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ABSTRACT. BacterialA®-3-ketosteroid isomerase (KSI) catalyzes a stereospecific isomerization of steroid
substrates at an extremely fast rate, overcoming a large disparik,oBjues between a catalytic residue

and its target. The crystal structures of KSI fréteeudomonas putidand of the enzyme in complex

with equilenin, an analogue of the reaction intermediate, have been determined at 1.9 and 2.5 A resolution,
respectively. The structures reveal that the side chains df* aynd Asp® (a newly identified catalytic
residue) form hydrogen bonds directly with the oxyanion of the bound inhibitor in a completely apolar
milieu of the active site. No water molecule is found at the active site, and the access of bulk solvent is
blocked by a layer of apolar residues. A%s surrounded by six apolar residues, and consequently, its
pKa, appears to be elevated as high as 9.5 to be consistent with early studies. No interaction was found
between the bound inhibitor and the residue 101 (phenylalaniPsendomonas testosteramd methionine

in P. putidaKSI) which was suggested to contribute significantly to the rate enhancement based on
mutational analysis. This observation excludes the residue 101 as a potential catalytic residue and requires
that the rate enhancement should be explained solely by @gd As°. Kinetic analyses of Y14F and

D99L mutant enzymes demonstrate that'tgontributes much more significantly to the rate enhancement
than Asp® Previous studies and the structural analysis strongly suggest that the low-barrier hydrogen
bond of Ty (>7.1 kcal/mol), along with a moderate strength hydrogen bond of%sp4 kcal/mol),
accounts for the required energy of 11 kcal/mol for the transition-state stabilization.

KSI from Pseudomonas testosteraratalyzes the allylic  protonating or providing a hydrogen bond (H-bond) to the
isomerization of a variety ofA>-3-ketosteroids toA*-3- dienolate intermediate in the isomerization reaction:
ketosteroids by a stereospecific intramolecular transfer of the
45-proton to the B-position [1] (Batzoldet al., 1976). The
enzyme, a homodimer in solution, is one of the most
proficient enzymes, enhancing the catalytic rate by a factor
of 11 orders of magnitude (Radzicka & Wolfenden, 1995).
It has been a subject of intensive research for more than 30
years as a prototype for studying the enzyme mechanism of
the allylic rearra_mgement. The reactions of this type_: are +'«s| and of many other enzymes is how a strong acid
catalyzed by a wide spectrum of enzymes, such as Chor'smat.eenzymatic group serves as a general base to abstract a proton
mutase, triosephosphate isomerase, and phosphoglucOifom a4 much weaker acid group in a substrate, or vice versa.
somerase (Schwab & Henserson, 1990). Site-directed mu-gq, example, the g, of Asp®® in KSI and that of the f-
tagenesis and kinetic studies (Holman & Benisek, 1994; Xue nrqton of the steroid substrate are 4.7 and 12.7, respectively
et al, 1991a,b) have identified two residues critical for the (4awkinsonet al, 1994). This large disparity ofga values
catalysis. One is ASp (P. testosteronKSI numbering for  yequires about 11 kcal/mol for transition-state stabilization,
all the residues throughout the text), which serves as thewhich coincides with the experimentally observed value
general base abstracting thggroton of the steroid substrate, (Hawkinsonet al., 1991). A conventional account for these
and the other is Tyf functioning as the general acid energies is formation of multiple favorable interactions of

