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ABSTRACT. Aminoacylase 1 is a zinc-binding metalloprotease catalyzing the hydrolyd\s-atylated
L-amino acids; it presents altered expression levels in different renal and small cell lung carcinomas. A
description of its redox and oligomerization state was achieved by combined biochemical and mass
spectrometric procedures. A topological analysis of the enzyme structural architecture was derived from
limited proteolysis and selective chemical modification experiments, using a broad range of proteases
and chemical reagents. The analysis of the reaction products by different mass spectrometric techniques
identified 26 amino acids as being accessible on the molecular surface, defining polypeptide regions exposed
in the structure of the dimeric protein. The nature of the intermolecular contact zone between monomers
was investigated by cross-linking reaction and mass mapping experiments. The cross-linked dimer was
isolated, and the intermolecular cross-linked peptides were characterized, thus demonstrating the spatial
proximity of Lys220 and Lys231 at the dimerization interface. Standard modeling procedures based on
automatic alignment on the structure of members of the M20 peptidase family failed to produce a dimeric
model consistent with experimental data. Discrepancies were observed mainly at the dimer interface and
at loop regions. Therefore, a refined model for this dimeric protease was calculated by selecting the one
able to generate a structure fully compatible with experimental findings, among all possible suboptimal
sequence alignments. According to this model, each aminoacylase monomer consists of two domains: a
globular catalytic subunit (residues-188 and 31%399) consisting of g-sheet sandwiched between
o-helices and a seconfiisheet located on the surface, and the dimerization domain (residue818p

folding into af-sheet flanked on one side by twehelices. These results indicate that reliable approaches
such as limited proteolysis, selective chemical modification, and cross-linking coupled to mass spectrometry
can be used to test and optimize molecular models of multimeric proteins and highlight problems in
automatic model building.

Aminoacylase 1 (ACY1},also known as acylase N{- in the final steps of thé\*-acylated protein’s degradation
acyl+-amino acid amidohydrolase, EC 3.5.1.14), is a zinc- together with acylpeptide hydrolase (APH, EC 3.4.193%) (
binding metalloenzyme differently expressed in mammalian 6). In fact, APH is able to generate &it-acyl amino acid
tissues catalyzing the hydrolysisigf-acylated -amino acids from anN®-acyl peptide oN*-acyl protein, whereas ACY1
to L-amino acids 1, 2). It has been suggested to be involved hydrolyzes the resultindN*-acyl amino acid. Moreover,
additional investigations reported that APH could degrade a
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“University of Trieste. 15). Several authors already reported in SCLC a high-
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PTH, phenylthiohydantoin; SAS, solvent accessible surface; SCLC, &S these.enzymes are functipnally linked in the sequential
small cell lung cancer. degradation of acylated peptides and are able to bind each
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other’s substrate in a competitive fashion. This observation acid, BS, and iodoacetamide were purchased from Sigma.
led to the speculation that impairment or loss of the APH/ Endoprotease GIuC was from Roche. PD10 columns were
ACY1 deacylating system may result in the accumulation from Amersham Pharmacia Biotech. All other reagents and
of a yet unknowrN*-acylated peptide with growth promoting  solvents were HPLC-grade from Fluka.

properties responsible for cell transformatidrb) pACY1 Purification and Apparent Molecular Mass De-

Although a detailed characterization of the biochemical termination. pACY1 was purified from porcine kidney
properties was reported for both enzymes, no data on theaccording to a procedure previously publishgd The final
three-dimensional structure of these proteases have beefpreparation was homogeneous on PAGE in the presence and
published to date. This lack of data is undesirable, not only absence of SDS. The enzyme activity was assayed using
for a final understanding of their substrate specificity, which furylacryloyl-L-Met as a substrate?®). The apparent mo-
would explain their functional differences, but also because lecular mass was estimated by analytical gel filtration
ACY1 and APH are examples of two distinct classes of chromatography using a Superdex 200 HR column (Amer-
proteases, whose X-ray structures were determined only forsham Pharmacia Biotech) and gel filtration marker proteins.
a single member. In fact, APH belongs to the S9 peptidageThe column was equilibrated and eluted with 150 mM NacCl
family whose structural architecture was determined only in and 50 mM sodium phosphate (pH 7.0). The effluent was
the case of porcine prolyl oligopeptidas#8( 19). This monitored at 280 nm.
enzyme presents a peptidase domain witlwéhhydrolase Redox State DeterminatioNative pACY1 was denatured
fold and an unusug-propeller domain covering the active in 0.25 M Tris-HCI and 1.25 mM EDTA containing 6 M
site. In contrast, ACY1 belongs to the M20 peptidase family, guanidinium chloride (pH 7.0) without the presence of
whose general fold was hypothesized only on the basis ofreducing agents. The protein sample was quickly alkylated

the crystallographic structure of dimerRseudomonasp. by the addition of iodoacetamide (1.1 M final concentration)
strain RS16 carboxypeptidase GZ0(21). In this protein,  at room temperature for 1 min, in the da89]. Carboxy-

each subunit consists of a larger catalytic domain containing amidomethylated protein was desalted by eluting the reaction

two zinc ions at the active site, and a separate smaller domainmixture through a PD10 column.

forming the dimer interface. Limited ProteolysisLimited proteolysis experiments with
On the basis of amino acid sequence alignment, the M20native pACY1 (0.5 nmol) were conducted in 100 of a

family has been reported to include ACY1 from different Solution containing 0.1 M NEHCO;, 1 mM DTT, and 1

mammals, carboxypeptidase S fr@accharomyces cere mM ZnCl; (pH 7.5) at 30°C by using an enzyme:substrate
siag succinyl-diaminopimelate desuccinylase fr&@scheri- ~ ratio ranging from 1:25 to 1:2500 (w/w). The extent of
chia coli Haemophilus influenzaeand Corynebacterium  digestion was monitored on a time course basis by sampling
glutamicum acetyl-ornithine deacetylase frok coli and 10uL of the reaction mixture at time intervals ranging from

Dictyostelium discoideunand CBPG fronPseudomonasp. 5 to 360 min. Peptide mixture_s were directly a_nalyzed by
strain RS16. Most of these metalloexopeptidases are solubldALDI-MS following a desalting step on a ZipTip C4
dimeric zinc- or cobalt-dependent enzymes exhibiting similar device (Millipore). o -
biochemical properties and three conserved amino acid motifs  S€lectie Acetylation and Nitration.Modification of
(21). However, recently a trimeric aggregation state has beenPACY1 lysine and tyrosine residues was carried out by
reported in the case of rat ACY 23); similarly, monomeric mcubatmg aliquots of the native protein (2.5 nmoI)I with the
forms of pACY1 andS. cereisiae carboxypeptidase S have ~appropriate reagent (2Q@ final volume). Acetylation of
also been describe@3). In addition, a hypothetical disulfide  !ysines was performed in 10 mM NHCGO;, 1 mM DTT,
connecting Cys270 and Cys292 has been reported for pACcy1and 1 mM ZnCi (pH 7.5) at 25°C for 10 min by adding a

