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ABSTRACT. Aminopeptidase P (APPro) is a manganese-dependent enzyme that cleaves the N-terminal
amino acid from polypeptides where the second residue is proline. APPro shares a similar fold, substrate
specificity, and catalytic mechanism with methionine aminopeptidase and prolidase. To investigate the
roles of conserved residues at the active site, seven mutant forms of APPro were characterized kinetically
and structurally. Mutation of individual metal ligands selectively abolished binding of either or both Mn-
(I) atoms at the active site, and none of these mdighnd mutants had detectable catalytic activity.
Mutation of the conserved active site residues His243 and His361 revealed that both are required for
catalysis. We propose that His243 stabilizes substrate binding through an interaction with the carbonyl
oxygen of the requisite proline residue of a substrate and that His361 stabilizes substrate binding and the
gemdiol catalytic intermediate. Sequence, structural, and kinetic analyses reveal that His350, conserved
in APPro and prolidase but not in methionine aminopeptidase, forms part of a hydrophobic binding pocket
that gives APPro its proline specificity. Further, peptides in which the required proline residue is replaced
by N-methylalanine or alanine are cleaved by APPro, but they are extremely poor substrates due to a loss
of interactions between the prolidyl ring of the substrate and the hydrophobic proline-binding pocket.

Aminopeptidase P (APPrbEC 3.4.11.9) cleaves the one such biologically active peptide, the vasodilatory hor-
N-terminal amino acid residue from polypeptide chains where mone bradykinin, and inhibitors of human APPro are
the second residue is prolinelFesidue, in the nomenclature  promising cardiovascular therapeutic ager®s5).
of Schechter and Berget){. This activity is of interest since The crystal structure dEscherichia coliAPPro has been
many biologically active peptides, including coagulants, solved to high resolution in four different space groups (
enzymes, growth factors, hormones, kinins, neurotransmit- 8). E. coli APPro is a tetramer both in solution and in the
ters, and toxins, have an N-terminal Xaa-Pro sequeBe ( crystalline form, each subunit containing a catalytic active
APPro is known to be directly involved in the regulation of site centered upon a dinuclear Mn(ll) clusté). As predicted
from sequence alignmerl)( the C-terminal catalytic domain
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and occupancy of the loose metal-binding site by Co(ll) or dipeptidyl peptidase 1V, which specifically removes dipep-
Fe(ll) reduces activityl5). Conversely, prolidase is virtually  tides from oligopeptides where the second residue is proline,
inactive in the presence of 1 equiv of Co(ll) and requires a solved in complex with a peptide substrate showed that this
second Co(ll) atom for full activity X6). enzyme has a well-conserved hydrophobic binding pocket

Attempts to study the metal requirement of pita bread that confers specificity for proline over alanin&7f. Muta-
metalloenzymes by mutation of metal ligands have producedtional and kinetic studies of the Pro-Xaa-specific enzyme
equivocal results. A naturally occurring D219N mutant of prolyl aminopeptidase have shown that interaction between
yeast type | MetAP (equivalent tB. coli APPro D260N) the prolidyl ring of a substrate and a hydrophobic proline-
maintains low levels of catalytic activity<(10*-fold less than binding pocket at the active site of the enzyme is sufficient
wild type) and retains significant Co(ll) binding affinity (0.43 to confer a strong preference for Pro-Xaa substrates over
versus 0.75 equiv for wild type)ly). Truncation of each  Ala-Xaa or Gly-Xaa substrate2§). It is possible that the
metal ligand ofE. coli MetAP to alanine yields mutants with ~ selectivity of APPro for Xaa-Pro peptides arises from a
residual activity (2-6% of wild type), yet none of these similar inability to bind substrates lacking a prolidyl ring at
mutants retain stoichiometric levels of bound Co(ll) (6.0 the R’ position.

