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ABSTRACT. The leucine/isoleucine/valine-binding protein (LIVBP or LivJ) serves as the primary high-
affinity receptor of theEscherichia coliABC-type transporter for the three aliphatic amino acids. The

first structure of LIVBP determined previously without bound ligand showed a molecule comprised of
two domains which are far apart and bisected by a wide open, solvent-accessible cleft. Here we report the
crystal structures of another ligand-free state and three complexes with the aliphatic amino acids. In the
present ligand-free structure, the two domains are farther apart. In the three very similar complex structures,
the two domains are in close proximity, and each desolvated ligand is completely engulfed in the cleft
and bound by both domains. The two different ligand-free structures, combined with those of the very
similar ligand-bound structures, indicate the trajectory and backbone torsion angle changes of the hinges
that accompany domain closure and play crucial functional roles. The amino acids are bound by polar
and nonpolar interactions, occurring predominantly in one domain. Consistent with the protein specificity,
the aliphatic side chains of the ligands lie in a hydrophobic pocket fully formed following domain or cleft
closure. Comparison of the structures of LIVBP with several different binding proteins indicates no
correlations between the magnitudes of the hinge-bending angles and the protein masses, the ligand sizes,
or the number of segments connecting the two domains. Results of normal-mode analysis and molecular
dynamics simulations are consistent with the trajectory and intrinsic flexibility of the interdomain hinges
and the dominance of one domain in ligand binding in the open state.

Bacteria rely heavily on the binding protein-dependent and organosulfonate, choline/taurine, heme, étc2), The
ABC-type active transport systems for uptake of nutrients binding proteins serve as the initial high-affinity ligand
even in severe conditions of limiting or very low concentra- receptor and conduit for delivering the ligand or substrate
tions. InEscherichia colialone, there are approximately 50 to the protein membrane components for translocation across
of these systems for uptake of diverse sets of nutrients,the cytoplasmic membrane. At least six binding proteins
including carbohydrates (monosaccharides and oligosacchafurther act as receptors for chemotax®. (The binding
rides), amino acids, dipeptides and oligopeptides, polyamines proteins, with mass ranging from 25 to 60 kDa and little
vitamins, cations, tetrahedral oxyanions, organophosphonateamino acid sequence similarity, reside freely in the periplas-
mic space of Gram-negative bacteria or are anchored via a
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similar substrates. These stringent specificities guarantee thaEXPERIMENTAL PROCEDURES
the translocation of a nutrient as crucial as the phosphate is

not inhibited by the other oxyanions. The diversity of ligands
has made the superfamily of ABC-transport binding proteins
a gold mine for detailed investigations particularly of
protein—ligand recognition. These investigations, especially
employing X-ray crystallography, have uncovered basic
features of recognitiorb. The focus of this paper is on the
Leu/lle/Val-binding protein (LIVBP) of E. coli.

Leu/lle/Val-binding protein (or its present designation of
LivJ) (6) is, as its original and more descriptive name implies,
able to bind all three branched chain aliphatic amino acids.
Other requirements for the substrates include éremmino
anda-carboxy groups and-stereochemistry. Interestingly,
there is also a leucine-specific binding protein (or LivK) in
E. coli (6), which is very similar in sequence and crystal
structure to LIVBP 7). These strong similarities are con-
sistent with the fact that active transports via LivJ and LivK

Protein Purification and Rema@l of Bound Endogenous
Ligand to Purified LIVBP The procedure for the purification
of native LIVBP fromE. coli has been described previously
(14). Like most binding proteins, native purified LivJ
contains a bound ligand.

To remove completely and easily any bound endogenous
amino acids to LIVBP, the purified protein was subjected
to two gel filtration chromatographies onto Sephadex G-50
columns; the first column was equilibrated vit M urea in
10 mM sodium/potassium phosphate (pH 7.3) buffer, and
the second column was equilibrated with only the buffer.
The protein was added onto the first column and eluted with
the same buffered urea solution. The protein was then added
onto the second column and eluted with only the buffer in
order to allow initial refolding of the protein on the column.
The protein was then incubated in the cold room to ensure
complete renaturation, which was monitored by UV spectral

use the same cytoplasmic membrane-bound protein and:hange that is observed upon addition déucine (5). The

ATPase component$)

The crystal structure of LIVBP in the ligand-free form
was the third to be determined from the binding protein
superfamily 8), being preceded by the substrate-bound
structures ob-arabinose-binding protein (or AraF9,(10)
and p-galactosad-glucose-binding protein (or MgIB)1(,
12). Even with only three different crystal structures solved,

ligand-free LIVBP, concentrated to £05 mg/mL 10 mM
sodium/potassium phosphate (pH 7.3), was used in all of
the crystallization described below of the ligand-free and
ligand-bound states. This ensures that the structure of each
complex with a ligand is not contaminated by an endogenous
bound amino acid.

Crystallization and Structure Determination of LIVBP in

several features of the ABC-type transporter binding proteins the “Superopen” StateFor crystallization, the ligand-free

emerged &), which would prove eventually to be shared by

protein was mixed with an equal volume of the precipitant

all subsequent structures of at least two dozen different [12.5% PEG-6000, 25 mM KCI, 25 mM NaCl, 0.01% NaN

binding proteins (unpublished data; see also 5ef The
salient features are as follows. (1) Despite the lack of a

10 mM potassium acetate, 5 mM sodium citrate (pH 4.5)].
Aliquots of 50uL of the protein solution were placed into

uniform size and high sequence similarity, the structures of microdialysis cells and dialyzed against 5 mL of the

the binding proteins are very similar overall, comprising two
globular domains withj/a fold separated by a cleft or

groove. (2) The substrate binds within the cleft/groove and
is completely enclosed by the two domains. (3) In sharp
contrast to the ligand-bound structures, the ligand-free

precipitant solution in the cold room. Crystals usually
appeared after several days. Diffraction data were collected
to 1.7 A resolution on an SDMS two-detector system
mounted on a Rigaku RU200 X-ray generator (Ca K
radiation) equipped with a graphite crystal monochromator

structure has the two domains farther apart and the cleft wideoperated at 110 mA and 40 kV and processed by a program
open and accessible to the bulk solvent. This observation ofassociated with the detector.

a dramatic difference between the ligand-bound or “closed”
cleft structure and ligand-free or “open” cleft structure
provided the clearest evidence for a bending motion of a
hinge between the two domains [aptly called “Venus’ flytrap”
model (L3)] that plays important roles in ligand binding and
signal transduction in active transport and chemotaxis.

