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Proline isomerization effects in the amyloidogenic pro-
tein 3,-microglobulin

Maria Celeste Maschio,**< Jacopo Fregoni,“¢ Carla Molteni* and Stefano Corni*®¢

The protein f8,-microglobulin (8,-m) can aggregate in insoluble amyloid fibrils, which deposit in the
skeletal muscle system of patients undergoing long-term haemodialysis. The molecular mech-
anisms of such amyloidogenesis are still not fully understood. A potential, although debated,
triggering factor is the cis to trans isomerization of a specific proline (Pro32) in B,-m. Here we
investigate this process in the native protein and in the aggregation-prone mutant D76N by means
of molecular dynamics and the enhanced sampling method metadynamics. Our simulations, in-
cluding the estimation of the free energy difference between the cis and frans isomers, are in
good agreement with in vitro experiments and highlight the importance of the hydrogen bond and
hydrophobic interaction network around the critical Pro32 in stabilizing and de-stabilizing the two

isomers.

Among amino acids, proline has unique properties due to the
cyclic structure of its side chain: it behaves exclusively as pro-
ton acceptor in hydrogen bonds and its torsional rigidity leads to
disruption of both a-helices and B-sheets in proteins™2. For this
reason, proline is usually not buried in protein cores but located
at the apex of loops and other flexible portions of biomolecules?.
Furthermore, even if the trans geometry is the thermodynamically
preferred one, proline can adopt the cis isomer of the peptydil-
proline imide bond more frequently than other amino acids, with
~5-6% of such bonds in the cis isomer in proteins native states.
Anyhow, the transition from trans to cis conformer can be consid-
ered a rate-limiting step in the folding of the protein®. The inter-
conversion between the two isomers is limited by a high energy
barrier experimentally estimated between ~70 kJ/mol and ~90
kJ/mol for proline and derivatives, depending on the system.

The proline isomerization switch can be thought as an effective
trigger for conformational changes and has been proposed e.g.
for the gating of ligand-gated ion channels”® and in other regula-
tory mechanisms?. Proline isomerization plays also an important
role in amyloidogenical diseases, for example by influencing prion
proteins and a-synuclein in Parkinson’s disease™. Likewise, it
has been suggested as a triggering factor in the amyloid aggrega-
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tion of B,-microglobulin (3,-m), a protein known to form insolu-
ble fibrils which deposit in the skeletal muscle system of patients
undergoing long-term haemodialysis’2. The structure of ,-m is
shown in Figure B>-m amyloids seem to be induced by sev-
eral environmental factors: by collagen and glycosaminoglycans
at neutral pHI314 or by the presence of Cu?* metal ionsT516, Ag-
gregation can also be facilitated by low pH environments1Z and
contact with fibrillogenical ,-m variants18.
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Fig. 1 (a) The structure and sequence (in one-letter code amino acids) of
Bo-m; (b) zoomed view of Pro32 and its side residues His31 and Ser33
in the BC loop; (c) proline dipeptide, with the torsional angles ¢ (green)
and y (magenta) highlighted.
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The isomerization of the His31-Pro32 peptidyl-prolyl is an
event in the f,-m amyloidogenic process whose importance and
role are still debated. In fact, analyses of the wild-type (WT) crys-
tal structure reveal that Pro32, located in the water exposed BC
loop (Fig. [Ib), is found in the infrequent cis geometry, while
the other four prolines within the protein are in the usual trans
configuration. On the contrary, within in vivo fibrils, the His31-
Pro32 peptide bond adopts the trans configuration. Based on
such evidence, cis-Pro32 has been suggested as crucial for main-
taining f,-m solubility and hindering aggregation, which may be
facilitated by isomerization to trans. Several studies have subse-
quently focused on the criticality of this peptidyl-prolyl bond 12721
that is relevant to the aggregation of B,-m. Yet, this contributes
to increase the complexity in unveiling the mechanism leading
to diseases. In fact, Eichner and Radford highlighted the iso-
merization toward the trans state as a key factor for amyloido-
genesis: in an experiment correlating different species with fibril
elongation, they identified a folding intermediate state trapped
in a non-native trans-prolyl conformation as a precursor of fibril
elongation?2. On the other hand Esposito et al., considering the
emerging scenario from several studies®3"2° suggested that the
cis-to-trans isomerization is a necessary but not sufficient condi-
tion for amyloid formation2Z.

Beside the environmental factors and specific amino acid rear-
rangements mentioned above, changes in protein sequence can
also promote the amyloidogenic behavior. In fact, AN6f,-m, the
form devoid of the six N-terminal residues, has a high tendency
to aggregate and form fibrils at neutral pH conditions28; further-
more, it can prime the aggregation of wild-type B,-m?2. The
highly unstable D76Nf,-m (with an aspartate substituted by an
asparagine at position 76)2% shows a strongly amyloidogenic be-
havior: it produces fibrils without seeding when placed in vitro in
its native form in physiological conditions and it provokes a sys-
temic amyloidosis with deposits in internal organs=!. To comple-
ment and help interpret experiments, which cannot easily access
energetic and molecular details, computational methods play an
important role in elucidating the mechanism of Pro32 isomeriza-
tion in f,-m.

