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Crystal Structure of Soybean Lipoxygenase L-1 at 1.4 A Resollition
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ABSTRACT. Lipoxygenases, which are widely distributed among plant and animal species, are Fe-containing
dioxygenases that act on lipids containiZgd)-pentadiene moieties in the synthesis of compounds with

a variety of functions. Utilizing an improved strategy of data collection, low temperature, and synchrotron
radiation of short wavelength, the structure of ferrous soybean lipoxygenase L-1, a single chain protein
of 839 amino acid residues, has been determined by X-ray crystallography to a resolution of 1.4 A. The
R-factor for the refined model is 19.7%. General features of the protein structure were found to be consistent
with the results of prior crystallographic studies at lower (2.6 A) resolution. In contrast to the prior
studies, the binding of a water molecule to the active site Fe was established. The octahedral coordination
sphere of the Fe also includes the side chains of*Hislis®®4 His?%, and Asi®* as well as the terminal
carboxylate of 11€%, which binds as a monodentate ligand. #4ns involved in a number of labile

polar interactions with other protein groups, including an amig®matic hydrogen bond, and appears

to be a weak ligand. Several possible access routes for dioxygen and fatty acids to the internal active site
and substrate binding cavity are described. The protein structure restricts access to the Fe site such that
the formation of an organo-Fe intermediate seems improbable. Structural restrictions pertinent to other
proposed reaction intermediates, such as planar pentadienyl and nonplanar allyl radicals, are also discussed.

Lipoxygenases are nonheme, nonsulfur iron dioxygenases In plants, the immediate products are apparently involved
that act on lipid substrates containing one or magZf in defense mechanisms against pathogens and may be
1,4-pentadiene moieties. The primary reaction products areprecursors of metabolic regulators (Siedow, 1991; Gardner,
hydroperoxides of conjugate )-dienes. Common poly- 1991). It has also been suggested that lipoxygenases may
unsaturated fatty acids, such as linoleic, linolenic, and serve as seed storage proteins (Kato et al., 1993; Tranbarger
arachidonic acids, are the natural substrates for theseet al., 1991). In animals, where the predominant substrate
enzymes, which are widely distributed among plants and is arachidonic acid, the products are precursors of highly
animals. Although plant lipoxygenases contain about 25% potent physiological effectors involvehter alia, in vaso-
more amino acid residues than the animal enzymes (ca. 850constriction, blood clotting, bronchoconstriction, granulocyte
vs 650 residues), the two groups have amino acid sequenceshemotaxis, and inflammation (Ford-Hutchinson et al., 1994;
that are highly related in certain regions, and the primary Yamamoto, 1992). A possible role of mammalian 15-

reactions they catalyze are essentially the same. lipoxygenasgin the formation of atherogenic plaques has
also been considered (Sigal et al., 1994).
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Table 1: Summary of X-ray Diffraction Measurements

crystal detectdr sourcé temp (K) wavelength (A) resolution (A) Rsym (%0) I/o, last shell
L-1 osmium SDMW RRA 277 1.542 3.0 3.9 1.5
L-1 mercury Raxis-llc RRA 293 1.542 3.0 4.9 1.3
L-1 native Raxis-llc RRA 293 1.542 2.6 6.6 14
L-1 native DIP2000 MRA 293 1.542 21 6.7 1.7
L-1 native CCD A-1 100 0.908 14 3.7 4.5

a SDMW, multiwire area detector from San Diego Multiwire; Raxis-llc, Rigaku/Fuji phosphorimaging plate system from Molecular Structures
Corp.; DIP 2000, MAC Science/Fuji phosphorimaging plate system from MAC Science; CCD, detector based on charged-coupled device, as described
by Tate et al. (1995f RRA, Rigaku RU-200 rotating anode X-ray generator, MRA, MAC Science rotating anode X-ray generator; A-1, beam line
A-1 at Cornell High Energy Synchrotron Source.

catalytically active, high-spin Fe(lll) state (Slappendel et al., as the iron center. The high-resolution structure is consistent
1982; Cheesbrough & Axelrod, 1983). For example, it was with five certain ligands in octahedral geometry, including
observed some time ago that L-1 is activated by exposurethe three conserved histidine side chains, the terminal
to the product of the reaction, e.g., 13-hydroperoxgi)- carboxylate, and a water molecule. ThélCatom of Asf**
11+rans-octadecadienoic acid (Haining & Axelrod, 1958). is in the proper direction to serve as a sixth ligand but is
Similar behavior was subsequently noted for all other sufficiently distant that it appears to interact weakly with
lipoxygenases tested. Activation induces a hyperchromic the Fe.

shift in the visible spectrum of the L-1 isozyme (Pistorius

& Axelrod, 1974). Moreover, the resting state of the L-1 EXPERIMENTAL PROCEDURES

isozyme is EPR silent at liquid helium temperature, whereas

the activated enzyme exhibits a signabat 6 (de Groot et Crystals Detailed procedures for protein purification,

al., 1975: Pistorius et al., 1976) crystallization, preparation of Hg and Os derivatives, and
N : y : data collection at room temperature have been previously

When the primary structures of the soybean L-1 and L-2 X )
: : A - described (Steczko et al., 1990; Minor et al., 1993). Crystals
isozymes were determined, a region rich in histidine reS|duesWere obtained at 21C by equilibrating sitting drops of 0.1

was observed (Shibata et al., 1987, 1988). Further investiga- L2
; 489 1yic504 £690 (] _ M acetate buffer at pH= 5.6 containing 4% (w/v) PEG-
tion showed that HIS*, His"™, and HiS* (L-1 numbers) 3400 and 45 mg/mL enzyme against 0.2 M buffer

are essential for binding of iron (Steczko et al., 1992; Steczko L . . .
& Axelrod, 1992). Su%sequen(t crystallographic studies at containing 8% PEG-3400. For cryodiffraction experiments,
X the crystals were transferred to a similarly buffered solution

2.6 A resolution by Boyington et al. (1993) and by us (Minor containing 28% (viv) ethylene glycol and 14% (wiv) PEG-

et al, 1993) demonstrated that the side chains of these3350 through three solutions with intermediate concentrations
residues are part of the coordination sphere of the iron. Both 9 T ;
of these reagents. Incubation times were approximately 2

laboratories also identified the C-terminal carboxylate group min at each stace. After &2 min incubation in the final
of lle3® as a fourth ligand. In our earlier work, we identified "' ge. in Incubation | '
solution, the crystals were mounted in a nylon loop and

041 of Asrf®* as a probable ligand, giving a total of five . . .
ligands occupying positions consistent with octahedral ]Prfgzei%n a nitrogen gas stream at 100 K to achieve flash

coordination; binding of water or hydroxide at the sixth i ) ) o
position could not be excluded or confirmed. In contrast, LiPoxygenase L-1 crystallizes in the monoclinic space
Boyington and co-workers inferred from their model that 9roup P2: with one protein molecule (94 kDa) in the
the iron exists as a four-coordinate center with the terminal @ymmetric unit; the solvent content is approximately 48%
carboxylate and three histidine ligands in highly distorted Py volume. At room temperature the unit cell parameters
octahedral geometry; tetrahedral geometry with one highly 8r€a =956 A,b =943 A,c =503 A, andg = 91.3.
distorted ligand was considered a reasonable alternative.The unit cell of the frozen crystals (100 K) is smaller in
Asrf was excluded as a ligand, apparently on the basis of Volume by 2%:a = 94.9 Ab=940Ac=499A and
the Fe-ligand distance. B =90.7. Enzyme recovered from dissolved crystals has

The identification of the ligands is consistent with a wealth Normal catalytic activity.
of amino acid sequence data. In each of #85 sequences Diffraction Measurements at Lower Resolution and Phas-
of plant and animal lipoxygenases that have been reporteding. For diffraction experiments at room temperature and
to date, the three histidine ligands are conserved. Moreover,lower resolution, Cu k radiation from rotating anode X-ray
all of the sequences terminate in lle with the exception of a generators was used in conjunction with three different
single 5-Lox from rat basophilic leukemia cells (Balcerak systems: an Raxis-lIl imaging plate system (Molecular
et al., 1988), which appears to be truncated at the carboxylStructures Corp.), a DIP-2000 imaging plate system (MAC
end by two residues such that it ends with a valine residue. Science Co.), and a dual multiwire area detector system (San
By modifying two murine lipoxygenases, Chen et al. (1994) Diego Multiwire Systems).
have shown that replacement of the C-terminal isoleucine The phase problem was initially solved to 2.6 A resolution
with valine results in an enzyme having substantial activity. with data from the Raxis-Il and multiwire detector systems
Other replacements result in inactivation. (Table 1). Osmium and mercury derivatives (Minor et al.,