(24). These cysteine residues are not conserved in the othe:0—5000-fold molar excess of acetic anhydride to pACY1.
mammalian aminoacylases sequenced to date. Nitration of tyrosines was performed in 25 mM sodium

d phosphate and 1 mM Zng{pH 7.5) at 0°C for 60 min by
adding a 106-5000-fold molar excess of tetranitromethane
to pACY1. All the reactions were stopped by acidification
with 1% TFA, and the samples were directly injected onto
a Vydac C4 column (250 mnx 2.1 mm, 5um) (The
Separation Group). The modified species were eluted by
means of a linear gradient from 30 to 80% acetonitrile in
8.1% TFA over the course of 25 min, with a flow rate of
.2 mL/min; elution was monitored at 220 and/or 360 nm.
Individual fractions were collected manually.
Cross-Linking Experiment3he cross-linking reaction of
native pACY1 was carried out by incubating aliquots of the
native protein (1.5 nmol) with BSin 10 mM sodium
phosphate, 1 mM DTT, and 1 mM ZnCpH 7.5) (50uL

To definitely elucidate the redox state of pACY1 an
provide clarity on its aggregation state, describing the
elements involved in protein oligomerization, a detailed
structural characterization of the enzyme was achieved. A
topological description of the aminoacylase molecular ar-
chitecture was derived from limited proteolysis, selective
chemical modification, and cross-linking experiments com-
bined with mass spectrometric procedures. These approache
have been previously used by different groups to locate
accessible amino acids on the molecular surface of mono-
meric proteins or to identify interacting regions in protein
complexes 25—38). These data allowed us to propose an
experimentally verified model for dimeric pACY1, calculated
on the basis of its sequence homology witkeudomonas

CBPG. final volume). The reagent was added in a~2%00-fold
molar excess to pACY1. Each mixture was incubated for 1
EXPERIMENTAL PROCEDURES h at 25°C, and the reaction was quenched by lyophilization.
Samples were directly analyzed by 10% SEFAGE.
Materials. Trypsin, chymotrypsin, subtilisin, tetrani- Extensie Enzymatic and Chemical Hydrolysighe dif-

tromethane, acetic anhydride;cyano-4-hydroxycinnamic  ferently modified samples of pACY1 were digested with
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trypsin or endoprotease GluC in 50 mM ammonium acetate  The optimized homology model of pACY1 was built with
(eventually containip 1 M urea) (pH 6.0) at 37°C, the program MODELLER 6.2 42), using the pACY1l
overnight, using an enzyme:substrate ratio of 1:50 (w/w). sequence (SWISS-PROT entry P37111) as a target, and the
Digestion was alternatively performed by incubating pACY1 structure ofPseudomonasp. strain RS16 CBPGIg) (chains
samples in 5% formic acid at 5%, overnight. A and D of PDB entry 1CG2) as a template. The sequence
Protein bands from SDSPAGE analysis were excised, alignments were carried out with CLUSTALW version 1.81
carboxyamidomethylated, and finally digestiedsitu with (44). Multialignments also included the sequence of hACY1
trypsin as previously reported(). Peptides were extracted (SWISS-PROT entry Q03154). Secondary structure informa-
by sonication (twice) with 10QL of a 25 mM 1:1 (V/v) tion, to avoid gaps and insertions in structured regions, was

NH4HCOy/acetonitrile mixture (pH 8) and lyophilized. derived frqm PHD prediction (http://dodo.cpmc.columbi—'
Peptide digests from in solution or situ hydrolysis were a.edu/predictprotein) for the target and from DSSP analysis
directly analyzed by MALDI-MS or LG-ESI-MS. (45) of the experimental structure for the template. It was

introduced in the alignment by performing a profile align-
ment in CLUSTALW with secondary structure gap penalties,
using the program default weighting scheme.

MODELLER calculations included symmetry restraints for
the two monomers and, wherever explicitly stated, secondary
structure restraints for an elongated helical region in the
éiimerization domain, with a simultaneous deletion of the
corresponding template sequences. Because of discrepancies
with the template in the zinc-binding site regions, zinc ions
and zinc-binding water molecules from PDB entry 1CG2
were excluded in the template.

Fifty MODELLER models were generated from each
gnment. The models that exhibited no topological error

MALDI-MS Analysis. Matrix-assisted laser desorption
ionization mass spectra were recorded using a Voyager DE-
PRO mass spectrometer (Applera) as previously reported
(40); 1 uL of an analyte solution (0-250 pmoliL) and 1
uL of an a-cyano-4-hydroxycinnamic acid solution (5 mg/
mL in 50% acetonitrile and 5% formic acid) were applied
to the sample plate and dried. Molecular mass standards wer
eventually added prior to the analysis. Internal mass calibra-
tion was performed using the molecular ions from added
standards, peptides produced by enzyme autoproteolysis, an
the matrix. All masses are reported as average values.

LC—ESI-MS AnalysippACY1 digests were analyzed using al
an API-100 single-quadrupole mass spectrometer (Applera)(knots) or abnormally large objective function value addition

equipped with an atmospherip—pre;sure ionization source, a3vere analyzed with PROCHECK version 3.544) The best
prewou;ly reported39). Peptide mixtures were separated five models were completed by adding all hydrogen atoms
on a microbore V_ydac C18 COIL_Jmn (2_50 men 1 mm, > and underwent energy minimization with the SANDER-
um) (The Separation Group), using a linear gradient from 5 CLASSIC module of AMBER 647), using the PARM91

to 70% acetonitrile containing 0.1% TFA, over a period of force field @8, 49), reduced charge’s on Zn iong € 1.2

65 min, at ‘T’l fllow rate of 0.08 mL/min. The column ef““ef?t atomic units), charged ends and/or residags (0.2 atomic
was split 11 into the mass spectrometer cpnnected On'Ime'unit), a distance-dependent dielectric constant, and a 12 A
The remaining part was spectrophotometrically detected atcutof'f for nonbonded interactions. The minimization protocol

220 and/or 360 nm. In this case, peptides_we_re marma"yincluded 100 steps of steepest descent, followed by 5000
collected and lyophilized for further characterization. Spectra steps of conjugate gradients or until the average gradient was

were acquired in the range 'z 250-2000. Data were <104 kcal mol! A-1 Distance restraints on the atoms

processed using BioMultiView version 1.3 (Applera). Mass involved in zinc binding (force constant of 40 kcal mbl
calibration was performed by means of the multiply charged A-1) were used in the minimization procedure

ions from a separate injection of horse heart myoglobin. All A model of the experimentally observed cross-linked dimer
masses are repqrted as average values. was obtained by manually docking a fully extended confor-

Mass lon Assignmenthe observed mass values were  maion of the OC-(Ch)s-CO spacer arm in the intermonomer
assigned to pACY1 polypeptides using GPMAW 4.23 egion between Lys220 and Lys231 of two different mono-
(Lighthouse Data). This software generated a mass/fragmeniyners. Amide bonds were formed at both ends, by minimal
database output, based on the pACY1 sequence, the selectiigarrangement of both Lys side chains and cross-linker
ity of the protease or chemical reagent used for protein {eyminal CH—CO torsional angles. The model that was
digestion, the nature of the amino acid susceptible to eventualyptained underwent a local energy minimization (limited to
selective chemical modification or cross-linking reaction, and {he Jinker and the two Lys side chains) under the same
the molecular mass of the modifying groups or cross-linking conditions described above for model refinement. Validation
arm. Mass values were matched to peptide regions using &f the final models was obtained with PROCHECK version
0.1% mass tolerance value. 3.5.4 @5) and Prosall version 3.0.5().

