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Snapshot of a phosphorylated substrate intermediate by
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ABSTRACT The ATP-dependent enzyme dethiobiotin
synthetase from Escherichia coli catalyses the formation of
dethiobiotin from CO2 and 7,8-diaminopelargonic acid. The
reaction is initiated by the formation of a carbamate and
proceeds through a phosphorylated intermediate, a mixed
carbamic phosphoric anhydride. Here, we report the crystal
structures at 1.9- and 1.6-Å resolution, respectively, of the
enzyme–MgATP– diaminopelargonic acid and enzyme–
MgADP–carbamic–phosphoric acid anhydride complexes, ob-
served by using kinetic crystallography. Reaction initiation by
addition of either NaHCO3 or diaminopelargonic acid to
crystals already containing cosubstrates resulted in the ac-
cumulation of the phosphorylated intermediate at the active
site. The phosphoryl transfer step shows inversion of the
configuration at the phosphorus atom, consistent with an
in-line attack by the carbamate oxygen onto the phosphorus
atom of ATP. A key feature in the structure of the complex of
the enzyme with the reaction intermediate is two magnesium
ions, bridging the phosphates at the cleavage site. These
magnesium ions compensate the negative charges at both
phosphate groups after phosphoryl transfer and contribute to
the stabilization of the reaction intermediate.

A catalytic strategy used by many enzymes is to use nucle-
otide triphosphates, in particular ATP, for leaving group
activation. In general, this strategy can be accomplished by
transfer of the g-phosphoryl group of the nucleotide to the
substrate. The resulting phosphorylated intermediate de-
composes into phosphate and product. The penultimate
enzyme in the biotin biosynthetic pathway, dethiobiotin
synthetase (DTBS), uses this strategy. This enzyme catalyzes
the ATP-dependent formation of the cyclic urea dethiobi-
otin from (7R,8S)-diaminononanoic acid [7,8-diaminopelar-
gonic acid (DAPA)] and CO2. As a catalyst, the enzyme is
rather inefficient, with kcat 5 1.5 min21 under standard assay
conditions (2, 4). DTBS was first studied by Eisenberg (1, 2),
who proposed that the reaction consists of several steps (Fig.
1). The first step, formation of a DAPA carbamate, later was
shown to proceed regiospecifically at N7 (3–5). The second
proposed intermediate, a mixed carbamic–phosphoric acid
anhydride formed by transfer of the g-phosphoryl group of
ATP to a carbamate oxygen (6), has been isolated, with a
lifetime of '25 min under certain conditions (7). It has been
suggested that the last step, ring closure, proceeds through
a tetrahedral intermediate (3).

The three-dimensional structure of the enzyme (5, 8, 9)
revealed a homodimer with the two equivalent active sites,
separated by '25 Å, at the interface between the two subunits.
The structure of DTBS is similar to the structure of other

phosphotransferases, in particular adenylate kinase (10) and
p21ras (11). Crystallographic studies (3) of complexes of
DTBS with DAPA andyor a nonhydrolyzable ATP analogue,
adenylyl [b,g-methylene]diphosphonate (AMPPCP), sug-
gested that conformational changes during catalysis were
minor and that these crystals might be suitable for time-
resolved crystallography.

Recently, the crystal structures of several phosphoenzyme
intermediates have been determined. In these cases [alkaline
phosphatase (12), fructose-2,6-bisphosphatase (13), and nu-
cleoside diphosphate kinase (14)], a histidine side chain is
phosphorylated during the catalytic reaction. Here, we report
the structure of the complex of DTBS with the mixed carbamic
phosphoric acid anhydride intermediate, the first crystal struc-
ture of a substrate-derived phosphorylated reaction interme-
diate trapped during the catalytic reaction. The structure
provides insights into how enzymes might stabilize such inter-
mediates.

