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Abstract

Tyrosine phosphatase related to biofilm formation A (TpbA) is a periplasmic dual-specificity phosphatase
(DUSP) that controls biofilm formation in the pathogenic bacterium Pseudomonas aeruginosa. While DUSPs
are known to regulate important cellular functions in both prokaryotes and eukaryotes, very few structures of
bacterial DUSPs are available. Here, we present the solution structure of TpbA in the ligand-free open
conformation, along with an analysis of the structural and dynamic changes that accompany ligand/phosphate
binding. While TpbA adopts a typical DUSP fold, it also possesses distinct structural features that distinguish it
from eukaryotic DUSPs. These include additional secondary structural elements, β0 and α6, and unique
conformations of the variable insert, the α4–α5 loop and helix α5 that impart TpbA with a flat active-site
surface. In the absence of ligand, the protein tyrosine phosphatase loop is disordered and the general acid
loop adopts an open conformation, placing the catalytic aspartate, Asp105, more than 11 Å away from the
active site. Furthermore, the loops surrounding the active site experience motions on multiple timescales,
consistent with a combination of conformational heterogeneity and fast (picosecond to nanosecond) timescale
dynamics, which are significantly reduced upon ligand binding. Taken together, these data structurally
distinguish TpbA and possibly other bacterial DUSPs from eukaryotic DUSPs and provide a rich picture of
active-site dynamics in the ligand-free state that are lost upon ligand binding.

© 2013 Elsevier Ltd. All rights reserved.

Introduction

The dual-specificity phosphatases (DUSPs) are
cysteine-based phosphatases that catalyze the
dephosphorylation of substrates on phosphorylated
tyrosine, serine, and threonine residues. As a subset
of the protein tyrosine phosphatase (PTP) super-
family, DUSPs contain the highly conserved signa-
ture motif HCXXXXXR and a conserved aspartic
acid residue that is important for catalysis.1 Eukary-
otic DUSPs play critical regulatory roles in numerous
cellular processes including proliferation, apoptosis,
differentiation, and stress response.2–4 In bacteria,
DUSPs are intimately involved in mechanisms

controlling pathogenicity, including manipulation of
host cell proteins5 and polysaccharide production,
which is crucial for biofilm growth.6 Importantly,
outside of the conserved signature motif, there is low
sequence homology between bacterial and eukary-
otic DUSPs. Thus, despite the wealth of information
available for eukaryotic DUSPs, little is known about
the structural features specific to bacterial DUSPs.
Tyrosine phosphatase related to biofilm formation A

(TpbA) is a DUSP from the pathogenic bacterium
Pseudomonas aeruginosa. Infection byP. aeruginosa
is one of the most common and life-threatening
diseases faced by patients suffering from cystic
fibrosis.7 The persistence of P. aeruginosa infections
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is linked to its ability to form biofilms, organized
communities of microorganisms encased in a poly-
meric matrix.8 Critically, TpbA reduces biofilm forma-
tion in response to acyl homoserine lactone, a
quorum-sensing molecule.6 TpbA is targeted to the
periplasm and is a negative regulator of TpbB/YfiN, a
diguanylate cyclase (GGDEF). TpbB catalyzes the
synthesis of 3,5-cyclic diguanylic acid, an important
second messenger that increases transcription
across the pel operon, which, in turn, leads to the
formation of pellicles, one of the major biofilms in P.
aeruginosa. By attenuating the activity of TpbB
through dephosphorylation of both tyrosine and
serine/threonine residues, TpbA reduces the intracel-
lular concentration of 3,5-cyclic diguanylic acid, which
leads to a reduction in biofilm formation.9 The
essential role of TpbA in regulating P. aeruginosa
biofilm formation makes it a potential drug target forP.
aeruginosa infections.
PTPs, LMW-PTPs, and DUSPs, such as TpbA,

share a common catalytic mechanism.10 However,
apart from the loops that define the active site, they
have very low sequence homology. The active site is
defined by the PTP-loop, which includes the
conserved cysteine that functions as a catalytic
nucleophile, and the general acid loop, which
contains the catalytic aspartic acid that functions
as an acid/base during the dephosphorylation
reaction. In PTPs, substrate binding is accompanied
by rotation of the general acid loop, resulting in a
movement of the catalytic acid/base by up to 10 Å.11

This converts the PTP active site from an open,
catalytically inactive state to a “closed,” catalytically
active state. In contrast, far less is known about the
changes that occur in DUSPs during the catalytic
cycle, especially DUSPs from bacteria. This is
because only a handful of DUSPs have been studied
in the open conformation and even less using
nuclear magnetic resonance (NMR) spectroscopy.
Thus, very little is known about the dynamics of the
loops that define the active site between the ligand-
free and ligand-bound states and the role of loop
dynamics in ligand binding and catalysis.
Here, we report the solution NMR structure of

TpbA, the first structure of a bacterial periplasmic
DUSP. We show that TpbA adopts a canonical
DUSP fold, similar to eukaryotic DUSPs. However,
TpbA also has a number of structural features that
distinguish it from its eukaryotic counterparts,
including additional secondary structural elements
and distinct loop conformations. In addition, because
the structure of TpbA was determined in the ligand-
free state, it is in an open conformation, with an open
general acid loop and a disordered PTP loop. Most
importantly, we performed ligand titrations using
inorganic phosphate to identify all residues of TpbA
that respond to ligand binding, which include the
PTP loop, the general acid loop, and the α4–α5 loop.
Finally, we provide the first detailed description of

changes in the motions of these functionally impor-
tant loops in both the absence and presence of
ligand, revealing that ligand binding “locks” out
conformational dynamics that occur on multiple
timescales in loops surrounding the active site.

