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Abstract

Cyclic diguanylate (c-di-GMP) is a ubiquitous second messenger regulating diverse cellular
functions including motility, biofilm formation, cell cycle progression and virulence in bacteria. In
the cell, degradation of c-di-GMP is catalyzed by highly specific EAL domain phosphodiesterases
whose catalytic mechanism is still unclear. Here, we purified 13 EAL domain proteins from
various organisms and demonstrated that their catalytic activity is associated with the presence of
10 conserved EAL domain residues. The crystal structure of the TDB1265 EAL domain was
determined in a free state (1.8 A) and in complex with c-di-GMP (2.35 A) and unveiled the role of
the conserved residues in substrate binding and catalysis. The structure revealed the presence of
two metal ions directly coordinated by six conserved residues, two oxygens of the c-di-GMP
phosphate, and potential catalytic water molecule. Our results support a two-metal-ion catalytic
mechanism of c-di-GMP hydrolysis by EAL domain phosphodiesterases.
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INTRODUCTION

Cyclic diguanylate (or bis-(3°-5") cyclic dimeric guanosine monophosphate, ¢c-di-GMP) is a
global second messenger which controls a range of different cellular functions in bacteria on
transcriptional, translational, and post-translational levels 1+ 2. It was discovered over 20
years ago as an allosteric regulator of cellulose synthesis in Gluconacetobacter xylinus 3.
Presently, it has been established that c-di-GMP binds to various receptor proteins or
riboswitches and regulates biofilm formation, matility, virulence, antibiotic production,
progression through the cell cycle and other cellular functions in a wide variety of organisms
4:56:7 8 9.

The intracellular level of c-di-GMP is controlled by the opposing action of two different
groups of enzymes. The diguanylate cyclases containing the GGDEF domain produce c-di-
GMP from two molecules of GTP, whereas specific phosphodiesterases (PDES) associated
with EAL or HD-GYP domains break c-di-GMP to 5°-phosphoguanylyl-(3'-5")-guanosine,
which is subsequently hydrolyzed into two GMP molecules 10> 11+ 12> 13+ 14+ 15. Most
organisms have multiple proteins with these domains, which can exist as stand-alone
proteins or are fused to various signalling or signal output domains (PAS, GAF, MASE,
CHASE, REC, HTH) 9: 10. For example, Escherichia coli encodes 29 proteins with 19
GGDEF and/or 17 EAL domains, whereas Shewanella oneidensis has 57 such proteins 6
16. The remarkable multiplicity of GGDEF and EAL domains in bacterial genomes and
their association with numerous proteins suggest that many different signals can be
integrated into the cellular c-di-GMP pool and diverse processes can be targeted and
regulated in parallel. Numerous proteins contain both GGDEF and EAL domains, as well as
different sensory domains, indicating that complex signal integration and domain interaction
may occur in single proteins. There are three classes of these enzymes: GGDEF-domain
proteins, EAL-domain proteins and proteins containing both domains in tandem. Presently,
it is not clear how the opposing activities of the fused EAL and GGDEF domains are
regulated or coordinated. A hypothesis has been proposed that in proteins containing both
EAL and GGDEF domains, one of these domains might be catalytically inactive 14. This
model was supported by work on BifA protein (PA4367) from Pseudomonas aeruginosa 17.
It is also corroborated by the observation that many organisms possess GGDEF and EAL
domain proteins with degenerate catalytic motifs and for some of them the absence of
catalytic activity was experimentally demonstrated 1+ 9- 18+ 19. Interestingly, some
degenerate GGDEF and EAL domains retain the ability to bind c-di-GMP and function as c-
di-GMP receptors, regulating the associated protein domains and biological processes 20
21. Therefore, it has been suggested that degenerate GGDEF and EAL domains function
through c-di-GMP binding and/or macromolecular interactions with partner proteins 9.

Recently, PDE activity of EAL domains (EC 3.1.4.52) has been demonstrated in vitro, and
several proteins have been biochemically investigated including the E. coli YahA and Dos,
Pseudomonas aeruginosa RocR, Vibrio cholerae VieA and Caulobacter crescentus CC3396
13 14+ 22: 23. These enzymes were found to be strictly specific to ¢c-di-GMP and required
the addition of Mg2* or Mn2* for activity, whereas Ca?*, Ni2*, Fe2* and Zn?* did not
support the PDE activity 14: 22: 24. The first two crystal structures of the EAL domain were
determined for the apo-forms of the Bacillus subtilis Ykul in 2005 (PDB code 2bas; 25) and
Thiobacillus denitrificans TBD1265 in 2007 (PDB code 2r60; our work). Both EAL
domains have a triose-phosphate isomerase (TIM) barrel-like fold implying that, as in other
TIM barrel enzymes, the EAL domain active site is located at the C-terminal part of the -
barrel. The TBD1265 structure (PDB code 2r60) revealed the presence of one or two Mg2*
ions in protein monomers suggesting that the one- or two-metal cation mechanisms might be
employed by the EAL domain phosphodiesterases 23. However, the mutational analysis of
the conserved residues of the P. aeruginosa RocR suggested that EAL domains are more
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likely to use a one-metal cation mechanism 23. Recently, the structures of Ykul,
Pseudomonas aeruginosa FimX, and Klebsiella pneumoniae BIrP1 were determined in
complex with c-di-GMP and presented the real view of the active site of EAL domain PDEs
21 24+ 25. However, FimX has a degenerate (inactive) EAL domain and functions as a c-di-
GMP sensor, whereas Ykul was found to be catalytically inactive in vitro leaving the
catalytic mechanism of the EAL domain uncertain 21+ 25. The only structural insight into
the catalytic mechanism of the EAL domain was provided by the crystal structure of the
BIrP1/c-di-GMP complex 24. The BIrP1 structure revealed the presence of two bound metal
ions (Mn2*) coordinated by several conserved carboxylates and one asparagine of the EAL
domain. In contrast to earlier work 23, this study proposed a catalytic mechanism for EAL
domains based on two metal cations coordinating a nucleophilic water molecule 24.

