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E2/E3-INDEPENDENT UBIQUITIN-LIKE PROTEIN CONJUGATION BY URM1
PROTECTS THE PROTEOME UNDER OXIDATIVE STRESS
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Posttranslational mod i fi ca tions by ubiquitin-like pro teins
(UBL) are es sen tial for nearly all cel lu lar pro cesses.
Ubiquitin-re lated mod i fier 1 (Urm1) is a non-ca non i cal
UBL that plays a key role in tRNA anticodon thiolation as a 
sul fur car rier pro tein (SCP). While Urm1 has also been ob -
served to con ju gate di rectly to tar get pro teins like other
UBLs, the mech a nism of at tach ment as well as how the
SCP prop er ties of Urm1 may im pact its con ju ga tion is un -
known. Here, we re con sti tute the co va lent at tach ment of
Urm1 to var i ous cel lu lar tar get pro teins in vi tro, re veal ing
that, un like other known UBLs, this pro cess is E2/E3-in de -

pend ent, and con ju gates to lysine, serine, threonine res i -
dues and re quires ox i da tive stress con di tions. We
de ter mined the crys tal struc tures of the peroxiredoxin
Ahp1 be fore and af ter the co va lent at tach ment of Urm1.
Strik ingly, we show that Urm1 ac tively trans fers sul fur at -
oms to pro teins as part of its con ju ga tion re ac tion, re sult ing 
in the persulfidation of a cysteine res i due in the tar get pro -
tein. Our re sults re de fine Urm1 as a key evo lu tion ary link
be tween prokaryotic SCPs and the pleth ora of UBL mod i -
fi ca tions in eukaryotes and demonstrate a critical role for
Urm1 in protecting proteins during oxidative stress.
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Histone deacetylases (HADCs) be long to the fam ily of en -
zymes that re move the acetyl group from lysine side chains
of tar get pro teins reg u lat ing thus a pleth ora of cel lu lar pro -
cess. Among all other HDACs, HDAC6 is a large (140
kDa) and struc tur ally com plex multidomain en zyme har -
bour ing a mo saic of un struc tured and glob u lar do mains

(Fig 1). Its pri mar ily found in cy to plasm and acts on many
non-histone tar gets in clud ing tubulin, Hsp90, and
peroxiredoxins [1-5]. Struc tural data avail able cur rently
are only on iso lated glob u lar do mains and given its struc -
tural com plex ity, the full-length hu man HDAC6 is a chal -
leng ing tar get for X-ray crys tal log ra phy. To glean
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Fig ure 1. A sche matic rep re sen ta tion de scrib ing the do main or ga ni za tion of full-length HDAC6.
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struc tural in for ma tion on full-length hu man HDAC6, we
used an in te gra tive ap proach by com bin ing ex per i men tal
data from sev eral or thogo nal bio phys i cal tech niques in -
clud ing an a lyt i cal ul tra cen tri fu ga tion (AUC), size-ex clu -
sion chro ma tog ra phy-multiangle light scat ter ing
(SEC-MALS), na tive mass spec trom e try (MS), H/D ex -
change and small-an gle X-ray scat ter ing (SAXS). Our
in-so lu tion struc tural model shows that HDAC6 ex ists as
an en sem ble of con form ers in so lu tion. Fur ther more, our
data shed light on HDAC6 con cen tra tion-de pend ent
oligomerization me di ated by mannerist N-ter mi nal do -
main. Over all, our find ings can be used for fur ther re search
into struc ture-func tion and phys i o log i cal stud ies of this
unique deacetylase.
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L-Asparaginases are a large fam ily of en zymes, grouped
into three struc tural Classes. Some Class 1 asparaginases
from bac te ria are used to treat acute lymphoblastic leu ke -
mia (ALL) and lymphosarcoma. Un for tu nately, these ther -
a peu tic reg i mens are of ten as so ci ated with a num ber of
se ri ous side ef fects. Al ter na tive sources of ther a peu tic
asparaginases have thus been sought, and the in duc ible
Rhizobium etli en zyme (ReAV) emerges as an in ter est ing
can di date. 

ReAV dif fers sig nif i cantly in se quence from other mi -
cro bial asparaginases, in di cat ing a dif fer ent cat a lytic
mech a nism of asparagine hy dro ly sis. The crys tal struc ture
of ReAV [1] shows a pro tein folded as some ß-lactamases,
but form ing a unique dimeric as sem bly. The ac tive site of
ReAV con tains two Ser-Lys tan dems, cen tered around the
hy drated Ser48 res i due and lo cated in the close vi cin ity of a 
Zn2+ cat ion, which has an un usual co or di na tion sphere cre -
ated by two cysteines, a lysine and a wa ter mol e cule. The
pres ence of a Zn2+ cat ion in the ac tive site area is unique to
ReAV; how ever the metal ion is not nec es sary for ca tal y sis. 
An other char ac ter is tic res i due of ReAV is an ox i dized
Cys249, which is in volved in a net work of H-bonds com -
pris ing the ac tive site area. 

