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ABSTRACT. The effect of metal substitution on the activity and structure of the aminopeptidase P (APPro)
from Escherichia colihas been investigated. Measurements of activity in the presence %f Mg?+,

Zn?t, Na*, and C&" show that significant activity is seen only in the Mn-bound form of the enzyme. The
addition of Zr#* to [MnMn(APPro)] is strongly inhibitory. Crystal structures of [MnMn(APPro)], [MgMg-
(APPro)], [ZnZn(APPro)], [ZnMg(APPro)], [Ca(APPro)], [Na_(APPro)], and &paAPPro)] were
determined. The structures of [CAPPro)] and [Na_(APPro)] have a single metal atom at their active
site. Surprisingly, when a tripeptide substrate (ValProLeu) was soaked into(/NRPro)] crystals in the
presence of 200 mM Mg, the structure had substrate, but no metal, bound at the active site. The structure
of apo APPro complexed with ValProLeu shows that the N-terminal amino group of a substrate can be
bound at the active site by carboxylate side chains that normally bind the second metal atom, providing
a model for substrate binding in a single-metal active enzyme. Structures of [MnMn(APPro)] and [ZnZn-
(APPro)] complexes of ProLeu, a product inhibitor, in the presence of excess Zn reveal a third metal-
binding site, formed by two conserved His residues and the dipeptide inhibitor. A Zn atom bound at such
a site would stabilize product binding and enhance inhibition.

Aminopeptidase P (APPrb)is a metalloprotease that tetramer, in which each of the four subunits has a catalytic
cleaves the N-terminal amino acid residue from a polypep- site centered on a dinuclear Mn(ll) cluster. The metal atoms
tide, provided that the second residue is proline. This of the cluster are not structurally equivalent: one s
substrate preference is important, because many biologicallyfive-coordinate with a distorted square pyramidal geometry,
active peptides have Xaa-Pro at the N-terminus. For example,and the other (Mg) is six-coordinate with a distorted
APPro plays a direct role in the regulation of the potent octahedral geometry. A bridging solvent atom, assumed to
vasodilatory mammalian peptide hormone bradykirfiph ( be a hydroxide ion at the optimal pH for the enzyme reaction
The presence of APPro in the minimal genomesiaémo- (pH 8), is likely to be the nucleophile that attacks the
philus influenza@ndMycoplasma genitaliurhighlights its substrate at the C(peptide) atom of the scissile bdhdrhe
importance as an essential enzyme for the recycling of structure of APPro has been solved previously in complex
cellular peptidesZ, 3). with the product dipeptide ProLeu and the substrate-like

The molecular structure of APPro is known from high- inhibitor apstatin4, 6). These studies identified the substrate
resolution crystal structure analyses of the nageherichia binding pocket of APPro: the ;Ssite (Tyr229, His243,
coli enzyme in three crystal formd,(5). The molecule isa  Asp260, Asp271, His354, Val360, and His361); thesgte
(Leu242, His243, Asp260, His350, Glu383, and Arg404);
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(1), and Zn(Il) (10—12). Spectroscopic measurementskn reported 13). The protein was purified either by the
coli APPro are consistent with a substantial difference previously reported method (sample 4) {3) or by small
between the affinities of the enzyme for the first and second modifications thereof. Sample 1: lysed cells were subject
Mn(ll) atoms of the dinuclear clusterl®, and human to (NH,).SO, precipitation at 4£C followed by centrifuga-
cytosolic APPro recombinantly expressedeincoliis active tion. The pellet was resuspended and applied to a DEAE
when it contains only one molar equivalent of Mn(1D)1j. Fractogel column (Merck). The APPro-containing fraction
The situation is complicated further by an observation that was then passed over a ceramic hydroxyapatite column (Bio-
porcine membrane-bound APPro is activated by one molar Rad). The sample was then dialyzed twice agdirs of 20
equivalent of zZn(ll) @4). It is unlikely that the reported mM Tris (pH 7.6) and 1.5% (w/v) DTT. The protein was
differences among the cited APPros arise from different concentrated to 5.7 mg mt as determined by amino acid
active site clusters, since an alignment of APPro sequencesanalysis. Sample 2: additional steps were taken to remove
shows that the metal-binding residues are strictly conservedany bound metal ions. After hydroxyapatite chromatography,
(6). the protein was dialyzed twice agairs L of 20 mM Tris

Similar questions concerning the essential features of a(pH 8.5), 1.5% (w/v) DTT, and 1 mM EDTA and then
dinuclear metal site arise in the case of two related enzymes.against 2x 2 L of 20 mM Tris (pH 8.5) and 1.5% (w/v)
APPro belongs to a small family of ‘pita-bread’ metalloami- DTT. Protein was concentrated to 10 mg mhlas determined
nopeptidases, named for the conserved polypeptide fold ofby a Coomassie dye-binding assay (Bio-Rad). Sample 3: a
the catalytic domain. The other known members of the family modified protocol, which avoided overnight dialysis, speeded
are prolidase, which is specific for Xaa-Pro dipeptide up the purification. After resuspension in 30 mL of 50 mM
substrates, and methionine aminopeptidase (MetAP), whichTris (pH 8.0) and 0.1 mM EDTA at 4C, cells were lysed
cleaves oligopeptides with a Met-Xaa N-terminus. The by incubation with lysozyme at 4C for 30 min followed
structures of prolidase and MetAP have been determined.by sonication. The lysate was cleared by ultracentrifugation
Both enzymes have an active site centered on a dinuclear(100 00@, 30 min, 4°C). Cleared cell lysate was diluted to
metal cluster with the same metal-binding residues as in 100 mL in 20 mM Tris (pH 7.6), applied to an anion
APPro. Prolidase has been identified as Co(ll)-dependentexchange column (Toyoperl DEAE-650M, Tosoh, Japan),
(15). The Zn(ll)-enzyme is inactivel@). In the case of  and eluted against a gradient of 20 mM Tris (pH 7.6) and 1
MetAP, the metal required to potentiate the enzyme was M NaCl. Pooled eluate was combined with an equal volume
originally also identified as Co(II)1(7), but later experimental (30 mL) of 20 mM Tris (pH 7.6) add 3 M (NH,),SO, and
evidence has favored Zn(ll) for type-l yeast MetAR8) centrifuged (27 00§, 10 min) before being applied to an
Fe(ll) for E. coli MetAP (19), and Mn(ll) for human type-l| EconoPac Methyl-HIC cartridge (Bio-Rad) and eluted against
MetAP (20). For both prolidase and MetAP, there is strong a gradient of 20 mM Tris (pH 7.6). Pooled HIC eluate was
evidence that the two metal atoms in the dinuclear cluster concentrated (30 kDa MWCO, Millipore) and then dialyzed
have different effects on the catalytic reaction. Prolidase is (Slide-A-Lyzer 10 kDa MWCO, Pierce) against31 L of
inactive with one Co(ll) atom and requires a second Co(ll) 20 mM Tris (pH 7.6) and 1 mM EGTA at 4C. The final
atom for activity (L5). For E. coli MetAP, spectroscopic and  APPro concentration was 7.7 mg miLas determined by a
kinetics data show that one of the metal sites is ‘tight’, and Coomassie dye-binding assay (Bio-Rad).
the other ‘loose’ 21). Under anaerobic conditions, catalysis Peptide Synthesi&/alProLeu was manually synthesized
occurs when only the ‘tight’ metal-binding site is occupied by solid-phase methods using Fmoc chemistry. Starting
by Co(ll) or Fe(ll) 21, 22). Occupancy of the ‘loose’ metal-  materials and reagents were purchased from Auspep (Aus-
binding site by Co(ll) or Fe(ll) affects the kinetic activity tralia). Following cleavage from the resin with trifluoroacetic
negatively (see re23 for a review). acid, the peptide was purified by HPLC using & €olumn

To explore these two key questions further in relation to (Varian). The identity of the purified peptide was verified
APPro, we have solved and refined the crystal structures of by electrospray mass spectrometry (Finnigan LCQ).
[MgMg(APPro)], [ZnZn(APPro)], [ZnMg(APPro)], Protein Crystallization.Crystals were grown at 4C by
[Ca_(APPro)], [Na_(APPro)], and §pa/APPro)]. To pro- vapor diffusion in hanging drops containing &L of
vide a baseline for structural comparisons, the original precipitant solution and aL of 10 mg mL™* APPro unless
[MnMn(APPro)] structure has been re-refined with improved stated otherwise. Crystals generally grew in 1 or 2 weeks.
protocols. The activity oE. coli APPro has been measured Hexagonal crystals ofapa/APPro)] were grown using
after incubating theapo-enzyme with MA*, Mg?*, Zn?t, sample 2 of APPro under conditions similar to those reported
and C&". The structures of complexes prepared by exposing previously (0.1 M Tris (pH 8.1) and 30% (w/v) PEG 4K
crystals of APPro to a tripeptide substrate, ValProLeu, or a (4)). Crystals of [MgMg(APPro)] were prepared from
dipeptide hydrolysis product, ProLeu, have also been deter-[apoAPPro)] crystals by soaking fdl h in mother liquor
mined. On the basis of these experiments, we are able tosupplemented with 100 mM MgglOrthorhombic crystals
suggest reasons why the Mg(ll)-, Ca(ll)-, and Na(l)-loaded of [Ca_(APPro)] were grown under conditions similar to
forms of the enzyme are inactive and why the active Mn(ll) those reported previously (25% (w/v) PEG 4K, 0.2 M Na
enzyme is inhibited by Zi. acetate, 0.1 M Tris (pH 8.5), and 0.1 mM EDTB)) using

sample 2 of APPro. The Gawas introduced in the buffer

MATERIALS AND METHODS used for cryoprotection (see below). Tetragonal crystals of

