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ABSTRACT: Amyloid precursor protein (APP) is genetically
linked to Alzheimer’s disease. APP is a type I membrane protein,
and its oligomeric structure is potentially important because this
property may play a role in its function or affect the processing of
the precursor by the secretases to generate amyloid S-peptide.
Several independent studies have shown that APP can form
dimers in the cell, but how it dimerizes remains controversial. At
least three regions of the precursor, including a centrally located
and conserved domain called E2, have been proposed to con-
tribute to dimerization. Here we report two new crystal structures

APLP1 E2 dimer

of E2, one from APP and the other from APLP1, a mammalian APP homologue. Comparison with an earlier APP structure, which
was determined in a different space group, shows that the E2 domains share a conserved and antiparallel mode of dimerization.

Biophysical measurements in solution show that heparin binding induces E2 dimerization. The 2.1 A resolution electron density
map also reveals phosphate ions that are bound to the protein surface. Mutational analysis shows that protein residues interacting
with the phosphate ions are also involved in heparin binding. The locations of two of these residues, Arg-369 and His-433, at the
dimeric interface suggest a mechanism for heparin-induced protein dimerization.

myloid precursor protein (APP) has generated great interest

in both medical and basic research. Mutations in APP are
known to cause familial Alzheimer’s disease (for a recent review,
see ref 1), yet the physiological function of the precursor protein
remains elusive. In mammals, APP has two homologues, APLP1
and APLP2.>? Knocking out all three genes is lethal to the
animal.* APP and the two APLPs are type I membrane proteins®
and are found both inside the cell and on the cell surface.
Proteolysis by secretases releases various fragments of the
protein from the membrane. These include amyloid [3-peptide,
widely believed to play an important role in Alzheimer’s disease,
a number of different ectodomain fragments that have been
shown to have various biological activities (e.g., see refs 7—9),
and a small intracellular domain that is thought to function in
transcriptive regulation (e.g., see refs 10—12).

The oligomeric structure of APP is potentially important
because this may affect its proteolytic processing'® or play a role
in the transmembrane signaling mechanism in which the protein
is involved."* Biochemical and cell biological studies have shown
that APP can form dimers in the cell,"*”'® but many questions
remain controversial. For example, which domain of the mem-
brane protein is responsible for dimerization?'®'*?° Is dimeriza-
tion obligatory or induced by ligand binding (e.g., heparan sulfate
proteoglycans®>*')? The matter is further complicated by the
possibilities that APP may heterodimerize with the APLPs and
that dimerization can occur not only in cis but also in trans
between molecules from different cells.'®'®
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The ectodomains of APP and APLPs have two conserved
regions called E1 and E2 (Figure 1A), both of which have been
proposed to contribute to dimerization. A recently determined
crystal structure of E1 reveals an interesting dimeric arrangement
of the protein in which the dimeric contact is mediated exclu-
sively through the N-terminal portion of the molecule, a sub-
structure called the growth factor-like domain (GFLD).*’ In an
earlier study, however, the isolated GFLD crystallized as
monomers.”” The crystal structures of E2'*** and the NMR
structure of a fragment of it** have also been determined. The
crystal structure shows that E2 forms an antiparallel dimer."?
Nevertheless, the hypothesis that E2 may function as the
dimerization domain of the full-length molecule was recently
challenged by the observation that the E2 domain of the
Caenorhabditis elegans homologue APL-1 has been crystallized
as monomers.”> To help clarify the oligomeric structure of E2,
here we report two new crystal structures of E2, one from APP
and the other from APLPI, and show that they share the same
mode of antiparallel dimerization. We also show for the first time
that heparin binding induces E2 dimerization. Because members
of the APP family of proteins travel to the cell surface and can be
secreted into the extracellular matrix, the possibility that heparan
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Figure 1. E2 domains of APP and APLP1 have similar dimeric structures. (A) Domain structure of APP. The residue numbers shown above the diagram
are from the common APP isoform-751. (B) Structure of the E2 domain of APP in crystal form “B”. Helix 0LA is disordered in the crystal lattice. The two
protein protomers are shown in different colors. Helices are shown as cylinders. The two subdomains (N and C) are also labeled. (C) Structure of the E2
domain of APLP1. In the crystal, helix 0lA is domain-swapped. Shown here are the corresponding helices from neighboring molecules (the loop
connecting OLA to 0B is represented by the dashed line). These illustrations and those in Figure 3C and Figure S were generated with PyMol.

sulfate proteoglycans might modulate their oligomerization
states has important biological implications.

B MATERIALS AND METHODS

Subcloning, Protein Expression, and Purification. The
procedures for the expression and purification of native and
Se-Met-substituted APP (construct APPs;s_s45) have been
described previously."” Full-length ¢cDNA for human APLP1
was purchased from Open Biosystems (MHS1010-74392).
A total of six E2 constructs of APLP1 were made on the basis
of sequence alignment with APP.'"” They differed from each
other by a few amino acids at either the N- or C-terminus. The
constructs were subcloned into vector pET28a (Novagen) at the
Ndel and Xhol restriction sites. Recombinant protein was
expressed in BL21-Gold(DE3) cells (Agilent Technologies)
grown in LB medium. After induction with 0.5 mM IPTG
at an ODyg, of 0.5, the cell culture was continued for 18 h at
room temperature. Harvested cells were resuspended in a buffer
containing 20 mM sodium phosphate (pH 7.8), 500 mM sodium
chloride, and complete protease inhibitor cocktail (Roche) and
lysed by being frozen and thawed in the presence of lysozyme.

