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The enzyme lumazine synthase (LS) catalyzes the penultimate step of
riboflavin biosynthesis in plants, fungi and bacteria. The quaternary
structure of the polypeptide differs between species, existing as pentamers
or as icosahedrally arranged dodecamers of pentamers with 60 subunits.
The pathogen Brucella spp. expresses two proteins that exhibit LS activity,
RibH1 and RibH2. The latter enzyme belongs to a novel third category of
quaternary arrangement for LS, that of a decameric structure assembled as
a head-to-head oriented dimer of pentamers. In contrast, the RibH1
enzyme is assembled as a pentamer, as noted for several other LS enzymes.
RibH1 appears to be the functional LS in Brucella spp., whereas RibH2, an
enzyme of lower catalytic activity, is a virulence factor presumably acting
in response to oxidative stress. The latter observation prompted us to
further investigate the structural and catalytic properties of RibH2 in order
to clarify the biological function of this enzyme. Here, we present a detailed
analysis of two new crystallographic forms of RibH2 that explain the low
catalytic activity of this enzyme in comparison with RibH1 and other LSs.
Additionally, we analyze the effect of pH on the structure of this enzyme,
and the binding of riboflavin and 6,7-dimethyl-8-ribityllumazine to its
active site.
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Introduction

Riboflavin (vitamin B2) is an essential cofactor for
all living organisms. This compound is the pre-
cursor of flavin mononucleotide (FMN) and flavin
adenine dinucleotide (FAD), two key coenzymes
involved in redox processes in the cell. Plants, fungi

and bacteria are able to synthesize riboflavin,
whereas animals must acquire it through diet.
This, along with the inability of certain micro-
organisms to incorporate exogenous riboflavin,'
identify the enzymes involved in riboflavin bio-
synthesis as promising targets of chemotherapeutic
agents.4

The biosynthesis of riboflavin has been studied

Abbreviations used: LS, 6,7-dimethyl-8-ribityllumazine
synthase; RS, riboflavin synthase; NRP, 5-nitro-6-(p-
ribitylamino)-2,4(1H,3H)-pyrimidinedione; RibH2-NRP,
structure of Brucella spp. RibH2 bound to the substrate
analogue inhibitor NRP; RibH2-RHO, uncomplexed
Brucella spp. RibH2 structure at pH 4.8; RibH2-ORTH,
uncomplexed Brucella spp. RibH2 structure at pH 6.5;
IPTG, isopropyl-B-p-thiogalactopyranoside; NCS, non-

crystallographic symmetry.
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extensively.”™ Figure 1 highlights the terminal
reactions of this process. The penultimate step is
catalyzed by the enzyme 6,7-dimethyl-8-ribityl-
lumazine synthase (LS), which facilitates the
condensation of 5-amino-6-(D-ribitylamino)-
2,4(1H,3H)-pyrimidinedione 1 with (35)-3,4-dihy-
droxy-2-butanone-4-phosphate 2 to yield 6,7-
dimethyl-8-ribityllumazine 3. This compound then
undergoes a dismutation reaction, catalyzed by the
enzyme riboflavin synthase (RS), to yield riboflavin
4 with the regeneration of one molecule of 1 that

0022-2836/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Terminal reactions in riboflavin biosynthesis. The enzymes involved are 6,7-dimethyl-8-ribityllumazine
synthase (lumazine synthase, LS) and riboflavin synthase (RS).

serves as substrate for LS to start a new reaction
cycle. From a stoichiometric point of view, one
equivalent of 1 and two equivalents of 2 give rise to
one equivalent of riboflavin 4. A mechanism for the
reaction catalyzed by LS has been proposed in
terms of crystallographic, biochemical and spectro-
scopic analyses.”™

To date, lumazine synthases (LSs) from eight
different species have been described by X-ray
crystallography. Although the building blocks of
these enzymes are homopentamers in all cases, LS
from sg)mach and from the bacteria Bacillus
subtilis' and Aquifex aeolicus'’ are dodecamers
of pentamers, giving rise to icosahedral particles of
about 1 MDa and exhibiting 532 symmetry. On the
other hand, the fungus Magnaporthe grisea,"® the
bacterium Mycobacterium tuberculoszs 8 and the yeasts
Schizosaccharomyces pombe® and Saccharomyces
cerevisine™ express an LS whose polypeptide
assembles only as pentamers.

Brucella spp., the infectious agent that causes the
disease brucellosis, also expresses LS as part of its
riboflavin biosynthetic pathway. The RibH2 protem
of this microorganism, which shows LS act1V1ty,
was the first member described for this function
and was thus assigned as the actual LS of this
bacterium. However, we found recently that a
second protein coded in the Brucella spp. genome,
namely RibH1, also presents this enzymatic activity,
but with an enhanced catalytic efficiency (V.Z. et al.,
unpublished results). This observation prompted us

)
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Figure 2. Chemical structure of 5-nitro-6-(p-ribityl-

amino)-2,4(1H,3H)-pyrimidinedione (NRP), a substrate
analogue inhibitor of lumazine synthase.

to further investigate the structural and enzymic
properties of RibH2.

RibH2 has been used extensively as a serological
marker for brucellosis, indicating that this protein is
expressed at high levels during the host-bacterium
interaction. The detection of antibodies specific for
this protein antigen made it p0551ble to differentiate
active from inactive brucellosis.”* In cattle, detec-
tion of antibodies to Brucella spp. RibH2 proved
useful to distinguish between animals vaccinated
with strain 19 of Brucella abortus and pregnant
heifers infected e 2gerimentally with a virulent
strain of B.abortus.”” It is important to state that
all sequenced Brucella species, namely B. abortus,
B. melitensis and B. suis, share exactly the same
RibH2 sequence.

