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Abstract: Rhomboids comprise a broad family of intramembrane serine proteases that are found in
a wide range of organisms and participate in a diverse array of biological processes. High-

resolution structures of the catalytic transmembrane domain of the Escherichia coli GlpG rhomboid

have provided numerous insights that help explain how hydrolytic cleavage can be achieved below
the membrane surface. Key to this are observations that GlpG hydrophobic domain dimensions

may not be sufficient to completely span the native lipid bilayer. This formed the basis for a model

where hydrophobic mismatch Induces thinning of the local membrane environment to promote
access to transmembrane substrates. However, hydrophobic mismatch also has the potential to

alter the functional properties of the rhomboid, a possibility we explore in the current work. For

this purpose, we purified the catalytic transmembrane domain of GlpG into phosphocholine or mal-
toside detergent micelles of varying alkyl chain lengths, and assessed proteolytic function with a

model water-soluble substrate. Catalytic turnover numbers were found to depend on detergent

alkyl chain length, with saturated chains containing 10–12 carbon atoms supporting maximal activ-
ity. Similar results were obtained in phospholipid bicelles, with no proteolytic activity being

detected in longer-chain lipids. Although differences in thermal stability and GlpG oligomerization

could not explain these activity differences, circular dichroism spectra suggest that mismatch
gives rise to a small change in structure. Overall, these results demonstrate that hydrophobic mis-

match can exert an inhibitory effect on rhomboid activity, with the potential for changes in local

membrane environment to regulate activity in vivo.
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Introduction
Rhomboids represent a broad family of intramem-

brane serine proteases that are unusual in their

ability to cleave transmembrane substrates at sites

normally embedded in the lipid bilayer.1,2 This func-

tion is mediated by an alpha-helical transmembrane

domain (TMD), which forms a catalytic core that is

well conserved across most species.3 Members of the

rhomboid family have been associated with a wide

range of cellular processes such as quorum sensing,4

cell growth, mitochondrial remodeling, and apopto-

sis.4,5 They have also been implicated in disease

states such as diabetes and cancer,6,7 and are

required for infection by apicomplexian parasites

such as those that cause malaria and toxoplasmo-

sis,4,8 making them a potential target for drug

discovery.

A detailed description of how the hydrolytic

cleavage reaction is catalyzed by rhomboid proteases

has been developed over the last decade, owing to a

wealth of crystallographic and kinetic data obtained

with the Escherichia coli GlpG rhomboid. Nonethe-

less, a number of questions remain, particularly

regarding how the rhomboid can cleave sequences

that are normally buried within the hydrophobic

phase of the lipid bilayer, and in an a-helical confor-

mation that must be disrupted to enter the rhom-

boid active site and bind in an extended

conformation.9–11 One hypothesis that has remained

particularly attractive arose from observations on

the location of hydrophobic and aromatic residues in

x-ray crystal structures of the transmembrane

domain (TMD) from E. coli GlpG,12 including one

determined in DMPC bicelles.13 It was noted that

the thickness of the hydrophobic belt on the surface

of the GlpG structure varies from 20 Å to 25 Å, with

some parts being notably shorter than the expected

dimension for the hydrophobic phase of E. coli mem-

branes.12,13 This hydrophobic mismatch has been

proposed to lead to thinning of the local bilayer

structure, a hypothesis that is supported by molecu-

lar dynamics simulations on GlpG in lipid

bilayers.14–16 These distortions in the local mem-

brane environment have been suggested to expose

the target sequence in a substrate TM segment to

the aqueous phase, destabilizing its helical structure

so that it could bind the active site in the extended

state required for proteolysis.12,14,17

Although these ideas about rhomboid protease

interactions with lipid have focussed on its proposed

ability to modulate the local membrane environ-

ment, the possibility that the lipid bilayer might

alter the behavior of rhomboid proteases has

received less attention. Nonetheless, hydrophobic

mismatch between the bilayer and an integral mem-

brane protein can give rise to changes in protein

structure that minimize exposure of hydrophobic

amino acid side chains to the aqueous environ-

ment.18 Studies on both model TM peptides and

multispanning integral membrane proteins have

shown that this often results in a change in TM

helix tilt angles,18,19 although more drastic effects

have also been reported.20 In some cases these struc-

tural changes can have a significant impact on activ-

ity, as has been demonstrated for the ion channels

KcsA21 and MscL.22,23 Given the difference between

the dimensions of the hydrophobic region of the

GlpG TMD and that of a typical E. coli membrane,

it is possible that the local lipid environment may

also have an impact on rhomboid function. This idea

is supported by reconstitution experiments with the

E. coli GlpG rhomboid showing significant differen-

ces in activity against a model TM substrate that

depend on the lipid used.24 Although these results

indicate that the membrane environment can modu-

late function, the potential influence of hydrophobic

mismatch has not been directly evaluated.

To determine whether hydrophobic mismatch

can influence rhomboid catalytic function, we exam-

ined the activity of an E. coli GlpG TMD construct

in a series of detergents and lipids that vary in alkyl

chain lengths. We found that maximal activity

against a water soluble model substrate was

obtained when the GlpG TMD was purified into

detergents that contained a saturated alkyl chain

with 10 or 12 carbons. Increasing the length of the

alkyl chain by two carbon atoms resulted in a 2 to 3-

fold reduction in activity. These trends were

observed in phosphocholine, lysophosphocholine and

maltoside detergents, as well as bicelles containing

phosphatidylcholine-based lipids. Circular dichroism

spectroscopy shows a small but reproducible differ-

ence in secondary structure content between sam-

ples reconstituted in longer-chain versus shorter-

chain detergents, indicating that subtle structural

differences may be enough to account for these

changes in activity. Taken together, these results

suggest that, even if the rhomboid’s interaction with

surrounding lipid is capable of membrane-thinning

distortions, there is nonetheless an energetic penalty

to hydrophobic mismatch that also has an impact on

rhomboid activity.