Here we report the crystal structures of a ligand-free
LIVBP that has a more open cleft than that observed
previously and of the three complexes with leucine, isoleu-
cine, and valine. The three similar structures of the close

state, combined with those of the two different open states,

indicate the trajectory and the molecular nature of the
interdomain rotation, the atomic features that restrict binding
of only amino acids and only those with aliphatic side chains,

and the interplay between nonpolar and polar interactions

in ligand recognition. Finally, normal-mode analysis and

targeted molecular dynamics simulations were carried out
to further understand the large interdomain motion and ligand

binding along the pathway of the conformational changes.

1 Abbreviation: LIVBP, leucine/isoleucine/valine-binding protein.

The structure of the ligand-free LIVBP was solved
successfully by molecular replacement using the original 2.4
A LIVBP ligand-free structure§) as the search model in
MERLOT (16). The rotation function (module CROSUM)
yielded a maximum for Euler angles= 90°, § = 81°, y =
280C° against allF, greater than & in the resolution shell
8—4 A. The peak height is 5.4 times above standard
deviations and 30% higher than the next highest peak. The
rotation solution was subsequently refined with a three-

g dimensional search using the LATSUM module with 1 deg

increment to 88 83°, 28C°. The solution of the translation
function was equally straightforward. The molecular transla-
tions weret, = 0.3019t, = 0.2967,t, = 0.2153 in fractional
coordinates. Following application of the rotation and
translation values to the search model, the entire molecule
was subjected initially to rigid-body refinement in X-PLOR.
Subsequently, the entire molecule was divided into four
individual segments (residues-1121, 122-248, 249-329,
and 3306-344) and allowed to move independently. The
initial R-crys dropped from 0.492 to 0.326 for the-8 A
resolution shell. This was followed by several rounds of
positional simulated annealing amifactor refinement in
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Table 1: Data Collection and Refinement Statistics for Leucine/lsoleucine/Valine Binding (LIVBP) with and without Bound Ligand

bound ligand
item none (superopen) Leu lle Val
Intensity Data Collection
divalent metal additive none 1mMed 10 mM Cw* 50 mM Cd*
space group P212,2; P64 P3:21 P212:2;
a(d) 57.21 87.65 99.13 58.42
b (R) 65.29 87.65 99.13 70.34
c(A) 109.61 94.04 93.18 82.90
angle (deg) a=pF=y=90 a=£5=90,y =120 oa=£3=90,y =120 a=pF=y=90
z 1 1 1 1
Dmin? (A) 1.70 1.72 1.96 2.10
no. of observations 168430 108495 153626 66070
no. of unique reflections 42957 37508 31814 18896
completeness (%)/last shell 96/89 86/60 83/40 92/85
Rmerg® (%0)/last shell 6.9/27.7 5.9/25.0 5.1/18.4 12.9/24.2
M/o(1)Mast shell 9.8/1.9 11.7/1.8 15.3/2.5 5.4/2.2
last shell (/:\) 1.751.7 1.86-1.72 2.16-1.96 2.26-2.10
Refinement

R-crysR-free 18.7/22.5 17.5/21.1 18.2/20.5 21.6/26.3
no. of atoms

protein 2591 2591 2591 2591

ligand none 9 9 8

solvent 228 232 351 195

metal cation none 1Cd none 3car

others none none MPD none
rmsd

bond lengths (A) 0.011 0.010 0.011 0.011

bond angles (deg) 1.7 1.5 1.6 1.6

dihedral angles (deg) 24.0 23.2 231 23.5

improper angles (deg) 1.1 1.0 1.1 1.0

3 Dmin = the smallestD spacing for which reflections were measurt&mege = ¥i(5jlli — WO)/3iWG I is the scaled intensity of thigh

observation of each unique reflectionCis the mean value€. R-factor = Y n||Fo| — |Fell/>nulFol, Wwhere|Fo| and |F¢| are the observed and
calculated structure factor amplitudes for reflectiuk, applied to the work Rcrys) and testR-free) (5-10% omitted from refinement) sets,
respectively.

X-PLORJ/CNS (7, 18). After each round, the fit of the model domains close to each other without steric interference
to the density was investigated and, if necessary, correctedbetween residues in both domains. The complete structure
manually on a computer graphics system using CHALS).( for each domain was then superimposed on thédackbone
The currenR-crys is 18.7% andR-free is 22.5% for the 1.7  trace.
A resolution data (Table 1). Using the modeled LIVBP closed state led to a straight-
Structure Determination of the LIVBR.eucine Complex forward molecular replacement solution in X-PLOR7).
The procedure for the crystallization of the native protein After filtration the highest peak in the rotational search
with boundL-leucine follows that described previousii4j. exceeds the next peak by 1.25-fold. Following rotation of
Thick hexagonal prism crystals (0-3 0.3 x 1.0 mn#) of the model by, = 289, 6, = 68°, and 6; = 245, a
the complex were routinely grown in the cold room using translation search yielded a strong peako(p@ak height).
the hanging drop method in the presence of 1 mM'Cd  The model was translateg= 0.133,t, = 0.267,t,= 0 and
The cation additive was crucial in obtaining the large crystals. subjected to rigid body refinement with the two domains
The crystals belong to the6, space group (Table 1). allowed to move independently. This lowered Rerys to
Intensity data from one LIVBP crystal were collected as 38% in the resolution range-8 A. The R-crys dropped
described above to 1.72 A resolution, and the statistics arefurther to 27% after the first round of positional refinement
shown in Table 1. The structure was determined by molecularin the resolution range-82.5 A. The structure was finally
replacement using as the search model the 1.7 A structurerefined as described above for the ligand-free protein to 1.72
of LIVBP solved in the ligand-free state (described above; A (Table 1).
see also Table 1) that had been transformed to the closed Crystallization and Structure Determination of the LIVBP
state using the graphics program CHAIN). This approach Isoleucine ComplexCrystallization of the LIVBP in the
has been previously used successfully in our laboratory in presence of isoleucine was carried out by the hanging drop
the structure determination of the histidine-binding protein method in the cold room. To exploit the positive effect of
using the open state of the lysine/arginine/ornithine-binding divalent cations on crystallization, 10 mM CuSWas added
structure as the search mod@0). Modeling the LIVBP to the crystallization mixture. Bulky hexagonal crystals grew
closed state was guided by the relative orientation betweenin 1 week in drops made by mixing 1 part of the 10 mg/mL
the two domains observed for the closed state structures ofstock protein and 1 part of the precipitant solution of 30%
several binding protein®). The Gx backbone of the LIVBP  2-methyl-2,4-pentanediol, 10 mM Cug®.5 mML-isoleu-
open state was displayed on a graphics system, and the twaine, and 50 mM sodium cacodylate (pH 5.0) and placed
domains were manually rotated about a hinge in the segmentover 1 mL of the precipitant solution. The crystals belong
connecting the two domains in order to bring the two to theP3;21 space group (Table 1). A single crystal was
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mounted in a hair loop and, flash cooled by immersing into
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Adapted Basis Newton Raphsen metha#){the minimiza-

