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Klebsiella pneumoniae is a nosocomial pathogen frequently isolated from opportunistic infections, especially
in clinical environments. In spite of its potential pathogenicity, this microorganism has several metabolic
potentials that could be used in biotechnology applications. K. pneumoniae is able to metabolize glycerol as a
sole source of carbon and energy. 1,3-Propanediol dehydrogenase is the core of the metabolic pathway for the
use of glycerol. We have determined the crystallographic structure of 1,3-propanediol dehydrogenase, a type III
Fe-NAD-dependent alcohol dehydrogenase, at 2.7-Å resolution. The structure of the enzyme monomer is closely
related to that of other alcohol dehydrogenases. The overall arrangement of the enzyme showed a decameric
structure, formed by a pentamer of dimers, which is the catalytic form of the enzyme. Dimers are associated
by strong ionic interactions that are responsible for the highly stable in vivo packing of the enzyme. Kinetic
properties of the enzyme as determined in the article would suggest that this decameric arrangement is related
to the cooperativity between monomers.

Klebsiella is a widely recognized genus of opportunistic
pathogenic bacteria. It belongs to the KES group of pathogens,
also including Enterobacter and Serratia species, being a main
cause of community-acquired bacterial pneumonia. However,
the vast majority of Klebsiella infections are associated with
clinical environments (34). As opportunistic pathogen, bacteria
belonging to the genus Klebsiella primarily attack immunocom-
promised individuals who are hospitalized. K. pneumoniae is
the most important species of the genus in medical terms, and
it is also very ubiquitous in nature, being present in surface
water, soil, plants, and also as a saprophyte over the mucuses
and intestine of mammals (32, 33). In spite of its pathogenic
properties, K. pneumoniae has a complex metabolism that may
lead to potential biotechnological applications.

1,3-Propanediol (1,3-PD) is a bifunctional organic com-
pound that may be used for the chemical synthesis of several
compounds, in particular for polycondensations to synthesize
polyesters, polyethers, and polyurethanes. As a bulk chemical,
it can also be used in the production of cosmetics, foods,
lubricants, and drugs. The biological alternative to chemical
synthesis for the production of 1,3-PD is already possible by
the use of fermentative microorganisms belonging to the gen-
era Klebsiella and Clostridium. Recently, DuPont company de-
veloped an industrial process for the biological production of
1,3-PD based on a engineered microorganism containing sev-
eral K. pneumoniae genes. The resulting 1,3-PD is used for the
production of the Sorona polymer mainly used in the produc-
tion of fibers.

Biological synthesis of 1,3-PD has been demonstrated in
several anaerobic and microaerophilic bacteria including mi-

croorganisms such as Klebsiella, Citrobacter, and Clostridium (6,
11, 23) and also microorganisms belonging to the genus Lac-
tobacillus (Lactobacillus brevis, L. reuterii, L. sakei, L. planta-
rum, and L. buchneri) (40–42) as a product of glycerol fermen-
tation not found in anaerobic conversion of other substrates. In
these organisms, glycerol is metabolized by two different par-
allel pathways. The first is an oxidative route, in which glycerol
is converted by a NAD-dependent glycerol oxidoreductase
to dihydroxyacetone, that is further converted to glyceral-
dehyde-3-phosphate, phosphoenolpyruvate, and pyruvate to
be inserted in the Krebs cycle (1). The reduced cofactors
generated in the conversion of glycerol to dihydroxyacetone
can be recycled by using a second reductive pathway. This
pathway includes two enzymes: a glycerol dehydratase that
converts glycerol in 3-hydroxypropionaldehyde and a 1,3-PD
dehydrogenase that uses this last compound to produce
1,3-PD (1, 9).