In this work, we present the results of the structural, biochemical, and mutational analysis of
PDE activity of the EAL domain of TBD1265 from T. denitrificans. We determined the
crystal structure of the TBD1265 EAL domain in the apo-form (2r60) and in complex with
c-di-GMP and two Mg2* ions (3n3t). Alanine replacement mutagenesis of the TBD1265
EAL domain identified eight residues absolutely required for activity, whereas sequence-
activity analysis of 13 purified EAL domains from various organisms pointed to an
important role of these conserved residues in the activity of EAL domains. We propose that
EAL domain PDEs use a two-metal-ion catalytic mechanism for c-di-GMP hydrolysis.

RESULTS and DISCUSSION

Phosphodiesterase activity of purified EAL domains

To characterize the relationship between the sequence and enzymatic activity of EAL
domain proteins, we recombinantly expressed and purified 13 EAL domains from several
bacteria: T. denitrificans (TBD1265, TBD1269, TBD1456, and TBD1660), E. coli (YahA
and YdiV), Chromobacterium violaceum (CV0542 and CVV2505), Nitrosomonas europaea
(NEO0566), Shigella flexneri (SFV_3559), Salmonella typhimurium (STM1344), Shewanella
oneidensis (502039), and B. subtilis (BSU14090 or Ykul) (Table 1). Ten purified EAL
proteins exhibited significant or detectable hydrolysis of c-di-GMP in the presence of Mn2*
(5 to 45 nmoles/min mg protein), whereas three other proteins showed no detectable activity
(<0.1 nmol/min mg protein) (Table 1; Fig. 1A). The highest c-di-GMP PDE activity was
observed in the purified EAL domains from Shi. flexneri SFV_3559 (aa 395-649) and T.
denitrificans TBD1265 (aa 487—758). The presence or absence of catalytic activity has been
previously demonstrated for the E. coli YahA and B. subtilis BSU14090 (Ykul) respectively
14+ 25. The EAL domain proteins which were active against c-di-GMP were also active
toward the general PDE substrate bis-p-nitrophenyl phosphate (bis-p-NPP) with the E. coli
YahA and T. denitrificans TBD1660 showing the highest activities (Suppl. Fig. 1). PDE
activity of an EAL domain against bis-p-NPP was previously demonstrated in crude extracts
containing BifA from P. aeruginosa and in the purified HmsP from Yersinia pestis 17: 26.
Thus, enzymatic activity of the EAL domain proteins could be assessed using the
inexpensive model substrate bis-p-NPP.

Sequence alignment of the 13 purified EAL domains (Fig. 2), as well as over 3,700 EAL
domain sequences from sequenced genomes (Suppl. Fig. 2), revealed the presence of 10
conserved charged or polar residues which were identical in all active proteins. In the
catalytically active EAL domain PDE BIrP1, four conserved residues (#1, 4, 5, and 6
(including the Glu residue of the EAL signature sequence) bind the metal ion, whereas the
conserved E359 (residue #9) functions as a general base, coordinating the catalytic water
molecule 24. The functional role of the conserved residues #2, 3, 8 and 10 is presently
unknown. The sequences of the three inactive EAL domains found in our work show
“normal” (active) residue #10, but the other residues were modified. Two inactive EAL
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domains (E. coli YdiV and S. typhimurium STM1344) have modified residues #2, 3, 4, 5, 6,
7,8 and 9, and these proteins are likely unable to coordinate the metal ion (Fig. 2> Table 1).
BSU14090 ('Ykul) from B. subtilis has changes in conserved residues #3, 4, and 7 (Fig. 2/
Table 1). In the purified EAL domain proteins RocR and PA2567 from P. aeruginosa, the
conserved loop-6 (DFG[T/A]GYSS) has been shown to be essential for activity and for
binding of Mg2* and c-di-GMP, as well as for protein dimerization 27. However, the
homologous loop-6 sequences in the proteins from our work showed many variations and no
correlation with their activity. Thus, the inactive EAL domains found in our work display
various changes in their conserved residues and therefore are likely affected in different
steps of substrate binding and/or catalysis.

