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Phosphonate natural products possess a range of biological activ-
ities as a consequence of their ability to mimic phosphate esters or
tetrahedral intermediates formed in enzymatic reactions involved
in carboxyl group metabolism. The dianionic form of these com-
pounds at pH 7 poses a drawback with respect to their ability to
mimic carboxylates and tetrahedral intermediates. Microorganisms
producing phosphonates have evolved two solutions to overcome
this hurdle: biosynthesis of monoanionic phosphinates containing
two P-C bonds or esterification of the phosphonate group. The lat-
ter solution was first discovered for the antibiotic dehydrophos
that contains a methyl ester of a phosphonodehydroalanine group.
We report here the expression, purification, substrate scope, and
structure of the O-methyltransferase from the dehydrophos bio-
synthetic gene cluster. The enzyme utilizes S-adenosylmethionine
to methylate a variety of phosphonates including 1-hydroxyethyl-
phosphonate, 1,2-dihydroxyethylphosphonate, and acetyl-1-
aminoethylphosphonate. Kinetic analysis showed that the best
substrates are tripeptides containing as C-terminal residue a phos-
phonate analog of alanine suggesting the enzyme acts late in the
biosynthesis of dehydrophos. These conclusions are corroborated
by the X-ray structure that reveals an active site that can accommo-
date a tripeptide substrate. Furthermore, the structural studies
demonstrate a conformational change brought about by substrate
or product binding. Interestingly, the enzyme has low substrate
specificity and was used to methylate the clinical antibiotic fosfo-
mycin and the antimalaria clinical candidate fosmidomycin, show-
ing its promise for applications in bioengineering.

antibiotics | bioengineering | conformational change |
X-ray crystallography | domain-swap

Natural products containing a phosphonate or phosphinate
group have drawn increasing interest in recent years as a re-
sult of their use in agriculture and medicine (1). The biological
activities of some members of this class of compounds stem from
their structural similarity to phosphate esters combined with the
hydrolytically stable P-C bond. Other members mimic carboxyl
groups or the tetrahedral intermediates formed during enzymatic
metabolism of these moieties. Recent studies have started to re-
veal nature’s biosynthetic strategies toward several of these com-
pounds, including the clinically used antibiotic fosfomycin (2-4),
the antimalaria clinical candidate FR900098 (5, 6), the antifungal
tripeptide rhizocticin (7), and the widely used herbicide phosphi-
nothricin (8-12) (Fig. 14).

A general drawback of phosphonates is their dianionic charge
state, which renders them less than ideal mimics of carboxyl
groups and tetrahedral intermediates derived from them and
limits their bioavailability. Two different strategies are found in
nature to overcome these limitations. Phosphinothricin mimics
the tetrahedral intermediate generated in Gln synthase (13, 14)
by using a monoanionic phosphinate group containing two P-C
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bonds (Fig. 14). In an alternative solution, the phosphonate
group is esterified in dehydrophos (Fig. 1B), the first such exam-
ple in a natural product phosphonate (15). The target of dehy-
drophos is currently not known, but analogous to other
peptide antibiotics, it is anticipated that after uptake by a peptide
transporter, a peptidase will release the active species (16, 17).
Dehydrophos, originally designated A53868, is produced by
Streptomyces luridus and exhibits broad spectrum antibiotic activ-
ity against both Gram-negative and Gram-positive bacteria (18).
The chemical structure of dehydrophos was recently revised
to reveal a vinyl aminophosphonate moiety linked to a Gly-Leu
dipeptide (15). The minimal contiguous gene cluster for dehydro-
phos biosynthesis in S. luridus has been identified (19), showing
that the first three steps in the pathway are similar to those for
fosfomycin and phosphinothricin, resulting in the formation of
2-hydroxyethyl phosphonate (2-HEP) (Fig. 1B). The remaining
steps were proposed based on sequence homology of the gene
products to other enzymes of known function and on the obser-
vation of accumulated intermediates in pathway mutants (19).
One key transformation in the pathway is the O-methylation of
the phosphonic acid group that results in the phosphonate mono-
methyl ester that is characteristic for dehydrophos not found in
any other natural product. This transformation was hypothesized
to be carried out by an S-adenosyl-L-methionine (SAM) depen-
dent methyltransferase encoded by dhpl (19). The exact timing of
the methyl transfer reaction was less clear because any of the in-
termediates in Fig. 1B could be the natural substrate for Dhpl.
Here, we report in vitro characterization of Dhpl using synthetic
substrate candidates and provide support that the methylation
takes place in the final step of the biosynthesis. In order to further
elucidate the determinants of substrate recognition, we solved
two structures of binary complexes of Dhpl, one with the sub-
strate SAM (2.3 A resolution) and one with the product S-ade-
nosyl-L-homocysteine (1.5 A resolution). We also present the
ternary complex with both SAM and 2-HEP (2.3 A resolution).
The structures reveal an interesting ligand-dependent conforma-
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Fig. 1. Examples of phosphonate natural products. (A) Chemical structures
of fosfomycin, fosmidomycin, FR900098, rhizocticin A, and phosphinothricin.
(B) Proposed biosynthetic pathway of dehydrophos (19). Biosynthetic steps
that have been confirmed either genetically or biochemically are represented
in solid arrows and proposed steps are shown in dashed arrows.

