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The substrate binding protein AfProX from the Archaeoglobus fulgidus ProU
ATP binding cassette transporter is highly selective for the compatible
solutes glycine betaine (GB) and proline betaine, which confer thermo-
protection to this hyperthermophilic archaeon. A detailed mutational
analysis of the substrate binding site revealed the contribution of individual
amino acids for ligand binding. Replacement of Arg149 by an Ala residue
displayed the largest impact on substrate binding. The structure of a mutant
AfProX protein (substitution of Tyr111 with Ala) in complex with GB was
solved in the open liganded conformation to gain further insight into ligand
binding. In this crystal structure, GB is bound differently compared to the
GB closed liganded structure of the wild-type AfProX protein. We found
that a network of amino acid side chains communicates the presence of GB
toward Arg149, which increases ligand affinity and induces domain closure
of AfProX. These results were corroborated by molecular dynamics studies
and support the view that Arg149 finalizes the high-affinity state of the
AfProX substrate binding protein.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

Microorganisms import a variety of chemical
compounds from environmental sources through

high-affinity transport systems, many of which
belong to the family of ATP binding cassette
(ABC) transporters.1 These systems depend strictly
on a so-called substrate binding protein (SBP) that
captures the ligand with high affinity and subse-
quently delivers it to its cognate transporter.2 The
SBP thereby determines the directionality of the
overall transport reaction, and its interaction with
the transmembrane domain of the transporter
regulates the ATPase activity of the transport
complex.2,3
Structural studies of SBPs revealed a common fold

with a bilobal organization connected via a linker
region.4,5 In the ligand-free, open conformation, the
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two domains are separated from each other, thereby
forming a deep solvent-exposed cleft, which harbors
the substrate binding site. Upon ligand binding,
both domains move toward each other through a
hinge-bending motion or rotation, which results in
the so-called closed liganded conformation. As a
consequence of this movement, residues originating

from both domains generate the ligand binding site
and trap the ligandwithin a deep cleft formed by the
two lobes of the SBP.4 In the absence of a ligand,
open and closed unliganded states of the SBP are in
equilibrium, and the ligand solely shifts this
equilibrium toward the closed liganded state. This
sequence of events has been coined the “Venus
flytrap mechanism”,6–8 which is supported by
crystal structures in the absence and presence of a
ligand9,10 and other biophysical techniques.4
For the maltose binding protein (MBP),2 it has

been shown that both domains are dynamically
fluctuating in the absence of the ligand.11 NMR
spectroscopy revealed that the ligand-free form of
MBP consists of a predominantly open species (95%)
and a minor species (5%) that corresponds to a
partially closed state.12 The open form of MBP
observed by NMR is similar to the crystal structure
of the open unliganded conformation.13 However,
the partially closed species detected by NMR12 does
not correspond to the ligand-bound, fully closed
crystal form. Instead, it represents an intermediate,
partially closed conformation,14 suggesting that the
substrate is required to reach the final, closed
liganded conformation.
Millet et al. have shown that every degree of

domain closure in the unliganded MBP requires
conformational deformation energy of approximate-
ly 212 cal/mol. Since MBP closes by about 20°, this
would lead to an energetic cost of ∼4 kcal/mol
when forming the closed unliganded conformation
of MBP.15 This closed unliganded state, first
observed by X-ray crystallography, is therefore
highly unfavorable and resembles a loaded spring.15
Changing the stiffness of this region by introducing
amino acids with bulky side chains changes the
degree of closure of MBP, which directly correlates
with maltose binding affinity.15,16 As a consequence,
mutations in the hinge region likely alter the
equilibrium between the open and partially closed
states of MBP.12 Upon maltose binding, a further
shift in this equilibrium occurs toward the fully
closed liganded conformation, which becomes
accessible because maltose forms favorable interac-
tions with the protein.
Generally, the hinge region provides MBP with a

large degree of flexibility. This allows MBP to bind a
variety of malto-oligosaccharides, some of which
lead to domain closure.13,17 Although this highlights
a distinct role of the substrate in domain closure, the
exact nature of the substrate-induced closing mech-
anism of MBPs and SBPs in general is unknown.
Furthermore, SBPs bind their substrates with high
affinity,4 but it is not fully understood how the
substrate is released to its cognate ABC importer.
One scenario could be that interactions between the
ABC transporter and the SBP during the transport
cycle lead to a modulation of the SBP's affinity to its
substrate.3

Fig. 1. AfProX-mediated thermoprotection of A. fulgi-
dus. (a) Substrate specificity of AfProX. The substrate
specificity of ProX was investigated in a competitive
radioactive binding assay. We incubated 5 μM AfProX in
100 μl of 10 mM Tris–HCl (pH 7.5) at 85 °C with 5 μM
[1-14C]GB and 40-fold excess of different unlabeled
compatible solutes. As control, the same experiment was
performed with no competitive substrate, and that value
was set to 100%. (b) Influence of GB and PB on the growth
of A. fulgidus at elevated temperature. Pre-warmed media
lacking or containing 2 mM GB or 2 mM PB were
inoculated with 5% exponentially growing A. fulgidus cells
and incubated on a rotary shaker at 90 °C. Squares:
A. fulgidus cells grown in the absence of either GB or PB;
diamonds: A. fulgidus cells grown in the presence of 2 mM
GB; triangles: A. fulgidus cells grown in the presence of
2 mM PB.
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In the thermophilic archaeon Archaeoglobus fulgi-
dus, the ABC importer ProU has been annotated as a
specific uptake system for the compatible solutes
glycine betaine (GB) and proline betaine (PB).18 The
corresponding SBP (AfProX) has been crystallized in
different conformations: a closed liganded confor-
mation in complex with either GB or PB and in an
open unliganded conformation.19
Here, we present the structure of AfProX in the

open liganded conformation together with a sys-
tematic mutational analysis of the binding site of the
AfProX protein and molecular dynamics (MD)
simulations of liganded AfProX, using starting
structures of different conformational states. Based
on our results, residue Arg149 is crucial to switch
AfProX from a low-affine open structure to a high-
affine closed state. Our data imply that the “Venus
flytrap” mechanism is composed of distinct molec-
ular events to ensure the specific biological function
of SBPs because the presence of the substrate is
communicated through a network of amino acids
located in both domains, triggering domain closure.