Activity of EAL domains from TBD1265 and SFV_3559

The reaction requirements of EAL PDEs were characterized using purified EAL domains of
TBD1265 (aa 487-758) and SFV_3559 (aa 395-649). TBD1265 is an uncharacterized
putative diguanylate cyclase/PDE (758 aa) containing three domains: the N-terminal SBP
(Solute Binding Protein) domain (aa 1-234), the central GGDEF domain (aa 316-473) and
the C-terminal EAL domain (aa 493-730), whereas the uncharacterized protein CFV_3559
(YhjK, 649 aa) has the N-terminal signal transduction HAMP domain (aa 1-220), the central
GGDEF domain (aa 229-381), and the C-terminal EAL domain (aa 401-635). Both proteins
showed a broad pH optimum at alkaline pH (8.0-9.3) and required the addition of a divalent
metal cation for hydrolysis of both c-di-GMP and bis-pNPP. With c-di-GMP as substrate,
Mn2* was the best metal ion for both proteins followed by Co?*, Ni2*, and Mg2*, whereas
Ca?* did not support activity (Fig. 1B, 1C). This is similar to other known EAL domain
PDEs, most of which have showed higher activity in the presence of Mn?* and can also be
activated by Mg2* or Co2* 14: 22: 23: 24+ 26. With bis-pNPP as a substrate, the TBD1265
EAL domain showed no saturation kinetics with MnZ* (up to 15 mM), whereas SFV_3559
was saturated at approximately 10 mM concentration (K, 3.8 mM) (Table 2). In the
presence of c-di-GMP, TBD1265 exhibited higher affinity to Mn?* (K, 0.4 mM). Both
TBD1265 and SFV_3559 demonstrated high affinity to c-di-GMP in vitro and their K,’s to
c-diGMP (13.6 nM and 15.4 nM) (Table 2) were significantly lower than those reported for
other EAL domains (from 60 nM to 3.2 uM) 9: 221 23. The intracellular concentrations of c-
di-GMP in various organisms have been reported to be in the submicromolar range and up to
10 uM 13+ 28 29: 30, suggesting that in vivo, the EAL domains of both TBD1265 and
SFV_3559 are likely to function under saturation by c-di-GMP. Like other c-di-GMP PDEs
13 23: 24, purified EAL domains from TBD1265 and SFV_3559 showed rather low rates of
c-di-GMP hydrolysis in vitro (ke 0.03-0.04 s™1), but the catalytic efficiency was high
because of the high substrate affinity of both proteins to c-di-GMP (Table 2).

Crystal structure of the TBD1265 EAL domain with bound Mg2*

The Se-Met substituted EAL domain of TDB1265 was crystallized in the presence of Mg?*
and the structure was solved to 1.8 A resolution using the single wavelength anomalous
diffraction (SAD) method (PDB code 2r6o; Table 3). The asymmetric unit of the apo-
structure shows a protein dimer with two monomers (A and B) connected through
interactions between two antiparallel a-helices (a9 and a11) and p6-a9 loop from each
monomer (Fig. 3). Accordingly, size-exclusion chromatography of the purified TBD1265
EAL domain showed that it forms a stable homodimer in solution (78 + 5 kDa; the predicted
molecular mass of the dimer is 66 kDa). Similar dimerization patterns were also observed in
the full-length EAL domain proteins Ykul from B. subtilis and BIrP1 from K. pneumoniae
24: 25, suggesting that the full-length TBD1265 might also form a dimer through
interactions between its EAL domains. In contrast, a tetrameric state was found for the P.
aeruginosa RocR 23 and a monomeric state for the E. coli YahA 14.
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The TBD1265 EAL domain has a modified TIM-barrel-like fold, in which the B1 strands
runs antiparallel to other seven strands (Fig. 3A, 3B). TIM barrel is the most common and
versatile structural fold in the protein universe and most of its members have hydrolase,
oxidoreductase, transferase or isomerase activities 31. The antiparallel orientation of the 1
strand was also found in structures of the EAL domains from B. subtilis Ykul, K.
pneumoniae BIrP1, and P. aeruginosa FimX 21 24+ 25 and therefore appears to be a
characteristic feature of TIM barrels of the EAL domain. In addition, the structure of the
TBD1265 EAL domain revealed the presence of a lobe positioned on the side of the TIM
barrel core and formed by four helices (a1, 02, a3, and a5) (Fig. 3). A Dali search for
structural homologues identified three EAL domain structures as the best hits: FimX (PDB
3hv8, Z-score 28.7), BIrP1 (PDB 3ggl, Z-score 25.6), and Ykul (PDB 2w27, Z-score 23.1).
The second group of structural homologues includes proteins with a classical TIM-barrel:
the copper homeostasis protein CutC (PDB 2bdg, Z-score 9.6), pyruvate kinase (PDB 2e28,
Z-score 9.4), and aldose reductase (PDB 2bgs; Z-score 8.8).