Fogolari et al.*< used the adaptive biasing force method to sim-
ulate His31-Pro32 isomerization in WT f3,-m, using the CHARMM
v.2733 force-field with the CMAP correction®#, to probe the sta-
bilizing and destabilizing conditions for §,-m. In particular, they
examined the impact of the f,-m scaffold on the proline free en-
ergy surface. Starting the dynamics with the Pro32 in cis, the
free energy difference between the cis and trans isomers was es-
timated 45 kJ/mol with a cis—trans barrier 93.3 kJ/mol high.
Regarding the conformational change related to the Pro32 iso-
merization, they found that the cis isomer is thermodynamically
stabilized by a fluctuating hydrogen bond network surrounding
the critical residue Pro32. Such framework induces large changes
in the FG loop and N-terminal RMSD (Root Mean Square Devia-
tion), resulting in a more stable cis isomer.

Stober and Abrams®® simulated the WT B,-m at neutral and
acidic conditions by performing “on-the-fly string method” cal-
culations with the CHARM22 force-field. Tracking the variation
of a large number of distances characterizing the protein struc-
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ture, they monitored the evolution of the native system toward
stable amyloidogenic state within different histidine protonation
- hence different acidic conditions. In the neutral case, the free
energy difference among the cis and trans isomers was estimated
around 52.9 kJ/mol, while the barrier height was calculated as
62.3 kJ/mol. The main results described the stabilization of the
neutral cis isomer through the Pro32-His84 hydrogen bond and of
the protonated trans isomer through the His84-Asp34 interaction.

In the present work, we explore the Pro32 isomerization with
the aid of the enhanced sampling method metadynamics=¢ and
perform simulations of a monomer of $,-m in water for the wild-
type and the D76N variant. Using extended full atomistic calcu-
lations, we want to shed light on the Pro32 isomerization debate,
simulating, at the same physiological conditions, the two most
important variants of such amyloidogenic protein. We highlight
the difference in the relative stability of the trans and cis isomers
for the the wild-type and the D76N mutants. We compare the free
energy landscape to several experiments on the two protein vari-
ants, definitely relating the amyloidogenical behaviour to a major
stability of the trans isomer of Pro32. We relate a significant stabi-
lization of trans-Pro32 for the more amyloidogenic D76N variant
to the rearrangemente of the hydrogen bond network. We also
observe a further stabilization of trans-Pro32 due to the effect of
the His84 protonation proposed by Stober and Abrams=>l for the
D76N mutant. Finally, we analyze the effect of Pro32 isomeriza-
tion on the secondary structure. Through the analysis presented
in the current work, we strongly confirm the link between the
amyloidogenical behaviour and the Pro32 isomerization, high-
lighting how such factors play a key role in making the D76N
mutation so strongly amyloidogenical.

1 Methods

We use the enhanced sampling method metadynamics=Z, where
the sampling of the configurational space as a function of a few
selected slowly varying collective variables (CVs) is enhanced
by pushing the system to visit unexplored regions and to avoid
the formerly visited ones. This is achieved through a history-
dependent bias potential, which is built as a sum of Gaussians
deposited on-the-fly during the trajectory in the CV-space. The se-
lected CVs should be effective in describing the process of interest,
identifying the relevant free energy minima. At convergence, the
sum of Gaussians defining the history-dependent potential allows
to reconstruct the underlying free energy landscape as a func-
tion of the chosen CVs=8, In particular, we employ well-tempered
metadynamics, a specific flavor of metadynamics in which the de-
position of the bias potential is adaptively decreased?.

Previous works in the literature suggest two optimal torsional
angles to drive proline isomerization®84941; the improper di-
hedral angle {;; (defined by the atoms Cy-Cs-O1-CH3 in Fig.
with values of 180° for the trans and 0° for the cis isomer) and
the torsional angle y (defined by the atoms N1-Cy-C-N). §;; ac-
counts for the cis-trans isomerization and the pyramidalization of
the imide nitrogen N1 (that is the distortion of a trigonal planar
geometry toward a tetrahedral geometry), while y controls the
C-terminal amide orientation. In the present work, the actual
definition of ¢, shown in (Fig. c), i.e. C5-Cy-O1-CHs, results



in the value of 180° for the cis conformer and 0° for the trans
conformer.

We apply well-tempered metadynamics to Pro32 isomerization
within B,-microglobulin, simulated as a monomer in water in
presence two Na™ counterions for the wild-type and one Na™
counterion for D76N to achieve electroneutrality of the simula-
tion box. Specifically, we simulate two variants: the wild-type,
based on Esposito et al.’s NMR structure (PDB entry: 1JNJ)42,
and the amyloidogenic D76N f3,-m, based on the X-ray structure
by Ricagno et al. (PDB entry: 4FXL)S%, The protonation states of
the histidines at neutral pH (all de-protonated for both WT and
D76N) have been previously assigned on the basis of electrostatic
pKa calculations.273031 1n a previous study, Stober and Abrams
simulating the wild-type at acidic pH, pointed out the specific role
of the protonation of His84 as a source of increased amyloido-
genicity=2. To investigate whether His84 protonation as a similar
effect in D76N, we run well-tempered metadynamics simulations
on the D76N variant by protonating only His84 residue. We re-
mark that at low pH also His31 would be protonated, but we want
to keep the focus on His84 protonation only.

