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Kinetic Characterization of the Serralysins: A Divergent Catalytic Mechanism
Pertaining to Astacin-Type Metalloproteases
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ABSTRACT. Substrates HECCH,CH,CO- and HOCHCHOHCHOHCO-Phe-Leu-Ala-5-nitro-2-pyridina-
mide are cleaved efficiently at the acylarenamide linkage, with a convenient spectrophotometric assay,
by the Serratiaand Pseudomonas-50-kDa extracellular metalloproteases (serralysins). The pH range
of catalytic activity extends uniformly from 4 to greater than kQ#Km ~10° s~ M~1, similar profile for

kea. Substrate analogue hydroxamic acid Cbz-Leu-Ala-NHOH competitively inhibits serral§/<ir0d
mM), with a pH dependence indicating that either a displaced metal-bow@®doHa similarly motile
enzymic phenol residue (Tyr 216) that is crystallographically found ligated to the active-3iteZthe
uncomplexed enzyme must havek,of ~5. A chemical catalytic mechanism of proteolysis consistent
with the kinetic data is proposed, in which Tyr 216-Ar0n the course of being released from the active-
site metal ion, deprotonates a water molecule attacking tRe-@ctivated substrate linkage, leading to a
metal-coordinated tetrahedral oxyanion adduct that subsequently fragments.

The important question of chemical mechanism for the to inhibit autodigestion during analysis. The enzyme em-
zinc proteases continues to draw attention (Mock & Stanford, ployed for kinetics is the same as that upon which crystal-
1996). A 50-kDa metalloprotease (SMRhat is excreted  lographic structure determinations have been carried out.
into the culture medium byserratia marcescens repre- Protein content was estimated from nitrogen elemental
sentative of a collection of bacterially produced homologous analysis and the known amino acid composition of the
enzymes (serralysin family; Jiang & Bond, 1992; Hooper, enzyme. Alkaline protease (AP, froRseudomonas aerugi-
1994; Staker et al., 1995; Rawlings & Barrett, 1995). The nosg was supplied by Nagase Biochemicals Ltd., lot
latter includes similar proteases frdPseudomonaand from 6349089, and was of certified purity. Buffers employed in
Erwinia. These enzymes also appear to fall within a s work for kinetic analysis (0.02 M each) were as
superfamily known as the metzincins, with the latter includ- ¢ ows: pH 3.6-5.1, iminodipropionitrile; pH 4.3-5, pip-

ing the snake venom proteases and collagen-matrix cleavmgerazme pH 5-6.5, 2-\N-morpholino)ethanesulfonic acid; pH
proteases related to astacin, the prototypical membécK&to 6.9-8, N-(2-hydroxyethyl)piperaziné¥-(2-ethanesulfonic

& Bode, 1995; Bond & Beynon, 1995). The serralysins _ . . e . )
differ from the better-studied group of enzymes represented ac!d?, pH 8.4-10, 2-N cycloh_exylamlno)ethanesu!fomg
acid; pH 10.5, 3-(cyclohexylamino)-1-propanesulfonic acid.

by the metalloendoprotease thermolysin in that they exploit . o ok : :
three histidine residues plus a tyrosine for holding th&"Zn ':‘gr\r";el;giﬁhown to give negligible kinetic perturbations with

ion at the active site instead of two histidines and a glutamic
acid residue. Other active-site features are sufficiently —Preparation of Boc-Ala-NH(§HsN)NG,. A solution of
different in the two groups of enzymes to suggest that 5.00 g (17.5 mmol) ofN-(tert-butoxycarbonyl)--alanine
thorough kinetic investigation is desirable for the serralysins N-hydroxysuccinimide ester (Sigma no. B 2130) and 2.53 g
and would be beneficial as regards mechanistic understanding18.2 mmol) of 5-nitro-2-pyridinamine (Acros no. 10423)
for the entire class of metalloproteases. in 5 mL of dimethylformamide containing 3 drops of
triethylamine was heated at 890 °C for 18 h (the reaction
MATERIALS AND METHODS appears to reach an equilibrium short of completion). The

Enzyme and Buffer Solutions Employed@he parent  resulting solution was diluted with 320 mL of ethyl acetate
enzyme serralysin (SMP) was supplied by Sigma Chemical and was extractedx2) with 200 mL of 0.1 N hydrochloric
Co., no. P 2789, lot 76F014, and was shown to cor#&if% acid, with 0.01 N sodium hydroxide until the washings were
of a single protein{50 kDa) by SDS-polyacrylamide gel ~ pH 7, then with water, and finally with saturated sodium
electrophoresis, after aqueous incubation with phenanthrolinechloride. Rotary evaporation of the ethyl acetate gave an

oil, which was taken up in chloroform and diluted to the

t This work was supported by NIH Grant GM39740. cloud point with hexane. Upon s_tand?ng, a precipitate of

* Corresponding author. FAX: 312-996-0431. E-mail: wimock@ product plus unreacted nitropyridinamine formed and was
uic.edu. i ili

® Abstract published ilhdvance ACS Abstract#pril 1, 1997. ﬁollected. !t was E u”fleq by silica c.hrlomatography I(ll.EtGA;:

1 Abbreviations: Tx! (-threoxyl), threonic (R,3S-2,3,4-trihydrox- exanes 1:2). The desired material was recrysta ized from
ybutanoic) acid residue; Suc, succinyl residue; SE@rratia (marce- chloroform and carbon tetrachloride, giving 2.17 g (40%)

scens) metalloprotease; AP, alkaline protease frd®seudomonas of N-(tert-butoxvcarbonvle-alanvl-5-nitro-2-pvridinamide
aeruginosa The designations used for the amino acid residues (P) of ( Y Yl y by ’

the substrate and to name the subsites (S) of the enzymic active siteMP 158-158.5°C; IR (KBr) 1680 cn*; *H 400-MHz NMR
are those of Schechter and Berger (1967). (CDCls) 6 1.48 (s, 9 H), 1.49 (d, 3 H] = 8 Hz), 4.45 (br,

S0006-2960(96)03149-2 CCC: $14.00 © 1997 American Chemical Society
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1 H), 5.13 (br, 1 H), 8.40 (d, 1 H = 9.2), 8.49 (dd, 1 H, Into a solution of 4.04 g (6.4 mmol) oN-(3,4-O-

J =24 and 9.2 Hz), and 9.15 (d, 1 H,= 2.4 Hz); UV isopropylidena--threoxyl)+-phenylalanyl:-leucyl4 -alanyl-

(H20) 307 nm € 10 300); pp?® = —18.9 (Me,CO, c = 5-nitro-2-pyridinamide in 100 mL of methanol was added

0.19). dropwise 10 mL 66 N hydrochloric acid at 25C. The
Preparation of (H)Ala-NH(GH3N)NO,-HCI. To a solu- reaction mixture was stirred fd h and was then neutralized

tion of 4.21 g (13.6 mmol) oN-(tert-butoxycarbonyl):- with aqueous ammonia to a pH of 6. The methanol was

alanyl-5-nitro-2-pyridinamide in 70 mL of ethyl acetate in rotary-evaporated and the product was precipitated with 20
an ice bath was added a saturated solution of anhydrousmL of water. The solid was collected and washed with 10
hydrogen chloride in 100 mL of ethyl acetate. After 30 min mL of cold water. It was then triturated with warm ethyl
at room temperature a white precipitate had formed, which acetate, giving 3.40 g (90%) df-L-threoxyl+.-phenylalanyl-
was collected and washed with a small amount of ethyl -leucyl+.-alanyl-5-nitro-2-pyridinamide, mp 191-5.92.5
acetate. The resulting powder was evacuated in a desiccatorC; UV (MeOH) 307 nm ¢ 15 400); IR (KBr) 3360, 1725,
over potassium hydroxide pellets for 2 h. The product was and 1640 cm?; 'H 400-MHz NMR (CD:SOCDy) 6 0.85 (dd,
dissolved in methanol and precipitated with diethyl ether, 6 H, J = 6.4 and 13.8 Hz), 1.34 (d, 3 H,= 7.2 Hz), 1.45
yielding 2.10 g (63%) ofi-alanyl-5-nitro-2-pyridinamide  (m, 2 H), 1.54 (m, 1 H), 2.97 (m, 1 H), 3.04 (m, 1 H), 3.37

