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Abstract: The glutamine binding protein (GInBP) binds
L-glutamine and cooperates with its cognate transporters
during glutamine uptake. Crystal structure analysis has
revealed an open and a closed conformation for apo- and
holo-GInBP, respectively. However, the detailed conforma-
tional dynamics have remained unclear. Herein, we combined
NMR spectroscopy, MD simulations, and single-molecule
FRET techniques to decipher the conformational dynamics
of apo-GInBP. The NMR residual dipolar couplings of apo-
GInBP were in good agreement with a MD-derived structure
ensemble consisting of four metastable states. The open and
closed conformations are the two major states. This four-state
model was further validated by smFRET experiments and
suggests the conformational selection mechanism in ligand
recognition of GInBP.

M olecular recognition plays an important role in many
biological processes.!"! Protein conformational dynamics are
crucial in molecular recognition, during which ligand binding
usually causes local structure rearrangements or large-scale
interdomain movements. A typical system for studying the
relationship between protein conformational dynamics and
ligand binding consists of the periplasmic binding proteins
(PBPs). PBPs belong to the ATP-binding cassette (ABC)
transporter system and are responsible for substrate uptake.”
The substrate-binding sites of PBPs are located at the
interface between two domains, and proteins can undergo
domain reorientation from the open conformation to the
closed one. For many PBPs, crystallographic studies have
identified two conformations: a ligand-free (or apo) open
state and a ligand-bound (or holo) closed state. For a few

PBPs, apo closed conformations have also been identified
during crystal structure analysis.”) NMR paramagnetic relax-
ation enhancement (PRE) studies” and MD simulations®
have revealed a semi-closed state in the ligand recognition
process of maltose binding protein (MBP). Furthermore,
Markov state model (MSM) based MD simulations have
elucidated the binding mechanism for two other PBPs.
These results suggest that the conformational dynamics of
PBPs are more complicated than a two-state model and that
a single technique might not be sufficient for deciphering the
underlying conformational space of PBPs.

E. coli GInBP is a PBP that specifically binds L-glutamine.
Previous crystallography studies identified two conforma-
tional states of GInBP, an apo open statel” (Figure 1A) and
a holo closed statel®! (see the Supporting Information, Fig-
ure ST A). Discrepancies exist in previous experimental
dynamics studies of GInBP. Phosphorescence spectroscopy
studies detected interdomain dynamics in both apo- and holo-
GInBP in solution,”) but NMR PRE studies did not specif-
ically support the existence of the closed conformation for
apo-GInBP.'" Therefore, one of the problems under debate is
whether apo-GInBP can also adopt the closed conformation
or multiple conformations in solution. Detailed conforma-
tional dynamics studies are not only crucial for understanding
the ligand-binding mechanism, but are also important for the
protein design of GInBP as a biosensor."

Herein, we combined NMR residual dipolar coupling
(RDC) analysis, MD simulations, and single-molecule Forster
resonance energy transfer (SmFRET) methods to explore the
conformational dynamics of apo-GInBP. RDC measurements
are a powerful method for studying protein dynamics.”!
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Figure 1. A) Ribbon diagram of the crystal structure of ligand-free
GInBP. The large domain, small domain, and the linker region are
shown in yellow, green, and dark gray, respectively. B) Agreement
between the apo-GInBP experimental RDCs and the RDCs predicted
based on the open crystal structure.

However, the interpretation of RDC data in the context of
substantial conformational motions at atomic resolution is
challenging. Here, we resorted to MD simulations and MSM
analysis to construct an equilibrium structural ensemble to
interpret the RDC data. Furthermore, smFRET studies were
conducted for cross-validation. With this combination of
techniques, we identified four metastable states co-existing
for apo-GInBP in solution. The two major states are similar to
the open and closed states previously revealed by crystal
structure analysis whereas the two minor states adopt distinct
conformations with various interdomain arrangements.

We first performed spin relaxation measurements for apo-
GInBP. The backbone order parameters derived from
a model-free analysis showed that some of the loop regions
exhibit mobility at the picosecond time scale, but that the
linker between the two domains does not show significant
flexibility (Figure S2). Considering the large time-scale cover-
age of RDC experiments for protein dynamics, we performed
backbone 'H-"N RDC measurements of apo-GInBP
(Table S1) and calculated the alignment tensor and RDCs
for the apo open crystal structure from first principles using
the steric prediction method.” The agreement between the
predicted and experimental RDCs is very poor, with
a Quvalue of 1.438 and an Rvalue of 0.834 (Figure 1B),
suggesting that the open conformation could not interpret the
apo-GInBP RDC data. We also calculated the RDCs for the
closed crystal structure, but the agreement was even worse
with Q values of 1.82 (Figure S1B). Therefore, neither the
open nor the closed conformation alone could describe the
conformational state of apo-GInBP in solution.

