BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Conformational Change in Rhomboid Protease GlpG Induced
by Inhibitor Binding to Its S’ Subsites

Yi Xue,” Somenath Chowdhury,i Xuying Liu, " ™l Yoshinori Aklyama, Jonathan Ellman,”* and Ya Ha*"

TDepartment of Pharmacology, Yale School of Medicine, New Haven, Connecticut 06520, United States
iDepartment of Chemistry, Yale University, New Haven, Connecticut 06520, United States
SInstitute for Virus Research, Kyoto University, Kyoto 606-8507, Japan

© Supporting Information

ABSTRACT: Rhomboid protease conducts proteolysis inside the hydro-
phobic environment of the membrane. The conformational flexibility of
the protease is essential for the enzyme mechanism, but the nature of this
flexibility is not completely understood. Here we describe the crystal
structure of rhomboid protease GlpG in complex with a phosphono-
fluoridate inhibitor, which is covalently bonded to the catalytic serine and
extends into the S’ side of the substrate binding cleft. Inhibitor binding
causes subtle but extensive changes in the membrane protease. Many
transmembrane helices tilt and shift positions, and the gap between S2 S5
and SS is slightly widened so that the inhibitor can bind between them.
The side chain of Phe-245 from a loop (LS) that acts as a cap rotates and
uncovers the opening of the substrate binding cleft to the lipid bilayer. A
concurrent turn of the polypeptide backbone at Phe-245 moves the rest
of the cap and exposes the catalytic serine to the aqueous solution. This
study, together with earlier crystallographic investigation of smaller
inhibitors, suggests a simple model for explaining substrate binding to
rhomboid protease.
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Inactivation of AarA prevents the transport of a quorum- Figure 1. Schematic diagram for the three conformational states of
sensing signal through the channel, resulting in the loss of rhomboid protease. The two horizontal lines mark the boundaries of

the hydrophobic region of the membrane. The hydrophilic active site
is represented by the hatched area. The catalytic serine is denoted by
the asterisk. The substrate is colored red, green, and yellow. The
protease cleaves between the red and green segments.

intercellular communication. Recent breakthroughs in parasite
genetics showed that rhomboid proteases also play an
important role in the invasion of the host cell by Plasmodium
falciparum and Toxoplasma gondii, the causative agents of
human malaria and toxoplasmosis, respectively, because of their
activity against various transmembrane (TM) adhesins.'®™>*
The Ser-His catalytic dyad of rhomboid protease is buried
inside the TM domain of the protein.”*>** The protease’s
substrates also span the lipid bilayer (the cleavage site is near
the N-terminus of the TM helix). At least three conformational

native crystal structure of Escherichia coli rhomboid protease
GlpG shows that one of the entrances to the protease’s active
site is shallowly submerged below the membrane surface;** this
lateral opening is blocked by residues from a flexible loop we
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previously called the L5 cap® (see the schematic diagram in
Figure 1). When substrate binds to the protease, the structure
around the lateral opening has to change so that the peptide
can go through it to reach the active site, but details of this new
conformation are not well understood (II). The majority of the
substrate’s TM domain, which is on the C-terminal side of the
scissile bond, cannot fit inside the protease. Whether it engages
in binding to the protease outside the active site is also
currently unclear. After the nucleophilic attack of the catalytic
serine on the substrate, the peptide fragment C-terminal to the
scissile bond is released from the protease, which leaves the S’
side of the substrate binding cleft unoccupied: the protease
(acylenzyme) must change conformation again so that the
lateral opening becomes closed to minimize the exposure of the
aqueous active site to the lipid bilayer (III).

In this paper, we describe the crystal structure of GlpG in
complex with a phosphonofluoridate inhibitor, which fully
traverses the S’ side of the substrate binding cleft, a region
occupied normally by the substrate segment between the
scissile bond and the membrane-spanning sequence (dark
green in Figure 1). The crystal structure provides novel insights
into the conformational changes that occur around the lateral
opening and in other parts of the membrane protease to allow
substrate binding.