The recombinant protein was purified from the lysate using
Talon affinity chromatography (Clontech). The N-terminal
hexahistidine tag was removed by thrombin after overnight
dialysis of the recombinant protein against gel filtration buffer
[20 mM HEPES (pH 7.5), 500 mM NaCl, and 5% glycerol].
Thrombin-treated protein was concentrated and passed through
a Superdex S-200 column (GE Healthcare). The monodispersed
peak was collected for later studies. Mutants were generated by
the QuikChange method of site-directed mutagenesis according
to the protocol supplied by the manufacturer (Agilent Tech-
nologies). They were expressed and purified similarly.
Crystallization and Determination of the Structure of APP.
Platelike crystal clusters could be readily generated by the
hanging drop method by mixing 1 #L of a 10 mg/mL protein
solution in a buffer of 10 mM HEPES (pH 7.5) with 1 4L of a
well solution consisting of 12% PEG 4000, 20% 2-propanol, and
0.1 M sodium citrate (pH 5.6). Single crystals were cut from the
cluster and cryoprotected in 30% PEG 400. The native crystal
diffracted to 3.2 A resolution, but the diffraction was anisotropic
and tended to produce streaky spots. After many crystals had
been screened, a complete native data set was collected
from a single and best-diffracting crystal to 3.4 A resolution.
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The molecular replacement program phaser*® found a clear solu-
tion by using two search models, each presenting the N- and
C-terminal subdomains of the known E2 structure [Protein Data
Bank (PDB) entry 1rw6]. Refinement was, however, difficult as
the electron density map showed very few new features based on
which the model could be improved (the initial R factor was
around 0.47). Density modification was not useful because the
solvent content of the crystal was normal (~51%) and there
was no noncrystallographic symmetry averaging. After rounds of
refinement, the R and R values remained high (0.41 and 0.44,
respectively). We decided then to try to obtain experimental
phases. The Se-Met-substituted protein turned out to produce
slightly better diffracting crystals, and cryoprotection with para-
tone oil was found to be better and more reproducible. Two
highly redundant Se-MAD data sets were collected. Unfortu-
nately, they failed to generate useful phase information even with
the known Se sites, which could be obtained from the molecular
replacement solution. We noticed that our crystallization condi-
tion was similar to that reported by Keil et al, who were
successful in derivatizing APP crystals with (NH,),0sClg
(their protein construct was longer and crystallized in a different
space group).”> We soaked our Se-Met crystals in 5 mM
(NH,),0sClg overnight before transferring them to paratone
oil and flash-freezing them in liquid nitrogen. A 3.2 A resolution
data set was collected at the Os peak wavelength (1.1400 A) at
beamline X29 of BNL-NSLS. hki2map®” was able to find the
single Os site, but the electron density map based on SAD
phasing was again not interpretable. Because of the lack of
isomorphism, the attempt to obtain phases by SIRAS, using
the Os data and a “native” Se-Met data set collected at the same
wavelength, also failed. Because the 3.2 A resolution Os data set
was better in quality than the earlier native data set and produced
clearer maps, we used it to conduct molecular replacement
and refinement again. This time we used an ensemble of three
structures (APP, APL-1, and APLP1) that have now become
available to emphasize features common to this family of
proteins. The first short helix A was removed from the
N-terminal search probe because of clashes with a neighboring
molecule. phaser found the same molecular replacement solu-
tion, but the resulting electron density map was more mean-
ingful, revealing many differences between the real structure and
the search probe. To ensure that the molecular replacement
solution was correct, a difference anomalous Fourier map was
calculated from a data set collected from a Se-Met crystal at the
Se peak wavelength (0.9792 A), which revealed strong peaks that
matched perfectly with six of the nine methionines in E2
predicted by the molecular replacement solution (Figure S1 of
the Supporting Information). The peaks were of different heights
(the two N-terminal methiones were 80 above background),
reflecting different degrees of motion. At 40, no other peaks
were visible in the map. An anomalous difference Fourier map
calculated from the Os data set revealed a single 140 peak
situated between the two subdomains of E2 that corresponded
to the bound metal ion (Figure S2A of the Supporting In-
formation). The coordinates of the bound Os (—0.5726,
0.1249, 0.2758) were consistent with peaks observed in an
anomalous Patterson map, which was independently calculated
(Figure S2B of the Supporting Information). Figure S3 of the
Supporting Information compares a region of the electron
density map showing how helices aD and OFE are differently
connected in the new structure: a poorly defined and extended
segment from His-495 to Met-498 had now become a

