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ABSTRACT. The enzyme GMD fronfPseudomonas aeruginosatalyzes the committed step in the synthesis

of the exopolysaccharide alginate. Alginate is a major componeRt aéruginosabiofilms that protect

the bacteria from the host immune response and antibiotic therapy. The 1.55 A crystal structure of GMD
in ternary complex with its cofactor NAD(H) and product GDP-mannuronic acid reveals that the enzyme
forms a domain-swapped dimer with two polypeptide chains contributing to each active site. The extensive
dimer interface provides multiple opportunities for intersubunit communication. Comparison of the GMD
structure with that of UDP-glucose dehydrogenase reveals the structural basis of sugar binding specificity
that distinguishes these two related enzyme families. The high-resolution structure of GMD provides
detailed information on the active site of the enzyme and a template for structure-based inhibitor design.

Pseudomonas aeruginoss an opportunistic human to increase the sensitivity of a mucoid strairPofaeruginosa
pathogen that causes life-threatening infections it 6&in, to tobramycin, a commonly used antibiotic for CF lung
and immuno-compromised patients. Lung infectionsFby  infections §). Thus, effective inhibitors of GMD could be
aeruginosacan begin early in the life of CF patients, and expected to block alginate production and interfere with
despite aggressive antibiotic therapy, often lead to irreversible normal biofilm formation in chroni®. aeruginosanfections
lung damage and respiratory failurg.(In the CF lungP. and may be useful adjuvants to conventional antibiotic
aeruginosafrequently undergoes a phenotypic conversion treatment. Since there is no corresponding enzyme in
to a mucoid state that is associated with the chronic phasehumans, specific inhibition of its activity should produce few
of infection and correlated with a poor patient prognosis. deleterious side effects.

Mucoid strains ofP. aeruginoa secrete large quantities of GMD is the product of thelgD gene and catalyzes the
the viscous exopolysaccharide alginate. The production of essentially irreversible conversion of GDP-mannose to GDP-
alginate is believed to afford protection from the hostimmune mannuronic acid. This nucleotide sugar is used by the
response and antibiotic therapy and promotes persistence opacterium solely for alginate synthesis, where it acts as the
the bacteria in the respiratory traQD.(AIginate is important donor to a precursor homopo|ymer I@.fmannuronic acid.
for the development of matuf. aeruginosabiofilms and  After secretion into the periplasm, the homopolymer is
dramatically increases their resistance to antimicrobial treat- modified by epimerization and acetylation to produce mature
ments B). alginate, a (1— 4) linked linear copolymer off-p-

A potential strategy for combatirg. aeruginosanfection mannuronic acid and its C-5 epimesL-guluronic acid ).
is to block alginate biosynthesis through application of Although several of the genes involved in alginate biosyn-
specific inhibitors of the biosynthetic enzymes. A logical thesis have recently been shown to have multiple homologues
target for inhibition is GDP-mannose dehydrogenase (GMD), in the P. aeruginosagenome, none have been identified for
a key regulatory enzyme in the alginate biosynthetic pathway algD (7).
of P. aeruginosaGMD catalyzes the committed step of the GMD is a member of a small group of NARdependent
alginate biosynthetic pathway, and metabolic studies havefour-electron-transfer dehydrogenases, which includes UGD,
shown that GMD is a rate-limiting enzyme in mucoid strains histidinol dehydrogenase, and 3-hydroxy-3-methylglutaryl-
of P. aeruginosg4). Inhibitors of GMD have been shown  CoA reductase. The latter two proteins are structurally and

mechanistically distinct from GMDg, 9). However, UGD
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Ficure 1: (A) Proposed mechanism for GDP-mannose dehydrogenase. The reaction is a two-step conversion of GDP-mannose to GDP-
mannuronic acid utilizing 2 equiv of NAD Initial oxidation of the substrate Céydroxyl group to an aldehyde is followed by addition

of the Cys268 side chain to form a thiohemiacetal, a second oxidation to produce the thioester intermediate, and hydrolysis to form the
product. (B) A comparison of the structures of the NADH and GDP-mannuronic acid. Similar structural features of the two ligands are
highlighted in the dashed box. Atom names for the two ligands are shown in italicized bold type.

GMD in complex with its cofactor NAD(H) and reaction

Both wild-type and SeMet proteins were dialyzed into 50

product, GDP-mannuronic acid (Figure 1B). In combination mM HEPES pH 7.5, 1.0 mM dithiothreitol and crystallized
with ongoing mechanistic studies, this structure provides a by hanging drop vapor diffusion using a 1:1 ratio of protein

detailed template for future efforts at inhibitor design.

