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whose structural interactions need elucidation.
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(Background: The pyruvate dehydrogenase complex produces acetyl-CoA and NADH, utilizing three protein components

Results: The E3 structure and interaction loci between E2 and E3 were determined.
Conclusion: The peripheral subunit-binding domain of E2 establishes key interactions with E1 and E3.
Significance: The multifaceted approach used could help delineate interaction surfaces in other 2-oxoacid dehydrogenase

N
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Multifaceted structural approaches were undertaken to inves-
tigate interaction of the E2 component with E3 and E1 compo-
nents from the Escherichia coli pyruvate dehydrogenase multi-
enzyme complex (PDHc), as a representative of the PDHc from
Gram-negative bacteria. The crystal structure of E3 at 2.5 A reso-
lution reveals similarity to other E3 structures and was an
important starting point for understanding interaction surfaces
between E3 and E2. Biochemical studies revealed that R129E-E2
and R150E-E2 substitutions in the peripheral subunit-binding
domain (PSBD) of E2 greatly diminished PDHc activity, affected
interactions with E3 and E1 components, and affected reductive
acetylation of E2. Because crystal structures are unavailable for
any complete E2-containing complexes, peptide-specific hydro-
gen/deuterium exchange mass spectrometry was used to iden-
tify loci of interactions between 3-lipoyl E2 and E3. Two pep-
tides from the PSBD, including Arg-129, and three peptides
from E3 displayed statistically significant reductions in deute-
rium uptake resulting from interaction between E3 and E2. Of
the peptides identified on E3, two were from the catalytic site,
and the third was from the interface domain, which for all
known E3 structures is believed to interact with the PSBD. NMR
clearly demonstrates that there is no change in the lipoyl
domain structure on complexation with E3. This is the first
instance where the entire wild-type E2 component was
employed to understand interactions with E3. A model for
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PSBD-E3 binding was independently constructed and found to
be consistent with the importance of Arg-129, as well as reveal-
ing other electrostatic interactions likely stabilizing this
complex.

Multienzyme complexes catalyze successive steps of a mul-
tistep chemical reaction (1). One of the best characterized of the
2-oxoacid dehydrogenase multienzyme complexes (2) is the
pyruvate dehydrogenase complex (PDHc)* from Escherichia
coli, with multiple copies of each of the following three enzy-
matic components: the thiamin diphosphate-dependent pyru-
vate dehydrogenase (E1, EC 1.2.4.1, mass of 99,474 Da); dihy-
drolipoamide acetyltransferase (E2, EC 2.3.1.12, mass of 65,959
Da) containing 1-3 covalently bonded lipoyl groups (lipoam-
ides); and dihydrolipoamide dehydrogenase (E3, EC 1.8.1.4,
mass of 50,554 Da) binding FAD and NAD". E2 components
form the core of the complex, to which E1 and E3 components
bind noncovalently. The key metabolic product acetyl coen-
zyme A is generated on the E2 components. The E. coli E2 hasa
multidomain structure; proceeding from the N terminus, it
consists of three lipoyl domains (3-lip E2, ~80 amino acids
each), a peripheral subunit-binding domain (PSBD, ~45 amino

“The abbreviations used are: PDHc, pyruvate dehydrogenase complex; E1p,
first pyruvate dehydrogenase component of PDHc; E2p, second dihydro-
lipoamide acetyltransferase component of PDHc; 3-lip E2p, the wild-type
three-lipoyl E2p component; 1-lip E2p, single-lipoyl construct of E2p; E3,
third dihydrolipoamide dehydrogenase component of PDHc; PSBD,
peripheral subunit-binding domain; 1-lip E2p didomain, E2p construct
comprising residues 1-190 from 1-lip E2p corresponding to the hybrid
lipoyl domain and PSBD; E3b-PSBDp, one of only three specific E3-E2 com-
plexes that can form for T. thermophilus depending on substrate specificity,
with b representing branched-chain 2-oxo acid dehydrogenase and p rep-
resenting pyruvate dehydrogenase; PDB, RCSB Protein Data Bank; r.m.s.,
root mean square; IPTG, isopropyl 1-thio-B-b-galactopyranoside; HSQC,
heteronuclear single quantum coherence; H/D, hydrogen/deuterium.

VOLUME 288+NUMBER 21+-MAY 24,2013



E. coli Pyruvate Dehydrogenase Inter-component Interactions

TABLE 1
Crystal structures of glutathione reductase and lipoamide dehydrogenases selected for comparison with E. coli lipoamide dehydrogenase E3
Identification SID* PDB code Resolution Citation
% A
E. coli glutathione reductase 28 1GER 1.86 Mittl and Schulz (22)
Azobacter vinelandii 40 3LAD 2.20 Mattevi et al. (23)
Pseudomonas fluorescens 43 1LPF 2.80 Mattevi et al. (24)
N. meningitides 64 10JT 2.75 de la Sierra et al. (25)
Yeast 41 1JEH 2.40 Toyoda et al. (9)
Pisum sativum 49 1DXL 3.15 Faure et al. (26)
Mycobacterium tuberculosis 38 2A8X 2.40 Rajashankar et al. (27)
P. putida; complexed with NAD™ 38 1LVL 2.45 Mattevi et al. (28)
Human; complexed with NAD* 43 1ZMC 2.53 Brautigam et al. (29)
Yeast; complexed with NAD™ 41 1V59 2.20 b
B. stearothermophilus; complexed with 47 1EBD 2.60 Mande et al. (30)
acetyltransferase-binding domain

Human; complexed with E3BP 44 17Y8 2.59 Ciszak et al. (31)
Human; complexed with E3BP 43 2F5Z 2.18 Brautigam et al. (32)
T. thermophilus; complexed with PSBD 44 2EQ8 1.94 Nakai et al. (33)
Human; complexed with subunit binding domain 44 3RNM 2.40 Brautigam et al. (34)

“ SID is Sequence Identity with E. coli E3, determined by protein BLAST sequence alignment (37).
» Adachi, W., Suzuki, K., Tsunoda, M., Sekiguchi, T., Reed, L. J., and Takenaka, A. (2003) RCSB Protein Data Bank.

acids), and a large core-forming acetyltransferase domain
(~250 amino acids), all linked together by flexible 25—30-resi-
due segments rich in alanine, proline, and charged amino acids
(3, 4). To simplify some of our studies with the E2 component,
a 1-lip E2, bearing a single hybrid domain, was constructed,
which behaves similarly to 3-lip E2 in every respect (5).

The E3 components of the complex catalyze re-oxidation of
dihydrolipoyl groups (created during the overall reaction)
attached to lysine residues on the E2 lipoyl domains, after the
acetyl group is transferred to coenzyme A. This restores the
initial redox states of the lipoamides allowing the multienzyme
complex to cycle, and it reduces NAD™ to NADH in the pro-
cess. Unlike in higher eukaryotes, where there is an E1 recogni-
tion site on E2 and an E3 recognition site via an E3-binding
protein (6—38), in E. coli the PSBD of E2 binds both E1 and E3
(9). Structural, spectroscopic, biochemical, and kinetic studies
on the E. coli PDHc have formed a core project in our labora-
tories for years. X-ray structural work on the E1 component as
well as its variants, a complex of E1 with the inhibitor thiamin
thiazolone diphosphate, a complex with phosphonolactylthi-
amin diphosphate (an analog of the pre-decarboxylation inter-
mediate), and the E1 apoenzyme free of thiamin diphosphate
(10-15) have yielded valuable information on the basic folding,
conformation, and function of homodimeric (a,) E1. They also
provided information regarding the role of water in enzyme
inhibition and catalysis, large scale disorder-to-order transi-
tions, disorders in specific amino acids in the active site area,
differences in the extent of hydrogen bonding networks, and
insight into a possible proton wire hypothesis facilitating com-
munication between remote active sites. In this work, directed
mutagenesis on the E. coli E2 followed by size-exclusion chro-
matography identifies some residues that are involved in the
interaction with E1. Furthermore, a possible E3-PSBD binding
mode is suggested based on available structure and sequence
information. It is noteworthy that the identical E3 protein
examined in these studies on PDHc is also utilized in the a-
ketoglutarate dehydrogenase complex and the glycine cleavage
system in E. coli (16-19); thus, the crystal structure reported
here will be important in the understanding of those complex
functions as well, once structural information becomes avail-
able for all their components.
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E3 has also been found in organisms that do not have
2-oxoacid dehydrogenases, leading to suggestions that the
enzyme may also function outside the framework of the multi-
enzyme complexes (20, 21). The tertiary structures of several
E3s and glutathione reductase, a related oxidoreductase, have
been elucidated through x-ray studies. A list of these enzymes
chosen for comparison with E. coli E3 is given in Table 1, along
with their PDB codes and literature references (9, 22—-34). In
subsequent discussion, these enzymes are identified in the text
by their PDB codes for brevity. All E3 enzymes function as
dimers and contain in their active center a reactive disulfide
bridge directly involved in catalysis. They share a common
prosthetic group (FAD) and secondary substrate (NAD™ or
NADP™), but the sequence identity between E3 proteins from
various sources is moderate, between 28 and 47% (Table 1) (35,
36), except for E3 from Neisseria meningitidis (64%); their chain
lengths also differ by up to about 30 amino acid residues.

