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Abstract

γ-Secretase inhibitors (GSIs) and modulators (GSMs) are at the frontline of cancer and 

Alzheimer’s disease research, respectively. While both are therapeutically promising, not much is 

known about their interactions with proteins other than γ-secretase. Signal peptide peptidase 

(SPP), like γ-secretase, is a multispan transmembrane aspartyl protease that catalyzes regulated 

intramembrane proteolysis. We used active site-directed photophore walking probes to study the 

effects of different GSIs and GSMs on the active sites of γ-secretase and SPP and found that 

nontransition state GSIs inhibit labeling of γ-secretase by activity-based probes but enhance 

labeling of SPP. The opposite is true of GSMs, which have little effect on the labeling of γ-

secretase but diminish labeling of SPP. These results demonstrate that GSIs and GSMs are altering 

the structure of not only γ-secretase but also SPP, leading to potential changes in enzyme activity 

and specificity that may impact the clinical outcomes of these molecules.
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Signal peptide peptidase (SPP) and γ-secretase are aspartyl proteases that catalyze regulated 

intramembrane proteolysis, a process that controls the activity and function of membrane 

proteins in all living systems studied to date.1 SPP proteolyzes signal peptides in their 

transmembrane region after they have been cleaved off from the protein by signal peptidase. 

The signal peptide fragments released by SPP are required for important cellular events such 

as immune surveillance by HLA-E epitopes and HCV polyprotein cleavage critical for viral 

lifecycle.2,3 γ-Secretase has over 90 reported substrates, of which Notch and APP are the 

most heavily studied due to the roles they play in cancer and Alzheimer’s disease (AD).4 

However, how many of these substrates are processed under physiological conditions needs 

to be further investigated.5 SPP and γ-secretase are multispan transmembrane (TM) proteins 

that share the same YD/GXGD catalytic motif6 but are structurally and functionally distinct 

(Figure 1). The key differences between the two proteins are, first, γ-secretase is a 

multisubunit protein complex that includes Aph1, Nct, Pen2, and Presenilin (PS).7–10 PS, 

the catalytic subunit of the complex,11–13 can be found as either the PS1 or PS2 homologue, 

which is present in mutually exclusive γ-secretase complexes.14 Unlike γ-secretase, SPP 

appears to function alone without the participation of other protein cofactors.15 Second, SPP 

and PS have opposite orientations within the membrane.15–17 As a consequence, γ-secretase 

cleaves type 1 TM substrates while the substrates of SPP are type 2. Third, endogenous PS is 

expressed as a full-length protein that is activated by endoproteolytic cleavage during protein 

maturation.8,18 Endoproteolysis results in the formation of two fragments, PS amino-

terminal fragment (PS-NTF), and PS carboxy-terminal fragment (PS-CTF), which remain 

associated within active γ-secretase complexes. Conversely, SPP functions as a full-length 

protein.15,19,20 There is evidence to suggest that SPP forms dimers and tetramers within the 

cell.19–21

Although PS and SPP have opposite topologies with limited sequence homology, they share 

pharmacological characteristics: transition-state γ-secretase inhibitor L-685,458 (L458) 

inhibits SPP activity,22,23 and L458-based photoaffinity probes L-852,646 (L646) and 

CBAP-BPyne specifically label SPP.22,24,25 These data suggest structural similarity within 

the active sites of SPP and γ-secretase. However, because there is no crystal structure of 

either SPP or γ-secretase, scant information exists regarding the active site architecture of 

these enzymes. Moreover, a comparison study exploring the effect of γ-secretase inhibitors 

(GSIs) and modulators (GSMs), which are being developed for cancer and AD treatment, on 

the active sites of SPP and γ-secretase has not been reported. We use a chemical biology 

approach to probe the active sites of PS1 and SPP. Particularly, we employ active site-

directed photoprobes, in a method called photophore walking, to target the various 

subpockets of the enzyme active site (Figure 2A).5,26–29 Comparison of the photolabeling 

profiles of PS1 and SPP demonstrated that the active sites of these proteins are similar, yet 

some differences are apparent in specific active site subpockets. Furthermore, we used the 

photophore walking approach to determine the effects of GSIs and GSMs on the active site 

conformations of γ-secretase and SPP, which is an important step toward understanding off-

target effects of GSI and GSM treatment. In addition, we provide confirming evidence that 

active SPP exists as a stable homodimer.
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RESULTS AND DISCUSSION

