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Solution Structure of 3-0x0-A5-Steroid 
Isomerase 

Zheng Rong Wu, Soheila Ebrahimian, Michael E. Zawrotny, 
Lora B. Thornburg, Gabriela C. Perez-Alvarado, Paul Brothers, 

Ralph M. Pollack," Michael F. Summers* 

The three-dimensional structure of the enzyme 3-0x0-15-steroid isomerase (E.C. 5.3.3.1), 
a 28-kilodalton symmetrical dimer, was solved by multidimensional heteronuclear mag- 
netic resonance spectroscopy. The two independently folded monomers pack together 
by means of extensive hydrophobic and electrostatic interactions. Each monomer com- 
prises three a helices and a six-strand mixed p-pleated sheet arranged to form a deep 
hydrophobic cavity. Catalytically important residues Tyrq4 (general acid) and Asp3' 
(general base) are located near the bottom of the cavity and positioned as expected from 
mechanistic hypotheses. An unexpected acid group (Aspg9) is also located in the active 
site adjacent to Tyrq4, and kinetic and binding studies of the Aspg9 to Ala mutant 
demonstrate that Aspg9 contributes to catalysis by stabilizing the intermediate. 

Various biological reactions proceed by en- 
zymatic cleavage of a C-H bond adjacent to 
a carbonyl or carhoxyl group, leading to an 
en01 or enolate intermediate that is subse- 
quently reprotonated at the same or an 
adjacent carbon (1 ). Thermodynamic and 
kinetic barriers associated with these pro- 
cesses can be very large, requiring the en- 
zymes to prol~ide up to 28 ltcal/inol of tran- 
sition state stabilization (2). An important 
member of this class of enzymes is 3-0x0- 
A'-steroid isomerase (I5-3-ketosteroid 
isomerase, KSI, E.C. 5.3.3.1), which is 
among the most profic~ent en:\-mes known 
(3) and has served as a paraillgin for en:\- 
inatic enolizations since its discovery in 
1955 (4). This enzyme catalyzes the isomer- 
ization of various p,y-unsaturated 3-0x0- 
steroids to their conjugated isomers at near- 
lv a diff~~sioil-controlled rate 15). ~, 

Extensive kinetic and inutagenesis stud- 
ies indicate that catalysis proceeds by pre- 
dominant abstraction of the steroid C4-p 
proton by Asp3', with stabilization of the 
resulting dienolate intermediate by a hydro- 

gen bond from Tyr14-OH (6-10). Nuclear 
magnetic resonance (NhIR) studies have 
led to the coilclusioil that the intermediate 
is stabiliied by a single low barrier hydrogen 
bond (LBHB) (1 1 ), and it has been further 
proposed that the entire rate enhancement 
by KSI can be quantitatively attributed to 
residues Asp3%nd Tyr14 (1 1). Neverthe- 
less, fluorescence titration of the TYrl4-OH 
suggests the presence of an active site resi- 
due with pK, of 9.5 (12 ) ,  and there is 
evidence that this unknown group is cata- 
lytically important ( 1  3 ,  14). There is also a 
substantial contribution to the rate of enzy- 
matic proton transfer by Phel" that has yet 
to be satisfactorily explained (15). 

Despite more than 20 years of effort, 
high-resolution structural information that 
would identify all of the active site residues 
and facilitate a complete mechanistic anal- 
ysis has been la~king. Crystals of KSI that 
diffract to 2.7 A have been reported (16, 
17), and a three-dimensional (3D) model 
refined to 6 A resolution suggested that the 
substrate binding site is located within a 
cavity near the dimer interface 118). In ~, 
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cant at diiner concentrations greater than 80 
yM (20), and was inhibited when 90% wa- 
ter and 10% dioxane-de were used as solvent. 
The introduction of dioxane led to small 
chemical shift changes (<0.1 ppm) for only 
a few NblR signals, and to a minor red~rction 
in eniyine activity (21 ), indicating that the 
protein structure was not significantly al- 
tered under these conditions. Gradient-en- 
hanced triple-resonance NMR methods, 
including four-dimensional 1'N,13C- and 
13C,13C-edited nuclear Overhauser effect 
(NOE) experiments, were used to assign the 
backbone and side chain signals (22). The 
observation of 11 7 of the 119 expected back- 
bone NH correlation signals per polypeptide 
in the NMR spectra revealed that the pro- 
tein dimer is structurally symmetric. Inter- 
molecular NOES were identified by compar- 
ing the four-dimensional (4D) NOE NMR 
data obtained for the uniformly labeled 
dimer with 3D pulsed-field gradient-edited 
13C-filtered-'2C-detected NOE data ob- 
tained for a heterodimer comprising nonla- 
beled and 1'N,13C-labeled subunits. For ex- 
ample, the Val7'-"CH, exhibits intrainolec- 
ular NOE cross peaks with Val7'-y1CH3, 
-Hp, -Ha (Fig. lA) ,  as well as interinolecu- 
lar cross peaks with Leu1''-Ha, -Hy, -"CH3 
and with Va14"Hp and -CH3 protons (Fig. 
1B). With this approach, we were able 
to unambiguously assign 30 intermolecular 
NOE cross peaks. 

