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ABSTRACT: The amyloid precursor protein (APP) and its neurotoxic
cleavage product Af are key players in the development of Alzheimer’s
disease (AD) and appear to be essential for neuronal development and cell
homeostasis. Proteolytic processing of APP and its physiological function
depend on its interaction with heparin and are influenced by the binding of
metal ions and sorLA. We created various mutations of metal binding site M1
residing within the extracellular E2 domain of APP. Using isothermal titration
calorimetry and circular dichroism spectroscopy, we analyzed the binding of
Cu’* and Zn?* to APP E2 and identified two mutations that are most suited
for functional studies to dissect ion specific effects of metal binding. The
H313A mutation abrogates only copper-based effects, whereas the H382A
mutation weakens any metal binding at M1 of APP E2. Subsequently, we
tested the effect of Cu®* and Zn*" on the binding of heparin and sorLA to
APP E2 using a chromatographic technique and surface plasmon resonance.
We show that Zn** and to a larger degree also Cu?" enhance the binding of heparin to APP E2, consistent with an extracellular
regulation of the function of APP by both metal ions. In contrast, neither ion seemed to affect the interaction between APP E2
and sorLA. This supports an intracellular interaction between the latter two partners that would not sense extracellular variations
of metal ions upon synaptic activity.
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O ne of the most frequently occurring age-related diseases transport,”'® regulation of gene transcrigtion,n’12 cell—cell
is dementia with nearly 60—80% of its cases diagnosed as interaction,">'* and/or receptor function."
Alzheimer’s disease (AD)." This accounts at present for more The amyloid precursor protein underlies a rapid turnover. It
than S million patients alone in the United States and makes in is initially sorted to the ER and Golgi and then transported to
this country AD a leading cause of death, with currently one in the cell surface.'® There, a-secretase cleaves APP and releases
three seniors dying with AD.> A diagnostic hallmark of AD is the soluble fragment sAPPa. Various studies assigned positive
the development of senile plaques in the brains of respective effects on cell growth, cognitive function, and synaptic density
patients. Those plaques mainly consist of the neurotoxic to this extracellular fragment (reviewed, e.g, in ref 3).
amyloid § peptide (Af), which is proteolytically derived from Uncleaved APP becomes reinternalized into endosomal
the amyloid precursor protein (APP) by sequential - and y- compartments where }- and y-secretase cleave and thereby
secretase cleavages.3 A central hypothesis for the development produce Aﬂ~17_19 APP remains for only a rather short time at
of senile plaques is an imbalance of Af production versus the cell surface before it becomes reinternalized. It is yet
Clearance,4 and the pathological increase in the effective Af unclear what regulates the cellular transport and surface
level has been observed in many studies.” In contrast to this exposition of APP and hence the production of the neurotoxic
strong tie to the etiology of AD, the physiologic function of Af. A candidate for modulating APP processizrég is the cell-
APP is currently largely unclear. Also, it is matter of an ongoing sorting receptor sorLA that interacts with APP.™ Also, copper
debate, yet quite conceivable, that the neurotoxicity of Af is the was shown to alter APP Ztlraﬂicking in neurons by down-
primary cause of AD (reviewed in ref 6). In either case, APP, its regulating APP endocytosis,”' and Zn** was recently shown to
processing, and potentially also its physiologic (dys)function affect, e.g, the oligmerization behavior of the APP orthologue
are tightly linked to the development of AD.” Various studies of
APP and its interaction with various partners strongly suggest a Received: February 4, 2015
function in neuronal development and/or homeostasis such as Revised: ~ March 31, 2015
a function in synaptic outgrowth,® metal binding and Published: April 2, 2015
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APLP1.”? In addition, the concentration of both metal ions has
been shown to be largely altered in the brain interstitium during
synaptic activity (reviewed in ref 23). Dysregulated homeostasis
of metal ions in the brain has also been implicated in many
studies to be correlated with the occurrence of AD, makmg
metal chelators potential drugs for anti-AD treatment.”