moderate strength at the active site (Skaal., 1996). For

T The coordinates have been deposited with the Brookhaven Protein KSI, 3_4. such H-bonds would be necessary to account. for
Data Bank [codes 10PY for the enzyme and 4TST for the enzyme/ the required energy, but Tyrl4 has been the only residue
Equ}iltegglucﬁggglﬁé(]\./vgiss j’é)updg/rtrggdbi liﬁg cg at:s]?c )(S-(r;'i;\g/nlzzcliIqi{eyszta I:(?r??:rlljgr;] dIé(lnown to provide a H-bond to the reaction intermediate. As
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hydrogen can be equally shared, and its bonding to both theminimal medium containing selenomethionine. Mass spec-
oxygens becomes essentially covalent as the two oxygengrometric analysis of the Se-Met-KSI indicated that all seven
become closer (Cleland & Kreevoy, 1994). As proposed, methionine residues were substituted by selenomethionines
the covalent character could provide a large energetic with virtually 100% efficiency. D99L and D38N mutant KSI
contribution to the strength of the LBHB (some-120 kcal/ genes were constructed by the site-directed mutagenesis
mol) while ordinary H-bond strength is mainly electrostatic. method using a Muta-genia »itro mutagenesis kit (Bio-
Recently, however, the special energetic contributiofypit, Rad).
= 0 has been disputed experimentally, showing that the Crystallization. Native KSI crystals were grown at 22
H-bond energy is only linearly correlated wittpK,, being from 1.4 M sodium acetate and 0.1 M ammonium acetate
maximum atApK, = 0 (Shanet al., 1996) and byab initio (pH 4.6) in hanging drops. The crystals belong to the space
calculation showing no special stabilization associated with group C222, with unit cell dimensions of = 36.40,b =
the matched K,s (Scheiner & Kar, 1995). In organic 96.12, anct = 74.40 A. In this crystal form, the molecular
solvent, low fractionation factors for the deuterium exchange 2-fold axis coincides with a crystallographic 2-fold axis, and
of H-bonds (Loh & Markley, 1994) and unusually deshielded one subunit of the enzyme is contained in the asymmetric
'H NMR chemical shifts (1722 ppm) have been detected unit. For the crystals of the complex, D38N mutant enzyme
for a number of H-bonds between two groups with an equal was used (see Results and Discussions), and the crystals were
pKs in such cases as phthalate monoanions, maleate monoamsbtained by the cocrystallization method. A small amount
ions, and cyclic diamines (Frest al, 1994) So far, the of equilenin was dissolved in dimethyl sulfoxide, ang2
characteristic resonances from the simple compounds haveof the solution was mixed with 7L of enzyme solution
been observed only in the absence of water and other(20 mg/mL). A saturating amount of equilenin was ensured
alternative H-bonding possibilities. The resonance position by the presence of white precipitation of the compound
of the acidic proton in hydrogen maleate shifted 8 ppm formed immediately after mixing. The crystals of the
upfield from 20 ppm when H-bonding imidazolium coun- complex were grown at 22C from 1.1 M sodium acetate
terion was introduced into the solution (Freyal., 1994). and 0.1 M ammonium acetate (pH 4.6) in hanging drops.
Recently, a highly deshieldetH resonance at 18.15 ppm  Although the crystallization condition is similar to that for
was found when dihydroequilenin, an analogue of the the native crystals, the space group v&& with unit cell
dienolate intermediate, was added Ro testosteronKSI dimensions of = 88.62,b = 72.33, anct = 51.18 A and
(Zhao et al, 1996). The resonance, disappearing in the § = 90.67. The crystals contain one dimer in the asym-
mutant Y14F, was found in proximity to aromatic protons metric unit.
and exhibited a low fractionation factor (0.34), consistent  Data Collection, Structure Determination, and Refinement.
with formation of an intermolecular LBHB between Tr  All diffraction data were measured on a DIP2020 area
OH and the oxyanion of dihydroequilenin, which corresponds detector with graphite monochromated GuiX-rays gener-
to the dienolate oxygen at the C3 position. The strength of ated by a MacScience M18XHF rotating anode generator
the LBHB was estimated as7.1 kcal/mol. operated at 90 mA and 50 kV at room temperature. Data
Structural information of KSI had been virtually lacking reduction, merging, and scaling were accomplished with the
until the three-dimensional NMR structure (Vgual.,, 1997) programs DENZO and SCALEPACK (Otwinowski, 1993).
and the secondary structure (Zhao al, 1997) of P. Initial diffraction phases were obtained by multiple isomor-
testosteroniKSI were reported very recently (Wat al., phous replacement with the three heavy atom derivatives.
1997). In parallel, we have determined the crystal structuresDifference Patterson maps of the lead acetate and thimerosal
of Pseudomonas putidéSI| and of the enzyme in complex  derivatives were calculated, respectively, with the fast Fourier
with an analogue of the dienolate intermediate at 1.9 and transform of the CCP4 suite (Collaborative Computational
2.5 A, respectively. The two homologous enzymes share Project No. 4, 1994). One heavy atom site for each
34% sequence identity (Kinet al., 1994). The overall  derivative was readily identified by strong Patterson peaks
structure is similar to the solution structure, but it is obviously (>40) on Harker sections. The heavy atom positions were
different from tre 6 A crystal structure oP. testosteroni used to calculate MIR phases with MLPHARE (Otwinowski,
KSI (Westbrooket al., 1984). Compared with the solution 1991). The MIR phases revealed two and three minor sites

