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ABSTRACT. The full three-dimensional structure of the catalytic domain of human stromelysin-1 (SCD)
complexed to a novel and potent, nonpeptidic inhibitor has been determined by nuclear magnetic resonance
spectroscopy (NMR). To accurately mimic assay conditions, the structure was obtained in Tris buffer at
pH 6.8 and without the presence of organic solvent. The results showed that the major site of-enzyme
inhibitor interaction occurs in the Spocket whereas portions of the inhibitor that occupy the shallow
SZ and S1 pockets remained primarily solvent exposed. Because this relatively small inhibitor could not
deeply penetrate stromelysin’s long narrow hydrophobic@®tket, the enzyme was found to adopt a
dramatic fold in the loop region spanning residues-2231, allowing occupation of the solvent-accessible

S1 channel by the enzyme itself. This remarkable conformational fold at the enzyme binding site resulted
in constriction of the S1loop region about the inhibitor. Examination of the tertiary structure of the
stromelysin-inhibitor complex revealed few hydrogen-bonding or hydrophobic interactions between the

inhibitor and enzyme that can contribute to overall

binding energy; hence the resultant compact structure

may in part account for the relatively high potency exhibited by this inhibitor.

Human stromelysin-1 (MMP-3), a zinc metalloproteinase,
is a member of the matrix metalloproteinase family of

enzymes which includes the collagenases, gelatinases, matril-

ysin, and “membrane type” MMPYMT-MMPs) (1—4).

These enzymes have been implicated in the destruction of
cartilage and proteoglycans associated with degenerative

diseases such as rheumatoid arthritis and osteoarttitis (
6).
invasion, progression, metastasis, and angiogengsrs 4s

well as different aspects of cardiovascular disease such as

smooth muscle cell proliferation in restenosis and plaque
formation and rupture in atheroscleros&-(0). Because
of the widespread implications of MMPs in arthritis, cancer,

The MMPs have also been associated with tumor '™°
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and cardiovascular disease, these enzymes have becomgcure 1: Hydroxamic acid inhibitor (CGS 27023) of human

important targets for inhibitor design and synthedi$) (
Stromelysin is unique among the MMPs because of its
involvement in activation of other MMP proenzymeg).(

The 57 kDa monomeric proenzyme has been cloned and

expressed in a C-terminally truncated form of approximately
30 kDa (2) which may be subsequently activated via the
“cysteine switch” mechanism18) to produce a 19 kDa
stromelysin catalytic domain (SCD). This truncated form
of the enzyme retains enzymatic activity that is identical to
full-length stromelysin in its cleavage of substancelp) (
and proteoglycanl{). The size, purity, and stability of the
stromelysin catalytic domain have made it highly suitable

* Corresponding Author. Phone: (908) 277-7265. Fax: (908) 277-
4435. E-mail: nina.gonnella@pharma.novartis.com.

1 Abbreviations: SCD, human stromelysin-1 catalytic domain; MMP,
matrix metalloproteinase; MT-MMP, membrane type matrix metallo-
proteinase; COSY, correlated spectroscopy; NOESY, NOE spectros-
copy; TOCSY, total correlated spectroscopy; HMQC, heteronuclear
multiple quantum correlated; HSQC, heteronuclear single quantum
correlated.

stromelysin-1 Ki = 13 nM). Proton labels are displayed.

for biophysical studies; hence several tertiary structures of
SCD-inhibitor complexes have been solved by either NMR
spectroscopy or X-ray crystallographys-20). The inhibi-

tors used in these studies, however, were peptidic in nature,
and the reported NMR studies were carried out at low pH
or in the presence of organic solvent.

Here we report the solution structure of a potent, nonpep-
tidic inhibitor (CGS 27023) Z1-22) complexed to SCD
(Figure 1). These studies were conducted near physiological
pH and without the presence of organic solvent. The results
showed that the overall global fold of the enzyme is identical
to previously reported structures; however a dramatic change
occurs in the loop region (residues 22431) which flanks
the S1 pocket. Our structure revealed an unexpected
conformational fold of the enzyme’s Sloop forming a
compact enzymeinhibitor complex. This conformational
fold at the enzyme’s binding site may significantly contribute
to the overall binding energy of the SCiinhibitor complex.

S0006-2960(98)01328-2 CCC: $15.00 © 1998 American Chemical Society
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Ficure 2. Gradient-enhanceddN-HSQC spectrum at 14.09 T of the inhibit&dN-stromelysin catalytic domain (SCD) in buffer (20 mM
Trisq;;—HCI, 20 mM CaC}, 0.02% NaN, 90% H0/10% DO, pH 6.8). The assigned peaks are indicated by residue numbers (Table 2).
Peaks in the boxed regions correspond to tryptophan ring resonances.