tional change that may facilitate product release following methyl
transfer. Furthermore, we demonstrate the potential of using
Dhpl as a versatile catalyst for bioengineering studies because
it has broad substrate tolerance and can be used to esterify other
biologically active phosphonates.

Results

In Vitro Reconstitution of Dhpl Activity. The dipl gene was cloned
from S. luridus genomic DNA and inserted into the expression
vector pET15b. Dhpl was heterologously expressed in Escheri-
chia coli with an N-terminal hexahistidine tag (Hisg-Dhpl).
Successful purification by immobilized metal affinity chromato-
graphy afforded 10-15 mg of purified protein per liter of culture.
With purified Hiss-Dhpl in hand, the substrate scope of the en-
zyme was investigated. As reported for other SAM-dependent
methyltransferases (20), the product S-adenosyl-L-homocysteine
(SAH or AdoHcy) acted as a product inhibitor. Therefore
AdoHcy nucleosidase, which converts SAH to adenine and
S-ribosylhomocysteine, was overexpressed and isolated from
E. coli (21) and added to the Dhpl assays (Scheme S1). The
catalytic efficacy of AdoHcy nucleosidase from E. coli (11.6x
10° M~!s7!) (21) is much greater than that of most known
methyltransferases including Dhpl (vide infra) allowing relief
of product inhibition.

The phosphonate methyl ester of 2-HEP (2-HEP-OMe)
accumulates in the spent growth medium of some of the genetic
mutants generated in the heterologous host S. lividans (19).
Therefore, we first investigated the ability of Dhpl to convert
the early biosynthetic intermediates 2-HEP and 1,2-dihydrox-
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yethylphosphonic acid (1,2-DHEP, Fig. 1B) to their monomethyl
phosphonate esters. 2-HEP and 1,2-DHEP were chemically
synthesized and the rate of formation of the methyl ester products
was determined by direct detection using HPLC coupled to atmo-
spheric pressure chemical ionization mass spectrometry (APCI/
MS) with synthetic compounds as authentic standards (Fig. S1).
Although both 2-HEP and 1,2-DHEP were methylated by Dhpl,
they proved relatively poor substrates that were unable to satu-
rate the enzyme even at high concentrations. N-Acetyl-1-ami-
noethylphosphonic acid (Ac-1-AEP or AcAlaP; Fig. 24) was
also converted to the corresponding methyl ester whereas little
or no conversion was observed for 1-AEP and 2-AEP. Surpris-
ingly, 1-hydroxyethylphosphonic acid (1-HEP) was a much better
substrate (Table S1), and its methyl ester (1-HEP-OMe) was also
produced by some of the mutants in S. lividans (19). However, it is
difficult to envision a biosynthetic pathway that would include
this compound as an intermediate, and 1-HEP-OMe could be
a breakdown product of dehydrophos rather than a biosynthetic
intermediate. Collectively, these results suggested that a positive
charge attached to either C1 or C2 is not tolerated for Dhpl ac-
tivity and that Dhpl may favor an amide group and an aliphatic
substituent at the a-carbon. Desmethyl dehydrophos 2 satisfies
both structural conditions, suggesting methylation might be the
last step in the biosynthetic pathway (Fig. 1B).