Results

The first structure of a bacterial periplasmic
DUSP, TpbA

TpbA (residues 29–218, 21 kDa) showed high
levels of soluble overexpression in Escherichia coli
and behaves as a monomer in solution as verified by
size-exclusion chromatography. It can be concen-
trated to 1 mM without precipitation or signs of
aggregation and yields a high-quality two-dimen-
sional (2D) [1H,15N] heteronuclear single quantum
coherence (HSQC) spectrum. Out of 183 expected
non-proline amide backbone cross-peaks, 164 could
be assigned with high confidence.12 To overcome
the lack of nuclear Overhauser enhancement (NOE)

Table 1. NMR refinement statistics for ligand-free TpbA

Protein

NMR distance and dihedral constraints
Distance constraints
Total NOE 2504
Intra-residue 581
Inter-residue
Sequential (|i − j| = 1) 701
Medium range (|i − j| b 4) 515
Long range (|i − j| N 5) 707
Intermolecular 0

Hydrogen bonds 0
Total dihedral angle restraints 270
ϕ 135
ψ 135

Structure statistics
Violations (mean and SD)
Distance constraints (Å) 0.0175 ± 0.0010
Dihedral angle constraints (°) 0.481 ± 0.044
Maximum dihedral angle violation (°) 3.658 ± 0.709
Maximum distance constraint violation (Å) 0.226 ± 0.041
Deviations from idealized geometry
Bond lengths (Å) 0.0106 ± 0.0002
Bond angles (°) 1.26 ± 0.03
Impropers (°) 1.46 ± 0.06
Average pairwise r.m.s.d.a (Å)
Heavy 7.85 ± 2.86
Backbone 7.56 ± 2.85
Secondary structure heavyb 1.02 ± 0.09
Secondary structure backboneb 0.56 ± 0.08

a Pairwise r.m.s.d. was calculated among 20 refined structures
using MOLMOL.

b Pairwise r.m.s.d. was calculated among secondary-structure
residues only, excluding helix α6 (residues 40–44, 49–51, 56–59,
64–73, 77–79, 87–90, 96–98, 109–122, 128–131, 136–149, 155–
164, and 175–182).
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distance constraints in areas with unassigned amide
backbone NH pairs, we assigned all non-exchange-
able side-chain hydrogen atoms using different
HCCH-based and three-dimensional (3D) 13C-re-
solved [1H,1H] NOE spectroscopy (NOESY) exper-
iments. A total of 2504 NOE-based distance
restraints and 270 dihedral angle restraints were
used for the 3D structure calculation of TpbA29–218.
The 20 conformers from the final CYANA cycle with
the lowest residual CYANA target function values
were energy minimized in a water shell 13,14

(Table 1). The core of TpbA, which is composed of
residues 40–194, is well defined and adopts a
compact fold. It consists of a central six-stranded
β-sheet with a folding topology +1, +1, +2x, +1x,
−2x, flanked by five α-helices on one side and two
α-helices on the other (Fig. 1a). Residues 29–39
and 195–218 are flexible and unstructured in
solution based on chemical shift index calculations
derived from Cα and Cβ chemical shifts and 15N
[1H] NOE analysis12 (Supplementary Fig. 5c). As a

result, these regions lack NOE-based distance
restraints (Supplementary Fig. 1a) and are poorly
defined in the final structural bundle of TpbA
(Supplementary Fig. 1b).
TpbA adopts a eukaryotic-like DUSP fold, con-

