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Background: His] is a bilobal periplasmic binding protein that mediates basic amino acid transport.
Results: The apo-His] solution NMR structure was solved. The individual lobes of His] were isolated, and domain 1 binds

histidine.

Conclusion: Histidine binding at domain 1 initiates large conformational changes in His].
Significance: Intact hinge regions that bridge the two lobes of His] are critical for function.

Escherichia coli His] is a type II periplasmic binding protein
that functions to reversibly capture histidine and transfer it to
its cognate inner membrane ABC permease. Here, we used NMR
spectroscopy to determine the structure of apo-His] (26.5 kDa)
in solution. His] is a bilobal protein in which domain 1 (D1) is
made up of two noncontiguous subdomains, and domain 2 (D2)
is expressed as the inner domain. To better understand the roles
of D1 and D2, we have isolated and characterized each domain
separately. Structurally, D1 closely resembles its homologous
domain in apo- and holo-His], whereas D2 is more similar to the
holo-form. NMR relaxation experiments reveal that His]
becomes more ordered upon ligand binding, whereas isolated
D2 experiences a significant reduction in slower (millisecond to
microsecond) motions compared with the homologous domain
in apo-His]. NMR titrations reveal that D1 is able to bind histi-
dine in a similar manner as full-length His], albeit with lower
affinity. Unexpectedly, isolated D1 and D2 do not interact with
each other in the presence or absence of histidine, which indi-
cates the importance of intact interdomain-connecting ele-
ments (i.e. hinge regions) for His] functioning. Our results shed
light on the binding mechanism of type II periplasmic binding
proteins where ligand is initially bound by D1, and D2 plays a
supporting role in this dynamic process.

Periplasmic binding proteins (PBPs)> were originally identi-
fied as a class of proteins located near the surface of Gram-
negative bacteria, which are released by mild osmotic shock and
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are able to bind a variety of small molecules (1, 2). PBPs are
directly involved in the acquisition of nutrients such as phos-
phate, sulfate, some carbohydrates, and amino acids. Uptake of
amino acids is important for bacteria as they contribute to the
cytoplasmic amino acid pool (without the need for de novo bio-
synthesis) and are incorporated during protein translation. In
Gram-negative bacteria basic amino acids can be transported
across the outer membrane through general or specific porins
such as OmpF or LamB. In Escherichia coli, once histidine gains
access to the periplasm it can be transported into the cytoplasm
vialow and high affinity uptake systems. The low affinity system
is known as the general aromatic transport system, and it is only
able to transport histidine at concentrations of >0.1 mm
through its cytoplasmic membrane permease, AroP (3). The
high affinity histidine system is composed of the histidine-bind-
ing protein (His]), a PBP, and a permease (HisQMP,). HisQM is
a heterodimer that forms the integral membrane portion of the
permease, and the HisP homodimer is the cognate cytoplasmic
ATP-binding subunit (4). His] is able to bind histidine with high
affinity (K, ~30 nm) (5, 6) and deliver it to HisQMP,, from
where it is then translocated into the cytoplasm in an ATP-de-
pendent manner. A second PBP, the lysine-, arginine-, and
ornithine-binding protein (LAOBP), which shares 70%
sequence identity with His], is also able to serve HisQMP, and
binds histidine with an ~16-fold lower affinity than His] (7).
PBPs are distinguished based on their ligand specificity and
structural features such as the number of interdomain cross-
links (i.e. hinge regions) (8 —13). In types L, II, and III PBPs, the
two structural domains are connected by three, two, and one
hinge regions, respectively. By-products of having multiple
hinge regions are the structural domains that are folded discon-
tinuously. For example, in the type II PBP His], domain 1 (D1) is
formed by two subdomains where one (D1A) is folded first,
then domain 2 (D2), and finally the second subdomain (D1B) of
D1 (Fig. 1A). The apo-forms of type II PBPs (e.g. LAOBP- and
glutamine-binding protein) (14—16) have been crystallized in
an open conformation wherein there are few interdomain con-
tacts except for regions adjacent to the hinge regions. For these
PBPs, ligand binding occurs in the interdomain cleft region and
is accompanied by significant closing and twisting motions that
bring the domains together (14, 17). Although no structure for
apo-His] has previously been reported, it is expected to adopt
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FIGURE 1. Schematic diagram of the protein constructs used in this study. The numbering for the HisJ (A), D1 (B), and D2 (C) constructs is indicated and
includes the N-terminal GGM extension that is a remnant of the purification procedure. D1, D2, and hinge strand residues are colored blue, green, and yellow,

respectively.

an open conformation similar to the related LAOBP protein
(18 -22). Two crystal structures for His] complexed with histi-
dine have been solved for the proteins from E. coli (PDB 1HSL)
(23) and Salmonella typhimurium (PDB 1HPB) (24) whose
sequences are essentially identical (98.3%), except for four res-
idues that are not directly involved in function. Holo-His]
adopts a closed conformation similar to that of LAOBP bound
to various ligands (14).

In this work, we solved the solution structure for apo-His] in
an open conformation and also confirmed that the structure of
the holoprotein in aqueous solution closely resembles that in
the crystal structures. We then examined the type and strength
of interactions that mediate domain-domain interactions in the
His] protein using NMR as our primary investigative tool. Our
approach was to dissect this protein by expressing each domain
individually and to perform protein interaction studies with
them in the absence of interdomain connectivity. Our results
support the idea that the individual domains of His] retain the
same global fold as in the WT protein; however, there are
apparent functional differences related to the absence of an
intact hinge region. The two domains of His] were unable to
interact in the absence of ligand; moreover, in the presence of
histidine only D1 was found to bind histidine. These results
strongly support the idea that ligand binding is initiated by the
D1 domain of His] and that the intact linker region is required
for transmission of the “closing” signal to the D2 region.

