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Aspartic proteinase A from yeast is specifically and potently
inhibited by a small protein called IA; from Saccharomyces
cerevisiae. Although this inhibitor consists of 68 residues, we
show that the inhibitory activity resides within the N-termi-
nal half of the molecule. Structures solved at 2.2 and 1.8 A,
respectively, for complexes of proteinase A with full-length
IA; and with a truncated form consisting only of residues
2-34, reveal an unprecedented mode of inhibitor—enzyme
interactions. Neither form of the free inhibitor has detectable
intrinsic secondary structure in solution. However, upon
contact with the enzyme, residues 2-32 become ordered and
adopt a near-perfect 0-helical conformation. Thus, the pro-
teinase acts as a folding template, stabilizing the helical con-
formation in the inhibitor, which results in the potent and
specific blockage of the proteolytic activity.

Proteolytic enzymes are categorized into four main families'.
Whereas structures have been solved for complexes of gene-encod-
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Fig. 1 Schematic diagram of the structure of proteinase A. Ribbon rep-
resentation showing the tracing of the main chain of proteinase A
(green) with the oligosaccharide attached to Asn 67 shown in mauve,
together with the visible fragment of the inhibitor 1A; (gold). Side
chains of the active site residues Asp 32 and Asp 215 are shown in red.

ed inhibitors (for example, serpins?, cystatins® and TIMPs*) that
target three of these protein families (serine, cysteine and metallo-
proteinases), protein inhibitors of the aspartic proteinase family are
rare’ and no mechanism of action has previously been elucidated
for any of the few that are known, such as IA; (ref. 6). Human
pathogens, including HIV, Plasmodium falciparum (malaria) and
fungi such as Candida, the causative agent of thrush infections, are
known to be crucially dependent on aspartic proteinases for their
replication and survival’. Substantial progress has been made in
the generation of chemically synthesized inhibitors to block the
action of these enzymes'®'!, and several HIV-1 proteinase
inhibitors are now licensed by the United States Food and Drug
Administration as drugs for use in combating AIDS!®'2. In con-
trast, only a few naturally occurring protein inhibitors of this pro-
teinase family have been found, for example, in humans (renin
binding protein'?), in the parasitic nematode Ascaris lumbricoides',
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in plants such as potato’® and squash’ and in the yeast S. cerevisiae,
which encodes not only the IA; inhibitor but also its target enzyme,
proteinase A'°.

The structure of the yeast vacuolar proteinase A has been pre-
viously solved and refined to 2.4 A (ref. 17). This enzyme is the
sole known target for its cognate protein inhibitor IA; (ref. 16),
which does not inhibit any one of a large number of aspartic pro-
teinases with similar sequence/structure®. Expression of the gene
encoding IA; (ref. 18) in Escherichia coli enabled us to generate
sufficient quantities of homogeneous inhibitor for structural
studies. The recombinant wild type protein inhibited yeast pro-
teinase A effectively at pH 3.1 (Table 1), and its potency
increased even further at higher pH values. The efficiency of
inhibition was not significantly affected in a mutant form of the
inhibitor in which the &-NH;* group of two adjacent lysine
residues was removed and replaced with the otherwise isosteric
side chains of methionine (Met 31-Met 32 mutant, Table 1). A
synthetic peptide spanning residues 2-34 of IA; also showed a
potency comparable to that of the full-length protein inhibitor,
as measured by K; values (Table 1). This suggests that the initia-
tor Met residue and residues 35-68 in the IA; sequence! are not
important for inhibitory function. Peptides 2—15 and 16-34 did
not inhibit the enzyme when added either alone or together.
Indeed, separate incubation of each of these peptides with pro-
teinase A at pH 4.7 resulted in cleavage at the Glu 10-Ile 11and
Ala 29-Phe 30 bonds, respectively. In contrast, peptide 2—34 was
not cleaved by proteinase A even upon prolonged incubation for
16 h. Thus, a contiguous stretch of residues from 2-34 not only
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Fig. 2 Inhibitor IA; and its interactions with
proteinase A. a, Central part of the inhibitor
helix covered by the 2F, - F. electron density
map, contoured at 1 o level. b, Ribbon repre-
sentation of the relevant fragments of the
main chain of proteinase A is in green, and
the main chain of 1A; is shown in yellow. All
side chains of 1A; are shown in orange, and
the catalytic aspartates of proteinase A are
red, and selected hydrophobic side chains are
dark green. The structure of the flap with
Tyr 75 from the complex of proteinase A with
a small-molecule inhibitor CP81,282 (ref. 17),
superimposed on the IA; complex, are
marked in purple. The amphipathic character
of the IA; helix is due to the almost exclusive
presence of hydrophobic residues (Val 8,
lle 11, Phe 12, Leu 19, Ala 23, Val 26 and Phe
30) on one face of the helix (left in this view).
The only polar residue on this side, Ser 15,
makes a hydrogen bond with the side chain
of Thr 220 of the enzyme. The majority of the
side chains on the other face of the helix are
polar. Water molecules involved in essential
polar interactions are blue.

