amber codons (TAG) in luxC
at position 3, inserted into the Ncol / BsrGl restriction sites of
pBAD/HisA-Lux, 9.8 kb, Amp'

Contains the lux operon with an arginine alanine amber motif
(CGG GCT TAG) in luxC at position 3, inserted into the Ncol /
BsrGl restriction sites of pBAD/HisA-Lux, 9.8 kb, Ampr
Contains the lux operon with an aspartic-acid alanine amber
motif (GAT GCT TAG) in luxC at position 3, inserted into the
Ncol / BsrGl restriction sites of pBAD/HisA-Lux, 9.8 kb, Amp"
Contains the lux operon with an histidine histidine amber motif
(CAC CAC TAG) in luxC at position 3, inserted into the Ncol /
BsrGl restriction sites of pBAD/HisA-Lux, 9.8 kb, Amp’
Contains the lux operon with an lysine aspartic-acid proline
amber motif (AAA GAT CCG TAG) in luxC at position 3,
inserted into the Ncol / BsrGl restriction sites of pBAD/HisA-
Lux, 9.8 kb, Amp’

Contains the lux operon with an proline amber motif (CCG
TAG) in luxC at position 3, inserted into the Ncol / BsrGl
restriction sites of pBAD/HisA-Lux, 9.8 kb, Amp’

Contains the lux operon with an lysine aspartic acid proline
proline amber motif (AAA GAT CCG CCG TAG)

in luxC at position 3, inserted into the Ncol / BsrGl restriction
sites of pBAD/HisA-Lux, 9.8 kb, Amp"

PCR template for amplification of NanoLuc® (Nluc), 3.1 kb,
Amp’

Derived from pBBR1MCS-2 AcKRST, contains Nluc under
control of Pgap inserted into the Xbal / Kpnl restriction sites,
8.7 kb, Kan"

Derived from pBBR1MCS-2 AcKRST, contains Nluc under
control of Pgap inserted into the Xbal / Kpnl restriction sites,
insertion of an amber codon in Nluc at position 3, 8.7 kb, Kan"
Derived from pBBR1MCS-2 AcKRST, contains Nluc under
control of Pgap inserted into the Xbal / Kpnl restriction sites,
insertion of an proline proline amber motif in Nluc at position 3,
8.7 kb, Kan'

pBAD/HisA (Invitrogen) derived expression vector, the
ampicillin resistance cassette (bla) was replaced with a

r

o o o o

this study

this study

this study

this study

Invitrogen
this study

this study

this study

this study

this study

this study

this study

this study

this study

Promega

this study

this study

this study

this study



kanamycin resistance cassette from pPBBR1MCS-2, 4.2 kb,
Kan'

Derived from pBAD/HisA (Kan), contains the lux operon
inserted restriction free, 9.8 kb, Kan"

Derived from pBAD/HisA (Kan), contains the lux operon
pBAD/HisA-Kan-Lux(Am) inserted restriction free, insertion of an amber codon (TAG) in this study
luxC at position 3, 9.8 kb, Kan'

Contains dapA inserted between the Xhol / EcoRlI restriction

pBAD/HisA-Kan Lux this study

pBAD/HisA-dapA sites, 5.0 kb, Amp' this study
Derived from pBAD/HisA-dapA, contains dapA with an amber

pBAD/HisA-dapA(Am) codon on position 3 of the dapA open reading frame, inserted this study
between the Xhol / EcoRlI restriction sites, 5.0 kb, Ampr

pACYCDuet™-1 Standard expression vector, ORI P15A, 4 kb, Cam' Novagen
Contains the pyrrolysyl-tRNA-synthetase (PylRS) / cognate

pACYCDuet-PylIRST amber suppressor tRNAcya (pylT) pair from Methanosarcina 8
mazei, 5.5 kb, Cam’
Contains the acetyl lysyl-tRNA-synthetase (AcKRS), a mutatg:d

PACYCDuet-AcKRST version of the PyIRS from Methanosarcina mazei towards N = this study

acetyl lysine specificity, according to Umehara et al.® and the
cognate amber suppressor tRNAcua (pyIT), 5.5 kb, Cam'
pRed/ET -RED recombinase in pBAD24; Amp' Gene Bridges

2 ND, the incompatibility group of pBBR1 MCS plasmids has not been defined °; compatible with IncP, IncQ and IncW group
plasmids, as well as ColE1- and P15a-based replicons ®. Amp’, Cam', Kan', Tet’, Gm' and Str" are ampicillin, chloramphenicol,
kanamycin, tetracycline, gentamycin, and streptomycin resistance, respectively.



Supplementary Table S3 . Primers used in this study.

Primer name Seqguence Restriction site Reference
Sequencing and control primers

AcKRS chk fw AAT AAG TTC CTC ACA AAG GCA AAC GAA GAC this study
pBBR1MCS245 Nsil chk rev CAA GGC GAC AAG GTG CTG ATG this study
pBBR1MCS3 Agel chk rev TGC GAT GAG TGG CAG GGC GGG GC this study
Seq33 fw-100 GGC GTC ACA CTT TGC TAT GC 10
AraC chk fw CCT GAC CGC GAA TGG TGA GAT TGA GA this study
Ara Prom chk fw CTG ACG CTT TTT ATC GCA ACT CTC TAC TG this study
dapA chk fw CAT GAA GCT CCG CAAGCG GT this study
dapA chk rev CAC CAG ATA ATG TTG CGA TGA CAGT this study

Primers to generate a mutated version of the PyIRS from

Methanosarcina mazei towards N Qacetyl lysine specificity

(AcKRS). Described primers a directly derived from the library primers described by Umehara etal’
AGA ACT TCT GCC TGA GAC CCATGA TGG CTC
AcKRS L301M Y306L L309A OL fw CAA ACC TTC TGA ACT ACG CGC GCA AGC TTG this study
ACA GGG CCC
GGG CCC TGT CAA GCT TGC GCG CGT AGT TCA
AcKRS L301M Y306L L309A OL rev GAA GGT TTG GAG CCA TCA TGG GTC TCA GGC this study
AGA AGT TCT
AcKRS C348F OL fw CAT GCT GAACTT CTT TCA GAT GGG ATC G this study
ACKRS C348F OL rev CGA TCC CAT CTG AAA GAA GTT CAG CAT G this study
MPY Sf TTT CCC TGA ATT CCG GCA AGC s
ATC GGC GAG AAA GTC AGC AGG CCG CGC GGC
ACKRS rev CGC TTA CAG GTT GGT AGA AAT CCC GTT ATA this study
GTA AGA CTC
Primers for Lux reporter constructs
GCT TCG AAT TCC CAT ATG GTA CCT TAT CAA .
Kpnl LUxE rev ACG CTT CGG TTA AGC TCA A Kpnl this study
CTA ACA GGA GGA ATT AAC CAT GGG CAC TAA .
) Lttty AAA AAT TTC ATT CAT TAT TAA CGG CCA G . this Study
CTA ACA GGA GGA ATT AAC CAT GGG CTA GAC
Ncol LuxC:Am fw TAA AAA AAT TTC ATT CAT TAT TAA CGG CCA Ncol this study
G
CTA ACA GGA GGA ATT AAC CAT GGG CTA GTA
Ncol LuxC:2Am fw GAC TAA AAA AAT TTC ATT CAT TAT TAA CGG Ncol this study
CCAG
CTA ACA GGA GGA ATT AAC CAT GGG CCG GGC
Ncol LuxC:RA Am fw TTA GAC TAA AAA AAT TTC ATT CAT TAT TAA Ncol this study
CGG CCAG
CTA ACA GGA GGA ATT AAC CAT GGG CGA TGC
Ncol LuxC:DA Am fw TTA GAC TAA AAA AAT TTC ATT CAT TAT TAA Ncol this study
CGG CCAG
CTA ACA GGA GGA ATT AAC CAT GGG CCA CCA
Ncol LuxC:HH Am fw CTA GAC TAA AAA AAT TTC ATT CAT TAT TAA Ncol this study
CGG CCAG
CTA ACA GGA GGA ATT AAC CAT GGG CAA AGA
Ncol LuxC:KDP Am fw TCC GTA GAC TAA AAA AAT TTC ATT CAT TAT Ncol this study
TAA CGG CCA G
CTA ACA GGA GGA ATT AAC CAT GGG CCC GCC
Ncol LuxC:PP Am fw GTA GAC TAA AAA AAT TTC ATT CAT TAT TAA Ncol this study
CGG CCAG
CTA ACA GGA GGA ATT AAC CAT GGG CAA AGA
Ncol LuxC:KDPP Am fw TCC GCC GTA GAC TAA AAA AAT TTC ATT CAT Ncol this study
TAT TAA CGG CCA G
LuxC rev TCAAAATCTTTTTTG GCATTC GGT this study
Primers for E. coli LF1 LacZ XXX strain construction and verification
lacl 583bp sense GTC TGC GTC TGG CTG GCT GGC ATA 4
lacZ 500bp anti CGA CTG TCC TGG CCG TAA CCG ACC 4
lacZ 220bp anti AGC TTT CCG GCA CCG CTT CTG 4
LacZ-K-OL-fw TCA CTG GCC AAAGTC GTTTTAC this study
LacZ-K-OL-rev GTA AAA CGACTT TGG CCAGTG A this study
LacZ-PPK-OL-fw TCA CTG GCC CCG CCGAAAGTC GTTTTAC this study
LacZ-PPK-OL-rev GTA AAA CGA CTT TCG GCG GGG CCAGTG A this study
LacZ-Am-OL-fw TCA CTG GCC TAG GTCGTT TTAC this study
LacZ-Am-OL-rev GTA AAA CGA CCT AGG CCA GTG A this study
LacZ-PPAm-OL-fw TCA CTG GCC CCG CCGTAG GTC GTTTTAC this study
LacZ-PPAmM-OL-rev GTA AAA CGA CCT ACG GCG GGG CCAGTG A this study

Primers for E. coli LF1-AcKRST strain construction

Plac-AcKRST-OL-fw |

GGA AAC AGC TAT GGA TAA AAA ACC ACT AAA

this study



CAC TCT GAT A
GGT TTT TTATCC ATAGCT GTT TCC TGT GTG

Plac-AcKRST-OL-rev AAA TTG TTA TCC this study
ACA AAT ACA ATA AAT AAA GTA AGG AGG TAC
Plac-OL-sRBS-lacZ-fw ATT ATG ACC ATG ATT ACG GAT TCA CTG GCC this study
G
Plac-AcKRST-OL-sRBS-lacZ-rev ?é-‘ll-' gg&m iﬁg gé.? (T;gr ?:-I(—;FTT‘I"ACI ATg g ATT this study
Primer for E. coli LF1-AcKRST/dapA :cam' strain construction
CCA GGC GCG ACT TTT GAA CAG AGT AAG CCA
FRT dapA fw TCA AAT CTC CCT AAACTT TAA ATT AAC CCT this study
CAC TAA AGG GCG
CAT ACC AAA CGT ACC ATT GAG ACACTT GTT
FRT dapA rev TGC ACA GAG GAT GGC CCA TGT AAT ACG ACT this study
CAC TAT AGG GCT C
Primers for dapA constructs
dapA EcoRl fw g(Aig GAATTC TTA CAG CAA ACC GGCATG CTT EcoRI this study
dapAXhollrev ggg CTC GAG ATG TTC ACG GGA AGT ATT GTC Xhol this study
Amber dapA Xhol rev g(ég CTC GAG ATG TTC TAG GGA AGT ATT GTC Xhol this study
Primers for broad-host-range cloning vectors
ACKRST Nsil fw '(I;%QGATG CAT TCA TCA ATC ATC CCC ATA ATC Nsil this study
AcKRST Nsil rev 'I(';C(E:iéTG AT G AN AS ESI E S GEIFTEA Nsil this study
AcKRST BspEl fw fSTCCACTTT fg C CGG ATC ATC AAT CAT CCC CAT BspElI this study
AcKRST BspEl rev .(?.%::GTE g(T;C CEE /A ES G EEEE BspEl this study
Primers for resistance cassette exchange in pBAD/HisA
pBAD/HisA amp kan ex fw ;g;':-rc(.;ré%? c AA%TAG(BC;(;FCC-Gr(A; ACA GTC AGA this study
. CTTTTT GTT TAT TTT TCT AAA TAC ATA GCT .
pBAD/HisA amp kan ex rev TGC AGT GGG CTT ACA TGG CG this study
Primers for NanoLuc °® reporter constructs
Ara Xbal fw TGC TCT AGA TTA TGA CAA CTT GAC GGC TAC Xbal this study
Ara Nluc OL rev CAT GGT TAATTC CTC CTG TTAGC this study
Ara Nluc OL fw ggg ,_l’-}(A:C AGG AGG AAT TAACCATGG TCT TCA this study
GCT AAC AGG AGG AAT TAA CCA TGG GCT AGG .
Ara Nluc am OL fw TCT TCA CAC TCG AAG AT this study
GCT AAC AGG AGG AAT TAA CCA TGG GCC CGC .
Ara Nluc am PP OL fw CGT AGG TCT TCA CAC TCG AAG AT this study
Nluc Kpnl rev CGG GGT ACC TTA CGC CAG AAT GCG TTC Kpnl this study




Supplementary Table S4 . Amber suppression in Salmonella enterica LT2 (A) and Vibrio
cholerae El Tor C6706 (B). Cells were grown aerobically overnight at 37 °C in LB and on the
next day, luminescence production in response to N Qacetyl-L-lysine (AcK) and L-arabinose
(Ara) was measured for the reporter pBBR1IMCS-2 AcKRST Nluc, pBBR1IMCS-2 AcKRST
Nluc*™ and pBBR1IMCS-2 AcKRST Nluc””®™ using the Nano-Glo® luciferase assay system.



Supplementary Figures

Supplementary Figure S1 . Influence of N Gacetyl-L-lysine (AcK) on the doubling time of E. coli
BW25113 during exponential growth. Cells were grown in LB in the absence (- AcK) and in the
presence of 1 mM AcK (+ 1 mM AcK). Error bars represent the standard deviation of data from

three different experiments.

Supplementary Figure S2 . Luminescence production of Lux® (A) and Lux*™ (B) in E. coli
BW25113 in response to L-arabinose (Ara) and of N Gacetyl-L-lysine (AcK). The maximal
luminescence normalized to the ODgy from a 16 h time course experiment is depicted in
response to Ara and AcK for Lux* (A) and Lux"™ (B). Error bars represent the standard deviation
of data from three different experiments.



Supplementary Figure S3. Comparison of PyIRS and AcKRS based amber suppression. E. coli
BW25113 cells were transformed with the Lux-amber reporter (Lux*™) in combination with either
pACYCDuet-AcKRST (encoding the acetyl lysyl-tRNA synthetase/tRNAcua pair, ACKRST),
PACYCDuet-PylRST (encoding the pyrrolysyl-tRNA synthase/tRNAcua pair, PyIRST) or the
empty vector (e.v.) as negative control. These cells were grown aerobically in LB supplemented
with 0.2% (w/v) L-arabinose (Ara) at 37°C in a microtiter plate within a Tecan Infinite® F500
system (TECAN). The maximal luminescence production in response to N Gacetyl-L-lysine (AcK)
and N Gtert-butoxycarbonyl-L-lysine (BocK) normalized to the ODgy from a 16 h time course
experiment is depicted. Error bars represent the standard deviation of data from three different

experiments.



Supplementary Figure S4 . Influence of the chromosomal integration of the acetyl lysyl-tRNA
synthetase/tRNAcya pair (AcKRST) on cell growth. E. coli MG1655, LF1 and LF1-AcKRST were
grown aerobically at 37°C in a microtiter plate within a Tecan Infinite® F500 system (TECAN) in

LB. Error bars represent the standard deviation of data from three different experiments.

