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Abstract

Pathogenic amino acid substitutions of the common E3 component (hE3) of the human alpha-
ketoglutarate dehydrogenase and the pyruvate dehydrogenase complexes lead to severe metabolic
diseases (E3 deficiency), which usually manifest themselves in cardiological and/or neurological
symptoms and often cause premature death. To date, 14 disease-causing amino acid substitutions
of the hE3 component have been reported in the clinical literature. None of the pathogenic protein
variants has lent itself to high-resolution structure elucidation by X-ray or NMR. Hence, the
structural alterations of the hE3 protein caused by the disease-causing mutations and leading to
dysfunction, including the enhanced generation of reactive oxygen species by selected disease-
causing variants, could only be speculated. Here we report results of an examination of the effects
on the protein structure of ten pathogenic mutations of hE3 using hydrogen/deuterium-exchange
mass spectrometry (HDX-MS), a new and state-of-the-art approach of solution structure
elucidation. On the basis of the results, putative structural and mechanistic conclusions were
drawn regarding the molecular pathogenesis of each disease-causing hE3 mutation addressed in
this study.
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1. Introduction

Human dihydrolipoamide dehydrogenase (hLADH, hE3) is the common third component
enzyme in the mitochondrial 2-oxo acid dehydrogenase complex family comprising the
pyruvate dehydrogenase complex (PDHc), the a-ketoglutarate (or 2-oxoglutarate)
dehydrogenase complex (KGDHc or OGDHCc), and the branched-chain a-keto acid
dehydrogenase complex (BCKDHCc); hE3 is also part of the glycine cleavage system [1-6].
The hE3 is an obligate homodimer of 474 amino acids in each monomer after cleavage of
the mitochondrial signal peptide (35 amino acids); each monomer binds tightly, but non-
covalently, a single FAD prosthetic group [7]. The overall stoichiometries (the numbers of
E1, E2 and E3 subunits) of the above multienzyme complexes harboring hE3 are generally
different and may also vary in different species owing to the specific reaction and the
biochemical environment (e.g., substrate provision) [1, 3, 4, 8-12]; optimal stoichiometries
of the KGDHc and the PDHc from human and £. coli origins were determined recently by
us via reconstitution experiments using recombinant components [6]. The KGDHc catalyzes
a rate-limiting step in the Krebs cycle facilitating the oxidative decarboxylation of a.-
ketoglutarate and generating succinyl-CoA and NADH, whereas PDHc, with a similar
mechanism, converts pyruvate to acetyl-CoA and NADH [13]. The function of the common
E3 component in the catalytic mechanism is to reoxidize the reduced dihydrolipoic acid
moieties, covalently linked to the respective E2 components, while generating NADH. It has
been demonstrated that in addition to their physiological catalytic activities, KGDHc and
PDHc can generate significant amounts of the reactive oxygen species (ROS) superoxide
and, its dismutation product, H,O, under pathologically relevant conditions [6, 14-17]. ROS
produced by the KGDHc was proved to be a major source of oxidative stress inside the
mitochondrion [14, 15, 18, 19] which, together with the impaired activity of the KGDHc
under certain pathological conditions, is heavily implicated in the progression of senescence/
aging, neurodegenerative diseases (such as Alzheimer’s and Parkinson’s disease), ischemia-
reperfusion, hypoxia- and glutamate-induced cerebral damage, infantile lactic acidosis,
Friedreich’s ataxia, various atypical E3-deficiencies, among others [20-29]. The ROS-
generating activity of the intact KGDHc (and the PDHc) had been attributed to the E3
component [6, 14-17]. However, both the isolated hE1 [6, 30] and the hE1-hE2 sub-
complexes of hKGDHc [6] could also generate significant amounts of ROS; a feature which
is unique to the human complex, and may become a predominant pathomechanism regarding
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ROS production in acidosis (where a partial detachment of E3 from KGDHc was proposed
[16]), or in E2 deficiency [6, 30]. The hKGDHc, hPDHc, as well as the isolated hE3
component can consume NADH in the reverse E3 reaction while also generating superoxide
and H,0, from Oy; this reaction dominates under elevated NADH/NAD* ratios (also a
pathologically relevant condition) [6, 15-17].

