HHS Public Access

Author manuscript
Author Manuscript

Biochemistry. Author manuscript; available in PMC 2020 April 16.
Published in final edited form as:
Biochemistry. 2019 April 16; 58(15): 1992–2008. doi:10.1021/acs.biochem.9b00050.

Crystallographic Structures of IlvN·Val/Ile Complexes:
Conformational Selectivity for Feedback Inhibition of Aceto
Hydroxy Acid Synthases
Akanksha Bansal†, N. Megha Karanth†, , Borries Demeler‡, Hermann Schindelin*,§,
Siddhartha P. Sarma*,†,#

Author Manuscript

†

Molecular Biophysics Unit, Indian Institute of Science, Bangalore, Karnataka 560012, India

‡

Department of Biochemistry and Structural Biology, The University of Texas Health Science
Center at San Antonio, Mailcode 7760, 7703 Floyd Curl Drive, San Antonio, Texas 78229-3900,
United States

§

Rudolf Virchow Centre for Experimental Biomedicine, Institute of Structural Biology, University of
Wuerzburg, Josef-Schneider-Strasse 2, D-97080 Wuerzburg, Germany
#NMR

Research Center, Indian Institute of Science, Bangalore, Karnataka 560012, India

Abstract

Author Manuscript
Author Manuscript

Conformational factors that predicate selectivity for valine or isoleucine binding to IlvN leading to
the regulation of aceto hydroxy acid synthase I (AHAS I) of Escherichia coli have been
determined for the first time from high-resolution (1.9–2.43 Å) crystal structures of IlvN·Val and
IlvN·Ile complexes. The valine and isoleucine ligand binding pockets are located at the dimer
interface. In the IlvN·Ile complex, among residues in the binding pocket, the side chain of Cys43 is
2-fold disordered ( 1 angles of gauche− and trans). Only one conformation can be observed for
the identical residue in the IlvN·Val complexes. In a reversal, the side chain of His53, located at the
surface of the protein, exhibits two conformations in the IlvN·Val complex. The may play an
important role in the regulation of the AHAS I holoenzyme activity. A significant result is the
establishment of the subunit composition in the AHAS I holoenzyme by analytical
ultracentrifugation. Solution nuclear magnetic resonance and analytical ultracentrifugation
experiments have also provided important insights into the hydrodynamic properties of IlvN in the
ligand-free and -bound states. The structural and biophysical data unequivocally establish the
molecular basis for differential binding of the ligands to IlvN and a rationale for the resistance of
IlvM to feedback inhibition by the branched-chain amino acids.
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The biosynthesis of the branched-chain amino acids, isoleucine, leucine, and valine, begins
with enzyme-catalyzed “acyloin-like” condensation reactions of either two molecules of
pyruvate or one molecule each of pyruvate and 2- ketobutyrate to form 2-acetolactate or 2aceto-2-hydroxybuty- rate, respectively,1,2 by the multisubunit enzyme aceto hydroxy acid
synthase (AHAS, EC 2.2.1.6).3 The former product is then channeled into the biosynthesis
of valine and leucine, while the latter is channeled into the biosynthesis of isoleucine. The
formation of 2-acetolactate and 2-aceto-2-hydroxybutyrate constitutes the first and
committed step in the biosynthesis of branched-chain amino acids. Enterobacteria such as
Escherichia coli and Salmonella typhimurium have three isozymes known as AHAS I, II,
and III4,5 that are encoded by the genes ilvBN,6,7 ilvGM,8 and ilvIH,9–11 respectively, where
genes B, G, and I encode the catalytic subunits (CSUs) and N, M, and H encode the
regulatory subunits (RSUs). Other bacteria possess an equivalent of AHAS III as the sole
enzyme catalyzing this committed step. The structure of the catalytic subunit12–15 and the
catalytic and kinetic properties of the enzyme have been studied over several decades.16,17
AHAS I is essential for valine and isoleucine biosynthesis when E. coli is grown under
conditions of nutrient stress, viz., when acetate or succinate is the sole source of carbon.18
AHAS II and AHAS III are optimally active under conditions of high intracellular
concentrations of pyruvate.18 Furthermore, they have a strong preference for 2-ketobutyrate
over pyruvate as the second substrate19,20 with specificity ratios of 60 and 40, respectively.21
In contrast, AHAS I has a low specificity for 2-ketobutyrate22,23 (specificity ratio of 1–3).
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The RSUs play a dual role in that they are responsible for activation of CSU and regulation
of enzyme activity. The latter occurs through binding of the effector molecules (end products
of the pathway) to allosteric binding sites on the RSUs. In prokaryotes, the effector is
usually valine and to a far lesser extent leucine and isoleucine.3,22 In enterobacteria, AHAS I
is strongly feedback inhibited by valine while AHAS III is 60–80% inhibited at saturating
concentrations of valine. AHAS II is valine resistant.
In contrast to the sequence and structural conservation seen for the catalytic subunits, the
regulatory subunits are diverse. The three-dimensional X-ray structures of E. coli IlvH24 and
its orthologs from Thermotoga maritima and Nitrosomonas europea25 have shown the Nterminal domains of these proteins to fold as ACT domains.3,26–29 Furthermore, these ACT
domains of AHAS I and III exhibit highly ordered structures in the absence of “effector
molecules”. The binding sites of the effector molecules have been inferred from sequence
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and structural homology of the regulatory subunits to the ACT domain of D-3phosphoglycerate dehydrogenase.30 The structure of the ACT subunit of AHAS I was
determined by our group recently31 using solution nuclear magnetic resonance (NMR)
spectroscopic methods [Protein Data Bank (PDB) entry 2LVW]. We had shown that, in the
free form, IlvN exists in an ensemble of states whose conformations have been difficult to
define. In the presence of valine, IlvN experiences significant conformational reordering,
exists as a dimer with the ACT fold, and is similar to the ligand-free state of the ACT
domain of IlvH.24 The regulatory subunit has significantly different affinities for the three
amino acids. The structural data available thus far provide few atomistic details about the
structural basis for this selectivity, given the small differences in chemistry of the effector
molecules. Importantly, the mechanism by which activation and regulation of the
holoenzyme are brought about by structural and conformational changes in the RSUs is yet
to be deciphered.32
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As part of our ongoing investigations of the structure of the AHAS I holoenzyme, we have
obtained high-resolution crystal structure data of complexes of IlvN with valine and
isoleucine. We have also probed the solution conformation properties of the CSU, RSU, and
the holoenzyme using analytical ultra-centrifugation. The crystal structures unequivocally
establish the molecular basis for differential binding to valine and isoleucine by IlvN. The
stoichiometry of association of the CSU and RSU in the holoenzyme has been established
by analytical ultracentrifugation. By comparison of the high-resolution structures
determined here, the rationale for the resistance of IlvM to feedback inhibition by the
branched-chain amino acids is proposed. Data from analytical ultracentrifugation
experiments also provide a qualitative estimate of the affinity of IlvN for the effector
molecules and insight into the physical forms of the protein in the ligand-free and -bound
states.