Protein Sequence Analysidutomated N-terminal deg- The solvent accessible surface (SAS))(area has been
radation of the purified peptides was performed by using a calculated with the “CalcSurf” command of MolMol. It cal-
Procise 491 protein sequencer (Applera) equipped with aculates a numerical approximation to the true SAS based on
140C microgradient apparatus and a 785A UV detector the following approach: ip is the precision given as an ar-
(Applera) for the automated identification of PTH-amino gument, it distributes @2 + 2 points over each sphere,
acids. PTH-Tyr-NQwas detected according to the method and checks which fraction of them are not inside another
of Zappacosta et al34). sphere. The part of the sphere surface corresponding to this

Homology ModelingStandard modeling procedures were fraction is added to the total surface. In our analysis, we
based on the automated comparative protein server freelyused a solvent radius of 1.4 A and a precision vaegual
available at http://www.expasy.ch/swissmod/swiss-model.ht- to 4.

ml (41). Analyses and pictures were obtained with MOLM2).
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241 Table 1: LC-ESI-MS Analysis of Native pACY1 Alkylated under
= | Denaturing and Not Reducing Conditions following Digestion with
g Trypsir?
~" 20
°E‘ measured mass (Da) theoretical mass (Da) peptide
% 16 903.2+ 0.4 903.1 (43-50)CAM
S 1130.6+ 0.7 1130.3 (4+50)CAM
g 1337.9£ 0.4 1337.6 (115125)CAM
= 124 1493.5+ 0.6 1493.7 (115126)CAM
= 1658.6+ 0.4 1658.9 (334 348)CAM
= 2091.7+£ 0.8 2091.4 (334351)CAM

8 2790.3+ 0.6 2790.1 (283306)CAM

N —— - e 4187.5+ 0.9 4187.8 (236274)CAM
s 10 50 100 500 2Indicated are only the cysteine-containing peptides. CAM is
Molecular mass (kDa) carboxyamidomethyl.

Ficure 1: Determination of the apparent molecular mass of pACY1

by analytical gel filtration chromatography. The measurement was ments with mass spectrometric procedures has been proposed

on 2 Superdox 200 HR column a5 descibed i Experimental 25 & rapid, sensitive, and definitive methodology for the
Procedures. Gel filtration of marker proteins was performed tOPOlogical analysis of monomeric proteingst-27). This

consecutively under the same experimental conditions. The apparen@pproach, applied to proteins as isolated species and fol-
molecular mass of pACY1 is represented by a filled circle. lowing eventual complex formation, generates differential
Calibrants were ribonuclease A (1), myoglobln (2), chymotryp3|- pept|de maps whose interpretation also can lead to the

nogen (3), ovalbumin (4), serum albumin (5), serum albumin dimer ; PP : ; ; :
(6). aldolase (7), and catalase (8). gzrltggatlon of the interface regions in protein complexes

RESULTS To define the accessible regions in the dimeric structure
of native pACYL, limited proteolysis experiments were
conducted with a variety of proteases under strictly controlled
conditions. Preliminary experiments were performed in each
on a RP-HPLC column. The spectrum that was obtained case to select the optir_nal enzymg:substrate _ratios to be _used.
exhibited the occurrence of a single component with a The extent .Of enzymatic hydrqu3|s was mo_mtored on atime
molecular mass of 452598 3.8 Da. This value differed  coUrse basis by sampling the incubation mixture at different

(by 42 Da) from the calculated value for the pACY1 deduced times followed _by MALDI-MS analysis. The a;signment of
from its cDNA sequence (theoretical value of 45216.4 Da), generated peptides was performed on the basis of the pACY 1

thus confirming the occurrence of an acetyl group at the sequence _and enzyme specificity. The io!e_ntification of
N-terminus and excluding the occurrence of other post- cleavage sites was achieved only by recognition of complg-
translational modifications in the polypeptide chai). ( mentary peptides m_the mass spectra. In fact, these Species
Similarly, another sample was analyzed by gel filtration were generated by single proteolytic events on pACY1 native

chromatography with the aim of determining the pACY1 structure and were indicative of residue accessibility on the
aggregation state. The analysis showed an apparent mass dpolecular surface.
~90 kDa for the protein (Figure 1), thus definitely demon- ~ Figure 1 shows the time course analysis of the endopro-
strating its dimeric state. No additional peaks indicating the tease GIluC digestion of native pACY1 carried out by using
simultaneous occurrence of monomeric or trimeric speciesan E:S ratio of 1:25. Under these conditions, the protein
were detected. remained mostly undigested, showing that proteolysis oc-
Furthermore, a fresh|y prepared pACYl Samp|e was curred at few SpeCifiC sites. In faCt, after 15 min, Only the
quickly alkylated with iodoacetamide under not reducing but hydrolysis at Glu88 was observed, as demonstrated by the
denaturing conditions, desalted, and finally digested with Presence of residues—B8 and 89-406 (theoreticaln/z
trypsin. The peptide digest was analyzed by-tESI-MS. valu_e_s of 9739..1 and 35540.3, respectively) (Figure 2A_). Two
This analysis allowed the verification of the entire sequence additional peptide pairs were observed after incubation for
deduced from cDNA (data not shown), demonstrating, at the 360 min (Figure 2B); their molecular mass identified them
same time, that the five cysteines occurring in the polypeptide s peptides +255 and 256-406, and peptides-1309 and
were all present in a reduced state (Table 1). In fact, all 310-406 (theoreticalm/z values of 28711.6, 16567.8,
signals were assigned to peptides containing cysteine residue$4698.4, and 10581.0, respectively). These data demonstrated
as carboxyamidomethylated species; no peaks associated witkhat endoprotease GIuC can recognize Glu255 and GIu309
eventual disulfide-containing peptides were detected. Theseas additional sites also exposed on the dimeric pACY1
results definitely proved that pACY1 does not contain Structure. As the digestion time increases, fragments origi-
disulfide bridges. These data were in contrast with other Nated from single proteolytic events become susceptible to
observations previously reported and deduced by SDS further cleavages, leading to the formation of subdigestion
PAGE analysis Z4). products (Figu_re ZB): Being uninforma.tive, these species
PACY1-Limited Proteolysitimited proteolysis and SDS ~ Were not considered in our data analysis.
PAGE analysis have long been widely used to define the Similar experiments were performed using trypsin as the
domain structure organization of proteins or to identify highly proteolytic enzyme. In this case, the characterization of the
flexible polypeptide regions on their molecular surface. More complementary peptides—b and 6-406, 1-22 and 23
recently, a strategy that combines limited proteolysis experi- 406, 1-196 and 197406, 1-208 and 209-406, and +306

pACY1 Apparent Molecular Mass and Redox State De-
termination.An aliquot of freshly purified porcine kidney
ACY1 was analyzed by ESI-MS following a desalting step
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Ficure 2: Limited proteolysis of native pACY1 with endoprotease GluC. The MALDI-MS time course analysis following incubation with
the protease (1:25 E:S ratio) after 15 (A) and 360 min (B) is reported. Mass values and the corresponding polypeptides are indicated. Dots
denote doubly and triply charged pACY1 ions; asterisks denote markers used for internal mass calibration.

