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Embryonic factor 1 (FAC1) is one of the earliest expressed plant
genes and encodes an AMP deaminase (AMPD), which is also an
identified herbicide target. This report identifies an N-terminal
transmembrane domain in Arabidopsis FAC1, explores subcellular
fractionation, and presents a 3.3-Å globular catalytic domain x-ray
crystal structure with a bound herbicide-based transition state
inhibitor that provides the first glimpse of a complete AMPD active
site. FAC1 contains an (�/�)8-barrel characterized by loops in place
of strands 5 and 6 that places it in a small subset of the amidohydro-
lase superfamily with imperfect folds. Unlike tetrameric animal
orthologs, FAC1 is a dimer and each subunit contains an exposed
Walker Amotif that may be involved in the dramatic combined Km

(25–80-fold lower) and Vmax (5–6-fold higher) activation by ATP.
Normal mode analysis predicts a hinge motion that flattens basic
surfaces on each monomer that flank the dimer interface, which
suggests a reversible association between the FAC1 globular cata-
lytic domain and intracellular membranes, with N-terminal trans-
membrane and disordered linker regions serving as the anchor and
attachment to the globular catalytic domain, respectively.

Embryonic factor 1 (FAC1)5 was recently identified as one of the
earliest expressed plant genes and is essential for the zygote to embryo
transition in Arabidopsis thaliana (1). The zygote-lethal phenotype is
characterized by developmental arrest at the 8–16-cell stage and
mutant embryo shriveling 2–3 days after fertilization. The Arabidopsis
FAC1 locus encodes an AMP deaminase (AMPD; EC 3.5.4.6), which is a
eukaryotic enzyme that catalyzes the hydrolytic deamination of AMP to
IMP. AMPDhas also been identified as the intracellular target for a class
of herbicides that are produced by fungal pathogens. Carbocyclic cofor-

mycin was initially discovered in Saccharothrix (2), and plant cells can
take up this diffusible nucleoside and 5�-phosphorylate it to produce a
potent transition state inhibitor of AMPD (3). Exposure to carbocyclic
coformycin results in cessation of seedling growth, followed by paling
and necrosis at the apical meristem (3). Coformycin, a structurally
related compound produced by a number of microbes (4, 5), also has
herbicidal properties (5). Although the intracellular metabolism of this
compound in plants has not been examined, its mode of action is pre-
sumably similar because coformycin 5�-phosphate is a transition state
inhibitor of rabbit muscle AMPD (6). Both herbicides are inhibitors of
mammalian adenosine deaminase (ADA) (3, 6), but the lack of this
enzyme in plants (3, 7–9) supports the argument that AMPD is the
intracellular target for their nucleotide derivatives. Taken together,
these observations suggest that AMPD is essential throughout the plant
life cycle. However, the underlying basis for lethality of a FAC1 null
phenotype and for herbicidal toxicity related to the catalytic inhibition
of this enzyme is not known.
AMPD catalyzes the initial step in adenine to guanine ribonucleotide

conversion and also in one of the four identified pathways of AMP
catabolism that are illustrated in Fig. 1. Each catabolic route differs in
the order by which the phosphate, ribose sugar, and 6-amino group are
removed from the purine ring structure, then all routes rejoin at the
level of hypoxanthine (Hx), which is then further catabolized. Most
organisms contain the necessary enzymes for more than one of these
pathways. For example, AMP catabolic flow in eukaryotes of the animal
kingdom proceeds along pathways 1 and 2. Pathways 3 and 4 are unique
to prokaryotes, but these organisms also use pathway 2. Conversely,
plants use only pathway 1 because they lackADAand adenase (ADEase)
(7). Consequently, in plants AMPD is absolutely required for catabolism
of AMP to hypoxanthine, which is then oxidized and linearized to form
the recyclable ureides, allantoin and allantoic acid.
Although not as well characterized as orthologs in the animal king-

dom, endogenous plant AMPD enzymes reportedly exhibit unique
physical and regulatory behaviors. Sequence analysis of available cDNA
for the single A. thaliana gene (At2g38280) identifies motifs that could
play structural and regulatory roles in plant-specific properties of
AMPD. For example, a putative N-terminal helical transmembrane
domain (residues 6–31) may be responsible for the particulate distribu-
tion of plant enzymes, as reported in pea seeds (3, 10), spinach leaves
(11), and artichoke tubers (7, 12). This behavior results in poor yields
and impedes further purification efforts. In addition, a putative ATP/
GTP binding motif (Walker A ((A,G)X4GK(S,T)), residues 289–296)
may be involved in a dramatic Km and Vmax effect of ATP, as observed
with the Catharanthus roseus enzyme (13).
AMPD is one of more than 1000 documented enzymes in the

amidohydrolase superfamily (14). Themost recognizable feature across
the 16 unique members for which high-resolution x-ray crystal struc-
tures are available, including the functionally related ADA (15, 16), is a
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mononuclear or binuclear metal center embedded within an (�/�)8-
barrel structural fold. It has long been proposed that the functional
conformation of AMPD would resemble that of ADA due to similarity
of the catalyzed reactions and the potent inhibition of both enzymes by
deoxycoformycin derivatives (6). Although there is very little overall
sequence homology between these two enzymes, many of the essential
catalytic residues in the active site of ADA (15, 16) are conserved in
AMPD, including a signature motif, SL(S/N)TDDP (17).
This study explores the relationship between a putative N-terminal

