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Methionine/valine polymorphism at position 129 of the
human prion protein, huPrP, is tightly associated with the
pathogenic phenotype, disease progress, and age of onset of
neurodegenerative diseases such as Creutzfeldt–Jakob disease
or Fatal Familial Insomnia. This raises the question of whether
and how the amino acid type at position 129 influences the
structural properties of huPrP, affecting its folding, stability,
and amyloid formation behavior. Here, our detailed biophysical
characterization of the 129M and 129V variants of recombi-
nant full-length huPrP(23–230) by amyloid formation kinetics,
CD spectroscopy, molecular dynamics simulations, and sedi-
mentation velocity analysis reveals differences in their aggre-
gation propensity and oligomer content, leading to deviating
pathways for the conversion into amyloid at acidic pH. We
determined that the 129M variant exhibits less secondary
structure content before amyloid formation and higher resis-
tance to thermal denaturation compared to the 129V variant,
whereas the amyloid conformation of both variants shows
similar thermal stability. Additionally, our molecular dynamics
simulations and rigidity analyses at the atomistic level identify
intramolecular interactions responsible for the enhanced
monomer stability of the 129M variant, involving more
frequent minimum distances between E196 and R156, forming
a salt bridge. Removal of the N-terminal half of the 129M full-
length variant diminishes its differences compared to the 129V
full-length variant and highlights the relevance of the flexible N
terminus in huPrP. Taken together, our findings provide
insight into structural properties of huPrP and the effects of
the amino acid identity at position 129 on amyloid formation
behavior.

Transmissible spongiform encephalopathies are also known
as prion diseases since they are based on the misfolding of the
prion protein (1). The human prion protein (huPrP) is a
membrane-bound glycoprotein, located mainly in nervous
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tissues, such as the brain and spinal cord. Two isoforms are
known: the cellular form (huPrPC) is nonpathogenic, rich in α-
helices (42%), and contains a single, small β-sheet (3%) (2). The
other isoform, associated with the disease (huPrPSc), contains
34% to 43% β-sheets and 20% to 30% α-helices (2, 3). Prions
are defined as proteinaceous infectious particles (4), which in
contrast to viruses lack any genetic information provided by
nucleic acids. The structural conversion from huPrPC into
huPrPSc and aggregation into toxic oligomers and fibrils is
governed by autocatalytic processes (5). Recently published
high resolution structures of PrP amyloid fibrils by cryo-EM
revealed a typical β-sheet structure (6, 7). Several neurode-
generative diseases such as Creutzfeldt–Jakob disease, Fatal
Familiar Insomnia, Gerstmann-Sträussler-Scheinker syn-
drome, and Kuru are human prion diseases and associated
with these amyloid structures.

The well-known methionine/valine polymorphism at po-
sition 129 appears in the cellular conformation at the
beginning of the first β-strand (Fig. 1A). About 51% of the
human population are heterozygous at position 129, 12%
have a genotype of valine/valine, and the remaining 37% a
genotype of methionine/methionine (8). This methionine/
valine polymorphism is associated with the age of onset, the
disease progress, and which pathogenic phenotype is devel-
oped in patients (9–12). The polymorphism at position 129
raises the question of how it determines the pathogenic
roles, especially with respect to the aggregation behavior
during the conversion of huPrPC into huPrPSc. In several
studies, properties of the amyloid fibril structure (13) and
unfolded state (14, 15) of different prion protein variants had
been investigated, revealing not only different amyloid fibril
morphologies (16) within these variants and other mutations
(17) but also further requirements for fibril formation such
as a disulfide bond (15). This work presents a detailed bio-
physical characterization of full-length huPrP(23–230) for
both variants and a comparison with a shorter construct,
lacking the unstructured N-terminal region, huPrP(121–230)
for the 129M variant. Understanding the impact of a single
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Figure 1. Aggregation behavior of full-length huPrP (23–230). A, scheme of full-length huPrP(23–230) secondary structure elements. huPrP(23–230)
comprises the unstructured N-terminal half and structured C-terminal domain, containing a disulfide bond between C179 and C214; huPrP(121–230) lacks
the unstructured N-terminal region. B, amyloid formation kinetics are monitored by ThT fluorescence for triplicates of the 129M variant (blue) and 129V
variant (red). 15 μM huPrP(23–230) was incubated with 0.5 M GdnHCl for destabilization and initialization of amyloid formation. C, secondary structure as
represented in CD spectra of 10 μM huPrP(23–230) without (left) and with 0.5 M GdnHCl (right) after 5 h incubation for both variants. The incubation
conditions are identical to amyloid formation kinetics. D, SV analysis of 7.5 μM of both variants without GdnHCl. Raw data from SV analysis with fitted Lamm
equation solutions from c(s) model are color coded for the duration of sedimentation. E, the result of data fitting is an s-value distribution. SV; sedimentation
velocity; ThT, thioflavin T.
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amino acid residue exchange on the propensity of huPrP to
convert into the pathogenic amyloid structure in vitro will
help to gain insights into the pathomechanisms of prion
diseases.