Protein Expression and PurificatiorSeveral different [Na_(APPro)] were grown at 4C in sitting drops containing
samples of. coli APPro were prepared during the course 2 uL of reservoir solution (26% (v/v) MPD, 0.1 M Na citrate
of the experiments described in this work. The protein was (pH 7.0-7.5), and 0.2 M Mg acetate) andi@2. of APPro
overexpressed irE. coli AN1459/pPL670 as previously (sample 3). Crystal samples aidoa/APPro)+ ValProLeu]
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and [MgMg(APPro)+ ProLeu] were prepared by soaking
[Na_(APPro)] crystals in fresh drops of mother liquor with
added 10 mM ValProLeu for 1 and 20 h, respectively.
Crystals of [ZnZn(APPro)] and [ZnZn(APPrel ProLeu]
were prepared by soaking [N&APPro)] crystals fo2 h in
mother liquor with added 1 mM Zngivith and without 10
mM ProLeu dipeptide (Sigma). Crystals of [MnMn(APPro)
+ Zn, ProLeu] were prepared from [NdAPPro)] crystals
by soaking fo 1 h inmother liquor with added 1 mM Mng|

1 mM ZnCh, and 10 mM ProLeu (Sigma).

Monoclinic crystals of [ZnMg(APPro)] were grown at 20
°C in hanging drops containing /L of reservoir solution
(16% (w/v) PEG4K, 0.1 M Tris (pH 8.3), and 0.2 M Mgfl
2 uL of APPro (sample 1), and 0.54 of 0.2 M MgCl..
Peptide complexes of [ZnMg(APPro)] were prepared by
soaking crystals overnight in fresh drops containing mother
liquor supplemented with 15% (v/v) MPD and 10 mM
ValProLeu. No Zn was added to any of the buffers used for
crystallization or for cryoprotection of the monoclinic
crystals.

X-ray Diffraction Data.Crystals that had been grown in
a solution containing MPD or had been transferred to a
solution of peptide with added MPD required no further
cryoprotection prior to flash cryo-cooling. Crystals of
[apaAPPro)] and [MgMg(APPro)] were cryoprotected by
brief washing in mother liquor containing 20% (v/v) 2-pro-
panol or 20% (v/v) 2-propanol with added MgCtespec-
tively. Similarly, crystals of [ZnMg(APPro)] were cryopro-
tected by a brief wash with 20% (v/v) MPD in the mother
liquor. Crystals of [Ca.(APPro)] were transferred to fresh
mother liquor supplemented with 5 mM CaGbr 10 min
and then cryoprotected by brief washing in successive
solutions containing Cagbkupplemented mother liquor and
concentrations of 2-propanol increasing from 10% to 30%
(V).

All crystals were flash cryo-cooled in a stream of §as
prior to data collection. Diffraction data were recorded at
100 K. Laboratory data were recorded with X-rays produced
by a Rigaku RU200H rotating anode generator (Cat, K
1.5418 A). Diffraction data for gpa/APPro)], [MgMg-
(APPro)], and [Ca_(APPro)] crystals were recorded on a
Rigaku R-axis IIC imaging plate system with Yale mirror
optics. Diffraction data for all other crystals other than
[ZnMg(APPro) + ProLeu] were recorded on a Mar345
imaging plate with Osmic optics. Diffraction data for [ZnMg-
(APPro)+ ProLeu] were recorded at the Stanford Synchro-
tron Radiation Laboratory beamline 9-2 on an ADSC

Graham et al.

refinement with REFMACS using all dat29). The structure

of native APPro ([IMnMn(APPro)]) was re-refined using the
published structure (PDB ID 1AZ%}) as the starting model.
The structures ofdpa/APPro)] and [MgMg(APPro)] were
refined using the re-refined [MnMn(APPro)] structure (PDB
ID 1WL9) as the starting model. The structure of [Ga
(APPro)] was refined using the isomorphous structure of
native APPro refined in the orthorhombic space gréag2,
(PDB ID 1M35 (5)) as the starting model. Initial rigid-body
refinement treated each of the six monomers in the asym-
metric unit as a separate rigid body. Initially, NCS restraints
were applied to all residues in the six independent chains.
In the final rounds of refinement, these restraints were
removed in those parts of the polypeptide chains affected
by crystal packing. All structures of APPro crystallized in
the tetragonal space groud:22 were refined using the
isomorphous structure of native APPro in complex with
apstatin (PDB ID 1N518)) as the starting model.

The structure of [ZnMg(APPro)] was solved by molecular
replacement using the program AMOREO]. The search
model was a tetramer of the re-refined [MnMn(APPro)]
structure generated from a monomer by crystal symmetry,
stripped of all metal atoms, solvent atoms, residue modifica-
tions, and multiple conformers. Two solutions were clearly
distinguished by loweR-values and higher figures of merit.
Inspection of unit cell packing showed that each tetramer
lay on a crystallographic two-fold axis. It was therefore
concluded that the asymmetric unit contained 2 dimers (4
monomers) of APPro. The tetramers are generated by
crystallographic two-fold axes. Initial rigid body refinement
treated each of the 4 monomers in the asymmetric unit as a
separate rigid body. In early rounds of TLS and restrained
refinement, NCS restraints between the 4 monomers were
applied to all residues. These restraints were removed in the
later rounds of refinement for residues involved in crystal-
packing contacts.

Analysis and validation of all structures was performed
with the aid of PROCHECK31), SFCHECK 82), WHAT-
CHECK 33), and MOLPROBITY B4). The refinement
restraints for the modified cysteine residues and other hetero
compounds were created with the assistance of the PRODRG
(35) and HIC-UP 86) servers. Superpositions and compari-
sons of C positions were performed using LSQMAISY).
Peaks in anomalous electron-density difference maps were
integrated with MAPMAN 88) in 2 x 2 x 2 A2 boxes
centered on the peak maximum.

Quantum-315 CCD detector. Data were recorded from a Metal lon and Protein AnalysesCP-MS analysis was

single Crystal using x_rays at two Wave|engths above and performed on a Hewlett-Packard 4500 IndUCtiVely Coupled

below the Zn Kx absorption edge: 1.2817 A (9673 eV) and Plasma Mass Spectrometer. Amino acid analysis was carried
1.2861 A (9640 eV), respectively. All diffraction images Out using gas-phase hydrolysis and Waters AccQTag chem-
were indexed and integrated using DENZO, and the dataiStry. Cysteine and tryptophan concentrations, not measurable

were scaled using SCALEPACRKA4).

Structure Solution and Refinemeiihe 12 structures in
this paper were refined by slight variations of the same
protocol. The starting models were stripped of metal atoms,

by this technique, were calculated from known sequence data.

Enzyme KineticsActivity of APPro was assayed using a
quenched fluorescent substrate Lys(Abz)-Pro-Pro-pNA
(Bachem, Switzerland)3Q). The appearance of fluorescent

solvent atoms, hetero compounds, and residues with multipleproduct §ex = 340 nm,Aem = 430 nm) was measured on a

conformations. The models were originally treated as single
rigid bodies and refined with REFMAC® 3 A resolution.
Further rounds of refinement involved manual model building
with O (25) or COOT 6), using sigma-A weighted electron-
density maps Z7), followed by TLS @8) and restrained

Wallac Victor 1420 fluorescent plate reader (Perkin-Elmer).
All assays were performed in black 96-well polypropylene
plates (Greiner bio-one, Germany) with a final assay volume
of 250uL. ICso values were estimated by fitting a sigmoidal
dose-response curve to the experimental data by nonlinear
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Ficure 1: Activity of E. coli APPro. The activity is shown as arbitrary fluorescence units. All assays were performefiGf@730 min

in the presence of 50 mM Tris (pH 8.1), 100 mM NaCl, 10@ Lyz(Abz)-Pro-Pro-pNA quenched fluorescent substrate, apd inL~?!
APPro that had been dialyzed overnight against EGTA (sample 3). Standard errors are shevl). ((A) Activity of APPro in the
presence of different metal salts (1 mM); (B) activity of APPro as a function of MeGhcentration; and (C) activity of APPro as a
function of ZnC}, concentration. Assays in panel C were performed in the presence of 1 mM,Nsdlitl line) and in the absence of
MnCI, (dotted line, errors too small to be shown on this scale).

regression using the program PRISM 4 (Graph Pad Soft- the positions of 438 corresponding* @oms in the native

ware). [MnMn(APPro)] and derivative APPro structures range from
0.10 to 0.34 A.
RESULTS Very few residues in the substrate-binding cleft of APPro

The Effect of Metal lons on the Adiiy of APPro.As has adopt different conformations despite differences between
been observed previousk), E. coli APPro that is dialyzed ~ the contents of the active sites. Metéigand residues
against a buffer containing EGTA (sample 3, [APRig) undergo only minor shifts in response to the presence of
= 20 nM) to remove divalent metal ions is not active (Figure different metal atoms at the active site (see below). Among