Desmethyl dehydrophos is not readily available using our pre-
viously described synthetic route to dehydrophos (15). Instead,
both diastereomers of the hydrogenated analog of desmethyl
dehydrophos (Gly-Leu-AlaP, 3, Fig. 24) were prepared using
previously described methodology (15, 22). These peptides incor-
porate the well known phosphonate analog of alanine, AlaP (23).
LC-MS analysis demonstrated that Dhpl catalyzed the complete
conversion of each of the diastereomeric peptides to their corre-
sponding methylated derivatives (Fig. 2B). Additional transfor-
mation to dimethyl phosphonate esters was not observed even
after a prolonged reaction time. The k. /K,, values of both
diastereomers of Gly-L-Leu-AlaP (3) (14 and 5.9 x 10°M~'s71)
were approximately 100-fold larger than that of 1-HEP
(12M~1s71), which displays the highest k., /K,, among the other
phosphonic acids tested (Fig. 2C and Table S1), but the enzyme
did not strongly differentiate between the two diastereomers of 3.
On the other hand, Gly-L-Leu-SerP (4, Fig. 24), another poten-
tial substrate in the biosynthetic pathway as a precursor to the
alkene of dehydrophos, was a very poor substrate for Dhpl.

Cocrystal Structures of Dhpl. Initial crystallographic phases for the
DhpI-SAM complex were determined by single wavelength
anomalous diffraction data collected on crystals grown from
selenomethionine labeled protein (24). The structures of the
DhpI-SAH and DhpIl-SAM-2-HEP complexes were solved by
the molecular replacement method (25). In the DhpI-SAM-2-
HEP complex structure, electron density corresponding to the
substrate is visible in only one of the four complexes in the crystal-
lographic asymmetric unit. The identity of the ligand as 2-HEP
was firmly established through structural analysis of multiple da-
tasets collected from different crystals. Relevant data collection
and refinement statistics are given in Table S2. The overall struc-
ture of Dhpl consists of a core Rossman-fold domain composed
of seven f-strands surrounded by six a-helices, with an overall ar-
chitecture similar to those of other methyltransferases (Fig. 34)
(26). Two augmentations to this core scaffold distinguish Dhpl,
an amino-terminal extension of 30 residues (Thr3 through
Met30) that covers across the SAM-binding site, and an unusual
insertion between strand B5 and helix a6 of the Rossman fold
(residues Vall47 through Ser184) that covers the active site. This
latter insertion consists of a short helix (which we refer to as the
“capping helix”) followed by two B strands, and residues within
this insertion appear to play critical roles in modulating substrate
and product binding. While insertions to the core Rossman scaf-
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Fig. 2. Phosphonates tested as substrates for methylation by Dhpl. (A) Che-
mical structures of various substrate candidates. (B) Formation of (+)-Gly-Leu-
AlaP-OMe analyzed by HPLC coupled to APCI/MS. (C) Michaelis-Menten curve
obtained by using variable concentrations of Gly-Leu-L-AlaP (open circles)
and Gly-Leu-D-AlaP (closed circles) and a fixed SAM concentration of 3 mM.

fold are commonly found in the structures of methyltransferases
that work on small molecules (27), such insertions typically occur
between strands f6 and p7.

One molecule of SAM is bound within the interior of Dhpl with
the adenine ring enclosed in a hydrophobic cavity defined by
Leul2, Tyr15, Leu99, Phe100, and Trp116. Strong electron density
corresponding to a sulfate molecule, originating from the crystal-
lization buffer, can be observed adjacent to the methyl group of
SAM (Fig. 3C). The sulfate makes contacts with Tyr15, His119,
Argl68, and Lys180 (Fig. 3C). These interactions with substrate
are recapitulated in the DhpI-SAM-2-HEP cocrystal structure,
establishing a role for these residues in substrate binding.

Within the crystal, Dhpl forms a homodimer in the presence of
SAM and sulfate or phosphonate (Fig. 3B). In the DhpI-SAM-
SO,*~ and DhpI-SAM-2-HEP cocrystal structures, the active site
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of one monomer is enclosed by the capping helix from an adja-
cent monomer, forming a domain-swapped dimer. Extensive
interactions between the 30-residue amino-terminal extension
with the capping helix of the adjacent monomer creates a pocket
for the methyl group of SAM defined by Tyr15*, Argl8”, and
Tyr22” (superscript indicates this residue is from monomer A).
Lastly, the side chain of Argl684, which engages the sulfate in a
bidentate fashion, is fixed by the loop formed between residues
GIn157% through Ser160B from the adjacent capping helix
(Fig. 3C). Structure-based DALI searches (28) against the struc-
tural database identified several methyltransferases that are ar-
chitecturally similar to Dhpl (Z-score greater than 15), but
none of these structures bears insertions between p5 and o6
that harbor the residues involved in domain swapping, further
highlighting the functional role of this structural element. To
our knowledge, this is a unique example of a methyltransferase
harboring a composite active site composed of residues from
multiple subunits.