Table 1. Crystallographic Statistics

APP (crystal form B) APLP1

Data Collection

space group P2,2,2 P2,2,2,
cell dimensions (A) a=115.0,b=40.1, a=749,b=_813,
c=1584 c=289.7
wavelength (A) 1.1400 1.075
resolution” (A) 40.0—3.2 (3.31—3.20) 40.0—2.1 (2.18—2.10)
no. of observed reflections 65248 303135
no. of unique reflections 4888 32194
redundancy 133 9.4
completeness” (%) 99.6 (100.0) 100.0 (100.0)
{1/o) 14.0 16.5
Runerge™ 0.081 (0.368) 0.070 (0.402)
Refinement

resolution (A) 40.0—-3.2 40.0—-2.1
Ruyort/ Reree” 0.297/0.380 0.208/0.244
no. of atoms

protein 1226 3170

metal ion 1 0

phosphate ion 0 20

water 36 277
B factor

protein 110 46

metal ion 92 -

phosphate ion — 56

water 101 SS
root-mean-square deviation

bond lengths (A) 0.009 0.007

bond angles (deg) 1.57 1.06

“ Data for the highest-resolution shell are given in parentheses. b Rinerge =
Y| — (D|/ZL. Ryork = E|Fy — F|/ZF,. Rgee is the cross-validation R
factor for the test set of reflections (10% of the total) omitted from
model refinement.

continuation of the aD helix; to bridge the gap between
the two helices, a short segment of helix OE, from Pro-501
to GIn-506, had bent sharply toward oD, creating a kink after
GIn-506. The new structure was now more similar to that
of APLPI in this region (both had the kink after GIn-506).
The model had an R factor initially around 0.46. After cycles of
refinement with CNS and refmacs,”®* and manual adjustments
using 0°° based on 2F, — F. and F, — F. maps, we refined the
structure to R and R, values of 0.29 and 0.37, respectively, with
reasonable geometry (Table 1). Further improvement was
hindered by resolution and by disorder that appeared to be
intrinsic to this crystal form, which rendered some parts of the
structure difficult to visualize. The overall temperature factor was
high (102 A%). Electron density was particularly poor near the
two termini (LA and OF) and in the loop between 0.C and aD.
Approximately 20% of the side chains remained missing in the
final electron density map.

A comparison with the high-resolution APLP1 structure (see
below) suggested that a few changes need to be made to the
original APP structure, which was also determined at a medium
to low resolution.'” The changes involved the ends of the
molecule that were poorly defined in the electron density map.
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Near the N-terminus, the loop between helices 0LA and aB was
rebuilt so that Tyr-359 now pointed inward to form hydrogen
bonds with Glu-368 and Arg-441. Toward the C-terminus, a
remodeled loop before helix 0.F would allow Ile-539 to make
hydrophobic contacts with Val-471, Phe-472, and Leu-529. After
the changes had been incorporated, the R and Rg,. values of the
model improved from 0.274 and 0.342 to 0.258 and 0.322,
respectively. The improved coordinates have also been deposited
as PDB entry 3NYL.

Crystallization and Structural Determination of APLP1.
Crystallization conditions were initially screened in 96-well
sitting drop plates using commercial kits Crystal Screen, Index,
SaltRx, PEG/Ion (Hampton Research), and Wizard (Emerald
Biosystems). All six constructs produced crystals, most of
which showed the morphology of needle clusters. After optimiza-
tion, single rodlike crystals were obtained from construct
APLP1l,g5_499 when a 7 mg/mL protein solution in 20 mM
HEPES (pH 7.5) and 5% glycerol was mixed with an equal
volume of well solution containing 1.26 M Na,HPO, and 0.14 M
KH,PO, (pH 5.6) and equilibrated for 4—7 days using the sitting
drop vapor diffusion method. The crystals were cryoprotected in
100% Paratone-N (Hampton Research) before being flash-
frozen in liquid nitrogen. X-ray diffraction data were acquired
at Brookhaven National Synchrotron Light Source beamline X29
and processed with HKL2000.>" The structure was again deter-
mined with phaser: because there were two copies of E2 in the
asymmetric unit, and the two subdomains in each polypeptide
chain were flexible, the program had to locate four search models
(both subdomain models were an ensemble of human APP and
worm APL-1 structures).'”* The model phase was significantly
improved by the independent 2-fold averaging of the N- and
C-terminal subdomains (the symmetry operators for the two
subdomains were different by 5°). On the basis of the density-
modified map, an almost complete model for APLP1 could be
confidently built (including retracing of the domain-swapped
loop and helix 0A) using coot.”” After two rounds of model
building and refinement by CNS,”® R and Ry decreased to 0.286
and 0.308, respectively. At this stage, the difference map was
inspected, which clearly revealed four bound phosphate ions
(Figure S7 of the Supporting Information). Adding the phos-
phate ions to the protein model, and autopicking water mol-
ecules, further reduced the R value and improved the clarity of
the map. The final step of refinement was conducted using
refmacs™® (Table 1).