Human APP is expressed in different splice variants and has
two homologues, APLP1 and APLP2, together belonging to the
APP protein family.”> APP is a type 1 transmembrane protein
consisting of extracellular domains El1 and E2 that are
connected to one another by the flexible acidic region (AcD)
and to its single transmembrane helix by the likewise flexible
juxtamembrane region (JMR).>**” The cleavage sites of the
secretase enzymes resides C-terminal of the E2 domain. Larger
APP splice variants also possess the Kunitz protease inhibitor
(KPI) domain between AcD and E2. Further, APP contains the
small intracellular domain (AICD) that has been implicated in
signaling.28

The E2 domain of APP [also the central APP domain
(CAPPD)] is the most conserved domain of APP. It harbors
the co 0petitive copper and zinc binding site M1 of high
afﬁnlty Histidines 313, 382, 432, and 436 (numbering of
APPgy) coordinate Cu** ions with nanomolar affinity (Figure
1A). Zn®* ions are coordinated with micromolar affinity in a
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Figure 1. Coordination of (A) copper and (B) zinc at the M1 site of
APP E2 according to the coordinates of ref 10.

tridentate manner, involving only three (H382, H432, and
H436) of the four Cu** ligands that are complemented by a
water molecule as the fourth ligand (Figure 1B). Binding of
these metal ions changes the overall conformation of the E2
domain in a metal ion-dependent manner, which is evidenced
by crystal structures and biochemical assays. Histidine 313 of
helix a-B is hereby unique in that it contributes to only copper
binding but not to zinc binding. Therefore, binding of copper
and zinc to M1 has been proposed to represent a central
regulato event for the interaction of APP with specific binding
partners.'® Such interaction partners include heparan sulfates
(HS),” the neuron growth regulatmg F- Spondm, and the
cell-sorting receptor sorLA.>
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The binding of HS to the E2 domain also contributes to
APP’s function as a cell adhesion protein®' and plays an
important role in neurite outgrowth and synapse formation
(reviewed, e.g., in ref 32). The affinity of APP E2 for heparin
was reported to be regulated by zinc binding*® sorLA is
genetically associated with the onset of AD, first described as a
susceptibility gene for late onset AD (LOAD)33 and lately
confirmed by several genome-wide association studies
(GWAS).>** The prevalent model of sorLA function in
relation to AD is as a sorting receptor for APP, in particular
working as an intracellular gatekeeper that determines the exit
of APP from the Golgi whereby sorLA activity decreases Ap
production. 20,36,37 Additionally, sorLA in concert with the
retromer complex is also reported to assist in the escape of APP
from amyloidogenic processing in the endosomal system.**~*°

We describe here the generation of various M1 mutants and
their biochemical characterization with respect to the binding of
copper and zinc ions. Subsequently, we used them to
investigate the impact of binding of the metal to the E2
domain on heparin affinity and on the interaction of APP E2
with sorLA to study the complex interplay between metal ions
and AD.

B MATERIALS AND METHODS

Generation, Expression, and Purification of APP E2
and Its Mutants. M1 site mutants were generated by
polymerase chain reactlon based site-directed mutagenesis of
pCK3 plasmid DNA*' encoding human APPgyq residues 295—
500 basically following the QuikChange site-directed muta-
genesis approach. The following self-complementary primers
were used for mutagenesis: 5-GTATCTCGAGACACCTGG-
CGATGAGAATGAAGCGGCCCATTTCCAGAAAGCCAA-
AG-3’' (H313A), 5'-CGAGAGACAGCAGCTGGTGGAGAC-
AGCGATGGCCAGAGTGGAAGCCATGCTCAATG-3’
(H3824), S-GAACAGAAGGACAGACAGGCGACCCTAA-
AGCATTTCGAACATGTGCGCATGG-3’ (H432A), 5'-CA-
GAAGGACAGACAGCACACCCTAAAGGCGTTCGAACA-
TGTGCGCATGGTGGATC-3' (H436A), and 5'-GAACAG-
AAGGACAGACAGGCGACCCTAAAGGCGTTCGAGCAT-
GTGCGCATGG-3' (H432+436A).

The thermal cycling protocol included initial denaturation for
60 s, 30 cycles of 95 °C denaturation for 30 s each, 60 s at 5SS
°C for primer annealing, and elongation for 6 min at 72 °C with
PfuPlus! polymerase (Roboklon). Wild- type and mutant APP
E2 were expressed in Escherichia coli BL21(DE3)RIL and
purified without a His tag according to the protocol described
for WT APP E2.'° In short, purification was performed by Ni
affinity, heparin affinity, and size exclusion chromatography.
The His tag was removed after the Ni step with 0.15 ug of V8
protease/mg of protein for 16 h at 20 °C. All preparations were
tested in limited proteolysis experiments (as described in ref
10) to assess the absence of metal ions in the M1 site (not
shown).