PS1 and SPP active site conformations are similar yet distinct

L458 has been a valuable tool in the study of γ-secretase.30 We incorporated a photoreactive 

benzophenone moiety into different side chain positions of L458 (P and P′ sites) to generate 

a series of photoprobes. These photoprobes, JC8, L646, GY4, and L505, photo-cross-link to 

S1′, S2, S1, or S3′ subsites within the γ-secretase active site, respectively (Figure 

2A).12,26,27,31 A biotin linker was attached for isolation of the labeled species. This 

photophore walking approach facilitates the comparison of active site conformational 

changes of target enzymes, as the photo-cross-linking efficiency is determined by the 

distance and orientation between the contact residues of the enzyme active site and the 

benzophenone moiety of the photoprobes. By comparing the photo-cross-linking efficiency 

of each probe to PS1 and SPP, we can gain insight into the conformational differences 

between the active sites of these enzymes.

Total membrane isolated from HeLa cells was used as the source of endogenous γ-secretase 

and SPP. First, we confirmed that JC8, L646, GY4, and L505 photolabeled PS1-NTF and 

this labeling was specific since an excess amount of L458 blocked the labeling (Figure 2B, 

lower panel). Furthermore, the photolabeling profile of PS1-NTF revealed that JC8 labeled 

PS1-NTF with the strongest intensity followed by L646. GY4 and L505, on the other hand, 

were both weaker photoprobes for PS1-NTF (Figure 2B, lower panel). SPP was photo-cross-

linked with the same set of photoprobes, and the labeling was specific, as excess L458 was 

able to block the photoinsertion of the probes (Figure 2B, upper panel). Additionally we 

used (Z-LL)2-ketone, a peptidomimetic SPP inhibitor (Figure 2C) with an in vitro IC50 of 

50 nM,32 to confirm that SPP is being specifically labeled and inhibited in our system. As 

expected, excess (Z-LL)2-ketone blocked the photolabeling of SPP completely (Figure 2C, 

upper panel) but had little effect on the photolabeling of PS1-NTF (Figure 2C, lower panel).

These results indicate that the photolabeling profile of SPP is different from that of PS1. 

Although JC8 labeled both PS1 and SPP with the strongest intensity, L646 was a much 

weaker photoprobe for SPP. Instead, L505 photolabeled SPP with similar efficiency to JC8. 

GY4 was a weaker photoprobe for both PS1 and SPP (Figure 2B). Comparison of the PS1 

and SPP photolabeling profiles reveals that while two probes label the enzymes with similar 

efficiency (JC8 and GY4), the other two probes exhibit opposite labeling efficiencies (L646 

and L505), suggesting that γ-secretase and SPP have similar architecture of the S1′ and S1 

subpockets, whereas the S2 and S3′ subpockets are organized differently. In conclusion, the 

overall structure of the PS1 and SPP active sites is similar since both enzymes can be 

specifically labeled by all four active site-directed photoprobes, but the structure of the 

active site subsites differs between the two enzymes, exemplified by the difference in 

labeling efficiency among photoprobes. How variation of these subsites contributes to the 

activity and specificity of γ-secretase and SPP remains to be investigated.

Active SPP exists predominantly as a homodimer

Initial characterization of SPP showed that endogenous SPP is a monomer.15,22 Further 

studies by Nyborg et al. demonstrated that SPP is a homodimer that is SDS-stable and 
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partially heat-labile.19,20 However, only the monomeric form of SPP was labeled with the 

active site-directed photoprobe III-63.33,34 Additionally, endogenous DDM-solubilized 

human and drosophila SPP formed higher molecular weight complexes around 180−200 

kDa.21 We utilized a photolabeling approach to elucidate whether endogenous active SPP is 

a homodimer or monomer. We synthesized JC10, a photoprobe structurally similar to JC8 

except with the addition of a disulfide bond in the biotin linker that can be eluted from the 

streptavidin matrix with the reducing agent TCEP (Figure 3A).35 Our data showed that the 

majority of SPP was monomeric when heat was used to elute SPP from JC8 (Figure 3B, first 

panel), with some residual SPP dimer still detected. However, in the absence of heat, JC10 

photolabeled SPP was predominantly a homodimer (Figure 3B, second panel). Similar to the 

SPP labeled with JC8 (Figures 2B, C and 3B), most of the SPP dimer was converted into the 

monomer when heat was applied (Figure 3B, third panel). This confirmed the finding that 

dimer SPP is heat-labile and provided further evidence that endogenous, active SPP exists as 

a homodimer. To detect predominantly SPP dimer, we eluted proteins with Laemmli Sample 

Buffer + 2 mM biotin at 70 °C. Under these conditions, SPP does not dissociate into its 

monomeric form. As a result, we show only SPP dimer in subsequent experiments.

