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Abstract

The mechanism by which familial Alzheimer’s disease (FAD) mutations within the trans-
membrane domain (TMD) of the Amyloid Precursor Protein (APP) affect e-endoproteolysis
is only poorly understood. Thereby, mutations in the cleavage domain reduce ¢-efficiency of
y-secretase cleavage and some even shift entry into production lines. Since cleavage
occurs within the TMD, a relationship between processing and TMD structure and dynamics
seems obvious. Using molecular dynamic simulations, we dissect the dynamic features of
wild-type and seven FAD-mutants into local and global components. Mutations consistently
enhance hydrogen-bond fluctuations upstream of the e-cleavage sites but maintain strong
helicity there. Dynamic perturbation-response scanning reveals that FAD-mutants target
backbone motions utilized in the bound state. Those motions, obscured by large-scale
motions in the pre-bound state, provide (i) a dynamic mechanism underlying the proposed
coupling between binding and e-cleavage, (ii) key sites consistent with experimentally deter-
mined docking sites, and (iii) the distinction between mutants and wild-type.

Introduction

The onset and progression of Alzheimer’s disease (AD) are assumed to be linked to the accu-
mulation of cell cytotoxic assemblies of B-amyloid (AB) peptides in the brain [1]. These AB-
peptides are products of sequential proteolytic processing of the amyloid precursor protein
(APP), an integral type I membrane protein [2,3]. In the first step, ectodomain shedding of
APP by B-secretase generates a 99 amino-acid long membrane-bound C-terminal fragment
(C99). In subsequent steps, proteolysis of the C99 transmembrane domain (TMD) by the
intramembrane-cleaving, aspartyl protease y-secretase (GSEC) results in release of the APP-
intracellular domain (AICD) and AP production [4]. Amyloidogenic processing of C99 (out-
lined in Fig 1) starts at the cytoplasmic border of the APP TMD at residue 48 or 49 (e-sites)
and progresses stepwise by three to four amino acids towards the N-terminus [5-10]. Depend-
ing on the initial e-site, AICD49 or AICD50 and Ap peptides of different lengths are released.
In the wild-type (WT) form, the most abundant fragment is AB40, while AB42 and AB38 show
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significantly lower levels. Being highly prone to aggregation and a major component in senile
plaques [11,12] AB42 is probably the most neurotoxic species.

Familial forms of AD (FAD), caused by mutations within the C99 TMD, commonly show
major shifts in AB-ratios towards higher levels of AB42, where an increased AB42/AB40 ratio is
correlated with the age of onset of AD [13-21]. Furthermore, most FAD-linked C99 mutant
proteins are less efficiently cleaved by GSEC than WT as revealed by reduced generation of
AICD and/or total A levels [13,16,22]. It should be noted that e-efficiency is referred to as the
proteolytic activity of GSEC [7]. The changed AB42/AB40 ratio was related to a shift in prefer-
ential initial cleavage from the £49- to the £48-site [8,9,23]. Recent findings, however, have
demonstrated that final cleavage can be uncoupled from initial e-cleavage and entry into a spe-
cific production line [5,6,14,22,24]. Although the FAD mutants I45F and I45T enter the A$40
product line, both mutants increase the A42/AB40 ratio. Thereby, the I45F-induced shift
involves direct AB46-AB42 cleavage, skipping AB43 and AB40 production [22]. V46F substitu-
tion drastically shifts e-cleavage to €49 (increased AICD50) and enters the AB42 product line.
Nevertheless, it generates substantial amounts of AB40 [14,24] indicating that it also used the
alternative AP48-AB43-AB40 cleavage steps [5].

What determines initial e-cleavage and e-efficiency of C99? As cleavage occurs in the TMD
of the substrate, the relevance of structural and dynamic features of the substrate’s TMD itself
for processing seems obvious. An initial model assumed that the o-helical TMD must be
locally destabilized at the cleavage site to be accessible for hydrolysis. However, biophysical
analysis and in-silico modelling have revealed that the C-terminal cleavage region (TM-C) of
C99 displays a strong o-helicity and is actually less flexible than the N-terminal region (TM-N)
[25-29]. Additionally, studies of threonine to valine mutations, located in the cleavage domain
of the APP TMD did not show significant differences in e-site flexibility and water accessibility
[30]. Biochemical analyses have reported, however, that these mutations shift initial cleavage
as well as cleavage efficiency and AB-ratios [31]. Several NMR studies have reported differen-
tially increased flexibility around the £48-site in FAD mutants compared to WT [28,29,32].
Some of these studies explicitly investigated the C99 TMD in the homo-dimeric state [28,29],
where contact interactions and increased C-terminal hydration might modify the properties of
the C99 TMD [25]. Recent studies, however, have revealed that APP in its dimeric state is not
a substrate of GSEC [33,34].

Ultimately, substrate processing involves the subtle balance of interactions between sub-
strate, membrane and enzyme in the crowded environment of the cell membrane. A certain
degree of specificity may, therefore, be ascribed to the interactions of the substrate TMD with
the enzyme. Hence, rather than switching e-preference by locally destabilizing one e-site over
the other, FAD mutations might influence interactions and substrate processing prior to
chemical cleavage. Models of enzymatic processing have provided evidence that the conforma-
tional plasticity of substrate and enzyme plays a key role for both recognition and subsequent
relaxation steps [35-38]. Generally, functional dynamics results from the combination of
intrinsic and induced effects: The intrinsic dynamics of the substrate prior to binding is essen-
tial to enabling large-scale cooperative changes in the structure, while induced motions, usu-
ally more localized, help to optimize and stabilize the bound conformations. At all steps,
conformational flexibility of GSEC [39-43] might play a critical role. Furthermore, recogni-
tion, dynamics and conformation of the substrate TMD, as well as the enzyme, are influenced
by the membrane environment [32,44-47].

Current models of substrate processing by GSEC (Fig 2) suggest initial binding of the sub-
strate at an auxiliary interaction site (exosite) before it interacts with more distant recognition
sites and finally gains access to the active site. The exosites are unknown, although Fukumori
and Steiner showed that binding of C99 to GSEC is a two-stage process [48]. Their results
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Fig 1. The C99 fragment of the amyloid precursor protein. The sequence of the transmembrane domain (residues
G29 to L52) is shown in the upper panel together with the two main production lines which lead to formation of AB40
and A42 peptides, respectively. The lower panel shows the location of FAD mutations investigated in this work.

https://doi.org/10.1371/journal.pone.0200077.9001

further revealed that in the cleavage-competent complex, TM-N is in close contact with the N-
terminal fragment (NTF) of presenilin-1 (PS1). In this complex, residues A42, V44, 145, L49,
M51 and L52 in TM-C make contact with the docking site in the C-terminal fragment (CTF)
of PS1. Recognition of TM-N has been discussed previously [33,44,47,49,50] and is also sup-
ported by a recent structural model of GSEC complexed with a helical peptide [39]. The site of
initial e-endoproteolysis was suggested to be dictated by residues upstream to the e-site, i.e.
145 and V46 [33]. Local unwinding of the scissile bond is coupled with entry of TM-C into the
active site and binding the three residues downstream the cleavage site to the hydrophobic S1’-
S2’-S3’ pocket within GSEC [22].

What characterizes the conformational plasticity of the C99 TMD and how can its dynamic
properties contribute to binding and catalytic processing? NMR experiments and molecular
dynamic (MD) simulations have suggested that the highly flexible G37G38 sites in the C99
TMD can act as dynamic hinges, where hinge-bending is triggered by the molecular environ-
ment [44,52-54]. This di-glycine hinge has attracted a certain amount of interest because
hinge-bending may assist a “swinging-in” of TM-C [55] to make contact with the GSEC’s
active site. Changing interactions in TM-C by threonine to valine mutations were shown to
modulate extent and direction of helix bending without altering local flexibility at the e-sites
[30]. The perturbed orientation of TM-C relative to the putative binding domain of TM-N
provides an explanation for the reported shift in initial cleavage and cleavage efficiency [31].
From this finding, an alternative view of &-site selection was derived, relating altered cleavage
site presentation to altered large-scale bending flexibility of the substrate TMD [30,51,56,57].
Notably, it was recently shown that cleavage of the o-helical SREBP-1 substrate by the intra-
membrane site-2 protease may also be associated with a hinge-like motion [58].