EXPERIMENTAL PROCEDURES
Protein Expression and Purification.
Purification of IlvN was carried out using the protocol described previously.33,34 Chemicals
used for protein purification were purchased from Sigma-Aldrich, Merck, and other local
suppliers. The columns and matrices for size exclusion, ion-exchange, and IMAC
chromatography were purchased from GE Healthcare and Bio-Rad. Protein concentrations
were estimated from absorbance measurements at 280 nm carried out on a double-beam
Varian Cary 100 ultraviolet–visible (UV–vis) spectrophotometer.
Crystallographic Studies.
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Crystallization kits, paraffin oil, and silicon oil from Hampton Research were used for
crystallizing the protein under different conditions using the microbatch method. Microbatch
plates were purchased from local vendors. IlvN and IlvB proteins for crystallization trials
were dialyzed against 20 mM potassium phosphate buffer (pH 7.4), 20 mM NaCl, 1 mM
EDTA, and 0.01% sodium azide. Diffraction quality crystals of IlvN·Val and IlvN·Ile
complexes were obtained under the conditions listed in Table S1.
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Diffraction data for IlvN crystals in the presence of valine were collected with a
MARmosaic 225 CCD detector at a wavelength of 0.9537 Å and 100 K on beamline BM14
at the European Synchrotron Radiation Facility (ESRF, Grenoble, France), while data for
IlvN crystals in the presence of isoleucine were obtained at 100 K using an in-house Rigaku
R-axis IV++ diffractometer equipped with a FR-E+ SuperBright UltraHigh Intensity
MicroFocus Rotating Anode X-ray generator and a Rigaku R-AXIS IV++ low-noise
imaging plate detector.
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Structure Solution and Refinement.—The structure of IlvN in crystal form 1a was
determined by molecular replacement using the program Phaser35 as implemented in the
CCP4i36 software suite. A Matthews coefficient of 2.31 Å3/Da, corresponding to a solvent
content of 46.7%, led to a search for six molecules of IlvN in the asymmetric unit.37 The
solution NMR structure of IlvN (PDB entry 2LVW) was used as the starting model to solve
the phase problem. Refinement with REFMAC38 or 25 cycles resulted in Rwork and Rfree
values of 0.4543 and 0.4757, respectively. Electron densities were missing for eight residues
at the N-terminus, and this region was removed from the template structure. Residues at the
C-terminus showed poor model fitting and hence were also removed, and the structure was
further refined. With this, the Rwork and Rfree decreased by 5% to 0.3809 and 0.4217,
respectively. In the next step, a search for the orientation of the C-terminal helix31 using the
program ARP/wARP39 was executed. Electron density corresponding to the C-terminal
helix was traced perpendicular to the four-stranded -sheet. The resulting model was refined
for 100 cycles resulting in Rwork and Rfree values of 0.2771 and 0.307, respectively. The
improvement in refinement factors confirmed the validity of model rebuilding. As the
asymmetric unit was found to have six molecules, refinement was carried out with NCS
restraints that decreased the R factors by 1% to values of 0.2662 and 0.2970, respectively.
The ligand and solvent were fit by incorporating TLS restraints.40 Refinement of resulting
structures with the ligand and solvent gave values of 0.2333 and 0.2643 for Rwork and Rfree,
respectively. As the initial L-test carried out using the program AIMLESS suggested
twinning, further refinement was carried out using intensity-based twinning refinement that
decreased Rwork and Rfree values by 8% giving values of 0.1559 and 0.1819, respectively.
The final refinement and model building were carried out using the phenix·refine module,41
which resulted in a structure with Rwork and Rfree values of 0.1484 and 0.1703, respectively.
A similar protocol was followed to determine the ligand-bound structures of IlvN in crystal
forms 1b, 1c, and 2.
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Structure Analysis.—The three-dimensional structures of the IlvN·Val and IlvN·Ile
complexes were analyzed using Coot, PyMOL,42 UCSF Chimera,43 and MOLMOL.44
Packing densities were calculated using Voronoia.45 Internal cavities and their volumes were
calculated using CastP.46
Hydrodynamic Studies by Analytical Ultracentrifugation (AUC).
Instrumentation.—The AUC sedimentation velocity studies of IlvN in the absence and
presence of ligands, valine and isoleucine, were carried out using a Beckman Coulter
ProteomeLab XL-A analytical ultracentrifuge equipped with an analytical An-60 Ti fourplace rotor and absorbance optics. Analytical sample cells with standard double-sector
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charcoal-filled Epon centerpieces with a thickness of 12 mm and a length of 14 mm fitted
with quartz windows were used. Samples were centrifuged at 42000 rpm. Protein
sedimentation was monitored at 20 °C at either 230 or 280 nm using intensity detection. The
buffer density and viscosity were determined from the buffer composition as calculated by
UltraScanIII, version 4.0 (revision 2492 for Windows),47,48 and partial specific volumes
were calculated from the partial amino acid composition with tools available in UltraScanIII.
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Sample Preparation.—Samples of IlvN for AUC studies were prepared in phosphate
buffer (1.8 mM monobasic potassium phosphate, 10 mM dibasic sodium phosphate, 137
mM sodium chloride, and 2.7 mM potassium chloride). Sedimentation velocity experiments
with IlvN in the free and ligand-bound states were carried out at IlvN concentrations ranging
from 4.2 to 180 µM. Protein sedimentation was monitored at 230 and 280 nm at low (<25
µM) and high (>25 µM) concentrations of IlvN, respectively. The absorbance measurements
were carried out using a double-beam Varian Cary 100 UV−vis spectrophotometer using
water as a blank. The absorbance for analytes in the reference channel was maintained below
0.5 while that for the sample channel solution was ≤1. Details of the protein and ligand
concentrations for each SV-AUC run are listed in Table S2. Sedimentation velocity
experiments with IlvB were carried out at an IlvB concentration of 20 µM. The holoenzyme
samples were prepared using 8 µM IlvB and 58 µM IlvN. Samples were prepared in
phosphate buffer (1.8 mM monobasic potassium phosphate, 10 mM dibasic sodium
phosphate, 137 mM sodium chloride, and 2.7 mM potassium chloride) with additional 10
mM MgCl2 in IlvB buffer. The absorbance values for IlvB and holoenzyme samples were
0.73 and 0.65, respectively, at 280 nm. The samples were centrifuged prior to the AUC
studies at 13000 rpm to remove any particulate matter. They were later filtered through a
0.22 µm syringe filter prior to being loaded into the analytical cells.
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Sedimentation Velocity Data Analysis.—SV-AUC analysis was carried out using
UltraScanIII. The experimental data were processed as described by Demeler49 using twodimensional spectrum analysis (2DSA)50 and further refined by parsimonious regularization
using genetic algorithm (GA) analysis.51,52 Integral sedimentation distributions were
calculated using the enhanced van Holde and Weischet method.53
Homology Modeling Studies of IlvM.
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Homology modeling was carried out for an input target sequence of E. coli IlvM, the
regulatory subunit of the AHAS II isozyme, using the web-based SWISS-MODEL program.
54 The crystal structure of IlvH, the regulatory subunit of the AHAS III isozyme (PDB entry
2F1F), was chosen as the template, based on the target–template alignment score, for
generation of a homology model. The quality of the built model was assessed using the
QMEAN55 scoring function.