Since the recombinantly produced full-length
huPrP(23–230) does not aggregate spontaneously at physio-
logical pH within manageable time ranges, we established an
in vitro conversion system at acidic pH with additional
destabilization by guanidine hydrochloride (GdnHCl). Amy-
loid formation kinetics monitored by the fluorescence dye
thioflavin T (ThT) was used to examine aggregation pathways.
CD spectroscopy was used to determine the secondary
structure content before and during the amyloid formation
process as well as the thermal stability before and after am-
yloid formation. Additionally, molecular dynamics (MD)
simulations and rigidity analyses were performed to investi-
gate the stability of both variants in detail. Sedimentation
velocity (SV) analysis was performed to investigate the
monomeric and oligomeric states before amyloid formation.
2 J. Biol. Chem. (2022) 298(10) 102430
Results
Differences in amyloid formation kinetics of both variants

monitored by ThT fluorescence are presented in Fig. 1B. At
pH 2.0, we used 0.5 M GdnHCl for an additional weak
destabilization of 15 μM huPrP(23–230) to accelerate con-
version into an amyloid structure (different conditions for
huPrP and GdnHCl concentrations were tested, see Figs. S2–
S4). Strikingly, both variants behave distinctly in the ThT ki-
netic assay. However, both variants have in common that
neither amyloid formation nor an initial fluorescence plateau
occurred in the controls without GdnHCl (Fig. S2), indicating
no conversion of huPrP(23–230) without destabilization
within the observation time. The 129M variant shows a more
complex amyloid formation behavior, resembling kinetics with
multiple phases. The kinetics to reach the final plateau are
retarded compared to the 129V variant and passing through
two interim plateaus. The 129M variant shows clear initial
ThT fluorescence identical to the triplicates. The first steep
increase starts reproducibly at about 25 h. Differences are
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observed in the duration of the single growth phases, their
number and heights of interim and final plateaus. The time
point of the second increase is approximately 55 h. Overall, the
reproducibility within the triplicates is low. In contrast, the
129V variant shows an immediate steep ThT fluorescence
increase without any lag phase. The amyloid formation of the
129V variant exhibits a single phase aggregation behavior. The
reproducibility among the triplicates is high. Nevertheless,
despite the obvious differences, both variants result in rather
similar ThT fluorescence after 120 h. Measuring the concen-
tration of the soluble fraction after 120 h revealed 72.5% and
84.1% of aggregated protein for the 129M and 129V variants,
respectively (Fig. S5).

