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ABSTRACT: Despite a 95% sequence similarity, the aggregation of human and mouse Q- . feess -+ r——

synuclein is remarkably different, as the human form is slower than the mouse form in forming
fibrils but is associated with Parkinson’s disease in both humans and transgenic mice. Here,
the amino acid code underlying these differences is investigated by comparing the lag times,
growth rates, and secondary structure propensities of a systematic series of eight human—
mouse chimeras. Fluorescence analysis of these variants shows that the AS3T substitution
dominates the growth kinetics, while the lag phase is affected by a combination of the AS3T
and S87N substitutions. The secondary structure propensities derived from an NMR
chemical shift analysis of the monomeric forms of the human—mouse variants enable us
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to establish a link between the changes in the conformational properties in the region of

position 53 upon mutation and the corresponding changes in growth rates. These results suggest that the presence of an alanine
residue at position 53 may be an evolutionary adaptation to minimize Parkinson’s disease in humans and indicates that effective drug
development efforts may be directed to target this N-terminal region of the sequence.

B INTRODUCTION

Protein misfolding diseases are associated with proteins that
convert from their normally soluble form to large aggregates
including amyloid fibrils that accumulate in the brain or in
other organs.1 Among such conditions, Parkinson’s Disease
(PD), the second most common neurodegenerative disorder,
and dementia with Lewy bodies are associated with the aggre-
gation of at-synuclein (aSyn).”* Electron microscopy studies
have shown that 0.Syn is the major protein component found
in the Lewy bodies of patients with PD and that the protein
exists as amyloid-like fibrils, thus suggesting that this protein
plays a key role in the etiology of the disease. Syn is a 140-
residue intrinsically disordered protein (IDP) that is highly
expressed in presynaptic nerve terminals involved in promot-
ing the assembly of the SNARE-complex in neuronal synapses.*
Thus, understanding the conversion of aSyn from its soluble to
insoluble amyloid forms is critical to elucidating the molecular
basis of PD.

Fibril formation is a complex phenomenon that results from
the interplay of the microscopic processes of nucleation,
elongation, fragmentation, and clearance of the aggregates.®
At the macroscopic level, this phenomenon is typically char-
acterized by the presence of a lag phase followed by an
exponential growth phase. Fibrillation studies in vitro using
Thioflavin T (ThT) fluorescence have shown that the mono-
mer form of 0.Syn undergoes a nucleation-dependent conver-
sion to a cross-f3 rich oligomeric form whose morphology
resembles that found in the diseased state.”” The delicate
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balance between the microscopic processes underlying a.Syn
fibril formation is revealed by the extreme sensitivity of the
kinetics of this process to the sequence of the protein as well as
to the solution conditions. For example, the point mutations
AS3T,® A30P,” and E46K' of human aSyn, which are auto-
somal dominant and linked to early onset disease, have faster
rates of formation of prefibrillar oligomeric species and fibrillar
species."' ' Mouse 0Syn, which differs from human a:Syn at
only seven positions, has been shown to form fibrils significantly
faster than human aSyn in previous studies.'® However, the
detailed fibril assembly kinetics and the basis for the sequence-
dependent differences in fibrillation between human and mouse
are not yet understood in detail.

In this work, we designed a systematic set of human—mouse
chimeras to pinpoint the residues or regions of the protein that
result in faster fibrillation and are most sensitive to amino acid
substitution. Kinetic measurements by ThT fluorescence experi-
ments show that the identity of the N terminal substitution AS3T
plays a key role in controlling growth rates. Furthermore, we
found the presence of specific local differences in secondary
structure propensity at this position, as derived from a chemical
shift analysis of the monomeric forms, which suggests a link
between secondary structure propensity around residue 53 and
aggregation rates.
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Figure 1. Sequence alignment of human and mouse aSyn. Conserved
residues are represented by dashed lines in the mouse sequence. Residue
numbers are shown below the sequence, and the N, NAC, and
C-terminal regions are identified above the sequence.