RESULTS AND DISCUSSION
Analysis of SV-AUC Data.
IlvN in the Free State.—In the free form, IlvN is heterogeneous in its oligomerization
state. A dimer–tetramer equilibrium can be observed in the GA analysis plots of the SV-
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AUC data (Figure 1, i and ii). The tetramer (molecular weight of 45 kDa) sediments at 3.2 S
and has a frictional coefficient of 1.4, while the dimer sediments at 2.4 S with a frictional
coefficient of 1.2. At low IlvN concentrations (<8 µM), the two species are present in nearly
equal proportions. The dimer:tetramer ratio decreases with an increase in protein
concentration. At high IlvN concentrations (≥170 µM), the equilibrium shifts towards the
higher-molecular weight tetrameric species (Figure 1, ii).
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IlvN in the Presence of Valine and Isoleucine.—IlvN in the presence of valine
sediments as a dimer with a molecular weight of 25 kDa, a sedimentation coefficient of 2.5
S, and an f/fo of 1.21 (Figure 1, iii). The change in sedimentation coefficient on going from
the free to the bound form indicates a transition from dimer/tetramer to dimer species with
concomitant structural changes seen in earlier solution studies.31 IlvN shows a low affinity
for isoleucine compared to that for valine, and this was apparent from SV experiments. At
isoleucine concentrations 30- and 70-fold higher than that of IlvN, the protein behaves as
though in the unbound state. A high proportion of species with molecular weights of 45 and
32.3 kDa (weight-average molecular weight due to a dimer– tetramer equilibrium),
sedimenting at 3.1 and 2.8 S, respectively, were observed. A lower proportion of species
with molecular weights of 27 and 22.4 kDa (dimeric state), sedimenting at 2.6 and 2.2 S,
respectively, are indicative of a weaker affinity of IlvN for isoleucine. When isoleucine was
present at concentrations >100-fold greater than that of IlvN, a single species with a
molecular weight of 25 kDa sedimenting at 2.5 S and an f/fo of 1.2 was observed (Figure 1,
iv). Significantly higher (10-fold) concentrations of isoleucine are required for IlvN to
mirror the hydrodynamic behavior of the IlvN·Val complex (Figure S1).
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IlvB and AHAS I Holoenzyme.—IlvB, in the presence of cofactors, ThDP, FAD, and
Mg2+ sediments as a dimer with a molecular weight of 120 kDa with a sedimentation
coefficient of 6.2 S and a frictional coefficient of 1.3 (Figure 1, v). This form has been
observed at concentrations of ≤20 µM. IlvB is known to be catalytically competent,32 and it
is safe to conclude that this catalytically competent form is dimeric in nature.
The AHAS I holoenzyme sediments at 7.8 S and has a molecular weight of ~160 kDa,
indicating that the IlvB and IlvN subunits are present in a 2:4 ratio (Figure 1, vi).
Crystallographic Studies.
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Crystallization trials with IlvN in the presence of valine resulted in crystal growth under
several different conditions. The crystals were platelike in all of the cases and took 3–4
weeks to grow. Of these, three crystals diffracted well and varied in the number of molecules
present in the asymmetric unit and the space group in two cases (Figure S2). The IlvN·Ile
complex also crystallized under different conditions, but good diffraction quality data could
be obtained for only one, which allowed structure solution. The data collection, refinement,
and structural statistics for the four crystal structures determined in this study are listed in
Table 1, and a portion of a model fit into the electron density map is displayed in Figure 2.
The structures of IlvN in the four crystal forms are dimeric in nature and are nearly identical
to each other. Pairwise superposition of the backbone atoms of chain A of 1a on the
corresponding atoms of chains A of 1b, 1c, and 2 showed root-mean-square deviations
Biochemistry. Author manuscript; available in PMC 2020 April 16.
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(RMSDs) of 0.48, 0.47, and 0.52 Å, respectively. The average temperature factors for all
atoms for all four models (1a–1c and 2) after the final refinement were found to be 42, 47,
52, and 53 Å2, respectively. The interiors of the proteins are well-packed and show packing
densities of 0.71, 0.70, 0.70, and 0.70, respectively.
Protomer Structure.
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Each protomer is formed by three helices, 1 (residues 23–32), 2 (residues 63–73), and
3 (residues 89–97), and four strands, 1 (residues 10–18), 2 (residues 40–45), 3
(residues 52–59), and 4 (residues 77– 82), arranged in a 1– 1– 2– 3– 2– 4– 3
ferredoxin like fold (Figure S3A). This topology is typical of ACT proteins27 and is identical
to that observed in the solution NMR structure of IlvN (PDB entry 2LVW)31 and the Nterminal domain of IlvH (vide infra). Helix 3 at the C-terminus is perpendicular to the long
axis (y-axis) of the sheet and extends out like a hook from the rest of the molecule. The
perpendicular arrangement is favored by strong hydrophobic interactions between Met89,
Phe90, and Ile93 of 3 and Leu42 of 2 and Trp55 and Leu57 of 3 (Figure S3B), and a tight
packing is observed among 1, 2, and the central sheet (Figure S3C). The antiparallel
arrangement of the sheet is maintained by an extensive network of hydrogen bonding
interactions (discussed below).
Dimer Structure and Comparison with IlvH.
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Our crystallographic studies indicate that IlvN exists as a dimer in all of the crystal forms
studied here. The structure of IlvN is similar in the presence of valine and isoleucine. The
dimer is constructed from two chains that are related by a 2-fold axis of symmetry (Figure 3,
i). The dimer interface is formed by helices 1, 3, and strand 2 from chain A and helices
1 , 3 , and strand 2 from chain B (Figure 3, ii). The ACT subunit comprising two
protomers of IlvN has a core formed by an eight-stranded antiparallel sheet (Figure 3, iii).
The sheet is sandwiched by four helices ( 1, 2, 1 , and 2 ) on one face and by helices
3 and 3 on the other. Dimerization results in 2676 Å2 of buried surface area.
