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ABSTRACT. The solution structure of the ketosteroid isomerase homodimer complexed with the product
analogue 19-nortestosterone hemisuccinate (19-NTHS) was solved by heteronuclear multidimensional
NMR methods using 1647 distance restraints, 77 dihedral aggleeétraints, and 67 hydrogen bond
restraints per monomer. The refined secondary structure of each subunit consists @i-talees,

eight s-strands, four turns, and twg-bulges. Thes-strands form a mixeg-sheet. One of the five
proline residues, Pro-39, is cis and begins a nonclassical turn. A self-consistent ensemble of 15 tertiary/
quaternary structures of the enzyme dimsteroid complex, with no distance violations greater than
0.35 A, was generated by simulated annealing and energy minimization with the program X-PLOR. The
mean pairwise RMSD of the secondary structural elements was 0.63 A for the average subunit and 1.25
A for the dimer. Within each subunit, the threehelices are packed onto the concave surface of the
p-sheet with a groove between them into which the steroid binds at a site defined by 14 intermolecular
distances. In the productive complex, Tyr-14, frahelix 1, approaches both Asp-99 and the 3-keto
group of 19-NTHS while, fronf-strand 1, the carboxylate of Asp-38 approachestifece of the steroid

near C4 and C6, between which it transfers a proton during catalysis. Thus the solution structure of the
isomerase steroid complex can accommodate the catalytic diad mechanism in which Asp-99 donates a
hydrogen bond to Tyr-14 which in turn is hydrogen bonded to the 3-oxygen of the steroid. While direct
hydrogen bonding of Asp-99 to the steroid oxygen is less likely, it cannot be excluded. All other interactions
of the steroid with the enzyme are hydrophobic. The dimer interface, which is between the convex surfaces
of the 3-sheets, is defined by 28 intersubunit NOEs between hydrophobic residues 4tCtfikered
NOESY—HSQC spectrum of a3C/*?C-heterolabeled dimer. Both hydrophobic and polar interactions
occur at the dimer interface which contains no space that would permit additional steroid binding.
Comparison of the complexed enzyme with the solution structure of the free enzyme [Wu et al. (1997)
Science 276415-418] reveals that the three helices change position in the steroid complex, becoming
more closely packed onto the concave surface ofstisbeet, thus bringing Tyr-14 closer to Asp-99 and

the substrate. Comparison of the enzymsteroid complex in solution with the free enzyme in the
crystalline state reveals similar differences between the positions of the helices.

A>-3-Ketosteroid isomerase (KSIfrom Pseudomonas 38 to Asn and Tyr-14 to Phe resulted in#0and 16-5-fold
testosteron{EC 5.3.3.1) is a homodimeric enzyme with 125 lower k. values, respectively, than that of wild-type
amino acid residues per subunit which catalyzes the conver-isomerase. These effects were additive in the double mutant
sion of A5 to A*-3-ketosteroid via a dienolic intermediate which had completely lost all of its 1®fold catalytic power,
(1—4). Three amino acid residues have been shown by yet retained the ability to bind steroids)( Mutation of Asp-
mutagenesis to be important for enzymatic activity, Tyr-14 99 to Ala resulted in a £J-fold decrease k.4 (6).

(5), Asp-38 6), and Asp-99 §). Thus, mutations of Asp- In the first step of the isomerase reaction (Figure 1), Asp-

fTh udi ted by NIH Grant DK28616 (1o A.S.M) 38 functions as the catalytic base, removing the axial proton
ese studies were supported by ran 0A.S.M.). " ) : N
* A complete listing of the distance restraints derived from NOE from the C4 position of the steroid, concerted with pOIa”Za

data and chemical shifts have been deposited at the Brookhaven Proteifion of the 3-keto group by Tyr-14 and the protonated
Data Bank (Chemistry Department, Brookhaven National Laboratory, carboxyl group of Asp-99, to form the dienolic intermediate.

Upton, NY) (file name rlbugmr) together with the atomic coordinates |, the next step, Asp-38 adds the same proton to the axial
f the family of 15 table struct fil 1bug). i, ’ . N ) .
o Teo mg’r’nocorreig%i%:nci Ssﬁléﬁférffé gd%rnei?:d. ua) C6 position of the steroid, as reketonization of the intermedi-

8 Department of Biological Chemistry. ate completes the reaction.

'Present address: Merck and Co., Inc., West Point, PA 19486. . . .
o Department of Biophysics. While base catalysis by Asp-38 is generally agreed upon,

1 Abbreviations: KSI, ketosteroid isomerase; 19-NTHS, 19-nortes- two mechanisms of acid catalysis by Tyr-14 and Asp-99 have
tosterone hemisuccinate; NMR, nuclear magnetic resonance; NOE,been proposed (Figure 1). In mechanism A, both Tyr-14

nuclear Overhauser effec?t; NOESY, NOE spectroscopy; TOCSY, total and Asp-99 directly donate normal hydrogen bonds to the
correlation spectroscopy; HSQC, heteronuclear single-quantum coher-

ence; DMSO, dimethyl sulfoxide; TSP, sodium 3-(trimethylsilyl)- 3-keto oxygen of the substrate and to the enolate oxygen of
propionate-2,2,3,84; RMSD, root-mean-square deviation. the intermediate. Mechanism A is supported by model
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FiIGURE 1: Alternative mechanisms of general acid catalysis inAR&-ketosteroid isomerase reaction. (A) The intermediate is stabilized
by two normal hydrogen bonds from Tyr-14 and Asp-®). (B) The intermediate is stabilized by a catalytic diad involving a strong,
low-barrier hydrogen bond from Asp-99 to Tyr-14 which strengthens the hydrogen bond from Tyr-14 to the intern8eathatesferences
therein).

Asp-99~

building of the substrate into the NMR structure of the free EXPERIMENTAL PROCEDURES

enzyme 6), and by the 2.5 A X-ray structure of the complex )

of a homologous isomerase frafseudomonas putidaith Materials

dihydroequilenin, an analogue of the intermediate (
Mechanism B involves a hydrogen-bonded catalytic diad