Despite the fact that cocrystals with SAM and SAH can be
grown under identical conditions, crystals of the DhpI-SAH com-
plex occupy a different space group and diffract to a significantly
higher resolution. While the overall structures of the two com-
plexes are similar, the DhpI-SAH complex is monomeric in
the crystal, and no electron density can be observed for sulfate
in the active site (Fig. 44). A superposition of the structure of
the DhpI-SAH complex with that of Dhpl-SAM-SO,?" reveals
a number of significant rearrangements near the substrate-bind-
ing site and at the capping helix (Fig. 4 B and C). While His5
through Leu41 form a continuous helix in the SAH complex
(Fig. 44), in the DhpI-SAM-SO,>~ structure residues Val27
through Tyr29 protrude into the active site and adopt a notably
different conformation, resulting in a break in this helix (Fig. 34).
In the latter structure, Val27 makes van der Waals contacts
with the methyl group of SAM and this interaction facilitates
the helix breakage, which is further facilitated by the presence
of an adjacent proline (Pro28*). As a consequence, in the
DhpI-SAM-SO, >~ structure, several residues in this region pro-
trude away from the active site to engage in intersubunit interac-
tions, most notably Tyr294 with Glu155® (Fig. 4B) and Ser324
with Argl152B. These interactions facilitate additional intersubu-
nit hydrogen bond interactions that result in a second notable
local conformational difference between the two structures. A
p-hairpin encompassing residues Vall66 through Vall79 moves
6 A toward the active site in the Dhpl-SAM- SO,?*" structure, re-
sulting in hydrogen bonding interactions between Argl53A and
Asp1498, the main chain oxygens of Glu157® and Asp158B with
Argl68A (Fig. 4B), and Glul56* with the main chain oxygen of
Gly2078. The last significant difference between the two struc-
tures is that in the SAH complex, residues Glul51 through
Pro162 that encompass the capping helix are disordered and can-
not be unambiguously modeled. In this structure, the continuous
amino-terminal helix orients Tyr29* toward the monomer
(Fig. 4C), thereby disrupting interactions with Glul55% that
would stabilize the capping helix.

Site-Directed Mutagenesis. In order to investigate the role of
putative catalytic residues, several single point mutations were
generated of residues that were in close proximity to the sulfate
in the SAM cocrystal structure. Substitution of His119, Lys180,
and Argl68 with Ala resulted in loss of methylation activity with
the tripeptide substrates within the detection limits of our assays.
Mutation of Tyr1l5 to Phe did not abolish activity but did greatly
decrease k., and increased K,,,, resulting in overall 1,000-fold de-
crease in catalytic efficiency (Table S1). Thus, all four residues are
likely important for binding of the phosphonic acid moiety of the
tripeptide substrate. In addition, the importance of two residues
that appear to be critical for the disruption of the N-terminal he-
lix in the SAM cocrystal structure and for setting up the sulfate
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Fig. 3. (A) Ribbon diagram for the overall structure of Dhpl monomer with SAM and a sulfate anion. The core methyltransferase domain is shown in pink and
the Dhpl-specific insertions, consisting of the capping helix and f-hairpin insert, are highlighted in blue. The SAM cofactor is shown in green. (B) Structure of the
Dhpl dimer showing the domain-swapped interactions between the SAM-binding site of one monomer (shown in pink and blue) and the capping helix and p-
hairpin insertion from another monomer (shown in gray and green). (C) Close-up view of the composite active site in the Dhpl-SAM-SO,2~ structure. The sulfate
anion is shown in orange, residues that contact the sulfate are shown in yellow, and the intersubunit interaction between Tyr29 and Glu155 is shown in yellow

and white, respectively.

binding pocket was investigated. Mutation of Val27 that makes
van der Waals contacts to the methyl group of SAM to Ala
had a modest effect, resulting in a fivefold decrease in k¢, /K.
On the other hand, mutation of Tyr29, which makes a contact
with Glul55 of the other subunit in the SAM and SAM-2-HEP
structures, to Phe had a more pronounced effect. The k,/K,,
value for the tripeptide substrate decreased about 500-fold
compared to the wild-type enzyme (Table S1).

