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Enzyme promiscuity is a concept that in recent years ~ A)

has been gaining prominence in different fields of Ho _J_oH Ho _J_ opo,>
enzymology such as biocatalysis, enzyme engineer- DHA NH,  CECT 4626 DHAK DHAP NH,
ing or enzyme evolution.! Catalytic promiscuity is o o o+ N~ SN Mg?* o ; N~ SN
defined as the ability of an enzyme to catalyse more HO-P-0-P-0-P-0 <N | N/) HO-P-0-P-0 <N l N/)
than one chemical transformation."™ Naturally oc- o6 & o o o
curring catalytic promiscuity provides the starting —w
point for Darwinian evolution of enzymes to perform ATP HO CH ADP HO OH
new functions, because this process must occur
gradually, with organism fitness being maintained B) HQ 0. ?H
throughout.”” Tawfik and co-workers® have provided ofl o
experimental evidence for the plasticity and “evolva- Nﬂ,\wgiz) ©° on oH )oj\
bility"™ of promiscuous functions. These authors HN = HO N° NH
propose a model in which a protein acquires a new NN HO on N" 3 ©
function, without losing the original one, and gene FAD N
duplication may follow the emergence of a new cH
function, rather than initiate it. Besides the intriguing CECT 4626 D,\Hﬂﬁf : CH,
implications that this theory of divergent molecular
evolution has for protein evolution, its application to o o NH,
promiscuous enzymes allows enzymes with new cat- N4 AN
alytic activities to be designed.” Ho—~g O NCI >
A special case of catalytic promiscuity is shown by OH . NT N
metalloenzymes; the range of metallic ions that can CH N /N\fo HO 0
be incorporated in the active site increases the ©: ;@(NH HO o
range of chemical transformations that can be cata- CH, N X O/,\P\;;H
lysed by the enzyme. Thus, there are several exam- 4 5-cFMN AMP

ples showing that protein modification, either
through the covalent attachment of ligands that
incorporate metal ions or through incorporation of
the catalytic metal ion alone in a suitable site for co-
ordination, is a strategy that allows enzymes with
either modified or completely new catalytic activities to be ob-
tained.”®
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Scheme 1. A) Primary reaction catalysed by DHAK from C. freundii CECT 4626, and B) pro-
miscuous cyclization reaction catalysed in the presence of Mn**.

Here we describe the promiscuous behaviour of the dihy-
droxyacetone (DHA) kinase (DHAK) from Citrobacter freundii
strain CECT 4626. This adenosine-5"-triphosphate (ATP)-depen-
dent DHAK is not only able to catalyse the transfer of the vy-
phosphate of ATP to DHA (Scheme 1), but also catalyses the
cyclization of flavin adenine dinucleotide (FAD) (Scheme 1) to
yield riboflavin 4',5'-cyclic phosphate (4',5'-cFMN). This catalytic
promiscuity is modulated by the divalent cation that forms the
complex with the phosphorylated substrate.

Although DHAKSs are widely distributed in the three biologi-
cal kingdoms, only their roles in the catabolism of glycerol and
in methanol assimilation in microorganisms have been well
characterized.”’ In the bacteria C. freundii strain DSM 30040,
the entire dha regulon has been cloned and characterized at
the molecular level.” The kinetic properties and mechanism of
the corresponding DHAK have been described,"” and the X-
ray structure of the full-length DHAK in complexation with its
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substrates has been elucidated." This kinase is the only one
known with an all-o. nucleotide-binding domain.!'?

From a biocatalytic point of view, ATP-dependent DHAKs
have been given considerable attention because of their feasi-
bility for simple and efficient production of DHAP® We have
reported a multi-enzyme system for one-pot C—C bond forma-
tion catalysed by DHAP-dependent aldolases, based on the
use of the recombinant DHAK from C. freundii CECT 4626, for
in situ DHAP formation.'" This enzyme (GeneBank Accession
N° DQ473522) is a new isoform that differs from the enzyme
of the DSM 30040 strain by 22 amino acids (see the Support-
ing Information).

During the progress of our own work towards the biochemi-
cal characterization of this enzyme, Cameselle and co-workers
reported the molecular identities of recombinant human and
rat liver purified FAD-AMP lyases (FMN cyclases) as ATP-depen-
dent DHAKs."™ These authors had previously published a
series of papers in which they identified and characterized this
Mn?*-dependent cyclase activity as the only enzymatic source
of riboflavin 4',5-phosphate (cFMN).'® The physiological role
of this cyclase activity is unclear, because nothing is known
about the biological function of cFMN apart from speculation
that it may be a signalling molecule, a minor redox flavoco-
enzyme, or an intermediate of a degradative pathway for
FAD."™ Human FMN cyclase displays 39.4% sequence identity
with the DHAK from C. freundii CECT 4626. We therefore decid-
ed to investigate whether the DHAK also displayed FMN cy-
clase activity (Scheme 1B).