a liquid nitrogen bath, and data were collected as describedtions were terminated when the rms energy gradient had been
above. Statistics of the data collection are shown in Table reduced to 16?7 kcal mot A-1, Then the low-frequency

1.
The refined structure of the LIVBPLeu complex (with

modes were computed by the CHARMM packag®)(The
CHARMM parameter 19 was used for potential function

the coordinates for the Leu deleted) determined as described23).
above was used as the search model in a clear-cut molecular The trajectory between the lle-bound and ligand-free open

replacement solution of the structure of the LIVBRe

states of the LIVBP protein was calculated using targeted

complex. The highest peak in the rotational search remainedmolecular dynamics (TMD)24). This method was imple-

on the top of the list of peaks after filtration and exceeded
the next peak by about 25%. Following rotation of the model
by 6, = 249.7, 6, = 177.6, 63 = 208.7, a translation
search yielded a strong peak (1peak height) which was
37% higher than the next solution. Following translation of
the model { = 0.133,t, = 0.267,t, = 0), rigid body
refinement with the two domains allowed to move indepen-
dently reduced th&-crys to 0.311. The structure was finally
refined in CNS to 1.96 A resolution as described above
(Table 1).

Structure Determination of the LIVBR/aline Complex.
In addition to the prime objective of obtaining high-resolution
diffracting crystals of the LIVBP-valine complex, we
wanted to explore the possibility that dicarboxylic acids (e.g.,
succinate) and Cd could act in facilitating protein crystal-
lization by bridging neighboring protein molecules, the
succcinates between basic residues arid Getween acidic

mented with the CHARMM program2@) using standard
potentials with an additional time-dependent constraining
force that slowly pulls the molecule toward the final state,
in this case the open, unbound state. This dynamic constraint
was applied only to the protein, not to water molecules.
Before equilibration, the closed state of the protein (with
isoleucine bound) was superimposed onto a previously
equilibrated system consisting entirely of water molecules
using the TIP3 model25) in order to provide a shell of
explicit water molecules extending & A from the protein.
Water molecules within 2.8 A of a protein atom were
excluded from this superimposition, leaving 1041 explicit
water molecules. The resulting system was equilibrated in
several stages, whereby each stage first performed 1000 steps
of energy minimization, followed by a 100 ps dynamic
equilibration. At first, only the water was allowed to move
while the protein was restrained. Next, the side chains were

groups. The crystal screen was prepared as a multidimen-allowed to move, although a constant harmonic force

sional matrix, varying the cadmium salt concentration in one

restrained the atoms. In the final step, the entire protein was

dimension and the dicarboxylic acid concentration in another gllowed to move and equilibrate with only a small constant
dimension. Also, the concentrations of PEG-400 precipitant harmonic force restraining the atoms in the system. After

and the pH values of the solutions were varied.
Crystals of prismatic morphology with dimensions &2
0.3 x 0.7 mn? were obtained at cold room temperature in

the presence of 1 mM valine by the hanging drop method.

500 ps of equilibration, an additional 500 steps of minimiza-
tion and 50 ps of equilibration were performed before the
actual TMD simulation of 500 ps with a time step of 1 fs.

The temperature of the system was kept near 300 K hy

The precipitant was composed of 25% (v/v) PEG-400, 0.1 coupling the system to a heat bath with a relaxation time of

M succinic acid, 50 mM CdS§€ and 50 mM sodium
cacodylate (pH 5.5). The drop was formed by mixingl5
of protein solution {10 mg/mL) and 5L of the precipitant
solution and hung on a siliconized cover slip.

0.1 ps. In addition, the length of all bonds involving hydrogen
atoms was constrained by the SHAKE algorith?2®)( The

standard leapfrog algorithm was used for integrating the
equations of motion. The TMD simulation was performed

Data from a single crystal after “flash cooling” into a liquid  four times, each with a different random seed value but
nitrogen bath were collected as described above to 2.1 Aotherwise with identical input parameters.

resolution (Table 1). The search for a molecular replacement

solution used the structure of the LIVBRReu complex (with

lllustrations. Figures 1, 2, 3A, 4, and 5B were prepared
by using MOLSCRIPT 27). Figure 5A was prepared by

the coordinates of Leu removed) and EPMR program of \;5ing vMD (28).

Kissinger and Gehlhaar (ftp.augoron.com). The very first
solution resulted in a correlation coefficient of 0.684 and
R-crys of 0.381 for all data in the resolution shell-4% A.
The model was rotated iy = 23.38, 6, = 81.59, andf;
= 270.75 and translated by = 56.68 A,t, = 24.93 A,

RESULTS

Structure DeterminatiorAll four structures reported here
were determined by the molecular replacement technique and

andt, = 29.43 A. This model was subjected to several rounds refined against diffraction intensity data (2:1.7 A resolu-

of refinement in X-PLOR and ARP2(). The statistics of
the refinement at 2.1 A are shown in Table 1.
Deposition of Coordinates and Structure Facto&oor-

tion) collected from in-house equipmentRecrys values that
range from about 18% to 22% afdfree values from 21%
to 26% and to good geometry (Table 1).

dinates for the four crystal structures described above have Crystallization Addities Although it was relatively easy
been deposited in the Protein Data Bank (accession codesto crystallize the ligand-free state of LIVBP during the time

1715, LIVBP superopen form; 1716, 1Z17, and 1718,
LIVBP with bound leucine, isoleucine, and valine, respec-
tively).