Methylation of Phosphonate Natural Products. Given the improved
pharmacokinetic properties of phosphonate esters compared to
phosphonic acids, the substrate scope of Dhpl was further inves-
tigated. The enzyme was able to fully convert the antimalaria
clinical candidate fosmidomycin to its methyl ester (Fig. 54
and Fig. S2). Similarly, the clinically used antibiotic fosfomycin
was transformed to its methyl ester by Dhpl (Fig. 5B and
Fig. S2). The substrate promiscuity of the enzyme also extended
to L-(+)-2-amino-4-phosphonobutyric acid (L-AP4, Fig. 24), an
often used nonhydrolizable analog of phosphoSer. Interestingly,
phosphoserine itself was also methylated by Dhpl, although
somewhat less effeciently than L-AP4 (Fig. S3). Hence, the en-
zyme does not strongly differentiate between a phosphonate and
the corresponding phosphate ester. Collectively, these experi-
ments demonstrate the promise of using DhpI or in vitro evolved
analogs for bioengineering of esterified phosphonates.

Discussion
PEP mutase (PEPM) installs the P-C bond in all phosphonates for
which the biosynthetic gene clusters are currently known. As part

of a multidisciplinary program focused on naturally occurring
phosphonates we have recently demonstrated that the gene clus-
ters of these compounds can be readily identified using the pepM
gene as amarker (3-10). In addition, these studies have shown that
phosphonate biosynthesis is widespread and that new clusters that
encode for as yet structurally unidentified phosphonates are read-
ily found (1). Given the range of biological activities that known
phosphonates display and given their current applications in
medicine and agriculture, these unidentified phosphonates may
provide a reservoir for new compounds with useful activities. As
noted, the bisanionic charge state of phosphonates provides
a potential hurdle for their use, a drawback that in synthetic
phosphonates is circumvented by esterification. Dehydrophos is
currently the only known esterified naturally occurring phospho-
nate. O-Methylation appears also relatively rare for phosphate
esters (29-32), and only very few phosphate methyl transferases
have been characterized (33-35). The only phosphate O-methyl-
transferase with sequence information, a member of the isoprenyl-
cysteine carboxyl methyltransferase (ICMT) superfamily that is
involved in the biosynthesis of a modified form of lipopolysacchar-
ide containing a methylated phosphate, does not show homology
with Dhpl. However, Dhpl is shown here to methylate a phosphate
with close structural similarity to a phosphonate substrate. Inter-
estingly, the hits with the highest homology with Dhpl in a search
of the current protein databases are from genomes that do not
contain a pepM gene. Hence, the function of these homologs
may be to methylate phosphate groups.

In this study we identified tripeptides closely resembling des-
methyl dehydrophos (2) as the preferred substrates of the SAM-

Fig. 4. Comparison of cocrystal structures with substrates and product. (A) Ribbon diagram for the overall structure of Dhpl-SAH complex. Regions of the
polypeptide that undergo a conformational shift, relative to the Dhpl-SAM-SO,?- structure are shown in pink. (B) Close-up view of the composite active site in
the Dhpl-SAM-S0,2 structure showing the interaction between two monomers, colored in pink and green. Active site residues from the pink monomer are
shown in yellow and those from the capping helix from the green monomer are shown in green. (C) A close-up view of the equivalent region in the Dhpl-SAH
structure, showing the reorganization of the active site residues Tyr29 and Arg168.
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Fig. 5. Methylation of useful phosphonates. Extracted ion chromatograms
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See Fig. S2 for MS spectra. (A) Fosmidomycin (RT = 5.9, m/z 184) was fully
converted to fosmidomycin-OMe (RT = 9.4 min, m/z 198). (B) Fosfomycin
(RT=6.1 min, m/z 139) was fully converted to fosfomycin-OMe
(RT = 9.1 min, m/z 153). N-Acetyl aspartic acid (AcAsp) was used as internal
standard (IS).