The structure of the TBD1265 EAL domain has also revealed the presence of a single bound
metal ion in molecule A and two metal ions in molecule B (Fig. 4). These metal ions were
interpreted as Mg?* (Mgl and Mg2) since MgCl, was present in the crystallization solution
and because of the characteristic coordination sphere and metal-oxygen distances (~2.2 A).
Since Mg2* and Mn2* share a similar size (0.86 A and 0.97 A, respectively), coordination
number, octahedral geometry, and ligand preference 32, the MgZ*-bound structure of the
TBD1265 EAL domain represents an adequate model for the characterization of the protein
active site. Both metal ions are located at the C-terminal end of the TIM barrel (Fig. 3A,
3B), the usual location of the active site in known TIM-barrel enzymes 31. In both
molecules, the Mgl ion is coordinated by the side chains of four conserved residues: E523
(conserved residue #1, 2.10 A), N584 (residue #4, 2.1 A), E616 (residue #5, 2.1 A), and
D646 (residue #6, 2.1 A) (Fig. 4A, 4B). Similar coordination was observed for metal ion
Me1 in the apo-structure of BIrP1 and for the Ca2* ion in the Ykul structure 24+ 25. In
molecule B, the Mg2 ion is located on the protein surface (8A from Mg1) and is coordinated
by the side chain carboxylates of the conserved D647 (conserved residue #7, 2.4 A) and
D669 (2.1 A) residues (Fig. 4B). The position of Mg2 in the TBD1265 structure is different
from that of the second metal ion in the structure of BIrP1 (4 A further away from the metal
ion 1). In TBD1265, Mg2 was not found in all molecules, and it has a temperature factor (38
A3), which is two times higher than that of Mgl (21-23 A3) suggesting that the Mg2 site is
likely to be a low affinity site.

Structure of the TBD1265 EAL domain in complex with c-di-GMP

The structure of the TBD1265 EAL domain in complex with c-di-GMP was solved using the
SAD method after soaking the protein crystals in a solution of c-di-GMP (2.5 mM) (Table
3). The structure revealed a dimer with each monomer containing two metal ions
(interpreted as Mg2*) and c-di-GMP bound to the predicted active site and covering both
Mg?2* ions (Fig. 5A, 5B). One of the metal ions (Me1) corresponds to the Mg1 ion of the
apo-structure (Fig. 4), whereas the second Mg?* ion (Me2) is located close to Mel (4.1 A)
and does not match the position of the second metal ion of the apo-structure (which is 8 A
away from Mg1). However, the position of the Me2 ion in the TBD1265 complex with c-di-
GMP is equivalent to that of the second MnZ* ion in the BIrP1 structure (PDB codes 3gg0
and 3gfz; 3.7 — 4.3 A between two metals). In TBD1265 complex structure, the two metal
ions are bridged by the side chain oxygens of the conserved D646 (2.2 A), by the potential
catalytic water molecule-1 (2.1 A and 3.1 A), and by two oxygens of the c-di-GMP
phosphate-1 (1.9 A and 2.2 A) (Fig. 5C). Similar to the TBD1265 apo-structure, the Me1 ion
is additionally coordinated by the conserved E523 (2.0 A), N584 (1.9 A), and E616 (2.2 A)
(Fig. 5C). The Me?2 is close to the side chains of the conserved D647 (2.5 A) and E703 (2.1
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A). Thus, in the structures of the BIrP1 and TBD1265 EAL domains two metal ions show
similar coordination, which generally resembles the classical two-metal ion model proposed
for nucleases 33. However, in EAL domains the two metal ions are bound to the two
different oxygens of the phosphate, whereas in nucleases both metal ions are bound to the
same phosphate oxygen.

The c-di-GMP molecule is bound in an extended conformation with two of the oxygen
atoms of the phosphate-1 (P1; makes the scissile O3'-P bond) coordinated by the bound
Mg?2* ions (1.8 — 2.2 A) and the side chains of the conserved N584 (2.9 A), E523 (2.8 A),
D646 (3.1 A), and D647 (3.3 A) (Fig. 5C). Another phosphate (P2) of c-di-GMP interacts
through its non-bridging oxygen atom with the guanidium group of the conserved R527 (2.4
A and 2.9 A) (Fig. 5C). The guanine base G1 of c-di-GMP (on the left in Fig. 5) is
positioned inside the mostly hydrophobic cavity formed by the lobe (02 and a3), B2 strand
and short loop B4-a4 (V526, 1542, 1551, L554, and V558) and makes no specific contacts
with the protein side or main chain atoms (Fig. 5A, 5C). In contrast, the second guanine base
(G2) of c-di-GMP interacts electrostatically with the side chains of the conserved Q509 (N7,
3 A), E706 (N1, 2.7 A; C2-NH,, 3.1 A), and with the main-chain amide of N725 (2.5 A).
Although the general orientation of c-di-GMP in the active site of the TBD1265 EAL
domain is the same as in the structures of BIrP1, Ykul and FimX, the residues involved in
the binding of nucleotide bases are not conserved in these proteins. For example, in
TBD1265 there is no carboxylate residue coordinating the G1 base (D215 in BlIrP1), and the
aromatic side chain coordinating the G2 base (F381 in BIrP1) is replaced by N725.

