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ABSTRACT: Lumazine synthase catalyzes the reaction of 5-amino-6-D-ribitylamino-2,4(1H,3H)-pyrim-
idinedione (1) with (5)-3,4-dihydroxybutanone 4-phosphate (2) to afford 6,7-dimethyl-8-D-ribityllumazine
(3), the immediate biosynthetic precursor of riboflavin. The overall reaction implies a series of intermediates
that are incompletely understood. The N{*'P} REDOR NMR spectra of three metabolically stable
phosphonate reaction intermediate analogues complexed to Saccharomyces cerevisiae lumazine synthase
have been obtained at 7 and 12 T. Distances from the phosphorus atoms of the ligands to the side chain
nitrogens of Lys92, His97, Argl36, and His148 have been determined. These distances were used in
combination with the X-ray crystal coordinates of one of the intermediate analogues complexed with the
enzyme in a series of distance-restrained molecular dynamics simulations. The resulting models indicate
mobility of the Lys92 side chain, which could facilitate the exchange of inorganic phosphate eliminated
from the substrate in one reaction, with the organic phosphate-containing substrate necessary for the next

reaction.

Flavocoenzymes derived from riboflavin (vitamin B,) play
a vital role in biological electron transport processes (I, 2).
Whereas plants and many microorganisms biosynthesize the
vitamin, humans and other animals depend on nutritional
sources (3—117). Consequently, the inhibition of any of the
enzymes involved in the riboflavin biosynthesis pathway
could result in selective toxicity to the pathogen and not the
host. Notably, expression of the Salmonella riboflavin
biosynthesis gene ribB has been shown to be essential for
enteritis induction and systemic typhoid fever in animal
disease models (12, 13). Since the ever-increasing antibiotic
resistance by pathogenic microorganisms is a deadly prob-
lem, new antibiotics are urgently needed, and the enzymes
involved in riboflavin biosynthesis are attractive targets.

Lumazine synthase and riboflavin synthase are the last two
enzymes in the riboflavin biosynthesis pathway. Lumazine
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synthase catalyzes the condensation of 5-amino-6-D-ribity-
lamino-2,4(1H,3H)-pyrimidinedione (1) with (S)-3,4-dihy-
droxybutanone 4-phosphate (2) to afford 6,7-dimethyl-8-D-
ribityllumazine (3) (14, 15). Riboflavin synthase catalyzes a
mechanistically unusual dismutation of two molecules of 3
to form one molecule of riboflavin (4) and one molecule of
the lumazine synthase substrate 1 (Scheme 1) (16—20).

The mechanism of the lumazine synthase-catalyzed reac-
tion has not been completely established. The hypothetical
pathway outlined in Scheme 2 involves condensation of the
primary amino group of the substituted pyrimidinedione 1
with the ketone 2 to afford Schiff base 5, elimination of
phosphate to yield the enol 6, tautomerization of the enol 6
and trans to cis isomerization of the imine to produce the
ketone 7, ring closure, and dehydration of the covalent
hydrate 8 to provide the product 3 (27). Presumably the
inorganic phosphate formed after elimination from 5 would
remain enzyme bound, at least for some time, but it would
eventually have to dissociate to make room for another
molecule of the substrate 2. Prior crystallographic studies
have shown that the initial intermediate is bound with the
phosphate side chain in an extended conformation with the
phosphate located approximately as depicted in structure §
(22).

Although the mechanism outlined in Scheme 2 is certainly
reasonable, the details of the pathway, such as the timing of
phosphate elimination relative to the conformational reor-
ganization of the side chain to allow cyclization and the
isomerization of the trans Schiff base to a cis Schiff base or
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Scheme 1: The Last Two Steps in the Riboflavin
Biosynthesis Pathway
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Scheme 2: Hypothetical Reaction Mechanism of the
Lumazine Synthase-Catalyzed Reaction
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the possible initial formation of a cis Schiff base, remain
unknown (27). For example, the conformational change of
the side chain of 9 might occur with the phosphate still
covalently bound to form intermediate 10, followed by
dehydration to yield the Schiff base 11 and elimination of
phosphate to generate the enol in 12 close to the ribitylamino
group (Scheme 3) (23). With Saccharomyces cerevisiae
lumazine synthase, proton transfer from the protonated
imidazole of His97 to the hydroxyl group of the carbinola-
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mine 8, followed by dehydration, would form the product 3
(23). This mechanism has a number of appealing features:
(1) it explains the generation of the required cis imine, and
(2) it helps to explain the expulsion of phosphate from the
protein. On the other hand, (1) it is difficult to explain how
the phosphate residue initially dissociates from the phosphate
binding site, (2) the transport of the whole phosphate side
chain seems unwieldy, and (3) mutation studies have failed
to demonstrate a crucial role for histidine in the active site
(24). Nevertheless, it is clear that the inorganic phosphate
must be released at some point to make way for new
substrate.