A total of 1865 experimental L 4' lstance 
restraints identified from the NOE data 
were used to generate an ensemble of 2C 
distance geometry structures with the pro- 
gram DIANA (23). Statistical information 

Fig. 1. Nuclear Overhauser effect (NOE) data as- 
sociated with the Val,,-?2CH3 methyl group. (A) 
Selected plane [F4 ('H) = 0.74 ppm; F3 (13C) = 

16.48 ppm] from the 4D VC,13C-ed~ted NOE 
spectrum showng both intermolecular (denoted 
with prlmes) and ntramolecular dlpolar ~nterac- 
tions. (B) Corresponding plane from the 3D grad- 
ent-purged i3C-f~ltered-i2C-detected half-flltered 
NOE spectrum [Fl (I3C) = 16.48 ppm] showng 
intermolecular NOE correlation signals (' denotes 
the incompletely suppressed Val7'-.f2CH, auto- 
peak doublet). 
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Fig. 2. (A) Stereoview showing the best fit super- 
position of the backbone Ca atoms of 20 dis- 
tance-geometry models of the KSI-dimer gener- 
ated with DIANA (23). Higher convergence is ob- 
served when the superposition is performed for 
the monomeric subunits (B) resulting from a small 
amount of disorder at the dimer interface (Table 
1). (C) Schematic diagram showing the secondaty 
structure of the KSI p sheet. The p sheet contains 
a significant kink along the axis denoted by ar- 
rows. (D) Ribbon representation of KSI with the 
independent subunits colored red and green, 
showing the "back-to-back" packing and relation- 
ship between the subunits. 

for the structure calculations (Table 1) and 
stereo views of the best fit superposition of 
the backbone atoms for the dimer and the 
monomeric subunits (Figs. 2, A and B) dem- 
onstrate that the calculations afford a single 
globular protein fold with good conver- 
gence. The structure is composed of three cx 
helices and a six-strand mixed P-pleated 
sheet that contains three p bulges (Fig. 
2C). Residues that make up these secondary 
structure elements are as follows: ThS (the 
NH2-terminal helix capping residue, 
N-cap) to AlaZ0 form helix A; AspZ2 (N- 
cap) to Phe30 form helix B; Ala34 to Asp3' 
form strand 1 of the six-strand p sheet; 
~ i s - P r o ~ ~  (which contains a cis-peptidyl 
linkage) to Ser42 form a four-residue loop; 
Glu43 to Gly47 form strand 2 of the P sheet, 
which runs antiparallel to strand 1; Thr4' to 
Led1 form helix C; and Led3 to Gly124 
form the remaining four strands of the six- 
strand mixed p sheet as follows. Led3 to 

form strand 3, with Thr6' to Glu70 
forming a p bulge; Ala75 to Asn76 form a 
type I1 turn; G ~ u ~ ~  to Tyr8' form strand 4, 
which runs antiparallel to strand 3; Glns9 to 
Gly90 form a type I1 turn; Argg1 to Phe104 
form strand 5, which runs antiparallel to 
strand 4; Asnlo5-Va11°7 form a loop; LyslO' 
to GlylZ4 form strand 6,  which contains two 

Table 1. Structural statistics 

Distance restraints 
lntraresidue 49 
Sequential 306 
Medium range (lijl = 2-5 35 1 

residues) 
Long range (lijl > 5 residues) 545 
Intermolecular 60 
Hydrogen bond restraints 554 
Total NMR-derived restraints 1865 
Mean restraints/residue 15.2 

Distance violations 
Total penalty (A2) 

Mean 0.75 + 0.16 
Maximum 0.97 
Minimum 0.45 

Individual violation (A) 
Maximum 0.20 
Average maximum 0.1 6 + 0.03 
Average number of violations 4 + 2 

>0.1 A per structure 
Pairwise root-mean-square fl) 