Results

The GlpG rhomboid from E. coli was selected as the

focus of our study due to the abundance of data

available on its structure and activity.2,25 This rhom-

boid contains an N-terminal aqueous domain (resi-

dues 1–61) on the cytoplasmic side of the membrane

that is connected by a flexible linker (residues

62–90) to the catalytic TMD [Fig. 1(A)]. Although

the functional role of this aqueous domain is not

known, it has been shown to be important for main-

taining maximum activity in some assays.26 How-

ever, the structured cytoplasmic domain (CytD) also

interacts strongly with some detergent micelles in a
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manner that can disrupt its tertiary structure,

potentially interfering with GlpG activity.27 Since

these interactions may complicate an investigation

of hydrophobic mismatch on the intrinsic catalytic

activity of the rhomboid TMD, we sought to work

with the minimal functional unit that preserves the

functional integrity of the active site. To identify

this region we used a series of GlpG truncation

mutants described previously,26 that includes a con-

struct missing only the structured CytD (starting at

residue 60, called TMD60), a construct that also

omits most of the flexible linker (TMD81), and a con-

struct corresponding to the longest fragment

resolved by x-ray crystallography (TMD91).

To evaluate the activity of GlpG and its trunca-

tion mutants we chose to use fluorogenic casein as a

water-soluble model substrate as previously

described.26,28–31 Although rhomboids can act on

transmembrane substrates, these would also require

solubilisation in the detergent under investigation, a

factor that can change the structure and cleavage site

accessibility in these substrates.10 In contrast, an

aqueous model substrate offers the advantage that

any changes in measured activity should reflect the

effect of local environment on the rhomboid itself.

Using this model substrate, the substrate-dependent

change in initial hydrolysis rates was found to be

hyperbolic (Supporting Information, Fig. S1), and fit

the Michaelis-Menten equation with no requirement

for cooperativity, similar to previous observations.28,30

The reference detergent used in these studies was

dodecylmaltoside (Mal-12), as this is a mild detergent

that has been used for purification of active GlpG in a

number of studies.26,28,30 As shown in Figure 1(C) and

Supporting Information Table S1, kcat and Km parame-

ters for TMD60 and TMD81 were the same as those

measured for the full-length protein. In contrast,

TMD91 displayed no activity above background levels,

even at substrate concentrations that would normally

be saturating, in line with previous observations.26

We also repeated these studies on the same

series of constructs purified into Fos-12, a detergent

known to have significant propensity to bind the

GlpG CytD in a partially denaturing interaction.27

In contrast with the results in Mal-12, full-length

GlpG showed no measurable activity in this deter-

gent. Partial recovery of activity was observed in the

TMD60 construct, suggesting that an interaction

between CytD and Fos-12 was responsible for this

loss of function. Full activity was recovered when

most of the flexible linker was also omitted, with

kcat for TMD81 approaching that of full-length GlpG

in Mal-12 Surprisingly, the same level of activity

was also obtained with TMD91, suggesting that

interactions with the phosphocholine headgroup

were able to compensate for the loss of function

observed for this construct in Mal-12 or crude mem-

brane extracts.26 Overall, these results suggest that

Figure 1. Activity of N-terminal truncation mutants of GlpG.

A: Schematic representation of GlpG illustrating the relative

size and position of the N-terminal cytoplasmic domain

(CytD), linker region, and transmembrane domain (TMD).

The red arrows indicate the approximate position of the

truncations for TMD60, TMD81, and TMD91. B: Ribbon dia-

gram of the x-ray structure of the TMD from E. coli GlpG in

a DMPC phospholipid bilayer environment (PDB 2XTV), with

TM5 highlighted in orange. The N-terminus is labeled (N)

and the C-terminus is not visible, being on the other side in

this view. The gray bars represent the approximate bounda-

ries of the 25 Å wide hydrophobic GlpG TM region and its

surrounding bilayer environment, as approximated from the

position of resolved DMPC molecules from the same subunit

(green) or the symmetry related subunit (blue). The 32 Å

wide hydrophobic region of a native DMPC bilayer as deter-

mined by small-angle neutron scattering41 is indicated by

the dashed arrow. C: kcat values for full-length GlpG,

TMD60, TMD81, and TMD91 in Mal-12 (green) or Fos-12

(purple) detergent micelles. The reported error for this assay

and all subsequent data represent standard deviations

about average values obtained from at least three independ-

ent protein preparations. Near-zero turnover values with no

error bars denote samples with no detectable activity in the

casein assay.
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TMD81 is the most robust construct for retention of

proteolytic activity against this model aqueous sub-

strate, and was therefore the focus of our investiga-

tion into hydrophobic mismatch.

To explore the effect of hydrophobic mismatch

on the catalytic TM core of rhomboid protease,

TMD81 was purified into phosphocholine detergents

that varied in the length of the alkyl chain. As

shown in Figure 2(A), maximal kcat was observed in

both Fos-10 and Fos-12, whereas any further

increase in the alkyl chain length led to a reduction

in activity. Specifically, activity in Fos-14 was three-

fold lower than that in Fos-12. In contrast, no differ-

ence in Km was observed in the various phosphocho-

line detergents (Supporting Information Table S1),

suggesting that the loss of activity is not a result of

competitive inhibition of substrate binding to the

active site by the longer chain detergents. Instead,

the environment provided by the longer-chain deter-

gents must have some impact on the catalytic status

of the active site.

To confirm that the size of the micelle hydropho-

bic domain is the factor that is causing these

changes in TMD81 activity, proteolysis rates were

also evaluated in mixed micelles comprised of Fos12

and Fos14. It has been shown that the average size

of the hydrophobic domain of a mixed micelle varies

linearly with composition, allowing systematic

changes to micelle size to be achieved by changing

the molar ratio of long:short-chain detergents.32 A

linear relationship was observed between the

Fos-12:Fos-14 molar ratio and the apparent size of

the protein-detergent complex as determined by size

exclusion chromatography, confirming that this

relationship between size and composition was pre-

served in our experiment [Fig. 2(B)]. Following this

trend, hydrolysis rates with a fixed amount of

substrate were found to decrease linearly as the

Fos-14:Fos-12 molar ratio was increased. This rela-

tionship was observed when samples were purified

into Fos-12 and diluted with Fos-14, or vice versa,

indicating that the changes in activity associated

with each detergent are reversible.