To de ci pher the cat a lytic mech a nism of ReAV, the
most con spic u ous res i dues im pli cated by the crys tal struc -
ture, i.e. the two Ser-Lys tan dems (Ser48-Lys51 and

Ser80-Lys263), the res i dues in volved in zinc co or di na tion
(Cys135, Lys138, Cys189), and the rel a tively dis tant
Cys249, were sub jected to site-di rected mu ta gen e sis and
sub sti tuted with Ala. All eight alanine mu tants were stud -
ied us ing bio phys i cal and struc tural meth ods. With the ex -
cep tion of the K138A mu tant, all the cre ated ReAV
muteins lost the abil ity to hy dro lyze L-asparagine, as
clearly dem on strated by the Nessler method. This con firms 
the sig nif i cance of the im pli cated res i dues in ca tal y sis. The
re place ment of Ser48 and Ser80 by Ala af fected the pro tein 
sta bil ity and fold ing, as in di cated by CD spec tra and low
ex pres sion yields. We were able to crys tal lize mu tants:
S48A, K51A, S80A, C135A, K138A, C189A and K263A,
and solve their X-ray crys tal struc tures. The struc tures re -
veal some in trigu ing vari a tions in the ac tive site area. With
alanine sub sti tu tions of Cys135, Lys138 and Cys189, the
zinc co or di na tion site fell apart and the mu tants are un able
to bind Zn. More over, the ab sence of the Zn2+ cat ion af -
fected the ox i da tion state of Cys249, which no lon ger car -
ried a chem i cal mod i fi ca tion. The K51A and K263A
mu ta tions dis rupted the net work of H-bonds in the ac tive
site re gion and mod i fied the hydration pat tern of Ser48.

Work sup ported by Na tional Sci ence Cen tre (NCN, Po -
land) grant 2020/37/B/NZ1/03250. 
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Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 28,  no. 3  (2022)       197

L20

STRUC TURAL ANAL Y SIS OF MET A BOLIC BIND ING PART NERS OF SuhB 

P. Fröling1, M. Weiss1, M. Wahl2 
1Helmholtz-Zentrum Berlin, Joint Re search Group Macromolecular Crys tal log ra phy, Hahn-Meitner Platz 1,

14109 Berlin
2Freie Universität Berlin, Structual Bio chem is try, Takustr. 6 14195 Berlin 

manfred.weiss@helmholtz-berlin.de 

Crys tal lo graphic frag ment screen ing is a method to ob tain
in sight into ligand bind ing sites in a pro tein. These bind ing
events pro vide a start ing point for drug dis cov ery [1].
Ligand bind ing sites are not only im por tant for drug de vel -
op ment, but can also give in sight of the func tion of a pro -
tein in the cell. As there are still many pro teins with
un known cel lu lar func tion, ligand or met a bolic bind ing
part ners can pro vide a first start ing point to deteminate the
pro tein’s func tion. 

In this study, a me tab o lite screen was de signed and as -
sem bled based on the 26 most abun dant me tab o lites in
Esch e richia coli [2]. There fore, the me tab o lites were con -
cen trated to a 10x higher con cen tra tion than their intra -
cellular con cen tra tion, and dried onto a 96-well plate for
soak ing expermients. The pro tein SuhB was cho sen to val i -
date the me tab o lite screen. Val i da tion of the screen re -
vealed four pos si ble met a bolic bind ing parteners for SuhB: 
6-phosphogluconic acid, L(-)-malic acid, 3-phospho -
glyceric acid and L-glyceric acid. 6-phosphogluconic acid
binds to the ac tive site of SuhB and is there fore an in ter est -
ing tar get for fur ther en zy matic ac tiv ity as says. In an iso -
ther mal ti tra tion cal o rim e try mea sure ment, the bind ing

af fin ity of the me tab o lite to the pro tein could not be de ter -
mined, prob a bly due to too low af fin ity be tween the ligand
and the pro tein. L-glyceric acid binds in the ac tive site as
well were usu ally a Mg2+ ion binds. As 3-phosphoglyceric
acid and L(-)-malic acid bind be tween two sym me try mates 
in the crys tal, it makes these hits rather un in ter est ing for
fur ther anal y sis. 

The val i da tion of the me tab o lite screen was suc cess ful,
and the screen might be used in the fu ture for the dis cov ery
of met a bolic bind ing part ners. 6-phosphogluconic acid
might be a new bind ing part ner of SuhB as it binds in the
ac tive site. Fur ther anal y sis and es pe cially val i da tion of
this bind ing event is needed to con firm the re sults of the
screen. 

1. Wollenhaupt, J., et al., F2X-Uni ver sal and F2X-En try:
Struc tur ally Di verse Com pound Li brar ies for Crys tal lo -
graphic Frag ment Screen ing. Struc ture, 2020. 28(6): p.

694-706 e5. 

