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Chapter 1 

 

Introduction 

1.1 Membrane Proteins 

 Membrane proteins perform a variety of functions within our cells. They transport 

nutrients and waste across the lipid barrier, transmit signals from one part of the body to 

another, and run our immune system. In fact, sixty percent of drugs on the market today 

are targeted towards membrane proteins. However, despite their ubiquitous and vital 

presence in all organisms, relatively little is known about this class of proteins compared 

to their soluble counterparts. Sadly, only three percent of the structures in the protein 

databank belong to membrane proteins. The paucity of information on these proteins can 

be attributed to the inherent experimental difficulties in working with them. They are 

hydrophobic and surrounded by large lipid or detergent structures. These complications, 

which can be both expensive and challenging to overcome, must be surmounted in order 

to gain useful structural information. 

 However, simply attaining static structural information is insufficient if we are to 

truly understand such systems. Membrane proteins are dynamic, often undergoing a 

multitude of structural and environmental changes in order to perform their functions. For 

example, post-translational modifications can cause structural changes, and sometimes 

migration, of one protein from one complex to another, such as the transition of light 

harvesting complex II from photosystem II to photosystem I as a function of 

phosphorylation[1-4]. Also, during photosynthesis small but essential structural changes 

take place within photosynthetic proteins in order to facilitate energy transfer from light. 
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Structural rearrangement is also observed in many receptor proteins. In several cell-

signaling pathways, a ligand binding to a protein on the extracellular domain causes 

structural reordering to occur in order to transmit a signal via the intracellular domain. 

 Another process involving membrane proteins is intramembrane proteolysis, in 

which a substrate is cleaved within the lipid bilayer itself, a surprising point considering 

that the cell membrane ought not to contain water, a necessary component for the 

hydrolysis of proteins. Intramembrane proteolytic cleavage is a relatively new field of 

study, only having been discovered about a decade ago. This also means that it is one of 

the less well-understood systems involving membrane proteins. So far it has been found 

that intramembrane proteolysis plays a vital role in a wide range of biological pathways, 

although researchers are still unsure of the exact function intramembrane proteases 

perform in many cases. Particularly fascinating is that this type of protease does not abide 

by the same rules as soluble proteases. For example, in proteolysis involving soluble 

proteins, a well-understood system, each substrate is recognized by a specific signal 

sequence it contains and is subsequently cleaved. This is not the case in intramembrane 

proteolysis, which appears to be a very non-specific process. As of this moment, 

knowledge of the subject is constrained to the fact that a substrate must be a single-pass 

transmembrane helix, and that that helix must have some structural instability. Detailed 

information about the requirements for a substrate, how proteolysis proceeds, and the fate 

of the cleaved substrate are so far unknown. 

 Remedying this dearth of knowledge is the key to understanding intramembrane 

proteolytic cleavage, and particularly to treating the diseases that arise from malfunctions 

along these pathways. One such disease that researchers have been striving to cure is 
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Alzheimer’s. This disease is a result of the faulty proteolysis of the amyloid β precursor 

protein (APP) in brain cells. In a healthy person APP is cleaved in one place by three 

intramembrane proteases: α-, β-, and γ-secretase[5]. The products in each of these 

proteolytic reactions are non-toxic. However, in an Alzheimer’s patient, when APP is 

cleaved by β- and γ-secretase the products are fragments, known as Aβ, that aggregate 

into the toxic plaques that lead to neuron death. Unfortunately, it remains unclear why a 

small change in the process results in such a horrific illness. By having the ability to 

properly study intramembrane proteolysis – by being able to observe the structure and 

dynamics of the system – it will one day be possible to treat the diseases that arise from 

it. 

 In this work I have set out to use deep UV resonance Raman (DUVRR) 

spectroscopy to characterize structural and environmental transitions of proteins and 

applied the results to studies involving intramembrane proteases and their substrates. 

DUVRR has been used extensively to observe protein secondary structure[6-13]. It is 

also ideally suited for the study of membrane proteins, as background signal from buffer, 

lipids, and detergents is small and easily subtractable. Additionally, not only is DUVRR 

sensitive to protein structure, it is also sensitive to its environment[14]. This work 

contains the results of three main studies I have conducted during my graduate career. In 

the first I show results from the first experiment to look simultaneously at both secondary 

and tertiary structure as a protein transitions from a molten globule to ordered state. In the 

second study tracks the structural and environmental changes of a small peptide as it 

transitions from a soluble, disordered state through two membrane-bound, structurally 

ordered states. I was then able to apply the findings of these experiments to study 
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intramembrane proteolysis, wherein I set out to investigate substrate characteristics and 

interactions between proteases and substrates. 
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Chapter 2 

 

Observation of persistent α-helical content and discrete types of 

backbone disorder during a molten globule to ordered peptide 

transition via deep-UV resonance Raman spectroscopy 

Abstract  

The molten globule state can aide in the folding of a protein to a functional structure and 

is loosely defined as an increase in structural disorder with conservation of the ensemble 

secondary structure content.  Simultaneous observation of persistent secondary structure 

content with increased disorder has remained experimentally problematic. As a 

consequence, modeling how the molten globule state remains stable and how it facilitates 

proper folding remains difficult due to a lack of amenable spectroscopic techniques to 

characterize this class of partially unfolded proteins. Previously, deep-UV resonance 

Raman (dUVRR) spectroscopy has proven useful in the resolution of global and local 

structural fluctuations in the secondary structure of proteins. In this work, dUVRR was 

employed to study the molten globule to ordered transition of a model four-helix bundle 

protein, HP7. Both the average ensemble secondary structure and types of local disorder 

were monitored, without perturbation of the solvent, pH, or temperature. The molten 

globule to ordered transition is induced by stepwise coordination of two heme molecules. 

Persistent dUVRR spectral features in the amide III region at 1295-1301 and 1335-1338 

cm-1 confirm previous observations that HP7 remains predominantly helical in the molten 

globule versus the fully ordered state. Additionally, these spectra represent the first 
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demonstration of conserved helical content in a molten globule protein. With successive 

heme binding significant losses are observed in the spectral intensity of the amide III3 and 

S regions (1230-1260 and 1390 cm-1, respectively), which are known to be sensitive to 

local disorder. These observations indicate that there is a decrease in the structural 

populations able to explore various extended conformations, with successive heme 

binding events. DUVRR spectra indicate that the first heme coordination between two 

helical segments diminishes exploration of more elongated backbone structural 

conformations in the inter-helical regions. A second heme coordination by the remaining 

two helices further restricts protein motion. 

 

2.1 Introduction  

 Protein stability at the level of tertiary structure can play a significant role in the 

equilibrium between a fully functional protein and various denatured or unfolded states. 

The molten globule (MG) state is a metastable structure first put forth in 1981 as a model 

to explain rapid refolding of α-lactalbumin to the native globular state[1]. The formal 

characteristics of an MG state include conservation of native secondary structure and loss 

of tertiary structural interactions, such as close packing of side chains and disulfide 

linkages. There is a high degree of cooperativity in the unfolding process from the molten 

globule to completely unfolded state, allowing for many smaller structural fluctuations, 

but keeping the protein in a native-like state[2, 3]. These small structural fluctuations are 

thought to stabilize MG proteins in varying local environments[4]. The existence of the 

MG state has since been conclusively confirmed by various means[5, 6]  and shown to 
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play an important role in biological functions[4], including protein-membrane and 

protein-ligand interactions, cell transport, and folding-unfolding pathways[7-12].  

 The MG’s inherent flexibility makes structural analysis by X-ray crystallography 

impossible. Nuclear magnetic resonance (NMR) spectroscopy offers the most detailed 

structural information on globular proteins[13-21], but interpretation is complicated by 

broad resonances and small dispersions in MG protein spectra[3]. Lower-resolution 

methods such as circular dichroism (CD) and infrared (IR) spectroscopy are thus the 

predominant tools for the study of MG proteins because they offer snapshots of structural 

changes[22-32]. But these techniques generally yield information on either secondary or 

tertiary structural interactions, but not both simultaneously. Additionally, when using 

these spectroscopic techniques, persistent secondary structure in the MG state is inferred 

from the deconvolution of broad, featureless spectral signals, making direct assessment of 

structural content tenuous. 

 Deep-UV Resonance Raman (dUVRR) spectroscopy is a method wherein the 

vibrational modes of the peptide backbone and aromatic residues are probed in order to 

elucidate structural characteristics of a protein. Owing to the increased number of well-

resolved peptide backbone vibrational modes visible by dUVRR spectroscopy, a broad 

array of studies pertaining to secondary structure content and changes using resonance 

Raman spectroscopy have been published previously [33-37]. Previous resonance Raman 

studies on changes in tertiary structure have been limited to far-UV and visible 

excitation[25, 38-41]. One example is Hildebrandt et al., where Soret band excitation of 

the heme cofactor was used to examine the integrity of the heme binding crevice of 

cytochrome c upon binding to cytochrome oxidase[25]. While this study established that 
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resonance Raman spectroscopy can be used to probe changes in tertiary structure, the use 

of a cofactor and its region of excitation severely limit the information that can be 

obtained for other proteins. Currently it remains unclear to what extent dUVRR 

spectroscopy is useful for studying changes in the tertiary structure of native proteins.  

 The dUVRR spectra of proteins are correlated with the global secondary structure 

content of proteins. In addition, the position of the amide III mode has been shown to be 

dependent on the psi dihedral angles of the peptide backbone[42-44]. Thus there is a 

strong likelihood that dUVRR spectra will report on changes in tertiary structure as well. 

There are manifold advantages to using Raman spectroscopy, not least of which is the 

ability to use water as a solvent, as it is a weak Raman scatterer. The ability to analyze 

molecularly complex protein samples, such as those associated with membrane bilayers is 

an additional advantage[45]. To test the amenability of dUVRR spectroscopy to monitor 

tertiary structure fluctuations and their consequences on local secondary structure, we 

have chosen to study the de novo synthesized peptide, HP7, an ideal candidate for studies 

in this area. The four-helical bundle peptide maintains its α-helical secondary structure 

while its tertiary structure depends upon the stoichiometric binding of heme 

molecules[46]. In the absence of heme prosthetic groups, HP7 resides in an MG state. 

Upon stoichiometric heme addition and binding between each pair of helices, the protein 

adopts a more rigid, more ordered conformation, as judged by NMR. Thus, we can 

observe the transition from an ordered tertiary state to an MG in a controlled manner. 

Here we describe the first use of dUVRR spectroscopy as the analytical method for 

measuring tertiary disorder of a protein, documenting for the first time unambiguous 

persistence of the global secondary structure content in an MG state. 
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2.2 Materials and Methods 

Sample preparation 

15N labeled HP7 was generated as a recombinant protein and purified by 

centrifugation from lysate of E. coli cells grown in 15N rich media. 15N labeling was 

originally carried out to facilitate NMR analysis. Analytical 18C high-performance liquid 

chromatography was used to confirm the purity of the protein. The apo-HP7 (AHP7) 

protein sample (43.55 µM) was prepared in 25 mM borate buffer (pH 9.5). UV-Vis 

spectral intensity at 280 nm was used to determine protein concentration. Aliquots of the 

AHP7 were set aside and heme from a 2.1 mM stock solution in dimethyl sulfoxide 

(DMSO) were added step-wise in one-fifth equivalents (8.71 µM)  to obtain the half-

heme (HHP7) and fully bound heme (FHP7) samples. The DMSO was removed by 

dialysis against a 25 mM borate buffer at pH 9.5. NaClO4 was added to each sample as an 

internal intensity standard from a stock solution to a final concentration of 50 mM. 

N-methylacetamide (NMA) was obtained from Sigma (St. Louis, MO) and 15N labeled 

NMA was obtained Cambridge Isotopes (Andover, MA). NMA samples (5 mg ml-1) were 

prepared in 20 mM phosphate buffer (pH 7). NaClO4 was added to the NMA sample as 

an internal intensity standard from a stock solution to a final concentration of 50 mM. 

 

Circular dichroism (CD) 

CD spectra were collected on a Jasco J-815 CD spectropolarimeter (Easton, MD) 

using a Hellma cuvette with a pathlength of 1 mm.  The protein concentrations were 

43.55 µM in a buffer of 25 mM borate and 50 mM NaClO4 (pH 9.5).  

Deep UV resonance Raman (dUVRR) 
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 The dUVRR instrument was set up as described previously[47]. Briefly, the 

fourth harmonic of a titanium-sapphire laser at an excitation wavelength of 197 nm was 

directed onto a thin film of sample flowing between two nitinol wires spaced 

approximately 1 mm apart under N2 gas. The incident laser power at the sample was 

attenuated to 500 µW to avoid protein degradation, and spectra were monitored for 

degradation over time using the aromatic ring modes. Spectral calibration was carried out 

using a standard cyclohexane spectrum[48]. All dUVRR spectral preprocessing was 

carried out in MATLAB (7.1, MathWorks, Natick, MA) using cosmic ray and water band 

removal methods described previously[49]. A nonlinear least-squares algorithm was used 

to fit the amide and aromatic bands to mixed Gaussian/Lorentzian peaks, which 

approximate the Voigt line shape as described previously[50]. 

