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ABSTRACT: Bacterial periplasmic binding proteins (PBPs)
are involved in the translocation of small molecules in the
periplasm. To unload, the two domains of a PBP open up,
allowing the ligand to exit. However, it is not clear whether
there are dynamics near the binding site which can facilitate
the rapid dissociation of a ligand. To visualize such dynamics,
we utilized paramagnetic relaxation enhancement (PRE) NMR
and introduced a rigid paramagnetic probe to a PBP,
glutamine-binding protein (QBP) with its cognate ligand
bound. A paramagnetic Cu(II) ion is sandwiched between an

@
o

- Q-factor=0.32

) Q-factor=0.18

w 0

T —

o

o 40 o

2

S

320

S AT Phe13
L1}

0 20 40 60 80
Observed PRE (s™)

engineered di-histidine motif at a helix and an NTA capping molecule. The afforded paramagnetic probe is so rigid that PRE
values calculated from a single structure of holo QBP largely agree with the observed values. The remaining PRE discrepancies,
however, manifest dynamics of a loop in the opposite domain from the paramagnetic probe. This loop packs against the
glutamine ligand in the holo QBP and undergoes fluctuations upon ligand dissociation, as assessed by steered molecular dynamics
simulations. As such, the loop dynamics, occurring for a small population in nanosecond to microsecond time scale, may be
related to the ligand dissociation process. The rigid paramagnetic probe described herein can be grafted to other protein systems

for structure and dynamics studies.

B acterial periplasmic binding proteins (PBPs) are involved
in binding and translocating different nutrients and solutes
in the periplasm, such as carbohydrates, amino acids, and metal
ions.! A PBP comprises two separately folded domains
connected by a rather flexible linker. When binding to its
cognate ligand, the two domains of PBP undergo hinged
movement and clamp onto the ligand.> Maltose-binding
protein (MBP) binds to maltose or maltodextrin, with a
rotation of ~35° between the two domains from the apo to holo
state.” While at the apo state, MBP transiently samples a
partially closed conformation,® which may facilitate the ligand
recognition and association.” Another PBP, glutamine-binding
protein (QBP), undergoes a ~56° reorientation upon binding
to its ligand (Figure S1, Supporting Information). However,
transient domain closure for apo QBP was not visible to
experimental inspection, possibly as a result of a more rigid
linker.*” In contrast, little effort has been devoted to
characterize the dynamics of holo PBPs, regarding the
mechanism for ligand dissociation and protein turnover.

A PBP binds to its ligand with a Ky, value typically around 1
uM. Owing to the binding energy, a holo PBP is more stable
than its apo counterpart. The binding free energy estimated for
the holo QBP® amounts to —57.8 kcal/mol (Table SI,
Supporting Information). For MBP, the protein is ~16 kcal/
mol more stable when adopting a holo closed conformation
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than adopting a ligand-free closed conformation.® Therefore, to
release its ligand when docked at a membrane transporter, a
holo PBP has to have the two domains pried open. This is
triggered by a conformational switch of the associated
transporter.” Subsequently, the ligand dissociates from PBP
and is translocated through the inner membrane. However, the
ligand may still be tightly bound with one of the two domains
(Figure S1, Supporting Information), and it is not clear whether
there are dynamics close to the binding site facilitating a
seemingly passive dissociation process of the ligand.
Paramagnetic relaxation enhancement (PRE) NMR allows
direct visualization of protein structure and dynamics, by
attaching a paramagnetic probe at a desired site of an otherwise
diamagnetic protein system.'®”'* Arising from dipolar inter-
actions between an unpaired electron of the paramagnetic
probe and protein nuclei,"”'* PRE provides hundreds of long-
range distance measurements at once. More importantly, owing
to <r~°> distance averaging, PRE NMR permits visualization of
protein transient structure, providing a shorter distance
between the probe and some part of the protein in the
transient structure than in the ground-state structure.”'>~°
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The observation point of PRE, a paramagnetic probe is
introduced either by chemical conjugation or by protein
engineering. Multiple rotatable bonds connect the para-
magnetic probe and protein backbone, often resulting in a
larger conformational space for the paramagnetic center. For
example, the widely used MTSL probe has a distribution
diameter of more than 10 A (Figure S2, Supporting
Information). The uncertainty of the paramagnetic center
compromises the accuracy of the PRE distance measurement.
Consequently, subtle protein dynamics with a length-scale
smaller than the conformational space of the probe may not be
discerned, as a compensatory movement of the probe can also
account for the observed PREs. To accurately depict protein
structure and to detect subtle protein dynamics, a rigid
paramagnetic probe with respect to the protein is highly
desirable. Hubbell and co-workers developed a series of MTSL
derivatives by introducing a bulky hydrophobic group at the 4-
position of the five-member ring,”" which greatly restricts its
mobility when conjugated to protein via disulfide bond.**
Alternative, a paramagnetic probe can be introduced to protein
via two attachment points, either two adjacent cysteine
residues,”>** or one cysteine residue and an acidic residue
nearby.”>*® A paramagnetic lanthanide metal binding site has
also been engineered,”” and the probe can be rigidified with a
disulfide anchor.”®