Supplementary Figure S5 . Determination of the minimal diaminopimelic acid (DAP)
concentration required for the growth of the dapA deficient LF1-AcKRST/dapA:cam’ strain.
Depicted are cells grown for 16h at 37 °C aerobically in a microtiter plate in LB, supplemented

with varying DAP concentrations ranging from 600 uM to 0 uM.
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Protein biosynthesis is a universally conserved three-step process that occurs on ribosomes
and provides a platform for tRNA mediated amino acid delivery. During translation elongation
aminoacyl-tRNAs bind to the ribosomal A-site and peptide bond formation is mediated by a
peptidyl-tRNA located in the P-site. Relocation of the P-site tRNA to the E-site enables its exiting
from the ribosome. The speed of incorporating amino acids into the growing polypeptide chain
varies and strongly depends on their chemical naté@/ov et al., 2009Due to its rigid structure,
proline in particular delays the peptidyl transfer reaction, being both a poor A-site donor and
P-site acceptor substraté/(ito and Ito, 2008 Wohlgemuth et al., 20G8avlov et al., 2009
Johansson et al., 201Moerfel et al., 2013, 20).5When translating stretches of two or more
prolines, ribosomes become arresté@i{ner et al., 200Doerfel et al., 2033Gutierrez et al.,
2013 Hersch et al., 2013 eil et al., 201;3Ude et al., 20L;3Woolstenhulme et al., 2013, 2015
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Elgamal et al., 20]45tarosta et al., 201aThus consecutive E. coli EF-P requires only the substitution of the protruding
prolines are disfavored in evolutior){ et al., 2018 However, lysine by arginine. However, this protein derivative remained
the structural benets of polyproline sequences in proteingranslationally inactive. Notably, we recognized a selective
(Adzhubeietal., 203 3tarosta et al., 201¥&eem to outweigh the pressure on the amino acid located at the second position
translational drawback and favored the evolution of a specializédterminal of the modi cation site. While bacteria encoding
universal elongation factor termed e/alF5A in eukaryotes/archa&#&-P with protruding lysine contain an invariant proline, those
and EF-P in bacterial{oerfel et al., 203,35utierrez et al., 2033 with arginine instead strictly select against it. Strikingly, the
Ude et al., 2013 Upon polyproline mediated stalling e/alF5Aadditional substitution of this residue in this context B. coli
and EF-P are recruited to the ribosome to a location between tlid=-P led to a variant that even promotes peptide bond formation
P- and E-tRNA binding sites5laha et al., 200%aini et al., 2009 in polyproline arrested ribosome upon arginine rhamnosylation.
Melnikov et al., 2016a;schmidt et al., 206Huter et al., 201y, We therefore reason that the presence or absence of this speci c
With its three domains [igures 1A,B, EF-P spans both proline orientsb3s b4 in a way that results in translationally
ribosomal subunits and forms an L-shaped, tRNA mimickingctive EF-Ps with modi cations similar to eitheR)-b-lysylation
structure (Hanawa-Suetsugu et al., 2Q004atz et al., 2014 ora-rhamnosylation.
Whereas the two OB-Folding domains (Oligonucleotide
Binding) Il and Il are likely to be involved in P-site tRNA®
(Katoh et al., 20l and E-site codon Huter et al., 201y MATERIALS AND METHODS
recognition, the EF-P KOW-like N-domain | is crucial for the . . .
catalytic activity. Speci cally, a seven amino acid long apical lodplasmid and Strain Construction
region between beta-strands three and fobB8+(b4) protrudes All strains, plasmids and oligonucleotides used in this
toward the peptidyl transferase centé&lgha et al., 200Huter study are listed and described in th&upplementary
et al., 201). A conserved positively charged residue at the loopables S£S3 All kits and enzymes were used according to
tip mediates stabilization and positioning of the CCA-end of thenanufacturer's instructions. Plasmid DNA was isolated using
P-site tRNAT in a way favorable for peptide bond formationthe Hi Yield® Plasmid Mini Kit from Sud Laborbedarf.
(Doerfel et al., 2013, 201bassak et al., 20.5EF-P activity DNA fragments were puried from agarose gels using
is further enhanced by post-translational extensions of thie Hi Yield® Gel/PCR DNA fragment extraction kit
speci ¢ tip residue Doerfel et al., 20%3Lassak et al., 20.5 from Sid Laborbedarf. All restriction enzymes, DNA
Interestingly the underlying bacterial modi cations appear tonodifying enzymes and the Q5 high delity DNA
be chemically diverseL@ssak et al., 201@&igure 1A). In a polymerase for PCR amplication were purchased from
subset of bacteria including the Gram-negative model organishew England BioLabs.
Escherichia cglia lysine residue K34 is-lysylated Bailly and Escherichia co8train KV1 for bacterial two-hybrid analysis
de Crecy-Lagard, 2010lavarre et al., 2030vanagisawa et al., was constructed as follows: TheixCDABE operon from
2010 with (R)-b-lysine Behshad et al., 20p@t the +~amino Photorhabdus luminescengas amplied from pBAD/HisA-
group, employing the catalytic activity of the EF-P speci dux (Volkwein et al., 201)7and integrated intoE. coli LF1
ligase EpmA (YjeA, PoxA, GenXRpy et al., 201)1 Subsequent as essentially described previously Byied et al. (2012)
hydroxylation by EpmC (YfcM)Reil et al., 20L;Kobayashietal., To keep the ability of blue/white screening, a synthetic
2014 presumably at theR)-b-lysyl-lysine C5 atomHuter et al., ribosomal binding site predicted by RBS calculatel(s et al.,
2017 completes the modi cation, but is negligible for function2009 Espah Borujeni et al., 20)l4vas introduced upstream
(Bullwinkle et al., 2013 A chemically related amino acid —of the lacZ start site. AfterwardcyaA was deleted using
5-amino-pentanolyl-lysine — was found d@acillus subtili€F-P Red /ET" recombination technology and the kanamycin cassette
(Rajkovic et al., 20)6By contrast, activity of a distinct EF-Pwas removed using the 709-FLPe/amp expression vector in
subset encoded in thie-proteobacterial subdivision and certainaccordance to the Quick and Ea&y coliGene Deletion Kit
g-proteobacteria such aBseudomonas putidand Shewanella (Gene Bridges, Germany). In the same weymAscowas deleted
oneidensisdepends ona-rhamnosylation of arginine at the in the E. colil efpreporter strain MG-CR-efp-KanS, resulting
equivalent position l(assak et al., 201Rajkovic et al., 2015 in the 1 efpecd 1 epmAeco reporter strain MG-CR-efp-epmA-
Yanagisawa et al., 2016 his glycosylation is mediated by theKanR. Thel efgeco reporter strain MG-CR-efp-KansS itself was
GT-B folding glycosyltransferase EarRrgfczyk et al., 2037 generated by removing the kanamycin resistance cassette from
Sengoku et al., 20)belonging to the enzyme family GT104MG-CR-efp (assak et al., 20)Lbising also the Quick and Easy
according to the CAZy databasédgutinho et al., 2003 E. coli Gene Deletion Kit of Gene Bridges according to the
Despite their distinct chemical nature both lysine as wethanufacturer's instructions.
as arginine modi cations of EF-P promote proline-proline
peptide bond formation at the ribosome. We therefore askebrowth Conditions
whether there is a specic conservation pattern around th&scherichia coltells were routinely grown in Miller modi ed
modi ed residue of diverse EF-Ps and if so how such a specilcysogeny Broth (LB)Eertani, 1951Miller, 1972 Bertani, 2008
context contributes to modi cation e ciency and ribosome at 37 C aerobically under agitation, if not indicated otherwise.
rescue. Using bioinformatics and site directed mutagenesi&hen required, media were solidi ed by using 1.5% (w/v) agar.
we were able to show that EarP mediated modi cation ofhe medium was supplemented with antibiotics at the following
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concentrations when indicated: 10@g/ml ampicillin sodium
salt, 50mg/ml kanamycin sulfate, 3@g/ml chloramphenicol, or
15mg/ml tetracycline hydrochloride. Plasmids carrying thenB
promoter (Guzman et al., 199%ere induced with.-arabinose at
a nal concentration of 0.2% (w/v).

SDS-PAGE and Western Blotting

For protein analyses cells were subjected to 12% (w/v) sodi
dodecyl sulfate (SDS) polyacrylamide gel
(PAGE) as described byLaemmli (1970) To Vvisualize
i , 2,2,2-trichloroethanol wa:
incorporated into the polyacrylamide gelsgdner et al., 2004
and detected within a Gel DO¥ EZ gel documentation
system (Bio-Rad). Afterward the proteins were transferr
onto nitrocellulose membranes (Whatman) which were the

subjected to immunoblotting. In a rst step the membranes

were incubated either with O0.ing/mL Anti-6 His® antibody
(Abcam, Inc.) to detect EF-P, or with 0.25g/ml Anti-
ArgRha antibody (i et al., 2016 Krafczyk et al., 20)7to
visualize rhamnosylation. These primary antibodies (rabbi
were then targeted with 0.2ng/ml Anti-rabbit alkaline
phosphatase-conjugated secondary antibody (Rocklan

Localization was visualized by adding development solutio
[50 mM sodium carbonate buer, pH 9.5, 0.01% (w/v)

p-nitro blue tetrazolium chloride (NBT) and 0.045% (w/v)
5-bromo-4-chloro-3-indolyl-phosphate (BCIP)].

b-Galactosidase Activity Assay

Escherichia colil efp (MG-CR-efp-KanS) or 1 efpl epmA
(MG-CR-efp-epmA-KanR) reporter strain cells, in whi¢acZ
expression is controlled by theadBA promoter, were grown
overnight (o/n) in 100 mM sodium-phosphate bu ered Miller
modi ed LB (pH 5.8) under microaerobic conditions and with

(S

as described Tetsch et al., 2008and are given in MU
(Miller, 1992,

NMR Experiments

To obtain labeled proteins for NMR studies, bacterial
overproductions were performed in M9 glucose minimal
medium (Viller, 1972 containing eithet°N-labeled ammonium
chloride alone (PET-SUMQ@fpcK34R, pET-SUMOefEco

electrophorengZS’ PET-SUM@ipeco P32S K34R, pET-SUM@fpp), o

5\-labeled ammonium chloride in combination witH3C
labeled glucose (PET-SUMEfEco PET-SUMOeffEcoloopppy).

SOverproduction of these N-terminally HisSUMO tagged

hybrid EF-P variants was induced ig. coliBL21 (DE3) by
the addition of 1 mM isopropylb-D-1-thiogalactopyranoside
PTG; Sigma Aldrich) during exponential growth. Until the
induction point the cells were grown at 3C, after IPTG
Induction the temperature was shifted to I8 and the cells
were grown o/n. On the next day, the cells were harvested by
centrifugation. The resulting pellet was resuspended on ice
jn dialysis buer 1 (100 mM NaHPO4/NaH2PQy4, pH 6.5,
mM DTT). Cells were lysed using a continuous- ow cabinet

gom Constant Systems Ltd., at 1.35 kbar, in combination with

SOnication. The resulting lysate was centrifuged for 40 min
A ac at 39,810 g The Hig-SUMO tagged proteins were
puried in a rst step with nickel-nitrilotriacetic acid (Ni-NTA;
Qiagen) according to the manufacturer's instructions, using
20 mM imidazole for washing and 250 mM imidazole for elution.
Subsequently, imidazole was removed by dialysis o/n @tid
dialysis bu er 1. Afterward, the HisSUMO tag was cleaved o
using Hig-Ulpl protease $tarosta et al., 201bfollowed by

a second Ni-NTA puri cation step to remove the HSUMO
tag itself as well as the Higagged Ulpl protease. As a nal
step, the puried protein was dialyzed again o/n atG4in
dialysis bu er 1.

agitation at 37C. On the next day, cells were harvested by C-terminally His-tagged Earpy, for NMR interaction

centrifugation, and thé-galactosidase activities were determine
as describedTetsch et al., 20Q@&nd are given in relative Miller
units (MU) (Miller, 1992.

dtudies was overproduced B. coliLMG194 cells harboring a
pBAD33-earRpy plasmid in Miller modi ed LB at 37C. During
exponential growth, 0.2% (w/w)-arabinose was added. After

Whenever the plasmid based reporter system pBBR1MCi&duction, the temperature was shifted to I8 and the cells
3 XPPXlacz (Peil et al., 2013was used, cells were grownwere grown o/n. On the next day, the cells were harvested

o/n in 100 mM sodium-phosphate bu ered Miller modi ed
LB (pH 5.8), microaerobically under agitation at &
Whenever theE. coli 1 epmA reporter strain (MG-CL-12-

by centrifugation. The resulting pellet was resuspended on ice
in dialysis buer 2 (100 mM NaHPO4/NaH2POy4, pH 7.5,
50 mM NaCl, 5 mM DTT). Cell lysis, centrifugation of the

yjeA) (Ude, 201p was used, cells were grown in potassiunlysate and the rst Ni-NTA puri cation step was performed

bu ered KE minimal medium Epstein and Kim, 1979)1pH

as described above. In a nal step, the puried protein was

5.8, supplemented with 10 mM lysine, 0.2% glycerol ardialyzed o/n in dialysis bu er 2 to remove imidazole from the

antibiotics in the appropriate concentrations. Whenewedppy
and earRp, were co-expressed from pBBR1MCSRoyach

puri cation step.
All 15N NMR relaxation experiments for EF-P and its variants

et al., 199p and pBAD33, respectively, cells were growmwere performed in 100 mM NadPO4/NaH,PO,, pH 6.5 and

in 100 mM sodium-phosphate bu ered Miller modied LB
(pH 5.8), microaerobically under agitation at 3. Whenever

1 mM DTT. NMR data were recorded at 298 K for 0.15—
0.18 mM of EF-Bco and its variants except for EFRR, P32S

efppu and earRp, were co-overexpressed from pBAD24or which the data were recorded at 0.09 mM due to low
and pBAD33, respectively, cells were grown in 100 mMields of expression. Pulse experiments were performed on an

sodium-phosphate bu ered Miller modied LB (pH 5.8) and
20 mM arabinose, aerobically under agitation at GO In

800 MHz Bruker Avance Il NMR spectrometer equipped with
a TXI cryogenic probehead. AmideN relaxation data oRy,

all cases, the cells were harvested by centrifugation on tRg and steady-state heteronucledH}—1°N-NOE experiments
next day, and theb-galactosidase activities were determinediere performed as described beforeafrow et al., 1994
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Korzhnev et al., 2002T, data were measured with 11 di erentwas removed by dialysis o/n at@ in buer 3, followed by
relaxation delays: 20, 50, 100, 150, 250, 400, 500, 650, 800, HG@cond dialysis step at the next morning for 5 h, again in
and 1300 ms, whereby 150 ms was used as duplitatiata were buer 3. The resulting proteins were then used for vitro
determined by using eight di erent relaxation delays: 16, 32, 4Bhamnosylation assays.
64, 80. 96, 112, and 128 ms using 16 ms as duplicate. Duplicatinetic parameters were determined by varying TDP-
time points were used for error estimation. The correlatiof-L-rhamnose (TDP-Rha) concentrations while keeping
time (t o) of the protein molecule was estimated using the raticoncentrations of Eaff, (0.1 mM) and unmodi ed EF-Ropy
of averagedT,/T1 values Farrow et al., 1994 Steady-state (2.5mM) constant. A mixture of Earp,y and unmodi ed EF-
heteronuclear YH}-°N-NOE experiments were recorded with Pppu Was equilibrated to 3 in 100 mM NaHPO4/NaH,POy,
and without 3 s of-H saturation. All relaxation experiments werepH 7.6. The reaction was started by the addition of TDP-
acquired as pseudo-3D experiments. The spectra were procedsba and was stopped after 20 s of incubation at@Gby the
with NMRPipe Qelaglio et al., 1995and peak integration and addition of one volume twofold Laemmli bu er Laemmli,
relaxation parameter calculation was performed using PINT97Q and incubation at 95C for 5 min. Samples were
(Niklasson et al., 20)7 subjected to SDS-PAGE and rhamnosylated Rf;Pwas
For the ftitration of EF-R and its variants with 2  detected using an Anti-Aff'@ antibody (Krafczyk et al., 2097
EarRbpy, both the proteins were dialyzed against 100 mM\ secondary FITC coupled Anti-rabbit antibody (Abcam,
NapHPO4/NaH>PO,, pH 7.5, 50 mM NaCl, and 1 mM DTT. United Kingdom) was used to visualize rhamnosylation in a
Experiments were recorded on an 800 MHz Bruker NMR.I-COR Odyssey CLx. Band intensities were quanti ed using
spectrometer equipped with a TXI cryogenic probehead at 298 KnageJ ©chneider et al., 20).2K, values were determined
Protein backbone assignments for EEsfPand EF-R¢olooprpy by tting relative band intensities to the Michaelis—Menten
were obtained from HNCACB, CBCA(CO)NH, and HNCA equation using SigmaPlot. ThK;, of 5 MM TDP-Rha was
experiments $attler et al., 1999Data analysis was performeddetermined using commercially available substrate (Carbosynth,
in CcpNmr Analysis softwareranken et al., 2005 Resonance United Kingdom). Previously, we determinedkg, of 50 mM
assignments of EF-P variants have been deposited at the BMihg biochemically synthesized TDP-Rh&rgfczyk et al.,

with the following accession codes: 27811. 2017. After rigorous assessment of this discrepancy we
found that contaminations with ammonium acetate were
In vitro Rhamnosylation Studies responsible for a miscalculation of the TDP-Rha concentration

in stock solutions.

