Analysing protein exchange between Ignicoccus
hospitalis KIN4/1
and Nanoarchaeum equitans

Epifluorescence micrographs of Ignicoccus/Nanoarchaeum coculture stained
with BacLight (Boulos et al., 1999) adapted from (Jahn et al., 2008)
(Scale bar: 1pm)
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Objectives

. Determine the role of Secretory (Sec) and Twin-Arginine-
Transporters (TAT) in the exchange of proteins between
Nanoarchaeum equitans and Ignicoccus hospitalis

|dentify candidate proteins for Sec or TAT transport
Determine the localisation of TAT transporters in |. Hospitalis

Test competence of I. hospitalis Sec and TAT complexes for
export of identified candidate proteins

Test competence of N. equitans SecDF complex for
candidate protein uptake

|dentify further avenues of research



Relevance

« Why are Ignicoccus hospitalis and Nanoarchaeum equitans of
Interest?

Hyperthermophiles (Leign et al., 2011)
Novel proteins (podar et al., 2008a)
Very ancient lineages? (podar et al., 2008a)

Novel phyla in case of Nanoarchaeum equitans? (Huber et al.,
2003)

Evolution of the eukaryotic cell? (Kuper et al., 2010)
Evolution of a vesicle trafficking system (podar et al., 2008b)
Evolution of species co-associations (Mevarech and Allers, 2007)



Discovery of organisms

Hydrothermal system at
Kolbeinsey Ridge from depth
of 106m (Fricke et al., 1989)

Ignicoccus hospitalis KIN4/I
Isolate

Discovery of Nanoarchaeum
equitans by Karl Stetter in
2002

Unique relationship Burghardt et
al., 2009)

Map showing location of Kolbeinsey Ridge

Stable co-culture established
at University of Regensburg



Ilgnicoccus hospitalis

Obligate anaerobe (rorterre et al., 2009)
Hyperthermophile (Forterre et al., 2009)
Ancient organism? (Podar et al., 2008a)

Unusual morphology (paper et al., 2007,
Burghardt et al., 2007)

Unusual metabolism (unglas et al., 2008)

Unique carbon assimilation unglas et

al., 2008) Transmission electron micrographs

of ultrathin sections
of I. hospitalis and N. equitans
CM: Cytoplasmic membrane
OM: Outer membrane
Pp: Periplasm
Figure from (Jahn et al., 2008)
(Scale Bar: 1um)

Smallest free-living genome (podar et
al., 2008)



Nanoarchaeum equitans

Nanoarchaeum eguitans <—= \

Nanoarcheota (Huber et al.,
2002)

Smallest genome in
archaea (Huber et al., 2003)

Obligate symbiont
/parasite (waters et al., 2003)

Lacks key genes (podar et al
2008a)

Unknown metabolism
(Lewalter and Muller, 2006)
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Physiological dependence

Host-derived

« Amino acids (Jahn et al., 2008)
o Lipids (ann etal., 2004)

Ilgnicoccus protein exporters:

* SECYE/G].B Complex (Burghardt et
al., 2009)

« Twin-arginine translocation
(TAT) system (Podar et al., 2008a)

Nanoarchaeum putative protein Electron micrograph showing
Nanoarchaeum equitans attached

Importer: to Ignicoccus hospitalis

OM: Outer membrane
« SecDF complex (Burghardt et al.,

2009) Figure from (Forterre et al., 2009)
(Scale bar: 100nm)



Limitations of experimental system

Genetic methods unavailable (Burghardt et al.,
2009)

Key difficulties: (Mevarech and Allers, 2007)

. Solid media cultivation

. Transformation systems

« Enrichment

« RNAI unavailable

Divergent from the standard genetic
models (Leigh et al., 2011)

Enigmatic genes (podar et al., 2008a) BD BioSciences FACSAria-ll
cell sorter

Culture density (Huber et al., 2003) o
From (http://www.bdbiosciences.com)



|dentification of candidate
transferred proteins

« Combination survey using existing
bioinformatic tools and heuristic

approaches:
* PRED-TAT (Bagosetal., 2010) Lo -1" . D

 TatP (Bendtsen et al., 2005)
TATFIND (Rose et al., 2002)

SignalP 3.0 (Bendtsen etal. 2004) bR TAT Hidden Markov Model diagram
Phobius (all et al., 2004) Figure from (Bagos et al., 2010)
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* Preliminary survey of I. hospitalis protein
database:

« 8 Sec signal peptide-containing proteins
« 3 TAT signal peptide-containing proteins



Culturing organisms

« Basic growth conditions:

« Seawater medium (Huber et al., 2000)

