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Summary

Fluorescent reporter proteins are widely used for the
non-invasive monitoring of gene expression patterns,
but dynamic measurements are hampered by the
extremely high stability of GFP and homologue pro-
teins. In this study, we used SsrA-mediated peptide
tagging for the construction of unstable variants of
the GFP derivative eYFP (enhanced yellow fluores-
cent protein) and applied those for transient gene
expression analysis in the industrial platform organ-
ism Corynebacterium glutamicum.

The Gram-positive soil bacterium Corynebacterium
glutamicum was isolated in 1957 in Japan due to its ability
to excrete large amounts of the amino acid L-glutamate
(Kinoshita, 1957). Within the last decades C. glutamicum
was proven to be an excellent production platform
not only for amino acids, but also for a variety of other
metabolites, including organic acids, vitamins and polymer
precursors (Leuchtenberger, 1996; Eggeling and Bott,
2005; Burkovski, 2008). Efficient metabolic engineering,
however, depends on a detailed understanding of gene
expression patterns and adaptive responses of the respec-
tive organism. Reporter proteins, such as -galactosidase
(lacZ), bacterial luciferase (luxCDABE), and autofluores-
cent proteins (gfp, yfp, etc.) represent convenient tools for
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the detection and quantification of molecular and genetic
events (Ghim et al., 2010). Among these, fluorescent pro-
teins offer the advantage of broad-host applicability, no
need for substrate addition, and a non-destructive meas-
urement at the single cell level (Chalfie et al., 1994; Tsien,
1998). A major drawback of several reporter proteins is,
however, their extremely long half-life (GFP > 24 h), which
leads to accumulation of the protein within the cell and
hampers the study of transient changes in gene expres-
sion. To address this issue, Andersen and co-workers used
C-terminal SsrA peptide tagging for destabilization of GFP
in Escherichia coli and Pseudomonas putida (Andersen
et al., 1998). This approach was in the following success-
fully applied to generate unstable GFP variants in, e.g.
Mycobacterium species or for destabilization of the Pho-
torhabdus luminescens luciferase (Triccas et al., 2002;
Blokpoel et al., 2003; Allen et al., 2007).

The SsrA tag is encoded by the tmRNA (tmRNA, ssrA
or 10Sa RNA), which functions as both transfer and mes-
senger RNA and acts as a rescue system of ribosomes
stalled on broken or damaged mRNA (Keiler, 2008). By
translation of the messenger part of tmRNA a peptide tag
of 11 amino acids is added to the C-terminus of the pre-
mature protein (E. coli SsrA tag: AANDENYALAA),
thereby rendering it susceptible for tail-specific proteases,
such as CIpXP, CIpAP or FtsH (Gottesman et al., 1998;
Herman et al., 1998). Previous studies showed that vari-
ation of the terminal three amino acids of the tag can be
used to generate variants of different protein stability
(Andersen et al., 1998).

The ssrA gene is highly conserved in bacterial
genomes and a homologue was also annotated in the
C. glutamicum genome (Kalinowski et al., 2003). In this
study we used SsrA peptide tagging to construct a set of
destabilized fluorescent protein variants (eYFP and
GFPuv) with significantly reduced half-lives, compared
with the native proteins. These proteins represent valu-
able tools for the monitoring of dynamic gene expression
patterns in the biotechnological organism C. glutamicum.

For construction of unstable fluorescent protein variants
the native E. coli (AANDENYALAA) and C. glutamicum
SsrA tag (AAEKSQRDYALAA) or tags varying in their
terminal three amino acids of the corynebacterial tag (in the

Microbial Biotechnology © 2012 Society for Applied Microbiology and Blackwell Publishing Ltd



Destabilized eYFP variants 197

‘uoneonyijdwe Joy Jownd piemio} ‘M4 ‘ewnd asianal ‘AY "q
‘pajealpul se (d1je)) seouanbaes Bey-yiss apnjoul pue (pjog) sas Buipuig awosoqu ‘(pauliepun) sajs UOOLISal YUM paubisep a1om sapos|onuobijo swos e