Table 1. 0.Syn Human—Mouse Variants

0Syn variants name
human HHH
human AS3T MHH
human S87N HMH
human L100M-N103G-A107Y-D121G-N122S HHM
human AS3T-S87N MMH
human AS3T-L100M-N103G-A107Y-D121G-N122S MHM
human S87N-L100M-N103G-A107Y-D121G-N122S HMM
human AS3T-S87N-L100M-N103G-A107Y-D121G-N1228 MMM

(mouse)

B RESULTS AND DISCUSSION

Design of Human—Mouse Chimeras. a.Syn is an IDP char-
acterized by a low sequence complexity, low overall hydropho-
bicity, and high net charge.16 The amino acid sequence of this
protein can be divided into three regions: an N-terminal region
(residues 1—60) with a highly conserved KTKEGV motif;'”
an NAC region (residues 61—95) composed of a central hydro-
phobic region that has been proposed to be important for
aggregation; and a highly acidic C-terminal region (residues 96—
140). The distribution of substitutions between human and
mouse is asymmetric along the sequence with a single substitu-
tion (AS3T) in the N-terminal region, a single substitution
(S87N) in the NAC region, and five substitutions (L100M,
N103G, A107Y, D121G, and N1228S) in the C terminal region
(Figure 1). The AS3T substitution in mouse is the same as the
mutation that results in early onset disease in humans and is
considered to be a reversion to residues found in lower orga-
nisms.'> We analyzed in this work systematic variations of the
different substituting residues to provide insight into the critical
residues or regions that lead to faster nucleation and elongation
of mouse versus human 0Syn.

Sequence variants of human 0.Syn were designed by preparing
a series of single-point mutations and domain chimeras. Starting
with the human sequence as a control and denoting this sequence
as HHH corresponding to human N-terminal, human NAC, and
human C-terminal, we prepared an additional seven variants in
which each variant is composed of a combination of the three
regions described above taken from mouse (M) or human (H)
0Syn (Table 1). The variants contain either one substitution of
the human to mouse region (for example MHH, HMH, or
HHM) or two substitutions (HMM, MHM, or MMH) or all
three substitutions (MMM) corresponding to the mouse se-
quence. The notation M or H is used for each region indepen-
dently of the number of substitutions within the region, even if

Figure 2. Negatively stained electron micrographs of the end pro-
ducts of fibril formation of the 0LSyn variants considered in this work.
MMH (A), MHH (B), MHM (C), MMM (D), HMH (E), HMM (F),
HHH (G), and HHM (H) are shown. The scale bar is 200 nm.

the N-terminal and NAC regions contain a single substitution
while the C-terminal contains five substitutions.

Fibril Morphology of Human—Mouse Chimeras. All the
variants were found to form amyloid fibrils (Figure 2) within
8 days in a plate reader at 37 °C under linear 600 rpm shaking.
Typically, for human 0.Syn and all the other variants, the fibril
widths are around 10 nm, and lengths vary from around 20 nm to
2 yum. The fibrils are always helically twisted or stuck together;
however, for HMM, HHH, and HHM, long single fibrils prevail.
Both straight and curved fibrils are observed. It is not clear
whether the curved morphology is due to plasticity or the
artifacts during drying on TEM grids.

Fibril Assembly Kinetics: Growth Rates Are Dominated by
the A53T Substitution. To assess the effect of each mutational
variant on the kinetics of fibril assembly, the growth rates and the
lag times of all the variants were obtained from the fibril assembly
process monitored by ThT fluorescence as a probe of the aggre-
gation process. The kinetics of all the variants were recorded with
multiple replicates simultaneously under physiological condi-
tions with shaking (see Materials and Methods). All eight vari-
ants were measured at the same time, and normalized data were
used to determine the mean and standard deviation of the ap-
parent growth rate and the lag time of each variant (Figure S1,
Supporting Information).
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Figure 3. Fluorescence kinetic analysis of aSyn and its variants.
(A) The ratio of apparent growth rates of 0Syn variants over that of
human aSyn (HHH). (B) Schematic representation of variant se-
quences in the order of the slowest to the fastest growth rates. The
variants are color coded with the mouse region in yellow and the human
region in blue. Dots represent substitutions from human to mouse 0.Syn.
The bracket indicates the variants that have equivalent growth rates
within the error bars. (C) The ratio of lag time of human aSyn (HHH)
over that of olSyn variants. (D) Schematic representation of variant
sequences in order of the longest to the shortest lag time. Color code and
dots are the same as in (B). The bracket indicates the variants that have
equivalent lag times within the error bars.