Asp-99-COOH--Tyr-14-OH--O-steroid, consisting of nor-

mal hydrogen bonds in the substrate complex. As the

intermediate dienolate forms, the hydrogen bond between

Asp-99 and Tyr-14 increases in strength to form a low-barrier previously describeddj. The product analogue and substrate

hydrogen bond. This strengthening effect is transmitted t0 (¢ yhe reverse isomerase reaction, 19-NTHS, was synthesized
the Tyr-14-OH--O-steroid in the transition state, facilitating ¢ previously reported.8). This steroid was used because

polarization of the S—Keto group. Mechanism B is suppor?ed of its solubility (14) and because it binds to the active site
by NMR studies of highly deshielded protons at the active g q|sjvely with its 3-keto group oriented inward, toward
site of isomerased] and by mutagenesis studies which reveal i side chain of Tyr-141). The heterolabeled sample used
the loss of both hydrogen bonds when Tyr-14 is mutated to for the H—1C-filtered NOESY-HSQC spectrum was
Phe and the loss of the Asp-99 low-barrier hydrogen bond prepared by adding 250M (final concentration) each of

when Asp-99 is mutated to Ale(8). o . 13C/'5N-labeled and!*N-labeled KSI containing 10 mM
To resolve this issue, further structural studies in solution sodium phosphate, 20 mM NaCl, 1.1 mM 19-NTHS (dis-

are required. We have previously reported the solution ¢\ ed in DMSOek), and 9% (v/v) DMSOds in D,O at pH
secondary structure of isomerase complexed with 19-NTHS, 7 » and refrigerating for 4 weeks at Z to permit the

a prqduct analogu.e and substrate of _the reverse iIsomeras@aterodimer to form and equilibrate. The enzyme was
reaction ). In this paper, we describe the tertiary and g0 to be fully active enzymatically and structurally
quaternary solution structure of the isomerase homodimer;yantical after 1 year, based on assay and the observation
complexed with 19-NTHS determined by heteronuclear .+ thelH—15N correlations in théH—15N HSQC spectra
multidimensional NMR spectroscopy. Preliminary abstracts 44 not show resonance shifts over this periey (
of this work have been published(, 11).

Recently, the solution structure of free isomerase has beenyiethods
solved @), permitting comparison of the free and steroid- .
complexed enzymes in solution. The X-ray structures ofthe NMR Spectroscopy The 3D *H—**C-filtered NOESY-~
free enzyme fronPs. testosteroniat 2.3 A resolution12), HSQC spectrumi(, 16) was recorded at 37C on a Varian
and the homologous enzyme frdps. putida both free (at ~ UnityPlus 600 MHz spectrometer equipped with a pulse field
1.9 A resolution) and complexed with the intermediate 9gradient unit, four independent RF channels, and a Varian 5
analogue dihydroequilenin (at 2.5 A resolution), have been MM triple resonance probe with an actively shielded
reported ), permitting comparison of the enzyme in the
crystalline state and in solution. 2We thank R. M. Pollack for suggesting this procedure.

The highly active Y55F/Y88F double mutant of isomerase,
in which Tyr-14 is the only tyrosine residue, was used
throughout this paper. Thie/Kny of this mutant is 80%
that of the wild-type enzymel@). Expression and purifica-
tion of 3C- and'>N-labeled isomerase were carried out as
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gradient. The data were recorded using the Staf&¥PI
method (7) in all indirect dimensions, with a relaxation
delay of 1.5 s.

The 3D H—'C-filtered NOESY-HSQC spectrum was
collected with a 100 ms mixing time and spectral widths of
10 000 Hz tH, t3, 1280 complex points), 960 H2H, t,, 16
complex points) with théH carrier frequency set at 1.3 ppm,
and 2562 Hz¢C, t;, 16 complex points) with th&C carrier
frequency set to 21.5 ppm. A total of 384 transients per
hypercomplex,t, pair was collected.

The 2D NOESY spectralg, 19) of a 600u«M unlabeled
isomerase-19-NTHS complex in BO were collected as
follows: 35, 50, and 100 ms mixing times, spectral widths
of 8000 Hz {H, t,, 4096 complex points) and 6600 HH(
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(f2) x 256 (3) real data points. The 2D NOESY spectra
were processed by applying 86hifted sinebell square (ss)
window functions to both; andt,, followed by zero-filling
in t;, Fourier transformations, and zero-order polynomial
baseline corrections to yield a 20481024 point real data
matrix. The observetH chemical shift was referenced with
respect to the KD or HDO signal, which was taken as 4.658
ppm downfield from external TSP at 3T, and the'*C
chemical shifts are given with respect to external TSP in
D,O (0.00 ppm). All data analysis was done using the
NMRVIEW 2.1 software package®).

Structural Calculations. Distance restraints of 1-:8.8,
1.8-3.2, and 1.8-5.0 A were employed for NOE cross-peaks
of strong, medium, and weak intensity, respectively, observed

t1, 1024 complex points), and 32 transients per hypercomplexin the 2D and 3DN- and '3C-edited NOESY spectra

1t pair.

The 'H—13C-edited NOESY-HSQC spectrum was col-
lected on a 60M 5N/XC uniformly labeled isomerase
19-NTHS sample as follows: 100 ms mixing time, spectral
widths of 8400 Hz {H, t3, 1024 complex points), 4525 Hz
(*3C, tp, 256 complex points) with th&C carrier frequency
set to 43 ppm, and 7500 HZH, t;, 1024 complex points),
and 16 transients per hypercompliex, pair (9).

The 3DH—1N HNHA spectrum 20) was collected with
spectral widths of 8000 HZHd, t3, 1024 complex points),
6800 Hz {H, t,, 64 complex points), and 1800 H#N, t;,

obtained with 100 ms mixing times. An additional 1.0 A
was added for NOEs involving methyl protons, and a
correction of 2.3 A was added to restraints for NOEs
involving degenerate & or He protons of tyrosine and
phenylalanine. Hence, the distances between Tyr-¢4 H
protons and the equatorial and axial protons at the C2
position of 19-NTHS, which were previously measured to
be 3.1 and 4.2 AX3), were assigned upper limit values of
5.4 and 6.5 A, respectively. Two previously reported
interproton distances, estimated from interproton NOEs
involving highly deshielded proton resonances of Asp-99-

64 complex points) using 64 transients per hypercomplex COOH (at 18.2 ppm) and Tyr-14-OH (at 11.6 ppm), were

ty,tx pair. The latter two experiments were collected using

used from the complex of the D38N mutant of isomerase

a Nalorac 8 mm triple resonance, pulse field gradient probe with dihydroequilenin, an analogue of the intermedi&ge (

and with a 2.2 cm sample column (82Q) in Shigemi 8
mm NMR tubes.

The 'H—'N NOESY—HSQC spectra were obtained and
processed as previously describ&l (

Data Processing The NMR data were processed on an
Indigo?XZ Silicon Graphics workstation using the Felix 2.3
software package (Biosym Technologies). This) dimen-
sion of the 3DH—13C-filtered NOESY-HSQC was pro-
cessed by applying an 8Ghifted sinebell square (ss)
window function to the 680 points of the FIDs, followed by

Such deshielded proton resonances are detectable only in
complexes of isomerase with analogues of the intermediate
(4, 8). These interproton distances were from Tyr-14tbl
Asp-99-COOH (2.8-5.1 A) and from Tyr-14-OH to Asp-
99-COOH (2.6 + 0.2 A). In addition, the &H---O
hydrogen bond distance from Tyr-14 to the steroid oxygen
was set to 2.7 0.04 A from its proton chemical shift of
11.6 ppm together with a correlation of proton chemical shifts
with hydrogen bond distances in the solid st&e23) and

from its fractionation factor of 0.978( 24, 25). By the same

Fourier transformations and zero-order polynomial baseline methods, the hydrogen bond distance from Asp-99-COOH

corrections.

