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Abstract

Human dihydrolipoamide dehydrogenase (hLADH, hE3) deficiency (OMIM# 246900) is an often prematurely lethal genetic
disease usually caused by inactive or partially inactive hE3 variants. Here we report the crystal structure of wild-type hE3 at
an unprecedented high resolution of 1.75 Å and the structures of six disease-causing hE3 variants at resolutions ranging
from 1.44 to 2.34 Å. P453L proved to be the most deleterious substitution in structure as aberrations extensively
compromised the active site. The most prevalent G194C-hE3 variant primarily exhibited structural alterations close to the
substitution site, whereas the nearby cofactor-binding residues were left unperturbed. The G426E substitution mainly
interfered with the local charge distribution introducing dynamics to the substitution site in the dimer interface; G194C and
G426E both led to minor structural changes. The R460G, R447G and I445M substitutions all perturbed a solvent accessible
channel, the so-called H+/H2O channel, leading to the active site. Molecular pathomechanisms of enhanced reactive oxygen
species (ROS) generation and impaired binding to multienzyme complexes were also addressed according to the structural
data for the relevant mutations. In summary, we present here for the first time a comprehensive study that links
three-dimensional structures of disease-causing hE3 variants to residual hLADH activities, altered capacities for ROS
generation, compromised affinities for multienzyme complexes and eventually clinical symptoms. Our results may serve as
useful starting points for future therapeutic intervention approaches.
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Introduction
Dihydrolipoamide dehydrogenase (LADH, E3, EC 1.8.1.4) is a
homodimeric flavin-disulfide oxidoreductase. As the common
third component of the mitochondrial alpha-keto-glutarate
dehydrogenase (KGDHc), pyruvate dehydrogenase (PDHc) and
branched chain alpha-keto acid dehydrogenase (BCKDHc) mul-
tienzyme complexes (1–4), E3 plays crucial roles in metabolism
by catalyzing the oxidation of the dihydrolipoamide (DHLA)
cofactor covalently linked to the E2 components of these com-
plexes and generating NADH (Supplementary Material, Fig. S1).
This oxidation is essential to re-establish initial conditions in
the complexes after each turnover thereby enabling cycling,
and its failure would halt the enzymatic processing ability
after a single catalytic event. E3 is also part of the glycine
cleavage system (5). In addition to its physiological importance,
the human E3 (hE3) also possesses moonlighting functions,
mainly as an enzyme not part of any multienzyme complex
(6,7). The pathologically most important such activity of hE3
is likely to be the production of reactive oxygen species (ROS)
(Supplementary Material, Fig. S1), predominantly as part of the
hKGDHc (8–10). KGDHc proved to be a major contributor to
mitochondrial oxidative stress when its ROS generation via E3
becomes significant under pathologically relevant conditions,
such as low pH and elevated NADH/NAD+ ratio (9,11,12). As a
selectively delivered exogenous ROS-generating drug candidate,
the hE3 was very recently reported to induce cancer cell death
(13).

The course of the catalytic action (14–16) and the structure
[(17, 18) and references therein] of E3 have been extensively
studied in different species. The monomeric hE3 is ∼50 kDa
in size and comprises four domains: a FAD-binding domain
(residues 1–149; numbering follows the mature hE3 sequence),
a NAD+/NADH-binding domain (residues 150–282), a central
domain (residues 283–350) and an interface domain (residues
351–474) [Supplementary Material, Fig. S2 (18,19)]. The hE3 is
an obligate homodimer as both active sites require residues
from the other monomer. A key feature is the non-covalently
bound FAD prosthetic group that divides the active site into two
compartments by its isoalloxazine ring: the oxidized/reduced
lipoamide (LA) binding site with a redox-active disulfide bond
(Cys45-Cys50) and a catalytic base (His452′; ′ stands for the
adjacent monomer) on the si face and the NAD+/NADH-
binding site on the re face (14). The kinetics of the hE3 reaction
suggest a ping-pong mechanism while, due to the active
site configuration, the two half-reactions of the physiological
reaction are spatially separated (14,18,20,21). Structures for
NAD+- and NADH-complexed hE3 were already reported (19);
however, the exact binding mode of dihydrolipoamide/lipoamide
is still obscure (22–24). In addition to the two substrate-binding
channels/pockets, there also exists a third important channel
in the protein referred to as the H+/H2O channel. This channel
is the direct continuation of the LA-binding channel and was
proposed to play important roles in catalysis by providing an
outlet for H2O molecules upon the entry of DHLA to its binding
site (23) and/or for H+/H3O+ (25) that is being released upon
reduction of NAD+.

Pathogenic mutations of the DLD gene (RefSeq NM_000108)
result in hE3 variants affecting several central metabolic
pathways simultaneously and leading to the often prematurely
lethal human disease referred to as E3 deficiency (OMIM#
246900) (26–29); the most prevalent disease-causing substitution
is G194C (c.685G>T, its highest carrier frequency is 1:94 in
the Ashkenazi Jewish population) (26,30–34). Typical clinical

phenotypes of E3 deficiency are lactate acidosis, hypoglycemia,
hyperammonaemia, encephalopathy, neurological deficit, Leigh
syndrome, liver dysfunction, hypertrophic cardiomyopathy
and/or muscle weakness [(26–29) and references therein]. In the
14 disease-causing enzyme variants reported to date (Fig. 1), the
catalytic activity is compromised to variable degrees. The respec-
tive substitutions/deletion may affect the active site [G101del
(c.405_407delAGG), P453L (c.1463C>T)], the cofactor-binding
regions [I12T (c.140T>C), K37E (c.214A>G), G194C (c.685G>T),
I318T (c.1058T>C), M326V (c.1081A>G), I358T (c.1178T>C)] or the
dimer interface region [E340K (c.1123G>A), G426E (c.1382G>A),
D444V (c.1436A>T), I445M (c.1440A>G), R460G (c.1483A>G),
R447G (c.1444A>G)] [(29,35) and references therein]. The severity
of the clinical manifestations of E3 deficiency, however, generally
do not correlate well with the loss in LADH function (26,31),
hence other auxiliary biochemical mechanisms must also
contribute to the pathogenesis. Enhanced ROS generation
was proposed to be a contributing mechanism as selected
disease-causing variants, namely the P453L-, G194C-, D444V-
and E340K-hE3, displayed augmented ROS-generating capacities
as compared to the wild-type enzyme, in vitro (12). Additionally,
D444V-, E340K-, R447G- and R460G-hE3 were reported to cause
oxidative damage to the LA cofactors of the PDHc and KGDHc
in a yeast model; an identical phenomenon was also observed
in D444V-homozygous human fibroblasts (36). Neither the loss
in LADH activity nor the enhanced ROS-producing capacity
shows direct correlation with the localization of the pathogenic
substitution (12). Selected disease-causing substitutions led to
losses in the affinity for the hPDHc (37,38), which account for the
impaired overall PDHc activities measured in respective patient
samples or after assembling the relevant enzyme complexes in
vitro (37).

The first crystal structure of a disease-causing variant of hE3
(D444V-hE3, PDB ID: 5J5Z) was reported recently from Semmel-
weis (18). It was concluded that the D444V substitution induced
no significant rearrangements in the overall protein structure,
instead it led to local structural alterations in the solvent accessi-
ble continuation of the LA-binding channel (the H+/H2O channel,
see above). Most of the pathogenic dimer interface substitutions
of hE3 (D444V, I445M, R447G, R460G) reside in the spatial vicinity
of this H+/H2O channel, suggesting its possible involvement in
each of the molecular pathomechanisms. D444V-hE3, as well as
nine additional disease-causing variants were examined by H/D-
exchange mass spectrometry (HDX-MS) against hE3 and con-
clusions were drawn regarding the respective structural alter-
ations (relevant at the temperature of the measurements, 25◦C)
(39). Previously, molecular dynamics (MD) simulation was also
applied for analyzing the above variants (40,41).