GSIs and GSMs have opposite effects on the active site conformational changes of PS1 
and SPP

We have previously used photoprobes to detect γ-secretase active site conformational 

changes induced by the binding of GSIs and GSMs.26,27,29 However, the effect of GSIs and 

GSMs on the active site conformation of SPP has not been reported.

We investigated the effects of four GSIs and two GSMs on the active site conformations of 

γ-secretase and SPP (Figure 4). GSIs inhibit production of Notch intracellular domain 

(NICD) and all Aβ species including Aβ40 and Aβ42 while GSMs have little impact on 

NICD production and selectively inhibit production of Aβ42.5 BMS-708163, commonly 

known as avagacestat, was discordantly reported as both a Notch-sparing GSI36 and a 

nonselective GSI,37,38 that completed phase II clinical trials but did not proceed any further. 

LY450139, also known as semagacestat, advanced into a Phase III clinical trial but was 

terminated prematurely due to side effects potentially stemming from Notch-associated 

toxicity.39 Compound X (cpd X) and GSI-34 are both GSIs.40,41 E2012 is an imidazole-

derived GSM which has been shown to bind SPP,42 and GSM-616 is an acetic acid GSM43 

that binds SPP.29

We tested the effects of BMS-708163, LY450139, cpd X and GSI-34 on the photolabeling of 

PS1 and SPP by active site-directed probes. The effect of these GSIs was assessed by 

comparison to vehicle control. As anticipated, these GSIs inhibited the photolabeling of 

PS1-NTF (Figure 4D). Surprisingly, they selectively enhanced the labeling of SPP (Figure 

4C). These data suggest that the GSIs tested have opposite effects on the active site 

conformations of SPP and γ-secretase. The increase in SPP labeling in the presence of GSIs 

may be due to a direct interaction between the GSI and SPP, leading to a change in SPP 

active site conformation that improves labeling with the active site-directed probe. 

Alternatively, the increase in labeling may be due to increased availability of the active site-

directed probe as a result of a reduction in the number of active γ-secretase complexes 
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available for binding. The latter hypothesis does not require direct binding between GSIs 

and SPP, and is based on the data that shows a reduction in PS1 labeling in the presence of 

GSIs (Figure 4B and C), which may suggest that the active site-directed probes that are not 

engaged in labeling PS1 are labeling SPP. While both hypotheses are feasible explanations 

for the increase in SPP labeling in the presence of GSIs, the data support the “direct 

labeling” hypothesis for the following reasons: 1. In the presence of GSIs, SPP labeling is 

enhanced for some, but not all, active site-directed probes. If the increase in SPP labeling 

were a result of an increase in probe availability, all active site-directed probes would be 

expected to label SPP more robustly, but we do not observe this. 2. Fuwa et al. found that a 

compound E-based probe, which is identical to cpd X with the exception of a single 

hydroxyl group, specifically labels SPP, showing direct binding between this GSI and SPP.44 

For these reasons it is likely that the GSIs studied here are directly binding SPP. We also 

tested the effects of E2012 and GSM-616 on the photolabeling of PS1 and SPP. Although 

these GSMs have been shown to modulate γ-secretase activity,29,42 they had little effect on 

the active site labeling of PS1-NTF (with the exception of the S1 subsite for GSM-616), 

suggesting that these compounds affect γ-secretase activity without drastically altering the 

active site conformation (Figure 4D). More interestingly, these GSMs partially reduced the 

active site labeling of SPP by all photoprobes except L646 (Figure 4C), suggesting that both 

of these structurally distinct GSMs affect the same subpockets of the SPP active site. 