Analytical Ultracentrifugation. All experiments were per-
formed on a Beckman Optima XL-I instrument at the Center for
Analytical Ultracentrifugation of Macromolecular Assemblies
(CAUMA) at the University of Texas Health Science Center at
San Antonio. Sedimentation velocity (SV) data were analyzed
with UltraScan.>*** Calculations were performed at the Texas
Advanced Computing Center at the University of Texas at Austin
and at the Bioinformatics Core Facility at the University of
Texas Health Science Center at San Antonio as described in ref 35.
Both APP and APLP1 were prepared in a buffer containing
10 mM sodium phosphate, 10 mM sodium acetate, and 50 mM
NaCl (pH 7.5). The protein—heparin complexes were prepared
in the same buffer with 100 M heparin [average molecular
mass of S000 Da (Santa Cruz Biotechnology)]. The data were
measured in intensity mode at 230 and 280 nm, 20 °C, and
45K rpm, using standard Epon two-channel centerpieces. The
protein concentrations for samples measured at 230 nm were
~3.2 uM (OD,3 = 0.31); those measured at 280 nm ranged

from 28 uM (OD,g0 = 0.32) to 66 uM (OD,go = 0.76). Partial
specific volumes of APP and APLP1 were determined to be
0.729 and 0.728 cm®/g, respectively. Data were first analyzed by
two-dimensional spectrum analysis with simultaneous removal
of time-invariant noise>®*” and then by enhanced van Holde—
Weischet analysis38 and genetic algorithm refinement,***° fol-
lowed by Monte Carlo analysis.*'

Fluorescence Spectroscopy. The fluorescence measure-
ments were performed using a spectrofluorometer from Photon
Technology International. The excitation wavelength was set at
295 nm, and the emission spectra were recorded from 300 to
450 nm with a 1 nm interval at a speed of 1 nm/s. A total of three
scans were acquired and averaged. The protein solutions were in
20 mM phosphate buffer (pH 7.5), and the protein concentra-
tion was 3 M. The protein—heparin complexes were prepared
in the same buffer with 6 #M heparin [average molecular mass of
5000 Da (Santa Cruz Biotechnology)]. The emission spectra of
free tryptophan, which were recorded similarly, were not affected
by the presence of heparin.

Heparin Affinity Chromatography. All protein samples were
dialyzed against a buffer containing 10 mM sodium phosphate
and 10 mM sodium acetate (pH 7.5). The protein sample was
applied to a 1 mL Hi-Trap Heparin HP column (GE Healthcare)
equilibrated with the same buffer and eluted with a linear
concentration gradient (from 0.0 to 2.0 M) of NaCl.

B RESULTS

Structure of the APP E2 Domain in a New Crystal Form. To
address the question of whether the E2 dimer observed in the
previous APP structure could result from crystallization, we have
now found a new crystal form of APP (crystal form B), which is
based on a slightly shorter E2 construct and was obtained from
a different crystallization condition (polyethylene glycol instead
of salt). The new structure was determined by molecular
replacement (Table 1). Although poor diffraction and disorder
had rendered refinement difficult, the molecular replacement
solution has to be correct: it can be used to accurately locate six
of the nine selenium atoms, and an osmium atom, from Se-Met-
and Os-derivatized crystals by anomalous Fourier analysis
using diffraction data collected at Se or Os absorption edges
(Figures S1 and S2 of the Supporting Information); it also
produces clear electron densities for parts of the protein structure
that are either disordered or different in the search probe (Figure
S3 of the Supporting Information). One polypeptide chain is
present in the asymmetric unit of the crystal. It is closely packed
against a second molecule related by crystallographic 2-fold
symmetry to form a dimer, in an antiparallel manner similar to
that observed in the first crystal form (Figure 1B). The antipar-
allel dimers, now observed twice, and their overall similarities
cannot be coincidental, especially when their crystal packing
environments are completely different. In the following sections,
we will describe a third E2 dimer structure (that of APLP1),
which is determined at a much better resolution and properly
refined, and show that it not only shares the same mode of
dimerization but also demonstrates similar conformational
flexibilities.

Structure of the APLP1 E2 Domain. The E2 domain of
APLP1 is 51% identical in sequence with the E2 domain of
APP (Figure S4 of the Supporting Information). Assisted by
multidomain averaging, its structure can also be determined
by molecular replacement (Table 1): the electron density map
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calculated after density modification was of very high quality,
revealing most of the differences between APLP1 and the search
probe; it also became clear that the first a-helix (@A) of both
copies of E2 in the asymmetric unit is domain-swapped
with a neighboring molecule (Figure SSA,B of the Supportin
Information). In the two previously known E2 structures,'””
OA is packed to the side of aB and a.C, which brings together
four completely conserved residues (Tyr-297, Glu-306, His-376,
and Arg-379) to form a network of hydrogen bonds (Figure SSC,
D of the Supporting Infomation). All these interactions are
maintained in the domain-swapped APLP1 structure (with the
exception that Tyr-297 now comes from a separate polypeptide
chain). The swapping is made possible by two glycyl residues and
one prolyl residue in the short loop that connects QA to aB.
Most illustrations of APLP1 in this paper have GA modeled back
to its original position.