Pathogenic mutations of the d/d gene (coding for hE3) lead to an inherited, often lethal
disease known as E3-deficiency; the clinical course of E3-deficiency is greatly diversified
and often involves cardiological and/or neurological symptoms [25, 31-42]. The following
phenotypes, among many others, for hE3 pathogenic mutations commonly appear in clinical
reports: failure to thrive, developmental delay, encephalopathy, hypotonia, seizure,
hepatomegaly, liver dysfunction, lactic acidosis, hypoglycemia, microcephaly, and ataxia.
The effects of several of the total of 14 clinically reported disease-causing amino acid
substitutions of the hE3 component on various biochemical and biophysical parameters,
including ROS-generating capacity, of the enzyme have previously been investigated by us
and others. Among other findings, it was reported that four amino acid substitutions
resulting from the respective pathogenic mutations, P453L, G194C, D444V, and E340K,
significantly stimulated ROS generation by the isolated hE3 (and also by hKGDHc
reconstituted with G194C-hE3 [6]) in the reverse catalytic direction; in all four cases, the
sensitivity of ROS generation by hE3 to a more acidic pH was also augmented relative to the
wild-type (wt) enzyme [17]. The E340K, D444V, and G194C substitutions of hE3 all
triggered the oxidative deterioration of the lipoic acid (LA) cofactors of both PDHc-E2 and
KGDHc-E2 in a yeast model and led to a great reduction in the respiratory function of the
yeast cells [43]. Since the decreases in hE3 activity resulting from the pathogenic mutations
do not, in general, correlate directly in magnitude to the severity of the respective
pathogeneses [25, 35], the group at Semmelweis proposed that a missing link in the
interpretation of selected pathogeneses is perhaps the enhanced ROS generation stimulated
by the respective pathogenic mutations of hE3 [17]. To date, no report has been published
regarding the high-resolution structure of any of the pathogenic mutant forms of hE3
determined by a direct structural method such as x-ray crystallography or NMR
spectroscopy. Hence, the pathomechanisms of action, including that of the enhanced ROS
generation by selected variants, could only be speculated based on the crystal structures of
the hE3 [7, 44, 45], molecular modeling [46, 47] and biochemical/biophysical data (e.g. [17,
43, 48, 49]).

Hydrogen/deuterium-exchange mass spectrometry (HDX-MS) is a powerful methodology
for structural investigation of biomacromolecules in solution, which nevertheless presents
considerable methodological and technical challenges (primarily regarding the minimization
of the “back exchange” of deuterium (2H) to protium (*H) on peptic peptides during
analysis). The Rutgers laboratory is equipped with an efficiently performing HDX-MS
instrument for this purpose, which has already been successfully used to investigate
principally protein-protein interactions in related projects [50-53].

Here we report the results of an HDX-MS investigation performed on ten disease-causing
hE3 variants to establish the structural alterations induced by the respective pathogenic
substitutions relative to the wild-type protein structure. Based on our findings with the
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HDX-MS approach, we present plausible mechanisms for enzymatic dysfunction in case of
the 10 disease-causing hE3 variants studied.

In this study, deuterium incorporation of peptic peptides of hE3 was compared to those of
the hE3 disease-causing variants at a peptide resolution to detect conformational
perturbations induced by the implicated pathogenic amino acid substitutions; experiments
for deuterium incorporation were carried out in solution under physiologically relevant
buffer conditions at 25 °C.

Recombinant wild-type and variant proteins for this study were expressed in £. coliand
purified to homogeneity; the purity of all proteins was greater than 95%, similarly to those
reported from the Semmelweis group in previous studies on these hE3 variants [17, 54].
There are fourteen pathogenic mutations of hE3 documented in clinical reports to date which
are associated with a single amino acid substitution in the mature hE3 monomer (and do not
involve exon skipping or a frame shift); pathogenic mutations of the d/d gene occur
frequently in a compound heterozygous state [25, 41]. Our protein samples mimic the
homozygous forms of the mutations owing to the characteristics of standard heterologous
recombinant protein expression protocols. We were able to generate protein samples with
adequate concentrations for the HDX-experiment for ten of the above mutations (see below);
soluble expression of the remaining four variants (G101del, 112T, M326V, G426E) using all
applicable codon synonyms, including the most favorable ones for £. coli expression, for
each newly incorporated amino acid was also attempted, but proved to be quite inefficient,
likely due to structural instability and/or insufficient folding.