 

2.3 Results 

Changes in the CD spectra of HP7 with heme content 

 The CD spectrum of the AHP7 protein exhibits two minima at 205 and 222 nm, 

consistent with the interpretation that the molten globule form of the peptide retains 

significant helical character despite lack of heme coordination (Figure 1)[51, 52]. The 

intermediate HHP7 protein displayed a somewhat less intense minimum at 207 nm and a 

slightly more intense minimum at 222 nm, consistent with the loss of some of the 

disordered structure (Figure 1). The CD spectrum of the FHP7 sample exhibits a 

classically α-helical shape, with two minima at 209 and 222 nm and a maximum at 199 

nm (Figure 1). 
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Figure 2.1 Far UV circular dichroism spectra of HP7 with various heme stoichiometries. 

Representative CD spectra of AHP7, HHP7, and FHP7 reveal a distinct change. 

 

Influence of 15N labeling on backbone amide vibrational modes 

 In order to assign the amide mode changes associated with the molten globule to 

ordered transition of the 15N labeled HP7 protein, we first characterized the influence of 

15N labeling on NMA, a simple model for a peptide backbone. Upon 15N labeling of the 

NMA molecule, the amide I (predominantly C=O stretching)[33, 53] and amide S (in-

plane N-H/C-H coupled bending)[54] associated Raman shift positions are unchanged 

(Figure 2). The amide I position (1651 cm-1) was determined using a fit of the amide I 

region and is slightly higher than that previously reported by Chen et al.[55] with 244 nm 

excitation. This difference is likely not significant due to the low intensity of the amide I 

band of NMA with deep-UV excitation[53]. Conversely, the amide II band 

(predominantly N-H bending)[56] is red-shifted by as much as 17 cm-1, and the amide III 
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band (C-N stretching/N-H bending and stretching) also undergoes a small redshift (3 cm-

1)[54] in the dUVRR spectrum upon isotopic labeling (Figure 2). Therefore, one would 

expect subtle differences in the amide II and III bands from those of an unlabeled protein 

dUVRR spectrum upon incorporation of 15N in the peptide backbone. 

 

Figure 2.2 Assignment of vibrational modes upon 15N labeling of N-methylacetamide 

(NMA). Representative dUVRR of NMA (upper trace) and 15NMA (lower trace) amide 

modes with corresponding Raman shift assignments (dashed vertical lines). 

 

 Based upon the shifts in the assignment of the 15N labeled NMA, the 15N labeled 

HP7 amide backbone spectral contributions are straightforward to assign. DUVRR 

spectra were collected for the three forms of HP7, and then the line shape was fit using a 
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nonlinear least squares algorithm as described previously[57] to understand the 

contributing vibrational modes (Figure 3). The amide I band can be adequately modeled 

in each case with a single component with a maximum at 1668 cm-1. Two features are 

required to model the amide II band: 1513/1504/1501 and 1549/1544/1538 cm-1 for the 

AHP7, HHP7, and FHP7 samples, respectively. This is phenomenologically similar to 

previous studies of predominantly helical proteins, but with slightly red-shifted 

wavenumbers. The amide S was modeled with peaks at 1391/1391/1394, again for AHP7, 

HHP7, and FHP7, respectively. Three contributions for AHP7, HHP7, and FHP7 at 

1250/1245/1250, 1301/1293/1295, and 1335/1338/1338 cm-1 are required to fit the amide 

III region, which is also consistent with Raman shifts described previously for the amide 

III region[58]. While there are subtle differences in the shift of the maxima of the fitted 

bands from one structural form to the next, the primary differences in the spectra lie in 

the intensity of the individual spectral features. 
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Figure 2.3 DUVRR spectrum and mode assignments for HP7 without added heme. 

Backbone amide mode assignments are indicated with the standard numerals I, II, III, 

and S. Features consistent with contributions from the aromatic vibrations of 

phenylalanine are indicated with its single letter notation (F) and a numeral 

corresponding to the accepted nomenclature for the wavenumbers' origin. 

 

DUVRR spectra of HP7 as a function of heme content 

Unlike the broad and featureless spectral changes associated with heme binding in 

the HP7 CD spectra, the dUVRR spectra have reasonably well-resolved spectral features 

that report independently on changes in the local protein structure and the local 

environment of the backbone. There is no contribution from protoporphyrin related 

modes in UVRR spectra[38-40]. Despite the similar Raman shift positions for all of the 

dUVRR spectral features in the three forms of HP7, the intensities of the modes changed 

significantly with heme binding. Specifically, the amide II (1545 cm-1), III (1250 cm-1) 

and S (1390/1450 cm-1) bands all decreased in intensity with heme binding (Figure 4). 

Conversely, the intensity of the amide III bands at 1301 and 1335 cm-1, which are 
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conserved in dUVRR spectra of helical proteins[50, 54, 57], are unchanged in all the 

three states (Figure 4). 

 

Figure 2.4 DUVRR analysis of structural changes upon successive heme additions. 

DUVRR spectra of AHP7 (upper), HHP7 (middle), and FHP7 (lower) are presented, as 

well as non-linear least squares spectral fitting results for each. Contributions arising 

from peptide backbone amide modes are indicated with filled curves, while those also 

corresponding to α-helix associated wavenumbers are further delineated with dashed 

lines. 

 

Studies by Asher and coworkers[44, 59, 60] have shown that the lowest wavenumber 

amide III mode is dependent on the psi dihedral angle. This mode is commonly referred 
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to as the amide III3 mode. Difference spectra of the amide III3 region showed two distinct 

changes with each consecutive heme binding (Figure 5). The amide III3 shift can be used 

to predict the psi angle to within ±8° using Equation 1[44]: 

J III3
EXT = [1256cm-1 - 54cm-1 sin(y + 26 )]- 0.11cm

-1

C
(T -T0 )    (1) 

As there is only a 3 cm-1 shift in the AmIII3 due to isotopic labeling, all psi dihedral angle 

values from Equation 1 will fall within error of values obtained without isotopic labeling.  

From these calculations, it is apparent that each heme binding event results in a structural 

transition. When the HHP7 spectrum is subtracted from that of the AHP7, the resulting 

feature in the difference spectrum occurs at approximately 1265 cm-1, which corresponds 

to a psi angle of 166º, consistent with extended-strand like structure[60]. When the FHP7 

spectrum is subtracted from the HHP7 spectrum, the remaining feature occurs at 

approximately 1233 cm-1, corresponding to a psi angle of 132º, more consistent with 

extended helical or polyproline II type structure[44]. 



 

18 

 

Figure 2.5 Changes in the amide III3 region of HP7 upon heme addition. The AHP7 

minus FHP7, AHP7 minus HHP7, and HHP7 minus FHP7 difference spectra of the 

amide III3 region. 

 

2.4 Discussion 

Persistent helical content from ordered to molten globule states 

 CD spectra of both forms of HP7 display the same local minimum at 222 nm, 

indicating that they contain approximately the same amount of α-helical secondary 

structure. This interpretation is supported by the dUVRR spectra of AHP7, HHP7, and 

FHP7. Specifically, the amide III bands at 1301 cm-1 and 1335 cm-1 are consistent in 

intensity for each form of the protein (Figure 4)[37, 50, 54, 57, 58, 61-66]. These two 

bands are consistent in predominantly -helical proteins, which lack -sheet structure 

and have only minimal contributions from disordered structures[43]. In addition, these 

bands are dominant in the amide III region when contributions from disordered structures 

are eliminated, such as with the addition or organic modifiers[57] or by employing 
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multivariate analysis methods[50].   Correlatively, the amide II mode in α-helical protein 

spectra typically exhibits two peaks at approximately 1511 and 1550-1560 cm-1[57]. In 

the HP7 spectra, these peaks appear at about 1496 and 1540 cm-1 respectively, which is 

consistent with the downshift that would be observed in an α-helical spectrum upon 15N 

labeling (Figure 3). In all three HP7 spectra, the component at 1496 cm-1 remains at a 

constant intensity and position. Last, all three spectra have a similar amide I shift of 1668 

cm-1.  The constant peak positions of all modes in each of the HP7 spectra, as well as 

nearly identical intensities of the amide III bands at 1301 and 1335 cm-1, are strong 

evidence for persistent α-helical content in each form of HP7. 

 

Tertiary structural changes from the ordered to molten globule states 

 While the CD spectra of each form of HP7 display a similar amount of α-helical 

content, they do not exhibit equal amounts of disorder. In fact, while each spectrum 

contains a minimum at 222 nm, the minimum at 205 nm shifts approximately 2 nm upon 

each successive heme coordination to 209 nm for FHP7 (Figure 1). Concurrently, the 

intensity of the maximum around 195 nm increases. These shifts and accompanying 

changes in intensity are consistent with an increase in disordered structure. While all 

forms are predominantly helical, consistent with the standard definition of a molten 

globule state, the precise nature of the helical and inter-helical domain’s distribution of 

structural order in each state remains an open question. 

 The dUVRR spectra of the model HP7 molten globule to ordered transition, are 

wholly consistent with observations from CD spectra that disorder is decreasing overall. 

Lack of shifts or changes in intensity of the amide III bands at 1301 and 1335 cm-1 
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suggest that the spectral changes are derived from greater restriction of motion in the 

inter-helical region, not changes in helical structure. The motion of each helix in relation 

to the others, or the gross tertiary structure, will have unique consequences for the types 

of structure that the inter-helical regions can explore. The amide III3 (N-H bending, intra-

residue Cα-N stretching and some Cα-C stretching) and S modes (in-plane coupling of the 

N-H and Cα-H bending modes) are sensitive to local conformational distributions of 

individual backbone residues[33, 35]. Therefore, in this case, these modes (amide III3 and 

S) are likely reporting upon changes in the inter-helical region that are associated with 

successive heme binding. The intensity of the amide S mode is positively correlated with 

non-helical structure[33, 35, 54]. As previously stated, the amide S mode relies on the 

coupling of the N-H and Cα –H bending modes of the protein backbone.  In helical 

structures, the N-H and Cα –H moieties are trans to each other, un-coupling their 

vibrational motions and leading to a loss of intensity[59]. The dUVRR spectra following 

the transition from AHP7 to FHP7 reveal that the amide S mode decreases with each 

successive heme binding event. Thus, some population of amino acid residues within the 

inter-helical regions have phi-psi angle distributions that allow for in-plane alignment and 

coupling of the bending motions of the Cα-H and N-H moieties, indicating the presence of 

non-helical dihedral angle sampling in these regions.  

 DUVRR spectral contributions in the amide III3 mode are well correlated with 

specific types of structure found within a disordered protein[44]. Difference spectra 

obtained from the amide III3 region clearly indicate two structural transitions that occur 

during each consecutive heme binding to HP7 (Figure 5), which must correlate to non-

helical structural sampling, as the helical mode intensities do not change. Therefore, the 
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transition from the AHP7 state to HHP7 state causes a loss of extended-strand structure in 

the inter-helical regions, while the HHP7 to FHP7 transition corresponds to a loss in 

extended helical structure subsequent to the second heme binding based on the calculated 

psi angles for each wavenumber. Each of these transitions can be attributed to the binding 

of the heme groups, which limits the angles explored by the connecting regions between 

the helices. There is an equilibrium in the HP7 maquette between various tertiary 

structural populations, ranging from a compact state, with the helices closely bound by 

protein-protein interactions, to a more flexible, larger-volume conformation. It is 

therefore reasonable to assume that when no heme is bound in the AHP7 form, the 

helices are free to undergo translational and rotational motion, allowing both inter-helical 

regions to explore a “stretched-out” extended structure (Figure 6). When a single heme is 

bound, the restriction of one inter-helical region shifts the protein towards a state that 

promotes protein-protein interactions, likely limiting the motion of both inter-helical 

regions. The second heme coordination fixes the four-helix bundle together, further 

shifting the equilibrium towards the more compact conformation. The interactions fixing 

the orientation of the helices likely restrict the rotational freedom around each amide 

moiety in the inter-helical chain. This effectively reduces the global sampling of the psi 

angles by residues within this region. Thus, in the dUVRR spectra we see a loss in the 

amide III3 intensity associated with these types of structure (Figure 4). This is further 

supported by the increase in intensity of the phenylalanine modes in the dUVRR spectra 

(1000, 1028, 1609 cm-1), which are known to increase concomitantly with an increase in 

the hydrophobic environment. The eight phenylalanine residues are oriented towards the 

interior of the four helix bundle in the ordered state[46]. The increased intensity of these 
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modes with each heme binding event suggests each addition of heme brings the helices in 

closer proximity to each other, forming a more hydrophobic environment around the 

phenylalanine residues. This spectral trend further supports the idea of a shift in the 

equilibrium from an extended to a compact structure as a function of heme binding. 