B MATERIALS AND METHODS

Reagents. The detergents used in membrane protein
purification and crystallization were purchased from Anatrace.
Cbz-Ala”(O-iPr)F was prepared according to the eight-step
sequence previously reported by Bartlett and co-workers.*®

Protease Activity and Inhibition Assays. A fusion
protein containing maltose-binding protein (MBP), the TM
domain of Gurken, thioredoxin (Trx), and a C-terminal
octahistidine tag was used as the substrate for GlpG. The
construct is similar to that described by Strisovsky et al.*’ and
was generated on the basis of a MBP—Gurken—GlpGy;_576
construct (pGW475), which was initially designed for crystallo-
graphic study of the Gurken—GlpG complex. The sequence of
the MBP—Gurken—GlpGy,_,7s complex was subcloned into
pET41b between the Ndel and Xhol sites, and the GlpG
sequence was removed by double digestion with BamHI and
Xhol. The Trx gene was amplified by polymerase chain reaction
(PCR) from E. coli genomic DNA. The PCR product was
digested with BamHI and Xhol and ligated with the plasmid
fragment. The recombinant fusion protein was overexpressed in
E. coli BL21(DE3) cells: the bacteria were grown in LB medium
at 37 °C in the presence of 40 M kanamycin; IPTG was added
(final concentration of 0.4 mM) at an ODg, of 0.6 to induce
protein expression (37 °C for 3 h). Cell membranes were
collected and resuspended in a buffer containing 50 mM
sodium phosphate (pH 7.4) and 0.5 M NaCl. 2% n-Decyl f-b-
maltoside (DM) was used to solubilize the membrane at room
temperature. The insoluble fraction was removed by
centrifugation. The His-tagged protein was loaded onto a
TALON metal affinity column (Clontech) and eluted with 300
mM imidazole.

The cleavage reactions were performed in 15 uL of assay
buffer containing 50 mM Tris (pH 8.0), 0.1 M NaCl, and 0.5%
NG, and each used 2 pg of GlpG and 4 ug of substrate fusion
protein. The mixture was incubated at 37 °C for 3 h before
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
loading buffer was added to stop the reaction. Various amounts
of inhibitor were preincubated with the protease at 37 °C for
1 h before substrate was added.
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Structure Determination. The recombinant GlpG core
domain was purified in DM as previously described.”* For
crystallization, the protein sample was concentrated to 10 mg/mL
and dialyzed against a buffer containing 10 mM Tris
(pH 7.4) and 0.5% NG for S days at 4 °C. Crystals were
grown in hanging drops over a well solution of 0.1 M Bis-tris
propane (pH 7.0) and 3 M NaCl. Prior to being soaked with
the phosphonofluoridate inhibitor, the protease crystals were
exchanged into a cryo-protecting solution containing 3 M
NaCl, 10 mM Tris (pH 7.4), 0.5% NG, and 20% glycerol. The
inhibitor was dissolved in DMSO (50 mM) and diluted
10 times into the crystallization drop, yielding a final
concentration of 5 mM. After a 4 h incubation at room
temperature, the crystals were flash-frozen in liquid nitrogen.
Diffraction data were collected from an in-house X-ray source
(Rigaku Micromax X-ray generator with a RAXIS-4 detector) at
100 K. The diffraction images were indexed, integrated, and
scaled using HKL2000.>® The structure was determined by
molecular replacement using the native structure of GlpG
[Protein Data Bank (PDB) entry 2ic8>*] as the probe. After
several rounds of model building using coot,” and refinement
with refmacs,®® the inhibitor was incorporated into the model
on the basis of the difference Fourier map. A model of the
inhibitor was initially generated by the PRODRG2 server,”" and
the restraint dictionary file was created with phenix.eLBOW.
The program-generated restraint file was modified to enforce
the planar geometry of the amide and ester bonds.
Incorporation of the inhibitor lowered the R factor by ~1%.
Further positional and B factor refinements were conducted
using PHENIX.** The final model has an R, value of 22.9%
and has good geometry (Table 1). The presence of the