dependent O-methyltransferase Dhpl, strongly suggesting it acts
as the last step in the biosynthetic pathway. This observation ar-
gues against one alternative role of the methyl ester: as a protec-
tive measure to prevent the biosynthetic intermediates from
inhibiting endogenous enzymatic reactions in the producing
strain. Instead, introduction of the methyl group in the last step
suggests that the methyl group is important for biological activity
on surrounding organisms. Acetylphosphonate methyl ester, the
expected product after hydrolysis of the amide bonds of dehydro-
phos within the targeted organism, is an 80-fold better inhibitor of
pyruvate dehydrogenase than acetylphosphonate itself at pH 7
(36) and has about 1,000-fold higher affinity for the enzyme than
the pyruvate substrate (37). Thus, our current hypothesis for
methylation is to provide a better mimic of the monoanionic car-
boxylate group of the pyruvate substrate of pyruvate dehydrogen-
ase. Dhpl displayed broad substrate specificity and methylated
two clinically important phosphonate natural products. As such,
it may prove to be a very useful biocatalyst to prepare methylated
analogs of naturally occurring phosphonates by fermentation in
engineered organisms.

An examination of the composite active site within Dhpl pro-
vides a molecular rationale for the tolerance of tripeptides as well
as a broad range of natural product substrates. Within the struc-
ture, the orientation of Argl68 is stabilized through interactions
with residues GIn1578 through Ser160® from the capping helix of
the adjacent monomer. This crossover interaction creates a bind-
ing groove where extended substrates may bind. The DhpI-HEP-
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SAM cocrystal structure suggests that larger substrates would di-
rect away from the active site to bind along the trajectory of the
capping helix. Because nearly all of the residues within this helix
are charged (Glul51-RRLEQQDDS-Glul61) (Fig. S4), these re-
sidues may also provide an electrostatic interface for the stabili-
zation of the N terminus of the natural tripeptide substrate.

In addition to providing information regarding the biosynthesis
of dehydrophos and showing promise for use as a biocatalyst, our
work also uncovered mechanistic insights into Dhpl catalysis. The
three cocrystal structures illustrate a conformational change that
is triggered by the presence of both the methyl group of SAM
and bound sulfate/phosphonate. Although crystals of both Dhpl-
SAM and DhpI-SAH complexes could be grown under identical
conditions, they exhibit distinct morphologies, occupy different
space groups, and demonstrate drastically different diffraction
properties. Both crystal morphologies can be observed in crystal-
lization drops that were stored for prolonged period, consistent
with the hydrolysis of SAM to SAH in the crystallization buffer
after several weeks. Because both the SAM and SAH cocrystals
were grown under identical conditions, the presence of sulfate in
only the SAM complex argues that the methyl group of SAM in-
stigates the structural rearrangements that are further stabilized
by substrate binding. The movement of Val27 in toward the active
site in the Dhpl-SAM-SO,?" structure provides a solvent-ex-
cluded binding pocket for the methyl group and phosphonate that
orients the substrates in an optimal orientation for methyl trans-
fer. This movement disrupts the continuous helix containing
Val27 that is seen when SAH is present. The energetic penalty
for disrupting the helix is compensated by four new intersubunit
interactions that stabilize the capping helix. Mutation of Val27 to
Ala resulted in only a fivefold decrease in the catalytic efficiency
over the wild type, indicating that the van der Waals interaction
between Val27 and the methyl group of SAM provides only a lim-
ited energetic driving force for the structural rearrangement. It is
likely that additional energy may be provided by the electrostatic
interaction between the negatively charged sulfate/phosphonate
group and the positively charged sulfonium group of SAM. In the
SAH structure, interactions between the sulfate/phosphonate and
SAH are likely destabilizing, favoring the continuous helix, dis-
rupting the extensive intersubunit interactions, and preventing
the stabilization of the sulfate/phosphonate binding pocket,
thereby facilitating product release. Additional biochemical stu-
dies to further probe this model are in progress.

Materials and Methods

Expression and Purification of Dhpl. E. coli Rosetta2 (DE3) cells harboring the
Dhpl-encoding plasmid were grown in a Luria-Bertani (LB) medium supple-
mented with antibiotic markers (100 pg/mL ampicillin and 20 pg/mL chlor-
amphenicol) at 37°C until ODgy reached 0.5-0.7. The expression of
N-terminally Hisg-tagged Dhpl was induced by addition of isopropyl-1-
thio-p-D-galactoside (IPTG) to 0.5 mM and the culture was grown at 18°C
for 15 h. The protein was purified by nickel-nitrilotriacetic acid (Ni-NTA)
affinity chromatography (Qiagen, Valencia, CA). A detailed description of
the protein purification and mutagenesis methods used in this study can
be found in the S/ Appendix and Table S3.