 

Figure 2.6 Schematic showing the disorder types of the inter-helical loops that are 

diminished during the stepwise transition from a molten globule to ordered state of the 

HP7.  Insets represent the various types of extended structure observed in each form the 

protein.  The colors of the helices represent the hydrophilic (blue) and hydrophobic 

(pink) regions, and the heme groups are represented in grey 

 

 Like the amide S, the amide II mode is also expected to decrease in intensity in α-

helical spectra[33, 35, 67]. The intensity and position of the α-helix related band at 1513 

cm-1 are constant. The component at 1545 cm-1, however, varies inversely with the 

rigidity of the peptide. Like the amide III3 and S bands, the amide II intensity relies in 

part on the hypochromism associated with α-helical portions of protein spectra[68]. For a 

protein with more freedom of motion, the major component of the amide II mode, much 
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like the III3 and S, indicates that there is an increase in the disorder or conformational 

distribution at some positions within HP7, despite the appearance of persistent average α-

helical character over time. 

 

2.5 Conclusions 

 Results obtained using dUVRR of a model ordered to molten globule transition 

are consistent with previous data on HP7, showing that it retains its helical structure 

regardless of heme binding. Here we present evidence that dUVRR spectroscopy can not 

only quantify the secondary structure content of the ordered state of the protein, but can 

also describe tertiary structural changes. This study represents the first detailed analysis 

of the MG state in which persistent secondary structure is observed, as well as the first 

application of dUVRR to the analysis of changes in tertiary structure in a protein of this 

size and physiological relevance, without changes in pH, temperature, or solvent. These 

results are promising evidence for the potential of dUVRR spectroscopy to monitor both 

secondary structural content and subtle local disorder simultaneously. It also offers 

insight into the effects of large-scale motion on local secondary structure. 
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Chapter 3: 

Bilayer surface association of the pHLIP peptide promotes extensive 

backbone desolvation and helically-constrained structures. 

Abstract 

Despite their presence in many aspects of biology, the study of membrane 

proteins lags behind that of their soluble counterparts.  Improving structural analysis of 

membrane proteins is essential. Deep-UV resonance Raman (DUVRR) spectroscopy is 

an emerging technique in this area and has demonstrated sensitivity to subtle structural 

transitions and changes in protein environment.  The pH low insertion peptide (pHLIP) 

has three distinct structural states:  disordered in an aqueous environment, partially folded 

and associated with a lipid membrane, and inserted into a lipid bilayer as a 

transmembrane helix.  While the soluble and membrane-inserted forms are well 

characterized, the partially folded membrane-associated state has not yet been clearly 

described. The amide I mode, known to be sensitive to protein environment, is the same 

in spectra of membrane-associated and membrane-inserted pHLIP, indicating comparable 

levels of backbone dehydration.  The amide S mode, sensitive to helical structure, 

indicates less helical character in the membrane-associated form compared to the 

membrane-inserted state, consistent with previous findings.  However, the structurally 

sensitive amide III region is very similar in both membrane-associated and membrane-

inserted pHLIP, suggesting that the membrane-associated form has a large amount of 

ordered structure.  Where before the membrane-associated state was thought to contain 

mostly unordered structure and reside in a predominantly aqueous environment, we have 
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shown that it contains a significant amount of ordered structure and rests deeper within 

the lipid membrane. 

3.1 Introduction 

Membrane proteins carry out numerous tasks of wide ranging importance to any 

membrane-enclosed compartment (from organisms to organelles). They perform essential 

functions in nearly every aspect of modern biology, medicine, agriculture, and 

pharmacy[1-5], yet they are the least understood at the structural and functional levels of 

all proteins[6]. Most protein dynamics analyses of soluble proteins are carried out by 

either advanced 2D-NMR methodologies, which are limited to smaller protein molecules 

and those with relatively slow motions, or by vibrational spectroscopies, including both 

IR and Raman methodologies. Vibrational spectroscopic techniques are extremely 

sensitive to changes in the ensemble secondary structure, but are generally not limited by 

macromolecular size or solvent polarity, unlike modern NMR methodologies. Thus, 

vibrational methodologies have been at the forefront of studies of conformational 

changes in peptides and proteins[7-13].  

The peptide bond of a protein backbone gives rise to four principle vibrational 

modes, termed the amide I, II, III and S (Cα-H bending) bands. The position and intensity 

of these bands are dependent upon the protein’s secondary structure[14-16]. Therefore, 

the observed IR and Raman bands (all four modes) are the sum of the contributions from 

each peptide bond as a function of the constraints applied by the secondary structure 

within which they are found. The amide modes are resonantly enhanced in Raman spectra 

when deep-UV radiation (λex < 210 nm) is used as the excitation source, making deep-UV 
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resonance Raman (dUVRR) an excellent method for studying protein structure[17-19] 

and dynamics[9, 20-26]. 

The common secondary structures of soluble proteins, α-helix, β-sheet, and 

disordered, each give rise to discrete dUVRR spectral profiles, the intensity of which is 

determined by the relative amount of each structure, making the total spectrum a sum of 

the underlying structural content[27].  The resolving power of dUVRR to deconvolute 

this secondary structure content has been demonstrated several fold[25, 27-31]. 

The increased sensitivity of dUVRR over analogous techniques, such as circular 

dichroism (CD) has demonstrated that the structure of disordered proteins is not random, 

but a mixture of extended helical (PPII)[32-34] and -strand structures[35, 36]. Recently, 

it was shown that at an excitation wavelength of 197.5 nm, the turn content could be 

resolved from the unfolded structure[28]. CD is also capable of resolving unfolded or 

intermediate structures from one another by the presence of a small positive feature at 

220 nm that is distinctly characteristic of PPII structure[36]. However, this feature is not 

resolved in the presence of any helical or sheet structure. Alternatively, PPII and -strand 

structures can readily be distinguished from one another using dUVRR spectroscopy 

regardless of the nature of the secondary structural content by using the position of the 

amide III band[35].  In addition to structural information, it has also been shown that 

dUVRR is sensitive to the environment of the peptide backbone. The amide I mode of 

dUVRR spectra has been shown to be sensitive to lipid solvation of the peptide 

backbone[37].  This allows for the observation of both structural and environmental 

changes of peptides and proteins. 
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Here we extend these previous studies to a peptide that has the ability to 

simultaneously undergo both structural and environmental transitions.  The pH low 

insertion peptide (pHLIP), derived from the c-helix of the transmembrane protein, 

bacteriorhodopsin[38], is an ideal model for the analysis of such a system.  It undergoes a 

variety of structural changes dependent on pH and the presence of a lipid bilayer.  In the 

absence of a lipid environment, at low concentration (~10 M), the peptide is monomeric 

and mostly disordered[38-40].  At high pH in the presence of liposomes, the peptide 

associates with the lipid bilayer and loses a portion of its disordered content.  Finally, as 

the pH drops below 6.0 in the presence of lipid, pHLIP spontaneously inserts into the 

lipid bilayer as a transmembrane α-helix[38-42].  While it has been determined that these 

three distinct states exist, the exact nature of the membrane-lipid interactions and 

structural composition of each state have not been fully elucidated. 

It has been demonstrated that dUVRR has the ability to resolve discrete and subtle 

contributions of secondary structure, without the use of spin labels, expensive isotope 

labeling, or deuterium exchange. Analysis of protein structural changes within native 

lipid environments without the need for modification would lead to significant 

improvements in our understanding of membrane proteins, which are widely involved in 

sensing, transporting, and signaling across lipid barriers. 

 

3.2 Materials and Methods 

Lipid Vesicle preparation 
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DMPC (1,2-dimyristoyl(d54)-sn-glycero-3-phosphocholine) (Avanti Polar Lipids) 

powder was dissolved in chloroform and 12.5 mg quantities were aliquoted into glass test 

tubes, dried under an argon stream, and placed under vacuum overnight.  Lipids were 

rehydrated in buffer (10 mM phosphate, pH 7.4) and sonicated at 58°C for one hour.  

Lipid solutions were then extruded through a 100 nm pore sized membrane to produce 

small unilamellar vesicles.  Vesicle size distribution was verified via dynamic light 

scattering (DLS) on a DynaPro99 (Protein Solutions, Charlottesville, VA).  Lipid 

concentration was determined using the Rouser phosphorous assay[43]. 

Sample preparation for DUVRR 

The pHLIP (Pi Proteomics) peptide was resuspended in hexafluoroisopropanol (HFIP) at 

6.25 mg/mL and aliquoted into glass tubes in 62.5 µg quantities.  Tubes were dried under 

an argon stream and placed under vacuum overnight to remove any residual solvent.  

DMPC vesicles were added to each tube of pHLIP such that the ratio of peptide:lipid was 

1:25.  The lipid-pHLIP solution was diluted to 5 mL to prevent peptide aggregation.  

Solutions from each tube were combined and brought to pH 4 with phosphoric acid, 

resulting in peptide insertion into the membrane.  The solution was then centrifuged at 

45,000 r.p.m. for one hour to pellet the proteoliposomes.  The pellet was then 

resuspended in 100 mM phosphate buffer at pH 4 with 100 mM NaClO4.  The solution 

was then split into two equal volumes, one of which was adjusted to pH 7 using NaOH to 

promote pHLIP association with the membrane surface, and one which was kept at pH 4 

to maintain pHLIP as a transmembrane helix. 

Circular dichroism (CD) 
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CD spectra were collected on a Jasco J-815 CD spectropolarimeter (Easton, MD) using a 

Hellma cuvette with a pathlength of 10 mm.  Five scans were collected and averaged for 

each sample.  As CD measurements do not require a high protein concentration, the 

protein concentrations were 0.0125 mg/mL in a buffer of 100 mM phosphate and 100 

mM NaClO4 at pH 4 or 7.  For spectra of membrane-associated and inserted states, lipid 

was added to a final concentration of 0.3125 mg/mL. 

Deep UV resonance Raman (dUVRR) 

 The dUVRR instrument was set up as described previously[44]. Briefly, the 

fourth harmonic of a tunable titanium-sapphire laser at excitation wavelengths of 195, 

197, 199, 201, 203, or 205 nm was directed onto a thin film of sample flowing between 

two nitinol wires spaced approximately 1 mm apart under N2 gas. The incident laser 

power at the sample was attenuated to 500 µW to avoid protein degradation, and spectra 

were monitored for degradation over time using the aromatic ring modes. Spectral 

calibration was carried out using a standard cyclohexane spectrum[45]. All dUVRR 

spectral preprocessing was carried out in MATLAB (7.1, MathWorks, Natick, MA) using 

cosmic ray and water band removal methods described previously[31]. A nonlinear least-

squares algorithm was used to fit the amide and aromatic bands to mixed 

Gaussian/Lorentzian peaks, which approximate the Voigt line shape as described 

previously[30]. 

 

3.3 Results 

 

CD spectra 
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Previous studies of pHLIP have shown that pHLIP adopts three distinct structures 

depending on its environment[39, 40, 46]. Circular dichroism (CD) spectroscopy was 

employed to confirm the presence of a distinct state in each environment. The spectrum 

of pHLIP in aqueous solution at pH 7 has a single minimum at 201 nm, indicating that 

the peptide is in a predominantly disordered state (Figure 1).  Upon introduction of 

DMPC liposomes, the minimum at 201 nm shifts towards 206 nm and decreases in 

intensity. Additionally, a negative feature begins to appear at 220 nm, suggesting the 

formation of some -helical structure. The appearance of -helical structure upon 

association with the DMPC membrane surface is consistent with the findings of 

Engelman and coworkers[38, 40]. Upon lowering the pH to 4 the CD spectrum takes on a 

classically -helical shape, with two prominent minima at 209 and 222 nm (Figure 1).  

 

Figure 3.1 CD spectra of soluble (dotted), membrane-associated (grey), and membrane-inserted (black) 
pHLIP. 
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DUVRR spectra of pHLIP as a function of environment 

Although it is clear that pHILP is disordered in an aqueous environment and -

helical when inserted into the membrane at pH 4, the structure of the peptide and nature 

of the interaction with the membrane at pH 7 remains unclear.  In order to elucidate the 

structure of the membrane-associated peptide at pH 7, dUVRR spectra of pHLIP were 

measured in each state.  The peptide contains two tyrosines, giving rise to an amide III 

region dominated by tyrosine features, making structural analysis using the amide III 

difficult.  DUVRR spectra of pHLIP in aqueous solution and associated with the DMPC 

surface exhibit a prominent amide S feature (assigned to an in-plane N-H/C-H coupled 

bending[47]) (Figure 2a), indicative of a large amount of non-helical structure, consistent 

with CD spectra.  However, the amide S of membrane-associated pHLIP is not as intense 

as that seen in the aqueous sample, suggesting an increase in helical structure.  In 

addition, the membrane-associated spectrum also displays a less intense amide II band 

(predominantly N-H bending)[48] than the aqueous spectrum, further indicating 

formation of helical structure in the membrane-associated form of the peptide.  Despite 

the obvious structural changes implied by the amide II and amide S bands, there is no 

accompanying shift in the position of the amide I band (predominantly C=O 

stretching)[49, 50] at 1671 cm-1.  There is, however, a marked increase in the intensity of 

the amide I when pHLIP associates with a membrane.  Although the amide I intensity is 

not strongly correlated with the backbone dihedral angles[49, 50], the intensity does 

increase concurrently with dehydration of the backbone carbonyl[37].  Therefore, the 

increased intensity of the amide I feature in the membrane-associated spectrum 
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demonstrates decreased hydration of the peptide backbone in this state.  Additionally, 

there is an overall increase in the intensity of the aromatic modes, also suggesting a 

transfer to a more hydrophobic environment. 