Table 1. Crystallographic Statistics”

GlpG—CAPF
Data Collection

cell dimensions (A) a=b=1117¢= 1218

wavelength (A) 1.54
resolution® (A) 50.0—2.6 (2.69—2.60)
no. of observed reflections 95955
no. of unique reflections 9147
redundancy 10.5
completeness” (%) 99.8 (100.0)
{1/6)" 14.7 (4.8)
Ryperge™ 0.069 (0.541)
Refinement

resolution (A) 50.0-2.6
Riyor/ Regee” 0.211/0.229
no. of atoms

protein 1398

CAPF 19

water 30
B factor

protein 56.5

CAPF 56.1

water 57.2
rmsd

bond lengths (A) 0.008

bond angles (deg) 1.115

“GlpG was crystallized in space group H32. ’Data for the highest-
resolution shell are given in parentheses. “Ryerge = LI — (DI/ X1
TR ok = MIE, — F.J/YF,. Rg.. is the cross-validation R factor for the
test set of reflections (5% of the total) omitted from model refinement.

dx.doi.org/10.1021/bi300368b | Biochemistry 2012, 51, 3723—-3731



Biochemistry

Accelerated Publication

inhibitor, as well as deviations from the native structure, was
confirmed by omit difference maps (Figure 3A and Figures S1
and S4 of the Supporting Information), and by the crystallo-
graphic refinement process (monitored by R..). Many similar
conformational changes are also observed in the GlpG—
. . 37 . . .
isocoumarin complex,”” which was determined at a higher
resolution (2.09 A).

B RESULTS

Crystal Structure of the Protease—Inhibitor Complex.
Encouraged by the ﬁndin% that GlpG can react with diisopropyl
fluorophosphate (DFP),* we set out to study other organo-
phosphate compounds, hoping that this may provide further
insight into the substrate specificity and conformational change
of rhomboid protease. The @-aminoalkyl phosphonate diphenyl
ester class of inhibitors, which worked extremely well for
soluble serine proteases,® would be ideal for this purpose
because substrate-mimicking peptide fragments could be readily
incorporated into the inhibitor by organic synthesis (e.g, refs
35 and 36). Unfortunately, the initial experiments using a
number of diphenyl esters (kind gift from J. C. Powers) showed
that none of them bound to GIpG, because of either steric
hindrance or poor reactivity. As a result, we switched back to
inhibitors with a phosphonofluoridate functional group, which
is less bulky and more reactive. We synthesized Cbz-Ala"(O-
iPr)F (CAPF) (Figure 2A)* and found that it inhibited GlpG-
catalyzed proteolysis of the TM fusion protein substrate with an
apparent ICg, of ~50 uM”’ (Figure 2B,C). The compound also
readily reacted with the crystalline protease to yield a covalent
adduct whose structure could be analyzed by X-ray diffraction
(Figure 2A).

In the crystal structure, the carboxybenzyl (Cbz) end of the
inhibitor occupies the S’ side of the substrate binding cleft
(Figure 3A,B). Therefore, the orientation of the Ala" moiety is
opposite to that postulated for peptide substrates. The Cbz
group of the inhibitor is wedged between the LS cap (Phe-245)
and a hydrophobic patch (Met-149 and Phe-153) near the
N-terminus of TM helix S2 (Figure 3C). The carboxylate oxygen,
which may mimic the carbonyl oxygen of the substrate’s P1
residue (Figure 2A), points downward into a polar cavity
surrounded by Asn-154, Ser-201, Tyr-20S, and Trp-236. The
Ca atom of the Ala” moiety occupies the position of the amide
nitrogen of the scissile bond, to which the catalytic histidine
(His-254) is expected to donate a proton during the breakdown
of the first tetrahedral intermediate. The presence of a methyl
side chain at the Car atom pushed the histidine up and away
from the inhibitor. The phosphonyl oxygen of the inhibitor has
rotated slightly out of the oxyanion hole and is hydrogen
bonded only to His-150 (Figure S2 of the Supporting
Information). The isopropyl group of the inhibitor points
toward a region that an earlier mutagenesis study identified as
the S1 pocket.®” At the base of the binding cleft, the side chains
of Tyr-20S and Trp-236 show rotations similar to those observed
in the complexes with DFP and isocoumarin®’ (Figure S3 of the
Supporting Information). These concerted rotations may explain
why mutations around Trp-236 affect the activity of the protease:*’
the change of the side chain packing may facilitate the movement
of Tyr-205 into an “active” position as suggested by the complexes
with mechanism-based inhibitors.