2. Bennett, B.D., et al., Ab so lute me tab o lite con cen tra tions
and im plied en zyme ac tive site oc cu pancy in Esch e richia
coli. Nat Chem Biol, 2009. 5(8): p. 593-9. 
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Cy clic-di-AMP is an es sen tial sec ond mes sen ger me tab o -
lite which oc curs mostly in gram pos i tive bac te ria. It reg u -
lates var i ous cell pro cesses like the bac te rial osmolyte and
po tas sium ion ho meo sta sis. c-di-AMP is pro duced by en -
zymes that pos sess a diadenylate cyclase do main (DAC)
and have been iden ti fied in sev eral hu man-patho gen bac te -
ria. In sev eral of them CdaA is the sole and there for es sen -
tial en zyme re spon si ble for pro duc tion of c-di-AMP (1).
This ren ders CdaA a prom is ing tar get for the de vel op ment
of new an ti bi ot ics. As method to iden tify po ten tial CdaA
in hib i tors we em ployed the frag ment-based drug de sign
ap proach re ly ing on crys tal struc tures. 

Crys tal li za tion of N-ter mi nal trun cated CdaAs from
dif fer ent or gan isms like E. faecium, S. pneumoniae, L.
monocytogenes and B. subtilis in var i ous cat a lytic states al -

low us to gain a deep knowl edge about the un der ly ing
mech a nism of the en zy matic func tion (2). Fur ther more, we
were able to ob tain struc tural de tails at true atomic res o lu -
tion, en abling the ex e cu tion of a frag ment screen ing cam -
paign. This ap proach de liv ered struc tural snap shots of
mul ti ple com pounds bound not only to the ac tive cen tre of
CdaA but also at other re gions. These frag ments can serve
as start ing points for the de sign of fol low-up com pounds,
which can fi nally lead to a highly spe cific in hib i tor of
CdaA.

1. Commichau, F., et al. (2018), J Bacteriol 7: 201(1):
e00462-18.

2. Heidemann, J.L., et al., (2019), J Biol Chem 27:
10463-10470.
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Struc ture-based com pu ta tional pro tein de sign is an ef fec -
tive tool for the de novo gen er a tion of pro tein bind ing
pock ets and the op ti mi za tion of pro tein-ligand in ter ac tions. 
As for all com pu ta tional mod els, there is a trade-off be -
tween ac cu racy and com pu ta tional fea si bil ity. In con trast
to de tail-ori ented meth ods like mo lec u lar dy nam ics sim u -
la tions, side chain pack ing al go rithms, as in our inhouse
pro gram MUMBO, are based on highly sim pli fied mod els
of phys ics and conformational flex i bil ity. Here, the sol vent 
is usu ally con sid ered im plic itly, the back bone of the struc -
ture is kept mostly rigid and the conformational flex i bil ity
is sim u lated us ing rotamer li brar ies [1]. This en ables the in
silico screen ing of huge mu tant li brar ies with rea son able
com pu ta tional power to op ti mize pro tein-pro tein in ter -
faces, pro tein-ligand in ter ac tions or to sta bi lize pro tein
folds. 

How ever, when de sign ing pro tein bind ing pock ets,
these sim pli fi ca tions might be in ad e quate, be cause es sen -
tial in ter ac tions like stack ing or wa ter- and ion-me di ated
in ter ac tions be tween the pro tein and the ligand are not
taken into ac count. Since wa ter-me di ated in ter ac tions of -
ten con trib ute sig nif i cantly to the af fin ity and spec i fic ity of
ligand bind ing, we have now im ple mented this type of in -
ter ac tion in the side chain-pack ing pro gram MUMBO. Ex -
plicit wa ter mol e cules are added be tween pairs of rotamers

at phys i cally ideal po si tions (Fig. 1), which leads to a con -
sid er able re duc tion in com pu ta tional com plex ity com pared 
to the con ven tional use of solvated rotamers.

1. Y. A. Mul ler & M. T. Stiebritz, MUMBO: A pro tein-de -
sign ap proach to crys tal lo graphic model build ing and re -
fine ment. Acta Crystallographica Sec tion D, 62(6), (2006),
p.  648 - 658.
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ÄKTA go™ pro tein pu ri fi ca tion sys tem has been de vel -
oped for au to mated chro ma tog ra phy from the her i tage of
our fast pro tein liq uid chro ma tog ra phy (FPLC) tech nol -
ogy. With flow rates of up to 25 mL/min and pres sure of up
to 5 MPa, you are all set for af fin ity, size ex clu sion, or ion
ex change chro ma tog ra phy while sav ing pre cious bench
and cold cab i net space with a foot print of only 335 x
464 mm. ÄKTA go™ is fully sup ported by UNICORN™
soft ware and gives real-time con trol of the chro ma tog ra phy 
sys tem.

This pre sen ta tion high lights the ben e fits of our com pact 
chro ma tog ra phy sys tem, as well as some other ex cit ing
new prod ucts and a spe cial train ing of fer from Cytiva to as -
sist you in your ev ery day work.

Fig ure 1. Sche matic rep re sen ta tion of a wa ter-me di ated in -
ter ac tion be tween an H-bond ac cep tor and a do nor group.
The ac cep tor atom, the ac cep tor -1 atom (green), the do nor
atom (blue), the wa ter mol e cule (red) as well as the for this
in ter ac tion sig nif i cant dis tances and an gles are shown.

Fig ure 1. ÄKTA go™ chro ma tog ra phy sys tem with Tricorn™
10/300 col umn at tached