CD spectra were measured to determine the secondary
structure content of huPrP (Fig. 1C). Here, 10 μM
huPrP(23–230) without GdnHCl before amyloid formation at
pH 2 was analyzed for both variants (Fig. 1C, left). Since CD is
a bulk method, the signal represents the weighted average in
secondary structure content for the sample. Oligomeric spe-
cies with different monomer conformations might contribute
to the measured spectra. For both variants, we observed CD
spectra with a shape resembling a mixture of mainly α-helical
and random coil structure. The position of the first minimum
differs; it is at about 200 nm for the 129M variant and about
207 nm for the 129V variant. Additionally, a more positive
signal between about 207 and 240 nm is observed for the
129M variant, suggesting a somewhat higher content of
random coil structure. The secondary structure content was
also investigated at time points during the amyloid formation
process in the presence of 0.5 M GdnHCl (Fig. 1C, right,
Fig. S7). Five hours after the addition of GdnHCl, a horizontal
shift of the minimum from 200 nm to approximately 218 nm is
observed for both variants, indicating an increase in β-strand
conformation. This shift barely changes for longer incubation
time but a drop of the peak signal at 218 nm was observed
together with a loss of the accompanying UV absorbance
signal (Fig. S7), so that one can assume a loss of soluble protein
due to aggregation (18). These results support the conversion
into amyloid for both variants. Although the amyloid forma-
tion behavior of the 129M variant seems retarded and follows a
more complex and time-consuming mechanism, the difference
in amyloid formation behavior between both variants is not
reflected in the secondary structure of converted forms.

SV analysis was performed to characterize the hydrody-
namic properties of both variants at pH 2 and examine the
molecular assemblies present before amyloid formation (Fig. 1,
D and E). These conditions can be referred to as starting
conditions before GdnHCl is added for destabilization and
initialization of amyloid formation. Fig. 1D shows raw data as
sedimentation profiles with fitted Lamm equation solutions.
The resulting distribution of standardized sedimentation co-
efficients (s20,w) presents differences in the degree of oligo-
merization between both variants (Fig. 1E). Molar mass is
calculated based on the globally determined frictional ratio (f/
f0), which is proportional to the hydrodynamic radius. At pH 2,
f/f0 was about 2.2 for both variants, indicating an elongated
shape. The 129M variant shows a faster sedimenting oligomer
boundary, representing 31.6% of the total signal and corre-
sponding to s-values between 2 and 15 S (potentially dimers to
15-mers). The remaining 68.3% of the sample can be assigned
to the monomer state at 1.41 S. In contrast, most of the 129V
variant is monomeric (93.1%) at 1.49 S and only 6.8% are
oligomers between �2 and 15 S. A closer examination of the
oligomer distribution yields significant differences for the
smallest detectable species. A distinct peak can be assigned at
2.3 S for the 129M variant with a molar mass corresponding to
a dimer. The smallest oligomer of the 129V variant can be
assigned to a peak at 3.5 S with a molar mass appropriate for a
trimer. The peak at 3.5 S can also be found in the distribution
of the 129M variant. The 129M variant is more susceptible to
oligomerization than the 129V variant and forms dimers at pH
2.0 without GdnHCl. The addition of GdnHCl had no impact
on the monomer sedimentation coefficient corrected for
increased density and viscosity of both variants. This indicates
a similar shape of the monomer both in the presence and
absence of GdnHCl, and thus, only minor changes in the fold
induced by GdnHCl facilitate amyloid formation. A similar
effect was published before with urea as a denaturant (18).

To probe differences in thermal stability, CD spectra of
10 μM huPrP(23–230) for each variant were recorded over a
temperature range from 20 �C to 95 �C (Fig. 2A). The same
stability test was performed for the amyloid conformation
obtained after 120 h incubation (Fig. 2B). Samples with am-
yloid conformation were taken from kinetic experiments.
Before amyloid formation, the 129M variant shows at 20 �C a
spectrum that indicates higher random coil content than the
129V variant, and the spectrum only weakly changes with
increasing temperature (Fig. 2A, left). The CD spectrum
before amyloid formation of the 129V variant at 20 �C ex-
hibits more initial secondary structure and changes clearly
during temperature increase (Fig. 2A, right). For both vari-
ants, a rise of the CD signal at about 210 nm is observed
during temperature increase, indicating an increase in
random coil structure (19). The CD spectra at 20 �C of the
amyloid conformation show a high content of β-sheet
structure, which is similar for both variants (Fig. 2B). The
amyloid structure of both variants exhibits clearly a structural
change upon temperature increase. The final spectrum at 95
�C resembles the secondary structure content of samples
before amyloid formation, indicating reversibility of the am-
yloid structure for both variants at pH 2. Note that the signal
of the amyloid conformation is higher for the 129V variant,
which hints at a larger amount of amyloid structures at the
end of kinetic experiments, in agreement with the concen-
tration left in the soluble fraction (Fig. S5). The lower impact
of thermal denaturation on the 129M variant before amyloid
formation compared to the 129V variant may explain the
retarded conversion into amyloid structure observed in ki-
netic experiments. Despite the differences between both
variants in amyloid formation kinetics, the final products
present similar structures and thermal stabilities.