firming bioinformatics predictions and previous
experiments showing phosphatase activity against
phosphotyrosine (pTyr), phosphoserine (pSer), and
phosphothreonine (pThr).6,9 The active-site archi-
tecture of the DUSP catalytic domain is defined by
four loops (Fig. 1b): (1) the PTP loop, which contains
the conserved cysteine that functions as the catalytic
nucleophile; (2) the general acid loop, which
contains a conserved aspartic acid residue that
functions as a catalytic acid/base; (3) the variable
insert, which varies in sequence and length among
DUSPs and may be involved in substrate recogni-
tion; and (4) loop α4–α5, which is in the position of
the Q-loop in PTPs. Also, DUSPs have a character-
istically shallow active site (~6 Å) that allows access
of both pTyr and pSer/pThr to the active-site
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Fig. 1. TpbA adopts a canonical DUSP fold. (a) Bundle of the 20 lowest-energy structures of TpbA. The superposition is
the best fit of the structured regions, excluding helix α6, which are colored blue for α-helices and red for β-strands. (b) Left,
The lowest-energy structure of TpbA is shown as a cartoon, with functionally important regions highlighted, including the
PTP loop (blue), the general acid loop (green), the variable insert (yellow), and the α4–α5 loop (purple).Right, Bundle in (a)
shown as a cartoon using the same color scheme as in (b). (c) Sequence conservation of the general acid loop and PTP
motif across bacterial species. Identical residues are highlighted black, while similar residues are highlighted gray. The
catalytic residues, C132 and D105, are marked with blue and green arrows, respectively. (d) Dephosphorylation of pNPP
by WT (●), D105A (○), and C132S (▼) TpbA mutants.
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cysteine, whereas the deeper active site in specific
PTPs (~9 Å) is selective for pTyr. As expected for a
DUSP, TpbA has a shallow active site, consistent
with its ability to dephosphorylate pTyr, pSer, and
pThr residues. While the structures of numerous
eukaryotic DUSPs are available, TpbA is only the
fourth DUSP from bacteria whose structure has
been determined.15–17 Most importantly, this is the
first structure of a bacterial DUSP solved in a ligand-
free state, which adopts an open general acid and
disordered PTP loop, giving valuable insights into
the active-site architecture in the absence of ligand
as well as the molecular basis for substrate binding.

Cys132 and Asp105 mediate catalysis in TpbA

The consensus catalytic sequence that defines
Type 1 cysteine-based PTPs, which includes DUSPs,
is HCXXXXXR. 1 In TpbA, this sequence is
131HCKHGNNR138, withCys132predicted to function
as the catalytic nucleophile during catalysis (Fig. 1c).
Although three Asp residues are present in the
general acid loop, only Asp105 and Asp108 are
conserved among multiple Pseudomonas species.
Furthermore, our structure suggests that only Asp105
is capable of accessing the active site without
requiring large, global structural rearrangements.
To test the role of Asp105 and Cys132 in catalysis,

we measured the catalytic activity of wild-type (WT)
TpbA, a D105A mutant, and a C132S mutant against
the general PTP and DUSP model substrate, p-
nitrophenyl phosphate (pNPP; Fig. 1d). The Cys-to-
Ser mutation is a well-characterized mutation that
typically results in a complete loss of catalytic activity
in PTPs and DUSPs.18–21 Mutation of the conserved
Asp also leads to a loss of catalytic activity, although a
subset ofDUSPs/PTPsare onlymildly affected.17,22–24

We found that while WT TpbA effectively depho-
sphorylated pNPP, the C132S mutant had no
detectable activity, and the D105A mutant resulted in
a 53% decrease in catalytic efficiency (Table 2).
These data, in combination with the structure, support
the role of Asp105 as the general acid/base and
Cys132 as the catalytic cysteine in the TpbA-
catalyzed dephosphorylation reaction.

TpbA is unique among DUSPs

A search for homologous structures using the
DALI server identified DUSP23,25 a eukaryotic

atypical DUSP, as the structure most similar to
TpbA, with a DALI Z-score of 10.1. The next most
similar structures are DUF442, a bacterial protein
predicted to be a DUSP from Shewanella putrefa-
ciens (Z-score = 9.5); CDC14B2,26 a eukaryotic
DUSP in the PTEN family (Z-score = 9.5); and
SEX4,27 a DUSP from Arabidopsis thaliana (Z-
score = 9.4).
A comparison of TpbA with these and other DUSP

structures reveals that, while TpbA adopts a
canonical DUSP architecture, it is also unique
(Fig. 2a). First, compared with other DUSPs, TpbA
has an additional helix, helix α6. This helix does not
make any stable contacts with the rest of the
phosphatase domain and no NOEs are observed
between it and the remainder of the protein.
However, helix α6 is required for TpbA solubility,
as deletion of this helix results in insoluble expres-
sion of TpbA in E. coli. Second, most DUSPs have
five β-strands that form the central β-sheet. In
contrast, the central β-sheet of TpbA is composed
of six β-strands (Fig. 2b). The only other DUSPs that
have a six-stranded central β-sheet are DUSP6
(PYST/MKP3) and DUSP9 (MKP4). However, in
these DUSPs, the additional strand is located in the
variable insert (Fig. 2c). In contrast, the additional β-
strand in TpbA is located at the N-terminus of the
protein, capping the β-sheet, a feature that, to our
knowledge, is unique to TpbA.
Not only does TpbA possess additional secondary

structural features, but other conserved regions of
the protein adopt conformations distinct from other
DUSPs. First, in some DUSPs, a residue in the
variable insert makes polar contacts with the
conserved Arg in the PTP motif, positioning the Arg
side chain in the active site. In TpbA, the orientation
of the variable insert is disengaged from the active
site, leaving the active-site face of TpbA flat and
open. This is significant because the variable insert
contributes to the depth of the active site.27 Second,
the conformation of the α4–α5 loop and helix α5 is
unique to TpbA. In most DUSPs, this loop defines
the upper boundary of the PTP pocket (see, for
example, DUSP23, CDC14B2, and SEX4 in Fig. 2a),
and in human DUSPs, this loop is also conserved in
sequence (known as the R-motif28). In contrast, in
TpbA, this loop folds away from the PTP loop,
adopting a conformation more similar to that of
another bacterial DUSP, DUF442. Finally, the AYLM
motif, which forms part of the extended signature