0.1 versus 1.6 equiv for wild typell§). Mutation of any To address some of the outstanding issues of APPro
metal ligand of porcine membrane-bound APPro (Asp to Ala catalytic mechanism and proline specificity, we have gener-
or Asn, Glu to Ala or GIn, His to Leu or Lys) gives ated alanine mutants of seven conserved active site residues
completely inactive enzyme preparations9) Further  (His243, Asp260, Asp271, His350, His354, His361, and
structural and kinetic investigations are required to clarify Glu383), measured their activities, and refined their crystal
the effects of disturbing metal ligands upon the active site structures. We have also measured the affinity of wild-type
structure and catalytic activity of these enzymes. APPro for substrates with alanine Nrmethylalanine in the
Two nonmetat-ligand residues, His243 and His361, are second position. Together, these kinetic and structural data
conserved at the active sites of the pita bread metalloenzymesgonfirm proposed catalytic roles for the conserved residues
(Figure 3 of ref20) and are thought to play important roles  of APPro and define the basis of proline specificity in APPro
in the catalytic mechanism. His361 has been implicated in and prolidase.
stabilization of egemdiol intermediate 12, 21). His243 has
been proposed to stabilize substrate binding via a hydrogenMATERIALS AND METHODS
bond to the P peptide nitrogen atom of the substragd)( ,
despite the fact that this hydrogen bond cannot be present S€duence Analysighe full-length protein sequence Bf
when the P residue is proline as required by APPro or col! APPro was submitted to a BLASTR9) search of the
prolidase 8, 20). Mutation of the residues equivalent to UniProt knowledgebase [release 5.4, July 2089)( The
His243 and His361 in porcine membrane-bound APPro to 249 APPro and prolidase sequences most simildt. tooli
lysine or leucine yields inactive enzymekd(. Mutation of ~ APPro by BLAST search were aligned with CLUSTALX
E. coli MetAP His79 (His243 irE. coli APPro) to alanine  (31) using default parameters.
also abolishes activity2@). In the crystal structure of H79A Generation, Expression, and Purification of APPro Mu-
MetAP, no metal ions were located at the active site, although tants. Wild-type and mutant APPro were overexpressed in
metal binding was inferred from spectroscopic measurementsE. coli strain AN1459 containing plasmid pPL670epP")
(22). Mutation of E. coli MetAP His178 (His361 irE. coli and derivative plasmids, respectively, as described previously
APPro) to alanine does not affect the metal affinity of the (6). Mutations in thepepPgene were generated using the
enzyme 23), but HL78A MetAP is 56-580-fold less active ~ QuikChange site-directed mutagenesis kit (Stratagene) and
than the wild-type enzyme2®, 23). Although extensive  the mutagenic primers listed in Table S1 (see Supporting
kinetic analysis of H178A MetAP suggested that His178 Information) and were confirmed by determination of the
might be involved in water-mediated modulation of the Lewis nucleotide sequences of the whole gene.
acidity of the active site metal atom&3), the mutant has Wild-type APPro and mutant derivatives were purified as
not been characterized structurally. described previously8j, with minor modifications. Cells
The basis of proline specificity in APPro has also been from 1.5 L of culture were resuspended in 30 mL of 50 mM
the subject of close scrutiny. While APPro, prolidase, and Tris (pH 8.0) and 0.1 mM EDTA at 4C and lysed by
MetAP all share the same fold, they have different substrate treatment with lysozyme (Sigma) at 2@ for 30 min
specificities. APPro and prolidase are specific for oligopep- followed by sonication. The lysate was cleared by centrifu-
tides and dipeptides, respectively, with proline in thé P gation (48000, 30 min, 4°C). The cleared cell lysate was
position. MetAP, on the other hand, prefers oligopeptides diluted to 100 mL in 20 mM Tris (pH 7.6), applied to an
with methionine at the Pposition and Gly, Ala, Ser, Thr,  anion-exchange column (Toyopearl DEAE-650M; Tosoh),
Pro, Val, or Cys at the P position @4). Early studies on  and eluted with a gradient of-@L M NaCl in 20 mM Tris
APPro and prolidase showed that proline specificity is not (pH 7.6). Pooled eluate fractions were combined with an
due to an ability to cleave cis peptide bonds,(26). equal volume (1230 mL) of 20 mM Tris (pH 7.6) and 3
Structures oft. coli APPro in complex with substrate and M (NH,),SO, before being applied to two EconoPac Methyl-
product suggest that His350 and Arg404 form a hydrophobic HIC cartridges connected in series (Bio-Rad) and eluted with
pocket that recognizes the required substrate proline residuea gradient of 1.50 M (NH,4).SQ, in 20 mM Tris (pH 7.6).
and that this rigid pocket cannot accommodateranched Pooled HIC fractions were concentrated and exchanged into
residues such as valin®)( but the inability of APPro to 20 mM Tris (pH 7.6) using Microsep centrifugal concentra-
cleave peptides with smaller side chains (e.g., alanine) intion devices (30 kDa MWCO; Pall). The final concentration
the second position remains unexplained. The structure ofof all APPro samples was10 mg mL* as determined by
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a Coomassie blue dye-binding assay (Bio-Rad). The purity and then allowed to cool for 3 min befafgy, was measured

of APPro samples>98% for all samples) was confirmed
by SDS-PAGE. Wild-type APPro used for kinetic studies

against a substrate blank. Concentrations of the product were
qguantified using a standard curve obtained with008 mM

with peptide substrates was subjected to size-exclusionalanine.
chromatography in a Sephacryl S200 column (Pharmacia) Kinetic parametersiu andkes Or K'ca) were obtained by

that had been preequilibrated with 20 mM Tris (pH 7.6) and
150 mM NacCl. The recorded absorbande= 280 mn)
showed APPro as the only peak in the elution profile. Size-

fitting experimental data to the Michaetidlenten equation
by nonlinear regression using the program PRISM 4 (Graph-
Pad Software). Apparent inhibitory constants sg)Cwere

exclusion eluate was concentrated and exchanged into 20obtained by fitting experimental data to a sigmoidal dese

mM Tris (pH 7.6) as described above.
Enzyme KineticsThe activity of mutant APPro was

response curve by nonlinear regression using PRISM 4.
Protein Crystallization and X-ray DiffractionCrystals

assayed using the quenched fluorescent substrate Lys(Abz)were grown at £C by vapor diffusion in hanging or sitting

Pro-Pro-pNA (Bachem)32). All enzyme preparations were
freshly diluted with ice-cold 50 mM Tris (pH 8.1) and 100
mM NaCl and treated with MnGfor 10 min at 37°C prior

to the assay. After addition of substrate, the final reaction
conditions were 50 mM Tris (pH 8.1), 100 mM NacCl, 1 mM
MnCl,, 100uM substrate, and g mL~* APPro (final assay
volume 250uL). The assay was allowed to proceed for 30
min at 37°C in a Wallac Victof 1420 fluorescent plate

drops containing 2L of precipitant solution and 2L of
APPro. Diffraction quality crystals grew within 1 month.
Hexagonal crystals of mutant APPro (H243A, H354A,
H361A) grew in hanging drops under conditions similar to
those reported previously [6-6.6 mg mLt APPro, 0.1 M
Tris (pH 8.2-8.5), 28-32% (w/v) PEG 4K 6)]. Hexagonal
crystals were transferred to fresh drops containing reservoir
solution supplemented with 1 mM Mn£And cryoprotectant

reader (Perkin-Elmer); the appearance of fluorescent product(10% v/v MPD) and allowed to equilibrate for 30 min

(Aex = 340 NnM, Aem = 430 nm) was monitored at 3 min

prior to cryocooling. Tetragonal crystals of mutant APPro

intervals. Since the pure fluorescent product was not availablegrew in sitting (D271A, H350A, E383A) or hanging
to quantitate the changes in fluorescence, the kinetic results(D260A) drops under conditions similar to those reported

are presented as activities in relative fluorescence ujits (
The values reported fd¢ .o (Maximal catalytic activity) are
in units of fluorescence per minute per nanogram of APPro.
The kinetic parameter&y (Michaelis constant) an®’ca
(maximal catalytic activity) were determined using Z00
uM Lys(Abz)-Pro-Pro-pNA and kg mL~* wild-type APPro
or 4 ug mL~* H350A APPro.