To investigate underlying reasons at the atomistic level for
the different thermostability of the variants before amyloid
formation, we performed 10 replicas of 1 μs long all-atom
J. Biol. Chem. (2022) 298(10) 102430 3



Figure 2. Stability of huPrP. A, thermal denaturation over a temperature range from 20 �C to 95 �C before amyloid formation at pH 2 and (B) after amyloid
formation at the end of kinetic experiments (after 120 h) of both variants of full-length huPrP(23–230). CD spectra of 10 μM of the 129M (A, left) and 129V (A,
right) variant. CD spectra of end products from amyloid formation kinetics of 20 μM of the 129M (B, left) and 129V (B, right) variant. C, occurrence of salt
bridge formation between E196 and R156 and (D) SASA values of H187 during MD simulations for both polymorphs. In (C) and (D), the mean ± 95% CI and
all data points (left), and the mean ± SEM (right) are shown; the two mean values differ significantly, respectively (see text). E, differences of the residue-wise
structural stability as determined from rcij,neighbor maps from CNA mapped onto the nonamyloid conformation of huPrP(118–224). Blue indicates that the
respective area is more stable in the 129M variant. CI, confidence interval; MD, molecular dynamics; SASA, solvent-accessible surface area.
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MD simulations for the protein fold at pH 2 of PrP(118–224)
of both variants. Subsequently, we performed rigidity analyses
using Constraint Network Analysis (CNA) (20) to compute
the chemical potential energy averaged over the conforma-
tional ensemble, which correlates with the thermostability of
proteins (20, 21). Accordingly, the folded domain of the 129M
variant is more stable (ECNA = –1003.3 kcal/mol) than the
129V variant (ECNA = −966.1 kcal/mol). To elucidate the
molecular interactions that lead to this enhanced stability, we
computed the differences in the neighbor stability maps
(rcij,neighbor) generated by CNA (20). rcij,neighbor indicates if a
rigid contact between two residues is weaker or stronger. A
contact is considered to be rigid when both residues belong
to the same rigid cluster along the constraint dilution tra-
jectory (20, 22) and therefore indicates the structural stability
of the involved residue pair. M129 stabilizes the region
located close to the substitution site. The longer side chain of
methionine allows more apolar interactions with neighboring
amino acids. Furthermore, methionine can form interactions
with the aromatic side chain of Y163 (Fig. 2E), further sta-
bilizing the 129M variant (23). M129 also has an allosteric
stabilizing impact reaching over 20 Å to the C-terminal part
of helix2 (Fig. 2E). This region, especially H187, has been
described to play a role in stabilizing the protein (24, 25).
Because of a pKa value of about 5, H187 is protonated at
4 J. Biol. Chem. (2022) 298(10) 102430
acidic but not at physiological pH (26). The protonated form
of H187 can disrupt the salt bridge between R156 and E196,
which acts as an anchor between helix1 and helix2/helix3, by
interacting with E196 (24). Furthermore, the solvent-
accessible surface area (SASA) of H187 has been reported
to increase in partially unfolded structures because H187
initially forms a hydrophobic core located between helix2 and
helix3 with the residues P158, F198, and M206; the proton-
ation of H187 decreases the hydrophobicity and potentially
leads to a destabilization of this hydrophobic core (25). Thus,
we analyzed the mean values of the percentage of salt bridge
formation between E196 and R156 and the SASA of H187
during our MD simulations. The results show a higher per-
centage of salt bridge formation for the 129M polymorph
(48.2 ± 9.0%, 95% confidence interval (CI): 27.9% - 68.5%) in
comparison to the 129V polymorph (26.0 ± 5.5%, 95% CI:
13.5% - 38.5%). The mean values for both polymorphs differ
significantly (p = 0.02; unpaired t test) (Fig. 2C). Furthermore,
the SASA of H187 is significantly decreased in the 129M
polymorph (34.6 ± 1.2 Å2, 95% CI: 31.8 Å2 – 37.3 Å2)
compared to the 129V polymorph (40.7 ± 2.8 Å2, 95% CI
34.4 Å2 – 47.0 Å2) (p = 0.03; unpaired t test) (Fig. 2D),
confirming the increased structural stability in this region for
huPrP (118–224) (Fig. 2E). The lower stability of the inves-
tigated 129V variant might favor amyloid formation by
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lowering energetic barriers considering the single amino acid
exchange at position 129 (27).