We recently sought evidence for the existence of inter-
mediate 6 (Scheme 2) through the synthesis of metabolically
stable analogues that could be crystallized with a complex
of lumazine synthase and inorganic phosphate. That effort
eventually resulted in the preparation of the intermediate
analogue 13 and the crystal structure displayed in Figure 1,
in which the ligand 13 is bound to Mycobacterium tuber-
culosis lumazine synthase in an extended conformation
resembling that proposed for intermediate 6 in Scheme 2.
The amide carbonyl of 13 was found to be hydrogen bonded
to water, which in turn was hydrogen bonded to the enzyme-
bound inorganic phosphate (25).

The three metabolically stable phosphonate analogues
14—16 of intermediate 5 were previously synthesized, and
the crystal structure of the complex formed between com-
pound 15 and S. cerevisiae lumazine synthase (1EJB) was
determined at 1.85 A resolution (22, 26). Our strategy to
determine a more accurate structure of occupied binding sites
of lumazine synthase was to improve the accuracy of the
X-ray information using REDOR' NMR (27—33). REDOR
is a difference experiment in which two spectra are collected,
one in the absence of heteronuclear dipolar coupling (full
echo, Sy spectrum) and the other in the presence of the
coupling (dephased echo, S spectrum). In the Sy spectrum,
dipolar dephasing is refocused over each rotor period due
to the spatial averaging by the motion of the rotor under
magic-angle spinning. In the S spectrum, the spin part of
the dipolar interaction is manipulated by the application of
rotor-synchronized dephasing s-pulses to prevent full refo-
cusing. Dipolar evolution over the rotor period in the §
spectrum results in a reduced peak intensity for spin pairs
that are dipolar coupled. The difference in signal intensity
(REDOR difference, AS = Sy — S) for the observed spin
(>N) in the two parts of the REDOR experiment is directly
related to the heteronuclear dipolar coupling from which the
corresponding distance to the dephasing spin (*'P) is
determined.

Well-resolved PN solid-state NMR signals are generally
observed for histidine, arginine, and lysine side chain
nitrogens of uniformly “N-labeled proteins (34). It is
therefore possible to accurately measure a few specific
distances from the phosphorus atoms of intermediate-
analogue ligands to nitrogens of the uniformly '“N-labeled
protein. For example, from the X-ray structure we know that,
of the 11 lysines in each subunit, only one is in the vicinity
of the binding site. Thus, a REDOR determination of the

! Abbreviations: REDOR, rotational echo double resonance; EDTA,
ethylenediaminetetraacetic acid; CPMAS, cross-polarization magic
angle spinning.
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Scheme 3: Alternative Mechanism of the Lumazine
Synthase-Catalyzed Reaction”
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“ Different compound numbers 9 and 10 have been used to designate
different conformations of the same intermediate.

distance of the €-'>N of this lysine side chain nitrogen to the
3P of the ligand (which for N—P distance measurements of
the order of 5 A are possible to within £0.2 A) (34) is more
accurate than the corresponding distance determination from
X-ray analysis alone. Additional accurate distances can be
determined by "N{3'P} REDOR from ligand phosphorus to
histidine and arginine side chain nitrogens identified as
proximate by the X-ray structure. Information about the
possible conformational mobility of the phosphonate moiety
and the surrounding amino acid residues might then be
gained through molecular dynamics simulations using dis-
tance restraints determined by PN{3'P} REDOR NMR (35).

MATERIALS AND METHODS

4-(6-p-Ribitylamino-2,4-dihydroxypyrimidin-5-yl)- 1 -butylphos-
phonic acid (14), 5-(6-D-ribitylamino-2,4-dihydroxypyrimidin-
5-yl)-1-pentylphosphonic acid (15), and 6-(6-D-ribitylamino-
2 4-dihydroxypyrimidin-5-yl)-1-hexylphosphonic acid (16) were
synthesized as previously described (26).

Uniformly ’N-Labeled Lumazine Synthase of S. cerevisiae.
The construction of the plasmid p602rib4-CAT directing
the hyperexpression of the gene specifying pentameric
lumazine synthase of S. cerevisiae has been described
earlier (36). The plasmid was transduced into Escherichia
coli strain MI15[pGB3] yielding strain MI15[pGB3]-
p602rib4-CAT. The recombinant strain was grown in
minimal medium (12.0 g/L Na,HPO,-7H,O, 3.0 g/L
KH,PO,, 0.5 g/ MgS0,4+7H,0, 0.03 g/L. CaCl,*2H,0,
0.5% glucose) which was supplemented with trace
elements (50 mg/L EDTA, 8.5 mg/L FeSO4-7H,0,
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FIGURE 1: Stereo diagram of the 2IF,| — IF.l electron density map
(0 = 1.5) around the active site of M. tuberculosis lumazine
synthase in complex with inhibitor 13 and a phosphate ion
(magenta) (PDB ID 2VI5) (a) and the respective schematic drawings
of the interactions between the enzyme and the ligand (b). Red
spheres indicate water molecules. The carbon atoms of the residues
of different subunits are shown in green and in yellow, oxygen
atoms are in red, and nitrogen atoms are in blue (25).
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FIGURE 2: 50 MHz SN CPMAS NMR spectrum and side chain
nitrogen line assignments for S. cerevisiae [U-'N]lumazine syn-
thase. Chemical shifts are referenced to solid ammonium sulfate.