We report here the high-resolution crystal structures of
six disease-causing variants of hE3 including four dimer
interface variants (G426E-, I445M-, R447G- and R460G-hE3), an
active site variant (P453L-hE3) and a variant that affects the
cofactor-binding region (G194C-hE3). Additionally, a wild-type
hE3 structure with much improved resolution is also reported.
Based on the detailed analysis of the structures, an individual
molecular pathomechanism is proposed for each disease-
causing variant investigated.

Results
In the present study, crystal structures of hE3 and six of its
disease-causing variants were determined in the resolution
range of 1.44–2.34 Å. Data and model statistics together with

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz177#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz177#supplementary-data
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Figure 1. Structure of the hE3 obligate homodimer at 1.75 Å resolution (PDB

ID: 6I4Q) with the 14 disease-causing substitution/deletion sites reported to

date. The pathogenic substitution/deletion sites are represented in a single

hE3 monomer. Spheres designate the Cα atoms of the respective residues and

are color coded as follows: variants investigated in the present study—red;

variant structure was reported earlier—blue; no variant structure is available—

orange. Solvent accessible channels leading to the active sites were computed

by Caver applying the dominant Glu332 and Arg460 conformations (see text).

The LA-binding and H+/H2O channel segments are blue and green, respectively.

Monomers A and B are related by a two-fold symmetry axis and colored beige and

grey, respectively. The FAD prosthetic groups, the Cys45-Cys50 disulfide bonds

and the His452′ residues are depicted as sticks.

PDB accession codes are summarized in Table 1. The proteins
were all crystallized under similar conditions resulting in nearly
identical crystal packing and hence good comparability. Neither
NAD+/NADH nor any lipoyl derivative was given as substrate
in the course of purification or crystallization. All the protein
variants were purified in the presence of excess FAD to form
the holoenzymes, and the prosthetic group could indeed be
observed in all the structures determined. Except for P453L-hE3,
a single dimer formed the asymmetric unit (ASU).

The 1.75 Å resolution structure of hE3

The hE3 structure of the yet highest (1.75 Å) resolution (Fig. 2)
was analyzed for novel structural features and in particular
areas of specific interest relevant for the pathogenic mutations
studied here. The two monomers in the ASU are related by non-
crystallographic two-fold axis symmetry and form a 3894 Å2

interface area (interactions of the homodimer interface are listed
in Supplementary Material, Table S1). The overall organization of
the active site (shown in Fig. 3A), involving the Cys45-Cys50 pair,
the FAD isoalloxazine ring, His452′ and its H-bonding partner
Glu457′, was unaltered as compared with the previously pub-
lished hE3 structures (18,19,37,42,43). The Cys45-Cys50 disulfide
bond was modeled in a partially reduced form (Fig. 3A).

The active sites are located on the si faces of the FAD isoallox-
azine rings and each of them is accessible through an LA-binding
substrate channel, as well as a more hydrophilic H+/H2O channel
from a nearly perpendicular direction (Figs. 2A and 3B–D). Both
types of channels are located in the dimer interface region
while several inter-subunit interactions involve residues of the
channel-forming secondary structural elements. The LA-binding
channel is framed by Pro16, Tyr19, Leu46, Ile51, Ala98-Ile103,
Leu106, Ala386′, Ala389′-Ser392′, Lys395′ and Asn473′-Phe474′,
whose side chains secure a highly hydrophobic environment for
LA (Figs. 2B–C and 3C–D). Leu46 adopted an intermediate state
between two conformations (not shown), which were reported

Figure 2. Functionally important regions in hE3. (A) The hE3 structure (PDB

ID: 6I4Q) is represented in a similar way, but in a different orientation, to

Fig. 1 for reference to B and C (colors and all representations are as for Fig. 1).

(B and C) Functionally important regions in hE3 under investigation in this study

are represented in two orientations in monomer A. Selected residues from the

adjacent monomer also contribute to the formation of the active site, the LA-

binding site and the H+/H2O channel. These residues are not distinguished by

coloring in this figure (see also Supplementary Material, Fig. S6).

earlier (18,19,37,42,43); the high B-factor also suggested a flexible
side chain that likely only becomes fixed upon binding LA.

The H+/H2O channel is ∼26 Å long and surrounded by
four helices (Pro16-Gly29, Leu327-Gly344, Glu443′-Val448′ and
His452′-Phe468′) and part of the C-terminal loop (Ser471′-
Asn473′) (Figs. 2B–C and 3B–D). This channel possesses an
exit to the protein surface divided by the Glu340-Arg447′ salt

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz177#supplementary-data
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Table 1. Data collection, processing and refinement statistics∗

Structure hE3 G194C-hE3 P453L-hE3 R447G-hE3 R460G-hE3 I445M-hE3 G426E-hE3

PDB ID 6I4Q 6I4P 6I4Z 6I4S 6I4R 6I4T 6I4U
Data collection and processing
Wavelength (Å) 0.9184 0.9184 0.9184 0.9184 0.9184 0.9184 0.9184
Resolution range
(Å)

46.00–1.75
(1.85–1.75)

42.98–1.60
(1.69–1.60)

45.82–2.34
(2.43–2.34)

45.51–1.75
(1.81–1.75)

46.11–1.44
(1.52–1.44)

45.6–1.82
(1.93–1.82)

42.56–1.84
(1.95–1.84)

Space group P 21 21 2 P 21 21 2 P 1 P 21 21 2 P 21 21 2 P 21 21 2 P 21 21 2
Unit cell
parameters
a, b, c (Å)

119.41,
169.94, 61.56

119.49,
169.42, 61.87

55.56, 123.39,
158.41

117.27,
169.04, 60.85

118.38,
169.64, 62.01

118.92,
169.00, 60.83

118.74,
168.66, 61.04

α, β, γ (◦) 90.0, 90.0,
90.0

90.0, 90.0,
90.0

106.0, 91.3,
90.0

90.0, 90.0,
90.0

90.0, 90.0,
90.0

90.0, 90.0,
90.0

90.0, 90.0,
90.0

Total reflections 827 399
(127246)

1 051 475
(141600)

817 849
(38849)

800 678
(130782)

1 487 502
(226718)

716 118
(110546)

711 417
(114374)

Unique
reflections

125 138
(19837)

162 966
(23841)

164 477
(10787)

121 942
(19452)

225 933
(34983)

108 394
(16652)

106 853
(16793)

Completeness
(%)

98.1 (97.4) 97.4 (89.1) 96.6 (85.6) 99.1 (98.9) 99.0 (95.5) 98.5 (94.5) 99.2 (97.5)

I/σ I 10.72 (0.55) 11.26 (0.57) 7.45 (1.22) 14.49 (1.49) 12.12 (0.62) 11.05 (1.39) 13.27 (1.24)
Wilson B-factor
(Å2)

40.24 33.73 40.21 29.41 28.65 36.4 35.85

CC1/2 (%) 99.9 (63.2) 99.9 (66.9) 99.3 (60.2) 99.9 (69.0) 99.9 (59.7) 99.9 (84.0) 99.9 (80.7)

Refinement
Reflections used
in refinement

124 949 162 789 164 476 121 929 225 005 108 233 106 812

Reflections used
for R-free

2071 2085 2465 2099 2348 2093 2094

R-work 0.2052 0.1873 0.2272 0.1784 0.1714 0.1909 0.1838
R-free 0.2238 0.2115 0.2490 0.1944 0.1888 0.2103 0.2006
No. of non-H
atoms

7904 7990 29 093 8056 8292 7732 7719

Protein 7183 7224 28 082 7164 7200 7159 7205
Ligands 184 179 559 156 179 162 167
Water 537 587 452 736 913 411 347
RMS (bonds) (Å) 0.012 0.012 0.012 0.009 0.006 0.006 0.006
RMS (angles) (◦) 1.19 1.28 1.26 1.35 1.23 1.16 1.15
Ramachandran
favored (%)