EXPERIMENTAL PROCEDURES

Cloning of E.coli His] and Construct Generation—The
mature His] protein (residues 1-238), without periplasmic sig-
nal sequence, was amplified from the E.coli K12 genome
through PCR with oligonucleotides containing 5'-Ndel and
3’-Xhol (New England Biolabs) restriction sites and cloned into
the pET15-MHL vector. Domain 1 (D1, residues 1-93 and 193—
238) and domain 2 (D2, residues 94 —192) constructs of His]J are
described in Fig. 1. For cloning of D1, subdomain A (residues
1-93) was amplified with oligonucleotides containing 5'-Ndel
and 3'-Kpnl restriction sites, whereas subdomain B (residues
193-238) was amplified with oligonucleotides containing
5'-Kpnl and 3'-Xhol restriction sites. Subdomains A and B
were digested with Kpnl and ligated using T4 ligase (Fermen-
tas). The newly created D1 construct was then amplified by
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PCR and cloned into the pET15-MHL vector using the 5'-Ndel
and 3'-Xhol restriction sites. A flexible linker (Gly-Gly-Gly-
Gly-Ser-Gly) was inserted between subdomains A and B of D1
to prevent inadvertently constraining either subdomain in a
non-native conformation (Fig. 1). The D2 construct was ampli-
fied by PCR and cloned into the pET15-MHL vector using the
5'-Ndel and 3’-Xhol restriction sites.

The pET15-MHL vector was kindly donated by the Struc-
tural Genomics Consortium (University of Toronto) and
attaches a hexa-histidine tag and a tobacco etch virus (TEV)
protease cleavage site to the N terminus of the expressed pro-
tein. Cleavage of the expressed protein with TEV protease
results in the addition of Gly-Gly-Met to the N terminus. Con-
structs were verified through nucleotide sequencing at the Uni-
versity of Calgary Genetic Analysis Laboratory. Of note, the
His] residue numbering in this study includes the additional
three amino acids at the N terminus of the protein constructs
and thus differs from the native His] sequence (e.g. Ala-4 of this
paper is equivalent to Ala-1 of the native His] sequence).

Sample Preparation—For overexpression of His], D1, and
D2, E. coli BL21 (DE3) cells with the vector of interest were
grown in 1 liter of Luria-Bertani (LB) in the presence of 100
pg/ml ampicillin. For NMR experiments, isotope-labeled His],
D1, and D2 were prepared using the general isotope-labeling
strategy outlined by Tugarinov et al. (25) and Huang and Vogel
(26). Briefly, E. coli BL21 cells (DE3) were grown in 1 liter of
D,0O M9 medium containing 3 g/liter p-[U-"H,"*C]glucose
(Cambridge Isotope Laboratories) as the sole carbon source
and 1 g/liter ">NH,Cl (Cambridge Isotope Laboratories) as the
nitrogen source. Depending on the experiment and the protein,
H,0, M9 media and unlabeled p-glucose and NH,Cl were used
in place of their labeled counterparts. For His] and D2, cells
were grown to an absorbance at 600 nm (A,) of ~0.8 at 37 °C
and induced with 0.8 muM isopropyl B-p-1-thiogalactopyrano-
side for 3 h. For expression of D1, cells were grown to an A, of
~0.5 at 37 °C and induced with 0.5 mMm isopropyl B-p-1-thioga-
lactopyranoside at room temperature for ~16 h. Cells were
then harvested and resuspended in 20 mMm Tris, 0.1 m NaCl, and
20 mm imidazole (pH 8) and lysed by a French pressure cell. The
cell lysate was centrifuged at 18,500 X g for 45 min at 4 °C.
Nickel affinity column chromatography was performed using
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chelating Sepharose (GE Healthcare), where bound proteins
were washed with 20 mm Tris, 0.1 M NaCl, and 20 mMm imidazole
(pH 8), and proteins were eluted with 20 mm Tris, 0.1 M NaCl,
and 250 mM imidazole (pH 8). SDS-PAGE was used to confirm
protein homogeneity. The purified proteins were then buffer
exchanged into 20 mwm Tris, 0.1 M NaCl, 0.5 mm EDTA, 3 mm
L-glutathione (reduced; Sigma), and 0.3 mm (—)-glutathione
(oxidized; Sigma (pH 8)) and subjected to TEV protease diges-
tion (~ 4 h at 30 °C) to remove the N-terminal histidine tag.
The solution was then buffer exchanged into 20 mm Tris, 0.1 M
NaCl (pH 8) and applied to a chelating Sepharose column
where the cleaved histidine tag and TEV protease are bound,
and histidine tag free His], D1, and D2 are found in the flow-
through. The proteins were subsequently dialyzed into 5 mm
Tris (pH 8) for anion-exchange chromatography using a DEAE-
Sepharose Resource Q column (GE Healthcare) and eluted with
a linear gradient of 0.1 m NaCl in 5 mm Tris (pH 8). This final
anion-exchange chromatography step was used to further
purify the proteins and remove any bound histidine. The pro-
tein concentrations were determined through a theoretical
extinction coefficient (e,g4,) calculated using the ExPASy Prot-
Param program. For D1, Bradford assays (27) were used to con-
firm the protein concentration determined by €,4,.