The goal of this study was to identify the loci of interaction of
the E2 component with E3 on the basis of the x-ray structure of
E3, H/D exchange MS experiments, NMR protein-protein
interaction studies, and the kinetics of E2 variants created by
substitutions on the PSBD at amino acid residues hypothesized
to be involved in inter-component interactions. Indeed, pep-
tides from both the E2 PSBD and E3 were identified that sup-
port the stabilization of the E2-E3 subcomplex, consistent with
amodel independently constructed. Our results clearly demon-
strate the need for such a multifaceted approach to understand
these important issues in the absence of high resolution struc-
tural data on the intact subcomplexes.

EXPERIMENTAL PROCEDURES

Construction of Singly Substituted Variants of E2p—The
pET-22b(+)-1-lip E2 plasmid encoding E. coli E2p and two syn-
thetic oligonucleotide primers complementary to opposite
strands of DNA were used for site-directed mutagenesis
according to the protocol supplied with the QuikChange site-
directed mutagenesis kit from Stratagene (La Jolla, CA) for 16
cycles. The presence of substitutions was confirmed by DNA
sequencing at the University of Medicine and Dentistry of New
Jersey, Newark.
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Expression and Purification of EIp—E1p was expressed and
purified as described previously (38).

Expression and Purification of 1-lip E2p—On the basis of our
past observations that the kinetic behavior of 1-lip PDHc was
very similar to that of 3-lip PDHc (39), the 1-lip E2p and its
truncated version of the E2p didomain were created as reported
earlier (5). The lipoyl domain in 1-lip E2p is a hybrid wherein
the 85-amino acid residues starting from the N terminus
include residues 1-33 from the N-terminal end of the first
lipoyl domain and residues 238 —289 from the C-terminal end
of the third lipoyl domain of the wild-type 3-lip E2p component
(40). The expression and purification of 1-lip E2p and 1-lip E2p
variants followed the general procedure reported earlier from
our laboratory (5) with modifications (41, 42).

Construction of Plasmid, Expression and Purification of 1-lip
E2p Didomain—The 1-lip E2p didomain comprising residues
1-190 from 1-lip E2p corresponding to the hybrid lipoyl domain
and the peripheral subunit-binding domain (PSBD) with linkers
connecting them was constructed as reported earlier (41).

Preparation of >N- and *3C-Labeled 1-lip E2p Didomain
for NMR Studies—For the production of the doubly (*°N and
13C) labeled E. coli PDHc E2p didomain with and without the
N-terminal His, tag (removed through a thrombin-cleavable
site), minimal medium supplemented with "*NH,Cl (1.0 g/
liter) as the sole source of nitrogen, [U-'*C]glucose (4.0 g/liter)
as the sole source of carbon, and 0.3 mMm DL-lipoic acid was
used. The cells were grown at 37 °C, and expression was
induced with 1 mm IPTG at A4y, = 0.8. Cells were grown for
6 h at 37 °C. Purification of the Hisy tag E2p didomain was
carried out by nickel affinity column method. Thrombin (10
units/mg protein) cleavage was carried out in 20 mwm
KH,PO, (pH 7.0) with 0.15 M NaCl at 22 °C for 16 -20 h, and
the protein was then purified by anion exchange and size-
exclusion chromatography.

Expression and Purification of 3-lip E2p—Wild-type 3-lip
E2p was expressed and purified in a manner similar to 1-lip E2p.
The pCA24N plasmid encoding 3-lip E2p was obtained from
the National BioResource Project, National Institute of Genet-
ics, Japan. The AGI cells were grown at 37 °C in LB medium
supplemented with 30 wg/ml chloramphenicol and 0.30 mm
lipoic acid. The expression of 3-lip E2p was induced by IPTG
(0.5 mm) for 4 h at 37 °C. The purification protocol for 3-lip E2p
was similar to that presented above for 1-lip E2p.

Expression and Purification of E3—E. coli BL21(DE3) cells
(Novagene, Madison, WI) transformed with the pET-
22b(+)-E3 plasmid encoding E3 were grown on an LB plate
supplemented with 50 wg/ml ampicillin for 16 h (42). A single
colony was used to inoculate 500 ml of LB medium supple-
mented with 50 png/ml ampicillin. Cells were grown at 37 °C to
Agso = 0.4-0.6, and E3 expression was induced by 1 mm IPTG
for 3—4 h. Cells were collected, washed with 20 mm KH,PO,
(pH 8.0) containing 1 mm EDTA, and stored at —20 °C. The E3
was purified using a phenyl-Sepharose high performance
hydrophobic column (GE Healthcare) pre-equilibrated with 50
mwm KH,PO, (pH 8.0) containing 1 mm EDTA and 40% ammo-
nium sulfate. The E3 was eluted at 15% saturation of ammo-
nium sulfate when a decreasing gradient of ammonium sulfate
was applied. Fractions containing E3 were analyzed by SDS-
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PAGE and were dialyzed against 50 mm KH,PO, (pH 8.0) con-
taining 1 mMm EDTA. The E3 was stored at —20 °C.

Activity Measurements—The activities of 1-lip E2p and its vari-
ants were measured after reconstitution of the PDH complex from
its individual E1p, E2p, and E3 components using a E1/E2/E3 mass
ratio of 1:1:0.5 (mg/mg/mg). Pyruvate-dependent reduction of
NAD™ was monitored at 340 nm as reported earlier (43).

Size-exclusion Chromatography Experiments to Study Inter-
action between Binary Component Subcomplexes—A TSK
G4000-SW size-exclusion column equilibrated with 50 mm
KH,PO, (pH 7.0) containing 0.5 M NaCl was used. The column
was calibrated with the following standards (M, values listed):
thyroglobulin (669,000), ferritin (440,000), catalase (232,000),
aldolase (158,000), bovine serum albumin (67,000), ovalbumin
(43,000), chymotrypsinogen (25,000), and ribonuclease A
(13,700). E2p (1 mg) or its variants (1 mg) were incubated with
Elp (1 mg) or E3 (1 mg) in 50 mm KH,PO, (pH 7.0) containing
0.5 M NaCl in a total volume of 0.20 ml at 25 °C.

Reductive Acetylation of E2p and Its Variants by Elp and
Pyruvate as Monitored by MALDI-TOF Mass Spectrometry—
E2p or its variants (2 mg/ml) were incubated with E1p (0.1 mm)
and pyruvate (2.0 mMm) in Tris-HCI (pH 8.0) containing 0.3 M
NaCl, 2 mm MgCl,, and 0.2 mm thiamin diphosphate in a total
volume of 0.1 ml at 25 °C. After 1 min of incubation, trypsin was
added to digest E2p or its variants (mass ratio of trypsin/E2p =
200:1). After 30 min of incubation with trypsin, the reaction was
stopped by the addition of benzamidine hydrochloride (0.15
mg/ml), and aliquots were diluted 10-fold with 0.1% trifluoro-
acetic acid. Samples (1 ml) were withdrawn and mixed with 1
ml of sinapinic acid on the target plate.