MATERIALS AND METHODS

Crystallization and Catalytic Activity in the Crystal. DTBS
was expressed and purified as described (4, 8). Crystallization
was done by using vapor diffusion. The reservoir solution
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FIG. 1. Reaction scheme for dethiobiotin synthetase.
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contained 100 mM buffer at pH 6.5, 100 mM MgAc, and
9–12% polyethylene glycol 8000. Crystals that belong to space
group C2 grew within a few days from hanging drops prepared
by mixing 7 ml of the reservoir solution with 3 ml of protein (30
mgyml). Crystals, previously incubated in 5 mM ATP for 1 h,
were crosslinked with a 2–3% glutaraldehyde solution. The
reaction was interrupted after 1–2 s by addition of 1y5 volume
of 1 M glycine, and crystals were washed extensively to remove
excess reagents. Activity measurements of DTBS crystals were
carried out by using a carbon dioxide fixation assay similar to
one previously described (4). Crosslinked crystals were trans-
ferred to 20 ml of buffer solution containing 0.1 M Mops at pH
7.5, 0.1 M MgAc, and 1.5 mM ATP. The reaction was started
by addition of 10 ml of substrate solution containing 12 mM
[14C]NaHCO3, 0.3 mM EDTA, 0.1 M Mops pH 7, and 1.5 mM
DAPA; 5-ml aliquots were quenched in 10% acetic acid at
defined times and taken to dryness on a hotplate to remove
unreacted [14C]CO2. The residue was dissolved with a small
volume of water, and 14C radioactivity was detected by scin-
tillation counting. As a control, crystals were left for 2 h in 30
ml of the buffer solution, and the supernatant was assayed for
catalytic activity.

Reaction Initiation and Crystallographic Data Collection.
The phosphorylated reaction intermediate was trapped in
the crystals by two procedures. In the first approach (exper-
iment A), noncrosslinked crystals of DTBS, either grown
under CO2-free conditions or incubated in a CO2-free
mother liquor at pH 6.5, were incubated in 5 mM ATP, 15
mM DAPA, 18% polyethylene glycol 8000, 100 mM MgAc,
and 20% 2-methyl-2,4-pentanediol for 1 h. 2-Methyl-2,4-
pentanediol was included as cryoprotectant. One crystal was
mounted in a cryo stream at 100 K for data collection (t 5
0 s, DTBS–MgATP–DAPA complex). The catalytic reaction
was started by the addition of 30 mM NaHCO3. At various
time intervals, crystals were mounted in the cryo stream and
complete x-ray data sets were obtained. In the second
approach (experiment B), crystals were equilibrated with 5
mM ATP and 5 mM MgAc at pH 6.5 for 1 h at room
temperature. The crystals were then transferred to a solution
containing 15 mM DAPA, 30 mM NaHCO3, 0.5 mM EDTA,
5 mM ATP, 5 mM MgAc, 18% polyethylene glycol 8000, and
20% 2-methyl-2,4-pentanediol at pH 6.5 and left in 4°C for
1 h before cryofreezing in a nitrogen stream. Data were

collected at a Rikagu rotating anode by using a MAR image
plate detector (MAR Research, Hamburg) and at beamline
ID 9 at the ESRF (Grenoble, France) by using a charge-
coupled device detector. X-ray data were processed with
DENZO and SCALEPACK (15) (Table 1).

Crystallographic Model Building and Refinement. Initial
phases were obtained from a refined structure of DTBS in
complex with ADP and DAPA (3), and the substrate, product,
and active site solvent molecules were excluded from the
structure factor calculation. The substrates and the reaction
intermediate were clearly visible in the electron density maps
and were modeled by using O (16). Alternatively, the differ-
ence electron density obtained from the t 5 80 s data was
modeled and refined as a mixture of carbamylated DAPA and
a phosphate ion, with van der Waals repulsion turned off.
Crystallographic refinement was performed with XPLOR (17)
and REFMAC (18). One typical round of refinement consisted
of several cycles of positional refinement, followed by model
building (mostly addingydeleting water molecules). At the end,
individual B-factor refinement was carried out. In the last

FIG. 2. Catalytic activity in DTBS crystals. Circles, catalytic activ-
ity in the presence of crosslinked crystals of DTBS; squares, catalytic
activity in the supernatant after incubation with crosslinked crystals.