« Anoxic: Gas phase of H>-CO; (80/20 vol/vol) at 300kPa (paper
et al., 2007)

o pH 5.5-6.0 (Paper et al., 2007)
o Temperatu re: 90°C (mevarech and Allers, 2007)
« Final cell densities: 2x107 cells mlt (Huber et al., 2003)

« Modifications to increase cell density:

« Cellulose capillaries (increase to 3x107 cells mlt) (paperetal,
2007, Kuper et al., 2009)

» H,S stripping (increase of Nanoarchaeum density to 3x108
cells ml'l) (Mevarech and Allers, 2007)



Localisation of complexes

« Sec complexes previously isolated
Mouse anti-TAT antibodies

at interaction site (Burghardt et al., 2009) g:;;gda;?mmgﬂ;gempmm
» |solate and purify TAT complex fron
|. hospitalis via procedure used in ‘(

(Porcelli et al., 2002)

« Membrane solubilisation

« Ultracentrifugation _{ ) o

« SDS-PAGE > \\

» Raise polyclonal antibodies against

purified TAT protein using mouse
svystem Immunolocalisation using
y polyclonal antibodies and
secondary antibody
markers

Exposed epitope

TAT complex



Sectioning and labellin

% "?‘: %%
Cryoimmobilisation via high- K Y™

pressure freezing (Kuper et al., 2009)

Freeze-substitution dehydration
(Walther and Ziegler, 2002)

Embed in Epon resin @unglas et al., 2008) a

Serial ultrathin sections (70nm)
(Junglas et al., 2008) o

Incubate with primary rabbit anti- g
TAT antibody e

Incubate with secondary anti-rabbit
antibody with gold nanoparticles

Immunolabelled A;A, ATP-synthase

Transmission electron micrography

(Kuper et al., 2009) Figure from (Kuper et al., 2009)

(Scale Bar 1 ym)



lgnicoccus hospitalis Sec and TAT
export competence

« Generation of Ignicoccus inverted
membrane vesicles (Ring and Eichler, 2001)

* French Press
« Centrifugation and resuspension

 Isolation and purification of
candidate proteins

« Size-exclusion chromatography
« Centrifugation
« SDS-PAGE

 Protein-specific biophysical
separation
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SDS-PAGE diagram

From (Georgia Institute of
Technology)



Protection Assay

.« ® Proteins

.
® ‘o .
Transporter complex ¢ ®

Proteinase K treatment

Inverted membrane vesicle

Lyse liposomes

Re-isolate and purify candidate proteins

Transported candidate proteins

Controls:

« Treat candidate proteins with archael
signal peptidases: Ignil53 and N /\ -
Neg432 (Podar et al., 2008a) ggﬁ,

« Trimethylene N-oxide reductase
(TorA) TAT Inhibitor (chanal et al., 2003)

« Sec small peptide inhibitors (Liet al., 2008)

Inverted membrane vesicle

Transported candidate proteins

Proteinase K protection assay



Nanoarchaea equitans SecDF

Import

Problematic S-layer (Ring and Eichler, 2001)

Isolate and purify SecDF compleX (Nouwen et al., 2005)

Formation of liposomes (ciadera et al., 1997)

Reconstitution of SecDF complex into liposomes (Nouwen et al., 2005)

TEM validation

Proteinase K protection assay

Controls:

* Treat candidate proteins with Igni153 and Neq432 odaretal.,

2008a)

« Sec small peptide inhibitors ieta. 200



Conclusions

Enigmatic relationship
Genetically intractable organisms
Potentially important and interesting

Investigation of TAT and Sec mediated protein exchange
between Nanoarchaeum equitans and Ignicoccus requires:

. ldentification of potential transported proteins
« Demonstration of transporter localisation to interaction site

. Demonstration of transporter competence for candidate
proteins

Further work



References

BAGOS, P., NIKOLAOU, E., LIAKOPOULOS, T. & TSIRIGOS, K. 2010. Combined prediction of Tat and Sec signal peptides with hiddenMarkov model. Bioinformatics, 26, 2811-2817.

BAKER, B., COMOLLI, L., DICK, G., HAUSER, L., HYATT, D., DILL, B., LAND, M., VERBERKMOES, N., HETTICH, R. & BANFIELD, J. 2010. Enigmatic, ultrasmall, uncultivated Archaea. Proceedings of the National Academy of
Sciences of the United States of America, 8806-8811.

BENDTSEN, J., NIELSEN, H., VON HEIINE, G. & BRUNAK, S. 2004. Improved prediction of signal peptides: SignalP 3.0. Journal of Molecular Biology, 783-795.