MATERIALS AND METHODS

Crystallization and Data Collectionwild-type and SeMet-
substituted GMD proteins were purified as previously
described 11). The SeMet protein was producedEischeri-
chia coli by growing bacteria in minimal media and in the

to well buffer and a protein concentration of approximately
7.5 mg/mL. Native GMD crystallized in 8% methylpen-
tanediol and 0.1 M Na acetate buffer at pH 4.6 in space group
P4;. The SeMet protein crystallized isomorphously with the
native crystals but under different conditions. The most
reproducible SeMet crystals were grown from 2% PEG 3350,
20 mM magnesium sulfate, and 0.1 M Na acetate buffer at

presence of SeMet, lysine, threonine, phenylalanine, leucine,PH 4.8. Both the native and the SeMet GMD crystals in space

isoleucine, and valine to inhibit methionine biosynthes).(
Incorporation of nine SeMet residues was verified by MALDI

group P4; exhibited variable and unpredictable degrees of
merohedral twinning, ranging from 5 to 45%. Attempts to

mass spectrometric analysis (Mass Consortium, La Jolla, CA;eliminate or reduce twinning by varying crystallization
data not shown). After determination of the structure, it was conditions were unsuccessful. A different form of the SeMet
found that both the wild-type and the SeMet proteins crystals grew irreproducibly in space groGg22 from 10%

cocrystallized with NAD(H) and GDP-mannuronic acid,
which apparently co-purified with the enzyme.

PEG 3350, 20% 2-propanol, and 0.1 M Na citrate buffer at
pH 5.6. Cryoprotection of crystals was performed by either
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Table 1: Crystallographic and Data Collection Statistics

crystal SeMet native SeMet
space group P4, P4 C222
unit cell parameters (A) a=b=825 a=b=2824 a=131.2
c=2310.2 c=309.9 b=136.8
c=218.6
twinning fraction (%) 24.5 17.4
# chains/asymmetric unit 4 4 4
mosaicity (deg) 0.23 0.21 0.53
MAD data
Al A2 A3
wavelength (A) 0.97934 0.97947 0.94225 0.97934 1.54
resolution (A) 1.90 1.90 2.05 1.55 2.8
Rsyn? (%) 9.4 (33.6) 8.6 (41.8) 8.8(33.8) 12.3(39.1) 6.5 (21.7)
Ranont (%) 5.8 4.4 5.1
unique reflections 158 133 158 540 129 450 294 277 48 049
observed reflections 1087 877 1 096 050 975 001 1557 003 151736
completeness (%) 97.8 (90.7) 97.8 (90.7) 99.7 (99.4) 99.0 (97.0) 98.7 (90.0)
l/o(l) 28.0 (3.3) 30.1(3.1) 15.4 (4.0) 20.3(2.1) 16.7 (4.4)

2Reym =y |In — <In>|/3 |In]| where<ly> is the average intensity over symmetry equivalebtsumbers in parentheses refer to statistics for the
highest resolution shelf.Ranon= ¥ [|Fer| — |Fen [I/Z(IFeut| — |Fer [)/2.

quick dips or prolonged soaks into a solution of 50% Table 2: Refinement Summary

saturated sucrose in the respective crystallization buffers. SeMetP4; nativeP4s SeMetC222;
A three wavelength MAD data set and a high-resolution resolution range (A) 40-02.0 40.0-1.55 40.0-2.8
native data set on the4; crystals were collected at180 Rcrysf 20.9 17.4 20.7
0 ; B R 23.4 19.4 26.3
(f::t beam lll\lnet-SBCI: 39bID E}{t the :%Vinceci I]::hottégzszource rrrrgd bond distance (A) 0.012 0.010 0.014
of Argonne National Laboratory. ata set for ) rmsd bond angle (deg) 14 14 13
crystal form was collected in-house on a Rigaku RU200 total no. non-H atoms in asu 14 082 14878 13 281
rotating anode at-160°C. Data were indexed and integrated no. of solvent molecules 903 1375 106
i . tistics for the X-r iffrac- avg. protein B-value ( 19.7 9.4 34.7
\tl-wth éh? HKL packagte.‘((j4? S-i:[abls (;_S orthe ay diffrac avg. solvent B-value ( 36.1 31.0 26.8
lon data are presented in Table L. heteroatoms 4 NAD(H) 4 NAD(H)®
Structure Solution and Refinememespite significant 4 GMA 4 GMA 4 GMA
twinning of the GMD diffraction data (Table 1), 30 of the 1sucrose 2 sucrose
36 possible SeMet sites in the asymmetric unit of Bdg @Renyst =2 |Fo — Fel/3|Fe| where F, and F. are observed and

crystals were located and refined using the program SOLVE calculated structure factors, respectivélRq. is theR factor calculated

. . . from 5% of the reflections not included in refinement. GMAGDP
(19). Final Z-score and figure of merit to 2.0 A were 31.5 — mannuronic acid. Ne@-cutoff of the data was useéiThe NAD(H)

and 0.43, respectively. Density modification of phases from cofactor in the deposited models does not include the nicotinamide
SOLVE was done with RESOLVEL) yielding high quality ring.