A limited number of specific contacts between c-di-GMP and the active site of the
TBD1265 EAL domain are the likely reason for the ability of this protein and several other
EAL domains to hydrolyze the model PDE substrate bis-pNPP (Suppl. Fig. 1). Recently,
structural and biochemical characterization of the unknown domain (DUF147) of the DNA
integrity scanning protein A (DisA) from B. subtilis revealed the presence of cyclic dimeric
AMP (c-di-AMP) bound to the protein, as well as the presence of diadenylate cyclase
activity 34. It is possible that c-di-AMP represents another bacterial second messenger, the
level of which (like for c-di-GMP) might be regulated by its synthesis and degradation.
Since the structure of the TBD1265 EAL domain suggests that c-di-AMP would fit into the
protein active site, we wanted to check if the EAL domain was capable of hydrolyzing c-di-
AMP. When five EAL domain proteins were tested for the ability to hydrolyze c-di-AMP,
only E. coli YahA showed low activity (<4 nmoles/min mg protein) whereas EAL domains
of the other four proteins (TBD1265, TBD1269, TBD1660, and SFV_3559) were inactive.
Thus, EAL domain proteins seem to be incapable of hydrolysis of c-di-AMP, which is
probably hydrolyzed by another presently unknown PDE.

Mutational studies of TBD1265 and implications for the catalytic mechanism of EAL

domains

To characterize the role of conserved and semi-conserved residues of the EAL domain PDEs
in the hydrolysis of c-di-GMP, we have mutated 17 residues of the TBD1265 EAL domain
to Ala (or Asn) and assayed the activity of purified mutant proteins (Fig. 6). Eight mutant
proteins exhibited greatly reduced catalytic activity, four proteins showed lower activity
(R527A, T618A, T650A, and Q723A), and five proteins had wild-type level activity
(Q509A, D669A, Q670A, E706A, and N725A). All mutations of the metal-binding residues
produced inactive proteins (E523A, N584A, E616A, D646A, D647A, and E703) indicating
that both metal ions play a crucial role in the catalytic mechanism of EAL domains. The
replacement of D647 by Asn (as in Ykul) produced inactive TBD1265 EAL domain
(D647N) (Fig. 6) explaining the absence of activity in Ykul and supporting the important
role of this residue in catalysis. The side chain of E546 (conserved residue #3) might be
involved in the binding of the substrate G1 base, whereas K667 (residue #8) interacts with
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the metal-coordinating residues E523 (2.9 A) and E616 (2.6 A) (Fig. 5C). Mutant proteins
with wild-type or slightly reduced activity had mutations in residues interacting with the
substrate G2 base (Q509, Q670, E706, and N725), P2 oxygens (R527), or in residues located
outside of the active site (T650 and D669) (Fig. 6).

In recent years, the catalytic mechanism of EAL domain PDEs has been the subject of much
discussion 23: 24+ 25. Initially, a one metal ion mechanism was proposed based on modeling
and mutagenesis of the P. aeruginosa RocR and on the structure of the B. subtilis Ykul 23
25. In this model, a single divalent cation is coordinated by four conserved residues, a c-di-
GMP phosphate oxygen, and a catalytic water molecule, which is also bonded to a general
base carboxylate (E209 in Ykul). However, the recent work on the EAL PDE BIrP1 from K.
pneumoniae has proposed a two metal-assisted catalytic mechanism, which is based on the
conserved Glu-His tandem and bimetal system in the active site of the PDEs hydrolyzing 3',
5'-cyclic nucleoside monophosphates (CAMP, cGMP) 24: 35, These PDEs have a highly
conserved catalytic pocket with several residues which are absolutely conserved across the
11 PDE families 36. In the crystal structure of PDE4B, two different metal ions (Zn?* and
Mg?2*) are bridged by a conserved Asp (Asp275) and the catalytic hydroxide, while two
conserved His residues (His238 and His274) and another Asp (Asp392) coordinate one of
the metals 36. During the reaction, the catalytic hydroxide performs a nucleophilic attack on
the phosphorous atom, whereas the conserved Glu-His tandem (Glu413 and His234) donates
a proton to O3’ 36: 37+ 38. While the two metals in the structures of BIrP1 and TBD1265 are
positioned at similar distances and are bridged by a conserved Asp and catalytic water
molecule as the two metals in PDE4B (4.2-4.3 A), the EAL PDEs have no His residues in
the active site and use two identical metal ions, which are bound to two different phosphate
oxygens and are coordinated in a different manner. In the classical model of the two-metal
mechanism, two metal ions interact with the same phosphate oxygen, but proposed to play
different roles in reaction 39. The metal-A activates a catalytic water molecule, whereas the
metal-B stabilizes the pentacovalent intermediate and facilitates leaving of the 3’ oxyanion
group 39. In EAL domain PDEs, both metal ions appear to play similar roles in catalysis,
and they are both involved in the activation of a water nucleophile and potentially in the
stabilization of the pentacovalent intermediate.