In addition, these results stress the importance of incorporat- NMR Sample Preparation The NMR samples were
ing enzyme dynamics into inhibitor docking algorithims to prepared by concentrating protein to €80 mM. The
attain a more accurate prediction of inhibitor binding modes. enzyme was inhibited with 2 mM CGS 27023, and excess
inhibitor was removed using Centricon filtration with
MATERIALS AND METHODS exchange buffer (20 mM Trig—HCI, 20 mM CaC}, 0.02%
Sample Preparation of®N and*3C/**N-labeled Stromel- NaNs in 9,0% "bO/,lO% QQ or 100% DO, pH 6.8). The
ysin Recombinant BL21(DE3Fscherichia colicontaining st_romelysm catalytic _domaln (_SCD) formed a stable complex
the plasmid specifying truncated pro-stromelysin was grown With CGS 27023 which remained stable at temperatures up
in M9 minimal media using 96%°C-6 glucose and/or 99% to 45 _C. Denaturation was observed _at temperatL_lres
15\H,Cl as the main carbon and nitrogen sources, respec-€xceeding 5C°C by loss in spectral quality and protein
tively. The media was further supplemented with 0.5 g/L Precipitation. *H,"*N-HSQC spectra, which showed excellent
15\ ‘or 13C/5N algal hydrolysate (Cambridge Isotopes, resolution ano_l peak d|s_per5|on for the _Sabmbltor
Woburn, MA). Solubilized pro-stromelysin was purified COMPlex, provided a facile means of monitoring sample
according to published procedurek?), The protein was  Purity, stability, and enzyme integrity (Figure 2).
subsequently activated by heating the sample &Gr 4 Sample concentrations typically ranged from 0.5 to 0.7
h. The activated stromelysin was further purified using a mM. Concentrations exceeding 1 mM produced significantly
Mono S column eluting with 20 mM MES buffer (pH 6.5), broadened lines (35 Hz for amide protons and faM
5 mM CaC}, and 0.02% Nabl Pure activated stromelysin  resonances) as well as short spapin relaxation timesy,,
was obtained from wash fractions. Electrospray mass (18—23 ms for amide protons), most likely as a result of
spectrometry fof®N-labeled SCD found a mass of 19 602 aggregation effects. Reducing enzyme concentrations to 0.75
Da (91%?**N label incorporation), theoretical mass is 19 623 mM resulted in longerT, relaxation times (2530 ms),
Da; and for'>N,**C-labeled SCD a mass of 20 478 Da (97% sharper lines (20 Hz for amide protons and 13 Hzf\t
15N,13C label incorporation), theoretical mass is 20,505. resonances), and enhanced peak intensity, affording spectra
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Table 1: Constraints Used in Structure Calculation of
SCD-Inhibitor Complex

total protein-protein NOE distance constraints 1102
sequential|{ —j| = 1) 360
medium range (X |i —j| < 4) 71
long range|i —j| > 4) 214
intraresidue 457

total inhibitor NOE distance constraints 50
inhibitor intramolecular NOE distance constraints 37
inhibitor—protein NOE distance constraints 13

total hydrogen-bonding constraifts 208

total metat-ligand distance constraints 42
zinc—nitrogen/oxygeh 32
calcium—oxygers 10

total dihedral constraints 145

NOE restraint violations

number> 0.3 A 8+1

maximum (A) 0.4+ 0.04

conformational energies (kcal mo)

Etotal 788+ 16
Ebond 57+ 15
Eangle 301+8
Enoe 256+ 10
Evaw 118+ 6

Cartesian coordinates (rmsd) (A)
backbone 0.52- 0.08
all nonhydrogen 0.99-0.08

2HN—-O, 1.8-2.2 A; N-0, 2.8-3.2 A; HN-C, 2.8-3.2 A, N—C,
3.8-4.2 A * Planarity of His ring to zinc was incorporated using 30
His to zinc constraints20). Structures were calculated with two zinc
oxygen bonds to the hydroxamic acid inhibitéStructures were
calculated using ten calcium to oxygen constraints where the first
calcium is bound to Asp 1581, Gly 159 O, Gly 161 O, Val 163 O,
Asp 181 @2, and Glu 184 @2 and the second calcium is bound to
Asp 141 O, Gly 173 O, Asn 175 O, and Asp 1791D(16, 37.

d Dihedral restraints include the following: 39 (a-helical, —100 —
20), 106¢ (loop region,—180 — 0). These standard constraints were
incorporated in the calculations to loosely define alloweahgles for
backbonen-helical and loop regions.

with the required sensitivity and resolution for 3D data
collection.