 

Figure 3.2 A.  197 nm-excited DUVRR spectra of pHLIP associated with DMPC at pH 7 (black) and in 

aqueous buffer at pH 7 (grey) with difference spectrum.  B.  pHLIP inserted in DMPC at pH 4 (grey) and 

associated with DMPC at pH 7 (black) with difference spectrum.  The peak marked with an asterisk is from 

the internal standard, NaClO4. 
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In contrast to the membrane-associated pHLIP, the spectrum of membrane-

inserted pHLIP has a negligible amide S feature and a drastically reduced amide II band 

(Figure 2b), which is consistent with previous studies showing that the peptide is 

significantly moreα-helical when inserted in the membrane [38, 40].  There is a 

negligible change in the intensity of the amide I when pHLIP transitions from a 

membrane-associated state to the membrane inserted state, implying approximately the 

same level of backbone dehydration.  Once again, there is no accompanying shift in the 

amide I with the change in structure.  These modes are most intense in the membrane-

associated state of the peptide and least intense in the aqueous form.  

 Excitation profiles of the lipid-associated and lipid-inserted forms of pHLIP 

reveal more subtle spectral differences (Figure 3).  The aromatic modes drop off 

dramatically with increasing excitation wavelength for both states.  In the membrane-

inserted state the phenylalanine F12 and F18a modes disappear entirely above 201 nm 

excitation.  In the membrane-associated state the F12 mode remains; however, it 

decreases in intensity with increasing excitation wavelength.  In the membrane-associated 

spectrum of pHLIP, the region containing the phenylalanine and tyrosine F8a and Y8b 

modes has a maximum at 1615 cm-1 at an excitation wavelength of 195 nm.  This 

maximum shifts towards 1611 cm-1 as the excitation wavelength is increased.  As the 

Y8b generally has a peak maximum at about 1620 cm-1, and that of the F8a rests at 

approximately at 1600 cm-1, this indicates that the Y8b mode is decreasing at a faster rate 

than the F8a mode with increasing wavelength.  This trend is not observed in the 

excitation spectra of membrane-inserted pHLIP.  The region containing the phenylalanine 

and tyrosine 9a and 7a modes at 1178 and 1203 cm-1 respectively decreases in intensity in 
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both spectra, but disappears more quickly in the membrane-associated spectrum. As the 

aromatic modes in this region decrease so drastically with an excitation wavelength 

above 201 nm, the contribution from tyrosine in the amide III region should be minimal 

above 201 nm excitation. 

 

Figure 3.3 Excitation profiles of pHLIP associated with DMPC at pH 7 (top) and inserted in DMPC at pH 

4 (bottom). 

 
Changes in the amide III region are more easily resolved at excitation 

wavelengths above 201 nm due to the decreased contribution from aromatic modes. Clear 

differences are seen between the spectra of the membrane-associated and membrane-

inserted forms of pHLIP.  The amide III region can be resolved into four bands, two 
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bands that make up the amide III3[51] (Figure 4), and two bands generally associated 

with alpha-helical structure at 1300 and 1330 cm-1.  

 

Figure 3.4 Spectra of membrane-associated and membrane-inserted pHLIP at 197 nm (top) and 205 nm 

(middle) excitation, and difference spectrum at 205 nm excitation (bottom).  Aromatic modes (white) almost 

disappear at 205 nm excitation.  Amide III modes of membrane-associated pHLIP are represented in dark 

grey and the membrane inserted in light grey.  The amide III3 component at 1242 cm-1 is larger in 

membrane-associated pHLIP (bottom, dark grey fill), while the helically-associated band at 1338 cm-1 is 

more intense in the membrane-inserted pHLIP (bottom, light grey fill). 

 

As the excitation wavelength increases, the amide modes generally decrease in intensity 

in spectra of both forms of pHLIP.  In both sets of spectra, the amide S disappears 

entirely.  There is very little change in the amide III region modes at 1270 cm-1 in both 
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spectra; however, while there is no change in the mode at 1335 cm-1 in the membrane-

inserted spectrum, there is a marked decrease in intensity at this position in the 

membrane-associated spectrum.  The band at 1270 cm-1 remains in both sets of spectra as 

the excitation wavelength increases.  However, while the band 1245 cm-1 remains in the 

membrane-associated spectrum, it experiences a more drastic decrease in the membrane-

inserted spectrum.  The comparative increased intensity of the 1245 cm-1 band and 

decreased intensity of the 1335 cm-1 band in the membrane-associated spectrum suggests 

both an increase in disordered structure and a loss in α-helical content.  As previously 

shown by Asher and coworkers, the shift of the amide III3 band can be used to predict the 

psi angle to within ±8° using Equation 1[52]:  

J III3
EXT =1256cm-1 -54cm-1 sin(y +26 ) 

Using this relationship, the residual intensity at 1242 cm-1 in the difference spectra 

corresponds to extended helical structure. 

In addition to a more defined amide III region, excitation spectra also provide 

more detailed structural information with regard to the amide II region.  The amide II 

band in the membrane-associated spectrum decreases more rapidly than in the 

membrane-inserted spectrum (Figure 5). Previous data has shown that the amide II mode 

of α-helical proteins decreases more slowly with increasing excitation wavelength than 

that of non-helical proteins[30], implying a larger portion of non-helical structure in the 

membrane-associated form of pHLIP compared to the membrane-inserted form. 
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Figure 3.5 Raman cross sections of the amide II mode of membrane-associated pHLIP (black) decrease 

more quickly than membrane-insterted pHLIP (grey). Lines have been included to guide the eye. 

 
 
3.4 Discussion 

Three structural states of pHLIP, aqueous, membrane-associated, and membrane–

inserted have been identified by CD[38-40]. CD studies show that in aqueous solution, 

pHLIP is mostly disordered and folded in an -helical conformation when inserted into a 

membrane. However, our understanding of the structural content of membrane-associated 

pHLIP remains vague.  Molecular dynamics simulations suggest a significant portion of 

helical character[53]; however, detailed experimental data is sparse.  CD spectra of 

membrane-associated pHLIP display helical characteristics, such as a minimum around 

220 nm; however, it is less intense than in spectra of membrane-inserted pHLIP (Figure 1 

and [38-40]).  Membrane-inserted pHLIP exhibits a minimum at 210 nm, but the 

minimum in the membrane-associated form is shifted slightly to 206 nm.  These changes 

indicate a decrease in helical structure, concomitant with an increase in unordered 

structure. While this presents a vague picture of the structural ensemble of membrane-
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associated pHLIP, a more exact determination of the amounts of helical and unordered 

structure have not been conducted. 

The dUVRR spectra of soluble and membrane-associated pHLIP both have 

intense amide S and II modes compared to the membrane-inserted form, consistent with 

larger portions of non-helical structure (Figure 2).  Excitation spectra of membrane-

associated and membrane-inserted pHLIP provide more specific structural and 

environmental differences between these two states, as contribution from aromatic modes 

are minimized in the amide III region above 201 nm excitation.  At 205 nm excitation, 

the amide III region shows increased intensity around 1242 cm-1 in spectra of membrane-

associated pHLIP compared to the membrane-inserted state, which is consistent with 

more extended helical structure (Figure 4).  Additionally, it can be clearly seen that the α-

helical-associated mode at 1338 cm-1 is smaller in the spectrum of membrane-associated 

pHLIP.  Together, these suggest an incompletely wound helix in the membrane-

associated state that completes the folding process upon insertion into the membrane.  

 The solvation states of aqueous and membrane-inserted pHLIP have been well 

characterized[38-40, 46]; however, the position within the membrane, as well as a more 

exact structural description, of the membrane-associated state has yet to be determined.  

Previous work has shown that for membrane-associated and membrane-inserted pHLIP, 

two environmental populations of tryptophan are present[39, 40].  In the membrane-

inserted state, both tryptophan residues are buried at varying depths within the 

membrane.  In the membrane-associated state, one tryptophan residue is mostly solvent 

exposed, while the other is more buried within the membrane[40]. The partial burial of 

one tryptophan indicates that some portion of membrane-associated pHLIP is at least 
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partially desolvated when bound to the surface of a vesicle[40]; however, the extent of 

desolvation of the peptide as a whole is unclear.   

DUVRR has been used extensively to characterize soluble proteins, but far fewer 

studies have applied the technique to the study of membrane proteins.  In spectra of 

soluble proteins, the Raman shifts and intensities of all four amide modes are correlated 

to various types of secondary structure.  Recently, Halsey et al. found that spectra of a 

detergent solvated α-helical protein exhibits a vastly increased amide I mode intensity 

compared to a different, but similarly structured soluble protein, demonstrating that the 

amide I is sensitive to the hydration state of the peptide backbone[37].  More recent work 

on melittin, the hemolytic component of bee venom, found that upon the transition from 

an aqueous solution to a lipid environment, the intensity and position of the amide I 

shifted as a result of the changing structure and solvation environment[54]. 

Unlike the melittin study, the amide I in the pHLIP spectra does not follow the 

same trends with changes in structure and solvation state.  When pHLIP transitions from 

the soluble to membrane-associated state, there is no accompanying downward shift in 

the amide I mode, which would be expected with the formation of helical structure 

(Figure 2).  However, upon association with the lipid bilayer, there is an increase in the 

intensity of the amide I, suggesting some degree of desolvation of the peptide backbone.  

This is also supported by the increased intensity of the aromatic modes upon membrane-

association, which are expected to increase upon introduction to a more hydrophobic 

environment.   

Upon transitioning from the membrane-associated to membrane-inserted state 

there is neither a shift in frequency or change in intensity of the amide I (Figure 2).  The 
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lack of change of amide I intensity when converting from the membrane-associated to the 

membrane-inserted state indicates that the peptide backbone maintains equivalent levels 

of dehydration in each of these states.  However, there are some differences in the 

environment of the aromatic residues.  Although the aromatic region around 1600 cm-1 is 

similar for both states at each wavelength, the region containing the phenylalanine and 

tyrosine 7a/9a modes decreases more quickly in the membrane-associated spectra (Figure 

4).  Generally, this suggests that the phenylalanine and tyrosine residues are in a slightly 

more hydrophobic environment in the membrane-inserted state.   

Although there are obvious structural changes between each state of pHLIP, the 

peak maximum of the amide I does not change accordingly, while the intensity does 

change with desolvation.  In studies conducted with melittin, both the intensity and 

position of the amide I changed[54].  Melittin transitions from a completely disordered 

state to a completely ordered state; however, each form of pHLIP does have some 

structural order.  The structural changes experienced by melittin upon insertion into a 

lipid bilayer are more drastic than those experienced by pHLIP as it transitions between 

states.  This suggests that the amide I is more sensitive to changes in the solvation state of 

the peptide backbone than it is to protein structure changes. 