structure (rms deviation of backbone atoms 145@.24 A), for the lead acetate and thimerosal derivatives, respectively.
the much more accurate 1.9 A resolution structure of the The phases were also used to identify six out of seven
uninhibited KSI (coordinates error for all atoms0.3 A) possible selenium sites. Later, one missing site turned out

and the structure of the complex revealed all the active-site to be on the first methionine residue, whose electron density
residues and their detailed interactions with the reaction was not visible. The MIR phases calculated at 2.8 A
intermediate analogue, leading to a conclusion that a strongresolution with all three derivative data had a mean figure
LBHB and a medium-strength H-bond are the sources of 11 of merit of 0.65 and were improved with real space density
kcal/mol of the transition-state stabilization. modification using the program DM in the CCP4 suite
(Collaborative Computational Project No. 4, 1994). The final
EXPERIMENTAL PROCEDURES MIR map was of high quality showing virtually all side-
Protein Purification. KSI was isolated from an overex- chain electron densities except in the flexible regions.
pressingescherichia colistrain [BL21 (DE3)] and purified  Skeletonization of the electron density map with BONES
using a deoxycholate affinity column and Superose 12 (Jone<et al., 1989) helped with fitting a model of KSI using
column (Pharmacia) as previously described (Kim & Choi, the program O (Jones & Kjeldgaard, 1993). The correct
1995). KSI with methionine residues replaced by selenom- fitting was partly assured by the difference Fourier selenium
ethionine (Se-Met-KSI) was isolated in the same way from densities corresponding to the sulfur atoms of six methionine
the methionine auxotrophic strain B834 (DE3) grown in a residues. The model was refined using the X-PLOR program
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Table 1: Crystal Structure Determination and Refinement Statistics

crystal
native 1 (2) KSl/equilenin Pb(OAg) thimerosal Se-Met-KSI
resolution (A) 2.15 (1.90) 2.5 2.80 22.80 2.8
Reyr? (%) 6.5 (6.1) 7.1 7.6 75 4.9
completenessH> 1o) 98.8 (96.2) 96.0 90.7 95.8 98.0
soaking concentration (mM) 10 20
soaking times (h) 0.5 1
Rscaleb (%) 24.8 27.5 17.7
no. of sites 3 4 6
phasing power(acen/cent) (1.2/0.8) (1.4/1.0) (1.6/1.2)
Reuiis (%, acen/cent) (0.75/0.74) (0.71/0.68) (0.63/0.59)
figure of meri¢ 0.65
refinement F > 10) stereochemical quality
KSI (1.9 A) KSl/equilenin KsI KSl/equilenin

