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ABSTRACT: Histidine ammonia-lyase (EC 4.3.1.3) catalyzes the nonoxidative elimination of theR-amino
group of histidine and is closely related to the important plant enzyme phenylalanine ammonia-lyase.
The crystal structure of histidase fromPseudomonas putidawas determined at 2.1 Å resolution revealing
a homotetramer withD2 symmetry, the molecular center of which is formed by 20 nearly parallelR-helices.
The chain fold, but not the sequence, resembles those of fumarase C and related proteins. The structure
shows that the reactive electrophile is a 4-methylidene-imidazole-5-one, which is formed autocatalytically
by cyclization and dehydration of residues 142-144 with the sequence Ala-Ser-Gly. With respect to the
first dehydration step, this modification resembles the chromophore of the green fluorescent protein. The
active center is clearly established by the modification and by mutations. The observed geometry allowed
us to model the bound substrate at a high confidence level. A reaction mechanism is proposed.

Amino acid degradation starts in most cases with the
oxidative removal of theR-amino group catalyzed by
transaminases and resulting inR-keto acids. The degradation
of histidine to glutamate, however, follows a different
pathway. In the first step catalyzed by histidine ammonia-
lyase (histidase, EC 4.3.1.3), theR-amino group elimination
results in theR-â-unsaturatedtrans-urocanate (Scheme 1).
Urocanate has been suggested to function as a sun blocker
in human skin (1). Histidase failure in humans is known as
the disease histidinemia (2).

The catalyzed elimination reaction is a chemical challenge
because the enzyme has to abstract a nonacidic proton from
the substrate Câ atom neighboring the highly acidicR-am-
monium group, which must remain protonated to provide a
good leaving group. The same reaction mechanism has been
suggested for the homologous (19-29% sequence identity)
enzyme phenylalanine ammonia-lyase from plants (EC
4.3.1.5) (3, 4), which produces cinnamic acid as the precursor
of lignins, coumarins, and flavonoids (5).

The deamination reaction catalyzed by these two enzymes
requires an electrophilic group. On the basis of chemical
modification experiments (6, 7) and mutational studies (8,
9), this group was proposed to be a dehydroalanine residue
that is formed autocatalytically from a serine, here from
Ser143. Dehydroalanine is only very rarely observed like,
e.g., in peptide antibiotics such as nisin (10), or as a result

of side chain eliminations in proteins (11, 12). We present
here the structure of histidase at 2.1 Å resolution, establishing
a polypeptide modification that forms a novel catalytically
essential electrophilic group.

MATERIALS AND METHODS

Enzyme Production and Assay. Histidase fromPseudomo-
nas putida(13) was expressed inEscherichia coli(14) and
purified by fractionated ammonium sulfate precipitation, ion
exchange chromatography (Q-Sepharose), and gel permeation
chromatography (Superdex-200) (8). The enzyme activity
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Scheme 1

Table 1: Data Collection and MIR Phasing Statistics

Native-A MMA CIP Native-B

space group P21 P21 P21 I222
resolution (Å) 38-2.6 28-2.8 34-4.0 39-2.1
total no. of observations 141380 133653 44660 82830
no. of unique reflections 58970 46749 19386 28972
completeness (%)a 79 (59) 76 (72) 94 (90) 83 (66)
averageI/σ(I)a 8.4 (3.8) 10.9 (8.4) 8.6 (10.7) 7.9 (3.0)
redundancy, overalla 2.4 (1.4) 2.9 (1.9) 2.3 (1.6) 2.9 (1.6)
Rsym (%)a,b 7.8 (18.1) 5.4 (8.2) 5.6 (6.5) 8.2 (18.2)
Riso

c - 22.5 17.1 -
no. of sites - 19 14 -
phasing powerd - 2.0 1.0 -

a Values for the outermost shell are given in parentheses.b Rsym )
∑hi|Ihi - 〈Ih〉|/∑hiIhi, wherei counts through symmetry-related reflections
h. c Riso ) ∑h|FPH - FP|/∑hFPH, whereFPH andFP are the derivative
and native structure amplitudes, respectively.d In the resolution range
of 28-4.0 Å.
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was determined as the rate of urocanate formation measured
spectrophotometrically at 277 nm (15). For a standard assay
(8), the enzyme was preincubated at 25°C for 5 min in a
buffer containing 2.5 mL of 0.1 M pyrophosphate (pH 9.3),
10 µM ZnCl2, and 2 mM glutathione. The reaction was
started by adding 200µL of a 0.5 M histidine solution.