Although the results with phosphocholine deter-

gents suggest that the size of the micelle hydropho-

bic domain is responsible for the observed changes

in proteolytic activity, this effect may be exaggerated

due to the small size of the phosphocholine head-

group relative to more lipid-like detergents. In par-

ticular, the presence of a polar glycerol backbone

spacer linking phosphocholine to the alkyl group can

provide a more gradual transition between charged

and hydrophobic moieties.33,34 To determine if

the headgroup size was important for this effect,

kinetic parameters were measured for TMD81 in

lysophosphocholine detergent micelles with satu-

rated 12- and 14-carbon acyl chains (LysoFos-12 and

LysoFos-14, respectively). As shown in Figure 2(A),

the activity for TMD81 in LysoFos-12 was the same

as seen in Fos-12, and also decreased by approxi-

mately 3-fold when the longer chain LysoFos-14 was

used instead.

Figure 2. Effect of different detergent micelle environments

on TMD81. A: Catalytic turnover numbers for TMD81 purified

into maltoside (green), lysophosphocholine (blue), or phos-

phocholine detergents (purple). B: Proteolysis rates measured

for TMD81 solubilized in 0.1% (w/v) mixed micelles com-

prised of Fos-12 and Fos-14 at a range of Fos-14:Fos-12

mole fractions (red). The apparent size of each protein-

detergent complex (PDC) was determined using size exclu-

sion chromatography (orange). C: kcat versus the apparent

molecular weight of the protein-detergent complex (blue) or

the melting temperature (orange) for TMD81 in phosphocho-

line, lysophosphocholine and maltoside detergent micelles.

Data corresponding to this graph can be found in the Sup-

porting Information, Table S2.
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To evaluate the role of headgroup chemistry in

this phenomenon, the same series of experiments

was repeated using a series of alkyl maltosides [Fig.

2(A)]. A similar trend to that seen with the Fos

detergents was observed, with Mal-10 and Mal-12

supporting maximal activity, and a decrease in kcat

as the length of the alkyl chain increased to 14 car-

bons. The lower CMCs of the maltoside detergents

relative to the Fos series also made it possible to

purify TMD81 into shorter-chain detergents, includ-

ing Mal-9 and Mal-8. Although maximal activity

was retained in Mal-9, kcat was found to decrease

when Mal-8 was used in its place, identifying a

lower limit to the optimal detergent alkyl chain

length.

To examine whether the effect of hydrophobic

mismatch on rhomboid protease activity extends to a

more native-like lipid bilayer environment, samples

of TMD81 were reconstituted into either DMPC/

CHAPS or DLPC/CHAPS bicelles. The activity in

DLPC bicelles was significantly lower than in deter-

gents, with a kcat of 0.01 min21 (compared to 0.17

min21 in Fos-12). This is in agreement with previous

studies with a GlpG homologue from Pseudomonas

aeuroginosa,35 and can be attributed to the more

ordered nature of phospholipid bilayers relative to

detergents, which has been shown to restrain confor-

mational dynamics in TM5, and correlates with a

reduction in activity.10 In line with the effect of

hydrophobic mismatch observed with detergents,

TMD81 activity was further reduced when DMPC

was used in place of DLPC, with activity essentially

being too low to detect over the range of substrate

concentrations tested (Fig. 3).

One of the potential consequences of hydrophobic

mismatch is a loss of structural stability, a possibility

that we investigated by performing thermal denatu-

ration experiments on all detergent-reconstituted

samples. The melting temperature (Tm) of full-length

GlpG in 0.1% (w/v) Mal-12 was found to be 75�C 6

1�C, in agreement with previous observations using

similar methods.36 A small increase in the melting

temperature was obtained for the TMD81 truncation

in Mal-12, with a value of 80�C 6 2�C, potentially

reflecting a destabilizing interaction between CytD

and the micelle that is eliminated by use of the trun-

cation mutant.

When melting temperatures were measured for

TMD81 samples purified into Fos-, LysoFos- and

Mal-detergents, in almost all cases they were within

a 15� range, showing that changes in thermal stabil-

ity were not responsible for the observed differences

in catalytic activity [Fig. 2(C), Supporting Informa-

tion, Table S2]. The absence of a correlation between

stability and activity was also demonstrated by

TMD81 melting temperatures in Fos-12 and Mal-10,

since these were both significantly lower than those

for other samples in spite of the high activity sup-

ported in both detergents [Fig. 2(C)].

We also found no clear relationship between the

apparent size of the protein-detergent complex and

the catalytic activity [Fig. 2(C)]. Previous studies

have shown that GlpG forms a dimer in Mal-12, but

is monomeric in Mal-10,30 observations that are in

agreement with our measures of the apparent PDC

size (Supporting Information Table S2). The fact

that maximal activity is observed in both detergents

would suggest that the oligomerization state does

not alter the ability of the catalytic core to hydrolyze

soluble casein substrate, in line with previous obser-

vations on full-length GlpG.30 In addition, the appa-

rent MW of the TMD81-Fos-10 PDC is the same as

that of a TMD81 dimer with no detergent bound

(47.2 kDa), suggesting that this complex contains

monomeric TMD81, with the additional mass being

made up of the detergent required to keep the com-

plex in solution. There is a linear relationship

between predicted MW of the protein-free phospho-

choline detergent micelle and that of the PDC (Sup-

porting Information, Fig. S2), suggesting that the

oligomerization state of TMD81 in this detergent

series does not change. In this case, the intercept of

the line can be taken as an apparent MW of protein

with no detergent bound, giving rise to a value that

is closer to the expected size of a monomeric state

for TMD81 (31 kDa). Therefore, although the

dimeric state for GlpG appears to be necessary for

cleavage of transmembrane substrates,30 changes in

oligomerization state do not account for the observed

reduction in activity with the use of longer-chain

detergents.