X-ray Structure Determination of the E. coli E3—The E. coli
E3 enzyme was concentrated to 13.5 mg/ml in 10 mm HEPES
(pH 7.0), containing 0.5 mMm EDTA, 0.2% sodium azide, and 1
uM leupeptin. The protein was crystallized at 18 °C by the sitting
drop vapor diffusion method by mixing equal volumes of protein
and precipitant solutions. The best crystals were obtained with a
precipitant solution containing 2.4 M ammonium sulfate and 0.1 M
MES buffer at pH 6.4. Crystal growth took 4—6 weeks, and the
crystals were typically 0.6 X 0.5 X 0.1 mm.

Data were collected at —180 °C at the Advanced Photon
Source (SE Regional Collaborative Access Team, sector
22-BM). Although diffraction initially extended to 2.2 A reso-
lution, the data were truncated to 2.5 A due to rapid decay that
resulted in rather high merging residuals and very low //o val-
ues at the high resolution limits. The crystals are tetragonal
with @ = 180.0 and ¢ = 196.9 A in space group 1422. The data
were processed with the d*TREK package (44). The Matthews
coefficient (45) V,, is 3.94 A%/Da with one E3 dimer per asym-
metric unit, yielding a solvent content of 68.8%.

For initial structure determination, data to 3 A were used to
derive phases by molecular replacement using the program
PHASER (46). The search model was derived from the structure
of the E3 domain in the protein p64k of a surface antigen from
Neisseria meningitidis (PDB code 10]T (25)). The model (poly-
alanine) contained 482 residues that originally had the highest
sequence homology with the E. coli E3 protein (64% identity).
Residues in the region 135-594 of the N. meningitidis E3
domain generally matched the sequence of E. coli E3 residues in
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the region 19-467, and the results clearly indicated two E3
monomers per asymmetric unit.

After sequence adjustment where needed, refinement was
performed with PHENIX (47), and no noncrystallographic
symmetry restraints were applied during the initial stages. The
polypeptide chain was subsequently extended to residue 2 in
both monomers, and all-atom rigid body refinement and sim-
ulated annealing followed. A simulated annealing composite
omit map calculated at this stage clearly revealed the two FAD
molecules (one associated with each protein subunit), which
were then included. The entire structure was analyzed with the
graphics program COOT (48), and several residues were
rebuilt. After further refinement with adjustments of atomic
positions and individual B values, solvent molecules were
located using a (F, — F,) difference map and a minimum elec-
tron density level of 2.80. In addition to 417 water molecules,
several large blobs of density were located that could be identi-
fied as MES buffer molecules or SOZ™ ions. For subsequent
refinement, the two independent protein subunits A and B,
along with their associated FAD cofactors, were defined as sep-
arate translation/libration/screw groups; the rest of the atoms
were treated isotropically, and noncrystallographic symmetry
restraints between molecules were included. On least squares
superposition of the Ca atoms from protein subunits A and B,
anr.m.s. difference of 0.06 A was observed. The average B value
for the structure was fairly high, 64.9 A2, perhaps indicating a
general static disorder. The structure was checked for possible
side chain flips and unfavorable contacts with the program
MOLPROBITY (49). Residues that had to be fine-tuned were
then regularized to ensure proper geometry. Crystallographic
data and final refinement statistics are detailed in Table 2.
Graphical representations of protein molecules were prepared
with the program RIBBONS (51).

NMR Spectroscopy—NMR experiments were carried out
using a 0.7 mMm solution of the uniformly '*C,'°N-labeled E2p
didomain in 20 mm phosphate (pH 7.0) with 150 mm NaCl. All
NMR experiments for backbone sequence-specific resonance
assignments were run at 25 °C on a Varian INOVA 600 MHz
spectrometer equipped with 5-mm HCN probes. Chemical
shift assignments for the E2p didomain were determined using
conventional triple resonance NMR methods from the Varian
standard Biopack pulse sequence library. Spectra were pro-
cessed with NMR DRAW 5.96 (52) and transferred to CARA
1.9.0b3 (53) for further analysis. HNCA, HN(CO)CACB,
HNCACB, and CBCA(CO)NH experiments were used to link
sequential amide groups via matching pairs of Ca/Cf peaks
(54). To study E2 didomain-E3 interactions by chemical shift
mapping methodology, 0.3 mm '*N-labeled E2-didomain was
mixed with 0.3 mm unlabeled E3 at pH 7.0, and two-dimen-
sional 'H-'">N-TROSY HSQC spectra were acquired.

H/D Exchange by Mass Spectrometry—For the H/D exchange
studies, the wild-type 3-lipoyl E2 (3-lip E2) component was
used. The H/D exchange analysis was conducted on an HPLC
system (1200 series HPLC, Agilent) interfaced to a Fourier
transform-mass spectrometer (Apex-ultra 70 hybrid Fourier
transform-mass spectrometer, Bruker Daltonics), equipped
with an in-house built refrigeration system, constructed to be
similar to the one described by Keppel ez al. (55).
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TABLE 2

Crystallographic data and refinement statistics for E. coli lipoamide
dehydrogenase (E3)

Values in parentheses are for the last shell.

Data statistics

Space group 1422
Unit-cell parameters a,b=180.0 Aandc=1969 A
Diffraction limit 2.50 A
Completeness 94.4% (90.3%)
Total no. of reflections 407,934
No. of unique reflections 52,714
R perge (0N ]) 0.115 (0.561)
X-ray source Synchrotron (APS, sector 22BM)
Wavelength 1.00 A
Refinement statistics .
Resolution range 35.3t02.50 A
No. of reflections 52,714
No. of reflections for test set 2687
R factor 0.214 (0.411)
Riee 0.256 (0.416)
No. of residues 942
No. of protein atoms 7076
No. of cofactor (FAD) atoms 106
No. of solvent atoms 417
Average B value )
All atoms 64.9 A”
Protein atoms 64.5 A”
Cofactor (FAD) atoms 53.9 A”
Solvent, MES, and SO, atoms 728 A”
Estimated coordinate error” 029 A
r.m.s deviations )
Bond lengths 0.010 A
Bond angles 1.281°
Molprobity results
Clashscore 16.15 (83rd percentile)
Molprobity score 2.01 (95th percentile)

“ Data are from a Luzzati plot (50).

Prior to H/D exchange, E2p and E3 proteins were exchanged
into 10 mMm potassium phosphate (pH 7.0) with 50 mm KCl.
Three samples were prepared as follows: the first sample was 80
uM E2p by itself, the second was 80 um E3 by itself, and the third
contained 80 uM each of E2p and E3. These samples were incu-
bated at 20 °C for at least 1 h. The H/D exchange reactions were
initiated by dilution of 15 ul of the previous samples into 285 ul
of 10 mm potassium phosphate, 50 mm potassium chloride in
99.9% D,O (pH 7.0) at 20 °C. After incubation at 20 °C for var-
ious lengths of time (20 s and 1, 3, 10, 30, 100, 300, and 1000
min), 30-ul aliquots of the exchange reaction were rapidly
quenched by 30 ul of ice-cold quench buffer (0.2 M potassium
phosphate (pH 2.6)). The samples were immediately frozen in
liquid nitrogen and stored at —80 °C before analysis. Un-deu-
terated samples were generated following the same procedure
except that protein samples were diluted into aqueous buffer
and incubated for 1 min followed by the quench process. All
experiments were run in triplicates.

The frozen deuterated sample was quickly thawed and
loaded with an ice-cold syringe into a 20-ul sample loop inside
the refrigeration system. The protein sample (~40 pmol) was
carried by a 0.1 ml/min digestion flow (0.1% formic acid) into an
immobilized pepsin column (Poroszyme Immobilized Pepsin
Cartridge, 2.1 X 30 mm, Applied Biosystems) and digested at
15°C for 1 min. The resultant peptides were immediately
cooled down to 0 °C through a heat exchanger and were con-
centrated and desalted on a peptide trap (Michrom Peptide
MacroTrap, 3 X 8 mm). The peptides were eluted and sepa-
rated in 15 min through a reversed-phase C18 HPLC column
(Agilent Poroshell 300SB-C18, 2.1 X 75 mm) at a flow rate of
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FIGURE 1.A, functional dimer of E. coli E3. One of the E3 monomers is shown in cyan. In the other, the FAD-binding domain is shown in red, NAD-binding domain
in green, central domain in yellow, and the interface domain in purple. The FAD molecules are shown as CPK models in gray and orange. B, superposition of the
E. coli (green) and Pseudomonas putida (1LVL) (orange) E3 structures illustrating hydrogen bond formation (shown by dashed line) in the former between OE2

of Glu-319 and N of Met-317 arising from the cis-conformation of Pro-318.