Crystallization and Data Collection. Crystals of histidase
mutant Cys273f Ala (16) were grown by the hanging drop
vapor diffusion method from a 1:1 mixture of 14 mg/mL

protein with a reservoir solution [2.0 M (NH4)2SO4, 1%
glycerol, 2% PEG-400, and 0.1 M HEPES (pH 8.1)]. Data
were collected using CuKR radiation from a rotation anode
(Rigaku, model RU200B). Data sets Native-A, CIP, and
Native-B were collected with a multiwire detector (Siemens,
model X-1000) and processed with the program XDS (17);
data set MMA was collected with an imaging plate (MAR-
research, model 30-cm) and processed with the program
MOSFLM (18). Data set Native-B was collected at a

FIGURE 1: Stereoview of a histidase subunit chain fold. (A) CR plot using a color gradient along the chain with dots at every tenth residue;
some dots are labeled. (B) Ribbon plot with the N-terminal (residues 1-198, green) and C-terminal domain (gray). The modified loop
containing 4-methylidene-imidazole-5-one (MIO, ball-and-stick model) is surrounded by residues (blue) from the same subunit and from
two other subunits. Two segments have weak electron density (yellow). The molecular 2-fold axes are indicated.
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temperature of 100 K. For shock-freezing, the crystals were
equilibrated with 20% (v/v) glycerol in the reservoir solution.

Structure Determination. Crystal form A was used for
multiple isomorphous replacement (MIR)1 phasing. For
preparation of heavy atom derivatives, crystals were soaked
with methylmercury acetate (MMA) andcis-Pt(NH3)2Cl2
(CIP) for 2 days at concentrations of 20 mM. Four major
heavy atom sites were located in the MMA difference
Patterson map using the program SHELXS (19). All other
sites were determined by difference Fourier maps. The heavy
atom parameters were refined with MLPHARE (18), result-
ing in an overall figure of merit of 0.42 at 2.8 Å resolution.

A self-rotation function was calculated with the program
POLARRFN (18) using data set Native-A (Table 1) in the
Patterson range of 30-15 Å. Strong peaks in the sectionκ
) 180° at ω andæ values of 0.9° and 0°, and 90.9° and 0°,
respectively, amounted to about 99% of those at the
crystallographic 2-fold screw axis atω andæ values of 90°
and 90°, respectively. A local density correlation search with
the program GETAX (20) was used to locate the three
corresponding 2-fold axes within the unit cell. Density
modification, including solvent flattening, histogram match-
ing, and 4-fold noncrystallographic symmetry (NCS) averag-
ing, was performed with the program DM (18, 21).

Crystal form B was solved by molecular replacement using
the refined molecular structure in crystal form A as a search
model in the program AMoRe (18, 22). The search was
carried out in the resolution range from 10 to 6.5 Å with an
outer radius of 33 Å, resulting in a single significant solution
with a correlation coefficient of 72% and anR-factor of 33%.
The highest incorrect solution was at 41 and 50%, respec-
tively. After rigid body refinement with XPLOR (23), we
minimized the effect of model bias by truncating the final
solution to the 465 residues with real space density correla-
tions above 0.85.

Model Building, Refinement, and Graphics. The graphics
program O (24) was used for model building, for visual
inspection of 2Fo - Fc and Fo - Fc maps, and for model
corrections. The refinement was started with the program
XPLOR (23) and later continued with the program REFMAC
(18, 25). All observed data were used, and the bulk solvent

correction of XPLOR was applied. After the protein model
was completed, the solvent structure was elucidated with
further cycles of REFMAC combined with ARPP (18, 26).

The molecular model for the novel electrophilic group
4-methylidene-imidazole-5-one (MIO) was built under the
assumption that protein atoms 142-C, 142-CA, 143-N, 143-
CA, 143-CB, 143-C, 143-O, and 144-N are in one plane and
that the double bonds are conjugated. The model was energy-
minimized with SYBYL (version 1992, Tripos Associates
Inc., St. Louis, MO) and included in the refinement.

Figures 1-3 and 6 were drawn using programs MOL-
SCRIPT (27) and Raster3D (28). The density map was
produced using the program O (24). Solvent accessible
surface areas were calculated with XPLOR (23) using a probe
radius of 1.4 Å.