In the present study, to visualize the dynamics of holo QBP,
we designed a Cu(Il)-based paramagnetic probe, with the metal
ion sandwiched between a di-histidine motif engineered at a
protein helix and a small capping molecule. The probe affords
PRE measurements mostly consistent with the protein
structure, which attests to the rigidity of the probe. The
remaining discrepancy in PRE, however, reveals subtle
dynamics of a loop in the QBP, which may be involved in
ligand dissociation.

B EXPERIMENTAL PROCEDURES

Protein Sample Preparation. Double histidine mutations,
either 33H/37H or 140H/144H, were introduced to E. coli
glutamine-binding protein (QBP) through site-directed muta-
genesis (Stratagene). Wildtype and mutant proteins were
expressed in BL21 star cells and were purified from CM fast-
follow, S-100 Sephacryl, and mono-S chromatography columns
in tandem (GE Healthcare). Nitrilotriacetic acid (NTA, Figure
1 inset) and other chemicals were purchased from Sinopharm.
To prepare the holo protein, 1 mM glutamine was added
throughout the purification, and unbound ligand was removed
by ultrafiltration in Amicon Ultra (Millipore).

Isothermal Titration Calorimetry (ITC) Measurement.
A 40 uM 140H/144H dihistidine mutant of holo QBP in 10
mM pH 7.5 Tris-HCI buffer containing 100 mM NaCl was
placed in reservoir at 303 K on a VP-ITC (GE Healthcare) and
was titrated with CuCl, at a concentration of 440 yM in the
matching buffer, premixed with equimolar NTA. The first data
point was removed when fitting the titration isotherms using
MicroCal Origin. The dilution effect was taken into account
and subtracted by titrating Cu(II)-NTA into the same buffer.

NMR Spectroscopy. Protein samples were prepared in the
same buffer as ITC, and the paramagnetic sample contains 0.5
mM equimolar mixture of '*N-labeled protein and Cu(II)-
NTA. The data were collected on a Bruker 700 MHz or 800
MHz spectrometer equipped with a cryogenic probe at 303 K.
PRE I', values for backbone amide protons were measured
using a two-time-point scheme with a delay of 24 ms between
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Figure 1. Dissociation constant K, value measured using ITC, with
holo QBP HI140/H144 dihistidine mutant titrated with Cu(II)
premixed with equimolar NTA. The raw data (top panel) is converted
to heat per injection. The fitted curve using one-site binding model is
shown as a solid line (lower panel). Inset: structure diagram of NTA.

the two time points.”” The NMR spectra were processed and
analyzed using NMRPipe.”® To evaluate intermolecular
contributions, PRE data were also collected for an equimolar
mixture between “N-labeled wildtype and unlabeled para-
magnetically tagged mutant proteins, as well as for an
equimolar mixture between '*N-labeled wild-type protein and
Cu(II)-NTA.