In contrast to RibH1, which is assembled as a
pentamer (V.Z. et al., unpublished results), RibH2
presents a remarkable divergence in its quaternary
arrangement in comparison with LS from other
species.”* Crystallographic and solution studies
demonstrate that it assembles as a very stable
decamer, which is best described as a head-to-head
dimer of pentamers, giving rise to a third category
of quaternary association for LSs. We have pre-
sented the cr5ystallographic structure of RibH2
elsewhere.’ Here, we present an extensive
description of critical features of the enzyme via a
detailed comparison with two new three-
dimensional models of RibH2, one at different pH
to show the influence of this variable in the
structure, and the other with a bound substrate
analogue inhibitor to this enzyme (Figure 2). We
analyze how its novel quaternary arrangement
results in a lower catalytic activity for RibH2 with
respect to RibH1 and other LSs. In total, these
differences lead to the hypothesis that RibH2
performs a different function in the cell although
conserving LS activity.

Results and Discussion

X-ray crystallographic structure analysis

We have crystallized and solved the structure of
Brucella spp. RibH2 both in its free form at pH 6.5
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(RibH2-ORTH) and in complex with the substrate
analogue inhibitor 5-nitro-6-(p-ribitylamino)-2,
4(1H,3H)-pyrimidinedione 5 at pH 6.3 (RibH2-
NRP). The X-ray structures were solved by the
molecular replacement method using the
previously known structure of Brucella spp. RibH2
at pH 4.8 (RibH2-RHO; PDB code 1DI0) as search
model.”> RibH2-ORTH crystallizes in the ortho-
rhombic space group P2;2,2; with a complete
decamer in the asymmetric unit and diffracts to
3.05 A. The crystals of RibH2-NRP diffract to a
maximum resolution of 2.90 A and belong to the
trigonal space group P3,21, with a single pentamer
in the asymmetric unit and a very high solvent
content of about 71% (v/v). Symmetry operators of
the space group generate the full decameric
structure from the homopentamer. RibH2-NRP
was refined to R=0.217 and Rge.=0.254 with
good stereochemistry. Ramachandran statistics of
this structure showed that 95% of all residues lie in
the most favorable regions, with the remaining 5%
in additionally allowed zones. The first eight to ten
N-terminal residues of each LS polypeptide present
no electronic density due, presumably, to their
enhanced mobility and therefore were excluded
from the final model, as were the last one to four
C-terminal residues of each chain. With the
exception of these termini, the double difference
Fourier map presents continuous density with no
main-chain break. Only two exposed polar residues
(Argl52 from chain A and Glul21b from chain B)
present poor or missing side-chain electronic
density and were modeled as alanine. The inhibitor
molecule NRP is very well defined in the Fourier
maps. A total of five phosphate anions were added
to the model in the last stages of refinement. The
RibH2-ORTH model was refined to R=0.199 and
Rfree=0.256 with acceptable geometry. In this case,
90.7% of the residues are inside the most favorable
regions in the Ramachandran plot, with 9.1% in
additionally allowed regions and 0.2% in gener-
ously allowed zones. There is no residue in a
disallowed area. The final model corresponds to a
decameric motif, which resembles the solution state
of the enzyme. Both pentameric modules super-
impose very well with a C”* root-mean-square
deviation (rm.s.d.) of 0.40 A, a value that lies within
the experimental error for the working resolution.
As with the ligand-bound model, there is lack of
electron density at both ends of the polypeptide
chains in the RibH2-ORTH structure, but in this
case the number of residues with deficient side-
chain density increased to about 30 for the whole
molecule, perhaps due to the lower resolution of
this structure. The quality of the 2F,—F. Fourier
map is consistent with the resolution, allowing for
the precise identification of several solvent
molecules and ion atoms. In both structures, the
calculated self-rotation functions show a strong
peak at k near 72°, indicating the presence of 5-fold
symmetry in the molecule. Despite the existence of
non-crystallographic symmetry, both models were
refined without restraints to the monomers. In this

Table 1. Refinement statistics for both structures solved in
this work

RibH2-NRP RibH2-ORTH
Resolution limits (A) 52.0-2.90 56.0-3.05
R-factor 0.217 0.199
Free R-factor 0.254 0.256
Non-hydrogen protein atoms 5739 11,360
Non-hydrogen ligand atoms 105 -
Solvent molecules 89 16
Non-hydrogen ion atoms 25 202
rm.s.d. bond lengths (A) 0.007 0.008
r.m.s.d. bond angles (deg.) 1.40 1.61
B-factor (average, A?) 41.3 23.5

sense, superposition of individual chains leads to
average C”* rm.s.d. of only 0.27 A for RibH2-NRP
and 0.39 A for RibH2-ORTH, supporting the
observation that both models obey a strict penta-
meric architecture in each crystal form. Addition-
ally, due to the fact that both C5 axes of each
pentamer are coaxial in the decamer, the molecule
belongs to the symmetry point group D5. Statistics
of the refinement process are shown in Table 1.

RibH2 overall structure

The overall fold of the 18 kDa Brucella spp. RibH2
monomer has been described in detail. > Briefly, it is
formed by a single domain composed of a central
sheet with four parallel strands (B3B2B4Bs), sur-
rounded by four helices, two on one side (a,03) and
two on the other («;0.4). This 158-residue monomer
closely resembles that of B.subtilis, the first LS
described.'* As noted above, all known LSs share a
common pentameric building block. However,
some critical variations between Brucella spp.
RibH2 and other LS sequences lead to striking
differences in quaternary arrangement and catalytic
properties that will be discussed later in this work.