All calculations are performed with GROMACS 2018.243 and
the OPLS-AA force field4%, while the Plumed 2.0 plugin®? is used
for metadynamics4®. The MD simulations are run for both cis
and trans isomer of wild-type and D76N. Each of these systems
is first equilibrated in explicit solvent (using the SPC-E model
for water#”) with molecular dynamics (MD), in a periodically
repeated box of volume 8.20 nm x8.20 nm x8.20 nm. Using
the protein force-field (OPLS-AA) and the water model (SPC-E)
preserves the stability of the experimental NMR structures. Such
protocol has been previously tested for f,-m in different situa-
tions®®*>1, OPLS-AA is known to produce larger torsional barri-
ers than CHARMM and AMBER®405253 Degpite the overestima-
tion, the OPLS-AA force field is expected to qualitatively compare
the free proline dipeptide isomerization with the same process in
complex environments like proteins.

A stochastic velocity rescaling thermostat2# and the Parrinello-
Rahman barostat>> are applied during the MD production sim-
ulation - which lasts 500 ns - to keep the temperature at 300 K
and the pressure at 1 atm respectively. The cutoff for non-bonded
interactions is 10 A, and long range electrostatics are handled
through Particle Mesh Ewald summation. The bond lengths are
constrained with the LINCS algorithm® and a time step of 2 fs for
numerical integration of the equations of motions is used. With
the same computational protocol as the MD, metadynamics calcu-
lations are carried out to estimate the free energy landscape of the
proline isomerization process. To approach convergence, proline
dipeptide in water is run for 40 ns, while the two protein systems
are simulated for about 800 ns. Within the well-tempered meta-
dynamics regime, the initial Gaussian height is 0.8 kJ/mol and
the width is 5°. The reference temperature is 300 K and the bias
factor is set to 15. A Gaussian is deposited every 400 fs.

Hydrogen bonds (h-bonds) are defined using a distance cutoff
of 3.5 A between donor (D) and acceptor (A), and a cutoff for the
angle H-D-A of 30 degrees.

2 Results and discussions

2.1 Free energy surfaces (FESs) for proline dipeptide, WT
and D76N

While solvated proline dipeptide is a relatively straightforward
system to simulate, a proline embedded in a protein is subjected
to more complex interactions with nearby amino acids and sol-
vent molecules. The free energy surfaces (FESs) of the solvated
dipeptide as well as of Pro32 within wild-type 3,-m and D76N are
mapped as a function of the two torsional angles { and v in Fig.
The reference case is the proline dipeptide isomerization in
water. Consistently with previous studies®4% the proline dipep-
tide FES exhibits four symmetric minima as shown in the Fig. 2h.
The difference in free energy between the minima and the barri-
ers along ¢ varies in the range between 60° and 100° along the
v coordinate. This behaviour suggests that the proline dipeptide
isomerization along { is altered by the y torsion. The FESs of
the Pro32 isomerization in the two protein variants (wild-type
and the D76N mutation of the f3;,-m) show substantial differences
with respect to that of proline dipeptide in water (Fig. [2). Both
the FESs are less symmetric, with an asymmetric barrier shape
and a change in the structure of the cis and trans minima. In
particular, we observe that the trans minimum corresponding to
v ~ 350° (T, in the dipeptide panel), is strongly destabilised (dis-
appearing in practice) in both WT and D76N. Conversely, each
variant presents a different landscape for the two cis minima that
for proline dipeptide are located at y ~ 140° (C;) and at y ~ 350°
(Cy). For the WT, the most stable cis minimum (C,) is greatly sta-
bilized and sits at about -20 kJ/mol compared to T, entailing
an inversion of stability of the isomers with respect to proline
dipeptide. C, is much less stabilized, and its free energy remains
comparable to T;. The situation for D76N seems intermediate
between proline dipeptide and WT: C; is stabilized enough to be-
come comparable/slightly more stable than T;, but it is not as
deep as for WT.

Another signature of the broken symmetry in the protein (WT
and D76N) FES is the shape of the barriers. For proline dipeptide
the two barriers separating trans from cis isomers (one at { ~ 90°
and the other at { ~ 270°) are identical. This is not the case for
WT and D76N. For the latter, it is particularly noticeable the lower
(by about 30 kJ/mol) path available through { ~ 90°.

The estimation of the free energy differences between the cis
and the trans minima can be evaluated through the potential of
mean force (PMF) along {, that can be obtained by integrating
out y from the bidimensional free energy surface.2Z We note that
the PMF profile does not correspond to a minimum free energy
path calculation, but it is intended to provide an estimate of the
thermodynamic quantities for each point of the configurational
space explored during the dynamics. The calculation of the PMF
is performed by taking the free energy profiles along the trajectory
after an initial equilibration time (20 ns for proline dipeptide, 100
ns for wild-type and D76N f3,-m) and aligning them as detailed
in ref”Z. In the following, a discussion of the one-dimensional
profiles along { obtained for the simulated systems (lower panels
in Fig. |2) and a comparison between our results and the available
computational works in the literature (Table[I]) are presented.
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Fig. 2 Upper panels: FESs of the isomerization of proline dipeptide in water (left), of Pro32 in wild-type B,-m (center) and of Pro32 in D76N (right), as
a function of the torsional angles ¢ and y. Lower panels: the corresponding potentials of mean force (PMFs) as a function of £ only. While the FESs
are not averaged, the projection on ¢ is averaged by discarding the initial equilibration time (20 ns for proline dipeptide, 100 ns for wild-type and D76N
B,-m). The profiles along ¢ are integrated by following the procedure outlined in Ref.Z. Further details are presented in Fig. S2 of the Supporting
Information. The absolute minimum is set to zero for each system. The errors, also computed as in Ref.5Z, are shown as thin red lines.