Andjb 10} NY
SJuBLIBA PaZI|Iqelsap pue Andjb 10} M4

ASV-6D-Andjb 10} Y

AVV-BD-Andjb 10} NY

Miub jo uoibal Jojowold oy Ay
Miub jo uoibai Jsjowold 1o} m4
SjueleA pazijiqelsep pue difs 1o} m4
NVY-BD-difs 10} Ay

ASV-00-0jfs 10} AY

SJUBLIBA Pazi|iqeisep pue djife 1o} m4
djfe 10} Ny

VY 1-03-djA5 10} AY
vV 1-60-diAs 10} AY
VAT1-60-dife 10} Ay
NVY-BD-difs 10} Ay

NSV-60-djfe 104 Y

(14093) OVO0HVIDDHILIIVIIOVOVOILIYYOIDIDID
(15999Y) BYHLYVVYVVHVYLODIIVIDDHIHID
(14093) H1VIDD1VIDLY
QLOBDVYOVIDLLIDD10D101 111010991 1DIVIIVYIDIDVIDIYDLOVYYLIVOLOLIVYDILVIVOIDOD
(14093) H1V0O091VIDLVYD
10DVOVIOLLIODI0D1011110109911DIVILYYLIDID1L0D10DYIVYV.LIVOLOLIVYDILIVIVOHIDID
(18PN) H0HH1HD1LIO111001VLIO1D DIVIVO 0D
(IHWeg) OYH1DH1VH1DIDDILOHVIV.LYIVIDLYDDIDD
(I3PN) HYHHYHOIHHHYYIHYD1HDIVIVIIDD
(I1eS) BOVILYVLDIDL0D10DVIVYVY.LIOVDILDDDD
(IreS) HOVILYVILDODYIDIYDLOVYVIIOVDIIDIDD
(IHweg)
HYHHYHIHHHVYYIOVD LD IVIVOLVIVOVOOVYYIDIVOHDIDD
(19093) 0190109DVOVIOLIOVOVLOLIVLIDOIIVYDIDD
(14023)
O1HDL0DVIVLIDLLIOVOVIOLOD 10D I 1DD1DD1111DVIDIDYYYLODLODYYLIDLIVYDIDD
(14023)
019010DVIOVIDLIOVOVLOLODLOD101 111010991 1DOVILYY.LDODYYYLODL0OYVLLIIIVYDIDD
(14003)
D19010DVIVLIDLIOVOVLOIODLOD101 111010991 1DOVILYVLDIDYYYLOVLIODYVLIDLIVYDIDD
(14003)
019010DVIVIDLIOVOVLOLIODLOD101 111010991 1DIVILYYLDIDLODLIDVIVYVLLILIVYDIDD
(lgoo3)
OL1DOLODOVOVLIDLLOVOVIOLODIODIO111 1010991 1DOVILYV.LDIDOVIDLYDLOVYVLIDLIVYDIDD

M-|4003-And 4D
M}-|G900Y-ANd 4D
N-|4003-6°0-ASV-ANd 4D
M-1g093-6"0-AVV-ANd4D
M-]9pN-#°d
Mp-|Hweg-"d
M}-|9PN-dA®
N-|[eS-6"0-AVY-ddA®
N-|[eS-6"D-A\SV-d4A®

M- IHWeg-SaY-d4A0
N-1H093-d4A®

A-|H003-0°F-YV1-d4A®
N-14003-6°0-VV1-d4A®
M-1g093-6"0-YAT-ddA®
N-1g093-6°0-AVV-ddA®

A-14003-6°0-\SY-ddA®

quoneolddy € <- ,G @ouanbag apnosajonuobi0

(2002) ‘e 18 enoddouy J10300A aqoud sejowoud (gnej-1) (guii-1) z1 ‘(wdia-1) (3di-1) 11 “ed ‘des ‘yuey ‘Andib djb-1443d