In general, protein samples were prepared in 50 mm Na; PO,
(pH 7). For NMR experiments, 0.5 mm 2,2-dimethyl-2-silapen-
tane-5-sulfonate was added for peak referencing as well as 10%
v/v D,O. Holo-His] NMR samples were prepared by adding 5
mM histidine. NMR samples for backbone assignments of His]
and D1 contained ~1 mm U-"?C,'>N-'"H/*H-labeled protein,
although for D2 ~1 mm '®C,'*N-labeled protein was utilized.
Methyl assignments for apo-His] were acquired on the same
U-'3C,'>N-"H/?H-labeled sample as the backbone assignments
according to Mulder and co-workers (28). **C,'°N-Labeled
apo-His] (~1 mm) was used in the acquisition of NOESY NMR
experiments. NMR spin relaxation experiments were per-
formed on ~1 mm U-**N-'H/?H-His] and -D1 and ~1 mm
5N-labeled D2. Residual dipolar coupling (RDC) experiments
were performed using the same labeling scheme as the NMR
spin relaxation experiment samples except that ~0.5 mMm pro-
tein was used, and 150 mM NaCl was added to the buffer. RDC
experiments for holo-His] were performed with 50 mm NaCl to
prevent disruption of histidine binding (6). NMR titration
experiments were performed with ~0.3 mm **N-D1 or -D2 and
with 100 mm NaCl. Of note, unless otherwise specified, histi-
dine refers to L-histidine.

ITC Experiments—All ITC experiments were performed
using a Microcal VP-ITC microcalorimeter (GE Healthcare).
All samples were prepared in a buffer containing 20 mm HEPES
(pH 7.0) and 100 mm NaCl. The syringe was filled with 0.5 mm
histidine that was injected into the ITC cell containing 20 um
protein (D1, D2, or His]) solution at 30 °C. The heat of dilution
was measured separately by injecting titrant into the I'TC buffer
and was shown to be negligible. After subtraction of the heat of
dilution, the data were fit to a one-site binding model (MicroCal
Origin version 7.0 software) to obtain the stoichiometry (N),
enthalpy (AH), and association constant (K,), which are con-
verted to K, values using the relationship shown in Equation 1,

NOVEMBER 1, 2013 +VOLUME 288+-NUMBER 44

Ky = 1/K, (Eq.7)

and where the reported values are the average and S.D. of three
independent titrations.

NMR Experiments—All NMR experiments for the backbone
chemical shift assignments, titrations, and relaxation experi-
ments were performed at 298 K on Bruker Avance 500- or 700-
MHz NMR spectrometers equipped with triple resonance inverse
cryoprobes with a single axis z-gradient. Sequential assignments of
HY, N, C’, C%, and CP resonances of apo- and holo-His], D1, and
D2 were achieved using two-dimensional 'H,'N-HSQC and
three-dimensional HNCACB, HN(CO)CACB, HN(CA)CO,
and HNCO experiments. For apo- and holo-His] and D1
proteins, TROSY versions of these experiments were used
(29, 30). For apo-His], methyl group assignments were
acquired using a three-dimensional C-TOCSY-CHD, exper-
iment (28). NMR chemical shift assignments for apo-, holo-,
D1-, and D2-His] have been deposited in the Biological
Magnetic Resonance Data Bank (BioMagResBank) under
the accession codes 19242, 19245, 19243, and 19244,
respectively.

NMR spin relaxation experiments were conducted at a static
magnetic field strength of 500 MHz on [U-"*N]*H/?H apo- and
holo-His] and '®N-D1 and -D2 samples. '°N R, values were
performed using sensitivity-enhanced inversion-recovery pulse
sequences (31) with T delays of 14, 70, 210, 420, 560 (2X),
700 (2X), 882, and 1060 ms. '°N R, values were acquired
using sensitivity-enhanced Carr-Purcell-Meiboom-Gill (CPMG)-
type T, experiments with pulsed field gradients (31), with T’
delays of 8 (2X), 16 (2X), 40, 48, 64 (2X), 72, 80, and 96 ms. {'H}
!N NOE experiments were recorded with and without a 'H
presaturation period of 5 s and an interscan delay of 5 s. Relax-
ation dispersion experiments were performed with TROSY-
based CPMG experiments at 50.684 MHz for the '°N frequency
(32, 33). CPMG spectra were acquired at frequencies (Vepaic)
of 40 and 1000 Hz. The NMR relaxation dispersion (R, ;) was
calculated as shown in Equation 2,

R et(vepma) = (— 1/Tep)In(l, cpmc/lo) (Eq.2)

A mixing time of 120 ms was used in the three-dimensional
15N-edited NOESY-TROSY (34) and constant time 2C-edited
NOESY-HSQC experiment acquired on a **C,'*N-apo-His]
sample. NOESY experiments were collected using a nonuni-
form sampling procedure (30%) where processing was per-
formed by MDDGUI 1.0 software (Arrowsmith Laboratory,
University Health Network, University of Toronto), which
requires MAdANMR 2.0 (35). The '*C-edited NOESY-HMQC
was acquired in 99.9% D, 0.

"Dy RDC were measured on partially aligned U-'>N-"H/*H
apo- and holo-His] and ">N-D1 and -D2 samples. The align-
ment media used included Pf1 phage (Asla Lab) at concentra-
tions of 10 mg/ml for apo- and holo-His] and 12 mg/ml for D1
and D2 (36). 'Dy;; RDCs were measured using an in-phase/
anti-phase 'H,"”N-HSQC experiment with 2048 X 512 com-
plex points (37). The PALES (38) software was used to fit the
measured HY-N RDCs to those back-calculated from the crys-
tal structure of the holo-(histidine) His] complex (PDB 1HSL)
and models of D1 and D2 built from the apo- and holo-His]
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structures. Of note, the deposited holo-His] structure
(1HSL) contains four point mutations (N5K, S22A, E107A, and
S184A) that were corrected to match the His] sequence from
E. coli K12 (GenBank™" accession number BAA16155.1) using
MODELLER (39) prior to analysis. Only well structured regions of
D1, D2, and His] were chosen for analysis based on {'H} "N NOE
values >0.65 from NMR spin relaxation experiments (see below).

CSPs upon ligand binding were examined on a per residue
basis using a combined chemical shift difference, where appli-
cable, according to Mulder et al. (40) for backbone atoms,
where R; denotes the scaling factor of nucleus i. The scaling
factors used were Ry, = 6.4, R, = 3.0, R and R = 3.2 as
shown in Equation 3.