Competitive inhibition of Lys(Abz)-Pro-Pro-pNA hydroly-

recently [7.2-18.3 mg mLt APPro, 0.1 M sodium citrate
(pH 7.5), 0.2 M magnesium acetate,28% (v/v) MPD
(8)]. As these crystals were grown in MPD, they required
no additional cryoprotection. They were transferred to fresh
drops containing reservoir solution supplemented with 1 mM
MnCl, and allowed to equilibrate for 3660 min prior to
cryocooling.

All crystals were flash cryocooled in a stream of gas

sis by nonfluorogenic substrates was measured using a minof100 K) prior to data collection. Laboratory diffraction data

modification to the above protocol. Nonfluorogenic tripeptide
substrates Ala-Pro-Ala, AlaNcmethyl)Ala-Ala, and Ala-Ala-

were recorded at 100 K on a Mar345 imaging plate detector
(Marresearch) using X-rays produced by a Rigaku RU200H

Ala were purchased from Bachem. The fluorogenic substraterotating anode generator (CuokA = 1.5418 A), focused

Lys(Abz)-Pro-Pro-pNA and the nonfluorogenic peptide

with Osmic mirrors (MSC Rigaku). Synchrotron diffraction

substrates were added to wild-type APPro that had beendata were recorded at the Stanford Synchrotron Radiation

pretreated with MnGlat 37°C for 10 min. The final reaction
conditions were 50 mM Tris (pH 8.1), 100 mM NaCl, 1 mM
MnCl;, 5 uM fluorogenic substrate, 0-15.0 mM nonfluo-
rogenic tripeptide substrate, anduy mL™* APPro (final
assay volume 25@L). The reaction was monitored for 30
min at 37°C as described above.

Activity of wild-type APPro with the nonfluorogenic
peptide substrates Ala-Pro-Ala, AlaHmethyl)Ala-Ala, and
Ala-Ala-Ala was measured using a slight modification of a
previously published metho838). APPro was freshly diluted
with ice-cold 50 mM Tris (pH 8.1) and 100 mM NacCl and
treated with MnCJ for 15 min at 4°C prior to the assay.
After addition of substrate, the final reaction conditions were
50 mM Tris (pH 8.1), 100 mM NaCl, 1 mM Mn@]| 0.31—
3.75 mM tripeptide substrate, and 0.28 mL~* wild-type
APPro (final assay volume 8@L). Due to the low activity
of APPro against AlaN-methyl)Ala-Ala and Ala-Ala-Ala,
higher final concentrations of APPro were required to
quantify the activity (0.88 and 11.78 mL™%, respectively).
The reaction was allowed to proceed for 20 min af@7at
which time 200QuL of ninhydrin reagent [1.6 g of ninhydrin
in 80 mL of ethanol and 10 mL of glacial acetic acid, mixed
with 1 g of CdChL in 1 mL of water 83)] was added to each
reaction. Samples were heated at°@for exactly 15 min

Laboratory beamline 9-2A(= 0.9809 A) at 100 K on a
Mar325 CCD detector (Marresearch). Diffraction data were
indexed and integrated using MOSFLBYJ and scaled using
SCALA (35).

Structure Solution and Refinememhe crystal structures
were refined using the following protocol. Starting models
were stripped of all nonprotein atoms (metals, solvent, hetero
compounds). These models, treated as a rigid bodies, were
refined using diffraction data to 3.0 A resolution with
REFMACS5 36). The starting model for the refinement of
H243A, H354A, and H361A APPro was the structure of Mn-
loaded APPro refined in the hexagonal space grie622
[PDB ID 1WL9 (8)]. For D260A, D271A, H350A, and
E383A APPro, the starting model was the structure of Na-
loaded APPro refined in the tetragonal space grbufp?
[PDB ID 2BHC 8)].

Subsequent refinement involved iterative cycles of model
building in COOT @7) using F, — F. and 2F, — F¢
difference electron density maps followed by TL3B) and
restrained refinement in REFMACB®) using all available
diffraction data. Analysis and validation of all structures were
carried out with the assistance of the program WHATCHECK
(39 and the MOLPROBITY 40) server. Refinement re-
straints for modified cysteine residues and all hetero com-
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of possible contamination by endogenous wild-type enzyme.
Catalytic activities of wild-type and H350A APPro were
measured as a function of substrate concentration. H350A
APPro exhibited lower substrate affinitj = 140 + 20

and 87+ 8 uM for H350A and wild-type APPro, respec-
tively) and lower maximal catalytic activityk]ca; = 440 &

40 and 570Gt 200 fluorescence mirt (ng of APPro)* for
H350A and wild-type APPro, respectively] than wild-type
APPro. The observeld../Km of H350A APPro was therefore
21-fold lower than for the wild-type enzyme.

Non-Proline Peptides Are Poor Substrates of APHiioe
apparent inhibition of wild-type APPro Lys(Abz)-Pro-Pro-
pNA hydrolysis by competition with the tripeptides Ala-Pro-
Ala, Ala-(N-methyl)Ala-Ala, and Ala-Ala-Ala is shown in
Figure 3. Ala-Pro-Ala reduces hydrolysis of Lys(Abz)-Pro-
Pro-pNA with an apparent inhibitory constant gjof 0.22
Conserved 4+ 0.05 mM, while no inhibition is seen in the presence of
FIGURE 1: Sequence conservation of the pita bread domain of Ala-(N-methyl)Ala-Ala or Ala-Ala-Ala.