Results

Thermoprotection of the hyperthermophilic
archaeon A. fulgidus by GB and PB

AfProX possesses striking substrate specificity:
from all of the osmoprotectants tested, only GB and
PB are substrates (Fig. 1a). Both GB and PB typically
function as osmostress protectants in microorgan-
isms. However, we observed that these compounds
had no osmoprotective effect for A. fulgidus (Sup-
plementary Fig. 1). Therefore, the uptake of GB or PB
must serve another physiological role for this
hyperthermophilic archaeon. Since GB has been
shown previously to serve as a thermoprotectant in

different bacteria,20 we explored a possible thermo-
protective effect of GB and PB forA. fulgidus. Neither
GB nor PB had any effect on the growth ofA. fulgidus
when it was cultivated at its optimal growth
temperature of 83 °C (Supplementary Fig. 1). In
contrast, both compounds exerted a strong thermo-
protective effect for cells cultivated at the elevated
growth temperature of 90 °C. Without the addition
of GB or PB to the growth medium, A. fulgidus was
unable to grow at this temperature (Fig. 1b). Such a
striking thermoprotection of a hyperthermophilic
archaeon has never been observed before.

Mutational analysis of the ligand binding
site in AfProX

AfProX has previously been crystallized with
substrate at a resolution of 2.1 Å and 1.9 Å,
respectively.19 The positively charged trimethylam-
monium head group of GB and the dimethylammo-
nium head group of PB are wedged into an aromatic
cage that is formed by the main-chain carbonyl of
Asp109 and by four Tyr residues (Tyr63, Tyr111,
Tyr119, and Tyr214). Here, cation–π interactions are
key determinants for coordinating the head group.
The carboxylic tails of GB and PB protrude from this
cage and form two salt bridges and one hydrogen
bond with Lys13, Thr66, and Arg149, respectively.19
Binding of GB and PB to purified AfProX influenced
the spectroscopic properties of AfProX. Substrate
binding of these compatible solutes leads to an
increase of the intrinsic tryptophan fluorescence. We
exploited this feature to determine the apparent
affinity constants (Kd) for both substrates. AfProX
binds GB and PB with high apparent affinity, 60±
10 nM and 50±10 nM, respectively (Table 1). These
data represent high, but not unusual, apparent
affinities of SBPs5,21 of ABC transporters. To further
support our findings on the affinity ofAfProX for GB
and PB, we also determined a similar binding
constant of GB by isothermal calorimetry, revealing
a Kd of 100±30 nM (Supplementary Fig. 2). It is
important to note that, with both techniques, we
only observe the binding of the substrate, but we
cannot differentiate between an initial binding of the
substrate and subsequent domain closure.
According to the structure of AfProX,19 it is

evident that the substrate binding pocket is built
up by four tyrosines (Tyr63, Tyr111, Tyr190, and
Tyr214) and Lys13, Thr66, and Arg149. To further
understand the residues' roles in substrate binding,
we mutated them to alanine, and we measured the
substrate apparent affinity of the corresponding
mutants (Table 1). Mutation of any of the four
tyrosines reduced the apparent affinity, ranging
from 3.5±0.7 μM for Tyr214Ala to 149±17 μM for
Tyr63Ala, respectively (Table 1). Any one of the
double Tyr-to-Ala mutants was not able to bind GB
at all.

Table 1. Mutational analysis of the binding site of AfProX

Mutant Kd GB (μM) Kd PB (μM)

Wild type 0.06±0.01 0.05±0.01
K13A 107±20 101±12
Y63A 149±17 288±26
T66A 1.8±0.2 18±1.4
Y111A 76±4 148±28
E145A 2.7±0.5 23.2±4
F146A 6.6±0.6 4.0±0.5
Y190A 67±9 19±5
R149A 320±60 n.b.
Y214A 3.5±0.7 3.5±0.7
Double tyrosine mutations n.b. n.b.

The apparent affinities of wild-type AfProX and AfProX mutants
are summarized for GB and PB. No binding for any of the double
mutants was observed; hence, these mutants are not listed in the
table. n.b. indicates that no binding was observed under this
experimental setup.
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The Lys13Ala and Thr66Ala mutants also showed a
lower apparent affinity, 1.8±0.2 μM and 107±20 μM,
respectively (Table 1). The largest decrease in apparent
affinity in the case of a single mutation was observed
for the Arg149Ala mutation. Here, the apparent Kd
dropped to 320±60 μM for GB, and no binding could
be observed for PB (Table 1). This suggests a specific
role of Arg149 in the substrate binding to AfProX.

Crystal structure of Tyr111Ala AfProX

The Tyr mutations of the aromatic box had an
unexpectedly large effect on the apparent affinity of
AfProX for GB. Therefore, we crystallized one of
these mutants (Tyr111Ala) and solved its structure
in the presence of GB at 2.0 Å. Tyr111Ala has an
apparent affinity of 76±4 μM toward GB (Table 1).
Crystals were grown as described in Material and
Methods. A data set of the AfProX Tyr111Ala in
complex with GB was collected at beamline ID23