1A). The buffers used in these kinetics assays were analyzedhe residues in the substrate-binding pocket, only His243
for the presence of Be&, C*, Mn?*, or Zr#*, which have responds to changes at the active site (see Discussion).
been reported to activate APPro. All were below detectable In several of the structures presented, there is evidence
levels by ICP-MS. Among the metal ions studied {Ga  for oxidation of the sulfhydryl group of Cys249 (Figure 2).
Mg?*, Mn?*, Na’, and Z#), the only significant activity ~ In [MnMn(APPro)] and [Ca_(APPro)], Cys249 is oxidized
was found in the presence of Kin(Figure 1A). Slight  to a sulfenic acid (Cys-SOH). In [ZnMg(APPro)] and
inhibition was observed when the concentration of2Mn  [ZnMg(APPro) + ProLeu], Cys249 is fully oxidized to a
exceeded 1 mM (Figure 1B). In the absence of adde&Mn  sulfonic acid (Cys-Sg). Oxidation of cysteine sulfhydryl
low levels of APPro activity were observable only when the groups has been observed previously in protein crystal
concentration of enzyme was raised to at least 50 times thestructures 41).
level used in the standard assay (deposited as Supporting Several features appear consistently in all the structures
Information). which crystallize in a given space group. For example, in
Zn?* strongly inhibits fully active Mn-loaded APPro (}¢ the hexagonal, orthorhombic, and monoclinic crystals but
= 0.5uM, Figure 1C). ZA" is not able to activate APPro, not in the tetragonal crystals, a chloride ion is present
even at concentrations below those at which it inhibits the between the N(peptide) atoms of residues 111 and 80. This
Mn-loaded active enzyme (Figure 1C). ion has been identified positively by the presence of
Molecular Structure of APPro in the Presence of Different significant anomalous difference electron density and by the
Metals. The structures of APPro with different active site height of positive difference electron density. When a water
metals ((MnMn(APPro)], [MgMg(APPro)], [ZnMg(APPro)], =~ molecule is modeled at this position, its temperature factor
[ZnZn(APPro)], [Ca_(APPro)], and [Na_(APPro)]), in the refines to the minimum limit and significant positive dif-
absence of metals gpo(APPro)]), in the presence of ference electron density remains.
substrate @poAPPro)+ ValProLeu]), and in the presence In tetragonal crystals of APPro, an Mg(ll) atom is located
of product ([MgMg(APPro)t+ ProLeu], [ZnMg(APProH at one of the crystal contacts between adjacent APPro
ProLeu], [ZnZn(APPro}- Zn, ProLeu], and [MgMg(APPro)  molecules. The atom has been identified as Mg(ll) in these
+ Zn, ProLeu]) have been refined (Table 1). All but the two structures by the height of the peak in difference density
[ZnMg(APPro)] structures crystallized in the hexagorir£ and by the lack of anomalous difference density. This site
22), tetragonal 1@,22), and orthorhombicG222;) space was modeled as an Mn(ll) atom with 0.5 occupancy in
groups previously observed for APP# §). [ZnMg(APPro)] [MnMn(APPro) + apstatin] 6). The Mg(ll) atom is coor-
and [ZnMg(APPro}t+ ProLeu] crystallized in the monoclinic  dinated by six solvent atoms in an octahedral geometry,
space groupC2 (Table 1). No significant differences in  which in turn form hydrogen bonds with an O(carboxylate)
tertiary or quaternary structure of APPro are observed in atom of Glu396, the O(peptide) atoms of Glu396, GIn397,
comparisons between any of these structures. Excluding theand Arg399, the O(peptide) atom of Asp253 in a subunit of
two C-terminal residues Lys439 and GIn440, which do not an adjacent tetramer (generated by the symmetry operation
adopt a single conformation, the rms differences between([x, 1/2 — vy, 1/4 — Z]), and several solvent molecules. The



Table 1: Data Collection and Refinement Statistics

=
w
[e5)
N
N
o]
o
[MnMn(APPro)] apo apoAPPro+ [MgMg(APPro)+ [ZnZn(APPro)+ [ZnZn(APPro)+ [MnMn(APPro)+ [ZnMg(APPro)+ %
crystal (native) APPro [MgMg(APPro)] [Ca_(APPro)] [Na_(APPro)] ValProLeu ProLed] [ZnZn(APPro)]  Zn, ProLed] Zn, ProLeu] Zn, ProLeu]  [ZnMg(APPro)] ProLed] )
Crystal and Diffraction Data %
pH 8.3 8.1 8.1 8.5 7.5 7.5 7.5 7.0 7.5 7.0 7.5 8.3 8.3 =
space group P6,22 P6,22 P6,22 C223 14,22 14,22 14,22 14,22 1,22 14,22 14,22 Cc2 Cc2 <
unit cell dimensions <
a(A) 177.42 177.32 177.73 208.36 138.78 138.22 138.57 138.81 138.99 138.01 139.69 111.97 111.73 (=}
b (A) - - - 312.69 - - - - - - - 236.70 236.53 .
c(A) 96.42 96.31 96.48 160.20 231.01 230.84 230.96 230.91 230.74 230.73 230.67 137.64 138.00 ﬁ
p (deg) - - - - - - - - - - - 106.14 106.34 -
X-ray source rotating rotating rotating rotating rotating rotating rotating rotating rotating rotating rotating rotating SSRL 9-2 Z
anode anode anode anode anode anode anode anode anode anode anode anode ©
(A 1.5418 1.5418 1.5418 1.5418 1.5418 1.5418 1.5418 1.5418 1.5418 1.5418 1.5418 1.5418 1.2817 N
detector Raxis llc Raxis llc Raxis llc Raxis llc Mar345 Mar345 Mar345 Mar345 Mar345 Mar345 Mar345 Mar345 Quantum-315N
resolution 38.9-1.9 50.0-2.1 42.0-2.0 30.0-2.4 60.0-2.4 60.0-2.4 60.0-2.5 60.0-2.4 60.0-2.8 60.0-2.4 60.0-2.4 40.0-2.3 40.0-2.0 N
range (A) (1.97-1.90p (2.18-2.10)  (2.05-2.00) (2.48-2.40) (2.49-2.40) (2.49-2.40) (2.59-2.50) (2.49-2.40) (2.90-2.80) (2.49-2.40) (2.49-2.40) (2.38-2.30)  (2.07-2.00) o
observed reflections 238 899 175115 183 255 424 315 237 304 221444 302 908 273016 269 380 269 380 392 368 419 909 641136 8
unique reflections 65 397 47 238 56 227 192 310 43 830 43763 38892 43879 28 154 43 466 44 853 150 182 225729
completeness (%) 93.0 (63.4) 90.2 (59.4) 92.4 (64.2) 94.5 (86.0) 98.8 (100.0) 99.5 (99.9) 99.2 (100.0) 98.9 (91.0) 99.8 (98.5) 99.2 (98.5) )100.0 (99.9 (97.6) 97.9 (96.2)
multiplicity 3.7(1.5) 3.7(2.3) 3.3(1.9) 2.2(1.9) 5.5 (4.6) 5.1(4.4) 7.8(7.0) 6.2 (4.7) 7.4 (6.9) 6.1(5.0) 8.7 (7.0) 2.8(2.7) 29(2.7)
<llo(l)> 24.4 (5.7) 32.9(7.2) 26.5(5.4) 19.6 (4.5) 20.8(2.6) 20.2(2.4) 22.7(3.4) 22.2(3.4) 16.3(2.7) 25.2(3.2) 25.4(3.2) 17.6 (3.4) 13.9 (6.0)
Riergé 0.052 (0.261)  0.059 (0.239) 0.072(0.333)  0.040(0.181) 0.074(0.594) 0.077 (0.626) 0.086 (0.578) 0.066 (0.486) 0.128 (0.671) 0.051 (0.520) .536).067 (0.060 (0.324)  0.074 (0.444)
Refinement Statistics
reflectigns in 63537 45746 54 464 182590 41 640 41583 36971 41 450 41151 42 558 142 654 214 328
working set
reflections in 1991 1475 1708 9688 2132 2130 1888 2126 2099 2184 7512 11297
test set
protomers 1 1 1 6 1 1 1 1 1 1 4 4
per ASU
totazl atom§ 4125 3990 4160 22063 3672 3661 3638 3750 3688 3825 14 814 15192
non-H
protein atoms 3500 3499 3499 20931 3487 3487 3487 3487 3487 3487 13960 13 964
metal atoms 2 0 2 6 2 1 3 5 5 4 10 10
water atoms 605 456 599 1072 149 109 98 216 146 286 832 1093
atoms in alternate 17 13 19 0 21 28 21 21 21 19 8 57
conformers
other atom$ 1 22 41 54 13 36 29 21 29 29 4 68
Rerysf 0.152 (0.235)  0.150(0.169) 0.148(0.201) 0.176 (0.218) 0.177(0.275) 0.178(0.266) 0.180 (0.320) 0.168 (0.279) 0.175 (0.258) 0.166 (0.284) .232).168 (067 (0.230)
Rered 0.170(0.267)  0.180(0.204) 0.173(0.220)  0.200 (0.265) 0.202 (0.313) 0.204 (0.337) 0.204 (0.329) 0.190 (0.294) 0.201 (0.297) 0.187 (0.330) .2610.19D(DBO (0.252)
rmsd bond 0.011 0.012 0.011 0.013 0.010 0.011 0.010 0.009 0.009 0.008 0.009 0.009
lengths (A)
rmsd bond 1.280 1.290 1.296 1.254 1.141 1.172 1.169 1.113 1.117 1.087 1.070 1.106
angles (deg)
BOAY 18.0 18.8 17.5 26.1 44.8 47.3 43.2 46.6 47.2 48.0 35.1 36.3
DPI (A 0.09 0.12 0.10 0.21 0.16 0.16 0.18 0.15 0.16 0.15 0.17 0.10
PDB ID 1WL9 IWLR 1WL6 1w2am 2BHC 2BHA 2BHD 2BHB 2BH3 2BN7 1WBQ 1w7v

aThe crystal was soaked with substrate (ValProLeu), but only product (ProLeu) was observed at the actiVédaitealues in parentheses are for the highest resolution 8fakge = SnYillni —
MhVy nY M40 @ Includes atoms of bound substrate, product, PEG, buffer, or arfi@ags:= 3 n|Fn(0bs)— Fr(calc)/¥nFn(obs).” Rree = Reryst for approximately 5% of the data selected at random for the native
structure not used during refinement. The same reflection set, chosen at random, was used for all structures refined in the same $pieeigithepdiffraction precision indicator defined by Cruickshan
(60).