1,3-PD dehydrogenase is thus a key enzyme in the microbial
production of 1,3-PD and has been previously characterized as
the product of dhaT gene in K. pneumoniae. 1,3-PD dehydro-
genase from K. pneumoniae is a member of the family III
metal-dependent polyol dehydrogenases (36), including en-
zymes isolated from bacteria (38) and yeast (44). These en-
zymes appear to require a divalent metal ion for catalysis, but
while some members of this family showed a dependence on
Fe2� for activity (e.g., Escherichia coli PD dehydrogenase (27),
others showed Zn2� dependence (e.g., Bacillus stearother-
mophilus glycerol dehydrogenase) (36). Some members of this
family may also require cofactors, such as NAD or NADP (6).
Three-dimensional (3D) structures of type III alcohol dehy-
drogenases roughly resemble the so-called “medium chain”
alcohol dehydrogenases, generally showing a conserved sec-
ondary structure pattern called the Rossmann fold, which is
composed of six parallel beta-strands surrounded by alpha-
helices (36). Type III alcohol dehydrogenases show a nucleotide-
binding motif comprised of six parallel �-strands with a 3D
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structure that is reminiscent of the classic Rossmann fold, but
the connectivity between the secondary structure elements is
radically different (27). The 1,3-PD dehydrogenase enzyme
from K. pneumoniae was previously characterized by size ex-
clusion chromatography as a multimer (hexamer or octamer),
being inhibited by divalent cation chelators, such as EDTA,
and inactivated in the presence of reactive oxygen species (21).

We report here the 3D structure determination by X-ray
crystallography of 1,3-PD dehydrogenase from K. pneumoniae.
Unlike the structures of other members of this family of en-
zymes (see below), our study has revealed an unprecedented
decameric arrangement, which may be relevant for the enzy-
matic activity of this protein in solution. These results are
therefore contributing to the overall understanding of the met-
abolic pathway of glycerol in pathogenic gram-negative bacte-
ria, which may eventually be used in the improvement of the
industrial production of 1,3-PD, an essential chemical com-
pound in the industry of synthetic polymers.

MATERIALS AND METHODS

Expression, purification, crystallization, and data collection of 1,3-PD dehy-
drogenase. 1,3-PD dehydrogenase was expressed, purified, and crystallized, and
data were collected as previously described (24). Briefly, the dhaT gene coding
for 1,3-PD dehydrogenase was inserted into the expression vector pET-YSBLIC,
a pET28a (Novagen) derivative that adds a noncleavable N-terminal His6 tag to
the recombinant protein. The pET-YSBLIC-dhaT plasmid was transformed into
E. coli BL21(DE3), grown to an optical density at 640 nm of 0.6, and induced
with 0.5 mM IPTG (isopropyl-�-D-thiogalactopyranoside). Bacteria were har-
vested and lysed by using a French press, and cell debris was removed by
centrifugation. The supernatant was applied to a nickel affinity column and
eluted with a linear gradient of imidazole. The chromatographic peak corre-
sponding to 1,3-PD dehydrogenase was collected and applied to a gel filtration
column. Fractions containing 1,3-PD dehydrogenase were pooled and concen-
trated to 55 mg/ml in a buffer containing 150 mM NaCl, 50 mM HEPES (pH 7.4),
1 mM MnCl2, and 2 mM dithiothreitol and crystallized by vapor diffusion in
sitting drops at 20°C. The best crystals were obtained with 0.1 M morpho-
lineethanesulfonic acid (pH 6.5) with 12% (wt/vol) PEG 20K and CaCl2 added
directly to the drop to a final concentration of 10 mM. The data sets were
collected by using synchrotron radiation at Deutsches Elektronen Synchrotron,
Hamburg, Germany, or at the European Synchrotron Radiation Facility,
Grenoble, France. Diffraction images were processed with MOSFLM (2) and
experimental intensities were scaled with SCALA from the CCP4 suite (Collab-
orative Computational Project, no. 4, 1994) (Table 1).