Here we report the crystal structure of the Fe(ll) (resting) 1993) provided the basis for phase estimation at 3.0 A
form of L-1 lipoxygenase at the resolution of 1.4 A and low resolution by the multiple isomorphous replacement (MIR)
temperature of 100K. This very high resolution is notewor- method as implemented in MLPHARE (Otwinowski, 1991).
thy for such a large protein (839 amino acids) and allows a Anomalous scattering information for both derivatives was
more complete and precise description of the protein as well utilized in this process. Phase improvement with extension
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Table 2: Resolution-Dependent Statistics for the 1.4 A Native L-1 Diffraction Data

resolution fraction of reflections with given no. of observations (%) linear square

shell (Ap av intensity  av error 0 1 2 3 4 >5 >1 R-facto?  R-factor
40.00-3.80 222 744 5256 3.0 6.8 134 8.7 20.5 37.5 97.0 0.026 0.029
3.80-3.02 144076 3564 1.0 7.6 15.3 12.4 25.4 38.2 99.0 0.031 0.031
3.02-2.63 57 378 1478 1.0 4.1 10.3 12.6 155 56.5 99.0 0.050 0.063
2.63-2.39 36 580 863 1.6 25 6.2 8.6 13.3 67.9 98.4 0.057 0.062
2.39-2.22 28 033 699 1.8 1.7 4.8 6.8 13.9 70.9 98.2 0.066 0.072
2.22-2.09 21958 564 21 1.5 48 8.7 16.1 66.8 97.9 0.072 0.076
2.09-1.99 15 229 547 33 4.6 16.7 36.1 39.4 0.0 96.7 0.073 0.079
1.99-1.90 10530 482 4.0 3.9 17.7 34.5 39.7 0.0 96.0 0.083 0.087
1.76-1.71 4214 223 4.4 4.5 20.5 33.0 37.7 0.0 95.6 0.105 0.103
1.62-1.58 2261 188 45 4.2 21.2 34.7 35.4 0.0 95.5 0.155 0.146
1.51-1.48 1447 184 54 3.7 229 36.2 31.8 0.0 94.6 0.225 0.203
1.42-1.40 890 198 8.4 7.4 26.5 34.4 233 0.0 91.6 0.343 0.345
all data 29 259 819 4.0 4.2 17.4 27.5 294 17.6 96.0 0.044 0.036

aThe shells are a sample from a set of 20 shells containing approximately equal numbers of possible reflémtieasR-factor= 35 |(Ini
- D]hm/ZhZilhi- °SquareR—factor= thi(Ihi - Eﬂh[)lzlzhzilﬁi.

to 2.6 A was performed by the use of a solvent flattening extension of the data to 1.4 A resolution was achieved
program that incorporated a maximum entropy weighting by flash freezing the crystals and collecting data at 100
scheme to minimize the difference between calculated K, using synchrotron radiation and a new CCD detector
(density-modified) and observed amplitudes (Otwinowski, (Tate et al., 1995), and using the enhanced HKL software
unpublished). This procedure resulted in phases of sufficient package (Otwinowski, 1993; Minor, 1993) for analyzing the
quality to allow the unequivocal identification of the Fe atom diffraction images. This high-resolution data set was mea-
in an anomalous difference map (Minor et al., 1993). For sured using X-rays of 0.908 A wavelength provided by the
the large COOH-terminal domain, the standard electron recently improved A-1 wiggler station at the Cornell High
density map was very clear, and both main chain and sideEnergy Synchrotron Source. The active area of the CCD
chain density features were readily interpretable. In contrast,detector was 506« 50 mm, and its effective pixel size was
the density for the Nktterminal domain was comparatively 50 x 50 um.
poor and difficult to interpret. Model building by the use In this experiment, all of the data were obtained from one
of the programs O (Jones et al., 1991) and CHAIN (Sack, crystal with a nominal mosaicity of 0.28n a period of
1988) was initiated at this stage. However, the resolution roughly 14 h. However, because of the large dynamic range
of the data and maps was significantly extended before theof the intensities detected between 40 and 1.4 A, the data
initial model building was completed. were measured in three passes. The first pass, with 40 s
Extension of Resolution and Preliminary RefineméFte exposures and (26oscillation angle per exposure, was
first approach to extend the resolution was to measure designed to obtain high quality data in the resolution range
diffraction data using the prototype of the DIP-2000 imaging 2.1-1.4 A. The second pass, with 10 s exposures antl 1.5
plate scanner. This instrument has an image scanning timeoscillation angle, was intended to maximize the signal to
approximately one-third that of the Raxis-l system, allowing noise ratio for the resolution shell 3:0.9 A. The last pass,
the use of much smaller oscillation angles,’:6 1.5. This with exposure for 5 s and oscillation rang® Was used to
appears to be a major factor in a substantial improvement incollect data in the resolution shell between 50 and 3.0 A.
the extent and quality of the higher resolution data. A nearly The crystal-to-detector distances were 32, 50, and 75 mm,
complete data set (89%) to 2.15 A resolution was collected respectively, for the three passes; the center of the detector
from one crystal. With this new data set, phase extensionwas always set to 20 angle of 0. By increasing the
was repeatede noo; i.e., the MIR phase set was extended distance during measurement of the lower resolution data, a
to 2.15 A resolution by the use of the same maximum reduction in background and improvement in the spatial
entropy-based solvent flattening program. In this case, 2000resolution of reflections from neighboring planes was
cycles of phase improvement/extension were carried out with achieved. This multipass data collection strategy resulted
automatic assignment of a new molecular envelope everyin high data redundancy and completeness (Table 2).
40 cycles. All data sets were processed, scaled, and postrefined using
The resulting electron density map, although only slightly the HKL package (Denzo, Scalepack, and XdisplayF).
better in terms of overall backbone connectivity, provided Partial reflections were added to determine the full intensity
significantly improved detail in many previously ambiguous of reflections measured on consecutive images. In the
regions. A full model was constructed, which specified an resolution range 461.4 A, 96% of the 169 235 theoretically
R-factor of 40%. Nevertheless, the density and model possible reflections were measured, including 92% of the
remained less reliable in the N#erminal domain, perhaps data between 1.42 and 1.40 A.
reflecting higher conformational mobility of and within this Model Imprarement and Further Refinementhe model
domain, as described below. built initially at 2.6 A and improved at 2.15 A resolution
The consistently less reliable density for the NiErminal was refined at the latter resolution by the use of the program
domain obtained from different sets of data measured at roomX-PLOR (Bringer et al., 1987). All reflections witR/o >
temperature prompted us to seek further improvement by 2 in the resolution range #2.15 A were used for the
performing diffraction measurements at cryogenic temper- refinement. During this stage, each refinement cycle in-
atures using synchrotron radiation. In fact, a dramatic cluded simulated annealing (Brger et al., 1990), refinement
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of positions via 150 cycles of Powell minimization, refine- use of the model in future experiments. However; kgand
ment ofB-factors, and map inspection and manual rebuilding. bond lengths were not explicitly restrained.
Simulated annealing by molecular dynamics at 1.4 A Fiting of Hypothetical Substrate Models to the AetSie.
resolution usually consisted of a 0.5 ps trajectory at 2000 K Atomic structures for linoleic acid and arachidonic acid were
followed by a slow-cooling protocol in which the temperature constructed and used within the O program to manually
was gradually quenched to 300 K in 50 K steps. After the explore the fit of possible conformations of substrates and
refinement converged witR = 25.4%, the model was used proposed intermediates to the active site. Nonbonded
to obtain phases for the 1.4 A resolution data set. At this contacts between substrate and protein atoms as well as the
point, the model included 6667 protein atoms, representing torsion angles of the substrate were monitored. The fol-
all of the possible residues and no water molecules. lowing geometric parameters were used for the substrate
Because of a change in unit cell parameters, rigid body models: CG-C single-bond lengths, 1.53 A;=€C double-

refinement (using X-PLOR) was necessary to adapt the bond lengths, 1.33 A; €0 bond lengths, 1.29 A; CH
model to the 1.4 A data. This was accomplished in three CH,—CH,— bond angles, 119 —CH,—CH,—CH,— bond

steps: at first, the entire molecule was treated as a rigid body;angles, 112 —C=C—C— bond angles, 126and G-C—O
next, the two domains were fitted independently; and finally, pond angles, 120

the individual helices anfi-strands were treated indepen-  yisyajization and Analysis of Internal Giies. A variety
dently. During the rigid body refinement of the entire ¢ programs were used to display and analyze the large
molecule, the high-resolution limit of the data was increased jternal cavities of L-1, including GRASP (Nicholls et al.,
in 0.5 A steps between 5.5 and 3.5 A; the low-resolution 1991), VOIDOO (Kleywegt & Jones, 1994), and tools
limit was always 15 A. The domains were refined first provided in the QUANTA package (version 4, Biosym/MSI).
against 15-3.5 A resolution data. The high-resolution limit  The final analysis and visualization of molecular surfaces,
was changed to 3.0 A for all subsequent refinements with 55 gefined by Connolly (1983), were performed with
the domains or smaller fragments. QUANTA. Protein C, N, O, and S atoms were assigned