0.2 ml/min with a 0 °C 2—40% acetonitrile gradient containing
0.1% formic acid. ESI-Fourier transform-mass spectrometry
measurements began 5 min after the initiation of the elution
process and lasted 10 min. The time from initiation of digestion
to elution of the last peptide was less than 20 min.

Bruker Daltonics DataAnalysis 4.0 was used for spectrum
analysis and data treatment. Peptides were identified from
undeuterated samples by a customized program DXgest, which
matches experimental peptide mass with theoretically gener-
ated peptic peptide mass by using statistical data (56) for the
pepsin cleavage pattern under H/D exchange conditions. Mass
tolerance was set at <2.0 ppm. H/D exchange data for each
individual peptide at various time points were processed using
the program HX-Express (57) to determine deuterium uptake
and peak width. No correction was applied for back exchange.
The number of backbone amides, peptide coverage, and H/D
heat map were generated by using MSTools (58). Origin
(OriginLab, Northampton, MA) and Microsoft Excel were used
to produce time-dependent deuterium uptake plot, butterfly
plot, and difference plot (59).

RESULTS

Crystal Structure of the E. coli E3—Each monomer of E3 is
composed of four domains. In E. coli, these are as follows: the
FAD-binding domain (residues 1-149), the NAD-binding
domain (150-282), the central domain (283-350), and the
interface domain (351-474). The functional dimer of E3 is
shown as a ribbon diagram in Fig. 1A. The tertiary structures of
glutathione reductase and all 14 E3s listed in Table 1 are gener-
ally similar to that of E. coli E3, and the dimer in each structure
could be boxed in a rectangle of approximate dimensions 110 X
65 X 65 A. Comparison of an E. coli E3 subunit to a subunit
from each of the other E3 structures yields an r.m.s. deviation
(Ca) between 0.9 and 1.58 A. The primary differences in the
conformations of the E3 structures elucidated to date are in the
regions 36 —42, 126 —136, and 251-264 (the numbers referring
to the residue ranges in the current E. coli E3 structure) and
include addition or deletion of residues or small differences in
folding. These regions are all parts of surface loops and gener-
ally result in no additional or fewer interactions of the protein
with the FAD cofactor, except as indicated in the footnote to
Table 3. They also do not seem to participate in interactions
with the NAD substrate as can be seen from crystal structures of
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TABLE 3

Interactions (d, in A) between FAD atoms and protein/solvent atoms
(averaged between the two subunits)
The " indicates residues of the other subunit in the functional dimer.

FAD atom Protein/solvent atom d
A

N6A Gly-117(0) 3.04
N6A Solvent 333 (HOH-O) 2.50%
N1A Gly-117(N) 2.97
N3A Arg-37(N) 3.21°
N7A Solvent 417, solvent 25 (HOH-O) 2.80
N7A Solvent 333 (HOH-O) 3.20¢
02B Glu-36(0E2) 2.60
02B Arg-37(NE) 3.10°
O2B Solvent 227, solvent 327 (HOH-O) 3.33
03B Glu-36(0E1) 2.58
03B Glu-36(0E2) 3.17
O3B Solvent 90, solvent 73 (HOH-O) 3.01
OlA Val-44(N) 3.02
0O2A Solvent 34, solvent 240 (HOH-O) 2.65
O2A Solvent 92, solvent 244 (HOH -O) 2.65
O1P Ala-17(N) 3.15
O1P Solvent 1, solvent 6 (HOH-O) 2.61
02P Asp-313(N) 3.01
o2pP Solvent 91, solvent 93 (HOH-O) 2.80
04’ Cys-45(N) 3.36
03’ Asp-313(OD1) 2.91
03’ Asp-313(0D2) 3.23
03’ Met-319(0) 3.09
03’ Leu-320(N) 3.51
03’ Ala-321(N) 3.45
02 Ala-321(N) 2.74
02 His-445' (O) 3.25
02 His-322(ND1) 3.38¢
N3 His-445'(O) 2.81
N3 Solvent 253, solvent 210 (HOH-O) 2.90
04 Lys-54(NZ) 3.11
04 Solvent 75, solvent 55 (HOH-O) 2.73
04 Solvent 339, solvent 127(HOH-O) 3.57
N5 Solvent 339, solvent 127(HOH-O) 2.81

“ Water molecule and interaction are seen in subunit B only.

® This is absent in 2A8X.

¢ This is absent in 1LPF, 1LVL, 3LAD, 1V59, 1GER, and 1DXL.
4 This is absent in 1GER.

E3 complexed with NAD (1LVL, 1ZMC, and 1V59). These
regions may, however, be important in specific assembly inter-
actions with other components in multienzyme complexes
from their respective species.

cis-Conformation of Peptide Bonds Formed by Three Prolines—
In E. coli E3, peptides of three prolines, Pro-318, Pro-355, and
Pro-446, are in cis-conformations. Residue 318 is conserved as
proline exceptin 1LPF, 2A8X, 3LAD, and 1GER, but only E. coli
E3, 10JT, and 2EQ8 contain a cis-proline at that position. In
E. coli E3 and 10]JT, the cis-peptide bond results in an orienta-
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FIGURE 2. Interactions of the FAD molecule with E3 subunits. The hydrogen bonds formed between His-445" and Glu-450" are also shown, as well as the
short (<3.5 A) contacts between His-445" and the sulfur atoms of Cys-45 and Cys-50 involved in the disulfide bond. ' denotes residues from the other subunit.

tion that allows OEL1 of the preceding glutamine residue to form
a hydrogen bond with the main chain nitrogen of the succeed-
ing methionine residue (Fig. 1B); in 2EQS, the preceding resi-
due is also a proline. In 1LVL, where the corresponding proline
(residue 310) is trans, OE1 or OE2 of glutamate 309 are involved
in no hydrogen bonds. In all the other structures, the residue
corresponding to GIn-317 in E. coli E3 is Gly, Ala, or Leu, pos-
sessing no side chains capable of hydrogen bonding interac-
tions. The residue at the position equivalent to 355 in E. coli is
always a proline, and the peptide bond is in cis-conformation in
all except 1DXL and 1EBD. This residue falls in a tight B-turn
on the anti-parallel B-sheet of the interface domain featuring a
characteristic O(i)—N(i + 3) type hydrogen bond between the
carbonyl oxygen of Thr-353 and the amide nitrogen of Glu-356.
This hydrogen bond is absent in 1GER alone where the residue
following the cis-proline is another proline, but the hairpin
bend itself is observed in all the E3 structures. The orientation
of His-445 in E. coli E3 is dictated by the hydrogen bonds its
ND1 atom makes with the OE1 and OE2 atoms of Glu-450 in
the same subunit. Position 446 is conserved as proline and
occurs in a cis-form in all the E3 structures discussed; this ori-
entation results in a hydrogen bond between the carbonyl oxy-
gen of His-445" and N3 of the flavin ring in E. coli E3, similar to
what has been discussed for 3LAD (23); this hydrogen bond is
found in all the other E3 structures as well.

FAD Cofactor and Its Interactions with E3—The FAD mole-
cules assume elongated conformations in all E3 structures. The
two FAD molecules in the E3 dimer are separated by 31.2 = 1.0
A in the various structures at their closest points (the O4
atoms). As in 1GER, a B value gradient is observed along the
FAD molecules in E. coli E3. The average isotropic B values,
with numbers for the second subunit in the dimer given in
parentheses, are 64.8 (65.5), 60.8 (55.8), 51.2 (53.7), 49.6 (51.1),
and 45.5 (50.5) A2 for the adenine, adenine ribose, pyrophos-
phate, ribitol, and isoalloxazine moieties, respectively, indicat-
ing that the isoalloxazine end is the most tightly bound. The
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TABLE 4

Intersubunit interactions (d, in A) in E. coli E3 (averaged between the
two subunits)

The ' indicates residues of the other subunit in the functional dimer.