To determine if these changes in functional

states could be explained by structural differences

induced by solubilisation in these detergents, CD

spectroscopy was performed on TMD81 purified into

Fos-12 or Fos-14. As shown in Figure 4, spectra in

both samples showed characteristic minima at 222

Figure 3. Michaelis-Menten plot showing the initial rate of

proteolysis for TMD81 in bicelles composed of either DLPC

(red) or DMPC (orange) phospholipid bicelles with CHAPS

detergent.
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and 208 nm, as expected for a largely a-helical pro-

tein. Although highly similar to each other, spectra

acquired in Fos-14 showed a small but reproducible

difference in the relative intensities of these two

minima compared to Fos-12, with the Fos-14 spec-

trum showing a larger relative intensity at 208 nm.

Secondary structure prediction based on these spec-

tra suggest that the Fos-12 sample had a greater

proportion of a-helical structure than the less active

sample in Fos-14 (91% vs. 83%). Interestingly, the

Fos-10 sample, which displays comparable levels of

activity relative to the Fos-12 sample, produced a

CD spectrum that was virtually super-imposable

with that of Fos-12. This suggests that the use of

detergents with a longer alkyl chain gives rise to a

change in either the structure or conformational

equilibrium of the rhomboid protease, and that this

change is detrimental to the catalytic integrity of

the active site.

Discussion

One of the most unique aspects of rhomboid protease

function is its ability to cleave polypeptide sequences

that are normally embedded in the lipid bilayer in

an a-helical conformation. It has been proposed that

hydrophobic mismatch between the rhomboid and

its lipid environment gives rise to localized mem-

brane thinning, forcing the target sequence out of

the lipid membrane to facilitate unfolding and bind-

ing.12,14,37–39 However, hydrophobic mismatch also

has the potential to alter the activity of the rhom-

boid itself, a possibility we have investigated in this

work. We found that the isolated catalytic domain

from E. coli GlpG encompassed by TMD81 does

show different activities that depend on the length

of the alkyl chain of the detergent or lipid used to

maintain it in solution. For all the systems tested, it

appears that saturated alkyl chains comprised of

more than 12 carbon atoms reduced activity of the

catalytic core, even when reconstituted into bicelles.

Since this difference was observed for detergents

with different headgroups, this likely reflects the

impact of changing the dimensions of the hydrocar-

bon phase.

Although it is possible that the observed differ-

ences are a consequence of hydrophobic mismatch,

detergent molecules also have the potential to inter-

fere with substrate binding through competitive

inhibition. In fact, a crystal structure of the TMD of

E. coli GlpG in b-octyl glucoside shows a detergent

molecule bound to a groove formed by TM helices 2

and 5, and the headgroup extending into the active

site.13 However, this occupation of the active site by

detergent was only observed for the inactive mutant

S201T, with the WT structure showing b-octyl gluco-

side bound to the same groove, but without head-

group interactions with the active site. Also, a GlpG

TMD crystal structure in DMPC bicelles has been

determined that resolved a number of well-ordered

lipids, none of which enter the active site.13 Our

data is consistent with these latter observations,

since a classic competitive inhibitor would be

expected to increase Km, but was found to be the

same in our experiments within a detergent series.

Therefore competitive inhibition by detergent does

not explain the trends we observed.

The fact that TMD81 appears to be adversely

affected by the use of detergents and lipids with

alkyl/acyl chains that exceed 12 carbon atoms is

highly suggestive of a change in activity being

caused by hydrophobic mismatch. Structural data on

micelles and bilayers confirms the correlation

between alkyl/acyl chain length and the size of the

hydrophobic phase. According to small angle x-ray

scattering studies, the micelles used in our study

are spheroidal in shape, with the short axis of the

hydrocarbon phase being similar for detergents with

the same alkyl chain length.32,40 For Mal-12 and

Fos-12, these values were found to be 33 and 31 Å,

respectively,32,40 which are already larger than the

average hydrophobic thickness of 25 Å for GlpG,

confirming that rhomboids have the ability to com-

pensate for moderate degrees of hydrophobic mis-

match. The approximately 5 Å increase in thickness

of the hydrocarbon phase that is estimated to result

from the use of tetradecyl chains appears to exceed

this ability, as manifested by the decrease in activity.

Meanwhile, the 22 Å hydrophobic phase of Mal-8

detergent micelles40 is shorter than the average

hydrophobic thickness of GlpG by �3 Å, indicating

reduced flexibility for the accommodation of deter-

gents with shorter alkyl chain lengths. Interestingly,

the dimensions of the hydrophobic phase for DMPC

bicelles is similar to that of Fos-12 and Mal-12 deter-

gents, with a length of 32 Å as determined by small

Figure 4. Effect of hydrophobic mismatch on TMD second-

ary structure. Circular dichroism spectra are shown for 5 mM

TMD81 in Fos-10 (red), Fos-12 (green), or Fos-14 (blue) at

37�C.
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angle neutron scattering.41 Since TMD81 was not

active in this lipid, this suggests that the more

ordered bilayer environment provided by phospho-

lipid bicelles reduces the ability of this rhomboid to

accommodate hydrophobic mismatch.