and 307-406 within time course-sampled aliquots (measured Table 2: Preferential Cleavage and Modification Sites in Native
masses of 559.8, 44717.2, 2643.8, 42633.9, 22223.4, 23053.%ACY1 As Determined by Limited Proteolysis and Selective
23388.4, 21888.1, 34249.1, and 11027.3 Da, respectively;Chemical Modification Experiments
theoretical masses of 560.5, 44716.8, 2644.0, 42633.4, protease/reagent cleavage/modification sites
22223.2, 23054.2, 23388.5, 21883.9, 34250.9, and 11026'5end0protease GIUC _ Gluss, Glu255, GIU309
Da, respectively) allowed the identification of Arg5, Arg22, trypsin Arg5, Arg22, Arg196, Arg208, Lys306
Arg196, Arg208, and Lys306 as basic residues exposed on chymotrypsin Trp90, Phe209, Tyr260, Trp307
the molecular surface of pACY1. subtilisin GlIn311

Incubation of native pACY1 with narrow-specificity acetic anhydride L{;gzasfsséﬁszygzggL)nggégsl_;;’gégg
proteases resulted in hydrolysis at very few easily identifiable ieyanitromethane  Tyr30, Tyr260
sites but limited the amount of information on the exposed BS; Lys128, Lys202, Lys220, Lys231, Lys233
uncharged amino acid residues. Therefore, further experi-
ments were carried out by incubating native pACY1 with 308-406) were observed after reaction for 220 min (mea-
broader-specificity proteases such as chymotrypsin or sub-sured masses of 23534.7, 21740.9, 29157.8, 16119.1, 34436.5,
tilisin. As an example, the exclusive occurrence in the and 10840.6 Da, respectively; theoretical masses of 23535.7,
pACY1 chymotryptic digest (digestion time of 15 min, E:S 21741.8, 29158.1, 16119.3, 34437.2, and 10840.2 Da,
ratio of 1:50) of the complementary peptidesd0 and 9% respectively). These data definitely demonstrated that chy-
406 (measured masses of 10061.2 and 35215.2 Da, respeanotrypsin hydrolyzes pACY1 at Trp90, Phe209, Tyr260, and
tively; theoretical masses of 10061.5 and 35215.9 Da, Trp307.
respectively) demonstrated that hydrolysis occurred selec- The overall results of the proteolysis experiments are
tively at Trp90. The same fragments were detected also aftersummarized in Table 2. As expected, the cleavage sites
30 min, whereas three further complementary peptide pairsrecognized by different proteases were grouped within the
(1—209 and 216-406, 1-260 and 261406, and +307 and same regions of the polypeptide chain, thus defining the
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accessible areas and demonstrating the consistency of thesé000:1 reagent:protein ratio; furthermore, the presence of
data. Five exposed regions of the pACY1 structure were additional signals (see Figure 3 and Tables 3 and 4)
depicted: the N-terminus, a short segment comprising demonstrated that modification also occurred at Lys3, Lys50,
Glu88—-Trp90, a broader region encompassing Leu196 and Lys306.
Phe209, the polypeptide segment of Glu23%r260, and A similar approach was used for the selective radicalic
the C-terminal region from Lys306 to GIn311. nitration of tyrosines by tetranitromethane. The extent of
pACY1 Chemical Modificationnformation complemen-  reaction was verified by monitoring the specific absorbance
tary to limited proteolysis experiments was obtained by an at 360 nm of 3-nitrotyrosines3f). ESI-MS measurements
independent strategy consisting of selective chemical modi-were performed to characterize the modified species by
fication at specific residues. This approach was previously simply verifying the Am of +45 Da, associated with the
used to probe the accessibility of selected amino acids on aaddition of the nitro group. In fact, MALDI-MS analysis of
protein surface with several reager?235). In fact, under nitrotyrosine-containing peptides was reported to be affected
conditions of limited chemical modification, their relative by laser-induced photochemical decompositis8) (On this
reactivities depend primarily on accessibility, unless peculiar basis, an optimal 5000:1 reagent:protein molar ratio was
electrostatic interactions, hydrogen bonding, and other mi- selected. In this case, the reaction yielded a mixture of
croenvironmental effects take place. A modified strategy was unmodified and mononitrated species (measured masses of
also derived for the topological characterization of protein 45258.7+ 4.1 and 45303.5t 4.8 Da, respectively). The
complexes and used to identify regions occurring at the identification of the nitrated residues was carried out by the
interface between macromoleculeX.,(36). comparison of the peptide mass mapping experiments
To further probe the topology of the pACY1 dimer, we obtained for this species with respect to a sample of unreacted
used this approach by performing a systematic study of thepACY1, used as a blank. Each tryptic digest was resolved
relative reactivity of its lysine and tyrosine residues. Par- by LC, and the column effluent was split 1:1 into the mass
ticular care was taken to select optimal incubation times and spectrometer and a spectrophotometer, both connected on-
stoichiometry for each modifying reagent, under the same line. In the chromatogram of the nitrated sample, the
experimental conditions used for limited proteolysis. Pre- absorbance at 360 nm of two defined components allowed
liminary experiments were performed using different reagent: a rapid monitoring of the modified peptides (data not shown).
protein ratios to limit the extent of modification. Only mono- Their ESI-MS analysis identified it as peptides-28) and
and dimodified species were taken into account, assuming236—274 with a mass increase of 45 Da (theoretical masses
that an extensive introduction of modifying groups might of 2037.2 and 4175.8 Da, respectively), indicating the
result in, or might have been due to, the alteration of the incorporation of one nitro group per tyrosine residue (Figure
dimer conformation. 4A,B). These species eluted almost 1.5 min later than the
Acetic anhydride:protein molar ratios of 2000:1 and 4000:1 corresponding unmodified peptides and were absent in
resulted in the optimal experimental conditions for the asample of untreated pACY1 (data not shown). The specific
selective modification of lysine residues. In the first case, a detection of the corresponding PTH-Tyr-N0On these
mixture of unmodified and monomodified pACY1 was peptides, following Edman degradation analysis, definitely
observed in the reaction products (measured masses oflemonstrated that nitration of pACY1 resulted in the selective
45258.94 4.5 and 45301.% 4.1 Da, respectively) follow-  modification of Tyr30 and Tyr260. The overall results of
ing reaction for 10 min, as determined by ESI-MS measure- the selective chemical modification experiments are sum-
ments. In the second case, the increase in reagent concentranarized in Table 2.
tion resulted in an equimolar mixture of mono- and diacety- pACY1 Cross-LinkingChemical cross-linking of nonco-
lated pACY1 (measured masses of 45302:73.5 and valent protein complexes and the analysis of cross-linked
45342.44 4.5 Da, respectively). Traces of triacetylated species by SDSPAGE have long been employed in
pACY1 were also detected. To identify the modified lysines, biochemistry laboratories to determine the stoichiometry of
half of each sample was digested with endoprotease GluCconstituent monomer&4). Cross-linking followed by mass
and the resulting peptide mixtures were directly analyzed spectrometric analysis has more recently been used to
by MALDI-MS. Figure 3 and Table 3 show the spectra determine the stoichiometry of noncovalent protein com-
obtained and the relative mass assignments. The occurrencelexes, and some studies have extended this approach to
of satellite signalsAm = +42 Da) with respect to lysine-  proteolytic digestion of the cross-linked species and subse-
containing peptides, absent in the unreacted ACY1 digestquent identification of the linked peptide3(; 37). Different
(blank), made acetylated peptides easily identifiable. As somereagents have been used for this purpose, depending on the
lysine residues in peptides were undetected in the spectranature of the amino acids occurring at the interface regions
shown in Figure 3, the remaining digests were hydrolyzed (55). On the basis of preliminary hypotheses resulting from
with 5% formic acid and the peptide mixtures similarly sequence alignments between ACY1 and CBPG, we decided
analyzed by MALDI-MS. The results are reported in Table to use B3 to selectively cross-link spatially closed lysine
4. A comprehensive analysis of all data obtained made residues.
location of theN¢-acetyllysines straightforward, the pACY1 Native pACY1 was incubated with different concentrations
N-terminus already being acetylated. In the case of a 2000:10f the cross-linking agent under strictly controlled conditions,
reagent:protein molar ratio, we concluded that acetylation and the reaction mixtures were analyzed by SIPAGE.
occurred selectively at eight of the 17 lysine residues presentTo limit the extent of modification, we chose a 1000:13BS
in the pACY1 sequence, namely, Lys87, Lys99, Lys128, pACY1 molar ratio as the optimal reaction condition (Figure
Lys159, Lys202, Lys217, Lys220, and Lys282. Identical 5). The 90 and 45 kDa Coomassie-stained bands, corre-
residues were modified in the product generated using asponding to the cross-linked dimer and eventually modified
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FiGure 3: Selective acetylation of native pACY1 following reaction with acetic anhydride. The figure shows the MALDI-MS analysis of
endoprotease GIuC digest for the untreated pACY1 (A), acetylated pACY1 (acetic anhydride:pACY1 molar ratio of 2000:1) (B), and
acetylated pACY1 (acetic anhydride:pACY1 molar ratio of 4000:1) (C). The assignments of individual signals to the corresponding peptides
and theoretical mass values are reported in Table 3.