In Brucella spp. RibH2, monomer-monomer
contacts in the pentameric moiety bury about 35%
of their solvent-accessible area, primarily through
hydrophobic contacts. Pentamer formation is essen-
tial for catalytic activity, since the active site of the
enzyme lies at the monomer—-monomer interfaces
involving residues from two neighboring chains.'*

The presence of a single pentamer in the
asymmetric unit of the first solved Brucella spp.
RibH2 structure (RibH2-RHO) prompted us to
perceive that this enzyme is a pentamer in
solution.”> However, crystallographic symmetry
expansion of this structure and other mid-
resolution forms of RibH2 always resulted in a
particular head-to-head association of two
pentamers, giving rise to a decameric assembly.
Static light-scattering experiments corroborate this
hypothesis, yielding a molecular mass of 180 kDa
for the whole particle.** Additionally, we demon-
strated in a previous work that for protein
engineering purposes, the decameric assembly can
be dissociated into pentamers and further regener-
ated using guanidinium chloride.*® Both structures
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solved in this work agree with those observations.
Thus, Brucella spp. RibH2 is the first LS of known
three-dimensional structure that is arranged as a
dimer of pentamers. The basis for this unique
quaternary arrangement lies in a short sequence of
amino acid residues close to the C terminus.” In
B. subtilis LS, there is a characteristic five-residue
loop (GTKAG) connecting helices a4 and a5, and
involved in pentamer—pentamer contacts
stabilizing the icosahedral capsid. On the other
hand, pentameric S. cerevisine LS presents a longer
loop comprising nine residues between these
helices, making it unable, due to steric clashes, to
assemble as an icosahedron. RibH2 also presents
insertions in this part of the monomer but, unlike
the other LS, these extra residues do not arrange as a
loop but lead to the formation of an undistorted
helix between o4 and a5 that we view as an
extended o4 helix. In order to stabilize this 32-
residue long helix (residues 122-153), its N
terminus is further removed from the previous B5
sheet (residues 110-118) when compared to the
pentameric and icosahedral LS. This leads to a
longer loop connecting the B5 and a4 elements,
making residues 121-134 in Brucella spp. RibH2
essentially non-superposable with other LSs
(Figure 3). Moreover, this region makes extensive

non - superimposable
region

Figure 3. Superposition of monomers from decameric
Brucella spp. (red) and icosahedral A. aeolicus LS (green).
Secondary structure notations are shown close to each
element. The presence of a single continuous helix at the
C terminus of the Brucella spp. enzyme determines its
unique quaternary structure.

contacts with the neighboring pentamer in the
decameric motif and presents a higher structural
dependence on the environment pH, as will be
discussed below. Thus, changes in a limited part of
the monomer lead to this novel quaternary arrange-
ment for the protein.

Binding of a substrate analogue inhibitor

The active site of Brucella spp. RibH2 is located at
the interfaces between monomers and features a
high degree of exposure to the solvent. A total of
five segments are involved in its formation.
Residues 21-23 (loop connecting B2 to al), 55-58
(loop connecting B3 to a2), and 80-92 (C terminus of
B4, N terminus of a3 and their bridging loop)
account for almost the entire binding site. In
addition, the active site cavity is complemented by
residues from a neighboring chain, namely 131/,
135’ and 138’ from helix o4 and 113'-116’ from
strand B5.

Figure 4 shows an overall view of the RibH2
structure in complex with the substrate analogue
inhibitor NRP (RibH2-NRP). The ligand shows
clear electron density in all binding sites in the
crystal structure. Although the general folding of
RibH2-NRP is conserved in comparison with the
free RibH2-RHO structure, superposition of ligand-
bound and free monomers (Figure 5) highlights a
significant difference in two regions: residues 83-87
(region 1), a loop connecting B4 to a3, and residues
119-126 (region 2) involving the loop after strand B5
and the N terminus of helix a4. Although C*r.m.s.d.
for the entire monomer is 0.79 A, this value rises to
1.88 A and 1.63 A, respectively, for these regions
individually. The most striking observation is that
these regions account for almost all pentamer—
pentamer contacts. Moreover, a high number of
these residues present different side-chain orien-
tations between the native and ligand-bound
structures. For example, in the RibH2-RHO struc-
ture, His120 contacts the same amino acid residue
in the neighboring pentamer in a m—m stacking
conformation, and performs a major side-chain
rearrangement upon ligand binding to stack the
previous residue, His119. Next, His121a, which
interacts with Glul21b in the same chain in the free
structure, turns about 90° to stack His121a from the
neighboring pentamer in the RibH2-NRP structure.
Additional changes in the complex are the dis-
placement of about 2 A of the main chain in region 1
(Asp83, Gly84 and Gly85) towards the pentamer—
pentamer interface to make new contacts with
His119, His121a and His124, and the rearrangement
of Ser12lc and Lysl122 to interact with different
amino acid residues in the same chain. All these
changes lead to an altered interface, although
conserving the same decameric quaternary arrange-
ment. In addition, there are marked differences in
the temperature factors of the C* in these regions
(Figure 6). RibH2-RHO presents an average B-factor
of 42 Ao2 for each monomer; however, increasing to
B=87 A%and B=91 A for residues of regions 1 and
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Figure 4. (a) Top view of the asymmetric unit of the complexed Brucella spp. RibH2-NRP structure. Every monomer is
drawn in a different color, whereas the NRP molecules are presented as space-fill models in red. (b) Front view of the
decameric biological assembly of this enzyme. The particle folds as a head-to-head dimer of pentamers (each of them
depicted in a different color) to give rise to a spool-like structure.

2 alone. On the other hand, RibH2-NRP shows
comparable thermal factors along the entire
monomer (B=40 A?%), with no appreciable change

residues 119 - 126

I

residues 83 - 87

Figure 5. Superposition of monomers of free RibH2-
RHO (black) and complexed RibH2-NRP (yellow).
Significant differences were found in both marked
regions.

at the conflicting regions (B=34 AZ for region 1 and
B=42 A? for region 2). In summary, RibH2-NRP
presents quite a different pentamer—pentamer inter-
face with increased rigidity in comparison to the
free RibH2-RHO structure. This observation agrees
with the increased number of van der Waals and
salt-bridge contacts seen in the enzyme interface
when a substrate analogue is bound.