A common mechanism used by proteins to

resolve the energetic cost of hydrophobic mismatch

is to induce deformations in membrane structure in

order to accommodate the dimensions of the protein

hydrophobic belt.18,22 This outcome reflects the rela-

tive incompressibility of proteins compared to that of

lipid bilayers. Detergent micelles require even less

energy to be deformed, providing an explanation for

the ability of TMD81 to be maximally active in

detergent micelles with hydrophobic regions larger

than the protein hydrophobic belt. Nonetheless,

when the energetic cost of inducing membrane defor-

mations becomes more significant, structural

changes in proteins can also be induced, for exam-

ple, by altering helix tilt angles (eg: KcsA ion chan-

nel),21 or changing packing interactions between

transmembrane helices (e.g. Ca21 ATPase).42 In the

case of GlpG, hydrophobic mismatch is most pro-

nounced in the vicinity of TM helix 5 [Fig. 1(B)],13 a

region thought to play a role in substrate gat-

ing.10,43,44 Most structures show this helix to be

closely associated with the core TMD structure, how-

ever, it has also been captured in a state where it is

bent away from the active site (Fig. 5).43 It has been

suggested that this structure represents an open

state that facilitates entry of substrate into the

active site. Since hydrolysis of the acyl-enzyme

intermediate does not appear to be rate-determin-

ing,45 conformational change involving TM helix 5

has been proposed to be the slow step in the cata-

lytic cycle.10,45 This hypothesis is supported by

increased catalytic turnover numbers for GlpG

mutants designed to decrease the stability of

packing interactions between TM helices 5 and 2.44

Enhanced hydrolysis rates for GlpG in detergents

relative to those in lipid bilayers10,24 also correlate

with an increase in the dynamics of this TM helix.10

These findings suggest that TM helix 5 represents a

control point for GlpG activity, with greater mobility

being associated with faster rates of proteolysis.

Given the severity of hydrophobic mismatch in the

vicinity of this helix, TM helix 5 may be acting as a

sensor of the local lipid environment. Interestingly,

this helix also contains a lipid-facing residue at its

N-terminus (Arg227) that is required for full activity

in Mal-12 and crude membrane extracts.26

On the basis of the model of TM5 (along with

L5) acting as a substrate gate, it is possible that

hydrophobic mismatch with the lipid environment

could increase the energy required to access the

open state, thereby slowing the rate of substrate

hydrolysis. Although it might be expected that a

shift in the conformational dynamics to favour the

closed state would manifest as an increase in sec-

ondary structure content, predictions from the CD

spectra suggest a small decrease in a-helix content

upon reconstitution into micelles that reduce

TMD81 activity. However, despite its reproducibility,

the change in the CD spectrum is subtle, and the

difference between the two states is smaller than

the uncertainty associated with the prediction

method.46–48 It is also possible that the difference

between the two states is not localized to just one

part of the structure, but instead reflects subtle

changes dispersed through a wider network of inter-

actions linking environmental changes to active site

structure. We also cannot rule out the possibility

that the longer chain systems create a steric barrier

that physically impedes substrate entry, a phenom-

enon that could result in the decreased turnover

numbers we have observed.

The accumulation of data on protein-lipid inter-

actions is making it increasingly apparent that the

local membrane environment can play an important

role in influencing both the structure and function

of integral membrane proteins. Through our studies

we were able to demonstrate that changes in the

dimensions of the hydrophobic phase can alter the

activity of the rhomboid protease, providing further

insight into the complex relationship between rhom-

boids and the local lipid environment. This could

have consequences for rhomboid function in vivo,

since the composition of bacterial membranes can

vary in response to nutrient depletion, growth rate

and environmental stress,49–51 and also contain

microdomains enriched in lipids of different head-

group and alkyl chain identities.52,53 Similarly, in

eukaryotes, lipid rafts and localized membrane dis-

tortions play a key role in protein sorting, signal

transduction, and cleavage of transmembrane sub-

strates by a- and g-secretases.54–56 The resulting

Figure 5. Superposition of two crystal structures represent-

ing the proposed model for GlpG substrate gating in which

TM5 and the adjacent L5 region transitions from a closed

conformation (orange, PDB 2XTU) to an open conformation

(blue, PDB 2NRF) to allow substrate access into the active

site.
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differences in membrane properties and extent of

hydrophobic mismatch could be used to regulate the

activity of rhomboid proteases, with longer and more

ordered lipid bilayers being inhibitory to rhomboid

function. Although not examined in this study, the

effect of longer hydrocarbon phases would be

expected to have an even larger effect on rhomboid

activity against transmembrane substrates since the

thicker membrane would make it more difficult to

access buried cleavage sites. Overall, the ability of

the hydrophobic phase of the lipid environment to

modulate GlpG activity provides an additional mech-

anism for the regulation of intramembrane protease

activity.

Materials and Methods

Protein expression and purification into

detergent micelles

Full length E. coli GlpG rhomboid protease, along

with truncation mutants TMD60 (residues 60–278),

TMD81 (residues 81–276) and TMD91 (residues

91–276) were expressed and purified as previously

described.26 In all purifications, the membrane frac-

tion was extracted from the pellet using 1% (w/v)

Mal-12 (Anatrace), with nickel affinity and size

exclusion chromatography steps being done in the

presence of 0.1% (w/v) of the desired detergent. In

some cases it was necessary to use higher detergent

concentrations to exceed the critical micelle concen-

tration for these steps. Consequently, 0.2%, 0.35%,

and 1.3% (w/v) concentrations were used for purifi-

cations into Mal-10, Mal-9, and Mal-8, respectively,

whereas 0.3% (w/v) was used for purification into

Fos-10. In addition to the detergent of interest, puri-

fied samples contained 50 mM Tris-HCl pH 7.4, 150

mM NaCl and 100 mM EDTA (GlpG buffer). Concen-

trations of purified samples were determined using

a BCA assay (Pierce).

Reconstitution into phospholipid bicelles
Samples of TMD81 were first reconstituted into

phospholipid vesicles which were then converted

into bicelles by solubilisation in detergent, based on

protocols developed for the integration of functional

membrane proteins into bicelles.57,58 Thin films of

DLPC or DMPC phospholipids (Avanti Polar Lipids)

were prepared as previously described,24 and

hydrated in detergent-free GlpG buffer to produce a

20 mg/mL suspension. This was then extruded

through a 1 mm filter using an Avanti Mini-

Extruder, and the resulting liposomes incubated

with 0.12 mM 12-Mal in GlpG buffer for 30 min.