 

3.5 Conclusions 

Using DUVRR, the membrane-associated state of pHLIP has finally been more 

fully characterized.  Instead of being mostly disordered and exposed to solvent on the 

surface of a membrane as previously thought, it contains mostly ordered structure, and 

nestled deeper within the membrane surface, having about the same level of desolvation 
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as the inserted form.  Additionally, this represents the first study using DUVRR to track 

the structural transitions and environmental changes of a peptide from a disordered state 

in an aqueous environment to a fully ordered state in a lipid environment, presenting 

DUVRR as a powerful tool in future work with membrane proteins. 
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Chapter 4 

Substrate conformational dynamics during intramembrane proteolysis 

by rhomboid GlpG 

4.1 Introduction 

Widespread from bacteria to humans, intramembrane proteases [1] are a 

prominent class of integral membrane proteins involved in the activation of pools of 

membrane protein signaling precursors involved in genetic regulation [2], development 

[3] and apoptosis [4] in eukaryotes, and quorum sensing and sporulation in prokaryotes 

[5, 6]. Based on short sequence motifs surrounding their catalytic residues that are 

archetypical of water-soluble proteases, intramembrane proteases can be divided into 

aspartic proteases, metalloproteases, and serine proteases [7]. Aspartic intramembrane 

proteases include the presenilins [8] and signal peptide peptidases [9] found in humans, 

and the presenilin homologs from archaea [10]. The metalloproteases are represented by 

site-2-protease [11] and the serine proteases by rhomboids [12]. Activation of these 

signaling precursors involves proteolysis within their transmembrane region [1, 13], 

resulting in the release of extracellular/luminal or cytoplasmic domains, which can then 

relocate to elicit a biological response. A variety of eukaryotic signaling proteins are 

activated in this fashion, including transcriptional activators in the Notch [14] and ErbB-4 

[15] cascades and cholesterol regulatory proteins [11]. The -amyloid peptides involved 

in Alzheimer’s disease pathogenesis are also the product of intramembrane proteolysis 

[16-19].  
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In the context of the structurally and chemically heterogeneous environment of a 

lipid bilayer, where the hydrophobic core is ~30 Å thick [20, 21], largely impermeable to 

polar molecules and ions, with a low dielectric that favors long-range polar interactions, 

and where the hydrophobic effect is absent [22], proteolysis within the transmembrane 

region of the substrate poses several challenges for intramembrane proteases. Their active 

sites ought to be accessible to bulk water needed for hydrolysis and prevent exposure of 

their polar catalytic amino acid residues to the lipid phase. X-ray crystal structures for 

several intramembrane proteases, including presenilin homologs [23, 24], CaaX proteases 

[25, 26], site-2-proteases [27], and several structures of rhomboid proteases [28-31] have 

revealed a common architecture in which their active sites are buried within the lipid 

bilayer and are built from the assembly of transmembrane helices that keep them 

sequestered from the hydrophobic environment of the lipid bilayer. In addition, the 

transmembrane region of intramembrane protease substrates is presumably in an -

helical conformation [32] to avoid the large free energy cost of transferring an unsatisfied 

hydrogen bond donor or acceptor from an aqueous to a nonpolar environment [33]. 

Generally, however, -helices represent very poor substrates for proteases [34]. Early 

substrate mutagenesis studies on site-2-proteases and SPP raised the hypothesis that 

intramembrane protease substrates contain -helix-destabilizing residues that would 

permit unfolding of the helix and subsequent cleavage of the peptide bond within the 

active site of the enzyme [35, 36].  
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This hypothesis has been most thoroughly tested with rhomboids, a nearly 

ubiquitous subfamily of intramembrane proteases that play a prominent role in 

intercellular signaling (ref). D. melanogaster rhomboid-1 (Rho-1) cleaves within the 

transmembrane domain region of epidermic growth factor receptor (EGFR) ligands 

Gurken, Keren, and Spitz, resulting in their extracellular export (ref). Initially, mutational 

studies showed the ability of both Rho-1 and the E. coli rhomboid GlpG to cleave 

-helix-destabilizing residues [37, 38]. More recently it 

has been suggested that rhomboids expose the propensity of transmembrane helices to 

exit the membrane and unwind as a substrate-discrimination mechanism [39]. The idea 

that rhomboid substrates are specified by helical instability in their tranmembrane 

domains has been challenged by biochemical studies suggesting that instead these 

enzymes primarily recognize a specific sequence surrounding the cleavage site [40]. 

Despite these studies, and due to the lack of structural information on intramembrane 

protease/substrate complexes, the conformation of the substrate during intramembrane 

proteolysis is not well understood. To this end we have employed deep-UV resonance 

Raman spectroscopy (dUVRR) to determine the relationship between substrate backbone 

conformation and intramembrane proteolysis by rhomboids. For the first time our data 

show the conformational dynamics in the transmembrane region of the substrate during 

intramembrane proteolysis and demonstrate that further destabilization of its -helical 

conformation is a hallmark of rhomboid/substrate interactions.  
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4.2 Materials and Methods 

Chemicals 

Anti-MBP antibody (E8032S) was purchased from New England Biolabs and 

anti-poly histidine antiserum was bought from Sigma. Secondary anti-mouse IgG HRP 

conjugated antibody was obtained from Bethyl. All detergents used were from Anatrace. 

 

Design, expression and purification of rhomboid substrates 

We designed protein chimeras (Fig. 1A) in which the highly glycosylated EGFR 

ligand ectodomain of D. melanogaster Gurken, Keren, and Spitz was substituted by MBP 

to produce two versions: one containing the region of the TMD, flanked by 

approximately twenty N-terminal amino acid residues and the entire C-terminal region of 

the wild-type sequences, and the other in which the C-terminal region was missing. 

cDNAs for Gurken, Keren, and Spitz were obtained from the Drosophila Genomics 

Resource Center, and MBP (without a signal sequence) was amplified from plasmid H-

MBP-3C [41]. The chimeras also included a unique thrombin cleavage-site (LVPRGS) to 

aid in the ensuing mass spectrometry experiments and a C-terminal His6-tag for 

purification. These chimeras termed, Gurken-TMD/CT, Keren-TMD/CT, Spitz-

TMD/CT, Gurken-TMD, Keren-TMD, and Spitz-TMD were subcloned into pET-29b 

plasmids for expression. 
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Figure 4.1 A. Scheme and sequences of chimeric proteins designed with maltose binding protein (MBP) at 

the N-terminus followed by the TMD (including ~20 N-terminal juxtamembrane amino acid residues) of the 

D. melanogaster rhomboid-1 substrates Gurken, Keren, and Spitz B. Purified substrates (left) and activity 

assays with rhomboid GlpG (middle) and PA3086 (right) C. Purified substrates (left) and activity assays 

with rhomboid-1 (middle) and RHBDL-2  (right) D. Cleavage sites of rhomboid GlpG, PA3086, rhomboid-

1, and RHBDL-2 on each substrate. 

 

 All the substrate chimeras were expressed in BL21-CodonPlus® (DE3)-RIPL 

(Stratagene) E. coli cells. Freshly transformed cells were grown at 37°C in enriched 

media (composition per liter: 10 g Tryptone, 5 g yeast extract, 8.5 g Na2HPO4, 3.0 g 

KH2PO4, 0.5 g NaCl, 1.0 g NH4CL, 10 mg thiamine, 6.0 g glucose) containing 34 g/ml 

of Kanamycin and were induced at OD600= 0.7 with 0.4 µM IPTG. Following 

incubation at 37°C for 4 h the cells from 1,000 ml cultures were harvested by 

centrifugation at 4,000xg and resuspended in 20 ml of lysis buffer (50 mM Tris-HCl, pH 

7.4, 300 mM NaCl, 20 mM -mercaptoethanol and 10% glycerol) containing a protease 
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inhibitor cocktail (100M PMSF, 1g/ml leupeptin, 1 g/ml pepstatin and 1g/ml of 

aprotinin). Following, incubation for 30 min on ice 100 g each of RNase, DNase and 

lysozyme were added prior to cell lysis using a microfluidizer (microfluidics M-110P) at 

1,500 psi. Upon cell debris removal by centrifugation at 40,000xg for 20 min, 

cytoplasmic membranes were isolated from the supernatant by ultracentrifugation at 

100,000xg for 1 h at 4°C. Membranes were resuspended in lysis buffer containing 10 

mM imidazole and solubilized in 2% TX-100 for 4 h at 4°C and centrifuged at 100,000xg 

for 40 min at 4°C to remove insoluble material. The remaining supernatant was slurried 

with 0.5 ml of Ni-NTA beads (Qiagen) and  rocked for 4 h at 4°C, washed with 10-bed 

volumes of lysis buffer, containing 10 mM imidazole and 0.2% Triton X-100, followed 

immediately by 10-bed volumes of lysis buffer, containing 70 mM imidazole and 0.1% n-

Dodecyl-b-D-maltopyranoside (DDM). His-tagged substrate were finally eluted with 5-

bed volumes of lysis buffer containing 250 mM imidazole and 0.1% DDM and dialyzed 

against buffer (50 mM tris-HCl, pH 7.4, 700 mM NaCl, 10% glycerol, 0.1% DDM) 

subsequent to storage at -80C. The identity of each substrate was confirmed by in-gel 

chymotrypsin digestion and mass spectrometry. 

 

Expression and purification of rhomboids 

cDNAs for PA3086 and GlpG were a kind gift from Dr. Matthew Freeman. 

Codon optimized rhomboid-1 and RHBDL-2 synthetic genes were purchased from 

Biomatik (Wilmington, USA). The rhomboids PA3086 and GlpG were cloned into pET-

15b plasmids for inducible expression as N-terminal His6-tag fusion proteins and 
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expressed in CE43 (DE3) (OverExpress) E. coli cells. The rhomboids rhomboid-1 and 

RHBDL-2 were cloned into pET-28b plasmids for inducible expression as N-terminal 

His6-tag fusion proteins and expressed in BL21-CodonPlus® (DE3)-RIPL E. coli cells. 

Fresh transformants were grown in 1,000 ml cultures at 30°C in LB broth containing 

either 100 µg/ml Ampicillinin or 34 µg/ml Kanamycin until their induction (OD600= 

0.4) with 0.4 µM IPTG, at which point they were incubated for another 12 h at 16°C 

before harvesting. Following harvesting by centrifugation at 4,000xg, the pelleted cells 

were resuspended in 20 ml of lysis buffer (50 mM tris-HCl, pH 7.4, 700 mM NaCl, and 

10% glycerol) containing protease inhibitor cocktail (100M PMSF, 1g/ml leupeptin, 1 

g/ml pepstatin, and 1g/ml of aprotinin). The resuspension was incubated for 30 min on 

ice with 100 g each of RNase, DNase, and lysozyme, and the cells were lysed with a 

microfluidizer (microfluidics M-110P) at 1,500 psi. Cell debris was removed by 

centrifugation at 40,000xg for 20 min, and cytoplasmic E. coli membranes were isolated 

from the supernatant by ultracentrifugation at 100,000xg for 1 h at 4°C. Membranes were 

resuspended in lysis buffer containing 10 mM imidazole and solubilized in 2% TX-100 

for 4 h at 4°C. Insoluble material was removed by ultracentrifugation at 100,000xg for 40 

min at 4°C, and to the supernatant 0.5 ml of Ni-NTA beads (Qiagen) were added, 

followed by rocking for 4 h at 4°C. The Ni-NTA beads were then washed with 10-bed 

volumes of lysis buffer, containing 30 mM imidazole and 0.2% Triton X-100, washed 

again with 10-bed volumes of lysis buffer, containing 80 mM imidazole and 0.1% DDM, 

and finally eluted with 5-bed volumes of lysis buffer containing 250 mM imidazole and 

0.1% DDM. In the case of rhomboid-1 and RHBDL-2 the eluate from the Ni-NTA beads 

was dialyzed against buffer (50 mM tris-HCl, pH 7.4, 700 mM NaCl, 10% glycerol, 0.1% 
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DDM) and stored at -80C. The rhomboids PA3086 and GlpG were additionally purified 

by size exclusion chromatography using a 16/60 HR200 Superdex column (GE 

Healthcare) run in 50 mM tris-HCl, pH 7.4, 700 mM NaCl, 10% glycerol, and 0.1% 

DDM. The identity of each rhomboid was confirmed by in-gel chymotrypsin digestion 

and mass spectrometry. Total protein concentration was routinely determined with the 

DC Protein Assay Kit (BioRad) as per manufacturer’s instructions. Site directed 

mutagenesis (QuikChange site-directed mutagenesis kit, Stratagene) was employed to 

obtain the active site GlpG, rhomboid-1, and RHBDL-2 variants. Each protein variant 

was purified as described above.  

 

Rhomboid in vitro activity assay 

Routinely 0.2g/ml of purified substrate and 0.05-0.1g/ml of purified enzyme 

were incubated at 37°C for 8 h in buffer (50 mM tris-HCl, pH 7.4, 700 mM NaCl, 10% 

glycerol) containing 0.1% DDM, protease inhibitor cocktail (100 M PMSF, 1g/ml 

leupeptin, 1 g/ml pepstatin, and 1g/ml of aprotinin), and 2 mM -mercaptoethanol. 