Following the rigid body refinements, atomic coordinates 54ii of 1.90, 1.82, 1.65, and 2.0 A, respectively; the probe
and isotropicB-values were refined against the 1.4 A data sphere was assigned a radius of 1.4 A.

using X-PLOR. An initial simulated annealing protocol was
followed by 150 cycles of positional refinement and refine- RESULTS AND DISCUSSION
ment of temperature factors. The result was a model with
anR-factor of 25% at 1.4 A resolution and very high quality ~ Strategy of the Diffraction Measurement§he improve-
electron density maps. Further rebuilding, the addition of ment in resolution obtained by using frozen crystals and
waters, and X-PLOR refinement has yielded the current intense synchrotron radiation of short wavelength is not often
model, which has arR-factor of 19.7% based on data SO dramatic as reported here. A contributing factor may be
between 10 and 1.4 A resolution wiiilo > 2. An estimate the strategy of data collection used in this case. Three passes
for Rfree (Bringer, 1992) was obtained at this stage by Wwith different counting times, detector distances, and oscil-
application of the simulated annealing refinement protocol lation ranges were used to improve data quality in different
described above. Based on a test set including 10% of theresolution ranges. This procedure allowed exploitation of
reflections,R-free was 24.3%; for comparison, tRefactor the dynamic range of the detector without sacrificing the
for the reflections in the working set was 19.3%. Simulated Signal-to-noise ratio for high-resolution data or overloading
annealing protocols (Hodel, 1992) were also used at this stagehe low-resolution data. As a result, the data set has a high
to prepare omit maps in the vicinity of the Fe and its ligands. level of precision: the overaRsymis 3.6%. In addition, the
The omitted region was defined by two overlapping 8 A data set has good overall completeness, 96%, and average
spheres surrounding A84and the Fe atom; atomsina 3 A multiplicity, more than six observations per reflection (1.1
thick boundary shell surrounding the omitted region were x 10° observations of 1.6« 10° reflections). In the shell
positionally restrained. of highest resolution, the completeness is 91% and the
With respect to the current model and the procedures usedaverage multiplicity is three observations per reflection.
to date, the refinement is effectively converged. However, Additional statistics as a function of resolution are presented
further refinement is possible and will be performed so as in Table 2.
to incorporate multiple conformations for protein side chains,  Quality of Electron Density Maps and Current Model.
variable occupancies for solvent species, and, if warranted, The final (2F,] — |F]) map is of very high quality
anisotropic disorder for the Fe atom and ligands (see below).throughout most of the structure (Figure 1). Most phenyl-
A summary of refinement and model statistics is presented alanine and tryptophan residues as well as some proline
in Table 3. The model includes the entire protein structure residues have a low density hole through the center of the
(6667 atoms) and 1377 water molecules. The latter werering as expected for maps at this resolution. However, four
assigned to well-defined positive peaks iffro( — |F¢|) short segments have significantly less interpretable density.
difference electron density maps if the peaks were within The electron density for residues & is especially weak and
hydrogen-bonding distance of appropriate protein atoms or fragmented, suggesting that this is a mobile segment with
other protein-bound solvent molecules. All atoms in the many conformations. For residues-220, which form part
model were assigned full occupancy throughout the refine- of an extended loop, the density indicates the course of the
ment. The quality of the structure and the progress of the polypeptide and the location of the side chains, but it is not
refinement were monitored frequently with the aid of the fully continuous. Two additional loops, comprising residues
program PROCHECK (Laskowski et al., 1993). Very tight 70—73 and 116-120, are represented by continuous but less
stereochemical restraints were enforced on the proteinthan definitive density. All four segments are included in
structure in the final stages of refinement to facilitate the the current model without any attempt to model multiple
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FiGure 1: Portions of the current 1.4 A resolutionF3| — |F¢| map corresponding to (a) sevefalstrands in the C-domain (residues
404—-408, 430-436, 446-452, and 464469) and (b) a hydrophobic cluster in the C-domain. The map was contoured gtvtirec
is the standard deviation of the map.

Table 3: Summary of Refinement Statistics
resolution range 10-01.4 a
standard=-factor 19.7%
protein (non-H) atoms 6500
solvent oxygen atoms 1377
geometric deviatioris
bond lengths 0.011A
bond angles 17 ’é‘
improper dihedral angles r5 o
averageB-factors ?
main chain of N-domain 34.6%4A k)
main chain of C-domain 16.7A ‘B
all atoms of N-domain 34.0A o
all atoms of C-domain 17.2A
water oxygen atoms 39.72A ]
@ Root mean square deviations from the standard values defined by
Engh & Huber (1991). -135-
conformations. The coordinates for residue$are reliable £

only as indicators of the volume this segment is likely to -180 -135 -90 -45 0 45 90 135 180
occupy. Phi (degrees)

The model is in excellent agreement with expected Ficure 2: Ramachandran plot (Ramachandran & Sasisekharan,
stereochemical parameters as illustrated by data presented968) of the refined L-1 structure created by the program
in Table 3 as well as a Ramachandran plot (RamachandrarPROCHECK (Laskowski et al., 1993). Glycine and non-glycine

. . C 1—¢ values are designated by triangles and squares, respectively.
& Sasisekharan, 1968) of the main chain dihedral angles Disallowed, generously allowed, favorable, and most favorable

andy, sho_wn in _Figure 2. On_eis peptide, Ph&>—Pro*®, regions are indicated by progressively darker shading.
has been identified. Two residues have unusual backbone

conformations that are stabilized by hydrogen bonding: ary structure and includes the catalytic Fe-binding site. A
ValP? ¢ = +77°, v = —59°; and Set®’, ¢ = +55°, ¢ = possible alternative division of the structure into five domains
—12%. Overall, the side chain torsional angles are very is considered below.
tightly distributed around the most common rotamers. The The N-Domain. The § sandwich of the N-domain is
density indicates that a number of side chains have multiple constructed from two four-stranded antiparallel sheets. At
conformations, but these have not yet been modeled. A present, the function of the N-domain remains obscure and
Luzzati plot (Luzzati, 1952) suggests that the average the question of its dispensability remains open. Mammalian
positional error for the model is 0.20 A (not shown). lipoxygenases are substantially smaller proteins and lack
General Architecture.The observed fold is fully consis-  approximately 140 Nkiterminal residues found in L-1,
tent with the description provided by Boyington et al. (1993) which suggests the N-domain may be dispensable for L-1
on the basis of their work at 2.6 A resolution. Thus soybean and related plant-derived lipoxygenases. However, the
lipoxygenase L-1 is an ellipsoid of dimensions 90xA65 generation of a truncated L-1 wherein residues120
A x 60 A and may be conveniently divided into two spatially were replaced by five residues yielded an inactive en-
isolated domains (Figure 3). The smaller N-domain, which zyme (Steczko et al., 1991). Limited proteolysis of L-1
comprises the Nkterminal residues-1146, is a barrel-like generates two tightly associated major fragments (Ram-
f sandwich located at one end of the larger C-domain and achandran et al., 1992) including a 30 kDa product that
relatively loosely associated with it. The C-domain, com- spans the N-domain plus a portion of the C-domain through
prising residues 147839, has predominately helical second- residue 274. The other major fragment (60 kDa) begins at
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of the 8 strands, which is ABCDEFGH in RBP and GFAD-
CBEH in L-1.

Higher Mobility/Disorder of the N-Domain.The N-
domain makes a loose contact with the C-domain through a
solvent-filled crevice and is significantly less well ordered,
as indicated by comparison of refined temperature factors.
Thus the averag8-value for all main chain atoms in the
N-domain is 34 & as opposed to 17 %for the C-domain.

This discrepancy is not strongly biased by the N-domain’s
disordered loops (see above); the average (and median) value
for the N-domain is 33 Aif 20 residues with main chain
averageB greater than 60 Aare omitted from the calculation.