Normal-Mode and Molecular Dynamics Analysdhe

when crystallization kits were not even availal#, {t was
only recently that we have been able to crystallize the ligand-
bound state of LIVBP14). There was no one condition that
enabled the crystallization of the one unbound and three

normal-mode analysis was performed on the open state. Thebound forms. However, cation additives were crucial in
structure was energy minimized by 1000 steps of the steepesbbtaining high-resolution diffracting crystals of the bound
descent method followed by a few thousand steps of theform. This was demonstrated initially for the complex with
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Ala 47 to Val Change in the Sequence and a Rare Cis

T184 Peptide Bond ConformatiotWith only one exception, the
original amino acid sequence of LIVBP, which was deter-
R188 ¢ mined by chemical and DNA sequencing metha2$ 80),
; is confirmed by the four refined structures. The exception is

") Ala 47 in both sequence determinations, which is clearly a
77« - @ Wal-822 valine as indicated in the electron density (see Figure 2A).
MPD The residue in the equivalent location in the leucine-specific

binding protein is also valiner}. Since the valine residues
in both proteins are far~20 A) from the ligand-binding

K302# site, it has no relevance to complex formation.
_ g The four structures (Table 1) also revealed a cis conforma-
D173 299# tion of the Qly Y&I-!is 76 peptide bond.(F!gure 2B). The
occurrence in protein structures of a eisdihedral angle
FiGUrRe 1. 2-Methyl-2,4-pentanediol bound between LIVBP mol- for a peptide bond XY, where Y is not a Pro residue, is
ecules in the structure of the complex with lle (Table 1). The very rare, amounting to only about 0.05%i( 32). The cis
difference Fourier map is contoured at. Residues marked with conformation is not the product of crystal packing since all

the symbol # are from a symmetry-related protein molecule. ; ; .
Y y Y P four structures (liganded and unliganded) are in totally

Leu, which yielded thick hexagonal prism crystald) (see different lattice arrangements (Taple 1). There is nothing to
also Experimental Procedures). In the absence of cationsSU99est that the His residue is in an unusual or special
crystals grew as long thin needlesg). C* (1 mM) was location as it is neither in contact _Wlth ot_he.r molecules in
used in obtaining the crystal of the LIVBR.eu complex t_he four different space groups nor in proximity to the boun_d
whose structure is reported here. Surprisingly, however, only ligands and the three segments connecting the two domains.
one Cd* metal (Table 1) was clearly evident in the refined We attribute the cis bonq formation to the constraint imposed
structure, which was located between two different molecules PY the formation of a string of hydrogen bonds tying up the
(data not shown). Crystallization of the complex with valine His side chain and the backbone carbonyl oxygen. As
required a higher concentration €d(50 mM). Although ~ depicted in Figure 2B, the two nitrogens of the imidazole
succinate was also included in the solution used to crystallize"iNg make hydrogen bonds with the side chains of Asp 51
the protein in the presence of Val, none was visible in the and Tyr 89, the former as an acceptor and the latter as a
structure. Moreover, of the three €dmetals identified in ~ donor, and the main chain peptide bond carbonyl oxygen is
the Val-bound structure (Table 1), only one was found bound coupled, through a water molecule, to Asp 51. It is
between different molecules. The Tdmetals in the noteworthy that the equivalent residue (His 76) in the leucine-
complexes with Leu and Val were chelated mostly by specific binding protein also adopts a cis conformation (S.
carboxylate side chains. Trakhanov and F. A. Quiocho, unpublished data).
Although CuSQ was required for obtaining crystals of Overall Three-Dimensional Structurés revealed by the
the LIVBP—Ile complex (Table 1), no Cti or SO?2~ could first structure of LIVBP determined at 2.4 A resolutid),(
be found in the crystal structure. However, one molecule of the protein is divided into two globular domains [named |
the precipitant 2-methyl-2,4-pentanediol (MPD) was ob- and Il or N- and C-domains, respectively, in previous
served mediating indirect interactions between two sym- designations )] with similar 5/a fold (Figure 3A). With
metry-related protein molecules (Figure 1). Two hydroxyl three segments linking both domains, each domain is folded
groups of the MPD are involved in the interactions. One of from two separate segments from both the amino- (or N-)
the interactions is linked through a water molecule. Thus, it and carboxy- (or C-) terminal halves of the polypeptide chain.
is possible for MPD to mediate intermolecular contacts which Although the three interdomain segments are widely sepa-
may facilitate crystal formation. rated in the sequence, they are in close proximity to each

Ficure 2: Two notable residues (Val 47 and His 76) in the four structures (Table 1) of LIVBP. The electron density malps -arg.2
contoured at & Data are from the LIVBP-Leu complex structure. (A) Replacement of Ala 47 in the original primary sequence by a Val
residue. (B) Cis conformation of the Gly #5lis 76 peptide bond.
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The sole major difference between the ligand-free and
ligand-bound structures of LIVBP is clearly portrayed when
one identical domain of the two different free structures and
one bound structure is overlapped (Figure 3A). In both
ligand-free structures, the two domains are well separated,
and the cleft between the two domains is wide open and

~&{&
A

accessible to solvent. In sharp contrast, in the ligand-bound
structure the lips of the two domains are in contact and,
consequently, completely engulf the ligand in the cleft. The

. : two ligand-free structures, distinguished as “open” and
Domain TSR “superopen” forms, are related to the closed structures by a

e rigid body rotation between the two domains of about 50

and 60, respectively, in the direction of the hinge-bending
motion (discussed further below).