hydrochlori_de, mp~115°C (foam/dec). (m, 2 H), 3.71 (m, 1 H), 3.93 (m, 1 H), 4.40 (m, 1 H), 4.52
Preparation of (H)Phe-Leu-Ala-NHEEIsN)NOHBr. To (m, 2 H), 4.58 (m, 1 H), 4.70 (d, 1 H,= 6.1 Hz), 5.49 (d,
a mixture of 3.41 g (8.3 mmol) oN-carbobenzyloxy-— 1H,J=6.5Hz), 7.16-7.26 (m,5H), 7.73 (d, 1 H} = 8.1

phenylalanyle-leucine (Sigma no. C 1141), 2.04 g (8.3 Hz), 7.98 (d, 1 HJ = 8.6 Hz), 8.25 (m, 2 H), 8.59 (dd, 1
mmol) of L-alanyl-5-nitro-2-pyridinamide hydrochloride, 1.12 H J = 2.9 and 9.4 Hz), 9.17 (d, 1 Hl = 2.7 Hz), and
g (8.3 mmol) of 1-hydroxybenzotriazole, and 0.84 g (8.3 11.27 (s, 1 H). Anal. Calcd for £H3cOoNs: C 55.09, H
mmol) of triethylamine in 40 mL of dimethylformamide was 6,16, N 14.28. Found: C 55.26, H 6.45, N 14.04.
added 4.01 g (9.5 mmol) of 1-cyclohexyl-3-(2-morpholino- Pre :

S \S paration of Suc-Phe-Leu-Ala-NH{&;N)NO,. To a
ethyl)carbodiimide methg-toluenesulfonate, and the result- suspension of 2.36 g (4.28 mmol)ephenylalanyk-leucyl-
ing homogeneous solution was allowed to stand Ovem'ghtL—alanyI—S—nitro—Z—pyridinamide hydrobromide and 0.433 g

g}E azfniiﬁr?(])(feiézs;r:tcljnv?/a?g:ligor:evgﬁtaﬁgl:LILeed Irr:)t((j)ugto?/vméh (4.28 mmol) of triethylamine 40 mL of acetonitrile was added
precip P f 0.428 g (4.28 mmol) of succinic anhydride (freshly recrystal-

was collected. The solid was redissolved in dimethylfor- lized from CHCY). The mixture was swirled for 5 min until

(Tr(ie:en;Iii(??gc?)?;gligzlér?r%rl’rr]]tgovc\)lartﬁli'o;rﬂgtpgr; %'g ltagge\;\i/?s all particles of the hydrobromide dissolved, and the resulting
acid. Additional material was secured from the filtrate by cIoudylsqluuon was allowed to stand at 5 for 1 h. _The
addition of diethyl ether. Obtained was 3.49 g (70%) of acet_qmtrlle was then rotary-evaporated and the residue was
N-carbobenzyloxy-phenylalanyle-leucyl- -alanyl-5-nitro- partitioned between 800 mL of ethyl acetate and 400 mL of
2-pyridinamide, mp 244245 °C 1 N hydrochloric acid. The organic phase was washed with
: ' ) i _ saturated sodium chloride, and then was rotary evaporated
A solution of 3.49 g (5.8 mmol) oR-carbobenzyloxy: to a volume of~100 mL (cloudy solution). After standing,

phenylalanyl:-leucyl-alanyl-5-nitro-2-pyridinamide in 45 : . L .
1 : . the resulting white precipitate was collected, washed with
0,
g of 30% hydrogen bromide in acetic acid was allowed to hexane, and allowed to air-dry, giving 2.17 g (89%) of

stand at 25C for 0.5 h. Subsequent dilution with 600 mL N-succinyl+ -phenylalanyle-leucyl4 -alanyl-5-nitro-2-pyridi-
of anhydrous diethyl ether gave a suspension that Wasnamide as a white powder, mp 22829 °C: UV (H0.

allowed to stand for 0.5 h on crushed ice. The resulting
solid was collected and was promptly desiccated over phosphate buffer) pH: 9.5, 308 nm { 13 900), pH> 12.5,

- ; 353 nm € 12 500), Ko = 11.1 &0.1); IR (KBr) 1700 and
potassium hydroxide pellets for 2 h. The product was 1620-1660 e 1H 400-MHz NMR (CD-SOC il
recrystallized by dissolution in 150 mL of methanol with - **- derivgﬂmvé (with replaczement (of t;reoxy%)s?é?;z by

b t dilution by 300 mL of anhyd diethyl ether, . '
subsequent arutian by m>- 07 annycrous dietiyl etner those of succinyl residue). Anal. Calcd fopAH34/NeOs: C

followed by standing at 85 °C. The solid was collected )
and dl‘ied, g|V|ng 239 g (75%) Q.f'phenylalanyh:'leucyl' 5683, H 601, N 1473 Found. C 5640, H 619, N 1439

L-alanyl-5-nitro-2-pyridinamide hydrobromide, mp 26869 Preparation of Cbz-Leu-Ala-NHOHA solution of 1.75

°C (dec); UV (HO) 308 nm & 14 400). g (5.2 mmol) ofN-carbobenzyloxy-leucyl+ -alanine (Sigma
Preparation of Txl-Phe-Leu-Ala-NHEEN)NOG,. To a no. C 0170) in 3 mL of dimethylformamide was added to a

solution of 4.45 g (8.1 mmol) af-phenylalanyl:-leucyl-.- solution of 1.07 g (5.2 mmol) of 1,3-dicyclohexylcarbodi-