Additionally, we and others have reported that GSM-1, which is a close homologue of 

GSM-616, and GSM E2012, directly bind SPP.29,42

The combined data show that while GSIs inhibit labeling of PS1 and have no effect on or 

enhance labeling of SPP, the opposite is true of GSMs, which inhibit labeling of SPP and 

have little to no effect on labeling of PS1. A clear exception is the pronounced increase in 

GY4 labeling of PS1 in the presence of GSM-616 (Figure 4D), which was previously 

reported.29 The trend, therefore, is that GSIs and GSMs have opposite effects on the 

photolabeling profiles of γ-secretase and SPP (Figure 5). The data suggest that not only 

GSMs, as previously reported, but also GSIs directly bind to SPP, potentially leading to the 

observed conformational change in its active site. Consequently, GSIs in clinical trials for 

cancer and GSMs developed for AD treatment may lead to undesirable effects associated 

with concomitant changes in SPP structure. This possibility is worth studying as SPP is 

essential in eukaryotes45–47 and a change in its activity and specificity may affect the 

therapeutic windows of GSIs and GSMs.

CONCLUSION

Determining allosteric site-induced conformational changes in the active sites of enzymes 

for which the crystal structures have not been solved has been a big challenge. To address 

this, we developed and applied the photophore walking technique for probing the active sites 

of two such enzymes, γ-secretase and SPP. We found that while the S1′ and S1 subpockets 

of both enzymes are similar, the S2 and S3′ subpockets are structurally distinct. The strong 

overall similarity in the active sites of these two enzymes that cleave entirely different 

substrates may mean that the active site does not play an important role in determining 

substrate specificity. On the flip side, some substrate specificity may be conferred by the 

subtle differences in two of the four active site subpockets. It is possible that the conserved 
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structure of the S1′ and S1 subsites is a result of the importance of these subsites in 

catalysis. We were surprised to find that the active sites of γ-secretase and SPP are 

differently affected by allosteric GSIs and GSMs. Despite the strong structural homology of 

the active sites of these enzymes, GSIs had a diametrical impact on the conformations of the 

two enzyme active sites, as gauged by interaction with active site-directed probes. Although 

enzyme binding to active site-directed probes is not a direct proxy for activity, there is a high 

likelihood that if the active site is changing, so is enzyme activity/specificity. This has 

important ramifications for drug development, as changes in SPP activity may occur during 

GSI/GSM treatment.

METHODS

HeLa cell membrane preparation and chemical compounds

HeLa membrane fraction was isolated from HeLa-S3 cells (National Cell Culture Center) as 

previously described.12,27 Synthesis of L458, cpd X, GSI-34, L646, GY4, JC8, L505 and (Z-

LL)2-ketone were described previously.12,30–32,35,48 LY450139, BMS-708163, E2012 and 

GSM-616 were kindly provided by Dr. Douglas Johnson from Pfizer.

Peptide synthesis and anti-SPP antibody production

SPP peptide corresponding to the N-terminal of human SPP (MDSALSDPHNGSAEAC) 

was synthesized with an automated solid phase peptide synthesizer (ProteinTech) using 

Fmoc chemistry. The purified peptide was conjugated to maleimide functionalized keyhole 

limpet hemocyanin (KLH) according to the manufacturer’s instructions (Pierce). This 

antigen was used to immunize rabbits for polyclonal antibody production (Covance). Serum 

was collected and tested for SPP detection using Western blot analysis.

Photolabeling of γ-secretase and SPP.12,24,28,29,37

Total HeLa cell membrane was preincubated in the presence of 0.25% CHAPSO with or 

without inhibitors at 37 °C for 30 min. Then, 20 nM of photoactive probes was added to the 

mixture and incubated for an additional 1 h at 37 °C. The reaction mixtures were irradiated 

at 350 nm for 45 min and solubilized with RIPA buffer (50 mM Tris base, pH 8.0, 150 mM 

NaCl, 0.1% SDS, 1% Nonidet P-40, 0.5% deoxycholate) for 1 h. Photo-cross-linked proteins 

in the soluble fraction were pulled-down with Streptavidin Plus UltraLink Resin (Pierce) 

overnight at 4 °C. The resin was washed with RIPA buffer and proteins were eluted with 

Laemmli Sample Buffer (32.9 mM Tris-HCl, pH 6.8, 1% SDS, 13% (w/v) glycerol, 0.005% 

bromophenol blue) at 95 °C (Figure 2 and 3), 25 mM TCEP in PBS (Figure 3) or 2 mM 

biotin in Laemmli Sample Buffer at 70 °C (Figure 4). Eluted proteins were resolved on SDS-