2.2 Comparison with experimental data and previous calcu-
lations

NMR experiments®859 reported a free energy difference AF be-
tween the trans and cis conformers for the proline dipeptide
(same molecule simulated in the present work) around 2.4
kJ/mol, favoring the trans isomer. From our simulations, in the
solvated proline dipeptide, the relative free energy difference be-
tween the isomers is 4.74+0.5 kJ/mol, resulting in a more sta-
ble trans isomer. While the quantitative agreement between ex-
periment and theory is certainly satisfactory, our setup seems to
slightly overstabilize the trans conformer by 2-3 kJ/mol Our re-
sult is also in agreement with previous computational investiga-
tion obtained with different force fields (see Table . We can
also compare the free energy barrier separating the two isomers:
our calculated value appears on the higher end of available exper-
imental estimates (in agreement with the anticipated behavior of
the OPLS-AA force field), with previously calculated values®40 at
the lower end. Anyway, the agreement between the simulated
results and experimental data is certainly satisfactory. This sets
the stage for the more challenging comparison of simulation and
experiments for the proteins.

Specific data for f,-m come from the experimental work by
Mangione et al.21 who investigated the isomerization of Pro32

X
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in wild-type and D76N f3,-m: there, they measured the stability of
each isomer and the barrier separating them. From their results,
the free energy difference between the two isomers (AF;_,.) is
equal to —7.5 kJ/mol and —3.7 kJ/mol for wild-type and D76N,
respectively. Although the free energy difference is small in D76N,
the cis isomer is found to be more stable than the trans as in WT.

The metadynamics simulations of the two protein variants pro-
vide values of the relative stability AF,_,. equal to —23.6+9.3
kJ/mol for WT, correctly identifying cis as the most stable iso-
mer. The fluctuations of AF,_,. occur in a range where the cis
isomer is always more stable than the trans, even when the er-
ror is considered. The higher stability of cis compared to trans is
in agreement with experimental findings, although quantitatively
our computed data seems to overstabilize the trans isomer by ~15
kJ/mol. Previous simulations also suffer from overestimation of
the cis stability: Fogolari et al. provided AF,_,. values comparable
to ours, slightly higher on the average (—12 ~ —45 kJ/mol);32
Stober and Abrams got even more stable values (—52.9 kJ/mol)
for the cis isomer. Starting the simulations from the cis experimen-
tal structure (the trans conformer is too unstable to be amenable
of full structural characterization) may introduce a bias in the
overall conformation of the protein that is not fully recovered
even by extensive sampling. Identifying and then including in



Reference Method/Technique Force Field | AF (kJ/mol)t - ¢ | Barrier (kd/mol)t - ¢
Proline Theor. This work Well-T Metadynamics OPLS-AA 4.7 +0.5 87.2+0.4
Melis [40] Metadynamics AMBER2003 4.6 65.5
Crnjar (8] Metadynamics AMBER(ff14SB 4.2 65.0
Exp. Beausoleil (58] NMR in D20 - 2.5 -
Taylor [59] NMR in D20 - 2.5 -
Cheng ] 18C NMR - - 79.5-87.8
Wild type | Theor. This work Well-T Metadynamics OPLS-AA -23.6 £ 9.3 89.3 +8.5
Fogolari [32] Adaptive Biasing Force CHARMM -12 ~ -45 48.3
Stober [35] Finite Temperature string MD | CHARMM22 -562.9 62.3
Exp. Mangione [31] DSC - -7.5 72.4
D76N Theor. This work Well-T Metadynamics OPLS-AA -38.7+7.6 78.9 £8.7
Exp. Mangione [31] DSC - -2.7 68.6

Table 1 Data for the trans — cis isomerization process in proline dipeptide, Pro32 in the 3,-m variants, namely wild-type and D76N. The data presents
the values for the current work and the available data in literature, both for computational predictions and experiments. AF,_,. is the difference in free
energy between the conformers at their minima. The Barrier column displays frans— cis isomerization barriers for the three systems.

the metadynamics additional independent slow degrees of free-
dom, would be a possible strategy to check this point. However
we could not clearly single out any such additional CVs, whose
addition would anyway be computationally demanding.

For the D76N case, we compute a AF,_,. of —3.7+7.6 kJ/mol.
Here, the free energy difference AF;_,. fluctuates around zero and
the stability of cis is comparable to that of trans. Despite the large
uncertainty, the result is in the same range of the —2.7 kJ/mol
value reported experimentally®l. More importantly, the relative
cis-trans stability trends represented by AF, . in passing from pro-
line dipeptide to D76N to WT is properly reproduced, justifying
a molecular level analysis of the present simulations to under-
stand the microscopic determinants of such trends (see Sec. .
Likewise the lowering of the trans—cis barriers going from WT
to D76N (89.3 +8.5 kJ/mol to 78.9 8.7 kJ/mol) follows the ex-
perimental trend reported by Mangione et al®L. Together with
the trans—scis barriers which are lower in D76N than in WT, the
destabilization of the cis isomer in D76N compared to WT results
in a lower barrier for the cis — trans isomerization of Pro32 in
D76N than in WT. Consequently, the D76N is potentially more
prone to the cis—trans isomerization..

2.3 Molecular determinants of the differential isomer stabil-
ity

Previous computational works®23> underlined that the stability
of cis in WT f3,-m is strictly related to the hydrogen bond network
around Pro32 and to the nature of the neighbor amino-acids.
Such works identified the h-bond between the oxygen of Pro32
with the side chain of His84325> and the h-bond between the
backbone NH of Arg3 with the backbone oxygen of His312 as
important determinants of the stability of cis in wild-type ,-m.
In fact, such bonds are persistent in the cis isomer, while they are
lost in the trans isomer.