APPro and prolidase mapped onto the structure of the C-terminal  The dependence of the activity of wild-type APPro on the

domain ofE. coli APPro. Each residue is colored by its conservation ; ; ; _DPro. _
in 249 sequences of APPro and prolidase from blue (not conserved)concentratlons of the tripeptide substrates Ala-Pro-Ala, Ala

to red (highly conserved). Side chains are shown only for strongly (N-methyI)AI_a-AIa, and Ala-Ala-Ala is presented in Figure
conserved residues. The Mn(ll) atoms of the dinuclear metal site 4. The kinetic parameteitsy (770 £ 50 uM), Keat (85 & 2
are shown in pink. PyMOL was used for molecular imag&8.( s 1), and kea/Ky (110000+ 9700 st M™Y) of wild-type

) ) APPro with Ala-Pro-Ala as substrate are consistent with
pounds were generated with the assistance of the PRODRGyeviously reported valued®). While wild-type APPro was

(41) server. Superpositions and calculations of rms difference gpje to hydrolyze the non-proline substrates Alergethyl)-
were performed using the program LSQMAHZ. Ala-Ala and Ala-Ala-Ala, individual kinetic parameters could
RESULTS not be obtained due to the limited sensitivity of the assay
and the high apparent valueskf (>4 mM, Figure 4). The
Residues at and around the Metal Center of APPro Are activity of wild-type APPro depended linearly on substrate
Highly Consered.Inspection of the top 250 results returned concentrations, giving approximate valuekafKy of 2260
from a BLAST search of the UniProt knowledgebase with + 40 and 63+ 4 st M~ for Ala-(N-methyl)Ala-Ala and
E. coli APPro as the query sequence revealed 249 sequencedéla-Ala-Ala, respectively. Due to the lower activity of
that code for APPro or prolidase. A multiple alignment of H350A APPro and limited sensitivity of the nonfluorogenic
these sequences, performed using the program CLUSTALX assay, measurement of H350A APPro activity with these
(31), is available as Supporting Information. Strong sequence tripeptide substrates was not attempted.
conservation is evident for the C-terminal pita bread domain, Molecular Structures of Mutant APPrd@he structures of
whereas the N-terminal domain &. coli APPro is not all seven site-directed mutantsBf coli APPro are reported
conserved. Mapping the sequence conservation onto theat medium to high resolution (Table 2). Existence of the
structure of the C-terminal domain Bf coli APPro (Figure relevant mutation was confirmed in all structures during the
1) shows that the residues at and around the active site areearly stages of refinement. Strong negafiye- F. difference
the most conserved. As summarized in Table 1, all metal electron density was colocated with the side chain of the
ligands are strictly conserved, as are His243 and His361, mutated residue in each model, and a lack of positive
two residues previously identified as being important for difference electron density confirmed that the side chain had
catalysis 6, 22). His350 and Arg404, which form extensive not simply moved to another location. The overall structure
interactions with the prolidyl ring of bound substrate or of APPro is not significantly affected by the mutations.
product @), are also strongly conserved (Table 1). Other Excluding the C-terminal residues Lys439 and GIn440, which
conserved residues around the active site, not known todo not adopt a single conformation, the rms difference
interact with the active site metals or substrate, are presumecdetween the positions of 438 correspondirfga@®ms in wild-
to play structural roles in maintaining the integrity of the type [PDB ID 1WL9 @)] and mutant APPro ranged from
active site. On the basis of this sequence analysis, seven 0.09 to 0.30 A. Structural differences between wild-type and
coli APPro mutants (with alanine substitutions at His243, mutant APPro were generally subtle and restricted to the
Asp260, Asp271, His350, His354, His361, and Glu383) were close vicinity of the mutated residue.
generated to probe the substrate binding and catalytic Mutation of the metatligand residues at the active site
mechanism of the enzyme. resulted in selective elimination of binding of MnMng, or
H350A Is the Only APPro Mutant That Displays Signifi- both Mn(ll) atoms (Figure 5). In E383A APPro, both Mn-
cant Catalytic Actiity. Of the seven mutant enzymes, only (ll) atoms are present in the active site, but the bridging
H350A displayed significant hydrolytic activity with Lys-  solvent molecule (W1) is located significantly farther from
(Abz)-Pro-Pro-pNA as substrate (Figure 2). As wild-type and the metals than in wild-type APPro, and neither of the axial
mutant APPro were overexpressedncoli without the aid solvent atoms (W2 and W3) are present. In H354A APPro,
of affinity tags, low levels of mutant APPro activity (less Mng is present at the active site at less than full occupancy
than 1% of wild-type activity) were not quantified because (0.75), and a water molecule @) occupies the Mg site.

Mot
Conserved I
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Table 1: Conservation of Active Site Residues of APPro, Prolidase, and MetAP

residue no. residue no.
(E. coliAPPro) (E. coliMetAP) notes
metal ligands
Asp260 Asp97 strictly conserved
Asp271 Aspl108 strictly conserved
His354 His171 strictly conserved
Glu383 Glu204 strictly conserved
Glu406 Glu235 this section of the catalytic domain is missing in a splice variant cDNA of prolidase from the marine

spongeSuberites domuncul@niProt ID O62566)
other residues

His243 His79 strictly conserved

His350 N/A not conserved in MetAP; conserved in all but five APPro/prolidase sequences,Sttapomyces
lividansAPPro (UniProt ID POA3Z4) an8treptomyces coelicol@gkPPro (UniProt ID POA3Z3), Thrin
two Arabadopsis thalian&ypothetical proteins (UniProt IDs Q9ZPZ5 and Q8GYQO), and Cys in
Bifidobacterium longur\PPro (UniProt ID Q8G4M8); for all of these species exd@plongumanother
APPro/prolidase gene sequence can be identified in which His350 is conserved

His361 His178 Arg in the prolidase froBdellovibrio bacteriovorus (UniProt ID Q6MN88)

Arg404 N/A not conserved in MetAP; this section of the catalytic domain is missing in a splice variant cDNA of
prolidase from the marine spon§e domunculgdUniProt ID 062566)