electron density maps (figure of merit 0.58). The initial
model was built using the automatic chain-tracing feature  The 2.0 A model of the SeMet protein was used for rigid-
of RESOLVE that placed approximately 1450 of the 1744 body refinement against the 1.55 A native GMD data. The
residues in the tetramer. The model was completed interac-model was further refined with REFMAC 5.0L§) with
tively using O (L7) and refined with REFMAC 5.01@) with individual, restrained B-factors. After several cycles of
individual, restrained B-factors. Progress was monitored by refinement and manual rebuildinBeys: andRiee cONverged
use of Rree, and 5% of the data were set aside for cross- at 19.9 and 21.9%, somewhat high for 1.55 A resolution data.
validation before refinement. Water molecules were placed To see if this was due to twinning of the data, the reflection
automatically by WATPEAK 18) in peaks greater than 3.0 file was detwinned with DETWIN Z0) (maintaining the

o in Fo — Fc maps and within hydrogen bonding distance to same test set), and the model was subjected to further rounds
nitrogen or oxygen atoms of the protein. No noncrystallo- of refinement. This improved thys:andRyee to 17.9 and
graphic symmetry restraints were used at any point during 19.8%. TLS refinement was done as above. Waters and
refinement of this or other data sets. The Matthew's NAD(H) were built as above. Density for the side chains of
coefficient for these crystals is 2.76 {a1) and corre- 50 of the 1744 residues in the asymmetric unit was not well-
sponds to 55% solvent content. No clear electron density defined, and they were truncated to alanine. Refinement
was present for the nicotinamide ring of NAD(H) so this statistics are shown in Table 2.

portion of the cofactor has been omitted from the model.  Molecular replacement was performed with €222, data
One round of TLS refinementl®) was done on the final  set of SeMet GMD using the GMD dimer from tHed;
model, using the four protein chains in the asymmetric unit crystal form as a search model. The program EPMB,(

as rigid bodies. Density for the side chains of 134 of the which utilizes an evolutionary search algorithm, located two
1744 residues in the asymmetric unit was not well-defined, independent domain-swapped dimers of GMD in the asym-
and they were truncated to alanine. Refinement statistics aremetric unit, giving a final correlation coefficient of 70.2%
shown in Table 2. and aR-factor of 35.0%. In this space group, two GMD
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dimers are related by a crystallographic 2-fold axis to produce motif that is missing the thirgB-strand and finak-helix.
the GMD tetramer observed in tHd; crystal form. The Except for a fewa-helical insertions in loop regions and
model was partially refined with REFMAC 5.0.8), initially the missing elements of the Rossmann fold, the two
with an overall B-factor and later using individual, restrained dinucleotide-binding motifs (residues-154 and 315-436)
B-factors. The final model of SeMet GMD in this space are quite similar to each other, with a rmsd of 1.1 dver
group contains four chains of 436 residues in the asymmetric 60 residues (Figure 2C). The sequence identity between the
unit, 110 water molecules, and four molecules of GDP- two domains, however, is only 22% and not detectable by
mannuronic acid. Since density for most of the NAD(H) was standard homology searches such as BLAR), (suggesting
poorly ordered in all four active sites, the cofactor was not an ancient gene duplication of the dinucleotide-binding motif.
included in the model. Refinement statistics are shown in The internal pseudo-2-fold symmetry of the GMD monomer
Table 2. has been observed in a number of other dehydrogenase
Model Quality.The 2.0 and 1.55 A models have more structures §1).
than 90% of residues in the most favored region of the ~The GMD monomer has an unusual open conformation
Ramachandran plot and are very similar (overallr@sd with its N- and C-terminal domains on opposite sides of the
of 0.2 A? for four molecules in the asymmetric unit). All  connectingx-helix. Two of these open monomers associate
models were examined with Proche@2), Whatcheck 23), to form a highly intertwined dimer that places the N-terminal
SFCHECK @4), and ERRAT g5). The size of the active ~ domain of monomer A in close association with the C-
site pocket was calculated with CASP6), surface areas terminal domain of monomer B (Figure 2D). By comparison
with the protein-protein interaction serve®y), and super-  With the structure of the related enzyme UGD, where the
positions with TOP 28). Figures 2-4 were prepared with ~ N- and C-terminal domains of the same chain pack against
MOLSCRIPT Q9). each other in a normal closed monomer, the GMD dimer
Modeling of Nicotinamide Ring3ecause of poor density ~an be described as domain-swapped. 3-D domain swapping
for the nicotinamide ring of NAD(H) in the 1.55 A GMD has been proposed as a mecha_msm for creating oI_|gomers
structure, it was modeled by superimposing NAD(H) from from monomeric proteins, enqiowmg them Wlf{h. evolutl_onary
the UGD structure on the corresponding incomplete molecule 2dvantages such as cooperativeg)( Although itis possible
in the GMD model. This places the nicotinamide ring in a that the domain swapping seen in the GMD structure is an
syn conformation and in a relatively open area of the active ar_t|fact _of protein pur|f|cat|or_1 or crystalllzatlon, we consider
site, in close proximity to Cys268 and the carboxylate of thls_ unllkely_sm(_:e the protein retained cofact(_)r and produ<_:t
the mannuronic acid, as would be required for catalysis. In during purification and because the swapping is seen in
its modeled position, some close steric contacts occur Multiple crystal forms (see Materials and Methods).
between the nicotinamide ring and the side chain of Glu157, _Kinetic data have suggested that GMD forms an oligomer
several water molecules, and the carboxylate group of Of atleast six subunits in solutiod ). The crystal form of
mannuronic acid. However, this arrangement is clearly SMD used to solve the structure (space grédg) contains
preferable to the anti orientation that would clash with the four molecules in the asymmetric unit, raising the possibility

backbone of the polypeptide chain. of a tetrameric form of the protein. The putative tetramer
interface has a total of 14 hydrogen bond pairs and buries