prevents cleavage of this peptide by
proteinase A but also acts an effective
inhibitor of the enzyme.

Peptide 2-34 did not significantly
inhibit any one of a number of aspartic
proteinases from a wide variety of
other species including human pepsin
(data not shown). However, this pep-
tide was readily cleaved by trypsin,
leukocyte elastase and human pepsin,
with pepsin cleaving the Glu 10-Ile 11
and Ala 29-Phe 30 bonds to generate
the peptide fragments Asn 2-Glu 10,
Ile 11-Ala 29 and Phe 30-Ala 34. None of these fragments alone
or all three together were able to inhibit yeast proteinase A (Table
1). The aspartic proteinase pepsin has 40% sequence similarity
to yeast proteinase A% and has a very similar fold and substrate
specificity. The two pepsin cleavage sites in the intact peptide
2-34 are identical to those generated by proteinase A in peptides
2-15 and 16-34. Thus, it seems that the sequence that efficiently
inhibits proteinase A is able to act as a good substrate for anoth-
er, very similar enzyme. High-field NMR studies of IA; indicated
that little intrinsic structure was present in the free inhibitor
(A. Edison and R.A. Byrd, unpublished observations). Circular
dichroism (CD) measurements were also performed on the pep-
tide (residues 2-34) and protein forms of the free inhibitor in
solution. Inspection of both spectra (data not shown) gave no
indication of the presence of any ordered structure, be it helical
or extended. Instead, the spectra were compatible with random
coil. By contrast, CD spectra of proteinase A alone or complexed
with IA; showed the expected mixture of different secondary
structure elements, with the latter exhibiting slightly higher heli-
cal content (data not shown).

Complexes were made for the various forms of the inhibitor
bound to proteinase A. The complex with the Met 31-Met 32
mutant of the inhibitor formed hexagonal crystals that diffracted to
2.2 A on a synchrotron beam. The structure was solved by molecu-
lar replacement, and was refined to an R-factor of 0.188 (Table 2).
The structure of proteinase A complexed to peptide 2—34 (the pep-
tide form of the inhibitor consisting of only residues 2—-34; Table 1)
was solved and refined at 1.8 A resolution (Table 2). Since the struc-
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Fig. 3 Interactions in the vicinity of the active
site of proteinase A. Proteinase A (green, with
the active site aspartates red) complexed to 1A;
(yellow with orange side chains) is superim-
posed on progastricsin (purple). Water mole-
cules in the proteinase A complex are blue, and
hydrogen bonds are marked as thin lines.