It was demonstrated in [7] that each monomer of the catalytically active functional (obligate)
hE3 homodimer comprises four domains: one for FAD-binding (residues 1-149), one for
NAD*/NADH-hinding (residues 150-282), one referred to as the central domain (residues
283-350), and one referred to as the interface domain (residues 351-474). A single FAD
prosthetic group binds non-covalently to each monomer, and each monomer contributes
amino acids to the active site of the partner monomer [7]. Of the ten successfully purified
hE3 variants, the K37E substitution affects the FAD-binding domain, the G194(C) residue is
located in the NAD*/NADH-binding domain, the E340(K) and the 1318(T) residues reside in
the central domain, and the remaining substitutions (1445M, R460G, R447G, P453L,
D444V, 1358T) are all associated with the interface domain.

In this differential HDX-MS investigation, 33 peptic peptides from hE3 were selected for
evaluation, constituting an overall sequence coverage of 95% (Figure S1). Additional
peptides originating from the pathogenic hE3 variants were also used for evaluation, as listed
in Table S1; these peptides usually contained single amino acid substitutions relative to the
above mentioned 33 original peptides. The deuterium incorporation pattern of hE3 is shown
in Figure 1. It is apparent that the regions 81-85 (purple in Figure 2), 275-289 (light brown
in Figure 2), and 339-351 (red in Figure 2) display enhanced deuterium incorporation and
hence can be stated to be flexible or exposed regions, while dimerization buries and
stabilizes the interface domain, in particular fragments 434-441 (dark blue in Figure 2, with
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not exclusive coloring) and 459-464 (black in Figure 2). In fact, the entire interface domain,
except the C-terminus, is rather unexposed and rigid in general, as expected. It is also noted
that the interior of the central domain is also rather unexposed and rigid and possesses a
conserved structure for hE3 and each of its variants studied here (see below and Figure 3).

The differential deuterium exchange profiles of the ten pathogenic hE3 variants relative to
the deuterium exchange profile of the hE3 are shown in Figure 3; numerical data are
displayed in Table S2. As seen, the disease-causing mutations triggered wide-ranging
conformational alterations in hE3 in general, affecting not only amino acids in close
proximity to the amino acid substituted, but also distant regions of hE3. This conclusion is
still valid even though error ranges that signal statistically insignificant differences were also
found. It is also evident from the results that there is no major overall alteration in the D-
incorporation profile at the interface domain for any of the pathogenic variants,
strengthening the notion that none of the pathogenic mutations examined here trigger
monomerization of the functional hE3 homodimer. In four hE3 variants (E340K, 1445M,
R447G and P453L), a greatly enhanced exposure or dynamics of the C-terminus (fragments
465-474, 469-474) could be observed. In the symmetric hE3 homodimer both C-termini are
partially embedded into the dimer interface and the exposure of this region to solvent as well
as the intermonomeric dynamics of the dimer affect their mobility. The similar
conformational effects resulting from the E340K or R447G substitutions could readily be
rationalized as these two residues form an intermonomeric H-bond in hE3; in either
scenario, the substitution results in considerable steric and charge modulations in close
proximity to the C-terminus. The 1445M and P453L substitutions are proximal in sequence
to their most affected regions; these substitutions do not constitute major alterations in
charge or size, but rather in overall shape. The linkage between H452, a catalytically
important residue [55], and P453 is a c¢is peptide bond which most likely is converted to the
trans orientation in P453L-hE3, perhaps inducing considerable distortions of the protein
chain in this C-terminal region. The G194C substitution causes a major conformational
anomaly in its surroundings in the NAD*/NADH-binding domain; G194 is part of an a.-
helix which might be considerably perturbed by the insertion of a large and polar Cys. The
only other pathogenic variant that showed a major and rather local disturbance of the
structure was the D444V-hE3; in the hE3 homodimer D444 and Y438’ form a hydrogen
bridge the loss of which in D444V-hE3 may lead to enhanced flexibility at the C-terminus.
In the case of the K37E, R460G, and 1358T hE3 variants, structural alterations of a moderate
magnitude are seen in various regions throughout the protein in each variant, the analysis of
which requires more in-depth evaluations (see Discussion). The I318T substitution triggered
major structural disturbance only at the C-termini; the explanation for this effect could be
similar to the one suggested above for the E340K-hE3 variant.