In vitro rhamnosylation of EF-Boand EF-Bpy variants was
conducted in 100 mM NgHPO4/NaH,POq, pH 7.5 containing
g0 mM NaCl. A master mix containing 25nM of the
corresponding EF-P variant and 1@®1 TDP-Rha was prepared
in a reaction tube and divided into 1@ aliquots. The reaction

EF-Ropy pBAD24efppy, pBAD24effppy S30P, pBAD24- Was started by addition of 101 of 0.5mM EarP solution and
effppu G31A, pBAD24efppp, R32K, pBAD24efpbpu N33G, stopped after distinct time intervals by addition of 20twofold
PBAD24-efppp, S34Q Laemmli bu er and immediate heating to 98 in an Eppendorf
EF-Recg pBAD24efpecoK34R, pBAD24eficoP32S K34R, ThermoMixer for 2 min. All samples were diluted by a factor
pBAD24-effco K34R G35N, pBAD24fn=co K34R Q36S, Of 10 in onefold Laemmli bu er and 20r (corresponding to
pBAD24effrc, P32S K34R G35N, pBADZfp:c, P32S 0.5 mg of EF-P) were subjected to SDS-PAGE and Western

K34R Q36S, pBAD24f1=co K34R G35N Q36S, pBAD24- blotting. Rhamnosylated EF-P was detected and visualized using
EF-Recoloopppy, pPBAD24-EF-Reodomainippy a polyclonal rabbit Anti-Ar§"@and a uorescence labeled Anti-

rabbit antibody, respectively. Band intensities were determined
Furthermore, C-terminally His tagged Earp,, was using ImageJgchneider et al., 20).2Relative rhamnosylation
overproduced irE. coliLMG194 harboring pBAD32arRp.. rates were calculated by plotting the normalized linear range
To overproduce proteins, cells harboring correspondinintensity t/intensitymax) of the time course and determining the
plasmids were grown at 3C, and during exponential growth, slope of the resulting graphs.
0.2% (w/v)L-arabinose was added to induce protein production.
After induction, the temperature was shifted to 18 and the ISoelectric Focusing
cells were grown o/n. On the next day, the cells were harvestéd investigate lysylation oE. coli EF-P C-terminally Hig-
by centrifugation and the resulting pellet was resuspended fagged EF-P., was overproduced irE. coli BW25113 and
bu er 3 (100 mM NgHPO4/NaH>PO4, pH 7.5, 50 mM NaCl). E. coli BW25113 1 epmA cells, harboring the pBAD38fp
Cells were then lysed by sonication and the resulting cell lysadtss plasmid, and were grown in Miller modi ed LB at 3C.
was clari ed by centrifugation for 40 min at € at 39,810 g Furthermore,E. coliBW25113 was transformed with pBAD33-
The His; tagged proteins were then puri ed using Ni-NTA beadsefpHisg-epmABto produce post-translationally modi ed EF-P.
(Qiagen) according to the manufacturer's instructions, wherelddyuring exponential growth, 0.2% (w/v}arabinose was added to
20 mM imidazole was used for washing and 250 mM imidazoleduce protein production and cells were grown o/n at €8 On
for elution of the Hig tagged proteins. Subsequently, imidazoléhe next day, cells were harvested by centrifugation. The resulting

To obtain EF-P variants forin vitro rhamnosylation
studies, protein overproductions were performed E coli
LMG194 cells, grown in Miller modied LB, harboring the
following C-terminally Hig-tagged EF-P constructs (see als
Supplementary Table Sp
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pellet was resuspended on ice in HEPES bu er (50 mM HEPE&)d pKT25 vector backbones served as negative controls. Single
100 mM NaCl, 50 mM KCI, 10 mM Mg@G| 5% (w/v) glycerol, colonies were picked and used to inoculate 96-well plates, with
pH 7.0). Cells were lysed using a continuous- ow cabinet froreach well containing 2061 of LB medium supplemented with
Constant Systems Ltd., at 1.35 kb. The resulting lysates werd mM IPTG as well as 5@g/ml kanamycin sulfate and
clari ed by centrifugation for 1.5 h at 4C at 234,998 g The 100 mg/ml carbenicillin. Plates were incubated at @0and
Hisg-tagged proteins were puri ed with Ni-NTA according to the under moderate agitation (550 rpm in Eppendorf ThermoMixer)
manufacturer's instructions, using 20 mM imidazole for washinfpr 16 h. On the next morning, Costar 96 Well White plates
and 400 mM imidazole for elution. In a nal step, the puri ed containing 200m of LB medium (0.5 mM IPTG, 50ng/ml
protein was dialyzed o/n in HEPES bu er to remove imidazolé&anamycin sulfate, 10@g/ml carbenicillin) were inoculated with
from the puri cation step. 2 ml of o/n culture and luminescence output was monitored in
For isoelectric focusing 0.5y of protein per lane was 10-min intervals for 40 h in a Tecan Spark with 240 rpm atG0
loaded on a native vertical isoelectric focusing gel with a pH )
gradient range of 4-7 (SERVAGH)) containing approximately Bioinformatic Analyses
3% (v/v) SERVALYTM. Prior to loading, samples were mixedFold Recognition and Comparison of EF-P Structures
with twofold IEF sample bu er according to the manufacturer'sthe EF-fp, fold recognition model was generated using the
instructions and wells were rinsed with SERVA IEF Cathodenline user interface of the I-TASSER servéngng, 2008Roy
bu er. Focusing was conducted for 1 h at 50 V, 1 h at 300 ¥t al., 201pYang et al., 2005 Chain B of thePseudomonas
and nally bands were sharpened for 30 min at 500 V. WesteraeruginosaEF-P crystal structure (30YY:B)X(oi and Choe,
blotting was conducted as described above using@/inl Anti-  201) was used as “template without alignment.” The resulting

EF-R:co(Eurogentec). model exhibits a C-score (con dence score for estimating the
) ) ) quality of fold recognition models predicted by I-TASSER. Range:
Bacterial Two-Hybrid Analysis ( 5; 2); high values signify a model with a high con dence and

Protein-protein interactions were detected using the bacterigice-versa) of 1.27 and an estimated TM-score [measure for the
adenylate cyclase two-hybrid system kit (Euromedex) accordisgnilarity between the predicted model and the native structures.
to the manufacturers instructions. This system is based dRange: (0,1), with 1 indicating a perfect match] of 0.89.07,
functional reconstitution of spliBordetella pertussadenylate indicating high con dence and correct topology. The structural
cyclase CyaA, which in turn activates thac promoter alignment of the N-terminal KOW-like EF-P N-domains of
Piac being dependent on the cAMP receptor protein CARhe EF-Rp, fold recognition model andE. coliEF-P (3A5Z:H)
(Supplementary Figure S1A The E. coli KV1 strain used (Katz et al., 2014was generated using the UCSF Chimera
in this study was generated by start to stop deletion dqPettersen et al., 20pMatchMaker function (Chain pairing:
the cyaA gene from E. coli LF1 (Fried et al., 2012 and Best-aligning pair of chains; Alignment algorithm: Needleman—
subsequent incorporation of th&ix operon at thelac locus Wunsch; Matrix: Blosum-62; Gap extension penalty: 1; Matching
by using described methods. Applicability of this strain wat 2.0 angstroms) and resulted in an RMSD of 1.005 angstroms
tested by assessing the self-interaction of the GCN4 leucibetween 51 pruned atom pairs. Only amino acids 1-63 of each
zipper in E. coliKV1 and the commercially available bacteriaEF-P structure were used for the alignment.
two-hybrid strainsE. coli BTH101 (Euromedex) andE. coli
DHM1 (Euromedex) on X-Gal containing screening platesSequence Data and Domain Analysis
For this purpose, the reporter strains were co-transformedsing the search query “Bacteria’[Organism] AND [“reference
with the plasmids pKT25-zip (Euromedex) and pUT18C-zigenome’(refseq category) OR “representative genome "(refseq
(Euromedex) that encode for protein hybrids of the leucineategory)] AND “complete genome’[ Iter] we obtained from
zipper and the corresponding CyaA fragment. While all reportethe RefSeq databas@'(eary et al., 20)€a collection of 1644
strains respond with comparabld-galactosidase mediatedproteomes corresponding to complete and/or representative
color formation, KV1 exhibits an additional light output genomes. HMMER searchési{n et al., 201pagainst the locally
(Supplementary Figure S1B Liquid cultures of transformants installed Pfam databas€&i(in et al., 201pwas used to identify
containing 50mg/ml kanamycin sulfate, 10@g/ml carbenicillin  domains in proteins using themmscan &alue cut-o of 0.001.
and 0.5 mM IPTG were inoculated from single colonies and We created an initial dataset of EF-P proteins by considering
incubated at 30C for 8 h. 2ml of liquid culture were spotted on only those gene products that exclusively contain the three
LB plates containing 46g/ml 5-bromo-4-chloro-3-indolylb-D-  domains of interest — “EFP_N" (KOW-like domain), “EFP”
galactopyranoside (X-Gal) and 0.5 mM IPTG as well asd@nl (OB domain), “Elong-fact-P_C” (C-terminal). Subsequently
kanamycin sulfate and 100g/ml carbenicillin. Pictures were we excluded from the dataset the proteins annotated in
taken after 32 h of incubation at 3G. the UniProt database UniProt Consortium, 201B as YeiP,
For measuring interaction strength between EgjPand which are EF-P's paralogs and possess the same domain
EF-Ropy or EF-Reco chemically competenE. coli KV1 cells architecture. Additional sequence comparisons did not yield any
were co-transformed with pKT25-EagR, and either pUT18C- misannotated YeiP proteins.
EF-Ropy Oor pUT18C-EF-RBc, Transformants carrying leucine-  Sequences of predicted KOW-like domains, in which
zipper-reporter hybrids (pUT18-zip and pKT25-zip) were usethe b3e b4 loop is located, were aligned using the
as positive controls, whereas transformants containing pUT18E-INS-i” algorithm from the MAFFT software suite
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(Katoh and Standley, 20).3 According to the trimAl tool et al., 2010 Choi and Choe, 20%1Lassak et al., 20).6In
(Capella-Gutierrez et al., 200the MSA of KOW-like domain this regard the EF-Ps of the two model organisifs coli
sequences does not contain any sequences particularly pr¢B&-R-c9 and P. putida (EF-Rspy) are highly superimposable
to introduce poorly aligned regions. Eleven sequences wedfggure 1B) although they share a sequence identity below 30%.
manually deleted from the set as they introduce gaps in th&e were therefore curious whether cross-interaction between
multiple alignment of theb3 b4 region (alignment positions the non-cognate partners EF=R and EarRp, is possible.
31-37) and the alignment was re-computed. MSA le is availableo this end we constructed a highly sensitive bacterial two-
in the Supplementary Materials hybrid E. coli reporter strain KV1 to combine it with the
The nal EF-P set contains 1166 sequences from 113®fasmid system which was reported previousf(imova et al.,
genomes, including 29 genomes containing two EF-P999 (Supplementary Figure S1A Distinct from the original
paralogs. Sequence logos were built using ggseglogo R paclsaigens we used bioluminescence as a readout (see section
(Wagih, 201Y. “Materials and Methods”) and generated C-terminal fusions of
The EF-P-containing genomes were scanned for the Epmihe two complementary fragments T25 and T18 of B@detella
EpmC, EarP, DHS, and Ymfl proteins. We identi ed 358pertussisadenylate cyclase with Easfg and the EF-Ps of
143, 100, and 128 EpmA, EpmC, EarP, and DHS proteifs coliand P. putida(T25-Earpy, T18-EF-RBpy, T18-EF-Rc9.
based, which are single-domain proteins containing the “tRNAnteraction strength of protein pairs was assessed by determining
synt_2” “EpmC; “EarP” l(assak et al.,, 20)5and “DS” the maximal light output in a 40 h time course experiment
(Brochier et al., 2004 domains, respectively. Orthologs of(Supplementary Figure S1B Cells co-expressing the cognate
the Ymfl protein Uniprot ID: 031767 from Bacillus subtilis interaction partners Eafkpy and EF-Bpy emitted a maximum
(Hummels et al., 203 Rajkovic and Ibba, 20} %vere obtained of 7,000 RLU Figure 10. When EarBp, and the non-cognate
from the orthologous group 508579 of the OMA databasEF-R:;, were co-produced, a maximal light emission of 255

(Altenho etal., 2018. RLU was observed. Although this is substantially lower, the
measured value is signi cantly above background levels (maximal
Phylogenetic Analysis RLU of<100) and thus clearly demonstrates cross-interaction of

IQ-Tree 1.6.10 Nguyen et al., 20)5was used to infer a Ea@rfppuand EF-Rco .

phylogenetic tree of KOW-like domains by the maximum Knowing that EF-eoand Earfepydo cross-interact, we next
likelihood method, with the LG substitution matrix and the @ssessed whether cross-rhamnosylation also occurs. Therefore we
number of standard non-parametric bootstrap replicates set {§0k advantage of a previously introduced rhamnosylarginine
100. The tree le in PDF format and its visualization includingSP€ci ¢ antibody (i et al., 201p Krafczyk et al., 2097
bootstrap support values are available Ssipplementary and used it to testin vitro rhamnosylation over time. The
Dataset S2 Using the ete3 python package Huerta-Cepas rhamnosylation e ciency of EarBpy with its cognate partner

et al., 201p the tree was rooted to the midpoint outgroup EF-Pppuwas determined with 56M TDP-b-L-rhamnose (TDP-
and converted to ultrametric. The evolutionary reconstructiofn@) (=10-foldKm; Supplementary Figure S2jand set to

of ancestral states was performed using #tefunction from 100%. Next we tested an EEdg variant in which solely
the phytoolsR package Revell, 201y which implements the the modi cation site K34 was changed to arginine (K348
maximum likelihood estimation. We used thugtreeR package However, we did not observe any rhamnosylation vitro

(Yu et al., 201y to visualize the evolutionary reconstruction(Figure 1D and Supplementary Figure S2B presumably as
of ancestral states on the tree of KOW-like domains an@ result of suboptimal contacts between Bffand EarRpy
annotate it with the amino acid located at the 34th position{S€ngoku et al., 201&igure 1C). As important interaction
the presence or absence of a certain modi cation enzyme, afies between EF-P and its corresponding modi cation system
the taxonomy for Proteobacteria, Firmicutes and Actinobacterig'® Predominantly located within the rst 65 amino acids

A tree with a more detailed taxonomic annotation is available id\avarre et al,, 2030vanagisawa et al., 2Q1Rrafczyk et al.,
Supplementary Materials 2017 Sengoku et al., 20)8ve now swapped the N-domain

of EF-Reco With the one from EF-Bpy (EF-Reco domainippy).
In line with our expectations EFg2, domainlpp, was readily

modi ed (Figure 1D). For this reason, in a subsequent step
RESULTS AND DISCUSSION we tested an EFg, variant with swapped3s b4 — EF-R¢o
T : ) loopppu, containing in total four amino acid substitutions P32S,
K34R. Substitution of E. coli EF-PIs K34R, G35N, and Q36S. Although the e ciency was strongly
Suf cient for Non'COQnate reduced (1% compared to ERsR) this variant could still be
Rhamnosylation by EarP rhamnosylatedfigure 1D).

Canonically, N-linked protein glycosylation occurs at a consensus We previously observed that impairments of EarP variants
sequence motif Helenius and Aebi, 2004 By contrast, the with largely reducedn vitro rhamnosylation rates could be
glycosyltransferase EarP seems to recognize rather the overathpensateth vivo(EF-P modi cation and functionality) when
shape of domain | of its target EF-Ri@afczyk et al., 2037 EF-P and the variants were co-overproducédafczyk et al.,
Sengoku et al., 201&igure 1B). Notably, and despite large 2017 Supplementary Figure SB This could be explained by an
sequence diversity all EF-Ps are structurally simil@n@gisawa increase of the local protein concentrations within the cells.
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FIGURE 1 | Cross-interaction, -modi cation and -functionalization studies orE. coli EF-P, and EarP ofP. putida (A) Post-translational modi cations (PTM) present
either inE. coli EF-P (R)-b-lysylation) orP. putida EF-P @-rhamnosylation). The modifying enzymes EpmA and EarP are indicateB) Structural comparison of EF-P
from P. putida (fold recognition model; see section “Materials and Methods,” left) anB. coli (3A5Z:H, right) Katz et al., 2014). The KOW-like EF-P N-domains are
depicted in blue and gray, the OB-folding domains are depicted in orange and green, respectively. Middle: Structural alignment of the KOW-like EF-P N-domains.
(C) In vivointeraction analysis of a T25-EarBp, fusion with T18 fusions of EF-Bp, (cognate EarP interaction partner) and EFR, (non-cognate EarP interaction
partner). The maximal light emission from a 40 h time course experiment is given in RLU. 95% con dence intervals of at least six replicates are shown. Asterisks
indicate signi cant (P < 0.05) differences in the maximal light emission between cells expressing only one or none of the interaction partners and those co-expressing
the corresponding interaction partners(D) Top: In vitrorhamnosylation rates (yellow) anéh vivoribosome rescue activity (gray) of EFRo=ppy variants. In yellow
depicted are the relativein vitro rhamnosylation rates of EF-Bp, (set to 100%) and EF-R¢o-ppy Variants. Yellow underscoring indicates that these variants were
tested in vitro. Yellow asterisks indicate signi cantP < 0.05) differences in the rhamnosylation rate of corresponding variants to the wildtypk vivomeasurements
were performed in theE. colireporter strain (MG-CRefp-KanS).E. colil efp cells were complemented either with plasmid encoded Histagged EF-Pg, variants
solely earP ppy, dark gray bars) or in combination with EarBp, (earP® ppus light gray bars).b-galactosidase activities are given in relative MU with the wild-type
EF-Pppy in earPC cells set to 100%. Rhamnosylation of EF-B., was con rmed by Western blot analysis using Anti-rhamnosylarginine speci ¢ antibodies
(Anti-ArdRh), EF-Re¢o domainky, was generated by replacing the EF-P KOW-like N-domain | . coliwith the one fromP. putida. EF-Pgco loopppy Was generated
by replacingb3e b4 from E. coliwith the correspondingb3« b4 from P. putida. Black asterisks indicate signi cant P < 0.05; P > 0.001) differences in the ribosome
rescue activity in the presence (dark gray) and absence (light gray) of EarP. Bottom:vivo EF-P rhamnosylation levels were visualized using Anti-AHf speci ¢
(Continued)

Frontiers in Microbiology | www.frontiersin.org 7 May 2019 | Volume 10 | Article 1148



Volkwein et al. EF-P Modi cation Switch

FIGURE 1 | Continued

antibodies. Corresponding EF-P protein levels were detected with Anti-6His® (E) Effect of the EF-R¢o loopppy variant on different polyproline containing stalling
motifs. Measurements were performed irE. colil efp cells (JW4107), harboring plasmid encoded the EFR, looppp, variant in combination with thelacZ reporter
preceded by different stalling motifs ()BBR1MCS-3 XPP¥acZ) in the presence/absence of EarBp,.

