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Discrete, nonligated water molecules are often found in the
crystal structure active sites of metalloproteins in general, and §
hemoproteins in particuldrTheir roles can range from simple ' yssonH §
impediments to rapid ligation, as in the globf participation C' % on HI32NeH — RBSNH AT65NH =\
in important hydrogen-bonding networks in the catalytic cycles of B’ | G143NH h
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enzymes such as the cytochromes P438.NMR spectroscopy 4 )
can identify water molecules within an enzyme by the detection of , X :
an NOE between the water molecule and specific enzyme prétons. A’ /
Even buried water molecules, however, exchange too fast with the
bulk water (1% s7%) to yield discret¢H NMR signals> Neverthe- A A< ‘
less, water molecules localized within a protein can still be identified
by 'H NMR through NOEs between the bulk water signal and B
individual protein resonancés-or nonlabile protons such NOEs
are difficult to assign because of severe resolution problems. C
Enzyme labile protons are easier to assign, but it must be shown 47 16 1§ 14 13 ppm &
that chemllcal exchange does not contribute tg magnetlzatlon Figure 1. 11.5-17.0 portion of the 600 MH3H NMR “soft-pulse” “1:1"
transfer? Direct (water-enzyme contact), versus indirect NOEs spectra of hHO-+DMDH—CN? in 100 mM phosphate, pH 7.0 in: (A)
(NOE to a nearby, rapidly exchanging enzyme labile proton), can H,0 at 25°C, (B) 20 min, and (§4 h after transferring fromH,O to
be differentiated solely on the basis of a molecular structure. 2H0 at 25°C. The 11.5-17.0 (apodized with 5 Hz line broadening) and
Heme oxygenaseflHO-1, is a~32-kDa membrane-bound 5.90-6.25 ppm (apodizie_d by 80shifted-sine-bell-square) of a “3:9:19”
. spectra at 35in H,O with off-resonance (A off-resonance (B on-
enzyme that employes heme as substrate and cofactor in theggonance saturation80%) of the water signal, with the difference trace
conversion of heme to iron, CO, and biliverdin X The net shown in (C). The difference trace for the 5.9%.25 ppm portion is
reaction consumes three,Gseven electrons, and nine protons. enhanced by 4 relative to the trace it and B. Peaks are labeled as
Recombinant, truncated, soluble, and fully active HO-1 has been Previously assigned. Peak a is an unassigned labile pttéh.
shown to act via a hydroperoxy intermedfeteather than the more
common ferryl form. The ir_1itia| crysta_l str_uctures .of human HO- within this H-bond network.
1,0 hHO-1, and rat HO-% did not provide information as to how The low-field portion of the sequence-specifically assigfied
such a novel hydroperoxy intermediate is stabilized. However, the IH NMR spectrun’ 18 in 1H,0 of ~1.5 mM hHO-1-DMDH—
loss of activity upon mutating the conserved Asp®4®and the CN (DMDH = 2,4-dimethyldeuterohemin: a two-fold symmetric
X-ray detection of a water molecule localized near Aspi4éad heme that obviates heme orientational disordel is shown in
to the proposal that this water molecule provides the weak H-bond Figure 1A. The 25C spectr&-8of the same sample 20 min (Figure
required to stabilize the ligated hydroperoxy species. We have 1B) and 4 h (Figure 1C) after transfer #1,0 show that the
demonstratetd™® by *H NMR that the cyanide-inhibited, substrate-  majority of the labile protons exhibit exchange lifetimes of minutes
bound hHO-1 complex exhibitsan active-site molecular structure 5 hourst® Two additional relevant, slowly exchanging labile
that is, for the most part, indistinguishable from that revealed in nrotondé near 9.0 ppm (Arg136 M and Lys86 NH) are not shown.
the earlier crystal structufé. However, an extensive H-bond  This eliminates exchange as the source of any magnetization
network with very strong H-bonds (labile protons with chemical transfer® Comparison of the 38C 'H NMR spectrd®2tin H,0
shift 917 ppm) was identifiett which was not recognizable in  with off-resonance (Figure T and on-resonance (Figure )B
the crystal structure. This network involves the catalytically critical jrradiation of the'H,O results in the difference trace in Figure'1lC
Asp140 and extends from the distal pocket through the opposite that reveals-10—15% temperature- and pH-independent reduction
end of the enzyme, with the NHs of Arg85, Lys86, Alal65, and in intensities for labile protons which are indicative of a saturation
Phel66 and the side-chain labile protons of Tyr58, Trp96, His132, factor, SF (due to exchange), or NO& (due to dipolar interac-
and Arg136, serving as donors to four carboxylates (Glu62, Asp92, tions), given by SF= 17 = (I — lo)lo %, (I, I, signal intensity with
Aspl40, Glu202) and one carbonyl (Gly168)We demonstrate and without saturatingH,0), of —0.1 to—0.2, (including the NH
of Lys86 and NH of Arg132), except for the Tyr58 gH. The
*To whom correspondence should be addressed. E-mail: lamar@ reduction in SF om is linear in the?H/*H solvent composition.
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here by*H NMR that numerous other water molectilase localized

indigo.ucdavis.edu. _ o B
fUrﬁversity of California, Davis. The larger SF .for 'the Tyr§8 M (~ 0.4). at 35°C Contalns.
§ University of California, San Francisco. exchange contributions which decrease with temperature until the
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Figure 2. Ribbon representatidt?4of hHO-1-heme-H,0. The heme is

red and His25 is light blue. The residues providing the eight strong H-bond
donors are colored magenta for the peptide NHs of Arg85 and Lys86, blue
for the peptide NHs of Alal65 and Phel66, green for the side-chain OH of
Tyr58 and NH of Arg136, brown for the side-chain N of Trp96 and

pink for the side-chain NH of His132. The four carboxylate acceptors of
Glu62, -202 and Asp92, -140, are shown in gold, while the carbonyl acceptor
of Gly163 is shown in yellow?* The “ordered” water molecules detected

accord with this expectation, saturation of the water resonance leads

to detectable NOEs to the Phe95 ring protons (right side of Figure

1C) Hence, the presedtd NMR data dictate the presence of at
least five, and as many as eight, “ordered” water molecules at the
positions indicated in Figure 2 with residence tifhes; ~20 ns.
Similar water NOEs to other, unassigned slowly exchanging low-

field NHs (not shown) suggest that additional water molecules may

be immobilized in this H-bond network.

The crystal structure of the substrate-bound AH®?5reveals
numerous buried water molecules, but none as close to the strong
H-bond donor-protons as estimated from NMR, except for that near

Asp140 (blue spheres in Figure 2). However, the different ligands

used in the crystal structife225 (water, H-bond donor) and
solution’H NMR studie$* 16 (H-bond acceptor, CN may account

for these differences. The likely role of the strong H-bonding

network is to provide a “scaffold” to support the “ordered” water
molecules, and these “ordered” water molecules, in turn, both
stabilize the hydroperoxy intermedi&fein the reaction pathway
and serve as a “water channel” to funnel protons to the catalytic
site in a controlled manner.

Acknowledgment. This research was supported by Grants from

the National Institutes of Health, GM 62830 (G.N.L.) and DK 30297

by NOEs are indicated by spheres of the same color as the adjacent donor P.R.O.M.). The authors thank Dr. T. L. Poulos for updated RHO

residue. Six of these eight spheres colored green, magenta, and dark blu

overlap significantly in three pairs.

emin—H,O crystal coordinates.
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