There are two copies of E2 in the asymmetric unit of the
APLP1 crystal that are related roughly by a 2-fold rotation
(Figure 1C). The two E2 domains form a tightly associated
dimer that is quite similar to the E2 dimer of APP described
above. The corresponding helices in the two E2s are pointing in
opposite directions, and the N-terminal subdomain of one
monomer is packed against the C-terminal subdomain of the
second monomer, burying an identical set of conserved hydro-
phobic residues (see below). Helices 0B and oC in APLPI,
however, are more tilted outward. This is accompanied by
rotations of 0D and O in its dimerization partner to maintain
contact. As a result of these movements, the dimeric structure
of APLP1 appears less compact and contains a large hole in the
middle that connects the front of the molecule to the back.

Conformational Flexibilities within the Monomer. When
the two APP structures are superimposed on the C-terminal
subdomain, the N-terminal subdomain of the new structure
appears to have bent significantly outward by about 15°
(Figure 2A). The flexibility is achieved by small dihedral angle
changes in a short stretch of residues around Arg-441 near the
middle of the long a.C helix. Because there is little contact
between the two subdomains within the monomer (the only
interaction lost in the new structure is a hydrogen bond between
Glu-436 and His-492), their relative orientation has to be main-
tained by the continuity of the long helix aC that spans the length
of the molecule. The fact that Arg-441 can be partially cleaved by
trypsin in solution [when the molecule is monomeric (see
below)] suggests that the long helix can sometimes unwind in
the middle, which would probably allow the N-terminal subdo-
main to bend further than illustrated by the current structures.**

The structures of the two subdomains in APLP1 are very
similar to those in APP: their helices (63 Col atoms from the
N-terminal subdomain and 74 Cat atoms from the C-terminal
subdomain) are superimposable with root-mean-square devia-
tions (rmsds) of 0.70 and 1.08 A, respectively. The largest
difference between APLP1 and APP is again in the intersubdo-
main angle: the N-terminal subdomain of APLP1 is tilted further
away from the C-terminal subdomain by ~31° (black and red in
Figure 2B). The two copies of E2 in the asymmetric unit of the
APLPI crystal are not exactly identical: they differ also in the
intersubdomain angle by ~5° (black and blue in Figure 2B).

Conformational Flexibilities within the Dimer. Despite the
large movement between the two subdomains (Figure 2A), the
dimerization interface is maintained. Figure 3A compares the two
APP structures at one of the two identical interfaces (the region
boxed in Figure 3C), where the N-terminal helical hairpin (0B

Figure 2. Differences at the tertiary structural level. (A) Comparison
between the two APP crystal forms. The new structure (black) is
superimposed onto the C-terminal subdomain of the original APP
structure (red; PDB entry 1rw6). The Cal traces are shown as stereo
pairs. (B) Comparison between APP (red; the original structure being
PDB entry 1rw6) and APLP1 (blue and black). The two copies of
APLP1 in the asymmetric unit are slightly different in their intersubdo-
main angles. These images and those in panels A and B of Figure 3 were
generated with Molscript.*®

and a.C) crosses over a pair of C-terminal helices (0D and aLE):
via superimposition of the structures on the C-terminal helices,
0B and 0.C of the new structure appear to have rotated down-
ward, creating a wider gap with aD and O0E. Most interactions at
the interface are changed by this movement with the exception of
the hydrophobic contacts between a pair of highly conserved
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Figure 3. Differences at the dimeric interface. (A) Comparison between the two APP crystal forms. The new structure (black) is superimposed onto oD
and 0E of the original structure (red; PDB entry 1rw6). The helices that “moved” correspond to B and a.C of the second protomer across the dimeric
interface. The Ca traces are shown as stereo pairs: (gray circle) Leu-490%, (black circle) Leu-515*, (white circle) Met-387, (green circle) Met-391, and
(blue circle) Trp-394. 0B and a.C appear to pivot around Met-387. (B) Comparison between APP (red; the original structure being PDB entry 1rw6)
and APLP1 (black): (gray circle) Leu-428*, (black circle) Leu-453* (white circle) Ile-325, (green circle) Met-329, and (blue circle) Trp-332. (C) Side
view of the APLP1 dimer. The arrow indicates the “rotation” of 0B and 0.C relative to 0D and Q.E across the dimeric interface in APLP1 when compared
to APP. The gray box indicates the region shown in panels A and B. (D) In this model, each subdomain is represented by a single oval-shaped object.
Within each protomer, the two subdomains are connected at point “a” (gray circle) and can rotate about it (———). The dimer is held together by two
joints (white circles, “b”). The two subdomains across the dimeric interface can only rotate about “b” (———).

leucines (Leu-490* and Leu-515*) on 0D and O(E and a string of
three hydrophobic residues (Met-387, Met-391, and Trp-394)
on 0B. The lack of any strong interactions may account for the
flexibility observed at the interface.