alanyl-5-nitro-2-pyridinamide hydrobromide, 1.58 g (8.1 imide in 4 mL of dimethylformamide in an ice bath. A
mmol) of 3,40-isopropylidena--threonic acid calcium salt  solution of 0.60 g (5.2 mmol) dl-hydroxysuccinimide in
(Aldrich no. 38,065-2) and 1.09 g (8.1 mmol) of 1-hydroxy- 2 mL of dimethylformamide was immediately added to the
benzotriazole in 50 mL of dimethylformamide was added above mixture. The solution was stirred in an ice bath for
3.90 g (9.2 mmol) of 1-cyclohexyl-3-(2-morpholinoethyl)- 2 h, and the mixture was then stirred at room temperature
carbodiimide methg-toluenesulfonate, and the solution was overnight. The white precipitate that formed was removed
allowed to stir overnight at 28C. The resulting solution by filtration. The filtrate was poured into 100 mL of cool
was poured into 500 mL of ice and water, and a solid was water to precipitate the product, which was collected. The
collected. The product was recrystallized by dissolving in resulting solid was recrystallized from chlorofotroarbon
methanol and reprecipitating with water, yielding 4.10 g tetrachloride, giving 2.00 g (89%) di-carbobenzyloxy-
(81%) of N-(3,4-O-isopropylidene:--threoxyl)+-phenylala- leucyl+-alanylN-hydroxysuccinimide as white crystals,
nyl-L-leucyl+-alanyl-5-nitro-2-pyridinamide, mp 1745 mp 163-164 °C; IR (KBr) 1810, 1780, 1750, 1685, and
175.5°C. 1650 cnrl.
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To a mixture of 1.90 g (4.4 mmol) dfi-carbobenzyloxy-  sulfoxide and 1 mM calcium chloride), with spectrophoto-
L-leucylL-alanylN-hydroxysuccinimide and 3.0 g (43.2 metric monitoring (of absorption increase at 330 nm,
mmol) of hydroxylamine hydrochloride in 100 mL of 1 or 2 cm path length) and the method of initial rates.
methanot-chloroform (1:1) in an ice bath was added 17.3 g Enzyme concentration was maintained well below substrate
of 10% sodium hydroxide solution. The resulting mixture concentration for kinetic parameter determinations in all
was stirred fo 2 h in an icebath. A precipitate was removed cases, and irreversible decay of enzyme activity was shown
by filtration, and the solution was evaporated. The residue to be negligible over the time period of kinetic-assay runs,
was dissolved in 50 mL of ethyl acetate and was extracted at the pH extremes. Ordinarily, kinetic runs were initiated
with 50 mL of 0.1 N hydrochloric acid and then with by addition of enzyme to a preequilibrated solution of
saturated sodium chloride. The ethyl acetate was rotary-substrate in buffer, but for pH values &f6 with SMP the
evaporated to a volume of 10 mL and was then diluted to enzyme showed spontaneous activation during the initial few
the cloud point with hexanes. A solid was collected by minutes of exposure to acid, so that an inverse mode of
filtration, 1.20 g (78%) ofN-carbobenzyloxy-leucyl- addition (substrate to equilibrated enzyme) had to be
alanyl-N-hydroxylamide, mp 158158.5°C; IR (KBr) 1640 employed. The limiting kinetic parameters were obtained
and 1690 cm?; *H 200-MHz NMR (CD,;SOCLy) 6 0.85 (dd, as a function of pH by a nonlinear least-squares fit of data
6 H), 1.15 (d, 2 H), 1.351.60 (m, 2 H), 3.984.20 (m, 2 (Michaelis parameters, similarly obtained) to the appropriate
H), 5.00 (s, 2 H), 7.287.42 (m, 6 H), 7.95 (d, 1 H), 8.86  equations as given in the figure legends. All pH values in
(s, 1 H), and 10.58 (s, 1 H). Anal. Calcd fok & 2sN30s: this paper are calibrated pH meter readings uncorrected for
C58.11,H7.17,N11.96. Found: C58.03,H 7.31, N 11.71. ionic strength effects. Tolerances listed are standard errors
A UV spectrophotometric titration of this material (245 nm, from least-squares analysis.
buffer 10 mM 1,3-propanediamine) gave l§,value of 9.1
(£0.1) for ionization of the hydroxamic acid. RESULTS

Crystal Structure Determination, SMIPComplex The Design of an Assay Substratdhe Serratia marcescens
adduct between serralysin and Cbz-Leu-Ala-NHOH has beenprotease (SMP) obtained from strain E-15 has been known
examined by Ulrich Baumann of the Biomolecular Structure for some time (Miyata et al., 1970a,b). It has been sequenced
Unit, Institute of Cancer Research, Sutton SM2 5NG, U.K., (Nakahama et al., 1986), and protein crystal structures are
and a portion of its structure is described here with available showing the conformation of the enzyme (Bau-
permission, with full details to be published separately. The mann, 1994; Baumann et al., 1995; Hamada et al., 1996). In
Serratia protease was crystallized as described previously spite of this wealth of structural evidence, rather little is
(Baumann, 1994). Crystals having a typical size of .2  known regarding its specificity (Miyata et al., 1970c). From
0.4 x 0.6 mm were grown at 4C and were soaked for 48 the limited data available, together with that for the similar
h in a solution containing 10 mM Chbz-Leu-Ala-NHOH. Data protease fromPseudomonas aeruginogMorihara, 1963;
were collected on a MAR research image plate at a crystal- Morihara et al., 1973) and a crystal structure for the latter
to-plate distance of 110 mm. Data were processed using(Baumann et al., 1993; Miyatake et al., 1995), an informed
DENZO/SCALEPACK; relevant statistics are tabulated guess could be made as to the type of peptide that might be
below. Difference Fourier maps revealed the presence ofsuitable for kinetic assay. The active-site?Ziies at the
the inhibitor in the active-site cleft. Refinement was carried bottom and middle of a deep groove in the protein. The S
out using X-plor, applying a bulk solvent mask and an subsite seems relatively constricted, but thar®l S regions
anisotropic overalB-factor correction in the last rounds of of the enzyme appear designed to hold hydrophobic side

refinement. chains. Additionally, a specific H-bonding network involv-
ing the backbone amide linkages of the-P; portions for
resolution _ _ 1.80 A a product peptide that was fortuitously discovered so bound
g(()l')Of measured/unique relections 0_0538 329/61 944 in the case of th®seudomonasnzyme suggested that ade-
completeness 0.934 guate specificity might reside in that half of substrates (car-

boxy side of scissile linkage). Pockets indicating hydro-

Cbz-Leu-Ala-NHOH binds to SMP in a fashion similar phobic §' and $' subsites (amino side of scissile linkage)
to peptides found in the crystal structure of AP (Baumann also may be observed in the protein crystal structures, but
et al., 1993). The Leu-Ala backbone of the inhibitor binds these are not exploited in our current substrate design.
in an extended manner, antiparallel to an edge strand On the strength of the foregoing considerations, an
(residues 133137) of g-sheet, forming two backbone appropriate tripeptid@-nitroanilide (Erlanger et al., 1961;
H-bonds with residue Ala 136, while the side chain of Asn Wolz, 1994) was tested for kinetic competence, on the
191 on the other side of the active-site cleft H-bonds to the Pseudomonaalkaline protease (AP). Attempted cleavage
alanyl nitrogen of the inhibitor. The carbobenzyloxy group of Phe-Leu-Ala-NHGH,NO, was only marginally success-
does not have significant electron density and is probably ful: At pH of 7.4 aK, value of 0.2 mM was noted, indicating
disordered. Features of the active-site?Ziigation are suitable substrate binding, but the estimdtggvalue, 0.013
presented in a subsequent figure. The complete structures™, was unsatisfactory for routine kinetic assay (J.-T. Tsay,
has been deposited in the Brookhaven Protein Data Bankunpublished observations). However, substitution of 5-nitro-
(code 1af0). 2-pyridinamine as the N-moiety within the scissile linkage

Kinetic Analysis The catalytic pH-rate dependencek.§/ gave enzymic cleavage at a rate several orders of magnitude
Km with [S] < Ky, and where feasibl&., and Ky,) for the faster than for the-nitroanilide, with even more favorable
peptidyl nitropyridinamide substrates with serralysins, in- spectrophotometric characteristics for monitoring kinetics
cluding inhibitor K; data, were determined at 25.6@.1) (see Figure 1). This is a nontrivial improvement, and it
°C in buffers previously listed (containing 4% dimethyl makes inhibition studies and determination of pH profiles
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FIGURE 1: Spectral comparison of 5-nitro-2-pyridinamide substrate 3 2 5 & 7 3 s 10 11
[TxI-Phe-Leu-Ala-NH(GH3N)NO,, dashed line] with hydrolysis pH

product (5-nitro-2-pyridinamine, solid line), indicating the substan-
tial absorption increase at wavelengths ®850 nm that ac-
companies enzymic cleavage.