Examination of the spatial distribution of tH&values
: suggests that the N-domain moves as a unit such that residues
FIGURE 3: Ribbon diagram of the three-dimensional structure of With lower main chainB-values occur near the domain
L-1. The smaller N-domain, a singlé sandwich, is shown in  domain contact and those with larggwalues occur farther
green. The C-domain is in blue and contains the active site iron, away. The pattern oB-values (see Figure 4A) suggests it
which is represented by the magenta sphere. The two Igtger s more likely that the barrel-like N-domain rocks across the

structures in the C-domain are in orange. The yellow fragments . .
near the Fe indicate two segments of tnéelix within longer  Surface of the C-domain as opposed to swinging away from

helices; these segments provide three histidine side chains that ardl Via & motion articulated by the short segment connecting
Fe ligands. The drawing was prepared with MOLSCRIPT (Kraulis, the N-domain to the rest of the molecule. This conclusion

1991). is supported by correlation coefficiehtderived from the

) ) ) B-values of @'s and their distances from a reference.:C
residue 318 and presumably includes the remainder of the\yhen the reference is near the middle of one of the
domain. The cleaved enzyme was active, and in some girands closest to the C-domain, the correlation is higher than
circumstances shghtly_ hyperactive, but attempts t(_) r_esol\_/e,when it is in the connecting segment. For example, the
or resolve and reconstitute, the fragments resulted in inactiveqrelation coefficients were 0.95 or above whe <109
preparations. _ . 129, or 138-143 served as the reference point but were 0.90

The topological identity and three-dimensional structural o, |ess when the reference point was any @ the
similarity of the N-domain and the C-terminal colipase connecting segment. Residues 109, 129, and 141 are central
binding domain of mammalian pancreatic lipases were residues within the threg strands closest to the C-domain,
recognized previously (Boyington et al., 1993) and are quite 4nq each is at least 14 A fromu®S, the first residue in the
striking despite relatively low sequence similarity. For connecting segment. The highest correlation, 0.96, was

example, a superposition of thex@toms of the N-domain  gptained when @4 served as the reference point; Figure
with those of the colipase binding domain of horse pancreatic 45 j|justrates the correlation for this case.

lipase (Bourne et al., 1994; PDB entry 1HPL) was performed
using tools provided in the program O (Jones et al., 1991). 1
An alignment of 81 @’s was achieved with a root-mean-
square difference of 1.6 A (ahgryment threshold 3.8 A as several shorter, helical segments of one turn or less.
minimum segment length three residues). Residues from a”Residues 473 through 518 span the longest helix, hetix 9
S strands are included in the eight aligned segments, but OnIyWhiCh is 65 A long, lies at the center of the domair'1 and is'
10% of the residues are chemically identical and a majority approximately paréllel and adjacent to the longest 1intrado-
of these are located within the hydrophobic core of the main Gx—Ca chord (@5—Co39, 86 A). Among the other
domain. Although the surface of the N-domain correspond- ' ‘

ing to the i ; i bindin of i ex d. ther helices, the longer ones are more or less parallel or
Ing to the lipase s collpase g surtace I eO posed, the eantiparallel to helix 9 so that the core of the domain may be
is only one identical residue (L-1 T?, lipase Tyf%) among

those specifically implicated in colipase binding (Bourne et despnbgd asa spmewhat disorganized mqltlhellx bundle. The
al., 1994: van Tilbeurgh et al., 1992). Comparison of the active site lies vylthln this bundle. Two antlparal,Bei;heets, _

N ’ . L TR . with three and five strands, are also present in the C-domain.
structures .t.hus prowdes_ I|tt!e _|ns_|ght concerning the func- Both sheets lie at or near the surface of the domain and are
tional significance of their similarity. o _ separated from the active site by the bundle of helices.

The gross structure of the N-domain is also superficially : . L
similar to a number of proteins/domains that bind hydro- Several helices contain notable deviations from the features

phobic molecules such as retinol and fatty acids (Banaszakg'c adt_ypicaII:a helix in Iterms of g((ejometr_y ar;d/olg hydrogen
etal., 1994). However, the interior of the N-domain is tightly 20nding. For example, as noted previously (Boyington et

packed with aromatic and aliphatic side chains so that fatty
acid binding within the domain is most unlikely. The 2Ca atoms in the highly mobile loops of the N-domain were

resemblance is strongest to proteins/domains such as retinggxcluded by using only & atoms withB-values less than 40°AThe
binding protein RBPg(Cowapn et al. , 1990), that have an correlation coefficient wa€ = 5;(BL— B)({l— d)/(5:(BL— B)>
gp | T J ([MO— di)?)*2, whereB; is theB-factor for Gu;, [BLis the averag® for

eight-stranded barrel followed by a helix: the N-domain has the setd, is the distance from @ to the reference € atom, andd(]
a similar size, includes eiglft strands, and is followed by s the average distance for the set.

; ; ; ; 3 For the sake of comparisons with the structure described by
a helix 1, which spans residues 158 through 171 and is Boyington et al. (1993), the labels assigned to elements of secondary

assigned to the C-domain in the division describe_d aboVe. syrycture correspond to those found in that paper as well as in PDB
The resemblance does not extend to the topological orderentry 2SBL.

The C-Domain.As noted above, the C-domain (residues
47—839) is rich in helical structure. It contains 20 helices
that include at least six;@ a, or & hydrogen bonds as well
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FIGURE 4: (a, top) Stereo & trace of L-1 showing the spatial distribution of the temperature factors. The colors are assigned according to
the B-values of the backbone atoms as follows: colors from violet to light blue correspdwtatues between 10 and 3%;&olors from

yellow to red indicateB-values between 35 and 80 AThe green sphere represents the iron atom. In the N-domain, residues near the
domain—-domain contact exhibit loweB-values, whereas residues having higher values tend to be distant from that region. (b, bottom)
Correlation between thB-values of N-domain residues and their distance from‘€

al., 1993), two very long helices, helix 9 (residues 473 i+1, thus intervening between groups that otherwise would
518) and helix 18 (residues 67¥02), possess internal be linked bysz hydrogen bonds. Moreover, the carbonyl
m-helical segments that contribute side chains to the primary group of residué—1 is turned away from the axis of the
coordination shell of the active site Fe atom. In the case of helix and does not participate in helical hydrogen bonding,
helix 9, thesr structure includes residues 494 through 504 whereas the amide group of residus involved in ano-type
and ligands Hi¥° and Hi$%. For helix 18, residues 684 hydrogen bond with the carbonyl group of residud. These
through 690 form ther structure, and Hf8is a ligand. consistent disruptions suggest that the threonine or serine
The twoszr segments possess features in common that mayresidue stabilizes and perhaps initiates the transition from
be representative of the structural transitions necessary tothe  form to a tighter helix.
accommodater helices within longer helical segments. One  Helices 2 and 11 provide additional examples of interesting
shared feature is an extremely negative (for heligasysion variations in helical structure. Helix 2, residues 2248,
angle for the residue immediately prior to the first of the joins 3o, o, andz segments within a single continuous helix.
backbone amide groups involved:ntype hydrogen bond- It begins with one turn of 3 helix that merges into two
ing. For helix 9, the amide group of S& is the first turns of a helix. The helix then widens and bends to
hydrogen bond donor in the helix, and thep angle for accommodate nearly a full turn af structure and a proline
Met*’is —105°. The same value is found for S&F7, which residue before resumingstructure. The helix is capped at
precedes the first hydrogen bond donor in helix 18, A& its carboxyl-terminal end by a hydrogen bonded turn that
A second common feature is the presence of a residue withincludes a single residue in left-handed conformation
an extremely negativg angle and an hydroxylated side chain (Lys?’"). Helix 11, which borders the substrate binding site,
three residues before the lashydrogen bond donor: TH?, exhibits an unusual discontinuity. It begins at residue 534
¢ = —108, in helix 9; and once again S&f, ¢ = —10%, in regulara structure but opens at residues 545 and 546 to
in helix 18. In both cases, the side chain hydroxyl group of incorporate a dramatic interruption in the form of a reverse
residue apparently forms hydrogen bonds with the carbonyl turn spanning residues 54551. Remarkably, residues 552
group of residué—4 and with the amide group of residue and 553 then align with the first part of the helix, allowing
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Ficure 5: Stereoview illustrating the vicinity of the active site Fe atom. The hydrogen bond network (red dashed lines) and other nonbonded
contacts in the vicinity of the active site are illustrated. The nearest portion of the probable fatty acid binding pocket is within the space
bordered by residues GRS, Trp°90 His®%4 [1e3%8 and Led*t. Waters molecules are represented by small red spheres, and the iron is
illustrated by a larger magenta sphere. Fe ligand vectors are in green, and the residue numbers of the protein ligands are labeled in red,;
other residue numbers are in black. Carbon, nitrogen, oxygen, and sulfur protein atoms are in gray, blue, red, and yellow, respectively. The
figure was generated by MOLSCRIPT (Kraulis, 1991).

their amide groups to form hydrogen bonds with the carbonyl Table 4: Coordination Geometry of the Active Site Fe
groups of residues 545 and 546. The polypeptide chain distances (A)
returns toa-helical structure from this point to its termination