The size of the processed spectrum wasto Tyr-14-OH, based on the chemical shift of 18.2 ppm and

redefined to be 512 points so as to match the matrix size in fractionation factor of 0.34, was set at 2.450.15 A.

thef, dimension. Exponential multiplication of the truncated
t> (*H) andt; (*3C) of known phase was followed by linear
prediction with mirror image constraints to yield a real data
set three times it original siz2). Apodization with a 98
shifted sinebell window function was applied, followed by
zero-filling in both thet, andt; dimensions to 128 points to
yield a final matrix size of 128f() x 128 ;) x 512 )
real data points. For the 3BH—C-filtered NOESY~
HSQC spectrumtz andt; dimensions were processed by
applying 80-shifted sinebell square (ss) window functions
to the FIDs and interferogram, respectively, followed by

For the Ry —Hao+y) distance between Asp-38 and Pro-
39, a lower limit of 2.2 A was assigned to maintairtia-
peptide bond as observed (see Results and Discussion).
Hydrogen bond restraints were applied as square-well
distance potentials between the hydrogen bond-accepting
carbonyl oxygens of the protein and both the hydrogen bond-
donating NH groups and N atoms with ranges between 1.5
2.5 and 2.53.5 A, respectively. While thé3C-filtered
spectra identified intersubunit NOEs, values for the distance
restraints between the residues at the subunit interface were
determined on the basis of NOE intensities intf@-edited

Fourier transformations and zero-order polynomial baseline NOESY. Dihedral anglep, restraints were determined from

corrections. Apodization with a 9&hifted sinebell window
function was applied, followed by zero-filling in thg
dimensions to 256 points to yield a final matrix size of 256
(f) x 512 () x 1024 () real data points. The HNHA

3Jnhe Values calculated from the 3D HNHA spectrugoy.
Dihedral angles of-60° 4= 30° obtained fronPJyn, values
of 3.0-5.5 Hz and—120° £ 30° from 3J\n, Values of 7.6
9.0 Hz were used for residues in thenelices angB-strands,

spectrum was processed similarly to the aforementionedrespectively. Fourteen intramolecular distance restraints

spectrum, except that the data size in theimension {H)
was redefined to be 256 points to include only the NH region
of the spectrum and to yield a matrix size of 128§ « 128

between the heavy atoms and protons of 19-NTHS based
on its X-ray coordinates were implemented to keep the
steroid conformation unchanged from that determined by
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small molecule X-ray crystallography of 19-nortestosterone

(26). GO vioscH,2

Distance geometry, simulated annealing, and refinement 2 % | viicuyl &
calculations were performed with X-PLOR 337] operating 047 E‘ % \ ﬁ
on a 8-processor Silicon Graphics R10 000 Power Challenge L ! . !
computer. All atoms of the 250-residue homodimer and the 0a e . V1°9CH’Y
two 19-NTHS ligands were included in the structure calcula- e 3 é“
tions. A set of 120 embedded substructures, based on 1647 & . &|
distance restraints and 77 dihedral angle restraints per 00 @J-m ﬂsﬂ—@ £
monomer, was generated using distance geometry and T
regularized by energy minimization against a distance ,
geometry energy term (the sub-embed protocol in X-PLOR). 0 23‘5 ‘% ViecH T
After template fitting, the embedded substructures were S . ©—rs *
further regularized by simulated annealing with a starting "
temperature of 2000 K and using 6000 steps in both the 1y (ppm)

annealing and cooling stages with a time step of 1 fs. The
resulting structures underwent a simulated annealing refine-
ment of the slow-cooling type with a starting temperature
of 2000 K and 6000 steps during the cooling stage with a
time step of 1 fs, followed by 500 steps of energy minimiza- 66
tion. During the refinement, the nonbonded interactions were
modeled only by a quadratic repulsive energy term, while
the attractive component of the Lennard-Jones potential and 6.8
the electrostatic energy were turned off. At the final stages
of refinement, a square-well potential energy function was
used for the NOE and the dihedral angle restraints with a 704
force constant of 50 kcal mol A=2 and 200 kcal mott
rad 2, respectively. Of the 120 embedded substructures, 60
converged to acceptable structures with NOE violatieAsb 72
A. Of these, the 15 best structures with NOE violations ’ ‘ 68 66 64
. : . 72 70 . L /
<0.35 A and dihedral violations5° were selected. 1H (ppm)

Superpositioning of computed structures and calculations Ficure 2: Regions of the 2D NOESY spectrum of the KI0-
of RMSD values were performed with the MidasPlus NTHS complex in DO showing NOE cross-peaks between the

6.4

\

e
o \©1=55HE
=©)- Q) Fssud

software package. aromatic and methyl protons (A) and aromatic to aromatic protons
(B). Many of these NOEs identify residues that either line the active
RESULTS AND DISCUSSION site or form the hydrophobic core of the subunit.

Side-Chain Stereospecific Assignmen®ackbone and  Pro-62, Pro-97) and one in thas conformation (Pro-39).
side-chain proton resonances in the isomerd$eNTHS The conformations of each of these proline residues are based
complex were previously assigned from triple resonance, 3D on four criteria £8). For thetrans-prolines, the NOE cross-
IH—15N NOESY-HSQC, and 3D HCCHTOCSY experi-  peaks of Mp—H%i1) and Hy—NH -1) were present, and
ments 0). In the present work, the stereospecific assign- N0 H')—H%;-1) or H*)—NH-1) NOEs were observed. For
ments (i.e.pro-R andpro-§ for the side-chain methyl and  the cis-proline, the Hg—H%-1 and Hg)—NHG-1,) NOE
methylene protons of the complex are established for 71 of cross-peaks were present and né,HH%;_1) or H;—
the 154 prochiral centers in each protein subunit. Almost NHi-1) NOEs were observed.
all of the methyl resonances of valine, leucine, and isoleucine  Refined Secondary Structur@he detection and assign-
residues (46 of 50) were stereospecifically assigned on thement of additional NOEs resulted in several refinements of
basis of intra- and interresidue NOE cross-peak patterns inthe previously reported secondary structug® (Helix 2
the 3D*H—"N NOESY—-HSQC and 30H—**C NOESY- (residues 23-30), previously described as a8elix, is now
HSQC spectra. Likewise, the stereochemistry of 96 of the found to be am-helix on the basis of the observation of
180 nondegenerate gemirgalandy-protons were identified.  three o —NH+4 NOEs from residues Leu-23 to Val-27,
These stereospecific assignments permit unambiguous idenAsp-24 to Ala-28, and lle-26 to Tyr-30. The sequence, lle-
tification of the long-range NOEs, resulting in more precise 121 to Gly-124, previously described as unstructured, is now
structure calculations. Aromatic side-chain proton reso- found to be g3-strand, based on three strong—NH. 1
nances were assigned from the cross-peak patterns in the&yOEs. This strandd-strand 8) is aligned antiparallel with
2D NOESY in DO (100 ms) and from the coupling patterns  residues Ala-96 to Lys-92 ¢f-strand 6 on the basis of 20
in the previously reported 2D TOCSY)( The complete  cross-strand NOEs. Twébulges, defined by strong NiH-

stereochemical and sequence-speciit, **N, and **C NH .1y NOEs, are detected betweghstrands 3 and 4
assignments for the KSINTHS complex are given as (residues 6870) and betweep-strands 7 and 8 (residues
Supporting Information (Table S1). 117-120). The latter was previously described as a turn,