__ 1201 APPro no atoms of Mn(ll) are bound at the active site. One
= 1004 Na(l) atom, coordinated by His354, Glu383, Glu406, and
2 god two solvent atoms, was modeled at the active site based on
-% 604 the height of difference electron density and geometric
< 404 considerations. The side chain of Glu383 is rotated signifi-
2 cantly around the C-C° bond in order to accommodate the
z 2N bound Na(l) atom. The active site of D271A APPro is highly
X 0q — disordered, and the possibility of heterogeneity at the metal
e ——1 site cannot be discounted.
LT ST T AT R The bir_lding of metal atoms is not significantly affected
& F L by mutation of nonmetatligand residues, although these

mutations do cause rearrangement of bound solvent mol-

FiIGURE 2: Relative activity of wild-type and mutant APPro. Activity ecules at the active site (Figure 6). The metal site of H350A
was measured using the quenched fluorescent substrate LyS(Abz)APP is indisti ishable f hat of the wild
Pro-Pro-pNA. Each bar represents the mean of five independent*F ~10 IS Indistinguishable from that of the wild-type enzyme

measurements{SEM). within experimental error. The only difference between the
metal sites of H243A and wild-type APPro is that the solvent
1207 molecule W2 is located farther from Mrthan in wild-type
1004 {\ . } { APPro, although it maintains the same hydrogen bonds to
2 }]%[{I EI W1 and N%(His361). In H361A APPro, W2 is not seen.
807 In some of the structures, minor rearrangement of nearby

residues occurs as a result of the mutation. In D260A APPro,
the side chain of Arg404, which forms a hydrogen bond with
0%2(Asp260) in wild-type APPro, is rotated around the-C

C? bond and N(Arg404) now forms a hydrogen bond tg-O
(Thr273). (O(Thr273) also forms a hydrogen bond with the

&

Relative Activity (%)
N (2]
? <

0 carboxylate group of Asp260 in wild-type APPro.) In H354A
APPro, the peptide bond between the residues Val360 and
o 104 10° 102 His361 is flipped. Val360 adopts a different rotamer con-
[peptide] (M) formation, and the imidazole side chain of His361 is located

FiGURE 3: Plot of relative activity of wild-type APPro with Lys- 1 A closer to the metal site than the equivalent side chain in
(Abz)-Pro-Pro-pNA vs concentration of the tripeptide competitive wild-type APPro. His361 could not occupy this position in
substrates Ala-Ala-Ala), Ala-(N-methyl)Ala-Ala ©), and Ala- the wild-type enzyme because it would clash with the side

Pro-Ala @). Each point represents the mean of three independent ., of His354. In H361A APPro, the carboxylate side chain
measurementsHSEM). The curve represents a nonlinear regression f Asp38 f di ! hich f

fit of the entire data set for the apparent inhibition by Ala-Pro-Ala Of ASP38 from an adjacent monomer, which forms a
to a sigmoidal doseresponse curve. hydrogen bond with Ri(His361) of wild-type APPro, is

rotated 120 around the €&—C? bond and no longer faces
The bridging solvent (W1) is 2.1 A from Mpand 2.7 A the active site (Figure 6).
from Wx. The axial solvent molecule (W3) is farther from Some of the APPro mutants crystallized with buffer
Mng (2.8 A) than the equivalent molecule in wild-type APPro components bound at the active site. In E383A APPro a
(2.4 A). In D260A APPro, Mg is bound at the active site,  sulfate ion is bound (occupaney 0.70), forming a strong
but the Mrg site is empty. In this case, the limited resolution hydrogen bond (2.5 A) with R(His243). The structures of
of the structure determination{, = 2.9 A) did not permit D260A and H350A APPro both have one molecule of MPD
the modeling of any solvent bound to MriLastly, in D271A bound at the active site. In D260A APPro the MPD occupies
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Ficure 4: Plot of wild-type APPro specific activity (micromoles of product formed per minute per milligram of enzyme) vs concentration
of the tripeptide substrates: (A) Ala-Ala-Ala, (B) Aldmethyl)Ala-Ala, and (C) Ala-Pro-Ala. Each point represents the mean of five
independent measurementsSEM). The curve represents a nonlinear regression fit of the entire data set to the Mickisglien equation.

Table 2: Data Collection and Refinement Statistics

H243A D260A D271A H350A H354A H361A E383A
crystal APPro APPro APPro APPro APPro APPro APPro
Crystal and Diffraction Data
pH 8.2 7.5 7.5 7.5 8.5 8.5 7.5
space group P6422 14,22 14,22 14,22 P6422 P6422 14,22
unit cell dimensions
a (A) 177.2 137.6 138.6 138.2 177.3 177.3 138.6
c(A) 96.4 232.0 232.1 231.3 96.8 96.5 231.4
X-ray source rotating anode  SSRL BL9-2 SSRLBL9-2 rotating anode rotating anode rotating anode rotating anode
A (A) 1.5418 0.9809 0.9809 1.5418 1.5418 1.5418 1.5418
resolution range (A) 76:+1.75 24.1-2.9 22.6-2.2 74.5-2.6 76.7-1.7 65.2-1.7 60.0-2.4
(1.84-1.75} (3.06-2.90) (2.32-2.20) (2.74-2.60) (1.79-1.70) (1.79-1.70) (2.53-2.40)
unique reflections 86631 (12594) 22735(3362) 56922 (8253) 33663 (4324) 97989 (14128) 96986 (13977) 41368 (5806)
completeness (%) 97.3(97.9) 91.7 (94.5) 99.4 (100.0) 97.2 (86.6) 100.0 (100.0)  99.4 (99.5) 94.1 (91.3)
multiplicity 5.0(3.5) 3.8(3.7) 4.1(4.1) 5.4 (4.6) 5.9(5.1) 6.0(5.1) 5.9 (4.5)
Mlo()O 17.4 (3.4) 10.50 (2.0) 13.60 (1.8) 14.0 (2.4) 16.5 (1.9) 19.7 (2.8) 13.9 (2.5)
Riergd 0.06 (0.29) 0.10 (0.53) 0.06 (0.55) 0.11 (0.59) 0.07 (0.67) 0.06 (0.48) 0.11 (0.55)
Refinement Statistics
reflections in working set 83997 21640 53699 32029 94990 94042 39342
reflections in test set 2632 1091 2799 1630 2965 2938 2026
total atoms (non-H) 4181 3569 3689 3681 4185 4199 3712
protein atoms 3495 3484 3484 3484 3495 3495 3483
metal atoms 2 2 2 3 1 2 3
water atoms 642 41 169 152 636 647 187
atoms in alternate 41 21 13 21 52 54 21
conformers
other atom% 1 21 21 21 1 1 18
Reryst 0.150 (0.242) 0.169 (0.322) 0.170(0.303) 0.172(0.295) 0.158 (0.294) 0.150(0.302) 0.172 (0.325)
Riree® 0.165 (0.299) 0.202 (0.387) 0.193(0.303) 0.204 (0.364) 0.176(0.359) 0.165(0.364) 0.207 (0.370)
rmd, bond lengths (A) 0.009 0.008 0.010 0.010 0.010 0.010 0.010
rmd, bond angles (deg) 1.160 1.074 1.181 1.181 1.183 1.206 1.178
BA?) 21.8 66.3 57.5 44.3 18.6 21.0 384
DPI (A 0.07 0.36 0.12 0.21 0.06 0.06 0.17
PDB ID 2BWS 2BWT 2BWU 2BWW 2BWX 2BWV 2BWY