Monomer backbone heavy atoms 
(Y helices* 0.65 + 0.16 
p sheet + p bulgest 0.92 + 0.20 
Met1 to AlalZ5 1.24 2 0.19 

Dimer backbone heavy atoms 
a helices$ 1.06 2 0.24 
p sheet + p bulges 1.19 + 0.22 
Met1 to lZ5Ala 1.54 + 0.24 

'Residues 3-20, 22-30, 48-61. tResidues 34-38, 
43-47, 63-74, 77-88, 91-103, 11 1-124. SResi- 
dues 3-20, 22-30, 48-61, 3'-20', 22'-30', 48'-61' 
(unprimed and primed numbers refer to the different 
monomers). $Residues, 34-38, 43-47, 63-74, 77- 
88, 91-1 03, 1 1 1-1 24, 34'-38', 43'-47', 63'-74', 77'- 
88', 91'-103', 11 1'-124'. 
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f3 bulges (Va11°9 to Valllo and Phe116 to 
AsnlZ0) and runs antiparallel to strand 5 
and parallel to strand 1. 

The P sheet contains a substantial kink 
that appears to result from the juxtaposi- 
tioning of two f3 bulges at opposite edges of 
the sheet with a proline residue (Pro97) 
located in the center of the sheet and be- 
tween the bulges (Fig. 2C). Strands 3 and 4 

Tyr14, Val15, Leula, Phe54, and TyrS5. The 
two monomers of the symmetrical dimer 
pack against each other via hydrophobic 
and electrostatic interactions that exclu- 
sively involve the side chains of residues on 
the "back face" of the P sheet (Fig. 2D). 
There are no main chain hydrogen bonds 
between the monomers. This global struc- 
ture and, in particular, the dimer interface, 

Tyf140H,,&0 + Tyfl40H ....b 8' - Ty'wN.b&O 

8' H H 1 ; H 2 : H H  3 

oVoh -0  o o 014 bYo o ok oyo- 
AspQQ I s @  X s p m  AS* ZpQQ Asp38 

Scheme 1 

of the p sheet make extensive hydrophobic appear distinctly different from that of the 
contacts with helix A, which also packs low resolution x-ray structure (18). 
tightly against helix B. Helix B is packed To evaluate the proposal that Asp38 and 
between helices A and C and is arranged Tyr14 function as the general base and gen- 
nearly antiparallel to both. Helices B and C eral acid, respectively (6, 7), a substrate 
cross over the "front face" of the p sheet, molecule (5-androstene-3,17-dione, I )  was 
forming a hydrophobic cavity with approx- docked computationally into the active site 
imate dimension? 8.5 A by 9.5 A at the p-PLOR (24)] with the H2a,P protons in 
surface and 16 A deep. One side of the close proximity to Tyr14-HE, which is con- 
cavity is lined with residues from the "front sistent with previous NMR data (25), and 
face" of the p sheet, including hydrophobic with the carbonyl oxygen within hydrogen 
residues Val36, Pro39, Led3, VaP5, Led7, bonding distance of Tyr14-OH (6, 26). Pro- 
Val7', Pheao, Phea2, Vala4, Pro97, tein conformational changes were not re- 
Phelol, Ala114, and Phe116, as well as acidic quired to perform this docking (Fig. 3). In 
residues Asp3a and Asp99. The other side of the resulting model, one of the carboxyl 
this cavity is composed of residues that oxygens of Asp38 is located 2.8 A above the 
reside on the CY helices, including Val", 4P proton, in excellent position to abstract 

this proton with the syn orbitals of the 
carboxylate (27) (Scheme 1). Subsequent 
rotation about the CP-COOH bond places 
the carboxyl proton directly above the ste- 
roid C6 carbon, enabling proton transfer to 
C6 of the dienolate intermediate. The 
structure is thus entirely compatible with 
the previously proposed mechanistic roles 
of Asp38 and Tyr14. 