The geometry of peptidyl-prolyl bond in both isomers of ,-m
is shown as seen from above the N-term apical part in Fig. [3p, and

Donor Acceptor WT cis WT trans D76N cis D76N trans
ARG3 Main N HIS31 Main O 56.09% 0% 45.40% 0%
HIS 31 Main N ARG3 Main O 47.58% 23.19% 41.19% 0%

HIS84 Side NE2 PRO32 Main O 42.61% 0% 43.98% 0%

HIS84 Side NE2 HIS31 Main O 0% 28.58% 10.46% 37.87%

SER33-Side-OG HIS31 Main O 0% 21.22% 0% 27.87%
ARG3 Main N HIS31 Side ND1 0% 13.98% 0% 36.93%

Table 2 Average occurrences of hydrogen bonds characterizing each
isomer in wild-type B,-m and D76N, in particular related to the network
around Pro32. The count has been performed by isolating the population
of each basin in the metadynamics simulations.

it is super-imposable for both wild-type and D76N. The snapshots
are taken from the most populated clusters of the wild-type free
energy minima, calculated on the backbone atoms through the
clustering algorithm by Daura et al.®? implemented within the
GROMACS software package (as GROMOS) with a cut-off of 2.5
A. Table reports the relevant differences in the Pro32 hydrogen
bond network in both cis and trans.

For WT, we observe the same h-bonds (see Table [2)) previously
reported©232 thus in line with previous findings. Moreover, we
detect an h-bond between the backbone oxygen of Arg3 and the
backbone NH of His31 that was not previously reported. Such
interactions are lost (or anyway greatly reduced) in passing to the
trans isomer, and are replaced by h-bonds that are less persistent
than those in cis (14% to 29% in WT trans compared to the 43% to
56% in WT cis isomer, see Tabld2)). Such weakening of the h-bond
network in trans compared to cis may well explain the inversion
of isomer stability compared to proline dipeptide in solution.

The corresponding h-bond analysis for D76N shows that its
cis isomer is also stabilized by the same h-bond network as WT,
but such h-bonds are less persistent in D76N (41% to 45% for

1H129) 5
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a. b. Wild type

Cis

C. D76N

Fig. 3 a. Typical conformations assumed by Pro32 and its neighbors His31 and Ser33 in cis (blue) and trans (orange) isomers; hydrogen bonds
stabilizing cis (blue) and trans (orange) isomers for wild-type f,-m (b) and D76N (c). Black lines connect the atoms involved in the hydrogen bonds
reported in Table@although not all such bonds are properly formed in the figure, since some of them are mutually exclusive.

D76N compared to 43% to 56% for WT, see Tablg2), pointing to
a smaller stabilization of the cis D76N isomer compared to cis WT
that agrees with the free energy data. Additionally, the h-bonds
found in trans D76N are more persistent than those in trans WT,
again supporting the calculated and the experimental free energy
data. In both the cis and trans isomers for both WT and D76N,
a series of hydrogen bonds within the Pro32 surroundings play a
structural role, registering high occurrences for the entire simula-
tion: Thr4 with Lys91 and Arg3 with Thr86 contribute to preserve
the hydrophobic pocket characterizing f,-m, formed by the FG
loop, BC loop and N-term. The histograms of the h-bond popula-
tions and the structure alignment are shown in Figs. S3, S4 and
S5 of the Supporting Information. We also repeated the h-bond
analysis on 500ns plain MD simulations starting from the cis WT
and D76N experimental structures. Such analysis agrees with the
results of metadynamics, although it suffers from a much poorer
sampling. Indeed the MD simulation presents a strong depen-
dence on the initial configuration: the population of the hydro-
gen bonds already present in the starting structure increases from
40-50% for the metadynamics to 65-90% for the MD. At the same
time, a decrease in the population of the only monitored h-bond
which forms spontaneously after >150ns of simulations (Arg3-N
to His31-0) is observed.

Along with providing a more extensive sampling, the metady-
namics simulations also reveal the relevant role of hydrophobic
interactions. The cis isomer is stabilized by the hydrophobic con-
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tact between the side chain of Pro32 and the side chain of Val85.
This is clearly shown by the minimum distance distribution be-
tween the side chain of Pro32 and the side chain of Val85 in Fig.
E a,b. Such hydrophobic interaction is lost in the trans isomer,
and thus contributes to make the native cis isomer more stable
than the trans one. It is also noticeable that for trans D76N, the
Pro32-Val85 interaction is less disrupted than for trans WT, con-
tributing to the different cis-trans behavior of the two proteins. A
hydrophobic contact stabilizing the trans conformers is also ob-
served, between the side chain of Pro32 and that of Phe62 (see
Fig. E ¢,d). However the distance distributions show a more la-
bile interaction than Pro32-Val85 in cis, and visual inspection of
the trajectory shows that such interaction comes at the price of
transiently pointing the oxygen of Pro32 toward the side chain of
Phe62 with no possibility of forming other h-bond or even dipole-
dipole interactions. In the PDB 2XKU structure obtained by Eich-
ner et al. %1 for the amylodogenic AN6 mutant, where Pro32 is in
trans conformation, the structural displacement in the position of
Pro32 going from cis to trans is along the same direction, although
it is ampler.