Consequently, we reinvestigated rhamnosylation of K34R ribosomes, we next examined the role of the speci ¢ loop amino
EF-Recoloopppy, and EF-R¢odomainlppy by Earkpy in E. coli  acids on protein function. Therefore, we initially constructed
Following this approach, even the single substituted EfsP a phylogenetic tree based on 1166 EF-P sequences. To de ne
variant reached modi cation levels comparable to wildtype EFRmodi cation-speci ¢ protein subsets, EpmA and EarP orthologs
Pppu (Figure 1D, bottom). Thus, we were ultimately able to testvere collected as described previoushagsak et al., 2015
these EF-Povariants on their ability to rescue ribosome stallingSupplementary Dataset §1 The EF-P modi cation system
in an EarP dependent manner. EF-P functionality was measurptesent inB. subtiliswas excluded in this study, as the full
using a previously establishbejalactosidase dependent reportepathway is still poorly understoodz@jkovic et al., 203&Vitzky
system (Jde et al., 20L3Figure 1D, top). The assay is basedet al., 2018 A rst sequence logo db3s b4 numbered according
on the e ective translation of the polyproline motif containingto the E. coliprotein (amino acids 31 to 37) was generated based
acid stress responsive transcriptional regulator CaBGc{iner on the complete EF-P datasegigure 2A and Supplementary
et al., 2015Schlundt et al., 20)7and activation of its cognate Dataset S]. In line with earlier reports Bailly and de Crecy-
promoter Ryggafused tolacZ (Ude et al., 2013 b-galactosidase Lagard, 201)) the vast majority (81.11%) of EF-Ps have a
activity is low inE. colicells lackingefp but becomes elevatedlysine at theb3e b4 tip (K34), whereas arginine is the second
when complementing with both a copy @arRp, and efpppy most frequent amino acid occurring in 14.75% of the proteins
provided in trans (Figure 1D). Similarly, EF-Bco domainlppy  (Supplementary Dataset §1 The remaining 4.11% contain A
rescues ribosome stalling upon rhamnosylation, indicating th#&0.51%), M (0.77%), N (2.23%), and Q (0.6%) in this position. We
binding of the two distinct EF-Ps fronk. coliand P. putidato  next extracted two subsets of proteins with either a protruding
the ribosome occurs presumably at the same position. Hence tlgsine (lysine-type) or arginine (arginine-typejigure 2B). This
structural determinants for proper orientation of the respectivanalysis revealed a highly conserved proline in the second
protruding residue (lysine or arginine) and accordingly theposition N-terminal of the modi cation site (P32) in the lysine
corresponding modi cation may predominantly lay inth8e b4 type subset being almost absent in the arginine-type EF-Ps.
composition. In line with this assumption rhamnosylated EE-p Consistently, bacteria with EpmA pathway have this proline in
loopppy also alleviates the translational arrest occurring at thihe EF-P sequence whereas those with EarP doFigt(e 20).
CadC nascent chain. We note that this rescue activity is nbtith few exceptions the two modi cation systems thus appear
restricted to three consecutive prolines, but encompasses aigsdoe mutually exclusivelL@ssak et al., 20l Supplementary
other diprolyl arrest motifs as demonstrated for APP, DPP, PPDataset S). Based on these observations, EF-P sequences were
PPG, and PPNKigure 1E). In contrast to EF-Bco loopppy We  grouped according to the presence or absence of PigRie 2D).
measured an unexpected increase in reldthgalactosidase level Besides lysine (98.73%), we also found that alanine (100%) and
to about 20% of wildtype activity after introducing K3gginto  asparagine in the protruding position strongly co-occur with
1 efpeeo cells pointing toward a partial complementation of theproline (100%), whereas other types of amino acids co-occur with
mutant phenotype. However, this activity was lowered in thB32 extremely rarely or not at all: arginine (2.33%), methionine
concomitant presence a@arRp,, Which suggests an inhibitory (0%), and glutamine (0%Bupplementary Dataset §1
e ect of the modi cation. Presumably, the otherwise preserved Subsequent to and based on our bioinformatic analysis we
EF-R:=coloop composition in K34R.cprecludes proper alignment mutated b3 b4 of the EF-Ps of botlE. coliand P. putida
of rhamnosylarginine with the CCA-end of the P-site tRRIA  EF-P functionality was measuréal vivo, again using the CadC
Collectively, these data demonstrate that EarP-mediaté@pendentb-galactosidase reporter systerdde et al., 2013
rhamnosylation can tolerate substantial changes in the primaRigure 3). The partial Ragga activation with plasmid-based
sequence of the target protein EF-P. The capability of EF-P kK84R:co (Figure 1D) intrigued us to rst investigate the e ect
alleviate polyproline dependent translational stalling is, howevef overproduced unmodi ed wildtype EFd2, Therefore, we
strongly a ected by changes b3 b4 sequence. This in turn ectopically expressedfpEco in a reporter strain lacking the
suggests that both of the modi cations rely on a certain accept&. coli lysyl ligase EpmA and measured tlegalactosidase
loop architecture that orients the protruding residues in a wagutcome Supplementary Figure S} Intriguingly, P.aqga Was
favorable for promoting ribosome rescue. 50% reactivated compared to teans complementation with
epmAeco Presumably, the lysine K34 side chain forms important

. stabilizing contacts with the CCA-end of the P-site tRNA
The Sequence Composition of the EF-P (Huter et al., 201) which can in part compensate for a

b3 b4 Determines Ribosome Rescue lack of modi cation. We were therefore next curious whether

With Distinct Modi cations unmodi ed amino acids other than lysine and arginine can
Having shown that the EF#, b3 b4 composition is crucial promote EF-RB¢,functionality without modi cation. Hence, we
for rhamnosylation dependent rescue of polyproline arresteslibstituted K34 by any other amino acid (A, M, N, Q) to
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FIGURE 2 | Composition of b3 b4 of the EFP_N superfamily(A) Domain architecture of EF-P: The rst magni cation illustrate$3+ b4 of the KOW-like
EF-P_N-domain | including the post-translational modi cation (PTM) site. The second magni cation depicts the general amino acid composition of the seven aming
acid long loop between the strandsb3 and b4 based on 1166 sequences.(B) Weblogo of b3« b4 for the EF-Ps with lysine (lysine-type EF-P, upper logo) or an
arginine (arginine-type EF-P, lower logo) at position 34 according to the numbering of the coliortholog. (C) Weblogo of b3« b4 for the EF-Ps of bacteria
co-occurring with EpmA (upper logo) or EarP (lower logofD) Weblogo of b3+ b4 for the EF-Ps containing (upper logo) or not containing (lower logo) a proline at
position 32 according to the numbering of theE. coliortholog.

be found in the protruding position ob3+ b4 of the various In our complementary analysis with the EF-P Bf putida
EF-Ps Figure 3A and Supplementary Dataset §1 However, KT2440 we generated the substitution variants K2QR
none of the resultant protein variants was translationally activ&30Rpy R32Kepy, N33Gepy, and S34@py according to amino
indicating on the one hand that side chain similarities onlyacids predominantly found in the lysine-type sequence logo
between arginine and lysine seems to be high enough (Bigure 2B). We also constructed K294y, S30Apy, S30Gpy,
preserve certain of the above-mentioned interactions. On tH&31Appy, G31$py, N33Dppy, S344Ap,, and A35%p, to further
other hand, the signi cantly lower activity with K348,(20%) study the impact of the corresponding positions on EF-P
compared to unmodi ed EF-B., (50%) points toward a non- activity and rhamnosylation e ciency. Arn vitro time course
stimulating or even negative e ect, possibly caused by tranalysis was performedrigure 3B) with wild-type EF-Rpy
guanidino group. as well as its variants S398, G31Appy, R32kepy, N33Gopy,
Having demonstrated that substitution of K34 iB. coli and S34@p. This revealed relative rhamnosylation rates with
EF-P is hardly tolerated, we went on to analyze the impa&30Bp,and G314, (< 1% of wild-type activity) being slowest,
of its context residues. Coherent with its high degree afhile N33Gp, and S34Qp, reach 62 and 12% compared to
conservation in lysine-type EF-PBigures 2B,0) an exchange wild-type EF-RBp,, respectivelyKigure 3B). Corresponding to
of P32 (P32&, P32G.o analogous to the arginine-type EF-Pthe E. coli EF-P variants we also assessed the capability of
sequence logoFgure 20 abolishesb-galactosidase activity EF-Rbpy in alleviating the translational arrest on consecutive
(Figure 3A). Similarly, a substitution of G33 (G33f, G33%c9 prolinesin vivo. As for the cross-modi ed K34R.(Figure 1D),
is not tolerated and leads to a loss of function of Ed?In  we found that overproduction of EarP compensates for
comparison, when mutating G35 (G35N) and Q36 (Q36&9 a reduced rhamnosylation e ciency and accordingly all EbpR
residual rescue activity of 3.8 and 21.1%, respectively, is retairagbstitutions — except changes of R32 — were fully modi ed
Altogether our analysis of EFgl, b3+ b4 unveils important in vivo (Figure 3B). Regardless, S38k reaches only 4% of wild-
determinants for protein function and thus explains their hightype b-galactosidase activity and hence remains almost inactive
degree of conservation. even upon rhamnosylationF{gure 3B). This result is notably
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FIGURE 3 | Activity of E. coliand P. putida EF-P variants with single amino acid substitutions ib3+ b4 (A) Top: In vivoactivity measurements ofE. coli EF-P b3 b4
variants using the describedE. colireporter strain. In this strain, eitheefp (E. coliMG-CR-efp-KanS, epmA°C g, dark gray bars) or both,efp as well asepmA were
deleted E. coliMG-CR-efp-epmA-KanR,epmA g, light gray bars) and complemented with a plasmid encodede. coli Hisg-tagged EF-P variant.b-galactosidase
activities are given in relative MU with the wild-type EFgR, in the epmAC background set to 100%. Asterisks indicate signi cant P < 0.05) differences in the
ribosome rescue activity of a given EF-E;, variant in the presence of EpmA compared to the same variant in the absence of EpmA. Bottom: Production of Efef
variants was con rmed by Western blot analysis using Anti-6 His® (B) Top: In vitrorhamnosylation rates (yellow) and ribosome rescue activity (gray) of EEcB-ppu
variants. Shown in yellow are the relativén vitro rhamnosylation rates of EF-Bp, wild type (set to 100%) and EF-Bp, amino acid substitution variants. Yellow
underscoring depicts that these variants were testedn vitro. Yellow asterisks indicate signi cantP < 0.05) differences in the rhamnosylation rate of corresponding
variants to the wildtype.In vivoactivity measurements ofP. putida EF-P b3 b4 using the E. colireporter strain E. coliMG-CR-efp-KanS).E. coli 1 efp cells were
complemented either with a plasmid-encodedP. putida Hisg-tagged EF-P variant solelydarP ppy, dark gray bars) or in combination with EarByy (earP© ppu- light
gray bars).b-galactosidase activities are given in relative MU with the wild-type EFpR, in earP* cells set to 100%. Black asterisks indicate signi cant® < 0.05;

P > 0.0001) differences in the ribosome rescue activity of a given EFgR, variant in the presence of EarP compared to the same variant in the absence of EarP.
Bottom: Rhamnosylation levels of EF-By, variants were detected by Western blot analysis using Anti-AR§a.

reminiscent of what we saw with the correspondiBgcoliEF-P  loss Figure 3B). Similar to G33 in EF-B;, (Yanagisawa et al.,
converse exchange P32S. Contrary to $g@Rhe alanine and 201Q Figure 3A), the position equivalent G31 in ERsR, is
glycine substitutions S3@p, and S30Gp, reached 39 and 96% crucial for both modi cation e ciency and protein function

of wild-type b-galactosidase activity, respectively. These dafaigure 3B), which might be explained by sterically-hindering
support our observation of a strong selection against proline imteractions with either the ribosome or EarP caused by longer
the arginine-type EF-Ps, but at the same time allowing for side chains. Interestingly and in contrast to KR R32kppy
certain degree of freedom in the -2 position of the modi cationis not only inactive but theb-galactosidase activity measured
site. Substitutions of EFBy in positions N33, S34, and A35with this variant is even below the level of drefp:co deletion

as well as K29 are also tolerated without signi cant activitgtrain. This drastic phenotype indicates an inhibitory e ect on
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FIGURE 4 | In vivoand in vitro characterization of EF-P hybridgA) Top: In vivorhamnosylation and functionality analysis of EF-P hybrids co-expressed with EarP
from P. putida or S. oneidensis Measurements were performed in theE. colireporter strain (MG-CR-efp-KanS)E. colil efp cells were complemented either with
plasmid encoded Hiss-tagged EF-Peco=ppy Variants solely ¢arP , dark gray bars) or in combination with either EarP frorf. putida (earP® ppus light gray bars) or
EarP fromS. oneidensis(earP° 5o, blue bars).b-galactosidase activities are given in relative MU with the wild-type ERpR, in earP® ppu Cells set to 100%. Asterisks
indicate signi cant (P < 0.05) differences in the ribosome rescue activity of a given EFg, variant in the presence of EarB,, or EarPs, compared to the same
variant in the absence of EarP. Bottomin vivorhamnosylation levels were detected and visualized using Anti-A*§?. Production of EF-Popy and EF-Pe, variants
was detected and visualized using Anti-6 His® . (B) NMR-single titration experiment: Average change in the intensity ratio of ERzf and its variants upon titration
with twofold EarPp,. Error bars represent standard deviation of the intensity ratios over all signals within each titration.

polyproline translation. Notably, we saw the same when testir@upplementary Figures S5AB EF-Rqinteracts with EarByy
unmodi ed EF-P of bothP. putida(Figure 1D) or S. oneidensis as shown by the decrease in total amount of peak intensities
(Lassak et al., 20).5A similar phenomenon was also observein the EF-R¢, 1°N-HSQC spectrum upon EagR, titration.
by others when analyzing the growth Bf aeruginosharboring Physical interaction leads to an increased molecular tumbling
the EF-P R32K varianHajkovic et al., 20)5The most plausible time, which in turn decreases transverse relaxation times and
explanation is a distinct orientation of the protruding residue thapeak intensities. The interaction was substantially enhanced in

depends on th&3+ b4 composition. the K34Ro variant, resulting in even lower peak intensities.
This was expected, as R34 makes important contacts with
The Essential Proline P32 in E. coli EE-P EarP and its cognate EF-P iKeisseria meningitidiéSengoku

. . . et al., 2018 In contrast to K34R;, we observed reduced
Prevents Activation With interaction strength in the P32S variant as peak intensities
Rhamnosylarginine were stronger than for EFgR, wild type. This result might
Our mutational analysis clearly shows that the presence bé& counterintuitive, however, only if one ignores that EF-P
P32 is crucial for the activity of EFgl, on the one hand must not only be e ciently rhamnosylated by EarP, but at
and prevents ribosome rescue by EfPon the other hand. the same time has to interact optimally with the P-site tRNA
Accordingly, we were curious whether a double substitutioon the ribosome. In this light, the substitution of proline
P32S/K34R,is su cient to become translationally active upon might be regarded as an evolutionary consequence to maintain
modi cation by EarP Figure 4A). Unfortunately, this EF-P functionality at the expense of rhamnosylation e ciency. In line
variant was unable to promote CadC translation as seen kyth the ndings for K34Reco and P328., the K34R/P32&,

the low b-galactosidase activities in thkefpeco PeadgalacZ  double substitution variant showed intermediate interaction with
reporter strain. However, at the same time we noticed BarRp, compared to K34R:, and increased further with the
reducedin vivo rhamnosylation e ciency, which might mask a EF-Recq loopppy variant. In addition to K34Rc, and P328¢,
potential rescue e ect. Therefore, we tested whether the Eaitie EF-Rcoloopppy construct bears two additional substitutions
ortholog from S. oneidensiMR-1 might be a more e cient at positions 35 and 36, which seem to be important for EF-
modi er. Indeed, upon co-expression erR, rhamnosylation P/EarP interaction. Thus, we can interpret our nding as an
of P32S/K34R., reached signicantly higher levels, whichadjustmentto compensate for the negative interaction e ect that
concomitantly resulted in a partial ribosome resci&@(re 4A). we saw with P328,

To understand the e ect of substituting. colEF-P P32 especially  Itis possible that substitution of proline P32 causes substantial
on rhamnosylation e ciency by Earpp, we determined its changes in the loop dynamics due to its rigid nature. To test this,
interactions with wildtype EF8,, and variants at a molecular we performed®N Ry, Ry, and steady-state heteronucledH}—
level by performing NMR titration experiment§igure 4Band  1°N-NOE relaxation experiments on ER=Rand its variants and
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FIGURE 5 | EF-P phylogeny andb3e b4 sequence evolution(A) Phylogenetic tree reconstruction of the 32nd position (-2 relative to thie3s b4 tip) of the EF-P
KOW-like N-domain I. The colored circle areas correspond to the likelihood of the 32nd position to contain a proline (state “P") or another amino acid residue (“not
P"). (B) Bar colors indicate, from left to right, the amino acid located at the 34th positiorb@+ b4 tip), the presence/absence of certain modi cation enzymes, and the
taxonomy annotation for Proteobacteria, Firmicutes and Actinobacteria. Each colored line corresponds to one bacterial species in the EF-P

data set (Supplementary Dataset S1 ).