Based on our previous results [25,26,30,57], we suspected that FAD mutants may perturb
the large-scale bending motion, which may in turn assist TM-C positioning in the enzyme’s
active site [51]. Since global motions are enabled by local motions, FAD mutants are expected
to induce changes in the helix-stabilizing network of backbone hydrogen-bonds (H-bonds).
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Fig 2. Schematic representation of catalytic processing of APP by y-secretase. The five elementary steps represent 1) substrate recognition, 2) substrate transport to
the docking site, 3) substrate binding and formation of the enzyme-substrate complex, 4) several steps of conformational reorganization of the enzyme-substrate
complex, and 5) proteolysis and release of cleavage products. The proposed model is based on several mechanistic and structural studies of GSEC and APP as discussed

by Langosch et al. [51].
https://doi.org/10.1371/journal.pone.0200077.9002

To probe our predictions, we studied the dynamics of model peptides of the C99-TMD for
WT and seven FAD mutants (Fig 1) by molecular dynamics (MD) simulations. Due to the lack
of a structural model of the substrate-enzyme complex, atomistic details concerning the nature
of interactions are unknown. Hence, we used a matrix of low-dielectric, helix-stabilizing
2,2,2-trifluoroethanol (TFE) with low water content (80%/20% v/v) to mimic the interior of
the enzyme. TFE is used in a wide context of protein biochemical and biophysical applications
for NMR structure determination [59] and for the investigation of the internal dynamics of
transmembrane proteins by amide deuterium/hydrogen exchange (DHX) [25,26,57,60,61].
The backbone dynamics of the WT C99 TMD determined by DHX in TFE/water (80%/20% v/
v) is in good agreement with NMR exchange data in micelles [25]. We showed that the TFE
layer wrapping the peptide contains sufficient water molecules to satisfy hydration of hydro-
philic sites, e.g. glycine and threonine. The TFE/H,O mixture thus provides a rational
approach to the interior of GSEC, which captures significant amounts of water [62,63]. The
simulations point out a substantial impact of the mutations on the stability of H-bonds in the
cleavage region between y- and e-sites—however, neither H-bond flexibility nor water accessi-
bility around the e-sites showed significant differences. Rather, the alteration of the H-bond
network fine-tunes the orientation of the scissile bonds relative to the putative TM-N binding
region. However, this effect was unable to unambiguously distinguish between WT and
mutants. Decomposition of the backbone dynamics revealed an extended motional repertoire
complementing large-amplitude helix-bending. In order to gain insight into the functional
role of this conformational diversity, we implemented a novel perturbation-response method.
Here, the TMD in the TFE/H,O matrix defines a pre-bound state without specific interactions
with the enzyme. Using a spring model, accounting for non-covalent substrate-enzyme inter-
actions, we were able to scan the response of the TMD backbone dynamics to binding-induced
perturbations. We found that tight packing of TM-N-as suggested by a recent hypothetic
binding model [39]-obstructs large-scale helix bending in favour of motions localized in
TM-C, which harbours the cleavage sites. This clearly translates into an altered presentation of
the e-sites in the FAD mutants as compared to WT. In the conformational ensemble of the
pre-bound state, these bound-like motions are hidden. Their selective utilization in the bound
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state indicates that functional motions of the substrate TMD might differ from those large-
amplitude motions contributing most to backbone flexibility. Our investigations propose a
dynamic mechanism underlying the coupling between binding and presentation of the initial
cleavage sites.

Results

Here we used all-atom MD simulations to study the backbone dynamics of the C99 WT TMD
and seven of its FAD mutants on a local and global scale. Properties were studied in a TFE/
H,0 mixture (80%/20% v/v) which favours the a-helical fold and satisfies both polar and
hydrophobic interactions with the substrate TMD—an environment intended to mimic the
interior of the enzyme [59]. None of the investigated parameters indicates persistent conver-
sion to an alternative backbone fold. Rather, they suggest the existence of a continuum of heli-
cal conformations, where helices bend, twist and straighten, but remain a-helical on average.
This is well-documented by low root mean-squared deviations (RMSD) of the average struc-
tures with respect to an ideal o-helix which vary between 1.04 A and 1.27 A. RMSD values
with respect to the average WT structure are even lower (RMSDy;, = 0.15 A for V44M and
RMSD, . = 0.33 A for T431).

FAD mutations induce small perturbations in local topology and dynamics
of the APP TMD

We systematically calculated and characterized local structural and dynamic differences of
C99-TMD model peptides for WT and FAD mutants (for sequences see Methods and Fig 1).
The analysed metrics covered structure (backbone dihedrals, rise-per residue), dynamics (Co-
fluctuations, occupancies of a- and 3,,-H-bonds), and interactions (side-chain to main-chain
packing, hydration). Deviations from the helical regime inform about backbone distortions as
well as locally changed accessibility of the scissile bonds to hydrolysis. H-bond occupancies
(Fig 3A) and root-mean squared fluctuations (RMSF) of Co atoms (Fig 3B) revealed a hetero-
geneous distribution of backbone flexibility: A highly flexible centre is flanked by more rigid
domains around G33 in the N-terminus (TM-N) and V46 in the cleavage domain (TM-C). In
the flexible domain, transient breaking of H-bonds between the carbonyl oxygens from resi-
dues G33, L34, M35, V36 to the amide hydrogens of residues G37, V38, V39 and V40 could be
observed. This is consistent with helix bending over the di-glycine hinge [25,30,44] where H-
bonds on the convex side have to stretch in order to allow for bending. The flexibility imparted
onto the helix is related to extensive shifting between o-helical and 3,¢-helical H-bonds (~25%
non-canonical i, i+3 H-bonds) allowing the accommodation of TMD structural deformations
[60,64]. Surprisingly, the FAD mutations investigated mainly targeted H-bonds located
upstream of the mutation sites, i.e. in the region that harbours the y and { cleavage sites. In
contrast, FAD mutations had only a negligible impact at the e-cleavage sites which showed
preserved, stable H-bonding with >90% a-helicity. Remarkably, the H-bond pattern around
the central di-glycine hinge was not or only slightly affected by the FAD mutations.

Packing scores (Fig 3C) are in close agreement with the H-bond occupancies. Side chains
pack tightly around backbone carbonyl-oxygen atoms in TM-C, whereas packing deficien-
cies are present in the glycine-rich TM-N. The packing scores are mirrored by water coordi-
nation, which shows high values around glycine backbones and very low amounts of water
molecules in the cleavage domain (Fig 3D). In the region between residues V39 and V44,
the packing scores differ among WT, T43I, V44A and I45T. This can be related to perturbed
back-bonding of the threonine side-chain. Depending on sequence context, back-bonding
of a threonine side chain towards the protein’s main chain can induce both helix stabilizing
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and destabilizing effects [67]. Previous studies have revealed a rigidifying effect on the WT
TMD due to side-chain to main-chain back-bonding of T43 and T48 [25,30,57]. For the
FAD mutants studied here, analysis of the packing score (Fig 3C) indicates, that these helix-
stabilizing interactions are perturbed in multiple ways. Besides the obvious lack of ability to
bind back (T43I), both, I45T and V44A, drastically altered the native H-bond network. In
contrast to our expectations, back-bonding of the threonine side chain of I45T to the 141
main chain does not provide drastically stabilization when compared to WT. Instead, it
forces the side chain of T43 to form a H-bond with its own backbone (80%). In the case of
V44A, A44 hinders back-bonding of the T48 side chain and breaks back-bonding between
T43 and V39. This forces the side chains of T43 and T48 to form alternative H-bonds either
to their own backbone (~85%) or to the backbone carbonyl at the (i-1) site (~5%). The
induced helix distortions are related to reduced H-bond occupancy (Fig 3A) at the T43
position in the I45T mutant, and at the A42 position (with a minor change at T48) in the
V44A FAD mutant, respectively. Parallel to a reduced packing score, hydration increases at
positions 40 and 44 (Fig 3D).