Table 4 and Figure 3B indicate the changes in the
backbone torsion angles of the three interdomain connecting
segments or hinges that accompany domain closure. The two
major torsion angle changes (which are in the same direction
and thus do not cancel) are confined to theand v; of
mainly two residues, Asp 123 in the first hinge and Phe 329
in the third hinge. For Asp 123, the averages of ¢
changes (standard deviation in parentheses) are 4325)
(3)° in going from the superopen to the three ligand-bound
structures and 55(%R0(3) in going from the open to the

Delta (phi) + Delta (psi) 0J

2 * three ligand-bound structures. For Phe 329, the averages of
2 80 the ¢/ changes are 15(3B7(2) and 12(3j/34(2) for the
Q%4 domain closures commencing from the superopen and open
= 24 states, respectively. Despite the large backbone conforma-
= o tional differences of the two residues, thgiandiy values

E 20 in the two different open and three closed structures are in

the normally allowed (minimum energy) region of the
Ramachandran plots. The combined changes i thied

Ficure 3: Interdomain rotation or domain closure. (A) Three tqr3|on ang_les of Asp 123 make larger _contrlbutlon in the
different crystal structures of LIVBP. Domain | (or N-domain as Ninge bending than those of Phe 329 (Figure 3B). Whereas

identified in previous papersy(8) of the closed, lle-bound (green),  the change i is the major contributor of Asp 123, it ip

open (blue), and superopen (red) structures is superimposed. Thédor Phe 329 (Table 4). Thug(123) andy(329) are the most
atoms of the Ile bound in the cleft between the two domains in the jmportant torsion angles in the hinge-bending motion,
closed form structure are represented in semitransparent van de'followed by 1(123)

Waals spheres. The N and C labels mark the amino and carboxy yy o . .

termini. As discussed in the main text, the ligand binds preferentially ~ Although no single residue in segment 2 undergoes as large
to domain | in the open state, which could be represented by onea change as the two described above in segments 1 and 3,
of the open states (colored red or blue) with the Ile bound as shownthe combined negative changes of abe@5® of the ¢ and

in the closed state (colored green). (B) Plots of the sum@f+ v of residue 250 (Figure 3B and Table 4) make appreciable

Ay for the domain closure from the open (top) and superopen oo . .
(bottom) states to the closed state with bound Val (blue), lle (red), CONtribution in going from the open to the ligand-bound state.

and Leu (yellow). Data are taken from Table 4. Residue segments The contribution is less in the domain closure commencing
corresponding to hinges 1, 2, and 3 are delimited by arrows. from the superopen state. There are several other relatively

similar minor main chain torsion angle changes, especially

other in the tertiary structure (Figure 3B) and, as a conse-in hinges 1 and 3 (Figure 3B), that contribute the remainder
quence, form the base of the ligand-binding site cleft between of the motion. One of these (residue 328) is observed in the
the two domains and further act as a set of hinges for hinge bending starting from the superopen state but not that
interdomain rotation which plays crucial functional roles commencing from the open state. Normal-mode analysis
(discussed further below). Interdomain segments 1 and 3provides additional insight into the contributions of three
extend from domain | to domain Il, whereas segment 2 runs hinges during domain closure and is discussed further below.
in the opposite direction. Segments 1 and 2 are preceded by Aliphatic Amino Acid BindingEach of the three bound
a -sheet strand in one domain and followed byoahelix amino acids exhibits well-defined difference electron density
in the other domain, whereas segment 3 bridges strands from(Figure 4A). With the exception of one residue (Phe 276),
both domains. which shows a small conformational change between the

Open and Closed States of LIVBPhe three structures Leu- and lle- or Val-bound structures, the configurations of
of LIVBP with bound Leu, lle, and Val, identified as “closed the ligand-binding site in the three structures are extremely
state”, are very similar as indicated by rmsd values 06f25 similar (Figure 4B). Moreover, the primary groups.-(
A between the overlapped structures and.1 A between ammonium andx-carboxylate, assuming normaksg, and
the superimposed nutrient-loaded binding site shown in a-carbon) of the amino acids bound in the three structures
Figure 4B. superimpose very well. The same is true for the side chain

Residue number



Structures of the Leu/lle/Val-Binding Protein Biochemistry, Vol. 44, No. 17, 200%603

Ficure 4: Binding of L-leucine,L-isoleucine, and-valine to LIVBP. (A) F, — F. omit maps for the bound Leu (left), lle (middle), and
Val (right) contoured at the Blevel. (B) Superimposition of the binding site of the three structures (Table 1) with bound Leu (with
color-coded atoms: oxygen, red; nitrogen, blue; and carbon, gray), lle (yellow), and Val (green). Dashed lines represent hydrogen bonds.

Table 2: Hydrogen Bonds between LIVBP and.eucine, Table 3: van der Waals Contacts between LIVBP and Amino Acids
L-Isoleucine, on-Valine no. of contacts €4.5 A)

LIVBP LIVBP total/side chain onF
domain distance ¢3.2 A) residue domain Leu lle Val
atom location atom Leu lle Val Tyr 18 | 14/14 12/12 5/5
Ala 100 O I N 2.87 2.87 2.80 Leu 77 | 10/6 9/6 9/5
Thr 102 OG1 | N 2.95 3.00 3.11 Cys 78 | 7/1 12/3 9/2
Glu 226 OE® I N 2.68 2.71 2.64 Ser 79 | 10/0 10/0 10/0
Tyr 202 OH 1l oT1 2.77 2.63 2.66 Ala 100 | 9/4 11/7 10/5
Ser79 N | oT1 2.87 2.90 2.94 Ala 101 | 6/0 5/0 7/1
Ser 79 OG | oT2 2.64 2.51 2.72 Thr 102 | 8/0 8/0 8/0
Thr102 N I oT2 291 3.05 3.04 Tyr 150 Il 26/1 29/3 26/2
Thr 102 OG1 | oT2 3.10 3.43 3.48 Tyr 202 1] 11/4 12/6 11/5
aThe interaction of Glu 226 and the ammonium group of the amino S:]u 222766 III 7&4;18 77/71'7 74714
acids is also a salt link. Values exceed the distance limit. €
total contacts 116/42 122/48 106/33
atoms (@, Cy1, and G'2) common to lle and Val. Of the * Excluding the @ carbon.

