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The CusS histidine kinase is a com po nent of the bac te rial
two-com po nent sig nal transduction sys tem CusS-CusR,
en gaged in Esch e richia coli to pre vent the dam ag ing ac cu -
mu la tion of cop per ions [1]. The CusS, like clas si cal
histidine kinase, is a transmembrane multidomain pro tein
[2]. It binds cop per by the periplasmic sen sor do main and
prop a gates this sig nal to ward the cy to plas mic cat a lytic
core, through the co or di nated conformational change of its
sub se quent do mains. Then, the kinase core binds ATP,
autophosphorylates its con served histidine res i due and

trans mits the g-phosphoryl group to its cog nate re sponse
reg u la tor CusR. As a con se quence, the re sponse reg u la tor
binds to the tar get operon, re spon si ble for the syn the sis of
cop per-efflux pomp and reg u lates its tran scrip tion [3]. A
small amount of cop per ions is in dis pens able for aer o bic
cell me tab o lism. None the less, its ex cess in the cy to plasm
gen er ates dam ag ing re ac tive hydroxyl rad i cals [4]. For that 
rea son, un der stand ing bac te rial cop per sens ing mech a -
nisms can con trib ute to re duc ing bac te rial re sis tance and
de vel op ing bac te ri cidal cop per-based ma te ri als.

Us ing X-ray crys tal log ra phy, the crys tal struc ture of
the CusS kinase core was solved at the res o lu tion of 1.4 C.

The cy to plas mic cat a lytic do mains en sem ble in a
homodimer struc ture. The CusS kinase core struc ture de -
ter mi na tion al lowed us study ing intramolecular and
intermolecular in ter ac tions cru cial for the mech a nism of
CusS autophosphorylation. Based on ob tained struc tural
data, con served cat a lytic and struc tural mo tifs were iden ti -
fied and de scribed. Ac cord ing to iden ti fied con served mo -
tifs CusS can be clas si fied into the Type I fam ily of
histidine kin ases, the most com mon group of these en -
zymes con sti tut ing 72 % of all histidine kin ases.
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Fig ure 1: (A) Pro tein crys tals of CusS kinase ob tained by hang ing drop va por dif fu sion tech nique. (B) The over all struc ture of CusS 

cat a lytic kinase core.
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Antimicrobial re sis tance is on the rise. Thus, there is an ur -
gent need to dis cover novel antimicrobials and de ter mine
their mech a nism of ac tion.

An underexplored class are bacteriocins: Short
ribosomally syn the sized and post-translationally mod i fied
pep tides (RiPPs) that of ten show high po tency, and low
tox ic ity. [1, 2]

One sub class re quires a glycosylation to show anti -
microbial ac tiv ity and thus have been termed glycoactive
bacteriocins, Glycocins [3].

Their chal leng ing syn the sis, in vi tro or in vivo, ren ders
the elu ci da tion of their mech a nism and their broader use
dif fi cult. Rea son able yields of au then tic glycocins could
only be ob tained by the use of the cog nate glyco syl -
transferase that is able to ei ther glycosylate a serine or
threonine, re sult ing in ca non i cal O-glycosylation or a
cysteine, re sult ing in a rare type of S-glycosylation. [4-6]

In sights into the func tion of Glycocin- Glycosyl -
transferases (GGTs) will help to un der stand the un usual
spec i fic ity of these trans fer as es for cysteine and/or serine
and threonine and the high se lec tiv ity for its glycosylation
site. Un der stand ing the key el e ments of the cat a lytic site
may al low to use the trans fer as es as valu able tools to syn -
the sise glycocins, glycopeptides and neo-glycopeptides in
gen eral. We iden ti fied sev eral pu ta tive Glycocins and their
cog nate GGTs us ing bioinformatics. The re com bi nant pro -
duc tion and pu ri fi ca tion of five se lected GGTs from Ba cil -
lus subtilis,  Enterococcus faecalis, Gottfriedia aci -
di celeris, Laceyella sacchari and Streptomyces platensis,
was es tab lished.

The GGTs were char ac ter ised in re gard of the metal ion
de pend ency and the carbonucleotide spec i fic ity.