RESULTS AND DISCUSSION

Structure Elucidation. The crystallization of the wild-type
histidase fromPs. putida(13) was hardly reproducible and
yielded low-quality crystals at acidic pH, usually ac-
companied by protein precipitation (16, 29). After observing
unspecific aggregation under nonreducing conditions, we
replaced Cys273 with alanine (16), which resulted in
homogeneous preparations and high-quality crystals. The
initially obtained crystal form A belongs to space groupP21

(a ) 79.8 Å, b ) 118.0 Å,c ) 131.5 Å, andγ ) 90.3°)
with one tetramer per asymmetric unit. It was used for MIR
phasing (Table 1). On the basis of a self-rotation function
(18) and a correlation search for 2-fold axes in a preliminary
single isomorphous replacement electron density map (20),
the noncrystallographic symmetry was established asD2. The
NCS-averaged electron density could be readily interpreted,

1 Abbreviations: MIO, 4-methylidene-imidazole-5-one; MIR, multiple
isomorphous replacement; NCS, noncrystallographic symmetry; rmsd,
root-mean-square deviation.

Table 2: Refinement of Crystal Form B in Space GroupI222

resolution (Å) 39-2.1
R-factor (Rfree, 5% test set) 0.197 (0.263)
no. of unique reflections 28972
no. of non-H atoms

protein 3762
sulfate 5
glycerol 6
solvent 216

averageB-factor (Å2) 23
rmsd for bond lengths (Å) 0.017
rmsd for bond angles (deg) 2.4
rmsd forB-factor along bonds (Å2) 1.5
rmsd forB-factor along angles (Å2) 2.2
Ramachandran quality (%)a 90/0

a Residues in the most-favored/disallowed regions of theφ and ψ
diagram of backbone dihedral angles (41). The side chain dihedral
anglesø1 andø2 of Ile and Leu were fully in the expected ranges.

FIGURE 2: HistidaseD2 tetramer consisting of subunits A (green),
B (red), C (yellow), and D (blue); black lines denote the three 2-fold
axes. The N-terminal domains are depicted in lighter colors. The
active centers are marked as black spheres.

Histidine Ammonia-Lyase Biochemistry, Vol. 38, No. 17, 19995357



yielding the complete model of the enzyme. Activity
measurements of dissolved crystals showed, however, that
the crystallized enzyme was inactive.

To obtain the structure of the active enzyme, we crystal-
lized freshly prepared, fully active histidase and obtained
crystal form B belonging to space groupI222 (a ) 79.3 Å,
b ) 116.8 Å, andc ) 129.5 Å) with one subunit in the
asymmetric unit. Dissolved form B crystals showed an
enzymatic activity at the usual level. Data for crystal form
B were collected to a resolution of 2.1 Å (Table 1), and the
structure was solved by molecular replacement using the
model from crystal form A. The structure was refined to an
R-factor of 19.7% (Rfree ) 26.3%) with satisfying stereo-
chemistry (Table 2).

The packing arrangements in the two crystal forms
resemble each other closely. In crystal form A (P21), the
molecular 2-fold axes are local, and they deviate 1.9° from
they-axis and about 6° each from thex- andz-axes. In crystal
form B, they are crystallographic and coincide with the
respective axes. The enzyme structures in crystal forms A
and B are closely similar, and the root-mean-square deviation
(rmsd) of all atoms is 0.58 Å. Significant differences occur
only at the mobile surface loops around residues 62, 272,
370, and 407. The inactive enzyme in crystal form A showed
additional density at the Câ atom of residue 143, which was
originally a serine. This density probably indicates a partial
hydroxylation of the electrophilic group. All following
descriptions and discussions refer to the active enzyme
structure in crystal form B.

Histidase Architecture and Topology. Histidase fromPs.
putida is a homotetramer exhibitingD2 symmetry with 509
amino acid residues (Mr ) 53 593) per subunit. The chain

fold consists mainly ofR-helices and can be subdivided into
two domains (Figure 1). The 198 N-terminal residues
constitute a globular domain of eight helices and four short
â-strands. The C-terminal domain consists of a core of five
long, nearly parallelR-helices (R9, R13,R14,R16, andR17)
that is surrounded by six further helices (R10, R11, R12,
R15,R18, andR19). The helix arrangement gives the subunit
a dumbbell shape. In theD2 tetramer, the five-helix bundles
of the C-terminal domains assemble to form a central core
of 20 nearly parallelR-helices (Figure 2). The association

FIGURE 3: Stereoview of the prosthetic group MIO in its simulated-annealingFo - Fc omit electron density map (all depicted atoms were
deleted) as contoured at 2.3σ. The chain cuts are dotted lines. To remove model bias, the protein model without MIO was run through a
torsion slow cool procedure started at 1000 K (23) and subsequently refined again (25).