monomer, respectively, were digestiedsitu with trypsin. BS;. In fact, the spectrum of the B$nodified pACY1

A sample of the nontreated pACY1 monomer was used as amonomer contained clear signals ez 716.7, 1129.4,
blank. Aliquots from the extracted peptide mixtures were 1340.6, 1376.6, and 1567.9; similarly, in the spectrum of
directly analyzed by MALDI-MS, and the spectra that were the BS-cross-linked pACY1 dimer, peaks were present at
obtained are shown in Figure 6. Their comparison with the m/z716.8, 1340.5, and 1376.7. All these species were absent
spectrum of the untreated pACY1 sample easily allowed the in the sample of untreated pACY1. On the basis of their
identification of the species originated from the reaction with molecular mass and trypsin specificity, these components
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Table 3: MALDI-MS Analysis of Acetylated Peptides Obtained Table 4: MALDI-MS Analysis of Acetylated Peptides following the
following the Reaction of pACY1 with Acetic Anhydride and Reaction of pACY1 with Acetic Anhydride and Digestion with 5%
Digestion with Endoprotease GluC Formic Acid at 55°C?
untreated 2000:1 4000:1 2000:1 4000:1
PACY1l AcO:pACY1l AcO:pACY1L untreated  Ac;0:pACY1 Ac;0O:pACY1
(measured ratio ratio theoretical pACY1 ratio ratio theoretical
m/z) (measuredn/z) (measured/z) m'z peptide (measuredn/z) (measuredn/z) (measuredan/z) m/z peptide
889.1 889.2 888.9 889.1 (15@62) 1214.6 1214.1 1214.7 12145 (H322)
931.1 930.9 931.1 (156162)Ac 2018.2 2018.5 2018.8 2018.1 (36319)
971.2 971.2 971.4 971.2  (12330) 2060.3 2060.1 (303319)Ac
1013.3 1013.5 1013.2  (12330)Ac 2107.4 2107.6 2107.1 2107.2 (9112)
1286.3 1286.5 1286.1 1286.4 (16112) 2149.6 2149.3 2149.2 (94112)Ac
1338.5 1338.1 1338.7 1338.5 (16874) 2557.0 2557.3 2557.2 2557.0 (23355)
1458.7 1458.5 1458.9 1458.7  (4B2) 2686.9 2686.7 2687.2 2686.9 (27902)
1501.0 1500.7  (4052)Ac 27285 2728.9 2728.9 (278B02)Ac
1669.0 1669.2 1669.4 1669.0  (24730) 2814.4 2814.4 2814.7 2814.3 (23255)
1711.4 1711.3 1711.0 (2¥230)Ac 3027.5 3027.1 3027.6 3027.5 (32846)
1753.2 1753.4 1753.0 (2¥230)Ac 31333 3133.9 3133.4 3133.6 (14673)
1815.9 1815.5 1815.8 1816.0 (36317) 3175.4 3175.8 3175.6 (14673)Ac
1857.6 1858.0  (303317)Ac 3616.3 3615.8 3616.4 3616.0 (18212)
2051.6 2051.1 2051.4 2051.3  (13147) 3658.3 3658.1 3658.0 (18212)Ac
2096.4 2097.4  (320337) 3940.4 3940.9 3940.5 3940.7 (11B45)
2156.5 2156.7 2156.7 2156.5 (21230) 3982.4 3982.7 3982.7 (1#345)Ac
2198.4 2198.6 21985 (23230)Ac 4240.8 4240.4 4240.6 4240.9 (23372)
2240.6 2240.8 22405 (23230)Ac 4498.3 4498.5 4498.6 4498.2 (23272)
2413.8 2413.8 2414.5 2414.6  (31337) 6522.6 6522.4 6522.8 6522.5 (34406)
2556.2 2556.2 2555.7 25559  (19911) 10400.7 10400.5 10401.3 10400.8 —@3)
2598.2 2597.8 2597.9  (19@11)Ac 10442.7 10442.5 10442.8 {D3)Ac
2685.1 2685.3 2686.5 2686.9 (27902) 10484.7 10484.8 (393)Ac,
2727.3 2728.5 2728.9  (27802)Ac 10526.2  10526.8 (+93)Acs
2819.2 2819.4 2819.5 2819.3  (38006) aTr
3191.2 31915 3191.8 31915 (258B85) aces.
3233.4 3233.9 32335 (25@85)Ac
3411.1 3411.2 3410.9 3410.8 (30331) @ 100
3452.8 3452.8 (303331)Ac S 1 +
3616.0 3615.9 3616.2 3616.0 (18212) ~ A 4175.8+0.7 Da
3657.9 3658.3 3658.0 (18212)Ac z (236-274)-NO
3722.6 3720.9 3721.7 3722.2  (34379) = 2
3791.9 3791.7 3791.4 3791.3 «39) =
3855.9 3855.6 3855.9 3855.5  (588) &
3897.4 3897.9 3897.5 (5B8)Ac = S0
4142.8 4142.7 4142.1 41426  (17811) =
4184.7 4184.2 4184.6  (17R11)Ac L
4410.5 4410.7 4410.2 4410.0 (34879) =
4462.4 4462.7 4462.1 4462.9 ~+B9) =
4504.0 4504.9  (£39)Ac &9 0
3800 4000 4200 4400 4600
were assigned to peptides 23235, 2306-235, 197208, 2
127-136, and 218229, all presenting a mass increase of & ' B 2037.5+0.5 Da
156 or 312 Da (theoreticaivz values of 716.6, 1129.9, > 23-40)-NO
1340.3, 1376.4, and 1567.7, respectively). These mass = (23-40)- 2
differences were associated with covalent adducts generated =
from the reaction of BSwith the e-amino group of lysine % 50
residues, followed by the release fhydroxysuccinimide —
during enzymatic hydrolysig). This reaction and similar L
adducts have been recently reported for'-8jgiobis- ‘g
(succinimidyl)propionate, a disulfide-containing B%mo- -
logue used for protein cross-linking37). These results o2 o T ol |
1800 1900 2000 2100 2200

definitely demonstrated that Lys128, Lys202, Lys220, Lys231,
and Lys233 were modified by B&nd are accessible residues
on the molecular surface of the pACY1 dimer. Furthermore, Mass (Da)

the spectrum of the BScross-linked pACY1 dimer digest  FiGure 4: Selective nitration of native pACY1 following reaction
uniquely showed he occurtence of an inense signlal W, (ot onolne, Ee o e S50 o o o
(2201882—2 Ztg)?égja(?:I—?)sjgg?(tZegOYVZIg]B)t?t?le(g?es'[iscgmzegalﬂip“demononitrated pACY1 following digestion with trypsin.