Remarkably, the interactions that are lost upon isomerization
are also relevant for the stability of the protein against aggrega-
tion:32 losing the interaction between the backbone of His31 and
Arg3 makes the N-terminus more loosely bound (for D76N the
N-terminus is less bound already for the native cis conformation,
see Table[2). The same happens for the FG unit whose interac-
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tion with the C strand is decreased by the loss of the His84-Pro32
h-bond, as well as by the Val85-Pro32 hydrophobic interaction
(His84 and Val85 are at the end of the F strand). Val85 has
been identified recently as an amyloidogenic hot spot, and the
rationally designed mutant V85E was found to be both less amy-
loidogenic and also slightly less stable than WT.62 The decreased
stability of V85E may be related to the loss of the hydrophobic in-
teraction with Pro32 when Val is replaced with Glu. On the other
hand, the hydrophobic interaction of Pro32 with Val85 (much
stronger in the cis than in the trans form) may be a way to sta-
bilize the Val85 aggregation hot-spot, a stabilization that is lost
in the trans form. Remarkably, Val85 is fully solvent-exposed in
the amyloidogenic ANG6 structure 2XKU.62 Moreover, while P32G
is more amyloidogenic than WT, P32V (where the hydrophobic
interaction between residue 32 and Val85 is likely conserved by
the mutation of Pro to Val) is not.21l

In the evaluation of isomer stability, Stober and Abrams investi-
gated the role of the protonation of His84 that takes place at low
pH. It was found that upon such protonation, the trans isomer
is strongly stabilized®>. To assess the role of the same protona-
tion in the D76N variant, we performed a 1.5 us metadynamics
with protonated His84 (and leaving all the other residues unal-
tered). We remark that pKa of His84 is not expected to change
substantially from WT to D76N.21 Based on such simulation, we
confirm for D76N the same behaviour observed by Stober and
Abrams for WT. We show the results for the free energy land-
scape in Fig. Under normal protonation conditions of His84,
the cis isomer of Pro32 is stabilized by the hydrogen bond to
His84. Upon protonation of His84 (called His84* here), such

D76N His84*

Free Energy (kJ/1

Fig. 5 Left: FES of D76N with protonated His84 (His84*), mapped as
a function of the torsional angles ¢ and y. Right: the corresponding
potential of mean force (PMF) as a function of ¢ only. With respect to the
previous result of D76N in Fig. [2] a significant stabilization of the trans
conformer can be observed.

hydrogen bond is disrupted in favour of a new His84*-Asp34 hy-
drogen bond, resulting in a destabilization of the cis-Pro32. As a
consequence, trans D76N becomes substantially more stable than
the cis form (AF;_..=10.846.7 kJ/mol). The trans—cis counter-
clockwise barrier is rather unaltered with respect to the unproto-
nated case, measuring 78.24+4.9 kJ/mol. Reminiscent of the trans
stabilization effect, the trans—scis isomerization is hindered while
the backwards reaction is more favoured, with a ¢ — ¢ barrier of
67.4+ 10.3 kJ/mol.

It is not easy to understand the chain of molecular events that
connects the mutation D76N to the rearrangement of h-bond net-
work and hydrophobic contact around Pro32 that makes D76N
more prone to the cis to trans transition. The mutation is in the
loop connecting strand E to strand F, close to the beginning of
strand F. The conformation of the loop is fluctuating, but it is
somewhat different in WT and D76N: in D76N we observe that
Asn76 is mostly oriented toward strands C-C’, where it is engaged
in h-bond with Asn42 (in agreement with NMR ﬁndings), while
in WT Asp76 is often found facing the C-terminus and creating a
salt-bridge with Arg97. It is possible that this local perturbation
extends through the F strand to reach His84 and Val85. Both
these residues remain closer to Pro32 in the trans form (as shown
by more persistent h-bonds and shorter Pro32-Val85 side chain
distances for trans D76N compared to trans WT). The variation
in the residue charge upon mutation (from negative to neutral)
may also induce long range effects via electrostatic interactions
through the protein. Although we could not pinpoint the exact
mechanism connecting the mutation to the enhanced interactions
around trans Pro32 in D76N compared to WT, the local changes
around Pro32 discussed in this section are all coherent with the
metadynamics free energy results reported in Sec.

2.4 Comparative conformational analysis of the cis and trans
isomers

Amyloidogenesis unfolds the proteins, meaning that the regular

shape of the immunoglobulins domain is lost to form fibrils. In

this section we analyze possible conformation changes associated

to the isomerization that may point to a causal relation between
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Fig. 6 Violin plots describing the conformational changes of wild-type
and D76N fB,-m within the cis and trans basins, represented in blue and
orange respectively.

isomerization and aggregation propensity.

Relevant changes can be revealed by means of critical distances
between adjacent structural elements. The distances between se-
lected protein portions are monitored for each frame of the meta-
dynamics by computing the average of the backbone distances
between such portions and collecting them in histograms. The
collected data are then split, depending on the { dihedral, into
cis or trans. The distribution of the distances between each pair
of sections of the protein are compared for both conformers with
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the aid of violin graphs. Each plot has been realized for both
the wild-type and the D76N variant (Fig. |§[) The areas of each
conformer are normalized in each individual panel to show the
relative distributions between cis and trans of the same variant.