Adp,(ppm) = (A8 + (ABW/Ry)* + (ASc/Re)” + (AS/R™)
+ (ASPRP))? (€q.3)

All data were processed with the NMRPipe (41) software
package and analyzed using the program Sparky (42). Protein
backbone dihedral angle data were calculated using the pro-
gram TALOS+ (43), and all chemical shifts were referenced to
2,2-dimethyl-2-silapentane-5-sulfonate (44).

NMR Analysis—For NMR spin relaxation experiments, the
values of R, and R, were obtained by fitting the extracted peak
intensities to a mono-exponential decay curve. Peak intensities
were extracted using the relaxation module in Sparky (42), and
data fitting was performed by Curvefit version 1.4 (A. G.
Palmer, Columbia University) using the script “sparky2rate.”
Uncertainties in the peak heights were determined from dupli-
cate measurements, and uncertainties in R, and R, were esti-
mated from Jackknife simulations (45). {*H} *®N NOE values
were determined from the experiments with and without irra-
diation. Data points with errors larger than 25% were excluded
from the analysis. Relaxation data used in the rotational diffu-
sion analysis were subject to filtering as described by Bax and
co-workers (46) The rotational correlation time for the global
tumbling (7,,) of each residue was estimated from R,/R, ratio
using the program R2R1_tm (A. G. Palmer, Columbia Univer-
sity), and the overall rotational correlation times (7,) were
determined by averaging the per residue 7,, values.

Apo-His] Structure Calculation—An initial template apo-
His] structure was generated by threading the His] sequence
onto the apo-LAOBP structure (PDB 2LAQO) using Swiss-
Model (47). For the structure calculation, deuterium isotope-
corrected backbone chemical shifts (48, 49) were used to deter-
mine the position of secondary structure elements and dihedral
backbone angle (P, V) (43) values utilizing the programs chem-
ical shift index (CSI) (50) and TALOS+ (43), respectively. Of
note, TALOS+ restraints were used for all residues except pro-
line. Secondary structure elements were implemented in struc-
ture calculations using artificial hydrogen bond restraints
according to Tugarinov et al. (51). RDC (52, 53) and distance
restraints were also used as input for the structure calculations.
Distance restraints were binned according to Tugarinov et al.
(51), where the majority of HN-H™ NOEs were bound to 1.8 —
5.0 A, except for residues in helices (1.8 4.0 A). CH,-CH, and
CH,-H™ NOEs were binned to 1.8 —8.0 and 1.8 - 6.0 A, respec-
tively, except for intraresidue HN-CH, NOEs (1.8 4.0 A). Apo-
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His] structures were calculated with Xplor-NIH software (54),
using torsion angle simulated annealing according to a two-
stage, low temperature protocol (55-57). In stage 1, the starting
model undergoes Powell energy minimization, 10 ps of torsion
angle dynamics (at 200 K), and 4 ps of simulated annealing
at each step wherein the temperature was incrementally
decreased from 200 to 20 K at a 10 K step size. During simulated
annealing, the force constants were increased except the back-
bone torsion angle restraints for ¢ and s, which are fixed at 300
kcal mol ™" rad 2. 200 structures were generated in stage 1, and
the lowest energy structure was selected as the starting model
for the next stage. Stage 2 involves 10 ps of torsion angle dynam-
ics at 20 K, which is followed by 6 ps of simulated annealing at
each temperature step from 20 to 1 Kin 1 Kincrements. In stage
2, the backbone dihedral angle force constant was ramped
down from 300 to 50 kcal mol ! rad %, and the backbone angle
restraints were derived from the lowest energy structure from
stage 1. 100 structures were calculated in stage 2, and an ensem-
ble of the 30 lowest energy structures was generated and vali-
dated using the program Protein Structure Validation Suite
(58). The atomic coordinates for the 30 lowest energy structure
ensemble of apo-His] has been deposited in the PDB under the
accession code 2M8C. All molecular graphics were created
using PyMOL (59).

RESULTS

NMR Characterization—The domains of His] were cloned,
expressed, and characterized in order to assess their global folds
and to examine their ability to interact with each other in the
presence or absence of ligand. 'H-">N (TROSY) HSQC spectra
of all protein constructs used in this study show well folded
structures (Fig. 2). From the backbone experiments, 99.7% of all
possible "HY, °N, **Caq, *Cg, and *C’ resonance assignments
for both apo- and holo-His] (complexed with histidine) were
assigned. In both proteins, the 'H", **N, and '*Cf resonance
assignments of Ser-25 could not be determined. The overall
completeness of the backbone resonance assignment for apo-
His] represents a slight improvement from a previously pub-
lished NMR assignment (60). In particular, apo-His] backbone
amide resonances for Ile-59, Ser-72—Gln-81, Gln-146, and Lys-
228 could be resolved through the use of perdeuteration and
TROSY (29). The backbone resonance assignments for the D1
and D2 constructs were also assigned to near-completeness at
99.4 and 97.8%, respectively. For D1, the missing assignments
belonged to residues Ser-25 and Glu-78 (*H™ and '°N). For D2,
the missing assignments included Asn-12 and Thr-34 (*"H™ and
>N) and Pro-17 **Cg.

Using a two-stage low temperature simulated annealing pro-
tocol, the apo-His] NMR structure was determined in an open
conformation where the two lobes of the protein are spread
apart (Fig. 34; Table 1). Similar to other PBPs, each lobe of His]
displays a mixed o/B-fold (Rossmann-like) characterized by a
central B-sheet (61). In contrast, the holo-His] crystal structure
(PDB 1HSL; Fig. 3B) displays a closed conformation with the
two lobes making extensive interdomain contacts. Comparison
of the apo- and holo-His] forms using combined backbone CSP
analysis reveals several regions with large values (Fig. 3C) that
can be attributed to the conformational transition that occurs
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FIGURE 2. 'H,"*N (TROSY) HSQC spectra of protein constructs from this study. A, "H,"”>N-HSQC NMR spectra of *H,"*N-apo-HisJ (red), '°N-D1 (blue), and
>N-D2 (green) protein constructs. Residues from the inserted flexible linker region of D1 are labeled. B, "H,'>N TROSY-HSQC spectra of 2H,"*N-apo-HisJ (red) and

2H,">N-holo-HisJ (black).

upon ligand binding as well as modifications to the chemical
environment of ligand-interacting residues.