; . . defining at thi k 2SBL
at residue 555. Thus the helix is effectively extended past © 'n"nggj oms 15 wor
the interruption by an additional turn of helix involving Fe-His'* Ne2 223 2.21
. Fe—His®%4 Ne2 2.26 2.22
residues 554555. Fe—Hist% Ne2 221 2.25
An Alternatve Assignment of DomaindDivision of the Fe—lle83° 01 2.40 2.16
L-1 structure into two domains is supported by the spatial Fe—AsnGj‘;OM 3.05 3.16
separation of the N-domain from the remainder of the Fe-Wat*20 2.56
structure. Nevertheless, alternative assignments of domains angles (deg)
are possible and warrant consideration. In one of these, the defining atoms this work 2SBL
structure is divided into five domains such that four smaller = ics0s N2 Fe—His®® Ne2 95 02
domains of 96-170 residues associate on the surface of one  His5%4 Ne2— Fe—Hist% Ne2 106 100
larger, C-terminal domain. In this case, the first domain HiS§giN62—Fe—IIeB§4(231 92 107
; i i His*% Ne2—Fe—Wat*2 O 97
spans .reS|duesﬂ70 S0 th_at it includes the N-termindl His“ggNiZ—Fe—HissgoNeZ 102 105
sandwich and helix 1 and is thus analogous to the structure ;e N 5—Fe-Waf20 86
of RBP, as described above. The second domain includes |1e839 01— Fe—Hist% Ne2 36 82
residues 171250, which form a contiguous but loosely 1e¥¥° O1-Fe-Waf*2 O 82
organized unit; the hydrogen-bonded secondary structure is :!Szszg:ie‘ussz%z igz 159
limited to turns and short, isolatgtladders. Domain three, A O8] Fet 1599 Ne2 o 68
residues 251 to ca. 340, is organized into a three-stranded  Agrf% 01—Fe—Hisb% Ne2 92 96
antiparallel sheet and three well-defined helices (2, 3, and  Asnf**0d1—Fe-1le?*° 01 79 92
4). Domain four begins and ends approximately at residues ~ Asr***001-Fe-Waf*20 66
Asrb9 01— Fe—His?04 Ne2o 161 157

341 and 470 and comprises the five-strangesheet and
two associated helices (7 and 8). The fifth and final domain _* Values derived from PDB entry 2SBE.These angles should be
begins approximately at residue 471 near the N-terminus of 180 for ideal octahedral coordination; all other angles should 5e 90
core helix 9, includes the remainder of the polypeptide

chain (368 residues), and holds the catalytic site. It is Coordination of the Actie Site Fe Atom.Geometric
exclusivelya helical and encompasses more than ten helicesfeatures of the Fe site are presented graphically in Figure 5
organized about the two long, core helices (9 and 18). and quantified in Table 4. Under the conditions of this study,
Recognition of this alternative assignment of domains the active site Fe has five ligands at distances less than 2.6
prompts consideration of the possible functional roles the A: the side chains of H€%, His*% and Hi§%, one oxygen
peripheral domains may play. For example, motions of the atom (O1) from the carboxylate group of the protein’s
domains could facilitate binding, transport, and release of terminal residue, 1% and one water molecule (number
substrates and products. Indeed, likely entrances/exits to theB42). A sixth potential ligand, the side chai®Datom of
internal cavities implicated in substrate binding and passageAsn®®, is positioned in an appropriate direction to act as a
of the substrate to the binding site (see below) are locatedsixth ligand but is 3.05 A distant from the Fe atom. Thus
at interfaces between the catalytic domain 5 and peripheralAsnf®* is weakly associated with the Fe but completes the
domains 3 and 4. coordination sphere. The binding of the terminal carboxylate
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FIGURE 6: |Fo| — |F.| density from a simulated annealing omit map (Hodel et al., 1992) calculated in the vicinity of the Fe atom and its
ligands. The omitted region consisted of two overlapping spheres of 8 A radius surrounditfj akdtAsri® The map was calculated

using data in the range of 1.4 A resolution and is contoured at & 5vhereo is the standard deviation of the map. The side chains of
residues 499, 504, 690, and 694 as well as the atoms C, O1, and O2 of lle 839 are illustrated. Atom colors are as follows: C, orange; N,
cyan;, O, red; Fe, magenta.

is unequivocally monodentate: the second carboxylate L-1 by Scarrow et al. (1994); prior EXAFS studies of L-1
oxygen atom (02), which forms a hydrogen bond with the yielded shorter average values between 2.05 and 2.09 A for

water ligand, is 3.55 A distant from the Fe. models with 6+ 1 ligands (Navaratnam et al., 1988; Van
Relative to our previous report, there are two significant der Heijdt et al., 1992). The average distance in the four-
changes: a water molecule has been locaimus to His*© coordinate, Boyington 2SBL model is 2.22 A. Based on a

and adjacent to the active site cavity; the relatively weak survey of relevant small molecule crystal structures (Scarrow
association of Asi?* has been established. Relative to the et al., 1994), the average Feljgand distance is expected
structure of Boyington et al. (1993), the most significant to be within a range of 2:12.2 A. The difference between
difference is the observation of the water ligand. Its absencethe other measurements or expected values and the larger
in the Boyington 2SBL modél seems likely to be a  average value observed in this crystal structure may be within
consequence of the differences in experimental conditions,the random error of the analysis. However, the consistently
which include temperature (100 K in this work vs room longer individual distances suggest a systematic error that
temperature), pH (5.6 in this work vs 7.0), and the identity may, for example, be related to the refinement method; note
and concentration of cosolutes:—84% PEG-3350, 28%  that no specific restraints were applied to the-kgand
ethylene glycol, and 0.1 M sodium acetate in this work vs distances whereas bonds, angles, and nonbonded contacts
4.6 M sodium formate, 1.0 M ammonium acetate, 600 mM among protein atoms were strongly restrained. As noted
LiCl, and 20 mM MES. The water ligand was clearly vis- above, alternative refinement schemes or methods will be
ible in the first maps calculated with 1.4 A data and was tested in future studies.
among the first waters added to the model. It has a refined The Fe-binding site has distorted octahedral geometry but
B-factor of 27 &, which is comparable to thB-factor for is much less distorted than indicated by previously reported
the Fe atom, 22 A However, the water ligand was not data. For example, the liganéFe—ligand angles for the four
observed in early stages of the current study, which dependedstrong protein ligands deviate from the expected values for
on lower resolution data measured at room temperaturean octahedron by an average of. 9For these ligands,
and phases based on an unrefined and incomplete modelBoyington et al. (1993) originally reported data that gave
A simulated annealing omit map confirming the presence an average of 14 whereas the value for their 2SBL model
of the water ligand and illustrating the orientation of is 12. For our model, inclusion of the water ligand and
AsrP%is shown in Figure 6. Additional information pertain-  Asn®®* increases the value to 11Boyington et al. (1993)
ing to the presence of a water ligand and to the possible also noted that the FeNe2 bond for Hig% was 33 out of
stronger binding of Asf#4in other circumstances is consid- the plane of the imidazole ring in their model and discussed
ered below. the possibility of sphybridization for this nitrogen; the bonds
The average Feligand distance in this crystal structure and rings were described as coplanar for®Miand Hi$%.
of ferrous L-1, 2.33 A (excluding A$f), as well as each  In our model, the FeNe2 bonds are 1% 6°, and F out of
of the individual distances, is larger than the first shell the plane of the ring for Hi§® His®*4 and Hi$%, respec-
distance of 2.13 A determined for a five-coordinate model tively; the corresponding values for the Boyington 2SBL
with three N and two O ligands in a recent EXAFS study of model are 18 6°, and 3.
In our model, the locations of Hi% and As§* may be
4Some structural data reported in Boyington et al. (1993) are considered axial by geometric criteria. The Fe atom is
inconsistent with the associated PDB entry, 2SBL. Descriptions ascribed displaced by 0.32 A toward 42 of Hist% from the least-
to “the (Boyington) 2SBL model" are derived from the PDB coordi- gq)ares plane defined by the bonded atoms of the other four
nates. When it is necessary to refer to conflicting data appearing in . . .
Boyington et al. (1993), an explicit reference to that publication has ligands, which themselves deviate from the plane by a root-
been made. mean-square value of 0.17 A. Thus, if A&&hs discounted
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as a ligand, the overall coordination could be described asinactive, and the 5-Lox variants described above all possessed
square pyramidal with H#* as the axial ligand. marginal or unmeasurable activity.