Apnis siyL AVVYVAQHOSYMIVY Bel aaneussye ay) Buisn ASY-Andjb-gx3y3d o} Jewis Aee-djb-gx3y3d
ASYVAQHOSMIAVY uoneuen Bey viss wnojweinib -9

Apnis siyl [eulwIB)-D 8y} 40} 8ouanbas auab sy} apnjoul O} PAJIPOW “Fd JO [0JUOD Japun ‘Say [elonibe Yim ‘Andib Bulureiuod gx3yad ‘Luey Ase-dj6-gx3y3d

Apnis siyL %%l d JO [0J)UOD JBpUN ‘SgY [eIolIE Yyim Andib Buiureluod gx3y3d yuey djb-gx3y3d

(e8002) & 10 @%Zuni4 %14 9y} JO [043U0D By} Japun uejold uoisny Hial—d4A® e Bulpoous ‘Yiaj-diA Buiureluod aaneAusp gx3ayad ‘Luey Yier-djfe-gx3y3d

Apnis siyL ASYVAQHOSMIVY Bel viss wnojweinib o [euiuls)-d ayi 1oy sousnbas auab ay) apnjoul o} palipow dife Buisn dife-#04-1ord 0} Jejuis Ase-djfo-#by-1opd

Apnis siyL (dg €51) yaub jo 1e10woid a8y} Jo [04u0d Jopun dife Bulureyuod Lopd ‘Luey dife-#64-1ord

(1661) 1B 18 J8WBID J1010aA enys wnoiwenib "o f,dwy ‘Luey 1ord

Apnis siyL VY IVANIANYY Bel /00 3 aaneu oy} Buisn ASY-ajfo-gx3y3d o} Jejiwis  ee|” 03-difo-gx3ay3d

Apnis siyL VVIVAQHOSMAVYY Bey wnojwenib -9 eAieu ayy Buisn ASY-djfo-gx3ay3d o} Jejiwis ee|-djfo-gx3y3d

Apnis siyL VAIYAQHOSYMAVYY Bel eaneussye ayy Buisn ASY-diMe-gx3y3d o} Jejiwis en-difo-gx3ay3d

Apris siyL AVVYVAQHOSYMIVYY Bl eaneusale syi Buisn ASY-diAe-gx3y3d o3 Jejuig Aee-djfo-gx3y3d
ASVYVAQHOSYMIVY uoleuea Bey yisg wnoweinb -0

Apnis siyL [eulwlie}-O 8y} Joj eouanbes suab ayi epnjoul 0} payIpow “#d JO [01U0D JBpUN ‘SEY [eRyIe yIm ‘dife Bulurejuod gx3y3d ‘Luey Ase-djfo-gx3y3d

Apnis siyL %% JO |0JU0D JBpun ‘SgY [eloyE Yim dife Bujurejuod gx3y3d ‘Luey dife-gx3y3d

(1661) /& 12 Suuewy3 ays Buiuoo sdiynw gLoNd pue *#d LJoB] UM J0J08A Uoissaidxe {,uey Zx3ayad

LT seladoid plwse|d

*Apnis siy} ul pasn seposonuobijo pue spluseld *L ajgqeL

© 2012 The Authors

Microbial Biotechnology © 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 6, 196—201



198 E. Hentschel et al.

Table 2. Overview of SsrA tag variants. following designated as ASV, AAV and LVA) were fused to
S the C-terminus of eYFP and GFPuv, which are both com-
ignal . . .