Residues/atoms d
A
Asp-27(0OD2)—-Asn-468'(ND2) 2.87
His-58(NE2)-Ser-390'(O) 3.41
His-72(0)-1le-86'(N) 2.87
Gly-73(0)—Asp-82'(N) 2.75
Val-75(N)-Lys-80'(O) 2.90
Val-75(0)-Lys-80'(N) 3.01
Arg-108(NH1)-Leu-466'(O) 3.32
Arg-108(NH2)-Ile-463'(O) 3.30
Arg-108(NH2)-Leu-466'(0) 2.77
His-322(ND1)—His-445'(N) 3.19
His-329(NE2)- Thr-464'(0OG1) 2.84
Tyr-352(OH)—-Pro-446'(0) 3.57
Gly- 419(O)—His-449'(ND1) 3.54
Glu-420(OE1)-Leu-448'(N) 3.41
Glu-420(OE1)-His-449'(N) 2.93
Glu-420(OE1)—His-449' (ND1) 2.81
Glu-420(OE2)-Leu-448'(N) 2.80
Gly-423(N)-His-449'(NE2) 3.41
His-445’(0)~FAD-600(02) 3.24
His-445'(0)-FAD-600(N3) 2.81

characteristic sequence GXGXXG responsible for the binding
of FAD and NAD starts at residue 13 (GAGPAG) in the FAD-
binding domain and at residue 182 (GGGIIG) in the NAD-
binding domain. These characteristic regions comprising resi-
dues 13-18 and 182-187 act as hinges between the 3-strand
and the a-helix in each binding domain, as in 10JT. The Baf3
unit corresponding to the FAD-binding domain is B(8-12),
a(16-27), and B(32-36).

The interactions FAD makes with the two E3 subunits in
E. coli are listed in Table 3. Fig. 2 also illustrates these interac-
tions together with the relatively short contacts (~3.5 A)
observed between His-445 of one subunit of E3 and the reactive
cysteines Cys-45 and Cys-50 of the other subunit. Both subunits
contribute residues to each active site and to interactions with
each FAD molecule. The inter-subunit interactions in E. coli E3
are listed in Table 4. The active disulfide bridge Cys-45 to
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FIGURE 3. A, disulfide bond between Cys-45 and Cys-50, shown in yellow for subunit A. The electron density from a composite omit map is contoured at 1.50.
B, distorted rectangular cluster of four sulfur atoms featuring Met-431 and Cys-433 in both subunits, with distances shown in A.

Cys-50in each catalytic site is also located at the dimer interface
involving residues from both the FAD-binding and central
domains of the same subunit, as well as residues His-455 and
Glu-450 from the other subunit, possibly explaining the neces-
sity of the dimeric form for enzymatic activity.

In 1LVL, Mattevi et al. (28) have indicated that the side chain
of Tyr-181 points toward the flavin ring as it does in 1GER, in
what they suggest is an energetically unfavorable conformation.
We note, however, that the conformation adopted is one of the
commonly allowed rotamers for tyrosine; furthermore, the
same conformation is observed in 1EBD and is one of two
equally populated disordered conformations reported in 1DXL,
the only two other E3 structures available where the corre-
sponding residue is a tyrosine. In all the other structures listed
in Table 1, the corresponding residue (185 in E. coli E3) is iso-
leucine, valine, or alanine.

Catalytically Important Disulfide Bridge between Cys-45 and
Cys-50—Approximately 70% of the residues in E. coli E3 are
distributed as a-helices and 3-sheets in roughly equal amounts.
The longest of these helices (Gly-43 to Ala-70) includes cys-
teines 45 and 50 that form the catalytically important disulfide
bridge. This helix is distorted between residues 51 and 53
because of the presence of a proline at position 52, which nat-
urally breaks the conventional N(i + 4)—O(i) hydrogen bond-
ing pattern observed in a regular a-helix. The disulfide bonds
between residues 45 and 50 are 1.96 and 2.04 A in the two
monomers with xgs dihedral angles (CB-Sy-Sy-CpB) of 29 and
46°, respectively (Fig. 3A4). In the other E3 structures, these
angles range between —130 and —82°. With molecular orbital
calculations, Boyd (60) postulated that the disulfide bond is
strongest at the orthogonal dihedral angles of =90°. In the light
of this information, the Sy atoms of residues Cys-45 and Cys-50
in E. coli E3 were readjusted several times to yield different g4
dihedral angles in these ranges, but subsequent refinement
always returned the original values of 29 and 46°, which were
therefore accepted as correct.

Other Miscellaneous Features—In the E. coli E3 dimer, a dis-
torted rectangular cluster of four sulfur atoms 3.5 X 6.8 A in
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size forms due to the orientation of Cys-433 and Met-431, as
shown in Fig. 3B. In only one other structure, 10]T, does a
similar arrangement occur, with the four sulfur atoms forming
a cluster of 3.4 X 6.2 A. In all the other E3 structures, the cor-
responding residues are not both sulfur-containing amino
acids. In most of the E3 structures elucidated to date, the
hydroxyl group of the tyrosine residue immediately following
the characteristic GXGXXG sequence responsible for FAD
binding is linked by a hydrogen bond to the side chain of the
C-terminal residue closest to the catalytic center, always a his-
tidine, asparagine, or aspartate. The only exceptions are the
current E. coli E3 structure where the side chains of the corre-
sponding residues Tyr-19 and Asp-465' are involved in no
direct hydrogen bonds at all, and 1EBD, 1V59 and 1GER, which
are shorter and have no residue equivalent to the C-terminal
residue involved. It has been reported that asparagine 473 is
important to the efficient catalytic function of human E3 (61)
based on the fact that mutation of this residue to leucine
reduced the E3 activity about 37-fold. However, the role of the
C-terminal residues that form an arm in some of the E3 struc-
tures or the lack of this arm itself in others and the significance
of the hydrogen bond between tyrosine 19 and asparagine 473
are not clearly understood.

Kinetic Experiments on E2p and Its Variants with Substitu-
tions in PSBD and the Catalytic Domain—The role of the
N-terminal region of E1p (residues 1-55) important for inter-
action with E2p had been reported earlier (62). The N-terminal
region of E1p contains acidic amino acid residues, whereas the
PSBD of E2p has a high content of basic amino acid residues.
This led to the hypothesis that the N-terminal region of Elp
interacts with the PSBD of E2p through electrostatic contacts.
To identify the loci of interactions of E1p and E3 on E2p, several
amino acid substitutions were carried out on the PSBD (resi-
dues 129-161) as well as at Lys-191 and Arg-202 from the cat-
alytic domain (Table 5). As shown in Table 5, the overall PDHc
activities of R129E, R150E, R150A, R150K, and R202E E2 vari-
ants reconstituted with independently expressed E1p and E3
components were less than 10% that of the parental E2p. A
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TABLE 5

Kinetic, size-exclusion HPLC, and MALDI-TOF experiments probing the interaction of E1p and E3p with the E2p component and its variants

Reductive acetylation of the E2”

Substitutions Overall Interaction between Interaction between E3 Reductively acetylated lipoyl Unacetylated lipoyl
in E2 activity Elp and E2p” and E2p” domain® domain®
%

None 100 + + + -

R129A 34 + - + +

R129K 77 + + + +

R129E 3.0 - - - +

R130A 100 NA NA NA NA

R130E 57 NA NA NA NA

R150A 8.0 - + NA NA

R150K 5.0 - + + +

R150E 2.4 - - - +

R153K 83 + + + +

R153E 60 + + + +

K161A 65 NA NA + +

K161E 84 NA NA NA NA

K191R 79 NA NA NA NA

K191E 50 NA NA NA NA

R202K 86 + + + +

R202E 10 + + NA NA

“ + indicates E2 variants converted quantitatively to E1p-E2p or E3-E2p subcomplexes according to size-exclusion HPLC experiment; — indicates E2 variants that did not
form the subcomplexes with E1p or E3 according to size-exclusion HPLC experiment. NA means data were not available.

? The reductive acetylation of the E2p lipoyl domain was monitored by MALDI-TOF MS as presented under “Experimental Procedures.”

¢ The molecular mass of the acetylated lipoyl domain = 10,154 Da and that of the unacetylated lipoyl domain = 10,110 Da.

multisite substituted E2 variant with G144A, G146A, and
G149A substitutions displayed only 3% activity. The effect of
substitutions on the overall PDHc activity was not significant in
other E2p variants with activities in the 34-100% range. It is
evident that the R129E and R150E substitutions in PSBD and
the R202E substitution in the catalytic domain, with a charge-
reversed glutamate in place of arginine greatly diminished the
overall PDHc activity.