Table 2. Enzymatic activity of WT and TpbA variants

Vmax (μM min−1) kcat (s
−1) Km (mM) kcat/Km (M−1 s−1) Fold difference in kcat/Km

WT 1.55 ± 0.05 1.62 × 10−3 11.21 ± 0.72 0.14 1.00
D105A 1.12 ± 0.11 1.17 × 10−3 15.22 ± 2.62 0.08 0.53
C132S ND ND ND NA NA
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sequence of the DUSP family, 28 is also not
conserved in TpbA. This motif has been replaced
by the sequence MYRIV in helix α3, resulting in an
alternate orientation of helix α5 that allows it to
bridge helix α2 and helix α3. This in turn enables
helix α6 to point away from the catalytic domain, a
conformation unique to TpbA.

Stabilization of the TpbA active site upon
ligand binding

In the ligand-free form of TpbA, the majority of the
unassigned amide backbone NH pairs (Ser80,
Phe81, Ile82, Lys83, Ala104, Glu118, Lys133,
His134, Gly135, Asn136, Thr139, Gly140, Phe142,
Ala158, Asp172, Met173, Arg174, Leu204, and
His206) belong to the variable insert, the PTP loop,
and the α4–α5 loop. Due to the lack of NOE distance
constraints, these loops do not converge as well as
the rest of the core phosphatase domain. In TpbA,
there are, on average, 35 NOE-derived distance
restraints per residue for all well-defined regions of
the structure, whereas there are only 17 restraints
per residue in the loop regions mentioned above
(Supplementary Fig. 1a). This lack of convergence in

loop conformations has also been observed for other
phosphatases, including the DUSP PRL-3,29 a
bacterial acylphosphatase,30 and DUSP PAC-1.31

To determine whether the conformation of the
active site is stabilized upon ligand binding, we
performed titration experiments of TpbA with sodium
phosphate using protein:phosphate ratios ranging
from 1:10 to 1:320, the latter of which resulted in full
saturation (Fig. 3; Supplementary Fig. 2). The
number of NH cross-peaks in a 2D [1H,15N] HSQC
spectrum of TpbA increases from 164 in the ligand-
free state to 172 in the phosphate-bound state. The
increased number of NH cross-peaks indicates that
these residues undergo a significant change in their
backbone dynamics from the intermediate-timescale
to the fast-timescale exchange regime. Indeed,
inspection of the 2D [1H,15N] HSQC spectra reveals
increases in peak intensities for residues in the
general acid loop, the PTP motif, helix α3, and the
α4–α5 loop in phosphate-bound versus ligand-free
TpbA, consistent with a shift from the intermediate-
to the fast-exchange regime (Fig. 3a; Supplementary
Fig. 2). Asp105 experiences the greatest relative
change in intensity, as it is 6.7 times more intense in
the phosphate-bound TpbA 2D [1H,15N] HSQC
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Fig. 2. TpbA is unique among DUSPs. (a) TpbA and its four closest structural homologs, DUSP23 (PDB ID 2IMG; Z-
score = 10.1, light purple), DUF442 (PDB ID 3GXG, Z-score = 9.5, pink), CDC14B2 (PDB ID 1OHC, Z-score = 9.5, light
cyan), and SEX4 (PDB ID 3NME, Z-score = 9.4, yellow); the coloring scheme of loops is the same as in Fig. 1b. (b)
Overlay of TpbA with DUSP6 (blue, PYST/MKP3) and DUSP9 (green, MKP4). Structural features unique to TpbA, strand
β0 and helix α6, are labeled. (c) Cartoon illustrating the secondary-structure topology of TpbA (gray) and DUSP6/DUSP9
(blue). The additional secondary structural elements in these DUSPs compared to canonical DUSPs are boxed. Colored
stars indicate the locations of the loops colored in (a).
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spectrum than in the ligand-free TpbA spectrum.
Additionally, Gly135 and Thr139 in the PTP motif
and Asp171 and Ala176 in the α4–α5 loop all have 3
to 3.5 times greater intensity in the phosphate-bound
2D [1H,15N] HSQC spectrum. Other residues in
these regions (His103, Asn136, Phe142, and
Asp172) are broadened beyond detection in the 2D
[1H,15N] HSQC spectrum of ligand-free TpbA but
show average cross-peak intensities in the phos-
phate-bound 2D [1H,15N] HSQC TpbA spectrum.
Interestingly, this behavior is distinct from that
observed for the low-molecular-weight tyrosine
phosphatase MptpA, where many more NH cross-
peaks become broadened in the phosphate-bound
form in the PTP-loop and those amino acids flanking
the D- and W-loops.32