Ficure 2: Log plot of specificity constark../Kn, as a function of
pH for cleavage of TxI-Phe-Leu-Ala-NHEE;N)NO, (@) and Suc-
Phe-Leu-Ala-NH(GH3N)NO, (O) by SMP. Equations for the fitted

Scheme 1 lines are kCa{Km)apparent: (Keal Kmim(1 + [HI/ Ko { (1 + [H)/ Ka1)2
(1 + KaZJ[H])} (upper) and Kca[Km)apparent: (kcathm)Iim (1 +
[Succinyl] 0 o 0 0 [HI/ Ko (1 + [H/ Ka)(1 + Kad[H])} (lower). Least-squares fitted
HOZCCHQCHZCNHQHCNHQHCNHQHC-NH@—N02 parameters are as follows: Txl substratea/Km)im = 1600 &
CeH<CH CH CH N= 120) st M~1 (value in flat region near label, pH-®), pKa; = 4.9
652 T2 3 (£0.1), Koz = 5.6 (= 0.1), Kaz3 = 9.9 (& 0.1); Suc substrate,
CH(CHg), €max 307 nm (Keal Kmim = 2.9 (& 0.3) st M~ (value in flat region near label,
pH 7-9), pKa1 = 4.9 (& 0.2), Koz = 6.5 (& 0.1), Kaz= 10.3 (=
(Threoxyl] HO Q Q I I /N 0.2). Breaks in dashed-line asymptotes dendtg \mlues. For
HOCHQCI:HCHCNHQHCNHQHCNHQHC—NH-(}N02 the Txl substrate Ig,; is a mean value, for two analytically
OH CgHsCHz CHp CHg N= unresolvable ionizations (one canceling the upstroke caused by
CH(CHa)p PKa).
enzyme H2N—(/i\>—N02 + (Suc,Tx)-Phe-Leu-Ala-OH in this regard is the “specificity constarkca/Km, a second-
HoO N= order rate constant for conversion of substrate by enzyme
Emax 342 Nm under conditions of high dilution. Perturbations of this

kinetic parameter are informative as to structural components
of the enzyme, either influencing substrate binding or

practical. However, solubility of the tripeptide was inad- SN ) _ L2
participating in the first committed step of catalysis within

equate, particularly at high pH. The latter problem was ) )
solved in two ways (Scheme 1). In accord with previous the ES.compIex._ It had_ previously been recognized that
practice, a succinyl residue introduced at the N-terminus Wasserr_alylflns are acPin "’}t high pH (the”enzyme fesaUdOmo-

found to enhance solubility, affording Suc-Phe-Leu-Ala-NH- nasis known as ‘alkaline protease )- Howevgr, our nitro-
(CsHsN)NO; as a suitable assay substrate. However, at low pyridinamides allow considerably better kinetic reproduc-

pH values the introduced carboxylate becomes protonated,ibility thgn has been hitherto attainable, permitting quant_itative
again causing loss of solubility and complicating kinetic €valuation. The pH dependence fi/Kn, for the Serratia

assay. For an alternative end residue, a triol-containing protease (SMP) is shown in Figure 2, for substrates Txl-
threonic acid moiety was attached to the N-terminus of the Pne-Leu-Ala-NH(GH:N)NO, and Suc-Phe-Leu-Ala-NH-
tripeptide (HOCHCHOHCHOHCO-amide), and that hy- (CsHsN)NO.

drophilic tail conferred superior solubility to the substrate Velocity versus PH [S] < Kn. As may be seen, t.h?
designated as TxI-Phe-Leu-Ala-NH{@N)NO,, at all pH enzyme SMP yields a remarkably bro.ad. range of activity,
values? The two innovative features incorporated in the spanning from pH=3 to =11. The limits seem to be
latter substrate merit special notice, namely, the scissile SPecified most cogently for Tx_I-Phe—Leu-AIa-NIﬂﬂ:gN)-
amide-group modification (nitropyridinamine) for assay of NO,, alt_hough there are compllcatlons on both I'mbs of_the
enzymes that are tolerant of arenamides as a leaving groudJH proﬂle. For both substrates at h'gh pH _the nltropyno_ll-
in the §' position, plus the Txl capping residue (threoxyl) nam!(j_e moiety _suffers nonenzymic allgalme hydrolysis,
for solubilization without introduction of an anionic car- '€quiring corrections to the catalytic reaction. For measure-
boxylate into the peptide. These previously unexploited ment of convenient velocities, these may be carried out with

substrate components are candidates for general adoption irclzonﬂdence only for pH_ values 0f10.5, above_whlch the
; ; blank (hydroxide) reaction exceeds the catalytic. However,
enzyme catalysis studies. ith ate all tor thi lication. it
Catalytic Actwity of SMP. With access to a convenient \t';']' i g?%om'? Ie a ogvance or this comptljcz_a '?R’; alp_)ipears
continuous spectrophotometric assay technique [monitoringL a " catalysis ]?tct_om(is sug)yl)r(ta_sset mth atlhp rEnge.
of amide cleavage at 35100 nm, enhancement of absorp- east-squares curve Titting fo catalylic rates that have been

tion attending release of N(CsHsN)NO,, see Figure 1] corrected for spontaneous hydrolysis suggests a downturn

systematic investigation of the kinetic catalytic characteristics in the pH profiles characterized by &pof ~10, as shown

: ; : : in Figure 2. This is believed to be an enzymic ionization.
of the serralysins became feasible. Of primary importance A pK, value for deprotonation of the substrate chromophore

> The abbreviation Txl (h ) s introduced 1 ool has been independently measured by rapid spectrophoto-
e abpreviation 11X reoxyl) 1s introauce 0 symbpolize a i i H
threonic acid (HOCHCHOHCHOHCGH) residue. The latter must ~ MEWiC titration, and a somewhat greaté¢,palue of 11.1

be clearly distinguished from the amino acid residue threonine (Thr), Was found (for ionization of acylnitropyridinamide-NH).
which is not here employed. Because the kinetically observe# pvalue is significantly
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1

(4]

lower than 11, it should be attributed to an enzyme functional
group.

In the acidic region of the profile in Figure 2, SMP shows
especially complicated behavior. Unlike at higher pH,
maximum catalytic activity is only slowly attained when a
neutral solution of the enzyme is added to a buffered acidic
assay solution of either of the substrates. This suggests that < 2 r . . .
some change in the enzyme is occurring, perhaps a delayed £ 4 ® & p7H
conformational shift and/or a slow protonation. For rate GURE 3 Log plot ofkefKn (O) and ofke (@) as a function of

measurements in this pH range, an inverse assay mode wag; ¢, cleavage of TxI-Phe-Leu-Ala-NHEsN)NO, by alkaline

employed, in which kinetic runs were initiated by addition protease (AP). Equations for the fitted lines akem)apparent=
of substrate to an equilibrated solution of enzyme. With this (KeafKm)im/{ (1 + [H]/Kan)(1 + Ka2[H])} (lower) and Keadapparen™=
provision, the small upward inflection noted in the profiles (kcau)nm(lt + [HI Kaz)/gllrr [HL/CPZ;&)Z)(IJID|Oerl)iestlse(;':ltsté(S)tilusfglfsl\jI filtted
; ; parameters are as follows mlim = -1
e oo e By 3851 101 € 63) 4y = 075 008
: - VY A ) st (value in flat region, pH #9), pKay = 4.7 (£ 0.2), K2 =5.5
(CsH3N)NO:; the resulting catalytic activity becomes extin-  (+ 0.3)(Ka is a mean value, as in Figure 2). Breaks in dashed-
guished at lower pH values as well as in alkali. Least-squaresline asymptotes denotekp values.
curve fitting yields demarcatingqa values on the acidic and
alkaline limbs of 4.9 £0.1) and 10.1£0.2), respectively,  afall-off in activity for k.o could not be detected for technical
with a pK, of 5.6 (#0.1) characterizing the small upward reasons (incipient ionization of substrate prevents suitable
inflection within the interior of the profile. For alternate spectrophotometric kinetics at pH10), so it cannot be said
substrate Suc-Phe-Leu-Ala-NH{@€:N)NO, the downturnon ~ whether the decrease that is seen in the specificity constant
the acidic limb could not be seen. The succinyl carboxylate there takes place withikeg; or within Kp,.
becomes protonated in acid with accompanying loss of In summary, the pH region of full activity for both SMP
substrate solubility, so the pH profile could not be extended and AP extends from 4 to 10. This is unusual for zinc
in that case. Not surprisingly the carboxylic acid form of proteases: Optimal activity of the better-studied metallo-
substrate apparently binds more tightliK( decreases proteolytic enzymes thermolysin and carboxypeptidase A is
substantially in acid, fronrx 2.5 mM to~0.1 mM), and that restricted to a 23 pH-unit range. This signals potential
accounts for the greater upward inflection in thg/Kn mechanistic differences for the serralysins.
profile for the Suc substrate (40-fold vs 2-fold increase) and  Hydroxamate Inhibition The key to appreciation of
for the absence of an eventual downturn as for the TxI mechanism for thermolysin and carboxypeptidase A has been
substrate. Because of analytic difficulties in disentangling recognition of the hyper-Lewis-acidic character of théZn
these phenomena for the succinylated derivative, subsequenion bound at the active site (Mock et al., 1993; Mock &
interpretation will focus on the more active threoxyl substrate. Aksamawati, 1994; Mock & Stanford, 1996). The acidic-
The parent tripeptide-nitropyridinamide (that with a free limb inflection occurring within a bell-shapéd./Kn vs pH
terminal amino group) was also examined as a substrate angrofile in those cases Ka value of 5 or 6) is in fact caused
was found to be comparably active as the Tx| derivative at by deprotonation of a water molecule that is ligated to the
neutral pH. It showed a diminution of activity on the acidic tetracoordinate Z in the absence of substrate. The low
limb, but it could not be examined above a pH of 8 for value of that K, (for HO-Zn?") constitutes a direct index
solubility reasons. Overall, it appears that the pH range of of the electron deficiency of the metal ion, explaining its
enzymic activity for SMP is quite broad, with essentially efficacy in stabilizing the tetrahedral-adduct oxyanion in-
full activity from pH 4 to 10. termediate in the course of catalysiga(a reverse-protona-
Catalytic Actiity of AP. The behavior of the individual  tion mechanism; Mock & Stanford, 1996). Whether this is
Michaelis parameterk:.,; andKy, as a function of pH is of  also the situation in the case of the serralysins is obviously
course of interest. In the case of SMP these could not beof interest. The question of Zh Lewis acidity may be
adequately determined, since the solubility limits for our answered with the least burden of ambiguity by pH-
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substrates~{2.5 mM) approximates the value &f, with dependent competitive inhibition evidence (Cleland, 1977),
that enzyme at most pH values. However, the structurally employing a metal-liganding substrate analogue.
comparable metalloprotease produced By aeruginosa From the crystal structure of an enzyrgroduct complex
proved more suitable, with values fé&, of ~0.65 mM, in the case of théseudomonasnzyme (Baumann et al.,