Isomerase contains five proline residues, four of which but no change in direction occurs. The refined secondary
were found to be in thé&rans conformation (Pro-4, Pro-44,  structure now consists of three-helices (residues-521,
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FicurE 3: Upfield regions of thé3C planes taken from the 3BH—13C NOESY—HSQC spectrum of th&N/**C-labeled KS+19-NTHS
complex. The lowest strip shows tReC plane for Val-11 CH'? (diagonal= —0.42 ppm) showing cross-correlations to Val-15 £&and
the 6 methyls of Leu-67 and Leu-71 side chains. These data provide information on the proximity and orientation of helix 1 with respect

to the mixedp-sheet.
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FiGURE 4: 3D H—13C NOESY-HSQC spectrum (upper three strips) and the'3Diltered tH—13C NOESY-HSQC spectrum obtained
on al3C2C heterolabeled dimer (bottom strip, Val-74* @#. Upfield regions of thé3C planes through side-chain proton signals at the
subunit interface are shown. The bottom strip exemplifies intersubunit NOEs between Val-g£*f@kh one subunit to Val-40 pland

Leu-115 R of the other subunit.

23—-30, 48-60), eightf-strands (residues 3488, 44-47,
63—67, 71-73, 78-87,92-104, 111-116, 121-124) which
form a mixedg-sheet, four turns (residues 383, 74-77,
88—91, 105-108), and twgs-bulges (residues 6870, 117
120). Thus, isomerase consists of 30%elix, 40%/3-sheet,
13% turns, 6%p-bulges, and the remaining 14 residues
(11%) are in cails.

NOEs Inolving Side-Chain Protons and Hydrophobic

e-protons of Phe-30. In addition, the data show the Val-11
y-CHjs (pro-9 to be in close proximity to the side chains of
Phe-80 and Phe-101. Figure 2B shows NOEs between
aromatic residues which indicate that the Phe-80 and Tyr-
14 side chains are in close spatial proximity. All of these
NOEs identify hydrophobic interactions of residues of the
o-helices with each other as well as with residues of the
p-sheet. Figure 2B also shows that, with the exceptions of

Interactions. Making use of the assigned proton resonances, Phe-88 and Phe-116, which are in the active site cleft and
including the stereospecific assignments, and the refinedsolvent exposed, all of the other Phe residues (Phe-30, 54,
secondary structure, tertiary structural information was 55, 80, 82, and 86) are packed in a highly hydrophobic core
obtained from the 2D NOESY (Figure 2) and the 3D together with the side-chains of Leu-18, -23, -29, -59, -61,
13C NOESY-HSQC spectra (Figure 3). The quality of the -63, -67, and -71, lle-26, and Val-10, -11, -15, -27, -36, and
data in the'®C-edited NOESY permitted the unambiguous -71. This hydrophobic core helps to define the tertiary
assignment of 338 long-range NOEs involving the side-chain structure of each subunit. With the exception of His-100,
protons of each subunit. In addition, nondegenefatend no aromatic residues were found at the subunit interface of
y-methylene protons of amino acids that have side chainsisomerase (see below).

with more than one methylene group (Pro, Met, Glu, GIn,
Lys, and Arg) were distinguished on the basis of their
occurrence within singlé3C planes in the 30°C-edited
NOESY spectrum.

Two regions of the 2D NOESY spectrum showing well-

Figure 3 showsH—1H *3C strips from the upfield region
of the 3D 'H—C NOESY-HSQC spectrum identifying
NOEs between the-CH; (pro-R) group of Val-11 to the
y-CHs (pro-R) group of Val-15 and to thé-CHs (pro-R)
groups of Leu-67 and Leu-71. These NOEs further indicate

resolved long-range NOEs from methyl to aromatic side- interactions between hydrophobic residues that form the core
chain protons and from aromatic to aromatic side-chain of the monomer and identify residues of helix 1 which pack
protons are shown in panels A and B of Figure 2, respec- onto the mixed3-sheet.

tively. Figure 2A shows the dipolar correlations indicating
proximity between the Val-109/CH; protons and the
aromatice-protons of Phe-30 and Phe-101. Similarly, the
lle-26 y2-CH; protons show strong dipolar correlations to
the e-protons of Phe-101 and Phe-55 and to bothdhand

Subunit-Subunit Interactions. The dimer interface of
isomerase was identified from NOE correlations in both the
3D H—-13C-filtered NOESY-HSQC of a?C/*3C-hetero-
labeled dimer and the 3tH—13C NOESY-HSQC spectra
of a*>N/*3C uniformly labeled protein (Figure 4). The upper
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Table 1: NMR Restraints and Structural Statistics for the
Productive Isomerasel9-NTHS Complex

X-PLOR Input Restraints

D38

intramolecular NOEs for KSI

sequential|{ —j| = 1) 431
medium range (K |i —j| = 5) 200
long range i —j| > 5) 338
intraresidue 650
intersubunit 28
total NOEs 1647
NOEs/residue 13.2
hydrogen bonds 67
dihedral anglesd) 77
intramolecular restraints for NTHS 5
intermolecular NOEs between KSI and NTHS 14

Average RMSD from Idealized Geometry of 15 Structures

bonds (A) 4.59< 103+ 3.01x 105
angles (deg) 7.3%101+5.81x 102
impropers (deg) 7.9% 10°+3.39x 102

FiIGURe 5: Intermolecular restraints used to position 19-NTHS into

Pairwise RMSD of an Ensemble of 15 Calculated Structures (A)

the active site of KSI. (A) The catalytically productive complex. subunitl  subunit 2 dimer

The proximities of steroid protons to Tyr-14, Leu-62, Val-95, and

lle-121 are based on NOES, (13). The hydrogen bond from Tyr- ~ backbone of secondary ~ 0.61+0.09 0.65+0.14 1.25+0.42