98.21 98.63 97.93 98.42 98.31 98.10 98.42

Ramachandran
allowed (%)

1.79 1.37 2.07 1.58 1.69 1.90 1.58

Ramachandran
outliers (%)

0.00 0.00 0.00 0.00 0.00 0.00 0.00

Rotamer outliers
(%)

1.43 2.18 3.76 1.30 1.42 2.48 2.07

Average B-factor 49.15 42.17 58.35 28.28 30.43 43.31 41.50
Macromolecules 49.01 41.96 58.64 27.67 29.49 43.47 41.66
Ligands 61.36 47.45 54.40 34.68 32.45 42.84 41.59
Solvent 46.84 43.15 45.04 32.83 37.50 40.73 38.11
Number of TLS
groups

15 12 53 13 12 16 9

Molprobity results
Clashscore 0.88

(99th

percentile)

2.62
(99th

percentile)

8.13
(97th

percentile)

2.66
(99th

percentile)

2.22
(99th

percentile)

2.65
(99th

percentile)

3.18
(98th

percentile)
Molprobity score 0.89

(100th

percentile)

1.31
(96th

percentile)

1.90
(94th

percentile)

1.14
(99th

percentile)

1.11
(98th

percentile)

1.35
(97th

percentile)

1.35
(98th

percentile)

∗Statistics for the highest-resolution shell are shown in parentheses.
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Figure 3. Active site and its accessibility in the hE3 structure (PDB ID: 6I4Q). (A) Close-up view on the active site: Cys45-Cys50, FAD and His452′ (all depicted as sticks).

Chains A and B are colored beige and grey, respectively. H-bonds crucial for catalytic activity are shown as yellow dashed lines. (B) Secondary structural elements that

encompass the LA-binding and H+/H2O channels as well as polar/protonatable side chains along the H+/H2O channel are displayed together with the active site in

chain B. Alternative conformers are designated with square brackets. Glu332[A] was dominant in both chains, whereas Arg460[A] and [B] were dominant in chains A

and B, respectively. (C) Channel surface potentials for Arg460[A]-Glu332′[A]. (D) Channel surface potentials for Arg460[A]-Glu332′[B]. For (C) and (D), surface potentials

are displayed on an arbitrary scale (red: negative, blue: positive). The Pro16-Gly29 helix is partially omitted for clarity and thus Lys24 (contributing to surface polarity)

is also omitted. Orientations in panels C and D are slightly different relative to panel B. (E) H+/H2O channel diameter along the channel axis as a function of distance

from the active site is plotted with respect to the Glu332 and Arg460 alternative conformers. All combinations with Arg460[A] and [B] are in the left and right plots,

respectively; A and B in superscript designate the chains.
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bridge. Hereinafter, the shorter and straighter path leading to
the protein surface (the path with Exit 1 in Fig. 3C) will be
considered as the H+/H2O channel, if not stated otherwise.
The H+/H2O channel surface is more hydrophilic than the one
in the LA-binding channel due to the charged side chains of
Lys24, Glu332, Asp333, Glu340, Glu443′, Arg447′, Glu457′, Arg460′

and Glu461′ (Fig. 3B). Alternative conformations for Glu332 and
Arg460 were evident only in the current hE3 structure, owing to
the higher resolution. Glu332, which together with Glu457′ and
Glu461′, create a highly negative environment in the entry of
the channel, either extended toward Arg460′ or aligned with the
catalytic His452′ (Fig. 3B–D). Dynamics of Glu332 is also justified
by the flexibility of the sole interacting partner Arg460′ (see
Supplementary Material, Table S1). Arg460′ greatly contributes
to the integrity of the channel by forming a salt bridge with
Asp333. The differing dominant conformations of Arg460 in
the two chains also reflect the considerable dynamics of this
residue. The mobile Glu332 and Arg460′ side chains jointly
regulate the inner diameter of the channel (Fig. 3E), while
Glu332 also significantly affects the local charge distribution
(Fig. 3C and D). The channel in its entirety is widest with
Glu332[A]-Arg460′[A]; Glu332[A] is forming the 3–3.2 Å wide
bottlenecks of the channels together with either Glu457′ and
Asn473′ or Glu461′ and Arg460′[A] in the hE3 dimer. Transition
of Glu332[A] to Glu332[B] generates a new bottleneck formed by
Tyr19, Glu332[B] and His452′ with a 2.7–2.9 Å diameter. Transition
from Arg460′[A] to Arg460′[B] significantly decreases the inner
diameter in the vicinity to 2.3–2.4 Å, while the new bottleneck
is formed by Arg460′[B], Leu464′ and Ile472′, regardless of the
Glu332 conformation.

The NAD+/NADH-binding region is located on the re face
of the FAD isoalloxazine ring and involves the N-terminus
of the Val188-Gly201 helix and the preceding loop on the
Ile184-Glu192 segment, as well as other loops (Glu208-Gly215,
Cys277-Arg280) and four rather uninvolved amino acids (Phe155,
Val243, Met326, Val357), according to hE3 structures determined
in the presence of NAD+ and NADH by others before (19)
(Supplementary Material, Fig. S3). The neutral, hydrophobic
binding site in oxidized hE3 promotes NADH binding, as pointed
out by Brautigam et al. (19).

The hE3 binds to complex-specific hE2 subunits in the
hKGDHc and hBCKDHc, and to a non-catalytic, E2-homologous
E3-binding protein (E3BP, also known as Protein X) in the hPDHc.
The overlapping interfaces to E3BP (37,43) and hBCKDHc-E2
(42) are dynamic in nature (18) and comprise Glu437, Tyr438,
Glu443, Asp444 (and Glu439 for E3BP) as interacting residues.
This region is heavily involved in crystal contacts in the present
hE3 structure (Supplementary Material, Fig. S4). Relevant to the
pathogenic D444V-hE3 variant (18) and E2/E3BP–hE3 subcomplex
formation (37,42,43) (a ‘subcomplex’ being a complex of two
or more enzyme components in an incomplete multienzyme
complex), a three-party stacking interaction was formed by
Tyr438, Tyr438′ and a symmetry-related Arg307 in the present
hE3 structure (Supplementary Material, Fig. S4B). The same type
of interdimer interaction (crystallization artifact) was observed
earlier in hE3 (19). Due to this stacking interaction, the rather
open conformation of the tyrosines seen in two of the four
dimers in our previous hE3 structure (18) (PDB ID: 5NHG) was
not observed in the present hE3 structure, consequently H-
bonding between Tyr438 and Asp444′ could only be formed
one way (see Supplementary Material, Table S1). Importantly,
the Tyr438-Tyr438′ stacking is stabilized by E3BP and SBDb in
a similar fashion (37,42,43). Two surface loops (Gly344-Val354,
Lys410-Arg414) also contribute to the interaction with E3BP, via

Val347, His348, Thr412 and Asp413 (37,43), which were again
affected by crystal contacts mostly in one of the two chains
(Supplementary Material, Fig. S4B and C). The only E3BP-binding
residue not affected by such interactions was Arg447. For SBDb-
binding, only Asp413 and Arg414 are recruited from the above
two surface loops (42) and they were also involved in crystal
contacts. Since most of these crystal contacts were also formed
in the variant structures, the respective structural alterations
often could not be addressed.

Disease-causing hE3 variants

Active site variant: P453L-hE3. The P453L-hE3 structure was
refined to 2.34 Å resolution with eight monomers in the ASU
(chains A–H). Superimposition of all four P453L-hE3 dimers to
hE3 yielded mean root-mean-square deviation (RMSD) values of
0.52 (Cα) and 1.19 Å (side chain, non-H atoms).