Reasons for the variability at the pentamer—
pentamer interface

The significant structural differences observed
between RibH2-RHO and RibH2-NRP at the
equatorial pentamer—pentamer interface may be
the consequence of several factors, including
substrate analogue inhibitor binding and the
different crystallization conditions for both
proteins, concerning mainly space group and
mother liquor pH. To clarify, we performed an
extensive analysis of every possible source of
divergence. RibH2-NRP was crystallized in the
P3,21 space group using 0.1 M Mes (pH 6.5), 30%
(w/v) PEG 400, 0.1 M sodium acetate, with a final
mother liquor pH of 6.3. In contrast, RibH2-RHO
crystals grew in the rhombohedral R32 space group
with 1.25M ammonium sulfate in 0.1 M sodium
phossphate buffer (pH 5.0), having a final pH of
4.8 The differences in space group can be
discarded as a source of variation at the pentamer—
pentamer interface, as we know that the enzyme is a
dimer of pentamers, and although the full molecule
is constructed by applying crystallographic sym-
metry to single pentamers in both structures, the
residues at the pentamer—pentamer interface are not
involved in contacts between molecules, the usual
cause of side-chain and main-chain shifts in X-ray
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Figure 6. Comparison of C* B-factors of the previously solved RibH2 structure and the two new RibH2 models
presented here. The larger separation found between residues 120 and 125 is due to the presence of the amino acid
residues 121a, 121b and 121c in the sequence, which were identified originally in this way in order to preserve the
numbering of the superposable residues at the end of the C-terminal helix with those of B. subtilis LS.

models. The only visible change caused by the
distinct space groups is a different packing of the
dimers of pentamers in the crystals. In addition, we
did not find any evidence that could prove a direct
influence of ligand binding on the modification of
the pentamer—pentamer interface. As can be seen in
Figure 4(b), the location of the NRP molecules in the
enzyme is not far removed from the interface.
However, the shortest distance between the ligand
and the residues contacting the neighboring
pentamer is about 9 A, from the nitro group of
NRP to the main chain of Gly85. There is no direct
contact with the conflicting residues, nor any sign of
conformational change upon binding that could
result indirectly in such a significant modification of
the interface.

Provided that space group differences and ligand
binding could be rejected from our analysis, we
focused on the influence of pH. Brucella spp. RibH2
includes an unusually high number of histidine
residues at the interface region, comprising seven
amino acid residues of a stretch of 16 from His119 to
His131 (Figure 7). In the RibH2-NRP structure,
solved at pH 6.3, five of these His residues contact
the neighboring pentamer, including van de Waals
and salt-bridge contacts, as well as -7 stackings
between the imidazole moieties of two histidine
residues, namely His119 from pentamer A, His120
from pentamer B (ten interactions per decamer) and
His121a with the same residue in the neighboring
pentamer (five per decamer). It is known that
histidine residues become protonated at pH values
below 6.0, leading to charge repulsions and
subsequent loss of non-covalent bonds. This is
apparent for the RibH2-RHO structure solved at

pH 4.8, where their interface histidine residues are
involved in fewer contacts than in the RibH2-NRP
structure, losing, for example, the His119-His120
stacking. Accordingly, RibH2 dissociates in solution
into intermediate pentamers at pH below 5.0, as
shown by static light-scattering studies,* again
indicating the influence of pH on the structure of
the protein. This analysis supports the conclusion
that the alteration at the interface is a consequence
of the pH differences and not of the substrate
analogue binding. To corroborate this hypothesis,
we solved the structure of free RibH2 at pH 6.5

Figure 7. Histidine residues (red) at the pentamer—
pentamer interface. They comprise the amino acid
residues 119, 120, 121a, 124, 125, 129 and 131.
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Table 2. C* root-mean-square deviation values (in A) obtained after superposition of monomers from RibH2-RHO,

RibH2-NRP and RibH2-ORTH

Structures superimposed

RibH2-ORTH (pH 6.5)

RibH2-NRP (pH 6.3)

RibH2-RHO (pH 4.8)
RibH2-NRP (pH 6.3)

0.79

(RibH2-ORTH) and performed an exhaustive com-
parison of the pentamer—pentamer interface with
the free structure at pH 4.8 and the complexed form
at pH 6.3. We found that RibH2-ORTH and RibH2-
NRP present a very similar interface, each making
the same kind of contacts and having similar side-
chain orientations for the conflicting residues.
Furthermore, both structures near pH 6.5 present
a higher C* r.m.s.d. with respect to RibH2-RHO, as
shown in Table 2. In addition, interface B-factors of
RibH2-ORTH resembled those of the RibH2-NRP
structure, with an average value of 22 A2 over each
monomer and local values of 32 A® and 40 A* for
regions 1 and 2, respectively. Figure 6 clearly shows
the contrast of the RibH2-RHO structure in terms of
the thermal factors, demonstrating how the fewer
and lower-quality contacts lead to a more flexible,
i.e. enhanced mobility, interface. In conclusion, all
of these observations agree that pH plays a critical
role in the structure of the interface between
pentamers in Brucella spp. RibH2.

