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Re stric tion endonucleases nat u rally tar get DNA du plexes.
How ever, a sys tem atic screen has shown that a mi nor ity of
en zymes can also cleave RNA-DNA hy brids[1]. The
mech a nis tic ba sis of this pro mis cu ity with re spect to the
sugar back bone of the sub strate is not un der stood. We have 
crys tal lized AvaII, one of the en zymes that can cleave
RNA/DNA hy brids, and pres ent an apo-struc ture (with the
RNA/DNA du plex bound in a non-pro duc tive con for ma -
tion) to gether with mod els for the pro duc tive com plexes
with DNA/DNA and DNA/RNA du plexes, which shed
light on the RNA/DNA hy brid cleav ing ac tiv ity of the en -
zyme.

1. I. A. Murray, S. K. Stickel, R.J. Rob erts, Nu cleic Acid Res., 
38(22), (2010), 8257-8268.

This work was sup ported by the Na tional Sci ence Cen tre
(NCN, UMO-2011/02/A/NZ1/00052, N N301 028934 and
N N301 425038).
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Fig ure 1. A) Over all struc tures of AvaII and EcoO109I nu cleic acid com plexes. The pro teins are col oured from N- (blue)
to C-ter mini (red). B) The con for ma tion of RNA-DNA du plex in the AvaII com plex in com par i son with A-DNA, B-DNA
and DNA du plex in the EcoO109I complex.
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a-ACTININ-2 COMPLEX
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The sarcomeric Z-disc de fines the lat eral bor ders of the
sarcomere and has been seen pri mar ily as an im por tant
struc ture for me chan i cal sta bil ity. The core of a Z-disc con -
sists of actin fil a ments com ing from ad ja cent sarcomeres

which are crosslinked by a-actinin mol e cules. Apart from

its ma jor com po nents, a-actinin and F-actin, ma ture
Z-disks com prise a num ber of other pro teins. They are re -
garded as one of the most com plex macromolecular struc -
tures in bi ol ogy, act ing as a plat form for a dy namic web of
in ter ac tions es sen tial for mus cle con trac tion and its ho meo -
sta sis. 

FATZ-1 (filamin-C a-actinin telethonin Z-disk bind ing 
pro tein) is de scribed as a node of pro tein-pro tein in ter ac -

tions, in clud ing as so ci a tions with a-actinin-2, filamin-C,
myotilin, telethonin, calcineurin, ZASP/Cypher, and

aciculin [1]. FATZ: a-actinin-2 com plex seems to ap pear
in the early stage of the myofibrillogenesis [2], sug gest ing
that FATZ acts as a pro tein adap tor that re cruits to or ga nize 
other pro teins at the Z-disk. FATZ is pre dicted to be an in -
trin si cally dis or dered pro tein, a prop erty that al lows it
form ing many dif fer ent pro tein-pro tein com plexes. Our
aim here is to elu ci date the struc tural ba sis of its com plex

for ma tion with a-actinin-2.
A com bi na tion of X-ray crys tal log ra phy, SAXS, bio -

chem i cal, and mo lec u lar bi o log i cal tech niques was used to
un der stand the mo lec u lar mech a nism of how FATZ-1

binds to a-actinin-2. ITC ex per i ments to gether with lim -
ited pro te ol y sis and mass spec trom e try tech niques iden ti -

fied FATZ-1 bind ing sites on a-actinin-2, pro vid ing new
in sights into the mo dus ope randi of this pro tein com plex in
the Z-disk. Struc ture-based mu tants were de signed that
spe cif i cally ab ro gate this com plex for ma tion.

More over, our pre lim i nary X-ray dif frac tion data on

FATZ-1: a-actinin-2 com plex at 3.7 C res o lu tion show the

conformational state of a-actinin-2 bound to FATZ, which
sug gests ori en ta tion di ver sity of the for mer [3]. Work on
crys tal struc ture re fine ment, crys tal li za tion con di tions, and 
FATZ-1 con structs for com plex for ma tion is on go ing.