To convert to a liquid ammonia reference, add 20 ppm. Abbrevia-
tion: ssb, spinning sideband.

13.5 mg/L MnCl,-2H,0, 0.9 mg/L ZnSO4*7H,0, 0.2
mg/L CuCl,*2H,0, 0.2 mg/L NiCl,*6H,0, 0.1 mg/L
CoCl,*6H,0, 0.1 mg/L H;BOs3, pH 7.4) and with vitamins
(80 ug/L pyridoxamine hydrochloride, 160 ug/L thiamin
hydrochloride, 80 ug/L riboflavin, 80 ug/L p-aminoben-
zoic acid, 80 ug/L calcium pantothenate, 20 ug/L biotin,
40 ug/L folic acid, 60 ug/L nicotinic acid, 0.4 ug/L
cyanocobalamin). SNH4CI (1.0 g/L) was added as the only
source of nitrogen, along with 20 mg/L kanamycin and
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FIGURE 3: 30 MHz PN{3'P} REDOR spectra of the 5-carbon-linker
15 complex after 19.2 ms of dipolar evolution. The REDOR
difference is shown at the top of the figure and the full echo at the
bottom. The sample contained 110 mg of protein. The scan count
was 262144, and the magic angle spinning rate was 5000 Hz.

150 mg/L ampicillin for the maintenance of the plasmids.
IPTG (final concentration, 2 mM) was added to cultures
during shaking when they had reached an optical density
of 0.7 (600 nm). Incubation was continued for 18 h. The
cells were harvested by centrifugation. Lumazine synthase
was purified as described earlier (36).

OH OH
Or.. Or.. OH HO:.. OH
OH
H
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Preparation of the Complexes. [U-"’N]Labeled lumazine
synthase was first concentrated using a filtration device
passing proteins less than 50 kDa (Amicon Centriplus YM-
50 centrifugal filter; Millipore Corp., Bedford, MA) and an
Eppendorf 5810R refrigerated centrifuge operating at 3000
rpm. The concentrations of protein used to form the complex
with phosphonate compounds 14, 15, and 16 were 11.6, 22.5,
and 17.6 mg/mL, respectively, as determined by a nonin-
terfering protein assay (Geno Technology, Inc.). Each sample
was prepared in buffer solution containing 1 mM EDTA and
50 mM triethanolamine hydrochloride at pH 7.0 and lyoph-
ilized with 50 mM trehalose as lyoprotectant and 1% PEG
8000 as cryoprotectant.

Spectrometers. For lumazine synthase complexed with
phosphonates 14 and 16, "N{*'P} REDOR NMR spectra
were recorded using a spectrometer equipped with a four-
frequency (HFPN) transmission-line probe. The probe has a
10.55 mm long, 5.12 mm i.d. analytical coil and a Chemag-
netics/Varian magic-angle spinning stator. The spectrometer
was controlled by a Tecmag pulse programmer. Radio
frequency (rf) pulses for 'H (499.882 MHz) and '°F (470.274
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FIGURE 4: 50 MHz SN{3'P} REDOR spectra of the 6-carbon-linker
16 complex after 20.48 ms of dipolar evolution. The REDOR
difference is shown at the top of the figure and the full echo at the
bottom. The sample contained 44 mg of protein. The scan count
was 284000, and the magic angle spinning rate was 6250 Hz.

MHz) were amplified by 50 W American Microwave
Technology power amplifiers (AMT 3137) followed by
second-stage amplification using 2 and 1 kW Creative
Electronics (CE) tube amplifiers, respectively. For 3'P
(202.355 MHz) and >N (50.654 MHz), rf pulses were
amplified by 1 and 2 kW American Microwave Technology
power amplifiers. A 12 T static magnetic field was provided
by an 89 mm bore Magnex superconducting solenoid.

For lumazine synthase complexed with phosphonate 15,
BN{3'P} REDOR NMR spectra were recorded using a four-
channel Chemagnetics console (Fort Collins, CO) equipped
with a four-frequency (HPCN) transmission-line probe (at
300, 121, 75, and 30 MHz, respectively) (37). An Oxford
magnet was used to produce a 7.05 T static magnetic field.

BN{31P} REDOR NMR for Lumazine Synthase Complexed
with Phosphonate 14. The sample was packed in a 4 mm
ceramic rotor. PN{3'P} REDOR NMR was performed for
208 rotor cycles of dipolar evolution with magic-angle
spinning at 8130 Hz. REDOR S and S spectra each resulted
from the accumulation of 596916 scans. The spinning speed
was under active control to within £3 Hz. Other parameters
included 2 ms 50 kHz 'H—"N Hartmann—
Hahn CP match, 6 us *'P s-pulses (83 kHz), 7 us "N
m-pulses (71 kHz), and proton decoupling of 100 kHz.
Standard xy8 phase cycling was used for both 3'P and "N
m-pulses to eliminate offset effects and pulse imperfections.