transmembrane domain in the A. thaliana FAC1 polypeptide and the
particulate behavior of this plant enzyme. Physical and catalytic prop-
erties of FAC1 are also measured using purified soluble N-truncated
enzymes. Polyclonal antiserum raised against one of these purified
enzymes is used to examine the subcellular fractionation and the mem-
brane extraction of FAC1 in Arabidopsis T87 protoplasts. Finally,
because of its central role in nucleotide metabolism and the lack of
sequence homology to any structure in the Protein Data Bank, the Cen-
ter for Eukaryotic Structural Genomics undertook a structure determi-
nation. The x-ray crystal structure of the globular catalytic domain of
FAC1 is presented with bound herbicide-based transition state inhibi-
tors to reveal connections of function with structure.

EXPERIMENTAL PROCEDURES

Expression and Purification of FAC1 Recombinant Enzymes—Re-
combinant plasmids containingwild type andN-truncated (�L31Mand
�I139M) FAC1 cDNA sequence (see supplementary Materials and
Methods) were co-transfected into Spodoptera frugiperda (Sf9) cells
together with a modified baculoviral genome (BaculoGold; BD Pharm-
ingen) and the recombinant viral plaques were purified and amplified.
Recombinant virus was used to infect 12 confluent T-185 flasks of Sf9
cells and recombinant enzymes were purified by phosphocellulose
chromatography using a previously described protocol (18). Unless oth-
erwise stated, leupeptin was included in all extraction and storage buff-
ers to minimize N-terminal proteolysis, as previously described (19).

Subcellular Fractionation Analysis of FAC1 Distribution in Arabi-
dopsis T87 Protoplasts—Subcellular fractionation of Arabidopsis sus-
pension cultured cells was performed as described (20) in membrane
isolation buffer (MIB: 20mMHEPES-KOH, pH 7.0, 50mMKOAc, 1mM

Mg(OAc)2, 250 mM sorbitol) supplemented with 1 mM dithiothreitol
(DTT), and a protease inhibitor mixture containing 1 mM phenylmeth-
ylsulfonyl fluoride, 5 �g/ml pepstatin A, 1 �g/ml chymostatin, 1 mM

p-aminobenzamidine, 1 mM �-aminocaproic acid, 5 �g/ml aprotinin, 1
�g/ml leupeptin, 10 �g/ml E64. The subcellular distribution and activ-
ity of FAC1 were analyzed by immunoblotting and enzyme assay,
which included 1 mM ATP to achieve maximal enzyme activity. To
characterize the membrane association of FAC1, 223 �g of protein in
the P150 fraction was diluted (10-fold) into MIB containing 1 mM DTT
(MIBDTT), or MIBDTT supplemented with either 2.5 M NaCl, 100 mM

Na2CO3, pH 11.5, or Triton X-100 (1% (v/v)). Samples were incubated
for 30 min on ice followed by centrifugation (Beckman TLA100.1,
90,000 rpm, 30 min, 4 °C). Pellet fractions were washed with MIBDTT

and 20 �g of protein equivalents of supernatant and pellet fractions
were analyzed by immunoblotting using antisera specific for FAC1 (see
supplementaryMaterials andMethods), cytosolic (PUX1) (21), integral
membrane (AtSEC12) (22), and peripheral membrane (AtCDC48) (20)
proteins. Prior to immunoblotting, the nitrocellulose membrane was
analyzed by Ponceau S staining to confirm protein recovery and equal
loading.

Crystallization and Structure Determination of �I139M FAC1
Recombinant Enzyme in Complex with a Transition State Inhibitor—
Crystals of�I139M FAC1 recombinant enzyme in complex with a tran-
sition state analogue inhibitor, coformycin 5�-phosphate (Fig. 6C), were
obtained by hanging-drop vapor diffusion at 22 °C. The precipitant
solution contained 0.4 M monoammonium dihydrogen phosphate, 0.1
M trisodium citrate, pH 5.6, and 10% (v/v) ethanol, as previously
described (23). Native and a mercury derivative data set (thimerosal),
respectively, were collected at synchrotron beamlines 22-ID and 19-ID
at the Advanced Photon Source of the Argonne National Laboratory as
previously described (23). The data sets of diffraction images were inte-
grated and scaled using the HKL2000 suite (24). �I139M FAC1 struc-
ture was phased using the molecular replacement method with the rab-
bit AMPD1 structure (25) as a phasing model by MolRep (26) in the
CCP4i suite (27). The model was improved using alternate cycles of
manual building in Xfit (28) and refinement in REFMAC5 (29), and the
final structure was refined with the Crystallography & NMR System
(CNS) (30).

Normal Mode Analysis (NMA) of �I139M FAC1 Dimer—The
dynamical domains in the �I139M FAC1 dimer were determined using
NMA (31) in the Molecular Modeling ToolKit (32). A deformation
measure was calculated for the carbon � (C�) atom in each residue
followed by normal mode calculations. The two lowest frequency non-
trivial normal modes were combined and the results were scaled with a
heuristic scaling factor.