Biological Assay (Effects of pH and Organic gaht on
Enzyme Actiity). pH Effect SCD (210 ng) was diluted in
25uL of aqueous solution (0.15 M NaCl and 10 mM CgCl
and added to 7L of buffer (0.1 M MES or Tris, 10 mM
CaClb, 0.005% Brij, 0.02% Nabj. A final 25uL, containing

Li et al.

250uM of substrate (Arg-Pro-Lys-Pro-Leu-Ala-Phe-Trp) in
20 mM Tris, 10 mM CaGJ, 0.005% Brij, and 0.02% Naj\
was added to complete the reaction volume. The reaction
was terminated after 30 min at 3T by adding 2QuL of

0.2 M EDTA. The reaction mixture (50L) was injected
onto a RP-C8 column for analysis of produ@3). This
procedure was repeated at pH values ranging from 5 to 9.
The results showed that lowering the pH below 6.5 had a
deleterious effect in MES buffer resulting in a 45% loss in
enzyme activity, although similar experiments with Tris
buffer showed no change in enzyme activity.

Organic Solent Effect A total of 50 uL of buffer (20
mM Tris, 10 mM CaCJ, 0.005% Brij, 0.02% Nay)
containing acetonitrile£12.5% v/v) was mixed with 2aL
of 250 uM [S] (Arg-Pro-Lys-Pro-Leu-Ala-Phe-Trp) in the
above buffer. Addition of 5@L of SCD (210 ng) completed
the reaction volume. This brought the acetonitrile concentra-
tion to <5%. The reaction was terminated after 30 min at
37 °C by adding 20uL of 0.2 M EDTA. The reaction
mixture (50 uL) was injected onto a RP-C8 column for
analysis of product23). The results showed that addition
of acetonitrile resulted in a 20% loss of activity at concentra-
tions greater than 5%.

Hence to preserve enzyme integrity during complex
formation, the stromelysiinhibitor complex was prepared
in Trisq1; buffer at pH 6.8 and without the presence of organic
solvent.

NMR SpectroscopyThe NMR spectra were acquired on
a Bruker DMX-600 NMR spectrometer at 25 and 32.
Proton, carbon, and nitrogen resonance assignments of
stromelysin were made from the following experiments: 2D
H,N HSQC @4), 2D H,*3C HMQC (25), 3D CBCA(CO)-
NH (26), 3D HBHA(CO)NH @7), 3D HNCA (28), 3D
HNHA (29), and 3D HCCH-TOCSY 30, 3]. Side chain
chemical shifts were assigned from the 3D HCCH-TOCSY
spectrum, and specific aromatic assignments were obtained
from the3C-edited NOESY anéH,'*C HMQC spectra. The
inhibitor resonances were assigned from 2iT-filtered
COSY and 2D*C*N-filtered NOESY spectra32, 33.
Intramolecular NOE assignments for the enzyme were made
from 3D !*N-edited NOESY and 30°*C-edited NOESY

Ficure 3: An ensemble of 20 structures of the inhibited stromelysin catalytic domain (stereoview, relaxed eye). Backbone rasidues (C
trace) from Phe 83 to Gly 247 are displayed. Telices appear in green, tifiesheet regions appear in magenta, and the loops and

N-terminus are colored red. The inhibitor is shown in yellow, the

blue spheres are zinc atoms, and the gray spheres are calcium atoms.
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Table 2: Backbone Chemical Shifts for the Stromelydimhibitor Complex