To better understand these changes, we per-
formed the sequence-specific backbone assignment
of TpbA in the phosphate-bound state. Chemical
shift index values show that the secondary-structure
elements are identical in ligand-free and phosphate-
bound TpbA (Supplementary Fig. 3). Chemical shift
perturbation (CSP) mapping of ligand-free and
phosphate-bound TpbA shows that the PTP, the
general acid, and the α4–α5 loops are most affected
by phosphate binding (Fig. 3b and c). Interestingly,
the variable insert is not affected, except for a single
residue, S80. This differs from the human DUSP
PRL-3 where all variable insert residues have CSPs
upon phosphate binding.29

We also measured a 3D 15N-resolved [1H,1H]
NOESY spectrum of phosphate-bound TpbA.
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Fig. 3. Phosphate binding involves the general acid loop, the PTP, and the α4–α5 loops. (a) Portion of the 2D [1H,15N]
HSQC spectrum of 15N-TpbA from increasing titrations of sodium phosphate. CSPs (indicated by arrows) and intensity
changes are observed for residues surrounding the active site, including G135 and T139 in the PTP loop and D105 in the
general acid loop. (b) Residues with CSP ≥ 0.2 ppm are mapped onto the structure of TpbA and shown as spheres using
the same color scheme as in Fig. 1b. (c) Histogram showing the CSPs between ligand-free and phosphate-bound TpbA.
15NH resonances that are only assigned in either ligand-free or phosphate-bound TpbA are set to an arbitrary value of
2 ppm. Functionally important loops are boxed, labeled, and colored as in Fig. 1b. (d) The 1H NOESY pattern of D105
changes upon phosphate binding. Strips corresponding to the D105 backbone HN spin system of ligand-free (left) and
phosphate-bound TpbA (right). In ligand-free TpbA, only intra-residue NOEs are observed. Upon phosphate binding, 11
new inter-residue NOEs appear, consistent with D105 closing over the TpbA active site upon ligand binding.
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Changes in NOEs of loop residues, particularly
D105, are consistent with a conformational change
in which the general acid loop is closed over the
TpbA active site (Fig. 3d; Supplementary Fig. 4).
Additionally, the side-chain NH2 group of N48 in the
β1–β2 loop experiences large CSPs and dramatic
change of NOEs upon phosphate binding (Fig. 4). In
the crystal structure of DUSP23, which has a closed
general acid loop, residue N7 in the β1–β2 loop
makes polar contacts with the backbone carbonyls
of L97 and G98 in the PTP loop (Fig. 4a). If the PTP
loop of TpbA adopted a conformation similar to
DUSP23, NOEs between N48 Hδ21/Hδ22 and the
PTP loop should be observed. However, the
structure of open conformation TpbA shows that
N48 is 11 Å away from H134 and G135 in the PTP
loop (Fig. 4b). Yet, N48 is clearly affected by ligand
binding as the NH2 side-chain protons experience

large CSPs in response to phosphate binding
(Fig. 4c). Thus, while no NOEs are detected in the
ligand-free open conformation (Fig. 4d), in the
phosphate-bound state, N48 Hδ21/Hδ22 protons
have many medium-range NOEs with H134 Hβ2/
Hβ3 and N136 Qβ, consistent with the conformation
of the PTP motif observed in the closed structure of
DUSP23 (Fig. 4e). Taken together, these data show
that phosphate-bound TpbA adopts the expected
active-site architecture observed in numerous struc-
tures of DUSPs in the closed conformation.25,33–35

Dynamics of ligand-free and phosphate-bound
TpbA

To better understand the dynamics changes that
occur upon ligand binding in TpbA, we performed
15N-based auto-correlated relaxation analysis of the
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Fig. 4. Ligand binding causes structural changes in the PTP loop that involve N48. (a) The crystal structure of DUSP23
(PDB ID 2IMG) bound to malate (omitted for clarity). N7 makes polar contacts with the backbone carbonyls of PTP loop
residues G98 and L97. Polar interactions are indicated by broken lines. (b) The lowest-energy structure of TpbA with
residues homologous to those in (a) (N48, G135, and H134, respectively) is shown as sticks. The distances between N48
and the backbone carbonyls of G135 and H134 are shown as broken lines. (c) CSPs of the N48 side-chain protons, Hδ21