(European Synchrotron Radiation Facility, Greno-
ble, France) and processed using XDS.22 Initial
phases were obtained by molecular replacement
using the program Phaser,23 with the open unli-
ganded AfProX structure as template [Protein Data
Bank (PDB) entry: 1SW5].19 The final structure was
refined to a resolution of 2.0 Å. Data, refinement
statistics, and model content are summarized in
Table 2.
The structure of Tyr111Ala AfProX consists of two

domains, the ligand GB and a Hepes molecule
captured from the crystallization solution. Due to
the binding of Hepes in close proximity, Asn16
adopts an unusual conformation (as highlighted in
the Ramachandran plot). A comparison with the
open liganded structure and a closed liganded
structure revealed that the structure of Tyr111Ala
AfProX adopts an open liganded conformation, with
the hinge region positioned between residues 109–
111 and residues 213–215 (Fig. 2). The RMSD
between the two, open and closed liganded struc-
tures of AfProX, was analyzed by the DynDom
server.26 The RMSD after the superimposition of all
Cα atoms of the Tyr111Ala structure with respect to
the closed liganded structure of AfProX (PDB code:
1SW2) is 4.75 Å, whereas only minimal structural
differences were found with respect to the open
unl iganded structure (PDB code: 1SW5)
(RMSDb0.2 Å). In order to determine how much
domain II moves with respect to domain I when
going from the open to the closed structures, we
superimposed residues 1–105 and 207–270 of
domain I; subsequently, the RMSD was calculated
for Cα atoms of domain II only, which yields 13.3 Å.
When reporting the MD simulation results below,
the latter RMSD definition is used.
A comparison between the open liganded structure

and the open unliganded structure revealed that only
one loop (amino acids 142–153) differs (RMSD,
1.6 Å). This loop contains Arg149 that is part of the
substrate binding site in the closed liganded structure
and will be referred to as “Arg loop”.

The substrate binding site of the AfProX
Tyr111Ala variant

In the AfProX Tyr111Ala mutant, the trimethylam-
moniummoiety of GB is located at the same position
as in the closed liganded structure (Fig. 3). Although
GB lacks interactions with Tyr111, it is bound by
Tyr63, Tyr190, and Tyr214 of the aromatic cage and
further stabilized by interactions with Thr66, Asp109,
and the piperazinyl ring of the bound Hepes.
Notably, when compared to the closed structure of
the wild-type protein, the carboxyl tail of GB is
rotated by almost 180° in the AfProX Tyr111Ala
mutant. Here, GB interacts through a water molecule
with Thr66 and through two water molecules with
the side chain of Tyr190. As the carboxyl group of GB

Table 2. Crystallographic parameters

Space group P1
a, b, c (Å) 33.6, 36.9, 57.8
α, β, γ (°) 83.8, 80.5, 95.9

Data collection and processing
Wavelength (Å) 0.8726
Resolution (Å) 20–2.0
Mean redundancy 4.2 (4.3)
Unique reflections 17,040
Completeness (%) 92.6 (93.6)
I/sigma 47.7 (29.0)
Rsym

a 2.1 (4.3)

Refinement
RF

b (%) 17.8
Rfree

c (%) 24.4
Overall B-factor from Wilson scaling (Å2) 20.9
RMSD from ideal
Bond lengths (Å) 0.023
Bond angles (°) 0.956
Average B-factors (Å2) 7.6
Ramachandran plot (%)
Most favored 93.4
Allowed 6.2
Disallowed 0.4
Model content
Monomers per asymmetric unit 1
Protein residues 6–275
Ligands
GB 1
Hepes 1
H2O 300

Crystal parameters and data collection statistics are derived from
XDS.24 Refinement statistics were obtained from REFMAC5.25
Ramachandran analysis was performed using PROCHECK.
Numbers in parentheses correspond to the highest-resolution
shell (2.1–2.0 Å).

a R sym is defined as Rsym =
P

hkl
P

i j Ii hklð Þ −hI hklð Þi j =P
hkl

P
I Ii hklð Þ.

b RF is defined as RF =
P

hkl jFobs j − jFcalc j =
P

hkl jFobs j .c Rfree is calculated as RF but for 5% randomly chosen
reflections that were omitted from all refinement steps.
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forms a neither direct nor water-mediated interaction
with the Hepes molecule. Therefore, the orientation
of GB in the crystal structure of theAfProX Tyr111Ala
variant should not be influenced.
The binding sites in the closed liganded, open

liganded, and open unliganded structures of AfProX
are closely related because Tyr63, Tyr214, Lys13,
Thr66, and Asp109 are superimposable in all three
structures (Fig. 4a and b). However, the side chain of
Tyr190 is flipped in the closed structure by 130°

when compared to both open structures. Interest-
ingly, the position of the Tyr111 side chain in the
closed liganded structure is located at the position of
the side chain of Tyr190 in the open unliganded and
open liganded structures (Fig. 4a and b). This
implies that, during the opening and closing
movements of AfProX, the binding site does not
undergo a major conformational change; rather, it is
largely preformed in the open unliganded structure
and, thus, pre-dispositioned to capture GB. Still, the

Fig. 2. Overlay of Tyr111Ala AfProX with the closed liganded and the open unliganded structures of AfProX. (a)
Overall structure of AfProX highlighted as cartoons. (b) Overlay of the Tyr111Ala AfProX structure with the closed
liganded structure of AfProX (pink; PDB code: 1SW2). (c) Overlay of the Tyr111Ala AfProX structure with the open
unliganded structure of AfProX (light green; PDB code: 1SW5). The overlays were calculated using LSQMAN.

Fig. 3. The binding site of Tyr111Ala AfProX. (a) The GB binding site of Tyr111Ala AfProX is shown in sticks as is
Arg149 with its neighboring residues Asp145 and Glu151. Broken lines depict distances b3.5 Å between Arg149 and
Asp145 or Glu151. Bound GB is highlighted in blue. (b) A simulated annealing omit map is shown for GB. For clarity, only
the tyrosine residues of the binding site are shown. Both figures have slightly different orientations in order to show also
the density of the tail of GB.
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side chains of Tyr111 and Tyr190 need to reorient.
Furthermore, the largest movement is observed for
the Arg loop, which moves by approximately 10 Å,
starting from an outward-rotated orientation. This
leads to side-chain interactions of Arg149 with GB,
Tyr111, and Thr66, thereby complementing and
locking the binding site.