2The values in parentheses are for the highest resolution 8iRallge =

Shyillni — DhVY Ky idnl ¢ Includes atoms of buffer or anion$Rerys:

= Y nlFn(obs)— Fr(calc)/Y nFr(obs).® Rree = Ruyst fOr approximately 5% of the data not used during refinement. The sets of test reflections were
the same as those used for the refinements of the published starting models: PDB ID 8WirSsfructures in the hexagonal space gr&@p22
and PDB ID 2BHC §) for structures in the tetragonal space gréd22. f DPI is the diffraction precision indicator defined by Cruickshasg)(

the same general position as in Zn-loaded APR)ob{t
forms different hydrogen bond interactions. In H350A APPro
the MPD molecule occupies the position of the imidazole
side chain of His243 in wild-type APPro (Figure 6). As a
result, the side chain of His243 is rotated around its-C#
bond and is located farther from the metal site than in wild-
type APPro. TheB values of the imidazole side chain of
His243 refine to high values, indicating that the side chain
is disordered. It was observed previously that the position
of His243 responds to the presence of different ligands bound
at the active sitef). The disorder in the active site of H350A

APPro extends to residues 891 in an adjacent subunit.
The peptide bond between residues Trp88 and Phe89, the
O(peptide) atom of which forms a hydrogen bond with the
N(peptide) of His243 in wild-type APPro, was not located
in electron density and was not modeled.

DISCUSSION

As originally identified by sequence analys®,(APPro
shares a common pita bread fold with the other exopeptidases
prolidase and MetAPg 10, 11). The active site structures
of the three enzymes are almost identical, with two divalent
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FicurRe 5: Stereoviews showing the active sitesofcoli APPro mutants in which metaligand residues are truncated to alanine (left) and
schematic diagrams of the metdigand interactions (right). The wild-type enzyme [WT, PDB ID 1WL®)](is shown for reference. For
clarity, only the metatligand residues are shown. The conformation of the truncated side chain in the wild-type enzyme is shown in gray
for the mutants. B, — F. electron density (1&for WT, D260A, D271A, and E383A, 1&2for H354A) is shown in blue. Distances in the

right column are in angstroms.

metal ions bound to the same set of ligands, and they arethe mutated residues in wild-type APPro can now be
presumed to share a common mechanism of catal§g)s (  discussed.

All three enzymes cleave the N-terminal amino acid froma  Substrate Binding at the Act Site of APProConsistent

di- or oligopeptide. MetAP prefers substrates with methionine with its N-terminal specificity, APPro binds directly to the
in the R position, whereas the specificity of APPro and N-terminal amino group of a peptide substrate. In structures
prolidase is shown by a preference for proline in the P of APPro in complex with apstatin, of prolidase in complex
position. In this study, conserved residues at the active sitewith AHMH-Pro, and of MetAP in complex with AHHpA-

of APPro likely to be involved in metal binding, substrate peptide, the primary amino group of the peptide-like inhibi-
binding, or catalysis were mutated to alanine. The relation- tors is observed to bind to M one of the two active site
ship between the activity of these mutants and the role of metal atomsX0, 20, 22). However, MetAP and APPro from
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PDB ID 1WL9 (8)] is shown for reference. For clarity, only solvent molecules that interact with the Mn(ll) atoms of the dinuclear metal
center (pink) are shown. The mutated residue is shown in orange, and the side chain of Asp38 from an adjacent subunit, which interacts
with His361, is shown in purple (omitted in H350A for clarity).
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selected species have been shown to be fully active with catalytically essential residues (the metal ligands, His243,

only the other metal, I, bound at the active sitel 8, 15).
It has been suggested that, in the absence gf tfle

and His361), His350 and Arg404 are not conserved in MetAP
(20), lending further weight to the suggestion that their role

positively charged amino group of the substrate binds to theis in determination of proline specificity. The side chains of

carboxyl side chains that are usually ligands of {12, 13,

15, 23). This hypothesis is supported by the structure of apo-

APPro in complex with the tripeptide Val-Pro-Leu, where

His350 and Arg404 make van der Waals interactions with
the @ and @ atoms and the Cand C atoms, respectively,
of a bound proline residue). Analysis of this $ substrate

the amino group of the substrate interacts with the side chainshinding pocket revealed that its size prohibits the binding

of Asp260 and Asp2718j. Despite the fact that Mn(the

metal atom invoked in mechanisms describing APPro single-

metal activity) is present in D260A APPro, the mutant
enzyme is inactive (Figure 2). This presumably arises from
an inability to bind substrate, since neither Mnor the
carboxylate of Asp260 is available to interact with the amino
group of the P residue.

Interaction between the;Presidue of the substrate and
His243 is also required for catalysis. Mutation of His243 to

of f-branched hydrophobic residues such as valine, explain-
ing the lack of APPro activity toward such substrat8p (
However, these structural analyses did not offer a facile
explanation for the inability of APPro to efficiently cleave
peptides with smaller residues (e.g., alanine) at theike.