Retandard(%6) 19.8 19.1 rmsd bond lengths (A) 0.01 0.015

red (%0) 26.7 25.6 rmsd bond angles (deg) 1.590 1.740
no. of atoms 964 977 Ramachandran plot (%)
water molecules 37 79 most favored regions 88.2 87.7
averageB-factor (A2) 27.0 28.5 additional allowed regions 10.8 11.3

disallowed regions 1.0 1.0

2 Reym = Y |lobs = lavgl/Y lobs ® Rscaie= Y ||Fel — |Fel|/Y |Frl|. ¢ Phasing power= rms(S |Fu|/Y |E|), whereE is the residual lack of closure error.
9 Reuiis = Y |EI/Y ||Fprl — |Fp||. € Figure of merit= [ P(c))€%3 P(o))[] wherea is the phase anB(o) is the phase probability distributiohRyee
was calculated with 5% of the data.

package (Broger, 1992). MIR phases were abandoned at Dihydroequilenin contains -OH instead of the carbonyl O
this point, and electron density maps calculated with phaseson the five-membered ring.

derived from the refined model allowed fitting of the 100p  protein Fold and Structural FeaturesThe structure is
and tail regions. The residues 1, 661, 86-92, and  reminiscent of a “coneshell” (or closed barrel) formed by a
C-terminal 124-125 (plus two extra residues P. putida  highly curved-sheet composed of sj%strands and three
KSI) have no or very weak electron density in the maps, q.nelices (Figure 1). Thea-helices are adjacent and
and except for residues 882, they were omitted in the final  arranged in an antiparallel orientation. The narrow end of
model. The structure of the complex was determined by the structure is blocked while the wide end is open to the
the molecular replacement protocols in X-PLOR {Ber, ik solvent forming the active-site cavity. The residues that
1992) using the refined dimeric model of the uninhibited o the secondary structures are Faval?® (a-helix A1),
KSI. The whole procedure was straightforward, and the jjg23s_pe (o-helix A2), Ala®—Prd® (8-strand B1), Prf—
rigid-body refinement (20 steps of conjugate gradient s (3_strand B2), Arge—Lel® (a-helix A3), VaF3—Sef

minimization against reflections at-8.0 A resolution) of (B-strand B3), GIj’—Trp#8 (8-strand B4), GIA'—Phe® (3-
the translation solution resulted in tiefactor of 27.2%. strand B5), and GH°—Val'® (3-strand B6 and B7). A

At this stage, in both theR2 — F. andF, — Fc maps, strong bulge, composed of THf—Ser7—GIul8—Vall, is found
flat electron density for the bound equilenin was found at heqyeen strands B6 and B7. The three central antiparallel
the active site and guided the model building of the inhibitor. pB-strands (strands B3, B4, and B5) are highly curved and
All the residues in the final structures are within the allowed span the entire monomeric structure. The curvature of strand
regions: in the Ramachandran plqts except for Leu3 at the g3 is due to a kink by the sequence of ThrGly59—Prd’.
N-terminus, whose electron density is weak. A sharp kink at Pr# is responsible for the curvature of strand
RESULTS AND DISCUSSIONS B4. However, the Iongeﬁ—st_rand B5 is smoothly curvgd
without any kink. In the solution structure Bf testosteroni
Structure Determination. The structure of KSI was  KSI, the secondary structures are similarly defined except
determined by the multiple isomorphous replacement (MIR) that residues 109 and 110, which form a loop in the crystal
method, and the structure of the complex by the molecular structure, are defined asfbulge (Wuet al, 1997).

replacement method (Table 1). We used D38N mutant A narrow and long patch of thé-sheet of each protomer
enzyme for the structure of the complex, because it binds forms a dimer interface. The dimer interactions are mostly
steroid analogues much more tightly owing to the absence petween side chains and mostly hydrophobic. A total of 23

of the negative charge at the residue 38 (Hawkinsoal., residues of one protomer are within 3.8 A from the other
1994). Furthermore, Ashmimics the protonated form of  protomer. These residues are AlGInS, GIng, Phe®, Prg®,