The results of spectroscopic studies are generally in In this context it is interesting that the orientation of the
agreement with the geometry observed in our crystal structureAsrf®* carboxamide group is involved in four polar or weakly
and are certainly more consistent with this structure than polar interactions: (i) the interaction betweeX%* and
with the four coordinate Boyington 2SBL model. Two the Fe atom; (ii) a possible hydrogen bond betweéd%
independent examinations of XANES data, coupled to the and Ne2 of GInf9’ (3.1 A, distorted geometry); (iii) a
EXAFS studies cited above, produced preferred models hydrogen bond betweend®t®* and the backbone carbony!
with five- (Scarrow et al., 1994) or six-coordinate Fe in group of Led® (2.8 A, good geometry); and (iv) an amino
the ferrous form of the enzyme (Van der Heijdt et al., aromatic interaction (Burley & Petsko, 1986; Levitt & Perutz,
1992). CD and MCD data were interpreted in terms of a 1988) involving an N2%%4proton and the side chain of Pfe
six-coordinate rhombically distorted octahedral site (Whit- (3.1 A from N92 to the center of the ring, good geometry).
taker & Solomon, 1988). Nesbauer spectra were also Sequence alignments indicate that the latter interaction is
consistent with octahedral symmetry and led by extrapolation highly conserved among lipoxygenases with an asparagine
to a proposal of a six-coordinate site (Dunham et al., 1990). residue at the equivalent position: all but one also have a
It is important to note that many of these measurements, asphenylalanine residue at the position corresponding t&°Phe
well as the diffraction measurements reported here, were Each of these interactions is clearly visible in Figure 5.
made with frozen samples in the presence of low molecular The dominant interaction is likely to be iii, and it appears
weight alcohols used as glassing agents. The X-ray absorpthat only the weaker interactions ii and iv are in conflict
tion studies of Scarrow et al. (1994) suggest that such with the formation of an Fe0d15%*bond: adjusting the side
reagents may affect the coordination number andligand chain torsion angles of At so as to move @15 closer
distances. to the Fe by at least 0.6 A does not significantly lengthen

The Water Ligand.Wa#*?binds to the Fe in the equatorial the N-to-O distance of interaction iii nor does it require poor
plane of the complex. Its position teansto His*° and is hydrogen-bonding geometry. Such an adjustment appears
at the boundary of a large internal cavity that is presumably to eliminate interactions ii and iv, but the latter may be
the site of fatty acid binding. As illustrated in Figure 5, rescued by a small adjustment of Pl Moreover, the
binding of the water ligand is stabilized by a hydrogen bond proton that mediates interaction ii also participates in a
with the nonligated oxygen atom (O2) of the terminal second, distorted hydrogen bond with the carbonyl group of
carboxylate group. For the ferrous enzyme, evidence Asnf® and this hydrogen bond may be strengthened if the
relevant to the presence or absence of a water/hydroxideconformation of Asf?* is adjusted; i.e., the energetic cost
ligand from other methods is limited. EXAFS studies of sacrificing the interaction of &27°7 with O915% may be
suggest 57 ligands (Van der Heijdt et al., 1992; Scarrow recovered by an improved interaction with the carbonyl
et al., 1994) and are thus consistent with models that includegroup. Thus it is structurally feasible that oxidation of the
a bound water. In contrast, Whittaker and Solomon (1988) Fe, or other changes in the structure of the active site that
did not observe changes in the MCD spectrum of ferrous occur on substrate binding, might strengthen the ligation of
L-1 in the presence of Ki NaF, or NaOCN and concluded 00d1%%4to the Fe.
that binding of the Fe by exogenous (nonprotein) ligands Observations concerned with the behavior of the Fe atom
did not occur. In the case of the ferric enzyme, the evidence during refinement and the appearance of the final electron
is somewhat more compelling in that the EXAFS studies density maps may also be relevant to the possible formation
strongly favor a six-coordinate site and suggest that anof a stronger Fe001%°* bond. Simulated annealing was
hydroxide ion is a ligand. In addition, Nelson (1988) performed at various stages of the refinement both along the
reported that features of EPR spectra obtained from ferric productive path and in control experiments. It was generally
L-1 were broadened in the presence gi'®. Although the observed that the ligands would return to the same positions
EPR spectrum was perturbed by the addition of ethanol or within a few hundredths of an angstrom but that the Fe
cyanide, broadening was not eliminated. position would vary by tenths of angstroms along the axis

Asrf%. As noted above, @1 of Asrf%is too distant from  of Ne2°**and 1%%4 In fact, the final model has an extreme
the Fe (3.05 A) to be considered a strong ligand. This result Fe—001%% separation. Furthermore, the final electron maps
is consistent with the observation that substitution of the show features consistent with an anisotropic fluctuation of
corresponding asparagine (A& in the E. coli expressed  the position of the Fe. The [Bo] — |F.|) map has negative
soybean L-3 isozyme with histidine, alanine, or serine densities of small volume, at three times the standard
resulted in proteins that maintained the ability to bind Fe deviation of the map, within thgK,| — |F.|) density of the
(Kramer et al., 1994). Similar results were obtained for Fe atom and along the H¥8—Waf*?axis. In addition, there
replacements of ASH in E. coli expressed human 5-Lox are positive features associated with both the Fe atom and
with glutamine, aspartate, or alanine (Hammarberg et al., 061%*along the vector between them. Taken together, these
1995). MCD studies have suggested that the ferrous andobservations are consistent with disorder in the-©615%*
ferric forms of L-1 have very similar Fe coordination (Zhang interaction and suggest that the Fe and1®* are more
et al.,, 1991). In contrast, changes in the Fe coordination asclosely associated in a significant fraction of the molecules
a result of oxidation and/or substrate binding have beenin the crystal.
implied by several X-ray absorption studies (Scarrow et al., It must be noted that amido oxygen atoms are weak ligands
1994; Van der Heijdt et al., 1992, 1995). Thus it remains for Fe and other transition metals and that Fe ligation by an
possible that Asi¥* acts as a ligand in forms of the enzymes amido oxygen would be unusual. In fact, a search for small
important for catalysis. Indeed, the alanine- and serine- molecule examples of Feamido oxygen bonds using the
substituted L-3 proteins described above were catalytically Cambridge Structure Database System (Allen & Kennard,
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1993) revealed only three structurally distinct compounds. of Sef% and the side chains of THE, Lelf* and Vaf®
Nevertheless, four examples of bonds between transitionAt this point, 8 A distant from the Fe atom, the pocket is
metals and amido oxygen atoms have been observed injust large enough for a single water molecule. In the view
protein crystal structures reported within the past year. Theseof Figure 5, the end of cavity | lies approximately on a line
include a glutamine to Mn bond in isopenicilld-synthase  that ends at the Fe atom and bisects th¢¥idHis®° edge
(Roach et al., 1995), asparagine to Zn bonds in purple acidof the coordination polyhedron. Cavity Il is a 40 A long,
phosphatase (Stex et al., 1995) and calcineurin (Griffith  narrow, and winding cavity that extends in two directions
et al.,, 1995), and a bond between an asparagine and grom a bend near the Fe atom. The more remote end of the
unknown metal (Mn, Fe, or Co) in protein phosphatase 1 cavity was defined by the side chains of residues®tend
(Goldberg et al., 1995). Leu®®, approximately 30 A from the Fe; the closer end was
The Extended Fe Binding SiteThe interactions that  not well defined. In the view of Figure 5, the water ligand
contribute to the binding of the water ligand and the is above the bend in the cavity, and the remote end is to the
positioning of Asfi® are part of a larger network of hydrogen left.
bonds and noncovalent interactions that may play important Boyington et al. (1993) noted that many of the residues
roles in the structure of the active site in states along the lining cavity | have hydrophobic side chains and that some
reaction pathway. Many of these are illustrated in Figure are conserved. They concluded that the cavity “presents an

5. Only one of the histidine ligands, the axial ligand ¥is

is positioned by a proteinprotein hydrogen bond. More-
over, it appears that the location of Ftsmay be a critical
anchor in an otherwise relatively plastic active site. First,
the hydrogen bond links &25°4 with the Q)1 atom of a
conserved residue, A3, Second, Ast#®is in turn hydro-
gen bonded via an &lproton to the side chain€ atom of
the conserved residue G which is further hydrogen
bonded via its @2 atom to the backbone amide group of
Gly?'8 ltis possible that the entire chain of hydrogen bonds
is important for positioning HM% for human 5-Lox,
replacement of the residue corresponding to°@l{of L-1)
with a glutamine residue resulted in an inactive enzyme (Ishii
et al., 1992).

His® which istransto the water ligand and the substrate
binding cavity, forms hydrogen bonds via it proton
with one or both of two water molecules that are part of a
chain of waters leading to the surface of the protein.
Contrary to Figure 4 of Boyington et al. (1998)he N61
atom of Hig%is not involved in a hydrogen bond with Gt

ideal path for the movement of molecular oxygen from the
outside into one of the two unoccupied coordination sites of
the iron”. Both points warrant further discussion.

First, it is misleading to characterize this cavity as
hydrophobic. In our current model, at least 22 water
molecules are found in cavity | and within 20 A of the Fe
atom. All but five of these waters form hydrogen bonds
with the protein; nine distinct backbone carbonyl or amide
groups and 10 different side chains are involved, and there
are 25 waterprotein hydrogen bonds.