Table 1. Details of data collection and refinement

100 mM Mg21 5 mM Mg21

t 5 0 s t 5 80 s

Spacegroup C2 C2 C2
Cell dimensions

a, b, c, Å 72.9, 47.9, 60.9 72.7, 47.9, 60.7 72.7, 48.2, 61.1
b, ° 106.5 106.5 106.6

Resolution, Å 1.8–20 1.9–20 1.6–20
Highest resolution shell (1.8–1.86) (1.9–1.97) (1.6–1.66)

Reflections, n
Total 47,020 49,544 84,867
Unique 18,671 15,510 26,601

Completeness, % 98.7 (93.5) 98.4 (88.4) 99.1 (92.4)
Rmerge 3.0 (11.6) 4.0 (5.8) 7.8 (43.6)
I/s 25.6 (7) 28.6 (14) 16.1 (2.8)
Rrefinement, % 19.0 17.9 18.4
Rfree, % 24.6 21.3 21.1
B factor, Å2

Protein atoms 10.8 10.1 12.2
Nucleotide 13.2 12.7 15.1

Substrate/intermediate 11.8 12.1 13.8
Root-mean-square deviation

Bond distance, Å 0.010 0.009 0.006
Bond angle, ° 1.67 1.78 1.3
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cycle, the occupancies of the substrates, ADP, and the inter-
mediate were refined (ADP 0.97, carbamic phosphoric anhy-

dride 0.94). Details of refinement and models are given in
Table 1.

A

B

C

D

FIG. 3. (A) Stereo view of the refined 2Fo-Fc
electron density map (contoured at 1.2s) at the active
site of the DTBS–MgATP–DAPA complex (t 5 0).
The structural model of the refined complex is super-
posed. (B) Stereo view of a Fo 2 Fc electron density
map (contoured at 3s), covering the same part of the
active site, calculated with data collected 80 s after
reaction initiation (experiment A). The electron den-
sity map was calculated with phases from the DTBS–
MgATP–DAPA complex, excluding active site solvent
molecules, the g-phosphate, and the metal ion from
the structure factor calculation. The structure of the
DTBS–MgATP–DAPA complex is superimposed. (C)
Stereo view of the refined 2Fo 2 Fc electron density
map (contoured at 1.2s) for the DTBS–MgADP–
intermediate (t 5 80 s) complex, same view as above
(experiment A). A model of the refined DTBS–
MgADP–carbamic–phosphoric acid anhydride com-
plex is included. (D) Stereo view of the refined 2Fo 2
Fc electron density map (contoured at 1.2s) for the
DTBS–MgADP–intermediate complex, obtained
from experiment B. A model of the refined DTBS–
MgADP–carbamic–phosphoric acid anhydride com-
plex is included. Golden spheres indicate magnesium
ions, and red spheres indicate solvent molecules
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RESULTS AND DISCUSSION

Catalytic Activity in the Crystal. A prerequisite for time-
resolved crystallography is that catalytic activity can be ob-
tained in the crystalline state. Crystals of DTBS proved
catalytically active, even after glutaraldehyde crosslinking
(Fig. 2). No activity was released into the supernatant above
such crystals after 2 h of incubation in buffer without precip-
itant. This result shows that the observed activity was caused
by crystalline enzyme not by enzyme molecules dissolved from
the crystal surface. The amount of product formed after 1 hour
corresponded to .1 molymol subunit of the enzyme and
probably represents multiple turnovers by DTBS molecules
deep enough in the crystals to have escaped glutaraldehyde
inactivation.