Enzymatic activity. The enzyme activity of pure preparations of 1,3-PD dehy-
drogenase was determined by using 1,3-PD as a substrate as described previously
(21) with minor modifications. In essence, the reaction mixture contained 100
mM Bicine buffer (pH 9), 1 mM NAD� enzyme, and substrate in a reaction
volume of 1 ml. The enzymatic activity was quantified spectrophotometrically at
25°C by the linear rate of substrate-dependent NADH formation. For the kinet-
ics study, a range of 1,3-PD concentrations from 1 to 50 mM was assayed. A unit
of 1,3-PD dehydrogenase activity was defined as the amount of enzyme required
for the formation of 1 �mol of NADH per min at 25°C.

Structure determination. The structure was solved by molecular replacement
with Phaser (25, 26). The initial search model used was a monomer of the
predicted 3D protein structure composed of the individual polypeptides of the
dhaT gene product, constructed by homology modeling from the sequence with
Esypred3D (22). From the initial partial solutions it was clear that the protein
formed dimers. In subsequent stages, one of the dimers found was used as a
search model. The Phaser software was able to find automatically 17 of the 20
monomers present in the asymmetric unit. The remaining contents of the asym-
metric unit were placed manually by model inspection using Coot (13). Alter-
natively, if Phaser was seeded with the dimer, the program was able to find the
complete contents of the asymmetric unit, constituted by two decamers. Each
decamer is composed of five dimers. This corresponds to a solvent fraction of
57.2% and is in agreement with the multimeric form in solution, determined by
size exclusion chromatography and dynamic light scattering (data not shown).

Model building and refinement. The structure was initially refined by rigid-
body and simulated annealing, to remove model bias, using CNS (7, 8). In

subsequent stages, maximum-likelihood refinement with noncrystallographic
symmetry and geometrical restrains was done using REFMAC5 (29). Positional
and isotropic thermal parameters were refined individually for each atom to a
resolution limit of 2.7 Å, and the model was manually inspected after each
refinement cycle using Coot (13). The restrains were progressively loosened
toward the final cycles. In the last cycle 40 TLS groups, corresponding to the two
domains of each monomer, were used. After several cycles of refinement and
model checking the refinement converged to Rcryst and Rfree values of 20.5 and
25.1%, respectively. The overall mean B factor of the structure after refinement
was 45.84 Å2, and root mean square deviations from ideal values were 0.01 Å for
bond lengths and 1.17° for bond angles (see Table 1 for additional details of the
refinement).

Coordinate accession numbers. Coordinates of the model and structure fac-
tors of K. pneumoniae 1,3-PD dehydrogenase have been deposited in the Protein
Data Bank (PDB accession code 3BFJ).

RESULTS

Sequence and structure comparison of 1,3-PD dehydroge-
nase. Sequence comparison of 1,3-PD dehydrogenase from
K.pneumoniae with other enzymes of the same family present
in bacteria (Fig. 1) showed several conserved features with
other Fe-NAD-dependent dehydrogenases and NAD-depen-
dent alcohol dehydrogenases. The closest homolog with a
known 3D structure, FucO protein, a member of the group III
of Fe-NAD dehydrogenases, catalyzes the interconversion be-
tween L-lactaldehyde and L-1,2-PD in E. coli (27). Fe-NAD-
dependent dehydrogenases can be functionally divided into
two domains: an N-terminal domain responsible for substrate
recognition and binding and a C-terminal domain involved in
iron binding. All enzymes of the family share a common
motif involved in iron coordination, composed by four
amino acids: three of them are conserved in the sequences
of all of the analyzed 1,3-PD dehydrogenases, His267,