In hE3, the conserved Pro453 in the cis configuration
is essential for proper orientation of the adjacent catalytic
His452 (there is an H-bond between His452 and FAD′, see
Supplementary Material, Table S2 and Fig. 3A). In the absence of
the cis-proline, the active site is significantly distorted in P453L-
hE3 (Fig. 4B and C); however, residue level RMSDs indicate that
the structural changes are not limited to the active site (Fig. 4E).
In P453L-hE3, the catalytic His452 is in a trans peptide bond with
Leu453 that indeed led to the displacement of His452, hence the
crucial interaction(s) with FAD′ (and Glu457) could not develop
(see Fig. 4B and C and Supplementary Material, Table S2). Glu457
was also misplaced due to the lack of stabilization by His452. A
slight displacement of Tyr19′ and the altered conformation of
Glu461 also yielded a lost H-bond between Tyr19′ and Asn473
(Fig. 4B), which might also adversely affect the active site (see
Discussion).

The P453L substitution also triggered changes near the FAD
isoalloxazine ring. The Tyr359′ side chain moved away from the
isoalloxazine ring, likely due to the significant displacement of
Arg393 (see Fig. 4C). The Arg393 is no longer involved in inter-
subunit interactions with Glu363′ and Glu427′ (not shown), but
extends toward Lys54′ that is essential in stabilizing FAD′ via
H-bonding. The Lys54′ side chain was significantly altered in
only one monomer; however, it displayed the greatest RMSD and
electron density ambiguity among the variants. The Lys37 and
Asn38 side chains moved away from the FAD adenosine ribose
(Supplementary Material, Table S2) further weakening the FAD–
protein interaction. Among residues implicated in NAD+/NADH-
binding, only the Glu208-Gly215 peptide and Val243 were mis-
placed (Fig. 4E and Supplementary Material, Fig. S6).

Selected residues framing the LA-binding site and the
H+/H2O channel were also affected: the Ala98-Leu106 helix at
the entrance of the LA-binding site and the C-terminal ends
of the Val20-Gly29 and Leu327-Gly344 helices at the exit of
the H+/H2O channel were displaced to varying degrees (Fig. 4E
and Supplementary Material, Fig. S6), likely modulating the
accessibility of the active site. Glu332′, near the active site,
exhibits a rather smeared dynamics (Fig. 4D), perhaps only
because of the lower resolution. The displaced and mostly
flipped His452 imidazole ring is at times in H-bonding distance
to Glu332′[A]. The interaction was lost between Glu332′ and
Arg460 along the H+/H2O channel as Arg460 could exclusively be
modeled in a single conformation (Arg460[A] in hE3). In general,
the H+/H2O channel became narrower around the active site,
whose vicinity always comprises the bottleneck, as a result of
the significantly displaced His452 and Leu46′. The bottleneck is
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Figure 4. Active site structure in P453L-hE3 (PDB ID: 6I4Z). (A) (2mFo-DFc)

composite omit map contoured at 1.5σ is shown as blue mesh for the mutated

residue and adjacent amino acids for the Ala451-Thr454 segment in chain A.

Electron density clearly supports the presence of the P453L substitution and

trans peptide bond between His452 and Leu453 in P453L-hE3. Residues in chains

A and B are dark and light teal, respectively, the stick representation of FAD is

colored raspberry. (B and C) Active site area in P453L-hE3 (A-B dimer, dark/light

teal; FAD′ : raspberry; H-bonds: grey) and hE3 (beige/grey; FAD′ : grey; H-bonds:

yellow) in chain B. Average distances for Lys54(NZ)-FAD(O4) in hE3: 2.66 Å, P453L-

hE3: 2.91 Å, while for Lys54(NZ)-FAD(N5) in hE3: 3.18 Å, P453L-hE3: 3.26 Å. (D)

Conformational dynamics of His452, Leu453, Arg460, and Glu332′ in the eight

P453L-hE3 monomers. (E) Average RMSD values for main chain atoms are plotted

as a function of residue number in chains A and B upon A-B dimer superimposi-

tion of P453L-hE3 and hE3. The black horizontal line indicates average RMSD for

main chain atoms (0.42 Å) after pairwise superimpositions of the four P453L-hE3

dimers.

often composed of Tyr19′ and Glu332′ and/or His452. The above
effects and the often significantly displaced H+/H2O channel
axis suggest that the channel was adversely affected.

Surface residues involved in E2/E3BP-hE3 subcomplex
formation were modified to a rather small degree (primarily
Val347, His348, Glu437 and Tyr438 were affected, see Fig. 4E
and Supplementary Material, Fig. S6), which likely led to the
decrease in affinity for E3BP (38).

NAD+/NADH-binding domain variant: G194C-hE3. The structure
of this variant, refined to 1.69 Å resolution, is remarkably
similar to hE3 (RMSD for Cα: 0.17 Å, for side chain non-
H atoms: 0.66 Å; dimer fitting). The substitution perturbs

Figure 5. Structure of the G194C-hE3 variant (PDB ID: 6I4P). (A and B) Cys194 is

shown in (2mFo-DFc) composite omit map (2.0σ ) in chains A and B, respectively.

Based on indubitable difference densities, Cys194 could only be modeled with

two alternative conformers in chain A (A). Active site disulfide and FAD (rasp-

berry) are represented with sticks. (C) Active and substitution sites are shown

in the superimposed structures of G194C-hE3 (dark teal; FAD: raspberry) and hE3

(beige; FAD: beige) in chain A. Cartoons are semitransparent and peptide segment

160–180 was removed for clarity.

a highly conserved helix (Val188-Gly201) whose N-terminus
provides residues to the NAD+/NADH-binding site (Fig. 5 and
Supplementary Material, Fig. S3). Although, conformational
changes occurred in the neighboring β-sheets (especially for
Val204, Val213, Phe235; see Fig. 5C), the NAD+/NADH-binding
residues suffered no significant structural changes directly.
Cys194 and Ser195 were both modeled with two alternative
conformations in chain A suggesting a certain degree of mobility
gained in the region, an effect that might propagate to the
NAD+/NADH-binding site via the helix dipole moments.

The G194C substitution induced no direct alterations to the
active site, the LA-binding site or the FAD-binding residues.
The dimer interface suffered no significant change in area
(3822 Å2 versus 3894 Å2 in hE3) losing only a single interaction
(Asp333-Arg460′[A], due to the absence of Arg460′[A] from hE3,
not shown). This latter effect is the sole alteration in the H+/H2O
channel (the Glu332 side chain remained mobile, the geometry
and composition of the bottleneck was unchanged). As for the
E3BP/SBDb-binding residues, only Thr412 and its surrounding
peptide segment (Lys410-Thr412) were displaced, primarily in
chain B (Supplementary Material, Fig. S6).

Dimer interface variants.