Molecular recognition of the bound NRP ligand

As previously noted, the substrate analogue
inhibitor NRP binds tightly to the active site of the
RibH2 enzyme, due to its minor differences with the
natural substrate 1. This ligand is recognized by
means of several well-defined hydrophilic and

-'..N
Ser 113’

-0
Ser 113'

hydrophobic contacts, involving residues from
two neighboring subunits within a pentamer.
Figure 8 shows the main hydrophilic contacts.
Briefly, two oxygen atoms and a nitrogen atom of
the pyrimidine ring of NRP are hydrogen bonded to
complementary main-chain atoms of the protein,
and the four ribityl oxygen atoms are hydrogen
bonded with & oxygen atoms of the highly
conserved residue Glu58 or with main-chain
amide and carbonyl groups of the enzyme. Bonding
distances are presented in Table 3. Recognition is
complemented by hydrophobic interactions with
both sides of the pyrimidine ring. These comprise a
non-polar region generated by side-chains of Val81,
Val82 and Ala56 at one face, and a strong stacking
with the indole group of Trp22 at the other face
(Figure 9). This latter interaction forms a coplanar 7
complex with a separation of about 3.5 A, and plays
a central role in substrate recognition and catalysis.
In almost all known LS sequences, either trypto-
phan or phenylalanine is present at this position,
signifying the importance of this interaction. Super-
position of RibH2-NRP and RibH2-RHO structures
shows that Trp22 undergoes a side-chain rearrange-
ment upon ligand binding in order to achieve
proper stacking. Moreover, the electron density of
Trp22 in the complexed RibH2-NRP enzyme is well
defined in contrast with both free RibH2-RHO and
RibH2-ORTH models. It is important to note that

Figure 8. Hydrophilic contacts involved in the recognition of the NRP ligand.
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Table 3. Average distances between ligand and enzyme
atoms involved in hydrophilic contacts

Ligand atom Enzyme atom Distance (A)
02 Ala56 N 2.79
N3 Phe80 O 2.80
04 Tle82 N 291
09 Ala56 N 2.88
09 Tyr57 N 2.86
010 Glu58 OE1 3.25
0o11 Ser113’ O 293
012 Glu58 OE2 2.54
012 Ser113’ N 2.89

the contacts and binding site of NRP in Brucella spp.
RibH2 are superimposable to other known
LS bound to the same or structural related
ligands,'"'?11820 a5 this region of the active site
is highly conserved between species. In contrast, the
(35)-3,4-dihydroxy-2-butanone-4-phosphate 2 bind-
ing site of Brucella spp. RibH2 presents remarkable
differences with respect to other LS, as will be
discussed below.

Role of bound phosphate in the active site

The RibH2-NRP crystallization conditions con-
tain an appreciable amount of phosphate. In the
final cycles of refinement, strong spherical electron
density was found in each of the active sites
approximately 6 A from the NRP molecule. These
peaks were subsequently modeled as bound
phosphate ions. These ions are bound to the four
backbone amide groups of residues 84-87 and the
protonated NE2 nitrogen atom of His119. Phos-
phate groups were observed in other LS structures
when present in the crystallization solutions. It has
been proposed that this bound ion and the
phosphate group of the substrate (35)-3,4-
dihydroxy-2-butanone-4- phosphate 2 share the
same binding site in the protem > Unfortunately,
compound 2 is highly unstable'® and, consequently,
there is no related LS complex known to date to
fully describe its recognition by the enzyme. None-

Figure 9. Offset stacking interaction between the
pyrimidine ring of NRP and Trp22. The final 2F,—F.
electronic density map is shown at the 1.4 ¢ level.

theless, it is clear that the residues that contact these
phosphate groups are not the same in RibH2
compared with other LS. This observation leads to
proposed differences in the catalytic properties of
the Brucella spp. RibH2, as discussed below.

Binding of 6,7-dimethyl-8-ribityllumazine and
riboflavin

We found that RibH2 binds to the inhibitor NRP
(Kp=0.042 uM), to the usual product of the LS
catalysis (6,7-dimethyl-8-ribityllumazine, Kp=
1.0 uM) and to the final product of the biosynthetic
pathway, riboflavin (Kp=7.5uM) (V.Z. et al.,
unpublished results). As these molecules share a
high level of structural homology, especially at the
ribityl side-chain and the pyrimidinedione moiety
(see Figures 1 and 2), it is expected they bind in a
manner similar to that of the natural substrate
5-amino-6-(p-ribitylamino)-2,4(1H,3H)-pyrimidine-
dione. Moreover, the binding of riboflavin to RibH2
is strongly competed by NRP, demonstrating clearly
that all these molecules bind to the same site in the
enzyme (V.Z. et al., unpublished results). When 6,7-
dimethyl-8-ribityllumazine and riboflavin are
modeled in the active site of the RibH2-NRP
structure, it is observed that both molecules fit
well in this cavity with no steric clash (Figure 10).

To date, only one structure of LS bound with
riboflavin has been described, that of the yeast
Schizosaccharomyces pombe enzyme.'” Unfortunately,
all attempts to obtain X-ray-quality, high-diffracting
crystals of Brucella spp. RibH2 bound with ribo-
flavin have been unsuccessful. However, valuable
information can be extracted from the modeled
structure. For the S.pombe enzyme, the aromatic
rings of riboflavin are recognized by means of two

Figure 10. Putative binding of riboflavin (light blue)
and 6,7-dimethyl-8-ribityllumazine (yellow) to the active
site of the RibH2-NRP structure. The bound NRP
molecule is drawn in pink. Hypothetical contacts between
the xylene methyl groups and two side-chains of the
protein are shown as dotted lines (distances of about 3 A
each).
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stacking interactions: Trp27 (Trp22 in Brucella spp.)
parallel with the pyrimidine ring, and residue
His94 (His89 in Brucella spp.) located on the
opposite side of riboflavin linked to its xylene
ring. These strong stacking interactions are domi-
nant in the Kp of 1.2 pM for riboflavin. On the other
hand, the RibH2 model shows that only the stacking
with Trp22 would be present in the complex. As
shown in Figure 10, His89 points in a different
orientation, precluding any interaction with the
xylene ring of riboflavin, even after side-chain
torsion. The lack of this interaction would lead to
a much higher value of Kp; however, we find only a
slightly increased dissociation constant (7.5 puM).
This result can be interpreted by the potential two
extra contacts formed between the methyl groups of
the riboflavin and the residues Tyr87 and Leullé/,
which are absent from the S. pombe enzyme.