Isothermal Titration Calorimetry. Isothermal titration
calorimetry (ITC) was used to quantify the binding of zinc and
copper to mutant APP E2; 400 uM metal and 40 uM protein
solutions were prepared in 20 mM Hepes (pH 7.3) and 50 mM
Tris (pH 7.3) including 150 mM NaCl for Zn** and Cu®'
measurements, respectively, and degassed before being used.
Titration experiments were conducted in a Nano ITC
isothermal titration calorimeter (TA Instruments) by 41
injections of 6 yL of a metal solution into protein every 480
s while the samples were being stirred at 250 rpm. All
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Figure 2. Integrated reaction heats for mutant APP E2 measured with (A) copper and (B—F) zinc. Data of WT APP E2 are shown as black crosses

for comparison.

measurements were performed at 20 °C. Blank titrations of
metal solutions in buffer were subtracted from recorded peak
integrals, and data were analyzed with a NanoAnalyzer (TA
Instruments). Data for copper binding experiments were fit to a
model assuming a single binding site, whereas zinc binding data
were fit with a model for multiple binding sites. As no
statistically significant fit of the observed heat to the weaker
binding sites of Zn>" to either WT or mutant APP E2 protein
was possible as already observed previously,'” only the
thermodynamic data for binding to the tight Zn®' site are
considered here.

CD Spectroscopy. CD melting curves at 222 nm were
recorded for 7.5 yM WT or mutant APP E2 in ITC buffer
supplemented with 10 M ZnCl, or CuCl, by increasing the
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temperature from 20 to 90 °C in 1 °C steps with a slope of 1
°C/min. Complete CD spectra at 20 °C were recorded before
each experiment. Control experiments were conducted without
addition of metal solutions. To correct for general differences in
the CD signal between the experiments and solutions, the CD
values recorded at 222 nm were normalized by the respective
value measured at 20 °C and plotted versus temperature.
Melting temperatures were determined from the maximum of
the first derivative calculated with the Spectra Analysis Software
(Jasco). Experiments were conducted in at least triplicate.
Heparin Binding Assay. The heparin binding affinity of
WT and mutant APP E2 was qualitatively determined by salt
gradient elution from a 1.2 mL column packed with HiTrap
Heparin Sepharose HP (GE Healthcare) connected to an Akta
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Micro chromatography system (GE Healthcare). After injection
of 50 pug of protein, the column-bound sample was eluted with
a linear 150 to 1000 mM NaCl gradient. Prior to Zn*'- and
Cu’*-supplemented experiments, metals were added at a
concentration of 50 M to both the sample and the running
buffer. Metal-free experiments were always performed in S mM
Tris (pH 8.0). For measurements with zinc and copper, 20 mM
Hepes (pH 8.0) and SO mM Tris (pH 8.0), respectively, were
used. Conductivities at the A,g, peak maximum were measured
in triplicate and converted to salt concentrations by standard
curves. For statistical analysis, a two-tailed, unpaired ¢ test was
performed using Microsoft Excel. Significance was considered
at 0.01, 0.05, and 0.1 levels.

Surface Plasmon Resonance Analysis. The sorLA
fragment comprising the extracellular part was generated and
immobilized onto CMS (BIAcore) biosensor chips as
previously described.*® Approximately 70 fmol of sorLA/mm?
was immobilized. The samples of E2-WT, E2-H313A, and E2-
H382A were prepared in two different running buffers to test
for the influence on the buffer system, either 10 mM Hepes
(pH 7.4) or S0 mM Tris (pH 7.3) including 150 mM NaCl and
1.5 mM CaCl,. The proteins were tested at a series of 5, 25, 50,
100, 200, and 500 nM concentrations, and binding kinetics
were estimated using the BlAevaluation software with the
approximation of a 1:1 Langmuir binding model. Regeneration
of the chip surface was performed by alternating pulses of 10
mM glycine hydrochloride (pH 4.0), 20 mM EDTA, 500 mM
NaCl, 0.005% Tween 20, and 0.001% SDS. All measurements
were conducted on a BIAcore 3000 instrument (BIAcore,
Uppsala, Sweden).