Asp® in the transition state. With this mutant enzyme, Val™, Arg’ Ala’3, His™®, AsiTs, Ala™, Met, Phé? AspP
equilenin, a potent analogue of the dienolate intermediate, /5197 ||g%, \a[190 Tyrlls Trpll6 Sefl?, Glulls, Vallld, and

was complexed and crystallized: Asnt20. |n addition, a string of 10 bound water molecules
is found in the middle of the dimer interface, four of which
mediate intersubunit H-bonds between ®hiArg’?, and
Asp®®. In contrary to the absence of main-chain H-bonds
between the protomers in the solution structure Pof
testosteronKSl (Wu et al., 1997), the carbonyl oxygens of
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Ficure 1: Structure of KSI. (a, top) Dimeric structure viewed roughly along the molecular 2-fold axis. The three major catalytic residues
are shown in ball-and-stick model: T§rgreen; As@?, cyan; Asfi®, coral. The model does not contain residues ;&0 between A3 and

B3, and C-terminal 124125. Strand B7 is a continuation of strand B6 considerigbalge between the two. (b, bottom) Stereodiagram
showing the quality of theR2, — F. electron density in the middle of the dimer interface. The carbon atoms of each of the two protomers
are in green and magenta, respectively. The molecular 2-fold axis is approximately perpendicular to the picture and passes through a
relatively large see-through hole surrounded by the Eroline and isoleucine residues. The map is contousedrad tz8culated with the

final model of KSI using data between 10 and 1.9 A resolution. Programs Molscript (Kraulis, 1991) and Raster3D (Merritt & Murphy,
1994) were used for (a) and program O (Joaesal., 1989) was used for (b).

Val71, Ala73, and Val97 of one protomer are involved in The number of proteins belonging to this novel protein fold
H-bonds directly with the side chains of Adf Set!’, and is expected to increase.

Arg’? of the other protomer, respectively. In the crystal  Active-Site ResiduesThe structure of uninhibited KSI
structure, only one side-chain H-bond is observed betweenreveals that a cluster of three tyrosines yiyrs, and

His™ of one protomer and GH# of the other protomer. Tyr®®), a bound water molecule (W&t B-factor = 25.7),

A search for similar structures in the PDB data base using and Asg° form a H-bonded network at the active site (Figure
the computer program DALI (Holm & Sander, 1993) 2a). The catalytic residue A%js close to Tyt and Asf§®
revealed only two, scytalone dehydratase (Lundoggfisil, but not within H-bond distance. A%pis located in the front
1994) and nuclear transport factor 2 (Bullogkal,, 1996). part of the active-site cavity, while T3 and Asg® are
Scytalone dehydratase is a trimeric protein, and nuclearlocated deeply at the back of the cavity (Figure 3). Strik-
transport factor 2 is a dimeric protein with a dimer interaction ingly, the residues involved in the H-bonded network are
mode completely different from that of KSI. The folding surrounded exclusively by apolar amino acids (Figure 3):
pattern of the three enzymes is strikingly similar, although Met!, lle!s, Leu', Val'é, lle?3, lle?, Val?’, Met®, Ala®, Val*®,
they bear no sequence or functional homology to each other.lle®s, 1le%!, Phé4, Lelr®, Ala®, Met, Phé? Val¥’, Metl®,
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Ficure 2: Network of H-bonds (the white dotted lines) at the active
site of KSI. (a, top) Wab*is a part of the network in the structure
of uninhibited KSI. (b, bottom) W&#is replaced by the oxyanion
of equilenin in the structure of KSI complexed with the inhibitor.
Asn38 is shown as aspartic acid.

lle1%® Met!2 and Ald'4 Within 4 A of the polar atoms
involved in the network, no polar atoms are found except
Asp® N and I8 O, which are 3.23 and 3.6 A apart from
Asp®® 0%, respectively. The active-site environmentRof
testosteronKSI must be very similar to that dP. putida
KSI, since mapping of the primary sequence Rf test-
osteroniKSI on our structure showed that all the residues at

the active-site cavity are conserved or homologously sub-

Kim et al.