Second, the “unoccupied” Fe coordination sites are not
empty in our model but rather are occupied by the side chain
of Asrf* and the water ligand. Moreover, a direct path to
these sites is blocked by a 4.4 A contact between th2 C
atoms of Tht® and Vaf% (>6 A from the Fe) as well as
the side chains of H#8, His®C, and Asi§®. Movement of
an oxygen molecule to either site from cavity | requires
displacement of the existing occupant as well as a substantial
rearrangement of the protein structure that must (i) remove
the restriction formed by the side chains of PAand Vaf®3

or any other protein residue or water molecule. The closestand (ii) either disturb a strongly associated ligand {Misr

potential acceptor is indeede@s, but it is 3.6 A distant
from N615%4and 2 A (34) out of the plane of the imidazole
ring. It is interesting that €@1*%, which borders the fatty

acid binding cavity, is an unsatisfied hydrogen bond acceptor.

His®% or drastically alter the protein structure near £én
Contrary to the conclusions of Boyington et al. (1993), a
minor reorientation of the A$# side chain is not sufficient

to provide access to the Fe. The key restriction in this case

Perhaps rearrangement of the active site during catalysisis a 4.1 A contact between the Fe an@®®, which is

causes it to accept a hydrogen bond from*Hisr to interact
with the substrate.

The apparent requirement for an isoleucine or valine

unaffected by changes in the side chain torsion angles and
unlikely to be increased by alteration of the backbone torsion
angles or gross displacement because®®ss within helix

terminal residue (839 in L-1) was discussed above. Although 18. Furthermore, reorientation of A8fso as to free a site
this preference may be explained by interactions betweenfor O, to bind, as proposed by Boyington et al. (1993), seems
the side chain and the substrate, it may also reflect a roleunlikely. Not only must this reorientation disrupt four polar

for a g-branched side chain in functional Fe coordination.
Note that nonbonded contacts involving the twp &oms

interactions involving @15% and N25%* (see above), it must
move 315% within a limited volume by approximately 3

may influence the orientation of the terminal carboxylate as A against the resistance of several nonbonded contacts. It

well as the conformations of P#éand Leu>*

Cavities and Substrate Access ChanneBoyington et
al. (1993) identified two major cavities in the C-domain.
Cavity | is a conical invagination that leads fromd0 A
wide opening at the surface of the protein2Q A from the

appears that such an event would require a substantial
rearrangement of additional residues and/or a gross move-
ment of helix 18.

Given the above, it seems unlikely that cavity | is ideally
or uniguely suited for @delivery. A likely alternative would

Fe) to a small pocket defined by the backbone carbonyl groupbe a path that utilizes cavity I, which provides immediate

5 Figure 4 of Boyington et al. (1993) is inconsistent with the results
of this work and with PDB entry 2SBL and appears to be in error. The

access to the Fe through the water binding site. A third

6 Residues that surround cavity | include €ysval®®8, 1le359, Arg®6°,

figure implies either that one atom of the side chain carboxamide group Tyr*%, lle*'2 Tyr*%3 Met*®’, Sef%, LelP%, Asr®, Thie% Val7, Asrp’s,
of GIn**%is both a hydrogen bond donor and an acceptor or that the Trp®™4, ValP’™, Asp’® GIn®™® LewP8:, Asp® Lys*®, Arg®8 Tyré10

side chain Hi&? is in the imidazolate (doubly deprotonated) state.

Trpt84, Lelf®, and Vaf
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Ficure 7: Shape, volume, and location of cavity Ila (the putative fatty acid binding pocket) illustrated as a molecular surface (Connolly,
1983) in green dots sui)erimposed on the refined model. The figure was prepared with the QUANTA package as described in the text using
a probe radius of 1.4 A and radii of 1.90, 1.82, 1.65, and 2.00 A for C, N, O, and S atoms, respectively. A few residues are numbered to
mark the location of features described in the text. With the exception ¢f*¢.and Phé&>, residues in front of the cavity were deleted to

allow a clear view. The iron atom is represented by a purple sphere. Water molecules are represented by smaller, red spheres. Carbon,
nitrogen, oxygen, and sulfur protein atoms are in gray, blue, red, and yellow, respectively.

possibility follows a chain of water molecules that leads from cavity Ilb after a rearrangement of the side chains of¥et
the vicinity of the side chain of H#8 to the surface of the  and Led®at the distal end of the cavity, which in our model
protein along a winding and narrow 20 A pathway that passeswould open a 6.5 A wide portal. Rearrangement of the side
between Pr&* and I1€%° and reaches the surface in the chains of Ard®” and Vaf>* would be required to allow the
vicinity of His>*® and Arg33. Lew?®s, AsrP34 Ala’8 and fatty acid to pass from cavity llb into lla. Although subtle
Glu®' are also along the path. Approach of il this route changes at this point should be sufficient to open a channel
seems less likely because it is substantially more confinedfor water, a larger opening may be required for fatty acid
and convoluted than the cavity | path and would similarly substrates containing one or mogg4)-1,4-pentadiene units.
require rearrangement of residues in the Fe binding site tolf so, the side chain of Arf§” must be displaced significantly,
reach the Fe or fatty acid substrate. which would require the disruption of a hydrogen bond

Boyington et al. (1993) describe cavity Il as a narrow (perhaps a buried salt bridge) it forms with A%p More-
passage with sharp bends near the Fe atom and at thé&Ver, the Ar(j°7 side chain would be displaced into 1lb or
constriction formed by the side chains of A¥gand Vaf5*. lla, either further blocking the access channel (lib) or
Because the passage is completely blocked by a 3.5 A contacteducing the free volume in the proposed binding cavity (l1a).
between these side chains, it is more appropriate to define Assuming the two barriers can be removed, the substrate
two cavities, lld and 1lb® with lla close to the Fe and serving  must snake along a convoluted path as much as 40 A in
as the probable binding cavity for the fatty acid substrate. length, and it must displace a large number of protein-
Both lla and Ilb are sandwiched between two layers of associated water molecules as it goes. Displacement of water
helices, with helices 9 and 11 on one side and helices 2, 6,from cavity llb may be difficult because the space is
18, and 21 on the other. A molecular surface for cavity lla relatively confined (cf. Levitt & Park, 1993) and because
is illustrated in Figure 7. 11 of the 14 crystallographically ordered waters that fill the

Cavity Il is wholly internal, and thus the point(s) of entry cavity have lowB-values less than 13%A In that only 3%
and exit for the fatty acid is (are) difficult to identify. of the waters hav8 < 13 A2, the Ilb waters are among the
Boyington et al. (1993) proposed that the substrate entersleast mobile in the crystal structure.

Although the cavity IIb route is feasible, the analysis above
7 Residues that surround cavity lla include T4r Let?ss, GILse, suggests that it i; not ideal and that alternative routes may

Gly?Se, Thr%S, Leuf%s, His*®, Trp>®, His™“, 11e%, Lelp4, Ala®*2, 11e%+7, exist. One promising alternative is located at the opposite

lle%, VaP®, Sef®’, and Il€=, which line the subcavity proximal to  end of cavity Ila, far away from Ilb and relatively close to

the Fe (see Figure 7); Gf%, LelP*s, 1le”>3, and Led>*, which contribute . .
to both the proximal and distal subcavities; and¥falSef?!, His*®4, the Fe atom. In this case, access to lla is barre_dCBA .
11552, [1e553, This56, PhéS", GInt%7, Gly™®L le7% Arg™, Thr’®®, Sef*’, from the Fe atom by two contacts between side chain
Leu8, Val™®C and Il€%%, which line the distal subcavity. atoms: Th?590y1 and I_eﬁ“lCﬂ, 4.6 A; LysZGOCﬁ and

8 i i i 341 45 . . .

Residues that surround cavity Ilb include T¥p Met®, GIL, Lewb41Co2, 5.3 A. Sterically unhindered adjustments of the

Phe“s, GIu3*S, Met®0, Gly3%3 Val*%, Asr?sS, ValFe, [le®d, Leu!?7, Leu®, . ; s 1 -
Lys*83 Ala‘®4 Val*®, [le%7, ASrf%, Tyr'% Mef'® Asrv%, Arg7®?, Pro% side chains of ThP° and Led* appear to be sufficient to

and Tyr34 open a channel wide enough A) for entry of a fatty acid.
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The characteristics of the crystallographically ordered water space between the side chains of &inLelP*6, and Led®

on both sides of the barrier also seem favorable. Two watersFrom this point, the subcavity bends gently and passes
are located 5.6 A apart on opposite sides of the barrief®®at through a narrow opening bordered by the side chains of
(B = 31 A?) inside the cavity and W¥#° (B = 32 A?) on GIn*%5 Phé%’, lle’L, and Set*’ before opening into a larger
the outside. The path from WHAt°to the surface is direct  space that extends to the barrier of A¥gapproximately
and requires displacement of only one ordered water (2063)12—14 A from the intersection. A cluster of eight ordered
that is effectively at the surface (5 A away) and h&\alue water molecules fills this end of the subcavity, which is
of 42 A2. On the inside, W4#! is hydrogen bonded to the  bordered by several side chain and backbone atoms capable
carbonyl oxygen of Let¥ but is otherwise surrounded by of forming hydrogen bonds.