Analyses of the influence of copper and zinc ions were
conducted in a similar manner, except the concentration of
CaCl, was decreased to 0.5 mM and either 10 gM CuCl, or 10
UM ZnCl, was included in running and sample buffers.

B RESULTS

Generation and Purification of APP E2 Mutants. Point
mutations in APP E2 expression constructs of M1 site residues
H313, H382, H432, and H436 to alanine were obtained by site-
directed mutagenesis polymerase chain reaction of the WT
APP E2 construct. The H432+436A double mutant was derived
from the H432A mutant. Expression and purification protocols
for mutant APP E2 were adopted from those used for the WT
protein. During the purification, variations in affinity for the
heparin column resin were observed for the mutants, which
were further analyzed in detail. Final yields did not differ
between WT and mutant proteins, and the native folding of the
mutants was confirmed by CD spectroscopy in comparison to
that of the WT (Figure 1 of the Supporting Information).

Analysis of Zinc and Copper Binding Affinities. From
the analysis of the zinc- and copper-bound crystal structures of
APP E2' and Figure 1, we expected that copper binding
should be impaired by any single mutation, because all M1 site
residues are involved in binding. For zinc binding, histidine 313
should be dispensable whereas the removal of any other
histidine should cause a zinc binding defect.

To analyze changes in the binding affinities of zinc and
copper caused by the introduced mutations, we measured their
affinities for copper and zinc by ITC. All titrations of Cu** into
APP E2 mutants result in similar integrated heats (Figure 2A).
Signals show only slight variations around 0 ] indicating the
absence of endo- and exothermic events and thus the expected

loss of copper binding.
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Titrations of Zn>* to the APP E2 mutants showed,
interestingly, more varying effects. As expected, the H313A
mutant exhibited strong exothermic zinc binding, nearly similar
to that of the WT protein (Figure 2B). A fit with a multisite
model resulted in a dissociation constant (Kp,;) of 2.6 + 1.1 uM
for the first strong binding event with a stoichiometry n, of 0.74
+ 0.04. Both the value for the affinity and the stoichiometry are
within error identical to those of WT APP E2 (Table 1). The
determined binding enthalpy AH, of —18.8 + 3.1 kJ/mol was
also comparable to that of WT APP E2.

Table 1. Thermodynamic Parameters of Binding of Zinc to
H313A APP E2

H313A APP E2 WT APP E2¢
Kp, (uM) 26 +19 39+ 15
AH, (kJ/mol) —188 £ 5.3 —16.6 + 0.6
n 0.7 + 0.1 0.7 + 02

“Taken from ref 10 for comparison.

Titration of Zn>* to the H382A mutant of the APP E2
domain reveals a complete loss of tight zinc binding, as
expected. The exothermic signals observed for WT APP E2
were missing; only weak endothermic signals of approximately
10 uJ were produced instead (Figure 2C), probably caused by
the unspecific binding sites for Zn**.

Surprisingly, the H432A mutation does not completely
deplete zinc binding, which is evident from the occurrence of
small exothermic signals during titrations (Figure 2D).
However, no significant fit to the data and hence no
thermodynamic parameters could be obtained. Weaker zinc
binding is indicated for the H436A and H432+436A mutants
(Figure 2E,F). Although heat signals are endothermic
throughout the whole titration, their initial reduction suggests
that weak exothermic events occur but are covered by stronger
endothermic signals. Hence, zinc binding is weak but still
present for the H432A, H436A, and H432+436A mutants,
especially when compared to that of the H382A mutant.

Metal Binding-Induced Stabilization of APP E2
Folding. We previously observed that binding of copper and
zinc ions to the M1 site of APP E2 results in stabilization, which
can be measured by an increased protein melting temper-
ature.'” In addition to characterizing the thermodynamic
properties of our mutants by ITC, we thus also investigated
their thermal stabilization by CD-based melting curves. For
easy comparison, the respective WT data are reproduced in
Figure 3A.

Consistent with our initial assumption and our results from
ITC, copper does not show an effect on the thermal stability of
APP E2 for any M1 site mutant, further underscoring that all
four histidines of the MI site are required for the binding of
Cu?* (Figure 3, gray curves).