R460G-hE3. This structure was refined to 1.44 Å resolution;
RMSD for Cα: 0.26 Å, for side chain non-H atoms: 0.67 Å,
relative to the hE3 dimer. Neither the inter-subunit nor the FAD-
binding interactions (Supplementary Material, Table S1 and S2,
respectively) were significantly affected by the substitution with
the exception of those that directly involve Arg460 (especially
the salt bridge with Asp333′). Despite affecting the interface
region, this substitution caused no dissociation to monomers;
the buried area of the interface is 3735 Å2 (versus 3894 Å2 in
hE3). In hE3, the Arg460-Asp333′ salt bridge links two helices
that surround the H+/H2O channel while Arg460 also forms
interaction with Glu332′ (see above). Upon the substitution, the
Asp333′ side chain conformation became destabilized and could
only be modeled with two conformers (different dominant con-
formers in the two monomers) (Fig. 6A and B). Furthermore, the
main chains of an entire H+/H2O channel forming helix (Leu327-
Gly344) and the subsequent loop (Gly345-Cys353) were also
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slightly displaced (Fig. 6B and Supplementary Material, Fig. S6)
affecting not only the integrity of the H+/H2O channel, but also
two residues (Val347, His348) participating in E3BP binding (this
effect is mostly hidden in chain A where the surface residues
between Ala343 and His348 are involved in crystal contacts).
Additionally, in the absence of Arg460, the negative charge
of Asp333′ is not neutralized by any electrostatic interaction,
which accounts for the increased negative surface potential
of the H+/H2O channel locally (Fig. 6D). Glu332′ adopts only
a single conformation in R460G-hE3 that leads to decreased
dynamics and reduced negative polarity in the initial segment
of the H+/H2O channel. Glu332′ contributes to the formation
of the 3.0–3.2 Å bottleneck together with Glu457 and Asn473.
Disappearance of the Arg460 side chain significantly widens
the H+/H2O channel locally, in the void volume H2O molecules
could be modeled (Fig. 6A and C). Solvent accessibility of the
peptide segment connecting Arg447 on the surface with His452
in the active site increased (Fig. 6A and C). The His450 imidazole
ring became tilted likely due to the displacement of the
Cys449-His450 peptide bond. The Glu443-His450 segment was
slightly shifted (Fig. 6C and Supplementary Material, Fig. S6)
affecting Glu443, Asp444 and Arg447, all being E3BP/SBDb-
binding residues. A more distant surface loop (Lys410-Arg414)
that comprises three additional E3BP/SBDb-binding residues
(Thr412, Asp413, Arg414) was also displaced affecting primarily
Thr412 in chain B (see Supplementary Material, Fig. S6). Near the
active site, modulating the diameters of both the LA-binding and
H+/H2O channels increased flexibility (alternative conformers)
of the Leu46 side chain was observed (not shown). Catalytic
residues (His452, Cys45, Cys50, Glu457) were not affected directly
by the substitution.

R447G-hE3. The R447G-hE3 structure was refined to 1.75 Å
resolution; RMSD for Cα: 0.32 Å, for side chain non-H atoms:
0.71 Å, relative to the hE3 dimer. Inter-subunit and FAD-
binding interactions (Supplementary Material, Table S1 and S2,
respectively) were not affected significantly, except for the
Arg447-Glu340′ salt bridge. Dissociation of the homodimer was
not evident; the interface area is 3735 Å2 (versus 3894 Å2 in hE3).
The Arg447-Glu340′ salt bridge, unlike the Arg460-Asp333′ one,
resides in hE3 at the exit of the H+/H2O channel and splits the
exit into two narrower outlets (18) (see Fig. 3C). Although Glu340′

is thus stabilized by no electrostatic interaction in this variant, its
energetically favorable conformation was retained (Fig. 7B). The
Ile337′-Asn352′ segment, which includes Glu340′, was however
partially displaced (Fig. 7B and Supplementary Material, Fig. S6)
underlying the importance of the Arg447-Glu340′ salt bridge in
stabilizing one of the main H+/H2O channel-forming helices
(Leu327′-Gly344′) and a random coil on the protein surface
(Gly345′-Val354′) that binds to E3BP. The substitution widened
the H+/H2O channel exit to be a funnel-like structure, while
the channel length became 21 Å (versus ∼26 Å in hE3). The
negatively charged surface near the channel exit became even
more negative by the dissociated Glu340′ (Fig. 7C and D). The
geometry of the H+/H2O channel is primarily regulated by
Glu332′, as no significant mobility was observed for Arg460.
Similarly to hE3, Glu332′ was modeled with two alternative
conformers (Fig. 7B). With Glu332′[A], a 3 Å bottleneck was
formed by Glu332′[A], Glu457 and Asn473 (Fig. 7B and C). Upon
Glu332′[B], the bottleneck (2.6 Å) is formed by Glu332′[B], Tyr19′

and His452 (Fig. 7B and C). To a lesser degree, a very narrow
bottleneck (2.2 Å) was also formed by Arg460[B], Leu464 and
Ile336′, similarly to hE3.

Figure 6. Structure of the R460G-hE3 variant (PDB ID: 6I4R). (A) (2mFo-DFc)

composite omit map (1.5σ ) confirms the R460G substitution [Arg side chain

was replaced with H2O (red spheres)] in R460G-hE3. The two chains are colored

with two shades of teal. (B) H+/H2O channel and relevant polar side chains are

shown (with the Pro16-Gly29 helix partially omitted, see Fig. 3C and D) in the

superimposed R460G-hE3 (dark/light teal; FAD′ : raspberry) and hE3 (beige/grey;

FAD′ : beige) structures. Glu332 was modeled with a single conformer in R460G-

hE3. (C) H+/H2O channels computed by Caver are shown in the superimposed

hE3 (green) and R460G-hE3 (orange mesh) structures; only dominant conformers

were considered for calculation. (D) Surface polarity analysis of the LA-binding

and H+/H2O channels in R460G-hE3 is presented using an arbitrary scale (red:

negative, blue: positive); orientation and secondary structural elements are as

for hE3 in Fig. 3C and D.

As for the E3BP/SBDb-binding residues: Arg447 was miss-
ing, Glu443, Val347, His348, Thr412 and Asp413 were partially
displaced (see above and Supplementary Material, Fig. S6), while
the other residues were stabilized by inter-subunit interactions
and/or crystal contacts.

I445M-hE3. This structure was refined to 1.82 Å resolution;
RMSD for Cα: 0.26 Å, for side chain non-H atoms: 0.74 Å, rela-
tive to the hE3 dimer. FAD-binding residues were not affected,
whereas a few interactions of the dimer interface were perturbed
(see below); the interface area is 3730 Å2 (versus 3894 Å2 in hE3).

In hE3, the residue Ile445 resides in a short helical segment
(Glu443-Val448) at the dimer interface near the H+/H2O channel
exit; it is of potential significance that Ile445′ is in close spatial
proximity (Fig. 8A). Substitution with Met interfered little with
the Glu443-Val448 helix, unlike with the adjacent His452-Phe468
helix; e.g. the side chains of Phe459 and Glu461 were rather
significantly displaced (Fig. 8B). Arg460 and Glu332′ virtually lost
their mobility and stabilize one another via H-bonding. The dis-
placements of Glu461 (see above) and Ile472 (at the C-terminus,
not shown) perturbed the H+/H2O channel axis, while the bot-
tleneck was formed by Arg460, Ile472 and Glu461/Leu464 with a
diameter of 2.1–2.5 Å. Leu46′ was modeled with two alternative
conformers (not shown); therefore, it is capable of dynamically
modulating the diameters of both the LA-binding and H+/H2O
channels.

From among the E3BP/SBDb-binding residues, only Tyr438,
Asp444, Glu437, Gly439, Glu443, Arg447 and Thr412 were some-
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Figure 7. Structure of the R447G-hE3 variant (PDB ID: 6I4S). (A) (2mFo-DFc)

composite omit map (1.5σ ) confirms the substitution in R447G-hE3. The two

chains are colored with two shades of teal. Arg460 was modeled with two

alternative conformations in chain B. (B) H+/H2O channel and relevant polar side

chains are shown (as for Fig. 6B) in R447G-hE3 (dark/light teal; FAD′ : raspberry)

and hE3 (beige/grey; FAD′ : beige). (C) H+/H2O channels computed by Caver are

shown in hE3 (green mesh) and R447G-hE3 (orange); only dominant conformers

were considered for calculation. (D) Surface polarity analysis of the LA-binding

and H+/H2O channels in R447G-hE3 is presented using an arbitrary scale (red:

negative, blue: positive).

Figure 8. Structure of the I445M-hE3 variant (PDB ID: 6I4T). (A) (2mFo-DFc)

composite omit map (2.0σ ) confirms the substitution in I445M-hE3. (B) H+/H2O

channel and relevant polar side chains are shown (as for Fig. 6B) in I445M-hE3

(dark/light teal; FAD′ : raspberry) and hE3 (beige/grey; FAD′ : beige). In I445M-hE3,

both Glu332 and Arg460 were modeled with single conformations.

what displaced (Glu443 and Arg447 are shown in Fig. 8B; see also
Supplementary Material, Fig. S6).