The bending of the N-terminal subdomain at the tertiary
structural level and the rotation at the dimeric interface are

mechanically coupled (Figures 2A and 3A). The movements of
individual subdomains within the dimer can be simulated by the
model depicted in Figure 3D. In this model, the subdomains
from the two monomers are joined at “b” (open circle) and can

only rotate about it. Any rotation around “a” (gray circle)
inevitably leads to a rotation around “b”, in the direction that is
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66 uM (OD,g = 0.76), the major peak gradually shifted from 2.2 to 2.9 S. This result is due to the rapid exchange between monomers (24.9 kDa) and
dimers (49.8 kDa) and was confirmed by fitting the data to a reversible monomer—dimer model.***® This observation suggests that reversible
dimerization is driven by mass action even in the absence of ligand. (B—F) Sedimentation velocity experiments with the E2 domains of APLP1 and APP
in the presence and absence of heparin. Integral van Holde—Weischet s value distributions [(B) gray, APLP1; blue, APLP1 with 100 #M heparin; red,
APP; green, APP with 100 uM heparin] and genetic algorithm—Monte Carlo results [(C) APLP1, (D) APLP1 with 100 #M heparin, (E) APP, and (F)
APP with 100 #M heparin] reveal enhanced dimerization when heparin is present. In panels C—F, the y-axis shows the frictional ratio (f/f,), which
measures the globularity of the solute. An f/f, value of unity corresponds to a spherical molecule. The color gradients indicate the optical density at
230 nm. For the sake of clarity, only the monomer—dimer molecular weight range is shown in panels C—F. The full sedimentation range is shown in
panel B. The protein loading concentration is approximately 3 #M in all experiments shown in panels B—F. (G) Heparin binding causes a decrease in
APLP1 E2 fluorescence intensity: (@) protein alone (3 #M) and (O) protein with heparin (6 #uM). (H) Model in which the heparin-induced dimer does
not have a protein—protein interface. Additional ligand may dissociate the dimer by competing for the ligand binding site: oval, protein; gray bar, ligand.
(I) In this model, the dimer is strengthened by protein—protein contact and by additional interactions between heparin (represented by the gray
triangles) and the protein protomer across the dimeric interface (small indentation). Ligand may also change the conformation of the protein (oval to
rectangle) to facilitate the formation of a protein—protein interface.

consistent with the crystallographic observation. In the real struc-
ture, the contact between Met-387 and Leu-490%, which remains
unchanged in the two structures (0B and olC appear to pivot
around Met-387), would be equivalent to point “b” in the model.

The “movement” of helices in APLP1, when compared to
APP, is strikingly similar to that between the two APP crystal
forms [except that the difference is larger (Figure 3B)]. As also
shown in Figure 3C, the N-terminal and C-terminal subdomains
of APLP1 are similarly packed but have a wider angle between
them. The dimeric interface involves an identical pair of con-
served leucines on aD and OF (Leu-428* and Leu-453* in
APLP1 numbering). Although oB has now moved to the lower
side of the leucines, Ile-325 and Met-329 (equivalent to Met-387
and Met-391, respectively, of APP) remain in hydrophobic
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contact with them. These comparisons suggest that individual
subdomains in the APLP1 dimer structure are similarly coupled
so that, during the course of evolution, their movements are
restrained by the same type of requirements to maintain dimeric
contact.

Heparin Binding Alters the E2 Monomer—Dimer Equilib-
rium. The oligomeric structure of the E2 domains in solution was
studied by analytical ultracentrifugation (AUC), using sedimen-
tation velocity (SV) experiments as described in ref 42. A
concentration series of APLP1 was analyzed with the enhanced
van Holde—Weischet method®® and revealed a mass-action
effect suggesting the presence of a monomer—dimer equilibrium
(Figure 4A): while essentially monomeric at 3 #M, at 66 uM the
s value distribution was shifted considerably to the dimeric state.

dx.doi.org/10.1021/bi101846x |Biochemistry 2011, 50, 5453-5464
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Figure 5. Phosphate binding sites. (A) P1 and P2 binding sites. Dashed lines represent hydrogen bonds. Red spheres represent water molecules. The
two protein protomers are shown in different colors. (B) Similar view of the monomeric structure of C. elegans APL-1 in complex with sucrose

octasulfate.”

Whole boundary modeling of two separate high-concentration
experiments with a reversible model for the Lamm equation™® as
described in ref 42 resulted in two equivalent fits, which indicated
aweak but rapidly reversible monomer—dimer equilibrium [K4 =
161 uM (144.2, 182.7); kog = 0.003 s ']. Heparin altered
this equilibrium significantly. Even at 3 uM E2, the presence
of 100 uM heparin shifted the van Holde—Weischet integral
s value distributions, suggesting higher oligomerization states
(Figure 4B). Plots of genetic algorithm—Monte Carlo analyses
using noninteracting models for these data clearly show an
increase in the partial concentration of a higher-molecular mass
species, which is consistent with the formation of E2 dimers
(Figure 4C—F). To further quantify the degree of this associa-
tion, we fitted the heparin data to reversible monomer—dimer
association models as described in ref 42. These fits resulted in K4
values of 9.2 uM (8.1, 10.7) for APP and 7.8 uM (6.8, 9.3) for
APLP1I, suggesting a dimerization significantly tighter than that
observed for APLP1 without heparin. Taken together, these
analyses demonstrated for the first time that heparin binding to
E2 shifts the association—dissociation equilibrium in favor of
dimer formation and confirmed our earlier hypothesis that E2
dimerization is a dynamic and reversible process.'”**