of 2082.3). The nature of this species was also proven by sponsible for the covalent dimerization observed by SDS
automated Edman degradation of the purified peptide, PAGE (Figure 5). Lys220 and Lys231 were unambiguously
following chromatographic separation. The unique occur- identified as the cross-linked residues. These findings were
rence of this cross-linked component in the digest of thg BS  verified by an independent experiment with endoprotease
cross-linked pACY1 dimer and not in the BSodified LysC. In this case, the spectrum of the B3o0ss-linked
pACY1 monomer demonstrated that this species was re-pACY1 dimer uniquely showed the presence of a clear signal
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multialignment with hACY, His385 and Glu200 were not
conserved. This result was confirmed by extending the

1 2 3 4 5 6 7 8 9

97 -- — multiple alignment to other aminoacylases. These results
suggested a possible new type of metal coordination for
66 ww PACY, involving Asp112, His79, and Glu147 (corresponding
to CBPG residues Aspl41, His112, and Glul76, respec-
tively), in agreement with the hypothesis of Biagini and
45 - Puigserver 21).

The alignment that was used (see below) also exhibited a
uniform distribution of conserved regions along the se-
guences, despite the relatively low level of homology
30 W between the target and template, with no insertion or deletion

longer than three residues (Figure 7). The only exception is
FIGURE 5. SDS-PAGE characterization of native pACY1 cross- represented by a region of the dimerization domain that
inked with B lane 1, molecular mass markers (phosphorylase corresponds to the template 24854 helix (boxed area in
PACYL. and lanes 38, PACYL meubated with 10-, 50-, 100-  Fidure 7), hereafter dubbed HD, where most alignments
250-, 500-, 1000-, and 2500-fold molar excesses of, B&spec- showed a less conserved profile, with large insertions and
tively. Proteins were visualized by Coomassie R250 staining. The low degree of homology. On the basis of all the secondary

90 kDa BS-cross-linked pACY1 dimer and the 45 kDa B®acted
pACY1 monomer (lane 8), together with a 45 kDa untreated pACY1
monomer (lane 1), were excised and digestesitu with trypsin
before mass spectrometric characterization.

at m/z 3989.0 that was associated with peptide (2283)-

CO-(CH,)s-CO-(218-233) (theoretica/z value of 3989.6),

bearing Lys220 and Lys231 linked by the Bspacer arm.
Molecular Modeling.Gel filtration chromatography ex-

structure predictions, the corresponding target helix-221
235 was elongated at the N-terminus of five residues in the
final models, after deleting the template 23242 segment.
The seven C-terminal residues of the target sequence, for
which no template information was available, were excluded
from the final modeling.

To compare the different alignments in HD, we built 50
pACY(1—399) dimer models for each: (a) pairwise align-

periments definitely demonstrated that porcine ACY1 occurs ment with CLUSTALW secondary structure gap penalties
as a dimer in its native form. On this basis, the ACY1 dimer and (b) manually edited version of (a) with modified
was modeled using as a template the crystal structure ofalignment and surrounding insertions in the helical region
carboxypeptidase G2, the only dimeric protein with a known of the dimerization domain (corresponding to template
structure that is significantly homologous in sequence to segment 246254), to avoid a single long insertion (10

pACY1. However, the availability of a single template, its
relatively low level of full-length sequence identity20%),
and a different number of Zn ions for the catalytic subunit
(two for CBPG and one for pACY1pPQ, 57) made sequence

residues) following HD, and to provide accessibility to

Lys220 and Lys231. The multialignment provided substan-
tially the same result obtained in (a), with the exception of
the HD, which, however, was optimized in (b). The criteria

alignment a rather crucial step in the modeling of the pACY1 used to keep or reject the model obtained from each set were
dimer. In fact, standard modeling procedures based onboth the quality scores of models and the agreement with
automatic alignment on the CBPG structure failed to produce the experimental data. Analysis of resulting models con-
a dimeric model consistent with experimental data. Signifi- firmed both the predicted difficulties in hosting a large
cant differences were observed at loop regions and at theinsertion in this region and the eventual wrong orientation
dimer interface, where residue accessibility and the calculatedof cross-linked Lys residues; therefore, only models from
distance between Lys220 and Lys231 mainly contrasted with alignment (b) were retained for the subsequent analysis.
limited proteolysis, chemical modification, and cross-linking- ~ The best models (PROCHEC&-factors ranging from
derived data. —0.01 to—0.20) underwent an energy minimization protocol
To overcome these limitations, we performed a number with restraints on the secondary structure and on the Asp112,
of different alignments, using different pairwise alignments His79, and Glu147 atoms involved in Zrcoordination. The
and information from multiple alignments and from predicted structure with the lowesG-factor following minimization
(for target) and observed (for template) secondary structure.was also used to build a model of the experimentally detected
In all cases, this approach allowed the identification of cross-linked dimer (see Experimental Procedures). Model
discrepancies in the putative site of Zn coordination between validation of the minimized structures was performed with
pPACY1 and CBPG. In fact, either by using multialignment different methods. PROCHECIG-factors ranged from
or by including CLUSTALW secondary structure gap —0.29to—0.25, Prosall combined, pair, and surfaescores
penalties in the simple pairwise alignment, not all CBPG ranged from—8.07 to—7.63, from—5.74 to—5.23, and from
metal coordination residues were conserved. The crystal—6.27 to —5.49, respectively. These values were quite
structure of CBPG shows that each subunit of the homodimer satisfactory for a structure obtained from homology modeling
contains two zinc atoms. Zn1l is coordinated by the carboxy- with a single template with a relatively low level of sequence
late oxygen atoms of Aspl141 and Glul76, thedtbm of identity and a dimeric modular structure.
His385, and an oxygen atom from a water molecule. A good overall agreement with the template was suggested
Similarly, Zn2 coordination involves the second oxygen of by the results of different model superpositions on the
the Aspl4l carboxylate, Glu200, the Btom of His112, template, which also identified eventual intermolecular and
and the same water molecule binding Zn1. In both pairwise interdomain rearrangements occurring in pACY1 models. In
alignment with the secondary structure gap penalties andparticular, after selection of conserved secondary structure
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FIGURE 6: Mass spectrometric characterization of cross-linked pACY1. MALDI-MS analysis of teeddSted pACY1 monomer following
digestion with trypsin (A). MALDI-MS analysis of the BRross-linked pACY1 dimer following digestion with trypsin (B). The panel
shows the signals associated withB8odified peptides identified with respect to an unreacted pACY1 sample used as a blank. Dots
denote canonic peptides also observed in the pACY1 blank.