AMPDEnzymeAssay—AMPD activity wasmeasured in 100-�l reac-
tions containing 25 mM imidazole, pH 7.0, 150 mM ammonium sulfate,
20 �g of bovine serum albumin, and 20 mM AMP. Substrate and prod-
uct were resolved and quantified by anion-exchange high pressure liq-
uid chromatography as previously described (33, 34). Kinetic studies
were conducted under the assay conditions described above using �40
milliunits of enzyme per assay, variable substrate concentrations
(0.017–106 mM AMP), and initial velocity conditions (product not
exceeding 15% of substrate). Kinetic parameters were calculated by fit-
ting data to the following equation: log v � log[VA/(K � A)], where A
was AMP concentration and V was the rate. A log fit was called for
because data measurement errors were proportional to the velocities.
Residual (difference between experimental and calculated V) did not

FIGURE 1. AMP catabolic pathways. AMP catabolism differs depending on the enzymic
constitution of an organism. Species of the animal kingdom utilize two alternate path-
ways, AMP 3 IMP 3 inosine (Ino) 3 Hx (pathway 1), or AMP 3 Ado 3 Ino 3 Hx
(pathway 2). Prokaryotes lack AMPD, but contain unique alternate pathways consisting
of AMP3 Ado3 adenine (Ade)3 Hx (pathway 3), or AMP3 Ade3 Hx (pathway 4).
Enzyme abbreviations: cNT-II, IMP-preferring cytosolic 5�-nucleotidase; PNP, purine
nucleoside phosphorylase; cNT-I, AMP-preferring cytosolic 5�-nucleotidase; ADOase,
adenosine nucleosidase; ADEase, adenase; AMPNase, AMP nucleosidase. Plants contain
ADOase, yet are unable to use either Ado or Ade to produce Hx due to the lack of both
ADA and ADEase.
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exceed 2.6 � (the 99 percentile criterion for throwing out a point and
refitting) for any fit.

Coordinates—The coordinates and diffraction data of the �I139M
FAC1 structure in complex with coformycin 5�-phosphate have been
deposited in the Protein Data Bank (accession code 2A3L).

RESULTS

Expression and Purification of FAC1 Recombinant Enzymes—FAC1
recombinant enzymes were expressed in Sf9 insect cells using baculo-
viral technology. Expression of the full-sized FAC1 cDNA produces a
robust activity that partitions predominantly into the particulate frac-
tion of insect cells, as evidenced by the low recovery from a freshly
prepared sonicate following a 10,000� g spin (see supplementary Table
1). However, there is a time-dependent increase in recovery when the
sonicate is stored at 4 °C in the absence of protease inhibitors prior to
centrifugation. SDS-PAGE analysis of the peak fraction eluting from a
phosphocellulose column following adsorption of crude extract derived
from a sonicate stored at 4 °C for 93 h reveals a series of bands between
70 and 95 kDa (see supplementary Fig. 1). These combined data suggest
that proteolytic events occur in the sonicate over time at 4 °C and
remove a region of the 95-kDa FAC1 polypeptide that is responsible for
the particulate distribution of this enzyme. Furthermore, this occurs
without any substantial loss of catalytic activity, as evidenced by similar
total sonicate activities over this period of time (see supplementary
Table 1).
To test this hypothesis, two N-truncated enzymes, �L31M and

�I139M, were constructed and expressed. Both enzymes are soluble
and have robust activities (see supplementary Table 1), and phospho-

cellulose chromatography purification in the presence of protease
inhibitor (leupeptin) followed by SDS-PAGE fractionation yields single
bands of approximate 92 and 80 kDa (see supplementary Fig. 1), the
predictedmasses of the�L31M and�I139Mpolypeptides, respectively.
Notably, the specific activities of these purified preparations are 3 orders
of magnitude higher than those previously reported for endogenous
plant AMPD enzymes (120–458 milliunits/mg of protein) (3, 11–13).
The combined results demonstrate that up to 31 N-terminal amino
acids in the FAC1 polypeptide are responsible for partitioning of the
wild type enzyme into the particulate fraction.

Subcellular Fractionation Analysis of FAC1 Distribution in Arabi-
dopsis T87 Cells—Rabbit polyclonal antiserum was raised against puri-
fied �I139M antigen and this reagent was used to examine FAC1 distri-
bution and membrane extraction in T87 cells. AMPD enzyme activity
and immunoreactive polypeptide are located exclusively in the micro-
somal membrane fraction (P150) of these cells (Fig. 2). Furthermore,
high salt (2.5 M NaCl), high pH (Na2CO3, pH 11.5), and anionic deter-
gent (Triton X-100) all remove a portion of FAC1 from the P150 frac-
tion, but the majority of immunoreactive polypeptide is not extracted
into the soluble fraction under any of these conditions. Conversely, an
integral membrane protein with a single transmembrane domain,
AtSEC12, is extracted by anionic detergent, but not by either high salt or
pH. In addition, a peripheral membrane protein, AtCDC48, is extracted
by high pH and partially extracted by high salt.

