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ABSTRACT: Alzheimer’s amyloid @-protein precursor contains a Kunitz protease inhibitor domain (APPI) 
potentially involved in proteolytic events leading to cerebral amyloid deposition. To facilitate the identification 
of the physiological target of the inhibitor, the crystal structure of APPI has been determined and refined 
to 1.5-A resolution. Sequences in the inhibitor-protease interface of the correct protease target will reflect 
the molecular details of the APPI structure. While the overall tertiary fold of APPI is very similar to that 
of the Kunitz inhibitor BPTI, a significant rearrangement occurs in the backbone conformation of one of 
the two protease binding loops. A number of Kunitz inhibitors have similar loop sequences, indicating the 
structural alteration is conserved and potentially an important determinant of inhibitor specificity. In a 
separate region of the protease binding loops, APPI side chains Met-17 and Phe-34 create an exposed 
hydrophobic surface in place of Arg- 17 and Val-34 in BPTI. The restriction this change places on protease 
target sequences is seen when the structure of APPI is superimposed on BPTI complexed to serine proteases, 
where the hydrophobic surface of APPI faces a complementary group of nonpolar side chains on kallikrein 
A versus polar side chains on trypsin. 

x e  major component of cerebral amyloid deposits in Alz- 
heimer’s disease is amyloid 0-protein (AP), a proteolytically 
derived peptide of amyloid 0-protein precursor (APP), an 
integral membrane glycoprotein (Glenner & Wong, 1984). 
Considerable work has focused on the nature of the proteolytic 
events leading to the accumulation of AP (Sisodia et al., 1990) 
following the discovery that alternative splicing of the APP 
message yields three products, two containing a Kunitz pro- 
tease inhibitor domain (Kitaguchi et al., 1988; Ponte et al., 

‘This work was supported by NIH Grant GM33571. 
*The coordinates of APPI have been deposited in the Brookhaven 

Protein Data Bank (entry name 1AAP). 

1988; Tanzi et al., 1988). Recent studies indicate that the 
inhibitor-containing species is overproduced in Alzheimer’s 
patients (Johnson et al., 1989; Tanaka et al., 1989). It has 
been suggested that APPI may block the normal degradation 
of APP, leading to the deposition of cerebral amyloid 
(Muller-Hill & Beyreuther, 1989; Selkoe, 1990). The site of 
normal proteolytic cleavage occurs at a Lys residue within the 
AP peptide sequence (Esch et al., 1990). The primary spe- 
cificity determining residue in APPI is an Arg, indicating that 
APPI blocks proteases that cleave at basic residues. The 
inhibition spectrum of APPI toward a range of serine proteases 
has been shown to be broad but distinct from basic pancreatic 
trypsin inhibitor (BPTI) (Kitaguchi et al., 1990). 
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5 1 0  1 5  2 0  2 5  3 0  35  4 0  45  5 0  5 5  
APPI VREVCSEQAE RWYFDVTEGKCAPF GNRNNFDTEEYCMAVCGSA 
BPTI RPDFCLEPPY RYFYNAKAGLCQTF AKRNNFKSAEDCMRTCGGA 

FIGURE 1: Superposition of the backbone atoms of the two independent APPI molecules (thick lines, mol 1; dashed lines, mol 2) with BPTI 
(thin lines; 4PT1, Brookhaven Protein Data Bank) (Wlodawer et al., 1987; Bernstein et al., 1977). The alignment matched backbone atoms 
of residues 5-38 and 42-55 (Table I).  The backbone conformation of APPI residues 39-41 differs from that of BPTI. The deformation of 
the backbone of APPI residues 15-17 relative to that of BPTI may be due in large part to crystal contacts in this region. The sequences of 
APPI and BPTI are shown below. Boxed residues comprise the two binding loops which lie in the inhibitor-protease interface. 

Although Kunitz inhibitors are numerous and widespread 
in a variety of tissues, APPI is only the second naturally oc- 
curring member of the family to be examined in structural 
detail by X-ray diffraction and complements the vast body of 
knowledge that exists for BPTI. Sequences of 30 Kunitz 
inhibitors are known, providing an extensive data base of 
sequence variation. In combination with serine protease se- 
quences it is clear that the wide spectrum of affinity and 
specificity of Kunitz inhibitors results from sequence variation 
on both sides of the inhibitor-protease interface (Creighton 
& Darby, 1989). Comparison of the structure of APPI with 
BPTI permitted the detailed examination of the effects of 
side-chain alterations on the structure and chemistry of the 
inhibitor surface and the extent to which the tertiary structure 
in conserved. By using the BPTI-trypsin and -kallikrein 
complex structures as a template and superimposing the APPI 
model on BPTI, we have evaluated the significance of the 
differences on the inhibitor side of the interface. The nature 
of protease targets which would complement the APPI 
structure could then be evaluated in the context of the in- 
hi bi tor-prot ease complex. 