1. G. Faulk ner, A. Pallavicini, A. Comelli, M. Salamon, G.
Bortoletto, C. Ievolella, S. Trevisan, S. Kojic, F. Dalla
vecchia, P. Laveder, G. Valle, G. Lanfranchi J. Biol.
Chem., 275, (2000), 41234-42.

2. W. Jushuo, S. Na than, M. Balraj, Z. Qiang, C. Ju, M. S.
Jean, W. S. Jo seph Cell Motil. Cytoskeleton 61 (2005),
34-48.

3. E. de A. Ribeiro, N. Pinotsis, A. Ghislen, A. Salmazo, P.
V. Konarev, J. Kostan, B. Sjöblom, C. Schreiner, A. A
Polyansky, E. A. Gkougkoulia, M. R. Holt, F. L.
Aachmann, B. Zagrovi, E. Bordignon, K. F. Pirker, D. I.
Svergun, M. Gautel, K. Djinovic-Carugo Cell 159 (2014),
1447-60.
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a-Actinin func tions as scaf fold ing pro tein crosslinking
actin fil a ments into actin bun dles. This is achieved via a
par tic u lar antiparallel dimeric to pol ogy in which each
mono mer com prises an N-ter mi nal actin bind ing do main
(ABD), a con nect ing seg ment (NECK), a cen tral rod do -
main built by spectrin-like re peats, and a C-ter mi nal
calmodulin-like do main with four EF hand mo tifs

(EF12-EF34). While mus cle a-actinin isoforms (2 and 3)
are reg u lated by phosphoinositides, the non-mus cle
isoforms (1 and 4) are con trolled by cal cium bind ing to EF
hands [1]. Ac cord ingly, cal cium con cen tra tion >10–7 M re -
duces or even abol ishes their actin bun dling ca pac ity.
How ever, the mo lec u lar mech a nism of this reg u la tion re -
mains un known. We hy poth es ise that cal cium bind ing to
EF12 in duces a conformational change that has an im pact
on the po si tion of ABD actin bind ing. To ad dress this ques -

tion we fo cused on a-actinin isoform 2 from par a site
Entamoeba histolytica (ehACTN2), which shows high se -
quence iden tity with hu man non-mus cle homologs [2]. It
also con tains a shorter rod do main (two spectrin-like re -
peats vs. four in hu man pro teins), thus rep re sent ing an an -

ces tral form of a-actinin.
Low-speed actin co-sed i men ta tion as says us ing

ehACTN2 re vealed a sig nif i cant de crease of actin bun dling 
ac tiv ity when the ex per i ment was per formed in the pres -
ence of cal cium. We fur ther used the re cently pub lished
crys tal struc ture of hACTN2 to de sign mu ta tions on
ehACTN2 dis rupt ing con tacts be tween NECK and EF34,
which abol ished com pletely its bun dling ca pac ity. The
same re sult was ob tained for a pro tein de le tion vari ant
lack ing EF34. Cir cu lar dichroism showed iden ti cal sec -

ond ary struc ture con for ma tion for both “NECK” mu tant
and EF34 de le tion vari ant when com pared to that of wild
type pro tein. In ad di tion, these ex per i ments evinced a sub -
stan tial in crease in sta bil ity of the wild type ehACTN2
upon cal cium bind ing. The sta bi liz ing ef fect of cal cium
was fur ther cor rob o rated by lim ited pro te ol y sis ex per i -
ments in which a calcium-insensitive mutant was cleaved
significantly faster than wild type protein.

Struc tural anal y sis in so lu tion by SAXS re vealed es sen -
tially the same con for ma tion for wild type ehACTN2 in the 
ab sence and pres ence of cal cium as well as for cal cium-in -
sen si tive mu tant. How ever, both the “NECK” mu tant and
the EF34 de le tion vari ant showed a less ex tended, more
glob u lar con for ma tion, sug gest ing vari able ori en ta tions of
ABD. Fi nally, the crys tal struc tures of cal cium-bound wild
type ehACTN2 and of cal cium-in sen si tive mu tant were de -
ter mined, show ing an over all ar chi tec ture sim i lar to that of
hACTN2. Most in ter est ingly, un like in hACTN2, EF12
(which co or di nates cal cium) is placed be tween the two
spectrin-like re peats, while the EF34 wraps around NECK.
In ad di tion, the cal cium-in sen si tive mu tant evinces flex i -
bil ity for ABD and cer tain re gions of EF12-EF34. To sum
up, we hy poth e size that cal cium bind ing in tro duces a
conformational change that is trans mit ted from EF12 to
EF34, which sub se quently af fects the flex i bil ity of NECK
and re duces ori en ta tion sam pling for ABD. These re sults
highlight the importance of the proper positioning and
flexibility of ABD for actin bundling. 