Table 3: Refined Geometry of the Catalytically Essential Electrophile MIO of Histidase

distancea (Å) torsion anglea

142-CA‚‚‚142-C 1.54 (1.51) 142-CA‚‚‚C‚‚‚N‚‚‚143-CA 168 (-178)
142-C‚‚‚143-N 1.25 (1.26) 142-C‚‚‚N‚‚‚CA‚‚‚143-C 0 (0)
143-N‚‚‚143-CA 1.46 (1.43) 142-C‚‚‚N‚‚‚CA‚‚‚143-CB -179 (-179)
143-CA‚‚‚143-CB 1.33 (1.34) 143-N‚‚‚CA‚‚‚C‚‚‚144-N 0 (-2)
143-CA‚‚‚143-C 1.45 (1.47) 143-N‚‚‚CA‚‚‚C‚‚‚143-O 179 (177)
143-C‚‚‚143-O 1.25 (1.22) 143-CA‚‚‚C‚‚‚N‚‚‚142-C -1 (3)
143-C‚‚‚144-N 1.35 (1.34) 143-CA‚‚‚C‚‚‚N‚‚‚144-CA -125 (-118)
144-N‚‚‚144-CA 1.50 (1.48) 143-C‚‚‚N‚‚‚C‚‚‚143-N 0 (-3)
144-N‚‚‚142-C 1.34 (1.34) 143-O‚‚‚C‚‚‚N‚‚‚144-CA 55 (61)

a In parentheses are the starting values of MIO as constructed and energy-minimized with SYBYL.

FIGURE 4: Proposed autocatalytic formation of MIO by two water
elimination steps from the tripeptide Ala-Ser-Gly at positions 142-
144. The refined MIO geometry is given in Table 3.
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buries a total of 32% of the solvent-accessible surface (27 200
Å2) in the interfaces between subunits A and B (261 Å2)
and A and C (2961 Å2), as well as between A and D (3578
Å2).

The chain fold topology is similar (30) to that of a family
of tetrameric enzymes catalyzing the elimination of various
groups from carboxylic acids, as for instance a hydroxyl by
fumarase (31), ammonia by aspartase (32), or a guanidino
group by argininosuccinate lyase (33). The avian eye lens
proteinδ-crystallin also belongs to this family as an inactive
form of the latter enzyme (34). None of the sequences of
these proteins is detectably homologous to histidase or
phenylalanine ammonia-lyase.

ActiVe Center. The active center of histidase has been
located by combining information from sequence data,
mutations, and mechanism-based labeling studies. Each of
the four active centers of the tetramer is formed by residues
from three different subunits; the reference subunit (e.g., A)
provides residuesA53-59, A79-84, A141-147, andA191-
197 from the N-terminal domain and residuesA311-330 and
A409-417 from the C-terminal domain. Subunits C and D
add residuesC382 andC383 andD280-284, respectively. The
access to the active center is narrowed by a mobile loop
formed by residuesA56-68 (Figure 1B).

It has been proposed that at position 143 (35) the enzyme
uses a dehydroalanine derived from a serine as an electrophile
(8, 9). In both crystal forms, however, the observed electron
density around residue 143 was inconsistent with a dehy-
droalanine and any of the standard amino acids. In particular,
it does not account for the carbonyl oxygen of Ala142. The
density is in excellent agreement, however, with a 4-meth-
ylidene-imidazole-5-one (MIO) group (Figure 3), which can
be formed by two water elimination steps from the internal
tripeptide Ala-Ser-Gly at positions 142-144 (Figure 4). The
first step is a cyclization-elimination by an intramolecular
nucleophilic attack of the nitrogen of Gly144 at the carbonyl
group of Ala142. A subsequent water elimination from the
side chain of Ser143 completes the system of cross-
conjugated double bonds. The detailed geometry of refined
MIO is given in Table 3. As the CR-N bond at position 144
was clearly running out of this plane (the angle O-C-N-
CR is 54°), the N atom at this position is sp3-hybridized. The

FIGURE 5: Proposed mechanism of histidase action as adapted from
ref 3. (I) The novel electrophilic prosthetic group 4-methylidene-
imidazole-5-one (MIO) in the active center (red) forms a covalent
intermediate with the substrate histidine (black). (II) The Câ protons
are activated, and HRe is abstracted by an enzymatic base. (III)
Ammonia is eliminated. (IV) The enzyme regenerates by releasing
the product urocanate.