When Zn?* is added to the H313A mutated APP E2 domain,
it becomes thermally stabilized, which is apparent in a shift of
the melting curve (Figure 3B, black) and an increase in melting
temperature from 57.7 + 0.3 to 65.0 = 1.0 °C, which is
comparable to that of APP E2 WT (Table 2). Interestingly,
similar changes of the melting curves were observed for the
H432A and H436A mutants (Figure 3C,D, black), which
exhibit increases in Ty from 57.7 + 0.3 to 63.2 + 0.4 °C and
from 583 + 03 to 62 + 0.0 °C, respectively (Table 2).
Consistent with the ITC data, the H382A mutant showed no
stabilization effect upon the addition of zinc (Figure 3E). A
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Figure 3. CD melting curves of WT and mutant APP E2: (A) WT,
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H432+436A. Curves represent the average of at least three
independent experiments. Control measurements without metals are
drawn as dashed lines. The WT data are taken from ref 10 for
comparison.

2494

small effect on thermostability was still observed for the
H432+436A double mutant, evidenced by a slight increase in
the melting temperature of 1.7 °C (Figure 3F, black, and Table
2).

Taken together, all mutants did not show any measurable
copper binding. The removal of His313 does not change the
Zn*" binding properties of APP E2. In contrast, the H382A
mutation causes a complete loss of zinc binding. Mutants
H432A and H436A and the double mutant show a reduced
level of zinc binding. In addition, the mutations H436A and to
a lesser degree also H432A and the H432+436A double mutant
show an increased cooperativity (indicated by a steeper decay
of the a-helical signal in the CD-based melting curves) during
thermal denaturation (Figure 3B,C,E), similar to that observed
upon binding of copper to the wild-type protein.'®

Heparin Binding. On the basis of conformational changes
present in zinc- and copper-bound X-ray structures of APP E2,
it has been suggested that binding of metal ions to the M1 site
may regulate interactions of the APP E2 domain with
interaction partners,'® and a dependency of heparin binding
on Zn?* concentration has been described.*® Next, we therefore
characterized the M1 site mutants for copper- and zinc-induced
changes in heparin binding to examine a regulatory role of
binding of metal to the M1 site. To study this, WT and mutant
APP E2 were bound to a heparin column and eluted by a linear
salt gradient. According to the manufacturer, the heparin resin
was purified from porcine intestine mucosa (native source) and
is composed of varyingly substituted D-glucoronic acid, L-
iduronic acid, and D-glucoseamine moieties. All three sugar
variants have been shown to specifically bind the E2 domain of
APLP1,** a close APP homologue. Hence, we assumed a
binding environment close to the physiological situation.
Differences in the salt concentration required for release of
the respective protein from the heparin resin correspond
hereby to altered binding strengths.

The WT APP E2 domain elutes at a NaCl concentration of
489 mM from the heparin column (Figure 4). Compared to
that, the H313A and H382A mutations cause a significant (p <
0.01) decrease in heparin affinity as these mutants elute earlier
in the gradient at 440 and 458 mM NaCl, respectively. The
H432A-mutated APP E2 domain elutes at a salt concentration
basically identical to that of the WT protein. A slight decrease
in heparin affinity can be observed upon comparison of the
H436A and the H432+436A mutants to the WT APP E2
domain. They both elute at salt concentrations slightly but
significantly (p < 0.01) below that of the WT (482 and 484
mM, respectively).

The influence of Zn** and Cu®* on heparin affinity was tested
by the addition of 50 4uM ZnCl, or CuCl,. The addition of Zn**
to WT E2 caused an increased salt concentration of 524 mM
NaCl needed for elution from the heparin column indicating
stronger binding (Figure 4) as previously observed.”® Copper-
(II) ions lead to an even stronger affinity as evidenced by a
shifted elution in the gradient to 550 mM NaClL Cu*" ions were
not added to the mutants as they were already shown not to
bind Cu*" (i.e., Figure 3). When Zn*" was added to the H313A
mutant, the affinity for heparin increased significantly (p <
0.01) as evidenced by the elution of the protein at 478 mM
NaCl. The protein elutes, however, still at lower NaCl
concentrations compared to those in the same experiments
with WT protein, suggesting that histidine 313 is directly
involved in mediating the Zn*'-dependent effect on heparin
binding. Heparin binding of the H382A mutant, which does not
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Table 2. Melting Temperatures (Ty;) Determined by CD Melting Curve Experiments and Occurrence of Cooperativity As