and Hδ22, in increasing concentrations of phosphate. (d) In the absence of substrate (Open), intra-residue NOEs are
identified for N48 Hδ21 and Hδ22 side-chain protons. (e) Upon phosphate binding (Closed), NOEs to H134 and N136 are
identified for N48 Hδ21 and Hδ22.
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open and closed states of TpbA (Supplementary
Figs. 5 and 6). The average R1 relaxation rate of the
core phosphatase domain (residues 40–194, includ-
ing the PTP and general acid loops) changes
between ligand-free open TpbA (1.15 ± 0.08 s−1)
and phosphate-bound closed TpbA (1.00 ± 0.09 s−1),
indicating a loss of nanosecond relaxation in closed
TpbA. All of the core residues, for which the
difference in R1 between apo- and phosphate-
bound states exceeds twice the propagated error in
the measurements, have decreases in R1, suggest-
ing that this effect, though modest, is significant.
Furthermore, the transverse relaxation rates for
backbone 15NH cross-peaks in the PTP motif and
the general acid loop differ in the open and closed
states. A plot of R2/R1 versus R1R2 highlights these
differences36 (Fig. 5). Residues in the PTP and
general acid loops, namely, Asp105, Cys132,
Gly135, and Thr139, are clear outliers in ligand-free
TpbA, which is primarily attributed to elevated R2
rates (Fig. 5a). The average R2 value for these
residues is 56.6 ± 7.2 s−1, which is nearly twice that
of the core phosphatase domain (29.6 ± 9.6 s−1).
This difference disappears in the phosphate-bound
state (Fig. 5b) where the distribution of the 15N

relaxation states is tightly clustered in the R2/R1
versus R1R2 plot, with an average R2 of 24.8 ±
4.0 s−1. Again, while the R2 averages show only a
modest effect, in direct comparisons, 78% of core
residues with significant differences in relaxation
rates between apo- and bound states experienced a
decline in R2.
The reduced dynamic range for both R2/R1 and

R1R2 indicates a loss of slower microsecond-to-
millisecond motions associated with Rex. This is
consistent with the observation that exchange
broadening impeded assignment of the backbone
15NH pairs for many of these residues in the open
conformation. For the same reason, quantitative
relaxation measurements for His103 and Ala104 in
the general acid loop, His134 and Asn136 in the PTP
loop, Phe142 in helix α3, and Asp172 in the α4–α5
loop could not be obtained for ligand-free TpbA, but
were readily measured in phosphate-bound TpbA
(Supplementary Fig. 7). Upon titration of phosphate,
these resonances sharpen significantly, indicating
that they undergo a change in their dynamics from
the intermediate-exchange to the fast-exchange
regime. This is consistent with the overall decrease
in R1 for the PTP and general acid loops, supporting
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Fig. 5. The TpbA PTP and general acid loops experience a loss of microsecond/millisecond motions upon ligand
binding. R2/R1 is plotted as a function of the product of R1R2 for (a) 1 mM 15N-TpbA in the open conformation and (b)
0.97 mM 15N-TpbA bound to phosphate (1:320 protein:ligand molar ratio) in the closed conformation. Error bars represent
a propagation of errors from the relaxation measurements. Broken lines show the averages of R2/R1 and R1R2. (c) TpbA
residues that experience a change in dynamics between the ligand-free and the phosphate-bound state are plotted as
spheres on the lowest-energy structure of TpbA and labeled.
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a loss of nanosecond motions in addition to the loss
of microsecond-to-millisecond motions in these
regions. These data, together with the sharply
increased number of NOEs in phosphate-bound
TpbA for many residues in the PTP, the general acid,
and other active-site loops (Supplementary Fig. 4),
strongly suggest that phosphate and/or ligand
binding leads to a narrower range of conformational
possibilities of the PTP and general acid loops in
phosphate-bound TpbA (Fig. 5c).

Discussion

Our structure of TpbA is the first of a bacterial
periplasmic DUSP and one of the few ligand-free
open DUSPs. Equally important, our studies also
provide the first detailed description of functionally
important loop dynamics in a DUSP in the absence
of ligand and show how they change in response to
ligand binding. Taken together, this work significant-
ly extends the small but growing body of evidence
suggesting that cysteine-based phosphatases ex-
perience conformational flexibility in the open ligand-
free state.29–31,37,38 Furthermore, this is the first time
that such an observation has been reported for a
bacterial DUSP, showing that bacterial DUSPs may
share not only structural but also dynamic similarities
with their eukaryotic counterparts.
The catalytic activity and substrate specificity differ

between DUSPs, depending on the enzyme itself
and the substrate. For example, although the
catalytic activity of the human DUSP VHZ against
the nonspecific substrate pNPP is low (kcat =
0.0094 s−1),39 it increases ~50-fold when the
substrate is a phosphorylated peptide.40 Similar to
VHZ, we show that TpbA has a low catalytic activity
against pNPP (kcat = 0.00162 s−1) and likely has a
higher activity against a specific substrate. Present-
ly, TpbB is the only known substrate of TpbA, and
the primary amino acid sequence that is recognized
by TpbA is currently unknown. Thus, identification of
the TpbA-binding sequence in TpbB will be neces-
sary to test TpbA catalytic activity against a specific
substrate.
To date, only a small number of cysteine-based

phosphatases have been characterized in the open
state. This is because these proteins generally do
not crystallize in the absence of ligand, and, because
of their size, are also more difficult targets for
structure determination using NMR spectroscopy.
Moreover, even when open LMW-PTPs and DUSPs
have been studied using NMR spectroscopy, NH
cross-peaks for functionally relevant residues in the
active loops are often missing. These observations
suggest that these proteins are dynamic in the
ligand-free open state, with the active-site loops
likely adopting multiple conformations.29–31,37,38