regions (corresponding to residues18, 35-43, 154-163, The main structural elements of the resulting pACY1
315-331, and 379497 of the catalytic domain and residues dimeric model are shown in Figure 8A. Each monomer
191200, 266-275, 278-292, and 306-307 of the dimer- consists of two domains: the catalytic domain, a globular,
ization domain in the target sequence), five different compact subunit that comprises residuesl&8 and 31+
superpositions were performed, by considering the backbone399, forming as-sheet sandwiched betweenrhelices and
atoms of (a) all the selected ranges for the dimers, (b) all a secongb-sheet located on the surface, and the dimerization
the selected ranges for a single monomer, (c) the selecteddomain, which comprises residues 880, folding into a
ranges of dimerization domains for the dimer, (d) the selected 5-sheet flanked on one side by twehelices. Figure 8B
ranges of dimerization domains for a single monomer, and shows the residues exposed on the model surface according
(e) the selected ranges of catalytic domains for a single to the limited proteolysis, chemical modification, and cross-
monomer. The corresponding ranges of calculated rmslinking experiments. A good agreement was observed
deviations for the minimized models were £3.0 (a), 0.9- between the calculated structure and the experimental data,
1.0 (b), 0.6-0.8 (c), 0.5-0.7 (d), and 0.70.9 (e). These  with preferential hydrolysis and modification sites belonging
values, indicating a good overall fit of the target structures to external loops, typically located at the end of structured
with the template, show that, even after model relaxation, regions, as easily detected by model visual inspection. These
the deviations were distributed along the whole protein observations found a quantified response in the calculated
sequence, rather than concentrated on either a single domai®AS% for these residues (Table 5). The only low values,
or interdomain or intermolecular interfaces. observed for Glu309 and GIn311 (both located on the surface
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Ficure 7: Final pACY1-CPBG sequence alignment used in the modeling procedure. Only residues present in the reference PDB structure
for the template and included in the modeling for the target are shown. Residues are colored according to the standard CLUSTALX protein
scheme (orange for G, P, S, and T, red for H, K, and R, blue for F, W, and Y, green for I, L, M, and V, and white for A, C, D, E, N, and
Q). Residue conservation is encoded on the top row of the alignment. Asterisks denote positions which have a single, fully conserved
residue. Dots denote the following “strong” groups as fully conserved: STA, NEQK, NHQK, NDEQ, QHRK, MILV, MILF, HY, and
FYW. Double dots denote the following “weaker” groups as fully conserved: CSA, ATV, SAG, STNK, STPA, SGND, SNDEQK, NDEQHK,
NEQHRK, FVLIM, and HFY. A box surrounds the HD region discussed in the text. A double-headed arrow shows the template residues
omitted in the modeling procedure.

of a shallow cavity at the junction between the catalytic and tion of the protein structure. For this reason, a multimethod-
dimerization domains of each monomer), were strongly ological approach combining size exclusion chromatography,
dependent by even minor rearrangements in interdomainlimited proteolysis, selective chemical modification, and
interfaces, thus suggesting either a slightly different relative cross-linking experiments, in conjunction with advanced
orientation of the two domains or the presence of a rather mass spectrometry and modeling procedures, was employed
flexible junction in this region. Furthermore, the congruency to probe the solution structure of porcine ACY1. A similar
between the calculated structure and the experimental dataapproach has been successfully used to achieve a topological
was also evident at the dimerization domain, where the Lys gescription of the molecular surface in monomeric proteins
residues involved in the dimer cross-linking occurred at a o the interacting regions in protein complex@§-38).
distance of 9.5 A, perfectly compatible with the length of . .

As a first stage, the aggregation and redox state of the

the BS spacer arm (Figure 8C). Although close to the . . : .
interacting regions of each monomer, these amino acids wereE"ZYMe were investigated by size exclusion chromatography

still accessible to the cross-linking reagent and separated byneasurements and extensive alkylation experiments, dem-

a region that is able to easily accommodate the methylene®nStrating that ACY1 exists in solution as a dimer with all
groups of the spacer arm via positive hydrophobic interac- cysteines present in a reduced state. These findings definitely
tions. ruled out previous reports on the existence of pACY1 in the

monomeric state and containing the Cys20ys292 dis-

DISCUSSION ulfide (24). Similarly, on the basis of the high level of
sequence identity between the murine and porcine enzymes,
a possible occurrence of rat ACY1 as a trimer was considered
poorly probable 22). Furthermore, a series of limited
proteolysis experiments with different proteases in conjunc-
tion with mass spectrometric analysis of the reaction products
allowed us to define the preferential cleavage sites on protein

Knowledge of the tertiary and quaternary structure of
proteins is a fundamental prerequisite for the correct
understanding of their functional mechanism. This makes
the successful prediction of a protein tertiary and quaternary
structure a central issue in proteomics, in cases in which the
experimental structural characterization is not yet available. i Ly - X
However, although prediction and modeling techniques have SUface. Selective modification at specific lysines and ty-
greatly improved in the recent yearsg, simple and rosines, followed t?y mass mapping experlmgnts, |denF|f'|ed
effective tools are needed for experimentally testing tertiary the amino acids displaying the highest chemical reactivity,
and quaternary structural models. This is more evident for ©ccurring in the most exposed regions on the molecular
homomultimeric proteins for which information on the three- Surface. The overall results (Table 2) showed a good
dimensional structure of each monomer, the number of agreement between the different approaches and indicated
interacting monomers, and the nature of the regions presenthat the 26 hydrolysis and/or modification sites were
at the molecular interface are needed to provide confidencedistributed all along the pACY1 polypeptide chain. In
in the prediction results. In these cases, automated procedureparallel, cross-linking experiments on native pACY1 con-
conventionally used to generate tertiary models of monomeric firmed the dimeric nature of the enzyme and identified
proteins sometimes are not effective, and different integratedLys220 and Lys231 as the intermonomer cross-linked
methodologies are necessary to provide a successful predicresidues. These findings strongly suggested that these amino
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Table 5: Calculated Solvent Accessibility of Selected Amino Acid

",; ___U‘:‘, Residues in the Refined Model of Dimeric pAC¥ 1
f;,';‘.:—* s '._ ' accessibility of accessibility of amino
*F--m.v’ﬂt'; > experimentally determined acids occurring at the
) ;‘N <y PRt proteolysis/modification sites dimerization interface
R h residue SAS% residue SAS%

Lys3 26.5 Glul74 11.9

A Arg5 43.7 Arg190 6.9

Arg22 32.0 Trpl94 14.0

Tyr30 46.3 Gly206 0.6
Lys50 334 Ser207 12.7

Lys87 44.3 Leu218 1.9

Glugs 40.1 His219 10.6

Trp90 24.8 lle222 1.0
Lys99 39.5 Asn223 10.7

Lys128 28.9 lle225 0.6
Lys159 36.8 Leu226 0.6

Arg196 36.0 Arg229 0.4
Lys202 42.9 Glu230 104
Arg208 57.2 Leu236 15.2
Phe209 375 Lys242 51

Lys217 36.6 Ala245 8.5

Lys220 23.1 Val246 12.6
Lys231 26.9 Ser248 0.9
Lys233 23.0 Asn250 2.7
Glu255 30.8 Leu251 11