G426E-hE3. This structure was refined to 1.84 Å resolution;
RMSD for Cα: 0.27 Å, for non-H side chain atoms: 0.80 Å, relative
to the hE3 dimer. No inter-subunit or FAD-binding interactions
were affected directly; the dimer interface is 3794 Å2 (versus
3894 Å2 in hE3).

In hE3, Gly426 resides near the active site (Supplementary
Material, Fig. S3), adjacent to the N-terminus of the Ala425-
Tyr438 helix, in the interface domain. In G426E-hE3, the
active site and the LA-binding channel were unaffected. Glu
substitution was placed into a region heavily involved in
inter-subunit interactions and it obstructed the formation

Figure 9. Structure of the G426E-hE3 variant (PDB ID: 6I4U). (A) (2mFo-DFc)

composite omit map (1.5σ ) confirms the substitution in G426E-hE3. Dominant

conformers of Glu426 and Asp363 are labeled with asterisks (∗) in both chains.

Cys45-Cys50, His452 and FAD are also shown to demonstrate their proximity

to the substitution site. (B) Close-up view on the substitution site in G426E-

hE3 (dark/light teal; FAD: raspberry) and hE3 (beige/grey; FAD: beige). Disrupted

(Glu363-Arg393′ , Glu427-Arg393′) and newly-formed (Glu426-Arg393′ , Glu427-

Ser456′) intermonomeric interactions upon the substitution are represented as

yellow and grey dashed lines, respectively.

of the Glu427-Arg393′ and Glu363-Arg393′ salt bridges (see
Supplementary Material, Table S1 and Fig. 9). The significantly
displaced Arg393′ interacts with Glu426 in G426E-hE3; however,
this newly formed interaction cannot completely stabilize
Glu426, which exhibits two alternative conformations. The lack
of interaction with Arg393′ and the dynamics of Glu426 led to
a flexible Glu363. The alternative conformers of Glu426 and
Glu363 appear to be coupled for steric reasons (Fig. 9B). Glu427
was not displaced. Glu363 dynamics perturbed His361, which is
in a cis-peptide bond with Pro362 (not shown); integrity of this
latter bonding appears to be essential for the formation of a tight
β-turn close to the NAD+/NADH-binding site.

The G426E substitution does not appear to be that directly
associated with the H+/H2O channel. Similarly to hE3, the Glu332
and Arg460′ side chains exhibit two alternative conformations
each, which appear to be coupled (not shown). Channel
geometry is dynamically modulated by alternating between the
Glu332[A]-Arg460′[B] and Glu332[B]-Arg460′[A] configurations
leading to a bottleneck by either His452′, E457′ and N473′ (2.8 Å)
or Tyr19, Glu332 and His452′ (3.1 Å) (not shown). Leu46 was
modeled in a single conformation (not shown), which was
also sampled in hE3 and most variants investigated here, and
whose interpretation is hence inconclusive. Glu461 was partially
displaced (not shown), which led to a narrower channel locally,
similarly to I445M-hE3.

The 10/6 E3BP/SBDb-binding residues were least per-
turbed by this dimer interface substitution: only Thr412,
Val347 and His348 were displaced to a rather small extent
(Supplementary Material, Fig. S6).

Discussion
Similarly to D444V-hE3 (12,18), there were no significant
overall structural changes detected in the disease-causing
hE3 variants investigated here, relative to hE3. The great-
est structural effects/alterations occurred in P453L-hE3 (see
Supplementary Material, Fig. S6), which was shown earlier to
be the most deleterious pathogenic variant (12,44). It appears
that the evolutionarily well-conserved (14,17) and hence
delicately orchestrated intrinsic, multivariant (29) mechanisms
of the dihydrolipoamide dehydrogenase enzyme can easily
be perturbed at times even by the slightest deformations in
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local structures. However, the substantial residual enzymatic
activities remaining in some of the pathogenic hE3 variants here
investigated (Table 2) necessitate a mechanistic competence
at a significant level, thus structurally destructive changes
perhaps should not even be expected in these variants.
This may simply be because given the importance of hE3
in numerous, key metabolic pathways, patients with more
dramatic, destructive mutations likely would not survive long
enough for such mutations to be detected or recognized. Perhaps
the flexibility and ability to overcome the changes imposed by
the substitutions is necessitated in view of the variety of E2
components with which the E3 must partner. In other words, a
substitution may be deleterious in one complex, but not in the
others.

hE3 structure at 1.75 Å resolution reveals dynamics in
the H+/H2O-channel

Owing to the highest resolution for hE3 here achieved, new
features of the hE3 structure were revealed. Although, this struc-
ture has not changed our previous understanding of the overall
mechanism of action, the newly revealed features shed light on
a few rather delicate details in the LADH reaction mechanism.
Several alternative conformations and their occupancies could
be determined in functionally relevant regions, which provided
a better description especially of the H+/H2O channel dynamics.
The H+/H2O channel is a solvent accessible channel that leads to
the active site and through which H2O [17] and/or H+/H3O+ [19]
can potentially leave the active site upon the entry and oxidation
of the DHLA substrate. Most importantly, Glu332′ and Arg460
were found to dynamically control the geometry and polarity
of the channel by adopting two alternative conformations (see
Fig. 3B–E). Given the both physically and chemically dynamic
characteristics of H+-translocation in a channel, likely requiring
a series of acceptor/donor interactions, the newly revealed fea-
tures of the protonatable and protonated side chains of Glu332′

and Arg460, respectively, are likely of significance. The H+/H2O
channel is of special interest since several disease-causing dimer
interface substitutions of hE3 are associated with this channel
(see below) (18).

The higher resolution hE3 structure provided no additional
details of potential mechanistic significance regarding the active
site, the FAD prosthetic group and the LA- and NAD+/NADH-
binding sites.

The hE3 residues that are involved in tethering to hPDHc and
hBCKDHc (37,38,42,43) were found to be in either close spatial
proximity to or interacting with symmetry-related residues. This
resulted in limited opportunities for evaluating local dynamics
and hence significant novel conclusions could not be drawn
regarding this region.

The P453L substitution in the active site led to
significant local and relayed structural alterations

The cis peptide bond of His452-Pro453 is crucial for the proper
configuration of the active site in hE3 enabling His452(O) to
form an H-bond with FAD′(N3) (18,19). Indispensability of this cis
configuration was previously confirmed by substituting Pro453
with Val, an amino acid with a similar size, but propensity
for trans peptide bonding, which resulted in a near complete
loss in enzyme activity (45). According to the P453L-hE3 crystal
structure, this pathogenic substitution indeed resulted in trans

peptide bonding for His452-Leu453, as was predicted before
(19), also triggering a significant remodeling of the active site
to which the bigger size of the Leu side chain also contributed.
The conformation and local environment of the catalytic His452
was significantly altered according to the crystal structure. Loss
of the interaction with Glu457 likely perturbed the pKa of the
His452 imidazole ring (22), thus His452 might have become
less capable of properly promoting H+-shuffling in the catalytic
mechanism (14,22). In the active site, the Tyr19′-Asn473 H-bond
also became significantly weaker, or at times even entirely lost,
which could contribute to the enhanced C-terminus flexibility
observed before by HDX-MS at 25◦C (39). The C-terminus (Gly469-
Phe474) creates a physical barrier between the LA-binding and
H+/H2O channels, hence its enhanced dynamics simultaneously
perturbs both channels. A few E3BP-binding residues were also
slightly displaced, which likely account for the 4-fold increase
in Kd of the P453L-hE3–E3BP subcomplex (38); however, the
primary reason for the severely reduced overall PDHc and KGDHc
activities most likely is the significantly compromised LADH
activity (29).