Effect of ATP on the Kinetic Properties of FAC1 Recombinant Enzymes—
As reported for isolated pea seed AMPD (10), the �L31M and �I139M
FAC1 recombinant enzymes prefer sulfate anion for maximal activity
(data not shown), rather than chloride, which is typically used to study

FIGURE 2. Subcellular fractionation and mem-
brane extraction of FAC1. A, distribution of crude
lysate (S(0.1)) total protein (left panel) and AMPD
enzyme activity (right panel) in A. thaliana T87 cell
protoplasts. AMPD activity partitions into the
microsomal membrane (P150) fraction and is
below the limit of detection (�40 milliunits) in the
membrane-free cytosol (S150) fraction. In contrast,
total protein is similarly distributed in the S150 and
P150 fractions. B, immunoblot analysis of protein
distribution in the S150 (lane 1) and P150 (lane 2)
fractions and the membrane association of FAC1
(lanes 3–10). To examine the membrane associa-
tion of FAC1, the cytosol-free P150 fraction was
treated with low salt MIB (MIB containing 50 mM

potassium acetate, lanes 3 and 4), high salt (MIB
plus 2.5 M NaCl, lanes 5 and 6), high pH (MIB plus
100 mM Na2CO3 pH 11.5, lanes 7 and 8), or anionic
detergent (MIB plus Triton X-100 (1% (v/v)). 20-�g
protein equivalents of soluble (S, odd numbered
lanes 3–9) and pelletable material (P, even num-
bered lanes 4 –10) were analyzed by immunoblot-
ting using antibodies directed against FAC1 (95
kDa), AtSEC12 (43-kDa integral membrane pro-
tein), PUX1 (38- and 34-kDa cytosolic protein dou-
blet), and AtCDC48 (97-kDa peripheral membrane
protein).
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the catalytic behaviors of animal orthologs. Therefore, sulfate anions
were included in the assay buffer for the kinetic analysis of these two
recombinant enzymes. In the absence of ATP, Km(app) and Vmax values
for the�L31Menzyme are 6.7� 0.8mMand 68� 6 units/mg of protein,
respectively, and 12 � 3 mM and 17 � 3 units/mg of protein, respec-
tively, for the �I139M enzyme. Vo versus [S] plots presented in Fig. 3
show that 1 mM ATP exerts a combined Km and Vmax effect on both
enzymes. Km and Vmax values for the �L31M enzyme are 0.26 � 0.03
mM and 375� 25 units/mg of protein, respectively, and 0.15� 0.02mM

and 113 � 7 units/mg of protein, respectively, for the �I139M enzyme.
Overall Structure of �I139M FAC1 in Complex with Coformycin

5�-Phosphate—The �I139M FAC1 recombinant enzyme was crystal-
lizedwith bound coformycin 5�-phosphate. The crystals belong to space
group P6222, with unit cell parameters a � b � 131.3, c � 208.3 Å. The
final model, one per asymmetric unit, was refined using data to a reso-
lution of 3.3 Å, and comprises 616 residues (212–273 and 286–839),
one coformycin 5�-phosphate, and one phosphate ion. Statistics for data
collection and refinement are summarized in Table 1. An anomalous
difference Fourier map generated with themercury data set revealed six
mercury atoms positioned adjacent to the sulfur atoms of six cysteine
residues, Cys254, Cys299, Cys348, Cys397, Cys470, and Cys764, confirming
the amino acid sequence alignment with the electron density map.
The structure shows an incomplete triose-phosphate isomerase

(TIM) (�/�)8 barrel fold characterized by irregular loops in place of the
5th and 6th strands (Fig. 4). The space group has several 2-fold rotation
axes, one of which leads to an obvious dimer interface. This interface
buries 2,514 A2 or 9.5% of the total monomeric surface and 62% of the
atoms in the interface are non-polar, supporting the hypothesis that
FAC1 is a dimeric protein (35). This conclusion is further supported by
gel filtration chromatography data for the �I139M enzyme (see supple-
mentary Results and supplementary Fig. 2A). A possible crystallo-

graphic tetramer contact interface comprises 727 Å2, which is only 2.7%
of the totalmonomeric surface, and 69%of the atoms in the interface are
non-polar (see supplementary Fig. 3). This weak dimer-dimer contact
likely results from the high protein concentration in the crystal andmay
also explain why chemical cross-linking captures tetrameric species of
this enzyme (see supplementary Fig. 2B). The apparent physiological
dimer exhibits 2-fold symmetry, at the edge of which is an unusually flat
and wide surface that is predominantly positively charged (Fig. 5, A
and C).
The active site of FAC1with bound coformycin 5�-phosphate is posi-