Based on the analysis of the previous section, we investigated
the change in the distance between the N-terminus and the closest
portion of the F strand (Arg3 Ca to His31 Co) (Fig. |§|a,b). By
looking at the distribution of distances for WT (panel a), it is
apparent that in passing from cis to trans there is a clear although
moderate broadening of the distribution toward higher distances,
i.e., the N-terminus is in fact less bound to the F-strand. This
is in line with the findings on the h-bond network presented in
the previous section, and marks the higher propensity of the N-
terminus to open up. More evidence on the role of the opening of
the N-terminus in the aggregation process has been reported for
the AN6 variant, which corresponds to the removal of the
first six residues. These studies highlight an increased propensity
to amyloidogenical aggregation for such variant. The same N-
terminus - F strand distance parameter for D76N (panel b) has
an interesting trend. The native (cis) isomer has a main peak
that coincides with that of cis WT, but it also has an additional
peak showing that in the native D76N there is a sub-population
of conformations where the N-terminus is already more detached
from the F strand than in the WT. Upon isomerization to trans,
there is a marked increase in the distance, and the distance gap
between the two peaks is reduced.

We also investigate what happens at the F and the G strands
nearby the C-terminus (distance between Glu77 Ca and Trp95
Ca). For the WT this is shown in Fig@panel ¢, and the changes
upon isomerization are clearly negligible. In passing to D76N
(panel d), we observe first of all that the distribution is moved to
higher distances compared to WT, showing that the local structure
is affected by the mutation D76N in the direction of loosening the
C-terminus interaction. Moreover, upon isomerization to trans,
the peak of the distribution shifts to higher distances, although
the distribution also becomes broader and shorter distances are
more populated. Overall, this seems to indicate a higher mobil-
ity of the end of the G strand and the C-terminus. The ending G
strand is considered® a portion heavily affected during unfold-
ing, as it may open in order to connect to another G strand of a
similar protein.

Another structural element that is relevant for amyloidogenic-
ity are the strands D and E. Their distance in wild-type f3,-m has
a bi-modal distribution (Fig. [6k), due to the existence of different
conformations for the D strands, as known already. Upon iso-
merization the two peaks are both conserved. There is a sharp-
ening and a slight height increase of the peak at smaller D-E dis-
tances, and a reduction of the other peak. The opening of the
D-E strands has been recognized@ to be associated with a more
amyloidogenic behaviour, so this change is going in the direc-
tion opposite to what expected. We have noted above that upon
isomerization to trans, Pro32 is moving toward Phe62 which is
within strand E. Probably this movement results in a stabiliza-
tion of the D-E —sheet, and additional conformational changes
on longer time scales are required to take Pro32 in the internal
position evidenced in structure 2XKU that also induces a desta-
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respectively. Loops in the protein structure are highlighted with light grey vertical span.

bilization of the D-E interaction.®! For D76N (panel f) the same
bi-modal distribution is present, but now the sub-population at
larger distances (around 8 ;\) is higher than that at lower dis-
tances (around 6 A). This is in line with the more amyloidogenic
behaviour for the D76N, as Pro32 in trans seems to destabilize
already in this conformation the D-E interaction.

We also analyze the A-B strand distance (panel g and h). It has
a constant median of about 5 A for both f5,-m variants with Pro32
in both isomers, so it is not affected by either isomerization or
mutation.

Finally, we characterize the distances between the AB and EF
loops in the apical part of the protein (panels i and j). In the
cis wild-type, the shape of the distribution of the distances be-
tween the AB loop and EF loop identifies an opening of the apical
part with a median of 20 A. The trans isomer is instead character-
ized by increased population characterized by a larger distance, of
about 25 A. In the amyloidogenic D76N, the cis isomer has more
population characterized by a 10 A distance between the AB and
EF loops, which becomes even shorter upon Pro32 isomerization,
resulting in a more closed AB and EF loops with respect to the
wild-type.

All these results seem to suggest that Pro32 isomerization is
only moderately affecting the structure of 3,-m. Yet, some of the
changes that we observe (chiefly the weakening of the h-bond
network that keeps the N-terminus anchored to the protein core
and the loss of hydrophobic interaction stabilizing Val85) suggest
a higher amyloidogenic propensity of the trans isomer compared
to the cis one. The higher amyloidogenic power of D76N is also
(at least partially) explained by the higher amyloidogenic propen-
sity of the trans isomer, since D76N is converting more easily to
trans (less unfavorable isomerization free energy and lower ki-
netic barrier) in comparison to WT. Anyway, its higher amyloido-
genic power may also depend on other intrinsic feature of the
mutant, since we observe differences with WT for the cis form of
D76N as well.

Each protein variant is also simulated with Pro32 in either the
cis or trans isomer with molecular dynamics, in order to assess
their stability over 500 ns. From the backbone of the protein,
we calculate the RMSD (Root Mean Squared Deviation) averaged

over time through the following relation:

(RMSD), <\/ Z I7s(0) >l ey

where b runs on the N, backbone atoms in the protein, and rref
are the coordinates of the backbone atoms in the structure after
the equilibration step (i.e., the initial structure of the production
run). The average (...), is done on the 500ns production run. The
wild-type presents a deviation of about 2.4 40.3 A when Pro32 is
in cis configuration and 1.6+0.2 A when in the trans. Concern-
ing D76N, the RMSD of the cis isomer is 1.2 +0.2 f\, while for
trans is 1.6+0.2 A. The main contribution to the RMSD is due
to the high mobility of the AB loop, which is notably more flexi-
ble for the wild-type with the Pro32 in cis configuration. To fur-
ther confirm such behaviour, we compute the root mean square
fluctuation (RMSF) with respect to the average structures in the
production run. The RMSF can discriminate between portions of
protein which retain high flexibility or a rigid structure during
molecular dynamics. For the present case, the RMSF is computed
for each residue R following the relation:

ref
—r,

RMSF(R 7—2 <\r, 2)