5-Fold differences in apparent growth rates were observed for
the eight variants (Figure 3A). From Figure 3B, it is clear that the
AS3T substitution is the dominant factor in modulating the
growth rates. Qualitatively the growth rates can be divided into
two groups: one group contains the human AS3 residue at the
N-terminal (HMH, HMM, HHH, and HHM) and has slower
growth rates (Figure 3B); a second group contains the mouse

T53 residue (MMM, MHM, MHH, and MMH) and has faster
growth rates. For the group containing the human AS53 residue,
the apparent growth rates of the four variants are very similar to
one another, suggesting that other substitutions within the NAC
and C-terminal region do not play a role in modulating the rates
of growth. For the group containing the mouse T53 residue, the
growth rates of the four variants have a S-fold difference across
the range. These results show that the growth rates in this group
are sensitive not only to the mutation at position 53 but also to
the human—mouse substitutions in the rest of the aSyn se-
quence. The S3T variants that contain a human C-terminal se-
quence (MHH, MMH) have faster growth rates than the 53T
variants with the mouse C-terminal sequence (MHM, MMM),
suggesting that the C-terminal sequence plays a secondary role in
modulating the growth when residue 53 is a Thr. In contrast,
substitutions in the NAC region do not impact growth rates in a
systematic way. Taken together, these data suggest (1) that Ala at
position 53 is critical to slowing down the growth rates in the
human—mouse chimeras and (2) that Thr at position 53 results
in faster growth rates in all the cases examined. Importantly, the
single AS3T human to mouse mutation that results in early onset
disease in humans has faster growth rates than mouse 0Syn
suggesting that the additional NAC or C-terminal substitutions
in mouse may be compensatory mutations that slow down
growth rates.

Fibril Assembly Kinetics: Lag Times Are Dominated by the
Combined N-Terminal A53T and NAC S87N Substitutions.
We investigated the length of the lag phase for the eight human to
mouse variants. The average lag time varied from 8 to 110 h with
the shortest lag time attributed to MMM and MMH and the
longest to HHH and HHM (Figure 3C). Variants with inter-
mediate lag times include HMH, MHM, HMM, and MHH. The
lag time results are consistent with the previous observation by
Rochet et al.'> that mouse aSyn (MMM) has a much shorter lag
time than human a.Syn (HHH) and human AS3T (MHH). The
data presented here suggest that two regions, the N-terminal and
NAC region, of the sequence play a significant role in determin-
ing the length of the lag phase (Figure 3D). Qualitatively, the
data can be divided into three groups. The longest lag time arises
when the N-terminal and NAC region simultaneously contain
the human residues 53A and 878, and the shortest lag time arises
when both the N-terminal and NAC region contain the mouse
residues 53T and 87N. Variants that contain either human or
mouse sequences in the N-terminal and NAC result in inter-
mediate lag times. To determine whether simultaneous muta-
tions of residues 53 and 87 act in synergy, a statistical analysis has
been performed to see whether the lag time of MMH, for
instance, is what we expect if it is assumed that the effects of
the HHH to HMH and MHH to MMH substitutions are
independent. In Figure 4, we perform a factorial analysis in
which the lag times for the variants XMH and XHH (X=H or M)
are compared. If the effects on the lag time of the N-terminal and
NAC region substitutions are independent of one another, then
substitution of the N-terminal sequence to H or M should be
independent of the context of the NAC sequence. In figure 4 we
see that the difference in lag time between HMH and MMH is
much smaller than the lag time difference for HHH and MHH
showing that the identity of the NAC sequence plays a role in
modulating the difference in lag time for the N-terminal sub-
stitutions. Another way of looking at the data is to note that the
slopes of the two lines are not parallel showing that changing
the NAC sequence from M to H within different N-terminal
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Figure 4. Factorial design analysis of the effect of AS3T and S87N on
lag time of OSyn variants XMH and XHH with X=H and M. The
brackets indicate the differences in the lag times of XMH with X=M and
H and XHH with X=M and H. The slope of the lines represents the
change in the lag time obtained by varying the NAC sequence while
keeping the N-terminal sequence the same. Both the absolute differ-
ences shown by the brackets and the non parallel lines suggest a
synergistic effect of AS3T and S87N.

sequences results in different changes in lag times. These data
suggest that the simultaneous AS3T and S87N substitutions have
a synergistic effect on the lag time and do not act independently
of one another. Similar results are seen when comparing the
variants that contain the mouse C-terminal substitutions (XMM
and XHM).