Structure Calculation. Protein structure was taken from
PDB coordinates for IWDN,® and histidine mutations were
introduced by editing the PDB file in PyMOL (The PyMOL
Molecular Graphics System, Version 1.5 Schrodinger, LLC).
The conformation for histidines and Cu(II) were optimized
against bond, angle, improper, van der Waals terms, and PRE
restraints using Xplor-NIH.31 As the NTA cap is pointing out
and away from the protein and only provides coordination sites
for Cu(1I),** it was not incorporated into the structural
calculation. On the basis of known crystal structures of a
mononuclear cupric center bound at a helix as well as a small-
molecule Cu(II) ternary complex,>* Cu(II) was restrained to be
coplanar with Ne2 atoms of histidine side chains, with a
Cu(1I)—Ne2 bond-length of 2 A and Ne2—Cu(II)—Ne2 angle
of 90°. The starting position of Cu(II) was randomized, and the
structure was refined with simulated annealing and energy
minimization. Square-well energy potential was used for the
PRE restraints, with no energy penalty given when the back-
calculated PRE value is within + (experimental error) of the
target value. Residues with peaks broadened out beyond
detection in the paramagnetic spectrum were given a large PRE
value with the lower bound at 70 s™'. The electron correlation
7, for Cu(Il) is ~4.0 ns,"®* and the isotropic rotational
correlation time of holo QBP 7, is measured at ~12 ns, affording
an estimated PRE correlation time of 3.0 ns.'>'* PRE Q-factor
assesses the differences between observed and calculated PRE
values,'®?® with the experimental errors also taken into account,
that is, no contribution to the increase of PRE Q-factor if the
back-calculated value is within + (experimental error) of the
target value. Structures were illustrated in PyMOL.

Steered MD Simulation. Binding energy analysis using
MMPBSA scheme was performed in AMBER 12 package. The
domain 1 structure (comprising residues 1—88 and 183—226)
was generated from the structure of holo QBP® with the ligand
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Figure 2. PRE I', values measured for backbone amide protons of holo QBP, with the Cu(II) paramagnetic probe introduced at the 140H/144H site.
The red spheres denote observed values; the back line denotes calculated PRE values from protein structure; asterisks denote residues completely
broadened out in the paramagnetic spectrum. Inset: isosurface with I', = 50 s™! centered at Cu(1I) is indicated by a 12 A radius yellow sphere on the
holo QBP structure; residues with measured PRE T, value > 50 s~ are in red.

still bound, after removing the residues for domain 2
(comprising residues 89—182). The f-hairpin structure at the
linker was stitched together with a Gly-Thr dipeptide, to
generate a continuous polypeptide strand (Figure S3,
Supporting Information). Conventional MD (cMD) and
steered MD (sMD) were carried out in the AMBER 12 with
ff12SB force field. The protein was first solvated in a cube box
containing the TIP3P water molecules, with an 8 A padding in
all directions. The time step was set at 2 fs, and the SHAKE
algorithm was used to constrain the bonds connecting
hydrogen atoms. The Langevin thermostat was used to control
the temperature usin% a collision frequency of 1.0/ps for cMD
and 5.0/ps for sMD.>* The long-range electrostatics was treated
with the particle mesh Ewald (PME) method®® with default
Ewald parameters and with a van der Waals cutoff of 10 A. The
final structure from 2 ns cMD simulation was used as the input
structure for 200 ns more of either cMD or sMD simulations.
The sMD simulations were performed using a scheme similar
to umbrella sampling, with the time-dependent restraint as
defined in this equation V(t) = 1/2k[x — x,(t)]? in which «x is
the distance between the Ca of glutamine ligand and the Ca of
residue A12 or Y86, and k is given at S kcal-mol"-A™" for a soft
elastic spring.

B RESULTS

Attachment of a Cu(ll) Paramagnetic Probe. We
engineered a double-histidine mutation to the periplasmic
binding protein QBP of Escherichia coli. Both histidine
mutations are located at one side of a helix and are solvent
exposed. With an NTA cap, we assessed the stability of the
resulted protein-metal complexes using isothermal calorimetry
(ITC) titration. The stability constant between Cu(Il) chelate
and NTA is femtomolar,>**” orders of magnitude stronger than
the interaction between Cu(Il) and protein. As such, with
Cu(Il) and NTA premixed at 1:1 ratio, the binding between the
di-histidine mutant of holo QBP and Cu(II)-NTA can be
treated as a bimolecular event, affording a Ky, value of 2.2 + 0.2
uM (Figure 1). The NTA cap completes the metal
coordination sites. Indeed, in the absence of a cap, the ITC
binding isotherm can be fitted to a 1:2 stoichiometry between
Cu(Ill) and protein, with the titration midpoint at 0.5
stoichiometry and an apparent Ky, value of 3.4 + 0.3 uM for
each binding site (Figure S4, Supporting Information). It is
likely that such 1:2 complex is formed with Cu(II) sandwiched
between two di-histidine mutant proteins.>”>*