14 OH to the 3-keto oxygen is based on its proton chemical shift _ Structuré

and fractionation factor8). The proximities of Asp-38 to the C4  all atoms, secondary 1.65+0.12 1.66+0.18 2.00+0.28

and C6 positions of the steroid are based on the tunneling Structure

contribution to the proton transfer between the steroid and Asp-38 &ll Egmﬁﬁ,ﬁ?”daw 1.65+0.12 1.65-0.19 1.99+0.28

i(ri::-t)ié(sB;r-(le-ha(lall r;)c;r;%ré)cci)l:]cﬂl\gEngj)czde of steroid binding. The prox backbone of residues-1125 1.02+ 0.16 1.02+ 0.14 1.58+ 0.41

all atoms, residues-1125 1.96+0.16 1.96+0.17 2.33+0.31

1 . . . . . allatoms, KS+NTHS 1.96+0.15 1.95+0.17 2.31+0.30

three®C strips of Figure 4 show both intra- and intersubunit  aj| atoms. NTHS 0.99- 0.14 0.96+ 0.14 1.44+ 0.34

NOI.E cross-pegks between Leu-115, Val-40, and Leu-74 side-— Residues superimposed of the secondary structural elements for
chain protons in the 3EH—*C NOESY-HSQC spectrum.  the KSI-NTHS complex are 521, 23-30, 34-38, 44-47, 4860,
Analysis of these NOEs would place the Val-40 side chain 63-67, 71-73, 78-87, 92-104, 111116, and 12+124.

from one edge of thg-sheet near the Val-74 side chain at
the opposite edge of thesheet. This interaction was found

to be intersubunit, as indicated by the bottom strip of Figure distance violations, high van der Waals penalties, and
4, taken from théH—13C-filtered spectrum of the hetero- multiple orientations and distortions of the bound steroid,

labeled dimer, which reveals intersubunit NOEs from Leu- indicating some of these NOEs to be mutually inconsistent.
74 y-13CH; (pro-R) to side-chain protons of Val-4@nd Leu- While multiple modes of steroid binding to isomerase are
115. If these interactions had been intrasubunit, gross Well established29, 30), the possibility that some of these
distortion of the monomers would have resulted. By this NOEs may have resulted from spin diffusion within the
method, 28 intersubunit NOEs were identified between the hydrophobic binding pocket cannot be excluded.
hydrophobic residues at the dimer interface. These inter- Figure 5A summarizes the limited number of measured
subunit NOEs were from Val-74 to Leu-11¥al-74 to Gly- intermolecular restraints used to position the substrate in a
117, Val-74 to Val-40, Ala-79 to Leu-115 Ala-79 to lle- productive complex consistent with the catalytic activity and
98, Ala-75 to Val-40, and Ala-75 to Gly-41 Due to the  gierepselectivity of the enzyme. These restraints consist of
limited sensitivity of the data obtained from the 25M NOEs from the protons of the succinyl moiety and the D-ring
heterolabeled dimer sample, no intersubunit NOEs were ;19 NTHS to hydrophobic residues of isomeragpdnd

observed between side-chain protons of polar residues thaﬁ‘rom the axial and equatorial C2 protons of 19-NTHS to
are also present in the dimer interface (see below).

. . . . : Tyr-14 CeH (13). Other restraints are based on the estab-
Enzyme-Steroid Interactions.The interaction of steroids . :
o ) lished hydrogen bonding between Tyr-14 and the 3-oxygen
with isomerase has long been known to be complicated by fthe steroid 19-NTHSIA) estradiol. and dihvdr ilenin
nonproductive binding at the active sit29( 30). Most of of the stero 19), estradiol, a ydroequrie

the NOEs detected between 19-NTHS and the enzyme(®)- In addition, NOEs from Asp-99 pil and H52 to Tyr-
indicate strong hydrophobic interactions exemplified by 11 14 He in the 19-NTHS complex and from Asp-99-COOH
NOES from the axial 18-Ckigroup of the steroid to the side- © TYr-14-OH and to Tyr-14 H in the estradiol and
chain protons of Val 84, Val-95, lle-121, Leu-61, and Leu- dihydroequilenin cqmplexesSXwere gsed to help to define
63 (9). Although effective in locating the active site, these the hydrogen-bonding network. Finally, the carboxylate
interactions represent a nonproductive enzysebstrate ~ 0xygens of Asp-38 were restrained to be I®.5 and 2.2
complex since it would place C4 and C6 of the steroid far = 0.3 A from C4 and the axial C6H of 19-NTHS,
from the general base, Asp-38, which transfers a proton respectively, consistent with the enzyme-catalyzed stereo-
between them during catalysis. Attempts to simultaneously selective proton transfer between these two positions of the
fit all of the intermolecular transferred NOEs between the substrate and with the proton tunneling detected between the
enzyme and 19-NTHS resulted in structures with numerous steroid substrate and Asp-381j.
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Ficure 6: Stereopair of the superposition of 15 acceptable computed structures &¥-8iketosteroid isomerase dimer complexed with
19-NTHS in the catalytically productive orientation. The bound steroids are shown in red in the upper subunit and in green in the lower
subunit.

The remaining 11 NOEs between 19-NTHS and the
enzyme (Figure 5B) which were incompatible with produc-
tive steroid binding were used to define a single, nonproduc-
tive orientation of the bound steroid (see below). Additional
nonproductive steroid binding modes, such as backward
binding, apparently are suppressed by the charged hemisuc
cinate group at position 17.

Tertiary Structure Calculation and Refinemento elimi-
nate NOEs that might be due to spin diffusion, a simple
protocol was followed: protons that exhibit NOEs to a
specific prochiral proton often give rise to a weaker intensity
NOE cross-peak to the neighboring prochiral proton. Like-
wise, the prochiral methyl groups of leucine and valine
residues show the same pattern. Since spin diffusion is likely
to contribute to the weaker signal, and since restraints derived
for the weaker of two such NOEs are redundant in the
structure calculation, distance restraints were not employed
for these weak NOE cross-peaks. Using this protoe@b%
of the NOE cross-peaks observed in the NOESY spectra were
not used in the structure calculations. As a result of this
protocol, a total of 1647 distance restraints (13.2 per residue)
were used for each subunit from the NOE data including
338 long-range, 200 medium-range, 431 sequential, and 650
intraresidue NOEs (Table 1). A total of 2Ry, values were
determined in the 3D HNHA spectrum and used as backbone
dihedral angleg, restraints for each KSI subunit. Values )
of 3Jnte ranging from 3.0 to 5.5 Hz were used to determine Ficure 7: Structure of the lowest energy conformation of tkfe