Different Residues Govern Growth Rates and Lag Times.
The correlation between growth rates and lag times is analyzed to
provide insight into whether sequence substitutions affect these
two phases similarly. A plot of the growth rates versus lag times
indicates that there is no detectable correlation between the two
parameters (Figure S). Previous studies have shown that polypeptide
chains such as insulin, glucagon, Af3 peptide variants,"® and 32-micro-
globulin'® have a high correlation between lag times and growth
rates, whereas a recent study on amyloid formation of Apolipo-
protein C—II** has revealed that DHPC affects only the lag time
but not the growth rate of this process. The data presented here
suggest that aggregation of 0.Syn is complex and that different
regions of the protein are involved in different stages of the
aggregation process. We show that the N-terminal AS3T sub-
stitution plays a dominant role in altering the growth rates but
that lag time is influenced by the N-terminal AS3T and the NAC
S87N substitution in synergy.

Evolutionary Role of the N-Terminal A53T and NAC S87N
Substitutions Affecting Fibril Assembly Kinetics. To under-
stand the functional significance of the AS3T and S87N muta-
tions, we have investigated the conservation at positions 53
and 87 across different species using UniProt (www.uniprot.org)
(Table S1, Supporting Information). Thr is found at position 53
in many other species including New World primates, and it has
been hypothesized that the T53A mutation may be an evolu-
tionary adaptation in humans to minimize the risk of PD.”! Our
data support this view as AS3 plays a dominant role in controlling
the growth rates in human/mouse chimeras. In addition, further
analysis of the 27 complete sequences from different species
indicates that the AS3T and S87N point mutations have less
diversity than the other five residues in the C-terminal region as
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Figure 5. Correlation between lag time and k,j,,. The colors are MMH
(red), MHH (pink), MHM (brown), MMM (orange), HMH (green),
HMM (purple), HHH (black), HHM (teal). The fit k,p, = a/(Tig)
leads to an adjusted r-square of 0.04. Inset is the log—log plot of the same
data set.

shown in Table S1 (Supporting Information). Thus, the muta-
tion in the NAC region at position 87, which has been shown in
our studies to be a second key residue in minimizing the duration
of the lag phase, may have functional significance. The sequence
determinants of the lag times and growth rates in the oSyn
human—mouse variants may provide a starting point for the
design of aggregation inhibitors that target those regions of the
protein.

Local Differences in Secondary Structure Propensities Are
Observed at Position 53 from NMR Chemical Shift Data. It
has been proposed that aggregation propensities are strongly
influenced by conformational properties, including secondary
structure propensities and long-range contacts.”>” > Previous
NMR?® and CD'* studies have indicated that human and mouse
0Syn are IDPs in the monomer form with conformations that are
more compact than would be expected for a fully unfolded
protein. NMR chemical shifts are sensitive indicators of second-
ary structure propensities of IDPs and have been analyzed to
determine the differences in the conformational propensities of
the eight variants described here. We use secondary structure
propensity (SSP) scores™ with '*C* and 13CP chemical shifts as
input and a S residue sliding window to define a residue-specific
secondary structure propensity. SSP scores were obtained for all
variants, and Figure 6 indicates that scores along the sequence are
quite similar to one another except for the region around position
53. In this region, the SSP scores are divided into two groups of
four variants each defined by whether residue 53 is an Ala or a
Thr. For the group that has AS3 (HHH, HHM, HMH, HMM),
the SSP scores are negative suggesting that the conformational
ensemble in this local region is sampling more [3-sheet confor-
mations on average. The group that contains a Thr at position 53
(MHH, MHM, MMH, MMM) has more positive SSP values
suggesting more local helical conformation on average in the
ensemble.

The importance of the results presented here lies in the fact
that there are systematic local differences in secondary structure
propensities at and around position 53 as a function of the amino
acid type that occupies it. It is difficult to interpret SSP scores at
any position along the sequence in terms of the absolute
population of secondary structure elements as the scores repre-
sent ensemble-averaged values over a distribution. The SSP value
does not uniquely define the @t and 5 content within the distribution.
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Figure 6. SSP scores calculated using 13C* and 13C” chemical shifts* as a function of residue for all the 0.Syn human—mouse variants. The colors are
MMH (red), MHH (pink), MHM (brown), MMM (orange), HMH (green), HMM (gray), HHH (black), HHM (teal). The region around position 53
is boxed. MXX represents the class of variants that have the mouse N-terminal sequence (MHH, MHM, MMH, MMM ), and HXX represents the class of
variants that contain the human N-terminal sequence (HHH, HHM, HMH, HMM). The inset is an enlarged region from residue 49 to 57.