The time course of the DHAK-catalysed reaction in the pres-
ence of FAD and Mn?" was followed by HPLC (see the Sup-
porting Information). Chromatograms recorded at different re-
action times showed that the decrease in the FAD peak was
concomitant with the emergence of a new peak, the retention
time of which was coincident with that previously described
for the cFMN."® The compound associated with this peak was
purified, and its identity was unequivocally assigned by NMR
and ESI-MS (see the Supporting Information). We were thus in
the presence of an enzyme capable of catalysing two different
reactions that were modulated by the divalent ion used as co-
factor. We presume that the enzyme from the strain DSM
30040 also presents this cyclase activity because it differs only
in 22 (4%) amino acids from the protein used throughout this
work (see Figure S10 in the Supporting Information).

The different kinetic parameters for the two reactions and
for the different substrates are summarized in Table 1. The cat-
alytic efficiencies (k./Ky) of DHAK for the different phosphory-

Table 1. Summary of the kinetic constants of DHAK from C. freundii CECT
4626 for the natural and the promiscuous activities.”

Activity  Substrate K, [mm] ke [s1 Kea/ Ky [s7'M71]
kinase DHA 0.0012+0.0003 24.13+0.92 1.98x107
kinase Mg-ATP 0.35+0.01 24024037 69x10*
kinase Mn-ATP 0.65+0.1 24.84+1.1 3.8x10*
cyclase Mn-FAD 0.017 £0.001 0474+0.02 28x10*

[a] Kinetic parameters calculated at 25°C
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lated substrates were of the same order of magnitude
(Table 1).

However, the kinase- and cyclase-specific activities are drasti-
cally affected by the metal used as cofactor (Figure 1). Whereas
the kinase activity was almost independent of the metal used,
the cyclase activity was increased almost 50 times when the
cofactor used was Mn*",
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Figure 1. Specific activities (Umg™") for the natural and promiscuous reac-
tions catalysed by DHAK in the presence of Mg?™ or Mn?". Activities were
measured at 25°C with metal concentrations of 12 mm. In the kinase reac-
tion with Mn?", a concentration of 1.35 mm was used to avoid inhibition
by manganese excess (see Figure 2).

A detailed analysis of the behaviour of the two activities as
a function of the Mn** concentration showed that at low con-
centrations the DHAK is able to catalyse both the phosphoryla-
tion of DHA and the cyclization of FAD (Figure 2). Above about
1.5 mm Mn?", however, the kinase activity begins to be inhibit-
ed, while the cyclase activity reaches saturation without any
detection of inhibition by an effect of Mn?". Although 1.5 mm
is a concentration of manganese much higher than the intra-
cellular concentration of 10 pm usually assumed in the litera-
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Figure 2. Natural and promiscuous activities catalysed by DHAK as function
of Mn?>* concentration. @) Kinase activity; o) cyclase activity. Relative activi-
ties (v,.,) are represented for easier comparison.
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ture,” the Mn?" uptake systems of enterobacteria can in-
crease cytoplasmic concentrations of Mn?" over at least two
orders of magnitude up to 1-3 mm on a timescale as short as
a minute."'® Therefore, the cytoplasmic concentration of
Mn?* could act as a real switch that turns the kinase activity
off when the cyclase activity reaches its maximum. The ob-
served specificity modification induced by the change from
magnesium to manganese could be due to the greater flexibil-
ity of Mn?*-ligand bonds—both in length and in angle—that
allows the binding of FAD in the ATP active site.l"”

Because of the structural similarities between ATP and FAD,
it seems to be logical to assume that the promiscuous activi-
ties may occur in the ATP binding site of DHAK. To corroborate
this hypothesis, we performed a series of inhibition and dock-
ing studies (see the Supporting Information). The results, sum-
marized in Table 2, showed that FAD and ATP were competing
through the same binding site, because ATP is a strong com-
petitive inhibitor of cyclase activity, whereas DHA is a poor un-
competitive inhibitor. Furthermore, adenosine monophosphate
(AMP)—a moiety shared by both ATP and FAD—is a competi-
tive inhibitor of both activities.

Table 2. DHAK inhibition studies.