Observed by an Increased ACD/AT at the Melting Temperature

Ty (°C) Ty (°C)
without Zn®* with Zn** cooperativity without Cu** with Cu?* cooperativity
WT* 57.8 £ 0.3 642 + 0.3 - 573+ 0.3 61.0 + 0.0 +
H313A 577 £ 03 65.0 + 1.0 - 57.0 £ 0.0 5§73 £ 0.3 -
H432A 577 +£03 632 + 0.4 (+) 56.7 + 0.3 57.0 + 0.6 -
H436A 583 £ 0.3 62.0 = 0.0 + 573 £ 0.3 58.7 £ 0.3 -
H382A 56.0 + 0.0 56.5 + 0.7 - 57.0 £ 0.0 56.7 £ 0.3 -
H432+436A 573+ 0.3 59.0 = 0.0 -t 58.0 + 0.6 583 + 0.6 -

“Taken from ref 10 for comparison. bSlight cooperativity visible upon closer examination.
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Figure 4. Salt concentrations determined at elution peak maxima from
the heparin column. Metal-free (white) as well as Zn?*- and Cu**-
supplemented (black and gray, respectively) experiments are shown.
Bars represent the mean of at least three independent experiments
with the indicated standard deviation. Asterisks in the bars represent
significance levels for differences to the respective measurement with
WT protein. The significance for pairwise comparisons is indicated
above the bars. Three asterisks, two asterisks, and one asterisk indicate
p < 0.01, 0.05, and 0.1, respectively.

bind zinc at the MI site, is not significantly affected by the
addition of Zn®*.

Mutant H436A and the double mutant both show
significantly (p < 0.01 and 0.1, respectively) increased heparin
affinity upon addition of zinc. Their zinc-induced affinity for
heparin is overall similar as they elute at 519 and 522 mM salt,
respectively. Surprisingly and in contrast to the other mutants,
the H432A mutant exhibits a decreased heparin affinity in the
presence of Zn>*, which is visible by an elution at 445 mM
NaCl. These data suggest that Zn*" induces an effect in APP E2
H432A different from that observed with the other mutants.

Surface Plasmon Resonance Analysis of the Binding
of APP E2 to sorLA. We next investigated the interaction of
sorLA with WT APP E2 and the H313A and H382A mutants as
well as its dependence on Zn>* and Cu®* ions. The luminal part
of sorLA was purified and immobilized onto a biacore sensor
chip as previously described.>® We tested binding of APP E2
WT, H313A, and H382A at 5—500 nM in both a Hepes-
buffered assay and a Tris-buffered assay (Figure S). Both assays
show an indistinguishable interaction between sorLA and any
of the three tested APP E2 proteins. The affinities were
estimated to represent Kp, values at 6, 7, and S nM and 17, 19,
and 17 nM for WT, H313A, and H382A proteins, respectively,
when measured in either Tris- or Hepes-buffered samples.
From this experiment, we conclude that these mutations do not
per se alter the ability of APP E2 to bind sorLA.
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We next supplemented the running buffer with either 10 uM
Cu®* (in Tris) or 10 uM Zn>* (in Hepes) and repeated the SPR
binding analysis. No significant difference was observed for
mutant or metal ion (data not shown). We observed a certain
trend only toward an increased affinity between sorLA and the
H382A mutant in the presence of Zn**, which was indeed very
surprising as this mutant was shown not to bind Zn**. We
currently do, however, not know whether copper and zinc ions
possibly bind to sorLA, nor do we know in which way the
binding of Zn®* ions at sites other than M1 possibly affect the
interaction between sorLA and APP E2. Thus, we are not able
to dissect whether any observed changes in the presence of
Zn** and Cu®* are actually attributed to interactions between
sorLA and APP E2 M1. Accordingly, we did not continue those
studies and conclude that neither the H313A mutation nor the
H382A mutation leads to any change in binding between sorLA
and APP E2 in the current experimental setup.

B DISCUSSION

The MI metal binding site in the APP E2 domain has been
discovered just recently.'® Because the homeostasis of copper
and zinc is thought to play a significant role in AD, zinc and/or
copper binding deficient M1 site mutants would provide a
powerful tool for investigating the influence of metal binding to
APP function and AD. This work provides an extensive
characterization of M1 site mutants that are deficient in copper
binding and exhibit either nonaltered, weakened, or abolished
zinc binding to M1, while retaining a native protein
conformation.