An additional acid residue (Asp99) is 
located near the back of the active site 
cavity in close proximity to Asp3a and 
Tyr14. The Asp99 carboxyl group is also -3 
A from the 3-carbonyl of the docked sub- 
strate, suggesting that the acid could play an 
important role in stabilizing the intermedi- 
ate and transition states. To test this hy- 
pothesis, we prepared the D99A (28) mu- 
tant and found that it was substantially less 
active than the wild-type enzyme (kc,, and 

Fig. 3. Surface representation of KSI, colored ac- kca,/Km are -5000 and -3000 times lower, 
cording to electrostatic potential, showing the respectively) (29), confirming the impor- 
acidic nature of the active site cavity. A substrate tance of Asp99 t~ catalysis. ~h~~ mutant 
molecule (5-androstene-3,17-dione) docked exhibits a decrease in affinity (30 times 
computationally in an orientation consistent with 
the postulated mechanism and experimental lower) for the intermediate analog equilen- 

NMR data (25) is also shown in a ball-and-stick in (30)* to the de- 
representation. The docking of the substrate mol- crease in affinity of the Y14F mutant for the 
ecule did not require reorientation of the protein intermediate analog estradiol(6). These re- 
amino acid side chains. sults indicate that both Tyr14 and Asp99 

stabilize the reaction intermediate, and that 
their energetic contributions are similar in 
magnitude. 

We DroDose that the dienolate interme- . . 
diate is stabilized by two hydrogen bonds, 
one from Tyr14-OH and the other from 
A S ~ ~ ~ - C O O H  (Scheme 1). In this model, 
residue is ~rotonated in the enzvme- 
intermediate complex, which is reasonable 
given the close proximity of Asp99 to Asp3a 
in the low-dielectric environment of the 
active site cavity (31 ). Stabilization by pro- 
tonated Asp99 is consistent with the ob- 
served diminution of catalytic activity at 
high pH, which has been attributed to 
ionization of an unknown active site group 
with a pK, of about 9.5 (13, 14). This 
group, which is not Tyr14 or TyrS5 (1 2), is 
likely Asp99, the only other ionizable res- 
idue within the active site other than the 
catalytic general base Asp3a. Thus, the 
kinetics, mutagenesis, pH titration, inhib- 
itor binding, and structural data are con- 
sistent with a COOH-intermediate hydro- 
gen bonding role for Asp99. Although 
Asp99 could form a hydrogen bond to the 
Tyr14 oxygen, our proposal that the inter- 
mediate is stabilized by two hydrogen 
bonds (from Asp99 and Tyr14), rather than 
a single LBHB (1 1,  32), is consistent with 
the suggestion that enzymes use multiple 
interactions of moderate strength as a cat- 
alytic strategy (33). Two hydrogen bonds 
of moderate strength (about 4 to 5 kcall 
mol), along with the contribution of 
Phelol (2 kcal/mol), would be sufficient to 
account for the observed (5) 11 kcal/mol 
stabilization of the bound dienolate ion 
intermediate. 
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The Product of the Proto-Oncogene c-cbl: A 
Negative Regulator of the Syk Tyrosine Kinase 

Yasuo Ota and Lawrence E. Samelson* 

Engagement of antigen and immunoglobulin receptors on hematopoietic cells is directly 
coupled to activation of nonreceptor protein tyrosine kinases (PTKs) that then phos- 
phorylate critical intracellular substrates. In mast cells stimulated through the FceRl 
receptor, activation of several PTKs including Syk leads to degranulation and release of 
such mediators of the allergic response as histamine and serotonin. Regulation of Syk 
function occurred through interaction with the Cbl protein, itself a PTK substrate in this 
system. Overexpression of Cbl led to inhibition of Syk and suppression of serotonin 
release from mast cells, demonstrating its ability to inhibit a nonreceptor tyrosine kinase. 
Complex adaptor proteins such as Cbl can directly regulate the functions of the proteins 
they bind. 

C b l ,  the product of the proto-oncogene 
c-cbl, is a prominent substrate of the cellular 
PTKs activated by multiple immune and 
growth factor receptors ( l !  2) .  Both the 
retroviral gag-v-cbl fusion protein and a Cbl 
protein containing a 17-amino acid inter- 
nal deletion, which was isolated from the 
702 pre-B cell tumor line, are transforlnii~g 
in fibroblast and pre-B cells (3). However, 
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the f~~nct ion  of the proto-oncogei~e product 
remains undefined. The fact that it under- 
goes tyrosine phosphorylation and that it 
binds critical signaling molecules such as 
PTKs and adaptor lnolecules such as Grb2 
and the phosphoinositide-3 kinase subunit 
p85, and the observation that SLI-1, a Cae- 
norhabditis elegans homolog, has ail inhibi- 
tory effect 011 the Ras pathway suggest that 
Cbl has a critical fi~nction in signal trans- 
duction (4). Cbl is rapidly tyrosine phos- 
phorylated in the rat basophilic leukemia 
cell line RBL-2H3 after antigen-induced 
aggregation of the F ~ E R I  receptor (5). In 
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