The reaction was quenched by the addition of 5x SDS-PAGE sample loading buffer. The 

reactions with prokaryotic rhomboids were evaluated using 12% SDS-PAGE (2 g of 

protein loaded) gels stained with coomassie blue. For anti-MBP western blotting of the 

reactions with eukaryotic rhomboids, 2 g of protein was resolved in a 12% SDS-PAGE 

gel, blotted onto PVDF membrane and immunoreacted with anti-MBP (1:3000 dilution) 

primary antibody followed by reaction with secondary antibody (1:10000 dilution) and 

visualization using chemiluminescence (Pierce). 
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Cleavage-site determination by mass spectrometry 

To increase the yield of product for its analysis by mass spectrometry, a total of 

200 g of chimeric substrate were mixed with 50 g of rhomboid in a 1.0 ml reaction 

buffer (50 mM tris-HCl, pH 7.4, 700 mM NaCl, 10% glycerol) containing 0.1% DDM, 

protease inhibitor cocktail (100M PMSF, 1g/ml leupeptin, 1g/ml pepstatin, and 

1g/ml of aprotinin) and 2 mM -mercaptoethanol. The reaction was then incubated at 

37°C for 8 h in a shaker. Following digestion a 0.25 ml aliquot of Ni-NTA beads was 

added to the mixture and incubated by rocking for 1 h at 4°C. The Ni-NTA beads 

containing bound substrate, C-terminal product, and enzyme were removed by filtration, 

and the supernatant containing the N-terminal reaction product was concentrated 

(Amicon Ultra, 30 kDa cut of) to a final volume of 50l. The product was then 

precipitated by the addition of 1 ml of pre-chilled 10% trichloroacetic acid (TCA) in 

acetone and recovered by centrifugation at 17,000xg for 10 min using a microcentrifuge. 

The resulting pellet was washed once with 1 ml of pre-chilled acetone, dried at room 

temperature for 10 min and resuspended in 1 ml of 8 M urea (in 50 mM tris-HCl at pH 

7.4). Following solubilization, 3 steps of concentration/dilution using 50 mM ammonium 

bicarbonate at pH 7.4 removed the urea. Finally, the N-terminal product was concentrated 

(Amicon Ultra, 30 kDa cut off) to a final volume of 50 l. At this stage, the protein 

ranged routinely in between 0.5-1.5 mg/ml, and the purity of the isolated reaction product 

was evaluated by SDS-PAGE. The sample was then divided into two 20 l aliquots. To 

one aliquot 5 L of 5% trifluoroacetic acid (TFA) in acetone was added and stored at 
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4C. To the second aliquot one Unit of human alpha thrombin (Enzyme Research 

Laboratory, USA) was added, and following incubation for 1 h at 4C the reaction was 

stopped by adding 5% TFA in acetone. Both aliquots were then analyzed by MALDI-

TOF (matrix-assisted laser desorption/ionization time-of-flight) mass spectrometry. For 

MALDI-TOF analysis, a modified thin-layer method of sample preparation was 

implemented [42, 43]. Saturated α-cyano-4-hydroxycinnamic acid (4HCCA) matrix was 

prepared in 2 parts acetonitrile, 1 part water, and 0.1% final TFA solvent mixture and 

further diluted 4-fold with isopropanol. About 40 ml of diluted matrix solution was 

applied over the entire gold surface of the sample plate. The organic solvents were 

allowed to dry in ambient air. The matrix was then gently wiped with a tissue, leaving 

behind a faint layer of 4HCCA only visible as a yellowish reflection. We will refer to this 

preparation as the "ultra thin layer". Each protein sample was diluted with the matrix 

solution to a concentration of 1 mM. A small aliquot (1 ml) of protein-matrix solution 

was spotted onto the sample plate pretreated to form the ultra thin layer. The spots were 

then washed for a few seconds with 0.1% aqueous TFA to help remove salts. The 0.1% 

TFA was subsequently aspirated with a vacuum line. Myoglobin (Equus caballus) was 

used as an external calibrant. The samples and the calibrant were analyzed in a MALDI-

TOF mass spectrometer (Voyager DE-STR, Applied Biosystems) operating in linear 

delayed extraction mode. This instrument uses a nitrogen laser that delivers pulses of 

ultraviolet light ( = 337 nm) at 3 Hz to the matrix spots. Five hundred individual scans 

were averaged into a single spectrum. The spectra were smoothed and further analyzed 

using the software M-over-Z. 
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Sample preparation for DUVRR spectroscopy 

Once purified, substrate samples were exchanged into phosphate buffered saline 

(10 mM phosphate, 500 mM NaCl, pH 7.4) containing 0.1% DDM. Sodium perchlorate 

was added to all DUVRR samples to a final concentration of 50 mM. Deuterium oxide 

was added to a final concentration of 50%, and a solution of 10% DDM was added to 

maintain a concentration of 0.1%. For all substrate/protease interaction experiments, a 

ratio of 2:1 substrate:protease was used. 

 

DUVRR spectroscopy 

The DUVRR instrument was set up as described previously[44]. Briefly, the 

fourth harmonic of a titanium-sapphire laser at an excitation wavelength of 197 nm was 

directed onto a thin film of sample flowing between two nitinol wires spaced 

approximately 1 mm apart under N2 gas. The incident laser power at the sample was 

attenuated to 500 µW to avoid protein degradation, and spectra were monitored for 

degradation over time using the aromatic ring modes. Spectral calibration was carried out 

using a standard cyclohexane spectrum[45]. Spectra were normalized to concentration. 

All dUVRR spectral preprocessing was carried out in MATLAB (7.1, MathWorks, 

Natick, MA) using in-house cosmic spike and water band removal methods described 

previously[46]. A nonlinear least-squares algorithm was used to fit a mixture of Gaussian 

and Lorentzian peaks to experimental spectra as described previously[47].  
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Molecular dynamics simulations 

The I-TASSER website was used [48, 49] to construct initial structures of the 

transmembrane region of Gurken, specifically the sequence Asn1 – Val46 (I don’t know 

the real numbers; I am using my own) of Gurken to align with the sequence Val683 – Tyr 

728 of the Amyloid Precursor Protein as represented in the structure 2LP1. The backbone 

of 2LP1 was used to constrain the modeling. The highest ranked predicted model had a 

C-score of -1.45. The TM-score was 0.54±0.15 indicating that the predicted structure is 

within an acceptable range. The cluster density was 0.1663 and the number of decoys 

used for the evaluation was 5240. The system of Gurken in a DDM [50] micelle was 

constructed using the program PACKMOL [51]. The center of mass of the initial model 

of Gurken was placed at the origin and it was surrounded by 200 molecules of DDM 

arranged in an ellipsoid placed at the origin with radii a2, b2, c2 of 18, 18, 7, respectively 

and volume d of 1. The initial system is displayed in Fig. RO_1. The system 

(Gurken+DDM) was placed in a periodic rectangular box 108X120X80 Å3 that contained 

25,371 waters and ions at concentration of 0.15 M. The total system contained 96,079 

atoms. The system was minimized and heated while positionally restraining the 

Gurken+DDM. Subsequently the system was equilibrated at constant pressure to adjust 

its density while the restraints were progressively removed. The final density was 

1.02656 g/cm3. MD simulation was conducted for 100 ns with a time step of 2 fs at 

303.15 K and constant pressure using the program NAMD 2.9. The trajectory was 

recorded every 2 ps. A similar setup was used for the P252A mutant of Gurken. 

Analysis of trajectories was conducted using the program cpptraj in AMBER14. 

We determined the secondary structure using the Kabsch and Sander definition[52]. 
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Backbone means square fluctuations were calculated per residue for the backbone atoms 

– N, CA, C and O. The probability distribution of the backbone torsions φ and ψ was 

calculated with cpptraj using the dihedral command followed by hist to create the 

histograms. The energy difference between the wt-Gurken and the P252A mutant was 

estimated from equivalent populations in the individual trajectories of the peptides. To 

calculate the populations we used the program SIMULAID [53] to obtain a matrix of 2-D 

rmsd for each peptide computed over the backbone atoms of residue range 18-46. 

Inspection of the 2-D rmsd maps showed that there are two major clusters in each 

trajectory. We therefore computed cross 2-D rmsd between trajectories of the wt-Gurken 

and of P252A-Gurken. The map clusters into four groups whose population depends on 

the cutoff rmsd. Group 1: structures in cluster1 from trajectory of P252A-Gurken that are 

within the rmsd cutoff in cluster1 from trajectory of wt-Gurken. Group 2: structures in 

cluster1 from P252A in cluster2 of wt-Gurken. Group 3: structures of cluster2 from 

P252A in cluster1 from wt-Gurken. Group 4: structures of cluster2 from P252A in 

cluster2 from wt-Gurken. The probability of mapping was translated to approximate free 

energy required to convert all the structures in one group to those in another. For 

example, at rmsd of 2.5 Å the probability, P, of mapping cluster1 from the trajectory of 

P252A onto cluster1 from the trajectory of wt-Gurken was 0.015. This translates to ΔG=-

kTln(P) of 2.5 kcal/mol.  

 

4.3 Results 

An assay compatible with dUVRR spectroscopy to measure rhomboid activity. 
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To determine the relationship between the backbone conformation of 

transmembrane substrates and intramembrane proteolysis by rhomboids we employed 

dUVRR spectroscopy. This technique has been applied to monitor changes in membrane 

protein structure and hydration in both detergent micelles and lipid bilayers[54-58]. For 

the application of dUVRR to the study of intramembrane proteolysis we required an 

activity assay in which the substrate concentration was sufficient to achieve a high signal 

to noise ratio and efficient enough to ensure the conversion of the majority of substrate 

into product in the period of a few hours. To this end we employed chimeric proteins 

designed with maltose binding protein (MBP) at the N-terminus followed by the TMD 

(including ~20 N-terminal juxtamembrane amino acid residues) of the D. melanogaster 

rhomboid-1 substrates Gurken, Keren, and Spitz (Fig. 1A, termed Gurken-TMD, Keren-

TMD and Spitz-TMD). We have previously demonstrated these substrates to be optimal 

to assay intramembrane proteolysis by archaeal presenilin homologs in detergent micelles 

[10]. For comparison we also designed chimeras containing not only the TMD region of 

Gurken, Keren, and Spitz, but the soluble cytoplasmic region as well (termed Gurken-

TMD/CT, Keren-TMD/CT and Spitz-TMD/CT). These substrate chimeras were purified 

by Ni-NTA chromatography (Fig. 1B). For our activity assays we employed the purified 

rhomboids GlpG from E. coli, PA3086 from P. aeruginosa, rhomboid-1 from D. 

melanogaster, and RHBDL-2 from H. sapiens (Fig. 1 B, C). As revealed by coomassie 

stained SDS-PAGE, a 3 hour incubation of GlpG and PA3086 with the different chimeric 

substrates in 0.1% DDM resulted in their degradation into a ~43 kDa species 

corresponding to the N-terminal MBP moiety [10] (Fig. 1B) that could be easily 

distinguished from the undigested substrates. The shorter C-terminal ~6 kDa product is 
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not shown. Densitometry analysis showed that GlpG hydrolyzed the substrate chimeras 

derived from Gurken with close to 100% efficiency, and to a lesser extent those derived 

from Keren and Spitz. This preference of GlpG for Gurken has been described before. 

Conversely, PA3086 displayed a slight preference for substrate chimeras derived from 

Keren.  Due to the lower purity and yield obtained for rhomboid-1 and RHBDL-2, anti-

MBP western blotting was employed in place of SDS-PAGE to measure their activity 

against the substrate chimeras (Fig. 1C). Incubation of chimeras with rhomboid-1 or 

RHBDL-2 yielded a new MBP immunoreactive band (Fig. 2E, middle and right panels) 

at ~43 kDa, which was rhomboid-specific as substitution by alanine of the catalytic 

residues Ser201 or His254 in GlpG, Ser207 or His257 in PA3086, Ser217 in rhomboid-1, 

and Ser176A in RHBDL-2 abolished substrate proteolysis (Fig. A1). Despite, previous 

solution NMR structure of the soluble N-terminal domain of PA3086 from our laboratory 

that raised the possibility that this region might interact with the cytoplasmic domain of 

the substrates [59], which supported studies that C-terminal region of the substrates might 

play a role in substrate recognition [60], we did not observe any significant effect when 

we tested the activity of GlpG and PA3086 variants lacking the N-terminal cytoplasmic 

region (termed NT-GlpG and NT-PA3086) compared to the full-length versions (Fig. 

A2), nor did we observe that the C-terminal domain of the substrates plays a significant 

role in our activity assays. 
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To ensure that our assay could reproduce the known proteolytic profiles of some 

of these rhomboids against substrates derived from Gurken and Spitz we employed 

matrix-assisted laser desorption / ionization time-of-flight (MALDI-TOF) mass 

spectrometry in a procedure that we have previously employed with archaeal presenilin 

homologs [10]. As an example, figure A3 shows the cleavage-site determination 

procedure for GlpG and RHBDL-2 in their reaction with Spitz-TMD/CT. Following 

incubation, using a concentration of substrate and enzyme that maximizes the yield of the 

reaction, an efficient degradation of the substrate can be achieved (Fig. A3B). Uncleaved 

substrate, C-terminal product, and enzyme (all containing His6-tags) were removed with 

Ni-NTA resin yielding a purified N-terminal product, which was further treated with 

thrombin to yield two species. The first corresponding to the MBP plus a linker region 

cleaved at the engineered thrombin site (LVPR|GS) (Fig. A3C) and the other 
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corresponding to a short water-soluble peptide flanked by the thrombin cleavage-site and 

the rhomboid cleavage-site. Mass spectrometry analysis of this peptide (Fig. A3D) 

produced a main peak with a mass of 2,894 ± 7 Da confirming the single GlpG cleavage-

site after Ala138 within Spitz-TMD/CT. Though the lower N-terminal product yields 

were obtained with RHBDL-2, the mass spectra were (Fig. A3E-F) accurate enough to 

map the proteolytic site in Spitz-TMD/CT to the same Ala138. In fact, cleavage-site 

analysis of all four rhomboids against all the substrate chimeras derived from Gurken, 

Keren and Spitz, As summarized in Table 1, confirm a single cleavage-site for the Spitz 

(after Ala138), Keren (after Ala122), and Gurken chimeras (after Ala245. These results 

are in excellent agreement with the proteolytic profiles for the prokaryotic rhomboids 

AarA, GlpG and YqgP determined by Strisovsky et al. [40], and reveal for the first time 

the proteolytic profiles of rhomboid-1 and RHBDL-2. These findings recapitulate key 

biochemical data obtained by other laboratories while providing new insight for 

rhomboid-1 and RHBDL-2, with the advantage being sample compatibility with the 

requirements of our dUVRR spectrometer flow system.  