Conformational Flexibility of the Protease. Inhibitor
binding caused subtle but extensive changes in the membrane
protease’s structure. To help visualize these changes, we superi-
mposed the structure of the inhibitor complex onto that of the
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Figure 2. CAPF inhibits the proteolytic activity of GlpG. (A)
Chemical structures of CAPF, its covalent adduct with the protease,
and the first tetrahedral intermediate of the proteolytic reaction. (B)
Diagram of the MBP—Gurken—Trx fusion protein substrate. The
fusion protein consists of a leader peptide (lep), a maltose-binding
protein (MBP), the transmembrane domain derived from Gurken, a
short (GS); linker, thioredoxin (Trx), and a C-terminal His tag. The
amino acid sequence of the Gurken TM domain is shown on the right
with the arrow pointing to the scissile bond. (C) In vitro activity and
inhibition assays. GlpG cleaves the fusion substrate (F) and releases an
N-terminal fragment (N*) containing MBP and a C-terminal fragment
(C*) containing Trx. In the presence of CAPF or DFP, the cleavage
reaction is inhibited.

native protease based on the Ca positions of the central helix
S4 (residues 201—216): the catalytic serine (Ser-201) is located
at the end of S4, and its position serves as a good reference
point. When the structure is viewed from the outside of the cell
onto the membrane plane, it appears that TM helices S2, S1, S3
and S6, as well as the peripheral L1 loop, rotated counter-
clockwise around S4 by a few degrees, whereas TM helix S5
rotated in the opposite direction (Figure 4A,B). Most helices
moved as rigid bodies, with a Ca atom rmsd of <0.4 A. S6 is the
only exception, and its high rmsd (1.5 A) is due to a major
rearrangement toward the helix’s N-terminus (see below). The
LS cap has the largest change in structure [rmsd of 2.1 A (see
below)], and its center of mass is shifted by 3.2 A. This is
followed by SS, L1, and S6, which moved by 1.6, 1.2, and 1.0 A,
respectively. As a result of the helix movement, the gap between
S2 and S5, to which the inhibitor is bound, has become slightly
widened. A careful examination of the superposition also shows
that the helices not only shifted positions but also changed their
tilting angles (Figure SA). S6 (10.3°) and S5 (7.5°) show the
largest tilting motions. In comparison, the L1 loop rotated

~4.9°.
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Figure 3. Structure of the CAPF complex. (A) Stereoview of the omit F, — F. map (generated without the inhibitor) contoured at 3¢. A different
view of the map is shown in Figure S1 of the Supporting Information. The inhibitor is colored green. Water molecules are shown as red spheres. (B)
Overall structure. CAPF is shown as a space filling model. (C) Close-up of the inhibitor. CAPF is covalently bound to Ser-201. The hydrogen bond
between the phosphoryl oxygen and His-150 is represented by the dashed line.

The conformational changes identified here are also observed
in the other two GlpG—inhibitor complexes.>>>” The move-
ments of S2, S1, L1, S3, and SS in the complex with the
structurally unrelated isocoumarin are strikingly similar to those
in the CAPF complex (Figure 4C). The only major difference is
S6, which, in the isocoumarin complex, is drawn toward the
inhibitor to form a covalent bond. The movements in the DFP
complex, although similar in trend, are smaller in amplitude,
suggesting that the degree of conformational change may be
correlated with the size of the inhibitor or substrate that
occupies the active site (Figure 4D). It is interesting that, when
the native structures of E. coli and Haemophilus influenzae
GlpGs are compared, similar rotations of L1, S3, S6, and S§
around central helix S4, whose position did not change during
evolution, are also observed.***® This similarity lends further
support to the hypothesis that the movements of various
secondary structural elements described above reflect the
intrinsic conformational flexibility of the membrane protease.