Influence of the quaternary arrangement on the
catalytic activity

As noted previously, Brucella spp. RibH2 presents
a decameric quaternary structure that differs from
all other described LS. This special arrangement
leads to significant effects on the catalytic properties
of the enzyme. Although the binding mode of NRP
is highly conserved among species, there are
marked differences in the recognition of substrate
2, mainly at its phosphate group. For example, all
known pentameric and icosahedral LS bind this
phosphate by means of a salt-bridge involving the
well-conserved Argl27 residue (Figure 11(a)). This
is the last residue of the a4 helix and is located
immediately before the above-mentioned loop that
establishes the quaternary structure of the protein.
In contrast, the Brucella spp. enzyme presents a
completely different secondary and tertiary struc-
ture at this position, due to the presence of the
undistorted and longer a4 helix at the end of the

(a)

K

-:-,-_

polypeptide chain (see Figure 3: superposition of
the monomers from Brucella spp. RibH2 and the
icosahedral A. aeolicus LS). The equivalent residue
to Argl27 in the Brucella spp. sequence, namely
His124, is about 3 A away in the opposite direction
of the active site from its equivalent position in the
A. aeolicus structure. This variation in the poly-
peptide chain leads to the absence of a positively
charged group able to contact the phosphate group
of molecule 2 in the Brucella spp. enzyme, as shown
in the RibH2-NRP structure. The only positive
amino acid residue in the vicinity of this ion is
His119, which is about 4 A away (Figure 11(b)). This
distance is more than 1 A longer than that observed
between Argl27 and the phosphate group in other
species, thus leading to a weaker interaction with
the ion. Moreover, the average B-factor of this group
(93 A> with a modeled occupancy of 0.5) is very
high in comparison with the equivalent phosphate
groups in other LSs, which is also in agreement with
a weaker interaction with the phosphate ion.
Catalytic activity measurement of Brucella spp.
RibH2 is in agreement with these observations.
Table 4 summarizes the kinetic parameters for this
enzyme in comparison to the icosahedral B. subtilis
and the pentameric S. cerevisine LS (V.Z. et al,
unpublished results).”’*® There is no major
difference with respect to the kinetic constant Ky
for the 5-amino-6-(p-ribitylamino)-2,4(1H,3H)-pyri-
midinedione substrate 1. On the other hand, Ky for
substrate 2 shows noteworthy differences for
Brucella spp. As stated above, the absence of a
positively charged group close to the phosphate-
binding site leads to weaker binding of this
substrate, giving rise to a Ky; of about two orders
of magnitude higher than that observed in the
pentameric and icosahedral enzymes. Previous
studies on B. subtilis LS demonstrated the import-
ance of the guanidinium group of Argl27 in
anchoring the phosphate ion.'"?® It has been

Figure 11. Divergence in the phosphate-binding site of different LS. (a) Icosahedral A.aeolicus lumazine
synthase complexed with the substrate analogue inhibitor 5-nitroso-6-(p-ribitylamino)-2,4(1H,3H)-pyrimidine-
dione. (b) Decameric Brucella spp. RibH2-NRP. Electrostatic interactions between the phosphate group and the

charged residues are shown as dotted lines.
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Table 4. Enzymatic parameters of Brucella spp. RibH2 in comparison with a pentameric and an icosahedral LS

Enzyme Ky 1 (uM) Ky 2 (uM) keat (s1) keat/Km1 (M7 's™)  keat/Km2 (M~ 's™Y)
Brucella spp. RibH2 10 4000 0.006 600 15

B. subtilis LS 8.6 55 0.056 6500 1020

S. cerevisiae LS 4.0 90 0.080 20,000 880

found that mutation of this residue to non-ionizable
amino acids such as Ala, Leu, Ser and Thr results in
a complete inactivation of the enzyme, whereas the
more conservative Argl27His mutant retains
approximately half of the catalytic activity.
Although the Brucella spp. enzyme lacks this
arginine residue, the presence of His119 due to the
different quaternary arrangement leads to a
residual LS activity. The turnover number k., for
RibH2 is reduced approximately ten times in
comparison with other LS, leading to catalytic
efficiencies (k..t/Kn) of about three orders of
magnitude smaller for the substrate 2 and more
than one order of magnitude smaller for the
substrate 1.

The extremely high Ky, value for substrate 2
(4 mM) and the evident lower catalytic activity of
Brucella spp. RibH2, in comparison with other
known LS, prompts us to postulate that the true
function of this enzyme is not associated with the
primary riboflavin biosynthetic pathway. This
hypothesis is further enhanced with the recent
discovery of a protein in the Brucella spp. genome
(RibH1) for which preliminary catalytic parameters
resemble those of the pentameric and icosahedral
LS (V.Z. et al., unpublished results). This makes
RibH1 a more likely candidate for primary ribo-
flavin synthesis.”*®' Data mining studies have
shown that the RibH1 gene is part of the Rib
operon, which encodes for all the enzymes of
riboflavin biosyn’thesis.32 In contrast, RibH2 has
evolved to a different role in the cell, although
conserving a residual LS activity due to the
relatively comparable architecture of its active site
with respect to other LS.

Conclusions

Here, we explain, from a structural point of view,
the differences in the enzymatic properties of
Brucella spp. RibH2 that make this protein catalyze
the penultimate step in riboflavin biosynthesis less
effectively than other LSs. We find a strong
relationship between quaternary structure and
function in this enzyme. The insertion of a few
residues in a specific region of the chain leads to a
novel quaternary arrangement that affects the
architecture of the active site, especially at the
binding site of the substrate 2. We also show that
substrate 1 is recognized in a way similar to that in
other LSs, evidence for a high degree of conserva-
tion of this region of the active site among species.