RESULTS AND DISCUSSION approximately 1000 Aof surface area per dimer. However,
this accounts for only 3% of the total surface area of the
Overall Structure.The structure oP. aeruginosaGMD dimer, and the surfaces involved in the interface are not

was determined by MAD phasing at 2.0 A using crystals of particularly complementary (Figure 2E). To try to distinguish
selenomethionine-substituted protein and further refined to the tetramer interface from crystal lattice contacts, we used
1.55 A with an isomorphous native data set (Tables 1 and molecular replacement to solve the structure of an alternative
2). Features of the 1.55 A model are described in the crystal form of GMD (space group222;), which crystallized
following sections. Enzymeligand hydrogen bonds (Table  from a different precipitant and at a pH above the pl of the
3), including those mediated by water, represent interactionsprotein rather than below as in tiRd; form. Despite these
observed in all four active sites in the asymmetric unit. differences, the unit cell of th€222 crystals contains an
Throughout this manuscript, we refer to the bound cofactor essentially identical tetramer, supporting the possibility of a
as NAD(H) since the nicotinamide ring is not well-defined biologically relevant, although possibly rather weak, tetramer
in electron density maps, and we are unable to distinguishinterface. Such an interface may be conducive to equilibrium
between NAD and NADH. between dimeric and tetrameric forms of the enzyme. Kinetic

The crystal structure shows that GMD contains two distinct and light scattering data indicate varying oligomeric states
domains of similar size that are connected by a long (33- of GMD under different conditions1{), and limited pro-
residue)x-helix (Figure 2A). Both the N- and the C-terminal  teolysis experiments show that residues within the tetramer
domains have/ topology with a central, twisted-sheet interface are protected from proteolysis in the presence of
flanked on each side hy-helices, typical of a dinucleotide-  substrate %3). It is currently unclear how to reconcile the
binding Rossmann fold (Figure 2B). The N-terminal domain tetramer in the crystal with kinetic data indicating Hill
(residues +202) contains a complete dinucleotide-binding coefficients for GMD of up to six11).

motif, consisting of a 6-stranded paralj@isheet and five Cofactor and Substrate/Product Binding Sit@s the basis
a-helices. This is followed by an antiparallgl—o—/p of amino acid sequence comparisons and the structure of
extension of the centrgf-sheet. The C-terminal domain the related UGD protein, it was expected that the active site
(residues 235436) begins with a cluster of threehelices, of GMD would lie in a cleft between its two domains, with

which are followed by an incomplete dinucleotide-binding the N-terminal domain being primarily responsible for
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Ficure 2: Structure and topology of GMD. (A) A stereoview ribbon diagram of the GMD monomer (resiet#%6) showing the N-terminal

domain in cyan, the C-terminal domain in blue, and the connectihglix in red. The amino and carboxy termini are labeled N and C,
respectively. NAD(H) and GDP-mannuronic acid are shown as ball-and-stick models in magenta and gold, respectively. (B) Topology
diagram of the GMD monomer showinghelices as rectangles afiestrands as arrows. Colors as in panel A. Structures that are not part

of the classical dinucleotide-binding fold are in lighter shades. (C) Superposition of the N- and C-terminal domains of GMD with bound
ligands, colors as in panel A. (D) The domain-swapped GMD dimer with monomer A shown in cyan and monomer B in blue. (E) The
GMD tetramer with monomers AD in cyan, blue, yellow, and green, respectively. NAD(H) and GDP-mannuronic acid are shown as
space-filling models, colors as in panel A. Two positions (residues 275 and 298) are protected from proteolysis upon substrate binding; the
loops between these residues are shown in red and highlighted with aB@8ws (

binding the NAD(H) cofactor, while the connectinghelix the N-terminal domain and connectinghelix of monomer
and C-terminal domain would make most of the contacts A and the C-terminal domain of monomer B. In total, more
with the substrate/product. Electron density maps showing than 80 residues (approximately half from each monomer)
bound NAD(H) and GDP-mannuronic acid in all four active come together in the active site to form a large binding pocket
sites in the tetramer essentially confirm this expectation. for NAD(H) and GDP-mannuronic acid, with a total surface
However, because of the domain swapping, the two active area of approximately 1900%426). Both ligands are deeply
sites in the dimer are hybrids, composed of residues from buried (more than 90% of their total surface areas) in their
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with the cofactor. These include several conserved interac-
tions typical of NAD-binding proteins, such as Tyrl0 and
Valll in the phosphate-binding loop that donate hydrogen
bonds from their main chain amides to the pyrophosphate
group of NAD(H). The side chain of Asp30, another
conserved residue in the Rossmann fold, forms hydrogen
bonds with the two hydroxyls of the adenine ribose ring.
Two residues from the C-terminal domain of monomer B
contact the cofactor, Lys271 and Arg331, and form hydrogen
bonds to the nicotinamide ribose ring and pyrophosphate
group, respectively. When Lys271 is changed to glutamine,
GMD loses activity 6). In addition to direct proteirNAD-

(H) contacts, several residues are involved in water-mediated
hydrogen bonds, including one frequently observed water
(34) that mediates contacts between the main chain amides
of glycines 9 and 12 and the pyrophosphate group of the
cofactor. In contrast to the multiple contacts with the
pyrophosphate moiety and ribose sugars, only one water-
mediated hydrogen bond to the adenine is observed, although
several conserved hydrophobic residues (valines 31, 84, 102,
and Tyr98) are in van der Waals contact with the base.