FIGURE 6: Stereoview of the active center with the modeled intermediate (gray) corresponding to state IV in Figure 5. The residues of this
figure are conserved in histidases and, except for His83 and Glu414, also in phenylalanine ammonia-lyases (residues in parentheses). The
bound sulfate ion from the crystallization buffer (thin lines) and four water molecules (dots) are shown. The amino group position of
histidine is indicated (O). Dotted lines denote putative interactions with distances in angstroms. The overall fit of the model is tight,
indicating that movements in the range of 1 Å occur during catalysis.
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resulting electrophilic group MIO can be regarded as a
modified dehydroalanine whose electrophilicity is enhanced
by preventing delocalization of the nitrogen lone pairs of
residues 143 and 144 into theR,â-unsaturated carbonyl
system (Figure 4).

Electrophile MIO. The formation of MIO proceeds most
likely autocatalytically, because heterologous expression of
various pro- and eukaryotic histidase genes inE. coli (8,
14) and in COS-cells (36) resulted in fully active enzymes.
The first step of the reaction resembles the cyclization
observed with the green fluorescent protein (GFP) (37, 38).
The driving force for the condensation reaction is not clear.
A mechanical packing pressure is unlikely because both GFP
and histidase have large water-filled cavities close to the
modified peptide. A closer inspection of the environments
of the two prosthetic groups showed no conspicuous
similarities in the surrounding molecular groups.

The interpretation of the observed density as the novel
electrophilic group MIO is consistent with mutagenesis
studies and chemical modification experiments. The mutation
of Ser143 to alanine or glycine, which cannot be converted
to the methylidene group, abolished the activity. In contrast,
a change to cysteine, from which the thiol group can be
eliminated, resulted in a fully active enzyme with kinetics
that are indistinguishable from those of the wild type (9).
Corresponding mutations in a eukaryotic homologue (36) and
in phenylalanine ammonia-lyase from parsley (4) gave
similar results. Moreover, chemical inactivation experiments
performed with NaB3H4 or K14CN with subsequent acid
hydrolysis yielded [3H]alanine (6) or [14C]aspartate (39),
respectively. All these results are consistent with both a
dehydroalanine and MIO, but only MIO explains why an
Edman degradation stopped two residues before Ser143 (35).
Moreover, in an early chemical modification experiment with
nitro[14C]methane, the ene-imine moiety of MIO had been
detected (7). Because MIO has the quality of an added
organic compound, we propose to call it a prosthetic group,
although it is a polypeptide modification.

Mechanism of Action. The reaction mechanism has been
the subject of various experiments and discussions (3, 7, 35,
40) resulting in the following proposal. Once histidine is
bound to the enzyme, its Cδ atom attacks MIO at its
methylidene function (Figure 5, state I). The positive charge
introduced at the imidazole acidifies the protons at the Câ

atom and also accounts for the observed hydrogen-
deuterium exchange at the Cδ atom (40). After abstraction
of the HRe proton from Câ by an enzymatic base (state II),
the R-ammonium group is eliminated (state III), and the
product urocanate is released (state IV).

Because the available conformations of the intermediate
urocanate-enzyme complex (state IV of Figure 5) are very
limited, we have built it as a model in Figure 6. The only
rotatable bonds are in the covalent link to MIO. The torsion
angle around the Câ-Cγ bond of urocanate can be 0° or 180°,
and the Cδ atom is chiral. In the crystal structure, a sulfate
ion from the crystallization buffer is bound to Arg283, which
is the only positively charged group in this region. We
therefore placed the carboxylate of histidine at the sulfate
position, where it forms a salt bridge with Arg283 and a
hydrogen bond with Tyr53. Under this assumption, the Cδ

atom must have (S)-configuration and the rotations around
the two bonds are restricted to a small range, the center of

which is displayed in Figure 6. The bound educt histidine
has more degrees of freedom, but it occupies most likely a
closely related position such that theR-amino group can be
placed at a position where it interacts with Asn195 (Figure
6). Glu414 and Tyr280 are in suitable positions for depro-
tonating the Câ atom. A chain of water molecules extending
to the bulk solvent could act as a proton relay. In conclusion,
the model explains the essentials of the reaction and provides
a promising basis for further exploring the unusual mecha-
nism of this important group of enzymes.
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