BN{31P} REDOR NMR for Lumazine Synthase Complexed
with Phosphonate 15. The sample was packed into a high-
performance 7.5 mm outside-diameter zirconia rotor and spun
at 5000 Hz. The spinning speed was under active control to
within £2 Hz. “N{?'P} REDOR experiments were per-
formed for 32, 48, 64, 96, 112, 128, and 144 rotor cycles of
dipolar evolution. Other parameters included 2 ms 50 kHz
"H—">N Hartmann—Hahn CP match, 10 us 3'P s-pulses (50
kHz), 10 us N z-pulses (50 kHz), and proton decoupling
of 95 kHz. Standard xy8 phase cycling was used for both
3P spin and SN zz-pulses.
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FIGURE 5: Experimental (circles) and calculated (solid lines) SN{3'P} REDOR dephasing (AS/Sy) as a function of dipolar evolution time
for side chain nitrogens (highlighted in red) of S. cerevisiae lumazine synthase complexed with the 5-carbon-linker phosphonate 15. Estimated
error in N—P distances is less than 0.2 A (upper left panel). The experimental dephasing was the result of the accumulation of 2282636

scans for both § and Sy REDOR spectra.

BN{3P} REDOR NMR for Lumazine Synthase Complexed
with Phosphonate 16. The sample was packed in a 4-mm
ceramic rotor. PN{3'P} REDOR experiments were performed
for 64, 96,128, 144, and 160 rotor cycles of dipolar evolution
with a magic-angle spinning at 6250 Hz. "N{3!'P} REDOR
experiments were also performed for 264 rotor cycles of
dipolar evolution with a magic-angle spinning at 9091 Hz.
The spinning speed was under active control to within £3Hz.
Other parametersincluded 2 ms 55 kHz "H— N Hartmann—Hahn
CP match, 4.9 us 3'P w-pulses (102 kHz), 7 us >N z-pulses
(80 kHz), and proton decoupling of 100 kHz. Standard xy8
phase cycling was used for both *'P spin and "N s-pulses.

Computer Simulations. Computer simulations were per-
formed on the supercomputer cluster at the Center for
Computational Research at SUNY Buffalo (www.ccr.
buffalo.edu) and the NYSGrid network of supercomputers
available for the researchers in the State of New York
(www.nysgrid.org). Two suites of programs were used for
the simulations: AutoDock 3.0.5, The Scripps Research
Institute (TSRI), AutoDock (http://autodock.scripps.edu), and
AMBER 9, TSRI, AMBER Molecular Dynamics Package
(http://amber.scripps.edu).

AutoDock 3.0.5, a suite of programs applying an auto-
mated Lamarckian genetics-based docking method (38), was
used to dock a neutral version of the 6-carbon-linker ligand
16 to lumazine synthase. The genetic crossover rate was set
to 0.8, and the mutation rate was set to 0.02. The population
size was 150, the number of generations was 27000, and
the maximum number of energy evaluations was set to 250
x 10°. The number of runs was chosen to be 200. Each run

finished before the maximum number of energy evaluations
was reached.

Docking of ligand 16 to each binding site of lumazine
synthase began with the 1EJB coordinates of the atomic
structure of pentameric lumazine synthase from S. cerevisiae
(22). The structure of ligand 16 was created from ligand 15
of 1EJB by inserting a methylene group into its 5-carbon
chain using a Materials Studio 4.1 visualizer (Accelrys, San
Diego, CA). Two sets of 200 docking runs were performed:
one with both chains of the ligand being flexible and the
other with only the chain ending with phosphonate group
allowed to be flexible (the other chain kept the conformation
of the 5-carbon linker in the 1EJB structure). The partial
charges necessary for the evaluation of the free energy of
binding were calculated using the default Gasteiger charges
(39).

The AMBER 9 suite of programs was used to perform
molecular dynamics simulations on lumazine synthase com-
plexed with inhibitors 15 or 16. Coordinates for the protein
and inhibitor 15 were obtained from the 1EJB crystal
structure. Inhibitor 15 was replaced by 16 in each binding
site in such a way that the pseudo-5-fold symmetry of the
pentamer was preserved. Fifteen Nat ions were added to
the protein—ligand complexes for neutralization. The com-
plex was then immersed in a TIP3P box of water (40)
extending 15 A from the surface of the protein, and the
resulting system was equilibrated for 120 ps at 300 K using
the NPH method (constant number of particles, constant
enthalpy, constant pressure) with the density of water set to
1 g/cm?®. The AMBER force field (2003 version) was used
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FIGURE 6: Experimental (circles) and calculated (solid lines) "N{3*'P} REDOR dephasing (AS/Sy) as a function of dipolar evolution time
for side chain nitrogens (highlighted in red) of S. cerevisiae lumazine synthase complexed with the 6-carbon-linker phosphonate 16. The
experimental dephasing was the result of the accumulation of 1613824 scans for both § and Sy REDOR spectra. The dashed line for the
upper right plot indicates that the maximum dephasing of the arginine peak is 0.055, which corresponds to 38% occupancy of the lumazine
synthase active sites. The dashed line for the lower right plot shows that the corresponding expected maximum dephasing of the lysine peak
is 0.034 (from 0.38/11). The observed dephasing maximum of the lysine peak is 0.013.