residue HN 15N 13Ca Hoo residue HN 15N 3Ca, Ho
Phe 83 Pro 156

Arg 84 55.1 4.87 Phe 157 8.27 121.1 54.4 5.00
Thr 85 8.44 112.5 60.3 4.83 Asp 158 8.18 117.6 53.4 4.77
Phe 86 7.62 118.5 58.3 Gly 159 8.99 110.4 44.2 4.41
Pro 87 61.9 4.22 Pro 160 63.8 3.92
Gly 88 8.42 112.9 447 3.65/4.18 Gly 161 11.03 119.5 43.2 4,10/3.49
lle 89 8.43 118.7 61.6 3.88 Asn 162 55.8 4.10
Pro 90 63.1 4.42 Val 163 10.23 126.9 66.7 4.06
Lys91 7.39 114.3 54.4 4.53 Leul64 8.30 127.6 55.3 4.57
Trp 92 8.26 123.8 57.7 4.46 Ala 165 7.48 114.2 51.6 4.73
Arg 93 9.20 122.7 55.1 4.63 His 166 9.27 117.1 53.9 5.09
Lys94 7.60 117.1 53.9 4.80 Ala 167 8.59 121.6 50.8 5.10
Thr 95 8.08 105.2 60.8 4.38 Tyr 168 8.05 119.2 4.25
His 96 7.06 120.5 53.7 5.17 Ala 169 49.9 4.00
Leu97 8.31 128.6 52.5 4.57 Pro 170 64.0 3.08
Thr 98 9.26 110.5 57.9 5.87 Gly 171 5.55 108.0 3.48
Tyr 99 8.66 118.1 54.6 5.75 Pro 172 62.4 4.79
Arg 100 8.22 119.9 54.8 4.39 Gly 173 8.81 109.9 46.6 4.06/3.91
lle 101 8.40 128.8 61.2 4.37 lle 174 8.93 132.9 61.7 4.26
Val 102 9.54 130.6 65.7 3.44 Asn 175 7.22 118.7 56.2 4.20
Asn 103 7.72 116.3 51.1 4.77 Gly 176 7.75 119.5 45.6 4.11/4.61
Tyr 104 8.16 112.5 58.5 4.29 Asp 177 7.98 122.0 55.1 4.81
Thr 105 55.6 5.02 Ala 178 8.21 118.5 51.1 4.98
Pro 106 62.8 4.69 His 179 9.34 121.0 50.6 5.78
Asp 107 8.91 122.1 55.6 4.13 Phe 180 8.90 123.0 56.5 4.34
Leul08 7.05 117.1 50.5 4.92 Asp 181 8.15 123.6 53.4 4.42
Pro 109 62.0 4.57 Asp 182 9.95 129.1 53.0 5.59
Lys110 8.68 124.4 60.3 3.76 Asp 183 9.37 124.7 56.5 5.05
Asp 111 8.54 113.8 56.4 4.40 Glu 184 7.30 116.1 53.0 4.54
Ala 112 7.39 123.1 53.9 4.38 Gln 185 8.41 127.2 53.2 4.42
Val 113 7.60 122.6 66.2 3.59 Trp 186 9.63 132.0 56.8 5.16
Asp 114 8.62 120.0 57.7 4.23 Thr 187 8.81 111.2 59.8 4.97
Ser 115 8.08 112.6 61.3 4.29 Lys188 9.08 120.2 56.6 4.61
Ala 116 7.73 124.6 53.3 4.26 Asp 189 7.57 121.1 52.3 4.96
Val 117 8.09 116.1 66.9 3.32 Thr 190 61.5 4.69
Glu 118 8.51 118.4 60.1 3.76 Thr 191 8.30 115.6 64.1 4.26
Lys119 8.34 119.7 59.4 3.99 Gly 192 7.38 112.2 45.0 3.55/4.30
Ala 120 8.11 123.6 55.3 4.10 Thr 193 8.55 124.1 62.4 3.76
Leul2l 7.74 115.6 57.6 3.75 Asn 194 8.49 127.5 55.3 4.85
Lys122 7.96 119.5 58.4 4.18 Leul95 8.14 128.8 57.7 4.63
Val 123 7.57 114.3 65.2 3.89 Phe 196 8.44 119.5 61.0 4.08
Trp 124 6.76 118.1 57.5 4.73 Leul97 8.76 120.2 57.7 3.18
Glu 125 8.62 123.3 59.4 4.01 Val 198 7.36 115.1 65.7 4.11
Glu 126 7.89 111.7 58.4 4.22 Ala 199 9.59 122.7 55.8 4.18
Val 127 7.13 104.9 59.8 4,76 Ala 200 8.96 121.0 56.5 4.07
Thr 128 7.69 111.4 60.1 5.58 His 201 7.74 119.9 58.9 4.57
Pro 129 61.8 5.04 Glu 202 9.30 117.3 58.6 4.10
Leul30 7.37 118.1 54.6 4.57 lle 203 9.08 118.1 61.5 3.88
Thr 131 8.19 110.7 59.6 4.62 Gly 204 7.60 108.6 48.0 2.45/4.08
Phe 132 8.30 117.9 55.8 5.80 His 205 7.27 120.0 57.0 5.71
Ser 133 8.77 117 57.2 4.95 Ser 206 8.61 118.7 55.1 4.75
Arg 134 8.52 125.8 55.3 3.60 Leu207 7.81 114.0 54.9 4.65
Leul35 8.63 125.9 52.7 4.71 Gly 208 8.61 108.3 44.7 3.55/5.01
Tyr 136 9.24 119.0 58.4 4.46 Leu209 8.95 121.6 53.7 4.89
Glu 137 7.53 117.1 54.4 4.44 Phe 210 8.90 124.9 53.7