TABLE 1. Processing statistics of the diffraction data collected

Parameter Value

Source ............................................................................ESRF ID14-4
Space group ..................................................................P21
Unit cell parameters (Å, °) .........................................a � 91.44

b � 226.87
c � 232.34
� � 92.7°

Wavelength (Å) ............................................................0.939
No. of unique intensities .............................................253,221
No. of amino acid residues .........................................7,640
No. of protein atoms ...................................................57,420
No. of solvent atoms....................................................908
No. of hetero atoms.....................................................20
Resolution range for refinement (Å)a .......................20–2.7 (2.77–2.70)
Completeness (%)........................................................97.7 (93.7)
Rcryst ...............................................................................20.5 (29.4)
Rfree ................................................................................25.1 (35.0)
Overall B value of the model (Å2) ............................45.84
Correlation coefficient Fo-Fc......................................0.935
Correlation coefficient Fo-Fc free..............................0.901
Root mean square bond length deviation (Å) .........0.01
Root mean square bond length deviation (°)...........1.175
No. of residues (%) in favored Ramachandran

region .........................................................................7,194 (95.2)
No. of residues (%) in allowed Ramachandran

region .........................................................................241 (3.2)
No. of residues (%) in Ramachandran outlier

region .........................................................................125 (1.7)

a Values in parentheses refer to the highest-resolution shell (2.77 to 2.7 Å).
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His281, and Asp198. The fourth coordinating residue,
His202, is common to in the 1,3-PD dehydrogenases from all
gram-negative bacteria, but it is substituted in gram-positive
microorganisms by a glutamine (Fig. 1).

In terms of structure, the 1,3-PD dehydrogenase monomer
was also used to perform an homology search using the FATCAT
server (46, 47). 1,3-PD Dehydrogenase showed structural ho-

mology with alcohol dehydrogenases, specially with dehydro-
genases of short-chain alcohols, such as lactaldehyde-reductase
(PDB code: 1RRM), PD dehydrogenase (PDB code: 1O2D),
glycerol dehydrogenase (PDB code 1JPU) and butanol-dehy-
drogenase (PDB code 1VLJ) (Table 2).

Structure of 1,3-PD dehydrogenase monomer. The mono-
mer comprises 387 amino acids distributed in 8 � strands and

FIG. 1. Sequence alignment of several members of the 1,3-PD dehydrogenase family. K_pneumoniae, Klebsiella pneumoniae; C_pasteurianum,
Clostridium pasteurianum; C_freundii, Citrobacter freundii; E_blattae, Escherichia blattae; C_perfringens, Clostridium perfringens; C_butyricum,
Clostridium butyricum; C_novyi, Clostridium novyi; P_carbinolicus, Pelobacter carbinolicus; O_oeni, Oenococcus oeni; L_brevis, Lactobacillus brevis;
L_plantarum, Lactobacillus plantarum; L_sakei, Lactobacillus sakei; P_pentosaceus, Pediococcus pentosaceus. Highly conserved regions are boxed
with similar residues are represented in red, and nonconserved residues are indicated in black. Within these boxes, invariant residues are
represented against a red background. The secondary structure of 1,3-PD dehydrogenase from K. pneumoniae as derived from the three-
dimensional data is represented in the upper part of the alignment. Residues involved in the binding of Fe atom are marked with an asterisk.
Residues involved in decamer stabilization by dimer interactions are marked with a triangle. Alignment was prepared with Multalin (10) and the
ENDscrip server (17).
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13 �-helices (Fig. 1 and 2). The monomer folds like other
members of the family III metal-dependent alcohol dehydro-
genases into two structural domains that are separated by a
cleft. The N-terminal domain comprises residues 1 to 186 and
has a pair of Rossmann-like alpha/beta folds, formed by
strands �1 to �5 and �8 flanked by �-helices �1 to �4. This
domain contains the binding site for the NAD cofactor. The
C-terminal domain (residues 189 to 387) contains nine �-
helices organized in two helical bundles, formed by �5 to �9
and �10 to �13 helices, which represent a dehydroquinate
synthase-like alpha domain topology. This domain includes the
residues involved in iron binding located in a catalytic cleft
between the two domains. The Fe2� atom is in the surface of
a deep pocket in this cleft and has trigonal bipyramidal coor-
dination. Four of the coordinating positions are provided by
residues Asp198, His267, His202, and His281 from the C-
terminal domain, while the fifth position is vacant and thus free
for receiving the substrate (Fig. 3). This deep hydrophilic
pocket between the two domains may thus be the site for
binding of the NAD cofactor needed for the enzymatic reac-
tion. The pocket is composed by two regions, one in each
protein domain: in the N-terminal domain, strands �6 and �7,
comprising residues from 150 to 170, and in the C-terminal
domain helix �8, including residues from 265 to 280. Compar-
ison with other alcohol dehydrogenases showed that an equiv-
alent hydrophilic pocket is essentially structurally conserved in
all of the enzymes of the family. In the particular case of
1,3-PD dehydrogenases, the sequence of the residues in the
NAD-binding pocket is also highly conserved (Fig. 1).