Size-exclusion HPLC Experiments Probing the Interaction of
Elp and E3 with E2p and Its Variants—Experiments by size-
exclusion chromatography demonstrated that the R129E sub-
stitution strongly affects the interaction of E2p with both Elp
and E3. The R129A E2p interacts with E1p but not with E3,
whereas R129K E2p forms the subcomplex with both El1p and
E3 (Table 5). These results suggest moderately different bind-
ing modes for E1p and E3 to the PSBD of E2p. Similarly to
Arg-129, the charge-reversed substitution at Arg-150 strongly
affects interaction between components. Although lysine
should be the most conservative substitution for arginine,
R150K E2p does not display binding to E1p, suggesting a mul-
tipoint interaction between Elp and E2p. According to size-
exclusion experiments, the Arg-150 variants (R150A, R150K,
and R150E) do not interact with Elp; yet R150A and R150K
variants interact with E3 but R150E does not. These studies
revealed the following: 1) the interaction between E2p PSBD
and Elp or E3 is strongly affected by charge-reversed substitu-
tions at Arg-129 and Arg-150; 2) substitution at Arg-129 more
strongly affects the binding of E2p to E3, whereas that at Arg-
150 more strongly affects the binding of E2p to E1p, and 3) the
E2p variants with K191R, K191E, and R202K substitutions in
the N-terminal region of the catalytic domain exhibited high
activities and could still form the subcomplex with Elp or E3,
suggesting that the residues Lys-191 and Arg-202 are not criti-
cally involved in the binding of E2p to E1p or E3.

Reductive Acetylation of E2p and Its Variants by Elp and
Pyruvate Monitored by MALDI-TOF MS—To test the effect of
the E2 substitutions on functional interaction between E1p and
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1-lip E2p, the reductive acetylation of the E2 lipoyl domain was
analyzed by MALDI-TOF MS. The molecular mass of the lipoyl
domain derived from 1-lip E2p by trypsin digestion is 10,110
Da. After acetylation by E1p and pyruvate, the mass of the lipoyl
domain increased to 10,154 Da indicating reductive acetylation
of the lipoic acid covalently attached to the lipoyl domain. It was
demonstrated that within 1 min of incubation of 1-lip E2p with
Elp and pyruvate, the lipoyl domain derived from E2p was fully
acetylated (Table 5). However, only the unacetylated form of
the lipoyl domain was detected for R129E and R150E variants,
although for all other E2p variants, both acetylated and unac-
etylated forms were in evidence (Table 5).

H/D Exchange Mass Spectrometry—H/D exchange by MS
(HDX-MS) was performed as described under “Experimental
Procedures” for wild-type 3-lip E2p and E3 individually, as well
as for the 3-lip E2p-E3 subcomplex. A total of 25 peptides from
3-lip E2p with 61% sequence coverage (supplemental Table S1
and Fig. 4), and 26 peptides from E3 with 84% sequence cover-
age (supplemental Table S2 and Fig. 4) were chosen for data
analysis. The time-dependent deuterium uptake patterns of
each peptide in the single protein (3-lip E2p or E3) and in the
binary protein complex (3-lip E2p + E3) were compared. Heat
map (supplemental Fig. S1 and Fig. S2), butterfly plot, and dif-
ference plot (Fig. 5) showed a snapshot of deuterium uptake
pattern change of either 3-lip E2p or E3 in the presence and
absence of the other component. Overall, two peptides from
3-lip E2p (Fig. 5, A and B) and three peptides from E3 (Fig. 5, C
and D) exhibited statistically significant changes in deuterium
uptake pattern resulting from complexation as explained
below; the other peptides exhibited almost identical H/D
exchange patterns in the individual or complexed component.

The two identified peptides in 3-lip E2p were both from the
PSBD domain, ***YVHATPLIRRLARE??® (corresponding to
residues 121-134 in the 1-lip E2p didomain) and ***YVKEAI-
KRAEAAPAATGGGIPGMLPWPKVDF>** (corresponding to
residues 159189 in the 1-lip E2 didomain). Deuterium uptake
of ®**YVHATPLIRRLARE??® in PSBD of 3-lip E2p was reduced
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FIGURE 4. Sequence coverage of the selected peptides from 3-lip E2 (top) and E3 (bottom) digested by pepsin. See “Experimental Procedures” for details

of digestion.

by the binding to E3 (Fig. 6A4). The maximum deuterium uptake
difference of 1.2 Da was detected after 3 min of exchange. Peak
width analysis of ***YVHATPLIRRLARE>*® (Fig. 6B) displays
EX1 exchange mechanism (partial unfolding, H/D exchange,
followed by refolding; see Refs. 63, 64) with a partial unfolding
half-life of about 10 min for E2p alone and about 30 min for
E2p-E3 subcomplex, indicating that E3 alters the dynamics of
325YVHATPLIRRLARE?®*® in E2p by tripling the partial unfol-
ding half-life.

The Butterfly plot also revealed several regions that were
highly protected in the E2p core domain even in the absence
of E3 as follows: *'*WVMIPHVTHF**®, **>IMKAVA*®7,
267PEVAIL®"2, and **ITIINNTLSD®*?, which had almost no
deuterium uptake in 30 min.

The three lipoyl domains were too rigid to be digested by
pepsin, resulting in low peptide coverage. Also, because of their
sequence similarity, it was difficult to determine from which
lipoyl domain the peptide was cleaved.

In E. coli E3, two peptides **VIVERYNTLGGVCLNVGCIP-
SKALL®” and ¥ WKEKVINQLTGGLAGMAKGRKVKVVNG-
LGKFTGANTL'® from the FAD-binding domain (the first
with two reactive cysteines Cys-45 and Cys-50) and a third pep-
tide *>*VFEGSITDLPNPKAKKK*”* from the C terminus loc-
ated at the subunit interface (in the interface domain) were
identified to undergo reduced H/D exchange indicating protec-
tion by the presence of 3-lip E2.
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Although interactions of E3 with lipoyl domains do not lend
themselves readily to delineation by the H/D exchange method
(because of highly structured domains and near identity of the
three domains), NMR complements the procedure.

NMR Spectroscopy—A representative 'H-">N TROSY HSQC
spectrum and a segment of the three-dimensional HNCACB
strip of the E2 didomain construct are shown in Fig. 7. Partial
backbone assignments of the E2p didomain were made, and
backbone chemical shifts of the assigned residues are summa-
rized in supplemental Table S3. The E2p didomain consists of
194 amino acid residues, including 16 prolines. “Peak picking”
identified 135 peaks in the 'H->N TROSY HSQC spectrum,
~75% of the total number of residues. At present, we have
sequence-specific assignments mainly for the hybrid lipoyl
domain region. The linker between the lipoyl domain and
PSBD is proline-rich and flexible, and most of the resonances
from these regions remain unassigned. To probe possible inter-
actions of E2p didomain with E3, two-dimensional TROSY-
HSQC spectra of 0.3 mm "’N-E2p didomain were acquired in
the absence of and in complex with 0.3 mm unlabeled E3 at
25 °C in 20 mm KH,PO, (pH 7.0 with 150 mm NaCl) and 10%
(v/v) *H,O. The two-dimensional *>’N-TROSY HSQC NMR
spectra of E2p didomain in the presence of E3 at a 1:1 molar
ratio revealed negligible changes in chemical shift indicating
that NMR detected little or no interaction between E3 and the
lipoyl domain.
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FIGURE 5. HDX-MS analysis of 3-lip E2p and E3 in the absence and presence of the other component. A,

butterfly plot representing average relative

deuterium incorporation percentage (y axis) (deuterons exchanged/maximum exchangeable amides X 100%) of peptic fragments from 3-lip E2p (x axis, listed
from N to C terminus) in the absence of E3 (top) versus in the presence of E3 (bottom) based on three independent experiments. B, difference plot showing
deuterium incorporation changes of peptic fragments of 3-lip E2p in the absence and presence of E3 (deuterons exchanged in the absence of E3 minus
deuterons exchanged in the presence of E3). C, butterfly plot representing average relative deuterium incorporation percentage (y axis) (deuterons
exchanged/maximum exchangeable amides X 100%) of peptic fragments from E3 (x axis, listed from N to C terminus) in the absence of 3-lip E2p (top)
versus in the presence of 3-lip E2p (bottom) based on three independent replicates. D, difference plot showing deuterium incorporation changes of
peptic fragments of E3 in absence and presence of 3-lip E2p (deuterons exchanged in the absence of 3-lip E2p minus deuterons exchanged in presence

of 3-lip E2p).