New data presented in this paper directly address the issue
of proline specificity in APPro. First, mutation of His350 to
alanine reduces both the substrate-binding affinity and the
catalytic activity of the enzyme (Figure 2). The structures

alanine abolishes APPro activity (Figure 2), as does the of H350A and wild-type APPro differ only slightly. The

equivalent H79A mutation irE. coli MetAP (22). In the
apstatin complex of APPro, R{His243) acts as the donor
in a hydrogen bond to the;PO(peptide) atom Z0). An
equivalent hydrogen bond is present in the complex of apo
APPro with the substrate Val-Pro-Le8) @nd in complexes
of prolidase and MetAP with AHMH-Pro and AHHP-
peptide, respectivelyl(Q, 22). An obvious conclusion is that
this hydrogen bond stabilizes substrate binding.

observed difference in position of the side chain of His243
is unlikely to be significant as this residue is disordered or
mobile in the absence of active site ligands (such as substrate
or product) 6—8). Given that the imidazole side chain of
His350 and the prolidyl ring of bound substrate or product
form extensive hydrophobic contact8),(we suggest that

the reduced activity and poorer substrate binding of H350A
E. coli APPro reflects its inability to hold the substrate in

However, an alternate role for His243 has been proposedthe correct orientation for catalysis. Mutations of the

on the basis of the structure & coli MetAP in complex
with the catalytic intermediate analoguenethionine phos-
phonate. In this complex, MetAP<NHis79) [equivalent to
N<(His243) of E. coli APPro] moves significantly from its
position in the native enzyme amibnatesa hydrogen bond

equivalent residue in porcine membrane-bound APPro
(His519) to lysine or leucine also cause significant increases
in Ky and, in the case of H519K, a significant decrease in
Keat (19).

Second, the reduced affinity of APPro for substrates with

to a phosphonate oxygen of the ligand that is assumed to bealanine oN-methylalanine at the Pposition demonstrates

in an equivalent position to the N(peptide) atom of the
substrate P residue 21). This analysis led to the proposal
that MetAP N?(His79) acceptsa hydrogen bond from the
P)' peptide NH of the substrat®1) and that the same is
true for the equivalent residue His243 in APPrb2)
However, like APPro and prolidase, MetAP is active against
substrates with proline in the;Pposition @4), and the
peptide nitrogen of proline has no proton to donate in the
formation of a hydrogen bond with His243 (or His79 in
MetAP) @8, 20). We therefore conclude that the essential

that the proline residue is critical for substrate recognition.
While Ala-Pro-Ala is able to competitively inhibit hydrolysis

of the fluorogenic substrate Lys(Abz)-Pro-Pro-pNA with
moderate efficiency (16 = 0.22+ 0.05 mM), no inhibition

is seen in the presence of AlaHmnethyl)Ala-Ala or Ala-
Ala-Ala at concentrations up to 5 mM (Figure 3). Low levels
of APPro activity against Xaa-Ala-... peptides (Figure 4 and
refs 33 and43) show that the S subsite of APPro can bind
residues smaller than Pro, albeit weakly, and that such
substrates are hydrolyzed. The activity of APPro depends

catalytic role of His243, and equivalent residues in the related linearly on concentrations of AlaNtmethyl)Ala-Ala or Ala-
metalloenzymes, is stabilization of substrate binding by the Ala-Ala from 0 to 4 mM, confirming the low affinity of

donation of a hydrogen bond from ®(His243) to the
O(peptide) atom of thePresidue of the substrate.

APPro for these peptides since they fail to saturate the
enzyme. The importance of the’ @tom of the P proline

APPro and prolidase have a strong preference for Xaa-residue for substrate recognition is highlighted by the

Pro(-...) substrates. We have now shown that, like in
dipeptidyl peptidase IV, which removes N-terminal Xaa-Pro

observation that APPro cleaves Alg-(nethyl)Ala-Ala more
than an order of magnitude more readily than it does Ala-

dipeptides, and prolyl aminopeptidase, which cleaves the Ala-Ala.

N-terminal Pro-Xaa bond, proline specificity in APPro
arises from interactions of the enzyme with the distinctive
prolidyl ring rather than from the special chemistry of Xaa
Pro peptide bond{, 28). In structures of APPro in complex

Mechanism of Catalysi§everal similar mechanisms have
been proposed for the pita bread metalloenzymes APPro and
MetAP (6, 12, 23, 44). Although these enzymes were
originally identified as requiring two metal atoms for

with the product dipeptide Pro-Leu, the substrate tripeptide catalysis, at least some can function with only one metal at

Val-Pro-Leu, and the substrate-like inhibitor apstatin, a
hydrophobic pocket cradles the prolidyl ring of thé fésidue

(6, 8, 20). The two residues that define the hydrophobic
proline-binding pocket oE. coli APPro, His350 and Arg404,

the active site 13—15, 45). The principal features of the
mechanistic proposals are common to both one- and two-
metal forms of the enzymes. A solvent molecule, polarized
by binding to one or both metal ions, is positioned for

are conserved in 249 APPro and prolidase sequences (Tablaucleophilic attack on the carbonyl carbon of the scissile

1 and Supporting Information). Unlike the fully conserved,

peptide bond 12, 21, 23). A base, Glu383 in APPro,
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Scheme 1: Proposed Catalytic MechanismEorcoli APPro
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abstracts a proton from this nucleophile,(23). The peptide

proposed polarizing bond from the metal to theJ¥peptide)

carbonyl oxygen of the scissile peptide bond is coordinated atom of the substrate28), such that the Pcarbonyl is no

directly to the “tightly” bound metal M (12, 23). His361,
originally identified as being required in the stabilization of
an oxyanion intermediates(21), has recently been impli-

longer susceptible to nucleophilic attack.