Quaternary structure. The crystal structure of 1,3-PD de-
hydrogenase was shown to be formed by an overall decam-
eric arrangement constituted by a close association of two
pentamers made up of five dimers (Fig. 4). The dimers are
stabilized via a �-sheet formed by strands �1 and �2 from
each monomer, in a manner similar to what has already
been described in other Fe-NAD-dependent alcohol dehy-
drogenases (Fig. 2B) (27).

In spite of a similar subunit structure, members of the family
III metal-dependent polyol dehydrogenases have very different
quaternary structures. As an example, B. stearothermophilus
glycerol dehydrogenase is an octamer (36), while E. coli lact-
aldehyde 1,2-PD oxidoreductase is a dimer (27). Previous char-
acterization of 1,3-PD dehydrogenase from K. pneumoniae
have suggested that the enzyme could be an octamer or hex-
amer in solution (21). Our structure shows that the asymmetric
unit contains twenty monomers arranged in two decameric
entities. Dynamic light scattering analysis of the purified pro-
tein in solution (data not shown) showed only one major peak
of particles with a hydrodynamic radius of 5.97 nm that corre-
sponds to an apparent molecular mass of 446 kDa. The calcu-
lated molecular mass of the decamer is 415 kDa, 7% lower
than that value. This difference may be probably accounted for
by the shape of the monomer. Also, data from size exclusion
chromatography (data not shown) obtained from the recom-
binant purified 1,3-PD dehydrogenase is in agreement with the
molecular mass of a decamer. As can be seen in Fig. 4, the
decamer shows a “starlike” arrangement (with a diameter of
ca. 150 Å), with a hydrophilic funnel-like structure in the mid-

TABLE 2. Results of the structure-based sequence alignment of 1,3-PD dehydrogenase from K. pneumoniae versus the PDB database
performed by the FATCAT server

PDB Protein Organism Length
(amino acids) Score Chain

RMSDa
Align length

(amino acids)
Gap

(amino acids)

1RRM Lactaldehyde reductase Escherichia coli 373 986.95 1.49 383 15
1O2D Iron-containing alcohol dehydrogenase Thermotoga maritima 348 738.73 2.08 382 37
1VLJ NADH-dependent butanol dehydrogenase Thermotoga maritima 398 912.27 2.43 395 15
1JPU Glycerol dehydrogenase Bacillus stearothermophilus 361 688.48 2.19 403 73
1OJ7 Alcohol dehydrogenase Escherichia coli 390 873.58 2.55 391 14
1KQ3 Glycerol dehydrogenase Thermotoga maritima 364 662.32 2.55 403 70
1SG6 3-Dehydroquinate synthase Aspergillus nidulans 377 506.74 2.83 426 107
1UJN 3-Dehydroquinate synthase Thermus thermophilus 338 466.76 3.11 398 104

a RMSD, root mean square deviation.