1. KS Foley and PW Young, Biochem. J. 459 (2014), 1-13.

2. A Virel, B Addario, and L Backman, Mol. Biochem.
Parasitol. 154 (2007), 82-9. 
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Syn ap tic ves i cles (SV) fuse at spe cial ized mem brane com -
part ments called ac tive zones (AZs). The intracellular face
of a presynaptic AZ mem brane is dec o rated by an elec -
tron-dense scaf fold, termed cytomatrix at the AZ (CAZ;
Fig ure 1) [1]. In re cent years, an evolutionarily con served
set of large, multi-do main pro teins op er at ing as ma jor scaf -
fold build ing blocks at the AZs was iden ti fied:
Syd-2/Liprin-á, RIM, RIM-bind ing-pro tein (RBP) and
ELKS fam ily pro teins, such as the pro tein Bruchpilot
(BRP) in Drosophila melanogaster [2].

Nei ther the struc tural rules, by which these AZ scaf folds as -

sem ble, nor the roles of these scaf fold ing pro teins for the SV

exo-/endocytic cy cle are pres ently well un der stood. To ad dress

these ques tions, we started to iden tify folded re gions and in ter act -

ing do mains in AZ scaf fold com po nents and to elu ci date the

struc tures of in di vid ual units and sub-com plexes by X-ray crys -

tal log ra phy.

1. Haucke, V., Neher, E., and Sigrist, S.J. (2011) Pro tein scaf -
folds in the cou pling of syn ap tic exocytosis and

endocytosis. Nat Rev Neurosci 12, 127-138.

2. Südhof, T.C. (2012) The presynaptic ac tive zone. Neu ron
75, 11-25.
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Fig ure 1. Scheme of a Drosophila AZ, show ing some of the ma jor scaf fold ing pro teins in the CAZ.
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The spliceosome is a large and highly dy namic RNA-pro -
tein mo lec u lar ma chine that is as sem bled from five com -
plex RNA-pro tein sub units (the snRNPs U1, U2, U4, U5
and U5) and many non-snRNP pro teins. The U2 snRNP
con tains the U2B” and U2A’ pro teins in ver te brates, or
SNF and U2A’ in most other meta zo ans. U2B” and SNF
bind di rectly to stem loop IV (SLIV) of U2 snRNA, us ing
their N-ter mi nal RNA rec og ni tion mo tifs (RRM). SNF is
also a pro tein com po nent of the U1 snRNP, where it binds
to SLII of U1 snRNA. In ver te brate U1 snRNP, a dif fer ent
pro tein, U1A, binds SLII. Only in the U2 snRNP do SNF
and U2B” use their RRMs to bind to both SLIV and to the
pro tein U2A’. Us ing pro teins and RNAs from Drosophila
melanogaster, we de ter mined crys tal struc tures of (i) SNF
alone, (ii) the bi nary SNF-SLIIU1 com plex, (iii) the bi nary

SNF-U2A’ com plex and (iv) the ter nary SNF-U2A’-
 SLIVU2 com plex to ad dress two spe cific ques tions con -
cern ing U1 and U2 snRNP as sem bly. First, in or gan isms
that use SNF, how is U2A’ ex cluded from the U1 snRNP?
Sec ond, in or gan isms that use U2B”, why is the
U2B”/U2A’ com plex found only in the U2 snRNP?

1. Price, S. R., Ev ans, P. R. & Nagai, K. Crys tal struc ture of
the spliceosomal U2B"-U2A' pro tein com plex bound to a
frag ment of U2 small nu clear RNA. Na ture 394, 645-650,
doi:10.1038/29234 (1998).