Amino acid Half-ife  intensity mo'nly usgd as reporter prgtelns in C. glutamicum. The
SsrA-tag sequence (min)? (%)P fusion variants were cloned into the vector pEKEx2, under
- control of Py, and transferred into C. glutamicum ATCC

E. c. LAA-tag native AANDENYALAA n.d. n.d. X
C. g. LAA-tag native AAEKSQRDYALAA  n.d. n.d. 13032 by electroporation (Table 1). For fluorescence
C. g. LVA-tag variation =~ AAEKSQRDYALVA  n.d. n.d. measurements cells were grown in 48-well microtiter Flow-

C. g. ASV-tag variation =~ AAEKSQRDYAASV 22 +4 46

1atl erplates containing CGXIl minimal medium with 4%
C. g. AAV-tag variaton =~ AAEKSQRDYAAAV 8 =3 20

glucose in a BioLector microbioreactor system (m2p labs,

a. Protein half-lives were calculated from Western blot analysis Germany) (Kensy etal., 2009); gene expression was

m(N«» induced by addition of 1 mM IPTG. In case of the eYFP
(Fig. 1C) corresponding to the decay law /1=¢ Tye :%. variants we observed significant fluorescent signals for
Given values represent the average values with standard deviation of fusion constructs with ASV tag (46% of native eYFP) and
three independent experiments. For indicated constructs rapid AAV tag (20% of native eYFP) (Table 2). No signal was

degradation occurred and half-lives could not be determined (n.d.). . . .
b. Signal intensity relative to native eYFP at the time of detected for the eYFP variants fused either to the native

measurement. SsrAtag (E. colior C. glutamicum) or to the LVA modified
version (data not shown). To assess the stability of the ASV
and AAV variants, transcription and translation of the
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Fig. 1. Stability of eYFP variants in C. glutamicum. (A) Fluorescence of recombinant C. glutamicum ATCC 13032 strains expressing eyfp vari-
ants: ATCC 13032/pEKEx2-eyfp (squares), ATCC 13032/pEKEx2-eyfp-asv (triangles), ATCC 13032/pEKEx2-eyfp-aav (circles). Prior induction,
cells were inoculated to an ODgoo Of 1 in 750 pl of CGXIl minimal medium containing 4% glucose and cultivated in 48-well microtiter plates in
the BioLector system (m2p labs, Germany). Gene expression was induced by addition of 1 mM IPTG. To estimate the stability of the eYFP
variants 250 ug mi~' rifampicin (Rif) and 100 ug ml-' tetracycline (Tet) were added 1.5 h after induction to stop the transcription and translation.
In the BioLector system the growth (backscatter signal of 620 nm light) and eYFP fluorescence (excitation 510 nm/emission 532 nm) were
monitored in 10 min intervals. The specific fluorescence was calculated as fluorescence signal per backscatter signal (given in arbitrary units,
a.u.). Results represent average values with standard deviation of three independent experiments. (B) Logarithmic scale blotting of data
shown in 1A. Specific fluorescence of each strain to the time of antibiotic addition was set to 100%. (C) Determination of half-lives via
Western blot analysis of eYFP (27.0 kDa), eYFP-ASV (28.6 kDa) and eYFP-AAV (28.6 kDa). Cells were cultivated in 70 ml of BHI medium
with 2% glucose to an ODggo of 3—4. Prior and after addition of Tet and Rif (addition of antibiotics after 1.5 h) 5 ml of cells were harvested by
centrifugation and subsequently frozen in liquid nitrogen. For isolation of crude extract cells were ruptured with glass beads in TE buffer

(10 mM Tris, 1 mM EDTA, pH 8) with complete protease inhibitor (Roche, Germany). Samples (25 ug) were loaded on two identical SDS gels
and proteins were separated by SDS-PAGE and analysed via Western blot analysis using anti-GFP (cross-reacting to eYFP) and anti-lcd for
referencing (80 kDa). The intensity of bands was analysed with the AIDA software version 4.15 (Raytest GmbH, Germany). The images are
representative ones out of three independent biological replicates.