Purified TMD81 in 0.1% (w/v) Mal-12 was added to

produce a final TMD81 concentration of 0.1 mg/mL

in a 1 mg/mL lipid solution. After a 60-min incuba-

tion at room temperature, Mal-12 was removed by

overnight dialysis. Residual detergent was removed

by adding 2 aliquots of 30 mg Amberlite beads

(Sigma-Aldrich) per mg Mal-12, with an incubation

time of 1–2 h per aliquot. Proteoliposomes were col-

lected via ultracentrifugation, re-suspended in FPLC

buffer, and re-extruded through a 1 mm filter. Suc-

cessful and complete reconstitution into liposomes

was confirmed by density gradient centrifugation in

a 0-50% sucrose gradient (200,000g for 90 min), fol-

lowed by SDS-PAGE analysis of liposome and pellet

fractions. CHAPS detergent (Bioshop) was added to

the proteoliposomes to achieve a molar phospholi-

pid:bicellar detergent ratio (qeff) of 1, with a total

bicelle concentration of 1.5% (w/v) to yield small iso-

tropic bicelles similar to those employed in previous

rhomboid studies.35 The mixture was then subjected

to multiple cycles of heating to 42�C57 and cooling to

room temperature.

Kinetics measurements

Detergent-solubilized rhomboid protease (0.25 mM)

was incubated at 37�C with varying concentrations

of BODIPY-labeled casein (Invitrogen) in GlpG

buffer containing the detergent of interest. Initial

hydrolysis rates were determined as described previ-

ously26 using a Spectramax Gemini XS microplate

reader, plotted as a function of substrate concentra-

tion, and fit to the Michaelis-Menten equation to

determine Km and Vmax. For the Fos-12/Fos-14

mixed-micelle experiments, purified TMD81 in 0.1%

(w/v) Fos-12 was diluted with GlpG buffer contain-

ing 0.1% (w/v) Fos-14 to produce the desired Fos-

12:Fos-14 ratio. Similar experiments were also done

starting with TMD81 in Fos-14 and diluting with

Fos-12. The activity of TMD81 in these mixed

micelle systems was assessed using 0.25 mM TMD81

with 1.5 mM substrate. SDS-PAGE analysis of frac-

tions taken at several time points during a reaction

was used to convert fluorescence intensities into

molar concentrations of product as previously

described,28 and gave rise to kcat values that were

comparable to previously determined values for full

length GlpG in Mal-12.28 The reported uncertainty

for this assay, and all experimental data presented

in tables and associated graphs, typically represent

standard deviations about average values obtained

from three independent protein preparations.

Circular dichroism and thermostability

CD spectra were collected on 5 mM TMD81 in GlpG

buffer containing the detergent of interest at 37�C

using a Jasco J-815 CD spectropolarimeter. Each

spectrum was acquired with eight accumulations, a

data-pitch of 0.2 nm and at a scan rate of 20 nm/

min. To ensure that accurate relative concentrations

of TMD81 were used in spectral comparisons, band

intensities of CD samples run on SDS-PAGE were

used to determine concentrations for mean residue

molar ellipiticity calculations. Each spectrum was
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acquired on at least two independent samples, and a

high level of reproducibility was observed between

individual trials. Secondary structure analysis on

the resulting spectra was carried out with the

CDPro software using the CONTIN method and the

SMP56 reference set.46 CD spectroscopy was also

used to measure TMD81 thermostability in deter-

gent micelles. Samples were heated from 35�C to

91�C at a rate of 0.3�C/min., and the ellipticity at

222 nm was monitored. The data was fit using a

two-state Boltzmann curve to determine the melting

temperature (Tm).36

Protein-detergent complex size estimations

Molecular weight standards (Amersham, Sigma-

Aldrich) comprised of albumin (67 kDa), ovalbumin

(45 kDa), chymotrypsin (25 kDa), and lysozyme

(14.3 kDa) were loaded onto a Superdex 200 10/30

size exclusion chromatography column (GE Life-

sciences) in GlpG buffer, and used to generate a cali-

bration curve, with the elution volume of blue

dextran (�2000 kDa) being used to determine col-

umn void volume.59 Elution volumes from TMD81

samples run under the same conditions with the

appropriate detergent were used with the calibration

curve to calculate an apparent molecular weight for

the protein detergent complex.

Acknowledgments

This study was supported by an NSERC Discovery

grant to N.K.G. A.C.Y.F. was supported by an

Ontario Graduate Scholarship, and B.G.R.H. and

J.J.M. by an NSERC Undergraduate Scholarship.

The authors are grateful to Dr. Jeffrey Keillor and

Dr. Tito Scaiano for allowing use of their CD spec-

trometers at the University of Ottawa, and Dr. Tom

Moon and Dr. Tito Scaiano for the use of their micro-

plate readers.

References

1. Freeman M (2004) Proteolysis within the membrane:
rhomboids revealed. Nat Rev Mol Cell Biol 5:188–197.

2. Lemberg MK, Freeman M (2007) Cutting proteins
within lipid bilayers: rhomboid structure and mecha-
nism. Mol Cell 28:930–940.

3. Urban S, Schlieper D, Freeman M (2002) Conservation
of intramembrane proteolytic activity and substrate
specificity in prokaryotic and eukaryotic rhomboids.
Curr Biol 12:1507–1512.

4. Freeman M (2008) Rhomboid proteases and their bio-
logical functions. Annu Rev Genet 42:191–210.

5. Cipolat S, Rudka T, Hartmann D, Costa V, Serneels L,
Craessaerts K, Metzger K, Frezza C, Annaert W,
D’Adamio L, Derks C, Dejaegere K, Pellegrini L,
D’Hooge R, Scorrano L, De Strooper B (2006) Mitochon-
drial rhomboid PARL regulates cytochrome c release
during apoptosis via OPA1-dependent cristae remodel-
ing. Cell 126:163–175.