The role of Arg149

In addition to the direct interaction with GB and
residues that are part of the substrate binding
pocket (Tyr111 and Thr66), Arg149 is a major
determinant in domain–domain interactions in the
closed structure (Table 3). As such, Arg149 in-
teracts with Val70 (domain I) and Asp151 (domain
II), thereby acting as a linking element between the
two domains that enforces stable domain closure.
These interactions complement those mediated by
Pro172 of domain II, where Pro172 interacts via its
Cα atom and a water molecule with Glu155 of
domain II. Together, this provides a further
explanation for the crucial role of Arg149 for the
stability of the closed liganded state.

Fig. 4. Overlay of the Tyr111Ala AfProX binding sites. (a) The binding site of Tyr111Ala AfProX (shown in blue) is
overlaid with the closed liganded structure (white). Residues involved in substrate binding are highlighted. In purple, the
orientation of GB in the open liganded structure, and in green, the orientation as observed in the closed liganded
structure. (b) The binding site of Tyr111Ala AfProX (shown in blue) is superimposed with the open unliganded structure
(orange). Residues involved in substrate binding are highlighted. For simplicity, Asp109 was not included in (a) and (b).
We note that this residue superimposes perfectly in both structures.

Table 3. Summary of the interactions of domain I and
domain II in the closed form of AfProX

Amino acid Atom
Interaction
partner Atom

Distance
(Å)

Pro172 Cδ Pro14 O1 3.4
Cη O1 3.3
Cβ Tyr190 OH 3.6
Cη OH 3.6

Glu155 NE1 Water–Pro76 CG 3.3
Cα 3.3

Glu145 Oɛ1 Thr45 N 2.8
Oɛ2 Thr45 Cη 2.5

Asp151 OD2 Tyr214 CZ 2.6
Arg149 NH1 Tyr111 OH 3.5

NH1 Betaine O2 3.1
NH1 Glu145 OE2 3.0
NH2 Tyr111 OH 3.8
NH2 Thr66 OG1 2.8
NH2 Thr66 Cβ 3.5
NH2 Thr66 Cα 3.6
CZ Val70 Cη2 3.6
NE Val70 Cη2 3.3
NE Asp151 OD1 2.8
NH2 Tyr111 OH 3.8
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Partial domain closure of AfProX occurs even in
the absence of GB

To study the role of Arg149 in domain closure of
AfProX in further detail, we performed MD simu-
lations starting from the open liganded AfProX
structure with bound GB. Here, Ala111 was mutated
in silico to Tyr in the Tyr111Ala AfProX crystal
structure. After 50 ps of MD simulation, GB
reoriented from the configuration observed in the

Tyr111Ala crystal structure to the configuration seen
in the closed structure (Supplementary Fig. 4). In the
initial configuration, only water-mediated interac-
tions are formed between the carboxyl moiety of GB
and AfProX. After the reorientation, the carboxyl
moiety of GB forms a hydrogen bond with Thr66
and a salt bridge with Lys13. Furthermore, after 4 ns
of MD simulation, GB dissociates from AfProX and
does not re-associate during another 196 ns of
simulation time (Supplementary Fig. 5). Notably,

Fig. 5. MD simulation started from the open liganded wild-type AfProX structure tethering GB in the binding site. (a)
RMSD of domain II with respect to the closed liganded structure (red); RMSD of GB with respect to the starting structure
(green); (b) RMSD of Tyr111 and Tyr190 with respect to the closed structure (red); minimal distance between Oɛ atoms of
Glu145 and NH atoms of Arg149 (green). The broken line indicates the simulation time at which the conformation shown
in Fig. 6 was extracted.
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after 50 ns of MD simulation, unliganded AfProX
undergoes a drastic conformational change: domain
II comes as close as 2 Å RMSD to the configuration
found in the closed AfProX structure (Supplemen-
tary Fig. 5). During the remaining 150 ns of MD
simulation, domain II repeatedly opens again but
always returns to the configuration of the closed
structure. In summary, MD simulations that started
from the open AfProX structure reveal that a
tendency of domain closure exists even in the
absence of GB. Such motions are inline with the
“Venus flytrap mechanism”4 and have been exper-
imentally verified for MBP.12

Coupled structural reorganization in the binding
site upon domain closure

In order to determine the coupling of conforma-
tional changes in the ligand binding site that occurs
upon domain closure in the presence of GB, we
repeated MD simulations starting from the open
liganded AfProX structure. However, this time, GB
was restrained to the ligand binding site to prevent
dissociation. Again, a domain closure was observed,
with domain II coming as close to the ligand-bound
state as 4.2 Å RMSD (Figs. 5a and 6a). Notably, this
state is reached after 11 ns, about five times faster

Fig. 6. Overlay of the open structure (orange), the closed structure (white), and the conformation extracted after 11 ns
from the MD simulation started from the open liganded wild-type AfProX structure, in which GB was tethered in the
binding site (blue). (a) Domain II of the extracted conformation comes as close as 4.2 Å RMSD to the closed structure. (b)
Close-up view of the tyrosine pocket.

43Arg149 Switches AfProX from Low to High Affinity



Author's personal copy

than in the absence of GB (Fig. 5a). Although single
events that occur only once during a MD simulation
must be interpreted with caution, these results
indicate that binding of GB facilitates conformation-
al changes occurring during the transition from the
open state to the closed state. Furthermore, domain
closure is accompanied by a reorientation of GB (Fig.
5a). In parallel, the Tyr cage that coordinates the
binding of the trimethylammonium moiety of GB
via cation–π interactions starts to adopt the confor-
mation observed in the closed structure (Fig. 5b). In
this process, Tyr111 shifts about halfway between

the conformations of the open and closed structures,
whereas the conformation of Tyr190 is still close to
the one observed in the open structure (Fig. 6b). For
Tyr111 to reach its final position, Tyr190 must
reorient. In addition, the minimal distance between
any Oɛ atom of Glu145 and any NH atom of Arg149
fluctuates between 2.8 Å and ∼6 Å during the first
8 ns of simulation time (Fig. 5b), indicating the
temporary formation of a salt bridge. This salt
bridge consolidates during the next 2 ns, after which
it is almost permanently formed for another 2 ns.
Upon domain opening after about 12 ns of

Fig. 7. MD simulation started from the closed liganded AfProX structure for wild-type AfProX (red) and Arg149Ala
AfProX (green). RMSD values of domain II with respect to the open AfProX structure are shown.