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IlvN is structurally similar to the N-terminal domain of IlvH (the regulatory subunit of
AHAS III).24 The two polypeptides show a sequence identity of 30%, each with an identical
topology, except at the C-terminus. The backbone super- position of IlvN (C atoms) on the
N-terminal ACT domain of IlvH (PDB entry 2f1f) resulted in RMSD values of 1.08, 1.22,
1.19, and 1.16 Å for crystal structures 1a–1c and 2, respectively. Large deviations in RMSD
are seen in the C- terminal region of the two proteins. The C-terminal helix of IlvN ( 3)
coincides with strand 5, i.e., the first secondary structural element of the C-terminal
domain of IlvH (residues 80–163). IlvN too has no known stable monomeric form and like
the homologous IlvH is a likely candidate for three- dimensional domain swapping57 (Figure
S4).
Hydrogen bonding interactions between strands 2 and 2 (Figure 3, iii) and hydrophobic
interactions among helices 1, 1 , 3, and 3 (Figure 3, ii) contribute significantly to the
stability of the dimer. Met89, Ile93, and Phe97 of helix 3 are involved in hydrophobic
interactions with symmetry-related Phe97, Ile93, and Met89 of helix 3 . The hydrophobic
patch enclosed by helices 3 and 3 and strands 2, 2 , 3, and 3 further maintain
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dimer integrity. Leu42 and Leu44 from 2 and Trp55 and Leu57 from 3 interact with Ala94
of 3 and with Met89, Phe90, Ile93, and Phe97 of 3 (Figure S5). Significant differences in
the structures of IlvN·Val, IlvH (PDB entry 2f1f), and IlvN determined by solution NMR
(PDB entry 2lvw) are observed for this region of the protein.
PEG Molecules at the Dimer Interface.
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IlvN crystal 1a was obtained in the presence of 30% PEG 4000 (Table S1). Three PEG
fragments were modeled for each dimer in the asymmetric unit (Figure S6A). Of these, one
is located at the dimer interface (PEG 101) between helices 3 of the two protomers. This
PEG molecule is stabilized by hydrophobic interactions with phenylalanine residues from
both chains (Figure S6B, i). PEG molecules 102 and 103 are related by 2- fold symmetry
and are present at the intramonomer interface formed by helix 3 and strand 2. They are
stabilized mainly via hydrophobic interactions with aliphatic and polar amino acid residues
(Figure S6B, ii and iii) from chains A and B, respectively. PEG molecule 102 is also seen to
interact via hydrogen bonding with the main chain of Phe90. Crystal form 1b, which was
also crystallized in the presence of PEG, does not show electron density for this co-solute.
The presence or absence of PEG does not appear to influence the structure of IlvN.
Cobalt Binding Pocket.
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The crystal structure of the IlvN· Ile complex (2) shows each dimer coordinated to one
cobalt ion (Figure 4, i) which resides on the crystallographic 2-fold symmetry axis. An
anomalous difference map revealed a very strong density at the position of the cobalt ion
(Figure S7), and this was observed even at a level of 26 times the RMSD. The imidazole
N 1 atom of His20 and the O 1 atom of Asp76 and its counterparts in the other subunits
coordinate Co2+ in what appears to be significantly distorted tetrahedral geometry (Figure 4,
ii). The complex is further stabilized through additional electrostatic interactions with the
O 2 atoms of Asp76 that are positioned 3.42 Å from the Co2+ ion. Duggleby and coworkers17 had reported that the ACT subunits of E. coli AHAS II exhibit an intrinsic affinity
for metal binding, and this property was used to facilitate purification of native IlvM from
cell extracts. The structures determined here provide a rationale for their observation.
Comparison with Solution NMR Studies of IlvN.
The most notable difference between the solution NMR structure of IlvN31 and the X-ray
structures determined here is in the orientation of C-terminal helices 3 and 3 (Figure 5, i
and ii). In the X-ray structure, this helix is arranged perpendicular to the sheet axis (Figure
5, i). In the NMR structure, the helix lies parallel to the sheet axis (Figure 5, ii).
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Back-calculation of the expected NOE correlations based on the X-ray structure of the
IlvN·Val complex indicates that a set of NOE correlations that involve Phe97 and Gln98 (Cterminal residues) with residues His53 and Trp55 (Figure 5, iii) should be present in the
NMR NOESY data. However, we have not observed these NOEs in 15N- and 13C-edited
three-dimensional NOESY data. Thus, the NMR structure is not compatible with a domainswapped C-terminal helix. Domain swapping has not been observed in other ACT domains
such as in NikR (PDB entry 1q5y),58 tyrosine hydroxylase (PDB entry 3mda),59 or 3phosphoglycerate dehydrogenase (PDB entry 1psd).60
Biochemistry. Author manuscript; available in PMC 2020 April 16.
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Additional NMR data that rely on long-range order such as RDCs, paramagnetic shifts, and
PRE may be necessary to unequivocally establish whether the C-terminal helix is domain
swapped. As we will show below, the orientation of the C- terminal helix has little bearing
on the mechanism of binding and feedback regulation.
Ligand Binding Pockets in the Crystal Structures.
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Feedback regulation of AHAS I in E. coli occurs through binding of the end products of the
metabolic pathway to the regulatory subunit IlvN. Figure 6 shows the changes in line widths,
as observed in the one-dimensional NMR spectrum of IlvN in the presence of valine,
isoleucine, leucine, and threonine. Significant changes in the line shape can be observed
upon binding of valine and isoleucine. However, very little change can be observed upon
addition of leucine (≤100 mM) or threonine (≤20 mM), indicating that IlvN does not bind
either of these amino acids. Crystallization studies have produced structural data for the
IlvN·Val and IlvN·Ile complexes. IlvN has two ligand binding pockets located at the dimer
interface61 that are related by the 2-fold symmetry axis of the dimer.