Finally, we discuss helix conformational distortions in terms of backbone dihedrals and rise
per residue (Fig 3E-3G). Generally, the backbone torsion angles of ideal transmembrane heli-
ces (O/Y ~ -60°/-45°) differ from their values for water-soluble helices (O/W ~ -65°/-40°) [65].
This 5° counter-directional change has a significant effect on the shielding of polar carbonyl
groups from the surrounding environment [66]. Accordingly, the ¥ values recorded for WT
and FAD mutant TMDs indicate water-exposure of carbonyls G33, A42, V44 and 147, while
the carbonyls at M35, V40 and 145 are more shielded. However, with one exception (M50 in
the V45F mutant) torsions at the e-sites do not point to increased water exposure. For G37
and G38 the strong negative ® and the less negative 'V’ translate to larger angles between adja-
cent peptide planes [66]. Thus, the carbonyl-oxygens are poorly H-bonded to their intra-heli-
cal partners but become more exposed to solvent. This is in accordance with H-bond
occupancies (Fig 3A), water coordination (Fig 3D) and rise-per-residue (Fig 3G). Alternating
backbone V'-torsions along the helices also translate into rise-per-residue values alternating
between elongated and shortened Co.-Co: distances (Fig 3G) which should be 1.52 A for ideal
a-helices and 1.96 A for 3, helices [68]. Thereby, differences in the rise between residues
flanking the peptide bonds of the two e-cleavage sites are of particular interest. A significantly
larger T48-149 distance in combination with a shorter L49-M50 distance would indicate pref-
erence towards £48 cleavage and formation of AICD49. The distributions of these distances
for WT and FAD mutants (Fig 4) indicate a minor shift (~0.3 A) towards increased T48-149
rise-per-residue only for the V46F mutant. The shortened T48-L49 distance noted for the
V44A mutant should even protect from £48-cleavage.

In summary, the investigated parameters do not support a model where FAD mutants affect
e-cleavage due to local destabilization of an e-site. Rather, they revealed an impact on H-bond
flexibility in the region upstream to the e-sites harbouring the y and { cleavage sites.

Local fluctuations cooperate to generate global backbone dynamics

Differences in the local structural dynamics alone cannot explain the impact of FAD mutations
on e-cleavage. Although localized at a single Co-atom or H-bond, these fluctuations may
cooperate to produce functional backbone flexibility enabling (i) large-scale conformational
changes conducive to recognition and binding, (ii) induced conformational relaxations, and
(iii) communication between functional sites distal in the sequence [35,69-74]. The dynamic
cross-correlation mainly depends on the fold and is fine-tuned by sequence. Hence, the
observed FAD mutation-induced variations within the H-bond network (see Fig 3A) may
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result in altered mechanical linkage properties directly affecting functionally important, corre-
lated backbone motions.

The global backbone motions of a helical peptide can be intuitively related to the harmonic
modes of a helical spring, namely elastic bending and twisting [75-77] and are illustrated in S1
Fig. Previously, much attention has been paid to conformational changes of the APP-TMD
related to hinge functionality of its central G37G38 motif [25,30,44,51,52,54,56,78]. Hinges are
flexible regions that permit the rotation of quasi-rigid segments around a screw axis passing
through the flexible region. Accordingly, a helix that preserves its H-bonding structure when
bent or twisted, provides mechanical hinges at the flexible sites [79]. The deformations associ-
ated with these changes are confined to a small number of hinge residues without altering the
internal dynamics of the neighbouring quasi-rigid segments [79]. Here we aimed to identify
regions with correlated low intra-segmental flexibility and to find the key structural motifs that
control the inter-segmental motions of WT and FAD mutant TMDs. We compared structures
sampled in the simulations with the mean structure using the Dyndom program [80,81] (see
Methods). Only a small percentage (< 5%) of the structures showed no deviations from a
straight helix. As expected, motions of TM-N and TM-C helical segments coordinated by a
single flexible region dominate (60-70% of sampled conformations, Fig 5A). The hinge is
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https://doi.org/10.1371/journal.pone.0200077.9005

confined to 2-3 sites including the G37G38 motif (Fig 5B) and provides bending as well as
twisting flexibility. In all peptides, bending significantly prevails over helix twisting (on average
45% bending, 20% twisting). Since the central G37G38 motif and its flanking valine residues in
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the APP-TMD do not feature packing constraints (see Fig 3C), they easily allow changes in the
main-chain torsional angles (see Fig 3E-3F) utilized to displace TM-C with respect to the
TM-N region, as noted previously [30,44,52,54]. For the APP-TMD, the sites with minimal
RMSF (nodes of fundamental helix bending) are located at residues G33 and V46 (see also Fig
3B). According to a resulting distance of 13 residues, maximal bending of an ideal helix (S1
Fig) is expected to occur at sites V39/V40. The observed shift to G37/G38 (Fig 5C) in all C99
TMD peptides indicates the sequence-specific absence of packing constraints there. Unexpect-
edly, FAD mutations either maintain the hinge region or show a slightly higher preference for
G38 (I45F, V461, V44M) (Fig 5C). In ~20-30% of structures, shorter segments bend and twist
around a pair of hinges localized in TM-N and TM-C-here referred to as “double-hinge”
motion (Fig 5D). In the WT TMD, the two hinges are located at V36G37 and T43V44, respec-
tively, and coordinate bending/twisting of the flanking segments relative to the middle
domain. As a direct consequence of this coordinated motion, fluctuation changes in TM-N are
coupled to fluctuation changes in TM-C. This results in a noticeable synchronous softening
and shifting of the pair of hinges as result of FAD-induced H-bond loosening in TM-C.

In summary, changes in global backbone motions can be substantiated by the mutation-
induced alteration of the intra-helical H-bond network. The large-amplitude bending motion
around the central G37G38 hinge contributes most to overall backbone flexibility and is largely
conserved in FAD mutants. Perturbations of local interactions upstream to the e-site provoke
imprecise correlated helix bending around a pair of hinges localized in TM-C and TM-N. Due
to its lower amplitude, this motion is largely hidden in the backbone RMSF profile of the C99
TMDs.

The &-cleavage sites: Rigid, but highly mobile

How does the C99 TMD utilize its inherent flexibility for orientation of its e-cleavage sites?
How does the orientation profile differ between WT and FAD mutants? To answer these ques-
tions, we analysed the orientation variability of the helical segment harbouring the €-sites (resi-
dues I47-M51) with respect to a helical segment in TM-N (residues A30-L34). We thus
quantified the relative orientation is in terms of the bending (8) and the swivel (®) angles
between these two helical turns (for definitions see S2 Fig). It must be emphasised that these
angles do not quantify the local bending at the di-glycine hinge. Rather, they are global
descriptors for accumulated helix distortions between L34 and 147 (Fig 5).