allowing full determination of Michaelis parameters (Figure 1993), it could be anticipated that a chelating hydroxamic
3). With varying pH in the case of this enzyme (AP), the acid corresponding to the {PP,-P; portions of our substrates
specificity constank../Kn employing the threoxyl substrate  ought to provide a potent competitive inhibitor. Such proved
spans essentially the same range as for SMP. Additionally,to be the case: Cbz-Leu-Ala-NHOH was prepared and was
thek:a:vs pH profile generally parallels that of the specificity found to exhibit aK; value of 40uM with SMP at neutral
constant (i.e.K, does not vary greatly with pH). The slight pH. Crystallographic investigations have confirmed that the
upward inflection in the acidic region seen with SMP appears hydroxamate moiety chelatively links to the active-site metal
to be duplicated in thie, profile, but the ultimate quenching ion in the manner expected (as subsequently depicted). In
of activity at low pH evidently is &..: phenomenon. The  Figure 4 is shown the pH dependence Kf for this inhibitor
time-dependent activation phenomenon seen with SMP eitherunderk /K, assay conditions ([Sk Kn). This is an inverse
was not present in the case of AP or was attained morelog plot (Ki = —log Kj), so most effective inhibition
quickly; hence, a “normal” experimental mode of initiating corresponds to higher values dfjpas seen mid-range. Only
kinetic runs sufficed. On the alkaline limb of the pH profile, the competitive component of inhibition could be examined;
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Ficure 4: Log plot of competitive inhibition constantKp vs pH
for Cbz-Leu-Ala-NHOH and SMR assay substrates TxI- and
Suc-Phe-Leu-Ala-NH(€H3N)NO], [S] < Ky}. Equation for the
fitted line is (Ki)apparen™= (Ki)im (1 + [H]/Kan)(1 + Kad[H]). Least-
squares fitted parameters akg)fm = 0.039 & 0.001) mM, Ka1
= 4.81 ( 0.02), and a2 = 9.17 & 0.03). Breaks in dashed-
line asymptotes denote<p values.

substrate solubility limitations disallowed detection of any
concurrent noncompetitive mode.

The salient feature in Figure 4 is that the binding of Cbz-
Leu-Ala-NHOH inhibitor is tightest at neutral pH, and
enzyme affinity only falls off on the extremes of the profile.
According to least-squares curve fitting, there are ionizing
groups present havingKp values of 4.8 and 9.2, which
bracket a pH region of firmest liaison between E and I. Of
that pair of ionizations, the alkaline-limkkg matches that
of inhibitor, for deprotonation of its RCONHOH group.

Independent spectrophotometric measurement of the hydrox-

amic acid dissociation in buffered solutions gave<a yalue
of 9.1, which is typical of the functionality. Consequently
and not unexpectedly, ionization of that metal-liganding
moiety affects inhibition (downturn inky). The enzymic
pK, of ~10 that is seen ik../Ky may also influenc&;, but

Mock and Yao

a
o -
oo N
(H)// & Tyr216
His 180"y N—40
N
His 186
N
b
Glu 177
Tyr 216
(Cbz)N

FiGure 5: Active site of SMP, according to crystallography. (a)
Depiction of Zr#* coordination environment for native enzyme
(Zn—OAr distance of 2.8 A). (b) Same with anion of inhibitor
Cbz-Leu-Ala-NHOH bound [ZrOAr distance of 4.2 A, hydrox-

its effect could not be discerned as a practical matter. The amate-to-zinc distances of 2.12 A (Z@y) and 2.07 A (Zr-00)].

acidic-limb K, of 4.8 presumably corresponds to an enzymic
ionization, and it matches the downturn seen inkhéKm
vs pH profile for the Txl substrate. Quite probably that
inhibition-perturbing K, is due to the same metalloprotein
functionality as perceived in catalytic substrate cleavage.
However, a peculiar feature of theKpvs pH pattern
requires explanation. At neutral pH where binding is tightest,
the hydroxamic acid functional group almost certainly yields
up a proton upon chelation with the enzymic metal ion. That
“acid” only ionizes spontaneously (in the absence of a
coordinating metal ion) at pH values 80, yet chelation of
hydroxamic acids to Z41 is known with certainty to require
the deprotonated form within complexes; i.e., the metal ion
drives off an H from RCONHOH (Schwarzenbach &
Schwarzenbach, 1963; Monzyk & Crumbliss, 1979; Parekh
et al., 1989), and hydroxamasmion is the species bound
(confirmed in this case by inhibitor O to enzyme Zn distances
of ~2.1 Alin the El crystal structure, subsequently depicted).

Enzymic tyrosine may H-bond to the hydroxamic imidate oxygen
of inhibitor [(HYON=C(R)O~ to O(H)Ar distance of 2.7 A], and
inhibitor appears to H-bond to the side-chain carboxylate of Glu
177 [RCOO to O(H)N(H)C(OZn)R distances of 228.3 A]. Other

E-I contacts are mentioned in the Materials and Methods section
(structure provided courtesy of U. Baumann).

to the critical proton-accepting enzymic functional group,
which must adopt itsconjugate acid formin order for
hydroxamatenionto bind tightly, at all pH values (“reverse
protonation” inhibition: Mock & Tsay, 1986, 1988; Mock
et al., 1993; Mock & Aksamawati, 1994).