hydrophobic amino acids (PRePhé?, Prd’, Phé®, Met'*?,

and Ald¥. The K, of Asp® in this apolar environment
should be elevated and appears as high as 9.5 to be consistent
with the following observations: the catalytic activity of KSI
decreases above pH 9:9.7 (Weintraubet al., 1970), and
deprotonation of a group with ag of 9.5 quenches Tyt
fluorescence by 50% (Liet al, 1993). The unusual
environment and the catalytic function of A8pstrongly
suggest that this residue was responsible for the observations.
The high K, of Asp® and its direct interaction with the
inhibitor indicate that the bound inhibitor should be in the
anion form (K, = 9.0) (Zhaoet al., 1996), while Ty#* OH

(pKa = 11.6) (Li et al, 1993) and Asff COOH are in the
protonated states for favorable interactions. The stabilization
of the dienolate intermediate is expected to be achieved in
the same binding mode.

Tyr®% and Tye#° involved in the H-bonded network (Figure
2) contribute not at all or only minimally to the rate
enhancement. The Y55F mutant Bf testosteroniKSI
diplayed only 4 times lowek.,; compared with the wild-
type enzyme (Kuliopulogt al.,, 1989), consistent with the
observation of no direct H bond of this residue with the
bound inhibitor (Figure 2b). Tyf, replaced by phenylala-
nine in P. testosteronKSl, also does not interact with the
bound inhibitor. The Y30F mutation does not cause a
detectable change ik (Unpublished result).

Participation of a LBHB. We constructed a mutar.
putida KSI containing an isosteric D99L substitution. The
mutant enzyme exhibited a 98-fold decreask.ircompared
with the wild-type enzyme. In comparison, the Y14F mutant
exhibited 2000-fold decrease kg, significantly higher than
the D99L mutant. Similar results were obtained for
testosteroniKSIl: D99A mutation resulted in a 5000-fold
decrease irkcat (Kuliopuloset al, 1989) whereas Y14F
mutation caused a 50 000-fold decrease (&Yal., 1997).
Although the absolute values between the two sets of
independent experiments are different, probably due to the
difference in the measurements, the values are similar in
relative scale. However, the kinetic analysis and inhibitor
binding study based on the solution structure of KSI led to
the conclusion that the energetic contributions of*fand
Asp® are similar in magnitude, and their H-bonds of
moderate strength (45 kcal/mol), along with the contribu-
tion of Phé®! (2 kcal/mol), account for the stabilization of

stituted. In the presence of equilenin, they are surroundedthe bound dienolate intermediate (Vét1 al, 1997). This
completely by apolar residues and the hydrophobic inhibitor conclusion is primarily based on an as-yet-unexplained

with solvent accessibilities of zero. No water molecule is

catalytic role of Ph¥?, which resulted in a reducdg,when

found at the active site, and thus the access of bulk solventPhé®! was replaced by a smaller apolar residue (e.g., 270-
during the enzyme catalysis should be blocked by the layerfold reduction by F101A mutation) (Brothegt al., 1995).

of the apolar residues and the steroid substrate. The structurdt was also noted that the binding affinity of D99A mutant
of the complex (Figure 2b) reveals that the inhibitor displaces for equilenin was compared with that of Y14F mutant for a