As outlined above, the large-scale bending motion around the central di-glycine hinge is
largely conserved in the FAD mutants (Fig 5C). Nevertheless, altered interactions and
enhanced flexibility (see Fig 3) at residues C-terminal to the central G37G38 motif tune extent
and direction of bending in the FAD mutants, mainly by loosening double-hinge bending (see
Fig 5D). All TMDs preferentially bend in direction of the di-glycine interface as depicted in
Fig 6 and quantified by binning the conformations according to the swivel angle (Fig 7A).
Note that for the coordinate system used in Figs 6 and 7, G29, G33, G37 and G38 in an ideal o-
helix are located at swivel angles ® = 40°, ® = 0°, ® = -40°, and ® = -140°, respectively.

To further quantify differences between WT and mutants, conformations were classified in
populations with small (0° < 8 < 20°), intermediate (20° < 6 < 40°) and large (8 > 40°) bend-
ing angles (Fig 7B). In most cases, intermediate bending prevails. Conformations with large
bending account for merely 10 to 20% of the total population, where T43I, I45T and V46l
show a higher tendency towards larger bending angles combined with a larger variability of
directions.

Like bending, stretching of the TMD might induce incorrect positioning of the e-cleavage
sites. To probe helix stretching, we compared the length of the helix axis connecting the e-sites
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to G33 and G38, respectively. Here, the arc length of the helix between two sites is determined
by the sum of the local rise parameters (see Fig 3G and Methods). For an ideally straight helix
(rise per residue of 1.5 A), the length G33—V50 (G33—L49) is ~25.5 A (~24.0 A), while the
lengths between G38 and the e-cut sites are expected to be ~7.5 A shorter. With the exception
of T43I, the peak values of the length distributions (Fig 7C) are only ~0.5 A longer as predicted
for a straight ideal o-helix. Variations from the ideal values mainly indicate helix stretching
due to bending [68]. While the extension of the C-terminal helix length reflects FAD-induced
perturbations upstream of the e-sites, the helix length measured up to G33 also includes helix
distortions around the di-glycine hinge. The small populations with a ~4.5 A longer helix axis
observed for T431 and V461, (Fig 7C, left panel) can be attributed to conformations where
bending angles > 80° (see also Fig 6) drastically elongate the region around the di-glycine
hinge.

To summarize, the orientation of -sites with respect to the N-terminal part of the C99
TMD is dominated by the signature of anisotropic bending over the G37G38 hinge and
remains largely conserved in FAD mutants. Variability of the e-presentation emerges from
FAD-induced loosening of the double-hinge, contributing ~20-30% to the cumulative effect
of all bending and twisting motions. Moreover, the analysis reveals that the e-sites, while
locally rigid, are highly mobile.

Functional backbone motions deduced from impact of FAD mutations on
H-bond flexibility

Our previous results revealed that the e-sites participate in a tightly coupled network of H-
bonds. They remain locally rigid but gain mobility as a consequence of large-amplitude, collec-
tive backbone motions. How can we figure out the functional relevance of these motions for
catalysis? Here we rationalize, that backbone motions which are targeted by FAD mutations in
the C99 TMD, are of functional importance. The pronounced impact of FAD mutations on H-
bonding makes the H-bond occupancies (Fig 3A) promising candidates for functional order
parameters. We focused our analysis on the summary score for H-bonds emanating from car-
bonly oxygens in two regions, namely (i) from G33 to G38, and (ii) from V40 to T43. The
backbone motions correlating maximally with these occupancy fluctuations [75,82] are termed
type I (FM I) and type II (FM II) functional modes respectively. For model building and cross-
validation see Methods and S3 Fig.

The observed backbone motions reveal large differences between mutants and WT as
well as among the mutants. In general, the functional modes describe hinge bending and
twisting motions of helical segments around various flexible joints, as identified with the
Dyndom program [80]. The contributions of each residue to these motions vary largely (see
Fig 8). For all peptides, motions correlating with H-bond fluctuations in the central region
(type I) describe large-scale hinge bending localized in the residue segment from V36 to
V39 (Fig 8A). However, even minor changes in H-bonding at this location can bias direc-
tion of bending or enhance twisting flexibility in type I motions. Accordingly, the bending-
over-the-hinge pattern dominating the overall distribution of swivel angles (Fig 7A) is
recovered only for a subset of peptides (WT, V44A, V44M and 145T), while the FAD
mutants 145F, T431, V46F and V46l bend in perpendicular directions and separate in differ-
ent clusters (Fig 8B). The backbone motion enabled by H-bond fluctuations around the y-
site (type II) is a double-hinge motion in WT but shows a repertoire of bending and twisting
around diverse hinge sites for the FAD mutants (Fig 8C). As a result, FM II of FAD mutants
display the largest dissimilarity to WT as well as among the different mutants (Fig 8D and
$4 Fig).
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https://doi.org/10.1371/journal.pone.0200077.9008

To summarize, backbone motions correlating with local H-bond fluctuations targeted by
FAD mutations deviate from those large-scale motions contributing most to overall backbone
flexibility. Strikingly, the variation between low and high H-bond occupancies in the two
regions causes a substantial change in the directions of e-site presentation.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200077  July 2, 2018 14/34


https://doi.org/10.1371/journal.pone.0200077.g008
https://doi.org/10.1371/journal.pone.0200077

@° PLOS | ONE

Conformational changes in APP’s transmembrane domain

Functional backbone motions deduced from response to binding-induced
interactions

Surprisingly, backbone motions correlating with H-bond fluctuations targeted by FAD muta-
tions appear to be mainly hidden in the overall backbone dynamics, which is dominated by
large-amplitude helix bending. They might, however, be selectively utilized for optimization
and relaxation steps after substrate-enzyme binding, where large-scale bending motions are
obstructed by a tightly packed environment [36,70,83,84]. No structural model for the sub-
strate-enzyme complex is currently available, though the experimentally determined structure
of GSEC complexed with a co-purified a-helical peptide [39] provides an initial hypothetical
model. In this case, PS1-NTF tightly embraces the N-terminal segment of the helix and pro-
vides various hydrophobic and polar contacts (see Fig 9A). The functional relevance of this
distinct environment is supported by the high amount of PS1 disease mutations located there
[21]. Although lacking further atomistic details of the nature of interactions between substrate
TMD and GSEC, our MD simulations allow the response of the TMD backbone dynamics to
binding-induced perturbations to be studied. Here, we treat non-covalent interactions
between substrate TMD and enzyme implicitly i.e. as a source of elastic energy. These interac-
tions influence the motions of the explicitly treated mechanical degrees of freedom, which are
represented by the Co atoms of the helical core. Given the fluctuations in the pre-bound state,
the reorganization of conformational dynamics can be probed for a variety of model interac-
tions. Similar perturbation-based analyses have been employed in various previous studies
[69,74,85-87]. For further details and comparison with related approaches see Methods.

In the first step, we scanned fluctuation changes of each residue when binding occurs at
each other residue of the WT-TMD. Fig 9B reveals that binding in one part of the TMD
induces strong changes in the other part far from the binding site. This communication can be
easily understood, since propagation of the binding perturbation depends on the collective
correlation of residue fluctuations. Therefore, the resulting conformational changes are global,
even in the event of local perturbations at one specific site. For example, binding at G33 signifi-
cantly increases fluctuations at V44/145. Thereby, the effect shows a pronounced non-reci-
procity, i.e. binding at TM-C (e.g. V44 or T48) enhances flexibility at V36, while binding at
V36 will not produce significant fluctuation changes in TM-C. This non-reciprocity is a direct
consequence of a site’s acceptance for perturbation depending on its local flexibility. In the sec-
ond step, we discussed simultaneous binding of multiple sites of the substrate WT-TMD to the
enzyme, namely contacts with G37 and G38 (model 1), G33 and G37 (model 2), G38 and A42
(model 3), M35 and V39 (model 4), and residues from G29 to G38 (model 5). The G33xxxG37
and G38xxxA42 motifs were previously discussed as putative interfaces for C99 TMD homodi-
merization [52,88,89] and might also be involved in contacts with PS1 helices. M35 and V39 in
model (4) are located on the opposite side of these motifs. Model 5 is based on the hypothetical
binding model [39], where the helical segment incorporated within GSEC is 9 residues long,
corresponding to residues G29 to G38 in our model. Depending on the interaction sites, bind-
ing-induced stiffening propagates along different pathways as reflected in a diverse pattern of
fluctuation differences (Fig 9C). They range from minor communication (model 1) to
increased fluctuations in TM-N, accompanied by decreased fluctuations in TM-C (models 2
and 3) up to above-average fluctuations in both, TM-N and TM-C (model 4).