Although binuclear metal centers are well characterized in hydrolytic enzymes, there is also
extensive experimental data to support a one-metal-ion model as the general mechanistic
scheme in considerations of metal-mediated hydrolysis of phosphodiester bonds 33. For
example, the 3'-5’ Klenow exonuclease from E. coli is a paradigm for the two-metal
mechanism 40. However, the calorimetric and kinetics experiments indicate the presence of
only one metal ion in the active site of this enzyme 41. Moreover, recent works on
restriction endonucleases argue that a single metal ion can perform the catalysis and that the
second metal ion is not critical 42+ 43: 44.

Our structural and mutational studies of the TBD1265 EAL domain together with the
previous work on the K. pneumonia BlIrP1 24 support a two metal-based mechanism for the
hydrolysis of c-di-GMP by EAL domain PDEs (Fig. 7). In this model, two divalent metal
cations (Mel and Me2; Mn2* or Mg2*) are directly coordinated by the side chains of six
conserved residues #1, 4, 5, 6, and 9 (E523, N584, E616, D646, D647, and E703 in
TBD1265), the two P1 phosphate oxygens of c-di-GMP, and by the catalytic water molecule
(water 1 in Fig. 5C). As in nucleases 33 45, these metal ions are likely to be involved in
several steps including the P1 phosphate coordination (Lewis acid activation), water
nucleophile activation (by reducing the pK, and inducing the deprotonation), and in
transition state stabilization. It has been proposed that the higher activity of BIrP1 in the
presence of Mn2* (compared with Mg2*) can be explained by the higher Lewis acidity of
Mn?2* facilitating the deprotonation of the catalytic water molecule 24. Similar to nucleases
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45, the direct coordination of the P1 phosphate oxygens of c-di-GMP by two metal ions may
also change the O-P-O angle helping to stabilize the transition state. The side chains of E523
and E616 also interact with the conserved K667 (conserved residue #8) and Q723 (residue
#10) (2.6-2.9 A) and form a network of interacting residues (EEKQ) (Fig. 5C, 7). These
interactions are likely to stabilize the unprotonated states of E523 and E616 (by reducing
their pKy) which are important for the metal coordination. The important role of these
network interactions is supported by the low activities of K667A and Q723A mutant
proteins (Fig. 6).

In the TBD1265 EAL/c-di-GMP structure, the potential catalytic water molecule (#1) is
located between two metal ions and is 3.2 A away from the P1 phosphorus atom (Fig. 5C).
A number of nuclease structures show the presence of a highly conserved Lys side chain in
their active sites, which is positioned to interact with the water nucleophile and proposed to
help in nucleophile activation 46: 47. In the TBD1265 EAL domain structure (Fig. 5C), the
side chain of the conserved K667 (conserved residue #8) is positioned 2.8 A from the
catalytic water molecule suggesting that this residue might also contribute to nucleophile
activation. We propose that K667 together with two metal cations activate the bound water
molecule generating the catalytic hydroxide which performs a nucleophilic attack on the P1
phosphorus atom (Fig. 7). After the reaction, the leaving group O3’ is likely to be protonated
by the water molecule (#2) located close to 03’ (2.8 A) and coordinated by the conserved
D647 (2.3 A; conserved residue #7) (Fig. 5C). This is supported by the crucial role of D647
in the activity of the TBD1265 EAL domain (Fig. 6). Another conserved Asp residue
(D669) is positioned in the vicinity of D647 (3.5 A) and might facilitate its protonated state,
which is important for the coordination of the water proton donor molecule. In the
catalytically inactive EAL domain of Ykul, the D647 residue is replaced by Asn (N152)
suggesting that this replacement produced an inactive protein. A coordinating role for a
water proton donor molecule was also proposed for the homologous D303 in BlrP1 24.

A large number of metal-dependent PDEs have been crystallized with one, two, or three
metal ions in their active sites and one-, two-, and three-metal-based mechanisms have been
proposed fuelling debates about the roles of metal ions in the phosphodiester bond cleavage
33: 47: 48. Although the well-established two-metal-ion mechanism dominates the field 40,
recent developments based on the application of novel experimental tools indicate that there
is probably more than one way to hydrolyze phosphodiester bonds, and that some enzymes
can use both one-metal-ion and two-metal-ions mechanisms 33+ 42: 43. Our work suggests
that c-di-GMP hydrolysis mechanism involving two metal ions per active site can be
operative in EAL domain PDEs. However, a one-metal mechanism is also possible and can
occur under different (solution or regulatory) conditions. The active site of EAL domain
PDEs shows no obvious similarity to known PDEs or nucleases with the one- or two-metal-
ion mechanisms expanding the diversity of catalytic mechanisms of phosphodiester
hydrolyzing enzymes.