CSPs indicate that the chemical environments of the individ-
ual HN-N chemical shifts from D1 and D2 compare favorably
with those of apo-His] (Fig. 4A4). For the D1 protein, significant
CSPs for residues 93 and 100—-104 were observed. These resi-
dues are located adjacent to the artificial D1 linker and are part
of the two interdomain linkers (residues 92—95 and 189 -197)
in the full-length HisJ constructs. For D2, residues at the N” and
C’ termini experience significant (>1 S.D.) CSPs, as well as
residues 73,76 —77,and 79 — 83 that correspond to residues 163,
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166-167, and 169 —173, respectively, in the full-length protein
(Fig. 4A). Despite these differences, the majority of the domain
chemical shifts compare favorably with those from apo-His].
Similarly, analysis of calculated backbone dihedral angles (®
and W) reveals large changes at regions adjacent to the flexible
D1 linker and termini regions of D2 compared with apo-His]
(Fig. 4B).

Secondary structure distribution as determined by the CSI
(50) data reveals that both apo- and holo-His] have similar com-
position and distribution of secondary structure elements (Fig.
4, C and D). Furthermore, secondary structure element distri-
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FIGURE 3. NMR structure of apo-HisJ. A, 30 lowest energy structures of apo-
HisJ (red) overlaid (see Table 1 for structural statistics). B, side-by-side compar-
ison of the lowest energy NMR structure of apo-HisJ and the crystal structure
of holo-HisJ (PDB 1HSL). The first (D1) and second domain (D2) of each struc-
ture is colored blue and green, respectively. Holo-HisJ adopts a closed confor-
mation in comparison with apo-HisJ, which results in histidine (yellow) being
engulfed. Of note, hinge regions are colored red. C, combined NMR CSP for
apo-HisJ and holo-HisJ (complexed with histidine). The domain organization
of HisJ is noted above the figure where D1 subdomains (blue), D2 (green), and
hinge regions (yellow) are indicated.

200

bution of the solution holo-His] protein compares favorably to
that of the E. coli holo (histidine)-His] crystal structure (PDB
1HSL, data not shown). Comparison of CSI predictions for D1
and D2 versus the full-length apo-His] protein reveals an almost
perfect level of conservation except for residues immediately
adjacent to the D1 flexible linker and at the N’ and C’ termini of
D2 (Fig. 4E).

HN-N RDCs were used to assess the folding of D1 and D2 and
examine the orientations of these domains in holo-His]. HY-N
RDCs provide information on the average orientation of inter-
atomic HY-N vectors relative to the molecular alignment ten-
sor (52). The RDC is used to define the HY-N bond vector with
respect to the external magnetic field and can be used to assess
domain orientation (62). The high degree of correlation
between the measured HY-N RDCs for apo-His] and those
back-calculated from the initial starting model (see “Experi-
mental Procedures”; Table 2; Fig. 54) suggested that apo-His]
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TABLE 1

Experimental restraints and structural statistics for the 30 lowest total
energy structures of apo-HisJ

r.m.s.d. means root mean square deviation.

No. of experimental restraints
Upper distance restraints from NOE

Total 1370
Short/medium range 917
Long range 453
"Dy RDCs 185
Dihedral angle restraints (TALOS+) 407
Hydrogen bonding restraints 74
Average r.m.s.d. values from experimental data .
Distance restraint violation 0.065 A
Dihedral angle restraint violation 0.217°
RDC restraint violation 0.104 Hz
Average r.m.s.d. values from idealized covalent
geometry .
Bonds 0.003 A
Angles 0.434°
Impropers 0.444°
PROCHECK Ramachandran analysis for the folded
regions
Residues in most favored regions 84.8%
Residues in additional allowed regions 13.5%
Residues in generously allowed regions 1.7%
Residues in disallowed regions 0%
Coordinate precision of folded regions )
Backbone 0.13 +0.06 A
All heavy atoms 0.18 £ 0.06 A

adopts an open conformation, which was later confirmed with
our NMR structure. Holo-His] HN-N RDCs have a high degree
of agreement with the closed conformation holo-His] crystal
structure (PDB 1HSL; Fig. 5B), whereas D1 HN-N RDCs have
similar levels of correlation with domains from either the
apo-open or holo-closed His] structures (Table 2; Fig. 5C).
Interestingly, D2 HN-N RDCs have a higher correlation with
the equivalent domain in the holo-His]J crystal structure than
the apo-His] NMR structure (Fig. 5D). These RDC results
indicate that the D1 and D2 HN-N bond vectors closely
resemble those found in the apo-open and holo-closed His]
structures; however, D2 shows greater differences with
respect to the apo-form of which Ser-97 (full-length Ser-187)
has the largest variation (Fig. 5E).