tures bound to both forms of the inhibitor e

|

are very similar, only the Met 31-Met 32
mutant protein form is shown here and is
used for numerical comparisons. In the
resulting structures (Fig. 1), residues 2-32 of
IA; become ordered and form a near-perfect
amphipathic a-helix (Fig. 2). In contrast, the
remaining 36 residues from the C-terminus of the inhibitor are
unstructured. The visible parts of the inhibitor are not involved in
any crystal contacts. The axis of the helix aligns well with the groove
of the active site, and the side chains form numerous interactions
with the enzyme along the whole length of the helix (Fig. 2b).
Residues 2-30 of the peptide inhibitor superimpose on the corre-
sponding residues of the Met 31-Met 32 mutant protein form of
IA, to within a root mean square (r.m.s.) deviation of 0.21 A. The
structure of the enzyme in both complexes is similar to that of the
reported unliganded enzyme and its complex with CP81,282, a
small-molecule inhibitor'””. When the structures of the
enzyme-inhibitor complexes described here are compared with
that of the CP81,282 complex (the only structure with available
coordinates), the largest difference observed is up to 8.7 A for the
flap (a B-hairpin covering the active site, consisting of residues
72-82). Whereas the helical nature of IA; agrees in general terms
with the helix-forming propensity of its primary structure, the N-
terminal half of the molecule is predicted by the program PhD?' to
consist of three short helical stretches and not of a single, long helix.
The C-terminal half of the protein, disordered both in solution and
in crystals, is also predicted to be largely helical?..

An analysis of the interactions between proteinase A and IA,
revealed several important residues in the inhibitor that form spe-
cific interactions with the catalytic aspartates and residues from
the flap (see below). The spatial juxtaposition of the two catalytic
Asp residues in the complex is similar to that previously observed
in a number of nonliganded mature aspartic proteinases®?. The
water molecule that is considered to be the catalytic nucleophile in
reactions catalyzed by the aspartic proteinases occupies the same
position between the two aspartates in the IA;—proteinase A com-

D215

W L

D215

plex (Fig. 3). Such a water molecule has been frequently observed
in the structures of a number of unliganded enzymes as well?2.
The presence of this water molecule is unprecedented; it has not
been previously detected in inhibitor complexes of aspartic pro-
teinases. The €-NH;* group of Lys 18 in the inhibitor is located
within hydrogen bonding distance (2.75 A) of the carboxyl oxy-
gen of Asp 32. Precursor forms of aspartic proteinases (such as
pepsinogen and progastricsin) also have a conserved lysine
residue in the pro part of their sequences (Lys 36P), which inter-
acts with the two catalytic aspartate residues (Fig. 3). This lysine
has been shown to be important for the stability and folding of the
precursor molecule?>. However, the amino group of this lysine is
equidistant from the two catalytic aspartates, occupying the posi-
tion of the nucleophilic water molecule in the mature enzyme?.
In the structure of the IA;—proteinase A complex, the location of
the NH;* group of Lys 18 in IA; is different and is close to the posi-
tion occupied by the hydroxyl of the conserved Tyr 9 in the struc-
tures of pepsinogen and progastricsin®!, which also forms a
hydrogen bond with Asp 32. Another important residue in IA; is
Asp 22. Both carboxyl oxygens of this residue are involved in the
formation of two hydrogen bonds with Lys 18 in IA; and Tyr 75 in
the flap region of proteinase A. Glu 17 in IA; also interacts with
the flap region and forms a hydrogen bond with the main chain
amide of Thr 77 in the enzyme (Fig. 3). Residues Ala 23, Val 25,
Val 26, Phe 30 and Met 31 in IA;, located on the hydrophobic side
of the amphipathic helix, are involved in extensive hydrophobic
interactions with residues along the length of the active site of the
enzyme (Fig. 2). Residues Leu 19 and Phe 12 are oriented in the
direction of the binding pockets S2 and S4, respectively, in the
active site cleft of the proteinase.

Table 1 Interaction of yeast proteinase A at pH 3.1 with protein and peptide forms of the inhibitor I1A;

Designation Sequence! K; (nM)?

1 5 10 15 20 25 30
Wild type MNTDQQKVSEIFQSSKEKLQGDAKVVSDAFK K M A0 +34 [LEHs 1.1+04
M31-M32 MNTDQQKVSEIFQSSKEKLQGDAKVVSDAFM MM A0 +34 [LEHg 0.9+0.3
2-34 NTDQQKVSEIFQSSKEKLQGDAKVVSDAFK K Z A 3+0.6
2-15 NTDQQKVSEIFQSS N.I.
16-34 KEKLQGDAKVVSDAFK K Z A N.I.
2-10 NTDQQKVSE N.I.
11-29 IFQSSKEKLQGDAKVVSDAN.L
30-34 FKKZA N.L.