‘e 18 weyern)
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the imidazole group of His354 is doubly protonated. A
second water molecule (¥)/at the active site lies between
the positions of Mp and the bridging hydroxide ion in
[MNnMn(APPro)]. The electron density for Wis weak,
indicating that it is disordered, and the hydrogen bonds
formed by W cannot be assigned reliably. The positions of
all metal ligand residues are slightly different from those in
the [MnMn(APPro)] structure. The main-chain torsion
anglesy andy, at Glu270 and Asp271 differ by up to L0
The position of the side chain of Asp271 differs from its
position in [MNMn(APPro)] by nearly 1.0 A as a result of a
10° rotation around the €£-C” bond.

Additional features of 4pa/APPro)] include an ordered
segment of poly(ethylene glycol) (PEG) in the substrate
channel, and two molecules of 2-propanol. The PEG segment
contains four ethylene glycol repeats of the approximately
90 present in an average PEG 4K molecule. The PEG
segment makes hydrophobic contacts with seven residues
at the active site including His243 and His361. As a result,
APPro ([MnMn(APPro)]) was refined against the same His243, which is disordered in [MnMn(APPro)], is well
diffraction data used previously to refine the structure (PDB ordered in fpo/APPro)]. The two 2-propanol molecules in
ID 1AZ9 (4)). The resolution of the data was extended from [apo(APPro)] are located far from the active site.
20t0 1.9 A by including reflections at the corners of the The Structure of MgMg APPrdhe active site of [MgMg_
square imaging plate detector, slightly reducing completenessApPro)] is closely similar to that of the native structure.
in the outermost shell. The extra data improved the quality The metal atoms occupy equiva|ent sites and are bound by
of eleCtron'denSity difference maps. The refinement was the same |igands (Figure 3C) Corresponding mdtghnd
further improved by TLS refinement in REFMACS5, which  hond lengths in the Mg and Mn structures do not differ
had not been available during the original refineme&®).( significantly (Figure 3A,C). However, the metalater
The R and Ryee values, 0.152 and 0.170, respectively, distance M—W?2 in [MgMg(APPro)], 2.3 A, is shorter than
compare favorably with the previous values, 0.165 and 0.192.that in [MnMn(APPro)], 2.8 A. As a result, Mghas a six-
TheRvalues are lower despite the presence of fewer solventcoordinate distorted octahedral geometry, instead of the five-
molecules in the model (605 versus 742), the use of fixed coordinate distorted square pyramida| geometry ofsMn
occupancy (1.0) for solvent atoms, and the inclusion of data [MnMn(APPro)]. Mg has a six-coordinate distorted octa-
to higher resolution. The new refinement has corrected somehedral geometry like Mgin [MnMn(APPro)], but the bond
irregular bond lengths and angles at the active site of the angles at Mg are closer to ideal octahedral geometry. The
previous model (Figure 3A). difference between the metalvater distances Mg-W3 and

There are a few significant localized differences between Mng—W3, 2.2 and 2.4 A, is of marginal significance.
the newly refined and previously published structures: the Additional features at the active site of [MgMg(APPro)]
loop between residues 82 and 89, although not well-defined, include an ordered molecule of 2-propanol from the cryo-
now forms a short stretch af-helix. It includes a new  puffer and an ordered segment of PEG. The hydroxyl group
hydrogen bond from the O(peptide) atom of Thr84, which of the 2-propanol makes a hydrogen bond with(Nis243),
previously pointed into the solvent, to the N(peptide) atom stabilizing the conformation of the imidazole ring. Ten
of Trp88. The orientations of several side chains far from ethylene glycol units from the PEG 4K used in the crystal-
the active site have been changed to provide a better fit tolization buffer form a well-ordered segment at the active site
the electron density, more plausible hydrogen bonding, or (Figure 4). One end of the PEG segment overlaps with the

Metal lon Selection in Aminopeptidase P
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Ficure 2: Oxidation of Cys249. B, — F¢ electron density
contoured at 18 is shown in blue. (A) [MgMg(APPro)], no
oxidation; (B) [MnMn(APPro)], Cys249 is modeled as a sulfenic
acid; and (C) [ZnMg(APPro} ProLeu], Cys249 is modeled as a
sulfonic acid. PyMOL was used to prepare molecular imagés (

calcium bond valence sum (CBVS) is 4.3 compared with an
expected value of 4.2 for Mg (cf. Na" 1.6, C&" 2.0, Mre*
3.2, and ZA" 4.1) confirming its identity42). The structures
also contain an ordered molecule of citrate, which forms a
hydrogen bond with RL (His222) and a salt-bridge with the
guanidyl group of Arg186.

Refinement of Nate APPro. The structure of native

better stereochemistry.

The Structure of Apo APPrélthough there are no metal
atoms at the active site ofjpo(APPro)], there are very few
significant structural differences from the native structure
(Figure 3B). A water molecule (W occupies the | site.
W, is surrounded by five potential hydrogen-bond donors
and acceptors: ®(Asp271), G¥(Glu406), GY(Glu383), G*
(Glu383), and N(His354). Assuming that the interaction
between W and the side-chain carboxylate group of Glu383

PEG in apdAPPro)]. The other end of the shorter segment
of PEG in [apaAPPro)] occupies the position of the
2-propanol in [MgMg(APPro)]. The PEG segment makes
hydrogen bonds with the side chain of Argl53 from an
adjacent subunit in the tetramer (generated by the symmetry
operation [1— x, 1 — v, Z]) and has hydrophobic contacts
with the side chains of residues His243, His354, His361,
Tyr366, Arg370, and with Trp88 from an adjacent subunit
tetramer (generated by the symmetry operation-[§, 1 —

is a three-centered hydrogen bond, a minimum of four x, 1%; — Z]). To accommodate the PEG, the side chain of
protons are required for the observed interactions with Argl53 in the neighboring subunit becomes ordered and
Asp271, Glu406, Glu383, and His354.,Woes not have  creates a binding pocket for an additional chloride ion. This
sufficient protons for four hydrogen bonds. Thus, it is likely chloride ion contacts the N(peptide) atom of His351 as well
that one of the neighboring carboxylate side chains is as the side chains of Arg153 and Arg370.

protonated and that ¥Ms a proton acceptor in the hydrogen
bond with N?(His354). Since RNY(His354) is hydrogen-
bonded to the O(peptide) atom of Trp355, it follows that

The Structure of Ca APPro.Crystals of [Ca_(APPro)]
are isomorphous with the orthorhombic form of the native
structure §). There are six molecules in the asymmetric unit,
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FiGure 3: Stereoviews showing the active siteEfcoli APPro in the presence of different metal&o2— Fc electron density (@ for A,

C—E, and G; 1.6 for B and F) is shown in blue. For clarity, only the metal ligand residues are shown. Distances displayed in the right
column are in angstroms; average values for the independent copies in the asymmetric unit are shown for E and F. (A) [MnMn(APPro)];
(B) [apa(APPro)]; (C) [MgMg(APPro)]; (D) [ZnZn(APPro)]; (E) [ZnMg(APPro)]; (F) [Ca(APPro)]; and (G) [Na.(APPro)].

designated AF. One tetramer of APPro is formed by four crystallographic two-fold axis on the remaining two subunits.
of the subunits, and the other by the operation of a The C-terminal residues A440, B43840, C440, and E440
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and one solvent molecule, rather than two Mg(ll) atoms, at
the active site was inferred from the metéigand and
solvent-ligand distances (2:32.6 A for the Na and 24

2.7 A for the solvent rather than 2:2.2 A as is typical for
Mg (43)), the lack of evidence of axial solvent molecules
(W2 and W3), and an NaW3 distance (2.7 A) too short
for the presence of a second metal atom, Nas a distorted
octahedral geometry. The CBVS for the Na atom is 1.5
compared with the expected value of 142), confirming
that the metal is sodium. The interactions betweenand
the protein are identical to those observed fay W[Ca_-
(APPro)]. While the solvent structure in the active site is
significantly rearranged, the positions of protein ligands do
not differ significantly from the positions of equivalent
residues in [MnMn(APPro)].