Here, we show that for TpbA, addition of the simplest

ligand, inorganic phosphate, is sufficient to induce a
significant change in both the structure and dynam-
ics of its active-site loops, as evidenced by an
increase of the number of NH cross-peaks in the
ligand-bound 2D [1H,15N] HSQC spectrum of TpbA.
The phenomenon whereby ligand binding causes
PTP loop resonances to appear in the NMR spectra
has been observed in some phosphatases outside
the DUSP family, such as LWM-PTPs.30,37,38

However, the degree to which these active-site
loops experience dynamics, and, furthermore, on
which timescales, has not yet been reported. This is
in part because these important regions are gener-
ally not detectable in the absence of ligand.
Importantly, while many NH cross-peaks are weak
in ligand-free TpbA, they can be detected. Thus,
TpbA provides an unprecedented opportunity to
further probe the nature of the dynamics that define
the DUSP active site and, critically, to characterize
how they change in response to ligand binding.
Here, we report both fast (nanosecond) and slow
(microsecond to millisecond) timescale dynamics for
TpbA, the first time these motions have been
examined in a DUSP. We discovered that ligand
binding significantly changes the active-site loop
dynamics. Our analysis shows that both fast- and
intermediate-timescale dynamics change upon li-
gand binding, resulting in a narrower range of
conformational possibilities for the PTP and general
acid loops. That is, ligand binding reduces the
conformational dynamics that occur on multiple
timescales in the loops at the active site. Further
investigation into the relationship between these
dynamic motions in both phosphatase activity and
substrate selectivity will facilitate the discovery of
targeted inhibitors and activators, as well as further
our understanding of the DUSP family.

Methods and Materials

Protein expression and purification

TpbA29–218 was expressed in E. coli and purified as
previously described.12 TpbA29–184, which lacks helix α6,
was insolubly expressed in E. coli. Briefly, TpbA29–218 was
purified by Ni2+-affinity chromatography and size-exclu-
sion chromatography (Superdex 75 26/60) using 10 mM
Tris–HCl, pH 7.8, 100 mMNaCl, and 0.5 mM TCEP as the
final buffer. Partially 2H,15N,13C-labeled TpbA29–218 was
expressed in E. coli cultures grown in M9 minimal media
containing 4 g/L 13C-D-glucose, 1 g/L 15N-NH4Cl, and
25% H2O/75% D2O. Cultures were grown at 37 °C and
250 rpm to a final OD600 of 0.9. Protein expression was
induced with the addition of 1 mM IPTG and cultures were
incubated for ~20 h (18 °C, 250 rpm). The protein yield
was ~30 mg protein per liter of cell culture. Mass
spectrometry (matrix-assisted laser desorption/ionization
time of flight and electrospray ionization) was used to
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determine the overall percentage of 2H incorporation into
the protein, which was ~45%.

NMR spectroscopy

NMR data were collected on Bruker Avance 500- and
800-MHz spectrometers equipped with TCI HCN Z-gradient
cryoprobes at 298 K. NMR measurements of TpbA29–218
were recorded using either 15N- or 15N,13C-labeled protein
at a final concentration of 1 mM in 10 mM Tris, pH 7.8,
100 mM NaCl, 0.5 mM TCEP, and 90% H2O/10% D2O.
Sequence-specific backbone and side-chain assignments
were obtained as previously described.12 Briefly, side-chain
assignments for all aliphatic residues were obtained from a
3D HC(C)H-TOCSY (total correlated spectroscopy) spec-
trum (Tm = 12 ms, 800 MHz 1HLarmor frequency), a 3D (H)
CCH-TOCSY spectrum (Tm = 12 ms, 500 MHz 1H Larmor
frequency), and a 3D HC(C)H-COSY (correlated spectros-
copy) spectrum (500 MHz 1H Larmor frequency). NOE-
based distance restraints were assigned from a 3D 15N-
resolved [1H,1H] NOESY (Tm = 65 ms, recorded at
800 MHz 1H Larmor frequency), a 3D 13C-resolved
[1H,1H] NOESY (Tm = 65 ms, recorded at 800 MHz 1H
Larmor frequency), a 3D 13C-resolved [1H,1H] NOESY
(Tm = 65 ms, recorded at 800 MHz 1H Larmor frequency;
45% 2H/55% 1H,15N,13C-TpbA), and a 2D [1H,1H] NOESY
(Tm = 65 ms, recorded at 800 MHz 1H Larmor frequency;
100% D2O solution). The ATNOS/CANDID software
package41,42 was used for automated NOESY peak picking
and NOE assignment. Spectra were processed with
Topspin 2.1/3.0/3.1 (Bruker, Billerica, MA) and data were
evaluated using CARA†.

