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Position-Dependent Electrostatic Protection against Protein Aggregation

Alexander K. Buell,”’ Gian Gaetano Tartaglia,” Neil R. Birkett,” Christopher A. Waudby,” Michele Vendruscolo,"
Xavier Salvatella,” Mark E. Welland,*®® Christopher M. Dobson,*® and Tuomas P. J. Knowles*™

Proteins can in general perform their functions only by remain-
ing soluble in their biological environment, and much effort
has therefore been devoted to understanding the chemical
and physical properties of amino acid sequences that promote
their solubility." The failure of proteins to remain in a soluble
state is increasingly recognised as a central problem in con-
texts ranging from biotechnology to human disease.*” A rela-
tionship between the kinetic stability of polypeptide chains in
solution and their fundamental physicochemical properties has
been established through the finding that global charge and
hydrophobicity are closely linked with the rates at which given
peptides and proteins aggregate to form amyloid structures.®?
It has also been found that specific patterns of amino acids
form “aggregation-prone” regions that play a key role in deter-
mining the aggregation process.'>'* Despite their potentially
detrimental effects to biological functionality through facilita-
tion of protein aggregation, such aggregation-prone regions
are nevertheless often naturally present in proteins because
they essentially encode for the formation of {3 sheets when
these structures are required for folding. Thus, in order to dis-
favour uncontrolled aggregation and promote folding, it has
been proposed that evolution has inserted “gatekeeper” resi-
dues'®'” in the sequence in close proximity to the aggrega-
tion-prone regions. Such gatekeeper residues are electrostati-
cally charged and prevent the ordered association of aggrega-
tion-prone regions of different molecules.!'® 61820
Gatekeeper residues have been observed in various systems,
but the magnitude and specificity of their effects have re-
mained elusive. Herein we therefore focus on a quantitative
characterisation of the gatekeeping effect through a combina-
tion of biosensor measurements, atomic force microscopy, and
quantitative sequence-based design approaches.""'? To inves-
tigate the influence of the position of charges on aggregation
rates, we generated chemically conservative mutations within
the sequence of the SH3 domain of bovine phosphatidylinosi-
tol 3’-kinase (PI3K-SH3), an 84-residue non-disease-related amy-
loidogenic protein®” that has proved to be a powerful system
for the study of the mechanism of protein aggregation.”” We
show that this approach enables quantitative characterisation
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of the extreme sensitivity that the kinetics of aggregation has
toward electrostatic effects. We find that specific mutations
that modify the charge of strategically positioned gatekeeper
residues can lead to dramatic changes in the aggregation
rates. Such changes are several orders of magnitude greater
than if the same mutations were incorporated into less sensi-
tive regions. These results demonstrate the importance of the
contributions that quantitative chemical approaches can pro-
vide to the understanding of complex biomolecular systems,
and provide insight into rational strategies for stabilising solu-
ble forms of proteins.

To introduce a supplementary charge under the acidic dena-
turing conditions at which PI3K-SH3 amyloid fibril formation is
most readily observed,”” the strategy adopted was to change
individual glutamic acid residues into lysine residues. For the
converse effect, subtraction of a charge, the strategy was to
change a lysine residue to a glutamine residue. These muta-
tions were chosen because they have, apart from the change
in charge, only a small effect on the overall physicochemical
properties of the sequence, in particular, its hydrophobicity
and secondary structure propensity. As the global effects of
changes in charge on protein aggregation are relatively well
established,®'” we focus here on elucidating the dependence
of the effect of charge on its position in the sequence of the
protein.

The positions of the mutations chosen for this study were
selected by screening all possible amino acid substitutions
using an algorithm™ that computes an aggregation propensi-
ty profile for a protein sequence by taking into account physi-
cochemical parameters such as charge, hydrophobicity, and
patterns of varying polarity. Values of this propensity (Z,,,) at
individual residues can then be defined, and changes resulting
from specific mutations can be predicted. Mutation of an
amino acid not only alters this Z,., value at the particular posi-
tion of the mutation but also in the adjacent regions. Summa-
tion of the values of the aggregation profile above a threshold
value yields an overall Z,,, value for a given sequence.'” In
order to probe the effect of the position of the charge within
the sequence, we chose two glutamic acid residues in close
proximity with each other; these residues are individually pre-
dicted to lead to a significant decrease in aggregation rate
after being substituted by a residue that is charged at this pH.
In addition, we generated a variant in which the charge was
decreased, located close to the N terminus of the protein, a
region where adding and removing a charge is predicted by
the Z,4, scores to have only a small effect.