Fig. 8. Proposed mechanism of AfProX during substrate capturing and high-affinity binding. (a) The open
conformation of the binding site of AfProX is shown. (b) The ligand GB is captured and bound in the binding site. (c)
Binding of the substrate triggers closure of the two domains via the Tyr190-Tyr111-Phe146 network. In the closed
structure, Arg149 interacts with GB (blue; broken line). All highlighted distances (broken lines) are between 3.2 Å and
3.8 Å.

44 Arg149 Switches AfProX from Low to High Affinity



Author's personal copy

Fig. 9. (legend on next page)
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simulation time, the interaction between Glu145 and
Arg149 breaks up, and Glu145 and Arg149 remain
fluctuating between a salt-bridge-formed state and a
complete separation for the remainder of the
simulation time. Thereby, maxima of the domain
II–RMSD curve (Fig. 5a) are significantly paralleled
by large Glu145–Arg149 distances (Fig. 5b), again
demonstrating in a remarkable way the coupling of
events that lead to domain closure and opening of
the AfProX protein.
To further investigate the central role of Arg149 for

the domain closure, we performed unrestrained MD
simulations starting from closed liganded wild-type
andArg149AlaAfProX structures. Over the course of
50 ns of simulation time, the wild-type structure
starts to open up once but immediately returns to the
closed conformation (Fig. 7). In contrast, opening of
the domains is observed earlier, more frequently,
and more pronounced in the Arg149Ala structure.
Most notably, after opening, theArg149Ala structure
never adopts its closed conformation again.

Substrate binding triggers domain closure to a
closed state with a “loaded spring”

The above-described experiments unambiguously
established the importance of Arg149 for the high-
affinity binding of GB (or PB) to AfProX. Further-
more, GB provides protection against thermal
increases in the habitat of A. fulgidus (see above),
and the response to such fluctuations must be fast.
Thus, binding and release of GB (or PB) to and from
AfProX must be fast. This raises the question if an
initial binding of GB (or PB) can trigger a domain
closure leading to a closed conformation stabilized
by Arg149. To identify such a possible triggering
mechanism, we analyzed interactions of the bound
substrate in the open liganded structure with
Arg149. Already in this state, the presence of GB is
communicated to Arg149 through interactions of the
side chains of Tyr190, Tyr111, and Phe146 via a
direct side-chain network. Interestingly, this net-
work does not change during the transition from the
open state to the closed state as judged by unaltered
distances of these amino acids in both forms.
Together with the information from MD simula-

tions, this suggests the following substrate-induced
triggering mechanism in AfProX. As highlighted in
Fig. 8a, the open conformation appears to be stable
and ready to bind GB (or PB) due to the largely

preformed ligandbinding site. The next state, afterGB
binding, is representedby the open liganded structure
of AfProX presented here (Fig. 8b). In this state, GB
interacts with Tyr190 (distance between the Cα atom
ofGBand theCɛ1 atomof Tyr190: 3.8Å). Immediately
after binding, GB reorients around its trimethylam-
monium group to the configuration seen in the closed
structure and observed in the MD simulation. This
reorientation leads to GB attracting the side chain of
Tyr190 and Tyr111. The additional cation–π interac-
tions between Tyr111 and Tyr190 and GB's trimethy-
lammonium group are energetically favorable; their
formationmay thus be the cause why domain closure
is facilitated in the ligand-bound state compared to
the unliganded structure as observed in the MD
simulations. The Tyr111 and Tyr190 movements are
relayed to Arg149 via the above-described interac-
tions. Ultimately, the reorientation of GB triggers
domain closure and induces the high-affine closed
liganded conformation in which Arg149 comple-
ments and locks the binding site and stabilizes the
closed state (Fig. 8c).
Duringdomain closure, part of theArg loop changes

fromanα-helical conformation in the open structure to
an unwound conformation in the closed liganded
structure. This change leads to a “loaded spring”,
which is restrained by a salt bridge of Arg149 (domain
II) with the carboxyl group of GB. GB itself forms
additional salt bridges with Lys13 and Thr66 of
domain I. If the Arg149–GB interaction is disrupted,
the Arg loop will adopt its energetically favored,
“relaxed”helical conformation. This results in opening
of AfProX and release of the substrate. As a conse-
quence, AfProX should not bind solutes that lack a
carboxyl group (e.g., choline). Since the exact posi-
tioning of the carboxyl group is important, compatible
solutes with increased size should not induce a stable
closed conformation, and this is precisely what is
observed in competition assays (Fig. 1a). Hence, our
structural analysis provides a rational for the observed
substrate specificity of AfProX.

Discussion

High-affinity ligand binding by the AfProX SBP

The crystal structures of wild-type AfProX in
complex with GB and PB and an open unliganded

Fig. 9. Substrate-induced triggering mechanism in SBPs. By comparing the open unliganded and closed liganded
structures of SBP, we can detect a triggering mechanism. Left panel: the superimposition of the overall structure shown in
cartoon representation using domain I as anchor point. The open unliganded structure is colored cyan, and the closed
liganded structure is colored orange. Right panel: the binding site of both superimposed structures is shown and colored
the same as above. The interactions are shown as broken lines with the same color coding. The amino acids involved in
substrate binding were compared, and a network was deduced based on the interaction distances which are at most 4 Å.
For clarity, the substrate in the closed binding site is not shown. (a) MBP from E. coli; (b) ribose binding protein from
E. coli; (c) SIAP from H. influenzae.
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configuration were previously reported.19 The latter
structure is thought to represent the open confor-
mation of AfProX as suggested by the “Venus
flytrap model”.4 AfProX exhibits high affinities for
its substrates, and it is highly substrate specific for
GB and PB (Fig. 1a), which serve as thermoprotec-
tants for A. fulgidus (Fig. 1b). To our knowledge,
thermoprotection of a hyperthermophilic archaeon
by an externally provided compatible solute has
never been described before, although both com-
patible solutes possess thermoprotective properties
for mesophilic bacteria.20
We probed the contribution of individual residues