Structure calculation and refinement

A total of 2504 unambiguous NOESY-derived distance
restraints along with 270 total dihedral angle restraints
derived from 13C-chemical shifts using TALOS+43 were
used in the initial structure calculations using CYANA.41

Final energy-minimization and structure refinement was
performed in explicit solvent using CNS 1.313 along with the
RECOORD script package.14 Two hundred structures were
generated for each cycle and the 20 conformers with the
lowest restraint violation energies were selected as the final
representative model. The quality of the final ensemble of
lowest-energy structures was assessed by the programs
WHATCHECK,44 AQUA,45 and NMR-PROCHECK,45

which are part of the iCing suite‡, and MOLMOL.46

Ramachandran analysis showed that the TpbA structure
has excellent stereochemistry with 98.4% of residues in the
most favored and allowed region, 0.8% in the generously
allowed region, and 0.8% in the disallowed region of the
Ramachandran plot.

Phosphatase activity assay

Activity of TpbA against the general PTP/DUSP substrate,
p-nitrophenyl phosphate (pNPP), was tested in 50 mM
sodium acetate, pH 5.5, 100 mM NaCl, and 5 mM DTT.
Forty microliters of enzyme at a 16-μM concentration was
added to60 μl ofpNPPsubstrate resuspended in the reaction
buffer. The final concentrations of pNPP used in this

experiment were 0, 1, 2, 4, 8, and 16 mM. The enzyme was
incubated with the substrate at 37 °C for 1 h, after which
100 μl of 1 M NaOH was added to a final concentration of
0.5 M NaOH to quench the reaction. Absorbance was
measured at 405 nm and the final concentration of p-
nitrophenol was calculated using the molar extinction
coefficient of 18,000 M−1 cm−1. A control reaction in which
substrate was incubated in the absence of enzyme was
subtracted fromall other experimental values.All experiments
were performed in triplicate and plotted as the average of the
three experiments (error bars are the standard deviation). Km
and kcat values were obtained by data fitting to theMichaelis–
Menten model in Sigma Plot (Systat Software).

NMR analysis of phosphate binding

Sodium phosphate, pH 7.8, was titrated into 500 μM
15N-TpbA at final concentrations of 5, 10, 20, 40, 80, and
160 mM, and 2D [1H,15N] HSQC spectra were recorded
for each titration point. Chemical shift differences (Δδ)
between ligand-free TpbA (0 mM phosphate) and phos-
phate-bound TpbA (160 mM phosphate) spectra were
calculated using:

Δδ ppmð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔδHð Þ2 þ ΔδN

10

� �2
s

The sequence-specific backbone assignment of phos-
phate-bound TpbA (1 mM 15N,13C-TpbA, 320 mM sodium
phosphate, 10 mM Tris, pH 7.8, 100 mM NaCl, and
0.5 mM TCEP) was achieved using the following exper-
iments at 500 MHz 1H Larmor frequency: 2D [1H,15N]
HSQC, 3D HNCA, 3D HNCACB, 3D CBCA(CO)NH, and a
3D HBHA(CO)NH. A 3D 15N-resolved [1H,1H] NOESY
spectrum (Tm = 65 ms) was also recorded for phosphate-
bound TpbA (1 mM 15N-TpbA, 320 mM sodium phos-
phate, 10 mM Tris, pH 7.8, 100 mM NaCl, and 0.5 mM
TCEP) at 800 MHz 1H Larmor frequency.

Relaxation measurements and analysis

The same experiments were used to measure fast-
timescale backbone dynamics for ligand-free TpbA (1 mM
15N-TpbA, 10 mMTris, pH 7.8, 100 mMNaCl, and 0.5 mM
TCEP) and phosphate-bound TpbA (0.97 mM 15N-TpbA,
310 mM sodium phosphate, 10 mM Tris, pH 7.8, 100 mM
NaCl, and 0.5 mMTCEP; 1:320molar ratio) at 500 MHz 1H
Larmor frequency. 15N longitudinal (R1) and transverse
(R2) relaxation rates and 15N[1H] NOE (hetNOE) measure-
ments were acquired using sensitivity-enhanced experi-
ments. T1 and T2 experiments were acquired with a recycle
delay of 3 s between experiments, and the following
relaxation delays for T1: 5, 100, 400, 600, 800, 1000,
1200, and 1500 ms; and T2: 17.36, 34.72, 69.44, 104.16,
121.52, 156.24, 173.6, 190.96, 208.32, and 243.04 ms.
The total length of the T2 relaxation delay is determined by
the length of one Carr–Purcell–Meiboom–Gill cycle multi-
plied by the number of cycles (1–14 cycles). Systematic
error in both T1 and T2 experiments was estimated from
variance averaging of repetition experiments, which were
acquired with delays of 100 and 800 ms for T1 and 69.44
and 173.6 ms for T2. The hetNOE measurements were
determined from a pair of interleaved spectra acquired with
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or without presaturation and a recycle delay of 5 s. R1 and
R2 relaxation rates and the hetNOE were analyzed using
Bruker Dynamics Center 2.0 (Bruker).

Accession numbers

All chemical shifts for ligand-free and phosphate-bound
TpbA were deposited in the BioMagResBank3 under
accession numbers 18228 and 18977. Atomic coordinates
for the ligand-free TpbA structure have been deposited in
the Protein Data Bank (PDB) under the PDB code 2M3V.
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