Gly 138 8.52 108.3 44.2 4,14/3.83 His 211 5.30 54.8 5.00
Glu 139 8.22 119.5 55.6 4.38 Ser 212 6.65 115.8 56.3 4.52
Ala 140 8.06 132.1 49.2 4.49 Ala 213 8.58 127.0 52.0 4.67
Asp 141 8.35 122.6 58.5 4.57 Asn 214 8.85 121.2 53.2 4.69
lle 142 8.67 124.4 60.5 4.30 Thr 215 8.05 117.1 63.7 2.49
Met 143 7.31 127.1 53.6 5.01 Glu 216 8.95 120.5 55.8 4.38
lle 144 9.24 129 60.5 5.42 Ala 217 7.83 124.6 51.5 4.63
Ser 145 8.67 118.9 56.5 5.08 Leu218 11.58 132.7 57.5 4.59
Phe 146 9.50 121.0 56.3 5.32 Met 219 8.05 111.2 52.7 4.61
Ala 147 9.38 126.3 50.6 4.97 Tyr 220 8.17 128.8 57.3 4.80
Val 148 8.24 111.9 59.3 5.01 Pro 221 62.6 3.63
Arg 149 9.65 117.9 56.1 3.85 Leu222 7.60 122.3 54.4 4.65
Glu 150 57.9 4.32 Tyr 223 9.07 127.2 57.9 4.61
His 151 9.21 121.5 54.6 5.17 His 224 8.28 128.5 54.2 4.83
Gly 152 8.49 110.3 45.8 3.58/4.20 Ser 225 7.62 118.4 58.4 4.14
Asp 153 6.99 117.4 50.9 4,53 Leu226 7.76 123.3 54.1 4.69
Phe 154 8.31 117.2 4.24 Thr 227 8.01 120.2 62.7 4.23
Tyr 155 6.91 117.2 491 Asp 228 7.63 122.4 52.7 4.85
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Table 2 (Continued)

residue IHN 15N 13Ca Ho residue IHN 15N 13Ca Hoo
Leu229 8.87 126.8 56.7 4.19 GIn 243 8.64 122.6 57.9 4.26
Thr 230 8.48 111.9 64.3 4.20 Ser 244 7.89 119.7

Arg 231 7.48 120.0 54.6 4.50 Leu245 6.76 120.8 56.5 4.14
Phe 232 7.39 121.4 60.0 4.27 Tyr 246 7.50 113.0 58.4 4.88
Arg 233 7.08 126.9 53.9 4.02 Gly 247 8.40 109.1 44.0 4.45/4.09
Leu234 8.46 122.6 54.8 3.91 Pro 248

Ser 235 8.34 118.4 58.1 4.57 Pro 249

GIn 236 9.06 122.5 58.2 3.95 Pro 250 62.7 4.46
Asp 237 8.25 118.4 58.4 4.58 Asp 251 8.33 120.5 53.9 4.65
Asp 238 7.46 116.8 57.5 4.73 Ser 252 8.16 117.0 56.1 4.85
lle 239 7.97 120.7 65.5 3.64 Pro 253 63.1 4.54
Asn 240 9.24 119.0 54.9 4.38 Glu 254 8.48 121.8 56.6 4.41
Gly 241 8.20 109.1 45.9 2.73/1.41 Thr 255 7.76 120.5 62.9 4.23
lle 242 8.76 125.9 60.8 4.38

spectra with mixing times of 100 and 150 n3l), Intramo- RESULTS AND DISCUSSION

lecular NOE assignments for the inhibitor were made from . % of K
13C/15Nfiltered NOESY spectra acquired at mixing times ~ esonance Assignment®ver 90% of backbone proton,

of 60, 90, 120, 150, and 180 ms. NOE buildup curves were o-carbon, and nitrogen resonance assignments of the-SCD

generated for each proton to eliminate those NOEs resultingCG.S 27023 complex are I'St.ed n Table 2: Proton resonance
from spin diffusion effects. Intermolecular NOEs between assignments for the bound inhibitor and intra- and intermo-

pin L . lecular NOE assignments defining its bound conformation
stromelysin and the inhibitor were assigned from 3N-