Ficure 4: Poly(ethylene glycol) (PEG) bound at the active site
cleft of [MgMg(APPro)]. Electron density & — Fc, blue, b)

and the final refined model of PEG are shown. The solvent-
accessible surface of APPro is shown in pale brown, and the active

The Structure of Apo APPro in Complex with Substrate.
Crystals of ppa/APPro)] bound to substrate were made by
soaking [Na_(APPro)] crystals in fresh mother liquor
supplemented with ValProLeu for 1 h. After initial positional

site Mg(ll) atoms are shown as magenta spheres. - . . .
9t g P refinement, strong difference electron density at the active

site could be modeled as the tripeptide ValProLeu. Un-

and the side chains of A439 and D440 were not modeled expectedly, there was no evidence for metal atoms at the
since there was insufficient electron density to permit an active site (Figure 5A).
unambiguous interpretation. Two 2-propanol molecules are  The ValProLeu tripeptide is located at the active site of
bound to each subunit in the same positions as observed inthe enzyme and forms sufficient hydrogen bonds with the
[apaAPPro)]. protein to satisfy all potential hydrogen-bond donors or

There is only a single Ca(ll) atom bound at the active site acceptors (Figures 5A and 6A). The N(amino) atom of the
(Figure 3F). It lies in approximately the same position as substrate Val residue is equidistant from the positions
Mna (the M, site). In all six independent molecules, the Ca- occupied by Mg and W1 in the structure of [MnMn-
(1) atom is bound to C#(Asp271), N3(His354), G{(Glu383), (APPro)], forming bifurcated hydrogen bonds with the
and 0O?(Glu383), 0% Glu406), and a water molecule @V carboxylate side chains of Asp260 and Aps271. The O(pep-
located~1 A from the position of M in [MnMn(APPro)] tide) atom of the substrate Val residue forms a hydrogen
and [MgMg(APPro)]. W forms hydrogen bonds with the  bond with N2(His361). The side chain of the substrate Val
carboxylate side chains of Asp260, Asp271, and Glu406. Theresidue makes van der Waals contacts with the side chains
interaction with Asp260 is probably a three-centered hydro- of residues Tyr229 and His243. The substrate Pro residue
gen bond. As observed for \Wh [apd/APPro)], three protons  lies in a pocket lined by the side chains of residues His350,
are required to fulfill the hydrogen-bonding requirements of Arg404, and Leu242. The O(peptide) atom of the substrate
Ws, and it is likely that one of the carboxylate side chains Pro residue forms a hydrogen bond witl?(kis243). The
is protonated. In two APPro molecules (C and E), a second imidazole side chain of His243, often not well-resolved in
water molecule occupies a position close to that of the axial electron density in APPro structures, is clearly visible in this
solvent W2 in [MnMn(APPro)], with the result that the Ca- structure. The substrate Leu residue is located in the wide
(I atom in these molecules is seven-coordinate with a opening of the substrate binding cleft of APPro, the N(pep-
distorted pentagonal bipyramidal geometry. The metal tide) atom forming a hydrogen bond with a solvent molecule
ligand distances and coordination number are consistent withthat in turn hydrogen bonds to <9Glu383), and the
the values expected for Ca. The CBVSs calculated for O(peptide) atom of Gly351. One O(carboxylate) atom of the
monomers C and E, 2.3 and 2.1, are equal to the expectedsubstrate Leu residue forms a hydrogen bond with- N
value of 2.0 within the limits of precisio@). In the other (Arg153) from an adjacent subunit (generated by the sym-
APPro molecules (A, B, D, and F), the seventh (solvent) metry operationy — 1, 1/2+ x, 1/2 — Z]), and the other
ligand of the Ca atom could not be modeled due to the forms hydrogen bonds with '®(Arg370) and with the
absence of significant interpretable electron density. VEC- N(peptide) atom of Gly351. The side chain of the substrate
SUM (42) values, which approach 0 for ideal coordination Leu residue makes van der Waals contacts witfiH354).
geometry, are higher in monomers A, B, D, and F (0.41, The residues in and around the active site of APPro do not
0.35, 0.37, and 0.33) than in monomers C and E (0.17 andrequire significant rearrangement to accommodate bound
0.23), consistent with incomplete coordination spheres for substrate.
the Ca(ll) atoms of monomers A, B, D, and F. The Structure of MgMg APPro in Complex with Product.

The Structure of Na APPro. Unlike previously deter-  Crystals of [MgMg(APPro)] complexed with the product
mined structures of APPro in the tetragonal space group,dipeptide ProLeu were made by soaking [NAPPro)]
crystals of [Na_(APPro)] were grown in the presence of crystals in fresh mother liquor containing the substrate
the buffer sodium citrate rather than sodium cacodylate. The ValProLeu for 20 h. Positive difference electron density at

final model contains one atom of sodium, Ndocated in
the M, site and one solvent molecule g\Wh a position close
to the Ms site (Figure 3G). The presence of one Na(l) atom

the active site was interpreted as bound product, ProLeu,
and metal atoms at both thesMwind M sites (Figure 5B).
The N(amino) atom of the product Pro makes a hydrogen
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Ficure 5: Stereoviews showing the active siteEfcoli APPro with substrate (ValProLeu) or product (ProLeu) bound in the presence of
different metalsFo — F¢ difference electron density calculated before the substrate or product was added to the model is shown in green
(4o for A, D, and E; ¥ for B and C). (A) gpo (APPro)+ ValProLeu]; (B) [MgMg(APPro)+ ProLeu]; (C) [ZnMg(APPro} ProLeul];

(D) [ZnZn(APPro)+ Zn, ProLeu]; and (E) [MnMn (APPro}- Zn, ProLeul].

bond with the bridging hydroxide ion, confirming that the The metal atoms were identified as Mg(ll) from the metal
N-terminal Val of the original peptide has been removed. ligand distances.
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Ficure 6: Two-dimensional schematic diagrams showing interactions between APPro and either substrate or product. Hydrogen bonds
(green dashes), metdigand bonds (magenta lines), and hydrophobic interactions (red combs) are shown. The * denotes residue in neighboring
subunit. (A) ValProLeu ingpa/APPro)+ ValProLeu]; (B) ProLeu in [MgMg(APPro) ProLeu] or [ZnMg(APProH ProLeu]; and (C)

ProLeu in [MnMn(APProH Zn, ProLeu] or [ZnZn(APPro} Zn, ProLeu]. Figures were prepared using LIGPL®P)(

The dipeptide ProLeu is in the same position as in the published [Mn,Mn(APPro} ProLeu] structure is not visible
published structure of [MNMn(APPra} ProLeu] @). The in this structure.
bridging solvent molecule (W1) forms a hydrogen bond with  The Structure of ZnZn APPr@rystals of [ZnZn(APPro)]
the N(amino) atom of the product Pro residue. A second were made by soaking [NaAPPro)] crystals in fresh
solvent molecule, which forms hydrogen bonds with the mother liquor with 1 mM ZnGlfor 2 h. Two strong positive
N(amino) atom of the product Pro residue and(Nis361), peaks in difference electron density were evident at the active
as seen in [MnMn(APPro} ProLeu] @) and [ZnMg(APPro) site after initial positional refinement and were modeled as
+ ProLeu] (see below), is not sufficiently well-resolved to two atoms of Zn(ll) (Figure 3D). The presence of two
allow reliable modeling. The imidazole ring of His243 is anomalous peaks at the active site with integrated heights
well-ordered, the & atom making a weak hydrogen bond of 94 and 101 (compared with 75 for the strongest sulfur
interaction (3.2 A) with the O(peptide) atom of the product anomalous peak,8Viet19)) confirms the identity of the
Pro residue. The solvent molecule that makes a hydrogenatoms as Znf(: Zn0.7 e,S 0.6 €,Mg 0.2 e, and Na 0.1
bond with the N(peptide) atom of the substrate Leu in the e~ atA = 1.54 A @44)).
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The two atoms of Zn(ll) at the active site occupy positions
equivalent to those of the two Mn(ll) atoms in [MnMn-
(APPro)]. The Zn-ligand and Mnr-ligand distances are very
similar (Figure 3A,D). The Zx—Zng distance, 3.1 A, is not
significantly shorter than the Ma-Mng distance, 3.3 A. The

Graham et al.

height of electron-density peaks and the presence of signifi-
cant anomalous difference electron-density peaks (@b,

Zng 100, and Zg 51 compared with 89 for the strongest
sulfur anomalous peak,’&ys263)). The peak for Znis
smaller due to the higB value for this atom. We note that

hydrogen bond between the bridging solvent molecule (W1) the only metal ions present in the crystal buffer weréZn

and O%(GIlu383) is longer in this structure, 2.9 A, than the

equivalent bond in the native structure, 2.5 A. The two axial

Mg?*, and N4d.
The positions of Zp and Zns, and all their ligands, are

solvent molecules (W2 and W3) seen in the native structure indistinguishable from the positions of equivalent atoms in

are not present in this structure, and both, &amd Zry are
five-coordinate. Zp has a trigonal bipyramidal coordination,

[ZnZn(APPro)]. The molecule of ProLeu occupies the same
position as in the complex with Mn ([MnMn(APPro}

while Zng is best described as having a square pyramidal ProLeu], PDB ID 1A16 4)). Znc is in a pocket formed by

coordination.
In addition to the active site Zn atoms, two Zn atoms

the enzyme and the bound dipeptide product ProLeu. The
Znc ligands are K¥(His243), N?(His361), the N(amino) and

remote from the active site have been identified. Electron O(peptide) atoms of the product Pro residue, and a solvent

density at these additional sites is observed only wher Zn

molecule (Figures 5D and 6C). The imidazole side chain of

has been added to the crystals. One of the additional ZnHis243 is rotated 54around the ¢—C” bond compared with

atoms (Zm) is located near the junction of the N- and
C-terminal domains. Only two ligands of Zrare resolved
in the electron density, namely,“4His170) at 2.0 A and

the equivalent side chain in the published structure of
[MnMn(APPro) + ProLeu] @), while the imidazole ring of
His361 occupies a position similar to that of the equivalent

O%2(Asp48) at 2.1 A. The side chains of these two residues residue in [MnMn(APPro} ProLeu].

have the same conformations as in [MNnMn(APPro)] where

they interact directly with each other via a 2.8 A hydrogen
bond between the ®and 02 atoms. The second additional
Zn atom (Zr) is located at one end of the N-terminal

As in [ZnZn(APPro)], a fourth remote Zn atom (&nis
bound to N?(His71). Zrx is again modeled with half
occupancy and is highly disordereB £ 105 A?). There is
no evidence in this structure for gnthe other remote Zn

domain, remote from the C-terminal domain and from any atom present in [ZnZn(APPro)].

symmetry-related molecules. Zhas occupancy 0.5 and is
highly disorderedB = 110 A2) with only one ligand visible
in electron density, N(His71) at 2.0 A.