Cu(ll) PREs Mostly Agree with Protein Structure. We
then measured the transverse PRE I, rates for amide protons
of holo QBP (Figure 2), with the probe introduced at H140/
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H144 site. Large PRE values were observed for residues near
the probe, with residues 138—149 completely broadened out
beyond detection. In general, PREs were observed for residues
within ~20 A radius of the Cu(II) ion, and residues with PRE
', > 50 s™" are located within a 12 A radius of the paramagnetic
center (Figure 2 inset). Surprisingly, loop residues 12—14,
which are located in the opposite domain and are far from the
probe, also experience large PREs.

To account for the observed Cu(II) PREs, we modeled the
structure for the ternary complex comprising NTA, Cu(1I), and
QBP mutant. On the basis of known PDB structures containing
a mononuclear cupric center at a protein helix,**~** Cu(II) was
restrained to be coplanar with each histidine imidazole ring,
with additional bond length, bond angle, and improper terms
applied. Starting from the crystal structure for holo QBP® and
by refining against covalent and nonbonded energy terms, a
single defined structure for the paramagnetic probe is obtained,
which is sufficient to account for most observed PREs (Figure
2, solid line), with a PRE Q-factor of 0.32 (Figure 3A). No
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Figure 3. Observed PREs for holo QBP can be mostly accounted for
with a single-conformer representation for the Cu(II) paramagnetic
probe. (A) Correlation between observed and calculated 'H T, values.
The PRE Q-factor can be improved to 0.18 by excluding loop residues
12—14. (B) The optimized structure for the ternary Cu(I) complex
with an NTA cap. Protein helix is shown as cartoon, histidine side
chains and NTA shown as sticks, and Cu(II) shown as an orange

sphere.

matter what the starting coordinates of Cu(II) are in respect to
the protein, the calculation converged to a same structure. In
this structure (Figure 3B), the (y;, ) dihedral angles for
residues H140 and H144 are (—175.3° 78.7°) and (—94.6°,
—52.6°), respectively. Invoking more than one conformer to
represent the probe,'®*® however, does not lead to an
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improvement of PRE Q-factor, with the positions of Cu(II)
clustering at identical positions.

We then introduced the Cu(Il) paramagnetic probe at a
second site, H33/H37 site in domain 1, and measured PRE I,
rates of amine protons for this di-histidine mutant (Figure SSA,
Supporting Information). After optimizing covalent geometry
and noncovalent terms, the (yy, v,) dihedral angles for residues
H33 and H37 converge to (—169.0°, 73.0°) and (—99.7°,
—47.6°), respectively (Figure SSB, Supporting Information).
On the basis of this structure, the calculated PRE values largely
agree with observed values. With both observed and calculated
PRE T, values less than S s™', we do not see PRE discrepancies
for loop residues 12—14 (Figure SSC, Supporting Information).

PRE Discrepancy for a Loop Domain 1 Manifests
Protein Dynamics. Though largely agreeing with the holo
QBP crystal structure, the agreement between observed and
calculated PREs can be improved to a Q-factor of 0.18, simply
by excluding residues Al2, F13, and V14 in the calculation
(Figure 3A). Structural refinement without PRE restraints for
these residues afforded an almost identical position for the
Cu(Il) ion and the same PRE Q-factor, as the refinement
against all the PRE restraints. Residues 12—14 are located in a
loop in the domain 1 of QBP, about 13 A away from the
paramagnetic center (Figure 2 inset). The large PRE values
observed for these residues did not result from nonspecific
interactions between the protein and the probe, as the addition
of equimolar Cu(II)-NTA mixture to wildtype QBP does not
cause PREs to these residues (Figure S6, Supporting
Information). On the other hand, no intermolecular PREs
were observed for *N-labeled wildtype holo QBP mixed with
equimolar unlabeled, paramagnetically tagged mutant protein
(Figure S7, Supporting Information).