BENDTSEN, J., NIELSEN, H., WIDDICK, D., PALMER, T. & BRUNAK, S. 2005. Prediction of twin-arginine signal peptides. Bmc Bioinformatics, -.

BOLHUIS, A., BROEKHUIZEN, C., SOROKIN, A., VAN ROOSMALEN, M., VENEMA, G., BRON, S., QUAX, W. & VAN DIJL, J. 1998. SecDF of Bacillus subtilis, a molecular Siamese twin required for the efficient secretion of
proteins. Journal of Biological Chemistry, 21217-21224.

BOULOS, L., PREVOST, M., BARBEAU, B., COALLIER, J. & DESJARDINS, R. 1999. LIVE/DEAD (R) BacLight (TM): application of a new rapid staining method for direct enumeration of viable and total bacteria in drinking water.
Journal of Microbiological Methods, 77-86.

BURGHARDT, T., NATHER, D., JUNGLAS, B., HUBER, H. & RACHEL, R. 2007. The dominating outer membrane protein of the hyperthermophilic Archaeum Ignicoccus hospitalis: a novel pore-forming complex. Molecular
Microbiology, 166-176.

* BURGHARDT, T., JUNGLAS, B., SIEDLER, F., WIRTH, R., HUBER, H. & RACHEL, R. 2009. The interaction of Nanoarchaeum equitans with Ignicoccus hospitalis: proteins in the contact site between two cells. Biochemical
Society Transactions, 127-132.

CHANAL, A., SANTINI, C. & WU, L. 2003. Specific inhibition of the translocation of a subset of Escherichia coli TAT substrates by the TorA signal peptide. Journal of Molecular Biology, 563-570.

CLADERA, J., RIGAUD, J., VILLAVERDE, J. & DUNACH, M. 1997. Liposome solubilization and membrane protein reconstitution using Chaps and Chapso. European Journal of Biochemistry, 798-804.

ELLEN, A., ALBERS, S., HUIBERS, W., PITCHER, A., HOBEL, C., SCHWARZ, H., FOLEA, M., SCHOUTEN, S., BOEKEMA, E., POOLMAN, B. & DRIESSEN, A. 2009. Proteomic analysis of secreted membrane vesicles of
archaeal Sulfolobus species reveals the presence of endosome sorting complex components. Extremophiles, 67-79.

* FORTERRE, P., GRIBALDO, S. & BROCHIER-ARMANET, C. 2009. Happy together: genomic insights into the unique Nanoarchaeum/Ignicoccus association Journal of Biology, 8.

FRICKE, H., GIERE, O., STETTER, K., ALFREDSSON, G., KRISTJANSSON, J., STOFFERS, P. & SAVARSSON, J. 1989. Hydrothermal vent communities at the shallow subpolar mid-atlantic ridge. Marine Biology, 425-429.

GURSTER, S., JUNGLAS, B., BURGHARDT, T., MENZEL, T., MEYER, C., SALLER, M., HUBER, H. & RACHEL, R. 2007. Immunolocalization of Proteins involved in the Cell-Cell-Interaction between Ignicoccus and
Nanoarchaeum on Sections and Replicas. Microscopy and Microanalysis, 13.

* HUBER, H., BURGGRAF, S., MAYER, T., WYSCHKONY, I., RACHEL, R. & STETTER, K. 2000. Ignicoccus gen. nov., a novel genus of hyperthermophilic, chemolithoautotrophic Archaea, represented by two new species,
Ignicoccus islandicus sp nov and Ignicoccus pacificus sp nov. International Journal of Systematic and Evolutionary Microbiology, 2093-2100.

HUBER, H., HOHN, M., STETTER, K. & RACHEL, R. 2003. The phylum Nanoarchaeota: Present knowledge and future perspectives of a unique form of life. Research in Microbiology, 165-171.

JAHN, U., GALLENBERGER, M., PAPER, W., JUNGLAS, B., EISENREICH, W., STETTER, K., RACHEL, R. & HUBER, H. 2008. Nanoarchaeum equitans and Ignicoccus hospitalis: New insights into a unique, intimate association
of two archaea. Journal of Bacteriology, 1743-1750.

JUNGLAS, B., BRIEGEL, A., BURGHARDT, T., WALTHER, P., WIRTH, R., HUBER, H. & RACHEL, R. 2008. Ignicoccus hospitalis and Nanoarchaeum equitans: ultrastructure, cell-cell interaction, and 3D reconstruction from serial
sections of freeze-substituted cells and by electron cryotomography. Archives of Microbiology, 395-408.