In order to identify the latter moiety, it is appropriate to
consult the enzyme crystal structure, a portion of which is
shown in Figure 5. Although protons cannot actually be seen
crystallographically, one evident candidate for th€, pf
4.8 would be the side chain of a glutamic acid residue from
the enzyme, Glu 177, which prominently dwells in the
vicinity of the active-site metal ion. This residue has a

This would lead to an expectation that binding as a function prevalent counterpart in most other metalloproteases. Fur-
of aqueous solvent basicity should be proportional to alkali thermore, the -CKHCH,CO,(H) moiety appears to become
concentration until the pH reaches 9 and should then levelinvolved in H-bonding with the bound hydroxamate (Figure
off at higher pH values, where the free inhibitor becomes 5b). However, that side chain is unlikely to be responsible
completely ionized and hence available for complexation for controlling inhibitor binding in the manner described,
without competition from protons. Instead, the pH profile because of obligatory participation by the enzyme in its
is level below 9, and the inhibitor progressively dissociates conjugate acid form only. In order to explain the observed
from enzyme in more alkaline solutions. The unavoidable pH profile for pK; employing Glu 177 as the regulatory
explanation is that the enzyme must concurrently and species, it would be necessary that presence ofiépzo-
obligatorily take up a proton in order for the hydroxamate tonatedform of the carboxyl residue (Glu 177-GQ should

anion to bind tightly. In that case the implicit cancelation
of pH dependences (active enzyme proportional td][H
while active inhibitor proportional to [HQ), yields the level
profile actually observed near neutrality. Th&,pof 4.8
noted on the acidic limb of Figure 4 would then correspond

induce complete rejection of the inhibitor by enzyme.
Because no compensatory inflection may be seen inkhe p
vs pH profile at any pH up to 10, the putative conjugate
acid Glu 177-CGH within the EI complex would be obliged
to have a K, value of>10 so long as the inhibitor is bound.
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Scheme 2
OH
2 I +H*
(His)3Zn® + RCNHOH =—=
K, 01) K
Tyr 216—CgH,0 (PKa 9.1)
(PKa 4.8, Zn*.ArOH)
0 b
(His)szn’; /ZF\' or (His)azn: /'-‘é\
0" R 0" "R

+ HyO + Tyr216—CgH4OH (pKa >10)

That is a thermodynamic imperative attending any provi-
sional stipulation that the carboxylate anion absolutely
prevents inhibitor binding, which the pH profile seems to
require. Such an extremeKp perturbation of an enzymic
carboxylic acid upon binding of a reactant analogue is
improbable. It cannot readily be attributed to introduction
of a new H-bond, since apparently similar carboxylate
H-bonding to HO-Zn?* occurs in the absence of inhibitor
(Figure 5a). Furthermore, if a substantidperturbation

of Glu 177 were being induced by the presence of Cbz-Leu-

Ala-NHOH, then a quenching of glutamic acid side-chain
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phenol being the intrinsically more acidic constituent. A
suggested H-bond involving the active-site carboxylate, Glu
177-CO, ++-H,0-Zn* (O—O distance 2.8 A, Figure 5a),
ought to promote the zinephenolate tautomer. Such a
proton redistribution does not materially affect the inhibitor
binding explanation, in that both ziroxygen ligands in
Figure 5a are displaced when hydroxamate chelatesa Zn
Likewise, either half of the equilibrium could constitute the
catalytically active species, with indistinguishable kinetic
consequences, regardless of which tautomer is actually
favored thermodynamically (see Discussion). In addition to
that consideration, a question arises as to which tautomer of
the hydroxamate anion may be present within thé E
complex (Scheme 2). The interatomic distance from Glu
177-CO, to the hydroxylamide oxygen (2.5 A) appears
shorter than to the hydroxylamide nitrogen (3 A), with proper
allowance for limited resolution within the crystallographic
structure determination (Figure 5b). Presence of a Glu
177-CQ)+-H*---C)ON(H)COR linkage would imply
either that the HOR-C(O")R tautomer predominates in the
complex or that Glu 177 is in fact present as a carboxyl
group, H-bonding to the chelate@NHC(=O)R tautome?.

As was previously described, on account of the pH profile
in Figure 4 the latter interpretation is disfavored, because

acidity should also take place with peptide substrates as well,it necessitates that theKp of that RCQH be perturbed

meaning that this particular active-site carboxylate function-

from a value of<5 to one of>10 upon inhibitor complex-

ality on the enzyme would be unavailable as an anion for ation, and it also would carry the implication that neither

catalytic purposes within 5 complexes.
A more reasonable explanation of thk;ws pH profile

H,0-Zr?t nor ArOH-Zn?* in the uncomplexed enzyme has
a K, of <10 (since deprotonation of either of those moieties

is that one of the active-site metal ligands present in the most certainly should perturtikpfor Cbz-Leu-Ala-NHOH).

uncomplexed enzyme is responsible for the acidic limb.

The pattern of H-bonding here is similar to that found in

Examination of protein crystal structures indicates that the hydroxamate inhibitor complexes of thermolysin (Holmes
Zn?* is held in place by three histidine residues, as shown & Matthews, 1981), which association exhibits a similar pH

in Figure 5a. The zinc also bears a solvent@i ligand,
and additionally the phenolic hydroxyl of residue Tyr 216

dependence foK; (Izquierdo-Martin & Stein, 1992), and
which requires a similar explanation (Mock & Aksamawati,

appears to ligate to the metal ion in the free enzyme, at an1994).

apical position within the latter’'s trigonal-bipyramidal co-

ordination sphere, although that side chain moves away whenPISCUSSION
the active site becomes filled with a substrate analogue such - conyentional mechanistic thinking for catalysis by met-

as the hydroxamate inhibitor [Figure 5b; also compare

alloproteases has employed the carboxylate side chain present

Baumann et al. (1993), Miyatake et al. (1995), and Grams gt the active site (Glu 177 in the present case) to function as

et al. (1996)]. We suggest that th&Kpof 4.8 is most

an essential general base. It supposedly aids concerted

plausibly attributed to that ArOH residue, in that a phenol migration, onto an incipiently metal-bound substrate car-
possesses the greatest intrinsic acidity of the five metal hoxamide, of an kD addend that was initially affixed to

ligands. Association of the phenolic hydroxyl (nomin#l,p

of ~10) with a Lewis acid such as Zhmost certainly would
further acidify the OH, ad a 5 [K-unit perturbation is not
unreasonable. Because the enzypkienolate aniothereby
provided (Tyr-ArO") apparently cannot be displaced from
Zn?* by prevailing concentrations of external hydroxamate,

the active-site Zft (Matthews, 1988). However, recent
kinetic evidence obtained for thermolysin, the enzyme for
which that mechanism was devised, has forced a major
revision of this interpretation (Mock & Aksamawati, 1994;
Mock & Stanford, 1996). The present investigation was
undertaken to see if the revamped mechanism as deduced

the experimental requirement of proton uptake by the enzymefoy thermolysin could be reconciled with the existence of

for effective inhibition is accommodated (ArG— ArOH).

metalloproteases lacking the catalytic active-site histidine

Th|s eXpI.anation, Sul"nmar.izeq in SCheme 2, COhStituteS thEpresent in that enzyme, which residue appears to engage in
most Sat|sfaCt0ry rationalization of the pH dependence of a more Consequentia| mechanistic role than previous|y

Ki for SMP complexing with the hydroxamic acid inhibitor
Cbz-Leu-Ala-NHOH.

Some qualifications must be attached to this explanation.

Because in Figure 5a the ZOH, interatomic distance (1.9
A) is shorter than the ZrO~Ar distance (2.8 A), the
occurrence of a ligand tautomerism must be allowed:
H,O-Znt—OAr == HO—-Zn*-HOAr; i.e., the macroscopic
deprotonation actually observed in inhibitor binding could
arise in part from both Zawater and Zn-phenol, despite a

appreciated [see also Mock and Xu (1994) for carboxypep-
tidase A catalysis].