2. Oubridge, C., Ito, N., Ev ans, P. R., Teo, C. H. & Nagai, K.
Crys tal struc ture at 1.92 A res o lu tion of the RNA-bind ing
do main of the U1A spliceosomal pro tein complexed with
an RNA hair pin. Na ture 372, 432-438,
doi:10.1038/372432a0 (1994).
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GRISELIMYCINS, NOVEL ANTI TUBERCULOSIS AGENTS: STRUCTURAL INSIGHTS
INTO THE MODE OF ACTION, RESISTANCE AND BIOSYNTHESIS
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Tu ber cu lo sis re mains a ma jor global health prob lem that
caused an es ti mated 1.5 mil lion deaths in 2013 [1],
whereby a grow ing per cent age is multidrug re sis tant tu ber -
cu lo sis. Novel anti TB agents with dis tinct mech a nism of
ac tion are ur gently needed. Griselimycins (GMs) from
Streptomyces caelicus were found to ex hibit bac te ri cidal
ef fects al most ex clu sively on my co bac te ria and were thus
de vel oped as prom is ing anti-TB agents show ing ex cep -
tional po ten tial in in vivo mice mod els [2]. 

Aim ing to iden tify the mode of ac tion of these novel an -
ti bac te rial lead sub stances we an a lyzed the biosynthetic
gene clus ter of GMs and found that the GM pro duc ing
strain S. caelicus har bors an ad di tional vari ant of the dnaN
gene (en cod ing the slid ing clamp of DNA poly mer ase) in
the GM biosynthetic gene clus ter. Upon heterologous
overexpression, this vari ant con fers GM re sis tance to GM
sen si tive Streptomyces. While the com mon DnaN of the
pro ducer strain seems to be in hib ited by GMs, this is not
the case for the ad di tional vari ant, which thus rep re sents a
mech a nism of GM self-re sis tance and hence lead to the
iden ti fi ca tion of bac te rial DnaN as a novel tar get for a nat u -
ral prod uct. As it rep re sents an im por tant build ing block
and the only non-proteinogenic amino acid in cor po rated in
GMs, we also stud ied the biosynthesis of (2S, 4R)-4-
 methylproline by S. caelicus. Here, we fo cused our re -
search on the hydroxylation of the starter sub strate L-leu -

cine as this step de ter mines the stereochemistry of the
4-methylproline incorporated in GMs.

Mycobacterial DnaN and both slid ing clamp vari ants of 
the GM pro ducer strain were heterologously ex pressed,
pu ri fied and crys tal lized in the pres ence of GMs. In ad di -
tion, bind ing of GMs to the pro teins was char ac ter ized by
SPR. The crys tal struc tures clearly show the bind ing of
GMs and give in sight into their mode of ac tion [2]. In the
case of the S. caelicus pro teins, the struc tures point also to a 
po ten tial mech a nism of GM self-re sis tance. Fur ther more,
we could solve the crys tal struc ture of the leucine hy drox y -
lase MPS1 in com plex with its sub strates. Due to sub strate
turn over in co-crys tal li za tion set ups, we were also able to
solve the struc ture of MPS1 in com plex with its re ac tion
prod ucts, and could thus explain its stereospecificity.

1. World Health Or ga ni za tion, Global Tu ber cu lo sis Re port
2014, (2014).

2. A. Kling, P. Lukat, D. V. Almeida, A. Bauer, E. Fontaine,
S. Sordello, N. Zaburannyi, J. Herrmann, S. C. Wenzel, C.
König, N. C. Ammerman, M. B. Bar rio, K. Borchers, F.
Bordon-Pal lier, M. Brönstrup, G. Courtemanche, M.
Gerlitz, M. Geslin, P. Hammann, D. W. Heinz, H.
Hoffmann, S. Klieber, M. Kohlmann, M. Kurz, C. Lair, H.
Mat ter, E. Nuermberger, S. Tyagi, L. Fraisse, J. H. Grosset, 
S. Lagrange, R. Müller, Sci ence, 348, (2015), 1106.
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G-pro tein-cou pled re cep tors (GPCRs) trans mit
extracellular sig nals to ac ti vate intracellular heterotrimeric