Studies investigating the polymorphism at position 129
generally used a shorter construct of huPrP, lacking the un-
structured N-terminal domain (28, 29). To test the effect of the
unstructured N-terminal domain on aggregation kinetics and
oligomer formation, we compared a shorter construct of the
129M variant without the N-terminal half, huPrP(121–230), to
our full-length proteins (Fig. 3). The lack of the unstructured
N-terminal domain of the 129M variant significantly alters the
amyloid formation kinetics (Fig. 3A). The shorter construct of
the 129M variant does not present multiphasic, complex ki-
netics but shows an immediate onset of amyloid formation as
already observed for the full-length 129V variant. SV experi-
ments report a lower degree of oligomerization and a higher
monomer content for huPrP(121–230) of the 129M variant
compared to full-length huPrP(23–230) (Figs. 3B and S6). The
monomer and oligomer content of the shorter 129M variant is
similar to the full-length 129V variant, which agrees with the
similarities found in amyloid formation kinetics. We conclude
that the presence of the unstructured N-terminal region affects
the structural properties of the protein, leading to significant
changes in oligomerization and hence in amyloid formation
kinetics.
Discussion

In summary, our study revealed clear differences in the
pathway of amyloid formation at pH 2 of full-length
huPrP(23–230) associated with the single Met/Val amino
acid exchange at position 129, which provide insights into
possible mechanisms underlying prion diseases. Additionally,
we observed a significant impact of the unstructured, 98 amino
acid long N-terminal region on the aggregation propensity of
the 129M variant, superimposing the direct effect of the
polymorphism at position 129. The deviating stability of both
variants of huPrP(118–224) observed during MD simulations
suggests a different unfolding behavior based on this poly-
morphism. We observed an initial ThT fluorescence plateau in
Figure 3. Relevance of the unstructured N-terminal region. A, amyloid
huPrP(121–230) lacking the unstructured N-terminal region (light blue). Kinetics
from Fig. 1B is shown again for comparison. Kinetic data are normalized to 1
destabilization and initialization of amyloid formation. B, amount of monome
variant huPrP(121–230). The amount is the result of integration of c(s) distribut
thioflavin T.
kinetic measurements upon the addition of GdnHCl for the
129M variant. The early ThT signal supports an immediate
formation of oligomers with partial binding sites for ThT,
which was already reported for the 129M variant (30). After
the initial formation of aggregates, no further decrease of the
soluble fraction was observed. As a consequence, the increase
in ThT fluorescence leading to interim and final plateaus
observed in the multiphasic kinetics of the 129M variant
originates from structural rearrangements of already existing
larger oligomers. A stronger tendency for oligomerization of
the 129M polymorphism was also observed in SV experiments
without GdnHCl. The capability of larger oligomers to
assemble into amyloid fibrils was previously shown for ovine
PrP (31). We conclude that the amyloid formation pathway for
the 129M variant is different to the 129V variant and char-
acterized by the presence of oligomeric intermediates under-
going further structural conversion. The increased population
of non-native states but not yet fully amyloid structure for the
129M variant might explain differences in pathology associ-
ated with this polymorphism. Interestingly, the existence of a
detectable amount of dimers was already reported to interfere
with the conversion of huPrPC into huPrPSc (32). Observed s-
values appropriate for dimers in SV experiments were exclu-
sively found for the 129M variant, providing a further expla-
nation for higher resistance to amyloid formation and more
complex kinetics.