tioned on theC-terminal side of the imperfect (�/�)8 barrel, surrounded
bymultiple helices and loops. The catalytic zinc ion is coordinated to the
coformycin 5�-phosphate, an aspartic acid (Asp736) and three histidine
(His391, His393, and His659) residues (Fig. 6A). There are 7 identified
variations of themetal ligand centers in the amidohydrolase superfamily
(14), and this configuration is referred to as subtype III. A fourth histi-
dine (His681) not ligated to the zinc resides on loop 6 and is positioned to
function in catalysis as a general base during proton abstraction from a
water molecule that is complexed with this ion. Alternatively, a gluta-
mate residue (Glu662) is similarly positioned and could perform this
catalytic role. Residues Phe463 and Tyr467 are important in positioning
the inhibitor in the FAC1 active site by causing the ribose ring to assume
a different orientation compared with the coformycin base (Fig. 6B).
The phosphate group of the inhibitor is located in a polar environment
consisting of residues Lys462, Lys466, Arg476, Asp737, andGln740 (Fig. 6B).
All are within 6 Å of the phosphate, and even closer to the associated
oxygen atoms.
Other notable structural features of FAC1 are the putative Walker A

motif and a bound phosphate ion (Fig. 4). The ATP/GTP binding motif
is located 28 Å from the catalytic zinc and spans residues 289–296

TABLE 1
Data collection and refinement statistics

Data collection
�I139M FAC1 in

complex with coformycin
5�-phosphate

Mercury derivative
(thimerosal)

Space group P6222 P6222
Cell dimensions
a, b, c (Å) 131.3, 131.3, 208.3 132.6, 132.6, 207.6
�, �, � (°) 90, 90, 120 90, 90, 120
Resolution (Å)a 50.00–3.34 (3.42–3.34) 50.00–4.05 (4.12–4.05)
Rmerge

a,b 0.06 (0.49) 0.12 (0.36)
I /�I a 30.6 (4.1) 26.5 (10.3)
Completeness (%)a 99.5 (99.6) 99.9 (100)
Redundancya 6.1 (5.7) 17.0 (17.8)

Refinement
Resolution (Å) 50.00–3.34
No. reflections 15,038
Rcryst

c/Rfree
d 0.237/0.323

No. atoms
Protein 5050
Ligand/ion 30
Water 24

B-factors
Protein 73.47
Ligand/ion 77.27
Water 75.90

Root mean square
deviations

Bond lengths (Å) 0.016
Bond angles (°) 2.40

a Values in parentheses are for the highest resolution shell.
b Rmerge � 	h	i�Ii(h) 
 I(h)ñ�/	h	iIi(h), where Ii(h) is the intensity of an individual
measurement of the reflection and �I(h)� is the mean intensity of the reflection.

c Rcryst � 	h��Fobs� 
�Fcalc��/	h�Fobs�, where Fobs and Fcalc are the observed and cal-
culated structure-factor amplitudes, respectively.

d Rfree was calculated asRcryst using 5.0% of the randomly selected unique reflections
that were omitted from structure refinement.

FIGURE 3. ATP activates N-truncated FAC1 recombinant enzymes through a com-
bined Km and Vmax effect. Vo versus [S] plots in the absence (�) and presence (�) of 1
mM ATP for the �L31M (top) and �I139M (bottom) FAC1 recombinant enzymes. Data
points represent the mean � S.D. generated from three independent purified enzyme
preparations.
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(AHYPQGKS) that comprise part of a loop structure exposed to solvent
in both subunits of the physiological dimer. The phosphate ion is
located at theN-terminal side of the imperfect TIMbarrel 30Å from the
catalytic zinc and is surrounded by several basic residues (Arg380,
Arg386, and Lys506; not shown).

NMA of �I139M FAC1 Dimer—NMA of the �I139M FAC1 dimer
shows that it likely moves with an opening and twisting hinge motion
(Fig. 5B) that would make the basic surface of each monomer flat with
respect to each other (compare Fig. 5, C and D; see supplementary
Movie 1). The distance between the�-carbon atoms of residue Arg351, a
basic residue located in the middle of helix 3, would increase from 50 Å
in the crystal structure to 71 Å in the flattened form. In addition, the
distance between the �-carbon atoms of residue Ala289 in theWalker A
motif would decrease from 56 to 41 Å. Finally, the distance between the
two catalytic zinc ions would increase from 40 to 45 Å, which slightly
widens the distance between the two active sites. These structural rear-
rangements could be involved in allosteric switching.

DISCUSSION

The FAC1 gene encodes AMPD, an enzyme that catalyzes a pivotal
reaction in purine nucleotide interconversion and catabolic pathways,
and which has been extensively studied in many species of the animal
kingdom. Conversely, AMPD has not been well characterized in any
plant species. This study has taken advantage of molecular resources
available forA. thaliana to advance our understanding of FAC1 and has
revealed distinguishing features of the encoded enzyme. For example,
several algorithms (TMAP, DAS, TMpred, and SOSUI) predict a