within the substrate binding site of AfProX to
ligand binding and found that mutating the Tyr
cage reduced the apparent ligand binding affinity
between 60-fold (Tyr214Ala; apparent Kd=3.5±
0.7 μM) and 2400-fold (Tyr63Ala; apparent
Kd=149±17 μM). Mutating any two Tyr residues
in the aromatic cage to Ala abrogated ligand binding
(Supplementary Table 1). Similar effects have been
observed for the ectoine binding protein EhuB from
Sinorhizobium meliloti,27 GB/PB-specific OpuAC
from Bacillus subtilis,28 and ProX from Escherichia
coli.29 In each of these SBPs, cation–π interactions
also contribute strongly to ligand binding.

Switching AfProX from low affinity to
high affinity

In AfProX, Arg149 plays a distinct role in substrate
binding, as its substitution by an Ala residue resulted
in a loss of the apparent binding affinity (apparent
Kd≈50–70 nM to apparent Kd≈300–400 μM). In the
open liganded structure, Arg149 is located ∼10 Å
away from its position in the closed liganded structure.
Hence, the ligand binding site is laid open, and the
substrate has free access to the binding pocket. Our
data suggest that Arg149 is the final amino acid to
interactwith the substrate and, thereby, capturesGBor
PB in the high-affinity closed state of AfProX.

Domain closure triggered by substrate binding

The “Venus flytrap” model describes the opening
and closing of SBPs, where the equilibrium between
these two conformations is shifted toward the closed
state upon substrate binding.30 Many crystal struc-
tures of SBPs have been solved in the open unli-
ganded, closed liganded, and, more rarely, in the
closed unliganded states.4,10,19,31 In striking contrast,
only a few proteins have been crystallized in an open
liganded conformation. Examples are the LIV (leu-
cine-isoleucine-valine) binding protein, where the
substrate was soaked into preformed crystals of the
unliganded protein30 and the open liganded form of
MBP.13 In the case ofMBP, the nonnatural substrateβ-
cyclodextrin is bound, which is not transported,
however.13 In the open liganded structures of LIV or

MBP, the binding site is completely accessible, and the
substrate is bound by amino acids that originate from
only one domain. In the case of MBP, it was therefore
postulated that maltose interacts first with aromatic
groups of the C-terminal domain in open state.32
Subsequently, the complex converts into the stable
closed conformation. However, MD studies of MBP
demonstrated that the unliganded protein can adopt a
wider variety of conformations than the maltose-
bound state, indicating that ligand binding not only
affects the relative orientation of the two domains but
also attenuates their movement relative toward each
other.33 In contrast to the situation described for MBP,
we found that the substrate binding site of AfProX is
preformed in the open conformation. Thus, only a
slight reorientation has to occur to optimize the
binding site toward its closed conformation. Still,
although the open conformation contains a largely
assembled binding site, it exhibits only low binding
affinity toward GB or PB. Our mutational analysis of
AfProX revealed a distinct role of Arg149 in substrate
binding: the movement of this residue, which
complements the binding site in the closed AfProX
structure, switchingAfProX from a low-affine state to
a high-affine state by locking the binding site and
mediating domain–domain interactions, thus finally
trapping the ligand.

Comparison with other SBP

In this study, Arg149 plays an important role for
the binding affinity of GB in AfProX because it
changes the binding site from low affinity to high
affinity, and it is involved in domain–domain
interaction and domain closure. Especially, the
triggering mechanism postulated here is intriguing.
The question arises whether this is a general
phenomenon observed in other SBPs as well.
Despite the fact that there are a large number of
crystal structures known for SBP of ABC trans-
porters and tripartite transporters, only a few have
been crystallized in an open unliganded conforma-
tion and in a closed liganded conformation.
Therefore, we compared the open and closed

structures of the available examples: the MBP and
the ribose binding protein from E. coli and the N-
acetyl-5-neuraminic acid binding protein (SIAP)
from Haemophilus influenzae.34 The first two binding
proteins belong to the ABC transporter family,
whereas the latter one belongs to the TRAP (tripartite
ATP-independent periplasmic) transporter binding
protein family. Domain I of each system was chosen
as an anchor point for the superposition of both
conformations; this domain showed an almost
perfect overlay in all three cases (RMSDb0.8 Å).
Comparing the substrate binding site of MBP in its

open unliganded and closed liganded structures
reveals that Met330 undergoes only a small move-
ment of 2.5 Å. Similar to Arg149 inAfProX,Met330 is
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connected, via a network of side-chain interactions,
to those amino acids that participate in substrate
binding. This network forms through the following
amino acids: Met330-Tyr155-Glu153-Arg344. Fur-
thermore, Tyr155 interacts with Trp230 and Phe156.
The distances within this network do not differ in the
open and closed structures; however, the absolute
positions of these amino acids change by 6–10 Å,
suggesting a rigid-body movement. That way, the
small movement ofMet330 seems to trigger a pulling
event toward all amino acids involved in substrate
binding in the second MBP domain. In addition,
Met330 also interacts with Phe258, which is located
at the beginning of a β-sheet. It has been shown that
these β-sheets are important for stabilizing the
closed conformation as it contains Gly260, which is
part of a salt bridge only observed in the closed
conformation of MBP33 (Fig. 9a).
In ribose binding protein, the substrate is bound by