3 The "ONHC(=0)R tautomer is usually considered to be the metal-
binding species, but the HGNC(O)R tautomer is favored upon
hydroxamic acid ionization in the absence of chelation (Bauer & Exner,
1974; Steinberg & Swidler, 1990; Decouzon et al., 1990; Bordwell et
al., 1990). Either tautomer could be present in theddmplex, and
Zn-to-O distances are equivalent in the crystal structure, giving no basis
for preference.
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Scheme 3 as the latter attacks the zinc-activated substrate, with the
/A ArOH being released from zinc contemporaneously with
OH, HN‘(}NOQ creation of agemdiolate tetrahedral adduct of the scissile
/ (\_ L NS ; A ; ; basici
(His)gZn* RCONHAr /O—CE‘! N carboxamide on the active-site m.etal ion. Again, the aS|c[ty
\ Ko (His)aZn* (‘O—H of a phenolate and that of an amido tetrahedral-adduct anion
Tyr 216—CgH40 RN~/ are comparable (Satterthwait & Jencks, 1974a,b), so the
Tyr 216—CgH40-"-H proposed transformation should not encounter a thermody-
namic barrier on that score. Contraction of the valence shell
/ of the zinc ion to tetracoordinate as shown enhances the
"}N—(}Noz latter's Lewis acidity (Kimura & Koike, 1991; Sigel &
/O—Cfi ;"-‘ —— — pN— NO, Martin, 1994), providing crucial stabilization for the transient
(His)gZn* O-H 2 N= oxyanionic tetrahedral-adduct intermediate, which is a
cardinal feature of metalloprotease mechanisms (Mock et al.,
Tyr216—CgH4OH + (His)3Zn*—0,CR 1993). In this mechanism the actuai®¥nucleophile addend

is not required to be that specific water molecule initially

Peptidolytic Mechanism for SerralysinsThe proffered attached to Z# [see Mock and Stanford (1996) for reasons
explanation in the previous section as regards competitive disfavoring the latter concept].
hydroxamate inhibitor binding to serralysin has relevance Important to the mechanistic argument of Scheme 3 is a
for the catalytic mechanism of substrate hydrolysis. Analo- realization that the Tyr 216 phenolate should be insecurely
gously to theequilibrium bindingbehavior forK; shown in bound (apically) to the pentacoordinate?Zrin the unoc-
Figure 4, it was foundineticallythat the specificity constant  cupied enzyme. That is indicated by the-ZDAr inter-
kealKm also exhibits an essentially level pH dependence atomic distance (2.8 A) and by the relatively small phenolic
between the extremes of pH 5 and 10, as is most clearly pK, perturbation of 5 units (indicating a ArGZn?* virtual
exemplified with substrate TxI-Phe-Leu-Ala-NH{a:N)- association energy akG ~ 5.5 kcal/mol, comparable to a
NO,, and that pattern apparently holds true kgg as well strong H-bond). In contrast, an,@ acidified by tetraco-
(Figures 2 and 3, log plots in each case). However, no ordinate Z&"™ may experience a-10-unit shift in @K,
plausible ionization comparable to that of a hydroxamic acid, (Kimura & Koike, 1991; Sigel & Martin, 1994; Mock &
occurring on the substrate and accompanying productive Tsay, 1986, 1988; Mock et al., 1993; Mock & Aksamawati,
binding, can be identifiedl. Consequently, either thekp 1994), and the ZnOAr interatomic distance in a phenolate-
regulating phenolate of Tyr 216 (provisionally deemed the containing inhibitor so bound to carboxypeptidase A has been
active tautomer for simplicity) remains ligated as such to reported as 2.0 A (Feinberg et al., 1995). Hence, the
the metal ion throughout catalysis, which seems unlikely (due phenolate anion of Tyr 216 in serralysin becomes entirely
to its Lewis acidity-quenching effect upon Zrand because  available mechanisticallyia the metal ion, to function as
of its crystallographically observed displacement in various a general base at pH values af5. lIts intrinsic proton
peptide-type complexes of SMP, AP, and related proteases;affinity reemerges when ArO releases from Zi as
Baumann et al., 1993, 1995; GomisiRuet al., 1993; depicted. In Scheme 3 the,8 nucleophile is also shown
Miyatake et al., 1995) or the ligand becomes released only hydrogen-bonding to the pyridine nitrogen of the leaving
in the course of the catalytic reaction. Since the phenolateamine. The latter is suggested by molecular modeling of
of that residue would have to take up a proton in order to the reaction course and may in part account for the
dissociate from the Z1, assignment of that ArOresidue observation that the correspondipenitroanilide, without
to a general base role in the course of catalysis suggests itselfsuch an H-bond acceptor, is inefficiently cleaved. Structural

A plausible chemical mechanism for substrate conversion Mmodeling suggests that a comparable H-bond is directed to
is depicted in Scheme 3. In a first step, substrate scissilethe amide carbonyl oxygen of the'Pesidue in the case of
-CONH- reversibly displaces the ,8 molecule that is ~ hormal peptide substrates, so this could be a regular
initially coordinated to ZA" (active tautomer) according to ~ Specificity feature, although at present that is speculative.
Figure 5a, with the latter metal ion held to the enzyme by In completion of this catalytic mechanism, rapid subsequent
the three His imidazoles and the one phenolate (Tyr 216- breakdown of thegemdiolate tetrahedral adduct ensues,
ArO~). Because a carboxamide oxygen atom and an Yielding a Zn-carboxylate and the amine component of the
ordinary water molecule are comparably basik(palues sciss_ile linkage (with re_quisne proton transfers again possibly
of —1 to —1.7 for conjugate-acid forms), such an exchange Mediated by the tyrosine).
should be feasible without thermodynamic penalty. Due to In the proposed scheme the prominent enzyme glutamate
the concomitant dative linkage by an enzymic phenoxide side chain at the active site (Glu 177-€Q the presence
directed toward the active-site Zn the departing bD of which seems to be a generic feature of metalloproteases,
should be sufficiently labile to equilibrate with bulk solvent S not called upon to play an active catalytic role (acid
via this substitution. According to Scheme 3 the Tyr 216 base or nucleophilic). This is in accord with present
phen0|ate group, tenuous|y meta|-|igated at the incept, understandlng of the proteolytlc mgchanlsm for thermplysm,
functions subsequently within the & complex as a general Where the corresponding enzymic carboxylate evidently

base to deprotonate a solvent water-molecule nucleophile,serves merely as an anion, passively providing electrostatic
stabilization to electron-deficient intermediates created in
., _ — _ - _ proximity during the catalytic cycle (Mock & Stanford,
__“The nitropyridinamide moiety yields an anion at pH11 (N-H 1996). The enzymic glutamate in serralysin may also
ionization), but that species should be inert to catalytic hydrolysis (by : . . . |
any mechanism involving carbonyl hydration). The correspondig p  transiently H-bond to the scissile carboxamide NH, indirectly

for a normal peptide substrate would hd5. facilitating release of Tyr 216 phenoxide from zinc by further
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polarizing the—C(=O)NH— group marginally. In atleast Scheme 4

one metalloprotease that intact glutamate has been found HNAN:-—'Z‘”J"OHz oK, ~10

inessential by mutational evidence (GluAsp; Windsor et HY +
al., 1994). For the mechanistically affiliated zinc protease >:/ OAr ?
thermolysin, an enzymic imidazole participating in a catalytic His

process similar to Scheme 3 serves as thg proton acceptor A~ —~Zn-OH, A....~ZN-OH
(His 231 of thermolysin, correspondingly situated relative N-NT or MN N

to the reaction center as is Tyr 216, but never metal- Hi>s=/ OAr Hi>s=/ OAr

coordinated), providing general-base assistance to hydration

I )
of the Zrt*-activated substrate carboxamide (Mock & proteases and the Tx| substrate correlates experimentally with

gtam;orc:j, tl 9'?h6). EVid?nttly i.r& thehsgrra]!ysi{ls th_at rolelgas a slow activation of SMP for our substrates in that region.
cevolved fo the phenolate side chain ol a tyrosine resiaue. ¢, slight hump on the acidic limb of the upper profiles in

The aCCTEdb catalk))/tlc dadvar:age for t?e Iatter_ prOtte.asesFigures 2 and 3 requires that some enzymic functional group
ap{)ee(ljr_s 0 I(Ia'at trr?a ?kr Ip range of enzymic activity, other than Tyr 216, but with a similalkp, perturbs the rate
extending wet Into the aikaline region. . constants by a factor e£6. Such behavior could actually

It is worth observing that Tyr 216 ultimately reenters into have a remote origin, but speculation about subtle pH-

ligation with the serralysin Z41, once the carboxylate group dependent enzymic conformational shifts, etc., is presently

produced from substrate by catalysis has departed fram theunwarranted for what is in fact a minor kinetic disturbahce.