Wat®* and interacts directly with ASp as well as Ty

different inhibitor, estradiol. Our high-resolution structures

without causing any noticeable local conformational change of KSI explain the mutational effect of PH& The residue,

except the slight rotation of Aspside chain. Although an
unidentified H-bonding group interacting with T™IOH has
been suggested (Austigt al, 1995; Holman & Benisek,
1995; Zhacet al., 1996), the direct involvement of A%tin

the stabilization of the reaction intermediate was totally
unexpected. ASf is surrounded by apolar side chains of
Met®, Phé?, Val®’, Met'%%, Met? and Ald*4 all protruding

in the same direction from the three adjac¢hstrands
(Figure 4). InP. testosteronKSl, the six apolar residues
surrounding As{f are identical or substituted by other

replaced by Méftin P. putidaKSI, is one of the residues
surrounding Asff (Figure 4) and is directly below the phenyl
ring of Tyr'%. There is no direct interaction between this
residue and the bound inhibitor. When we substituted
Met101 with alanine using a molecular modeling program,
it was possible to place two water molecules without any
steric hindrance in the empty space thus generated. One of
the two water molecules makes H-bonds with the side chains
of Tyr'4 and As3® and with the other water molecule. The
incorporation of water molecules at this position, which
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Ficure 3: Stereodiagram showing the apolar active-site cavity of KSI in complex with equilenin. The carbon atoms of catalytic residues
are in green, equilenin is in coral, and apolar residues surrounding the H-bonded network are in cyan. The H-bonds are indicated by the

white dotted lines. Only ASj is labeled for clarity. The model does not contain residues 60 and 61.

& M1

FIGURE 4: Stereodiagram showing the apolar environment offPAsthe backbone atoms in the adjacent th#estrands are in coral except
for oxygens, which are in red.

should have happened in the F101A mutant, would lower to originate from the completely apolar environment of the
the K, of Asp®® and increase the polarity of the active-site active site in which thelg, of the dihydroequilenin oxyanion
cavity, decreasing the strength of the H-bonds between thecould be elevated and become similar to that of*TymA
catalytic residues and the reaction intermediate. Hence,relevant model study in tetrahydrofuran has detected a strong
Phel01 does not contribute to the catalytic power directly, H-bond (6.3 kcal/mol) between 4-nitrophenol and 4-nitro-
although its mutation can affect the catalysis. The 11 kcal/ phenolate at\pK, = 0 (Sharet al., 1996). From this result,
mol of energy has to be met solely by the two H-bonds formation of stronger H-bonds of about 7.0 kcal/mol in a
provided by Ty#* and Asf®. lower dielectric medium is expected to be realized. The
On the basis of the relativk values of the dienolate  unusual strength of the H-bond is well correlated with the
intermediate from Y14F and D38N mutants, the strength of highly deshielded chemical shift of the T§1OH proton at
the H-bond between the THOH and the dienolate analogue 18.15 ppm (Zhaet al., 1996). Although there was a recent
was estimated as 7.1 kcal/mol (Zhacet al, 1996). This suggestion that the anomalous spectroscopic properties of
strong H-bond was assigned as the first example of anthe H-bonds are merely a reflection of similakg of the
intermolecular LBHB. Although Ty is found not to be two groups involved in a H-bond in the low dielectric of
the only residue involved in the inhibitor binding, the the protein interior (Sharet al, 1996), several lines of
interpretation of the results is not affected by the new finding, evidences in fact support that they represent the unusual
because the experiment was designed to estimate the effecstrengths of H-bonds. First, all of the highly down-field-
of Y14F mutation only. The strength of the LBHB is likely  shifted'H resonances detected in the small molecular systems
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or in proteins such as serine proteases (Robillard & Shulman,Cleland, W. W., & Kreevoy, M. M. (1994Bcience 2641887

1972) and aspartate aminotransferase (Kintahat, 1991) 1890.

have been assigned to the protons involved in chargedCollaborative Computational Project No. 4 (1994) The CCP4
. suite: Programs for protein crystallograptfygta Crystallogr.
H-bonds, which should be stronger than neutral H-bonds. pgg 760-776.