EXPERIMENTAL PROCEDURES 
Protein Purification and Crystallization. APPI protein was 

expressed in Escherichia coli from a plasmid carrying a syn- 
thetic gene encoding the APPI sequence (Castro et al., 1990). 
Protein was purified on a trypsin affinity column followed by 
anion exchange on MonoQ (Pharmacia). The protein was 
desalted, lyophilized, and dissolved in crystallization buffer 
(10 mM sodium acetate, pH 6.5). Crystals suitable for 
high-resolution X-ray data collection were grown from a 9 
mg/mL protein solution by vapor diffusion at 20 "C against 
buffer containing 25% saturated magnesium sulfate. 

X-ray Data Collection. The space group of the APPI 
crystals is P212121 (a  = 35.6 8,, b = 38.9 A, and c = 73.6 8,) 

with two molecules in the asymmetric unit. Data to 1.5-8, 
resolution were collected from three APPI crystals (-0.25 X 
0.25 X 0.40 mm) on a Rigaku AFC6R diffractometer with 
monochromatic Cu K a  X-rays (180 mA, 50 kV). The 
merging R factor on intensity was 9.6% to 1.6 A with a l a  
cutoff. 

Structure Refinement. Starting phases were obtained by 
the molecular replacement method with a 33 1-atom model 
derived from the structure of BPTI (4PTI) (Wlodawer et al., 
1987), eliminating side chains that differed significantly be- 
tween APPI and BPTI. A single strong rotation solution was 
obtained with the Crowther fast-rotation function as imple- 
mented in the MERLOT program package (Fitzgerald, 1988). 
A strong cross peak in the native APPI Patterson suggested 
that the two independent APPI molecules had similar orien- 
tation and were related by a half unit cell translation along 
the a and b axes. By use of a model composed of two 33 1 -atom 
structures, with orientations corresponding to the rotation 
solution and related by half unit cell translations along the a 
and b axes, the correct translation solution was found with the 
program BRUTE (Fujinaga & Read, 1987). The starting model 
had an R factor of 38% over the resolution range of 8-3 8,. 
The APPI structure was refined by Hendrickson-Konnert 
stereochemically restrained least-squares refinement (Hen- 
drickson, 1985) and model building with FRODO (Jones, 1985). 
The final R factor over the resolution range of 8-1.5 8, is 
17.7% with a 2a cutoff on measured amplitudes (1 1 908 re- 
flections). The structure includes 105 water molecules. The 
rms deviations in bond distances and bond angles are 0.0 18 
8, and 0.033 A, respectively. 

RESULTS AND DISCUSSION 
The sequence of APPI has 43% sequence identity with that 

of BPTI (Figure 1). Crystals of APPI grew in space group 
P212121 with two molecules in the asymmetric unit. In the 
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FIGURE 2: Structure of the protease binding loops of APPI in the region surrounding residues 39-41. (a) Residue delete F,-F, electron density 
map contoured at  3a ( u  is the rms electron density in the unit cell). The atoms shown, covering residues 8-15 and 37-43 and three buried 
water molecules, were not included in map calculations to eliminate bias from the model. Maps covering residues 8-15 and 37-43 were calculated 
separately and combined. Weak electron density is observed for the side chains of Glu-10 and Arg-42. (b) Superposition of the two APPI 
molecules (thick lines, mol 1; dashed lines, mol 2) with BPTI (thin lines, 4PTI) (Wlodawer et ai., 1987). Hydrogen bonds between the Asn-41 
side chain and the backbone oxygen of Gln-8 (2.65 A) and the backbone nitrogen of Asn-43 (2.97 A) are shown with dotted lines. The water 
molecule in the structure of BPTI which is displaced by the Asn-41 side chain is also shown. The structures were matched as described in 
Figure 1 .  

course of phase determination by molecular replacement, the 
crystal packing was found to resemble a C-centered cell 
(C222,) having one molecule in the asymmetric unit with 
2-fold symmetry broken by a 9' rotation between the two 
independent APPI molecules. Therefore, the packing envi- 
ronments of the two molecules are similar. The refined 
structures of the two APPI molecules (Figure 1) match closely 
with an rms deviation between backbone atoms of 0.38 A 
(Table I ) .  