We probed the rates of fibril growth using a combination of
nanogram mass change measurements by quartz crystal micro-
balance (QCM) sensors and determination of the increase in
fibril length by atomic force microscopy (AFM). The QCM has
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recently been shown to be a very precise measurement tech-
nigue for the determination of amyloid fibril elongation
rates.’” For fast-aggregating mutants (WT, K16Q), the growth
rates were determined from QCM mass shifts (Figure 1E) and
for slow-growing mutants (E52K, E61K) we found that direct
AFM measurements of the fibril length increase (Figure 2) over
time intervals of days resulted in convenient probe of their
elongation rate. We have previously shown that these two
methods yield rates in good agreement,”¥ and their combina-
tion in the present work allows us to probe aggregation reac-

A) - B) *
fibril 9640.2980
OOH
EDC + cystamine
pH 2
I "
ONH(CHZ)ZSS(CHZ)ZN@
l monomer protecti.ve
= cystamine
o layer
Tsss Gold ** 0774.9167

N
= 1
:-[‘:' 30 4 KABE nmmormnmsns E=
-40 4 i
-50 4
0 100 200 300 400

t/s

Figure 1. A) Schematic illustration of the surface attachment strategy and
subsequent fibril elongation. To verify that the required level of modification
was performed, fibrils were functionalized and then dissociated into com-
posing monomers by a pH change from 2 to 11. B) The subsequent mass
spectrum shows functionalized (**) and nonderivatized (*) PI3K-SH3 mole-
cules. AFM images of: C) fibrils bound to gold substrates, and D) fibrils ex-
posed to monomeric PI3K-SH3 protein for 2 h (scale bar: 1 um). E) QCM fre-
quency shifts probing mass loading from fibril growth for WT SH3 protein
and the K16Q mutant under otherwise identical conditions described in the
text. Injection of protein solution is at the time indicated by (*), and the in-
jection of protein-free 10 mm HCl corresponds to (**). The three traces corre-
spond to three frequency overtones (top to bottom: n=7, 5, 3) measured in
the experiments.
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Figure 2. AFM images of WT fibrils bound to gold substrates and incubated
in solutions of slow-growing monomeric mutant PI3K-SH3 proteins under
the conditions detailed in the text for the times indicated; scale bar: 1 um.

tions with rates spanning more than four orders of magnitude.
A crucial aspect of the present work is that we have developed
a method to accurately control the covalent attachment of the
fibrils to the gold surface of the QCM crystal by a cystamine
spacer (Figure 1A and B, ref. [25]); see the Experimental Sec-
tion. The level of activation of the fibrils with disulfide groups
was adjusted to approximately 5-10% as demonstrated by
mass spectrometry (Figure 1B) in order to ensure sufficient
attachment but minimal interference with the seeding ability
of the fibrils. The polymerization reactions for all mutants were
initiated by seed fibrils grown from the wild-type protein.
Cross-seeding experiments with K16Q seeds (data not shown)
yielded similar ratios of the elongation rates as for the data
obtained by using wild-type seeds (rxsqxisa/ k160wt =2.6+0.5
Versus rymys/ fwmwr = 2.0 £0.3, for which the indices represent
I'eed:monomer); this Observation shows that the effects on the ag-
gregation rates of single point mutations primarily stem from
the physicochemical changes in the sequence and that differ-
ences induced by the seeding process remain small. In agree-
ment with this result, the AFM images (Figure 2) confirm that
the WT seed fibrils grow with identical morphologies whether
the growth solution contains the wild-type or mutant proteins.
In accord with previous studies,®'? we observe a marked cor-
relation between the overall net charge of the protein and the
absolute fibril elongation rate, with increased charge leading
to a decreased growth rate. This result is attributable to an in-
creased electrostatic repulsion between a fibril and its mono-
meric precursors.