Second, such resonances have not been detected in aqueogsey, P. A., Whitt, S. A., & Tobin, J. B. (1994cience 2641927

environments in which the H-bond strength is weaker than  1930.

in an apolar environment. Third, T¥rin KSI, which is Haé/\_/kinhson! D. Sc-iogig“_el%sgé C., & Pollack, R. M. (1991)

engaged in the neutral H-bond with Frdoes not display Hav&iicnse()nr:jslg)r.)/c.(,) Pollack, R. M., & Ambulos, N. P., Jr. (1994)

a deshielded resonance, although the two residues are both gjochemistry 3312172-12183.
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tyrosines would be very similar. Holman, C. M., & Benisek, W. F. (1998iochemistry 332672~
Short distance between heteroatoms involved in a H-bond 2681 _ . .

was proposed as a criterion for an LBHB (Fiehyal., 1994). HoingéC. M., & Benisek, W. F. (199%)iochemistry 3414245

We noted that the ©0 distance between the Y14 O and  jopes T. A, & Kjeldgaard, M. (1993) version 5.9. The manual

the equilenin O on C3 is relatively short (2.61 and 2.63 A Uppsala University, Uppsala, Sweden.

in the two protomers). However, because of the coordinate Jones, T. A., Bergdoll, M., & Kjeldgaard, M. (1989) @rystal-

errors associated with the current resolution of the data (2.5 !0graphic Computing and Modeling Methods in Molecular

. : : Design(Bugg, C., and Ealick, S., Eds.) Springer, New York.
A), meaningful measurement of the distance awaits much Kim, S. W., & Choi. K. Y. (1995)J. Bacteriol. 177 2602 2605.

higher resolution datd,e., higher than 1.5 A. Kim, S. W., Kim, C. Y., Benisek, W. F., & Choi, K. Y. (1994).
Since the kinetic analysis of the D99A or D99L mutant Bacteriol. 176 6672-6676.

shows a much smaller reductionkg:than the Y14F mutant,  Kintanar, A., Metzler, C. M., Metzler, D. E., & Scott, R. D. (1991)

and since As} dose not display a deshielded chemical shift, _ J- Biol. Chem. 26617222-17229.

the strength of the H-bond between A%pnd the bound  Kraulis, P. J. (1991). Appl. Crystallogr. 24.946-950.

S ) Kuliopulos, A., Mildvan, A. S., Shortle, D., & Talalay, P. (1989
inhibitor should be weaker compared with the LBHB. It uéforz:%gfnistry 2|81V39n_159_ orte alalay, P ( )

probably is in the medium range-(4 kcal/mol), considering i, Y. K., Kuliopulos, A., Mildvan, A. S., & Talalay, P. (1993)
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(Scheiner & Kar, 1995). This moderate H-bond strength, Loh, S. N., & Markley, J. L. (1994Biochemistry 331029-1036.

. . - Lundgvist, T., Rice, J., Hodge, C. N., Basarab, G. S., Pierce, J., &
along with the major contribution of the LBHB>(7.1 kcal/ Lindquist, Y. (1994)Structure 2 937-944.

mol), can explain plausibly and quantitatively the requisite Merritt, E. A., & Murphy, M. E. P. (1994)cta Crystallogr. D50

amount of energy for the catalytic power of KSI. 869-873.
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And finally, it is noted that the characteristic resonance of Robillard, G., & Shulman, R. G. (1972). Mol. Biol. 71 507—

the LBHB was observed even in the presence of directly ¢\ i"o s e kar T (1995). Am. Chem. Soc. 118970-6975

competing H-bonding donors (ASand TyF?), in contrary  gchwab, J. M., & Henserson, B. S. (199Dhem. Re. 90, 1203
to the observations in the small molecular systems (Etey 1245.

al.,, 1994). To our knowledge, this is the first detailed Shan, S., Loh, S., & Herschlag, D. (199%}ience 27297-101.
description of an active-site environment for the formation Weintraub, H., Alfsen, A., & Baulieu, E.-E. (1978)r. J. Biochem.

: : . 12, 217-221.
of an intermolecular LBHB that plays a major role in the \y i ooy °E M. piro, 0. E., & Sigler, P. B. (198)Biol. Chem,
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