compared it with EF-Bpy. Our analysis suggests that substitutiorEF-Re¢o variants P32S/K34R/G3shb and P32S/K34R/Q36&
of single EF-Bco b3+ b4-loop residues with residues from EF-alleviated CadC translation when co-producing B
Pppuor even with the complete3s b4 does not signi cantly alter exhibited by a twofold and threefold increaselrgalactosidase
the NMR relaxation properties df3s b4 and hence its dynamics activities, respectively Figure 4A). However, neither the
(Supplementary Figures S5CHFThus, di erences observed in double substitution K34R/G35N, K34R/Q365;,, nhor
the interaction of EF-Beoand its variants with Eangp, can be the triple exchange K34R/G35N/Q3§ had an alleviating
attributed to the molecular nature of resulting interactions rathee ect on the translational arrestRigure 4A). In summary,
than changes in the loop dynamics. our analysis clearly shows that cross-activation of EksP
Our observation that substitution of P32 weakens thby EarRyp, is strictly prohibited in the presence of P32,
interaction strength between EReR and EarBp, explains whereas on the contrary cross-modication solely depends
the dierences in cross-complementing thkeefp P.aggalacZ on the protruding residue to be arginine. Combined with
mutant phenotype with K34R/P32& in combination with our in vitro interaction analysis we conclude that speci cally
the rhamnosyltransferase ortholog either froB. oneidensis the selection against that proline is an adaptation to rescue
or P. putida (Figure 4A). It is also indicative that further polyproline stalled ribosomes witha-rhamnosylarginine
sequence determinants in tHs8e b4 are contributing to EF-P rather than for ecient modication (Supplementary
recognition by EarP and accordingly being in line with ourFigure S2B. On the other hand, our data also implies that
in vitro rhamnosylation studies on EFpp, substitution variants additional adjustments in theb3s b4 sequence composition
(Figure 3B). Consequently, we additionally substituted G3%have been made to compensate for the negative e ect of
and Q36 for asparagine and serine, respectively. Both resultamamnosylation Figure 1D).
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The phy|ogeny ofthe b3e b4 Composition acids upstream of the modi cation site. Further, in certain
Unveils the Functional Relationship prokaryotes that have B3¢ b4 similar to EF-R¢, with lysine

. . . at the loop tip or alternatively an asparagin€igure 2D),
Betwe,‘en P32 and the, MOC_“ cation SI'[Q one can identify a deoxyhypusine synthase (DHS) like
Our ndings prompted us to investigate the evolutionary order ob

ting in the ob p b rotein (Figure 5B, Brochier et al.,, 2004 In eukaryotes
events resulting in the observed co-occurrence patterns betw: archaea, DHS elongates a lysine in the EF-P ortholog

the res_idues occupying e_ither the m_odi cation site (positio_n 3%FsA by an amino-butyryl moiety\(/ol et al., 199G Prunetti
according to the numbering oE. coliEF-P) or the respective al., 2015 Accordingly, it is plausible that the bacterial

position two amino acids upstream. To this end, we performed@rtholog might attach an analogous modication onto

phylogenetic tree reconstruction using the maximum IikeIihoo:iihe respective EF-Ps although the experimental connection
method from the phytools R packag&dvell, 2012 We note remains elusive.

that, according to the given pootstrap values, especially the evolutionary exibility in modi cation systems and
deep branches of the tree might be rather randomly placegh, b4 sequence composition is not fully understood yet.
and thus the obtained results should be handled with Ca“tiolqowever one could speculate that besides the universally
(Supplemt_entary '?atasets 8_2’ S3\lgvertheless, n cgmblnatlon conserved role in alleviating ribosome stalling at polyproline
with our biochemical and biophysical data these b|0|nformat|c§tretches Gutierrez et al., 2013Ude et al., 2013 diverse

analyses might provide a plausible rationale for h& b4  gr ps might have extended functionality. In this regard it was
composition f”md EF-P modi c_atlon strategn_es. reported Pelechano and Alepuz, 2Q1%chuller et al., 20}7
As the lysine at thé3» b4 tip was foupd in more than thrge that IF5A also acts on non-polyproline arrest motifs and even
quarters of all EF-P sequences and is also conserved in {igjiiates termination. Although EF-P activity seems to be
eukaryotic af?d archaeal _orthol_ogs e/_alEElZ\e(/er ‘?t al., 20])'4_ restricted to the alleviation of translational arrest situations at
we hypothesized that this amino acid is evolgnonary ancientysecutive prolinesUde et al., 20L3Woolstenhulme et al.,
Ipdeed, we found EF-P with a protruding lysine to be m035015 it should be noted that all global analyses thus far were
likely at the root of our tree with subsequent emergence of tkﬁerformed solely inE. coli (Peil et al., 201:3Woolstenhulme
rst arginine, foIIOV\_/ed by asparagine, glutamine, and methioning; al., 201Fand Salmonella enteridalersch et al., 2093both of
(Supplementary Flgur_e S6A ) . . which depend onR)-b-lysylation of lysine. One might therefore
When reconstructllng _evolutlonary scenarios for p_os't,'o%peculate whether other EF-Ps with distinct modi cations and
32 (Figure 5A), proline is the most likely amino acid in 3, 1y sequence composition might have expanded functions
an EF-P progenitor. The subsequent selection against it finiiar 1o eIF5A. EarP-dependent EF-Ps might therefore be of
_certaln EF-P _subpopl_JI_anns strongly correl_ates with arglnlnﬁarticular interest. First evolved ib-proteobacteria, this EF-P
in the protruding position Gupplementary Figure S6hand e seems to have spread into certgiproteobacterial orders
in turn strengthens our observations that this specic readusnd other phyla (assak et al., 20).5Conversely, however,

is crucial for optimal orientation ofb3: b4 (Figures 3 4). qi;0ntal gene transfer events of EpmABC-dependent EF-Ps

This scenario .is. further corroborateq bY the ,f"?‘Ct that theyg the b-proteobacterial subdivision hardly occur. This in
structural restrictions caused by proline in position 32 havg, ., could indicate a selection in favor of EE-P arginine

favored the evolution of lysinex-lysylation and lysine 5- 5 mnosylation caused either by an expanded target spectrum or
ar_nlnopentanolylat_lon. Whereas P32 seems to _be 'ncompat't?rlﬁproved functionality.
W'th_ rhgmnosylatlon. Our data further implies that the 'pneo reguits of this study also demonstrate the possibility of
modi cation system for the latter emerged subsequent tQiiching the EarP acceptor substrate speci city. The interaction
the phylogenetlc_ recruitment of R34/noP3Figure 5B and of EarP with its cognate EF-P has been shown to be both
Supplementary Figure S6]p sequence- and structure dependeritrgfczyk et al., 2017
Sengoku et al., 20).80ur data show that a substitution of lysine
to arginine in the EF-P oE. coliK34R:¢,is already su cient to
CONCLUSION allow for rhamnosylation in an EarP dependent manner. As the
EF-Ps oE. coliandP. putidashare only 30% identity in the EarP-
In this study, we provide a comprehensive analysis dfiteracting EF-P_N domain, sequence-speci ¢ contacts between
EF-P b3» b4 and how its sequence composition allow&F-P and EarPKrafczyk et al., 203 Bengoku et al., 20) éight
functionalization by chemically and structurally distinctonly enhance interaction strength between the two proteins. This
modi cations. It might also help to predict the type of novel,is further supported by our corresponding bacterial two-hybrid
yet undiscovered EF-P post-translational functionalizatioandin vitro NMR analyses. The recognition motif for the AIDA-
strategies in the>50% of bacteria which do not encode anyassociated heptosyltransferase Aah has been described as a “short
known modi cation enzyme. Our assumption is supportedod-strand—short acceptor loop—shot-strand” (Charbonneau
by the recent identi cation of lysine 5-amino-pentanolylationet al., 201p Analogously the two beta-strands bracketing
which takes place irB. subtilisand presumably a few other b3 b4 might constitute a structural recognition motif for
rmicutes (Hummels et al., 20)7 This EF-P activation EarP dependent rhamnosylation. Determining the minimal
strategy chemically resembldslysylation and also occurs recognition motif is of particular interest as this information
on a b3/b4 loop with an invariant proline two amino allows for targeted rhamnosylation even for proteins other than

Frontiers in Microbiology | www.frontiersin.org 13 May 2019 | Volume 10 | Article 1148



Volkwein et al. EF-P Modi cation Switch

EF-P. Thus, our study also lays the foundation to evolve EaRrinciples of Synthetic Biology). Moreover, JL and KJ were

into a glycosynthase that can ultimately be used in heterologogesateful for DFG grants LA 3658/1-1 and JU 270/17-1. JH

production of eukaryotic glycoproteins. acknowledges support from the European Molecular Biology
Laboratory (EMBL). PJ acknowledges EMBL and the EU
Marie Curie Actions Cofund for an EIPOD fellowship.

AUTHOR CONTRIBUTIONS KJ additionally thanks the Center for integrated Protein
Science Munich (Cluster of Excellence grant Exc114/2) for

DF, MPa, EM, and JL performed the bioinformatic analysesyancial support.

JH, PJ, and JM performed the NMR studies. WV produced

and puried the corresponding proteins. MPf performed

isoelectric focusing experiments. RK and ZG perfornreditro ACKNOWLEDGMENTS

rhamnosylation assays. WV and RK conducted all other

biochemical and genetic analysed8f b4 substitution variants We thank Ingrid Weitl for excellent technical assistance as well

of E. coliand P. putida WV and MF performed the biochemical as Elena Fajardo Ruiz, Benedikt Frederik Camille Graf von

analysis with EarP fror§. oneidensisith contributions from JL. Armansperg, Alina Maria Sieber, and Franziska Theresa Hafele

JL, JH, KJ, and DF designed the study. WV, RK, KJ, EM, PJ, 36t their contributing results.

and JL wrote the manuscript.

SUPPLEMENTARY MATERIAL
FUNDING

The Supplementary Material for this article can be found
JL and KJ gratefully acknowledge nancial support frononline at: https://www.frontiersin.org/articles/10.3389/fmicb.
the DFG Research Training Group GRK2062/1 (Moleculd019.01148/full#supplementary-material

REFERENCES Charbonneau, M. E., Cote, J. P., Haurat, M. F., Reiz, B., Crepin, S., Berthiaume,
F., et al. (2012). A structural motif is the recognition site for a new family
Adzhubei, A. A., Sternberg, M. J., and Makarov, A. A. (2013). Polyproline-Il helix of bacterial proteinO-glycosyltransferaseMol. Microbiol.83, 894-907. doi:
in proteins: structure and functionl. Mol. Biol425, 2100-2132. doi: 10.1016/j.  10.1111/j.1365-2958.2012.07973.x
jmb.2013.03.018 Choi, S., and Choe, J. (2011). Crystal structure of elongation factor P from
Altenho, A. M., Glover, N. M., Train, C. M., Kaleb, K., Warwick Vesztrocy, Pseudomonas aeruginos& 1.75 A resolution.Proteins 79, 1688-1693.
A., Dylus, D., et al. (2018). The OMA orthology database in 2018: retrieving doi: 10.1002/prot.22992
evolutionary relationships among all domains of life through richer web an@€outinho, P. M., Deleury, E., Davies, G. J., and Henrissat, B. (2003). An evolving
programmatic interfacedNucleic Acids Re46, D477-D485. doi: 10.1093/nar/  hierarchical family classi cation for glycosyltransferasés.Mol. Biol.328,
gkx1019 307-317. doi: 10.1016/s0022-2836(03)00307-3
Bailly, M., and de Crecy-Lagard, V. (2010). Predicting the pathway involved Delaglio, F., Grzesiek, S., Vuister, G. W., Zhu, G., Pfeifer, J., and Bax, A. (1995).
post-translational modi cation of elongation factor P in a subset of bacterial NMRPipe: a multidimensional spectral processing system based on UNIX
speciesBiol. Direct5:3. doi: 10.1186/1745-6150-5-3 pipes.J. Biomol. NMRS, 277-293.
Behshad, E., Ruzicka, F. J., Mansoorabadi, S. O., Chen, D., Reed, G. H.,.Dmwér, T. E., Gutierrez, E., and Shin, B. S. (2014). The hypusine-containing
Frey, P. A. (2006). Enantiomeric free radicals and enzymatic control of translation factor elF5A.Crit. Rev. Biochem. Mol. Biok9, 413-425.
stereochemistry in a radical mechanism: the case of lysine 2,3-aminomutasesdoi: 10.3109/10409238.2014.939608

Biochemistryt5, 12639-12646. doi: 10.1021/bi061328t Doerfel, L. K., Wohlgemuth, I, Kothe, C., Peske, F., Urlaub, H., and Rodnina, M. V.
Bertani, G. (1951). Studies on lysogenesis. I. The mode of phage liberation by(2013). EF-P is essential for rapid synthesis of proteins containing consecutive
lysogenicEscherichia coll. Bacteriol62, 293-300. proline residuesScienc839, 85-88. doi: 10.1126/science.1229017

Bertani, G. (2004). Lysogeny at mid-twentieth century: P1, P2, and othBpoerfel, L. K., Wohlgemuth, I., Kubyshkin, V., Starosta, A. L., Wilson, D. N.,
experimental system3. Bacteriotl86, 595-600. doi: 10.1128/jb.186.3.595-600. Budisa, N., et al. (2015). Entropic contribution of elongation factor P to proline
2004 positioning at the catalytic center of the ribosomk.Am. Chem. Sod37,

Blaha, G., Stanley, R. E., and Steitz, T. A. (2009). Formation of the rst peptide 12997-13006. doi: 10.1021/jacs.5b07427
bond: the structure of EF-P bound to the 70S riboso®eienc825, 966-970. Elgamal, S., Katz, A., Hersch, S. J., Newsom, D., White, P., Navarre, W. W., et al.
doi: 10.1126/science.1175800 (2014). EF-P dependent pauses integrate proximal and distal signals during

Brochier, C., Lopez-Garcia, P., and Moreira, D. (2004). Horizontal gene transfer translation.PLoS Genel0:e1004553. doi: 10.1371/journal.pgen.1004553
and archaeal origin of deoxyhypusine synthase homologous genes in bactdfstein, W., and Kim, B. S. (1971). Potassium transport lodscherichia coli
Gene330, 169-176. doi: 10.1016/j.gene.2004.01.018 K-12.J. Bacterioll08, 639—-644.

Buchner, S., Schlundt, A., Lassak, J., Sattler, M., and Jung, K. (2015). StruciEsphh Borujeni, A., Channarasappa, A. S., and Salis, H. M. (2014). Translation
and functional analysis of the signal-transducing linker in the pH-responsive rate is controlled by coupled trade-o s between site accessibility, selective
one-component system CadC B&cherichia coll. Mol. Biol427, 2548-2561. RNA unfolding and sliding at upstream standby sitdkicleic Acids Red2,
doi: 10.1016/j.jmb.2015.05.001 2646-2659. doi: 10.1093/nar/gkt1139

Bullwinkle, T. J., Zou, S. B., Rajkovic, A., Hersch, S. J., Elgamal, S., Robinkamow, N. A., Muhandiram, R., Singer, A. U., Pascal, S. M., Kay, C. M., Gish,
N., et al. (2013). R)-beta-lysine-modi ed elongation factor P functions in  G., et al. (1994). Backbone dynamics of a free and phosphopeptide-complexed
translation elongationJ. Biol. Chem288, 4416-4423. doi: 10.1074/jbc.M112. Src homology 2 domain studied by 15N NMR relaxati®@iochemistry33,
438879 5984-6003. doi: 10.1021/bi00185a040

Capella-Gutierrez, S., Silla-Martinez, J. M., and Gabaldon, T. (2009). trimAlFan, R. D., Clements, J., Arndt, W., Miller, B. L., Wheeler, T. J., Schreiber, F., et al.
tool for automated alignment trimming in large-scale phylogenetic analyses. (2015). HMMER web server: 2015 upddtkicleic Acids Re43, W30-W38.
Bioinformatic25, 1972-1973. doi: 10.1093/bioinformatics/btp348 doi: 10.1093/nar/gkv397

Frontiers in Microbiology | www.frontiersin.org 14 May 2019 | Volume 10 | Article 1148



Volkwein et al. EF-P Modi cation Switch

Finn, R. D., Coggill, P., Eberhardt, R. Y., Eddy, S. R., Mistry, J., Mitchell, A. L., eti@dner, C. L., Yang, J., Turner, R. J., and Edwards, R. A. (2004). Visible uorescent
(2016). The Pfam protein families database: towards a more sustainable futuredetection of proteins in polyacrylamide gels without stainiAgal. Biochem.
Nucleic Acids Re44, D279-D285. doi: 10.1093/nar/gkv1344 326, 13-20. doi: 10.1016/j.ab.2003.10.047

Fried, L., Lassak, J., and Jung, K. (2012). A comprehensive toolbox for temmli, U. K. (1970). Cleavage of structural proteins during the assembly of the
rapid construction oflacZ fusion reportersJ. Microbiol. Method81, 537-543. head of bacteriophage TMature227, 680-685. doi: 10.1038/227680a0

doi: 10.1016/j.mimet.2012.09.023 Lassak, J., Keilhauer, E. C., Furst, M., Wuichet, K., Gédeke, J., Starosta, A. L.,
Gutierrez, E., Shin, B. S., Woolstenhulme, C. J., Kim, J. R., Saini, P., Buskirk, A. Ret al. (2015). Arginine-rhamnosylation as new strategy to activate translation

et al. (2013). elF5A promotes translation of polyproline motifil. Cell51, elongation factor PNat. Chem. Bioll1, 266—270. doi: 10.1038/nchembio.1751

35-45. doi: 10.1016/j.molcel.2013.04.021 Lassak, J., Wilson, D. N., and Jung, K. (2016). Stall no more at polyproline stretches

Guzman, L. M., Belin, D., Carson, M. J., and Beckwith, J. (1995). Tight regulation,with the translation elongation factors EF-P and IF-3%ol. Microbiol. 99,
modulation, and high-level expression by vectors containing the arabinose 219-235. doi: 10.1111/mmi.13233
Psap promoter.J. Bacterioll77,4121-4130. doi: 10.1128/jb.177.14.4121-4130, X., Krafczyk, R., Macosek, J., Li, Y. L., Zou, Y., Simon, B., etal. (2016). Resolving
1995 the a-glycosidic linkage of arginine-rhamnosylated translation elongation

Hanawa-Suetsugu, K., Sekine, S., Sakai, H., Hori-Takemoto, C., Terada, Tfactor P triggers generation of the rst ARJ2speci ¢ antibody.Chem. Sci7,
Unzai, S., et al. (2004). Crystal structure of elongation factor P ffbermus 6995-7001. doi: 10.1039/c6sc02889f
thermophilusHB8. Proc. Natl. Acad. Sci. U.S.201, 9595-9600. doi: 10.1073/Melnikov, S., Malilliot, J., Rigger, L., Neuner, S., Shin, B. S., Yusupova, G., et al.
pnas.0308667101 (2016a). Molecular insights into protein synthesis with proline residi®B80

Helenius, A., and Aebi, M. (2004). Roles of N-linked glycans in the endoplasmic Repl17, 1776-1784. doi: 10.15252/embr.201642943
reticulum.Annu. Rev. Biocheri@3, 1019-1049. doi: 10.1146/annurev.biochenMelnikov, S., Mailliot, J., Shin, B. S., Rigger, L., Yusupova, G., Micura, R.,
73.011303.073752 et al. (2016b). Crystal structure of hypusine-containing translation factor

Hersch, S. J., Wang, M., Zou, S. B., Moon, K. M., Foster, L. J., Ibba, M., et al. (2013gIF5A bound to a rotated eukaryotic ribosomk.Mol. Biol.428, 3570-3576.
Divergent protein motifs direct elongation factor P-mediated translational doi: 10.1016/j.jmb.2016.05.011
regulation in Salmonella entericand Escherichia colimBio 4:e00180-13. Miller, J. H. (1972)Experiments in Molecular Geneti@»ld Spring Harbor, NY:
doi: 10.1128/mBi0.00180-13 Cold Spring Harbor Laboratory.