’ - . 3-ketosteroid isomerase dimer complexed with 19-NTHS. The
the ¢ dihedral angle restraints for thehelices, and values protein is in green, the steroid is in red, and catalytic residues Tyr-

from 7.0 to 9.0 Hz were used for tifestrands. On the basis 14, Asp-38, and Asp-99 are in yellow. The figure was generated
of the refined secondary structure, 65 backbone hydrogenand rendered with the Molscrip84) and Raster3D35) software

bonds, 30 for thex-helices and 35 for the mixef-sheet,  Packages, respectively.
and 2 side-chain hydrogen bonds, were used as additional ) .
restraints for each subunit in the structure calculation. Coordinates for the conformation of 19-NTHS were taken

Description of the Tertiary StructureFigure 6 shows the from the high-reSO|Uti0n small molecule X-ray structure of
backbone §, C', and N atom superposition of the secondary 19-nortestosteron&6) to which was appended protons and
structural elements of 15 dimeric structures of the isomerase the succinyl moiety at the C17-OH position. As indicated
19-NTHS complex that have no NOE violations exceeding from the backbone superposition, the tertiary and quaternary
0.35 A and no dihedral angle violations exceedifigEable structures of the enzyme are reasonably well defined with a
1). All of the dimeric structures, i.e., a total of 250 residues pairwise RMSD value of 1.25 A when the backbone
each, and the locations of the two bound 19-NTHS substratessecondary structural elements are superimposed (Table 1).
were generated ab initio from random conformations. Due to the lack of long-range NOEs, the positions of
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Ficure 8: Active site of isomerase showing distances from catalytic residues to 19-NTHS averaged over the 15 acceptable structures. The
steroid is bound in a catalytically productive orientation.

backbone atoms of residues betwgestrands 5 and 6 (Asn-  insertion in this helix could change the curvature of the
104 to Ser-108)3-bulge 1 (Thr-68 to Glu-70), anf-bulge B-sheet, which in turn could affect the proximity of the Asp-
2 (Gly-117 to Asn-120) are not precisely defined. Similarly, 99 and Tyr-14 side chains.
the exposed segment of tifesheet consisting of residues Active Site and Mechanistic ConsiderationSach steroid
86—94 on strands 5 and 6 and residues-1225 on strand binds in a groove between the threehelices and the
8 shows diffuse positions of the backbone atoms. Pairwise concave surface of the mixghsheet, interacting only with
superposition of all atoms between residues Met-1 and Ala- residues of one subunit. The environment of the bound
125 yields an RMSD value of 2.3% 0.31 A. The steroid is highly hydrophobic, consisting of residues Val-
Ramachandran diagrams of all of the calculated structuresl15, Leu-18, Leu-29, Val-36, Phe-54, Phe-55, Leu-61, Leu-
reveals 70+ 2% of the residues to be in the most favored 63, Phe-80, Phe-82, Val-85, Phe-86, Val-95, Phe-116, and
regions, 25+ 2% of the residues to be in the favored regions, lle-121. Exceptions are the catalytic residues, Asp-38, Tyr-
and less than 1% of the residues to be outside the allowed14, and Asp-99, as well as Ser-58 which approaches C10
range of¢gy values. and C11 of the steroid but is too far from Tyr-14:Asp-
Figure 7 shows the structure with the lowest van der Waals 38-Q3, and Asp-99-0 (~8 A) to participate in catalysis.
and NOE energies. The three-dimensional structure of theFigure 8 shows the active site occupied by 19-NTHS in the
protein consists of two identical subunits, each containing lowest energy structure of isomerase. The distance between
threea-helices and eighf-strands. Thes-strands form a  the side-chain oxygen atoms of Asp-99 and Tyr-14 is 2.61
mixed A-sheet §) which is curved, with concave and convex = 0.03 A averaged over the 15 structures, consistent with a
surfaces. The helices are stacked onto the concave surfacstrong hydrogen bond. The distance from the oxygen atom
of the-sheet. The tertiary structure of the monomer reveals of Tyr-14 to the 3-keto oxygen of the steroid of 2.£00.06
extensive hydrophobic packing that includes all but two A indicates a normal hydrogen bond, while the distance from
aromatic side chains (Phe-88, Phe-116). Helix 1 (Glu-5 to the nearest carboxyl oxygen of Asp-99 to the 3-keto oxygen
Gly-21) contains the catalytic Tyr-14 residue and lies in close of the steroid of 3.25+ 0.39 A indicates at best, a weak
proximity to Asp-99 ong-strand 6. Asp-99 is surrounded hydrogen bond. These results are consistent with the
by the hydrophobic side chains of residues Phe-80, Phe-82 catalytic diad mechanism (Figure 1B)but do not exclude
Phe-55, Phe-30, Leu-18, and Val-15. Helix 2 (Leu-23 to a direct interaction of Asp-99 with the steroid as in Figure
Phe-30) lies almost antiparallel to helix 1, at an angle of 1A. The catalytic diad is consistent with the observations
~150° and makes extensive hydrophobic contacts with that the Y14F mutation abolishes the deshielded resonances
helices 1 and 3 as well as with thgsheet. Helix 3, at 18.2 and 11.6 ppm of both Asp-99-COOH and Tyr-14-
consisting of residues Thr-48 to Lys-60, conng&tstrands OH, respectively4, 8) while the D99A mutation abolishes
2 (Ser-44 to Gly-47) and 3 (Leu-63 to Leu-67) which only the deshielded proton resonance of Asp-99-COG)H (
constitute the extreme edges of {iiesheet. This remote Itis also consistent with the complete loss of catalytic activity
connection by helix 3 results in a concavity in thesheet in the Y14F+ D38N double mutant5).
which faces all of the helices, creating a groove into which  Asp-38 approaches thg-face of the steroid with its
the steroid substrate binds (Figures 7 and 8). This steroidcarboxylate oxygens at distances of 3:50.08 A from C4
binding site is lined by hydrophobic residues. The length and 2.96+ 0.33 A from C6, in accord with its catalytic role
of helix 3 may be critical since amino acid deletion or in transferring protons between these two positions (Figure
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FiGure 9: Stereopair of the alternative mode of 19-NTHS binding to isomerase in a nonproductive orientation as discussed in the text.
Fifteen acceptable structures are superimposed.