Us ing SPPS we syn the sised some glycocins and proved 
their se lec tive glycosylation by the cog nate GGT. To in -
ves ti gate the mo lec u lar de ter mi nants for the ob served dif -
fer ences in spec i fic ity in terms of pre ferred sug ars and their 
S/O-se lec tiv ity, we use X-ray crys tal log ra phy as method of 
choice. For three GGTs crys tals could be ob tained and the
struc ture for the BsGGT could be solved to 2.6 C res o lu -
tion.
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Fig ure 1. Crys tal struc ture of the crys tal lo graphic dimer of B. subtilis GGT at 2.6 C.
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Most bac te ria with se quenced genomes en code r, a
hexameric RNA-de pend ent ATPase. In many of these spe -

cies, r is es sen tial. r is a para dig matic tran scrip tion ter mi -
na tion fac tor that de fines the ends of 20-30 % of
tran scrip tion units in Esch e richia coli. Based on this ca pac -

ity, r also me di ates at ten u a tion in 5’-un trans lated re gions,
lim its the ex tent of antisense tran scrip tion, si lences for eign

genes and safe guards genomes by re strict ing R-loops. r ac -
tiv ity in volves conformational tran si tions be tween an in ac -
tive open-spi ral and an ac tive closed-ring state, mod u lated,
among oth ers, by nu cle o tide and RNA bind ing. On RNA

poly mer ase, r-de pend ent ter mi na tion can be coun ter acted
by var i ous tran scrip tion fac tors [1], but only two known

pro tein in hib i tors tar get iso lated r, in clud ing the po lar ity
sup pres sion pro tein, Psu, of pi rate bacteriophage P4. Pres -
ently, the mo lec u lar ba sis of Psu-me di ated ñ in hi bi tion is
un known. We elu ci dated cryo genic elec tron mi cros copy

struc tures of r-Psu com plexes, in which mul ti ple Psu

dimers lat er ally clamp two r spi rals, sta bi liz ing them in an
open con for ma tion. Re mark ably, Psu in creases the he li cal

pitch of the spi rals, fos ter ing their ex pan sion by fur ther ñ
sub units up to the nonameric state. Con sis tent with Psu

trap ping ATP analogs at their bind ing sites on r, ATP sta -

bi lizes the r-Psu in ter ac tion, and Psu re duces ATP bind ing

ki net ics, thereby in hib it ing the r ATPase. Also, fully con -
sis tent with the struc tures, Psu coun ter acts RNA bind ing at

the cen ter of the  r spi rals, which re quires ring clo sure.

Struc ture-guided ex change of  r-Psu con tact res i dues re -

duced com plex for ma tion, de creased Psu-me di ated  r
ATPase in hi bi tion and un der mined Psu-me di ated in hi bi -

tion of  r-de pend ent termina tion in vivo. Our find ings re -
veal that Psu im ple ments a unique mech a nism – forced

hy per-oligomerization – to in hibit  r, which may in form

the de vel op ment of novel,  r-tar get ing anti-microbials. 

1. Said N, Hilal T, Sunday ND, Khatri A, Bürger J, Mielke T,
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mer ase in ac ti va tion by ter mi na tor ATPase  r. Sci ence 371,
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Nucleoside diphosphate kin ases (NDPK-C) be long to the
NM23 pro tein fam ily and cat a lyze the re vers ible
phosphorylation of nucleoside diphosphates to nucleoside
triphosphates in a mag ne sium-de pend ent man ner. The en -
zymes ex ist as homo- or heteromeric hexamers, the lat ter
are formed with other isoforms. We de scribed a 1.4C res o -
lu tion struc ture of hu man homo-hexameric NDPK-C
bound to ADP. We also an a lyzed the struc ture of NDPK-C
in the pres ence of GDP, UDP, and cAMP and de scribed the 
high-res o lu tion struc tures of the as-yet un iden ti fied com -

plexes. Both of the par tial re ac tions of the NDPK phospho -
transferase ac tiv ity re quire Mg2+ ions. We pro vided the
struc tural ba sis by com par ing NDPK-C nu cle o tide com -
plexes in the pres ence and ab sence of this ion. To in ves ti -
gate the nu cle o tide im pact on the NDPK-C con for ma tion,
we an a lyzed a nu cle o tide-de pleted NDPK-C struc ture and
com pared it with the nu cle o tide bound form. The anal y sis
re vealed a conformational change upon sub strate bind ing
and al lowed us to iden tify flex i ble re gions in the sub strate
bind ing site.
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The eukaryotic trans la tion fac tor 5A (eIF5A) plays a piv -
otal role dur ing trans la tion. It is the only cel lu lar pro tein
known to un dergo hypusination, a unique post-
 translational mod i fi ca tion of a con served lysine (Lys50 in
hu man eIF5A). Hypusination is es sen tial to re solve ri bo -
somal stall ing dur ing the for ma tion of proline-rich
polypeptides. Re cent find ings show that the hypusination
of eIF5A plays a role in many im por tant cel lu lar pro cesses,
in clud ing autophagy, se nes cence, polyamine ho meo sta sis,
and the de ter mi na tion of helper T cell lin eages. Mal func -
tions of the hypusination path way, in clud ing those caused
by mu ta tions within the path way en cod ing genes, are as so -
ci ated with such con di tions as can cer or neuro -
degeneration. There fore, hypusination seems as an
at trac tive mo lec u lar tar get for ther a peu tic in ter ven tions.  