The residual LS activity of RibH2 and the
presence of a second enzyme (RibH1) that catalyzes

this reaction more efficiently are strong evidence
that the actual function of RibH?2 is not related to the
normal riboflavin pathway. The present results can
explain how the evolved quaternary change has
affected the enzymatic properties of this protein. As
such, the significant influence of pH on the RibH2
structure, as well as the redox properties of
riboflavin and 6,7-dimethyl-8-ribityllumazine,
which bind to this enzyme, could be key elements
that lead to the precise identification of the function
of RibH2 in the pathogen Brucella spp.

Materials and Methods

Materials

NRP and 6,7-dimethyl-8-ribityllumazine were kindly
provided by Dr Adelbert Bacher, Technische Universitat
Miinchen, Germany. Riboflavin was purchased from
Sigma-Aldrich (St. Louis, MO).

Protein cloning and expression

The RibH2-encoding gene was cloned into the
expression 1plasmid pET11b (Novagen, Madison, WI) as
described.”" This construction was used to transform
Escherichia coli BL21(DE3) competent cells (Stratagene, La
Jolla, CA). Recombinant colonies were grown at 37 °C to
an Agg of 1.0 in LB medium containing 100 pg/ml of
ampicillin with agitation (300 rpm). A portion (5 ml) of
this preparation was diluted to 500 ml and grown again
until Aggp=1.0. At this point, the culture was induced by
the addition of 1 mM IPTG and incubated for 4 h at 37 °C
with agitation (300 rpm), leading to a high yield of RibH2
as inclusion bodies. The bacteria were centrifuged at
15,000 for 20 min at 4 °C and stored at —20 °C.

Protein purification

The bacterial pellet was suspended and sonicated in
50 mM Tris (pH 8.0), 5 mM EDTA, 1% (v/v) Triton X-100.
Inclusion bodies were washed with solution lacking
Triton X-100 and then solubilized at room temperature
in 50 mM Tris (pH 8.0), 5 mM EDTA, 8 M urea, overnight
with agitation. The material was dialyzed extensively
against PBS containing 1 mM DTT with several changes of
buffer, in order to achieve protein refolding. This
preparation was purified by anion-exchange chromato-
graphy in an FPLC apparatus using a Mono-Q column
(Amersham Biosciences, Uppsala, Sweden) equilibrated
in buffer A (50mM Tris (pH 8.5), 1mM DTT). The
fractions were eluted using a linear gradient of 0-1 M
sodium chloride. The protein was then amidinated with
25 mM iodoacetamide at room temperature for 1 h in the
dark in order to block its single free cysteine residue
(Cys?). The protein was further purified by size-exclusion
chromatography in a Superdex 200 column with isocratic
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elution in PBS. RibH2 was finally dialyzed in crystal-
lization buffer (10 mM sodium/potassium phosphate
(pH 5.5), 25 mM NaCl), concentrated by centrifugation
to ~10mg/ml with Centricon YM-10 concentrators
(Millipore, Billerica, MA) and stored at —20 °C.

Crystallization

Crystals were obtained by means of the hanging-drop,
vapor-diffusion method at room temperature. RibH2 and
NRP were cocrystallized with 0.1 M Mes (pH 6.5), 30%
(w/v) PEG 400, 0.1 M sodium acetate, with a final mother
liquor pH of 6.3. A mixture of 1 pl of protein stock and 1 pl
of the precipitant solution, in the presence of a fourfold
molar excess of the substrate analogue inhibitor NRP,
were equilibrated against precipitant. Diamond-shaped
crystals of about 0.30 mm X 0.20 mm X 0.20 mm appeared
after three days. Crystallization of RibH2-ORTH yielded
long triangular prisms of about 0.30 mmX0.05 mm X
0.05 mm after several weeks when crystallized against
0.1 M Mes (pH 6.3), 1.3 M ammonium sulfate, having a
final pH of 6.5.

Data collection and processing

Preliminary X-ray diffraction data were collected with
our in-house X-ray source, a Bruker M18XH6 MAC
Science rotating anode generator and a Siemens X-1000
multiwire area detector. The final datasets were obtained
at the DO3B Protein Crystallography Beamline at the
Laboratério Nacional de Luz Sincrotron, Campinas,
Brazil®® with A=1.427 A and using an MarCCD detector
(Mar USA, Evanston, IL). RibH2-ORTH crystals were

Table 5. X-ray data collection parameters and processing
statistics for RibH2-NRP and RibH2-ORTH

RibH2-
RibH2-NRP ORTH
Data collection
Number of frames 180 111
Oscillation step (deg.) 1 1
Crystal-to-detector distance 110 120
(mm)
Exposure per frame (s) 90 120
Indexing and scaling
Cell parameters (A)
a 126.32 116.55
b 126.32 120.24
c 165.67 159.37
Cell angles (deg.)
o 90 90
B 90 90
120 90
Space group P3,21 P2,2,2,
Resolution limit (A) 2.90 3.05
Total reflections 367,635 192,472
Unique reflections 34,483 43,004
Multiplicity® 10.7 (10.6) 45 4.3)
I/c 6.6 (2.4) 58 (2.2)
Rinerge (%)° 9.3 (30.7) 12.2 (33.1)
Completeness (%) 100.0 (100.0) 99.2 (98.8)
Pentamers/asymmetric unit 1 2
Solvent content (%) 70.8 60.0
Matthews coefficient (A3 /Da) 42 3.1
B-factor (Wilson plot, A? ) 63.4 49.6

* Values in parentheses correspond to the highest resolution
shell: RibH2-NRP: 3.06-2.90 A, RibH2-ORTH: 3.21-3.05 A.