© 2012 The Authors
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respective strains were inhibited by the addition of tetracy-
cline and rifampicin (100 ug ml-' and 250 ug ml-', respec-
tively) to the culture medium. Both antibiotics were added
1.5 h after induction with IPTG. The decrease in fluores-
cence was measured in 10 min intervals in the BioLector
system (Fig. 1A and B). In the course of these measure-
ments, a stable signal was observed for native eYFP for
> 24 h whereas a rapid decrease in signal was observed
foreYFP-ASV and eYFP-AAV. The half-life of both variants
was determined via Western blot analysis using anti-GFP
antibodies cross-reacting towards eYFP. A rapid decrease
in eYFP protein level was detected for both, ASV and AAV,
tagged variants and half-lives of 22 + 4 min (ASV) and
8 = 3 min (AAV) were calculated (Fig. 1C and Table 2).
The reference protein, isocitrate dehydrogenase (lcd),
exhibited a stable signal in Western blot analysis within the
period of measurement (Fig. 1C). These data are in agree-
ment with studies of SsrA-tagged variants in E. coli or
Mycobacterium species. In almost all cases ASV and AAV
variants resulted in a moderate destabilization of reporter
proteins, whereas the native tag and the LVA variant are
very unstable and hardly useful for the study of expres-
sion kinetics (Andersen et al., 1998; Triccas et al., 2002;
Blokpoel et al., 2003; Allen et al., 2007).

We also investigated the suitability of SsrA-tagged
GFPuv variants as reporters for transient gene expres-
sion, since GFPuv has been used as an appropriate
reporter for C. glutamicum promoters in previous studies
(Knoppova etal., 2007; HéanBler etal, 2009). As
observed for the eYFP variants, no signal was detectable
for proteins fused to the native SsrA tag or the LVA version
whereas for GFPuv tagged with either ASV or AAV, fluo-
rescence could be monitored (Fig. 2). However, in con-
trast to eYFP, tagging of GFPuv led to an immense loss in
fluorescent signal with a very low residual fluorescence of
10% (AAV) and 12% (ASV) compared with native GFPuv.
Since these fluorescence levels were only slightly above
background level, determination of reporter half-lives was
hardly feasible (Fig. 2).

The results observed for eYFP and GFPuv show that
the destabilizing effect conferred by a specific degrada-
tion tag depends very much on the protein it is fused to. In
fact, when fusing the same SsrA tag variants (ASV and
AAV) to the far-red dsRed derivative E2-Crimson (Strack
etal., 2009), only a slightly decreased protein stability
was obtained, whereas a major fraction of the proteins
seemed stable after blocking translation and transcription
with antibiotics (data not shown). This effect might be due
to the tetrameric structure of E2-Crimson masking the
SsrA tag towards recognition by tail-specific proteases.
A similar assumption was made by Allen and co-workers
who constructed an SsrA-tagged version of the luciferase
subunits LuxB and LuxA, respectively (Allen et al., 2007).
In their study, tagging of LuxB did not result in significant

© 2012 The Authors
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Fig. 2. Fluorescence of recombinant C. glutamicum strains
expressing gfp variants. Shown is ATCC 13032/pEKEx2-gfpuv
(black), ATCC 13032/pEKEx2-gfpuv-aav (patterned), ATCC 13032/
pEKEx2-gfpuv-asv (grey) and ATCC 13032/pEKEx2 (white) as
control. Cells were cultivated in CGXII minimal medium containing
1 mM IPTG to an ODegoo of 3-5; 2 ml of cells were harvested by
centrifugation and subsequently frozen in liquid nitrogen. Fluores-
cence was determined using Fluorolog 3 Double Spectrometer
(Spex, USA). For this purpose, cells were thawed on ice, resus-
pended in 10 ml of cold TE buffer (10 mM Tris, 1 mM EDTA,

pH 7.5) and the ODso Was determined. GFPuv fluorescence was
carried out in triplicates using an excitation wavelength of 395 nm
and recording emission at 509 nm. The graph shows the mean
maximum fluorescence referred to the cell dry weight (1 ml of cell
suspension of an ODego 0f 1 corresponds to 0.36 mg of dry
weight).

protein degradation; modification of both subunits, LuxA
and LuxB, resulted in a rapid decay of bioluminescence.
Therefore, a masking of the SsrA tag within a protein
complex is an aspect which has to be considered for the
destabilization of multimeric proteins.