 

Transmembrane substrate conformation determined by dUVRR spectroscopy. 

After evaluation of the activities of the different rhomboids against the chimeric 

substrates, for our dUVRR spectroscopy measurements we focused on the reaction 

between the chimeric substrate Gurken-TMD and GlpG. We argued this choice based on 

1) the fact that GlpG is the best studied rhomboid intramembrane protease and X-ray 

structures of the enzyme in complex with small molecule inhibitors exist[61, 62], and 2) 
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in our activity assays Gurken-TMD was preferentially cleaved by GlpG in a very 

efficient manner. Initially we focused our dUVRR experiments on measuring the 

backbone conformation of the transmembrane region of Gurken-TMD in the absence of 

rhomboid. The majority of the Gurken-TMD amino acid sequence corresponds to the 

soluble N-terminal MBP and the ~20 N-terminal juxtamembrane amino acid residues, 

thus the TMD accounts for ~7% of the sequence.  In order to resolve the dUVRR signal 

arising from the transmembrane region, D2O was added to detergent solubilized Gurken-

TMD to a final ratio of 50:50 H2O:D2O. At this D2O concentration nearly all of the water 

exposed amide protons are readily exchanged for deuterons, with the end result being that 

a large proportion of the dUVRR signal derived from the exchanged regions becomes 

negligible[63, 64] (Fig. A4).  

dUVRR spectra of partially exchanged Gurken-TMD in 0.1% DDM recorded over a 

period of three hours revealed four readily assignable amide related vibrational modes 

(Fig. A5). The amide I (C=O stretching) region likely contains contributions from both 

the deuterated (soluble MBP + juxtamembrane region) and non-deuterated 

(transmembrane) backbone vibrations, while the remaining amideII, amideS (in-plane N-

H/C-H coupled bending)[64] and amideIII (C-N stretching/N-H bending and 

stretching)[64] regions of dUVRR spectra can then be used to describe the ensemble 

secondary structure of the substrate’s TMD. Of these modes the amideIII and amideS 

modes report most directly on the extent of non-helical structure that may be present in 

this region. Strong intensities in the amideIII1,2 -helical 

content, while intensities in the amideIII3 submode and the amideS mode are directly 

-helical content[64-67]. Conversely, a lack of amideS 
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intensity is a clear indication of those backbone populations with ψ angles correlative of 

-helix, π-helix, or 310-helix) elements where more restrictive structural 

fluctuations have occurred. The position of the amideIII3 mode can also be directly 

correlated to the ψ-angles of the protein backbone using Equation 1[67]: 

J III 3
EXT

= [1256cm-1
- 54cm-1 sin(y + 26 )]- 0.11cm

-1

C
(T -T0 )  (1) 

The spectrum of Gurken-TMD contains prominent amideIII1 and III2 modes at 

1280 cm-1 and 1327 cm-1, respectively (Fig. 2), indicating a significant amount of -

helical structure in the transmembrane segment. However, the spectrum also contains 

large amideIII3 and amideS features at 1240 cm-1 and 1390 cm-1, respectively. These two 

-helical structure is also present in the 

transmembrane, or un-exchanged, regions of the detergent solubilized substrate. 

 

Figure 4.2 A. Comparison of WT Gurken (black), Gurken P253A (blue), and Gurken F252G/P253G (red) 

spectra. The amideS, III2, and III3 modes (bold colors) decrease with each successive mutation. B. 

AmideIII3 shift dependence on peptide backbone ψ-angle. B. Dependence of amideIII3 shift on ψ-angle. 
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 Next, we determined the effect of the interaction with GlpG and intramembrane 

proteolysis on the conformation of the TMD of the substrate. To this end it was necessary 

to first resolve the vibrational modes of the TMD of the substrate from those derived 

from the transmembrane (unexchanged) regions of GlpG. We employed GlpG that was 

13C and 15N labeled, which had the effect of drastically decreasing the amideI (1674 and 

1646 cm-1 in unlabeled and labeled protease respectively) and amideII (1562 cm-1 and 

1534 cm-1 in unlabeled and labeled protease respectively) (predominantly C=O stretching 

and N-H bending, respectively)[68] regions and shifting their maxima down ~30 cm-1. In 

addition, the intensity of the amideS and amideIII regions also decreased (Fig. 2A). Thus 

the isotopic labeling of GlpG, in combination with D2O in the buffer and experimental 

ratio of 2:1 substrate:protease, effectively resulted in dUVRR spectra displaying, almost 

exclusively, modes that can be attributed to the TMD of the substrate. Figure 3B displays 

dUVRR spectra of Gurken-TMD in the presence of catalytically inactive H254A variant 

of GlpG. The spectra show a small decrease in the intensity of the amideII band at 1546 

cm-1 as a function of time, but most importantly a progressive intensity increase in the 

entire amideIII region not accompanied by an increase in the amideS mode. These 

spectral changes indicate that in the presence of catalytically inactive GlpG the substrate 

undergoes increased structural backbone fluctuations in its transmembrane region that are 

helically constrained, such as 310-helices or π-helices, and thus do not reflect unfolding or 

 angle representative of an extended conformation consistent with 

-strand structures. 
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Figure 4.3 A. WT (left, top), P253A (left, middle), and F252G/P253G (left, bottom) Gurken substrate 

interaction with GlpG. Spectra of the zero time point is in black, and the final time point is in color, with 

corresponding difference spectra (right). B. WT (left, top), P253A (left, middle), and F252G/P253G (left, 

bottom) Gurken substrate interaction with catalytically inactive GlpG. Spectra of the zero time point is in 

black, and the final time point is in color, with corresponding difference spectra (right). C. Cleavage of WT 

Gurken by GlpG alone and in the presence of the P253A or F252G/P253G mutants. D. In order for 

proteolysis to proceed, the substrate must have a prerequisite level of structural instability. 

 

To estimate whether these changes in the angle were derived from 

the process of binding that would lead to an actual cleavage event, similar spectral 

changes were observed upon incubation of Gurken-TMD with catalytically active GlpG. 
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Indeed, the magnitude of the intensity increase in the amideIII region is identical to that 

seen in the dUVRR spectra of Gurken-TMD incubated with inactive enzyme.  Likewise, 

a similar shift from 1240 cm-1 to 1237 cm-1 was also observed, indicating a comparable 

increase in the helical instability of the TMD of the substrate upon interaction with the 

protease. Yet, unlike the spectra of the Gurken-TMD with inactive GlpG, an additional 

increase in the intensity of the amideI mode is observed over the course of the proteolysis 

reaction. An intensity increase in the amideI mode has been associated with the 

dehydration of the peptide backbone[55], demonstrating that once cleaved, a fraction of 

the cleaved substrate becomes less accessible to solvent. Altogether these data suggest 

that GlpG exploits the inherent helical instability within the transmembrane region of the 

substrate in order to further increasing the amplitude of this conformational dynamics.  

 

A single transmembrane proline outside the specificity region of the substrate can 

modulate backbone conformation and affect intramembrane proteolysis. 

To further test the hypothesis of a possible correlation between the inherent 

instability of the substrate and intramembrane proteolysis by GlpG, we aimed to identify 

Gurken-TMD variants that prevented enzymatic activity while stabilizing α-helical 

geometry. To avoid complications in the interpretation of the results arising from being 

unable to discriminate between substrate residues involved in specificity [40] and those 

affecting α-helical geometry [39], we first sought to identify single-point mutations 

outside the specificity region of Gurken-TMD. According to the nomenclature of 

Schechter and Berger a polypeptide substrate interacts with its side-chain residues (P) at a 
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series of subsites (S) of the protease [69]. We carried out an alanine mutagenesis scan of 

seven amino acid residues (except for A245 which was mutated to phenylalanine) 

surrounding the Gurken-TMD cleavage-site (R243-F249; i.e. P3–P4’). Mutations into 

alanine introduced a helix-stabilizing residue [70] with a small side chain that had no 

effect on substrate digestion or on the proteolytic profile of GlpG (Fig. A7). In contrast, 

the mutation A245F (at the P1 site) abolished GlpG catalyzed cleavage, which indicated a 

strong P1 site specificity, in agreement with previous studies using comparable substrates 

[38, 40]. Sequence alignment (Fig. A8) between non-redundant Gurken orthologues 

revealed a conspicuous P252 residue located at the P7’ site far away from the P1 site 

involved in specificity. Mutation of this residue in substrates derived from Gurken has 

been shown to affect GlpG activity [38], and in our hands its substitution by alanine 

(P252A) or the double substitution F251G/P252G abolished Gurken-TMD cleavage (Fig. 

A9). Compared to WT Gurken-TMD, dUVRR spectra of both P252A and F251G/P252G 

variants displayed less intense amideIII3 (1230-1270 cm-1) and amideS (1395 cm-1) 

modes (Fig. 2). An intensity decrease in both these modes is generally indicative of a loss 

of non- -helical 

conformation of the transmembrane region of Gurken-TMD. We note that the Gurken-

TMD F251G/P252G variant appears to be even more -helical than the P252A variant. 

Taking into account that a diglycine motif is generally considered a helix-destabilizing 

motif in soluble proteins[71], this data suggests that this sequence does not have the same 

effect in membrane proteins, a phenomenon previously noted in other studies[72]. 

 Competition assays, conducted to ensure that the mutant chimeras were in fact 

defiencient in cleavability and did not posses diminished Kd’s for the enzyme in general, 
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demonstrated that the Gurken-TMD P252A and F251G/P252G variants do bind to GlpG 

(Fig. 3C). However, because they are not cleaved, unlike in the proteolysis spectra of WT 

Gurken-TMD, there is no change in the amideI mode over the time of co-incubation. 

Interestingly, we do observe a similar increase in the amideIII regions for all three spectra 

for WT Gurken-TMD and the two variants. When the difference spectra (as a result of 

subtracting the spectrum at T=0-3 hours from T=24-26 hours) of the incubation between 

the different substrates and GlpG were analyzed (Fig. 3A, right), we observed an 

amideIII3 maximum at a frequency approximately 10 cm-1 lower for Gurken-TMD 

compared to the two variants without any changes in the amideS region. These data 

indicate that upon binding to GlpG, the protease induces a greater helical destabilization 

in Gurken-TMD compared to both of the non-cleavable variants, thus demonstrating that 

the substrate sequence encodes the conformational flexibility determinants required for 

intramembrane proteolysis. 

 

Molecular dynamic simulations provide a thermodynamic rationale for the effect of the 

Gurken P to A mutation. 

The dUVRR spectroscopy experiments presented here report on the changes in 

secondary structure and dynamics of the transmembrane region of Gurken-TMD; 

however in the absence of isotope labeling of particular amino acid residues our approach 

does not localize these changes to specific regions within the transmembrane domain. To 

identify these regions we employed molecular dynamics simulations of a homology 

model based on the transmembrane segment (TM) of the amyloid precursor protein 
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(2lp1) determined by NMR in LMPG micelles [73] (see Methods). Our model included 

the TM and flanking residues of Gurken-TMD (Asn228-Val273) and the simulations 

were conducted in an oblate spheroid DDM micelle (Fig. SXX) in an attempt to 

reproduce the properties of Gurken-TMD in our experimental setup.  The analysis shows 

(Fig. Sxx) that the main -helical region of the transmembrane region of Gurken spans 

V248 – F268. In the vicinity of the scissile bond (A245-H246) there is a significant 

instability of the α-helix with ~8% of a 3-10 helix and ~10% of a turn. The substitution 

P252A introduces small changes in the main helical region, although the helical content 

near the scissile peptide bond is reduced to ~20% with a substantial increase in the 

fraction of a turn (ca. 70%). This results primarily from a change in the backbone 

torsions of A245: the average of �(A245) changes from -68.6° to -96° and of �(A245) 

from -28.8° to -0.9°. While � has nearly a homogeneous distribution, � in the P252A 

variant shows two populations with a minor population in the same position as WT 

Gurken (see Fig. S3). Spectroscopic data indicated a stabilization of -helical 

conformation in the Gurken-TMD P252A variant. We therefore examined the root-mean-

square fluctuations (RMSF) of the backbone atoms of the two peptides (see Fig.S4). In 

the main helical region (V243-L260) the backbone of WT Gurken is substantially more 

flexible than the P252A variant; the average RMSF of this region is 25% larger in the wt-

Gurken than in the P252A variant. This is consistent with the notion that a proline residue 

in a helix introduces a point of instability, which is largely eliminated by substitution 

with alanine.  

