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Intramembrane pro teas es reg u late a grow ing num ber of bi -
o log i cal pro cesses em a nat ing from bi o log i cal mem branes.
The struc tures of bac te rial homo logues of all four cat a lytic
types of these in te gral mem brane pro teins have been
solved, but their mech a nism is in com pletely un der stood,
mainly be cause of the dif fi culty of gain ing struc tural in for -
ma tion about how they bind sub strates. To gain in sight into 
sub strate bind ing to rhom boid pro teas es, we have syn the -
sised a se ries of co va lently bind ing peptidyl chloro -
methylketone in hib i tors and ana lysed their in ter ac tions
with E.coli rhom boid GlpG enzymologically and struc tur -
ally. We show that tetrapeptidyl chloromethy lketones de -
rived from a nat u ral rhom boid sub strate bind GlpG
co va lently in a mech a nism-based and se quence-de pend ent, 
sub strate-like man ner. We have solved the crys tal struc -
tures of sev eral tetrapeptidyl chloromethylketones, which
re veal, for the first time, the mo lec u lar in ter ac tions of a
sub strate pep tide with an intramembrane pro te ase. The
over all bind ing mode dif fers from pre vi ous spec u la tive

mod els. The struc tures ex plain the ob served amino acid
pref er ences in sub strates and show the S1 to S4 subsites of
rhom boid ac tive site. The S1 site is well formed and ex -
tends into a wa ter filled cav ity (“wa ter re ten tion site”) pre -
vi ously pro posed to be im por tant for acyl-en zyme
hy dro ly sis. Un ex pect edly, the S4 subsite is formed by res i -
dues from the pe riph eral struc ture of the L1 loop.
Mutational and crys tal lo graphic anal y sis of the S4 subsite
shows that it is plas tic ally formed by three res i dues of the
L1 loop. Given that the L1 loop re gion has di ver si fied and
ex panded in rhom boid-like pro teins in clud ing iRhoms, we
pro pose that this el e ment of the rhom boid fold plays a role
in sub strate or cli ent pro tein bind ing in the broader rhom -
boid-like superfamily. Fi nally, us ing mo lec u lar dy nam ics
and the pub lished struc tural and en zy matic data we pro -
pose a model of the P4 to P3’ re gion of the sub strate that is
in con tact with the ac tive site of GlpG. The mode of bind -
ing of the rest of the transmembrane do main of the sub -
strate is less clear and we pro pose two pos si ble sce nar ios.
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Nucleoside hy dro las es or nucleoside N-ribohydrolases
(NHs, NRHs, E.C. 3.2.2.-) are glycosidases that cat a lyze
the ex ci sion of the N-glycosidic bond in nu cleo sides to al -
low re cy cling of the ni trog e nous bases and ribose. NRHs
are metalloproteins first iden ti fied and char ac ter ized in par -
a sitic pro to zoa such as Trypanosoma, Crithidia and Leish -
mania, which rely on the im port and sal vage of nu cle o tide
de riv a tives. The en zyme com prises four Asp res i dues lo -
cated in a con served mo tif DXDXXXDD at the N ter mi -
nus. These aspartates are in volved in ca tal y sis and
co or di na tion of a cal cium ion at the ac tive site. The bind ing 
of ribose moi ety is highly con served but the res i dues in ter -
act ing with nucleobase highly vary. There fore all NRHs
char ac ter ized so far im pose a strict spec i fic ity for the ribose 

moi ety but they ex hibit vari abil ity in their pref er ences for
the nucleobase. We per formed a com pre hen sive char ac ter -
iza tion of the NRH fam ily in two model plants, Physco -
mitrella patens (PpNRH) and Zea mays (ZmNRH). The
moss Physcomitrella patens rep re sents the bryo phytes,
which can be re garded as be ing evo lu tion ary basal ter res -
trial plant, and is suit able for use in de vel op men tal and met -
a bolic stud ies, while Zea mays is an im por tant model
sys tem for ce real crops. We iden ti fied two NRH sub classes 
in the plant king dom; one pref er en tially tar gets the pu rine
ribosides inosine and xanthosine while the other is more
ac tive to wards uridine and xanthosine. Both sub classes can 
hy dro lyze plant hor mones - cytokinin ribosides. Crys tal
struc tures of two pu rine NRHs, PpNRH1 and ZmNRH3,
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were solved. Struc tural anal y ses, site-di rected mu ta gen e sis 
ex per i ments, and phylo gen etic stud ies al lowed us to iden -
tify the res i dues re spon si ble for the ob served dif fer ences in
sub strate spec i fic ity be tween the NRH isoforms. The pres -
ence of a ty ro sine at po si tion 249 (PpNRH1 num ber ing)
con fers high hydrolase ac tiv ity for pu rine ribosides, while
an aspartate res i due in this po si tion con fers high ac tiv ity
for uridine. To an a lyze the phys i o log i cal role of the
PpNRHs, sin gle knock out mu tants were gen er ated. NRH
de fi ciency caused de layed bud for ma tion and un der con di -

tions of ni tro gen short age, PpNRH1-de fi cient plants can -
not sal vage adenosine-bound ni tro gen. NRH de fi ciency
was ac com pa nied by sig nif i cant changes in the lev els of
pu rine, py rim i dine and cytokinin me tab o lites rel a tive to
those seen in the wild-type, il lus trat ing the im por tance of
these en zymes in nucleoside and cytokinin me tab o lism.