We then combined the open and closed conformations to
calculate RDCs by varying their populations. The optimal
fitting to the apo-GInBP RDC data needed 30-40% pop-
ulation of the closed conformation (Figure S3). However, two
conformations were still not sufficient to interpret the apo-
GInBP RDC data as the lowest Q value was 1.215 (Figure S3).

As the two-state model could not describe the RDC data,
it raised the possibility that there are additional conforma-
tions distinct from the open and closed crystal structures. To
further elucidate the conformational ensemble of apo-GInBP
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in solution, we performed large-scale atomic MD simulations
(Figure S4). Principal component analysis revealed two
dominant motions of GInBP in MD simulations, namely
opening and twisting, which correspond to the first and
second eigenvectors, respectively (Figures S5 and S6). MSM
analysis based on the MD conformations (Figure S7; see also
the General Methods Section in the Supporting Information
for model construction and validation) revealed four meta-
stable conformations that include two previously unidentified
intermediate conformations (states S1 and S4) in addition to
the open and closed structures (states S2 and S3; Fig-
ure 2A,B). In particular, the Sl state has a slightly more
open conformation than the open crystal structure (S2 state),
and the relative orientation of the two domains differs from
that in the crystal structure with a twisting angle (“open-twist”
conformation). The S4 state has the cleft partially closed with
respect to the open conformation without twisting (“pseudo-
closed” conformation). It is noteworthy that the closed state
(S3) has a remarkable population of about 40%, which is
comparable to that of the open state (ca. 47 %), indicating
that GInBP can close the cleft in the absence of substrate
(Figure 2C).

We further showed that the RDCs calculated from first
principles based on the MD conformations (see the Methods
Section in the Supporting Information for details)!'*!*l agree
well with the experimental RDCs of apo-GInBP (Q value:
0.499; R value: 0.912; Figure 2D). The results suggest that the
MD conformational ensemble can well describe the confor-
mational dynamics of apo-GInBP in solution. Moreover, we
also optimized the populations of the four macrostates against
the experimental RDCs using a Bayesian statistical frame-
work (see the Supporting Information for details)."™ The
resulting state populations only deviate slightly from those
directly obtained from the MD simulations (Figure 2C).
Comparison with the experimental RDCs gives an improved
Qvalue of 0.412 (Figure 2E). The improvement of the
Q value is mainly due to the consideration of interdomain
variability in GInBP (Figures S8-S10).

The confidence level of the agreement between the MD
simulations and the experimental RDC data was then
explored. Figure 3 indicates that the Q factor remains below
0.43 for a range of populations. Except for the pseudo-closed
state, the other three conformations have to have a population
of at least 10% for the data to agree with the apo-GInBP
RDCs (Figure 3).

To further validate the existence of multiple conforma-
tional states, we performed smFRET experiments for apo-
GInBP. The large and small domains were labeled with a pair
of fluorescent dyes (Figure 4 A). The FRET efficiency dis-
tributions are broad (Figure 4B), suggesting that there are
multiple conformational states in apo-GInBP. The statistics of
the FRET efficiencies against the donor and acceptor
intensities indicate four regions that might be assigned to
four conformational states (Figure S11). We then performed
a hidden Markov model (HMM) analysis of the smFRET
trajectories.!® This analysis suggested that the optimal
number of states for GInBP systems is four (Figure S12).
The four states were denoted as states 1, 2, 3, and 4 with
increasing FRET efficiencies (Figures 4C and S11). State 2
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Figure 2. A) Representative conformations of the four macrostates
derived from the MD simulations of apo-GInBP. B) Projection of the
four macrostates onto the conformational space described by the first
(opening motion) and second (twisting motion) eigenvector of PCA
analysis. C) Populations of the four macrostates derived from MD
simulations and optimized populations (from the last 50000 optimiza-
tion steps with a step size of 10) according to the experimental RDC
data using a Bayesian analysis method.I"”! D) Comparison between the
experimental RDCs and calculated RDCs from MD simulations for
apo-GInBP. E) Comparison of the experimental RDCs and the calcu-
lated RDCs based on the averaged optimized populations through
Bayesian analysis.
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Figure 3. Q factor values for the agreement of the RDC data of apo-GInBP with the structure
ensemble as a function of the relative populations of macrostates S1 and S2 (A), S1 and S3 (B), S1