NMR Spin Relaxation—NMR relaxation experiments (R}, R,,
and {*H} >N NOE) can provide information on protein tum-
bling and dynamics on the picosecond to nanosecond time
scale. Apo- and holo-His] are rigid proteins with highly flexible
terminal regions (residues 1-8 and 241; Fig. 6A). Compared
with the holo-form, apo-His] has increased flexibility at Gly-
145 and residues 196 and 197 from the 2nd interdomain linker.
Furthermore, residues 93 and 95 of apo-His] have broadened
peak line widths compared with their holo-form counterparts
suggesting an increase in conformational averaging perhaps
due to increased dynamics. D1 has increased mobility at the N'-
and C’-terminal ends as well as the Gly linker region (residues
94.-99) but is otherwise rigid (Fig. 6B). Similar to apo-His], D2
behaves as a globular rigid protein except for residue Gly-55
(corresponding to full-length Gly-145) and the N'- and C’-ter-
minal residues (Fig. 6C). Rotational diffusion analysis of the R,
and R, data allowed for calculations of average rotational
correlation times (7,) from the 7, values of each residue.
Apo- and holo-His] (26.5 kDa) have similar correlation times
of 13.83 *= 1.12 and 13.79 * 1.23 ns (Fig. 6D), respectively,
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FIGURE 4. Structural similarity of the isolated domain constructs and
their equivalent domains in apo-HisJ. A, HN-N CSP of D1 (blue) and D2
(green) compared with apo-HisJ. The horizontal line indicates CSPs greater
than 1.0 S.D. from the mean. B, comparison of the backbone dihedral angles
of D1 and D2 versus apo-HisJ that were calculated using the program
TALOS+. C and D, CSI secondary structure prediction results for apo- and
holo-HisJ, respectively. E, CSI results for D1 (blue) and D2 (green). Residues
where differences in secondary structure (compared with apo-Hisl)) are
detected are colored purple. CSl results are interpreted as +1 for a-helical
propensity, —1 for B-strand prediction, and 0 for random coil. Of note, the
inserted flexible linker of D1 was excluded in the comparison. The domain
organization of HisJ is noted above the figures.

despite the difference in conformation. The D1 and D2
domains within the apo- and holo-His] proteins have similar
7. values suggesting that the domains tumble dependently in
solution. Isolated D1 and D2 have correlation times of 8.59 =
0.36 and 5.33 * 0.31 ns, respectively, indicating that these
proteins tumble as monomers in solution (Fig. 6, E and F).
For D1, measurement of similar 7, values for D1a and D1b
subdomains indicate that they tumble dependently and pro-
vide further evidence to suggest that D1 is folded similarly to
the D1 domain within His]J.
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TABLE 2
RDC analysis of HV-N bond vectors from apo- and holo-HisJ and D1
and D2

Experimental values are compared with those back-calculated from the structures
of apo- and holo-His]. A high R value and a low Q value indicate close agreement.

Protein No. of residues Structure R Q
%
Apo-His] 184 Apo-open (starting model)  0.95  0.30
184 Holo-closed (PDB 1HSL) 0.78 0.63
Holo-His] 202 Apo-open (NMR) 0.80 0.60
202 Holo-closed (PDB 1HSL) 0.94 0.34
D1 115 D1 model (apo-NMR) 0.94 0.34
115 D1 model (holo-crystal) 095 0.30
D2 82 D2 model (apo-NMR) 0.83 0.56
82 D2 model (holo-crystal) 094 0.36

CPMG relaxation dispersion experiments indicate areas that
are involved in slow chemical exchange (millisecond to micro-
second). Relaxation dispersion data indicate that apo-His]
experiences slow conformational motions, although holo-His]
does not (Fig. 7A). From the D1 domain of apo-His], Ala-18
undergoes elevated (R, ¢ 40 11,1000 11 = 2-0) slow motions and
residues 98, 197, and 198 located proximal to the hinge regions
also experience significant dispersion (R, o¢ 40 112/1000 iz = 1-3)-
Residues 121, 125, 151, 152, 161, 163, 171, and 174 from the D2
domain of apo-His] also show significant slow motions. The
majority of the residues experiencing chemical exchange
occurs in the D2 region of apo-His], although nearly all of the
D1 R, .gratios remain unperturbed. Isolated D1 experiences no
significant chemical exchange (Fig. 7B), whereas residues in the
latter portion of D2 show elevated R, . values (>1.25), includ-
ing C-terminal Lys-102 (R, . = 1.53; Fig. 7C). Overall, isolated
D2 residues (8, 31, 35, 61, 71, 73, and 81) experience a signifi-
cant reduction in slow motions compared with the equivalent
residues in apo-His]J.

Ligand Binding—DPrevious studies have established that His]
binds histidine with a higher affinity than other basic amino
acids (5, 6, 21, 63, 64). ITC and NMR were used to examine the
binding of histidine to apo-His], D1, and D2. Apo-His] exhib-
ited an exothermic interaction with histidine with a binding
constant (K;) of 114 = 16 nm using ITC (Fig. 8). The thermo-
dynamic parameters for histidine binding to His] are AH =
—61.2 = 0.126 kJ/mol and TAS = —23 * 0.412 kJ/mol, which
indicate that it is driven by a favorable enthalpy term. Binding
constants and thermodynamics of histidine binding to D1 and
D2 could not be determined as the molecules did not interact,
the interaction was too weak to be detected, or the reaction did
not produce a discernable heat signal (data not shown). NMR
titrations were performed to examine CSP changes in the
HSQC spectra of D1 and D2 upon addition of histidine. Based
on the apo-His] NMR titration with histidine (Fig. 3C), it was
expected that many CSPs would be observed in the experiments
with the isolated domains. In the D1 titration, a small number
of signals shift in a fast exchange manner (on the NMR time
scale) upon histidine addition, which indicates weak binding
(K, Ser-73 ~80 uMm; Fig. 9, A and B). In the isolated D2 NMR
titration, no significant CSPs were observed suggesting that
D2 is not able to bind histidine (Fig. 9C), which is consistent
with the ITC results. From the E. coli His] crystal structure
(PDB 1HSL), both D1 and D2 residues make direct contact
with the histidine ligand (Table 3). The majority of these
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number, and outliers are indicated by the horizontal line.

residues experience significant CSPs when apo-His] is
titrated with histidine; however, in the individual D1 titra-
tion, significant CSPs (>1 S.D.) for only Tyr-17, Ala-18, Ser-
73, and Ser-75 were detected.