26-residue helical transmembrane domain in the N terminus of the
FAC1 polypeptide (residues 6–31), which is conserved in the rice
(Oryza sativa) sequence (53% identity across 26 residues, shaded in Fig.
7), and subcellular fractionation reveals partitioning of AMPD enzyme
activity and immunoreactive polypeptide into the microsomal mem-
brane fraction ofArabidopsisT87 protoplasts. However, whereas FAC1
clearly associates with membranes, the nature of this interaction is less
obvious, as evidenced by partial solubility of the immunoreactive
polypeptide in the presence of high salt or high pH. Typically, peripheral
membrane proteins are completely solubilized at high pH,whereas inte-
gral membrane proteins are completely solubilized by detergents. Yeast
Tim14 (36, 37) and Rieske Fe/S protein (37) are notable exceptions
because they are extracted from the inner mitochondrial membrane at
high pH despite spanning the lipid bilayer with a single transmembrane
domain. The previous observation that Jerusalem artichoke mitochon-
dria are enriched in AMPD activity (38) suggests that FAC1may belong
to this class of proteins.
Themembrane association of FAC1 also explains why previous stud-

ies in pea seeds (3, 10), spinach leaves (11), and artichoke tubers (7, 12)
were limited by the particulate nature of these enzymes, which resulted
in poor purification yields that impeded further characterization. Bacu-
loviral expression of FAC1 wild type cDNA also produces an enzyme
that partitions (95%) into the particulate fraction of an insect cell
sonicate. However, storing the sonicate at 4 °C prior to centrifugation
results in a time-dependent increase of soluble enzyme. AMPD
polypeptides in the animal kingdom are sensitive to N-terminal prote-
olysis (39) and a similar phenomenon may remove the membrane

FIGURE 4. Overall structure of FAC1. A, stereo
view of the monomeric structure. The active site of
FAC1 with catalytic zinc and coformycin 5�-phos-
phate is located at the C-terminal side of the
incomplete TIM barrel. The catalytic zinc is repre-
sented as a blue sphere, the coformycin 5�-phos-
phate and the Walker A motif are shown as orange
stick models, and the phosphate ion is depicted as
an orange sphere. Secondary structures of FAC1 are
colored differently: �-helices and loops in green
and �-sheets in purple. The drawing (lower right)
illustrates the point of view (indicated by a black
arrow). B, dimeric structure. One monomer is col-
ored in green, and the other is in magenta. Exposed
Walker A motifs (Ala289–Ser296) are represented by
the red surfaces and are located 28 Å from the
respective catalytic zinc ions. Phosphate ions are
shown as orange, red, and gray spheres and are
located at the N-terminal side of the incomplete
TIM barrels and are located 30 Å from the respec-
tive catalytic zinc ions. Relative orientations of the
incomplete TIM barrel in each FAC1 monomer of
the dimeric structure are indicated. Figures were
prepared using PyMol program.
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anchoring sequence responsible for the particulate behavior of the
FAC1 enzyme. This hypothesis was confirmed by showing that deletion
of 5�-cDNA sequence encoding 30 N-terminal amino acids results in a
soluble enzyme.
Because full-length FAC1 is difficult to characterize, purified N-trun-

cated recombinant enzymes were examined and kinetic data indicate a
strong dependence on ATP. Km values for FAC1 recombinant enzymes
are 25–80-fold lower in the presence of this nucleotide effector, and are
similar to those previously reported for partially purified AMPD
enzymes from other plant species (10–13). ATP also produces a 5–6-
fold increase in the Vmax of FAC1, which is similar to that observed
with the C. roseus enzyme (13) but not with any AMPD ortholog in
the animal kingdom. The remarkable ATP activation of FAC1 by this
combined Km and Vmax effect may involve a Walker A motif
((A,G)X4GK(S,T)), also not found in any animal AMPD ortholog.
This potential ATP/GTP binding site spans residues 289–296
(AHYPQGKS) in the FAC1 polypeptide and the x-ray crystal structure
of the �I139M enzyme shows this sequence as part of a loop structure
exposed to solvent in both subunits of the physiological dimer (Fig. 4B),
where it appears positioned to bind a purine nucleoside triphosphate.
The crystallization conditions included ammonium phosphate, which
also resulted in the identification of a bound phosphate ion in a basic
environment at the N-terminal side of the imperfect TIM barrel in the
x-ray crystal structure. This serendipitous outcome is notable because
phosphate is an identified allosteric inhibitor of plant AMPD enzymes
(10–12).
The x-ray crystal structure also reveals several other unusual features

FIGURE 5. Electrostatic surface view of FAC1 dimer. A, positively charged flat surface:
bottom view with the 10 basic residues labeled; B, vector representation of normal mode
analysis showing the putative direction of motion in the two-lowest frequency normal
mode; C, side view before (dimer orientation identical to that in Fig. 4B); and D, side view
after normal modes applied. With the normal mode perturbation, the basic surfaces of
each monomer can become quite flat in the region of positive charge.