Trapping of the Intermediate in the Crystal. Two different
strategies were used to trap the phosphorylated reaction
intermediate. The first approach was to prepare crystals of the
complex of DTBS–MgATP–DAPA under CO2-free condi-
tions. This complex corresponds to the reaction time t 5 0 s.
The catalytic reaction was then initiated at 20°C by soaking
NaHCO3 into the crystals, and at various time intervals the
reaction was stopped by flash-freezing in a cryo stream at 100
K (19). The second approach takes advantage of the relative
stability of the phosphorylated reaction intermediate at lower
temperatures (7). Crystals preincubated in ATP at low Mg21

concentration (5 mM) were soaked in solution containing
substrates for '60 min at 4°C before cryogenic data collection.
Both methods were successful in capturing the phosphorylated
reaction intermediate, and the resulting difference electron
density maps show the same features despite the difference in
Mg21 concentration.

The electron density maps calculated from data collected
before the addition of carbon dioxide (t 5 0 s) show well
defined electron density for MgATP and DAPA (Fig. 3a).
DAPA is bound with the diamino group pointing toward the
g-phosphate of ATP, and the carboxyl end interacts with
residues from the second subunit, much as in the DTBS–
DAPA–N7–carbamate binary complex (3, 5). As expected, no
electron density consistent with carbamylation of N7 was
observed. Instead, the N7 amino group forms hydrogen bonds
with the side chain of Ser41 and a water molecule. The N8
amino group interacts with a solvent molecule and one of the
oxygen atoms of the g-phosphate.

The pattern of hydrogen bonds between the enzyme and
ATP (Fig. 4a) is, with a few exceptions, identical to that
described for the interaction of DTBS with the ATP analogue
AMPPCP (3). One important exception is the hydrogen bonds
formed by the main chain amide of Glu12 and a solvent
molecule to the b,g-bridge oxygen atom of ATP, which were
not observed in the complex with AMPPCP where this oxygen
is replaced by a carbon atom. The triphosphate is bound
through an intricate network of hydrogen bonds, mainly from
main chain amide groups of residues in the phosphate binding
loop, as in other nucleotide binding proteins (10, 11). Two
conserved lysine residues, Lys-15 and Lys-37, form hydrogen
bonds to oxygen atoms of the b and g phosphates, respectively.
The ATP molecule is anchored further to the enzyme through
a magnesium ion (site I). Oxygen atoms from the b- and
g-phosphate groups of ATP, the side chains of Asp-54, Thr-16,
and Glu-115, and a water molecule are coordinated to this
metal ion in an octahedral geometry. This metal binding site
also is found in other ATP- and GTP-binding phosphotrans-
ferases (10, 11), and its roles in catalysis are manifold. It
positions the g-phosphate group relative to the attacking
nucleophile, stabilizes the negative charge on the phosphate
oxygen atoms, thereby facilitating nucleophilic attack, main-
tains ADP as a good leaving group, and stabilizes the transition
state during phosphoryl transfer (20–22).

Initiation of the reaction by the addition of CO2 to the
DTBS–MgATP–DAPA crystals requires the formation of the
carbamylated DAPA before phosphoryl transfer can occur.
The structure of the binary complex of DTBS with the
N7–carbamate of DAPA has been determined (3). When this
structure is compared with the structure of the CO2-free
DTBS–MgATP–DAPA complex (based on their Ca coordi-
nates), the two DAPA molecules superpose well. The super-
position suggests that the carbamate group would bridge the
space between the N7 nitrogen atom of DAPA and the g-
phosphate of ATP and that one carbamate oxygen would be 3.7
Å away from the phosphorus atom. This oxygen atom would
be almost perfectly aligned for an in-line nucleophilic attack on
the g-phosphorus atom (Fig. 5).

