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STRUCTURAL BASIS OF RHOMBOID INTRAMEMBRANE PROTEASE SPECIFICITY
AND MECHANISM REVEALED BY X-RAY CRYSTALLOGRAPHIC ANALYSIS OF
RHOMBOID-SUBSTRATE PEPTIDE COMPLEXES

Sebastian Zoll, Stancho Stanchev, Jakub Began, Jan Skerle, Lucie Peclinovska,
Martin LepSik, Pavel Majer and Kvido StfiSovsky

Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, Flemingovo n.
2, Prague, 166 10, Czech Republic

Intramembrane proteases regulate a growing number of bi-
ological processes emanating from biological membranes.
The structures of bacterial homologues of all four catalytic
types of these integral membrane proteins have been
solved, but their mechanism is incompletely understood,
mainly because of the difficulty of gaining structural infor-
mation about how they bind substrates. To gain insight into
substrate binding to rhomboid proteases, we have synthe-
sised a series of covalently binding peptidyl chloro-
methylketone inhibitors and analysed their interactions
with E.coli thomboid GlpG enzymologically and structur-
ally. We show that tetrapeptidyl chloromethylketones de-
rived from a natural rhomboid substrate bind GlpG
covalently in a mechanism-based and sequence-dependent,
substrate-like manner. We have solved the crystal struc-
tures of several tetrapeptidyl chloromethylketones, which
reveal, for the first time, the molecular interactions of a
substrate peptide with an intramembrane protease. The
overall binding mode differs from previous speculative
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models. The structures explain the observed amino acid
preferences in substrates and show the S1 to S4 subsites of
rhomboid active site. The S1 site is well formed and ex-
tends into a water filled cavity (“water retention site”) pre-
viously proposed to be important for acyl-enzyme
hydrolysis. Unexpectedly, the S4 subsite is formed by resi-
dues from the peripheral structure of the L1 loop.
Mutational and crystallographic analysis of the S4 subsite
shows that it is plastically formed by three residues of the
L1 loop. Given that the L1 loop region has diversified and
expanded in rhomboid-like proteins including iRhoms, we
propose that this element of the rhomboid fold plays a role
in substrate or client protein binding in the broader thom-
boid-like superfamily. Finally, using molecular dynamics
and the published structural and enzymatic data we pro-
pose a model of the P4 to P3’ region of the substrate that is
in contact with the active site of GlpG. The mode of bind-
ing of the rest of the transmembrane domain of the sub-
strate is less clear and we propose two possible scenarios.

FAMILY OF PLANT NUCLEOSIDE N-RIBOHYDROLASES
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Nucleoside hydrolases or nucleoside N-ribohydrolases
(NHs, NRHs, E.C. 3.2.2.-) are glycosidases that catalyze
the excision of the N-glycosidic bond in nucleosides to al-
low recycling of the nitrogenous bases and ribose. NRHs
are metalloproteins first identified and characterized in par-
asitic protozoa such as Trypanosoma, Crithidia and Leish-
mania, which rely on the import and salvage of nucleotide
derivatives. The enzyme comprises four Asp residues lo-
cated in a conserved motif DXDXXXDD at the N termi-
nus. These aspartates are involved in catalysis and
coordination of a calcium ion at the active site. The binding
of ribose moiety is highly conserved but the residues inter-
acting with nucleobase highly vary. Therefore all NRHs
characterized so far impose a strict specificity for the ribose

moiety but they exhibit variability in their preferences for
the nucleobase. We performed a comprehensive character-
ization of the NRH family in two model plants, Physco-
mitrella patens (PpNRH) and Zea mays (ZmNRH). The
moss Physcomitrella patens represents the bryophytes,
which can be regarded as being evolutionary basal terres-
trial plant, and is suitable for use in developmental and met-
abolic studies, while Zea mays is an important model
system for cereal crops. We identified two NRH subclasses
in the plant kingdom; one preferentially targets the purine
ribosides inosine and xanthosine while the other is more
active towards uridine and xanthosine. Both subclasses can
hydrolyze plant hormones - cytokinin ribosides. Crystal
structures of two purine NRHs, PpPNRH1 and ZmNRH3,
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were solved. Structural analyses, site-directed mutagenesis
experiments, and phylogenetic studies allowed us to iden-
tify the residues responsible for the observed differences in
substrate specificity between the NRH isoforms. The pres-
ence of a tyrosine at position 249 (PpNRHI numbering)
confers high hydrolase activity for purine ribosides, while
an aspartate residue in this position confers high activity
for uridine. To analyze the physiological role of the
PpNRHs, single knockout mutants were generated. NRH
deficiency caused delayed bud formation and under condi-
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tions of nitrogen shortage, PpPNRH1-deficient plants can-
not salvage adenosine-bound nitrogen. NRH deficiency
was accompanied by significant changes in the levels of
purine, pyrimidine and cytokinin metabolites relative to
those seen in the wild-type, illustrating the importance of
these enzymes in nucleoside and cytokinin metabolism.