The differences in structure and global stability of huPrPC as
a consequence of the polymorphism at position 129 were
already investigated in NMR studies (28). It was reported that
the polymorphism at position 129 in a shorter construct
excluding the unstructured N-terminal domain,
huPrP(90–230), neither impacts on structure nor stability. It
should be noted that the polymorphism was investigated at pH
5.5. At this pH, H187 is not completely in a protonated state. It
was further reported that the polymorphism might affect
amyloid formation kinetics or the formation of intermediates
on the pathway of conversion of huPrPC into huPrPSc. The
overall structure of the C-terminal globular domain of
huPrP(125–228) is not affected by constructs of different
formation kinetics monitored by ThT fluorescence of the 129M variant
for full-length huPrP(23–230) 129M variant (dark blue) and 129V variant (red)
for the highest signal. 15 μM huPrP was incubated with 0.5 M GdnHCl for
r and oligomers of 129M and 129V variants huPrP(23–230) and the 129M
ions from SV analysis of 7.5 μM huPrP without GdnHCl at pH 2 (Fig. S6). ThT,
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lengths but a transient contact between the flexible, unstruc-
tured N-terminal region and the globular C-terminal domain
was observed in NMR studies (33). The length of the un-
structured, N-terminal region affects helix2(187–193) and
helix3(219–226) in the globular domain. Hence, the usage of
full-length huPrP(23–230) leads to a more complete picture of
the underlying structural rearrangements by including the
complete, flexible N terminus.

This study aimed to investigate the differences between the
two variants with regard to their aggregation propensity and
possible amyloid formation pathways. We concluded an
oligomer-mediated pathway for the 129M variant but could
only observe such behavior for the full-length variant. The
described data result as a consequence of both described ef-
fects, the exchange of a single amino acid as well as the
presence of the N-terminal half, however, the effect of the
single amino acid exchange seems to be superimposed by the
depletion of the 98 amino acid long N-terminal half. Our re-
sults emphasize the relevance of the considered full-length
huPrP(23–230) construct to perceive different aggregation
propensities.

Experimental procedures

All experiments were performed at pH 2 in 10 mM aqueous
HCl.

Expression and purification of human prion protein

Both recombinant huPrP(23–230) variants 129M and 129V
as well as the huPrP(121–230) 129M variant were expressed
and purified as previously described (34). The protein folding
following this purification protocol and acidic pH was previ-
ously confirmed by NMR (34). Final sample purity was
confirmed by SDS-PAGE (Fig. S1).

Amyloid formation kinetics

Amyloid formation kinetics of both huPrP(23–230) variants
and huPrP(121–230) 129M variant were monitored by ThT
fluorescence using a plate reader (BMG). ThT fluorescence
was measured by excitation at 445 nm and detection at
485 nm. About 15 and 20 μM huPrP with 0.5 M GdnHCl and
30 μM ThT were measured. The measurements were per-
formed in triplicates in a 96-well plate (No. 3881, Corning)
sealed with a plastic film at 37 �C and continuous shaking at
300 rpm.