The sequence of residues 1-34 of 1A; is given in full, with the C-terminal 34 residues of the protein depicted by +34 followed by the His tag encoded by
the vector. Replacement of Lys 31-Lys 32 to generate the Met 31-Met 32 mutant was accomplished by overlapping PCR mutagenesis. Peptide forms con-
sisted only of the residues indicated by the designated residue numbers; amino acids are indicated by the single letter code, Z = norleucine.

2N.I. = no inhibition at a concentration of 1 uM. K; values (<0.1 nM) were also measured for the wild type and mutant protein and peptide 2-34 forms of
the inhibitor at pH 4.7 and pH 6.0.
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Table 2 Data collection and refinement statistics
Met 31-Met 32 protein  Peptide 2-34

Data collection
Resolution (A) 2.2 1.8

Unique reflections 28,115 51,951

Rinerge (%) (all/last shell) 6.9/33.2 7.3/62.9
/1, (all/last shell) 15.8/6.0 25.2/2.5
Completeness (%) (all/last shell) 95.6/99.6 99.0/99.1

Redundancy 5.8 6.6
Structure refinement

Resolution (A) 30-2.2 30-1.8
Ruork (%) 18.83 20.55
Rtree (%) 23.49 22.16
R.m.s.d. bond lengths (A) 0.011 0.017
R.m.s.d. bond angles (°) 1.65 1.88

Although residues 2-32 of IA; form an intact helix in the com-
plex with proteinase A, cleavage of this sequence was readily
accomplished by several other proteinases, as mentioned above. It
is widely accepted that proteinases can only attack stretches of
polypeptides with an extended and accessible conformation?. For
aspartic proteinases in general, and pepsin in particular, chemical-
ly synthesized peptidomimetics adopt a 3-strand conformation in
the active site cleft of these enzymes?. Thus, IA; appears to bind
pepsin as a B-strand and is therefore cut, whereas when it interacts
with proteinase A it undergoes a random coil to O-helix transi-
tion. This spares it from degradation but at the same time ensures
that it becomes lodged as a long helix in the active site of the
enzyme. This arrangement guarantees that no peptide bond in the
backbone of IA; is positioned any closer to the catalytic aspartate
residues than 5 A, which is not near enough to permit cleavage.
Thus, by ensuring that its backbone is held away from the catalyt-
ic machinery, IA; inhibits its target proteinase.

Therefore, the structure of the complex of proteinase A with a
protein inhibitor is very different from the structures of zymo-
gens of aspartic proteinases, the only previously available exam-
ples of protein—protein interactions for these enzymes. The
presence of a helical entity inhibiting the active site of an aspartic
proteinase is unprecedented and suggests a possible new para-
digm of inhibition, possibly leading to new directions in design-
ing drugs that inhibit this important class of enzymes. This
observation may even be applicable to the design of new
inhibitors of retroviral proteinases, which have so far always been
designed as extended molecules'. The structural transitions in
the IA; inhibitor, from an unfolded structure in solution to a
putative extended chain as a substrate and a helical structure as
an inhibitor, are very significant and make this system particu-
larly useful for future studies of protein folding and interactions.