Huerta-Cepas, J., Serra, F., and Bork, P. (2016). ETE 3: reconstruction, analyfler, J. H. (1992)A Short Course in Bacterial Genetics: A Laboratory Manual and
and visualization of phylogenomic datéol. Biol. Evol.33, 1635-1638. Handbook for Escherichia Coli and Related Bact&udd Spring Harbor, NY:
doi: 10.1093/molbev/msw046 Cold Spring Harbor Laboratory.

Hummels, K. R., Witzky, A., Rajkovic, A., Tollerson, R. I, Jones, L. A., IbbBjuto, H., and Ito, K. (2008). Peptidyl-prolyl-tRNA at the ribosomal P-site reacts
M., et al. (2017). Carbonyl reduction by Ymfl iBacillus subtilisorevents poorly with puromycin. Biochem. Biophys. Res. Comm@866, 1043—-1047.
accumulation of an inhibitory EF-P modi cation statéol. Microbiol. 106, doi: 10.1016/j.bbrc.2007.12.072
236-251. doi: 10.1111/mmi.13760 Navarre, W.W., Zou, S. B., Ray, H., Xie, J. L., Savchenko, A., Singer, A., etal. (2010).

Huter, P., Arenz, S., Bock, L. V., Graf, M., Frister, J. O., Heuer, A., et al. (2017).PoxA, YjeK, and elongation factor P coordinately modulate virulence and drug
Structural basis for polyproline-mediated ribosome stalling and rescue by the resistance irBalmonella entericol. Cell39, 209-221. doi: 10.1016/j.molcel.
translation elongation factor EF-Mol. Cell 68:e516. doi: 10.1016/j.molcel.  2010.06.021
2017.10.014 Nguyen, L. T., Schmidt, H. A., Von Haeseler, A., and Minh, B. Q. (2015). IQ-TREE:

Johansson, M., leong, K. W., Trobro, S., Strazewski, P., Aqvist, J., Pavlowa fast and e ective stochastic algorithm for estimating maximum-likelihood
M. Y., et al. (2011). pH-sensitivity of the ribosomal peptidyl transfer reaction phylogeniesMol. Biol. Evol32, 268—-274. doi: 10.1093/molbev/msu300
dependent on the identity of the A-site aminoacyl-tRN&oc. Natl. Acad. Sci. Niklasson, M., Otten, R., Ahlner, A., Andresen, C., Schlagnitweit, J., Petzold, K.,
U.S.A108, 79-84. doi: 10.1073/pnas.1012612107 et al. (2017). Comprehensive analysis of NMR data using advanced line shape

Karimova, G., Pidoux, J., Ullmann, A., and Ladant, D. (1998). A bacterial two- tting. J. Biomol. NMR9, 93-99. doi: 10.1007/s10858-017-0141-6
hybrid system based on a reconstituted signal transduction pattivag. Natl. O'Leary, N. A., Wright, M. W., Brister, J. R., Ciufo, S., Haddad, D., Mcveigh,

Acad. Sci. U.S.®5, 5752-5756. doi: 10.1073/pnas.95.10.5752 R., et al. (2016). Reference sequence (RefSeq) database at NCBI: current
Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment status, taxonomic expansion, and functional annotatidocleic Acids Re44,

software version 7: improvements in performance and usabMtyl. Biol. Evol. D733-D745. doi: 10.1093/nar/gkv1189

30, 772-780. doi: 10.1093/molbev/mst010 Pavlov, M. Y., Watts, R. E., Tan, Z., Cornish, V. W., Ehrenberg, M., and Forster,

Katoh, T., Wohlgemuth, I., Nagano, M., Rodnina, M. V., and Suga, H. (2016). A. C. (2009). Slow peptide bond formation by proline and other N-alkylamino
Essential structural elements in tRRR for EF-P-mediated alleviation acids in translationProc. Natl. Acad. Sci. U.S. 206, 50-54. doi: 10.1073/pnas.
of translation stalling. Nat. Commun. 7:11657. doi: 10.1038/ncomms 0809211106
11657 Peil, L., Starosta, A. L., Lassak, J., Atkinson, G. C., Virumae, K., Spitzer, M.,
Katz, A., Solden, L., Zou, S. B., Navarre, W. W., and Ibba, M. (2014). Molecularet al. (2013). Distinct XPPX sequence motifs induce ribosome stalling, which is
evolution of protein-RNA mimicry as a mechanism for translational control. rescued by the translation elongation factor ERFPRoc. Natl. Acad. Sci. U.S.A.
Nucleic Acids Re42, 3261-3271. doi: 10.1093/nar/gkt1296 110, 15265-15270. doi: 10.1073/pnas.1310642110
Kobayashi, K., Katz, A., Rajkovic, A., Ishii, R., Branson, O. E., Freitas, M. Relil, L., Starosta, A. L., Virumae, K., Atkinson, G. C., Tenson, T., Remme, J., et al.
et al. (2014). The non-canonical hydroxylase structure of YfcM reveals a metal(2012). Lys34 of translation elongation factor EF-P is hydroxylated by YfcM.
ion-coordination motif required for EF-P hydroxylatioMNucleic Acids Re42, Nat. Chem. Biol8, 695-697. doi: 10.1038/nchembio.1001
12295-12305. doi: 10.1093/nar/gku898 Pelechano, V., and Alepuz, P. (2017). elF5A facilitates translation termination
Korzhnev, D. M., Skrynnikov, N. R., Millet, O., Torchia, D. A., and Kay, L. E. (2002). globally and promotes the elongation of many non polyproline-specic
An NMR experiment for the accurate measurement of heteronuclear spin- tripeptide sequenceNucleic Acids Regl5, 7326-7338. doi: 10.1093/nar/
lock relaxation rates]. Am. Chem. Sot24, 10743-10753. doi: 10.1021/ja02 gkx479
04776 Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M.,
Kovach, M. E., Elzer, P. H., Hill, D. S., Robertson, G. T., Farris, M. A., Meng, E. C., etal. (2004). UCSF Chimera—a visualization system for exploratory
Roop, R. M., 1I, et al. (1995). Four new derivatives of the broad-host-range research and analysis.Comput. Chen25, 1605-1612. doi: 10.1002/jcc.20084
cloning vector pBBR1MCS, carrying di erent antibiotic-resistance cassettéxunetti, L., Graf, M., Blaby, I. K., Peil, L., Makkay, A. M., Starosta, A. L., et al.
Genel66, 175-176. doi: 10.1016/0378-1119(95)00584-1 (2016). Deciphering the translation initiation factor 5A modi cation pathway
Krafczyk, R., Macosek, J., Jagtap, P. K. A., Gast, D., Wunder, S., Mitra, P., et ain halophilic archaeaArchaea2016:7316725. doi: 10.1155/2016/7316725
(2017). Structural basis for EarP-mediated arginine glycosylation of translatign, F., Motz, M., Jung, K., Lassak, J., and Frishman, D. (2018). Evolutionary
elongation factor EF-AnBi08:€01412-17. doi: 10.1128/mBi0.01412-17 analysis of polyproline motifs iftscherichia colieveals their regulatory role

Frontiers in Microbiology | www.frontiersin.org 15 May 2019 | Volume 10 | Article 1148



Volkwein et al. EF-P Modi cation Switch

in translation. PLoS Comput. Biol14:e1005987. doi: 10.1371/journal.pcbilUde, S., Lassak, J., Starosta, A. L., Kraxenberger, T., Wilson, D. N., and Jung,
1005987 K. (2013). Translation elongation factor EF-P alleviates ribosome stalling at
Rajkovic, A., Erickson, S., Witzky, A., Branson, O. E., Seo, J., Gafken, P. Rpolyproline stretchesScienc839, 82-85. doi: 10.1126/science.1228985
et al. (2015). Cyclic rhamnosylated elongation factor P establishes antibidtide, S. C. M. (2013Y.he Role of Elongation Factor EF-P in Translation and in Copy
resistance inPseudomonas aeruginosaBio 6:e00823. doi: 10.1128/mBio.  Number Control of the Transcriptional Regulator CadC in Escherichilod.
00823-15 dissertation, LMU Miinchen, Miinchen.
Rajkovic, A., Hummels, K. R., Witzky, A., Erickson, S., Gafken, P. R., WhiteleggajProt Consortium (2018). UniProt: the universal protein knowledgebase.
J. P., et al. (2016). Translation control of swarming pro ciencyBacillus Nucleic Acids Re46:269. doi: 10.1093/nar/gky092
subtilis by 5-amino-pentanolylated elongation factor ®. Biol. Chem291, Volkwein, W., Maier, C., Krafczyk, R., Jung, K., and Lassak, J. (2017). A versatile
10976-10985. doi: 10.1074/jbc.M115.712091 toolbox for the control of protein levels using+acetyli-lysine dependent
Rajkovic, A., and Ibba, M. (2017). Elongation factor P and the control of translation amber suppressionACS Synth. Biol6, 1892—1902. doi: 10.1021/acssynbio.
elongation.Annu Rev. Microbiol71, 117-131. doi: 10.1146/annurev-micro- 7b00048
090816-093629 Vranken, W. F., Boucher, W., Stevens, T. J., Fogh, R. H., Pajon, A,
Revell, L. J. (2012). ). phytools: an R package for phylogenetic comparative biologylinas, M., et al. (2005). The CCPN data model for NMR spectroscopy:
(and other things)Methods Ecol. Evads, 217-223. doi: 10.1111/j.2041-210X. development of a software pipelinBroteins59, 687—696. doi: 10.1002/prot.
2011.00169.x 20449
Roy, A., Kucukural, A., and Zhang, Y. (2010). I-TASSER: a uni ed platform fdiVagih, O. (2017). ggseglogo: a versatile R package for drawing sequence logos.
automated protein structure and function predictioNat. Protoc5, 725-738. Bioinformatics33, 3645-3647. doi: 10.1093/bioinformatics/btx469
doi: 10.1038/nprot.2010.5 Witzky, A., Hummels, K. R., Tollerson, R. Il, Rajkovic, A., Jones, L. A., Kearns,
Roy, H., Zou, S. B., Bullwinkle, T. J., Wolfe, B. S., Gilreath, M. S., Forsyth, C. J.D. B., et al. (2018). EF-P posttranslational modi cation has variable impact
et al. (2011). The tRNA synthetase paralog PoxA modi es elongation factor-P on polyproline translation irBacillus subtilismBio 9:e00306-18. doi: 10.1128/

with (R)-b-lysine.Nat. Chem. Biol7, 667-669. doi: 10.1038/nchembio.632 mBi0.00306-18

Saini, P., Eyler, D. E., Green, R., and Dever, T. E. (2009). Hypusine-contairWighlgemuth, I., Brenner, S., Beringer, M., and Rodnina, M. V. (2008). Modulation
protein elF5A promotes translation elongatioNature 459, 118-121. of the rate of peptidyl transfer on the ribosome by the nature of substrates.
doi: 10.1038/nature08034 J. Biol. Chen83, 32229-32235. doi: 10.1074/jbc.M805316200

Salis, H. M., Mirsky, E. A., and Voigt, C. A. (2009). Automated design of synthetiol , E. C., Park, M. H., and Folk, J. E. (1990). Cleavage of spermidine as the
ribosome binding sites to control protein expressiddat. Biotechnol27, rst step in deoxyhypusine synthesis. The role of NAD.Biol. Chem265,
946-950. doi: 10.1038/nbt.1568 4793-4799.

Sattler, M., Schleucher, J., and Griesinger, C. (1999). Heteronucl&¥oolstenhulme, C.J., Guydosh, N. R., Green, R., and Buskirk, A. R. (2015). High-
multidimensional NMR experiments for the structure determination of precision analysis of translational pausing by ribosome pro ling in bacteria
proteins in solution employing pulsed eld gradientBrog. Nucl. Mag. Res.  lacking EFPCell Repll, 13-21. doi: 10.1016/j.celrep.2015.03.014
Spectros@4, 93-158. doi: 10.1016/S0079-6565(98)00025-9 Woolstenhulme, C. J., Parajuli, S., Healey, D. W., Valverde, D. P., Petersen, E. N.,

Schlundt, A., Buchner, S., Janowski, R., Heydenreich, T., Heermann, R., Lassal§tarosta, A. L., et al. (2013). Nascent peptides that block protein synthesis
J., et al. (2017). Structure-function analysis of the DNA-binding domain of a in bacteria.Proc. Natl. Acad. Sci. U.S.A10, E878-E887. doi: 10.1073/pnas.
transmembrane transcriptional activat@ci. Rep7:1051. doi: 10.1038/s41598- 1219536110
017-01031-9 Yanagisawa, T., Sumida, T., Ishii, R., Takemoto, C., and Yokoyama, S. (2010).

Schmidt, C., Becker, T., Heuer, A., Braunger, K., Shanmuganathan, V., Pech, M.A paralog of lysyl-tRNA synthetase aminoacylates a conserved lysine residue
et al. (2016). Structure of the hypusinylated eukaryotic translation factor elF- in translation elongation factor PNat. Struct. Mol. Biol.17, 1136-1143.
5A bound to the ribosomeNucleic Acids Re44, 1944-1951. doi: 10.1093/nar/  doi: 10.1038/nsmb.1889
gkv1517 Yanagisawa, T., Takahashi, H., Suzuki, T., Masuda, A., Dohmae, N., and Yokoyama,

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJS. (2016).Neisseria meningitidigranslation elongation factor P and its
25 years of image analydiat. Method®, 671-675. doi: 10.1038/nmeth.2089  active-site arginine residue are essential for cell viabRityyS Oné 1:e0147907.

Schuller, A. P., Wu, C. C., Dever, T. E., Buskirk, A. R., and Green, R. (2017).doi: 10.1371/journal.pone.0147907
elF5A functions globally in translation elongation and terminatidfol. Cell ~ Yang, J., Yan, R., Roy, A., Xu, D., Poisson, J., and Zhang, Y. (2015). The I-TASSER
66, 194.e—205.e. doi: 10.1016/j.molcel.2017.03.003 Suite: protein structure and function predictiorNat. Methods12, 7-8.