Unlike the rest of the NAD molecule, the nicotinamide
ring is not well-defined in the electron density maps. This
has been observed in other NAD(H)rotein complexes3b)
and may be due to multiple rotational conformers of the ring
or possibly hydrolysis of the glycosidic bond. For purposes
of analysis, we have modeled a reasonable position for the
nicotinamide ring (see Materials and Methods) and find that
it makes one specific contact with the protein: a hydrogen
bond between its carboxamide nitrogen and the side chain
of Glul61, which may be important for anchoring it in the
syn conformation. On the basis of this modeled position, we
predict that the hydride is transferred to the si face of NAD
although the stereospecificity of this transfer has not yet been
determined experimentally for GMD.

Despite the pseudosymmetry of the GMD monomer and
structural similarity of the ligands (Figure 1B), the C-terminal
domain of GMD binds its ligand in a very different
orientation than the N-terminal domain and does not utilize
its nucleotide-binding fold in a typical fashion (Figure 2B).
The majority of protein contacts to GDP-mannuronic acid
are made by residues in the 3-helix cluster of the C-terminal
domain of monomer B (Table 3). The GDP-mannuronic acid
FicUre 3: Close-up view of the ligand binding sites in GMD, adopts an extended conformation in its binding pocket,
emphasizing contacts made by two polypeptide chains. Monomer spanning more than 17 A from N2 of the guanine to the
Qf i; ASBC()H)H(ir?] ;y:r:[[ snxitwgg?é?:?édBc?n?;gt?ﬁ (A;)egi(;]l?;rs]gsﬁg\?vﬁeitn carboxylate group of the mannuronic acid. One 15-residue
ball-and-stick ngwlodel. (B) GDP-mannuronic gcid (gold) binding stretch of Fhe polypeptlde chain (regldues 2372) makes .
pocket highlighting multiple contacts by residues in a 15-residue @ extensive series of contacts with the sugar nucleotide
stretch of monomer B. Also shown is a conserved water molecule (Figure 3B), starting at the pyrophosphate group, looping
that contacts the pyrophosphate group, and the contact made byaround the guanine, and running lengthwise down the other
:?riiiznﬂN (EE))?IHe)t\gr?(rjk ngOgrfnC; r?r?l?rgvrﬁtce;cr? de?ni?heggcyt‘i]\'/rg%?tg b%?gs edge of the molecule. This includes contacts from several
nicotigamide ring of NAD(H) is included in its modeled position. resujues in the active S.'te S|gnatur.e sSequence GGX.CXXXD

(residues 265272) that is characteristic of the nucleotitle
binding sites, with only the edge of their purine bases sugar dehydrogenasel)f. The backbone amide of Gly265,
exposed to solvent. for instance, hydrogen bonds to the 'G8/droxyl of the

The binding site for the NAD(H) cofactor is formed ribose. Three residues within the signature sequence, Gly265,
primarily by amino acids in the N-terminal dinucleotide- Cys268, and Leu269, also coordinate to make a contact via
binding motif of monomer A (Table 3 and Figure 3A). NAD- the same water molecule to the pyrophosphate group of the
(H) adopts an extended conformation similar to that seen in product. In contrast with the paucity of specific protein
many NAD(H)-protein complexes and lies in a cleft near contacts to the adenine of NAD(H), a number of direct and
the carboxy ends gi-strands 1 and 4. Eight highly conserved water-mediated hydrogen bonds are made to the guanine by
protein residues make one or more direct hydrogen bondsresidues in the 3-helix cluster. These residues form a highly
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Ficure 4. Comparison of the structures and sugar nucleotide binding sitesadruginosaGMD andS. pyogeneS’lGD. (A) The dimer

of UGD, with monomer A in yellow and monomer B in green. Monomer A of GMD is superimposed and shown in semi-transparent cyan.

(B) UDP-glucuronic acid in the UGD active site, with the glucose-specific contact made by Arg@élbrs as in panel A. (C) GDP-
mannuronic acid with the mannose-specific contact by His217. Monomer A is shown in cyan, monomer B in blue.

specific binding pocket since all potential hydrogen bonds within 2.6 A of the main chain carbonyl of Glu161, forming
with the guanine-specific functional groups at positions 2 a tight turn. Serl62 is the only nonglycine residue whose
and 6 of the base are fulfilled. Many of the contacts are made ®W¥ angles lie in the generously allowed region of the
by backbone atoms of the protein, which would tend to limit Ramachandran plot for all four chains in the asymmetric unit.
the accommodation of different orientations and types of Several other residues in the N-terminal domain of GMD
bases. GMD is known to discriminate between substrates(Thr124, Leu159) make water-mediated contacts to GDP-
containing guanine and those with other bade. ( mannuronic acid.