The Structure of MNnMn APPro in Complex with Product
in the Presence of ZnCrystals of [MNnMn(APPro)] in
complex with ProLeu and Zn were prepared by soaking

Difference electron density at the active site was modeled [Na__(APPro)] crystals in fresh mother liquor with 1 mM
as a disordered molecule of MPD. The tertiary alcohol moiety MnCl,, 1 mM ZnCk, and 10 mM ProLeu fol h at 4°C.
of the bound MPD molecule is in the same location as the The refined structure contains one molecule of ProLeu, two

prolidyl ring of the ProLeu dipeptide in ProLeu structures,
one end of the PEG molecule iaga(APPro)], and the active
site 2-propanol molecule in [MgMg(APPro)]. In this structure

atoms of Mn(ll) in the M and Ms positions (Mn, and Mrg),
and one Zn(Il) atom (Zg). The atoms Mp and Mri can be
identified as Mn, rather than Zn, using their anomalous

and in structures with bound ProLeu, a solvent molecule at signals. M and Mn; have integrated anomalous peak

the active site forms hydrogen bonds witf?(ilis361), with
the bridging solvent molecule (W1), and with either the
tertiary alcohol of MPD or the N(amino) atom of Pro.

The Structure of ZnZn APPro in Complex with Product.
To investigate the binding mode of substrate to [ZnZn-
(APPro)], crystals of [ZnZn(APPro)] were soaked with 10
mM ValProLeu for 30 min at £C. Initial refinement of

heights of 167 and 202 (compared with 81 for the strongest
sulfur anomalous peak}&ys263)), much larger than would
be expected if Mp and Mr were replaced by fully occupied
Zn atoms{': Mn28¢€,Zn0.7€e,and S0.6eatd =
1.54 A 44)), although the possibility of some heterogeneity
cannot be discounted. The third metal atom,cZwas
modeled as Zn and not Mn in view of a small anomalous

this structure showed that the ValProLeu substrate had beerpeak (of height 42) and the fact that the coordination is the

almost fully hydrolyzed to ProLeu in the crystal and that an

same as that of zZnin the [ZnZn(APPro)+ Zn, ProLeu]

extra atom of Zn was bound at the active site. The active structure (see above). Most importantly, in the presence of
site appeared to contain a mixture of ValProLeu or ProLeu excess M&™ (1 mM), the equivalent site in [MNnMn(APPro)
and the additional Zn atom. The moderate resolution of the + ProLeu] is not occupied by a metal atod).(The Zrt

data did not allow the refinement of this mixture (Table 1).

site is only three-quarters occupied and has a |&galue

To characterize the species containing ProLeu and the(70 A?), accounting for the small anomalous peak. As in the

additional Zn atom, crystals of [ZnZn(APPro)] in complex
with ProLeu were prepared by soaking [NEAPPro)]
crystals in fresh mother liquor with 1 mM Zn£Cand 10 mM
ProLeu fo 2 h at 4°C. The refined structure contains one

structure of [ZnZn(APPro}- Zn, ProLeu], Zr is disordered.
There is no evidence for additional Zn atoms 4T Zng)
remote from the active site as in [ZnZn(APPro)].

The coordination of Mp and Mrg in [MnMn(APPro) +

molecule of ProLeu and three atoms of Zn(ll) at the active Zn, ProLeu] is similar to that in [MnMn(APPro)]. The main

site. Two of the atoms occupy the normahMnd Ms sites
(Zna and Zr). A third Zn atom (Zr) is in a previously

difference is that neither of the axial solvent molecules (W2
and W3) is observed, possibly as a result of the lower

unobserved site (Figure 5D). The displacement parameterresolution of the data. The position of the bound product

of Znc refines to a high valueR = 75 A? versus 46 Aand
47 A2 for Zna and Zns, respectively), indicating that this

dipeptide ProLeu is identical with that seen in the published
structure of [MnMn(APPro)+ ProLeu] @). Znc and its

atom is disordered or that the site is partially occupied. The ligands occupy the same positions as equivalent atoms in
metal atoms were modeled as Zn(ll) based on the relative[ZnZn(APPro)+ Zn, ProLeu] (Figures 5E and 6C).
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The Structure of ZnMg APPr@rystals of [ZnMg(APPro)] refinement of [MnMn(APPro)]. Here, it makes a hydrogen
were grown from protein overexpressedHncoli, without bond to the N(amino) atom of the bound ProLeu dipeptide
the addition of metal ions other than Kfg The crystals and is in almost the same position as a water molecule in
belong to the monoclinic space gro@2. A structure of [MnMn(APPro) + ProLeu] @).

APPro has not previously been described in this space group. Source of the Zn in [ZnMg(APPro)Since crystals of
There are two dimers in the asymmetric unit. The four protein [znMg(APPro)] grew from solutions to which no Zn was
chains are designated A, B, C, or D in the deposited added at any stage, the origin of the Zn in the enzyme is a
coordinates. Tetramers (more properly dimers-of-dimers) of matter of interest. The crystals have one molar equivalent
APPro are formed by the operation of a crystallographic two- of zn. APPro sample 1, which had not been dialyzed against
fold axis on each dimer. Chain C makes no crystal contactsa metal chelating agent after purification, contained a
other than those within the tetramer. Parts or all of the significant amount of Zn (39.3:M by ICP-MS) but no
C-terminal residues A440, B43%40, C439-440, and  detectable Co or Mn. The concentration of protein in the
D439-440 were not located in significant electron density sample was 5.7 mg mitt (1154M) as determined by amino
and were omitted from the final model. The four independent acid analysis. Thus, the molar Zn/APPro ratio in the protein
molecules are not significantly different from one another, sample was 1:3, that is, insufficient to provide the molar
reflecting the use of noncrystallographic symmetry restraints equivalent of Zn in the crystalline enzyme. Substoichiometric
in the refinement. Pairwise rms differences over 438 C amounts of Zn have been observed previously to co-purify
atoms range from 0.07 to 0.11 A. with recombinantE. coli APPro ©). We assume that the

A difference electron-density map clearly indicated the crystals picked up additional Zn when they were equilibrated
presence of atoms at thesMind M sites, the former being  overnight in a fresh drop as part of the cryoprotection
more electron dense than the latter (Figure 3E). An X-ray protocol, since ICP-MS analysis detected a low level of Zn
fluorescence scan of the crystal (not shown) indicated the (1.8 «M) in the reservoir solution. Although the component
presence of Zn and the absence of Mn, Co, and Fe. Anof reservoir solution responsible for Zn contamination has
anomalous difference electron-density map calculated with not been positively identified, it is likely to be the MPD or

data recorded above the Zn absorption edge (9673 eV) hadPEG. No Zn contamination of Tris buffers was detected by
one large positive peak at theMite. The presence of Zn  |CP-MS.