The model of conformational change proposed here differs
from an earlier lateral gating model in several major aspects.*”*’
The earlier model was based on the crystal structure of an
apoprotein, in which TM helix S5 has moved to engage in
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crystal packing interactions.® The movement of S5 in the apo
structure is very different from what we observed in the
inhibitor complexes, both in direction and in amplitude. The
apo structure also lacks changes in the other structural elements
(e.g, L1 and S6) that our present study suggests may occur
concurrently with the S5 movement and lacks the rotation of
key side chains (Tyr-205 and Trp-236) within the active site.

Conformational Change in TM Helix S6. In the native
structure, S6 has a small kink near Gly-257 (the distance
between the carbonyl oxygen of Gly-257 and the amide
nitrogen of Gly-261 is 3.4 A). Inhibitor binding causes a
significant change in the helix on the N-terminal side of the
kink, where the helix has deformed into two short 3;, helices
(Figure SA,B). A water molecule is inserted between the two
short helices, relaying the hydrogen bond from the carbonyl
oxygen of His-254 to the amide nitrogen of Gly-257. The
insertion causes the N-terminus of the helix to bend toward S5
and pushes Gly-257 closer to Gly-261 (the distance between
Gly-257’s carbonyl oxygen and Gly-261’s amide nitrogen has
shortened to 2.9 A). The deformed S6 is stabilized by several
new interactions with a neighboring helix S3: Ser-185 from S3
forms a hydrogen bond with the water molecule bound

dx.doi.org/10.1021/bi300368b | Biochemistry 2012, 51, 3723—-3731
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Figure 4. Movement of the TM helices. (A) Superposition of the CAPF structure (orange) onto the native structure (gray). The Ca atom trace of
the protein is shown. The inhibitor (green) is represented by the stick model. The differences between the complex and native structures can be
validated by the omit difference maps (Figure S4 of the Supporting Information). (B) Schematic diagram illustrating the movement of the TM
helices and L1 loop. The hatched area represents the widened gap between S2 and SS upon inhibitor binding. (C and D) Isocoumarin structure
(pink, PDB entry 2xow) and DFP structure (sand, PDB entry 3txt), respectively, similarly compared to the apo structure (gray).
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Figure S. Conformational change in TM helix S6. (A) Stereoview of the CAPF structure (orange) superposed onto the native structure (gray). Gly-
257 is denoted with an asterisk. (B) New S6 conformation stabilized by a network of hydrogen bonds (dashed lines). A water molecule, shown as a
red sphere, is inserted between the two 3,, helices (Asn-251—Ala-253 and Ile-255—Ala-256).

between the two 3, helices, whereas Gln-189 contributes two
additional hydrogen bonds, one with the carbonyl oxygen of
Ala-253 and another with the imidazole nitrogen of His-254.
Conformational Change in the L5 Cap. The Cbz group
of the inhibitor emerges from the side of the protease, a few
angstroms below the predicted membrane surface, through an
opening surrounded by Met-149, Phe-153, Trp-236, and Phe-
245 (Figure 6A). The lateral opening is obstructed in the native
structure by the side chain of Phe-245, which adopts a different
conformation (Figure 6B). To accommodate the inhibitor, the
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LS cap and TM helix S5 moved slightly away from S2, but the
amplitude of this movement is small: the distance between the
Ca atoms of Phe-245 (LS) and Met-149 (S2) increased only
marginally, from 8.5 to 9.2 A. The side chain of Phe-245 broke
off van der Waals contact with Met-149 and rotated downward
[the edge of the phenyl ring now points toward the lipid
(Figure 6C)]. The distance between Phe-245 and Met-149
doubled from 3.8 to 7.6 A. The backbone ¢ and y angles of
Phe-245 also changed, and as a result, the region of the LS cap
downstream of Phe-245 was raised and removed from the