KALL, L., KROGH, A. & SONNHAMMER, E. 2004. A combined transmembrane topology and signal peptide prediction method. Journal of Molecular Biology, 1027-1036.

*KUPER, U., MEYER, C., MULLER, V., RACHEL, R. & HUBER, H. 2010. Energized outer membrane and spatial separation of metabolic processes in the hyperthermophilic Archaeon Ignicoccus hospitalis. Proceedings of the
National Academy of Sciences of the United States of America, 3152-3156.

LEIGH, J. A., ABLERS, S.-V., ATOMI, H. & ALLERS, T. 2011. Model organisms for genetics in the domain Archaea: methanogens, halophiles, Thermococcales and Sulfolobales. Federation of European Microbiological Societies
(FEMS) Microbiology Reviews, 11.

LEWALTER, K. & MULLER, V. 2006. Bioenergetics of archaea: Ancient energy conserving mechanisms developed in the early history of life. Biochimica Et Biophysica Acta-Bioenergetics, 437-445.

LI, M., HUANG, Y., TAI, P. & WANG, B. 2008. Discovery of the first SecA inhibitors using structure-based virtual screening. Biochemical and Biophysical Research Communications, 839-845.

MEVARECH, M. & ALLERS, T. 2007. Genetics. In: GARRETT, R. A. & KLENK, H.-P. (eds.) Archaea: Evolution, Physiology, and Molecular Biology. Oxford: Blackwell Publishing.

NOUWEN, N., PIWOWAREK, M., BERRELKAMP, G. & DRIESSEN, A. 2005. The large first periplasmic loop of SecD and SecF plays an important role in SecDF functioning. Journal of Bacteriology,
5857-5860.

*PAPER, W., JAHN, U., HOHN, M., KRONNER, M., NATHER, D., BURGHARDT, T., RACHEL, R., STETTER, K. & HUBER, H. 2007. Ignicoccus hospitalis sp nov, the host of 'Nanoarchaeum equitans'. International Journal of
Systematic and Evolutionary Microbiology, 803-808.

** PODAR, M., ANDERSON, I., MAKAROVA, K., ELKINS, J., IVANOVA, N., WALL, M., LYKIDIS, A., MAVROMATIS, K., SUN, H., HUDSON, M., CHEN, W., DECIU, C., HUTCHISON, D., EADS, J., ANDERSON, A., FERNANDES,
F., SZETO, E., LAPIDUS, A., KYRPIDES, N., SAIER, M., RICHARDSON, P., RACHEL, R., HUBER, H., EISEN, J., KOONIN, E., KELLER, M. & STETTER, K. 2008. A genomic analysis of the archaeal system Ignicoccus
hospitalis-Nanoarchaeum equitans. Genome Biology, -.

RACHEL, R., WYSCHKONY, I, RIEHL, S. & HUBER, H. 2002. The ultrastructure of Ignicoccus: Evidence for a novel outermembrane and for intracellular vesicle budding in an archaeon. Archaea, 1, 9-18.

RING, G. & EICHLER, J. 2001. Characterization of inverted membrane vesicles from the halophilic archaeon Haloferax volcanii. Journal of Membrane Biology, 195-204.

ROSE, R., BRUSER, T., KISSINGER, J. & POHLSCHRODER, M. 2002. Adaptation of protein secretion to extremely high-salt conditions by extensive use of the twin-arginine translocation pathway. Molecular Microbiology, 943-
950.

* WATERS, E., HOHN, M., AHEL, I., GRAHAM, D., ADAMS, M., BARNSTEAD, M., BEESON, K., BIBBS, L., BOLANOS, R., KELLER, M., KRETZ, K., LIN, X., MATHUR, E., NI, J., PODAR, M., RICHARDSON, T., SUTTON, G.,
SIMON, M., SOLL, D., STETTER, K., SHORT, J. & NOORDEWIER, M. 2003. The genome of Nanoarchaeum equitans: Insights into early archaeal evolution and derived parasitism. Proceedings of the National Academy of
Sciences of the United States of America, 12984-12988

* of interest

** of great interest



Reddit.com/r/AskScience

ASKSCIENCE
unigques by hour impressions by hour
20k g0k
25k Sok
2ok a0k
15k 20k
10k 20k
Sk 10k
0.00 0.00
Now 4 Nov 5 Nov & Nov 7 Nowv 4 Now 5 Now & Now 7

Part of reddit.com : 110" most visited website on the internet

4,000 new subscriptions a day

300,000 unigque hits and up to 800k impressions daily

National Association for Research in Science Teaching Annual Conference 2012

Please visit, contribute and enjoy AskScience.