In the following section, we compare the conformational ensembles in detail for binding
model 5. As expected, large-scale bending, dominating the mode space in the pre-bound state
(Fig 9D), is obstructed in the tight environment of the bound substrate TMD. By contrast,
lower-amplitude motions—previously hidden in the global dynamics of the pre-bound state-
are now selectively utilized (Fig 9E). In the case of the WT, reorganization of the TMD’s
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https://doi.org/10.1371/journal.pone.0200077.9009

conformational dynamics in the bound state is exemplified in S5 Fig. The dominant modes
after binding (Fig 9E) now favour local bending around residues A42-V44. Most importantly,
binding sites in TM-N coupling to the same conformational degree of freedom (Fig 5D) can
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establish a communication pathway to TM-C, i.e. G33 and L34 can act as effectors, while
A42-V46 act as sensors (see Fig 9B). Disease-associated mutations perturbing local flexibility
and shifting hinge centres at the sensory sites (see Fig 5D) may worsen dynamic communica-
tion between TM-N and TM-C and impair precise positioning of e-sites. The binding-induced
shift of dominant backbone modes from central large-scale to more localized bending is
reflected in the change of local mean-squared fluctuations (MSF). As shown in Fig 9C for the
WT, fluctuations around G37G38 are reduced, but concomitantly increased around 141-145.
Significant fluctuation changes between FAD mutants and WT occur along the complete
TM-C (Fig 9F). All mutants preserve low MSF at the €48 site; I45F and V46F even reduce fluc-
tuations there, while V44M and I45T respond with increased fluctuations at L49. Notably, all
FAD mutations increase fluctuations at the carboxy-terminus (at residues V50 and M51).

The question that arises is how the previously defined functional modes compare to motions
contributing most to overall backbone flexibility in the pre-bound and bound state? To clarify this
question, we calculated the overlap of the functional modes (see Fig 8) with the essential dynamic
subspaces describing 85% of the respective overall Co. MSF in both states. The functional modes
overlap only poorly in the pre-bound state (Fig 10A). The overlap of type I motions is ~60% for
the WT TMD and varies largely (o = 15%) around that value for the FAD mutants. Type II
motions show consistently an even lower overlap (1t = ~40%, o = 5%). In contrast to the poor
overlap in the pre-bound states, the overlap of both types of functional modes with bound state
essential motions is drastically enhanced (Fig 10B) and reaches >90% (FM I) and 74%-87% (FM
IT), respectively. This indicates that H-bonds which are affected by FADs and covered by FM II,
are of significant importance to relaxations in the enzyme-substrate complex.

To summarize, the response of conformational dynamics to binding interactions reveals
remarkable C99-TMD plasticity. Instead of bending over the di-glycine hinge, a bound sub-
strate TMD utilizes bending of terminal helix segments relative to the middle domain. In the
pre-bound state, this motion is largely hidden and contributes only ~20-30% to overall back-
bone dynamics. Along this motion, binding-induced stiffening of the N-terminal part is com-
municated to the cleavage region supporting a model where initial interaction with the
enzyme sets up the endoproteolysis site [33]. The identified sensory sites in TM-C overlap
with experimentally determined docking sites interacting with PS1-CTF [48]. Loosening or
shifting the sensory sites in FAD mutants might compromise precise communication and pre-
sentation of the e-cleavage sites.

The TFE/water mixture: A mimetic for the interior of the enzyme

2,2,2-trifluoroethanol (TFE) is perhaps the most commonly used agent for stabilization of o.-
helical conformations. In a mixture with water, this solvent can provide a variety of non-spe-
cific environments ranging from those mimicking hydrophobic interactions in the interior of
globular proteins to hydrophilic ones at the surface [59,90]. Here we mimic features of the sub-
strate TMD in the interior of the GSEC enzyme using a TFE matrix containing a low amount
of water (80%/20% v/v) to account for the presence of functionally important water molecules
[62,63,91,92]. What does this environment look like in our experiments and how might it be
compared to the “real” enzyme? To answer those questions, we calculated the spatial distribu-
tion of TFE and water molecules around the WT TMD. While water enriches around the
charged termini, the core (residues A30-V50) is preferentially solvated by TFE (Fig 11A).

TFE clusters around hydrophobic residues in TM-C and TM-N with lower preference for

the central G37G38V39 region (Fig 11B). The TFE layer still contains enough water molecules
to satisfy hydration of hydrophilic residues (G29, G33, G38, T43). This observation is con-
sistent with previously determined water coordination (Fig 3D). The increased local TFE
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concentration and shielding from water makes the environment of residues in TM-C (V40-
L49) more apolar, thus stabilizing intra-helical polar interactions (backbone H-bonds and thre-
onine back-bonding, compare also Fig 3A-3C). The distributions of water and TFE molecules
are visualized in Fig 11C by density surfaces. Residues in TM-C are in close contact with the
hydrophobic part of TFE. The exposure of the TFE-hydroxyl group to the outer water phase
indicates that TFE does not compete directly for H-bonding with the peptide backbone, i.e. the
accumulation of TFE at the surface of the peptide is not caused by preferential H-bonding
between the backbone and TFE. Around the mid-peptide region (G37G38), water penetrates
closer. We conclude that the preferential association of the solvent with the peptide surface
resembles a substrate TMD globally fitting into a compatible environment in the enzyme. The
TFE layer provides a tightly packed apolar environment facing hydrophobic side chains, but
also allowing water molecules to assemble around polar groups. In the real enzyme, polar con-
tacts around hydrophilic side chains in the N-terminal region of the helix might be supplied by
a set of polar residues (i.e. threonine and serine, see Fig 9A). Specific interactions, however,
such as those provided by the catalytic aspartates, are missing from the solvent model.

Discussion

It is well understood that enzyme catalysis takes advantage of the repertoire of motions inher-
ent to native proteins, although their role in the chemical step seems less obvious [93,94].
Transitions along large-scale motions might be selected to enable recognition, while lower-
amplitude, localized motions help to optimize and stabilize enzyme-bound states [35-
38,71,95]. Currently, no structural model for a GSEC-bound substrate is available and hence
atomistic details concerning the nature of interactions and conformational relaxations
involved in binding and presentation of the e-site are unknown. Here we treated TMD-
enzyme interactions in an implicit way and compared local and global dynamical properties of
the TMDs of C99 WT and seven early-onset FAD mutations (T431, V44(A,M), I45(T,F) and
V46(LF)). The chosen solvent (80%TFE/20% water v/v), intended to mimic for the interior of
the enzyme, provides a non-specific environment that satisfies both, polar and hydrophobic
interactions with the substrate TMD. Equilibrium dynamics of the substrate TMDs is
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bulk molarity. Data from the last 50 nanoseconds of the simulations were accumulated. The backbone of the peptide (grey) was superimposed onto
residues G29-M51 of the average structure. Co. atoms of glycine and threonine residues are indicated by spheres in red and purple, respectively.

https://doi.org/10.1371/journal.pone.0200077.9011

calculated using all-atom MD simulations. The simulations have previously been validated by
comparing MD-derived amide deuterium-hydrogen exchange rates with experiments [25,26].
Mutations do not imply substantial changes in the mean structure, rather they affect the
dynamic ensemble of conformations where the helices bend, twist and straighten, but remain
o-helical on average. The FAD mutations consistently increase H-bond fluctuations in the
region upstream to the e-site while maintaining strong a-helicity near the cleavage sites. A sta-
ble helix near scissile bonds was found previously not only for the C99-TMD [25-30], but also
for Notch [96] and the SREBP-1 substrate of the intramembrane site-2 protease [58]. The
vicinity of the y-site was shown, by solid-state NMR, to exist in a mixture of helical and non-
helical conformations [32,78], consistent with reduced H-bond occupancies as revealed from
our simulations. Significant differences within cooperative correlations emerge from these
subtle differences within the underlying H-bond network. However, large-scale, global helix
bending-primarily defined by the o-helical fold-is nearly unaffected by FAD mutations.
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Rather, the mutation-induced loosening of a pair of hinges in TM-N and TM-C was found to
be a main determinant for orientation of the e-sites. This double-hinge motion coordinates
bending and twisting of the N- and C-terminal helical segments around the middle domain,
with hinge-sites localized in TM-C around A42-145 and in TM-N around V36-G38.