Methods

Protein expression and purification. Proteinase A was purified
to homogeneity and peptides were synthesized by solid-phase
methods, as described??. Genomic DNA was extracted from S. cere-
visiae and the gene encoding IA; (ref. 18) was amplified specifically
by polymerase chain reaction (PCR) using G CAT ATG AAT ACA GAC
CAA CAA AAA GTG and G CTC GAG CTC CTT CTT ATG CCC CGC as
forward and reverse primers. Mutations were introduced into this
wild type sequence, cloned into the pGEM.T vector (Promega) by
overlapping PCR mutagenesis?’ using the mutagenesis primers 5'-
TTT ATG ATG ATG GCC AGT CAA GAC AAG GAC GGC-3' and 5'-ACT
GGC CAT CAT CAT AAA AGC GTC ACT CACTAC CTT-3'. Wild type and
mutant forms of 1A; were subcloned into the Ndel-Xhol sites of pET-
22b (Invitrogen), thus introducing a C-terminal Leu-Glu-Hiss tag,
which was subsequently shown to have no effect on inhibitory
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potency. E. coli strain BL21 DE3 pLysS was transformed with wild
type or mutant clones, then grown at 37 °Cin LB medium to an Agy
of approximately 0.6 before induction with 1 mM IPTG. The recom-
binant protein was soluble in the cell lysates and was purified to
homogeneity by a two-step procedure that involved nickel-chelate
chromatography (the sample was loaded in 0.05 M sodium phos-
phate buffer, pH 8.0, containing 0.3 M NaCl, the column was
washed with the same buffer at pH 6.0 containing 10% glycerol,
and 1A; was eluted with the glycerol-containing buffer adjusted to
pH 4.0), followed by heating twice at 100 °C for 5 min. Edman
degradation of the wild type and Met 31-Met 32 mutant IA; pro-
teins confirmed the ¢cDNA predicted sequences and indicated that
the initiator methionine residue had not been cleaved off by the
E. coli enzymes. MALDI-TOF mass spectrometry analysis gave values
of 8772.8 and 8778.2 (predicted 8772.2 and 8778.3) for the wild type
and mutant inhibitors, respectively.

Kinetic and CD measurements. Kinetic measurements were made
at pH 3.1 and pH 4.7 using Lys-Pro-lle-Glu-Phe[NitroPhe-Arg-Leu as
the substrate?. Digestions were performed at 37 °C for 2-16 h, using
IAs:proteinase ratios of 40:1 for trypsin and proteinase A, 60:1 for
leukocyte elastase, and 1,000:1 for human pepsin, respectively.
Digests were separated by reverse-phase FPLC using a Pep-RP column
(Pharmacia). Fractions were collected and subjected to amino acid
analysis. CD measurements were made with a Jasco 720 spectropo-
larimeter at room temperature. The scanning started at a wave-
length of 265 nm and ended at 195 nm, using a 0.2 mm cuvette. The
signal was recorded at every 0.2 nm. The inhibitor sample was dis-
solved in 20 mM MES buffer, pH 6.0, containing 0.1 M NacCl.

Crystallization and structure determination. Complexes were
prepared for crystallization by mixing proteinase A and the appro-
priate form of the inhibitor in molar ratios of 1:5 in 20 mM MES
buffer, pH 6.6. Each complex was separated from the excess of free
inhibitor by gel filtration on Sephadex G-50 in the same MES buffer.
The complexes were concentrated at 4 °C to approximately 5 mg ml-!
using Centriprep (Amicon) devices with a 3 kDa cutoff. Crystals of
proteinase A bound to full-length protein inhibitor 1A; were
obtained by vapor diffusion. The well solution contained 28%
PEG 1500, 0.2 M ammonium sulfate in 0.1 M MES buffer at pH 6.0.
The complex sample was in 20 mM MES buffer, pH 6.6. The hanging
drop was a 1:1 mixture of the sample and well solution. Crystals
appeared after a few days and grew to 0.15 X 0.4 X 0.3 mm after
two weeks. They belong to space group P6,22 with unit cell dimen-
sions of a = b = 192.66 A, and ¢ = 52.09 A, containing one complex
per asymmetric unit. Fully isomorphous crystals of a complex with
the peptide 2-34 (Table 1) were grown in a similar manner.
Diffraction data (Table 2) were collected at 100 K with an ADSC 4K
CCD detector on synchrotron beamline X9B at Brookhaven National
Laboratory and were processed with HKL2000 (ref. 28). The structure
of the complex with full-length inhibitor was solved by molecular
replacement with AMoRe2. Proteinase A coordinates from the com-
plex with CP81,282 (ref. 17) were used as the search model. A single
solution was obtained with a correlation factor of 0.503 and R-factor
of 0.385. The resulting model was rebuilt with the program O (ref.
30) and refined with CNS (ref. 31). After rigid-body refinement, dis-
continuous densities from the F, - F. map were observed in the
inhibitor-binding site. The loops 73-80, 108-113, 158-164, 241-246
and 278-283 did not have good densities and were removed. After
positional refinement and simulated annealing at 3,000 K, the
inhibitor region had continuous electron density and showed obvi-
ous helical features. During the next five rounds of positional refine-
ment and simulated annealing, 31 residues of the inhibitor (2-32)
were built, including their side chains (Fig. 2a). In the final stage of
the refinement, a polysaccharide chain of nine residues attached to
Asn 67 was located and 391 water molecules were added. The struc-
ture of the complex with the truncated inhibitor was refined starting
with the final model described above. The results of the refinements
are summarized in Table 2.