MATERIALS and METHODS

Gene cloning, protein expression and purification

The EAL domains of TBD1265 and other proteins (Table 1) were PCR-amplified using
genomic DNAs from these organisms and cloned into a modified pET15b expression vector
(Novagen) 49. The overexpression plasmid was transformed into the E. coli BL21 (DE3)
Gold strain (Stratagene), and the proteins were purified using metal-chelate affinity
chromatography on nickel affinity resin (Qiagen) as described previously 49. Gel-filtration
analysis of the oligomeric state of the TBD1265 EAL domain was performed with a
Superdex-75 16/60 column (Amersham Biosciences) equilibrated with 10 mM HEPES-K
(pH 7.5) and 0.2 M NaCl using AKTA FPLC (Amersham Biosciences).
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Site-directed mutagenesis of the TBD1265 EAL domain

Alanine replacement mutagenesis was performed using the QuikChange™ site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s protocol. The residues selected
to be mutated were changed to Ala (or to Asn). DNA encoding the wild-type TBD1265 EAL
domain cloned into the modified pET15b was used as a template for mutagenesis. Plasmids
were purified using the QIAprep Spin mini prep kit (Qiagen), and all mutations were
verified by DNA sequencing. Verified plasmids containing the desired mutations were
transformed into the E. coli BL21 (DE3) strain, and the mutant proteins were purified using
the same protocol as for the wild-type protein.

Enzymatic assays

PDE activity of purified proteins against c-di-GMP was determined spectrophotomerically
by measuring Pi release using the Malachite Green reagent as described previously 50. The
reactions were performed in 80 pl assays in 96-well microplates containing 50 mM Tris-HCI
(pH 8.0), 2 MM MnCl,, 0.1 mM c-di-GMP and 5 pg of protein. After 25 min incubation at
37°C, the reaction was stopped by the addition of 80 pl of alkaline phosphatase buffer (0.2
M CHES buffer, pH 9.0, and 10 mM MgCl,) and incubated with 1 unit of shrimp alkaline
phosphatase (SAP) for 10 min at 37°C. The SAP reaction was terminated by the addition of
40 pl of Malachite Green, and the production of Pi was measured at 630 nm. The hydrolysis
of c-di-AMP was measured using similar reaction conditions. Cyclic di-GMP was from
BioLog Life Science Institute (www.biolog.de), cyclic di-AMP was from Axxora LLC
(www.axxora.com), and all other substrates and chemicals were from Sigma. PDE activity
against the general PDE substrate bis-p-nitrophenyl phosphate (bis-pNPP) was measured
spectrophotometrically in 200 microliter assays containing 50 mM HEPES (pH 7.5), 2 mM
MnCl,, 10 mM bis-pNPP, and 5-10 pg of enzyme. After 25 min incubation at 37°C, the
absorbance at 410 nm was determined. The pH dependence of PDE activity toward c-di-
GMP was characterized using three buffers: MES-K (pH 5.5 to 6.5), Tris-HCI (pH 7.0 to
9.0), and CAPS-K (pH 9.4 to 11.0). The metal dependence of c-di-GMP hydrolysis was
determined at optimal pH using various metals (2 mM MnCl,, 5 mM MgCl,, or 0.5 mM of
other metals), 0.1 mM c-di-GMP and 5 pg of enzyme. Kinetic parameters were determined
by non-linear curve fitting from the Lineweaver-Burk plot using GraphPad Prism software
(version 4.00 for Windows, GraphPad Software, San Diego, CA).

Protein crystallization and data collection

Protein crystals were grown at 22°C by the sitting-drop vapour-diffusion method, with 2 pl
of protein sample (23 mg/ml) mixed with an equal volume of reservoir buffer. The crystals
of the TBD1265 EAL domain apo-protein grew after 2—3 weeks in the presence of 0.2 M
MgCl, and 20% PEG-3350 (pH 5.8). For the TBD1265/c-di-GMP complex, crystals of the
apo-protein were obtained with a reservoir buffer containing 0.2 M MgCl,, 25% PEG-3350
and 0.1 M Bis-Tris (pH 6.5). These crystals were washed in 2 pl of reservoir solution and
transferred to the freshly made reservoir solution containing 2.5 mM c-di-GMP for
overnight soaking. All crystals were cryoprotected in Paratone-N oil (Hampton Research,
Cat.# HR2-643) prior to flash-freezing in liquid nitrogen for data collection.

Structure determination

The structure of the TBD1265 apo-protein was solved with the single-wavelength
anomalous dispersion (SAD) method using the anomalous signal from selenium atoms. Data
was collected to 1.8 A resolution on beamline 19-BM (Structural Biology Center, Advanced
Photon Source, Argonne National Laboratory). The data was integrated and scaled, the
positions of anomalous scatterers were found, and a density-modified electron density map
was calculated using the HKL-3000 software package 51. ARP/WARP 52 within the
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HKL-3000 package was used to build a nearly complete model, followed by cycles of
manual building using COOT 53 and restrained refinement against a maximume-likelihood
target 54 with 5% of the reflections randomly excluded as an Ry test set. TLS refinement
55 56 was also used in the final stages of refinement. The structure of the TBD1265/c-di-
GMP complex was solved to 2.35 A on beamline 19-BM, data was integrated and scaled,
and the structure was solved in an analogous manner to apo-TBD1265 using HKL-3000.

