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The abil ity to cre ate and en gi neer sta ble pro teins with cus -
tom func tions is a fun da men tal goal in bio chem is try, with
prac ti cal rel e vance for our en vi ron ment and so ci ety. Pro -
tein sta bil ity can be fine-tuned by mod i fy ing di verse struc -
tural fea tures such as hy dro gen-bond net works, salt
bridges, hy dro pho bic cores, disulfide bonds, loop ex ten -
sion, or pro tein-pro tein in ter faces, among oth ers. One of
the most abun dant to pol o gies in na ture and a com mon
func tional scaf fold that is of in ter est in this con text is the

(b/a)8-bar rel or TIM-bar rel fold [1]. There fore, we de -
signed and en gi neered a col lec tion of sta ble de novo TIM
bar rels (DeNovoTIMs) us ing a com pu ta tional fixed-back -
bone and a mod u lar ap proach based on im proved hy dro -
pho bic pack ing [2] and the in tro duc tion of salt-bridges [3].
DeNovoTIMs were sub jected to thor ough bio chem i cal and 
fold ing anal y ses us ing com pu ta tional, bio phys i cal, struc -
tural, and ther mo dy namic meth ods to ex plore their struc -
ture and sta bil ity. We found that DeNovoTIMs nav i gate a
re gion of the sta bil ity land scape pre vi ously un charted by
nat u ral pro teins, with vari a tions span ning 60 de grees in
melt ing tem per a ture and 22 kcal per mol in conformational
sta bil ity through out the de signs. Sig nif i cant non-ad di tive
or epistatic ef fects were ob served in their sta bil ity and

struc tural fea tures when sta bi liz ing mu ta tions from dif fer -
ent bar rel re gions were com bined (Fig. 1). Salt-bridge vari -
ants from some DeNovoTIMs ex hibit im por tant diffe -
rences in com par i son with the pa ren tal pro teins, both in
conformational sta bil ity and struc tural prop er ties (Fig. 2).
The en gi neer ing of sta ble pro teins in creases the ap pli ca bil -
ity of de novo pro teins and pro vides cru cial in for ma tion on
the mo lec u lar de ter mi nants of the se quence-struc ture-sta -
bil ity re la tion ships, with this study be ing an es sen tial step
to wards fine-tuned mod u la tion of pro tein sta bil ity by pro -
tein de sign.
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Fig ure 1. Struc tural prop er ties ob served in the DeNovoTIM col lec tion [2].
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Obe sity is char ac ter ized by ex ces sive body fat ac cu mu la -
tion and is, there fore, a ma jor risk fac tor for the de vel op -
ment of phys i cal and men tal dis or ders [1]. Hu mans and
other or gan isms have evolved met a bolic path ways which
con trol lipid ho meo sta sis. Among nu mer ous sig nal ing
path ways adipogenesis is reg u lated by peroxisome

proliferator-ac ti vated re cep tor gamma (PPARg) cas cades

which are mod u lated by lig ands of PPARg, such as en dog e -
nous poly un sat u rated fatty ac ids but also en vi ron men tal
com pounds.

Phthalate di(2-ethylhexyl) phthalate (DEHP) and its
sub sti tute cyclohexanoate cyc lo hex ane-1,2-di car box yl ic
acid diisononyl es ter (DINCH) which are widely used as
plasticizers are known for their ef fect in im paired health [2, 
3]. Pre vi ous sur face plasmon res o nance (SPR) data and
stud ies on adipocytes al ready sug gest a di rect bind ing of

MEHP to PPARg but suf fi cient data for MINCH are still
miss ing [4, 5]. More over, a de tailed struc tural un der stand -

ing of how these plasticizers in ter act with PPARg and, as a
con se quence, af fect hu man health is lack ing un til now. To
an swer this, we struc tur ally char ac ter ize the mo lec u lar

mode by which plasticizers tar get PPARg and com pared
their bind ing to known en dog e nous, and syn thetic agonists

of PPARg. Us ing crys tal log ra phy, we iden ti fied the bind -

ing site of MEHP and MINCH in the hu man PPARg and

de scribed the conformational changes of PPARg and its

PPARg-RXR in ter ac tion sur face upon ligand bind ing,

char ac ter iz ing these com pounds as PPARg agonists. 
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Fig ure 2. Struc tural con for ma tions of the salt bridge in ter ac tions in the DeNovoTIM-SB vari ants [3].
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De vel op ments in microcrystal elec tron dif frac tion
(MicroED) al low the de ter mi na tion of pro tein struc tures
from crys tals that are too small to be an a lyzed by con ven -
tional X-ray crys tal log ra phy [1-3]. Al though the method
has been used to de ter mine novel pro tein struc tures, it is
lim ited to mi cro/submicron ul tra-thin pro tein crys tals [4,5]. 
Due to the lim ited ro ta tion range of the sam ple stage in a
MicroED setup, com plete ness of the col lected data is re -
stricted by crys tal shape, sym me try and ori en ta tion on the
grid [4, 6]. Here we ap plied MicroED to de ter mine the
struc ture of a novel com plex be tween an en zyme reg u la -
tory do main and an in trin si cally dis or dered pep tide. Nee -
dle-like crys tals in the space group P212121 were grown
us ing the hang ing drop va por dif fu sion method. Dif frac -
tion data were col lected on a 200 kV Thermo Sci en tific
Glacios Cryo-TEM equipped with a CetaD de tec tor. Data
were col lected along mul ti ple sec tions of sev eral crys tal
nee dles within the lim it ing ro ta tion range of the sam ple
stage. The per formed col lec tion strat egy al lowed data pro -
cess ing from only two crys tals that were ori ented per pen -
dic u lar to each other on the grid, re sult ing in a 3.2 C
res o lu tion dataset with a merged com plete ness of 89.3%.