Residues outside the 3-helix cluster of GMD’s C-terminal  In addition to the residues important for specific binding
domain also contribute to binding of GDP-mannuronic acid. of the individual ligands, a complex network of direct and
Four residues in the connectirgrhelix of monomer A water-mediated hydrogen bonds links NAD(H) and GDP-
(Lys210, Asn214, His217, and Asn225) contact the mannu- mannuronic acid within their large binding pocket (Figure
ronic acid moiety. Surprisingly, although the C-terminal 3C). The closest approach of the two ligands is between the
domain contains a nearly complete dinucleotide-binding fold, nicotinamide ring of NAD(H) and the mannuronic acid
only one residue (Lys324) from this region makes a direct moiety of GDP-mannuronic acid, as required for catalysis.
hydrogen bond to the GDP-mannuronic acid. This residue Only one residue, Glul6l, appears to contact both the
is found in an extended loop (residues 3A33), which is cofactor and the product directly, acting as a hydrogen bond
structurally equivalent to the phosphate-binding loop of the donor to GDP-mannuronic acid and as a hydrogen bond
N-terminal domain. The side chain of Lys324 contacts the acceptor in the modeled interaction with the nicotinamide
pyrophosphate of GDP-mannuronic acid, and so despite thering of NAD(H). Glu161 makes an additional water-mediated
different lengths and sequences, the general structural rolecontact to NAD(H). Another multi-ligand interaction is made
of the loop is conserved between the two domains. A single by a water molecule tetrahedrally coordinated by Thr124 of
residue from the N-terminal dinucleotide-binding fold, monomer A, Asp272 of monomer B, the NG®&/droxyl of
Glul61, contacts the product directly, hydrogen bonding with NAD(H), and O6A’ of the GDP-mannuronic acid carboxy-
the pyrophosphate through its main chain amide. The late. This ligand-spanning network of hydrogen bonds in the
orientation of this residue appears to be stabilized by unusualactive site is most likely critical for precise positioning of
backbone angles in Ser162 that brings its side chain hydroxylthe cofactor and product during the multistep reaction and
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Table 3: Enzyme Ligand Hydrogen Bond Contaéts is widespread, found in organisms from bacteria to humans,
and functions in a variety of biosynthetic pathways. The

distance . g
chain domain protein residue/atom  NAD(H) atom (A) z:‘rtjjcéu[;efrcgn?ge g‘y%rggﬁg;);;rgﬁ EzTAyo:\S/ekdnci)r\lms:?/Ir,lt}’}hea;[is
ﬁ H:g \T}; ﬂm Qgg ::i,'.g of the anti-phagocytic capsule of this Gram-positive bacte-
A N-ter  Asp 30 OD1 AO? 25 rium (PDB codes 1DLI and 1DLJ). A comparison of the
A N-ter ~ Asp 30 OD2 AO3 2.7 sequences oP. aeruginosaGMD with S. pyogenet&)GD
A N-ter  Lys35NZ AQ3 2.7 (402 amino acids) shows limited but significant sequence
A N-ter ~ Val840 NO3 3.3 P - ; :
A N-ter  Thr 86 OG1 NOS3 57 similarity extending over nearly the entire protein (22%
A N-ter  Thri124 N NO3 31 identity over 395 residues). The conserved N-terminal
A3 N-ter Glu 161 OE1 NN7 dinucleotide-binding motif is detectable in both sequences,
B C-ter  Lys271NZ NO2 2.8 as are key active site residues in the C-terminal don&h (
E g:g ﬁ:g ggi m% mgi gé Although GMD has an extension of 34 residues at its
, ' C-terminus relative to UGD, there are no gaps longer than
A Nter  Glyo [\‘f’ater'med'ated 30,28 10 amino acids in the alignment. A superimposition of the
A N-ter Gly12N NO2 3.0,2.8 two structures shows that the N- and C-terminal domains of
A N-ter Cys 83 2.7,2.8 both enzymes are quite similar with an rmsd of 1.2fér
A N-ter ~ Lys35NZ AO2 28,25 156 G, pairs and 1.6 Afor 113 G, pairs, respectively (Figure
ﬁ: N'_tt‘;rr %“r igz 821 AN1 2.2{35’2.27'7 4A). Minor differences in topology between GMD and UGD
B! Cter  Asp 272 OD NOZ 26, 2.7 occur in the dinucleotide-binding fold of the C-terminal
A N-ter Glu 161 OEZ NO1 27,27 domain: GMD is missing strand 3 and helix 5 of the motif,
B C-ter  Ser2670 NO1 30,29 whereas UGD lacks strand 6 and helix 5. In the following
distance paragraphs, we distinguish residues in UGD from those in
chain  domain  protein residue/atom  GMA atom (A) GMD, by following the residue names Wit U (e.g., Metd).
A N-ter Glu 161 N 02B 30 The major difference in structure between the two enzymes
A con. helix  Lys 210 NZ OBA 29 is the dramatic change in domain packing that results in the
A con. helix  Asn 214 ND2 O6A 2.9 domain-swapped dimer of GMD. Despite this, the overall
A con. helix  His 217 ND1 02 2.9 arrangement of the GMD dimer is also quite similar to the
'é ‘éf?érhe"x TA§P225265§|_? L gzzA 2372 nonswapped UGD dimer (Figure 4A, rmsd1.8 A2 for 559
B C-ter Tyr 257 OH O1A 26 C. pairs in the dimer). Several small changes combine to
B C-ter Arg 259 N 06 3.0 allow this rearrangement within an otherwise similar struc-
B C-ter Arg 259 O N2 3.3 tural context. Relative to the structure of UGD, the domain
g g:g ZT;ZZGBSZI\? 5\'32 2‘30 swap of GMD can be accomplished by changing the
B C-ter Lys 324 NZ AO2 28 backbone angles of several residues in the C-terminal
water-mediated domain. These fall in a 6-residue loop between Asp248 and
At N-ter Thr 124 OG . 2.8,3.0 Leu253 (between helices 1 and 2 of the 3-helix cluster). In
B* C-ter Asp 272 OD OBA 2.6,3.0 accordance with other domain-swapped structures, we call
A N-ter Leu1590 068 29,32 this region the hinge loop. Except for residues 249 and 250,
'é g:ttzrr g'e”r 1266%'2‘) 02B 3':3’42'36 the sequence of the hinge loop is identical in the three known
B C-ter Tyr 257 N OBA 3.0,2.7 GMD sequences. Asp248 appears to play a particularly
N7 3.0,3.0 important role with both main chain and side chain atoms
B C-ter Phe 262 N3. O2 3.3,2.8 making hydrogen bonds that determine the conformation of
B C-ter Ala 263 O ' 2.9,2.8 the loop. In UGD, the region corresponding to the hinge loop
B C-ter Gly 265 O 29,27 . > . )
B C-ter Cys 268 03B 3.0, 2.7 of GMD is a highly conserved turn that is two residues
B C-ter Leu 269 2.8,2.7 shorter in length. This turn contains Arg244the single
B C-ter Phe 323 0 022 %-g, g-g residue from monomer A of UGD that contacts the active