and S4 (C), S2 and S3 (D), S2 and S4 (E), and S3 and S4 (F).
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and state 3 are the major states with a total population of
more than 75 % whereas state 1 and state 4 are minor states
with populations of around 10 % each (Figure 4 D). Thereby,
it is reasonable to assign state 2 and state 3 to the open (S2)
and closed (S3) conformations, respectively. As state 1 has the
lowest FRET level and the longest distance between the two
fluorophores, it was assigned to the open-twist state (S1).

As for the assignment of state 4, its relatively small
population is consistent with the small probability of con-
formation S4. However, the smnFRET analysis showed that
state 4 has an even shorter fluorophore—fluorophore distance
than state 3 (closed) while macrostate S4 (pseudo-closed)
derived from the MD simulation has a slightly longer average
Thr59-Thr130 (fluorophore label sites) distance than S3
(closed; 31.9 A vs. 312 A). It is worth noting that the
smFRET efficiency is not only determined by the distance
between donor and acceptor, but also by their relative
orientation and the donor quantum yield, which in turn is
sensitive to the local conformation.'” All of these photo-
physical properties may result in the higher FRET efficiency
of macrostate S4 with a pseudo-closed conformation relative
to S3.

Overall, the above results strongly suggest the existence of
multiple conformational states for ligand-free GInBP, which
was the main concern of previous studies.”'” Analysis of
RDC measurements showed that the apo-GInBP data could
not be well interpreted by existing crystal structures (Fig-
ure S3). The conformational ensemble derived from MD
simulations provides a much better model for RDC data
interpretation. Previous computational studies have also
revealed the conformational flexibility of GInBP™! and the
two major modes of conformational movement, namely hinge
bending and twist motions. The >40% population of the
closed conformation in apo-GInBP suggests that the ligand-
binding process includes a conformation-selection mecha-
nism, obviously facilitating ligand binding, and multiple
conformational states provide even more possibilities for
the manipulation of the binding
affinity."”! For example, changing
the relative populations of the open
and closed conformations by
mutating I1e329 alters the ligand
affinity of MBP?"! This reciprocal
logic for ligand affinity manipula-
tion could also be important for
biosensor engineering of PBPs.”"
On the other hand, the conforma-
tional flexibility of GInBP may
facilitate its interaction with the
cognate transporter, as in the case
of the MBP-MalFGK, transporter.
We notice that convergent develop-
ments in various spectroscopic and

computational techniques may
5702 08 02 0. open up the possibility for integra-
s3 tive studies of protein dynamics at

the atomic level. For example,
a recent study combined NMR,
SAXS, and smFRET to unravel

Angew. Chem. 2016, 128, 14196 —14200


http://www.angewandte.de

An dte

(A) (B) o004
0.035 N
f’ 5\_
003 ’ -
2 0.025
E 0.02
3
& 0015
0.01
(C) 0.005
-0.2 0 0.2 04 0?6 08 1 12
d state 4 (D) Efficiency
- W State 3 045
&
w I state 2 04 r
02 f —FRET (exp.) 035 |
—FRET (HMM)
0.0 x L | 03 |
0 5 10 15 20 c
Time (s) 2025 |
0.8 K
—FRET (exp.) g o2y
06 | —FRET (HMM) 045 |
E 04 k M State 3 01 |
4 it W State 2
w 0.05 I
02 i state 1
0 L i .
0.0 : : : 1 2 3 4
0 5 10 15 20
Time (s) Siaty
Figure 4. Single-molecule FRET experiments with apo-GInBP. A) Diagram showing the positions of the fluorescent donor—acceptor labels (Thr59
and Thr130) on GInBP. B) smFRET efficiency histogram of apo-GInBP, plotting the photon bursts of each time bin. C) Sample smFRET time traces
analyzed with an empirical Bayesian HMM method.l' Top: FRET signals showing transitions between states 2, 3, and 4. Bottom: FRET signals
showing transitions between states 1, 2, and 3. D) Populations of the four states in apo-GInBP.
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