Activity/ Type of inhibition® (k; [mm])

substrate DHA ATP FAD AMP

kinase/Mg-ATP N.I. - - C.l. (10.2)

kinase/Mn-ATP N.L. - M.l (k,=0.5) Cl. (71.8)
(kiu:3~0)

cyclase/Mn-FAD Ul (576) Cl. (0.2x 1073 - C.l. (3.52)

[a] C.l.=competitive inhibition; U.l.=uncompetitive inhibition; M..=

mixed inhibition; N.l.=no inhibition.

On the other hand, the behaviour of FAD as an inhibitor was
more complex, and showed a mixed inhibition pattern in
which the competitive component was stronger than the un-
competitive one (Figure 3).

This behaviour could be explained if FAD were bound to the
active centre in two sub-sites, one of them coincident with the
ATP binding site and the other probably associated with the
bound isoalloxazine ring of the FAD. This interpretation was

COMMUNICATIONS

supported by docking studies. Figure 4 shows the minimized
FAD bound in the ATP binding site of the DHAK from
C. freundii strain DSM 30040 (PDB ID: 1un9)."" The phosphate

D385 D380

D387

V434

Figure 4. FAD (colour by element) and ATP (cyan) docked into the ATP bind-
ing site of DHAK enzyme (stick) from C. freundii strain DSM 30040 (PDB ID:
1un9)."™ Green: The amino acids that interact both with ATP and with FAD.
Black: Those that only interact with ATP, and red: those residues that interact
only with the FAD.

groups of FAD are positioned similarly to the ATP phosphates
in the crystal structure, and are coordinated by two Mg?* cen-
tres together with the y-carboxyl groups of aspartyl residues
(Asp380, Asp385 and Asp387). Asp385 is at hydrogen bond
distance (3.0 A) from the —OH(5) involved in the cyclization of
FAD."®! Besides these residues, Val434 and Gly113, which do
not participate in the binding of ATP, could be interacting with
the isoalloxazine ring of the FAD.

Interestingly, the kinetic parameters of the FMN cyclase ac-
tivity determined for the DHAK from C. freundii CECT 4626 are
quite different from those reported by Cameselle and co-
workers for the rat liver enzyme."® The results, summarized in
Table 3, clearly shown that the rat liver enzyme is much more
efficient as a cyclase that the bacterial enzyme. Thus, the k_/
Ky, value for the rat enzyme is more than one order of magni-
tude higher than the value for the C. freundii enzyme. On the
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Figure 3. A) Hanes-Woolf plot from DHAK kinetics in the presence of several FAD concentrations. B) and C) are secondary plots used to calculate k, and k.

ChemBioChem 2009, 10, 225-229

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

227

www.chembiochem.org


www.chembiochem.org

BIO

Table 3. Kinetic parameters of 4',5-cFMN cyclase from C. freundii CECT
4626 and from rat liver.

DHAK source Specific
activity Ky Keat Keat/Knn
[Umg™l [mw] [s7'] [s'm]
C. freundii CECT 4626® 0.5 0.022+0.004 0.68+0.09 3.1x10*
rat liver® 3.2 0.0094+0.001 4.82+0.1 53x10°

[a] Kinetic parameters calculated at 37°C for purposes of comparison.
[b] Data taken from ref. [16b].

other hand, rat liver DHAK maintains a level of kinase activity
of the same order as that of the Citrobacter enzyme,""” indicat-
ing that the change in the promiscuous activity does not
come at the expense of the native function.”

From their amino acid sequences, the DHAKs from Citrobact-
er, plants and mammals are grouped into the same branch
(Figure 5 and ref. [7]), although the relationships between

Mus musculus (Q8VC30)
Bos taurus (Q58DK4)
Homo sapiens (Q3LXA3)

Rattus norvegicus
(Q4KLZB)

Solanum lycopersicum q
(004059)

C. freundii CECT 4626
(DQ473522)

C. freundii DSM 30040
(P45510)

S. pombe

(013902)
L. lactis subsp. Lactis S. cerevisiae
(QOCIW0) P43550)
L. lactis subsp. Lactis S. pombe
(QeCIve) (074215)
P. pastoris
(074192)
E. coli K12 l
5 discoideym  (P78015.2) S. cerevisiae P. angusta
: P54838)  (O60017)
(Q55EEO0.1) ( )

Figure 5. Unrooted tree showing the sequence relationships between DHAK
from C. freundii CECT 4626 and DHAK-like proteins in the Swiss-Prot data-
base (for details see the Supporting Information).

classes are unreliable, as shown by the branching order at the
centre of this unrooted tree. Our results could suggest that en-
zymes in this separate branch have been undergoing a process
of divergent molecular evolution, along which the promiscu-
ous function acquired higher activity and specificity. To support
this hypothesis, however, it would be necessary to analyse
enzymes on the other branches to see whether they exhibit
cyclase activity and at what levels.