6. Walder K, Kerr-Bayles L, Civitarese A, Jowett J,
Curran J, Elliott K, Trevaskis J, Bishara N, Zimmet P,

Mandarino L, Ravussin E, Blangero J, Kisseah A,
Collier GR (2005) The mitochondrial rhomboid protease
PSARL is a new candidate gene for type 2 diabetes.
Diabetologia 48:459–468.

7. Yan Z, Zou H, Tian F, Grandis JR, Mixson AJ, Lu PY,
Li L-Y (2008) Human rhomboid family-1 gene silencing
causes apoptosis or autophagy to epithelial cancer cells
and inhibits xenograft tumor growth. Mol Cancer Ther
7:1355–1364.

8. Baker RP, Wijetilaka R, Urban S (2006) Two Plasmo-
dium rhomboid proteases preferentially cleave different
adhesins implicated in all invasive stages of malaria.
PLoS Pathog 2:e113.

9. Vinothkumar KR, Strisovsky K, Andreeva A, Christova
Y, Verhelst S, Freeman M (2010) The structural basis
for catalysis and substrate specificity of a rhomboid
protease. EMBO J 29:3797–3809.

10. Moin SM, Urban S (2012) Membrane immersion allows
rhomboid proteases to achieve specificity by reading
transmembrane segment dynamics. Elife 1:1–16.

11. Strisovsky K (2013) Structural and mechanistic princi-
ples of intramembrane proteolysis: lessons from rhom-
boids. FEBS J 280:1579–1603.

12. Wang Y, Maegawa S, Akiyama Y, Ha Y (2007) The role
of L1 loop in the mechanism of rhomboid intramem-
brane protease GlpG. J Mol Biol 374:1104–1113.

13. Vinothkumar KR (2011) Structure of rhomboid prote-
ase in a lipid environment. J Mol Biol 407:232–247.

14. Bondar A-N, del Val C, White SH (2009) Rhomboid pro-
tease dynamics and lipid interactions. Structure 17:
395–405.

15. Reddy T, Rainey JK (2012) Multifaceted substrate cap-
ture scheme of a rhomboid protease. J Phys Chem B
116:8942–8954.

16. Uritsky N, Shokhen M, Albeck A (2012) The catalytic
machinery of rhomboid proteases: combined MD and
QM simulations. J Chem Theory Comput 8:4663–4671.

17. Zoll S, Stanchev S, Began J, Skerle J, Lep�s�ık M,
Peclinovsk�a L, Majer P, Strisovsky K (2014) Substrate
binding and specificity of rhomboid intramembrane
protease revealed by substrate-peptide complex struc-
tures. EMBO J 1–14.

18. Andersen OS, Koeppe RE (2007) Bilayer thickness and
membrane protein function: an energetic perspective.
Annu Rev Biophys Biomol Struct 36:107–130.

19. Killian JA (1998) Hydrophobic mismatch between pro-
teins and lipids in membranes. Biochim Biophys Acta
1376:401–415.

20. Kim T, Lee K Il, Morris P, Pastor RW, Andersen OS,
Im W (2012) Influence of hydrophobic mismatch on
structures and dynamics of gramicidin a and lipid
bilayers. Biophys J 102:1551–1560.

21. Williamson IM, Alvis SJ, East JM, Lee AG (2002)
Interactions of phospholipids with the potassium chan-
nel KcsA. Biophys J 83:2026–2038.

22. Lee AG (2004) How lipids affect the activities of inte-
gral membrane proteins. Biochim Biophys Acta 1666:
62–87.

23. Powl AM, Wright JN, East JM, Lee AG (2005) Identifi-
cation of the hydrophobic thickness of a membrane pro-
tein using fluorescence spectroscopy: studies with
the mechanosensitive channel MscL. Biochemistry 44:
5713–5721.

24. Urban S, Wolfe MS (2005) Reconstitution of intramem-
brane proteolysis in vitro reveals that pure rhomboid is
sufficient for catalysis and specificity. Proc Natl Acad
Sci USA 102:1883–1888.

25. Ha Y, Akiyama Y, Xue Y (2013) Structure and mechanism
of rhomboid protease. J Biol Chem 288:15430–15436.

472 PROTEINSCIENCE.ORG Hydrophobic Mismatch in Rhomboid Protease



26. Sherratt AR, Blais DR, Ghasriani H, Pezacki JP, Goto
NK (2012) Activity-based protein profiling of the E. coli
GlpG rhomboid protein delineates the catalytic core.
Biochemistry 51:7794–7803.

27. Ghasriani H, Kwok J, Sherratt AR, Foo AC, Qureshi T,
Goto NK (2014) Micelle-catalyzed domain swapping in
the GlpG rhomboid protease cytoplasmic domain. Bio-
chemistry 53:5907–5915.

28. Lazareno-Saez C, Arutyunova E, Coquelle N, Lemieux
MJ (2013) Domain swapping in the cytoplasmic domain
of the E. coli rhomboid protease. J Mol Biol 425:1127–
1142.

29. Xue Y, Ha Y (2012) Catalytic mechanism of rhomboid
protease GlpG probed by 3,4-dichloroisocoumarin and
diisopropyl fluorophosphonate. J Biol Chem 287:3099–
3107.

30. Arutyunova E, Panwar P, Skiba PM, Gale N, Mak MW,
Lemieux MJ (2014) Allosteric regulation of rhomboid
intramembrane proteolysis. EMBO J 33:1869–1881.

31. Maegawa S, Ito K, Akiyama Y (2005) Proteolytic action
of GlpG, a rhomboid protease in the E. coli cytoplasmic
membrane. Biochemistry 44:13543–13552.