FIGURE 6. FAC1 active site. A, conformation around the catalytic zinc atom. The zinc
atom shows a trigonal bipyramidal conformation ligating coformycin 5�-phosphate,
three histidines, and one aspartic acid. Asp598 forms an electrostatic interaction with
His659 and Arg513. A recently described D598N substitution (1) may affect the reactivity
of the catalytic zinc by distorting His659 from its required coordination with the zinc
atom. Either His681 or Glu662 could serve as a general base during proton abstraction
from a water molecule. The scissile bond of substrate (C6-NH2) is indicated next to the
corresponding C-OH bond in the bound inhibitor. B, interaction of coformycin 5�-phos-
phate with neighboring amino acid side chains. Phe463 and Tyr467 displace the ribose
ring of coformycin 5�-phosphate away from two residues with aromatic side chains, and
Lys462, Lys466, Arg476, Asp737, and Gln740 are able to stabilize the phosphate group of
coformycin 5�-phosphate by generating a hydrophilic pocket around this moiety. C,
chemical structures of coformycin 5�-phosphate and adenosine 5�-monophosphate
(AMP). Coformycin 5�-phosphate contains a 10-membered nitrogenous ring structure
and an attached hydroxyl group in place of an amine group at the analogous 6-position
of AMP.
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of the globular catalytic domain of FAC1. For example, unlike the TIM
barrel found inmost othermembers of the amidohydrolase superfamily
for which there is available high-resolution structure (14), the (�/�)8-
fold is imperfect in FAC1. Six of the eight �-strands can be recognized,
but the 5th and 6th are replaced by somewhat irregular loop structures.
Notably, this variation on the TIM barrel is also found in the x-ray
crystal structure of the rabbit AMPD1 enzyme (25). Occasionally there
is a deletion or insertion in a strand that causes a single residue inter-
ruption of the secondary structure in other amidohydrolase enzymes
(14). However, there is no homologous structure in the Protein Data
Bank in terms of amino acid sequence, although DALI (40) and VAST

(41, 42) searches show weak overall structural similarity with other
amidohydrolase enzymes, includingADA. Surprisingly this functionally
related enzyme is no more similar than several other members of this
superfamily (phosphotriesterase Protein Data Bank code 1PSC; isoas-
partyl dipeptidase code 1PO9; and D-hydantoinase code 1YNY).

In addition, FAC1 assembles as a physiological dimer, whereas gel
filtration or sedimentation velocity ultracentrifugation combined with
SDS-PAGE (19, 43–48), and perhaps x-ray crystallography (25), have
shown that AMPD enzymes of the animal kingdom are tetramers. The
crystal structure of rabbit AMPD1 reveals two subunits packed around
a non-crystallographic dyad axis forming the asymmetric unit. This

FIGURE 7. Sequence alignment of plant and animal AMPD polypeptides. Top to bottom: plant sequences, FAC1, A. thaliana AMPD; OsAMPD, rice (O. sativa) AMPD; OcAMPD, rabbit
(O. cuniculus) AMPD; HsAMPD1–3, human (Homo sapiens), AMPD1, AMPD2, and AMPD3, respectively. Conserved amino acids in all AMPD sequences are colored in red, identical or
similar residues are in blue, and divergent residues are in black. Secondary structural elements in FAC1 are depicted over the corresponding aligned sequences. The N-terminal
transmembrane domain and Walker A motif in the plant enzymes are shaded and labeled. Residues denoted by symbols are explained in the legend at the bottom of the alignment.
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dimer is packed around the crystallographic 2-fold axis to give the phys-
iologically observed tetramer. Notably, the FAC1 dimer has a larger
contact area (2514 Å2 or 9.5% of total monomer area) than any two
rabbit AMPD1 subunit contacts. Thus, the quaternary structures of
plant and animal AMPD are quite different.
Finally, the FAC1 dimer has a flat basic residue-rich surface that spans

one side of the dimer. Conversely, positively charged residues are fewer
and spreadmore evenly over the surface of the rabbit AMPD1 structure.
NMA of the FAC1 dimer reveals a potential for greater flattening of this
positively charged surface, which would enhance the potential for an
electrostatic interaction with a phospholipid bilayer.
The final crystallographic model of the �I139M FAC1 enzyme com-

prises only 616 of the 701 amino acids in this polypeptide (residues
212–273 and 286–839).Whereas 13 of the 85 unstructured amino acids
are part of a loop that forms the Walker A motif, the remainder are
located in the N terminus of this truncated enzyme. Regarding these
latter residues, several computer-based prediction servers (ROBETTA,
GLOBPLOT, FoldIndex, and DRIPPRED) indicate that the entire
stretch of sequence (residues 32–211) between the N-terminal helical
transmembrane domain and the globular catalytic domain is largely
unstructured. This extended linker domain could be responsible for the
faster migration of the �L31M enzyme on a gel filtration column rela-
tive to that expected for this native dimeric enzyme (see supplementary
Fig. 2A). DisorderedN-terminal regions have also been proposed for the
three tetrameric human AMPD2 spliceoforms, which run 30–70%
larger than expected on this same gel filtration column (19).
An alignment of available AMPD predicted primary amino acid

sequences suggests that the unique tertiary and quaternary structures of
FAC1 are likely conserved throughout the plant kingdom (Fig. 7). For
example, the rice full-length sequence is 74% identical to the FAC1
polypeptide, including theN-terminal transmembrane domain. In addi-
tion, across 642 C-terminal residues that include the entire globular
region of the �I139M structure, the FAC1 polypeptide exhibits 82%
identity with the corn and barley partial sequences (data not shown).
Furthermore, nine of the 10 exposed basic residues on the flat surface of
each subunit are conserved in these four plant sequences. Conversely,
FAC1 aligns with shorter stretches of C-terminal sequence in mamma-
lian AMPD polypeptides and at lower amino acid identities (51–57%