To address the question of whether changes in the vicinity of the scissile peptide 

bond could convert the substrate into an inhibitor we used the MD simulations. We 
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assume that the major portion of the ensemble of structures sampled by the simulation of 

WT Gurken represents a competent substrate conformation. Thus, a possible reason for 

the lack of activity on P252A could come from the fact that the major portion of the 

ensemble of P252A no longer represents a competent substrate conformation. Using 2D-

rmsd analysis of the trajectories of the WT Gurken and P252A variant we can estimate 

the overlap of similar conformations between the two ensembles. Each of the trajectories 

partitions into two clusters (see Fig 5S) such that at a cutoff of 2.5 Å the major cluster of 

WT Gurken represents 75.7% and in the P252A variant 84.1%. To highlight the structural 

changes in the two peptides we superimposed the representative conformations from the 

major populations on the helical segments because it is likely that these serve to anchor 

the peptide in the enzyme. The superposition clearly indicates that there is a substantial 

change in the position and orientation of the scissile segment. Because the scissile 

segment is flexible we need to estimate the fraction of the ensemble of the P253A variant 

that will overlap with ensemble of the WT Gurken. To estimate this fraction we use the 

2D-rmsd calculated across the trajectories of each of the peptides. The number of 

configurations of the P252A peptide that are the same in the ensemble of the WT peptide 

depends on the cutoff for comparison. The smaller the cutoff the fewer members are 

shared between the ensembles. Thus, at 1Å we find no members that are shared between 

the clusters. At 2Å the probability of finding a member shared between the clusters 

increases to 0.012 and at 3Å it reaches to 0.015. Using the cutoff of 3Å and the overlap 

probability we estimate the energy of converting the population of structures in the 

P252A variant to those represented in the ensemble of the WT Gurken as –kTln(P), 

which at 300K is 2.5 kcal/mol. Thus, if the P252A variant binds to the enzyme through 
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the helical segment in the same conformation as the WT Gurken, the probability of its 

scissile segment engaging in a productive complex with the active site of the enzyme will 

require approximately an additional 2.5 kcal/mol. This will effectively slow down the 

catalytic rate by approximately a factor of 70. Such a slow down will appear in the 

present experimental conditions as an effective inhibition of the catalysis relative to WT 

Gurken as was indeed observed in our experiments. 

 

4.4 Discussion 

Soluble proteases do not normally cleave within folded helices or sheets; instead 

their substrate cleavage sites lie within extended or flexible regions [34, 74]. In this 

context, the transmembrane nature of intramembrane protease substrates raises the 

question of how these enzymes access the scissile peptide bond of a structured 

polypeptide in an -helical conformation. We have addressed this question by applying 

dUVRR spectroscopy and molecular dynamics simulations to study the conformation of a 

transmembrane substrate during rhomboid intramembrane proteolysis in detergent 

micelles. By virtue of their presumed ability to facilitate substrate unwinding, early 

mutagenesis studies raised the hypothesis that helix-destabilizing amino acid residues 

were key in intramembrane proteolysis by rhomboids [37, 38]. More recent circular 

dichroism measurements of selected rhomboid substrates have provided further support 

for this hypothesis [39]. In agreement, our vibrational spectroscopy experiments and 

calculations indicate that, while predominantly -helical, the transmembrane domain of 

-
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helical geometries when solubilized in DDM. Yet, no evidence existed that these same 

types of non- -helical conformational dynamics were amplified by interactions with the 

enzyme. Specifically, substrate/rhomboid interaction favors structural dynamics in the 

transmembrane region of the substrate characterized by ( dihedral angles that are 

limited to a discreet region of the Ramachandran plot consistent with 310-helical 

geometries. These conformational dynamics were critical for intramembrane proteolysis, 

and could not be accessed when the rhomboid was incubated with non-hydrolysable 

substrate variants carrying amino acid substitutions distal from the cleavage site towards 

the center of the transmembrane region. Clearly, difference spectra indicate that 

additional non-helical structures are not formed during substrate/enzyme co-incubations. 

Thus it appears that the rhomboid does not extend the region of the substrate in non- -

helical conformation, but instead enhances the structural dynamics of a region that is 

already dynamic in the absence of enzyme. This process is reminiscent of limited 

proteolysis of globular proteins where cleavage has been shown to involve local 

unfolding of the substrate facilitated by chain flexibility [34]. Thus, although the 

substrate transmembrane sequence encodes the determinants for productive 

-helical geometry of the 

substrate is a hallmark of substrate/rhomboid interactions.  

 The mechanism underlying the conformational flexibility of the substrate is 

complex and cannot be understood simply in terms of the helical propensities of 

transmembrane amino acid residues. Because the conformational space for the two 

conformations overlap, an -helix can be gradually transformed into a 310-helix whilst 

maintaining a near-helical conformation. With 3 residues per turn, as opposed to 3.6 in 
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-helices, 310-helices are more tightly wound, longer, narrower, and less stable 

(~10 Kcal/mol) than -helices [75-77]. Contrary to our expectation, we could not 

reproduce the dynamic effect of the proline residue at position 252 by introducing two 

consecutive glycines at this position, which in fact made the transmembrane helix even 

more stable. Thus the ability to adopt 310-helical geometry appears to be a conformational 

requirement for intramembrane proteolysis of Gurken. Proline and glycine have poor 

helix-forming propensities in both soluble and transmembrane helices. However, whereas 

glycine tends to disrupt helices due to its high conformational flexibility, proline either 

breaks or kinks a helix because its side chain interferes sterically with the backbone of 

the preceding helical turn, but most importantly, because it cannot donate a backbone 

amide hydrogen, a proline can induce helical bulges. Indeed, it has been shown that when 

present in the first one or two helical turns, N-terminal prolines are known to disrupt 

transmembrane helices [78] and to display a significantly higher turn-inducing propensity 

than glycines [79]. Because of these features prolines have been recognized to contribute 

to the functional diversity of membrane proteins [80]. We hypothesize that it is the ability 

to disrupt helical backbone hydrogen bonding that makes proline unique in modulating 

the dynamics between - and 310-helical geometries in the context of Gurken. Although 

this ability of proline might have a general relevance in rhomboid intramembrane 

proteolysis, which explains the observation that when inserted towards the middle of the 

transmembrane region a single proline can render an otherwise non-hydrolysable 

transmembrane segment into a robust rhomboid substrate [39], and to our knowledge 

Gurken is the best rhomboid substrate in terms of activity, there are numerous rhomboid 

substrates that lack this residue. Further experiments with other rhomboid substrates will 
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need to be carried out to establish a general principle describing the dynamics of 

substrate/enzyme interactions. 

It has been well documented that in their active sites soluble proteases universally 

bind substrates in their -strand conformation, presumably because this 

conformation closely resembles that of the transition state [74]. Some structural evidence 

for this extended conformation being relevant in the case of rhomboids has been obtained 

from a recent structure of GlpG with a small molecule inhibitor. We note, however, that 

-strand substrate conformations in our vibrational 

spectroscopy experiments, but mainly  310-helical geometries. It is relevant to 

note that because structurally a 310-helix is a combination of back-to-back -turns [81], it 

has been suggested that 310-helical regions might be important intermediates in the 

unwinding of an -helix, en route to an extended -strand [82, 83]. By analogy, an 

attractive possibility is that the observed 310-helical region of the substrate is a key 

intermediate towards the formation of the extended -strand conformation needed for 

productive intramembrane proteolysis. In general, 310-helical geometries are favored as 

hydrophilicity of the solvent increases [77] and might be stabilized by substrate transfer 

from the hydrophobic environment of the micelle to the more hydrophilic environment of 

the GlpG active site. We would argue that in the context of the low activity of GlpG, 

peptide bond cleavage is a rare event, and thus a transition from this intermediate to an 

-strand conformation is a relatively rare event and does not contribute 

significantly to the dUVRR spectra. The existence of such an intermediate would 

facilitate the interpretation of our observation that the P252A variant affects the ability to 

adopt 310-helical geometry and effectively slows intramembrane proteolysis by a factor of 
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70, and thus provides a mechanism for linking substrate/enzyme dynamics to the kinetics 

of intramembrane proteolysis in line with recent data showing that it is a rate-governed 

reaction [84]. In addition, by analogy to the suggestion that in the intramembrane 

protease, -secretase, a docking site that is distinct from the active site exists  -  based on 

data showing that helical peptide inhibitors bind at a different site compared to where 

transition-state analog inhibitors bind [85-88] -  it has been suggested that an initial 

docking site for substrates is also present in rhomboid [39]. Furthermore, it has also been 

suggested that the formation of this exosite might be dependent on rhomboid 

dimerization [58]. We hypothesize that this intermediate 310-helical geometry might 

represent the initial docking of the substrate to the enzyme. 
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Chapter 5 

_____________________________________________________

Conclusion 

 In observing the molten globule to ordered transition of HP7, evidence was found 

that dUVRR spectroscopy can simultaneously quantify the secondary structural content 

of a protein, as well as any tertiary structural changes. These results are promising 

evidence for the potential of dUVRR spectroscopy to monitor both secondary structural 

content and subtle local disorder simultaneously. The second study was the first that 

tracked both the structural and environmental changes of a small peptide during a 

transition from a disordered, soluble state to a partially ordered, membrane-associated 

state, and finally to a fully ordered α-helical, membrane-inserted state. This study 

essentially provided the groundwork for observing the more complicated, multi-protein 

system that is intramembrane proteolysis. Using these two studies I was better able to 

characterize the process of intramembrane proteolysis. I found that intramembrane 

proteases induce structural instability in the transmembrane helix of a substrate, allowing 

proteolysis to proceed. Additionally, the level of instability that the protease is able to 

produce is dependent upon the starting structural stability of the substrate. 
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Appendix 1 
 
 

Supplementary data to Chapter 3 
 
 

 
Figure A.1 A. Substitution by alanine of the catalytic residues Ser201 or His254 in GlpG and Ser207 or 

His257 in PA3086 abolished substrate proteolysis. B. Substitution by alanine of the catalytic residues 

Ser217 in rhomboid-1 and Ser176A in RHBDL-2 abolished substrate proteolysis. 

 



 90 

 
Figure A.2 Activity assays of GlpG (left) and PA3086 (right) variants lacking the N-terminal cytoplasmic 

region (termed NT-GlpG and NT-PA3086) compared to the full-length versions. 

 

 
Figure A.3 A. Cleavage-site determination procedure for GlpG and RHBDL-2 in their reaction with Spitz-

TMD/CT via MALDI-TOF. B. Efficient degradation of the substrate can be achieved by using a 

concentration of substrate and enzyme that maximizes the yield of the reaction. C. Mass spectrometry 

analysis of MBP plus a linker region cleaved at the engineered thrombin site (LVPR|GS) D. Mass 

spectrometry analysis of a short water-soluble peptide flanked by the thrombin cleavage-site and the 

rhomboid cleavage-site. E-F. Mass spectra mapping the proteolytic site in Spitz-TMD/CT to the same 

Ala138. 
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Figure A.4 A. Poly(LA) peptide in liposomes in H2O (blue), in liposomes in D2O, and pre-deuterated in 

liposomes in D2O (black). Amide modes decrease upon deuteration; however, the lipid membrane is a 

barrier to deuteration. B. Spectra of WT Gurken in dodecylmaltoside micelles in H2O buffer (blue) and in 

50% D2O buffer (red). 

 
Figure A.5 Fitted dUVRR spectra of partially exchanged Gurken-TMD in 0.1% DDM at an excitation 

wavelength of 197 nm. 
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Figure  A.6 Isotopic labeling of GlpG with 

13
C and 

15
N, shift the amide modes to a lower frequency. 

Unlabeled GlpG (black) and isotopically labeled GlpG (blue). 
 

 
Figure A.7 Alanine mutagenesis scan of seven amino acid residues surrounding the Gurken cleavage site 

(R243-F249) had no effect on substrate digestion or on the proteolytic profile of GlpG. 
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Figure A.8 Sequence alignment between non-redundant Gurken orthologues revealed a conspicuous P252 

residue located at the P7’ site. 

 
Figure A.9 SDS-Page gels showing Gurken mutants P253A (bottom) and F252G/P253G (top) are not 

cleaved by GlpG. 
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