Dhpl Activity Assay. Enzyme kinetic assays were carried out at 30 °Cin 50 mM
Tris-HCl (pH 7.8) in 1.5 mL reaction vials. The reaction mixture contained 3 mM
SAM, 2-24 uM Dhpl, 1 pM AdoHcy nucleosidase, and 30-2000 pM phospho-
nate substrates in a final volume of 300 puL. After adding Dhpl, the reaction
mixture was preincubated at 30 °C for 3 min before the reaction was initiated
by addition of SAM. For quantification, 30 pL aliquots of the assay mixture
were removed at designated time points and quenched with an equal vo-
lume of 0.1% formic acid containing 200 uM N-acetyl aspartate (AcAsp) as
internal standard for quantification during LC-MS analysis. The assay sample
was injected to a Synergi C18 RP-fusion column (150 mm x 4.6 mm, Phenom-
enex) on an HPLC system (Agilent Technologies 1200 series) equipped with a
multimode electrospray ionization/APCl spray chamber. HPLC parameters
were as follows: column temperature 25 °C; solvent A, 0.1% formic acid in
water; solvent B, methanol; for monomeric phosphonates: isocratic mobile
phase of 100% solvent A, for tripeptide-like phosphonates: gradient from
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100% A to 30% B over 13 min; flow rate, 0.5 mL/ min; detection by APCI/MS
operating in positive-ion mode.

MS Data Processing and Kinetic Analysis. For each sample, the eluting fractions
from HPLC were ionized by APCl and the mass spectrum was detected in
positive-ion mode. Relative intensities were determined by integrating the
selected ion chromatogram for a specific ion across the entire elution profile.
Quantification of each analyte was achieved by constructing a standard curve
of chemically synthesized authentic sample. Each signal was normalized with
a response factor (i.e., ratio of the integrated area of the analyte peak to the
integrated area of the internal standard, AcAsp) to account for variations
arising from the instrument and sampling conditions. The initial rates of
the enzyme reactions were plotted for at least eight varying concentrations
of substrates and fitted to the Michaelis-Menten equation using nonlinear
regression (KaleidaGraph program, ver.3.5) to estimate the apparent steady-
state rate constants.

All of the assays used for determination of k,; and K,,, were performed in
duplicate.

X-ray Crystallization and Structure Determination. Cocrystals of all complexes
were grown by the hanging drop vapor diffusion method under similar con-
ditions. Typically, 1 pL of the protein-ligand complex (25 mg/mL) was mixed
with 1 pL of precipitant solution containing 1.6 M ammonium sulfate, 0.1 M
Tris-HCl, pH = 8.0 and the drop was equilibrated over a well containing the
same precipitant solution at 8 °C. Selenomethionine-incorporated Dhpl was
crystallized under the same condition except the protein concentration was
decreased to 20 mg/mL. Cocrystals were step-wise equilibrated with incre-
mental concentrations of glycerol up to a final concentration of 30% prior
to vitrification in liquid nitrogen. For data collection and model building, see
SI Appendiix.
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The structure of the Dhpl-SAH complex was determined to 1.5 A resolu-
tion by molecular replacement using the refined coordinates of the Dhpl
structure as a search probe (25). Multiple rounds of manual model building
using XtalView were interspersed with refinement using REFMACS5 to com-
plete structure refinement. Despite extensive manual rebuilding and refine-
ment, residues in the capping loop region, bridging Glu151 through Glu161,
remain ill defined and have not been modeled in the structure. As a conse-
quence of the mobility of the residues in the capping loop, their contribution
to scattering is minimal as reflected by the fact that the free R factor of 22.1%
for this structure is within the range of expectations for a 1.5 A resolution
structure. For each of the structures, stereochemistry of the model was mon-
itored throughout the course of refinement using PROCHECK (38).

Preparation of Phosphonate Substrates. 1,2-DHEP, 1,2-DHEP-OMe, 1-HEP,
1-HEP-OMe, 2-HEP, and 2-HEP-OMe were synthesized according to literature
procedures (19). The synthesis and characterization of Gly-Leu-AlaP and
Gly-Leu-AlaP-OMe are described in the S/ Appendix. Commercially available
1-AEP, 2-AEP, fosfomycin and fosmidomycin were obtained from Sigma-
Aldrich (St. Louis, MO) and L-AP4 was purchased from Tocris Bioscience
(Ellisville, MO); these compounds were used without further purification.
1-AEP was acetylated using acetic anhydride to prepare Ac-1-AEP.
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