32. Columbus L, Lipfert J, Jambunathan K, Fox DA, Sim
AYL, Doniach S, Lesley SA (2009) Mixing and match-
ing detergents for membrane protein NMR structure
determination. J Am Chem Soc 131:7320–7326.

33. Koehler J, Sulistijo ES, Sakakura M, Kim HJ, Ellis
CD, Sanders CR (2010) Lysophospholipid micelles sus-
tain the stability and catalytic activity of diacylglycerol
kinase in the absence of lipids. Biochemistry 49:7089–
7099.

34. Qureshi T, Goto NK (2012) Contemporary methods in
structure determination of membrane proteins by solu-
tion NMR. Top Curr Chem 326:123–185.

35. Sherratt AR, Braganza MV, Nguyen E, Ducat T, Goto
NK (2009) Insights into the effect of detergents on the
full-length rhomboid protease from Pseudomonas aeru-
ginosa and its cytosolic domain. Biochim Biophys Acta
1788:2444–2453.

36. Baker RP, Urban S (2012) Architectural and thermody-
namic principles underlying intramembrane protease
function. Nat Chem Biol 8:759–768.

37. Akiyama Y, Maegawa S (2007) Sequence features of
substrates required for cleavage by GlpG, an E. coli
rhomboid protease. Mol Microbiol 64:1028–1037.

38. Strisovsky K, Sharpe HJ, Freeman M (2009) Sequence-
specific intramembrane proteolysis: identification of a
recognition motif in rhomboid substrates. Mol Cell 36:
1048–1059.

39. Maegawa S, Koide K, Ito K, Akiyama Y (2007) The
intramembrane active site of GlpG, an E. coli rhomboid
protease, is accessible to water and hydrolyses an
extramembrane peptide bond of substrates. Mol Micro-
biol 64:435–447.

40. Oliver RC, Lipfert J, Fox DA, Lo RH, Doniach S,
Columbus L (2013) Dependence of micelle size and
shape on detergent alkyl chain length and head group.
PLoS One 8:e62488.

41. Luchette PA, Vetman TN, Prosser RS, Hancock RE,
Nieh M-PN, Glinka CJ, Krueger S, Katsaras J (2001)
Morphology of fast-tumbling bicelles: a small angle
neutron scattering and NMR study. Biochim Biophys
Acta 1513:83–94.

42. Lee AG (1998) How lipids interact with an intrinsic
membrane protein: the case of the calcium pump. Bio-
chim Biophys Acta 1376:381–390.

43. Wu Z, Yan N, Feng L, Oberstein A, Yan H, Baker RP,
Gu L, Jeffrey PD, Urban S, Shi Y (2006) Structural
analysis of a rhomboid family intramembrane protease
reveals a gating mechanism for substrate entry. Nat
Struct Mol Biol 13:1084–1091.

44. Baker RP, Young K, Feng L, Shi Y, Urban S (2007)
Enzymatic analysis of a rhomboid intramembrane prote-
ase implicates transmembrane helix 5 as the lateral
substrate gate. Proc Natl Acad Sci USA 104:8257–8262.

45. Dickey SW, Baker RP, Cho S, Urban S (2013) Proteoly-
sis inside the membrane is a rate-governed reaction
not driven by substrate affinity. Cell 155:1270–1281.

46. Sreerama N, Woody RW (2000) Estimation of protein
secondary structure from circular dichroism spectra:
comparison of CONTIN, SELCON, and CDSSTR meth-
ods with an expanded reference set. Anal Biochem 287:
252–260.

47. Wallace BA, Lees JG, Orry AJW, Lobley A, Janes RW
(2003) Analyses of circular dichroism spectra of mem-
brane proteins. Protein Science 12:875–884.

48. Narasimha S, Woody RW (2004) On the analysis of
membrane protein circular dichroism spectra. 13:100–
112.

49. Gilbert P, Brown MRW (1978) Influence of growth rate
and nutrient limitation on the gross cellular composi-
tion of Pseudomonas aeruginosa and its resistance to
3- chlorophenol. J Bacteriol 133:1066–1072.

50. Gilbert P, Brown MR (1978) Effect of R-plasmid RP1
and nurtient depletion on the gross cellular composi-
tion of E. coli and its resistance to some uncoupling
phenols. J Bacteriol 133:1062–1065.

51. Beney L, Gervais P (2001) Influence of the fluidity of
the membrane on the response of microorganisms to
environmental stresses. Appl Microbiol Biotechnol 57:
34–42.

52. Edidin M (1997) Lipid microdomains in cell surface
membranes. Curr Opin Struct Biol 7:528–532.

53. L�opez D, Kolter R (2010) Functional microdomains in
bacterial membranes. Genes Dev 24:1893–1902.

54. Cordy JM, Hooper NM, Turner AJ (2006) The involve-
ment of lipid rafts in Alzheimer’s disease. Mol Membr
Biol 23:111–122.

55. Beel AJ, Sanders CR (2008) Substrate specificity of
gamma-secretase and other intramembrane proteases.
Cell Mol Life Sci 65:1311–1334.

56. Osenkowski P, Ye W, Wang R, Wolfe MS, Selkoe DJ
(2008) Direct and potent regulation of gamma-
secretase by its lipid microenvironment. J Biol Chem
283:22529–22540.

57. De Angelis AA, Opella SJ (2007) Bicelle samples for
solid-state NMR of membrane proteins. Nat Protoc 2:
2332–2338.

58. Morrison EA, Henzler-Wildman KA (2012) Reconstitu-
tion of integral membrane proteins into isotropic bicelles
with improved sample stability and expanded lipid com-
position profile. Biochim Biophys Acta 1818:814–820.

59. Kestler C, Knobloch G, Tessmer I, Jeanclos E,
Schindelin H, Gohla A (2014) Chronophin dimerization
is required for proper positioning of its substrate speci-
ficity loop. J Biol Chem 289:3094–3103.

Foo et al. PROTEIN SCIENCE VOL 24:464—473 473