PAGE and transferred to PVDF (Millipore). PS1-NTF, PS1-CTF and SPP were detected 

with anti-PS1-NTF (gift from Dr. Min Xu), anti-PS1-CTF (Millipore) or anti-SPP antibody.
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Figure 1. 
Structural and functional similarities/differences between SPP and γ-secretase. SPP and γ-

secretase are similar in that they are both multipass transmembrane enzymes that share the 

YD/GXGD catalytic motif and cleave their respective substrates in the transmembrane 

region. SPP and PS, the catalytic subunit of γ-secretase, both transverse the membrane 9 

times. The differences between the enzymes include their limited sequence homology, their 

inverse orientation in the membrane, and their specificity for either type 1 or type 2 

substrates. Additionally, SPP functions without protein cofactors while PS requires at least 3 

additional proteins (Aph1, Nct, and Pen2) for γ-secretase activity.
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Figure 2. 
L458-based photoreactive probes specifically label PS1 and SPP. (A) Structures of L458 and 

photoreactive probes JC8, L646, GY4, and L505. L458 side chain residues (P and P′ sites) 

interact with corresponding subpockets of γ-secretase and SPP (S and S′ sites). 

Photoreactive probes JC8, L646, GY4, and L505 have an L458 backbone (black), a biotin 

moiety (green), and a cross-linkable benzophenone (BP). Each probe has a BP incorporated 

into a different site on the L458 backbone. The location of the BP is illustrated by the color 

scheme. For example, JC8 has a BP at the P1′ site, in place of the red benzene ring. JC8, 

L646, GY4, and L505 label S1′, S2, S1, and S3′ subsites of the enzymes, respectively. (B) 

HeLa membranes were labeled with 20 nM of photoprobes JC8, L646, GY4, or L505 in the 

presence of 0.25% CHAPSO, and either with (+) or without (−) 2 μM L458. Samples were 

run on SDS-PAGE and analyzed by Western blot. Anti-SPP and PS1-NTF antibodies were 

used to detect SPP (upper panel) and PS1-NTF (lower panel). (C) Same as B, except 2 μM 

(Z-LL)2-ketone was used to block the labeling of SPP (upper panel) and PS1-NTF (lower 

panel).
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Figure 3. 
Endogenous, active SPP is a homodimer. (A) Structure of JC10. (B) JC8 and JC10 were 

used to photolabel SPP. TCEP and/or heat were used to elute photolabeled proteins.
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Figure 4. 
GSIs and GSMs have opposite effects on the photolabeling profiles of γ-secretase and SPP. 

(A) Structures of E2012, GSM-616, BMS-708163, LY450139, cpd X, and GSI-34. (B) 

Photoprobes JC8, L646, GY4, and L505 were incubated with HeLa membrane in 0.25% 

CHAPSO in the presence of 25 μM GSMs E2012/616 (green) or 10 μM GSIs 

708163/139/cpd X/GSI-34 (blue). Samples were run on SDS-PAGE and analyzed by 

Western blot. Anti-SPP and PS1-NTF antibodies were used to detect SPP (upper panel) and 

PS1-NTF (lower panel). (C) Densitometry quantification of SPP labeling. GSMs are 

Gertsik et al. Page 14

ACS Chem Biol. Author manuscript; available in PMC 2017 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



graphed in green, and GSIs are graphed in blue. (D) Same as C, except PS1-NTF. ns P > 

0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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Figure 5. 
Model for the change in active site conformation of γ-secretase and SPP that occurs upon 

binding by GSIs and GSMs. We propose that the GSIs and GSMs studied here allosterically 

bind to γ-secretase and SPP, causing a conformational change in the active sites of the 

enzymes. Surprisingly, the induced conformational change is opposite for the two enzymes, 

as evidenced by their binding to active site-directed probes. Specifically, GSIs cause 

decreased binding between γ-secretase and probe while increasing binding between SPP 

and probe. GSMs cause little change in binding between γ-secretase and probe but reduce 

binding between SPP and probe. This suggests a model in which GSIs cause the active site 

of γ-secretase to assume a “closed” conformation but have the reverse impact on the active 

site structure of SPP.
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