Examination of the specific values of the rates shows that in
agreement with the predicted Z,,, profile, the mutation of E to
K at positions 52 and 61 generated significantly different
(more than two orders of magnitude) elongation rates, with
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position 52 being more sensitive to the additional charge than
position 61 (Figure 3). In addition, the K16Q mutant, with a de-
creased net charge in a region predicted from Z,, calculations
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Figure 3. Measured elongation rates (black points, left scale) and the corre-
sponding calculated Z,, values (white circles with error ranges indicated as
gradients, right scale).
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to have low sensitivity to changes in charge, shows an elonga-
tion rate of a similar order of magnitude to that of the wild-
type. The high-resolution nature of QCM measurements, how-
ever, where the growth of the same ensemble of fibrils can re-
peatedly be probed with different precursor proteins, allowed
for the reproducible determination of a small but measurable
difference between the elongation rates of WT and K16Q of
approximately a factor of two (Figure 1E), a value consistent
with the previously proposed overall connection between de-
creased global charge and increased elongation rate.®'?

The present results demonstrate the high sensitivity of fi-
brous protein aggregation to the local chemical environment,
even for otherwise chemically equivalent mutations. Insight
into the origin of the differential response to charge addition
can be gained by examining the aggregation propensity along
the polypeptide chain as shown in Figure 4. The positions with
high susceptibility to charge modification are found at the
edges of aggregation-prone regions, where they are able to in-
terfere most efficiently with the aberrant self-assembly of pro-
teins driven by such regions. On the other hand, in zones that
are not in the vicinity of aggregation-prone segments, changes
in the charge state of the polypeptide chain only have a small
effect on the aggregation rates of the proteins. We note that
addition of charge within an aggregation-prone zone itself is
not possible without modifying the other chemical characteris-
tics of the sequence such as hydrophobicity.

In summary, we have shown that quantitative measurements
over five orders of magnitude of the elongation rates of amy-
loid fibrils can be achieved by the use of QCM sensors in com-
bination with scanning probe microscopy. Application of this
technique in a rational mutational study of the amyloid assem-
bly process of an SH3 protein has enabled us to predict and
confirm the location of specific gatekeeper charges that
strongly modulate and control protein aggregation depending
on the local chemical environment provided by an amino acid
sequence, thus shedding light in a uniquely detailed way on
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Figure 4. Aggregation propensity of the SH3 polypeptide calculated using
the Zyggregator? (solid line) and Tango"” (dashed line) algorithms. The

vertical lines denote the position of the chemically conservative mutations
analysed here, and the shaded zones highlight aggregation-prone regions.

the aggregation mechanism at the single-residue scale, and
opening up possibilities to stabilise electrostatically®®” soluble
states of proteins with minimally invasive changes to the poly-
peptide sequence.

Experimental Section

WT-PI3K SH3 was expressed as described."® To induce fibril forma-
tion, the protein was incubated at a concentration of 1 mm in
aqueous HCI (pH 2.0) at room temperature for 4-5 days; subse-
quently a new monomer solution was seeded with the preformed
fibrils to maximize the fibrillar content. In a second step, fibril solu-
tion (100 pL, 1 mm) at pH 2.0 was mixed with a solution of cysta-
mine dihydrochloride (100 pL, 1 m; Sigma) and EDC (N-(3-dimethyl-
aminopropyl)-N'-ethylcarbodiimide hydrochloride, 1 mg; Sigma).
The volume was then increased to 2 mL with HCI, pH 2.0. The solu-
tion was kept at room temperature for 30 min and then centri-
fuged for 2 h at 8900g. The supernatant was removed, and the
remaining pellet was re-dissolved in 2 mL HCI, pH 2.0. This purifica-
tion procedure was repeated four times in order to minimize
excess cystamine, which could compete with the fibrils for surface
attachment. The solution of the cystamine-activated fibrils was
sonicated with a probe sonicator for 30 s (3 s pulses, 3 s off) to de-
crease the length of the structures. Then 100 uL of the solution
was deposited onto each of the QCM chips for 60 min in an atmos-
phere of 100% humidity. The surface was carefully rinsed with
aqueous HCl (pH 2.0), and the sensor was inserted into the micro-
balance flow cell. After acquisition of a stable baseline, the device
was ready for the kinetic measurements. The PI3K-SH3 mutants
were designed by standard mutagenesis methodology (primers
custom synthesized by Operon, plasmids sequenced by Geneser-
vice) and were expressed and linked to the surface in an identical
way to the WT.
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