side chain atoms of Leu, only thedC and &2 are close to

the positions of @1 and G2 of lle, respectively. The ligand- for Val. The side chains of the three aliphatic amino acid

loaded binding site is completely devoid of water molecules Iigan(_js are accomm_odated in @ pocket formed by hydro-
(Figure 4B) phobic residues, mainly Tyr 18, Leu 77, Ala 100, and Phe
i ) ) 276 from domain | and Tyr 202 from domain Il (Figure 4B
The amino acids are held in place by hydrogen bonds and Table 3). The contacts made by these nonpolar residues
(Figure 4B and Table 2) and van der Waals interactions contribute the most80%) to the total contacts with only
(Table 3). There are a total of eight hydrogen bonds, three the side chains. Once again, the nonpolar contacts with the
with the a-ammonium group, one of which is also a salt sjde chains of Leu and lle, which are nearly the same (36

link with Glu 226, and five with thex-carboxylate group.  and 38, respectively), are more abundant than those (28) with
Similar polar interactions have been observed in the crystalihe val side chain.

structures of the complexes of leucine-specific binding Judging by the data in Tables 2 and 3, domain | is
protein with Leu 83). dominant in binding the amino acids. It engages in six of
The total number of van der Waals contacts made with the eight hydrogen bonds and in greater proportion of the
the bound amino acids Leu and lle varies slightly (116 and total van der Waals contacts with Leu (72 of 116), lle (74
122, respectively), but they clearly exceed that with Val of 122), and Val (62 of 106). Moreover, of the total contacts
(106). A similar pattern is also observed for the total contacts involving the five hydrophobic residues surrounding the side
with only the side chains: almost the same numbers (42 andchains of the amino acids, almost all are made by those in
48) for Leu and lle, respectively, and considerably less (33) domain | (32 of 36 with Leu, 32 of 38 with lle, and 19 of
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Table 4: Changes in Torsion Angles of the Three Connecting state, in V\_’hiCh Ef _relative tWiS’F between_ the two C_lomains_ is
Segments Associated with Domain Closure involved, in addition to the slight bending associated with
the further opening of the hinge.
superopen fo open to Further evidence for the dominance of domain I in ligand
segment/ ligand bound ligand bound binding comes from TMD simulations. In the TMD simula-
tions, the beginning and ending points are known, while the

torsion angle change

residue Leu lle Val Leu lle Val . S .
soament 1 trajectory taken between them is simulated. In this case, the
%hr 18 ¢ 18 12 23 1 5 16 lle-bound state of LIVBP served as the starting point and
34 -32 -35 -—-30 -29 -31 the open state served as the ending point, while the process
Y
Gly119 ¢ 9 9 15 16 17 23 of ligand unbinding was simulated. Ligand unbinding is
Leu 120 Y _39 _22 _32 __22 —_2; __23 essentially the reverse of ligand binding except the former
eu ﬁ 11 12 7 13 14 9 involves multiple outcomes from a single starting point, while
Asp121 ¢ 23 22 23 21 20 21 the latter involves a single outcome from multiple starting
v —34 -32 -35 -35 -33 -36 points and is thus more challenging to study in this instance.
Serl2z ¢ _ig _125 _281 _3219 _328 _236 In all four of the simulations performed (each starting with
Asp 123 g)’ n 47 36 55 59 50 a different random seed), the ligand remained bound to
v 34 32 29 23 20 17 domain | during the opening of the cleft. Often the ligand
Gn124 ¢ —-15 -9 -11 -17 —-12 -13 was seen to retain some of the hydrogen bonds with the
] 16 13 15 21 19 21 residues in domain | as observed in the bound complex
se%rpoegzg s 18 10 11 13 14 5 crystal structures, although at increased distances reflecting
v —25 -19 -19 -19 -13 —13 the process of ligand unbinding, while others are replaced
Lys250 ¢ -9 -17 -12 -12 —-20 -15 with hydrogen bonds to water. Figure 5B shows a stereo
y —10 2 -5 -19 -8 -14 close-up view of one such instance where, as the cleft opens
Asn 251 ‘é’) _15 _1; _111 “Z _13 _124 and the ligand is in the process of being released, only two
segment 3 of the original six hydrogen bonds between the bound lle
Gly326 ¢ 4 4 2 -21 -22 -23 and domain | (Figure 3B and Table 2) are retained at or
Yy -8 2 -6 2 13 4 below 3.2 A distances, although two more are found between
Phe 327 3 Yooy 2 23 % 32and35A and one new hydrogen bond to water is
Glu328 ¢ 17 21 22 -3 0 1 formed at lle OT2, replacing the one to Thr 102 N. Moreover,
" -2 -2 =7 2 1 -4 the hydrogen bonds between Thr 102 N and lle OT2 and
Phe 329 ¢ 14 12 18 12 9 16 Thr 102 OG1 and lle N are lost. As expected, the two
Gy 330 g ﬁ 3; 375 3:? _34 _22 hydrogen bonds, including the salt link, involving domain
y w 11 -5 -4 -14 -8 -6 Il (Glu 226 OEZ-lle N and Tyr 202 OH-lle OT1) are the
aThose in bold represent major changes. first to be lost.
DISCUSSION