Tyr260 34.0 Thr252 0.1
Lys282 43.8 Met253 13.3
Lys306 414 Leu254 1.1

Trp307 40.4 Gly256 24

Glu309 15 Gly257 7.2

GIn311 4.4 Val263 1.8

Met267 0.8

Cys270 5.8

Asp272 0.1

Arg274 2.2

a Accessibility is expressed as the percentage of maximum SAS
Ficure 8: Different view of the three-dimensional model proposed (SAS%); this parameter is defined as the actual SAS value for a residue
for dimeric porcine ACY1. (A) Ribbon representation of the final inthe pACY1 dimer divided by the SAS value of the same amino acid
pACY1 dimer model. The two monomers are cyan and green with in its current conformation calculated for a hypothetical isolated state
their catalytic domains in darker shades. Zinc ions are yellow. (B) times 100. Arg208, Phe209, and Tyr260 were located close to the border
Experimentally determined exposed residues in the pACY1 dimer. of the predicted dimer interface.
Alows visualization of most of the residues found a6 oxposed on
allows visualiz . . good overall agreement between model predictions and
ACY1 (see Table 2); these amino acids are labeled on one : : : :
ﬁwonome(r and are rep)r’esented as stick bonds and dotted van de?xperlmental results (Flgure 8B). At the .same.tlme,' this
Waals surfaces. (C) Model of a cross-linked dimer of pACY1. The Model accounted for a distance and a relative orientation of
solvent accessible surfaces of the monomers are shown in twoLys220 and Lys231 in two different monomers that are
shades of blue. Lys220 (cyan) from monomer A (dark blue), Lys231 correct for formation of the experimentally detected chemical
(cyan) from monomer B (light blue), and the OC-(§HCO spacer  ¢ross-link. In fact, the model of the cross-linked dimer
arm (yellow) are represented with stick bonds. - ’ . .
(Figure 8C) showed that only minimal rearrangements in the
acids are located close to the dimer interface in the native terminal atoms of both Lys residues were required to obtain
protein, at a relative distance of lower than 11.4 A. an ideal arrangement and a fully relaxed structure for the
Standard modeling procedures from the crystal structure adduct. This result was made even more critical by the lack
of carboxypeptidase G2, based on automatic alignment, failedof direct structural information from the template in this
to produce a dimeric model consistent with these experi- region, where the structural features of the model were
mental results. Significant discrepancies were observed atmainly driven by statistical information derived from multiple
the interface region and mainly contrasted with accessibility alignments and secondary structure predictions. In particular,
and cross-linking-derived data. Therefore, a series of opti- the analysis of the model structure in this region revealed
mized pACY1 three-dimensional models were calculated on that all residues predicted to occur inside the dimer interface
the basis of different pairwise and multiple-sequence align- (Table 5) were not recognized or labeled by proteases or
ments, also using information derived from predicted and chemical reagents. An even more remarkable feature of the
observed secondary structures. All models underwent energymodel is the observation that many residues predicted to be
minimization, and structure validation was performed with close to the border of the interface (i.e., involved in
different methods. The refined model reported in Figure 8A intermonomer contacts but exhibiting SAS% values larger
appeared to be compatible with all experimental outputs. In than 20; see Table 5) were recognized or labeled by proteases
fact, a visual inspection of the location on the dimer surface or chemical reagents. Moreover, previous biochemical
for the experimentally identified exposed residues and the investigations of the pACY1 sensitivity to thiol-directed
analysis of their calculated SAS values showed a remarkablyinhibitors were easily interpreted on the basis of the model
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proposed here5Q). In fact, a specific residue, Cys115, sequence,they present an active site containing two zinc ions
occurred close to the active site region in the model and per catalytic subunit. The amino acids involved in coordina-
should be hypothesized to be a possible target of thesetion of the second metal do not seem to be fully conserved
reagents (data not shown). According to these results, wein pACY1. On this basis, we believe that the number of the
conclude that the structure reported in Figure 8 should metal ions occurring in the pACY1 active site and the
provide a good three-dimensional description of dimeric geometry of their coordination are important features, to be
pPACY1 in solution. further investigated in the future by detailed X-ray crystal-
A general overall agreement with the carboxypeptidase lography studies. These data, together with the structural
G2 molecular architecture was suggested by the results ofconsiderations reported in this paper, will definitely elucidate
different pACY1 superpositions with CBPG. Despite the the structure-function relationships for this metalloprotease,
relatively low level of sequence identity between pACY1 with altered expression levels in different renal and small
and CBPG, conserved regions were uniformly distributed cell lung carcinomas. New investigations on possible bio-
along the polypeptide chains and a common number of chemical mechanisms in which pACY1 and its substrates
secondary structure elements resulted from the comparisonshould be involved will determine if this protease has a
of the final pACY1 model and the CBPG structure. Insertions specific role in neoplacy or its altered activity is simply
and deletions were small in size on average and, notassociated with a generic loss of genetic material on
considering the HD region, located in external loops of the chromosome 3p21, a region where several other genes
catalytic domain, far from both the dimerization domain and involved in the regulation of intracellular protein degradation
the putative Zn-binding site. Significant differences were may be perturbed.
observed in the dimerization domain, where the helix Itis well-known that a major problem in predicting protein
stabilizing intermonomer interaction was longer than the structure by homology modeling is that the selected sequence
corresponding helix in CBPG. In this region, five additional alignment may not be the best with respect to the correct
residues are located, without affecting the overall fold of equivalence of residues assessed by structural or functional
the dimerization region. Moreover, additional residues with criteria. This is even more evident for model of multimeric
respect to CBPG were arranged in two five-residue loops at proteins where an additional energy contribution associated
both ends of the HD helix, occupying rather empty regions, with quaternary structure is essential for structure stabilization
and potentially improving both intra- and intermolecular and incorrect alignment of multimerization domains can
nonbonded interactions between the dimerization and cata-totally disturb proper folding. In this case, it has been
lytic domains. The predicted intermonomer contact surface proposed§3) that a number of suboptimal alignments should
in pACY1 appeared to be increased by the larger size of thebe generated and examined before selecting the appropriate
HD region, with an average calculated increment of 1018 one for model building. In this case, an effective procedure
A in the different models (corresponding to 5.6% of the that is able to rapidly filter the different possible alignments
total monomer target SAS burial after dimerization) over is strongly demanded. This goal still represents the major
carboxypeptidase G2. obstacle in large-scale automatic modeling, where manual
Furthermore, the structure presented three predicted Zn-inspection and/or careful analysis of all possible suboptimal
binding residues (His79, Asp112, and Glul47) in a spatial sequence alignments is prohibitive.
arrangement fully compatible with a tetrahedral coordination  The results presented in this paper are a good example of
of one Zn ion, with the fourth coordination atom eventually how fast and reliable techniques such as limited proteolysis,
provided by a solvent molecule, or by a bidentate coordina- selective chemical modification, and cross-linking experi-
tion from either acidic residue. The geometrical properties ments can be used to highlight problems in automatic model
of this metal binding site are similar to those already observed building and to direct an optimized modeling procedure
for other metalloenzymes$(). The above-mentioned resi- toward a refined model fully compatible with all experi-
dues are all present in the conserved sequence motifsmental observations. The development of automatic algo-
[(S,G,A)H-X-D-X-V, G-X-X-D, and X-EE], common to rithms, including information derived from this type of
animal or plant aminoacylases, bacterial succinyldiami- experimental data, will provide a higher degree of confidence
nopimelate desuccinylases, bacterial and plant acetylornithinefor computer-generated structural models.
deacetylases, bacterial carboxypeptidase G2s, and yeast
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