The geometries of the binding pockets are nearly identical for both valine and isoleucine as
observed in all four crystal forms of IlvN, further validating the ligand binding positions.
Figure 7 shows the omit maps defining the electron densities (panels i and iii) of the ligand
molecules in their respective binding pockets and the anatomies of the ligand binding
pockets in the four crystal forms.62,62 The ligands are held tightly by means of hydrogen
bonding and hydrophobic interactions.
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For both valine (panels ii, v, and vi) and isoleucine (panel iv), the carboxyl group is involved
in five hydrogen bonding interactions, three with the backbone nitrogens of Val23 and Met24
(both chain B) and Val38 (chain A). The other two occur as water-mediated hydrogen bonds
with the backbone atoms of Gly22 and Thr25 (both chain B) and Phe36 (chain A). The amine
group is hydrogen bonded to the side chains of Asn19 (chain B) and Asn37 (chain A) and the
backbone of Val38 (chain A).
The side-chain groups of valine are anchored by hydro-phobic interactions with the aliphatic
side chains of residues from chain B, viz., Val17, His20, Pro21, and Cys43. Similarly, the sidechain groups of isoleucine show hydrophobic interactions with the aliphatic side chains of
residues from chain B, viz., His20, Pro21, Cys43, Ser52, and Ile41 (chain A). Valine in crystal
form 1c shows additional hydrophobic interactions with Ile41 (chain A).
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The valine/isoleucine binding pocket described here corroborates the model of the binding
pocket constructed by Kaplun et al.24 for IlvH, using the serine-bound structure of 3PGDH30
as a template, which is also corroborated by mutational studies.24,32,63 The model of the
IlvH binding pocket correctly predicts the participation of residues Asn29 and Ile30 from
across the dimeric interface in stabilizing the bound ligand. In the case of IlvN, it is Asn37
and Val38 that perform a similar role. It also predicts the hydrophobic interaction between
Leu9, which is equivalent to Val17 in IlvN, and the ligand. However, the model did not
predict the role of Gly22 and Thr25 from chain B and Phe36 from chain A in stabilizing the
bound ligand via water-mediated hydrogen bonds. Furthermore, neither the hydrogen bond
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between Val23 (Ala15 in IlvH) and the ligands nor the role of His20 and Pro21 (Glu12 and
Ser13 in IlvH) in stabilizing the ligands in the binding pocket was foreseen.
In all, the model predicted valine to be stabilized by four hydrogen bonds, while the
experimental observations here suggest a total of 14 (13 in the case of the IlvN·Ile complex)
hydrogen bonds, depending on the crystal form. The presence of two conserved water
molecules in the ligand binding pocket in all four structures underscores their structural
importance. Indeed, mutation of the highly conserved Gly14 in IlvH (Gly22 in IlvN) results
in ACT subunits that are insensitive to valine. Other mutations in IlvH that either retain or
cause loss of valine sensitivity can also be rationalized from the structural features of the
ligand-bound form of IlvN.
Valine versus Isoleucine versus Leucine.
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Enzymatic studies have shown that the sensitivity of AHAS I to feedback inhibition by the
end products of the metabolic pathway decreases in the order valine > isoleucine > leucine
with apparent Ki values of 11 ± 3 µM for valine and 223 µM for isoleucine in the case of
IlvH.24 The Kd for the IlvN·Val complex is ~23 µM.31 Our attempts to determine the Kd for
the IlvN·Ile complex have not met with success due to the propensity of the protein to
aggregate at the very high concentration of the protein required for ITC experiments. The
structural data described above are indicative of a commonality of structural features that are
sufficient for binding of either valine or isoleucine by IlvN and are indicative of a tightly
packed binding pocket.
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The spatial orientation of the -methyl group of Met24 exhibits a significant variation in the
four structures, with 3 values of 86.8° (1a), −172.7° (1b), 166.3° (1c), and −84.22° (2)
(Figure 8) indicative of the plasticity of the binding pocket. Distances from the CVal 2/Ile 1
atoms of the ligands to the -methyl group range from 4.4 Å in 1a to 5.8 Å in 1c and 6.5 Å
in 1b and 2. An interesting and consistent observation is the orientation of the -sulfhydryl
group of Cys43 in the four crystal forms. In the valine-bound structures, the 1 angle for this
residue is gauche− (−61.4°) and this changes to trans (179.5°) when isoleucine is present in
the binding pocket. This reorientation is necessary to avoid a steric clash between the sulfhydryl group and the -methyl group of isoleucine. Of significance is the fact that
isoleucine has only a 50% occupancy, and consequently, both orientations of the sulfhydryl can be observed in the structure (Figure 8). In mutational studies carried out with
IlvH, it was observed that residues Leu9, Leu16, and Val35 are responsible for the differential
affinities of IlvH for the three effector molecules. Mutations of Leu16 and Val35 to amino
acids with less bulky side chains increased the sensitivity for the ligand isoleucine.24
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In IlvN, the corresponding residues are Val17, Met24, and Cys43. While Val17 and Met24 are
part of the binding pocket, the conformation of Cys43 is important for conferring selectivity
for valine or isoleucine. Furthermore, it can be inferred that in the case of the amino acid
leucine, either of the two 1 conformations observed for Cys43 will result in the steric
exclusion of the isopropyl methyl groups of leucine. Interestingly, the B-factors for residues
in the binding pocket for the IlvN·Ile complex are higher than those of the corresponding
residues in the IlvN·Val complex. This is consistent with the observations described above.
The B- factors for the backbone C atoms for structures 1a and 2 are listed in Table S3.
Biochemistry. Author manuscript; available in PMC 2020 April 16.