several amino acids originating from both domains.
Here again, the superimposition of the open unli-
ganded structure and the closed liganded structure
revealed a perfect overlay of domain I. In domain II,
however, the amino acids undergo a significant
movement. Here, a network that starts at the side
chain of Gln235 and, in addition, contains Phe15,
Phe16, Asn64, Arg90, and Asp89 was identified.
Gln235 is also in contact with the substrate in the
liganded structure, similar to Met330 in MBP and to
Tyr110 in AfProX, which undergoes a small confor-
mational change of 1.5Åduring closing and is located
directly at the hinge between both domains. This
explains the small movement. In total, this highlights
the importance of this single amino acid for ligand
binding, as seen for Met330 (MBP) and Arg149
(AfProX), too (Fig. 9b).
SIAP is the binding protein of the N-acetyl-5-

neuraminic acid TRAP transporter from H. influen-
zae. Here, a specific role in ligand binding can be
assigned to Arg127. Besides the interaction with the
substrate in the closed conformation, a side-chain
interaction network is observed through interactions
with Pro149 and Asn187. Asn187 itself is in contact
with Phe170 and Arg147, which are the residues of
domain II that build up the substrate binding site in
SIAP. Here and inMBP and RBS, the distances in the
network do not change in the open and closed forms
of the structures. In SIAP, Arg127 has been mutated
to Ala and Lys. In competition assays, the activity of
SIAP has altered for Arg127Ala and Arg127Lys.
Furthermore, no binding of a substrate to the
Arg27Ala mutant could be observed anymore by
isothermal calorimetry35 (Fig. 9c).

Substrate release by external modulation of
Arg149 interactions

The Arg loop of the AfProX protein has an
α-helical conformation in the open structure. In the

closed liganded structure, however, this helix is
unwound. The energetic cost of unwinding is
diminished by multiple interactions of Arg149
with domain II of AfProX and GB. Furthermore, in
the closed liganded structure, the side chain of
Arg149 interacts with Glu145, whereas no such
interaction occurs in the open structure. Finally, salt-
bridge formation between Arg149 and Glu145 upon
domain closure is also observed during the MD
simulations (see above). Interestingly, Glu145 is
exposed at the membrane-facing side of AfProX.
Taken together, our data suggest a model in

which a conformational change in the membrane
components (ProW-1, ProW-2) and the ATPase
(ProV) of the ProU ABC transporter from A.
fulgidus might result in the manipulation or even
in the disruption of the Glu145–Arg149 salt bridge.
This event is expected to weakened the interac-
tions of Arg149 with GB or PB, which, in turn,
would induce a reformation of the helical confor-
mation of the Arg loop. Thereby, the binding site
of the AfProX protein would become accessible.
Consequently, the affinity of the substrate binding
site would change from low nanomolar to medium
micromolar range, inducing the release of GB/PB
into the substrate translocation pathway of the
ProU transporter for ATP-dependent import.
In summary, Arg149 acts as a trigger to ensure a

fast and efficient ligand capture. A preformed ligand
binding site that only requires a single amino acid to
switch the system from a low- to a high-affine state
is a perfect solution to environmental restraints. Our
data imply that distinct molecular events such as a
single amino acid switch are operational in the
overall “Venus flytrap” mechanism to ensure the
specific biological function of SBPs.

Materials and Methods

Heterologous expression and purification of AfProX

AfProX was heterologously expressed using the E. coli
strain BL21 CodonPlus RIL strain containing the proX+

plasmid pHG26, a derivative of the pASKIBA6 expression
vector (IBA, Göttingen, Germany). A 10-l glass flask
containing 5 l of MMA supplemented with 150 μg ml−1 of
ampicillin, 30 μg ml−1 chloramphenicol, 0.5% glucose, and
0.2% casamino acids was inoculated to an OD578 of 0.1
from an overnight culture. Cells were grown at 37 °C with
vigorous stirring until the culture had reached
OD578=0.6–0.7. Expression was induced by the addition
of anhydrotetracycline (final concentration, 0.2 μg ml−1).
Cells were grown for an additional 2 h and were
subsequently harvested by centrifugation (10 min,
3000g). To release the periplasmic proteins, we resus-
pended the cell paste in 50 ml ice-cold buffer P [100 mM
Tris–HCl (pH 8), 500 mM sucrose, and 1 mM ethylene-
diaminetetraacetic acid]. After a 30-min incubation on ice,
the periplasmic protein extract was harvested by
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centrifugation (15 min, 21,000g at 4 °C), followed by an
ultracentrifugation step (30 min, 120,000g at 4 °C) to
remove insoluble material. The supernatant was then
loaded onto a 10-ml Strep-tactin column (IBA) equili-
brated with buffer W [100 mM Tris–HCl (pH 8)]. The
column was washed with 5 column volumes of buffer W,
and bound proteins were released from the affinity resin
by washing the column with buffer E [100 mM Tris–HCl
(pH 8) and 2.5 mM desthiobiotin]. Since a portion of the
pro-OmpA signal sequence was not proteolytically re-
moved from the ProX protein by the E. coli cells, the
purified ProX protein was cleaved with factor Xa (1 μg
factor Xa per 200 μg ProX) for 16 h at room temperature in
a buffer containing 100 mM Tris–HCl (pH 8), 100 mM
NaCl, and 1mMCaCl2. This proteolytic cleavage removed
the OmpA signal sequence and the Strep-tag sequence,
thereby resulting in AfProX containing no N-terminal
extensions. To remove factor Xa from the solution, we
diluted the protein solution 1:2 with deionized water and
loaded them on a UnoQ6 column (Bio-Rad, Muenchen,
Germany) equilibrated with 50 mM Tris–HCl (pH 8)
(buffer A). The column was washed with 20 ml buffer A,
and the protein was eluted with a linear NaCl gradient.
AfProX was eluted at 250 mM NaCl. AfProX was
subsequently dialyzed overnight against 5 l of 10 mM
Tris–HCl (pH 7.5) at 4 °C and stored until further use at
4 °C. In general, 2 mg of pureAfProX protein was obtained
per 1 l of overproducing cells.