The NMR method here used is complementary to the x-ray
structure determination and especially the MS-detected H/D
exchange; the former clearly identifies the lipoyl domain but
the latter two cannot, and the H/D exchange clearly identifies
peptides from the PSBD, which participate in interactions
with E3.

DISCUSSION

It must be emphasized that no crystal structure of an intact
E2 component from any source is currently available, making
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studies such as the present one important for a more complete
understanding of the interactions of the E1 and E3 components
with the E2 component.

The biochemical studies summarized in Table 5 gave clear
support to the notion that E1p and E3 bind to nonidentical but
strongly overlapping epitopes of E2p, mostly localized to the
PSBD. As was shown recently (41), this does not require com-
petition of E1p and E3 for unique E2p-binding sites, because
E2p components are always organized in an oligomeric struc-
ture as trimers at the corners of a core (2, 65— 67). The fact that
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the hot spots identified also interfered with reductive acetyla-
tion (according the MALDI-TOF MS) confirms that these hot
spots have important functional significance in the E1p-E2p
interaction as well. The NMR results indicated weak interac-
tion between the lipoyl domain of the 1-lip E2p didomain
and E3.

Several crystal structures of E3 complexed to its binding
domain (30-34) as well as a solution NMR study of the inter-
action of a '>N-labeled PSBD with the dimer of the interface
domain of B. stearothermophilus E3 (68) have been published.
The novelty in the current research compared with those above
is as follows. 1) For the first time an attempt was undertaken to
analyze the binding of the wild-type 3-lip E2p to E3, rather than
any truncated version of either one. 2) The first H/D MS exper-
iment applied to such complexes demonstrates that notwith-
standing the accepted aggregation of intact E2p components,
our high resolution method is capable of elucidating important
information about protein-protein interactions, often unob-
tainable by either x-ray or NMR techniques. 3) The peptide-
specific H/D exchange results are consistent with all previous
structural reports.

From Fourier transform-mass spectrometer H/D exchange
experiments for E2p, the following is evident. 1) A significantly
reduced level of deuteration was detected for the peptide
325YVHATPLIRRLARE?®® (corresponding to residues 121-134
in 1-lip E2p) from the PSBD region of 3-lip E2 on complexation
with E3. Starting with the lone Pro in this sequence, all amino
acids are part of the a-helix (H1), which is the only one of the
three helixes (H1, H2, and H3) that interacts with the E3 dimer
in all cases with the exception of the E2 component of the
2-oxoglutarate dehydrogenase complex (33), and it provides
electrostatic stabilization of the complex. The residue Arg-333
(corresponding to Arg-129 in 1-lip E2p) is here identified by
both biochemical and MS methods as a “hot spot” for interac-
tions with both E1p and E3. This residue is highly conserved in
known PSBDs (30). 2) The second peptide from 3-lip E2p iden-
tified with reduced deuterium uptake on complexation with E3
is 2°3YVKEAIKRAEAAPAATGGGIPGMLPWPKVDF?*2 (cor-
responding to residues 159 -189 in the 1-lip E2 didomain) and
contains the first four residues (YVKE) from H2 of PSBD, the
remainder coming from the hinge region and suggests that H2
is also protected by E3, as envisioned for the 2-oxoglutarate
dehydrogenase complex (33).

Regarding Fourier transform-mass spectrometer H/D ex-
change experiments for E3, the following is evident. 1) The
peptide ***VFEGSITDLPNPKAKKK*"* displays low deute-
rium uptake when complexed with 3-lip E2p and contains res-
idues from the E3 subunit interface domain involved in inter-

FIGURE 6. HDX-MS analysis of peptide YVHATPLIRRLARE (325-338) from
3-lip E2p alone (black squares) versus 3-lip E2p-E3 subcomplex (red cir-
cles). A, relative deuterium incorporation as a function of exchange time of
20 s to 1000 min (time in log scale). B, relative peak width analysis by deter-
mining peptide isotopic mass envelope width at 20% of the maximal peak
height. The error bars for A and B were plotted as the standard deviation of
three independent experiments. C, mass spectra of 2+ charged form of pep-
tic fragment YVHATPLIRRLARE (3-lip E2p 325-338). Deuterium uptake of the
peptide from 3-lip E2p alone (left) versus 3-lip E2p-E3 subcomplex (right) at 0 s
(nondeuterated reference) and 20 s and 1, 3, 10, 30, 100, and 1000 min is
shown.
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FIGURE 7. Representative NMR spectra of E2 didomain in the absence and presence of E3. A, plots displaying the strips from three-dimensional HNCACB
for E2 didomain. B, overlaid two-dimensional "H-'>N TROSY HSQC spectra of E2 didomain (0.3 mm in red) with that of the E2 didomain-E3 subcomplex (0.3 mm
of each protein in green) recorded at 25 °Cin 20 mm sodium phosphate (pH 7.0) with 0.15 m NaCl.

action with E2p, an interaction that is conserved across all
E3-PSBD structures. 2) Two peptides (the first one including
the two reactive cysteines Cys-45 and Cys-50), **VIVERYN-
TLGGVCLNVGCIPSKALL®” and ®**WKEKVINQLTGGLAG-
MAKGRKVKVVNGLGKFTGANTL'?* from the FAD-bind-
ing domain, also display low deuterium uptake, not evident
from structures without the intact E2p component, suggest-
ing a conformational change in the E3 active center on
complexation.

To interpret in stereochemical terms the results presented
above concerning the influence of reverse charge substitutions
R129E, R150E, R153E, and K161E on the binding of PSBD to E3,
a model of the E3-PSBD interface in E. coli was postulated
based on an analogy with the known crystal structure of the
corresponding interface in the E3b-PSBDp complex from Ther-
mus thermophilus (PDB code 2EQ8 (33)). This approach was
chosen because of the large number of common amino acid
residues in the PSBDs of E. coli and T. thermophilus, as shown
in Tables 6 and 7. A comparison by PROTEIN BLAST software
indicated a sequence homology plus identity of 65% between
the E3 components of E. coli and T. thermophilus. To further
illustrate the relationship between sequence and structural
similarity between them, each molecule of E3 from the two
sources above was divided into regions where such sequence
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similarity was high and into those where it was low. Least
square comparisons of main chain atoms were made between
the two structures in each region. The average r.m.s. deviation
was 0.47A in regions of high sequence similarity and 1.43 A in
the rest of the regions. Furthermore, for a particular PSBD
binding region on E3 of T. thermophilus and for the corre-
sponding region on the uncomplexed E3 of E. coli, a least
squares superposition of Ca atoms showed that the two mole-
cules matched each other with an r.m.s. deviation between 0.13
and 0.50 A in that specific region; simultaneous inclusion of all
the three interface binding regions on the E3 increased the var-
iability to 0.77A.

Accordingly, it was assumed that the main chains in the
E. coliand T. thermophilus E3-PSBD interfaces were folded vir-
tually identically and also that the side chains of residues iden-
tical in both interfaces possess virtually the same torsion angles.
Hence, the coordinates of 7. thermophilus main chain atoms
were assigned to the main chain atoms of E. coli in the appro-
priate region, as were the side chain atoms when the residues
were identical. The nonidentical side chains were generally
allowed to follow the conformations of the corresponding res-
idues in T. thermophilus as far as was reasonable stereochemi-
cally. Finally, a few minor adjustments in side chains were made
to avoid stereochemically unacceptable contacts. Ultimately,
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TABLE 6
Sequences of the E3-binding domains

Sequences of known crystal structures of E3-binding domains from different sources are compared with that of the E3-binding domain from the dihydrolipoamide
succinyltransferase core from the pyruvate dehydrogenase multienzyme complex of E. coli. Residues at equivalent locations identical to those in E. coli are shown in green,
homologous residues in blue, and other residues in red. The last two columns indicate the percentage of residues identical with (Iden) or homologous to (Hom) those in

E. coli.
123 130 140 144146 150 153 157
HATPLIRRLAREFGVNLAKVKGTGRKGRILREDVQAYVK E. Coli Iden  Hom
130 140 150 160
PAAPSTIRRLARELGVDLTRLRGTGLAGRITEEDVRRAAG 2EQS8, T. 54 11
thermophilus

130 140 150 160

RLSPAARNILEKHSLDASQGTATGPRGIFTKEDALKLVQ

12Y8 & 2F5Z, 18 18
Human PDHc

130 140 150 160

IAMPSVRKYAREKGVDIRLVOQGTGKNGRVLKEDIDAFLA

1EBD, B. stearo- 44 21
thermophilus

111 121 131 141

LATPAVRNLAMENNIKLSEVVGSGKDGRILKEDILNYLE

3RNM, Human 44 16
BDHc

TABLE 7
Sequences of the appropriate binding regions of the E3s

Residues at equivalent locations identical to those in E. coli E3 are shown in green, homologous residues in blue, and other residues in red. The last two columns indicate
the percentage of residues identical with (Iden) or homologous to (Hom) those in E. coli.