Interdomain Interactions—Analysis of the lowest energy
apo-His] NMR structure and holo-His] crystal structure (PDB
1HSL) reveals that the number of residues making significant
(>1S.D.) contact area between the two protein lobes increases
from 5 to 13, which results in an ~2.4-fold increase in interdo-
main contact surface area (Table 3). Of these, important con-
tributions are made from D1 residues 16 -18 and 55 and 56,
which contact D2 residues 121-123, 144 —147, and 164—171 to
help stabilize the closed holo-form.
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NMR titrations were performed with D1 and D2 to exam-
ine the ability of the isolated domains to interact with each
other. '>N-D1 was titrated with unlabeled D2, and changes
in peak position and intensity were monitored; however, no
significant changes were observed (data not shown). More-
over, '>°N-D2 was titrated with unlabeled D1, and no signif-
icant changes were noted except for Asp-100, which lies at
the C terminus of the D2 construct (data not shown). The
addition of histidine to an equimolar mixture of '>N-D1 and
'>N-D2 did not result in any significant chemical shifts (data
not shown) apart from those observed from the '*N-D1-
histidine titration (Fig. 9, A and B). Similar to the D1-histi-
dine ITC titration (data not shown), ITC experiments per-
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formed on a 1:1 molar ratio of D1/D2 with histidine did not
produce a detectable heat change (data not shown).

DISCUSSION

Dynamics of Ligand Binding—Our solution structure of apo-
His] shows that it adopts an open conformation in the absence
of ligand and that the ordering of dynamic residues in the hinge
regions contributes to His] transitioning to a closed form in the
presence of histidine (Fig. 3B). This large scale conformational
change is reminiscent of the “Venus flytrap” mechanism of
ligand binding used by other PBPs (65), such as LAOBP and
maltose-binding protein (MBP). Although the apo-His] solu-
tion structure shows an average open conformation, we also
present CPMG dynamics data that support a minor apo-con-
formation(s) based on an increase in chemical exchange for D2
(Fig. 7A). This result is corroborated by His] MD simulations
that show that apo-His] is able to sample a closed conformation
(66). Previous studies with the type I MBP revealed a minor
(5%) apo-closed conformation that was identified and solved
using RDC analysis in combination with paramagnetic relax-
ation enhancement (67). This minor MBP conformation has
also been sampled by MD simulations (68), although other
efforts have used a combined NMR and CS-Rosetta approach to
identify these “invisible” protein states (69). In contrast, a minor
apo-conformation was not detectable for the type II glutamine-
binding protein (70), indicating that not all structurally related
PBPs undergo an NMR identifiable conformational transition
in the absence of ligand.

For His], binding of ligand results in the formation of a stable
closed conformation that is characterized by an ordering of
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FIGURE 8. Binding of histidine to HisJ by ITC. A representative binding iso-
therm obtained by injecting histidine into apo-HisJ is shown.

dynamic residues on both fast and slow NMR time scales. In
comparison, the apo-form of the type II glutamine-binding pro-
tein has two rigid hinge strands that are stabilized by inter-
hinge strand hydrogen bonds and whose residues are directly
involved in ligand binding (70, 71). Tjandra and co-workers (70,
72) have suggested that variation in hinge flexibility among
PBPs is related to ligand binding specificity and mediates the
open-closed conformational transitions. Mutational studies of
the interdomain hinge regions of the type I ribose-binding pro-
tein and glucose/galactose-binding protein have also been
shown to alter hinge region dynamics and concomitantly the
intrinsic binding affinity of these proteins for their ligands (73).
Our results support an intimate role between hinge region
dynamics and ligand binding in PBPs that is not dependent on
contact between the hinge and ligand.

Multifunctional Roles of D1 and D2—In this study, the main
polypeptide chain break points for our isolation of the individ-
ual D1 and D2 domains of His] were chosen to coincide with the
hinge regions. RDC, CSI, CSP, dihedral angle backbone analy-
sis, and NMR spin relaxation data indicate that these two iso-
lated domains are folded similarly compared with their homol-
ogous domains in apo-His], except for terminal regions and
residues adjacent to the inserted flexible linker in D1. The other
main structural differences originated in D2. CSP, RDC, and
NMR relaxation dispersion data indicate two loop regions in D2
(residues 30-35 near a-helix 2 and 72-75 near a-helix 4) are
significantly affected in the absence of intact interdomain link-
ers (Fig. 10, A and B).
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FIGURE 9. NMR titrations of histidine binding to ">N-D1 (A and B) and
13N-D2 (C). A, region of the "®N-D1 HSQC experiment. The majority of the
peaks do not change position during the experiment; however, Ser-73 and
Ser-75 shift steadily upon each addition (see arrow). Inset in A is the plot of
Ser-73 peak position relative to histidine concentration and the K, value as
determined by the NMRViewJ titration analysis module (One Moon
Scientific).

From the holo-His] crystal structure (PDB 1HSL), it is
observed that the majority (~60%) of the direct contact surface
area with histidine occurs through residues in the D1 domain.
This has led to the idea that D1 and D2 may have different roles
in PBP ligand binding (14), where D1 serves as the initial ligand
acceptor. To date, experimental evidence to support such a
model in PBPs is limited to the structure of the type I E. coli
leucine, isoleucine, and valine-binding protein where leucine
was soaked into the crystal and bound to D1 (PDB 2LIV) (74)
and theoretical targeted MD simulations of the same protein
(75). MD simulations of LAOBP also indicated that an initial
D1-ligand contact step was required for an open-to-closed con-
formational change to occur (76). In this study, we provide
direct experimental evidence that isolated D1 of His], but not
D2, is able to bind histidine in a similar manner as the full-
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length His]. D1 residues Tyr-17, Ser-73, and Ser-75 show sig-
nificant CSPs upon histidine titration. These residues along
with Leu-55 and Ser-72, which also have high CSP values, com-
prise the histidine binding pocket of D1 (Fig. 9B). These
affected residues are identical to those perturbed by addition of
histidine to the full-length His] protein (Fig. 3C) and those that
participate in histidine coordination in the in the holo-His]
crystal structure. The ability of D1 to bind histidine supports a
model where this domain is involved in the initial ligand bind-
ing step of HisJ and related proteins (e.g. LAOBP) (14, 24). Fur-
thermore, the apparent reduced affinity of D1 for histidine is in

TABLE 3

Analysis of interdomain and interhinge strand contacts
Contact surface area was calculated using contact map analysis software (92).