Table 1: Distances between Phosphorus of the Ligand and Nitrogen
Atoms of the Protein in S. cerevisiae Lumazine Synthase

REDOR distances REDOR distances

X-ray distances

(1EJB) for 5-carbon-  for 5-carbon- for 6-carbon-
linker compound  linker compound linker compound
15 (A)” 15 (A 16 (A)°
P to NZ 7.4 6.2 3.8
of Lys92
P to NE 3.8 4.5 4.0
of Argl36
P to NH 5.6 3.8 3.8
of Argl36
P to NH 3.8 3.8 3.9
of Argl36
P to NE 6.8 5.4 4.7
of His148
P to NE 7.2 4.1 4.7
of His97

“The distances were obtained from the published crystal structure of
S. cerevisiae lumazine synthase in complex with the 5-carbon-linker
compound 15 (22). " The distances were calculated from the REDOR
NMR dephasing displayed in Figure 5. © The distances were calculated
from the REDOR NMR dephasing displayed in Figure 6.

for the protein and water. The force field parameters for the
ligands were obtained from GAFF (General Amber Force
Field). Partial charges for the ligands were calculated using
the electrostatic potential fit method in the DMol3 module
of the Materials Studio 4.1 software (Accelrys, San Diego,
CA) (41). Molecular dynamics simulations were performed
for several nanoseconds at 300 K using the NVT method
(constant number of particles, constant volume, constant

temperature), with SHAKE constraints on the hydrogen
atoms and a 2 fs time step. Periodic boundary conditions
were used. No atoms were fixed during the dynamics
simulations.

RESULTS

Solid-State NMR. The "N CPMAS NMR spectrum of S.
cerevisiae [U-'"N]lumazine synthase is shown in Figure 2.
As expected, well-resolved signals are observed for histidine,
arginine, and lysine side chain nitrogens (32). However,
dephasing for the side chain nitrogen peaks was low signal-
to-noise ratio in the 50 MHz N{3'P} REDOR difference
spectrum of the complex derived from the 4-carbon-linker
compound 14 (data not shown), consistent with a small
sample size (36 mg of protein) and a relatively low enzyme
affinity (K; 440 uM vs Bacillus subtilis lumazine synthase)
(26). In contrast, well-defined side chain difference signals
were observed in the 30 and 50 MHz SN{3'P} REDOR
spectra (Figures 3 and 4, respectively) derived from 15
(Ki 180 uM vs B. subtilis lumazine synthase) (26) and 16
(Ki 130 uM vs B. subtilis lumazine synthase) (26).

The N{3'P} REDOR dephasings (AS/Sp) of the side chain
nitrogens of the 5-carbon-linker 15 complex and 6-carbon-
linker 16 complex with S. cerevisiae lumazine synthase are
shown in Figures 5 and 6. The symbols are the experimental
data, and the solid lines are the calculated dephasing
assuming specific N—P distances and dephasing maxima
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(plateaus). The resulting REDOR-determined distances are
listed in Table 1.

The REDOR dephasing of the 50 ppm arginine peaks of
both complexes have well-defined plateaus. These values
determine the percentage of the yeast lumazine synthase
binding sites occupied by the inhibitor. The dephasing
maximum for the 5-carbon-linker complex is 5.9%, and for
the 6-carbon-linker complex 5.4%, the theoretical maximum
dephasing is 14% for 100% binding site occupancy because
each subunit of the enzyme has seven arginine residues but
only one is within dephasing range of the phosphorus of the
ligand (22). Dephasing of 5.9% and 5.4% therefore corre-
sponds to 41% and 38% occupancy, respectively. Similarly,
the maximum dephasing for the histidine nitrogen, based on
100% occupancy, is 2/6 = 33% and for 40% occupancy 13%.
The experimental fitted plateau for histidine is 13% (Figure
6, lower left).

Based on 38% occupancy, the maximum dephasing for
the lysine peak is therefore (0.38)(1/11) = 3.4% for the
6-carbon-linker complex. However, the plateau of the RE-
DOR curve of the lysine peak is well established at 1.3%,
substantially less than the expected dephasing (Figure 6,
lower right). One possibility to account for this discrepancy
is the presence of multiple binding conformations, in some
of which the NZ atoms of Lys92 are close to the phosphorus
atom of the inhibitor resulting in full dephasing, while in
others they are farther away than 8 A, and only partial
REDOR dephasing occurs.

Molecular Dynamics Simulations. Ligand 16 was inserted
in the five binding sites of the protein using AutoDock 3.0.5.
This docking process used a Lamarckian genetic algorithm
and an empirical binding free energy function to create
possible binding conformations and orientations of the ligand.
The neutral ligands were allowed to be flexible, but the
protein was kept rigid. A total of 2000 conformers, 400 for
each binding site, was produced. About 90% of the conform-
ers assumed orientations and positions similar to those in
the X-ray structure of the 5-carbon-linker 15 complex (22),
with the phosphorus atom 7—8 A from NZ of Lys92.