FIG. 2. Overall structure of the monomer and dimer of 1,3-PD dehydrogenase. (A) Ribbon representation of the enzyme monomer colored
by secondary structure elements; the Fe atom is represented by a red ball. (B) Main-chain trace of the dimer structure with the location of the beta
strands in each monomer. The monomers are colored by chain, showing the location of the two beta strands of each molecule involved in the dimer
formation. All figures were prepared with PyMol (12).
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dle that opens a central pore with a diameter of ca. 20 Å.
Active sites for NAD and substrate binding are facing the
outer external region of the decamer.

On top of the hydrophobic interactions at the contact sur-
faces between the decameric building blocks, the association of
dimers to form the final quaternary structure of the enzyme is
mainly based in two interactions, one ionic interaction between
Asp322 and Arg333 (Asp322 OD1 . . . NH2 Arg333, a distance
of 2.43 Å) and an hydrogen bond between Asn314 and the

carbonyl group of Gly317 (Asn314 OD1 . . . O Gly317, a
distance of 2.81 Å) (Fig. 5). Proper orientation of Asn314 for
the formation of this hydrogen bond is ensured by another
hydrogen bond between the carbonyl group of Asn314 and the
primary amino group of Lys326 (Asn314 O . . . NZ Lys326, a
distance of 2.90 Å). Four of the residues involved in these
interactions that stabilize the dimers are mostly conserved in
other 1,3-PD dehydrogenases as shown in Fig. 1. In gram-
negative organisms Arg333 is homogeneously conserved, and
in gram-positives this residue is substituted by a glutamine, also
susceptible to be involved in polar interactions between
dimers. The acidic residue, Asp322, is also present in other
enzymes of this family, although it is substituted by a glutamic
acid in some clostridia and in gram-positive microorganisms
(Fig. 1). Only in the case of the enzyme from P. pentosaceus is
this amino acid substituted by an alanine. Asn314, involved in
the other dimer-dimer interactions, is homogeneously con-
served in all known sequences of 1,3-PD dehydrogenases,
while Gly317 is conserved in all of the sequences, except in the
case of L. sakei protein, in which it is substituted by an alanine.
Lys326 is not conserved, being substituted in some members of
the family by a leucine (Fig. 1).

Packing interface analysis. The association of monomers
in multimeric proteins usually contributes to the decrease of
the solvent-exposed area compared to the corresponding
sum of areas of the isolated monomers (20). For the 1,3-PD
dehydrogenase isolated monomer the exposed area is
15,871.4 Å2, as calculated by AREAMOL from the CCP4
suite (2, 45). When the solvent-accessible area is calculated
for the dimer, a value of 28,279.5 Å2 is observed, corre-

FIG. 3. Electron density map around the iron binding site of mono-
mer A in 1,3-PD dehydrogenase. Residues involved in Fe binding are
represented as sticks and colored by atom code; the remaining visible
protein residues are colored in gray. 2Fo-Fc maps were contoured at
1.5 � level. The figure was prepared using Pymol (12).

FIG. 4. Overall view of the decameric arrangement of 1,3-PD dehydrogenase from K. pneumoniae. In both panels, the upper part corresponds
to a side view, and the lower part shows a flat front view of the structure. (A) Ribbon representation of the decamer colored by monomer.
(B) Electrostatic potential representation on the surface of the 1,3-PD dehydrogenase decamer, with the potential scale in the lower part of the
panel (4). All figures were prepared using PyMol (12).
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sponding to decrease of 10.9%, while the value for the
decamer is 130,586.3 Å2, 17.7% less than the sum of the
areas of the individual isolated 10 monomers.

A complementary analysis to the solvent-exposed areas, on
the interfaces between subunits of the decamer, was performed
by using Molsurfer (14). This software tool generates a 2D
projection of the contacting surfaces between interacting pro-
teins. The resulting projections can be colored according to the
different physicochemical properties of the amino acids in-
volved in the interactions, including electrostatic potentials,
which can also be indicated in these projections. This allows
the study of electrostatic complementarities between macro-
molecular interfaces (14, 15). The result of this type of analysis
performed for the interactions surface between dimers forming
each pentamer is shown in Fig. 5, indicating that the associa-
tion of these units within the decamer is consistent and based
on the electrostatics of the interacting regions. The patches in
the interacting surfaces where the electrostatic complementa-
rity is higher are at the closest distances (Fig. 5).