dx.doi.org/10.1021/bi300368b | Biochemistry 2012, 51, 3723-3731
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Figure 6. Conformational change of the LS cap. (A) Molecular surface
of the CAPF complex colored according to electrostatic potential
(blue, positive; red, negative). The inhibitor, shown as the space filling
model, is positioned a few angstroms below the predicted membrane
surface. The insert highlights the residues (Phe-24S, Trp-236, Phe-153,
and Met-149) that define the lateral opening. (B) Conformation of the
LS cap in the native structure. (C) Conformation of the LS cap in the
CAPF structure.

substrate binding cleft, which exposes the catalytic dyad to the
aqueous solution.

In the GlpG—isocoumarin complex,®” although the inhibitor
does not extend far into the S’ side of the substrate binding cleft
(Figure S3 of the Supporting Information), the protein
structure at the lateral opening is strikingly similar to that of
the CAPF complex (Figure 7A): the $2—SS gap is widened to a
similar degree; the N-terminal portion of the LS cap, between
Asp-243 and Met-247, can be nicely superimposed; and the
conformation of Phe-245’s side chain is almost identical

between the two structures. These similarities suggest that
the observed change at the lateral opening probably reflects an
intrinsic property of the membrane protease and does not
result from specific interactions with the inhibitor. In the
isocoumarin complex, a detergent molecule was found at the
position of the Cbz group (red in Figure 7A). This observation
raises the possibility that the hydrophobic patch (Met-149 and
Phe-153), with which the detergent and the Cbz group both
interact, may represent the binding site for a conserved
hydrophobic group on the substrate, e.g., the P2’ side chain.”’
The C-terminal portion of the LS cap, as well as the N-terminal
region of S6, is very different between the two inhibitor
structures. It is difficult to predict which one is a better mimic
of the substrate complex, because both inhibitor structures bear
features here that are artificial: the isocoumarin forms a
covalent bond with His-254, and the Ca methyl group in CAPF
seems to have pushed the same histidine out of the active site.

B DISCUSSION

The ability of membrane proteases to change conformation is
essential for their catalytic activities.* For rhomboid grotease
GIpG, after its crystal structure had been determined,*>*>**
attention was immediately focused on two structural elements,
the LS cap and TM helix $5.>>***® The fact that the closed LS
cap denies access to the Ser-His catalytic dyad suggests that the
loop has to move during catalysis. Crystallographic and bio-
chemical studies indicated that this might happen sponta-
neously.”>** Because SS is packed loosely against the other TM
helices, and its structure can be altered by the interaction with
neighboring molecules in the crystal lattice, it has been
suggested that the helix may undergo a large conformational
change and function as the lateral gate for substrate entry.*’
Since then, the crystal structures of GlpG in complex with an
isocoumarin inhibitor,>” and with DFP,** have been deter-
mined. In these structures, the LS cap has lifted up from the
catalytic dyad, but the movement of S5, in contrast with the
prediction, is relatively small. Because neither the isocoumarin
nor DFP reaches the gap between S2 and S5, it was uncertain
initially whether a larger movement of SS will occur when the
peptide substrate is bound between the two helices. The crystal
structure reported here describes the conformation of the
membrane protease in complex with an inhibitor that spans the
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Figure 7. Substrate entry is regulated by the LS cap. (A) Comparison between the CAPF (gray) and isocoumarin complexes (orange). CAPF and
isocoumarin are colored green and magenta, respectively. The detergent molecule (NG) observed in the isocoumarin complex is colored red. (B) In
the absence of substrate, the LS cap rests upon the active site, blocking its access. In the inhibitor complex, the side chain of Phe-245 has rotated to
reveal the lateral opening. The LS cap is colored yellow. TM helices S2 and SS are colored blue.
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full length of the S’ side of the substrate binding cleft and
reaches the S2—SS gap. Again, the movement of SS is found to
be small: the helix tilted by 7.5° and its center of mass shifted
by only 1.6 A. These values are comparable to those observed
in the isocoumarin complex.>’