site of monomer B. This residue has been proposed to be a
2 Contacts are listed sequentially by protein residue, except for water- determinant of substrate specificity since the known GMD
mediated contacts where residues contacting the same water are grOUpeﬂroteins have a lysine at the analogous positidn).(

together and indicated with brackets. Distances for the active site formed . - .
by the N-terminal domain of chain A and C-terminal domain of chain Howevgr, because of the domain swapping, Lys250 's, not
B are listed; similar values are found in the other three active sites in IN POSition to contact the substrate, and no cross-dimer
the asu. The two numbers listed for water-mediated contacts indicate contact analogous to that made by Argg@é¢curs. The extra
the protein-to-water and water-to-ligand distances, respectively. GMA two residues in GMD’s hinge loop may allow the polypeptide
= GDP — mannuronic acidtindicates water molecule shared between chain to form a more flexible loop, rather than the tight turn
the two ligandsfindicates modeled interaction with nicotinamide ring. . P, .

found in UGD, and could perhaps facilitate formation of the

. o open monomer to allow dimerization.
may also play a role in communication between the two A survey of domain-swapped structured?,(38) shows
halves of the active site and the two monomers in the GMD that it is unusual to find a Swapped and nonswapped pair
dimer. with the same oligomeric state, such as the dimers of GMD
Comparison with UDP-Glucose Dehydrogena&MD and UGD. In this circumstance, it is more difficult to