was confirmed by a second data set, recorded below the Zn
absorption edge (9640 eV), which yielded no anomalous DISCUSSION
difference peak at the Msite. The second metal ion at the o o
active site was modeled as Mg on the basis of the height of Metal Binding at the Actie Site of APProThe overall
the difference electron-density peak. Partial occupancy by Structure of APPro is essentially unchanged upon metal
Zn or Mn would have resulted in an anomalous difference Pinding at the active site and is not sensitive to either the
peak, which was not observed. Refinement of the two atomsnumber of metal atoms (zero, one, or two) or their nature.
as Zn and Mg gave temperature factors similar to those of There are local d'lfferences.; in the region surrounding the
the ligating residues. The Zn(ll) atom is five-coordinate, with Metal atoms, particularly with respect to the bound solvent
four close ligands (2:42.2 A) and one more distant ligand molecules.
(2.5 A). The four close ligands, ®Asp271), N?(His354), In the structures where APPro has two metal atoms bound
O4(Glu406), and a water molecule, approximate a trigonal at the active site ((MnMn(APPro)], [MgMg(APPro)], [ZnZn-
pyramid. The more distant ligand, the?@5lu383), makes  (APPro)], and [ZnMg(APPro)]), the metal atoms are coor-
the coordination geometry quasi trigonal bipyramidal. The dinated by the side chains of residues Asp260, Asp271,
Mg(ll) atom is in the same position as Mdn [MgMg- His354, His383, and Glu406. There are only small variations
(APPro)] and has the same ligands. Two additional ions in the bond lengths to these ligands (Figure 3AE). In all
modeled as Mg are located far from the active site in four structures, a bridging solvent molecule (W1) occupies
[ZnMg(APPro)]. Each is coordinated by six water molecules the same location between the two metal atoms. The positions
in an octahedral arrangement. They lie between protein Of the other solvent molecules around the metals are not
molecules in the crystal and do not play any role in stabilizing conserved. In [MgMg(APPro)], W2 and W3 are located
the tetramer. sufficiently close to each metal atom to be considered as
The Structure of ZnMg APPro in Complex with Product. ligands, resulting in distorted octahedral geometries for both
In the belief that this form of the enzyme would be inactive Mga and Mg. In [MnMn(APPro)] and [ZnMg(APPro)], the
yet competent to form a substrate complex, crystals of solvent molecule W2 is too far2.8 A) from the metal
[ZnMg(APPro)] were soaked in the tripeptide substrate atoms to be a ligand, so that Mm@nd Zn have distorted
ValProLeu. As observed in the structure of [MgMg(APPro) square pyramidal and trigonal bipyramidal geometries,
+ ProLeul], difference electron density in each of the four respectively. The position of W3 is unchanged, givinggMin
independent copies of the molecule in the asymmetric unit 2nd Mg; distorted octahedral geometries. In [ZnZn(APPro)],
clearly indicated the presence of the dipeptide product, neither W2 nor W3 is present and both metal atoms are five-
ProLeu, bound at the active site (Figure 5C). The ProLeu coordinate with distorted trigonal bipyramidal (gnand
dipeptide is in the same position at the active site as observedsquare pyramidal (Z) geometries.
in [MnMn(APPro)+ ProLeu] @). A solvent molecule (W2) When APPro has only one metal atom {Vat the active
is 3.2 A from Zn.. This solvent was described as the sixth site ([Na_(APPro)] and [Ca_(APPro)]), the ligating groups
ligand to Mn, in earlier refinements of APPral) but was are the side chains of residues Asp271, His354, His383, and
too far from Mm to be described as a metal ligand in the Glu406. Na has a distorted octahedral geometry, while the
published orthorhombic APPro structufs énd in the new  geometry of Cais best described as pentagonal bipyramidal.
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In both structures, a water molecule gWoccupies the
otherwise vacant i metal-binding site. In [Na.(APPro)],

a solvent molecule (W1) coordinates the metal atomajNa
and makes a hydrogen bond tasWhe Na---W1 and the
W1---Wp distances, 2.6 and 2.7 A, are longer than in the

Graham et al.

ValProLeu contained only the product of the hydrolysis
reaction, ProLeu. The activity of [ZnMg(APPro)] in the

crystals could be reproduced in solution by using high
concentrations of enzyme to simulate the conditions in the
crystals (data deposited as Supporting Information). As

dinuclear APPro structures cited above. From the geometry,APPro is not activated by Zn (see below), it is likely that

it is reasonable to assume that W1 in [N&PPro)] is a
water molecule and not a hydroxide ion. In [CEAPPro)],
no solvent molecule occupies the position of the bridging

solvent in the dinuclear structures. Furthermore, the car-

Mn or Co contamination, at levels below the detection limit
of sensitive techniques such as ICP-MS, is responsible for
the observed activity. Given the extreme conditions under
which it is observed, this residual level of activity is not

boxylate side chain of Glu383 acts as a bidentate ligand to physiologically relevant.

Cay, in contrast with the dinuclear metal sites, where it acts
as a monodentate ligand toaMind makes a hydrogen bond
with the bridging solvent molecule. An additional solvent
molecule (W2) coordinates amaking the Ca(ll) seven-
coordinate. The limited resolution of the [CéAPPro)]

Similarly, EGTA-dialyzed APPro (sample 3) crystallized
in the presence of 200 mM Mgand 300 mM Na displayed
some residual activity. After the crystals were soaked for
24 h in the presence of 10 mM ValProLeu, the product
dipeptide ProLeu and two Mg(ll) atoms were found at the

structure prevented this solvent molecule from being modeledactive site. Given that Mg is not able to activate APPro

reliably in all six subunits.
When no metals are bound to APPragf(APPro)]), two

(Figure 1A) and that Mg apparently cannot occupy the active
site at the same time as substrate (see below), the cleavage

solvent molecules are located at the active site. One solventof ValProLeu to ProLeu and Val may again be ascribed to

molecule (W) is in the M, site. The other solvent molecule

a very low level of intrinsic activity or an undetectable level

(Wg) is disordered and lies between the side chains of of contamination. Two Mg(ll) atoms are present at the active

Asp260 and Glu383.
APPro Has One ‘Tight’ and One ‘Loose’ Metal-Binding
Site.The ligand residues that define the two metal-binding

site after the addition of the tripeptide substrate ValProLeu
to crystals that originally contained only one atom of Na(l)
at the active site. The Mg, which is present in all the crystal-

sites at the active site of APPro do not reflect the pseudo soaking buffers, may be stabilized by the presence of the

two-fold symmetry of the ‘pita-bread fold’. Mis coordinated

ProLeu at the active site.

by carboxylate groups from Asp and Glu residues and by Metal Requirements for the Actiy of APPro. Like all

an imidazole group from a His residue.sMon the other

enzymes, APPro must bind its substrate in a productive

hand, is coordinated exclusively by carboxylate groups of orientation prior to the catalytic step. For peptide hydrolysis
Asp and Glu residues. In MetAP, which has the same set ofto occur, a nucleophile must be positioned for attack on the
metal ligands as APPro, isothermal titration calorimetry C(peptide) atom of the scissile bond. Structures of MetAP

studies have shown that one active site metal atom is boundcomplexed with inhibitors 46) and of APPro with the

much more tightly than the otheK{ (Coa) = 6.5uM; Kgq

(Cos) > 100uM) (45). The ‘tight’ metal-binding site, M,

is the one that includes the imidazole ligar#d,(45).
Although similar metal-binding studies have not been

product inhibitor ProLeu4) have defined the location of

substrate binding and have implicated a solvent molecule,
which bridges the two metal atoms, as the nucleophile. The
postulated role of the metal atoms is the polarization of the

conducted for APPro, the structures described in this paperbridging solvent molecule with the resulting formation of a

are consistent with the presence of ‘tight’ and ‘loose’ binding
sites. In both [Ca (APPro)] and [Na_(APPro)], the single
metal atom is in the ‘tight’ (M) metal-binding site. In the
structure with mixed metals, [ZnMg(APPro)], the Zn(Il) atom
occupies the ‘tight’ (M) metal-binding site and the Mg(ll)
atom occupies the ‘loose’ (M) metal-binding site. The fact
that metal sites M and Mg are consistently occupied by Zn-
(1) and Mg(ll), respectively, and not by an average of the
two atom types highlights the selectivity of metal binding.
We recall that, during the crystallization of [ZnMg(APPro)],
Zn?t was present in substoichiometric (low micromolar)
amounts, while Mg" was present in large excess (200 mM).
APPro Retains Actity in Crystals.Attempts to prepare
substrate complexes of APPro by soaking crystals of [MnMn-
(APPro)] in solutions containing ValProLeu always yielded

hydroxide ion 23). The hydroxide acts as the nucleophile
in the hydrolysis of Xaa-Pro-peptide by attacking the
substrate carbonyl carbon atom. This leads to the formation
of a tetrahedrajem-diol intermediate that is cleaved to give
the products, an amino acid Xaa and the Pro-pep@@ (

In the absence of metalsafja/APPro)] can bind the
substrate, ValProLeu, in the same location as the inhibitor,
ProLeu (Figure 6). APPro was originally identified as a
metal-dependent enzyme, and removal of divalent metal ions
by EDTA eliminated activity 8). Theapoenzyme lacks the
means to generate a nucleophile by polarizing a solvent
molecule. The activity ofgpa/APPro)] can be restored by
the addition of divalent metal atoms such as2¥(B).

Mg(ll) and Mn(ll) atoms are bound at the active site of
APPro in a very similar manner, yet Mn(ll) activates APPro

ProLeu bound at the active site regardless of which crystal while Mg(ll) does not. A likely reason is that APPro has a
form of the protein was used (unpublished observations). We higher affinity for Mn(ll) than for Mg(ll). In the presence
therefore attempted to use some of the inactive metal of 1 mM Mn?* and 200 mM Mdg*, only Mn(ll) is bound at
derivatives of APPro characterized in this paper to prepare the active site. Further, when crystals of [NgAPPro)] are
an enzyme-substrate complex. APPro sample 1 showed no soaked fo 1 h in thepresence of 300 mM Na 200 mM
significant enzymatic activity either under standard assay Mg?", and 10 mM ValProLeu, the result iago/APPro)+

conditions or in the presence of additional Zn or Mg (data ValProLeu]; the tripeptide has competed successfully against
not shown). It was therefore surprising to find that crystals both Na and Mg for the active site. The two metal ions are
of [ZnMg(APPro)] that had been soaked overnight with obviously bound by APPro with significantly lower affinity
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than ValProLeu Ky ~ 1 mM (47)). We conclude that the

Biochemistry, Vol. 44, No. 42, 2003.3833

crystallized in the absence of exces$Z{{MnMn(APPro)

enzyme binds neither Na nor Mg in the presence of substratet+ ProLeu] @), [MgMg(APPro) + ProLeu], and [ZnMg-

and that a physiological role for Mg binding to APPro is

(APPro) + ProLeu]) nor are they seen in the presence of

therefore very unlikely. Proteins and enzymes generally bind excess Zfi™ and in the absence of ProLeu ([ZnZn(APPro)]).