ﬁﬁ%ﬁ; I?(na. eicza;?nticszerggc):(tjigﬁsreltﬁaesgrféigtrjligtlgfbgﬁoiwtisrrrglte COOCIUS'OH It ha}s become clear that no single, universal

. L ’ . o chemical mechanism suffices to explain metalloprotease
displacing I|gan_d _for that step may co_nstltute an addltlt_)nal catalysis. Thermolysin uses a reverse-protonation pathway
reason for proximity of the tyrosine residue to the metal ion. involving Zn-Lewis acid activation of substrate, plus sub-

The general features of the catalytic pH profiles are then Y g
: S sequent histidine general-base participation (Mock & Stan-
explained as followsk¢./Km, TxI substrate). Loss of activity ford, 1996). A number of aminopeptidases engage two

in acidic solution corresponds to protonation of the anionic active-site metal ions in concert to cleave their substrates

i i P + +
Tyr 216 side chain (ArOFZn ArOZn™ + H, pKa Of_ . (Mock & Liu, 1995). As here shown, the serralysins appear

4.8). That quenches the general-base catalysis required in e g
Y ; o0 employ yet another variation. The one unifying enzyme
Scheme 3, and the ionization shows ugkip as would be o 4o appears to be an especially Lewis-acidic zinc ion,

expected (Figure 3). This acidic-limbKg assignment for which the main catalytic function is to stabilize the

actually derives from the pH dependence of hydroxamate- tetrahedral-adduct oxyanion generated by hydroxide addition

|nh|lt)_|tor bl{nd'n?h’ an autond(:i:qnotl_mwhbhnur_n andf S0 k')S tno: to the Zrf*-activated scissile carboxamide linkage (Mock
contingént on thé proposednetic mechanism of substrate = o 5 1993). In the various zinc proteases delivery of that

conversion. In this cgnnchon, ac.knowl.e_dgemen.t ‘?’hOUId HO™ nucleophile to substrate may occur from a second metal
again be given 31‘ possible tautomeric eqU|I|+br|um within the ion (as in dual-metal aminopeptidases: Mock & Liu, 1995),
enzyme, HO-Zn*—OAr (Tyr 21.6)‘_. HQ—Zn "HOAr (Tyr ., or may be facilitated by general-base catalysis upon a solvent
216). Solong as the prototopic S.h'ft IS fac_|le, the phenomde H.O by an appropriately situated enzymic imidazole (as in
form can perform as the cgtalync_ally active species, even thermolysin; Mock & Stanford, 1996), or may be aided
should it be a thermodynamically disfavored tautomer within intramolecularly in the same fashion by a substrate carboxy-

t.he enzyme prior to substrate cor_nplexation. Onthe aIkaIi.ne late group (as in carboxypeptidase A: Mock & Zhang, 1991
limb of the pH profile, deprotonation of some other ENZYMIC niock & Xu, 1994). Or, in the case of metalloproteases that
group (K, of ~10) also prevents catalysis. Although this need to operate at high pH, an H®@ucleophile may be

geed thtrt])e tﬁn a?]t_lvtgz(;_sne r;z}s?ue, p?rt'gyIzrtﬁttem'ont.'slsupplieduia the aqueous medium and a phenolate base that
rawn to the three nistidines that serve 1o bind the essentialg initially engaged with the metal ion (as here suggested

2+ i i i i
Zn**. Previous model studies have shown that coordination ¢, serralysins). The latter mechanism, which was sum-
of a transition metal ion to one of the nitrogens of an
imidazole ringacidifiesthe other heterocycle NH to &Kp

- : : ; 51t should be acknowledged that the conventional explanation of
of 911 (Sundberg & Martin, 1974). That value is sensibly metalloprotease catalysis, in which agHinitially coordinated to Z#A

intermediate between the first and second acid dissociationconcertedly migrates to the scissile amide carbonyl with the aid of a
constants of imidazolium ion, for whichKp values are 7 glutamic acid residue (a formulation which was found unsatisfactory

and 14. The suggested perturbation of imidazole acidity in for thermolysin; Mock & Stanford, 1996), is not excluded by present
evidence for serralysin. However, should the kinetically observed

the present case\pK, of ~4 units) is comparable to that  4cigic-imb (K, of ~4.8 be attributed to Glu 177-GOoperating as a
proposed for the phenolic zinc ligand of SMP and AP. Such base, then theky of active-site ZA"-OH, (or Zr?*-OHAr) must be
an imidazole deprotonation at the enzymic active site would =10 according to the pHrate profiles (which show no break at a lower

; P ; pH). That would imply diminished rather than enhanced Lewis acidity
markedly suppress the Lewis acidity of the metal ion (a of the enzymic zinc ion [relative to uncomplexed;®n-Zn?*, pKa ~

coordinated imida20|§te being a much stronger electron gj and so does not as adequately explain stabilization of the tetrahedral-
donor), and that could in turn preclude catalytically necessary adduct intermediate that occurs during catalysis (Mock et al., 1993).
activation of the substrate. Alternatively, the zinc-bound AISo, an apparent contradiction arises in the conjugaiel form of

. . . . the K, of ~4.8 residue being absolutely required for substrate-analogue
water molecule that substrate is obliged to substitute in the jnipitor binding (Figure 4), but the conjugaaseform of the same

course of ligation (Scheme X step) could become residue being needed for chemical conversion of enzyme-bound
completely converted to an undisplaceabléZnydroxide substrate (Figures 2 and 3). That conflict is resolved by attribution of
at that pH (e.g., HOZn—OAr). These possibilities are  the Fa of 4.8 to Tyr 216 in coordination with 2.

) - . . Certain of the metzincins (adamalysins and some collagenases) lack
summarized in Scheme 4. The small upward inflection on he Tyr 216 residue at their active sites. It is essential that they be

the rate profile near pH-56 that is seen with the serralysin  subjected to comparable kinetic investigations.
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marized in Scheme 3, will require additional substantiation. Matthews, B. W. (1988Acc Chem Res 21, 333-340. .
The transformation of substrate to tetrahedral adduct has beeMiyata, K., Maejima, K., Tomoda, K., & Isono, M. (1970Apric.
formulated rudimentarily as a concerted chemical process, Biol- Chem 34, 310-318.

but serial-stepwise variations for the same general pathwayM'égtﬁelé'_’IgnOda’ K., &Isono, M. (1970bjgric. Biol. Chem

are possible and would perhaps be theoretically prefefable. \jiyata, K., Tomoda, K., & Isono, M. (1970dgric. Biol. Chem
In the longer view, there is reason to hope that the catalytic 34, 1457-1462.

differences occurring among the various kinds of metallo- Miyatake, H., Hata, Y., Fujii, T., Hamada, K., Morihara, K., &
proteases can be exploited to design inactivators that work Katsube, Y. (1995)). Biochem (Tokyo) 118 474—479.

selectively upon but one type, a possibility with practical Moct’ \\//Vv IL &&TTsay' JET'T(lig%giOCE?TiSCtLV 252230522253'
consequences as regards pharmaceutical design for the manV%%A’fl T say, J-T. ( p. Biol. Chem

proteolytic zinc enzymes of biomedical importance. Mock, W. L., & Zhang, J. Z. (1991). Biol. Chem 266, 6393
6400.
Mock, W. L., & Aksamawati, M. (1994Biochem J. 302 57—68.
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