Bansal et al.

Page 11

Author Manuscript

There is a complete correspondence in the residues involved in the ligand pocket of both the
X-ray structure determined here and solution NMR titration studies.31 Panels i and ii of
Figure 9 show the chemical shift perturbation upon titration of the IlvN·Ile complex with
valine. A total of 23 residues showed a chemical shift perturbation of >0.05 ppm (Figure 9,
iii). Of these, residues in 1, 2, and 3 show significant perturbation. It was also observed
that the resonance lines of the N-terminal residues of helix 1, viz., Met24, Thr25, and His26,
are missing in the 1H–15N HSQC spectrum presumably due to line broadening effects of
chemical exchange. The X-ray crystallo-graphic studies have enabled a precise
understanding of the orientation of the ligand in the binding pocket and important structural
features such as water-mediated hydrogen bonds that are essential for the binding and/or
stability of the effector molecules in the binding pocket.
Homology Modeling Studies of IlvM.
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The model for the IlvM dimer compared with the structure of the IlvN·Val complex (1a) is
shown in panel i of Figure 10. For reference, the sequence alignment used in the model
generation is also shown (Figure 10, ii)). Residues in IlvM that coincide with those of the
ligand binding pocket in IlvN are Ala10, Phe12, Asp13, Pro14, Glu15, Thr16, Leu17, Glu18,
and Met36 of chain B of IlvM and Phe29, His30, and Val31 of chain A. The significant
changes in IlvM, due to sequence dissimilarity (Figure 10, iii) of the two polypeptides, are
Phe12 in place of Asn19, His30 in place of Asn37, and Met36 in place of Cys43.
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The implications of these changes are (i) an increase in steric bulk in the ligand binding
pocket and (ii) a loss of hydrogen bond acceptor groups. The volumes of the binding pockets
in IlvN and the modeled structure of IlvM are 300 and 134 Å3, respectively. In contrast, the
volumes of valine, leucine, and isoleucine are 140, 165, and 165 Å3, respectively; hence, the
volume of the binding pocket in IlvM is comparable to the volume of both amino acids. This
significant reduction could explain the loss of valine/isoleucine/leucine sensitivity.
Interestingly, during the course of our studies, we had serendipitously cloned an Asn37
Tyr mutant64 of IlvN from E. coli genomic DNA. Unlike wild-type IlvN, this particular
mutant was able to activate IlvB but was insensitive to valine.64 The loss of valine sensitivity
caused by this mutation is consistent with the analysis described above.
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The regulatory subunits of the enterobacterial AHASs provide a platform for examining the
effects of amino acid substitutions that result in differential and/or different affinity for the
effector molecules and ultimately the effect of these natural sequence variations on the
mechanism of allosteric regulation. On the basis of our understanding of the structures of the
ACT subunits of IlvN and the ACT domain of IlvH and the presence of the amino acid
substitutions in IlvM mentioned above, it is unclear if IlvM behaves as an ACT regulatory
subunit. However, it has also been shown convincingly that IlvM can cross-activate IlvB and
IlvH.32 Several attempts to render the IlvM protein amenable to structural studies by
solution NMR methods in our laboratory have been unsuccessful. Future studies of the
structure and function of IlvM will shed light on this aspect of the regulatory subunit of
AHAS II.
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DISCUSSION
The enterobacterial AHAS isozymes present several unique structural and enzymatic
properties. It is well established that the catalytic subunits of these enzymes are similar in
sequence and structure and catalyze identical reactions in all species of bacteria, fungi, and
plants. In contrast, the regulatory subunits are diverse in sequence and structure. In
particular, the regulatory subunits of AHAS I and II are small, single-domain polypeptides
that dimerize to form ACT subunits.
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In the studies described above, we have shown through high- resolution crystal structures
that the ACT subunit of AHAS I binds the branched-chain amino acids valine and
isoleucine. The detection of one or the other of these amino acids in four crystal structures
obtained under varying solute and co-solute conditions unequivocally establishes the locus
of binding. Further proof is obtained from the fact that the physicochemical characteristics
of binding are once again nearly identical. Solution NMR, analytical ultracentrifugation, and
kinetics of inhibition of enzyme activity in conjunction with mutagenesis established that the
affinity of the ACT subunit for the branched-chain amino acids decreases in the following
order: valine > isoleucine > leucine.24
Comparisons of structures of IlvN in the Val- and Ile-bound forms show that the
conformation of the Cys43 side chain is the deciding factor that determines the specificity for
Val or Ile. Though this change is imperative to accommodate isoleucine, other changes
accompanying effector binding are also observed. Just as the Cys43 ( 2) side chain is
observed in two conformations in the Ile-bound structure, the His53 ( 3) imidazole ring also
shows two conformations in the valine- bound structure. There appears to be a concerted
conformational change in the side chains of Cys43 and His53 (Figure 11, i).
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Studies of the competitive binding of valine and isoleucine to IlvN in solution have shown
that both Cys43 and His53 exhibit significant chemical shift perturbation when valine
displaces isoleucine from the binding pocket (cf. panel i of Figure 9). It must be kept in
mind that the protein exists in an ensemble of conformational states in the free form and that
ligands are in fast exchange on the NMR time scale in the bound form. Other residues
spatially proximal to His53 also show significant chemical shift perturbations (cf. panel ii of
Figure 9). Several of these residues have backbone amide atoms that are 9–10 Å from the
cysteine side chain, and they appear to be clustered on one edge of a cube (Figure S8). The
question that arises here is whether this conformational change has any bearing on the
activation or regulation of holoenzyme activity. The ligand binding pocket itself is capacious
and could easily accommodate either valine or isoleucine without significant perturbation.
Thus, it is meaningful to assume that conformational selection in the solution state may
determine effector selectivity.
Using solution NMR studies, our group had shown that IlvN interacts with the and
domains of IlvB.64 These studies have been supported by recent biophysical and
mutagenesis studies of the RSU−CSU interactions of E. coli AHASs.65 Thus, the CSU−RSU
interaction is proposed to occur at the – interface on IlvB, with the residues on IlvN
described above being the region of contact.
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An allosteric model for the regulation of AHAS I isozyme activity has been proposed by
Chipman and co-workers.16,66 In this model, inhibition does not occur via dissociation of the
catalytic and regulatory subunits upon valine or isoleucine binding. They propose that the
holoenzyme may exist in an inactive “T” state that may be either IlvB·IlvN·Val or IlvB·IlvN
(low activity), and an active “R” state (IlvB·IlvN) exists, which has a low sensitivity for the
inhibitory effects of valine or isoleucine at the allosteric site. Keeping in mind this
nondissociative mechanism, we attempted to crystallize the holoenzyme in the presence of
the effector molecules. A similar mechanism has been proposed for threonine deaminase
activity, wherein the enzyme has a high and low affinity for valine and isolecuine,
respectively, in the active “R” state and vice versa for the inactive “T” state. It is interesting
to note that although AHAS I has a low specificity for 2-ketobutyrate, the enzyme binds
isoleucine and causes inhibition of the biosynthesis of valine and leucine. The structural data
from this study should enable a better understanding of the binding of these effector
molecules to the ACT domains of threonine deaminase (for which no structural data exist)
and their role in regulation of this enzyme.
An alternate mechanism for the regulation of AHAS I would involve dissociation of the
holoenzyme into catalytic and regulatory subunits upon binding of valine or isoleucine. Here
conformational changes in IlvN upon binding of valine or isoleucine would lower the
stability of the holoenzyme. The competing mechanisms are summarized in a schematic
representation in panel ii of Figure 11.
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The structures of ACT domains of several enzymes and transcription factors have been
determined in the absence or presence of effector molecules.28,29 Despite a low level of
sequence homology among the proteins that form ACT domains, there is remarkable
structural homology in topology and fold. As we have inferred in case of IlvM, selectivity
towards effector molecules must then be conferred by modulation of volume of the binding
pocket, to accommodate effector molecules of varying steric bulk.61 A remarkable example
is the simultaneous binding of lysine and threonine to ACT domains formed by asymmetric
association of non-equivalent ACT domains formed from different subunits (AK II
Corynebacterium glutamicum) and the same subunits (AK III, Synechocystis), respectively.
28,67–69
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In conclusion, the high-resolution structures of the IlvN·Val and IlvN·Ile complexes
determined here have enabled the unequivocal identification of the binding sites of the
effector molecules. Analyses of the structures indicate that the observed differences in sidechain conformations of residues in the binding pocket and its vicinity confer selectivity for
activation or inhibition of holoenzyme activity and that conformational exchange in solution
may determine effector selectivity. The structural role of these amino acids at other check
points in the pathway, viz., catalysis of threonine deamination by threonine deaminase and
formation of 2-isopropylmalate by 2-isopro-pylmalate synthase, must be taken into
consideration to gain a better understanding of the biosynthesis and regulation of branchedchain amino acid production. Insights into the mechanism of activation or inhibition, via
dissociative or nondissociative processes of the AHAS (I) holoenzyme, can be formulated
only from future high-resolution biophysical and structural studies of the holoenzyme.
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Figure 1.
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Pseudo-three-dimensional plots for GA analysis of SV-AUC data. (i and ii) GA distribution
plots at different concentrations of IlvN. IlvN shows a dimer-tetramer equilibrium at low
concentrations (≤16 µM). At higher concentration (~172 µM), only a tetrameric species
sedimenting at 3.2 S is observed. (iii and iv) GA analysis indicates IlvN is a dimer in
solution, when bound to valine and isoleucine (at high concentrations). (v and vi) Results of
GA analysis of SV-AUC data for IlvB and the AHAS I holoenzyme. IlvB sediments as a
dimer, and the holoenzyme as a heterohexamer (2CSU:4RSU). The species at 3 S is free
ilvN sedimenting as a tetrameric species. See the text for details.
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Figure 2.