shares mechanistic and sequence similarity with the enzymerationalize the evolutionary advantage conferred by the
UDP-glucose dehydrogenase. The UGD family of enzymes domain-swapping event. Indeed, the structure of the UGD
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dimer shows a mechanism for intersubunit communication, uni uni bi ping-pong reaction mechanism. The reaction has
primarily mediated by Arg244 which is consistent with the  four discrete steps: (1) oxidation of the substrate’ C6
modest cooperative behavior of the enzy@) (In the case hydroxyl to an aldehyde; (2) nucleophilic attack by an active
of GMD, however, the domain swapping generates a site thiol to form a thiohemiacetal intermediate; (3) oxidation
genuinely hybrid active site, with residues from both of the tetrahedral thiohemiacetal to a thioester; and (4)
polypeptide chains contributing about equally to surface areahydrolysis of the thioester to product. The proposed mech-
and hydrogen bonding to ligands. This greatly enhancesanism requires protein residues to fulfill the roles of active
opportunities for intersubunit communication and is poten- site thiol and general/acid base catalyst. It also necessitates
tially related to the complicated cooperativity exhibited by binding and release of NADNADH without dissociation
the enzyme 11). Another potential effect of the domain of the nucleotide sugar intermediates. The crystal structure
swapping is increased stability of the dimer. The dimer of GMD provides new insights into this complex, multistep
interface of UGD is primarily mediated by contacts between reaction.
the connectingr-helices and is quite substantial: more than  On the basis of sequence alignments and comparison with
2600 A of surface arealQ). However, the contact area the UGD structure, Cys268 of GMD was proposed to be
between the two chains of the GMD dimer is more than twice the nucleophilic thiol 10, 12). The importance of this residue
that of UGD: 5950 &, accounting for nearly 30% of the is consistent with the sensitivity of the enzyme to thio-
total surface area of the monomer. Confirmation of increased reactive reagents and a Cys268 to serine mutation that
dimer stability awaits experimental determination of the reduces enzyme activity by 95%)( In the crystal structure,
association constants of the two proteins. distances between the Cys268 thiol group and the oxygens
The availability of two high-resolution structures for GMD  of the carboxylate group of the mannuronic acid are between
and UGD, both in ternary complex with cofactor and product, 3.3 and 3.5 A. However, rotation of the cysteine side chain
allows for the first time a detailed comparison of the active brings § to within 2.4 A of O6A’. Because it is such a
sites of these two enzymes. Consistent with their overall potent nucleophile, it is presumed that the thiolate anion of
structural similarity, GMD and UGD share generally similar Cys268 serves as the active species in formation of the
modes of ligand binding. This can be demonstrated by a putative thiohemiacetal intermediate. Since a typi&al, for
superposition of the backbone atoms of the two dimers that a cysteine side chain 9.0, factors stabilizing the thiolate
results in nearly identical orientation of cofactor and product anion would be expected in the active site. One possibility
in the binding pocket (data not shown). While many protein  for this would be a positively charged residue in the vicinity
ligand contacts are conserved, analysis of the substratethat could perturb the Ky of the cysteine side chain
binding sites reveals striking differences that account for the downward. The basic residue nearest to Cys268 is Lys 271.
differences in sugar specificities in these two enzyme families The N; group of this residue hydrogen bonds to NAD(H),
(Figure 4B,C). Because glucose and mannose are epimer#sp272, and Thr86 and is’5 A from the Cys268 thiol.
at C2', contacts with the O2hydroxyl group are potentially ~ However, rotation of the lysine side chain can bring it within
critical for substrate recognition. In the UGD complex,02 3.0 A of Sy. Another possible stabilizing factor is a helix
of the glucuronic acid points up toward the opening of the dipole effect. Cys268 is located immediately prior to an
active site and is contacted by Arg24ftom the opposite  a-helix (residues 269282) in the C-terminal domain and
dimer pair. As mentioned above, the equivalent residue in could thus be influenced by the partial positive charge of
GMD, Lys250, cannot make a similar contact because of the dipole. Activation of a catalytic thiol via the helix dipole
domain swapping. Furthermore, in the GMD complex, the effect has been proposed in the casg-&etoacyl-acyl carrier
02’ of mannuronic acid points down into floor of the active protein synthase Il fronk. coli (39) and shown to lower
site, where it makes a hydrogen bond with the side chain of the K, of cysteine side chains in synthetic peptides by nearly
His217. The orientation of this histidine ring is anchored by two units @0). The presence of a negatively charged residue
a second hydrogen bond with the side chain of Asn252, a at the N-terminus of a helix can partially neutralize the dipole,
conserved residue in the hinge loop. In the UGD structure, but such a residue is not found in GMD; thus, the full effect
a hydrophobic residue (Leu2d)lis found at the position  of the dipole should be present.
equivalent to His217, which makes van der Waals contacts Two possible candidates for the general acid/base catalyst
with the ring carbon C2 This arrangement would be expected to assist with hydride transfer are suggested by the
predicted to exclude mannose-based substrates from therystal structure. One of these is Lys210 from monomer A,
UDP-glucose binding pocket, although to the best of our whose terminal § atom is 2.9 A from O6A of the
knowledge this has not been tested experimentally. For mannuronic acid carboxylate. This residue is in position to
GMD, the opposite is not true since there appears to be roomact as general base by abstracting a proton from thé C6
for glucose-based molecules to bind in the pocket, although hydroxyl group of GDP-mannose and also from the thiohe-
the hydrogen bond to His217 would be unfulfilled. In fact, miacetal intermediate. It could presumably also act as a
GDP-glucose has been reported to be an inhibitor of GMD general acid and donate a proton to stabilize the tetrahedral
but not a substratel®). Site-directed mutagenesis can be intermediate formed from the aldehyde. Alternatively, a water
used to confirm the apparent striking correlation between molecule could play the role of general acid/base. The best
the structures and the binding specificities of these two candidate for this is the water tetrahedrally coordinated by
enzymes. Asp272, Thr124, a hydroxyl of the nicotinamide ribose, and
Implications for Enzyme Mechanismhe reaction cata- O6B" of GDP-mannuronic acid (Figure 3C). Coordination
lyzed by GMD is a 4-electron oxidation proposed to proceed by Asp272 could help activate this water molecule for
via the pathway shown in Figure 1AZ%). Two equivalents nucleophilic attack; the position of the Asp272 side chain
of NAD™ are utilized to convert substrate to product in a bi appears to be anchored by a hydrogen bond with Asn214.
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Analogous possibilities for the acid/base catalyst were serves as a model for other members of this enzyme family,
suggested for UGD dehydrogenase, emphasizing the overalincluding GMD from the plant pathogerP. syringae
structural similarity of the active sites in these enzynig}. ( Additional GMD proteins are likely to be identified as more
However, in the UGD structure, all of these residues are on bacterial genomes are sequenced. Finally, since the structures
the same monomer, while in GMD some of these residues and mechanisms of two enzymes in the alginate biosynthetic
come from monomer A and others from monomer B. pathway ofP. aeruginosanave now been characterizet?(

The crystal structure of GMD also suggests a candidate 43), the opportunity for targeting multiple steps in the
residue for assisting in the final step of the reaction: pathway is available and should lead to a better understanding

hydrolysis of the thioester intermediate to GDP-mannuronic of the pathogenicity of this organism.

acid. It is likely that an ionizable residue in the active site
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