Hypusination in volves two dis tinct en zy matic steps.
First, deoxyhypusine synthase (DHS) cat a lyzes the trans fer 
of 4-aminobutyl moi ety of spermidine to a spe cific lysine
of eIF5A pre cur sor in an NAD-de pend ent man ner. Sub se -
quently deoxyhypusine is fur ther hydroxylated to the ma -
ture form hypusine by sec ond en zyme: deoxyhypusine
hy drox y lase (DOHH). 

Here, we pres ent the cryoEM struc ture of the hu man
eIF5A-DHS com plex at 2.8C res o lu tion and a crys tal struc -

ture of DHS trapped in the key reaction tran si tion state.
Fur ther more, us ing com bined struc tural bi ol ogy and bio -
chem i cal anal y sis, we show that DHS vari ants that cause
neurodegeneration in flu ence com plex for ma tion and
hypusination ef fi ciency. Hence, our data pro vide the mo -
lec u lar ba sis of deoxyhypusine syn the sis and re veal how
clin i cally-rel e vant mu ta tions af fect this cru cial cel lu lar
pro cess. 

1. L. 1. Park MH, Wolff EC. Hypusine, a polyamine-de rived
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Neurodevelopmental Dis or der. Am J Hum Genet.
2019;104(2):287-298. 
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Deoxyhypusine Synthase. Biomolecules. 2020;10(4):522. 

The re search has been sup ported by Na tional Sci ence Cen -
tre (NCN, Po land) re search grant no. 2019/33/B/NZ1/
01839 to P.G and 2019/35/N/NZ1/02805 to E.W.



Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 28,  no. 3 (2022)       175

L6

HIGH-RESOLUTION STRUCTURE ANALYSIS OF A SMALL PLANT BIOCATALYST AT
SUB 2C RESOLUTION BY CRYO-EM 

Carl Helmer1, Nicole Dimos1, Tarek Hilal1,2, Markus Wahl1, Bernhard Loll1 
1 In sti tute of Chem is try and Bio chem is try, De part ment of Bi ol ogy, Chem is try, Phar macy, Lab o ra tory of Struc -

tural Bio chem is try, Freie Universität Berlin, Takustr. 6, 14195 Berlin, Ger many 
2De part ment of Chem is try and Bio chem is try, Re search Cen ter of Elec tron Mi cros copy and Core Fa cil ity

BioSupraMol, Freie Universität Berlin, Fabeckstr. 36A, 14195 Berlin, Ger many
carl.helmer@fu-berlin.de

More than ever a sus tain able and ef fi cient al ter na tive to tra -
di tional chem i cal syn the sis based on the de ploy ment of
min eral oil is pre req ui site in the chem i cal and phar ma ceu ti -
cal in dus try. En zyme ca tal y sis com bines both de mands, as
biocatalysts func tion un der mild re ac tion con di tions and
pos sess ex cel lent se lec tiv ity. Par tic u larly plants pro vide
biosynthetic en zymes with ex qui site spec i fic ity that fa cil i -
tate com plex re ac tions, like the for ma tion of in tri cate
terpene car bon skel e tons. Sin gle par ti cle anal y sis of the
struc ture of such small pro teins has a tre men dous po ten tial
to in crease the ra tio nal el e ment of pro tein en gi neer ing and
spark the ca pa bil ity of e.g. Cryo-EM for struc ture so lu tion
[1]. Cryo-EM al ready re vealed a stun ning suc cess in struc -
ture so lu tion of large mo lec u lar ma chines, how ever a ma jor 
chal lenge for this tech nique are small pro teins, such as a
large amount of biorelevant cat a lysts are. Small pro tein
com plexes have been only re ported to a max i mum res o lu -
tion of 3.0 C yet [2]. Hence, sin gle par ti cle anal y sis by
Cryo-EM to wards the rapid elu ci da tion of small pro tein
struc tures has a vast po ten tial to in crease the ra tio nal el e -