Next, molecular dynamics simulations introduced flex-
ibility to the whole system. Molecular dynamics simulations
using AMBER 9 software were run for the three lumazine
synthase complexes with neutral ligands having the lowest
docking energies (designated as structures I, II, and III) and
also for the original crystal structure 1EJB (with neutral
ligand 15, Figure 7). The runs lasted about 3 ns and produced
one clear case of a divergence in P-Lys92 (NZ) distances.
The NZ of Lys92B in structure III moved away from the
phosphorus atom of the inhibitor to a distance greater than
8 A. The other P-Lys92 (NZ) distances stayed in the vicinity
of 7—8 A and in only a few cases reached values less than
6 A. These simulations were not restrained by REDOR
distances, and the results are not consistent with the
experimental REDOR dephasing (Figure 6, bottom right).

A second set of dynamics simulations included distance
information from the REDOR experiment by introducing
“flat bottom” restraints. The energy penalty for these
restraints is defined by a well with a square bottom of value
0 between r, and r3 and parabolic sides to lower- and upper-
bound distances r; and r4, respectively. The well has linear
sides elsewhere and is single-valued and continuous at r,
and r4. The force constant within the parabolic region of the
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FIGURE 7: Top: Crystal structure (PDB ID 1EJB) of the S. cerevisiae
lumazine synthase pentamer with bound ligand 15. The five subunits
are shown in stick form, while the five ligand molecules are shown
as space-filling models color coded according to atom type. The
N-termini in the subunits exist in different conformations in the
crystalline state. The five binding sites, which contain amino acid
residues from adjacent monomers, are labeled A—E. Bottom: Stick
model and electron density map of inhibitor 15 bound in the active
site (22).

well was 10 kcal/(mol+A2). Structure I underwent a succes-
sion of five restrained annealing (300 K—500 K—300 K)
runs of 300 ps duration after an initial 2 ns of unrestrained
dynamics. Restraints were introduced during the annealing
for those P-Lys92 (NZ) distances that reached a value less
than 6.5 A after the unrestrained dynamics. For structures
II and III, restraints to all the REDOR-derived 3'P—15N
distances other than P-Lys92 (NZ) were introduced at the
start of the simulations, which were performed at 300 K.
Restraints were imposed on three P-Lys92 (NZ) distances
in structure II that reached a value less than 6.5 A after the
first 1.7 ns of dynamics. No P-Lys92 (NZ) distance restraints
were implemented for structure III because these distances
were greater than 8 A in all five binding sites throughout
the simulation. Molecular dynamics simulations were also
run for the original 1EJB structure with REDOR-derived
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Table 2: Distances of the Molecular Dynamics Simulations