This work was supported by grant P501/11/1591 from the

Czech Science Foundation and LO1204 from the Ministry
of Education, Youth and Sports of the Czech Republic.

ENGINEERING ENZYME ACCESS TUNNELS FOR PROTEIN STABILIZATION
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Enzymes have a great potential in many areas of biotech-
nology. Natural enzymes have not evolved for hostile in-
dustrial environment such as extreme pH, elevated
temperature or presence of co-solvents, thus stabilization
of enzymes against unnatural conditions has become an im-
portant target for protein engineers. Most of the studies fo-
cused on enzyme stabilisation focused on active site or its
vicinity, on modification of protein surface or highly flexi-
ble protein regions [1-6]. Haloalkane dehalogenases are
predominantly microbial enzymes with great potential in
biotechnology and biocatalysis. However, these practical
applications are limited due to low resistance of haloalkane
dehalogenases to organic co-solvents and elevated temper-
ature [7]. Recently constructed variant of haloalkane
dehalogenase DhaA exhibited 4000-fold improved kinetic
stability in 40 % (v/v) DMSO, enhanced thermostability by
16.4 °C, but 100-fold lower catalytic activity with
1,2-dibromoethane in a pure buffer compared to the wild
type enzyme. Enzyme stabilisation was achieved by intro-
duction of four bulkier and mostly hydrophobic residues
into the enzyme access tunnel. These residues improved a
contact with other residues of the access tunnel, enhanced
packing of hydrophobic core and prevented the entry of
DMSO into the active-site cavity [8]. Objective of this fol-
low up study was focused on improvement of catalytic ac-
tivity of highly stable DhaA variant in pure buffer with
minimum loss of its stability. Saturation mutagenesis in
two of the four tunnel positions resulted in a single point
variant, whose catalytic activity was increased 32- and
10-fold in pure buffer and in 40 (v/v) % DMSO, respec-
tively, while thermal stability was lowered just by 4 °C.

Structural analysis and molecular dynamics revealed that
the newly introduced mutation (F176G) reopened previ-
ously closed tunnel in stable DhaA and thus restored enzy-
matic activity, while remaining tunnel mutations
maintained protein stability.Optimization of amino acid
residues lining the access tunnels thus represents a gener-
ally-applicable strategy for fine-tuning stability-function
trade-off of enzymes with buried active sites.
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INVESTIGATION OF GATING MECHANISMS IN THE ACCESS TUNNEL OF
HALOALKANE DEHALOGENASES
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Molecular gates are structural features present in many di-
verse biological systems, namely enzymes, ion channels,
protein-protein and protein-nucleic acid complexes. In en-
zymes, gates may control the ligands’ entry to and egress
from buried active sites, regulate the access of solvent mol-
ecules, or even synchronize molecular events taking place
in different parts of the protein. However, the mechanism
of gating is not well understood in spite of their broad oc-
currence [1], and their rational engineering is challenging
[2].

The haloalkane dehalogenases (HLDs) are bacterial en-
zymes that catalyze the hydrolysis of a wide variety of
halogenated organic compounds into the corresponding al-
cohols. This property makes them very interesting for a
number of biotechnological applications, such as
bioremediation, biocatalysis, and biosensing. Redesign of
dehalogenase tunnels has been accomplished in previous
works and has proven successful to increase enzyme activ-
ity, enantioselectivity and stability. DhaA31 mutant is an
example in which the narrowing of the access tunnels in-
creased k¢, by 32-fold towards an anthropogenic pollutant,
1,2,3-trichloropropane (TCP) [3].

In the present work we investigated eventual gating
processes present in the access tunnels of the DhaA31 mu-
tant [4]. We have performed four 1 pus molecular dynamics
simulations using AMBER 12 [5] and analyzed tunnel dy-
namics by CAVER 3.0 [6]. From these calculations, a
gating process could be identified on the main tunnel of
DhaA31. This gating is ruled by an alpha helix movement,
associated with the movement of the side chains of key res-
idues Phel49, Phel68, Alal72, and Tyr176. The observed

gate may regulate not only the exchange of the ligands, but
also the number of solvent molecules accessing the active
site during the catalytic cycle. Periodic desolvation may
explain the observed increase in the catalytic activity for
DhaA31 with respect to the wild type. Furthermore, these
studies point out the direction for additional improvements
in the next round of protein engineering by a rational re-de-
sign of this gate.
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