To gain insight into the functional importance of these backbone motions, we investigated
how energetic perturbations, associated with enzyme interactions, cause and affect the reorga-
nization of the TMD's conformational dynamics. In our in-silico modelling study, we treated
TMD-enzyme interactions implicitly as a source of elastic energy, weakly and harmonically
restraining backbone atoms at binding sites. The propagation of the perturbation throughout
the protein is mediated by the correlation of residue fluctuations in the pre-bound state. Intro-
ducing the quasi-harmonic covariance matrix determined from MD simulations as response
function, we extended previous models based on harmonic formulation of protein dynamics
[69,85,86,97,98]. In particular, the conformational reorganization depends on all protein back-
bone motions and is not restricted to a few so-called essential modes [99]. Thermodynami-
cally, the redistribution of the TMD’s dynamic fluctuations entails changes in conformational
entropy. The decrease in entropy due to binding-induced stiffening at contact sites might be
compensated by an enthalpy gain due to new TMD-enzyme interactions and by the release of
water from the binding interface. It can also be balanced by an increase in motion at other
regions, thereby providing a means of propagating binding information to distal sites, even in
the absence of significant structural changes. Highly flexible binding interfaces might, there-
fore, enhance functional important communication with sensory sites [100-102], suggesting a
special role for flexibility-enhancing glycine residues in TMDs [60].

Our perturbation-response approach allows us to scan a variety of binding models. One
model was studied in greater detail. Based on recent structural data [39], we speculated that a
hydrophobic interaction with PS1-NTF holds the TM-N of the C99 TMD and aligns it for
catalysis. Our analysis reveals the importance of the region upstream to the e-sites for confor-
mational relaxation after binding. TMD dynamics in this bound state selectively utilizes the
double-hinge motion, which contributes only ~20-30% to conformational variability in the
pre-bound state. In exchange, the predominant bending motion in the pre-bound state is
mostly obstructed in the bound state. Furthermore, the utilized conformational degree of free-
dom provides communication between binding to TM-N and presentation of the e-sites, thus
supporting a model, where initial interactions set up the site of endoproteolysis [13,33] by
GSEC. The identified sensory sites in TM-C overlap with experimentally determined docking
sites interacting with PS1-CTF [48]. Loosening and/or shifting the sensory sites in disease-
mutants might compromise precise presentation of the e-sites to the active-site cleft in the
enzyme-substrate complex provoking reduced e-efficiency and/or a shift of the initial cut. In
the same way, manipulating sites in TM-N might be communicated to the cleavage domain.
The effect on e-cleavage efficiency observed after glycine to alanine substitution at G33 [103]
as well as the shifted cleavage pattern concomitant with the creation of an alternative e-site at
M51 in the G33Q mutant [6,31] can be considered as direct hints to this communication. The
propagation of effects arising from localized perturbations along the network of coupled pro-
tein fluctuations has been reported for several proteins even in the absence allosteric function
[72,74,100-102,104] and their general relation to disease has been discussed [105]. The synergy
between binding and presentation of the e-sites emerging from the current analysis is summa-
rized in Fig 12. Surprisingly, the low local flexibility at the e-sites remains intact, raising the
question for an unfoldase activity of the enzyme. Such a mechanism is supported by recent
results from deep-UV resonance Raman spectroscopy [106] indicating that local unwinding of
the substrate TM helix for cleavage is initiated by the presence of the enzyme, i.e. by specific
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interactions with residues in the active sites which are missing in the solvent conditions used
in our simulations.

While the repertoire of conformational motions of the substrate TMDs is mainly deter-
mined by their a-helical fold architecture, there is reason to suspect that the relative impor-
tance of individual motions reflects differences in sequence and local fold. The TMD of
NOTCH, another prominent substrate of GSEC [107], appears to be a straight helix [96] miss-
ing the large-scale bending flexibility that characterizes the C99 TMD. As a result, the TMDs
of NOTCH and C99 adapt differently to the hydrophobic thickness of the membrane environ-
ment [96]. In a similar manner, the coexistence of multiple dynamic features of substrate
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TMDs might determine how they adapt to interactions with the enzyme. Binding of different
substrates might even take place at different interfaces, thus providing altered interactions
[108]. Therefore, relaxation after initial capture of the substrate might proceed along a series of
intermediates of mutually adapted enzyme-substrate complexes [36]. According to this model,
neither dominance of a large-scale, collective motion nor local instability of an H-bond is,
taken in isolation, a determining factors for GSEC cleavage, but rather their hierarchical orga-
nization [38]. Generally, the corresponding transient steps are controlled by their kinetics in a
gradually changing conformational landscape of the enzyme-substrate complex [36]. The true
binding-competent conformational changes might be identified only upon taking their kinetic
differences into account. The GSEC cleavage of substrates with a different conformational
dynamics signature of their TMDs suggests that the organization of the dynamic ensemble of
the C99 TMD might not be a paradigm for the backbone dynamics of substrate TMDs in gen-
eral. In our ongoing work, we compare the conformational dynamics of a large set of substrate
TMDs in the TFE/water mixture as well as in membrane environment.

Substrate determinants beyond TM helix flexibility might be required for efficient proteoly-
sis by GSEC, such as interactions with the membrane and communication with the extracellu-
lar and intracellular domains. This model is supported by results from a recent in silico
modelling study of the full-length C99 indicating a correlation between membrane thickness
and conformations of transmembrane and soluble domains [109]. In addition, the enzyme
might modulate thickness as well as curvature of the membrane in its proximity.

Materials and methods
Peptide sequences

Our model peptides consisted of residues 28-55 of C99 and carryied an additional KKW tag at
the N-terminus (e.g. for wild-type: KKWK-GAIIGLMVGGVVIATVIVITLVML-KKK) as
described previously (Pester, Barrett, et al., 2013; Pester, Gotz, et al., 2013). The TMD of wild-
type (WT) APP was compared to seven FAD mutants (T431, V44A, V44M, 145T, 145F, V461
and V46F) which have previously been characterized with respect to cleavage efficiency, prod-
uct-line preference and AB-ratios by several groups [13,14,16,22,28,33]. The mutation site’s
locations are depicted in Fig 1. Previously it was shown that similar C99 TMD-peptides are
good substrates for GSEC [28,110].

MD simulations

Simulations were carried out as described in our previous work [25,26,30,60]. Briefly, the peptides
were solvated in a rectangular box (104 x 60 x 60 A3, containing 80% 2,2,2-trifluoroethanol
(TFE) and 20% water (v/v). After a 1.2 ns equilibration phase with gradual release of constraints
on the peptides, 200 ns of free dynamics was conducted in a NPT ensemble (T =293 K, p=0.1
MPa). The last 150 ns of each trajectory were analyzed All simulations were performed using
NAMD2.9 [111] and the CHARMM?22 force field with CMAP corrections [112].