Protein Data Bank Accession Codes

Coordinates and structure factors have been deposited with accession codes 2r6o (wild-type,
apo-structure) and 3n3t (complex with c-di-GMP).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

bis-pNPP bis-para-nitrophenyl phosphate

c-di-AMP cyclic dimeric adenosine monophosphate

c-di-GMP cyclic diguanylate (or bis-(3"-5") cyclic dimeric guanosine monophosphate)
PDE phosphodiesterase

SAD single wavelength anomalous diffraction
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PDE activity of purified EAL domains. (A), c-di-GMP hydrolysis. Effect of different metals
on the hydrolysis of c-di-GMP by the purified EAL domains from TBD1265 (B) and
SFV_3559 (C).
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Fig. 3.

Crystal structure of the TDB1265 EAL domain. (A,B), Overall structure of the apo-protein
dimer (PDB code 2r60): two views related by a 90° rotation. Protein subunits are shown as
ribbons and colored in different colors with the labelled secondary structure elements. The
position of the potential active site is indicated by the metal ion (shown as magenta-colored
spheres). (C,D), Surface presentation of the TBD1265 EAL domain dimer with bound c-di-
GMP (PDB code 3n3t): two views related by a 90° rotation. Two monomers are shown in
different colors, and c-di-GMP is shown as sticks. Note that c-di-GMP is bound in the large
pocket between the lobe (indicated by blue arrows) and TIM barrel domain.
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Fig. 4.

Close-up stereo view of the active site of the TDB1265 EAL domain with the bound Mg2*
(2r60) in the molecules A (A) and B (B). The metal ions (Mg?*) are denoted by the magenta
spheres and numbered in the molecule B. The potential catalytic water molecule is shown as
a blue sphere, whereas the amino acid residues in contact with the metal ions and water are
shown as sticks along a TBD1265 ribbon (grey).
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Fig. 5.

Close-up view of the active site of TBD1265 EAL domain in complex with c-di-GMP and
Mg?2* (3n3t). (A), Stereo view of the active site showing the bound c-di-GMP. The protein is
shown as surface presentation (gray), and c-di-GMP is shown as colored sticks. Note that
one of the ¢c-di-GMP bases (G1 in Fig. 7) is completely buried inside the large cavity formed
between the lobe and TIM barrel domains. (B), Difference electron density observed for c-
di-GMP bound to the TBD1265 EAL domain active site. The omit map was generated by
removing c-di-GMP from the model followed by several rounds of refinement using
Refmac5 (the resulting 2Fg-F. map was contoured at 2 ¢). (C), Stereo view of the active site
showing the residues coordinating c-di-GMP, two Mg2* ions, and two water molecules.
Two metal ions are denoted by magenta spheres, the water molecules by blue spheres (1 and
2), and c-di-GMP is shown as sticks along with the protein ribbon (gray). The magenta-
colored numbers (below the residue labels) designate the number of the conserved EAL
motif residue (as shown in Table 1).
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Alanine replacement mutagenesis of the TBD1265 EAL domain: hydrolysis of c-di-GMP by
purified mutant proteins. The conserved EAL motif residues are indicated below the graph.
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Fig. 7.

A diagram showing the coordination of c-di-GMP and Mg?* in the active site of the
TBD1265 EAL domain and the proposed reaction mechanism of c-di-GMP hydrolysis. Two
metal ions (Mel and Me2) together with the conserved K667 are proposed to be responsible
for the activation of the catalytic water molecule and production of the nucleophilic
hydroxyl. Another water molecule (coordinated by D647) is proposed to function as a
proton donor for the leaving O3’ group. The numbers represent inter-atomic distances in A.
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Table 3

Crystallographic data collection and model refinement statistics

Apo-TBD1265 (2r60)

TBD1265 + ¢-di-GMP (3n3t)

Data collection

Wavelength (A)

0.9786

0.9794

Space group

P2,2,2;

P2,2,2,

Cell parameters(A)

a=50.05, b=63.14, c=173.28

a=51.56, b=63.20, c=173.99

Resolution (A)

50-1.8 (1.86 - 1.8)

50 - 2.35 (2.37 - 2.35)

Total reflections 535,897 169,249
Unique reflections 50,452 24,433
Completeness (%) 97.3(90.1) 99.9 (99.9)
I/sigma 39.7 (3.3) 34.6 (5.2)
Rmerge(%) 6.0 (45.4) 10.0 (49.9)
| Refinement
Reryst (%) 19.0 18.4
Réree (%) 21.8 25.4
| R.m.s. deviations from ideality
Bond lengths (A) 0.012 0.014
Angles (°) 1.21 1.54
No. of protein atoms 2054+1908 2033+2011
No. of solvent atoms 202+176 225
No. of ligand atoms 6 97
Average B-factor
main-chain atoms (A2) | 28.8 29.1
Side-chain atoms (A2 | 30.8 30.3
Protein atoms (A2) 29.8 29.5
Solvent atoms (A2) 41.6 40.0
Ligand atoms (A2) 27.1 524

Values in parentheses are for the highest resolution shell.
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