1). The carboxylate group of Asp-38 is too far from Tyr- Table 2: Structural Statistics of the Nonproductive
14 (6.344 0.58 A) and from Asp-99 (7.5 0.79 A) to Isomerase 19-NTHS Complex

participate in the hydrogen bond network, in accord with Average RMSD from Idealized Geometry of 15 Structures
the observation that mutation of Asp-38 to Asn did not alter ~ pongs (A) 453 102+ 5.35% 105

the deshielded proton resonances of Asp-99-COOH (at 18.2 angles (deg) 6.94 1014+ 2.86x 102

ppm) or of Tyr-14-OH (at 11.6 ppm)( 8) and with the impropers (deg) 1.159 10° +£4.71x 10°2
simple additive effects on catalysis of the Y14F and D38N  Ppairwise RMSD of an Ensemble of 15 Calculated Structures (&)
mutations 9). subunitl  subunit 2 dimer

Control computations of 60 structures, omitting the short, backbone of secondary 0.67+0.10 0.73+0.13 1.21+0.38
strong hydrogen bond between Asp-99-COOH and Tyr-14-  structuré
OH of 2.45+ 0.15 A based on the proton chemical shift 2l atoms, secondary 171+015 1.79£0.17 2.02£0.25

and fractionation factor, yielded 28 acceptable structures with a”?{gﬂgrzecondary 171+ 015 1.79-0.18 2.02+0.24
no NOE or dihedral violations 0.35 A and B, respectively. KSI—NTHS

The distance between the side-chain oxygen atoms of Asp-backbone, residues1125 1.18+0.30 1.10+0.16 1.63+0.44
99 and Tyr-14 increases and shows much greater variability, g“ g{gm:: Eéfﬁ?fjslz‘“’ 5-?& 8-28 g-ggi 8-12 g-iﬁ 8-22
3.984 0.55 A (range 2.744.70 A). The side-chain oxygen i aioms. NTHS 112026 108024 163c0.25
of Asp-99, however, remains far from the steroid oxygen,

PP aSecondary structural elements for KNTHS complex are residues
3.824 0.66 A (range 2.835.24 A), indicating in both cases 521 23.30. 34.38, 4447, 48.60, 6367 7L.73, 78.87, 92

weak or no hydrogen bonding. The restrained distance from 104 111116, and 122124.
Tyr-14-Q to the steroid oxygen remains at 2.780.08 A.

Despite the absence of NOEs between Asp-99 and the Quaternary Structure. The subunit interface of the
steroid, separate control computations were made placing aenzyme was defined by 28 NOEs between hydrophobic
strong hydrogen bond between Asp-99-COOH and the residues in thé3C-filtered NOESY-HSQC spectrum. As
steroid oxygen, retaining the hydrogen bond from Tyr-14- shown from the backbone superposition (Figure 6) and the
OH to the steroid oxygen, and omitting the hydrogen bond pairwise RMSD values of the dimer (Table 1), the interface
from Asp-99-COOH to Tyr-14-OH, as in the mechanism of between the subunits is well-defined and is formed between
Figure 1A. In 28 acceptable structures, the distance fromthe convex surfaces of thg-sheets. In addition to the
the side-chain oxygen of Asp-99 to that of Tyr-14, 3#6  hydrophobic residues, polar residues such as His-100, Arg-
0.39 A (range 2.634.38 A), does not preclude hydrogen 102, Arg-113, Arg-72, and Glu-77 are found in the interface
bonding between Asp-99 and Tyr-14. (Figure 10). The His-100 side chain, which is buried in the

A set of 11 intermolecular NOEs from isomerase to 19- interface, shows an exchangeabldNesonance at 12.8 ppm
NTHS which were incompatible with the productive mode (8, 9) which may participate in an intrasubunit hydrogen bond
of steroid binding (Figure 5B) were subsequently used to Glu-77. The unusually lowk, of 4.3 of His-100 8, 13)
separately to compute the structure of a nonproductive may be due to the electrostatic effects of the nearby cationic
enzyme-steroid complex (Figure 9) which represents a residues, Arg-102 and Arg-113. Residues at the interface
second mode of 19-NTHS binding. The structural statistics do not interact with the substrate or form any cavity for
from this nonproductive binding mode are given in Table 2. ligand binding.

The nonproductive complex shows90° rotation of the Comparison of the Structures of Free and Steroid-Bound
steroid about its long axis in accord with the affinity labeling Isomerase.The solution structure of the free enzyme from
of Asp-38 by diverse steroid epoxidez9( 30). Ps. testosteronivas determined by Wu et al.6), Super-
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FiGURE 10: Lowest energy structure of the-3-ketosteroid isomerase9-NTHS complex showing hydrophobic (left) and polar residues
(right) at the dimer interface. The bound steroid is in blue, as are the polar residues at the dimer interface. The hydrophobic residues are
in yellow.

Table 3: Comparison of the Solution Structure of Steroid-Bound
Isomerase with the Solution Structure of Substrate-Free Isomerase

(6)

Pairwise RMSD of Liganded and Free Isomerase (A)
subunit 1 subunit 2 dimer

productive steroid bindirfg
backbone, secondary 1.26+0.11 1.30+0.13 1.95+ 0.59
structuré
backbonegq-helices 1.02:0.11 1.03+-0.11 1.65t+0.47
backbonef-sheet 1.250.13 1.33:£0.17 1.94+-0.58
backbone, all residues 1.980.19 1.99+ 0.20 2.55+ 0.57
nonproductive steroid bindifig
backbone, secondary 1.33+0.15 1.38+0.12 1.81+0.33
structure
backbonegq-helices 0.99-0.09 1.00+0.09 1.49+0.29
backbonef-sheet 1.3%+0.19 1.46+0.17 1.85+-0.32
backbone, all residues 2.#80.30 2.16+0.22 2.53+ 0.40

215 NMR calculated structures consistent with the productive mode
of substrate binding are superimpose&esidues superimposed for the
secondary structural elements are as follows:25, 23-30, 34-38,
44—47, 48-60, 63-67, 71-73, 78-87,92-104, 111116, and 12%
124.¢ 15 NMR calculated structures consistent with the nonproductive
mode of substrate binding are superimposed.

isomerase in the free and steroid-bound states also reveal
NH resonance shifts for residues surrounding the active site
Ficure 11: Superposition of the lowest energy solution structure (9)- Those residues that showed NH resonance shifts in the
of the A5-3-ketosteroid isomerase complexed with 19-NTHS from H—'N HSQC spectra show slightly different side-chain
this V\tlogk égr\?\?un)e?gtloa)th(?ez()ﬂuggr” C?;rrlthCtliLee gté?gi;rﬁ:segé)éwe orientations in free and liganded isomerase, the most
:)engict)tre%. Ngte the closer appro.ach of the %elices towar@thbeet significant change being .that of.Tyr-14 which accepts a
in the steroid-bound isomerase. hydrogen bond from the side-chain carboxyl group of Asp-
99 and donates a hydrogen bond to the 3-keto oxygen of
position of free and steroid-bound isomerase (Figure 11) the steroid. The distance between the Tyr-14d&Dd Asp-
reveals marked differences in the positions of the three 99-COOH) is 4.20+ 0.67 A in the free enzymes]. We
a-helices which become more closely packed onto the have previously shown that 19-NTHS binding to isomerase
concave surface of thg-sheet when substrate is bound, increases the order parameter of Tyr-1dHCfor high-
thereby allowing Tyr-14 to approach Asp-99 and the frequency motion, presumably due to hydrogen bonding of
substrate more closely. Th#d—3N HSQC spectra of this residue in the complexd®). From the structure, other
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Table 4: Comparison of NMR Solution Structures of Isomerase
with the X-ray Structure of Free Isomerase frés. putida(7)