) X and binding mode were made as previously descri3é
edited NOESY and 2B°C-filtered NOESY spectra. Hy- Thei g_ t histidi » pt i Y 159 6)16(
drogen-bonding constraints, used to defidelical and € mvariant nistigine residues at positions .NL

: . . Ne2, and 179 M1, which complex the structural zinc and
[-sheet regions, were obtained from deuterium-exchange

) . . histidines 201 M2, 205 N2, and 211 N2, which complex
15 _ L L L
experiments wittiH,"™N HSQC spectra. Hydrogen-bonding the catalytic zinc, were assigned as previously reported in

interactions between the inhibitor and enzyme were derived p .o '\ VR and X-ray studieslf, 19. Two octahedrally
from deuterium-exchange experiments witfC-filtered . dinated calcium ion interactions (Table 1) were also

NOESY spectra. All 3D data were transformed and pro- jncomorated on the basis of previously reported X-ray data
cessed on a Silicon Graphics (Onyx) workstation using the (16, 37.

Felix sqftwar(_e (MSI, Burlington, MA), with zero filling in Enzyme StructureThe enzyme secondary structure for
each dimension. All 2D data were processed on a Brukery,o scp-cGs 27023 complex was identical to that previ-
DMX-600 NMR spectrometer. Data analysis was carried o ,q\y reported5—-20). Threea-helical regions, consisting
out on Silicon Graphics workstations using NMRCOMPASS ¢ helix o, (residues 116128), helix o, (residues 195
software (MSI, Burlington, MA). 208), and helixs (residues 235247) were identified from
Structure Calculation Structure calculations were carried  dnn;, ang,i+3), and dig.i+4) NOEs which were obtained from
out on a Silicon Graphics Onyx workstation using the X-plor the**N-edited NOESY spectrum. Likewigesheet strands
program 85). The initial structure of the inhibitor was for fi (residues 95102),5, (residues 131135),5; (residues
generated using Quanta (MSI, Burlington, MA). Topology 142-147),f4 (residues 164168), andfs (residues 176
and parameter files for the inhibitor used in the X-plor 182) were identified from g and interstrand g and dug)

program were generated from a CHARMm (MSI, Burlington, NOEs. This set_:ondary structure was supported by deuteriL_Jm-
MA) energy minimized structure. The initial inhibitor exchange studies which showed slow exchange for amide

structure was then refined against 37 intramolecular NOE protons m_thea—hehcal andg-sheet regions.

constraints using the X-plor program. Randomly sampled ' N€ tertiary fold of the SCBCGS 27023 complex was
structures of SCD were subjected to a previously describedCalc_“""‘ted from 1152 proterproton NOI.E distance con-
simulated annealing protocaB%) and refined using 1102 straints (Table 1). These results were in good agreement

experimentally determined distance constraints and 208\é\gtggr;\r/ﬁliﬁ%sreggtzt;sistrliﬁgjr:§3;r?r?])éng7| eréiseirenrlr)rlw?ne d
hydrogen-bonding constraints. The refined inhibitor was 9 P y

: e . . distance constraints is shown in Figure 3. These structures
roughly docked into the enzyme’s binding site using Quanta, display backbone elements from residue Phe 83 to residue
and the complex was further refined using constraints listed

; Gly 247 with the N-terminus and loop regions displayed in
in Table 1. An ensemble of the 20 lowest energy structures . q thef-sheet regions in magenta, and thenelices in
superimposed with a combined rmsd of 0.3 A for backbone green. While the N-terminus does show some degree of

secondary structure. All experimental distance constraints packhone flexibility, it is located near the active site as

were satisfied with no violations 0.5 A. Visualization of  sypported by NOEs from Thr 85 (HA) to Phe 210 (HN),
the calculated structures was performed with Quanta, version|ys 91 (HD1) to Leu 207 (HN), Trp 92 (HD1) to Leu 207
3.2, and Insightll, version 97.0. The atomic coordinates and (HN), Trp 92 (HE1) to Leu 207 (HD2*), and Trp 92 (HN)
NOE distance constraints have been deposited with theto Leu 207 (HA). TheB-sheet region is comprised of 4
Brookhaven Protein Data Bank, ID codes 1bm6 and ribm6mr, parallel strands3s, 52, 53 andfs, and one antiparallel strand,
respectively. B4, which extends along the ligand binding cleft. The
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Ficure 4: Solid diagram of the SCBCGS 27023 complex with
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83—Gly 247) is displayed in blue and the inhibitor appears in red.
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atoms are displayed in yellow. Hydrogen bonds between the Leu b, b o _AH