Interaction Contact
partners Residue (D1) Residue (D2) surface area
A’Z
Apo-His]
D1-D2 19 170 39.6
20 166 33.8
234 166 24.2
236 165 34.5
236 166 28.9
Hinge 1-hinge2 194 93 33.5
Holo-His]
D1-D2 16 146 32.7
16 147 23.2
17 167 429
17 164 31.8
17 146 28.9
18 171 25.4
19 170 27.9
55 123 24.4
56 121 36.9
56 144 35.4
234 166 32.3
236 166 23.1
236 170 27.3
Hinge 1-Hinge2 194 95 32.6
D1/D2-histidine 17 48.1
55 18.1
72 21.7
73 32
75 30.6
80 31.6
120 19.6
123 21
124 42.8
125 21
146 (H,O-mediated) 0.6
164 26.8

A c

a-helix 2

0 >0.7
CSP

agreement with the notion that a D2 interaction is required to
further increase the affinity of His] for its ligand.

The inability of isolated D2 to interact with histidine indi-
cates that it plays a supporting role in ligand binding. Previous
studies have proposed that PBP-ligand binding occurs by an
induced-fit mechanism wherein domain closure is stimulated
by a ligand binding event (14, 21, 24, 70, 77, 78). In the case of
His], we suggest that histidine binding at D1 triggers a closing
event that rapidly brings D2 in close proximity with D1. In the
absence of interdomain connectivity, D2 is unable to make con-
tact with the ligand; D1 and D2 are not able to interact; and a
conformational change leading to a closed holo-form is not
communicated.

The changes in chemical environment and structure of D2
loop regions (residues 30-35 and 72-75) in the absence of
interdomain connectivity directly affects residues involved in
both ligand binding and domain-domain contacts (Fig. 104).
Similarly, a loss in R, chemical exchange for residues 31, 35, 71,
and 73 in isolated D2 agrees with this notion (Fig. 10B). Previ-
ous studies have shown that mutations to Thr-34 (full-length
T124A) and Asp-74 (D164A/E165K) reduce His] binding affin-
ity for histidine by >150-fold (24, 64, 79). Moreover, a T124A
His] mutant was unable to form a stable, closed-liganded con-
formation (64). Mutations to other residues in the same D2
loop regions have also been shown to disrupt histidine binding
and the ability to adopt a closed conformation (64). In particu-
lar, our analysis reveals that loop residues 72—75 and the pro-
ceeding a-helix 4 of D2 are extensively involved in making
interdomain contacts in both apo- and holo-His] (Table 3).
This indicates that in the absence of intact hinge regions, chem-
ical environmental changes in D2 affect the ability of this
domain to interact with ligand and D1. In this regard, mutation
of S95F from the 1st hinge strand has been previously shown to
affect the ability of His] to bind histidine (K, >5 um) and adopt
a closed conformation (24).

Currently, the body of information regarding the interaction
of PBPs and their inner membrane ABC transporters is growing
(80, 81). Studies involving MBP and its ABC transporter
MalFGK, have established that a large extracellular loop
(MalF-P2) is responsible for mediating interactions with MBP
and inducing a conformational change that leads to release of
its ligand (82-87). Previous work by Ames and co-workers

B c
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| ‘ \E //(J‘ B-strand 4

FIGURE 10. Mapping of CSPs (A) and changes in R, . chemical exchange (B) onto the D2 structure from holo-HisJ. A, CSPs arise from differences in
isolated D2 and the same domain in apo-HisJ. Significant changes (indicated in red) are localized near a-helix 2 and 4, and key ligand-binding residues (green)
Thr-34 (full-length Thr-124) and Asp-74 (full-length Asp-164) are indicated. B, relative change in R, ot (02-apo) (%) Where loss and gain in chemical exchange of
D2 compared with apo-HisJ are indicated in blue and red, respectively. Significant decreases in R, .« are found near residue Thr-34 and adjacent to Asp-74 on

B-strand 4.
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(88-90) has established that His] docks onto HisQMP,, and
mutational studies have shown that regions on D1 and D2 have
a role in forming a stable complex with the permease and in
signaling active transport of the ligand. HisQMP, is not pre-
dicted to have a large periplasmic signaling loop (91); thus, it
remains to be established what the molecular mechanism is
that induces ligand release from PBPs with transporters that
lack large extracellular loops. Our study with the individual
lobes of His] suggests that a change in PBP conformation that
separates the two lobes would significantly weaken the associ-
ation with the ligand and could facilitate ligand release. A
ligand-dependent transport rate for HisQMP, has also been
observed, but the biochemical nature of this regulation has not
been elucidated (21). Future solution NMR studies of His]
bound to other basic amino acids (i.e. arginine, ornithine, and
lysine) may show differences that are not apparent from the
crystal structures of holo-LAOBP (PDB 1LAH, 1LAG, 1LAF,
and 1LST). Moreover, it is unclear if both lobes of His] are
required to stimulate transport, which could be studied using
the isolated domain constructs described in this work.

This His] study is the first to structurally and functionally
characterize the individual lobes of a PBP. We have also
attempted to perform similar studies for PBPs that have a single
hinge region (ferric enterobactin-binding protein) and three
hinge regions (MBP) but have not yet been successful.?
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