24 with Val). Molecular dynamics simulations confirm the ~ Open and Closed States of LIVB¥ince all three ligand-
dominance of domain | in ligand binding (discussed further bound complexes crystallized in different space groups
below). (Table 1), the very close similarity of their structures is
Normal-Mode Analysis of Domain Closure and Targeted mdepe_ndent of lattice force_s. A previous small-angle X-ray
Molecular Dynamics (TMD) Simulations of Ligand Binding ~Scattering study of LIVBP in the presence and absence of
To investigate the intrinsic flexibility of the protein structure Pound ligands has indicated the existence of both open and
that is likely to contribute to the observed large conforma- closed states in solutior87). These results, combined with
tional change, we performed normal-mode analy8i—( the two ligand-free structures, are unequp_ca! ewd_ence th_at
36) on the open state of LIVBP. The result revealed two the open and closed states exist in equilibrium in physi-
lowest frequency modes that are most relevant to the 0logical conditions. The presence of ligand drives the
biological functions of LIVBP. Both modes describe motions €duilibrium predominantly toward the closed state.
around flexible hinge regions by rigid-body domain move-  The two different open state structures, together with the
ments. The first lowest frequency mode (mode 7), shown in very similar ligand-bound structures, indicate the trajectory
Figure 5A, is a classic hinge-bending mo@)( Starting or pathway that the motion takes from the open to the closed
from the open state (blue), if one bends the structure alongStateS of the protein. On the basis of the data shown in Table
this mode (following the arrow) toward the closed state, a 4 and Figure 3, especially highlighting the two major changes
conformation (green) that qualitatively resembles the closed in the torsion angles, hinge 1 undergoes the greatest change,
state as shown in green in Figure 3A can be reached. Thefollowed by hinge 3. Hinge 2, which is also the shortest,
pattern of motion in this mode also reveals that the hinge of experiences the least alteration.
conformational changes in the protein is not located at a From a structural standpoint, the bending motion of a hinge
single point but is formed instead by a continuous region of between the two domains is now a firmly established feature
amino acids primarily clustered around the three interdomain of the ABC-transport binding protein family. Multiple open
connecting segments. The second lowest frequency modestructures of the ribose- and allose-binding proteins have also
(mode 8) is a twisting mode around the hinge region. We been observedg, 39). Besides these two monosaccharide-
observed that such a mode can be employed to describe théinding proteins and LIVBP, crystal structures of the closed
conformational change from the open state to the superoperand open states of several other ABC-transport binding
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Ficure 5: Normal-mode analysis of domain closure and targeted molecular dynamics (TMD) simulation of ligand binding. (A) Normal-
mode analysis. The analysis reveals that the lowest frequency, hinge-bending mode captures the structural differences between the open
and closed states of LIVBP. If the open state (blue) is bent along this mode (arrow), a conformation (green) is reached that qualitatively
resembles the closed state (green in Figure 3A). The superimposition of domain | shown here is poor due to the fact that the pseudoclosed
conformation (green) is neither a crystal structure nor an energy-minimized conformation but is merely a “bent” version of the open state.
The orientation is similar to that shown in Figure 3A. (B) Stereo close-up view of the ligand-binding cleft between the two domains (|, top,
and I, bottom) at a snapshot taken during one of the TMD simulations. This view shows that the two domains have already separated but
the isoleucine remains bound to domain |, albeit more loosely than in the closed state. In all four simulations performed the ligand remained
bound to domain | rather than domain Il. This example demonstrates the loss of some of the hydrogen bonds seen between the ligand and
the closed state of LIVBP (Figure 4 and Table 2) and the replacement of others by the formation of hydrogen bonds to water. Hydrogen
bonds are shown in dotted lines (red3.2 A distances, and black, 3:3.5 A). Wat represents a water molecule. The three hinges are
identified with numbers 1, 2, and 3.

proteins have also been determined, including those with the fact that, as demonstrated in Figure 5A, the extent of
specificities for maltooligosaccharides (maltose to malto- conformational change (amplitude) that can be described by
heptaose) 40, 41), lysine/arginine/ornithine42), leucine a single low-frequency normal mode is much larger than that
(33), dipeptides43), oligopepetide44), phosphate4s, 46), of equilibrium thermal fluctuation of an harmonic oscillator
glutamine 47, 48), and nickel 49). The bending angles that at 300 K 60). During the binding process, the favorable
relate the closed and open states vary,&8@ 50 for LIVBP energetic interactions between the ligand and protein sub-
(38 kDa), 55-50 for the dipeptide-binding protein (57 kDa), stantially and continuously lower the energy barrier along
Lys/Arg/Orn-binding protein (26 kDa), and GIn-binding the conformational changes so as to make such a large
protein (25 kDa), 55and 40 for the leucine-specific binding  pseudoharmonic conformational deformation possible. This
protein, 45 for the allose- and ribose-binding proteins (30 mechanistic picture regarding the energy landscape along the
kDa), 35 for the maltose-binding protein (41 kDa), 2tor conformational pathway is likely to be applicable to many
the phosphate-binding protein (35 kDa) and the oligopeptide- large protein complexes such as motor proteins in which
binding protein (57 kDa), and 25or the nickel-binding ligand-induced large domain movements play an important
protein (56 kDa). It is apparent that there are no correlations role in their functions.
between the magnitudes (from the largest to the smallest) Hinge bending between domains of proteins is an impor-
of the bending angles and the protein masses or the ligandtant factor in the functions of a wide variety of proteins.
sizes, except for the smallest (nickel). The differences in the This motion for many bilobate proteins and domains is
bending angles could reflect crystal lattice effects which associated solely with ligand/substrate binding, which in
would affect the open forms the most. Interestingly, there is enzymes further initiates catalysis. In addition to ligand
no correlation between the bending angles and the numbeminding, interdomain rotation in the superfamily of binding
of crossover segments between the two domains, threeproteins of the ABC-transport systems also fulfills a key role
crossovers for LIVBP and maltose-, galactose-, allose-, in signal transduction by forming a unique ligand-stabilized
ribose-, and phosphate-binding proteins and two crossoversclosed state structure which is then recognized preferentially
for the dipeptide-, oligopeptide-, Lys/Arg/Orn-, GIn-, and by the cytoplasmic membrane-bound components and thereby
nickel-binding proteins. Even the top half (685°) and triggers active transport or, in the case of the binding protein-
bottom half (35-15°) of the bending angles cannot be dependent chemotaxis, changes in flagellar rotational direc-
correlated with the number of crossovers. These observationgion (5, 40). The two domains of the binding proteins are
indicate that the number of crossovers, at least up to threeapparently involved in the interactions with the active
based on data reported here, does not place much constrairttansport and chemotaxis membrane componet@sH1),
on the interdomain rotation. which serve as sensors for productive binding with the
LIVBP provides a clear example that multidomain proteins membrane components.
have evolved in such a way that the pathways of functionally  Ligand Binding: Polarversus Nonpolar Interaction©ne
important conformational changes follow the low-frequency other important outcome of the determination of the crystal
normal modes of the structures(j. This is because it costs  structures reported here is the atomic details of the binding
the least amount of energy to fulfill the conformational of the three aliphatic amino acids. Due to the juxtapositioning
changes along the intrinsic modes. This can be seen fromof functional polar groups that interact via the highly
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directional hydrogen bonds with the primary ammonium and in domain | is apparently more effective in attracting the
carboxylate groups of the amino acids and the presence ofzwitterionic ligands than the combination of the carboxylate
the hydrophobic pocket that harbors the amino acid side of Glu 226 and hydroxyl of Tyr 202 in domain Il. It is also
chain, the binding site, fully formed following cleft closure, apparently more effective in holding onto the ligand mo-
is tailored made for only amino acids in theonfiguration. mentarily as the two domains open in the targeted molecular
This finding is consistent with previous results indicating dynamics simulations.