164 amide proton and the inhibitor's sulfonamide oxygens and i j[ & 1}';’(‘::;'

between the Ala 165 carbonyl oxygen and the hydroxamate amide ool F3r

proton (1HN) and electrostatic interactions between the catalytic 1\|_ ﬂ H

zinc atom and the hydroxamate oxygens are shown as dotted white F1 Fi 0 ey

lines. -3“ H j:.,
N . P, | Asn 162

amphipathic helixa; separateg; andf, and extends along Ala 68 Lew I6d N‘:l

the full length of the protein. Helicas, ando follow strand ' H WH

Ps with helix o, forming one side of the active site cleft. MT

Histidines 201 and 205 on helix; and histidine 211 from FiIGURe 5: Schematic comparison of SCGInhibitor binding. (A)

the connecting loop region ligate the catalytic zinc. The Hydroxamic acid CGS 27023 = 0.013xM, shows only two

structural zinc, which has been reported to exist only in the hydrogen-bonding interactions with stromelysin. Proposed interac-
isolated catalytic domair8g), is coordinated by His 166 on  tion of hydroxyl oxygen with Glu 202 € is displayed in magenta.

Ba, His 179 onps, and His 151 on the loop joining strands ~ (B) Peptidic hydroxamic acid PD-14079&; ~ 0.040uM, shows
s andp. (Figure 4). Evaluation of the calculated ensemble five hydrogen bonds to the enzyme. Although X-ray data suggests

. - a possible protonated state for the inhibitor's hydroxyl oxygen
of structures using PROCHECK39) showed satisfactory (gisplayed in gray)16), NMR data supports a nonprotonated state

peptide bond planarity andoCchirality. The Ramachandran  (17-18). (C) N-carboxyalkyl peptideK; ~ 0.234M, shows four
map showed 94.5% of the nonglycine and nonproline hydrogen bonds with stromelysiig, 19, 20. A fifth hydrogen

residues in allowed regions. Approximately 4.9% of the bond ¢ 2.88 A) between Pro 221 and inhibitor (displayed in red)
residu_es were in marginally allowed regions, and only 0.7% w;;rosguggigﬁgingyirg?:raﬁirgz_ structurs)( as a potential weak
were in disallowed regions.

Comparison of Inhibitor Binding. The inhibitor, CGS oxygens (1.96 and 2.24 A). These hydrogen-bonding
27023, is a hydroxamic acid whose major site of enzyme interactions were corroborated by deuterium-exchange ex-
interaction is the Slpocket. As shown schematically in  periments and subsequently incorporated into the structure
Figure 5A, this inhibitor adopts a conformation in the bound refinement calculations. Coordination of both hydroxamate
state where the methoxy phenyl ring penetrate§ 8tk oxygens of the bound inhibitor with the catalytic zinc ion
pyridine ring occupies the shallow Spocket, and the  was also readily apparent from the NOE-derived structure
isopropyl ring points toward S1. Both the pyridine ring and which positioned both oxygens for optimal coordination with
the isopropyl groups are primarily solvent exposed. The only the catalytic zinc (Figure 4). This ligantinetal coordination
portion of the molecule making any significant hydrophobic was consistent with reported NMR and X-ray structures of
contact with the enzyme is the methoxyphenyl group. Upon SCD—inhibitor complexes 16, 18.
generating structures using only NOE distance constraints, An interesting characteristic of this inhibitor is the
two distinct hydrogen-bonding interactions became apparent;tendency for the hydroxyl oxygen on the hydroxamic acid
the first between the carbonyl oxygen of Ala 165 and 1HN moiety to remain protonated in the bound state. This
of the hydroxamic acid (2.15 A) and the second between hydroxyl proton resonates significantly downfield from the
the amide proton of Leu 164 and the inhibitor’s sulfonamide other resonances (14.57 ppm) to allow unambiguous iden-
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FIGURE 6: Stereoview (relaxed eye) of superimposed ribbon structures of the stromelysin catalytic domain. FHReGER7023 complex
is displayed with the protein backbone in blue, the inhibitor in red, the zinc atoms in purple, and the calcium atoms in orange. The backbone
region (residues Phe 221rg 231) of the SCD-N-carboxyalkyl peptide complexX2() is shown in yellow. The illustration shows that the
backbone loop region flanking the 'Sdocket can move by as much as 10 A to accommodate different inhibitors.
tification in the 2D NOESY spectrum. The assignment was hydrogen-bonding or hydrophobic contacts with the enzyme
corroborated by intermolecular NOEs observed between thebackbone when compared to peptidic inhibitors of similar
inhibitor's hydroxyl proton (1HO) and His 201 (HD2), Glu or reduced potencyl§, 16, 18, 2D A schematic represen-
202 (HA), and (HG1) as well as intramolecular NOEs tation of SCD-inhibitor interactions for CGS 27023 and
between 1HO and 3HD1, HG1* and 1HRE). Examination previously reported peptidic inhibitors is shown in Figure
of the NMR-derived structure revealed that a hydrogen- 5. Itis interesting that the carboxylate inhibitor (Figure 5C)
bonding interaction as well as a protected environment may is about 20-fold less potent than CGS 27023 (Figure 5A),
account for the observed protonation phenomenon. Ouryet has a phenyl group which extends more deeply into the
NMR data showed that a possible hydrogen bor@.82 S1 pocket and makes two additional hydrogen-bonding
A) can exist between the inhibitor’s hydroxyl proton (IHO) contacts with the enzyme. This difference may largely be
and the side chain carboxylate oxygen of Glu 20220 attributed to the expected reduction in potency on going from
(Figure 5A). The structure also revealed that the orientation zinc coordination with an hydroxamic acid to that of a
of the inhibitor’s isopropyl group introduces a hydrophobic carboxylate. Comparison with the peptidic hydroxamate
barrier about the hydroxamic acid moiety. This hydrophobic structure (Figure 5B), however, revealed approximately a
protection factor may strengthen the proposed hydrogen bond2-fold reduction in potency relative to CGS 27023, even
between the inhibitor's (1HO) and Glu 202 42) by though the peptidic inhibitor formed three additional hydro-
preventing rapid exchange of the hydroxyl proton with water gen bonds with the enzyme and showed significant hydro-
molecules. phobic interaction from the leucine moiety in 'S1Also