When we tested for copper binding, all examined mutants
did not show any significant heat associated with binding events
or thermal stabilization of the protein fold in CD melting
curves, which shows that all mutants no longer bind Cu?". That
is in agreement with the requirement of all four MI site
histidines (i.e, H313, H382, H432, and H436) reported for
copper coordination by the MI site.'” Interestingly, zinc
binding experiments revealed more varying effects. For the
H313A mutant, a zinc binding affinity identical to that of the
WT APP E2 domain could be determined, confirming the
presence of a tridentate coordination by histidines 382, 432,
and 436 as observed in the crystal structure of APP E2 bound
to zinc (ref 10 and Figure 1A). Moreover, also the zinc-induced
increase in thermal stability is comparable to that of WT APP
E2, indicating that histidine 313 does not contribute to the
stabilization of the protein fold upon zinc binding. Interestingly,
the removal of histidines 432 or 436 did not lead to a complete
loss of zinc binding, indicating a compensatory mechanism.
Indeed, the cooperative denaturation observed in CD melting
curves of the H432 and H436 mutants resembles the behavior
of WT APP E2 bound to copper.'® One structural explanation
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Figure 5. Surface plasmon resonance analysis of APP E2 variants binding to immobilized sorLA. E2 WT, H313A, and H382A were analyzed at
increasing concentrations of S, 25, 50, 100, 200, and 500 nM in either Tris-buffered samples (top) or Hepes-buffered samples (bottom). The
affinities (dissociation constants, Kp,) for the interaction were estimated using BIAevaluation.

might be that histidine 313 swings into the M1 site and thereby
functionally compensates for missing histidine 432 or 436,
explaining the binding behavior, the observed thermal
stabilization of the mutants by Zn?*, and the increased
cooperativity. A similar compensation is also indicated for
APLP], in which all four M1 site histidines are conserved,'® as
the removal of H430 (corresponding to H436 in APP) does
not alter its sensitivity for zinc.”” Although the experimental
data available support such a mechanism, structural con-
firmation of the swing-in by H313 is not available.

In contrast, the removal of H382 caused a complete loss of
zinc binding in ITC and CD spectroscopy. To understand why
such a compensatory mechanism for binding of Zn** to M1 is
possible for H432 and H436 but not for H382, we examined
the local protein environment. We identified a 7-stacking
interaction between histidine 382 and phenylalanine 316 in all
known structures of E2 domains of APP or APP-like proteins
(Figure 2A—G of the Supporting Information). It may anchor
the a-helix containing H313 to position it in the proximity of
the M1 site, and thus, it seems essential for the proposed swing-
in of H313. Furthermore, the presence of an aromatic residue
according to F316 in human APPyy; is highly conserved (Figure
2H of the Supporting Information).

In previous studies, an increased affinity of heparin for its
binding region in APP E2 has been reported to be caused by
zinc, however, for a putative zinc binding site apart from the E2
domain.*® Using the wild-type APP E2 domain, we could
observe a similar Zn**-induced enhancement of heparin affinity.
Moreover, Cu** could induce an even stronger effect. The
mutant H313A, which binds Zn>* like the WT protein at M1,
shows the expected increase in heparin binding affinity upon
incubation with zinc. The overall reduction in binding strength
indicates, however, that histidine 313 itself might be important
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for the interaction between APP E2 and heparin. The H382A
mutant, which completely abolishes Zn binding, also shows no
effect of zinc ions on the binding of heparin. This clearly
demonstrates that binding of metal to M1 affects the heparin
affinity of the E2 domain.

H432A, H436A, and double mutant H432+436A show, as
for the stabilization discussed above, differing effects on heparin
binding. Whereas H436A and H432+436A show an increased
level of heparin binding upon incubation with Zn*" as expected
from their ability to bind the metal ions, the H432A mutant
shows a reduced heparin affinity upon incubation with Zn?*.
This is most likely caused by a structural rearrangement of the
H432A mutant to gain a higher affinity for the ion while losing
the integrity of the heparin binding site.