As proof of principle we applied the eYFP-ASV variant
to study the dynamic expression of the gntK gene in
C. glutamicum. Expression of gntK, encoding gluconate
kinase, is stringently regulated by the transcriptional regu-
lators GntR1 and GntR2 in response to carbon source
availability (Frunzke et al., 2008b). When gluconate, the
substrate of GntK, is present, repression of gntK by
GntR1/2 is relieved and expression of gntK is strongly
induced in the exponential growth phase. To assess
the suitability of the unstable eYFP-ASV variant, fusions
of the Py« promoter with eyfp or eyfp-asv, respectively,
were constructed and cloned into the vector pJC1. As
expected, both promoter fusions gave rise to a significant
fluorescent signal when the cells were cultivated in
minimal medium containing gluconate as carbon source
(Fig. 3A: 100 mM gluconate; Fig. 3B: 50 mM of glucose
and gluconate). No signal was observed in minimal
medium with 100 mM glucose (data not shown). In con-
trast to the reporter with native eYFP, the signal of the

Microbial Biotechnology © 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 6, 196—201
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Fig. 3. Application of eYFP (grey) and destabilized eYFP-ASV (black) for dynamic gene expression analysis of gntKin C. glutamicum. Cells
were inoculated to an ODego of 1 in 750 ul of CGXIl minimal medium containing either 100 mM gluconate (A) or 50 mM glucose and gluconate
(B) in 48-well microtiter plates in the BioLector cultivation system (m2p labs, Germany). The final backscatter corresponds to a maximum
ODgoo of 35 and 38 for growth on 100 mM gluconate and 50 mM glucose plus gluconate, respectively. For pre-cultures, cells were cultivated in
CGXIl with 100 mM glucose. Growth (dashed line) and fluorescence (solid line) were recorded in 15 min intervals (for details see Fig. 1).

eYFP-ASV variant dropped back to zero when entering
the stationary phase which is in agreement with enzyme
activity measurements of GntK (Frunzke et al., 2008b).
The signal of native eYFP, however, did not reach back-
ground level within 24 h of measurement. This illustrates
the suitability of unstable reporter variants to mirror the
dynamic expression pattern of a gene of interest. Notably,
the kink in specific fluorescence residing at the entrance
into the stationary phase is due to delayed chromophore
maturation in the log phase caused by oxygen limitation
(Tsien, 1998; Shaner et al., 2005; Drepper et al., 2010).
This effect is most likely less distinct for the unstable
variant due to a lower amount of protein requiring oxygen
for chromophore maturation. The kink in fluorescence was
not observed with carbon source concentrations lower
than 50 mM (data not shown). Interestingly, C. glutami-
cum expressing native eyfp showed a slight delay in
growth in comparison with cells expressing the eyfp-asv
variant. This indicates that expression of unstable reporter
protein variants might even diminish the burden for the
cell due to a rapid protein turnover and the avoidance of
protein accumulation. A drawback of unstable variants is,
however, the lowered reporter output (about twofold lower
for eYFP-ASV) compared with the native reporter protein,
which might lead to problems when monitoring genes with
a low expression level. Consequently, the choice of the
fluorescent protein variant, regarding spectral properties
and protein half-life, clearly depends on the strength and
dynamics of the promoter to be measured. Enlarging the
tool box of reporter protein variants is required for optimal
experimental design and output.

In a recent study, introduction of an SsrA-tagged variant
of the enzyme TyrA into a phenylalanine producing E. coli
strain was an elegant approach to improve the accumu-

lation of phenylalanine (Doroshenko etal., 2010). Our
data reveal the applicability of corynebacterial SsrA tags
and variants thereof for the efficient destabilization of
eYFP and GFPuv in C. glutamicum. The use of SsrA
peptide tagging is, yet, not limited to reporter proteins, but
can be a valuable tool for the engineering of synthetic
gene circuits (Elowitz and Leibler, 2000) or fine-tuning of
protein levels in metabolic engineering of this important
platform organism.
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