To determine the cause for the PRE discrepancies, we
measured residual dipolar couplings (RDCs) for the wildtype
holo QBP. The observed RDC values agree well with the
calculated values from the crystal structure,” affording an R-
factor of 20.99 and correlation coeflicient of 0.961. The level of
agreement is expected for a crystal structure at this resolution
(1.94 A).*** In particular, the RDC values for the residues
12—14 agree well between observed and calculated values
(Figure S8, Supporting Information).

The loop residues appear rigid on the picosecond—
nanosecond time scale, as shown by backbone '*N hetero-
nuclear NOE measurement (Figure S9, Supporting Informa-
tion). In addition, conventional MD simulations up to 200 ns
failed to reveal any significant motion for these residues (Figure
S10, Supporting Information). On the other hand, CPMG
relaxation dispersion experiment™® failed to reveal any exchange
contributions to the effective transverse "N relaxation rates in
the millisecond time scale (Figure S11, Supporting Informa-
tion). Taken together, the PRE discrepancies for the holo QBP
should arise from a small population of alternative protein
conformation in exchange with protein ground-state structure
at the nanosecond—microsecond time scale.

To understand the functional relevance of the dynamics
involving the loop residues in the domain 1, we conducted
steered MD (sMD) simulations for the holo QBP. By applying
a weak constraint on the ligand in a direction away from the
protein, sMD recapitulates protein dynamics during glutamine
dissociation at a time scale that is otherwise too long for
conventional MD simulation (Figure S10, Supporting In-
formation). When the two domains of a PBP are pried open,”’
the ligand likely remains associated with one of the two
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domains. It has been shown that the maltose preferably binds
to the C-terminal domain of holo MBP when the protein is
crystallized in an open conformation.*’ Likewise for QBP, the
domain 1 contributes twice as much binding energy toward
glutamine as the domain 2 (Table S1, Supporting Information)
and likely retains the ligand when the two domains are pried
open. Therefore, we removed the domain 2 from the holo QBP
structure to better visualize the dissociation process and to
create an exit route for the ligand. The remaining residues of
domain 1 (1—88 and 183—226) are stitched back with a Gly-
Thr dipeptide, thus to generate a continuous linear polypeptide
(Figure S3, Supporting Information). No matter which steering
direction is applied, a similar pattern for protein dynamics can
be observed (Figure 4). Residues 12—14 display the largest
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Figure 4. Steered MD simulations recapitulating ligand dissociation
process from the domain 1 of holo QBP. The gray arrow indicates the
direction of steering, either A, along the Ca of Al2 to Ca of the
glutamine ligand, or B, along the Ca of Y86 to Ca of the glutamine
ligand. The r.m.s. deviations for backbone heavy atoms were calculated
from 2000 evenly spaced snapshots in a 200 ns simulation. The loop
residues in the domain 1 are indicated.

fluctuations of backbone heavy atoms, close to 0.6 A on
average, during the ligand dissociation process—the displace-
ment for the backbone amide proton of F13 can be as large as
1.8 A with the phenyl ring completely swinging out (Figure
S12, Supporting Information). Loop residues A12 and V14 as
well as D10 and T11 can have a ~2 A displacement for their
amide protons during the sMD simulation. Outside the loop,
some residues also display large backbone r.m.s. deviations
during the simulation, including the N-terminal residues. Yet
these residues are already dynamic at the picosecond—
nanosecond time scale, as assessed from the 'H—!N
heteronuclear NOE (Figure S8, Supporting Information).