Subunit A Subunit A Subunit B

335 344 426 433 437 442

TAGKKHYFDP GLAIEMGC DIALTI E. coli Iden  Hom
336 345 427 434 438 443

AAGKDSAFDY ALALEMGA DLALTV 2EQS, T. 50 17

thermophilus
342 351 433 440 444 449
MAGGAVHIDY ALALEYGA DIARVC 12Y8, 2F5Z, & 42 9
3RNM, Human
336 345 427 434 438 443
IAGHPSAVDY GLAIEAGM DIALTI 1EBD, B. stearo- 67 0

thermophilus

among residues identical in E. coli and T. thermophilus, only
one residue in the E. coli PSBD, Arg-130, had to be assigned a
significantly different side chain rotamer conformation than its
counterpart Arg-137 in T. thermophilus to result in excellent
salt bridge contacts, charge distribution, and packing consider-
ations. Fortuitously, this new rotamer choice turned out to be
one even more commonly observed in crystal structures than
the original assignment; it was also noted that neither in the 7.

15414 JOURNAL OF BIOLOGICAL CHEMISTRY

thermophilus crystal structure nor in the E. coli model could
any allowed rotamer, other than that selected in each case, have
been chosen without causing severe short contacts. Although
the residue is an arginine in the PSBD of both E. coli and T.
thermophilus, the difference in its conformation results from a
difference in sequence of the E3 residues in its vicinity. Interac-
tions observed in the resulting model of the E. coli E3-PSBD
interface are shown in Fig. 84, and those in the T. thermophilus

VOLUME 288+NUMBER 21+-MAY 24,2013



E. coli Pyruvate Dehydrogenase Inter-component Interactions

Y345

FIGURE 8. A, diagram illustrating electrostatic binding interactions (<=3.5 A) in
the model of the E3-PSBD interface from E. coli. Bonds in residues from E3 are
shown in green and those in residues from the PSBD in orange. Hydrogen
bond and salt bridge contacts are indicated by dashed lines. This diagram is a
model based on the crystal structure of the E3b-PSBDp complex from T. ther-
mophilus described by Nakai et al. (33), with coordinates from the Protein
Data Bank (PDB code 2EQS8). Please see text for details. B, diagram illustrating
observed electrostatic binding interactions (=3.5 A) between the E3 and
PSBD in the crystal structure of the E3b-PSBDp complex from T. thermophilus
described by Nakai et al. (33), with coordinates from the Protein Data Bank
(PDB code 2EQ8). Bonds in residues from E3 are shown in green and those in
residues from the PSBD in orange. Hydrogen bond and salt bridge contacts
are indicated by dashed lines.

crystal structure itself (PDB code 2EQ8 (33)) are shown in Fig.
8B, to illustrate the salient differences between the two. The
coordinates of the model of the E. coli E3-PSBD interface are
shown in supplemental Table S4.

Based on the E. coli E3-PSBD model, in E. coli variant R129E
the conserved electrostatic binding interactions of Arg-129
with Asp-343 and Glu-430 are replaced by electrostatic repul-
sions between negatively charged oxygens on Glu-129, Asp-
343, and Glu-430. An analogous situation occurs with the var-
iant R150E. In this case, the favorable electrostatic interaction
between Arg-150 and the main chain nucleophilic carbonyl
oxygen of Met-431 of E3 is replaced by electrostatic repulsion
between Glu-150 and the Met-431 carbonyl oxygen. In the
model, Arg-129 assumes an extended conformation stretching
deeply into the E3 surface where its guanidinium nitrogen

MAY 24,2013 +VOLUME 288+-NUMBER 21

atoms form hydrogen bonds with E3 carboxylate or carbonyl
oxygen atoms. Additionally, its main chain carbonyl oxygen
atom makes a hydrogen bond with the hydroxyl group of Tyr-
341 on E3. This network of hydrogen bonds implies the exist-
ence of very strong electrostatic bonding in the E3-PSBD inter-
face at Arg-129. The situation at Arg-130, however, is quite
different. Here part of the side chain assumes a folded confor-
mation and constitutes a part of the PSBD interface. The Arg-
130 guanidinium group protrudes a short distance into the
interface to make hydrogen bonding contacts with a carboxy-
late oxygen on Asp-343, which also is hydrogen bonded to the
Arg-129 guanidinium group. The much greater involvement of
Asp-343 in Arg-129 hydrogen bonds may limit the favorable
possibilities for interaction with Arg-130. Nevertheless, the
guanidinium nitrogens of Arg-130 are hydrogen bonded to only
two oxygens. Accordingly, Arg-130 is bound far more weakly to
E3 than Arg-129. Replacement of Arg-130 with Glu-130 trans-
forms a weak binding interaction into a weakly dissociative one.
These stereochemical features of the model are consistent with
the biochemical results cited in Table 5 concerning variants of
Arg-129 and Arg-130. The embedment of Arg-129 into the E3
surface apparently insulates this residue from external influ-
ences as also indicated by the H/D exchange experiments,
whereas Arg-130 is not shielded so thoroughly because part of
its side chain is contained in the PSBD surface.

The E. coli E3-PSBD model also indicates that Arg-153 does
not bind electrostatically to an E3 residue but that its main
chain carbonyl oxygen forms hydrogen bonds to the amide
groups of the PSBD main chain residues Val-156 and GIn-157.
In the crystal structure of the T. thermophilus enzyme, the
counterpart of Arg-153 in E. coli is a glutamate forming hydro-
gen bonds to main chain nitrogen atoms of residues that are
counterparts of Val-156 and Gln-157 in E. coli but again not to
E3.In other words, the same intra-PSBD main chain hydrogen-
bonding motif occurs in both the native and variant forms Arg-
153 and R153E. In fact, this intra-PSBD main chain hydrogen
bonding feature is observed in all known crystal structures of
E3-PSBD complexes from various sources, perhaps contribut-
ing to a general similarity in the folding and conformation of the
subunit-binding domains. Interestingly, in T. thermophilus, the
side chain atoms of Glu-160 and Arg-164 form an intra-PSBD
salt bridge, whereas in the E. coli model the side chain atoms of
the corresponding equivalent residues Arg-153 and Gln-157
form hydrogen bonds, likely indicating a weaker interaction in
the E. coli complex.

The E. coli E3-PSBD model and the presently known crystal
structures also give the answer straightaway as to what struc-
tural basis underlies the absence of an effect of K161E on inter-
face binding in E. coli as was observed in the biochemical exper-
iments. Significantly, this particular residue, located at the end
of the last helix in the PSBD, is too far from E3 for it to partic-
ipate in interfacial binding interactions. A variety of amino
acids, such as Lys, Gly, Ala, Gln, and Glu, are known to occupy
this site in wild-type PSBDs. In T. thermophilus, for example,
the residue corresponding to Lys-161 is a glycine. In the crystal
structure, this glycine projects into a channel between mole-
cules in regions distant from the E3-PSBD interface. In the
other crystal structures referred to in Tables 6 and 7, the resi-
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dues corresponding to Lys-161 also protrude out into similar
channels. Accordingly, Lys-161 and K161E in the E. coli model
also exhibit this structural feature. Clearly amino acids that
occupy this site can hardly be expected to influence the binding
of E3 to PSBD appreciably.
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