Coordinates. Coordinates and structure factors for both complexes

have been submitted to the Protein Data Bank (accession codes
1dp5 and 1dpj, respectively).
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Intercalating complexes of rhodium(III) are strong photo-oxi-
dants that promote DNA strand cleavage or electron transfer
through the double helix. The 1.2 A resolution crystal structure
of a sequence-specific rhodium intercalator bound to a DNA
helix provides a rationale for the sequence specificity of rhodi-
um intercalators. It also explains how intercalation in the cen-
ter of an oligonucleotide modifies DNA conformation. The
rhodium complex intercalates via the major groove where spe-
cific contacts are formed with the edges of the bases at the target
site. The phi ligand is deeply inserted into the DNA base pair
stack. The primary conformational change of the DNA is a dou-
bling of the rise per residue, with no change in sugar pucker
from B-form DNA. Based upon the five crystallographically
independent views of an intercalated DNA helix observed in
this structure, the intercalator may be considered as an addi-
tional base pair with specific functional groups positioned in
the major groove.

Before the elucidation of the Watson-Crick model for the DNA
double helix, it was realized that many planar, aromatic com-
pounds had mutagenic activity due to their interaction with DNA.
Subsequent biochemical and fiber diffraction studies by Lerman in
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the early 1960s resulted in the intercalation model of binding'; the
aromatic small molecules bound to otherwise B-form DNA by
insertion of a planar ligand between the base pairs. Although this
binding mode resulted in high affinities of the ligand for double-
stranded DNA, the majority of the interactions were with the aro-
matic surfaces of the bases rather than with the distinctive
functional groups in the DNA grooves. Consequently, most inter-
calators, such as ethidium and acridine, are relatively nonspecific
DNA binding agents?. Despite the widespread use of intercalators
in the fields of pharmacology and molecular biology, the lack of
sequence-specific binding has limited high-resolution structural
characterization of binding within a DNA helix?.

In contrast with most naturally occurring intercalators, octahe-
dral complexes of Rh(III) containing the phi ligand (where phi is
9,10-phenanthrenequinone diimine) constitute a class of intercala-
tors with the ability to bind DNA specifically®. The octahedral
geometry of these complexes provides a rigid framework that pre-
dictably orients the ancillary, nonintercalating ligands in the major
groove, and these ancillary ligands can be synthetically modified to
alter the sequence specificity and reactivity of the molecule.
Furthermore, these metallointercalators are photoactive, and can
carry out both short- and long-range photoinduced oxidation of
DNA through reactions that are a sensitive function of their stack-
ing within the DNA helix*7. Metallointercalators have been
exploited extensively for site-specific targeting of DNA?, for the
photochemical repair of DNA lesions’, as photoluminescent
reporters of DNAS, in mismatch detection’, as probes of DNA
structure'® and electron transfer chemistry'!, and to inhibit DNA
binding proteins'?. An atomic resolution structure of the ligand-
bound DNA site would contribute to understanding the specificity
and reactivity of metallointercalators, as well as address how inter-
calation modifies the DNA conformation.

The sequence specificity of the octahedral rhodium intercalator
A-a-[Rh[(R,R)-Me,trien]phi]** (where (R,R)-Me,trien is 2R,9R-
diamino-4,7-diazadecane) was employed to obtain an atomic reso-
lution structure of an intercalated DNA helix. This intercalator was
successfully designed to recognize the major groove of the four-
base pair sequence 5'-TG|CA-3' (where | indicates phi insertion).
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