The substitution was previously found to perturb FAD-
binding resulting in 34% FAD loss (12), which was supported
by the loss of a few FAD-stabilizing interactions according to the
P453L-hE3 structure. The loss of the His452(O)-FAD′(N3) H-bond
likely also affects the FAD redox potential. Lys54′ forms H-bonds
with the isoalloxazine O4 and N5 atoms, modulating the FAD′

redox potential and stabilizes the thiolate-FAD intermediate in
the catalytic mechanism in hE3 (46). In the variant, the bulkier
side chain of Arg393 moving closer to Leu453 and Lys54′, and the
altered Tyr359′ side chain conformation likely all contributed to
the slight displacement of Lys54′. This displacement, however,
interfered little with the above-mentioned H-bonds with FAD′

(Fig. 4C). The flexibility/exposure of the Ile35-Asp70 segment
was also altered according to HDX-MS (39). The above structural
alterations, which all took place near the FAD N5-C4α locus
(Fig. 3C), where superoxide formation likely occurs (47), could
explain the dramatically increased rate of superoxide/H2O2

generation detected for P453L-hE3 (12). Since properly positioned
and positively charged side chains around the FAD N5-C4α locus
were reported to be important for oxygen reactivity (48,49), it
can be hypothesized that the structural alterations regarding
Lys54 and its local environment might also contribute to the
significantly elevated ROS-generating capacity of P453L-hE3.

Substitutions in the spatial vicinity of the
nicotinamide-binding site led to minor structural
changes

Despite affecting two different domains in hE3, both the G194C
and G426E substitutions take place in the direct proximity of the
nicotinamide-binding site (see Supplementary Material, Fig. S3).
Since these two replacements induced strikingly similar struc-
tural changes, we discuss them together below.

The cofactor- (NAD+/NADH/FAD) and LA-binding residues
as well as the active site exhibited no significant structural
alterations relative to hE3 in either G194C-hE3 or G426E-hE3.
Therefore, the respective residues could not be directly associ-
ated with the FAD loss (12), increased KM for NAD+/NADH (26,50),
loss in enzyme activity (36,50) [although in our hands there was
essentially none (12), see Table 2], and enhanced ROS generation
capacity (12), all measured for G194C-hE3, or with the moderately
compromised overall multienzyme complex activities detected
for G426E-hE3 (51) (neither LADH activity nor ROS production

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz177#supplementary-data
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capacity has been reported in the literature for the isolated
G426E-hE3). In a previous study, NADH binding displaced (pri-
marily) the N-terminus of the Val188-Gly201 helix (NAD+ binding
was not favored by the oxidized enzyme) (19); however, those
displaced residues (Val188, Ile189) were not affected either in the
crystal structures [or even in the H/D-exchange experiments for
G194C-hE3 (39)]. The G194C and G426E substitutions introduced
relatively large, polar side chains, where had been none, which,
however, greatly interfered with the local charge distribution and
even led to increased dynamics near the nicotinamide-binding
pocket, according to the crystal structures.

Despite the small conformational changes of a few H+/H2O
channel-forming residues, the H+/H2O channel appeared to
be mostly unaltered in both G194C-hE3 and G426E-hE3. The
E3BP/SBDb-binding residues were also the least perturbed by
these substitutions.

In the H/D-exchange analysis of G194C-hE3 at 25◦C, flexibili-
ty/solvent exposure alterations were observed in those regions
where perturbation could indeed account for the biochemical
data (39). Therefore, a plausible interpretation of both HDX-
MS and crystallographic results is that minor perturbations of
the local structures and dynamics that manifest themselves
only at near physiological temperatures occur upon the G194C
substitution. This rather modest structural deviation is also
represented in the generally mild clinical phenotypes associated
with this variant (29). HDX-MS analysis has not been reported in
the literature for the isolated G426E-hE3. G426E-hE3 is another
pathogenic hE3 variant that presents with relatively mild clinical
pictures (51), hence the minor structural deviations displayed
by the G426E-hE3 crystal structure relative to hE3 are also well
justified.

Interface variants R460G-hE3, R447G-hE3 and
I445M-hE3 primarily perturb the H+/H2O channel

Arg447, Arg460, Asp444 and Glu340 are highly conserved
residues in the dimer interface and play key roles in the
stabilization of the hE3 homodimer. Pathogenic substitutions
of these residues (R447G, R460G, D444V and E340K) led to very
severe, but remarkably different clinical manifestations and
often to premature death (31,52–54). The pathomechanism
of action for all the above variants was proposed to be the
dissociation of the functional homodimer (19,31,51); however,
dissociation to monomers as a possible pathomechanism for
E3-deficiency was later ruled out experimentally (11,12,37,39).
Crystal structures of R460G-hE3, R447G-hE3 and I445M-hE3
support these latter results. In these variants, LADH activity
was compromised to various degrees (Table 2), but diaphorase
activity, whose mechanism is analogous to the one of superoxide
generation by hE3 (29,55), was enhanced (I445M-hE3 was not
measured) (36); ROS-generating capacity measured directly for
R460G-hE3 showed a decrease relative to hE3 (12). R460G-hE3
and R447G-hE3 caused oxidative damage to the LA cofactors of
KGDHc and PDHc in a yeast model (36). Since R460G-hE3, R447G-
hE3 and I445M-hE3 displayed no enhanced ROS generation in
a direct assay, no structural conclusions were sought in this
regard.

In D444V-hE3, the altered catalytic and ROS-generating activ-
ities were attributed to perturbation of the geometry and polarity
of the H+/H2O channel (18). Glu340, Arg447 and Arg460 are
even more closely associated with the structural integrity of the
H+/H2O channel than Asp444; therefore, it was hypothesized
that the pathogenic substitutions of all of these residues ought to

cause structural alterations to the channel. The R460G and R447G
substitutions indeed perturbed the geometry and polarity of the
H+/H2O channel according to the crystal structures (no crystal
structure is available yet for E340K-hE3). Local changes induced
by the elimination of the Arg460 side chain, a highly conserved
side chain in its position (52), are in accord with HDX-MS results,
where perturbation was detected for the Ile445-Ala458 segment
(39). However, the crystal structure uncovered that neither the
catalytic His452 nor any of the active site residues including
Glu457 were affected by the R460G substitution. Substitution
of Arg447 with Gly primarily affected the H+/H2O channel exit,
leading to a funnel-like cavity and the overall negative surface
potential, which increased locally. The R460G and R447G substi-
tution sites are distant from the active site and led to no dis-
placements of catalytic or FAD/NAD+/NADH-binding residues.

Therefore, similarly to D444V-hE3 (18), the compromised
activities due to the R460G and R447G substitutions are primarily
proposed to be the results of H+/H2O channel perturbations,
namely loss of a charged residue within the channel and at
the channel exit, respectively. This is reflected in a decreased
dynamics of some charged amino acid side chains (Glu332 in
R460G-hE3 and Arg460 in R447G-hE3), as well as altered charge
distributions along the H+/H2O channel. All of these changes
presumably lead to certain degrees to impairment in H+/H2O
translocation from the active site toward the protein surface,
which could account for the decreased enzymatic activities of
R460G-hE3 and R447G-hE3.

The I445M substitution also took place in a H+/H2O channel-
forming helix near the protein surface but without leading to the
loss of a charged residue in contrast to R460G-hE3 and R447G-
hE3. Despite its location, this substitution induced no significant
structural rearrangements in the H+/H2O channel according to
the I445M-hE3 crystal structure. The most prominent alterations
are the apparently complete losses in mobility for Glu332′ and
Arg460. Since no significant alterations could be observed in the
active site and for the cofactor-binding residues, and because
HDX-MS demonstrated an increased flexibility/exposure of the
C-terminus (39) that simultaneously affects the LA-binding and
H+/H2O channels, the above mentioned H+/H2O channel per-
turbations are proposed to have key roles in the molecular
pathogenesis. The rather minor structural deviations from hE3
observed correlate well with the relatively mild clinical manifes-
tations, which present despite the virtually undetectable LADH
activity and the significantly reduced overall hPDHc activity in
clinical samples (56) (Table 2).