Enzymatic characterization. The structural characteriza-
tion of 1,3-PD dehydrogenase from K. pneumoniae allowed
us to determine a decameric association of monomers in the
crystal structure. To determine whether the decamer is the
active form of the enzyme, we characterized the kinetic
properties of the recombinant protein. The enzymatic activ-
ity of the recombinant purified enzyme in response to in-
creasing concentrations of 1,3-PD showed an interesting
non-Michaelis behavior (Fig. 6). This fact could be ex-
plained on the basis of the allosteric cooperation between
enzymatic monomers within the decamer. Lineweaver-Burk
plot (Fig. 6), allowed us to determine the existence of pos-
itive cooperativity between subunits, corresponding to a
value of 6.5 of the Hill coefficient. Using a linear fitting of
the Lineweaver-Burk plot, the determined Km was 16.7 mM
for 1,3-PD. The decameric enzyme was also inhibited by
EDTA in clear agreement with the original kinetic data
published by Johnson and Lin (21); however, a concentra-

FIG. 5. Analysis of the packing interfaces between dimers of 1,3-PD dehydrogenase to form the overall decameric structure. The upper panel
shows a ribbon representation of the contact region between dimers, with the residues directly involved in protein packing. The lower panels show
surface mapping of the properties in the contact region between dimers as calculated with the Molsurf server (14, 15) as follows: a representation
of the electrostatic potential, in monomer A, at the interacting surface of the dimer (A); a representation of the electrostatic potential, in monomer
B, at the interacting surface of the dimer (B); and a color description of distances between interacting atoms from both monomers in the same
interacting surface of the dimer (C). Scales for each color code representation are located in the lower part of each panel. The lower panel was
obtained after a rotation of ca. 90° from the upper panel around and horizontal central line on the upper panel.
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tion of 50 mM EDTA was necessary to obtain a 50% inhi-
bition of enzymatic activity (data not shown).

DISCUSSION

The glycerol metabolism in K. pneumoniae is not only a
source of potential usable chemicals but also an interesting
topic for the overall knowledge of the outstanding patho-
genic capabilities of this microorganism (34). Glycerol can
be used as an alternative source of carbon and energy in
some nosocomial infections in which K. pneumoniae can
survive in adverse conditions (6, 34). Metabolic intermedi-
ates of glycerol fermentation are also used in some K. pneu-
moniae strains for the biosynthesis of quorum-sensing mol-
ecules involved in signal transmission between bacterial
individuals (5, 48).

The most important enzyme in glycerol metabolism is
1,3-PD dehydrogenase, responsible for the production of
1,3-PD. The structural studies of this enzyme reported here
are the first attempt to understand this metabolic pathway at
the molecular level. The present study has revealed an un-
expected decameric arrangement of the enzyme compared
to the already-known structures of other members of the
family of the type III alcohol dehydrogenases, which are
mainly catalytic dimers (27, 37), with the exception of glyc-
erol dehydrogenase (36).

The first evidence for a decameric alcohol dehydrogenase
was published by Hou et al. (19). In that study the authors
described the decameric arrangement of a 1,2-PD dehydro-
genase from Pseudomonas fluorescens. However, several ev-
idences suggest that this enzyme belongs to a different class:
the molecular mass of the monomers (�77 kDa) is consid-
erably higher than that of the 1,3-PD dehydrogenase from
K. pneumoniae, and the enzyme does not contain any metal

ion. Methanol dehydrogenase from a thermotolerant Bacil-
lus sp. was also characterized as a decamer by electron
microscopy (43). This last enzyme is a type III-like dehydro-
genase with Zn2� and Mg2� in the active site, present in
some gram-positive microorganisms able to use methanol as
a sole carbon and energy source (3). In this article, we
report the first decameric structure of a type III alcohol
dehydrogenase solved by X-ray crystallography, showing
that this quaternary arrangement could be widespread also
in gram-negative microorganisms such as K. pneumoniae.