The E2 domain of APLP1 contains a single tryptophan residue
(Trp-332). Adding heparin to the protein solution causes a 60%
decrease in the protein’s fluorescence intensity (Figure 4G). This
effect is specific to heparin because other polyanions such as
sucrose octasulfate (a heavily sulfated disaccharide) and chon-
droitin sulfate (which is similar to heparan sulfate but has
galactosamine residues instead of glucosamines in its backbone)
do not change the protein’s fluorescence properties (Figure S7
of the Supporting Information). Because Trp-332 is far from
the known heparin binding site on E2, thus unlikely to be
directly affected by the ligand, the change in its fluorescence

property must result from protein dimerization (or a conforma-
tional change that is associated with dimerization). This is
consistent with the observation that Trp-332 is found at the
dimeric interface of the crystal structures (blue empty circles in
Figure 3B). The binding of heparin to APP also causes a change
in protein fluorescence, but the amplitude of the change is
smaller (data not shown).

Heparin may induce protein dimerization through at least one
of two possible mechanisms. In one mechanism, the protein
protomers are bridged by the ligand but do not interact with each
other directly (Figure 4H). This is possible especially because
heparin is a linear polymer with many repeating disaccharide
units and both sides of the sugar can bind proteins. At higher
ligand concentrations, however, the dimer is expected to break
apart readily so that each protein protomer can bind a separate
ligand molecule. In the second mechanism, dimerization involves
extensive protein—protein contact (Figure 41). Heparin binding
may modify the surface property of the monomeric protein,
rendering it complementary for dimer formation. The AUC
experiments depicted in panels D and F of Figure 4 were
conducted in the presence of an excessive amount of heparin
(~30 times the protein concentration). The fact that the complex
was mostly dimeric under this condition seems to suggest that the
heparin-induced E2 dimer is stabilized by not only protein—
heparin but also protein—protein interactions (Figure 4I).

The influence of heparin on E2 dimerization can be envisioned
in a different but thermodynamically equivalent way (Figure 4I).
E2 may dimerize in the absence of heparin, although equilibrium
favors dissociation. If the ligand has a higher affinity for the
dimeric E2, its presence will deplete the empty dimers and re-
establish the equilibrium by drawing more monomers into dimers.
The crystallization process, which takes place at high protein
concentrations, may similarly favor the formation of dimers.
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Figure 6. Mutational mapping of the heparin binding site. (A) Surface
representation of the heparin binding site mapped by mutagenesis. The
two protein protomers are shown in different colors. (B) Elution profiles
of wild-type and mutant proteins from a heparin column. The dashed
line represents a salt gradient.

Phosphate Binding Sites. The two previously determined E2
structures were of only medium resolution.'”** The high resolu-
tion of the APLPI structure permits not only visualization of
most protein side chains but also accurate modeling of bound
solvent molecules. In the difference Fourier map, there are four
prominent peaks [7—110 (Figure S6 of the Supporting In-
formation)]. These peaks are related roughly by the noncrystal-
lographic 2-fold symmetry and appear next to positively charged
protein side chains. They must correspond to heavier phosphate
ions, which are abundantly present in the crystallization solution
(the protein is crystallized in 1.4 M Na/K phosphate). One
phosphate (P1) interacts with Lys-422, Arg-425, and Arg-429
from helix oD, and the second phosphate (P2) is hydrogen
bonded to His-433 and GIn-432 from the same helix and to Lys-
314* (via a water) and Arg-369* from the dimerization partner
(Figure SA). The proximity of the bound phosphates to pre-
viously mapped heparin binding site led us to test whether the
phosphate binding sites are also involved in heparin binding
[Lys-422 is already known to bind heparin (see refs 19 and 25)]
(Figure SB). Arg-429, His-433, and Arg-369 were chosen for
mutagenesis because they are highly conserved and interact
directly with the phosphates. As shown in Figure 6B, R429A,
H433A, and R369A all elute earlier from a heparin column

than the wild-type protein, confirming that these residues indeed
participate in heparin binding.

The finding that heparin may interact with residues at the P2
binding site was not expected. Our previous work established
that His-307, His-426, Arg-418, and Lys-422 are involved in
heparin binding (colored blue in Figure 6A).*° The shallow
pocket defined by these residues is readily accessible from the
front of the molecule (Figure SB). The P2 binding site, however,
is located much deeper toward the back of the molecule (yellow
and green in Figure 6A). To reach the P2 binding site from the
front, the bulky heparin chain has to go through the narrow space
between the two subdomains. It is therefore tempting to spec-
ulate that the binding of heparin to the deep groove between the
two subdomains may restrict their rotational freedom and there-
by promote dimerization. The simultaneous binding of heparin
to residues from both polypeptide chains (e.g., His-433 and Arg-
369*) may also directly strengthen the dimeric interface. To test
this hypothesis, we examined the dimerization effect of heparin
on the three mutant proteins generated above. As shown in
Figure 7A—C, when heparin was added to the protein solutions,
the decrease in fluorescence intensity for the mutant proteins
was smaller than that for the wild-type protein, suggesting a
lesser degree of dimerization. Among the three mutants, R429A
had the lowest affinity for heparin (Figure 6B), and under our
experimental conditions, heparin almost completely failed to
induce its dimerization (Figure 7B).