In conclusion, we have described the natural promiscuous
behaviour of the DHAK from Citrobacter freundii CECT 4626.
This catalytic promiscuity is modulated by the divalent cation
that forms the complex with the phosphorylated substrate.
Through kinetic and docking studies, we have demonstrated
that both activities are linked to the same binding site. These
results suggest that a new function has evolved in nature
through recruitment of an existing promiscuous activity and its

gradual improvement!

23 and is currently maintained as a sec-

ondary function of DHAK.'

Acknowledgements

This work was supported by grants from the Ministerio de Educa-
cion y Ciencia (CTQ2004-03523/BQU and CTQ2007-67403/BQU).
1.S.-M. and L.I. were supported by predoctoral fellowships from
the Comunidad de Madrid.

Keywords: biotransformations - catalytic promiscuity -
cofactors - enzyme evolution - metalloenzymes

[

S

3

[4

[5]
[6]

[10]

(1]

[12]
[13]

[14]

For some recent reviews on enzyme promiscuity see: a) K. Hult, P. Ber-
glund, Trends Biotechnol. 2007, 25, 231-238; b)R.J. Kazlauskas, Curr.
Opin. Chem. Biol. 2005, 9, 195-201; c) U. T. Bornscheuer, R. J. Kazlauskas,
Angew. Chem. 2004, 116, 6156-6165; Angew. Chem. Int. Ed. 2004, 43,
6032-6040; d) S. D. Copley, Curr. Opin. Chem. Biol. 2003, 7, 265-272.

a) O. Khersonsky, C. Roodveldt, D. S Tawfik, Curr. Opin. Chem. Biol. 2006,
10, 498-508; b) L. C. James, D.S. Tawfik, Trends Biochem. Sci. 2003, 28,
361-368; c)P.J. O'Brien, D. Herschlag, Chem. Biol. 1999, 6, R91-R105;
d) R. A. Jensen, Annu. Rev. Microbiol. 1976, 30, 409-425.

a) A. Aharoni, L. Gaidukov, O. Khersonsky, S. McQ Gould, C, Roodveldt,
D.S. Tawfik, Nat. Genet. 2005, 37, 73-76; b) L. Afriat, C. Roodveldt, G.
Manco, D. S. Tawfik, Biochemistry 2006, 45, 13677-13686.

“Evolvability” or evolutionary adaptability is defined by Tawfik et al.”’ as
the capacity of biological systems to evolve. For a discussion on this
concept see: M. Kirschner, J. Gerhart, Proc. Natl. Acad. Sci. USA 1998, 95,
8420-8427.

Y. Yoshikuni, T. E. Ferrin, J. D. Keasling, Nature 2006, 440, 1078-1082.

a) R.N. Armstrong, Biochemistry 2000, 39, 13625-13632; b)F. van de
Velde, L. Kbnemann, F. van Rantwijk, R. A. Sheldon, Biotechnol. Bioeng.
2000, 67, 87-96; c) D. Qi, C. M. Tann, D. Haring, M. D. Distefano, Chem.
Rev. 2001, 7017, 3081-3112; d) N. Tanaka, V. Dumay, Q. Liao, A.J. Lange,
R. Wever, Eur. J. Biochem. 2002, 269, 2162-2167; e) A. Fernandez-Gacio,
A. Codina, J. Fastrez, O. Riant, P. Soumillion, ChemBioChem 2006, 7,
1013-1016; f) K. Okrasa R.J. Kaslauskas, Chem. Eur. J. 2006, 12, 1588-
1596.

For a review on the function, structure and phylogeny of dihydroxyace-
tone kinases see: B. Erni, C. Siebold, S. Christen, A. Srinivas, A. Oberholz-
er, U. Baumann, Cell. Mol. Life Sci. 2006, 63, 890-900.

The strain DSM 30040 used in these works is now listed in the German
Collection of Microorganisms and Cell Cultures (DSMZ) catalogue under
the species Citrobacter braakii (http://www.dsmz.de/microorganisms/
html/strains/strain.dsm030040.html).

a) R. Daniel, G. Gottschalk, FEMS Microbiol. Lett. 1992, 100, 281-286;
b) R. Daniel, K. Stuerzt, G. Gottschalk, J. Bacteriol. 1995, 177, 4392-4401.
L.F. Garcia-Alles, C. Siebold, T.N. Nyffeler, K. Flukiger-Brihwiler, P.
Schneider, H.-B. Birgi, U. Baumann, B. Erni, Biochemistry 2004, 43,
13037-13045.