Strikingly, the identity of position 53 as Ala or Thr is
also responsible for regulating the growth rates in the human—
mouse chimeras. The results on this series of eight human—
mouse chimeras suggest that the growth rates of these mutants
may be directly influenced by the secondary structure propen-
sities at position 53 and that growth rates are correlated to local
secondary structure propensities of the monomer conforma-
tional ensemble. Previous studies of PD-linked mutations A30P,
AS3T, and E46K that have different fibrillation or aggregation
rates have also shown small changes in local chemical shifts*>*”
supporting the results presented here that local secondary
structure propensities may be correlated to the kinetics of
aggregation.

Bl CONCLUSIONS

We have designed a systematic series of human—mouse 0Syn
variants to study the role of naturally occurring substitutions on
the in vitro fibril assembly kinetics of 0.Syn. Through an analysis
of these mutants we have determined that the N-terminal AS3T
substitution, which is known to cause early onset PD both in
humans and in transgenic mice,”® plays a dominant role relative
to the other substitutions in the NAC and C-terminal regions in
speeding up the fibril assembly kinetics of mouse relative to
human aSyn. Seen from a different perspective, the mutational
variants that contain Ala at position 53 all have similar growth
rates, implying that this residue serves as a control mechanism for
fibrillar aggregation. Indeed, an NMR chemical shift analysis
suggests that the growth process is controlled by the nature of the
secondary structure propensity in this region. These data support
the notion that the presence of Ala at position 53 may be an
evolutionary adaptation to minimize PD in humans and suggest
that the monomer conformation, in particular, the critical
N-terminal region, may provide new targets for drug therapy in

aSyn.

B MATERIALS AND METHODS

oSyn variants were produced by site-directed mutagenesis using
AccuPrime pfx from Invitrogen. The expression and purification of re-
combinant wild-type and mutant 0Syn were as previously described.>**®

Solutions containing A.Syn were dialyzed against ammonium bicarbonate
before lyophilization and the freeze-dried aSyn stored at —20 °C for
fluorescence and NMR studies.

Protein was dissolved in Phosphate Buffer Saline (PBS) buffer (pH 7.4,
NaCl 137 mM). The solution was filtered through a 100 kDa filter by
centrifuging at 4 °C to remove the big aggregates, and the final protein
concentration was around 140 uM with 20 M ThT for fluorescence
measurements. An amount of 100 uL of the mixture was then pipetted
into a well of the 96-well clear-bottom black-wall plate from Costar and
sealed with clear sealing film from Axygen to prevent the evaporation
during incubation. Measurements were recorded at 37 °C with linear
shaking at 600 rpm. ThT fluorescence was recorded at 30 min intervals
using a POLARstar Omega reader from BMG. All the variants formed
fibrils within 200 h. All the data were normalized to the final ThT signal,
and the resulting curves were used for analysis of lag time and apparent
growth rate. At least six replicates were performed on each variant, and
then the averaged lag times and growth rates were calculated as well as
the corresponding standard deviations. The growth rate was obtained by
fitting a line to the slope of the growth phase, and the lag time was
determined from the intersect.”® Five biphasic curves were discarded.

Fibril morphology of the variants was observed with negative staining
Transmission Electron Microscopy (TEM). The fibrils were grown in
the well plates during the ThT kinetic experiments described above. One
droplet of the sample from the well plate was placed on a discharged
carbon-coated 300-mesh grid and then stained with freshly prepared 1%
(w/v) uranyl acetate. Micrographs were recorded at a magnification of
100000 with a JEM-100CXII manufactured by JEOL.

All NMR experiments were carried out using approximately 400 M
5N labeled and *C labeled aSyn in 10% (v/v) D,O in PBS buffer
(same conditions as the kinetic studies) at 15 °C. Experiments were
performed on either Varian 800 MHz or Bruker 700 MHz spectro-
meters. HNCACB/CBCACONH, HNCO/HN(CA)CO, and HNN
triple resonance experiments were collected for all variants to obtain
HN, “N, C%, Bch , and >CO resonance assignments. The data were
processed with NMRPipe® and then converted to Sparky®' file format
for data analysis. Proton chemical shifts were referenced to DSS (4,
4-dimethyl-4-silapentane-1-sulfonic acid) as 0 ppm, and *N and *C
were indirectly calibrated by the gyromagnetic ratios.>> Duplicate triple
resonance spectra collected on different machines several months apart
showed that the ">C* and "*C” chemical shifts have a standard deviation
of 0.07 ppm.

13469 dx.doi.org/10.1021/ja203979j |J. Am. Chem. Soc. 2011, 133, 13465-13470
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