atoms” 16-1” (A) 16-11° (A) 16-I11Y (A) 16 restraints radii® 16 REDOR’ (A) 15¢ (A) 15 restraints radii” 15 REDOR' (A) 15 X-ray’ (A)
NZ LysA92-P 9.6* 53 82F  (3.8)45-50(6.0) 3.80r>8 73 (5.7) 6.2—7.4 (1.8) 6.2 7.4
NZ LysB92-P 5.7 10.3* 10.1¢  (3.8)45-5.0 (6.0)  3.80r>8 7.6 (5.7) 6.2-7.4 (1.8) 6.2 7.4
NZ LysC92-P 5.4 5.5 9.7  (3.8)45-5.0(6.0) 3.80r>8 73 (5.7) 6.2-7.4 (1.8) 6.2 7.4
NZ LysD92-P 5.4 13.6* 9.0  (3.8)45-5.0(6.0) 3.8o0r>8 75 (5.7) 6.2—7.4 (1.8) 6.2 7.4
NZ LysE92-P 8.6* 55 8.7 (3.8)45-50(6.0) 3.80r>8 75 (5.7) 6.2—7.4 (1.8) 6.2 7.4
NE2 HisA97-P 47 53 53 4.0)47-5.0 (73) 47 58  (4.7)5.0-5.9 (7.3) 5.4 72
NE2 HisB97-P 52 5.0 5.1 (4.0)47-50 (73) 47 57  (4.7)5.0-5.9 (7.3) 5.4 72
NE2 HisC97-P 4.6 5.3 5.2 4.0)47-5.0 (73) 47 58 (4.7)5.0-5.9 (7.3) 5.4 72
NE2 HisD97-P 5.4 5.2 5.0 4.0) 4.7-5.0 (7.3) 4.7 59  (4.7)5.0-5.9 (7.3) 5.4 72
NE2 HisE97-P 5.1 4.9 4.8 (4.0) 4.7-5.0 (7.3) 4.7 58  (4.7)5.0-59 (7.3) 5.4 7.2
NE ArgA136-P 4.0 4.6 42 (3.5) 4.0-45(5.0) 4.0 3.9 (3.5 4.0-4.5 (5.0) 45 3.8
NE ArgB136-P 4.4 3.8 3.8 (3.5) 4.0—-45 (5.0) 4.0 40  (3.5) 4.0—4.5 (5.0) 45 3.8
NE ArgC136-P 47 3.8 4.4 (3.5) 4.0—-45 (5.0) 4.0 3.8 (3.5 4.0—4.5 (5.0) 45 3.8
NE ArgD136-P 3.9 3.9 3.6 (3.5) 4.0—-45 (5.0) 4.0 3.6 (3.5) 4.0—4.5 (5.0) 45 3.8
NE ArgE136-P 4.4 4.0 3.8 (3.5) 4.0—-45 (5.0) 4.0 40  (3.5) 4.0—4.5 (5.0) 45 3.8
NH1 ArgA136-P 4.5 43 43 (3.5)3.9-45(5.00 39 52 (3.5)3.9-4.9 (5.6) 3.8 5.6
NH1 ArgB136-P 3.8 5.6 5.2 (3.5)3.9-45(5.00 39 52 (3.5)3.9-4.9 (5.6) 3.8 5.6
NH1 ArgC136-P 4.1 47 3.9 (3.5)3.9-45(5.00 39 54 (3.5)3.9-4.9 (5.6) 3.8 5.6
NHI ArgD136-P 4.0 47 55 (3.5)3.9-45(5.00 39 54 (3.5)3.9-49 (5.6) 3.8 5.6
NHI ArgE136-P 4.7 42 3.5 (3.5)3.9-45(5.00 39 45  (3.5)3.9-4.9 (5.6) 3.8 5.6
NH2 ArgAl136-P 4.1 4.6 4.6 (3.5)3.9-45(5.00 3.8 35 (3.5 3.8—43 (4.5) 3.8 3.8
NH2 ArgB136-P 4.8 3.8 3.9 (3.5)3.9-45(5.0) 3.8 3.6  (3.5)3.8—-4.3 (4.5) 3.8 3.8
NH2 ArgCI36-P 4.0 4.1 3.9 (3.5)3.9-45(5.0) 3.8 3.5  (3.5)3.8—-4.3 (4.5) 3.8 3.8
NH2 ArgD136-P 4.8 4.1 33 (3.5)3.9-45(5.00 3.8 37  (3.5)3.8—4.3 (4.5) 3.8 3.8
NH2 ArgE136-P 4.5 42 35 (3.5)3.9-45(5.00 3.8 43 (3.5)3.8—4.3 (4.5) 3.8 3.8
NE2 HisA148-P 5.1 5.2 45 (4.0)47-5.0 (13) 47 45  (3.7) 4.1-4.6 (5.6) 4.1 6.8
NE2 HisB148-P 5.1 5.0 48 (4.0)47-5.0 (13) 47 46  (3.7) 4.1—4.6 (5.6) 4.1 6.8
NE2 HisC148-P 5.0 5.1 4.6 (4.0)47-5.0 (13) 47 42 (3.7) 4.1-4.6 (5.6) 4.1 6.8
NE2 HisD148-P 5.0 5.2 438 4.0)47-5.0 (13) 47 45  (3.7) 4.1—4.6 (5.6) 4.1 6.8
NE2 HisE148-P 5.4 4.9 5.0 (4.0)47-5.0 (73) 47 48  (3.7) 4.1—4.6 (5.6) 4.1 6.8

“ Atoms whose distances are calculated or determined at the five binding sites A, B, C, D, and E. ? Distance between atoms calculated from
molecular dynamics simulation of the enzyme—16 complex starting from docked conformer I. ¢ Distance between atoms calculated from molecular
dynamics simulation of the enzyme—16 complex starting from docked conformer II. ¢ Distance between atoms calculated from molecular dynamics
simulation of the enzyme—16 complex starting from docked conformer III. “ REDOR restraint radii (r;) r>—r3 (rs) used in the molecular dynamics
simulation involving 16. / Distance determined by SN{3'P} REDOR NMR on the enzyme—16 complex. ¢ Distance between atoms calculated from
molecular dynamics simulation of the enzyme—15 complex starting from the x-ray coordinates of 1EJB. ” REDOR restraint radii (r) r>—r3 (r4) used in
the molecular dynamics simulation involving 15. ’ Distance determined by 'N{3!P} REDOR NMR on the enzyme—15 complex. / Distance determined

by crystallography on the enzyme—15 complex. * Italicized: not restrained.

restraints obtained for the complex of lumazine synthase with
15. The distance values of all the structures minimized after
the last step of dynamics, along with the distance parameters
(r1) r—r3 (ry) of the flat-bottom restraints, are listed in Table
2. Figure 8 shows the time evolution of the distances between
the phosphorus of inhibitor 16 and NZ of Lys92 for structure
IT during restrained molecular dynamics at 300 K.

Three-dimensional pictures (3-D Visualizer by Accelrys,
San Diego, CA) reveal that the divergence in P-Lys92 (NZ)
distances results from the flexibility of Lys92 side chain. In
the 1EJB structure, Lys92 (NZ) forms hydrogen bonds with
the oxygens of nearby residues Glu99 and Thr95 in all five
binding sites (Figure 9¢). Black lines in this figure represent
the hydrogen bonds. In the simulated 6-carbon-linker inhibi-
tor structure, the binding sites with low P-Lys92 (NZ)
distances also have this hydrogen-bonding arrangement
(Figure 9a). In addition, Lys92 (NZ) is possibly engaged in
hydrogen bonding with one of the oxygens of the phospho-
nate group of the 6-carbon-linker inhibitor. However, in the
simulated binding sites with a P-Lys92 (NZ) distance
approaching 12—14 A, Lys92 has broken the hydrogen bonds
with Glu99 and the backbone oxygen of Thr95 (Figure 9b).
The side chain of Glu99 has also flipped away from its
conformation in the 1EJB structure.