Analysis of structural and dynamic parameters

According to a geometrical criterion [113], a H-bond between the backbone amide hydrogen
and the carbonyl oxygen is formed if the H---O distance is < 2.6 A and the N-H---O angle is
within 180°+60°. We considered the H-bond emanating from the carbonyl oxygen at residue i
to be closed if either the H-bond to NH;, 4 (a-H-bond) or the H-bond to NH;, 5 (3, H-bond)
was formed. The occupancy for each residue was computed as the fraction of closed H-bonds
(oL or 3;¢). For the calculation of water coordination numbers, water molecules with a
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hydrogen atom within 2.6 A distance to the carbonyl oxygen atom of each residue were
counted. This distance corresponds to the same cut-off as that used to define of H-bond occu-
pancies. The packing score S; measures the contacts of the carbonyl oxygen of residue i to all
other atoms j in the peptide by a cut-off-free approach [114]. It is defined as the sum of the
inverse of pairwise distances r;; raised to the sixth power. Atoms belonging to the same residue
i as the carbonyl were excluded. The rise per residue was calculated by a differential geometric
approach [68] as used in our previous work [30,60]. The orientation of the cleavage domain
was characterized by bending (0) and swivel (@) angles of the helical segment carrying the
cleavage sites (residues 147-M51) with respect to a helical segment located in TM-N (residues
A30-L34, for definition of the angles see S2 Fig). Radial distribution functions and density dis-
tributions of water and TFE molecules were calculated using tools provided with the LOOS
libraries [115]. Distances were measured between the centres of mass of side chains and sol-
vent molecules. Mean structures were determined iteratively [116]. Convergence of the simu-
lations was investigated separately for a global and a local property (see S6 Fig). Backbone root
mean-squared deviations (RMSD, Co. atoms of residues G29-M51) were calculated from mean
structures in non-overlapping time windows with respect to the mean structure calculated
over the full trajectory [117]. The correlation times of H-bond fluctuations were calculated
from the mean first passage of the autocorrelation functions through zero. The analysis indi-
cates that local H-bond fluctuations as well as global backbone fluctuations for all simulations
converge, at least after 30 ns. Therefore, standard errors of the mean for the presented proper-
ties were determined from block averaging using 5 non-overlapping blocks of 30 ns long
blocks. Analysis was carried out using custom software based upon MDTraj [118]. Graphical
representations of structures were generated with VMD [119].

Dynamic domain analysis

The Dyndom program [80] was used to analyse regions involved in hinge bending and twist-
ing motions. Quasi-rigid domains of at least four residues were identified using a sliding win-
dow of 5 residues. The motions around flexible hinge sites were classified by the orientation of
the screw axis relative to the helix axis. Motions with screw axis mainly perpendicular to the
helix axis (%-closure >50%,) are classified as bending, while twisting motions have a screw
axis mainly parallel to the helix axis (%-closure <50%) [81]. We subjected snapshots taken
every 50 ps to analysis. The conformation with the lowest RMSD from the average structure
was used as a common reference.

Functional mode analysis

For functional mode analysis (FMA) we used the PLS-FMA program which uses a partial
least-squares (PLS) model and was kindly provided by Bert de Groot [82]. Two functional
order parameters were defined from the time series of the occupancies summed over H-bonds
(o or 3;p) in region I (emanating from carbonly-Os G33-G38, spanning residues G33-V42)
and region II (emanating from carbonyl-Os V40-T43, spanning residues V40-147), respec-
tively. For the analysis we used all the heavy backbone atoms of residues K28-K54. The FMA
model was constructed using 50% of the data and the remaining 50% were used for cross-vali-
dation. The required number of PLS components was determined from the dependence of the
Pearson correlation coefficient between data and model (R,,)) as a function of the number of
components. R;,, converges to values >0.75 with 11-15 PLS components. For model building
and cross-validation see S3 Fig. The structural changes that cause substantial variation in the
order parameters were characterized by the ensemble-weighted, maximally correlated motions
(ewMCM). For visualization, trajectories along the ewMCM vectors interpolating from low to
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high value of occupancies were used. To characterize the backbone motions in detail, two
structures representing the conformational variability for low and high occupancies were
extracted and analysed with DynDom [80]. To quantify similarities of ewMCM vectors from
different peptides, the inner product of ewMCM vectors was calculated. The pairwise inner
products of all peptides were used for hierarchical clustering [120].

Dynamics perturbation response analysis

Coupling between protein dynamics and binding can be well explained by an analytical model
in which the reorganization of backbone dynamics is calculated as response to binding-induced
interactions. Propagation of the perturbation throughout the protein is mediated by the correla-
tion of residue fluctuations in the unperturbed state. Response of residues to perturbations
upon binding has previously been formulated and analysed for several proteins and types of
perturbations. In various studies the initial state’s average structure was perturbed by forces and
the displacements of residues were monitored [121-124]. In other studies residue flexibility and
connectivity were perturbed by adding interaction energies and the redistribution of conforma-
tional states was recorded [69,74,85-87,98]. Here we applied dynamic perturbations, because (i)
the mean structures of the TMDs did not show substantial conformational changes even for the
mutants, (ii) a reasonable model for functionally relevant forces was missing, and (iii) given the
importance of the direction of perturbing forces [121] applying random kicks might not by suf-
ficiently informative enough. In perturbation-response calculations, the dynamics of the unper-
turbed protein is often derived from an elastic network description. Here, we formulated a
quasi-harmonic extension of this concept including non-harmonicities in the variance-covari-
ance matrix from MD, as outlined below. The enzyme as well as its interactions with the sub-
strate TMD were treated implicitly using concepts from Gaussian Network Models [69,98]. The
enzyme was assumed to constitute a linear chain of binding sites. Linear connectivity was
accounted for by strong attractive spring constants k between nearest neighbours. The non-
covalent interactions between substrate TMD and enzyme were treated as a source of elastic
energy that influences the motions of the explicitly treated mechanical degrees of freedom
which are the Co atoms of the helical core of the TMD. Weak attractive spring constants y har-
monically and isotropically restrain the binding sites. The binding-induced reorganization of
conformational dynamics was characterized by the variance-covariance matrix of the perturbed
TMD calculated using techniques for partitioned, interacting subsystems [125,126].

We started by setting up the potential energy of the interacting TMD-enzyme system in the
form of a combined Hessian matrix in block form, as exemplified in Eq (1) for the interaction
of one binding site on the TMD (Co. atom of residue i) with binding site m on the enzyme. We
assumed that each residue of the TMD interacts with only one binding site of the enzyme and
exclude multiple binding to the same site:

H, - - H, . 0 0 0
0 0 0
v - Hy  Hy 0 L., 0
e (HSS HSE>: Hy, -+ -+ Hy . 0 0 0 (1)
H, Hg
0 0 0 0 | IR D 0
o o r,, o . I, T, —
0 0 0 0 0 Lot Dopimar
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The Hessian of the free substrate TMD (H"gs) is a NxN matrix of 3x3 sub-matrices
(N = number of Co. atoms). Formally, H"q is written as pseudo-inverse of the quasi-harmonic
variance-covariance matrix C"gg of the unperturbed system (kg = Boltzmann constant,
T = temperature): Hy, = k, T - (C)
super-elements Hj; of Hgg differ from the unperturbed ones. These can be calculated from the
condition, that the sum of elements of each row and column in the interacting system must be
zero,ie. Hy = Hy — > T’ and H,, = H}, ;. The harmonic and isotropic interaction

', Due to the interactions with the enzyme, the diagonal

between atom i on the TMD and enzyme site m is characterized by the spring constant y and
off-diagonal 3x3 sub-matrices I'; ,,, entering the interaction matrix Hgg (Hgg is the transposed
of HSE)Z