C. Siebold, I. Arnold, L. F. Garcia-Alles, U. Baumann, B. Erni, J. Biol. Chem.
2003, 278, 48236-48244.

S. Cheek, K. Ginalski, H. Zhang, N. V. Grishin, BMC Struct. Biol. 2005, 5, 6.
N. Itoh, Y. Tujibata, J. Q. Liu, Appl. Microbiol. Biotechnol. 1999, 51, 193-
200.

I. Sanchez-Moreno, J.F. Garcia-Garcia, A. Bastida, E. Garcia-Junceda,
Chem. Commun. 2004, 1634-1635.

228 www.chembiochem.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 225 - 229


http://dx.doi.org/10.1016/j.tibtech.2007.03.002
http://dx.doi.org/10.1016/j.cbpa.2005.02.008
http://dx.doi.org/10.1016/j.cbpa.2005.02.008
http://dx.doi.org/10.1002/ange.200460416
http://dx.doi.org/10.1002/anie.200460416
http://dx.doi.org/10.1002/anie.200460416
http://dx.doi.org/10.1016/S1367-5931(03)00032-2
http://dx.doi.org/10.1016/j.cbpa.2006.08.011
http://dx.doi.org/10.1016/j.cbpa.2006.08.011
http://dx.doi.org/10.1016/S0968-0004(03)00135-X
http://dx.doi.org/10.1016/S0968-0004(03)00135-X
http://dx.doi.org/10.1146/annurev.mi.30.100176.002205
http://dx.doi.org/10.1021/bi061268r
http://dx.doi.org/10.1073/pnas.95.15.8420
http://dx.doi.org/10.1073/pnas.95.15.8420
http://dx.doi.org/10.1038/nature04607
http://dx.doi.org/10.1021/bi001814v
http://dx.doi.org/10.1002/(SICI)1097-0290(20000105)67:1%3C87::AID-BIT10%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1097-0290(20000105)67:1%3C87::AID-BIT10%3E3.0.CO;2-8
http://dx.doi.org/10.1021/cr000059o
http://dx.doi.org/10.1021/cr000059o
http://dx.doi.org/10.1046/j.1432-1033.2002.02871.x
http://dx.doi.org/10.1007/s00018-005-5518-0
http://dx.doi.org/10.1111/j.1574-6968.1992.tb05716.x
http://dx.doi.org/10.1074/jbc.M305942200
http://dx.doi.org/10.1074/jbc.M305942200
http://dx.doi.org/10.1186/1472-6807-5-6
http://dx.doi.org/10.1007/s002530051381
http://dx.doi.org/10.1007/s002530051381
www.chembiochem.org

COMMUNICATIONS

[15] A Cabezas, M. J. Costas, R. M. Pinto, A. Couto, J. C. Cameselle, Biochem. [18] D.G. Kehres, A. Janakiraman, J. M. Slauch, M. E. Maguire, J. Bacteriol.
Biophys. Res. Commun. 2005, 338, 1682-1689. 2002, 184, 3159-3166.

[16] a)F. J. Fraiz, R. M. Pinto, M. J. Costas, M. Avalos, J. Canales, A. Cabezas, [19] A. Wagner, FEBS Lett. 2005, 579, 1772-1778.
J. C. Cameselle, Biochem. J. 1998, 330, 881-888; b) A. Cabezas, R. M.
Pinto, F.J. Fraiz, J. Canales, S. Gonzalez-Santiago, J. C. Cameselle, Bio-
chemistry 2001, 40, 13710-13722. Received: August 25, 2008

[17] D.G. Kehres, M. E. Maguire, FEMS Microbiol. Rev. 2003, 27, 263-290. Published online on December 4, 2008

ChemBioChem 2009, 10, 225 - 229 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 229


http://dx.doi.org/10.1016/j.bbrc.2005.10.142
http://dx.doi.org/10.1016/j.bbrc.2005.10.142
http://dx.doi.org/10.1021/bi0157159
http://dx.doi.org/10.1021/bi0157159
http://dx.doi.org/10.1016/S0168-6445(03)00052-4
http://dx.doi.org/10.1128/JB.184.12.3159-3166.2002
http://dx.doi.org/10.1128/JB.184.12.3159-3166.2002
http://dx.doi.org/10.1016/j.febslet.2005.01.063
www.chembiochem.org