over 555–593 C-terminal residues). In addition, mammalian AMPD
polypeptides consistently retain only five of the 10 positive charges that
comprise the flat surface of the FAC1 subunit structure. However, plant
and animal sequences both exhibit a strict conservation of critical resi-
dues that coordinate the catalytic zinc, interact with the bound transi-
tion state inhibitor, and bind to the allosteric inhibitor phosphate ion in
the FAC1 structure (Fig. 7). These include reactive groups that are cen-
tral to the catalytic mechanism of ADA (15, 16), suggesting that the two
enzymes use similar strategies to facilitate the hydrolytic elimination of
ammonia at position 6 of the adenine ring.
The active site of FAC1 also offers structural insight related to other

previously unresolved issues of AMPD catalytic function. For example,
a D598N substitution in the FAC1 enzyme (FAC1–1) reportedly has a
milder phenotype than a complete knock-out caused by T-DNA inser-
tion into exon 10 of the gene (FAC1–2) (1). Asp598 is located on�-strand
4 of the imperfect TIM barrel, where it appears to stabilize the N-� of
His659 located on the axial position of the catalytic zinc (Fig. 6A). The
distances between the two oxygens of Asp598 and the N-� of His659 are
3.1Å, suggesting thatAsp598 stabilizesHis659. Furthermore, the electron
density around one of the oxygens of Asp598 appears in a position to
hydrogen bond with Arg513 (see supplementary Fig. 4), which would
limit the direction of the other oxygen of Asp598 towardHis659. The Asp
to Asn substitution at residue 598 replaces one of the oxygens with a
nitrogen, which would destabilize the proton bound to the N-� of
His659. Consequently, this could affect the electrostatic configuration of
the Zn2� and perturb, but not eliminate, catalytic activity, thus resulting
in a less severe phenotype.
Another unresolved issue relates to the well established observation

that 2�-deoxy-AMP (dAMP) is not a good substrate for either plant or
animal AMPD enzymes (2–16% rate of deamination relative to AMP)
(11–13, 48). This can be explained by an apparent interaction between
Tyr467 and the 2�-OH of coformycin 5�-phosphate that contributes to
the different orientations of the ribose sugar and nitrogen base moieties
of this transition state inhibitor in the active site of FAC1 (Fig. 6B).
Conversely, ADA can efficiently deaminate dAMP because the 2�-OH
of adenosine is not essential for substrate binding (15, 16). This ribonu-
cleotide substrate preference of AMPD has a significant clinical conse-
quence because it promotes deoxyadenosine nucleotide accumulation
that produces a severe combined immunodeficiency in an inherited
ADA deficiency in man (49).
The combined structural features of FAC1 in conjunction with

sequence conservation across the plant kingdom point toward a mech-
anism of membrane anchoring involving both insertion of the two
N-terminal transmembrane domains and electrostatic interactions
along the charged, flat surface of the physiological dimer (Fig. 8). The
proposed configuration between FAC1 and a lipid bilayer is reminiscent
of a “paddleball,” with the globular catalytic domain representing the
“ball” and the transmembrane domains (residues 6–31) and disordered
linker regions (residues 32–211) comprising the anchors and flexible
connectors, respectively. The dynamic aspect of this model predicts a
reversible association between the flat surfaces flanking the dimer inter-
face and an intracellular membrane (“paddle”).
The mechanistic bases for lethality associated with dramatic reduc-

tions (genetic and herbicide-induced) in plant AMPD catalytic activity
remain to be elucidated. Toward this end, it is reasonable to consider the
immediate consequences of an inability to deaminate AMP in the plant
cell. Disruption of this process could impact on 1) the balance between
adenine and guanine nucleotides by interfering with the interconver-
sion pathway, 2) nitrogen metabolism by limiting the production of
ureides, 3) hormonal imbalance by promoting substrate accumulation

FIGURE 8. Paddleball model for the complex formed between FAC1 dimer and an
intracellular membrane. The transmembrane domain (residues 6 –31) and disordered
linker domain (residues 32–211) of both subunits tether the dimeric globular catalytic
domain (residues 212– 839) to the lipid bilayer. The basic residue-rich surface spanning
the dimer interface can become quite flat in the region of positive charge and facilitate
interactions with negative patches on the surface of the membrane. Dimer orientations
are identical to those in Fig. 5, C (left) and D (right).
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for purine-based cytokinin synthesis (50), and 4) perturbed 14-3-3 pro-
tein regulation of key primary metabolic enzymes through the accumu-
lation of AMP (51, 52). In considering these possibilities, it is notable
that ATP in seedling leaf tissue is reportedly elevated within an hour
after treatment with topical carbocyclic coformycin to run-off (3). Con-
sequently, a robust AMPD activity may be required to maintain home-
ostasis of the many processes, located both upstream and downstream
in the ATP catabolic pathway, which are impacted by purine metabo-
lism. The results of this study have identified several unique features of
the FAC1 enzyme that distinguish it from orthologs in the animal king-
dom. The x-ray crystal structure has produced a glimpse of the func-
tional conformation, including features such as a Walker A motif, a
bound phosphate ion, and a basic residue-rich surface, all of which may
contribute to the regulation of this essential plant enzyme.
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