With the exception of residues 39-41 (discussed below), the 
backbone conformation of APPI is almost identical with that 
of BPTI (Figure 1, Table I ) .  Sequence differences in the 
hydrophobic core are conservative with the most significant 
change at residue 21, where there is a Trp in APPI and a Tyr 
in BPTI. Residue 21 fills a hydrophobic groove in the protein 
surface. The increased size of the Trp side chain in APPI is 
accommodated by greater extrusion into solvent space. The 
conformation of side chains that serve as structural deter- 

Table I:  Root Mean Square Deviations between APPI and BPTI 
(W 

APPI APPI BPTI BPTI 
mol 1 mol 2 (4PTI) (2PTC) 

APPI mol 1 0 0.38 0.41 0.38 
APPI mol 2 0.38 0 0.45 0.46 
BPTI (4PTI) 0.58 0.60 0 0.36 
BPTI (2PTC) 0.60 0.65 0.37 0 

ODeviations between the backbone atoms (N, Ca, C, 0) of the two 
independent molecules in the crystal structure of APPI (mol 1 and mol 
2) and structures of BPTI alone (4PTI) (Wlodawer et al., 1987) and 
bound to trypsin (2PTC) (Riihlmann et al., 1973). Values below the 
diagonal correspond to the superposition of residues 5-55; values above 
the diagonal exclude residues 39-41, which differ significantly between 
APPI and BPTI. 

minants, including the three disulfide bridges, and residues 
in the hydrophobic core are conserved. The positions of three 
internal waters that are part of a structurally important hy- 
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FIGURE 3: Changes in the inhibitor-protease interface of APPI involving residues 17, 34, and 19 in the context of trypsin and kallikrein A. 
Labeled and shown with open lines are the three APPI side chains (Met-17, Phe-34, and Ser-19) which differ from BPTI (Arg-17, Val-34, 
and He-19). (a) APPI (thick lines) superimposed on BPTI in the BPTI-trypsin complex structure (thin lines, 2PTC) (Ruhlmann et al., 1973). 
Backbone and side-chain atoms of trypsin on the protease side of the interface are labeled and shown in thin lines (Tyr-39, His-40, Thr-149, 
Tyr-151, and Gln-192). (b) APPI (thick lines) superimposed on BPTI in the BPTI-kallikrein A complex structure (thin lines, 2KAI) (Chen 
& Bode, 1983). Backbone and side-chain atoms of kallikrein A on the protease side of the interface are labeled and shown in thin lines (Ser-39, 
Phe-40, Phe-149, Phe-151, and Met-192). In both figures the hydrogen bond between the side chain of Arg-17 in BPTI and the backbone 
oxygen of protease residue 40 is shown with a dotted line. 

drogen-bonding network are identical in APPI and BPTI 
(Figure 2b). 

An important physiological property of Kunitz inhibitors 
is their exceedingly strong binding to proteases (dissociation 
constant of BPTI-trypsin 6 X M) (Vincent & Lazdunski, 
1972). Two binding loops (residues 11-19 and 34-39) define 
the specificity and form the interface between these inhibitors 
and their protease targets (Ruhlmann et al., 1973). There are 
five hydrogen bonds in the interface between backbone atoms 
of the inhibitor and protease in the BPTI-trypsin and -kal- 
likrein A complex structures (Ruhlmann et al., 1973; Chen 
& Bode, 1983). The backbone atoms involved are unchanged 
in APPI so that altered target specificity presumably results 
from the side-chain substitutions in the interface. Six of the 
15 interface residues show extensive sequence variation among 
30 Kunitz inhibitor sequences (Creighton & Charles, 1987). 
Five of the six variable positions differ between APPI and 
BPTI (Figure 1). The changes occur in three regions of the 
inhibitor-protease interface. The center of the first loop 
mimics the bound peptide substrate and defines the primary 
specificity of inhibitors toward classes of proteases. Residues 
on each end of the protease binding loops interact with protease 
atoms around the perimeter of the catalytic site and confer 
additional specificity within a protease class (Creighton & 
Charles, 1987). 

Residue 15 is located at the center of the first protease 
binding loop and is the principal determinant of Kunitz in- 
hibitor specificity. In the inhibitor-protease complex, the side 

Table 11: Backbone 4 and $ Angles of Residues 39-41 
residue 

39 40 41 

@ * @ I C . @ *  
APPImol 1 62 -146 84 -152 -140 -176 
APPI mol 2 74 -141 74 -168 -135 -166 
BPTI (4PTI) 62 36 -56 156 -104 172 
BPTI (2PTC) 70 35 -50 142 -96 176 

chain of residue 15 fills the P1 position preceding the scissile 
peptide bond. Residue 15 is an Arg in APPI and a Lys in 
BPTI. The substitution of Arg for Lys is conservative and 
common among inhibitors specific for the protease class which 
cleaves at basic residues (Creighton & Charles, 1987). On 
the basis of structural information from other systems, the 
guanidinium group of the Arg can make a direct salt bridge 
interaction with Asp-189 of the protease while the Lys in- 
teraction in BPTI is mediated by a water molecule (Bode et 
al., 1984). 