DISCUSSION

The interaction between Lys92 and the 6-carbon-linker
ligand 16 seems to involve a distortion of the loop 92—97
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FIGURE 8: Time evolution of distances between the phosphorus atom
of 16 and NZ of Lys92 in the five ligand binding sites A—E (colors)
of the pentamer (see Figure 7 for the labeling of the binding sites)
during molecular dynamics at 300 K for structure II. The restraints
to all REDOR residues (excluding Lys92) were applied at the start.
Lys92 restraints in three binding sites (for LysA92, LysC92, and
LysE92) were applied at about 1.6 ns (see black marker). The
distances LysB92-P and LysD92-P (purple and light blue, respec-
tively) remained unrestrained during the entire dynamics run.
Experimental X-ray (for the lumazine synthase complex with 15)
and REDOR distances (for the lumazine synthase complexes of
15 and 16) are shown as straight lines colored dark blue, green,
and red, respectively.

in the binding sites, where the distance between the ligand
phosphorus atom and NZ (Lys92) is small enough to allow
for hydrogen bonding. The 92—97 loop displays some
flexibility in the 1EJB structure: the atomic temperature
factors (B-values) obtained from X-ray refinement for all of
the atoms of this loop are above 20 A2, sometimes surpassing
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FIGURE 9: Stereoviews of the occupied binding sites of lumazine synthase. The inhibitor is rendered in ball-and-stick mode. Lys92 is shown
as a stick with a larger ball representing NZ. Hydrogen bonds are in black. (a) Binding site A of the 6-carbon-linker inhibitor 16 in
simulated structure II after restrained dynamics. Lys92 (NZ) possibly forms a hydrogen bond with one of the oxygens of the inhibitor
phosphonate group in addition to hydrogen bonding with Glu99 and Thr95. The inhibitor phosphonate group is also within hydrogen-
bonding distance to Ser94, Thr95, and His97 of the 92—97 loop and to Argl36. (b) Binding site D of the 6-carbon-linker inhibitor 16 in
simulated structure II after restrained dynamics. The hydrogen bonds between Lys92 (NZ) and Glu99 or Thr95 are broken. The inhibitor
phosphonate group forms a hydrogen bond with His97 and Argl36. (c) A binding site of the 5-carbon-linker inhibitor 15 in the X-ray
structure (1EJB). Lys92 (NZ) forms hydrogen bonds with Glu99 and Thr95. The inhibitor phosphonate group forms hydrogen bonds with
Ser94, Thr95, and Argl36. (d) Superposition of the binding sites shown in (a)—(c) with the same coloring scheme.

30 A2. The molecular dynamics simulations indicate that the
Lys92 side chain in the lumazine synthase complex with
ligand 16 can exist in two distinctly different states. In the
first state, the Lys92 amine nitrogen can stay hydrogen
bonded to Thr95 and Glu99 as in the lumazine synthase
structure complexed with ligand 15. In this case a hydrogen
bond with one of the oxygens of the inhibitor phosphonate
group is formed. In the second state the hydrogen bonds
between Lys92 (NZ) and Glu99 or Thr95 can be broken and
no hydrogen bonding forms between NZ and the phosphonate
group of the inhibitor. Thus the explanation for the less-
than-expected dephasing observed for the "N{*'P} REDOR
signal in the spectrum of (Figure 6, bottom right) is related
to the flexibility of Lys92. The mobility of the Lys92 side
chain could therefore facilitate the required active site release
of phosphate during the enzyme-catalyzed reaction (hypo-
thetical Schemes 2 and 3). The higher binding affinity for
the larger transition-state analogue (16 vs 15) is also
consistent with an entropically expanded and mobile active
site during catalysis (42).

The mobility of Lys92 and its ability to closely approach
the phosphate of the ligand could not have been expected or
predicted on the basis of the 1EJB crystal structure alone.
The 1EJB crystal structure indicated distances of 7.35, 7.47,
7.31, 7.63, and 7.44 A between the five phosphorus atoms
of the five 15 ligands and the five Lys92 side chain nitrogen
atoms in the five binding sites of the lumazine synthase
pentamer (Figure 7). The present REDOR/molecular dynam-
ics study involving 16, on the other hand, presents a picture

of mobile Lys92 residues with side chain nitrogens either
3.8 A or as much as 14 A removed from the phosphorus
atoms.

With regard to the possible lumazine synthase mechanisms
outlined in Schemes 2 and 3, the present study revealed a
shifting pattern of hydrogen bonding of the protein to the
phosphate, but did not indicate a tendency of the phosphate
of the ligand to completely dissociate from its binding
site and travel toward a cyclic conformation (9 — 10, Scheme
3) as previously proposed (23). This suggests that phosphate
elimination occurs with the side chain in an extended
conformation (5 — 6, Scheme 2). The movement of the side
chain toward a cyclic structure could then occur with
inorganic phosphate still bound at the phosphate binding site
(6 — 7, Scheme 2).
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