R jcR

)

where i runs on the Nk alpha carbon atoms within the residue,
ri(t) is the position of the atom i at simulation time ¢ and the
brackets (...), refers to the average over the 500ns production
run. The results are reported in Fig[7}

Few differences are shown in the RMSF for the wild-type f,-m,
despite the configuration of Pro32 (either cis or trans): the main
fluctuations are registered for the AB loop and the N- and C- ter-
In the wild-type, the AB loop fluctuates more when the
Pro32 is in its cis configuration. Conversely, the cis D76N shows
an increase in the fluctuation of the AB loop after isomerization
to trans occurs. The cause is once again to be sought in the hy-
drogen bond network, as the D76N tail when Pro32 is in the cis
isomer is notably more involved in hydrogen bonds with respect
to when it is in trans. Coherently with what reported in Table
upon isomerization, the D76N hydrogen bond network surround-
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ing Pro32 is rearranged. In the cis configuration, Pro32 is bound
to the terminal part of the F strand through His84. Such bond im-
pairs the mobility of the whole BC loop. The rearrangement due
to the isomerization disrupts this bond and forms one between
residues within the same loop (Ser33-His31), making the whole
loop loose. Finally, the mobility of the C-terminus in trans D76N
is also enhanced, coherently with what was discussed above con-
cerning the F-G distance distribution.

3 Conclusions

In summary, in this work we have characterized computationally
at the molecular level the effects of the Pro32 isomerization
in two variants of the amyloidogenic protein fB,-microglobulin:
the wild-type and the single point mutated D76N, simulated in
water. This isomerization is known to occur on relatively long
timescales, far beyond the computational limit of traditional
MD. The method we chose to accelerate this rare event is
well-tempered metadynamics, previously and successfully used

to investigate the same phenomena in other biological systems®.

By comparing with the behaviour of proline dipeptide in water,
we have shown how the complex protein environment affects the
free energy landscape as a function of two CVs involved in the
isomerization of the Pro32. In such environment, we estimated
the free energy differences between the two isomers and the
height of the barriers separating them. The relative stability
of the conformers follows the same trend of the experimental
results®l] according to which the cis conformer is more stable
than the trans for wild-type. Also consistently with experiments,
D76N decreases the stabilization of cis with respect to trans
and the two isomers become almost degenerate. The height of
the barriers for proline dipeptide obtained with the OPLS-AA
force-field is overestimated with respect to the other force-fields
used in literature. However, in comparison to the estimated
barriers from DSC studies®3158] our computational setup well
reproduces the experimental values for all the systems investi-
gated in the present work.

We confirm the correlation between the relative stability of
each isomer to the Pro32-His84 hydrogen bond.?23>, This bond
stabilizes the cis isomer in both variants, although to a different
extent: more in the WT than in D76N, in agreement with com-
puted and experimental free energy differences. A signature of
the importance of His84 in the relative stability of the isomers
also comes from the study of the protonated His84 (His84*). For
WT, such a study was already performed,=> so here we simulated
only the D76N mutant. We observed that the positive His84* is
more prone to arrange in a salt bridge with Asp34 rather than
the hydrogen bond with the Pro32, and the stabilizing effect on
the cis conformer is effectively lost as shown by the free energy
results.

Moreover, we have highlighted the role of hydrophobic inter-
actions involving the side chain of Pro32 in stabilizing the two
isomers. In cis, the partner of such interaction is mostly Val85.
Such residue has been identified as an aggregation hot-spot;©2
the interaction with Pro32 may be a stabilization factor that is
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lost in the trans isomer, contributing to a larger amyloidogenicity
of the trans form. Incidentally, a view that Val85 may be an ag-
gregation hot-spot since it stabilizes the Pro32 cis conformation
is untenable, since the mutant V85E has a cis native form and
less aggregation propensity than WT. Finally, we have analyzed
conformational changes taking place in the protein upon isomer-
ization to trans. Although we did not find major differences, we
evidenced a loosening of the N-terminus interaction compatible
with the h-bond analysis. The conformational analysis also points
to a few indications of the larger amyloidogenicity of D76N al-
ready in the cis form (such as the more mobile N-terminus). The
higher propensity of D76N to isomerize to the trans form may
also contribute to its higher amyloidogenicity.

Overall, our results support the view that the isomerization of
Pro32 to trans does favor aggregation. It is anyway difficult to
create a consequential link from our results to the protein ag-
gregation process. Yet, on a speculative ground, the mechanism
that better fits our findings is not that such isomerization directly
trigger conformational changes (misfolding) prodromic to aggre-
gation. Rather, isomerization is acting indirectly, in the sense
that it creates a favorable scenario for the other processes neces-
sary to aggregation (not accessible in the present investigation)
to take place. D76N may jump into this scenario more easily
than WT, which explains (or at least contribute to explain) its
higher propensity to aggregate. What these further processes are
is not easy to state. A combined look at our findings and litera-
ture reports suggest deeper investigations of the role of Val85 as
a promising route to build another piece of the bridge connecting
molecular events to formation of protein aggregate.
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