Our work rep re sents an ef fec tive workflow for ob tain ing a
com plete elec tron dif frac tion dataset from nee dle-like pro -
tein crys tals.
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A bal anced dNTP pool is es sen tial for ac cu rate DNA rep li -
ca tion, DNA re pair, V(D)J re com bi na tion, so matic hyper -
mu tation, and other cel lu lar pro cesses. Cytidine deami n
ation plays an im por tant role in the main te nance of the
dNTP pool by bridg ing the lev els of var i ous forms of
cytidine/2’-deoxycydinine, 2’-deoxyuridine, and 2’-deo -
xy thymidine [1,2]. In hu mans, there are three cytidine
deaminases that act on free nu cleo sides/nu cleo tides.

Cytidine deaminase (CDA) deaminates non- phosphory -
lated forms of cytidine and 2’-deoxycydinine, and is
well-stud ied due to its im pli ca tion in can cer chemo -
resistance. Deoxycytidylate deaminase (DCTD) is known
to deaminate dCMP yield ing dUMP – a sub strate for
thymidylate synthetase. Sur pris ingly, very lit tle is known
about the third deaminase, cytidine and dCMP deaminase
do main-con tain ing pro tein 1 (CDADC1). Its mRNA and
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pro tein ex pres sion pro files sug gest a po ten tial role in the
im mune sys tem and/or in the de vel op ment of the male re -
pro duc tive sys tem [3,4]. Un like CDA and DCTD,
CDADC1 is com posed of two deaminase do mains. In ter -
est ingly, the N-ter mi nal do main lacks the oth er wise con -
served cat a lytic glu ta mate res i due, sug gest ing a reg u la tory
rather than cat a lytic role [5]. 

In this study, we pro vide a bio chem i cal and struc tural
char ac ter iza tion of hu man CDADC1. We found that
CDADC1 has pref er en tial and ro bust ac tiv ity on CTP and
dCTP, which has never been re ported in eukaryotes be fore. 
The en zyme also deaminates (d)CMP with re duced ac tiv -
ity. It is in ac tive to wards cy to sine bases and non-
 phosphorylated nu cleo sides. In ter est ingly, CDADC1 has
mod er ate ac tiv ity on 5-methyl-dCTP, but it’s com pletely
in ac tive on 5-methyl-dCMP. We show that sin gle amino
acid sub sti tu tion in the C-ter mi nal do main (E400A) com -
pletely abol ishes CDADC1 ac tiv ity, and there fore, con firm 
the an tic i pated catalytic in ac tiv ity of the N-ter mi nal do -
main. We were able to solve Cryo-EM struc tures of hu man
CDADC1 wild-type at ~4.7C  res o lu tion, and of its cat a lyt -
i cally in ac tive mu tant E400A in the pres ence of dCTP at ~3 
C. The struc tures re vealed that CDADC1 is a homo-

 hexamer, ar ranged as a stack of two tri mers. Im por tantly,
the struc tures show that that the ac tive sites of the C-ter mi -
nal do mains are in close prox im ity with pseudo-ac tive sites
of the N-ter mi nal do mains of the ad ja cent protomers within 
each trimer. The CDADC1 qua ter nary struc ture and its ac -
tiv ity pat tern sup port a reg u la tory/allosteric role of the
N-ter mi nal deaminase do main.
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As part of RNA editosomal pro tein com plexes, penta tri -
copeptide re peat (PPR) pro teins with a C-ter mi nal DYW
do main have been char ac ter ized as site-spe cific fac tors for
C to U RNA ed it ing in plant mi to chon dria and plas tids
[1-2]. While sub strate rec og ni tion is con ferred by their re -
pet i tive PPR tract, the ex act role of the DYW do main has
not been clar i fied. The DYW do main shares a low se -
quence con ser va tion with known cytidine deaminase struc -
tures (from 5 to 19% res i due iden ti ties). Lastly, miss ing
struc tural in for ma tion has left the ex act func tion and cat a -
lytic prop er ties of DYW do mains within the RNA
editosome open [3]. We pres ent struc tures and func tional
data of a DYW do main in an in ac tive ground state and a
cat a lyt i cally ac ti vated con for ma tion. DYW do mains har -
bour a cytidine deaminase fold and a C-ter mi nal DYW mo -
tif, with cat a lytic and struc tural Zn at oms, re spec tively.
The deaminase fold is in ter rupted by a con served do main,
which reg u lates the ac tive site sterically via a large-scale
conformational change and mech a nis ti cally via the Zn co -
or di na tion ge om e try. Thus, we coined this novel do main
‘gating do main’ and the ac com pa ny ing un usual metallo -
protein reg u la tion prin ci ple  ‘gated Zn-shut ter’. An
autoinhibited ground state and its ac ti va tion by the pres -

ence of ei ther ATP, GTP or the in hib i tor tetrahydro uridine
is con sol i dated by dif fer en tial scan ning fluorimetry as well
as in vivo / vi tro RNA ed it ing as says. In vivo, the frame -
work of an ac tive plant RNA editosome trig gers the re lease
of DYW autoinhibition to en sure a con trolled, co or di nated
deamination likely play ing a key role in mi to chon drial and
chloroplast ho meo sta sis [4, 5].
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Fig ure 1. An un usual reg u la tion mech a nism in plant RNA