the nonpolar side chain atoms of %€ LelP*, Ala>* Given the flexibility of linoleic acid [9Z),12(Z)-octadeca-
Leu™ and The>®. The distance from W to the Fe’s dienoic acid] and the protein side chains that border the
water ligand is 6.3 A, and only one water molecule intervenes cavity, it is not possible to define a specific binding mode
(Wat“, B = 49 A?), for the substrate based on the current information. In fact,

Examination of the internal and external molecular surfaces a unique mode may not be expected: under laboratory
suggests two additional points where a channel might openconditions, L-1 will convert linoleic acid to both 9- or 13-
to connect cavity lla with the external surface. One of these hydroperoxide products with varying degrees of regio- and
is marked by Wdf28 which is within 10 A of the surface  stereospecificity (Christopher et al., 1972; Gardner, 1989).
and is blocked by the side chain and backbone atoms ofL-1 similarly produces different hydroperoxides frord,9
Lew?® and 1l The second is marked by W& (<10 A 12E and %,12Z substrates (Funk et al., 1987) and exhibits
from the surface) and is blocked primarily by the side chain flexible regiospecificity in its reactions with a selection of
of Val*®4 A branched, solvent-filled channel leads to the (Z,2-3,6-dienyl 1-monoadipates (Datcheva et al., 1991;
surface from the remote side of V&l Scheller et al., 1995).

All of the proposed access routes rely on entrances that In some of these cases, the stereochemistry of the products
are slightly smaller than the proposed “portal” of the is consistent with the existence of binding modes that are
adipocyte lipid binding protein, ALBP (Banaszak et al., reversed in a head-for-tail sense (Gardner, 1989). Given the
1994), where, based on an examination of PDB entries 1LIB generally symmetric, bent shape of the proximal subcavity,
(Xu et al., 1993) and 1ADL (LaLonde et al., 1994), the itis tempting to speculate that the substrate/product variations
restrictive distances between backbone andfatoms are might be explained by head-to-tail reversed binding modes
larger than 7 A. If a larger entrance is required, a gross that utilize only this space and not the distal subcavity. In
movement of one or more helices would be required; the fact, the bend in the proximal subcavity near the Fe is
most likely scenario would be the opening of a gap between generally compatible with the90° change of direction that
helix 2 and helix 11. Any of the proposed entrances might would be imposed on the substrate bygig,cispentadiene
also play a role as exit ports for the ordered and disorderedunit with both the C16-C11 and C1+C12 bonds (i.e., both
water (Ernst et al., 1995) that occupies the cavities in the single bonds involving the central methylene carbon, C11)
absence of fatty acids. in the trans conformation. However, both arms of the

Possible Modes of Substrate Binding and Their Rabee proximal subcavity appear to be somewhat too short to
to Chemical MechanismsAlthough the structure of the accommodate the longer branch of the substrate if it were
enzyme is not static and may change upon binding of to adopt a generally extended conformation. Thus, kinking
substrate, it is possible that important features of the structureof the aliphatic chains of the substrate, extension of the
of the bound substrate, and its interactions with the protein substrate through one of the potential openings, and/or
can be predicted from the existing information. For example, rearrangement of the protein would be required for the
it is clear that cavity lla can accommodate C18 and C20 substrate to bind without utilizing space in the distal
fatty acids in relatively extended conformations but cannot subcavity.
accommodate U-shaped conformations such as those ob- It is also necessary to consider whether linoleic acid can
served for arachidonic acid bound to ALBP (LaLonde et al., bind in a mode that utilizes both subcavities. Although the
1994) or for stearate, elaidate, and oleate bound to humanportal between the subcavities is narrow, manual fitting of
muscle fatty acid binding protein (Young et al., 1994). models for linoleate and arachidonic acids suggests it is

Viewed in terms of its molecular surface, as in Figure 7, possible for the polar end of the substrate to bind in the
the shape of cavity lla is complex and has three major water-filled pocket at the end of the distal subcavity while
branches. However, it is possible to describe cavity lla in the aliphatic end of the substrate binds in the pocket of the
terms of the intersection of two subcavities he subcavity proximal subcavity that terminates near B8u In this mode,
proximal to the Fe bends by roughly 12@s it passes the substrate has a relatively extended conformation but must
between Lebf®and the Fe atom, has two arms roughly® gently bend in opposite directions at two points, as in the
A in length, and has a shape that is approximately 2-fold symbol “~". One bend is necessary in the vicinity of the
symmetric about an axis that passes through the Fe atomFe atom, where the pentadiene moiety should bind. A second
One arm leads to the alternative entrance neateuhere bend would allow the substrate to reach into and conform
it ends in a pocket lined primarily with nonpolar side chains, to the distal subcavity.
as described above. The other arm passes betweéffLeu  Because the substrate’s binding mode is uncertain, it is
and GIrt®s to a hydrophobic pocket surrounded by E¥u difficult to evaluate structural features of the various steps
Lewr?, 11e%%3 and Trp®. Buried waters are found at the in the several proposed chemical mechanisms (Nelson &
ends of both arms. Seitz, 1994). Nevertheless, the environment of the Fe and

One end of the second subcavity intersects the proximal its water ligand suggest some limitations with respect to the
subcavity 4 A from the Fe atom in an extremely restricted proposed mechanisms. For example, a mechanism proposed
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by Corey and Nagata (1987) postulatesoargano-Fe might serve as the effective base, leading to [Fe(@H,]**
intermediate. In terms of the structure of the free enzyme, after acquisition of a hydrogen atom. This proposal is
the Fe’s water ligand would be replaced by the C13 atom of consistent with the presence of a water ligand in the crystal
the substrate. Although the water site borders on the structure as well as recent EXAFS models for the ferric
substrate binding cavity, replacement of the water by C13 enzyme (Van der Heijdt et al., 1992; Scarrow et al., 1994),
seems unlikely because access by a large molecule iswhich are six coordinate and include a short (1.9 A}-Be
restricted by the side chains of Gl GIn%%7, Leu’®* and bond. Itis interesting to note that our attempts to manually
11e®3 as well as the C-terminal carboxylate: these protein fit the substrate models into the proposed binding site suggest
groups would be in steric conflict with the rest of the it is easier for C11 to approach the site of the water ligand
pentadiene unit and/or C14. Thus, unless a significant if substrate is kinked in the sense described above.
rearrangement of the protein structure occurs, it would appear Scarrow et al. (1994) also discuss several possible schemes
that direct binding of the substrate to the Fe is prohibited. for the subsequent steps. Schemes that include a covalent
In contrast, the formation of a peroxy-bridged (F@O— organo-Fe intermediate seem to be disfavored by the crystal
substrate) intermediate, which is a feature of this and other structure, as noted above. It also seems unlikely that the
reaction schemes, is not necessarily prohibited; the peroxymechanism can exploit an Fe-bound hydroxide in the
group would span the constriction, allowing the substrate to hydrogen abstraction step and subsequently form a peroxy-
remained in a less restricted space. bridged intermediate. The observed stereochemistry requires
The limited space in the substrate binding cavity may also that hydrogen atom abstraction and oxygen attack occur on
have significance with respect to consideration of the opposite faces of the pentadiene unit, but the environment
structures of possible fatty acyl radical reaction intermediates. of the Fe and substrate binding sites does not provide two
One potential intermediate is the pentadienyl radical wherein ligand sites on opposite faces. Thus a mechanism that
the unpaired electron is delocalized over C9 through C13, exploits an Fe-bound hydroxide in the hydrogen abstraction
implying that C8 through C14 are essentially coplanar (cf. step and an Fe-bound dioxygen in a subsequent step would
Nelson et al., 1990). A recent alternative proposal (Nelson require the substrate to undergo a large conformational and/
et al., 1994) suggests that the radical may b&'&[9,10,- or orientational change between the two steps. Such an event
11]-allyl radical, an isomer of the pentadienyl radical wherein seems unlikely within the hindered environment of the active
rotation about the C12C12 bond disallows delocalization site. Therefore, if the initial hydrogen abstraction is pro-
of the radical over the C+2C13 orbital. In this case, the  moted by Fe-bound hydroxide, this interpretation argues
restriction of coplanarity applies separately to the C8 through against a mechanism wherein the observed variations in
C11 and C11 through C14 groups, and the substrate mustregio- and stereospecificity are controlled by the specific
be significantly kinked at C11. The structure of the free location of an Fe-bound dioxygen. On the basis of the
enzyme appears to favor such a kinked conformation becausestructure, it seems more likely that the enzyme engenders
of the distances between side chains that border thespecificity by requiring a relatively specific approach of
presumptive fatty acid binding site. Specifically, for the dioxygen through steric interference or other means.
substrate’s pentadiene unit to approach the site occupied by
the Fe’s water ligand, C8 through C14 must fit between the REFERENCES
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