Substrate binding of the purified AfProX protein

To study substrate binding properties of AfProX, we
used the ammonium sulfate precipitation technique of
Richarme and Kepes.36 AfProX (5 μM) was incubated at
85 °C (or at other temperatures as indicated) with 5 μM
[1-14C]GB in a volume of 100 μl of 10 mM Tris–HCl
(pH 7.5) for 5 min. AfProX was then precipitated by the
addition of 900 μl of an ice-cold saturated ammonium
sulfate solution. After a 5-min incubation on ice, the
mixture was sucked through cellulose filters (0.45-μm
pore size; Schleicher and Schuell, Dassel, Germany), and
the radioactivity retained by the filters was determined by
liquid scintillation counting. To determine the substrate
specificity of AfProX, we incubated the protein at 85 °C
with 5 μM radiolabeled GB and a 40-fold excess of
different unlabeled compatible solutes, and we then
further treated the samples as described above.

Determination of the apparent binding affinity (Kd) of
AfProX using fluorescence spectroscopy

All spectra were obtained at room temperature with a
VARIAN CARY Eclipse fluorometer (VARIAN, Darm-
stadt, Germany). Emission scans were collected at an
excitation wavelength of 280 nm from 290 nm to 450 nm.
Measurements were carried out in 1 ml of 10 mM Tris–
HCl (pH 7.5). Five micrograms of AfProX protein was
added to the buffer, and the solution was mixed. To titrate
the protein, we added 5 μl substrate from a 40-μM GB or
PB stock solution. After substrate addition, the sample
was mixed in the cuvette, and the change in the
fluorescence was recorded. This step was repeated until
a stable fluorescence signal was obtained. Assuming one

binding site per monomer in AfProX, the Kd for substrate
binding was determined by nonlinear least-squares fitting
of the data to the following equation: F=F0+(DF/2P0)
[(Kd+P0+L0)− ((Kd+P0+L0)2−4L0P0)1/2], which correct
for the concentration of the receptor. F is the measured
fluorescence; F0 is the fluorescence of AfProX; DF is the
change in fluorescence at saturation; P0 and L0 are the total
concentrations of protein and substrate. The change in
fluorescence, however, gives no information about the
open or closed state of the protein. We can only observe
binding of the substrate without any information of the
conformation of AfProX.

Crystallization

AfProX crystals were obtained using the hanging-drop
method at 293 K against a reservoir solution of 100 mM
Hepes (pH 7.0), 15–25% polyethylene glycol 6000, and 15–
25% polyethylene glycol 8000. AfProX was incubated with
10 mM GB prior to crystallization. Crystals grew slowly
and appeared after 1 month. They were flash frozen in
liquid nitrogen withmother liquor supplemented with 20–
25% ethylene glycerol as cryoprotectant.

Data collection, refinement, and structure analysis

AfProX crystals diffracted X-rays beyond 1.6 Å. How-
ever, for refinement purposes, the data set was truncated
at a resolution of 2.0 Å. The data set was collected at the
ID23-EH2 beamline at the European Synchrotron Radia-
tion Facility and processed with XDS.22 AfProX in the
ligand-free form (PDB code: 1SW5)19 was used as a
template to obtain initial phases using Phaser.23 The
structure was further refined using REFMAC525 and
Coot.37 Data set and refinement statistics are listed in
Supplementary Table 2. As analyzed with PROCHECK,38
the Ramachandran plot of AfProX shows one residue in
the disallowed region. However, this residue interacts
with the bound Hepes molecule, which explains the rather
unusual conformation. Figures of protein molecules were
prepared using PyMOL‡.

MD simulations

MD simulations were performed with the Amber 10
suite of programs,39 together with the force field as
described by Cornell et al.,40 using modifications sug-
gested by Simmerling et al.41 In total, four different MD
simulations were performed: (i) open liganded wild-type
AfProX. The starting structure was generated by mutating
Ala111 in the crystal structure of Tyr111AlaAfProX to Tyr.
The simulation length is 200 ns; (ii) open liganded wild-
type AfProX. In contrast to (i), a distance restraint by
means of a harmonic potential was applied between the
ammonium nitrogen of GB and the N of Asp109 of
AfProX. The simulation length is 25 ns; (iii) closed
liganded wild-type AfProX. The starting structure was
taken from PDB code: 1SW4.19 The simulation length is
50 ns; (iv) closed liganded Arg149Ala AfProX. The starting

‡www.pymol.org
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structure was generated from the closed liganded wild-
type AfProX structure by mutating Arg149 to Ala. The
simulation length is 50 ns.
In all cases, the starting structure was placed into an

octahedral periodic box of TIP3P water molecules.42 The
distance between the edges of the water box and the
closest atom of the protein was at least 11 Å, resulting in a
system of ∼43,000 atoms. The system was minimized by
50 steps of steepest descent minimization followed by 450
steps of conjugate gradient minimization. The particle
mesh Ewald method43 was used to treat long-range
electrostatic interactions, and bond lengths involving
bonds to hydrogen atoms were constrained using
SHAKE.44 The time step for all MD simulations was 2 fs,
with a direct-space nonbonded cutoff of 8 Å. Applying
harmonic restraints with force constants of 5 kcal mol−1
Å−2 to all solute atoms, we carried out canonical ensemble
(NVT)-MD for 50 ps, during which the system was heated
from 100 K to 300 K. Subsequent isothermal isobaric
ensemble (NPT)-MD was used for 150 ps to adjust the
solvent density. Finally, the force constants of the
harmonic restraints on solute atom positions were
gradually reduced to zero during 100 ps of NVT-MD.
The following NVT-MD at 300 K with a time constant of
10 ps for heat-bath coupling was used for analysis, with
conformations extracted every 20 ps. Atomic charges for
the GB ligand were generated following the RESP
procedure;45 force field parameters for GB were taken
from GAFF.46
For the analysis of the trajectories, conformations were

superimposed with respect to the Cα atoms of domain I.
This resulted in an almost perfect overlay in all cases.
RMSD values with respect to the open or closed starting
structures were then determined for Cα atoms of domain
II or for atoms of GB.

Accession number

Coordinates and structure factors have been deposited
in the PDB with accession number 3MAM.
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