Sengoku, T., Suzuki, T., Dohmae, N., Watanabe, C., Honma, T., Hikida, doi: 10.1038/nmeth.3213
Y., et al. (2018). Structural basis of protein arginine rhamnosylation byu, G., Smith, D. K., Zhu, H., Guan, Y., and Lam, T. T.-Y. (2017). ggtree: an
glycosyltransferase EarRat. Chem. Biol14, 368-374. doi: 10.1038/s41589- r package for visualization and annotation of phylogenetic trees with their
018-0002-y covariates and other associated dMathods Ecol. Ev@, 28-36. doi: 10.1111/

Starosta, A. L., Lassak, J., Peil, L., Atkinson, G. C., Virumae, K., Tenson, T., et aR041-210x.12628
(2014a). Translational stalling at polyproline stretches is modulated by ti#ang, Y. (2008). I-TASSER server for protein 3D structure predictBviC
sequence context upstream of the stall ditecleic Acids Re42, 10711-10719. Bioinformatic®:40. doi: 10.1186/1471-2105-9-40
doi: 10.1093/nar/gku768

Starosta, A. L., Lassak, J., Peil, L., Atkinson, G. C., Woolstenhulme, C.Canict of Interest Statement: The authors declare that the research was
Virumae, K., et al. (2014b). A conserved proline triplet in Val-tRNAconducted in the absence of any commercial or nancial relationships that could
Synthetase and the origin of elongation factor@ell Rep9, 476—-483. doi: be construed as a potential con ict of interest.
10.1016/j.celrep.2014.09.008

Tanner, D. R., Cariello, D. A., Woolstenhulme, C. J., Broadbent, M. A., and Buski@Gopyright © 2019 Volkwein, Krafczyk, Jagtap, Parr, Mankina, MacoSek, Guo, Furst,
A. R. (2009). Genetic identi cation of nascent peptides that induce ribosonféfab, Frishman, Hennig, Jung and Lassak. This is an open-access article distributed
stalling.J. Biol. Chen284, 34809-34818. doi: 10.1074/jbc.M109.039040 under the terms of the Creative Commons Attribution License (CC BY). The use,

Tetsch, L., Koller, C., Haneburger, I., and Jung, K. (2008). The membrardstribution or reproduction in other forums is permitted, provided the original
integrated transcriptional activator CadC dscherichia colsenses lysine author(s) and the copyright owner(s) are credited and that the original publication
indirectly via the interaction with the lysine permease LygBl. Microbiol.67, in this journal is cited, in accordance with accepted academic practice. No use,
570-583. doi: 10.1111/j.1365-2958.2007.06070.x distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 16 May 2019 | Volume 10 | Article 1148



Switching the Post-translational Modification of Elongation Factor EF-P

4.1 Supplementa ry Material

Bioinformatic related supplementary datasets S1, S2 and S3 are available
online under:

https://www.frontiersin.org/articles/10.3389/fmich.2019.01148/full#supplementary-

material

61



Supplementary Material

1  Supplementary Figures and Tables

1.1 Supplementary Figures

Figure S1. (A) Molecular principle of the Euromedex bacterial two-hybrid system Riitboli KV1
(adjusted from the Euromedex KIT Manual): TBerdetella pertussisadenylate cyclase CyaA
apoprotein catalyzes the formation of cyclic AMP from ATP. Splitting the enzyme into two Pparts
T18 and T25*renders CyaA inactive even upon co-expression. Fusing T18 and T25 to interacting
proteins brings the fragments into close proximity and thus allows reconstitution of the ApohCyaA.

E. coliKV1, the cyclic AMP dependent lac promoter precedes a translational fusionlaf-thy@eron

and lacz, allowing the indirect measurement of protein-protein interactions by light emission and
colorimetric detection(B) Proof of principle ofE. coli KV1 as anin vivo reporter for protein-protein
interaction using the self-interacting leucine zipper of GCN4. The colorimetric detedioocah KV1

cells was assessed semi quantitatively based on the formation of blue colonies on LB (Miller)-plates
containing 40 pg/mL X-GalE. coli KV1 light emission was measured in a time course experiment
recording relative luminescence (RLU) and optical density at 600 nm (OD600) in time intervals of 10
minutes.



Supplementary Material

Figure S2.(A) Left: Analysis of EarBp kinetic parameters. 0.5 pg of ElpRand 0.05 pg of Eamgu

were subjected to SDS-PAGE aftewitro rhamnosylation (see Material and Methods) for 20 seconds

at varying TDP-rhamnose concentrations. Proteins were transferred to nitrocellulose membrane by
horizontal Western blotting. Rhamnosylated EfpaRvas detected using 0.25 pg/ml of Anti-Af§

Right: TDP-rhamnose saturation curve of EgiPBand intensities on nitrocellulose membrane were
guantified using ImageJ and relative band intensities were plotted against TDP-rhamnose
concentration(B) Timecourse analysis of various EFpiPand EF-Rc, variants. 0.5 ug of EF#uand

0.05 pg of EarB,u were subjected to SDS-PAGE aftarvitro rhamnosylation at a TDP-rhamnose
concentration of 50 uM for varying timespans. Band intensities on nitrocellulose membrane were
guantified using ImageJ and relative band intensities were plotted against time.
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Figure S3 -galactosidase activity i&. coli MG-CR-efp-Kan® upon expression (dark grey) or co-
overexpression (light grey) of EFRg and EarPBpu and single-amino-acid substitution variants. Cells
were incubated undeadBAinducing conditions (LB, pH 5.8) at 30°C o/n.

Figure S4 (A) -galactosiGDVH DFW L YdpWA rep@teMsidih . coli MG-CL-12-yjeA)
harboring either a plasmid borne copy efmA (pBAD33-epmA or efp (pBAD24-efpecq). (B)
Isoelectric focusing dE. coliEFP, either overproduced B coliepmA (BW25113-epmA), in which
epmAwas chromosomally deleted, orEn coli wild type cells (BW25113). Furthermore, EF-P was
overproduced in combination with its PTM proteins EpmA and EpniB ooliwild type (BW25113).
Production of EF-P was verified by Western blot analysis.
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Figure S5. (A}YH-1N HSQC titrations of EF-R, and EF-Rco loopepu With EarRp, is shown along

with the backbone assignments. Both proteins show a decrease in intensity upon titration wjith EarP
indicating their interaction with EagR. (B) Intensity ratio of all the EFd2 mutants on titration with
EarRpuis shown(C) The correlation timé Wy for EF-R:cc and its variants along witfD) R1,(E) R2

rates andF) hetNOE are shown.
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Figure S6. (A)Phylogenetic trees of the EF-P KOW-like N-domain I, with reconstructed state of the
34" position (A, left), presence of known modification systems and taxonomy (A, right colored bars)
(B) Phylogenetic reconstruction of emergence of EF-P modification systems.
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Table S1. Strains used in this study
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hsdR514

Strain Genotype Reference
. recAl endAl gyrA96 thiisdR17 supE44 relA .
DH5. pir "lacZYA-argF 8 7 &7 0 oir (Macinga et al., 1995
LMG194 E dacX74 gaIE galK thi rpsLdphoA(Pvull) (Guzman et al., 1995
tara714 leu:Tn10
BL21(DE3) F ompTgal demlon hsd$(rB" mB) (DE3) (St”d'eiggg)'v"’ffa“’
DHM1 F cya854recAlendAlgyrA96(NalR) thil (Karimova et al.,
hsdR17spoT1rfbD1 ginV44AS 2005)
F cya99araD139galE15galK16rpsL1 (StrR)
BTH101 hsdR2mcrAlmcrBladditionalrelA1 mutation Euromedex
reported by (Battesti and Bouveret, 2012)
(araD-araB)567 lacz4787::rrnB-3), -, rph-
JW4107 1 @haD-rhaB)568 @fp-772:kaphsdrs14 | (oapaetal., 2006)
KV1 MG1655rpsL150 (cyaAPac:: luxCDABElacZ This study
MG1655rpsL150 Ryc::rpsL-neo-kan::lacz® 2% .
LF1 bp:KarR Strp® (Fried et al., 2012)
MG-CR-efp 0 } daczZ:tetrpsL150efp:npt GcadBA (Lassak et al., 2015
PcadBA.laCZ
* .. fr. o
MG-CR-efpKans 0 ) daczZ:tetrpsL @fp dcadBA This study
PcadBA.laCZ
MG-CR-efp-epmA | MG1655 daczZ:tetrpsL150 (efp dcadBA This stud
KanR epmA:npt Peadsa:lacZ y
A1 , o* “lacZ:tetrpsL150yjeA:npt “cadBA
MG-CL-12yjeA cadBA-lac? (Ude, 2013)
BW25113 " araD-araB)567 lacZ4787::rrB-3), (Datsenko and
-, rph-  ‘thaD-rhaB)568 hsdR514 Wanner, 2000)
" DUD'UD % “"ODF =-3), uu .
BW25113epmA _ph-  © UKWDKD % KVG5 This study
F, ((araD-araB)567 0acz4787::rrnB-3), -,
JW4116 rph-1, ((rhaD-rhaB)568 (poxA782::kan (Baba et al., 2006)

Kan®: kanamycin resistance, Sfegtreptomycin sensitive
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Plasmid Features Reference
Plasmids for strain construction
pPRED/ET® Amp -RED recombinase in pBAD24; Afip GeneBridges,
Germany
FRT-PGK-gb2- PCR-template (plasmid DNA) for generating a .
neo-FRT FRT-flanked GeGn;Er:;jnges,
template DNA PGK-gb2-neo cassette, Kan y
209-FLPe. am Plasmid for removal of FRT flanked resistanc GeneBridges,
»amp cassette, Supplier ID: A106 Germany

pBAD/HisA-Lux

Contains théuxCDABEoperon from

Photorhabdus luminescens

(Volkwein et al.,
2017)

Plasmids for mutat

ional analysis of theE. coli loop and for overproduction

AmpR-cassette, pBBR322 origiaraC coding

(Guzman et al.,

P2/P23

pBAD24 sequenceqra operator 1995)
C-terminal Hig-taggedE. coli efpamplified from
pBAD24-efpeco pBAD33-efp=c-His6 (Lassak et al., 2015) using this study
P1/P2
C-terminal Hig-taggedE. coli efpsubstitution
pBAD24-efpeco variant P32G. Overlap PCR fragment was this stud
P32G amplified from pBAD24efp=co using P1/P16 and y
P2/P15
C-terminal Hig-taggedE. coli efpsubstitution
FF)EQSD 24-efpeco variant P32S. Overlap PCR fragment was ampl this study
from pBAD24-efpeco using P1/P18 and P2/P17
C-terminal Hig-taggedE. coli efpsubstitution
pBAD24-efpeco variant G33A. Overlap PCR fragment was this stud
G33A amplified from pBAD24efp=co using P1/P20 and y
P2/P19
C-terminal Hig-taggedE. coli efpsubstitution
pBAD24-efpeco variant G33S. Overlap PCR fragment was this stud
G33S amplified from pBAD24efpeco using P1/P22 and y
P2/P21
C-terminal Hig-taggedE. coli efpsubstitution
Eg':ﬁmefm” variant K34A. Amplified from pBAD33fpe.c- this study
His6-K34A (Lassak et al., 2015) using P1/P2
C-terminal Hig-taggecE. coli efpsubstitution
pBAD24-efpeco variant K34M. Overlap PCR fragment was this stud
K34M amplified from pBAD24-efpEco using P1/P24 ai y
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C-terminal Hig-taggedE. coli efpsubstitution

pBAD24-efpeco variant K34N. Overlap PCR fragment was this stud
K34N amplified from pBAD24efp:co using P1/P26 and y
P2/P25
C-terminal Hig-taggedE. coli efpsubstitution
pBAD24-efpeco variant K34Q. Overlap PCR fragment was this stud
K34Q amplified from pBAD24efp:co using P1/P28 and y
P2/P27
C-terminal Hig-taggedE. coli efpsubstitution
Egﬁg 24-efpeco variant K34R. Amplified from pBAD33fp: c- this study
His6-K34R (Lassak et al., 2015) using P1/P2
C-terminal Hig-taggedE. coli efpsubstitution
pBAD24-efp:co variant G35N. Overlap PCR fragment was this stud
G35N amplified from pBAD24efp:co using P1/P30 and y
P2/P29
C-terminal Hig-taggedE. coli efpsubstitution
pBAD24-efpeco variant Q36S. Overlap PCR fragment was this stud
Q36S amplified from pBAD24efp:co using P1/P32 and y

P2/P31

Plasmids for mutat

ional analysis of theP. putidaloop and for overproduction

C-terminal Hig-taggedP. putida efpamplified

PBAD24-efpepu from Pseudomonas putidéT2440 using P1/P2 this study
C-terminal Hig-taggedefpP. putidasubstitution
pBAD24-efprpu variant K29A. Overlap PCR fragment was this stud
K29A amplified from pBAD24efp-py using P1/P36 and y
P2/P35
C-terminal Hig-taggedP. putida efpsubstitution
pBAD24-efprpu variant K29R. Overlap PCR fragment was this stud
K29R amplified from pBAD24efppy using P1/P37 and y
P2/P35
C-terminal Hig-taggedP. putida efpsubstitution
pBAD24-efprpu variant S30A. Overlap PCR fragment was this stud
S30A amplified from pBAD24efp-py using P1/P38 and y
P2/P35
C-terminal Hig-taggedP. putida efpsubstitution
pBAD24-efprpu variant S30G. Overlap PCR fragment was this stud
S30G amplified from pBAD24efp-py using P1/P39 and y
P2/P35
C-terminal Hig-taggedP. putida efpsubstitution
22'8‘5 24-efpppu variant S30P. Overlap PCR fragment was ampl this study

from pBAD24-efprpu using P1/P40 and P2/P35
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C-terminal Hig-taggedP. putida efpsubstitution

pBAD24-efprpu variant G31A. Overlap PCR fragment was this stud
G31A amplified from pBAD24efp-py using P1/P41 and y
P2/P35
C-terminal Hig-taggedP. putida efpsubstitution
pBAD24-efprpu variant G31S. Overlap PCR fragment was this stud
G31S amplified from pBAD24efp-pu using P1/P42 and y
P2/P35
C-terminal His-taggedP. putida efpsubstitution
pBAD24-efprpu variant R32K. Overlap PCR fragment was this stud
R32K amplified from pBAD24efppy using P1/P44 and y
P2/P43
C-terminal Hig-taggedP. putida efpsubstitution
pBAD24-efprpu variant N33D. Overlap PCR fragmentsva this stud
N33D amplified from pBAD24efppu using P1/P46 and y
P2/P45
C-terminal Hig-taggedP. putida efpsubstitution
pBAD24-efprpu variant N33G. Overlap PCR fragment was this stud
N33G amplified from pBAD24efpppy using P1/P47 and y
P2/P45
C-terminal Hig-taggedP. putida efpsubstitution
pBAD24-efprpu variant S34A. Overlap PCR fragment was this stud
SHA amplified from pBAD24efppy using P1/P48 and y
P2/P45
C-terminal Hig-taggedP. putida efpsubstitution
pBAD24-efprpu variant S34Q. Overlap PCR fragment was this stud
S34Q amplified from pBAD24efppy using P1/P49 and y
P2/P45
C-terminal Hig-taggedP. putida efpsubstitution
pBAD24-efprpu variant A35S. Overlap PCR fragment was this stud
A35S amplified from pBAD24efppy using P1/P50 and y
P2/P45
CmR-cassette, p15A origimraC coding sequence  (Guzman et al.,
pBAD33
ara operator 1995)
pBAD33 PP1857- | C-terminal His6-TagparP version fromP. putida (Krafczyk et al.,

His6

KT2440

2017)
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Plasmids for cross modification/actication and overproduction
. L . (Kovach et al.,

pBBRMCS2 pBBR origin of replicationpriT, KanR 1995)

C-terminal Hig-taggedE. coli efpwhere the first
DBAD24-effeco 65 amino a_lcids (QOmainI) were substituted by th _
domainlefp first 65 amino acids fror®. putida efp Overlap this study

pu PCR fragment was amplified from pBAD24p-pu

using P1/P52 and pBAD 2dfp:=co P2/P51

C-terminal Hig-taggecE. coli efpP32S K34R

G35N Q36S multiple amino acid substitution
pBAD24-efpeco variant, corresponding to EF-P Bf coli carrying this study
loop-efpepu the acceptor loop of EF-P frofh putida.Overlap

PCR fragment was amplified from pBAD24p=co

using P1/P54 and P2/P53

C-terminal Hig-taggedE. coli efpsubstitution
pBAD24-efpeco variant P32S K34R. Overlap PCR fragment wag this study
P32S K34R amplified from pBAD24-efp=c0K34R using P1/P5¢

and P2/P55

C-terminal Hig-taggedE. coli efpsubstitution
pBAD24-efpeco variant K34R G35N. Overlap PCR fragment wa this study
K34R G35N amplified from pBAD24efp:=co K34R using P1/P5

and P2/P57

C-terminal Hig-taggedE. coli efpsubstitution
pBAD24-efpeco variant K34R Q36S. Overlap PCR fragment way this study
K34R Q36S amplified from pBAD24efp=c0K34R using P1/P6

and P2/P59

C-terminal Hig-taggedE. coli efpsubstitution
pBAD24-efpeco variant P32S K34R G35N. Overlap PCR fragme this study
P32S K34R G35N|was amplified from pBAD24fp:=co P32S K34R

using P1/P62 and P2/P61

C-terminal Hig-taggedE. coli efpsubstitution
pBAD24 -efpeco variant P32S K34R Q36S. Overlap PCR fragme this study
P32S K34R Q36S|was amplified from pBAD24fp=c P32S K34R

using P1/P64 and P2/P63

C-terminal Hig-taggedE. coli efpsubstitution
pBAD24-efpeco variant K34R G35N Q36S. Overlap PCR fragmé this study
K34R G35N Q36S|was amplified from pBAD24fp=c0 K34R using

P1/P66 and P2/P65
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pBAD33-earPs,

earPfrom Shewanella oneidendidR-1 amplified
from pBAD24-earPs o-Hiss (Lassak et al., 2015)
using P1/P67

this study

Plasmids for XPPX assay

p3LC-TL30-APP

p3LC-TL30 + sequence encoding Ala-Pro-Pro

(Peil et al., 2013)

p3LC-TL30PPD

p3LC-TL30 + sequence encoding Pro-Pro-Asp

(Peil et al., 2013)

p3LC-TL30-PPP

p3LC-TL30 + sequence encoding Pro-Pro-Pro

(Ude et al., 2013)

p3LC-TL30-DPP

p3LC-TL30 + sequence encoding Asp-Pro-Pro

(Peil et al., 2013)

p3LC-TL30PPG

p3LC-TL30 + sequence encoding Pro-Pro-Gly

(Peil et al., 2013)

p3LC-TL30PPN

p3LC-TL30 + sequence encoding Pro-Pro-Asn

(Peil et al., 2013)