Previous studies biochemically mapped the heparin binding
site for the E2 domain of human APLP1 (hAPLP1) as well as
for APL-1 of Caenorhabditis elegans (cAPL-1) by mutational
analysis.****> Because the M1 mutations overlap with some of
the previously analyzed residues, we could examine their
contribution to heparin binding to the here studied human
APP. The reduced affinity observed for the H313A and H436A
mutants indicates a direct involvement of those side chains in
binding of heparin to APP E2, which is in agreement with
previous results for hAPLP1 and cAPL-1 (Table 1 of the
Supporting Information). The decreased heparin affinity
induced by the H382A mutation is most likely caused by the
discussed loss of the s-stacking interaction with F316
concomitant with the delocalization of histidine 313, which
also would explain previous observations.

Because of the nature of the column-based assay, nonspecific
electrostatic interactions with the high charge density of the
heparin resin likely contribute to the described affinities.
However, because removal of uncharged side chains causes
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large effects although the protein remains properly folded (e.g,,
H313A), information about specific interactions can be derived.

Thus, mutant H313A, which affects only the binding of Cu*
but not the binding of Zn*" to the M1 site, and mutant H382A,
which completely abolishes binding of either metal ion to M1,
should prove to be most useful for subsequent functional
studies of M1. These mutants give together with the WT
protein clear-cut results with respect to the binding of heparin
and were subsequently used to analyze the impact of M1 on the
interaction between APP E2 and sorLA. The other mutants
(H432A, H436A, and H432+436A) are less suited for such
studies because of additional compensatory or unspecific
effects.

The Zn*- and Cu’**-dependent modulation of binding of
heparin to the APP E2 domain described in this study gives
some insight into the interplay between zinc and copper ions
present in the brain and the function of APP. The highest levels
of neuronal APP expression are found in the early stages of
postnatal brain development, and its function to bind to the
extracellular matrix is thought to play a significant role in this
process (reviewed, e.g., in ref 32). Binding of zinc and copper
to M1 positively regulates the affinity of APP E2 for heparin
and hence may influence the formation of synapses, neurite
outgrowth, and dendritic spine formation and maintenance.
Interestingly, during rat brain development, zinc levels
significantly increase in regions involved in learning, long-
term memory, and movement.*® Because zinc and copper
induce effects to different extents, they also may act
differentially. Indeed, copper levels also increase during early
life span, however, mostly in regions that are not characterized
by elevated zinc concentrations,™ suggesting discrete roles for
both ions. In AD brains, dysregulated zinc and copper levels
have been reported; however, these studies are divergent about
increased or decreased levels.*” Pathologically altered zinc and
copper concentrations might not only contribute to ApS
oligomerization and plaque formation but also affect normal
APP function as a cell adhesion protein for maintaining
synapses and dendritic spines.

The subcellular localization of APP influences its adherence
to a non-amyloidogenic pathway or Af} production, and copper
has been shown to increase the level of exocytosis of APP.>"*®
Therefore, we examined the influence of mutations H313A and
H382A as well as of zinc and copper binding on the interaction
of APP E2 with its sorting receptor sorLA that is also known to
regulate the intracellular trafficking of APP.>*3%*

We did not observe any effect of the mutations within the
M1 site on binding of APP E2 to sorLA. This shows that both
residues, H313 and H382, are not directly involved in the
interaction between sorLA and APP E2. Surprisingly and in
parallel, we also did not find any indication that the interaction
between sorLA and APP is influenced by variations in zinc and
copper concentrations. Whereas at first unexpected, this finding
agrees well with the function of sorLA as a binding partner of
APP within the Golgi compartments. The concentration of
copper and zinc does probably not change as a function of
synaptic activity here. It will be interesting to see if other
interactors of APP E2, such as the low-density lipoprotein
receptor-related protein 1 (LRP1)*° or F-Spondin,” that are
reported to interact with APP at the cell surface show a metal
dependence in their interaction strength, potentially similar to
that observed for the extracellular ligand heparin. This would fit
a model in which LRP1 is known to bind most of its ligands in
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a heparin-dependent manner, suggesting that the APP binding
epitopes are shared among heparin and LRP1.

B ASSOCIATED CONTENT
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CD spectra recorded for the mutants, sequence alignment and
structural comparison of APP and APP-like proteins, and a
summary of mutations affecting binding of heparin to APP E2.
This material is available free of charge via the Internet at
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