Ly = —VEsq (2)

The Hessian Hgg, describing the enzyme with M binding sites is a MxM tri-diagonal matrix
of 3x3 sub-matrices. Each enzyme site m interacts with its nearest neighbours m=1 in the lin-
ear chain. Interaction strength is given be the spring constant x and interactions are assumed
to be isotropic. Therefore, Hgg, contains off-diagonal submatrices:

L, = —KEyy (3)

The diagonal submatrices I'y, ;,, of Hgg take all interactions into account:
Fm‘m = _Ziri,m - Fm,m—l - l—‘rrL,rrHrl (4)

By integrating out the environment [125,126], the effective Hessian HPss for the peptide
under the influence of binding-induced dynamic perturbations can be calculated as:

Hsbs = Hg — D5 — HSEH;SIHES - Hgs —o0H (5)

Thereby, Dgs is a 3Nx3N diagonal matrix accounting for the differences between Hj; and
H";;. Finally, the covariance matrix of the perturbed peptide is recovered from inversion of
HbSS:

Cgs - kBT(Hgs)_1 = C;S(EZSNxfiN —OH - C;s/kBT)_l (6)

where Esnysn is @ 3NX3N unit matrix. Here, 83H accounts for the harmonic interaction with
the enzyme. The interaction is propagated in the peptide along the correlated fluctuations in
the unperturbed state, described by C'gg, utilizing the full dynamic information from MD. As
a result of substrate-enzyme binding, the peptides have changed MSFs (diagonal elements of
CPs) and a reorganized space of backbone motions, determined from an eigenvector decom-
position of CP and CY, respectively. The essential sub-space was defined to describe 85% of
the overall Co. mean-square fluctuations. The overlap between the functional modes and the
essential sub-space, as computed by Eq (7), quantifies similarity of the functional mode (FM)
and the essential sub-spaces (v;) of the free and bound states, respectively. The number of
modes necessary to describe 85% of Ca. MSFs (n) varies between 6 and 10. For perturbation-
response mapping custom-built software was developed in Fortran90.

Overlap = \/ <7Z?_1 E M*”f)2> (7)

n

The value of the spring constant y was determined from the condition that in the linear
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response limit the change in MSF is proportional (i) to the square of the MSF in the unper-
turbed state and (ii) to the perturbation, i.e. the spring constant [127]. We therefore calculated
the relative change of MSF, AMSF, for spring constants y between 1 and 10 kcal/(mol A?).

_ MSF"(i) — MSF*(i)
(MSF(i))’

AMSEF(i) (8)

In the linear regime, the slope AMSF/Ay should be constant. We tested this relationship for
several residues as well as for the overall MSF in the binding model with the strongest interac-
tions (see S7 Fig). We concluded that a spring constant y = 5 kcal/(mol-A?) provides a good
approximation to the linear regime. The value is in the lower limit of weak intra-helical i,i+4
force constants [25,128]. A much stronger spring constant describes the “covalent” bonds
between enzyme sites. Here we use « = 150 kcal/(mol A?).

Normalized fluctuation profiles and Z,,. analysis

Changes in MSF between two models were quantified by first calculating the normalized fluc-
tuation profile for each model and, second, taking the Z-score of the difference of the normal-
ized profiles as described previously [129]. For each interaction model, the normalized
fluctuation profile F,,,, was determined excluding outliers (M. > 3.5) when calculating
the mean s and standard deviation oy;sr of peptide fluctuations:

_ MSF(i) — Husr

F (i) (9)

O MsF

The difference AF between normalized fluctuations was calculated in order to identify resi-
dues with significant changes in fluctuations. For this difference, the score Zy;¢ was calculated:
AF(i) —
Z (i) = AF(i) — par (10)
OAF
Values >0 (<0) indicate above (below) average fluctuation change. Changes were regarded
as significant if they differed by more than one standard deviation from the mean.

Supporting information

S1 Fig. Correlation of residue fluctuations and harmonic modes of a helical peptide. (A)
Dynamic cross correlation of Co. fluctuation exemplified for the WT TMD. Deformations can
be accounted for primarily by bending into the two directions (x, y) perpendicular to the helix
axis (B, Bend 1 (x, y)) and twisting around the helix axis (C, Twist 1). Higher order harmonics
are represented by Bend 2 (D) and Twist 2 (E). Two oscillations with a 180° phase shift are
shown with full and dashed lines, respectively. The contribution of each mode to the site-spe-
cific RMSF profile is included in B-E. In each mode, flexibility and rigidity are distributed
along the helix with a distinct pattern, characterized by segments with maximum (anti-nodes)
and minimum (nodes) displacement. Locations of key dynamic sites are related to the node
distance L. In the fundamental modes, the ideal helix bends and twists around the centre
(z=1/2). The 1** harmonic provides additional centres for bending and twisting, located in
TM-N (at z = L/4) and TM-C (at z = 3L/4). In this case, all residues in one segment (e.g. 0 <z
< L/2) fluctuate anti-correlated to residues in the other segment (e.g. L/2 < z < L).

(TIF)

$2 Fig. Definition of bending (0) and swivel angle (®). These angles describe the orientation
of a helical segment in TM-C (domain B, residues 147-M51) with respect to a helical segment
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located in TM-N (domain A, residues A30-L34). In the first step, the helix axis of the TM-N
segment is aligned with the z-axis of the coordinate system. In a second step, the helix is

rotated around this axis in order to align the C, atom of G33 along the positive x-axis.
(TIF)

$3 Fig. Functional mode analysis. Model building and cross-validation exemplified for occu-
pancy fluctuations in the WT TMD applied to H-bonds spanning residues G33-A42 (A, B)
and residues V40-147 (C, D), respectively. (A, C) Pearson correlation coefficients between data
and model for PLS-based functional modes according to the number of PLS components cal-
culated for the model training subset (R,,) and the cross-validation subset (R.). (B, D) Data
and model predictions for the occupancies using 13 PLS components for the MD data (black),
the model training subset (red) and the cross-validation subset (green).

(TIF)

S4 Fig. Similarity of functional modes. (A) Pairwise inner product for functional modes of
type I (left panel) and type II (right panel), respectively. (B) Mode similarity determined from
hierarchical clustering (complete linkage, zero corresponds to lowest dissimilarity).

(TIF)

S5 Fig. Binding-induced reorganization of conformational dynamics. Inner product of
modes of the pre-bound and bound TMD (binding model 5) exemplified for WT. Modes are
numbered according to decreasing contributions to the overall MSF. Motions 1 and 2 contrib-
uting most to backbone flexibility in the pre-bound state are of less importance (rank 6 and 5)
for backbone motions in the bound state.

(TIF)

S6 Fig. Convergence of the simulations. (A) Root mean-squared deviation (RMSD) of aver-
age structures with respect to the average structure (Co. atoms of residues 29-51) of the full tra-
jectory, calculated for non-overlapping time windows of increasing length. Given is the block-
averaged standard error of the mean RMSD depending on block length. The longest time to
reach the plateau value is registered for the T431 mutant indicating correlated backbone fluctu-
ation for t<30 ns. (B) Correlation time of the length fluctuations of a-helical H-bonds calcu-
lated from the first passage of the autocorrelation through zero. The longest persistence time

of H-bond fluctuations of core residues is ~12 ns.
(TIF)

S7 Fig. Determination of the spring constant for binding-induced perturbations. (A) Rela-
tive change of mean-squared fluctuations (MSF) with interaction strength monitored for sev-
eral residues. (B) Approach to the linear regime, where the ratio AMSF/Ay is expected to reach
a constant value. (C) Relative change per residue (full line) and convergence (dashed line)
monitored for fluctuations of backbone residues A30-V50. All calculations are based on bind-
ing model 5 (see Results).

(TIF)
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