Plasmids used in the reporter strain MGEL -12-yjeA

pBAD33-epmA epmAfrom E. coli, amplified using P72/P75 this study
Plasmids for protein overproduction (NMR)
pBR322 originJacl, T7lac promoter, N-terminal
pET SUMO Hiss tag, SUMO coding sequence, Kasupplier Invitrogen
ID: K300-01
C-terminal genetic fusion @fpfromE. colito
PET SUMOefpeco | Hisse-SUMO-tag. Amplified from pBAD24efp=co this study
using P68/P69
C-terminal genetic fusion @fpfrom P. putida (Krafczyk et al.,
PET SUMO®Mepu | 19440 to Hig-SUMO-tag 2017)
C-terminal genetic fusion afpfrom E. coli
PET SUMOefp:co | substitution variant P32S to HiSUMO-tag. this stud
P32S Overlap PCR fragment was amplified from pET y
SUMO-efpecousing P5/P18 and P6/P17
C-terminal genetic fusion afpfrom E. coli
PET SUMOefp:co | substitution variant K34R to HisSUMO-tag. this stud
K34R Overlap PCR fragment was amplified from pET y
SUMO-efpecousing P5/P71 and P6/P70
C-terminal genetic fusion @fpfrom E. coli
PET SUMOefpeco | substitution variant P32S K34R to sHSUMO-tag. this stud
P32S K34R Overlap PCR fragment was amplified from pET y
SUMO-efpecousing P5/P56 and P6/P55
C-terminal genetic fusion @fpfrom E. coli
substitution variant P32S K34R G35N Q36S to
%%LSUMoefFECO Hiss-SUMO-tag. Overlap PCR fragment was this study
pu

amplified from pET SUMOefp:=cousing P5/P54

and P6/P53
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Plasmids for bacterial two-hybrid (BTH)

N-terminal genetic fusion of the leucine zipper

pUT18zip from GCN4 to the T18 fragment of CyaA Euromedex
. C-terminal genetic fusion of the leucine zipper
XU from GCN4 to the T25 fragment of CyaA SRt
i C-terminal genetic fusion afpfrom (Krafczyk et al.,
pUT18C-PP1858 Pseudomonas putida the T18 fragment of CyaA 2017)
i C-terminal genetic fusion afarPfrom (Krafczyk et al.,

ARUAHAPESY Pseudomonas putida the T25 fragment of CyaA 2017)
C-terminal genetic fusion afpfrom Escherichia

pUT18Cefpeco coli to the T18 fragment of CyaA. PCR fragmen this study
was amplified from pBAD24fp=c, using P80/P81
C-terminal genetic fusion afpfrom Escherichia
coli to the T18 fragment of CyaA. K34R single

EgIéSCefpzco amino acid exchange variant. PCR fragment wa this study
amplified from pBAD24efp:=co K34R using
P80/P81
C-terminal genetic fusion @fpfrom Escherichia

UT18Cef coli to the T18 fragment of CyaA. P32S K34R

FF)>328 K34I§CO double amino acid exchange variant. PCR fragr this study
was amplified from pBAD24fpzco P32S K34R
using P80/P81
C-terminal genetic fusion @fpfrom E. colito the
T18 fragment of CyaA. P32S K34R G35N Q368
multiple amino acid exchange variant,

Ip())l(J)LlBCefpgco corresponding to EF-P &. colicarrying the this study

pu

acceptor loop of EF-P frof. putida.PCR
fragment was amplified from pBAD2dfp=co
loopepu Using P80O/P81

Plasmids for isoele

ctric focusing

C-terminal Hig-Tagefpversion fromE. coliinto

1 [»
pBAD33-efp-Hiss 0BAD33 (Lassak et al., 2014
. | C-terminal Hig-taggedefpandepmAB from E.
2§?£§3epr'SG coli. Overlap PCR fragment was amplified using this study

P73/P76, P72/P75 and P74/P77
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Plasmids for EarP mutant test

pBBR1-MCS2 C-terminal His6-Tagfp from Pseudomonas putid

NP_SO_PP1858- | under control of th&hewanella oneidensistive (Krafczyk et al.,

His6 efp promoter in pBBR1-MCS2 2017)
C-terminal Hig-TagearPfrom Pseudomonas

pDIig\RﬁSIZPl%Y putidain pBAD33. Mutant version; Asp13 (Krafczyk et al.,
exchanged to Ala 2017)

pBAD33 PP1857

C-terminal Hig-TagearPfrom Pseudomonas
putidain pBAD33. Mutant version; Aspl7

(Krafczyk et al.,

D17A-His6 exchanged to Ala 2017)
C-terminal Hig-TagearPfrom Pseudomonas

E?gfﬁiggww putidain pBAD33. Mutant version; Phe191 (Krafczyk et al.,
exchanged to Ala 2017)
C-terminal Hig-TagearPfrom Pseudomonas

3?35:_1221857 putidain pBAD33. Mutant version; Tyr193 (Krafczyk et al.,
exchanged to Ala 2017)
C-terminal Hig-TagearPfrom Pseudomonas

g%@giili)szlgw putidain pBAD33. Mutant version; GIn255 (Krafczyk et al.,
exchanged to Ala 2017)
C-terminal Hig-TagearPfrom Pseudomonas

Eggg : ?_”221857 putidain pBAD33. Mutant version; Phe258 (Krafczyk et al.,
exchanged to Ala 2017)
C-terminal Hig-TagearPfrom Pseudomonas

gz?lD :-3Hliaslz‘>1857 putidain pBAD33. Mutant version; Arg271 (Krafczyk et al.,
exchanged to Ala 2017)
C-terminal Hig-TagearPfrom Pseudomonas

BEQEE?HTSZBW putidain pBAD33. Mutant version; Asp274 (Krafczyk et al.,
exchanged to Ala 2017)
C-terminal Hig-TagearPfrom Pseudomonas

gg';‘SD :_3'4::;21857 putidain pBAD33. Mutant version; Ser275 (Krafczyk et al.,
exchanged to Ala 2017)
C-terminal Hig-TagearPfrom Pseudomonas

EBZ/;\&? :-?’Hli::;l%? putidain pBAD33. Mutant version; Arg278 (Krafczyk et al.,
exchanged to Ala 2017)
C-terminal Hig-TagearPfrom Pseudomonas

53/310 :’irszl&rﬂ putidain pBAD33. Mutant version; Tyr291 (Krafczyk et al.,
exchanged to Ala 2017)

AmpR, CnR, Karf: ampicillin, chloramphenicol, kanamycin resistance.
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Identifier

Oligonucleotide Sequence (5' - 3")

Restriction
site

Reference

Primers for sequencing and cloning

GGC GTC CACACTTTG CTA

(Lassak et al.

GGC GAT ACG TCT TGA ATT
AAC CCT CAC TAA AGG GCG

P1 Seq33 fw TGC 2010)
. CAG TTC CCT ACT CTC GCA (Lassak et al.
P2 pBAD HisA rev TG 2010)
TAG GTA CAA CAG TAT AGT .
P3 epmAchk fw CTG ATG GAT AA this study
TGA GGC ATG AAACCA TCC .
P4 epmAchk rev TTC ATT TC this study
P5 T7 Prom TAATAC GACTCACTATAG G
P6 T7 Term TAT GCT AGT TATTGC TCA G
Primers for strain construction of KV1
GTC TGC GTC TGG CTG GCT (Fried et al.,
P7 lacl-583fw | 56c ATA 2012)
TAG TGC CCATAGCTGTTT
P8 luxC-OL-rev CCT GTG TGA AAT TGT TAT this study
CcC
GGA AAC AGC TAT GGG CAC
P9 luxC-OL-fw TAA AAA AAT TTC ATT CAT this study
TAT TAA CGG
AAT GTACCT CCTTACTTT
P10 luXE-OL-sRBS- |ATT TAT TGT ATT TGT TTA this stud
lacZ-rev GCT ATC AAA CGC TTC GGT IS study
TAA GCT C
ACA AAT ACA ATA AAT AAA
P11 OL-sRBSlacz- |GTA AGG AGG TAC ATT ATG this stud
fw ACC ATG ATT ACG GAT TCA IS study
CTG GCC G
. |CGACTG TCC TGG CCG TAA (Fried et al.,
P12 lacZ 500bp anti CCG ACC 2012)
GTT GGC GGA ATC ACA GTC
P13 deltacyaAfw ATG ACG GGT AGC AAATCA this study
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TCC GCT AAG ATT GCA TGC
P14 deltacyaArev ggg éLACAC\;?'('I:' glfl.: (C:SAC_;_I' ;Z'(I': this study
ACG ACT CAC TAT AGG GCT C

Primers E. coli loop mutation and overproduction constructs

P15 R]:/p EcoP32G gl:é éAA GGC GGT AAA GGC this study
P16 reefsEco P32G _Cl_i_IC_Z';I"gGC CTTTACCGCCTT this study
P17 efpEcoP32S fw gg{\ ééA ATC GGG TAA AGG this study
P18 ?;5 EcoP32S _CI_:_IC_;I\'SGGC CTT TAC CCG ATT this study
P19 R]:Ip EcoG33A ;é,AéAAC CGG CGA AAG GCC this study
P20 re;e EcoG33A ?TC,I GGC CTT TCG CCG GTT this study
P21 EI/p EcoG33S S"Al'\é éAA CCG TCG AAA GGC this study
P22 re;[/) EcoG33S _(I_J%;‘I'SGC CTTTCG ACG GTT this study
P23 S:Ip EcoK34M g‘l\é g%ﬁ\(_:ﬁ_? GGT ATG GGC this study
P24 reés EcoK34M ég% 'I_'I_C_SI_?I_ 'IC',ICCI; GCC CAT ACC this study
po5 :Lp EcoK34N glé gﬁ%ﬁ%% GGT AAC GGC this study
P26 (;:efs EcoK34N éépc\;-l:ﬁr(‘:r _IC_:L‘I"S GCC GTT ACC this study
po7 S:Ip EcoK34Q gl’\é éﬂc\:AAC_Zr?r_Cr; GGT CAG GGC this study
P28 ;3;5 EcoK34Q égAG'I_'lgr(_:r 19,1-8 GCC CTG ACC this study
P29 R]:Ip EcoG35N _CI_J$$GGCGT AAA AAC CAG GCA this study
P30 reefsEcoGE}SN ggé ééT GCCTGG TTT TTA this study
P31 ?\Lp EcoQ36S _IC:I-CC;SCC:S TAA AGG CAG CGC ATT this study
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efpEcoQ36S | GCA AAT GCG CTG CCT TTA .
P32 rev cce this study
Primers P. putidaloop mutation and overproduction constructs
Nhel-NRBS- | GCA CTA GCT AGC CGC GGC .
P33 PP 1858fw  |CTC GAT TTT TAT AAA TCC Nhel this study
CGT CTA GAT TAG TGA TGG
Xbal-PP_1858- | TGA TGG TGA TGC GAG CCC .
i GSHisérev | TTC TTG GAG CGG CCT TTG Xba this study
AA
efpPpu29 30 31 CGT AAC AGC GCG ATC ATG .
P35 OL fw AAG ACC this study
CAT GAT CGC GCT GTT ACG
P36 efpPpuk29A |GCC CGA CGC GGT GAA CTC this study
OL rev AGC
eioPoukoor | CAT GAT CGC GCT GTT ACG
P37 prp GCC CGA GCG GGT GAA CTC this study
OL rev
AGC
CAT GAT CGC GCT GTT ACG
P38 efpPpuS30A |GCC CGC CTT GGT GAA CTC this study
OL rev AGC
eioPous30G | CAT GAT CGC GCT GTT ACG
P39 brp GCC GCC CTT GGT GAA CTC this study
OL rev
AGC
eiopousaop | CAT GAT CGC GCT GTT ACG
P40 PTP GCC CGG CTT GGT GAA CTC this study
OL rev
AGC
efpPpuG31A |CAT GAT CGC GCT GTT ACG .
P4l OL rev CGC CGA CTT GGT GAA CTC this study
efpPpuG31S |CAT GAT CGC GCT GTT ACG .
P42 OL rev GCT CGA CTT GGT GAA CTC this study
efpPpuR32K | ACC AAG TCG GGC AAG AAC .
P43 fov AGC GCG ATC this study
efpPpuR32K | GAT CGC GCT GTT CTT GCC .
i rev CGA CTT GGT IS ey
efpPpu33 34 35 ATC ATG AAG ACC AAG CTG .
P45 oL fw AAG AAC CTG this study
eropounaap | CTT CAG CTT GGT CTT CAT
P46 oE ré’v GAT CGC GCT ATC ACG GCC this study

CGACTT
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efoPoun3ae | CTT CAG CTT GGT CTT CAT
P47 OE pu GAT CGC GCT GCC ACG GCC this study
rev CGACTT
efopous3aa | CTT CAG CTT GGT CTT CAT
P48 PFp GAT CGC CGC GTT ACG GCC this study
OL rev
CGA
efoPousa4o | CTT CAG CTT GGT CTT CAT
P49 PPPUS34Q | GAT CGC CTG GTT ACG GCC this study
OL rev
CGA
efpPpuA35S |CTT CAG CTT GGT CTT CAT .
P50 OL rev GAT GCT GCT GTT ACG GCC this study
Primers cross modification/activation and overproduction
oo Eco domaini | AAG CTG GAC GAC GTG ATC
P51 5 b ot CTG GAT ATG AAC CTG ACT this study
pu TAC CTG
oo Ecodomaini | CAG GTA AGT CAG GTT CAT
P52 o P oL ATC CAG GAT CAC GTC GTC this study
PUBLIeV  cac cTT
efoEcolon AAG TCG GGC CGT AAC AGC
P53 o P oL pr GCG TTT GCT CGC GTT AAA this study
pu CTG CGT
ol CGC GCT GTT ACG GCC CGA
P54 o oL ey |CTT TAC GAA TTC ACT CGC this study
putiLrev TTC AAC
pES efpECOP32S | GAA TTC GTA AAA AGC GGT his stud
K34ROLfw |CGC GGC CAG GCATTT IS study
- ERPEcoP32S |AAA TGC CTG GCC GCG ACC his stud
K34R OLrev |GCT TTT TAC GAA TTC 15 Sy
- efpECOK34R |CCG GGT CGC AAC CAG GCA his stud
G35NOLfw |TTT GCT CG IS Study
og efpECOK34R | CGA GCA AAT GCC TGG TTG his stud
G35N OLrev |CGA CCC GG IS study
pEg efpECOK34R | CGC GGC AGC GCA TTT GCT his stud
Q36SOLfw |[CGCGTTA IS study
efpECOK34R | TAA CGC GAG CAA ATG CGC .
-l 036S OLrev |TGC CGC G this study
efpEcoP32S
AGC GGT CGC AAC CAG GCA .
P61 f}\<A§~34R G35N OL TTT GCT CG this study
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efpEcoP32S
CGA GCA AAT GCC TGG TTG .
P62 K34R G35N OL CGA CCG CT this study
rev
efpEcoP32S
AGC GGT CGC GGC AGC GCA .
P63 fr\<54R Q36S OL| 11T GOoT CG this study
efpEcoP32S
CGA GCA AAT GCG CTG CCG .
P64 rKe:z>/4R Q36S OL CGA CCG CT this study
efpEcoK34R
P65 G35N Q36S OL| SCC TCG CAA CAG CGC ATT this study
TG
fv
efpECOK34R
P66 G35N Q36S OL g(A:A ATG CGC TGT TGC GAC this study
rev
GCG GTA CCC GAT TTT CTA .
P67 earP Sorev TTT CAG CGC AGC AT Kpnl this study
Primers pET SUMO constructs
efpECOSUMO- | ATG GCA ACG TAC TAT AGC .
P68 v AAC GAT TTT this study
efpEco-SUMO- | TTA GTG ATG GTG ATG GTG .
P69 rev ATG GCT this study
efpECOK34R | GTA AAA CCG GGT CGC GGC .
P70 oL fw CAG GCA TTT this study
efpECOK34R |AAA TGC CTG GCC GCG ACC .
P71 OL rev CGG TTT TAC this stuidy
Primers isoelectric focusing and pBAD33- epmA
ctovieaoL. | COT GAA GTA ATC TAG ATT
P72 xtt} 3? o 7 |GTC AAAAAC TGG AGATTT Xbal this study
al- AAC TAT GAG C
etoviepoL. | TTT TTG ACAATC TAG ATT
P73 Xt'? 3{‘ ACT TCA CGC GAG AGA CGT Xbal this study
al-rev ATT CA
yjeAyjeK-OL- |GCA TAA CTG CAG GGT AGC .
P74 Pstifw TAA GCC ACA AAA TGG CG Psi this study
yjeAyjeK-OL- |GCT ACC CTG CAG TTA TGC .
FUS Pstl-rev CCG GTC AAC GCT AAA G PEL ks iy
cacl.RBSefo. | GCC ATG AGC TCA ATT AAC
P76 o P | AAA TTT CAG AGG GCC TTA Sad this study

TGG
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GCA TCG CAT GCT TAC TGC

P77 SphlyjeK-rev TGG CGT AGC TGG AG SpH this study
Primer for strain construction of MG- CR-efp-epmA-KanR
CAC .
P78 epmAiw CGCTGT TTG ATT CCT GCGT this study
GCT ACA GAATGG CGCTTAT :
P79 epmArev CA CG this study
Primer for for bacterial two-hybrid (BTH)
Xbal-efo-Eco GTATCG TCT AGA GGC AAC
P80 vy P GTA CTA TAG CAA CGA TTT Xbal this study
TCG TG
Xmal-efpEco |GTA TCG CCC GGG ACT TCA :
P8l Rev CGC GAG AGA CGT ATTCACC | KM@ i Sy
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