Structure reconstruction of human γ-secretase
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Abstract

γ-secretase is a multi-subunit protease complex that cleaves transmembrane proteins in residues within the transmembrane domain. Aberrant function of γ-secretase is thought to result in Alzheimer’s disease. Mechanical understanding of γ-secretase’s function is still limited due to the lack of structural information. The purpose of this review is to summarize some of the finding of an atomic structure of human γ-secretase from a series of papers done by Shi’s lab (Tsinghua University) published in the journal Nature. 

Introduction

γ-secretase is a intramembrane protease known for its dysfunction’s connection to Alzheimer’s disease. Sequential cleavage of amyloid precursor protein (APP) produces several various-length amyloid-β peptides (Aβs), including Aβ40 and Aβ42.1 Aβ42 molecules are prone to aggregation2 and therefore lead to amyloid plaques in Alzheimer’s patients’ brains.3 γ-secretase comprises four subunits: PS (presenilin), PEN-2 (presenilin enhancer 2), nicastrin and APH-1 (anterior pharynx-defective 1).4 PS-1 demonstrate the proteolytic activity that generates Aβs.5 It is thus of great importance to determine γ-secretase’s structure in order for a further understanding of its function.
This review aims to show the structure of human γ-secretase in an atomic level determined using cryo-electron microscopy (cryo-EM) single-particle assay.
Recent Progress

First of all, three-dimensional structure of human γ-secretase was determined in 2014.6 γ-secretase complex prepared in this article was comprised of PS1 (the form of presenilin that contains most disease-derived mutations7), PEN-2, nicastrin, and APH-1aL (majority of APH-1). 
Cryo-electron microscopy (cryo-EM), the research technology used to determine the three-dimensional structure, has gained more and more popularity in structural biology. Cryo-EM allows the observation of samples in the physiological environment and does not require the relatively difficult crystallization. In this article, various attempts were made to improve resolution, including using amphipol A8-35 to decrease the disordered detergent molecules’ effect on refinement and setting the electron detector to single-electron counting mode for higher signal-to-noise ratios. A EM map with an overall resolution of 5.4 Å was obtained and several transmembrane segments (TMs) could be identified.
19 TMs identified in this article form a horseshoe-like structure. TMs are unevenly distributed, and two ends of the structure are referred to as the thick end and thin end according to the number of TM layers. 
Among all four subunits, nicastrin makes up the most of extracellular domain (ECD). Nicastrin ECD and TM horseshoe’s center are immediately adjacent, which is in compliance with nicastrin’s previously observed function for recruiting substrate molecules.8 In order to build a model for nicastrin ECD, Bai et al find PSMA as a homologue for nicastrin ECD. This facilitates the model building for nicastrin because of their verisimilitude in residues of corresponding positions. Despite of their structural homology, nicastrin should not be considered to serve as a protease since residues in PSMA that are used to coordinate catalytic zinc ions are replaced by non-conserved amino acids in nicastrin. 
The missing side chains and loops with weak density in the EM map disallow the assignment for other subunits. However, using the same technique as determining the structure of nicastrin, TMs can be putatively assigned for PS1, PEN-2 and APH-1. The assignment can also be attested by formerly reported interactions between subunits.9,10   
Then, an atomic structure of human γ-secretase was determined in 2015.11 This time, a larger data set collected along with other techniques were used to reach a more improved resolution. In single particle analysis, a relatively isotopic reconstruction is allowed when a large number of particle images are collected since protein in vitreous ice usually adopt a random distribution of orientations.12 
Twenty TMs were identified, and TMs of all APH-1, most PS1 and all PEN-2 were clearly discernible. (Unfortunately, only residues that have EM density can be identified, so flexible structures such as loops may not be reconstructed.) Assignment of residues was greatly aided by bulky aromatic residues with excellent density in the map and PS-1’s homologue PSH. After the assignment, catalytic residues on PS-1 can be visualized on the horseshoe-shaped structure’s convex side, facing away from the cavity formed by TMs. However, catalytic residue Asp257 is 10.6 Å from the other catalytic residue Asp385. They are putatively placed closer to each other (possibly within hydrogen bonding distance) after conformational change that substrate recognition brings about.13  
Another intriguing topic of the paper is disease-derived mutations in PS1. There are in all 35 residues in the established map that are related to familiar Alzheimer’s disease (FAD). Most of these amino acids face inward to the center of the bundle, making up two hotspots. Ten γ-secretase mutants were generated, each of which corresponds to one distinct mutation acquired from alzforum.org.They were examined in an in vitro cleavage assay using APP C99 (substrate for wild-type (WT) γ-secretase) for cleavage activities. Ten mutants have variant protease activity for generating Aβs, four of which have lower activity than WT γ-secretase, three of which have almost the same activity, and rest of which have higher activity. Therefore, higher cleavage activity do not necessarily cause FAD. Intriguingly, all eight mutants, except for the two that generated no detectable Aβ40, lead to a higher Aβ42/Aβ40 ratio than that of WT γ-secretase. This may demonstrate the correlation between the mutant and FAD development.
Another fascinating finding is regarding nicastrin structure. Nicastrin consists of a lone TM and two different-sized lobe. Two residues thought for recruiting substrate, Glu333 and Tyr 3338,15, are positioned in a hydrophobic pocket and covered by a lid that contains several aromatic residues. Lid opening is required for substrate recruitment. Phe287 is proposed as a central pivot for rotation of large lobe with respect to the small lobe in order for lid opening.16 Since Phe287 is surrounded by hydrophobic amino acids, the rotation is easier compared with the scenario where residues interact through chemical bond.
The four subunits of γ-secretase bind together mostly through hydrophobic interaction. Two phospholipids were discernable in obtained EM map, and they are both located on the interface of two subunits. Their hydrophobic tails can interact with hydrophobic amino acids on the interface and therefore stabilize the whole structure.

This is the first time that atomic structures of all four subunits of γ-secretase are determined. 

Discussion
Atomic structure of γ-secretase obtained using cryo-EM single-particle assay has furthered our understanding of how residues interact with each other and perform a complicate function as a whole. The determined structure will greatly facilitate studies regarding the mechanisms of γ-secretase function.

More experiment can be made to determine a finer structure comprising loops and other flexible structures that are not readily available in this study. Moreover, other methods should be used to study the interaction between γ-secretase and other molecules such as different substrates, inhibitors and signal molecules. However, in this article, cryo-EM has proven to be a powerful tool for structural and molecular biologists. More science breakthroughs are sure to come forth with the aid of this technology. 
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