This work was sup ported by grant P501/11/1591 from the
Czech Sci ence Foun da tion and LO1204 from the Min is try
of Ed u ca tion, Youth and Sports of the Czech Re pub lic.
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En zymes have a great po ten tial in many ar eas of bio tech -
nol ogy. Nat u ral en zymes have not evolved for hos tile in -
dus trial en vi ron ment such as ex treme pH, el e vated
tem per a ture or pres ence of co-sol vents, thus sta bi li za tion
of en zymes against un nat u ral con di tions has be come an im -
por tant tar get for pro tein en gi neers. Most of the stud ies fo -
cused on en zyme sta bili sa tion fo cused on ac tive site or its
vi cin ity, on mod i fi ca tion of pro tein sur face or highly flex i -
ble pro tein re gions [1-6]. Haloalkane dehalogenases are
pre dom i nantly mi cro bial en zymes with great po ten tial in
bio tech nol ogy and biocatalysis. How ever, these prac ti cal
ap pli ca tions are lim ited due to low re sis tance of haloalkane 
dehalogenases to or ganic co-sol vents and el e vated tem per -
a ture [7]. Re cently con structed vari ant of haloalkane
dehalogenase DhaA ex hib ited 4000-fold im proved ki netic
sta bil ity in 40 % (v/v) DMSO, en hanced thermostability by 
16.4 °C, but 100-fold lower cat a lytic ac tiv ity with
1,2-dibromoethane in a pure buffer com pared to the wild
type en zyme. En zyme sta bili sa tion was achieved by in tro -
duc tion of four bulk ier and mostly hy dro pho bic res i dues
into the en zyme ac cess tun nel. These res i dues im proved a
con tact with other res i dues of the ac cess tun nel, en hanced
pack ing of hy dro pho bic core and pre vented the en try of
DMSO into the ac tive-site cav ity [8]. Ob jec tive of this fol -
low up study was fo cused on im prove ment of cat a lytic ac -
tiv ity of highly sta ble DhaA vari ant in pure buffer with
min i mum loss of its sta bil ity. Sat u ra tion mu ta gen e sis in
two of the four tun nel po si tions re sulted in a sin gle point
vari ant, whose cat a lytic ac tiv ity was in creased 32- and
10-fold in pure buffer and in 40 (v/v) % DMSO, re spec -
tively, while ther mal sta bil ity was low ered just by 4 °C.

Struc tural anal y sis and mo lec u lar dy nam ics re vealed that
the newly in tro duced mu ta tion (F176G) re opened pre vi -
ously closed tun nel in sta ble DhaA and thus re stored en zy -
matic ac tiv ity, while re main ing tun nel mu ta tions
main tained pro tein sta bil ity.Op ti mi za tion of amino acid
res i dues lin ing the ac cess tun nels thus rep re sents a gen er -
ally-ap pli ca ble strat egy for fine-tun ing sta bil ity-func tion
trade-off of en zymes with bur ied ac tive sites.
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Mo lec u lar gates are struc tural fea tures pres ent in many di -
verse bi o log i cal sys tems, namely en zymes, ion chan nels,
pro tein-pro tein and pro tein-nu cleic acid com plexes. In en -
zymes, gates may con trol the lig ands’ en try to and egress
from bur ied ac tive sites, reg u late the ac cess of sol vent mol -
e cules, or even syn chro nize mo lec u lar events tak ing place
in dif fer ent parts of the pro tein. How ever, the mech a nism
of gating is not well un der stood in spite of their broad oc -
cur rence [1], and their ra tio nal en gi neer ing is chal leng ing
[2].

The haloalkane dehalogenases (HLDs) are bac te rial en -
zymes that cat a lyze the hy dro ly sis of a wide va ri ety of
halogenated or ganic com pounds into the cor re spond ing al -
co hols. This prop erty makes them very in ter est ing for a
num ber of bio tech no log i cal ap pli ca tions, such as
bioremediation, biocatalysis, and biosensing. Re de sign of
dehalogenase tun nels has been ac com plished in pre vi ous
works and has proven suc cess ful to in crease en zyme ac tiv -
ity, enantioselectivity and sta bil ity. DhaA31 mu tant is an
ex am ple in which the nar row ing of the ac cess tun nels in -
creased kcat by 32-fold to wards an anthropogenic pol lut ant,
1,2,3-trichloropropane (TCP) [3].

In the pres ent work we in ves ti gated even tual gating
pro cesses pres ent in the ac cess tun nels of the DhaA31 mu -

tant [4]. We have per formed four 1 ms  mo lec u lar dy nam ics
sim u la tions us ing AMBER 12 [5] and an a lyzed tun nel dy -
nam ics by CAVER 3.0 [6]. From these cal cu la tions, a
gating pro cess could be iden ti fied on the main tun nel of
DhaA31. This gating is ruled by an al pha he lix move ment,
as so ci ated with the move ment of the side chains of key res -
i dues Phe149, Phe168, Ala172, and Tyr176. The ob served

gate may reg u late not only the ex change of the lig ands, but
also the num ber of sol vent mol e cules ac cess ing the ac tive
site dur ing the cat a lytic cy cle. Pe ri odic desolvation may
ex plain the ob served in crease in the cat a lytic ac tiv ity for
DhaA31 with re spect to the wild type. Fur ther more, these
stud ies point out the di rec tion for ad di tional im prove ments
in the next round of pro tein en gi neer ing by a ra tio nal re-de -
sign of this gate. 
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