CD spectroscopy

CD spectra of 10 μM huPrP(23–230) for both variants were
recorded in a Jasco J-815 (Jasco) spectropolarimeter at 20 �C
without GdnHCl and after 5 h in the presence of 0.5 M
GdnHCl. Thermal stability was investigated over a tempera-
ture range from 20 �C to 95 �C. The thermal stability was
investigated before amyloid formation of 10 μM
huPrP(23–230). To investigate the thermal stability of the
amyloid conformation, 100 μl were taken from amyloid for-
mation kinetics of 20 μM huPrP(23–230) after 120 h and
centrifuged at 15,000×g for 25 min and 20 �C. The pelleted
6 J. Biol. Chem. (2022) 298(10) 102430
amyloid structures were dissolved in 100 μl 10 mM HCl (pH
2). A quartz glass cuvette with 1 mm path length was used.
Spectra were measured at 50 nm/min with 2 nm bandwidth
and 4 s digital integration time. Spectral resolution was 1 nm
and temperature resolution was 5 �C. The temperature was
increased with 2 �C/min and 30 s waiting time before mea-
surement. Ten accumulations were measured for each
spectrum.

Analytical ultracentrifugation

SV experiments were performed in an analytical ultracen-
trifuge Proteome Lab XL-A (Beckman-Coulter). Experiments
included 7.5 μM huPrP. Samples were measured in standard
double sector cells (Titanium) with an optical path length of
12 mm using an An-60Ti rotor. Temperature was set to 20 �C.
The speed was 60,000 rpm corresponding to 262,000×g. Data
analysis was performed using a continuous distribution Lamm
equation model, c(s), implemented in the software Sedfit
(version 16p35; https://sedfitsedphat.github.io) (35).

MD simulations

Structural information for PrP(118–224) 129M was taken
from Protein Data Bank entry 4N9O (36). For the 129V
polymorph, the amino acid at position 129 was mutated to
valine using MOE, version 2019.01 (37). We selected the
energetically most favored rotamer and subsequently mini-
mized the side chain; both polymorphs were protonated
according to pH 2, and the N and C termini were capped
with NME and ACE, respectively, using MOE, version
2019.01 (37). With a predicted pKa value of 2.09, E196 can
be protonated or deprotonated at pH 2 (38). As E196 forms
a salt bridge with R156 in our starting structure, which
stabilizes a negative charge at E196, it is likely that E196 is
deprotonated in the starting structure. The polymorphs
were then neutralized using Cl- as counter ions and solvated
in an octahedral box of OPC water (39) with a minimal
water shell of 12 Å around the protein. The Amber package
of MD simulation software (40) and the ff19SB force field
(41) were used to perform MD simulations. For further
details of our simulation methods, see supporting informa-
tion and Fig. S8.

Structural analyses

To ensure that the starting structures of both polymorphs
do not influence the results, we removed the first 500 ns of MD
simulations prior to the analyses. Every 5 ns, a frame was
extracted from the trajectories using CPPTRAJ (42), and
counter ions and water molecules were stripped. From the
protein conformations, neighbor stability maps rcij,neighbor were
calculated using CNA (20). CNA is a software package that
functions as frontend and backend for the FIRST software
(https://kuhnlab.natsci.msu.edu/software/proflex/) and helps
to analyze structural features critical for protein stability;
neighbor stability maps are derived from all extracted trajec-
tories along the simulation and contain information about the
persistence of rigid contacts between pairs of residues (20, 43).

https://sedfitsedphat.github.io
https://kuhnlab.natsci.msu.edu/software/proflex/
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In order to exclude pairs of structurally non-neighboring
residues, only interactions were considered in rcij,neighbor,
where at least one of the pairs of heavy atoms of the residue
pair R(i,j) is separated by less than 5 Å. The chemical potential
energy ECNA, a measure for thermostability, was calculated
according to Equation 1 as done previously (44).

ECNA ¼
Xn

i

Xn

j>i

rcij;neighbor (1)

The distance between the carboxy oxygens of E196 and the
side chain nitrogen atoms of R156 was calculated using the
nativecontacts mindist command as implemented in CPPTRAJ
(42). We consider a salt bridge formed if the distance between
respective charged heavy atoms is < 4 Å (45). The SASA of
H187 was analyzed using the surf command as implemented in
CPPTRAJ (42). We calculated the one-sided t test for both
measurements with the null hypothesis that the values of the
two stability-indicating measurements are in favor of the more
stable 129M polymorph.
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