SIGMAA-weighted 2Fo –Fc electron density map of crystal 1a contoured at a level of 1 .
Residues of chain A are colored cyan, and those of chain B green. The positions of aromatic
rings and side chains of polar, charged, and aliphatic residues are well-defined in the
electron density map.
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Figure 3.
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Quaternary structure and molecular packing. (i) IlvN dimer in cartoon representation (left).
Valine molecules located in the binding pockets at the dimer interface are colored dark gray.
The secondary structural elements for chains A and B (denoted with primes) are as
indicated. Dot representation of the IlvN dimer surface after a 90° rotation around the x-axis
(right). A tight molecular packing can be observed in the interior of the molecule. The valine
ligand is colored blue for the sake of clarity. (ii) Three views of IlvN showing the tight
packing at the dimer interface. The backbone is shown in ribbon representation. Backbone
and side-chain atoms of residues at the interface are shown in dot representation. Secondary
structural elements 1 and 2 are colored orange, and 3 is colored blue. Valine molecules
are colored magenta. Other regions of the molecule are colored black. The tight packing at
the interface results in a buried surface area of 2676 Å2. See the text for details. (iii)
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Hydrogen bonding pattern that stabilizes the eight-stranded sheet at the core of the ACT
fold of IlvN. Chain A is colored cyan, while chain B is colored purple. Residues of both
chains are numbered in sequence, and hydrogen bonds are shown as dashed lines.

Author Manuscript
Author Manuscript
Author Manuscript
Biochemistry. Author manuscript; available in PMC 2020 April 16.

Bansal et al.

Page 23

Author Manuscript
Author Manuscript
Author Manuscript

Figure 4.