l DISCUSSION

We draw three general conclusions about the oligomeric
structure of E2 from this study. First, E2 can reversibly dimerize
in solution. In the absence of ligand, however, the monomer
predominates thermodynamically. This is probably true for
all APP family members (ref 25 and our unpublished data).
The techniques we used previously to analyze the oligomeric
structure of E2 (size exclusion chromatography, dynamic light
scattering) were inaccurate because the molecule has a very
elongated shape.'” The new conclusion is consistent with the
observation made by Gralle et al. showing that the secreted APP
ectodomain as a whole, which contains not only E2 but also other
domains, is also monomeric in solution.*' Second, we show for
the first time that heparin binding causes E2 to dimerize. The
dimerization of APP at the E2 domain can have many types of
functional consequences. For example, dimerization may mask
epitopes that potentially have biological activities. In the dimer
structure, the RERMS sequence motif (APP,s; residues
384—388), previously found to have growth promoting activities
in cell culture,”**** and a possible collagen binding site (residues
504—521)* are buried at the interface and not available
for interaction with other proteins. The dimerization of the
membrane-spanning APP (or its dissociation) may also serve
as a mechanism for sending signals into cells.** Third, the E2
domains appear to share a conserved mode of dimerization. This
is based primarily on the crystallographic observation that, of the
four E2 structures determined to date, three are dimeric and have
similar structures. Only the E2 domain of the worm APL-1 was
crystallized as monomers.*® Furthermore, we showed that resi-
dues located at the dimer interface are highly conserved.'

We cannot yet explain how heparin binding induces E2
dimerization. The most straightforward approach to address
this question would be to try to cocrystallize the E2—heparin
complex, but this effort has not been successful. On the basis of
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Figure 7. Heparin-binding mutants show decreased levels of dimerization. (A) R369A, (B) R429A, and (C) H433A. These experiments were
conducted under exactly the same conditions that were used for the wild-type protein (Figure 4G): (@) mutant protein alone and (O) protein with

heparin.

the hypothesis illustrated by Figure 41, one may predict that the
crystallized E2 dimer should represent the form of the protein
that has a higher affinity for the ligand. Therefore, direct soaking
ofheparin into the protein crystal offers another possible solution
to the problem. The present crystallization condition for APLP1
(1.4 M Na/K phosphate) prohibits heparin binding. We recently
found a new condition for crystallizing APLP1 in polyethylene
glycol, and preliminary X-ray diffraction analysis indicated that it
also contains the dimeric protein. We are currently preparing this
crystal form for a soaking experiment: if the dimer observed in
the crystal is different from that induced by heparin binding in
solution (we cannot yet rule out this possibility definitively),
heparin may fail to bind to the protein or bind to a region of the
protein that is inconsistent with the mutagenesis data.

Gralle et al. found that helparin induces dimerization of the
full-length APP ectodomain.>’ The results we present here could
be interpreted as an indication that the dimerization may take
place at the centrally located E2 domain. Recently, however,
Dahms et al. reported that heparin can also induce dimeriza-
tion of the E1 domain,*® which is located at the N-terminus of
the full-length protein and separated from E2 by an acidic and
probably unstructured segment of ~100 amino acids (and, in
some isoforms, an additional small protease inhibitor domain).
Although a small-angle X-ray scattering experiment has provided
some general idea about the overall shape of the full-length
molecule and its complex with heparin,2 one has to caution
that the relative positions of E1 and E2 cannot be accurately
determined by this technique. Therefore, we cannot exclude the
possibility that E1 and E2 may both contribute to dimerization in
a cooperative manner (this is not entirely impossible because E1
and E2 are separated by a long and flexible linker). Because E2
appears to have a higher affinity for heparin,*” there can even be
speculation that it may represent the first site of protein—protein
contact before E1 becomes involved.

B ASSOCIATED CONTENT

© Ssupporting Information. Anomalous Fourier maps for
APP showing Se peaks and Os binding sites, electron density
maps for the loop between aD and O, a sequence alignment,
an electron density map showing the domain-swapped feature of
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APLP1I, the difference Fourier map showing the bound phos-
phate ions, and the fluorescence and AUC data of APLP1 in the
presence of other polyanions (Figures S1—S7). This material is
available free of charge via the Internet at http://pubs.acs.org.
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The atomic coordinates and structure factors (3NY]J and 3PMR)
have been deposited in the Protein Data Bank (http: //www.
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APLP, APP-like protein; APP, amyloid precursor protein; AUC,
analytical ultracentrifugation; GLPD, growth factor-like domain;
SV, sedimentation velocity.
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