Pairwise RMSD of NMR Structures with X-ray Structure (A)

subunit 1 subunit 2 dimer
productive steroid binding vs crystalline free isomerade (
backbone, secondary 1.27+ 0.05 1.27+0.07 2.81+0.60
structuré
backbonep-helices  1.170.06 1.17+£0.08 2.47+0.47
backbonef-sheet 1.14-0.06 1.14+0.08 2.40+0.55
nonproductive steroid binding vs crystalline free isomer&e (
backbone, secondary 1.35+ 0.05 1.34+-0.06 2.93+ 0.47
structure
backboneg-helices  1.16+0.04 1.15+0.05 2.54+0.34
backbonef-sheet 1.36:0.08 1.28+0.09 2.56+ 0.44
free isomerase in solutio®) vs crystalline free isomeras@)f
backbone, secondary 1.23+0.12 1.19+0.10 2.194+0.29
structure
backbonep-helices  0.89£ 0.09 0.88+0.11 2.02+0.27
backbonef-sheet 1.24-0.18 1.21+0.14 1.85+0.21

215 NMR calculated structures consistent with the productive mode
of substrate binding are superimpose&esidues superimposed for the
secondary structural elements are as follows: NMR structure®16
24-30, 35-37, 44-47, 48-59, 63-67, 71-74, 78-86, 93-102, 11t
115, and 12%123; X-ray structure, 823, 26-32, 3739, 46-49,
50-61, 66-70, 74-77, 82-90, 97106, 115-119, and 125127.
¢ 15 NMR calculated structures consistent with the nonproductive mode
of substrate binding are superimpos&@0 NMR calculated structures
of substrate-free isomerasé) (

small changes in side-chain orientations at the active site
occur upon steroid binding. Otherwise, the solution struc-
tures of free and steroid-bound isomerase are very similar.
The pairwise superposition of the backbone, €', and N
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distances in a 2.5 A X-ray structure can be as large as 0.75
A (24), such differences in structure are possible.

Hydrogen bonding between Asp-99 and Tyr-14 has been
criticized on the basis of the X-ray structure of isomerase
from Ps. testosteronwhich together with model building
showed that the formation of such a hydrogen bond would
result in the breakage of the hydrogen bond between Tyr-
14 and Tyr-55 12). However, since Asp-99 and Tyr-55
closely approach Tyr-14 from opposite directions in both
the X-ray structure and our NMR structure, both hydrogen
bonds can exist simultaneously. Moreover, the hydrogen
bonding from Tyr-55 to Tyr-14 is unimportant to catalysis
since the Y55F mutant shows only a 1.6-fold decrease in
KealKm (33).

CONCLUSIONS

As found with the free enzymés), the solution structure
of the isomerasel9-NTHS complex reveals the dimeric
interface to be crowded with both polar and apolar residues.
The active sites, which exist entirely on each individual
subunit, consist of a hydrophobic groove between three
o-helices and the concave surface of a mixedheet.
Comparison of the free and liganded enzyme indicates that
substrate binding results in the movement of the helices
toward thefS-sheet, thereby tightening the active site and
moving Tyr-14 closer to Asp-99 and to the 3-keto group of
the substrate.

The solution structure of the enzym&9-NTHS complex
can accommodate the catalytic diad mechanism of isomerase

atoms of the secondary structural elements yielded pairwiseaction (Figure 1B) §) in which the acid catalyst, Tyr-14,

RMSD values of 1.95+ 0.59 A for the dimer and 1.28
0.12 A for the individual subunits (Table 3). Superposition
of the backbone &, C', and N atoms of all residues yielded
pairwise RMSD values of 2.5% 0.57 A for the dimer and
1.99+ 0.20 A for the individual subunits.

Comparison of the solution structure of the isomerase
19-NTHS complex with the X-ray structure of the homolo-
gous unliganded isomerase frd®s. putida(7) was similarly
performed. As found in the comparison with the solution
structure of the free enzyme, steroid binding resulted in the

movement of the helices toward the concave surface of the

[-sheet, tightening down the active site. The pairwise
superposition of the backbone atoms of the secondary
structural elements of the liganded structures with the X-ray
structure of the free enzyme yields pairwise RMSD values
of 2.814 0.60 A for the dimer and 1.2% 0.06 A for the
individual subunits (Table 4). Although the X-ray structure
of this isomerase complexed with dihydroequilenin, a reac-
tion intermediate analogue, was also solved (at 2.5 A
resolution) as well as the free enzyme fr&s. testosteroni

(at 2.3 A resolution) 12), the coordinates are not available
at the Brookhaven Protein Data Bank, and a comparison
cannot therefore be performed. However, the X-ray structure
of the steroid complex shows that the Asp-99 carboxyl and
Tyr-14-OH are too far apart (3.87 A) to form a hydrogen
bond (7, 12). Both Asp-99 and Tyr-14 donate hydrogen
bonds to the 3-keto oxygen of the steroid. This result is
inconsistent with the NMR-determined proximities of the
Asp-99-COOH and Tyr-14-OH proton8)( Because keto-

accepts a hydrogen bond from Asp-99 and donates a
hydrogen bond to the 3-oxygen of the steroid. As the
reaction proceeds to the dienolate intermediate, the hydrogen
bond between Asp-99 and Tyr-14 becomes unusually strong,
at least 7 kcal/mol4, 8). Presumably in the transition state,
this hydrogen bond strengthening is transmitted to the-Tyr
14—3-oxosteroid interaction, thereby facilitating carbonyl
polarization and the concerted deprotonation of C4 by Asp-
38. While the 2.5 A X-ray structure of the dihydroequilenin
complex of a homologous isomerase also indicates the Tyr-
14—steroid interaction, it fails to detect the Asp-99yr-

14 interaction. Rather, direct hydrogen bonding of the
3-oxygen of the steroid by Asp-99 is seen, as in Figure 1A.
This hydrogen bond is weaker or absent in solution. Hence,
although less likely on the basis of the present solution
structure, such a direct hydrogen bond, as in Figure 1A,
cannot be excluded. As we have pointed out elsew!22he (
errors in individual distances as great#8.75 A can occur
ina 2.5 A X-ray structure. Chemical shifts and fractionation
factors of protons involved in hydrogen bond 24), as
incorporated into the present solution structure, can provide
more precise determinations of hydrogen bond lengths with
errors<0.05 A.
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SUPPORTING INFORMATION AVAILABLE

steroid isomerase can bind steroids in diverse orientations One table (Table S1) giving stereospecific proton and

(29, 30) (Figures 6 and 9) and because uncertainties in

heteronuclear resonance assignments id\fh@-ketosteroid
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isomerase 19-NTHS complex (8 pages). Ordering informa-

tion is given on any current masthead page.
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