Co2+ binding by IlvN in crystal 2. (i) One Co2+ ion was found to be associated with each
dimer. The Co2+ ion is located on the crystallographic 2-fold axis. The centroids of the
liganding atoms are co-linear with the Co2+ ion on the axis. (ii) Co2+ is coordinated in a
distorted tetrahedral arrangement as defined by the bond angles and bond lengths. The
residues of chain A are colored cyan, while those of the corresponding symmetry mate are
colored light gray.
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Figure 5.
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Backbone presentation of X-ray (i) and solution NMR-derived structures of IlvN (PDB entry
2LVW) (ii). The two differ in the orientation of C-terminal helix 3. With this exception,
excellent agreement is seen in overall topology and secondary structure definition between
the structures in solution and in the crystal. (iii) Crystallographic structure of IlvN
highlighting the defining long-range NOE correlations between residues from the Cterminus of helix 3 of chain B (residues Phe97 and Gln98) and residues in the sheet of
chain A (Leu42, Leu44, Pro45, Ile46, Gln47, His53, and Trp55). The backbone and side chain
of residues of helix 3 of chain B are colored orange, and the rest of chain B is colored
green. Chain A is shown in cartoon representation, and the backbone and side chain of the
residues listed above are colored blue. The expected NOEs between pairs of interprotomer
dipolar coupled protons are connected by cyan-colored lines. The upper distance limit for
expected NOE correlations was set to 5 Å. Back-calculation of interproton distances was
carried out using MOLMOL. These predicted correlations are not observed in any of the
NOESY data sets we examined.
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Figure 6.

One-dimensional spectra of IlvN in (i) the free form and in the presence of (ii) 5 mM Val,
(iii) 10 mM Ile, (iv) 20 mM Leu, and (v) 20 mM Thr. The change in line shapes is indicative
of ligand binding in the case of Val and Ile. No change is observed in the case of the two
remaining -branched amino acids.
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Figure 7.
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Ligand binding pockets of IlvN in the four crystal forms. Fo –Fc omit maps defining the
electron densities (contoured at the 5 level in PyMOL) for the ligands valine in crystal
form 1a and isoleucine in crystal form 2 are shown in panels i and iii, respectively. The
binding pocket residues of chain B are colored blue, and those of chain A orange. The
corresponding two-dimensional projections (ligplots) in which residues in chains B and A
stabilize the ligand in the binding pocket are identified in panels ii and iv−vi. Direct and
water-mediated hydrogen bonds between the protein and ligand are shown with dashed lines
(colored green). The corresponding hydrogen bond lengths between interacting atoms are
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indicated in the figure. Hydrophobic interactions between protein and ligand are indicated
by eyelashes. Water molecules are labeled W. The bottom panel shows the corresponding
ligplots for crystal forms 1b and 1c.
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Figure 8.
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Section of the IlvN dimer showing the conformations of the CH 3 of the Met24 side chain
(circled) in the four crystal structures. Met24 from each structure is colored differently. The
ligands valine and isoleucine are colored light pink and blue, respectively. The residues in
the vicinity, e.g., Leu56, Ile41, Ile54, Trp55, and Leu42, are labeled. Different orientations of
Met24 depict the plasticity of the binding pocket, which in turn is permitted by the absence
of steric clashes with neighboring residues. The inset shows the side-chain conformations of
Cys43 in the IlvN·Ile complex. Fo – Fc omit maps of the electron densities (contoured at the
5 level in PyMOL) that define the conformations of the ligand isoleucine and Cys43 are
shown on the left. Two distinguishable orientations of Cys43 can be observed. The distance
between IleC 1 and S of Cys43 is 2.95 Å (red). To avoid a steric clash, the 1 dihedral
angle of Cys43 changes form gauche− (−61.4°) to trans (179.5°). This places the C 1 atom
3.67 Å from the sulfur atom.
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Figure 9.
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(i) Overlay of 1H−15N HSQC spectra of IlvN·Ile and IlvN·Val complexes. Spectra were
acquired on samples of the IlvN·Ile complex (10 mM Ile, orange spectrum) to which 5 mM
Val was added (green spectrum). The change in the chemical shift of Cys43 in going from an
isoleucine complex to a valine complex is indicated by an arrow. The correlation peaks for
His53 are encircled. (ii) Overlay of select regions of 1H−15N correlation spectra showing the
changes in chemical shift positions of residues in the binding pocket (Asn19, His20, and
Ser52) and helix 1 (Met24 and Cys28). Ser85, which is far from the binding site, is
unperturbed upon ligand exchange and served as an internal calibrant. (iii) Plot of the
chemical shift differences (∆ in parts per million) between IlvN·Val and IlvN·Ile complexes
as a function of residue number. Residues in the binding pocket and those that exhibit
conformational heterogeneity show chemical shift changes of >0.05 ppm.
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Figure 10.
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(i) Comparison of the ligand binding pocket (cavity) volumes of IlvN (crystal 1a) and a
model of IlvM derived from the structure of the N-terminal domain of IlvH (PDB entry
2f1f). The cavities are shown as hollow spheres that are colored white (IlvN) and ochre
(IlvM). The best fit sequence alignment among IlvM, IlvN, and the N-terminal domain of
IlvH is shown in panel ii. Residues in IlvN that line the binding pocket are colored red. (iii)
Overlay of the binding pocket of IlvN with the corresponding region of IlvM. IlvN residues
are colored navy blue, while those of IlvM cyan. The ligands valine and isoleucine are
colored magenta and green, respectively. The presence of Phe12 and Met36 in the IlvM
sequence in place of Asn19 and Cys43, respectively, leads to steric crowding in the Ile/Val
binding pocket of IlvM. Residues are numbered in sequence with chain IDs as suffixes.
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Figure 11.
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(i) Fo –Fc omit maps showing the electron densities that define the side-chain conformations
of His53 in the IlvN·Val complex (contoured at the 2 level in PyMOL). Concerted changes
in the conformations of Cys43 and His53 in both protomers of the molecule are observed.
Residues in the IlvN·Val complex are colored cyan, and those in the IlvN·Ile complex are
colored magenta. The two chains can be distinguished by residue labels with and without
primes. (ii) Schematic representation of the activation and inhibition mechanisms of
threonine deaminase (top) and that proposed for AHAS I (bottom) by the end products of the
branched-chain amino acid biosynthesis pathway. The schemes indicate the roles of valine
and isoleucine in the associative and dissociative mechanisms.
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