ment of struc tural bio chem is try and pro tein en gi neer ing in
the fu ture. Here, we pres ent the high est res o lu tion achieved 
by Cryo-EM so far. The struc ture of a ~120 kDa plant
borneol dehydrogenase with out stand ing volume clearly
be low 2C res o lu tion (Fig ure 1) [3]. Con sid er ing that struc -
tures of homomultimeric plant en zymes are highly un -
der-rep re sented to date and given the mo lec u lar weight of
the tetrameric com plex, we were able to push the bound -
aries of this rap idly evolving method dras ti cally. Hence,
Cryo-EM is a valu able tool to achieve fast and high-res o lu -
tion struc ture de ter mi na tion for en zymes that proved dif fi -
cult to crys tal lize.

1. Lyumkis, D. (2019) J Biol Chem 294, 5181-5197.

2. Herzik, M.A.; Wu M.; Lander G.C. (2019) Na ture 10,
1032.

3. Dimos, N.; Helmer C.P.O.; et al. (2022) Acta Cryst. D
D78, 113-123.

Fig ure 1: SrBDH1 Cryo-EM struc ture at 1.88 C. (A) Tetrameric as sem bly of SrBDH1. Den sity of each of the four protomers is shown

in dif fer ent blue tones. (B) Ro ta tion by 90°, same color-cod ing as in A. (C) Zoom on C-ter mi nal end of aH with well-de picted den -
sity-hole for ar o matic res i due F260. (D) Res i due R74 in dou ble con for ma tion and water mol e cule in 2.5 C  dis tance to guanidinium
func tion. [3]
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Gly co gen is the most im por tant short-term re serve of car -

bon and en ergy, con sist ing of a-1,4 linked glu cose with a

reg u lar  a-1,6 branch ev ery 8-12 res i dues. Com plete deg ra -
da tion of gly co gen re quires the ac tion of the gly co gen
phosphorylase and the gly co gen debranching en zyme
(GDE). Hu man GDE is a multi-do main en zyme with dual
ac tiv ity, hav ing glucanotransferase and glycosidase ac tiv -
ity. First, GDE trans fers a maltosyl/maltotriosyl group
from a branch to a neigh bour ing lin ear chain via its
transferase ac tiv ity. Sec ond, it cleaves the last glu cose res i -
due of the re main ing branch, thus al low ing the gly co gen
phosphorylase to hy dro lyse the lin ear part of gly co gen [1].
GDE mu ta tions can lead to a rare ge netic syn drome, char -
ac ter ised by liver, skel e tal mus cle and/or heart dys -
functions [1, 2]. Avail able data on struc ture and func tion
are mainly de rived from yeast homologs [2, 3], whereas
hu man GDE (hGDE) is poorly un der stood on a mo lec u lar
level. 

Here, we show that 175 kDa hGDE ex pressed in Esch e -
richia coli and pu ri fied by liq uid chro ma tog ra phy is func -
tional and monomeric. We aim to char ac ter ise the func tion
of its dif fer ent do mains by ra tio nal de sign of pro tein con -
structs, com bined with bio chem i cal as says and struc tural

anal y sis, to shed light on the im por tant func tional mo tifs
for ef fi cient ca tal y sis. Our CryoEM struc ture shows that
the over all ar chi tec ture of hGDE agrees with the pre vi -
ously re leased crys tal struc ture of a char ac ter ised yeast
homologue [2]. Ad di tion ally, suit able crystallisation con -
di tions were iden ti fied by bi ased hang ing-drop
crystallisation ex per i ments, pav ing the way to an in te gra -
tive struc tural anal y sis of this en zyme. To gether, the col -
lected re sults will pro vide in sights into the cat a lytic
mech a nism and the over all in ter ac tion of the en zyme with
its com plex, nat u ral sub strate. More over, the role of dis -
ease-caus ing mu ta tions will be as sessed, pav ing the way to
a deeper un der stand ing of the clin i cal fea tures ob served in
pa tients.

1. C.M Zmasek & A. Godzik, BMC Evol Biol 14, (2014),
183.

2. L. Zhai, L. Feng, L. Xia, H. Yin, S. Xiang, Nat Commun 7,
(2016), 11229.

3. L. Min-ho, S. Hyung-Nam, C. Ji-Eun, T. P. Lan, P.
Sunghoon, P. Jong-Tae, W. Eui-Jeon, Biochem Biophys
Res Commun 445, (2014). pp. 107-12 .