Mg weakly @8). The Mg—Mg distance in [MgMg(APPro)]
is 3.3 A. In other enzymes where dinuclear Mg(ll) centers
are bridged by one or more carboxylate groups, the-Mg
Mg distances range from 3.0 to 5.0 A, the majority being
greater than 3.5 A49—51). It is possible that the arrange-
ment of ligands at the active site of APPro, ideal for Mn(Il)
but less than optimal for Mg(ll), contributes to the weak
binding of Mg.

In [Ca_(APPro)], Ca(ll) is bound at the ‘tight’ metal-

Since the enzyme binds Zonly in the presence of product,
it may stabilize the product-bound form of the enzyme and
enhance product inhibition.

His243, a Catalytically Important Residue, Responds to
the Contents of the Ace Site.His243 is the active site
residue with the largest differences in observed conformation
among the structures presented in this paper. The conforma-
tions differ by rotation of the imidazole group around the
Cf—Cr bond. The different conformations do not correlate

binding site and is coordinated by several solvent molecules,with different metal atoms at the active site, but rather

yet it fails to activate the enzyme. The polarizing effect of
C&" is much weaker than that of Mh (Table 2.2 in ref

respond to the contents of the &d §' substrate binding
sites. His243 is not well-ordered in the absence of exogenous

52). However, Ca(ll) has been reported to polarize a solvent ligands. However, it is ordered and forms hydrogen bonds
molecule sufficiently to act as a nucleophile in other enzymes to bound ProLeu or bound 2-propanol or acts as a ligand to

such as the secreted form of phospholipas€58), and it

has been reported that Ca(ll) activates porcine cytosolic

APPro 64). We assume that ig. coli APPro the potentially
nucleophilic water molecule is not polarized sufficiently or
that it is not located appropriately for catalysis.

The Zn-loaded enzyme, [ZnZn(APPro)], is inactive in our

Znc bound at the active site.

His243 has previously been identified as important for the
catalytic activity of APPro, although the precise nature of
its role in catalysis is unclead(6). Mutation of His243 to
Ala eliminates APPro activity (unpublished results), and
mutation of the equivalent His residue to Ala in MetAP

assay system despite the overall similarity of its structure to renders MetAP inactive55). It has been proposed that

that of [MnMn(APPro)], including the presence of the
putative nucleophilic bridging hydroxide ion. An earlier
report by Yoshimoto et al.9) showed weak activity of
recombinant. coli APPro in the presence of 1M Zn2*
but inhibition at higher Z#" concentrations. We have shown
that Zr#t inhibits the active Mn-loaded form of the enzyme
with an 1G;, of 0.5uM. To test the hypothesis that Zn-loaded
APPro is active but is inhibited by excess?Znwe have
measured the activity at Zhconcentrations below the ¢
value for the inhibition of the Mn-loaded enzyme. Even at
these very low Z#f" concentrations, we did not observe any
activity. We have no structural explanation for the inactivity
of [ZnZn(APPro)] in the absence of excess?’Zn

The Inhibition of APPro by ZnAs stated above, 2h
strongly inhibits fully active Mn-loaded APPro (¢¢= 0.5
uM, Figure 1C). Assuming that 2n inhibits Mn-loaded
APPro by displacing the active site Mn(ll) atoms, the relative
concentrations of the two metals in the assay would imply
that APPro binds Zn(Il) much more tightly than Mn(ll). This
is not the case; crystals of [MnMn(APPre) Zn, ProLeu],
which have been soaked in equal concentrations of*Mn
and Zr#* (1 mM MnCl, and 1 mM ZnC}) have only Mn-
(I in the Ma and Ms sites. We conclude that, even under
conditions of relatively high concentrations ofZnzn does
not displace Mn from the active site.

The structures of [(ZnZn(APPro} Zn, ProLeu] and
[MnMn(APPro)+ Zn, ProLeu] provide an alternate explana-
tion for the inhibition of APPro by Zn. In each of the
structures, an additional Zn(ll) atom (&nnear the active
site is bound directly to the protein and to the ProLeu
dipeptide. Z@ is coordinated by the N(amino) and O(peptide)
atoms of the P Pro, the N? atoms of His243 and His361,
and a solvent molecule. Zrcould not be bound if substrate

His243 forms a hydrogen bond to the R(peptide) atom
during catalysis in the mechanism of ‘pita-bread’ metallo-
enzymes 23). This is obviously not possible for APPro as
the R’ residue is always proline, which lacks a proton to
form the proposed hydrogen bond. The same is true for
prolidase and for the reaction of MetAP with substrates that
have proline as a second resid&®)( The precise role of
His243 in APPro therefore remains an interesting question
for further study.

The APPro Actie Site Cleft Possesses a Hydrophobic
Pocket That Binds Prolinelhe position of the specificity-
conferring R' Pro residue is identical in the structures of
the substrate-boundgpo/APPro) + ValProLeu]) and the
product-bound ([MgMg(APPro} ProLeu], [ZnMg(APPro)

+ ProLeu], [MnMn(APPro)+ Zn, ProLeu], and [ZnZn-
(APPro)+ Zn, ProLeu]) APPro. This Pro residue occupies

a shallow hydrophobic pocket lined by residues Leu242,
His243, Asp260, His350, Glu383, and Arg404 (thesite,
Figure 6). These residues, with the exception of Leu242 and
His350, are conserved in all currently available APPro and
prolidase sequences. Leu242 is conservatively substituted by
other hydrophobic residues (lle, Met, and Pro), and His350
is replaced by Ala in APPro froiBtreptomycesdidansand
Streptomyces coelicoloMWith the exception of His243,
which rotates about the /£C” bond (see above), the
positions of the @ residues are the same in the all structures
presented in this paper, regardless of the contents of the active
site.

In several of the structures that have no substrate or
product bound at the active site, buffer components are found
in the hydrophobic S pocket. In ppdAPPro)], two ethylene
carbons and an ether oxygen (C1, C2, and O2) of a bound
PEG molecule occupy exactly the same positions as fhe C

were present in the active site, since the Zn coordinates toC”, and C atoms, respectively, of bound Pro. In [MgMg-

the N(amino) atom of the dipeptide product and actually
occupies the space required for the residue. No metal

(APPro)], a 2-propanol molecule is located in the®cket
with one methyl group occupying the position of thé &

atoms are seen at this location in ProLeu complexes bound Pro. Finally, in [ZnZn(APPro)], a bound molecule of
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MPD occupies the Spocket with one methyl group located + ValProLeu] is in the same location as the ProLeu in all
between the €and C atoms of bound Pro. of the product complexes, confirming this as the likely
APPro and prolidase are so named because they aresubstrate binding site. The N(amino) atom of the\Rl
proline-specific enzymes. The specificity may result from residue forms the proposed hydrogen bonds or salt bridges
the binding affinity of the enzyme for its substrate or from with Asp260 and Asp271. Further, wheapo(APPro) +
an inability to cleave non-Pro containing peptides. Thie P ValProLeu] and [MnMn(APPro)] are superposed, the ‘tight’
Pro residue in substrate- and product-bound APPro structuresoinding Mn, atom is located 2.8 A from the O(peptide) atom
occupies a hydrophobic pocket, thereby defining the S of the R Val residue, consistent with the formation of a bond
binding site of the active enzyme. Structures of APPro where between a metal atom in the\ite and the PO(peptide)
hydrophobic buffer components occupy this pocket show that atom.
the §' binding site is not uniquely selective for prolidyl rings Concluding RemarksTaken collectively, this series of
but is able to accommodate methyl and ethylene glycol APPro structures provides explanations for the inactivity of
groups. Taken together, the present structures partly explainthe Mg-loaded enzyme and the inhibitory role of Zn. As in
the absolute requirement of APPro for Pro as the secondMetAP, APPro has one ‘tight’ () and one ‘loose’ (M)
residue of substrate. Hydrophobig' Pesidues larger than  metal-binding site. In the absence of metals at the active site,
Pro or branched at theGtom, such as Val, could not be APPro binds the N(amino) atom of substrate through two
accommodated without a substantial rearrangement of theof the carboxylate groups that usually bind Meonsistent
protein residues that line the' $ocket. No such rearrange- with models of substrate binding proposed for single-metal
ment is seen in any structures of APPro, indicating that the active forms of ‘pita-bread’ metalloenzymes. The functional
pocket is quite rigid. Smaller hydrophobig Pesidues, such  significance of M@ remains an interesting question for future
as Ala, could be accommodated by the pocket; however, investigations.
many of the contacts made by Pro in this position would be
lost. We propose that the hydrophobic contacts made by theACKNOWLEDGMENT
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bound to a ‘pita-bread’ metalloenzyme. The structure dem- Plot of activity of APPro under conditions that mimic those

onstrates how the enzyme can bind the N-terminus of a USed for crystallization of [ZnMg(APPre} ProLeu] (Figure
substrate even when there is no metal atom in the ‘loose’ S1) and table qf metall|gand bon_d lengths for all structgres
(Mg) metal-binding site. It has been shown that the related (Table S1). This material is available free of charge via the
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