that LIVBP does not bind aliphatic amino acids with | \/Bp is second only to the maltose- (or maltooligosac-
modified primary groups (e.gL-o-aminobutyrate, -nor- charide-) binding protein (MalEXQ, 41, 56) of the super-
valine, and.-alloisoleucine) §2). The nonpolar nature of  famjly of the ABC-transporter binding proteins for which
the pocket in the binding site for harboring the side chain of e crystal structures of all possible functionally important
the bound amino acids is completely in accord with the conformations have been determined: the open ligand-free,
specificity of the protein for the branched chain aliphatic open ligand-bound, and the closed ligand-bound states. These

amino acids. structures give credence to the ligand-binding kinetic studies

_The observation that more polar interaction; are associatedy, solution demonstrating a two-step mechanism: ligand first
with the a-carboxylate (five versus three with theam- binds very rapidly (on rates close to diffusion rate limit) in
monium) of the amino acids is intriguing since they are made {he open state and then the bound open state intermediate
entirely with main chain NH and side chain OH hydrogen jsomerizes to the closed staf), For the phosphate-binding

bond donor groups (Figure 4B and Table 2). This iS protein, the rate of the domain closure is about 290(57).
reminiscent of the original discovery of the involvement of . . . . .
Although the aliphatic amino acids and maltooligosac-

the same types of protein donor or dipolar groups in the . ) . . :

interaction between the completely buried and desolvated charides are different sets Of amphlpathlc_nutnents, they sh_are

sulfate dianion and its receptor of the ABC-type sulfate a common f_eature by bmdmg_preferentlally to the domain

transporter$3). Obviously, this type of interaction between Wnosedsne 1S rrorfe noan)oIa_r n ;:h;a\ragter than that IOf the

an ion and polar groups with only partial charges [which OF eér domain. in a_ct_, .t e _5|te_ 0 .t € domain in maftose-
binding protein for initial binding is overwhelmingly hy-

we have called “ior-dipole interaction” 4, 55)] is sufficient P . . ) 5
b 84, 59 drophobic since it provides all of the aromatic residues that

to overcome the hydration energy of ions (as much-260 . :
kcal mol experimentally determined for sulfate) and to stack against nonpolar patches from clusters of sugar ring

compensate for the charge of the completely buried and CH bonds and only one hydrogen-bonding polargrcﬁﬁ).(
dehydrated ions. Since its discovery almost 20 years ago,~PParently, although the oligosaccharides are highly polar,
ion—dipole interaction has been observed in a variety of containing about two. to three times more accessible polar
contexts in proteins, including structures, enzyme catalysis, Surface (from exocylic OH groups) than nonpolar surface
ion transport, and channeling (for examples, se&s8f A patches, initial binding does not favor the other domain which
notable feature fairly common to this interaction is the Provides almostall of the many charged and neutral polar
simultaneous involvement of Ser or Thr side chain OH 9roups that make the majority of hydrogen bonds with the
groups as a donor or acceptor or both and its main chainSUgar hydroxyl groups and thus might have been expected
NH (e.g., Thr 102 and Ser 79 as shown in Figure 4B and to govern ligand specificity. In the match between the two

Table 2) or associated peptide bond carbonyl oxygen (for Very different domains, the one with the nonpolar site
many more examples, see 155). apparently prevails over the other with the polar site. This

As expected, the Val side chain makes fewer van der SE€MS at variance with the popular view that polar groups
Waals contacts with the protein than those of lle and Leu OPerate overlong range, initially providing the driving force
(Table 3). Differences in the number of contacts with the © attract the ligand, whereas nonpolar groups operate over
ligands (Table 3) could account for the differences, albeit SNOrt range, taking over when the protein and ligand come
small, in the dissociation constants for the binding of Leu INto sufficient close proximity. This mechanism could be
(2.3 uM), lle (0.9 uM), and Val (4 uM) determined for applicable to LIVBP since domain | engages in a much larger

purified LIVBP, which has been verified to be free of bound Number of both iordipole (no salt link) and nonpolar
endogenous ligand (see also ). interactions with the zwitterionic aliphatic amino acids.

The clear dominance of domain 1 in ligand binding, by Nevertheless, no'npolar ?nteractions with domain | clearly
way of both polar and nonpolar interactions (Tables 2 and outn_umber polar interactions (Talples 2 and 3). Of the other
3), indicates that this domain is the initial site of ligand Nutrients, the tetrahedral oxyanions such as sulfate and
binding in the open state and, thus, governs ligand specificity. Phosphate represent the extreme case since they are bound
This is also consistent with the finding of leucine binding to PY Polar interactions in their respective binding proteins and
the same domain exclusively in the structure of an LIVBP have as solutes very much greater hydration energies.
crystal of the open state soaked in a solution containing Paradoxically, although the ligands (aliphatic amino acid
leucine @) and with the observed binding of isoleucine to zwitterions, neutral carbohydrates, and oxyanions) and their
this domain in the targeted molecular dyanamics simulations modes of binding are entirely different, they are bound with
described above. Interestingly, whereas domain | providessimilar affinities K, values in the low micromolecular range).
six of the seven polar groups with no formal charges that In fact, the same holds true for the other diverse ligands of
make hydrogen bonds with the ligands, domain Il deploys all but a few of the other members of this protein super-
the negatively charged residue (Glu 226) that makes a saltfamily. The major factor that confers this feature, which is
link with the a-ammonium group, as well as the other likely crucial to the role of the protein superfamily in active
hydrogen-bonding group (OH of Tyr 202) (Table 2). The transport and chemotaxiS&—59), remains to be explored.
collection of several polar groups with only partial charges Could it be domain closure?
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