In difference electron density maps calculated from data
collected 80 s after reaction initiation by the addition of
bicarbonate to crystals of DTBS–MgATP–DAPA or, alterna-
tively, from data collected on crystals incubated with sub-
strates at low temperature, there is strong positive difference
electron density extending from the N7 amino group of DAPA
toward the nucleotide, consistent with the formation of the
phosphorylated reaction intermediate (Fig. 3 b–d). No elec-
tron density was observed at the position expected for the
g-phosphate of ATP, indicating that the nucleotide was bound
as ADP. The mixed carbamic–phosphoric acid anhydride and
ADP accumulate in the crystals as the major species, as judged
from occupancies (.0.9) and B-factors (comparable to those
of protein atoms) (Table 1). In a control experiment, the
density also was modeled and refined as a carbamylated DAPA
and a phosphate ion. This resulted in similar occupancies
and identical bond distances between the phosphorus atom

FIG. 4. Polar interactions of the substrate (a) and the reaction
intermediate (b) with protein atoms at the active site of DTBS.
Hydrogen bonds (cutoff distance 3.2 Å) are shown with dotted lines.
Coordination bonds from atoms of the protein and the substrate/
reaction intermediate to the Mg21 ions are included.
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and one of the carbamate oxygens (1.8 Å). Such a structural
arrangement thus would require overlap of a phosphate oxy-
gen and a carbamate oxygen, which is physically impossible.

One of the carbamate oxygens is within hydrogen bonding
distance of the side chain of Lys-37. A crucial role of this
residue in catalysis and substrate binding had been suggested
by mutagenesis studies (23). The phosphoryl oxygens of the
mixed carbamic–phosphoric acid anhydride intermediate in-
teract through hydrogen bonds with main chain amides of
Gly-118 and the side chains of Lys-15, Thr-11, Lys-37, and
Glu-115, in addition to the site I Mg21 ion (Fig. 4b). The
DAPA moiety of the anhydride shows the same hydrogen bond
pattern as in the DTBS–MgATP–DAPA complex.

Superposition of the DTBS structures before and after
phosphoryl transfer shows that the transferred phosphoryl
group has moved '1.4 Å from its position in the ATP complex
to the one observed in the complex with the intermediate. The
comparison implies that the reaction proceeds with inversion
of the configuration at the phosphorus atom.

A surprising feature in this complex is a second Mg21

binding site located on the opposite side of the nucleotide from
metal site I, facing bulk solvent (Fig. 6). This Mg21 ion is bound
to one oxygen atom of the b-phosphate of ADP and to one
oxygen atom of the phosphate of the mixed anhydride. How-
ever, the ion is not bound to the protein in any way. Instead,
four solvent molecules complete the almost perfect octahedral
coordination sphere. Thus, although only one metal ion was
observed in the DTBS–MgAMPPCP–DAPA–CO2 (3) and
DTBS–MgATP–DAPA complexes, two metal ions interact
with the b-phosphate of ADP and the phosphate of the mixed
anhydride after phosphoryl transfer has occurred. These metal
ions bound at the phosphate cleavage site might stabilize the
DTBS–mixed anhydride–ADP complex. The experiments at
moderate concentration of Mg21 suggest that the observed
structure of the phosphorylated intermediate is relevant to
catalysis under physiological conditions. The engagement of
two metal ions in phosphoryl transfer reactions is not without
precedent. For instance, phosphoenolpyruvate carboxykinase
(24), pyruvate kinase (25), and glutamine synthetase (26) each
require two divalent cations for activity, although the precise
function of these metal ions in the catalytic reaction differs
among these enzymes.

In conclusion, kinetic crystallography has provided direct
evidence for the existence of a phosphorylated reaction inter-
mediate during catalysis at the active site of dethiobiotin
synthetase. This study reveals one mechanism for how enzymes
stabilize such phosphorylated reaction intermediates and thus
provides insights into the structural basis of ATP-mediated
leaving group activation in enzymes.
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