Glu383 binds to Mp and forms a hydrogen bond with
the bridging solvent atom in wild-type APPro. In E383A

cated in modulation of the Lewis acidity of the active site APPro both Mn(ll) atoms are still present at the active site.
metal(s) 23). The current study presents a comprehensive The bridging solvent atom W1 is also present, but it is farther
survey of the effect of mutagenesis of conserved active sitefrom the Mn(ll) atoms than in the wild-type enzyme (Figure

residues upon the structure and function of a pita bread5). Inactivity of E383A APPro may be caused by the removal

metalloenzyme.

Mutation of any one of the metal-binding residues
(Asp260, Asp271, His354, or Glu383) to alanine reduces
APPro activity by at least 2 orders of magnitude (Figure 2),
as previously observed for equivalently mutated forms of
porcine membrane-bound APPiI®] or E. coli MetAP (18).
Truncation of the side chains of these mef&and residues
to alanine selectively abolishes binding of either or both Mn-
(I) atoms at the active site of APPro (Figure 5). In wild-
type APPro, Asp271 bridges the two Mn(ll) atoms. Neither
Mn(ll) atom is bound at the active site of D271A APPro,
but an Na(l) atom from the crystallization buffer is located
in the Mns site. Clearly, the D271A mutant is inactive

of the base that deprotonates the bridging solvent nucleophile
or by the movement of the nucleophile in the absence of the
stabilizing bond from Glu383 to a position inappropriate for
attack on the carbonyl carbon of the substrate.

Although not involved directly in metal binding, His361
is conserved in sequences of APPro, prolidase, and MetAP
(20). Two roles have been proposed for His361 in the
catalytic mechanism: modulation of the Lewis acidity of the
active site metal atoms and/or stabilization of gemdiol
intermediate §, 12, 21, 23). The mutant enzyme H361A
APPro has<1% of wild-type activity (Figure 2), and
mutation of the equivalent residuelin coli MetAP (His178)
to alanine reduces the activity of the enzyme by about 2

because it lacks a metal atom capable of polarizing a solventorders of magnitude2@). Both Mn(ll) atoms are present at

molecule as is required for catalysi)(

Asp260 coordinates Mnin a symmetrical bidentate
fashion in the wild-type enzyme. In the D260A mutant of
APPro, Mn(ll) is bound only at the Msite. As explained
earlier, D260A APPro is not able to function as an active

the active site of H361A APPro, occupying the same
positions as in the wild-type enzyme. This is consistent with
isothermal titration calorimetry analysis &f coli MetAP,
which showed that the H178A mutation (equivalent&o
coli APPro H361A) does not disrupt metal binding3).

single-metal form of the enzyme since, in the absence of However, mutation of His361 to alanine has a subtle effect

Mng, the carboxyl group of Asp260 is required for binding
of the terminal amino group of the substrate.

His354 coordinates Mnin the wild-type enzyme via its
N<2 atom. Mutation of His354 to alanine results in the loss
of Mn,a binding, and Mg binds with only 75% occupancy.
Reduced occupancy of Mris consistent with some coop-
erativity of metal binding. The loss of Mnprevents the

on the solvent structure at the active site of APPro. In the
wild-type enzyme, the solvent molecule W2, near but not
coordinated to MR, forms hydrogen bonds to the bridging
solvent molecule and His361 (Figure 6). In H361A APPro,
W?2 is not present at the active site (Figure 6). It has been
suggested on the basis of Co(ll) electronic absorption spectra
that the nucleophilic hydroxide ion is more easily generated
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in H178A MetAP than in the wild-type enzyme due to the REFERENCES

loss of the strong hydrogen bond between the bridging
solvent and W2, which has the effect of reducing the Lewis
acidity of the Co(ll) atoms and hence their ability to polarize
the carbonyl bond of bound substra@3), While this is
consistent with the loss of W2 in H361A APPro, this
suggestion may not be relevant for the catalytic mechanism.
In complexes of wild-type APPro with the substrate analogue
inhibitor apstatin and ofapo APPro with the tripeptide
substrate Val-Pro-Leu, W2 is displaced and a direct hydrogen
bond is formed from K(His361) to the O(peptide) atom of
the R substrate residue8( 20). The orientation of the
imidazole ring of His361 is stabilized by a hydrogen bond
between NY(His361) and the side chain carboxyl group of
Asp38 of an adjacent subunit (Figure 6). In the structures of
APPro in complex with substrate or produ@&, 20) the
hydrogen bonds between the imidazole ring of His361, the
P, O(peptide) atom, and the carboxylate group of Asp38 are
maintained, and the imidazole ring of His361 is therefore in
the doubly protonated form. Given that W2 is displaced when
substrate binds, any modulation of the Lewis acidity of the
metals in the resting enzyme is not likely to be important
for catalysis. The hydrogen bond between the doubly
protonated His361 and the P(peptide) atom observed in
the structures of APPro in complex with apstatin and Val-
Pro-Leu supports a role for this residue both in optimally
positioning the scissile peptide bond for nucleophilic attack
and in stabilizing thegemdiol intermediate.

Based upon these kinetic and structural data, an amended
catalytic mechanism for APPro is presented in Scheme 1.
Our proposal differs from published mechanisms for MetAP
(12, 23, 44) only in the proposed roles of His243 and His361.
The required P proline residue of substrate is bound in a
hydrophobic pocket, formed by His350 and Arg404, which
correctly orients the substrate for catalysi€(Nis243) forms
a hydrogen bond with the ;P O(peptide) atom, further
stabilizing the substrate complex. The amino group of the
P1 substrate residue coordinates togviim single-metal forms
of the enzyme it is likely that the carboxylate side chains of
Asp271 and Asp260 perform the function of Mrbinding
substrate via salt bridges with the same amino group. The
O(peptide) atom of the Residue binds to Mx polarizing
the carbonyl bond to facilitate nucleophilic attack by the
bridging solvent nucleophile. Glu383 abstracts a proton from
the nucleophile. His361 and Mnstabilize thegemdiol
intermediate that is formed following the nucleophilic attack.
In the final step, collapse of this intermediate to products is
facilitated by donation of the abstracted proton from Glu383
to the R’ amine leaving group.
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