b Rmcrgc = [Zt |Iz _(I)l/ Zi Iz]

soaked in 25% (v/v) glycerol in mother liquor and flash-
cooled in a 100 K nitrogen stream. RibH2-NRP crystals
could be cooled directly without any additional cryo-
protectant due to the high content of PEG 400 in their
mother liquor. Frames were collected in Time mode with
1° oscillation each. Only one crystal was used for the
collection of each dataset. Data indexing, integration,
scaling and reduction were performed with the programs
MOSFLM, Scala and Truncate from the CCP4 package.**
RibH2-NRP crystals diffracted to a maximum resolution
of 2.90 A and belong to the trigonal space group P3,21,
with one pentamer in the asymmetric unit and a high
solvent content (70.8%, v/v). RibH2-ORTH best crystals
diffracted to 3.05 A and belong to the orthorhombic space
group P2,2,2,, with a full decamer in the asymmetric unit.
A total of 5% of the measured reflections were flagged for
cross-validation. Full details of data collection statistics
are shown in Table 5

Structure solution

Both structures presented here were solved by the
molecular replacement method with the program
AMoRe,” using the pentameric model of the previously
determined Brucella spp- RibH2 structure (RibH2-RHO;
PDB entry 1DI0)* as search model, with some conflicting
residues mutated to alanine in order to reduce model bias.
Due to the minimal differences between the search model
and the unknown structures, phasing was straight-
forward. In RibH2-NRP, a total of five solutions were
obtained in the asymmetric unit, rotated 72° from each
other, due to the pentameric assembly of this enzyme.
Despite the fact that we found only one pentamer in the
asymmetric unit, the actual decameric quaternary
arrangement of this protein®* could be recovered easily
by means of the symmetry operators of the P3,21 space
group. In contrast, RibH2-ORTH crystallized with two
pentamers in the asymmetric unit, thus allowing us to
work directly with the decameric motif along the whole
structure determination process.

Model building and refinement

The best molecular replacement solutions of both
structures were subjected to rigid-body refinement
using the fitting function of AMoRe* and checked for
consistent packing between neighboring molecules in the
crystal. At this point, the RibH2-NRP structure showed an
R-factor of 0.439. The coordinates for this model were
entered in CNS* for a cycle of positional and B-factor
refinement, decreasing its R-factor to 0.315. Single and
double difference Fourier maps calculated at this stage
showed a strong and well-defined electronic density near
each of the five topologically equivalent active sites of the
enzyme, which correspond to the bound substrate
analogue inhibitor NRP. Coordinates of this molecule
were obtained from the PDB entry 1KYY (LS from
S. pombe bound to the same llgand) ? and fit into the
density using the program O.” Model building also
included several side-chain shifts, especially in residues
involved in crystallographic contacts between pentamers,
and rebuilding of some residues that were previously
modeled as alanine. Refinement was carried out using the
maximum likelihood algorithm and cycles of simulated
annealing. Reflections with F <2c were excluded from the
process. Topology and parameter libraries for the ligand
were obtained from the HIC-Up database.”® During the
final stages of refinement, a few solvent molecules and
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phosphate ions were introduced manually due to the
moderate resolution of this structure. We obtained a final
model with R=0.217 and Rgee=0.254, with good
geometry. RibH2-ORTH was refined using the same
programs and procedures, yielding a final model with
R=0.199 and Rge.=0.256. Both structures were refined
without NCS restraints during the whole process. Further
details of refinement statistics are shown in Table 1.

Determination of kinetic and thermodynamic
parameters in solution

Enzymatic activity, as well as Ky; and Kp parameters,
were assayed according to published procedures.'®***
Briefly, fluorescence titration was performed to obtain
Kp from 6,7-dimethyl-8-ribityllumazine (Aexc=408 nm,
Aemis =487 nm) and riboflavin (Aeye =445 nm, Aemis=
516 nm). For this purpose, a total of 100 ul of ligand
solution was added in steps of 5 pl to 1 ml of 1 pM RibH2
solution in 50 mM potassium phosphate (pH 7.0), and
fluorescence emission was measured after each aliquot
with a Jasco FP-770 spectrofluorometer (Jasco Inc., Easton,
MD) at 25 °C. Control experiments were performed with
1 ml of 50 mM potassium phosphate (pH 7.0).

Kp for the substrate analogue inhibitor NRP was
calculated in a different manner, taking into account
that its binding affects the environment of Trp22 and
quenches its fluorescence. For this measurement, different
concentrations of NRP were added to a 1.4 uM RibH2
solution in 50 mM potassium phosphate (pH 6.5). Then, a
suitable fitting of the measured fluorescence in function of
NRP concentration (Aexe=280nm, Aqmis=350nm)
allowed determination of Kp.

Finally, in order to obtain k. and Ky, a series of
solutions containing RibH2, substrates 1 and 2, 100 mM
potassium phosphate (pH 7.0) and 5 mM EDTA were
prepared. The generation of 6,7-dimethyl-8-ribitylluma-
zine was monitored by measuring the absorbance at
410 nm and 37 °C. In all cases, reaction mixtures lacking
the enzyme were used to correct the measured values due
to the appreciable non-enzymatic generation of product.*’

Graphical representation and analysis of the models

The quality of the models was assessed using the
programs PROCHECK*' and SFCHECK.** Super-
positions and r.m.s.d. calculations were done with the
Protein Structure Comparison Service SSM at the
European Bioinformatics Institute.*® Figures were created
with O,” MOLSCRIPT,* Raster3D,® Chimera*® and
ChemDraw (CambridgeSoft, Cambridge, MA).

Protein Data Bank accession codes

Atomic coordinates and structure factors have been
deposited in the RCSB Protein Data Bank. The accession
codes of the protein structures presented here are 1T13 for
RibH2-NRP and 1XN1 for RibH2-ORTH.
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