B DISCUSSION

Using a rigid paramagnetic probe, we observed dynamic
fluctuation for a loop in the domain 1 of holo QBP, which gave
rise to the discrepancy between observed and calculated PRE
values. Owing to <r®> distance dependence of PRE, a small
decrease in the probe—nuclei distance can result in a large
increase in the PREs.'® Thus, to account for the PRE
discrepancies, a small population of the loop residues, including
Al2, F13, and V14, should transiently move toward the probe
in the domain 2 (Figure S). The dynamics are quite subtle,
probably on the length-scale of a few angstroms, which have

dx.doi.org/10.1021/bi4015715 | Biochemistry 2014, 53, 1403—1409
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Domain 1 )

Figure S. Loop motion in the QBP domain 1 may be involved in the
ligand dissociation process. Protein structure is shown as cartoon, and
the glutamine ligand is shown as balls-and-sticks. The Cu(II)
paramagnetic center and amide protons of the loop residues are
shown as spheres. The phenyl ring of F13, shown as gray sticks, packs
against the amide group of the glutamine ligand. Red arrows indicate
the possible direction of movement of the loop residues.

eluded the previous studies using a MTSL probe.*” The MTSL
probe takes up a large conformational space (Figure S2,
Supporting Information), and a compensatory movement of
the probe would also account for the subtle fluctuation of
protein structure, affording a reasonably good PRE Q-factor.
On the basis of MD simulations, heteronuclear NOE, and
relaxation dispersion measurements, the dynamic fluctuation of
the loop residues likely occurs at the nanosecond-microsecond
time scale or supra-z, time scale. With the Cu(II) probe
attached at a second site, 33H/37H in the domain 1 of holo
QBP, the PRE values observed for the loop residues largely
agree with the calculated values (Figure SSA, Supporting
Information). This is because the PRE values for these residues
are already quite small, and the loop is possibly moving away
from the probe in the domain 1 and toward the domain 2.

The dynamics of this loop may be coupled with ligand
dissociation from holo QBP. In the crystal structure,® the phenyl
ring of F13 packs against a bound glutamine (Figure $).
Therefore, subtle movement of the loop may help to dislodge
the ligand, or alternatively, dissociation of the ligand may
perturb the conformation of the loop. Indeed, our sMD
simulations showed that these residues in the domain 1
experience large amplitude of fluctuations as glutamine leaves
the binding pocket. As such, detachment of the ligand from the
tightly bound domain of QBP may be facilitated by the
dynamics of these loop residues. Indeed, in many other protein
systems, it has been shown that loop dynamics modulate ligand
exit,”® enzyme activity,”' and channel gating.>*

Elucidation of the subtle dynamics in holo QBP was made
possible with a rigidly attached Cu(II)-based paramagnetic
probe. Cupric metal centers are found in many proteins as
structural and catalytic cofactors.*™** For a mononuclear
cupric center at a protein helix, Cu(Il) is coordinated to Ne2
atoms of two histidines separated by three residues.’”**~*
Inspired, Cu(II)-binding motif has been engineered to protein
helix through site-directed mutagenesisw’45 On the other hand,
Cu(ll) can also mediate juxtaposition of two helices.*®
Therefore, an NTA capping molecule is essential to complete
the metal coordination and to prevent protein dimerization.

Compared to thiol-linked probes, our Cu(Il)-based probe
has fewer rotatable bonds and preferred side chain rotamers
and can be further stabilized with the coordination of the
capping molecule. As a result, we have shown that a single
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structure of the paramagnetic probe accounts for most observed
PREs. In contrast, multiple-conformer representation is needed
to represent the large conformational space of MTSL and other
paramagnetic probes.'® When introduced to a second helical
site in QBP, our Cu(Il)-based probe adopts an essentially
identical structure, with (y;, x,) dihedral angles differing by
only ~5° from the structure at the first site. Thus, this probe
can be readily grafted to other protein systems, for structure
and dynamics characterization.

Taken together, the loop dynamics revealed by the rigid
paramagnetic probe may be coupled to ligand dissociation from
the holo QBP. Elucidation of subtle protein dynamics would
afford a better understanding of the mechanism for protein
function.

B ASSOCIATED CONTENT

© Supporting Information

A table showing MMPBSA analysis for holo QBP, a figure
showing the rigid-body rotation of QBP, a figure showing the
spread of MTSL, a figure showing the definition of domain 1
and 2 in QBP, an ITC titration curve obtained in the absence of
NTA, PRE data with the probe attached at a second site, two
control plots showing the absence of intermolecular PREs,
RDC analysis plot for the protein, a plot showing N
heteronuclear NOEs, conventional MD simulation analysis
plot, a figure showing the displacement of domain 1 loop in the
sMD simulation. This material is available free of charge via the
Internet at http://pubs.acs.org.
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