The R447G and R460G substitutions both lowered affinity
for E3BP by orders of magnitude (37,38). This effect also con-
tributed to the severely compromised overall hPDHc activities
measured for the hPDHc-R447G-hE3 and hPDHc-R460G-hE3 vari-
ants (37,52,54). Relevant biochemical data have not yet been
reported in the literature for I445M-hE3. The R447G substitution
disrupts a direct interaction to E3BP (37,43). Unfortunately, the
other E3BP/SBDb-binding residues were often involved in crys-
tal contacts in both the R460G-hE3 and R447G-hE3 structures,
therefore only limited conclusions could be drawn regarding
these residues based solely on the crystallographic data. HDX-
MS suggested before that E3BP/SBDb-binding residues Glu437-
Gly439 and Arg447 are perturbed in R460G-hE3, whereas Glu437-
Gly439 and Val347-His348 (and Arg447) are perturbed in R447G-
hE3, relative to hE3. These data are in accord with residue Arg447
in R460G-hE3 and residues Val347-His348 in R447G-hE3 being
displaced, relative to hE3, in the relevant crystal structures. The
above findings likely account for the significantly decreased
affinities of R460G-hE3 and R447G-hE3 measured before for E3BP.



Human Molecular Genetics, 2019, Vol. 28, No. 20 3351

Conclusions
Detailed structural analysis of hE3 and six of its disease-causing
variants (primarily the dimer interface variants) shed light on
the key role of H+/H2O channel dynamics in the catalytic activity
of hE3. The flexible Glu332 and Arg460′ side chains, along with
other polar/protonatable side chains in the channel likely con-
tribute to H+/H2O elimination in the course of the catalytic cycle.
The generalized pathomechanism proposed earlier for most
disease-causing dimer interface variants (18) was confirmed by
the (D444V-hE3) R460G-hE3, R447G-hE3 and I445M-hE3 crystal
structures. The molecular pathomechanisms of these variants
appear to be based primarily on H+/H2O channel perturbations,
but in distinct ways. The P453L-hE3 variant exhibited the most
deleterious structural aberrations, as was expected from the
severe clinical outcomes. G426E-hE3 and G194C-hE3 displayed
the least deviations in structure, which is in accord with the
respective (mild) clinical manifestations. These long-awaited,
high-resolution crystal structures of disease-causing hE3 vari-
ants will serve as platforms for further structural investigations
of these variants and perhaps structure-based drug design.

Materials and Methods
Chemicals

All chemicals were purchased in molecular biology grade from
Sigma-Aldrich (St. Louis, MO, USA), unless stated otherwise.

Mutagenesis and protein isolation

Site-directed mutagenesis on the hE3-coding pET-52b(+)-based
vector plasmid (DNA 2.0, Menlo Park, CA, USA) was carried
out using the QuikChange II mutagenesis kit (Stratagene, Cedar
Creek, TX, USA). hE3 and its disease-causing variants were iso-
lated using the BL21(DE3)/pET-52b(+) expression system, a single
Strep-tag fused to the N-termini of the proteins, and affin-
ity chromatography (57,58), as published before (39). Protein
sequences were all verified by MS analysis (data not shown).

Protein crystallization

Protein samples after purification were extensively buffer
exchanged into 100 mm Tris–HCl, 150 mm NaCl, 1 mm EDTA,
pH 8.0 prepared in ultrapure water and filtered at 0.22 μm.
Crystallization trials were carried out applying the sitting drop
vapor diffusion method and using preformulated screening
solutions (Hampton Research, Aliso Viejo, CA, USA). The 1 μl
protein samples were mixed with equal amounts of the reservoir
solutions in 24-well plates (Hampton Research) and equilibrated
against the reservoir solutions (500 μl) at 20◦C. Crystal Screen #39
[Hampton Research, 2 M (NH4)2SO4, 2 v/v% PEG 400, 0.1 M Hepes,
pH 7.5] provided three-dimensional, well-diffracting crystals
for R447G-, I445M- and G426E-hE3. Further optimization of the
above condition was required for hE3 and G194C-, R460G- and
P453L-hE3. The compositions of the crystallization solutions that
resulted in the best diffracting crystals for these variants were:
2 M (NH4)2SO4, 2 v/v% PEG 400, 0.1 M Bis-Tris (pH 6.9) for G194C-
hE3; 2 M (NH4)2SO4, 2 v/v% PEG 400, 0.1 M Bis-Tris (pH 6.5) for
R460G-hE3; 2 M (NH4)2SO4, 1.5 v/v% PEG 400, 0.1 M Hepes (pH 7.3)
for P453L-hE3; 2 M (NH4)2SO4, 1.5 v/v% PEG 400, 0.1 M Bis-Tris
(pH 6.9) for hE3; stock solutions for the optimizations [1 M Hepes
(pH 7.5), 1 M Bis-Tris (pH 6.5), 3.5 M (NH4)2SO4, 100 v/v% PEG 400]
were purchased from Hampton Research, while pH was adjusted
using 5 M NaOH or HCl.

Crystals were flash frozen and stored in liquid nitrogen until
data collection; no cryoprotection was used.

Structure determination and analysis

Diffraction data were collected on the BL14.1 beamline at the
BESSY II electron storage ring operated by the Helmholtz-
Zentrum Berlin (HZB, Berlin-Adlershof, Germany) (59). Diffrac-
tion data were processed on site using XDSAPP 2.0 (60–62).
The variants, except for P453L-hE3, and hE3 all crystallized
in the P21212 space group; P453L-hE3 crystallized in the P1
space group. All the structures were determined by molecular
replacement using Molrep (63) from the CCP4 program suite
(64); as a search model, chain A of a previously determined
hE3 structure (PDB ID: 1ZMD) was used. Molrep identified two
monomers in the ASU for hE3 and R447G-, I445M-, G426E-
, G194C-, R460G-hE3, while eight monomers were found in
the ASU of the P453L-hE3 structure. For all the structures,
rigid body refinement was followed by repeated cycles of
restrained refinement in Refmac5 (65) and model building in
Coot (66). Final refinements were always carried out using
phenix.refine in Phenix (67) applying automatically assigned
TLS groups (for translation, libration and screw-rotation of
the groups of atoms to approximate anisotropy), occupancy
refinement of side chain atoms in alternative conformations,
noncrystallographic symmetry (NCS) torsion-angle restraints
and real-space refinement; hydrogen atoms in riding positions
proved to be beneficial to the refinements and were not deleted
from the final models. Final model validation was carried
out using the Molprobity server (68). All the structures have
been deposited to the Protein Data Bank (PDB; for PDB IDs,
see Table 1).

Least squares fitting of the variant structures onto the wild-
type structure and calculations of the overall and residue-level
RMSD values were performed using ProFit (69). Dimer inter-
faces and protein–FAD interactions were characterized using the
online PISA server (70) and the CONTACT program of CCP4. The
LA-binding and H+/H2O channels were examined by the Caver
Analyst 2.0 program (71); the starting point for tunnel calcu-
lation was always the center of gravity between the Cys45(SG;
in disulfide bond) and His452′(NE2) atoms in the active site,
except occasionally for P453L-hE3, where the two atoms were
Cys45(SG) and His452′(CE1) in case the His452′ imidazole ring
was flipped. Surface polarity analysis was performed in PyMol.
All the structural comparisons were performed relative to the
present hE3 structure, if not stated otherwise.

Accession numbers

The coordinates and corresponding structure factor amplitudes
of the structures of the wild-type hE3, as well as the P453L-,
G194C-, R460G-, R447G-, I445M- and G426E-hE3 variants have
been deposited in the RCSB Protein Data Bank, with accession
numbers 6I4Q, 6I4Z, 6I4P, 6I4R, 6I4S, 6I4T and 6I4U, respectively.

Supplementary Material
Supplementary Material is available at HMG online.
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