G pro teins (Gabg) and arrestins [1]. For G pro tein sig nal -

ling, the Ga C-ter mi nus (GaCT) binds to a cy to plas mic
crev ice of the re cep tor that opens upon ac ti va tion [1, 2, 3]

A con sen sus mo tif is shared among GaCT from the Gi/Gt
fam ily and the ‘fin ger loop’ re gion (ArrFL1–4) of all four
arrestins [5]. Here we pres ent a 2.75 C crys tal struc ture of
ArrFL-1, a pep tide an a logue of the fin ger loop of rod
photoreceptor arrestin, in com plex with the prototypical
GPCR rho dop sin [5]. Func tional bind ing of ArrFL to the
re cep tor was con firmed by UV/Vis spec tros copy, com pet i -
tive bind ing as says and Fou rier trans form in fra red spec -

tros copy. For both GaCT and ArrFL, bind ing to the
re cep tor crev ice in duces a sim i lar re verse turn struc ture, al -
though sig nif i cant struc tural dif fer ences are seen at the rim
of the bind ing crev ice. Our re sults re flect both the com mon
re cep tor-bind ing in ter face and the di ver gent bi o log i cal
func tions of G pro teins and arrestins [5].

1. Hofmann KP, Scheerer P, Hildebrand PW, Choe HW, Park 
JH, Heck M, Ernst OP. A G pro tein-cou pled re cep tor at
work: the rho dop sin model. TIBS 2009; 34, 540-. 

2. Scheerer P, Park JH, Hildebrand PW, Kim YJ, Krauss N,
Choe HW, Hofmann KP, Ernst OP. Crys tal struc ture of op -
sin in its G-pro tein-in ter act ing con for ma tion. Na ture 2008;
455, 497-. 

3. Choe HW, Kim YJ, Park JH, Morizumi T, Pai EF, Krauss
N, Hofmann KP, Scheerer P, Ernst OP. Crys tal struc ture of 
metarhodopsin II. Na ture 2011; 471, 651-. 

4. Kim YJ, Hofmann KP, Ernst OP, Scheerer P, Choe HW,
Sommer ME. Crys tal struc ture of pre-ac ti vated arrestin
p44. Na ture 2013; 497, 142-. 

5. Szczepek M, Beyrière F, Hofmann KP, Elgeti M, Kazmin
R, Rose A, Bartl FJ, von Stetten D, Heck M, Sommer ME,
Hildebrand PW, Scheerer P. Crys tal struc ture of a com mon 
GPCR-bind ing in ter face for G pro tein and arrestin. Nat

Commun. 2014; 5:4801-.
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Fig ure 1. Over view of rho dop sin sig nal transduction and de ac ti va tion. (1) Dark-state bo vine rho dop sin with in verse ag o nist
11-cis-ret i nal. (2) Light-ac ti va tion and for ma tion of metarhodopsin II (Meta II) with ag o nist all-trans-ret i nal [3]. (3) Cou pling to the
heterotrimeric G pro tein [2, 3]. (4) Phosphorylation of the ac ti vated re cep tor by its spe cific kinase. (5) Rod photoreceptor arrestin bind -
ing to the phosphorylated re cep tor. In set (red box): (6) Basal arrestin ap proaches phosphorylated Meta II. (7) In ter ac tion with re cep -
tor-at tached phos phates ac ti vates arrestin [4]. (8) Tight bind ing of the re cep tor by arrestin (in duces fur ther struc tural changes in arrestin
fin ger loop) [5]. In set (in digo box): Se quence align ment of pro posed com mon se quence mo tif: rod photoreceptor arrestin (Arr1, res i dues 

68–77), cone photoreceptor arrestin (Arr4, res i dues 63–72), b-arrestin-1 (Arr2, res i dues 64–73), b-arrestin-2 (Arr3, res i dues 65–74),

wild-type GtaCT (res i dues 340–349), high-af fin ity vari ant GtaCT-HA (res i dues 340–349), Gsa (res i dues 385–394).