Besides the LS cap and S5, several other structural elements
also moved in the inhibitor complexes (Figure 4). The
movements are all small in amplitude and occur in different
directions. One interesting observation is that the peripheral L1
loop appears to have rotated deeper into the membrane,
around an axis that is roughly parallel to the rotation axis of S5
(Figure SA). The possibility that their movements are coupled
to each other, and to the movements of other structural ele-
ments, may explain the effects of some mutations on the L1
loop that are distal to the active site. For example, W136A and
R137A, both greatly reducing GlpG’s enzymatic activity, could
have affected the interaction of the loop with the lipid and
hindered its movement.”*> The conformational flexibility
observed in TM helix S6, from Asn-251 to Gly-257, was not
expected. The significance of this flexibility in the enzyme
mechanism is also unclear. Maybe it provides the LS cap with
more freedom to move; however, another possibility is that a
conformational change in S6 will reshape its interface with S3,
which may function as the binding site for the N-terminal
region of the substrate (red in Figure 1).

The observation that the TM helices in GlpG moved only
slightly in response to inhibitor binding suggests a simple model
for explaining substrate binding to the membrane protease, where
access to the protease’s active site is regulated primarily by a
conformational change in the LS cap (Figure 7B): the rotation
of Phe-245’s side chain uncovers the lateral opening of the
active site, which is located slightly below the membrane
surface; a concurrent turn of the polypeptide backbone at Phe-
245 removes the cap completely from the substrate binding
cleft, exposing the catalytic dyad to the aqueous solution; and
over the lateral opening the membrane-spanning substrate can
bend 90° into the active site in an extended conformation to be
cleaved. On the basis of similarities between the CAPF and
isocoumarin structures (Figure 7A), it is even tempting to
speculate that Phe-24S5, when folded down, may lock into a
rigid structure with Ala-239 and Trp-236 through van der
Waals forces and move together with S5 to fine-tune the width
of the lateral opening.

The HtrA family of proteases (HtrA, DegP, DegS, and
Rv3671c) provides some excellent examples for the types of
conformational change that occur in soluble serine proteases
[other well-known examples include the activation of trypsin
and thrombin (see refs 46 and 47)]. In Thermotoga maritima
HtrA, the protease’s active site is covered by a helical lid.**
High temperature induces a conformational change in HtrA (in
which the lid is lifted) and switches on the protease.*’ In E. coli
DegP, oligomerization allows the LA loop of one molecule to
insert into a neighbor, blocking and distorting its active
site.’*™>* In E. coli DegS and Mycobacterium tuberculosis
Rv3671c, the protease’s active site is not initially properly
formed: peptide binding (folding stress) to a C-terminal PDZ
domain in DegS> or disulfide bond formation (oxidative
stress) in Rv3671c>* triggers major structural rearrangements
that transform the protein into a functional protease. In light of
these well-characterized systems, we can see that the conforma-
tional change in rhomboid protease involves some similar, but
not identical, structural principles. In the absence of substrate,
the protease’s active site is blocked by the LS cap (like HtrA);

3729

although the catalytic Ser-201 and His-254 are already properly
aligned (unlike the case in Rv3671c), the side chains of Tyr-20S
and Trp-236 do have conformations different from those
observed in the inhibitor complexes (the significance of the side
chain rotations in the catalytic mechanism is not yet known).
Unlike the HtrA proteases, however, the enzymatic activity of
GlpG is not allosterically regulated, and the opening of the LS
cap appears to be spontaneous.zs’44 Finally, it is important to
empbhasize that, because rhomboid protease is embedded in the
membrane, the protein structure around the lateral opening
needs to be constantly adjusted so that the energetically
unfavorable contact between the aqueous active site and the
surrounding lipid is minimized. The conformational change in
soluble serine proteases is usually not driven by such a
requirement because they conduct catalysis in a homogeneous
and aqueous environment.
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