At the end of the second protease binding loop there is a 
significant alteration in the backbone fold (residues 39-41), 
which may represent a common feature among Kunitz in- 
hibitors (Figure 2). A Gly-Gly-Asn sequence is found in APPI, 
while BPTI has an Arg-Ala-Lys sequence. Along with the 
shift in backbone position, Gly-39 and Gly-40 adopt backbone 
dihedral angles that are sterically unfavorable for non-Gly 
residues (Table 11). The side chain of Asn-41 occupies the 
position of a well-ordered water molecule found in all BPTI 
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structures and forms hydrogen bonds to the backbone oxygen 
of Gln-8 and the backbone nitrogen of Asn-43, as well as one 
of the buried water molecules (Figure 2b). The peptide unit 
between residues 39 and 40 has flipped, exchanging the pos- 
ition of the hydrogen-bond donor and acceptor atoms. Protease 
residues that interact with the backbone atoms of this region 
should discriminate between the alternate conformations seen 
in APPI and BPTI. 

Of 30 Kunitz inhibitor sequences, 26 have a Gly-Asn se- 
quence for residues 40 and 41 (Creighton & Charles, 1987). 
Nine of the 26 sequences have Gly at residue 39 with a variety 
of side chains in the remaining 17. The nine inhibitors with 
the Gly-Gly-Asn sequence for residues 39-41 presumably 
adopt the backbone conformation seen in APPI. Although 
it is difficult to predict the backbone conformation for the 17 
inhibitor sequences with non-Gly residues at position 39, the 
conservation of Gly-40 and Asn-41 argues for the adoption 
of the APPI backbone conformation. In the BPTI-trypsin and 
-kallikrein A structures the side chain of Arg-39 hydrogen 
bonds to protease atoms, indicating that the side-chain vari- 
ation at this position contributes to target specificity. It is likely 
that Gly-40 and Asn-41 influence target specificity by altering 
the geometry of residue 39. We plan to address this question 
experimentally through structural analysis of site-directed 
mutants. 

At the other end of the protease binding loops of APPI, 
Met- 17 and Phe-34 create a large hydrophobic patch on the 
inhibitor surface in place of Arg- 17 and Val-34 in BPTI. The 
significance of the change is illustrated by superimposing the 
structure of APPI onto BPTI complexed to trypsin and kal- 
likrein A (Figure 3). For BPTI the primary contact is the 
side chain of Arg-17, which hydrogen bonds to the backbone 
oxygen of protease residue 40. The four kallikrein A side 
chains in  this region of the interface (Phe-40, Phe-149, Phe- 
15 1 ,  and Met- 192) (Figure 3b) form a more compatible site 
for the hydrophobic patch on APPI than the polar residues 
of trypsin (His-40, Thr-149, Tyr-151, and Gln-192) (Figure 
3a). This is consistent with binding data showing that, relative 
to BPTI, the Ki of APPI is 4-fold lower for kallikrein A and 
%fold higher for trypsin (Kitaguchi et al., 1990). The final 
amino acid difference in the protease binding loops occurs at 
residue 19 where there is a Ser in  APPI and a Ile in BPTI. 
In the BPTI-trypsin complex, the side chain of Tyr-39 from 
trypsin interacts with Ile-19, hydrogen bonding to the backbone 
nitrogen and packing against side-chain atoms. Kallikrein A 
does not form a contact with residue 19 of BPTI. 

Given the conserved tertiary fold of Kunitz inhibitors and 
their serine protease targets, it is possible to evaluate candidate 
target sequences, as protease residues which face the bound 
inhibitor are known. Arg-15 is the primary determinant of 
specificity, suggesting that the in vivo target for APPI is a 
protease which cleaves at basic residues. APPI inhibits trypsin 
with a Ki of M (Kitaguchi et al., 1990). However APPI 
also inhibits chymotrypsin, which cleaves specifically at hy- 
drophobic residues, in the nanomolar range of concentration 
(Kitaguchi et al., 1990). This points to the important con- 
tribution of residues along the margins of the active site to 
target affinity and specificity. The hydrophobic surface of 
APPI created by the Met- 17 and Phe-34 indicates that pro- 
tease targets will have nonpolar residues in the protease loops 
which face this region of the inhibitor. The altered backbone 
conformation of residues 39-41 could participate in specific 
hydrogen bonding with protease atoms, and the lack of a side 
chain at residue 39 could accommodate a larger protease loop 
or side chain in this region of the interface. In  a general 

Biochemistry, Vol. 29, No. 43, 1990 Accelerated Publications 

context, the change in backbone geometry demonstrates that 
the mutation of surface residues can cause substantial rear- 
rangement of the backbone framework that underlies surface 
structure. An understanding of the impact of sequence var- 
iation on protease inhibitor structure will aid in the search for 
physiological targets and provides a model system for the study 
of protein-protein recognition at the atomic level. 
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