Protonation of the hydroxyl oxygen was not reported for unlike CGS 27023, both peptidic inhibitors possessed P2
the NMR structure of the peptidic hydroxamic acid (Figure and P3 side chains that were closely associated with the
5B) complexed to SCD1@). On the basis of the published protein. On the basis of these comparisons, it is remarkable
structure, this result would not be unexpected since orienta-that the additional hydrogen-bonding and hydrophobic
tion of the bound peptidic inhibitor leaves the hydroxyl interactions of the peptidic inhibitors with stromelysin were
proton with no hydrogen-bonding interaction and solvent- not required for CGS 27023 binding potency.
exposed. Under such circumstances rapid exchange of this Enzyme Comparison with Other SCD Complex&se
proton with water would be favored. It is interesting that tertiary fold of the SCD-CGS 27023 complex showed very
the corresponding X-ray structure of the bound peptidic good agreement with previously reported X-ray and NMR
inhibitor does reveal that a hydrogen-bonding interaction can structures 15, 19, 20. Only the NMR structure obtained
exist between the inhibitor’s hydroxyl proton (1HO) and Glu in 15% acetonitrile revealed some deviation in the relative
202 (G:2); however the absence of a protected environment orientation of the loop region from residue 150 to residue
for the hydroxyl proton preventing rapid exchange with water 163 (L7, 1§. This deviation was consistent with a previous
may serve to weaken the interactiod6). Therefore, report comparing the NMR structure in 15% acetonitrile with
although structural comparison of the nonpeptidic versus its corresponding X-ray structur&®). While the cause of
peptidic hydroxamate inhibitors (Figure 5, parts A and B, this discrepancy was not clear, it is possible that the presence
respectively) reveals that a hydrogen bond can exist in both of acetonitrile may have been a contributing factor.
cases between hydroxyl proton (1HO) and Glu 20220 Although the secondary structure and overall global fold
the protected environment of the hydroxamic acid for the of the SCD-CGS 27023 complex were virtually identical
SCD-CGS 27023 complex may serve to strengthen its with published structures, we found some dramatic changes
hydrogen-bonding interactions and thereby contribute to the at the enzyme’s binding site. One major structural difference
overall binding energy of the complex. for stromelysin was a shift in the orientation of the &bp

The inhibitor used in this study exhibits remarkable when complexed to peptidic inhibitord §—20) versus our
potency against stromelysif(= 13 nM) yet makes few  nonpeptidic inhibitor. For the peptidic inhibitors, this shift
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in loop orientation was due to hydrogen-bonding interactions to accurately predict binding modes of different inhibitor
with residues Asn 162 (CO), Pro 221 (CO), and Tyr 223 classes.

(NH), not found with CGS 27023 (Figure 5). Apparently
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