The decameric packing of 1,3-PD dehydrogenase from K.
pneumoniae is ensured by dimer association. Dimers are
formed by polar interactions between � strands, in a way
similar to what has already been described in other Fe-
dependent dehydrogenases (27, 37). The pentameric asso-
ciation of dimers to constitute the decamer is based on ionic
interactions with charged residues (Fig. 5). Interacting sur-
faces in the dimers association are complementary in charge
without the presence of significant hydrophobic regions,
showing an ideal structure for defining a highly specific and
strong interaction between the building blocks of the
decamer. Residues involved in these ionic interactions are
widely conserved among other 1,3-PD dehydrogenases (Fig.
1), suggesting that the presence of multimers may be a
common structural characteristic of these enzymes.

Functions and evolution of multimeric proteins have been
extensively reviewed elsewhere (16, 18). The main advan-
tages of building large proteins arise from biophysical phe-
nomena such as structural function, cooperativity, stability
against denaturation, and reduction of surface area (16). A
detailed analysis of the 1,3-PD dehydrogenase structure
showed a significant reduction of the solvent surface acces-
sible area on the decamer (ca. 18%) compared to the sum of
the corresponding areas on the isolated monomers. This fact
ensures an increased stability of the decameric form of the
enzyme due to the reduction in the hydration sphere. The
reduction in solvent-accessible area in multimeric enzymes
has also been postulated to be involved in the improvement
of catalytic properties of the system. The reduced accessible
area improves the diffusion of substrates to the enzyme
active sites, eventually leading to more productive encoun-
ters (18, 31). This process has been documented extensively
by using computer simulations in enzymes such as superox-
ide dismutase (39). In the particular case of the 1,3-PD
dehydrogenase, the decameric arrangement of the enzyme
contributes to a specific surface charge distribution. The
surface on the decamer is mainly negatively charged, with
the exception of the vicinity of the active site cleft that
showed a positive electrostatic potential distribution (Fig.
4). Positive charged regions close to the catalytic center
could facilitate the recruitment and binding of the nega-
tively charged 1,3-PD substrate in this region. All of these
facts may explain the increased catalytic efficiency of the
1,3-PD dehydrogenase from K. pneumoniae compared to
that of other gram-negative microorganisms (28, 30, 35).

Taking into account the already-known biochemical prop-
erties of 1,3-PD dehydrogenase and the structure of other
members of the family, it was not clear whether the decamer
would be the real catalytic form of the enzyme in solution.
Kinetic analysis of the enzymatic activity clearly showed that

FIG. 6. Kinetic analysis of recombinant 1,3-PD dehydrogenase
from K. pneumoniae in response to increasing concentrations of sub-
strate 1,3-PD. A Lineweaver-Burk plot is also represented in the cen-
ter of the figure, showing the nonlinear behavior of the enzyme that
could be understood on the basis of a positive cooperativity between
monomers.
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the decameric recombinant form of the enzyme is the cat-
alytic form, despite the original data from Johnson and Lin
(21) that considered the enzyme to be a hexamer or an
octamer. The data from size exclusion chromatography and
dynamic light scattering showed the presence of monodis-
perse solutions of the pure protein with the decameric form
as a sole component. Interestingly, the enzyme showed a
non-Michaelis-Menten behavior in its activity that clearly
indicates some cooperativity between its units (Fig. 6). The
value of the Hill coefficient of 6.5 is in agreement with
this behavior. Allostery and multivalent association between
monomers are frequently driving evolutionary forces that
select large proteins with several active sites in despite of
single monomeric ones (18, 31) and should be in direct
relationship with the catalytic efficiency of the enzyme.
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