Seeking the structural basis of pathogenicity for each disease-causing hE3 variant, we
evaluated all of the statistically significant structural perturbations induced by the pathogenic
hE3 substitutions as detected by HDX-MS, and assessed their plausible functional
consequences in the Discussion.
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3. Discussion

D444V-hE3

This appears to be the first study in the literature that experimentally addresses the structural
alterations induced in the pathogenic hE3 variant enzymes. The effects of ten pathogenic
amino acid substitutions on the overall protein structure of hE3 were investigated by HDX-
MS. In the absence of high resolution structural data by X-ray crystallography or NMR
spectroscopy on any of the pathogenic hE3 variants, the findings of this study provide the
only structural information to date for a reliable evaluation of the molecular
pathomechanisms of action in the related atypical forms of hE3 deficiency. Although HDX-
MS does not provide residue-specific information and is restricted to a peptide-level
resolution, it is able to analyze and map even the finest alterations in the structure that may
lead to changes in protein-protein interactions or perhaps even to a catalytically
dysfunctional protein conformation. The HDX-MS method is also capable of detecting local
changes, due to various reasons (including a substitution), in the dynamics of the protein
chain, which arguably also contributes to catalytic efficiency. The putative molecular
pathogeneses of each disease-causing mutation of hE3 studied here are proposed below in
light of the structural changes detected in the variants by HDX-MS. The contribution of the
direct effects of the structural changes to the gross activity losses of hE3 or the harboring
complexes in vivo upon the different mutations next to other potential auxiliary in vivo
effects, such as suppression by DNA/RNA secondary structures, insufficient folding,
structural instability, or accelerated degradation, cannot be judged by HDX-MS; most
pathogenic hE3 variants, however, once successfully expressed to the soluble phase, are
completely folded and stable under /n vitro conditions [17].

hLADH activity for this variant was measured (albeit under different assay conditions) to be
80% [43], 35% [17], 100% [44], 90% [49] of the control (hE3) using recombinant proteins
and 15% of the control in the muscle homogenate of a patient homozygous for D444V
(where immunoreactivity towards hE3 was reduced to 10%) [35]. In the latter study, the
corresponding hKGDHc or hPDHc activities were 2 or 0% of the control, respectively, while
the activity of hPDHc reconstituted from recombinant components using D444V-hE3 was
15% of the control [44]. According to previous studies, a H-bond between D444 and Y438’
(“ for the other monomer), as well as the binding potential of hE3 towards the E3-binding
domain of the E3-binding protein (E3BP) of hPDHc is lost [7, 44], but monomerization does
not occur ([17, 44] and as also seen in Figure 3) upon this substitution. Regarding the loss in
hLADH activity for isolated D444V-hE3, it can be seen in the crystal structure of hE3 (see
Figure 4A) that three (146-162, 183-191, 352-374) of the seven (146-162, 183-191, 352—
374, 403-418, 434-441, 459-464, 465-474) peptides with altered flexibility/exposure in
D444V-hE3 according to HDX-MS are directly involved in FAD-binding. Yet, only ~5%
FAD loss was measured for isolated D444V-hE3 [17], hence this effect cannot account for
any greater activity loss and definitely not for the enhanced ROS-generating capacity of
D444V-hE3 (30% increase compared to hE3) [17]. The same three peptides are in close
proximity to the re face of the isoalloxazine ring of FAD where NAD*/NADH-binding
occurs (see Figure 4A); there are no altered flexibility peptides in D444V-hE3 on the s/ face
of the isoalloxazine ring, where the catalytic disulfide-exchange site and the LA-binding site
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are located. This implies disturbance in NAD*/NADH-binding in D444V-hE3, especially
since the above three peptides altogether possess five binding residues for NADH (from the
total of 13 binding residues for NADH in hE3, 38%) and two binding residues for NAD*
(from the total of 13 binding residues for NAD* in hE3, 15%), according to structures with
PDB IDs 1ZMD and 1ZMC, respectively. The other four affected peptides are farther from
the active site and the LA-binding site and appear to be those regions more directly/locally
affected by this substitution, and are instead likely to be implicated in E3BP-binding (see
below). Thus, hLADH activity loss, as well as an increase in ROS-generating capacity of
D444V-hE3 should be explained v/athe 146-162, the 183-191, and the 352-374 peptides.
According to the HDX-MS results, it is plausible to hypothesize that FAD/NAD*/NADH-
binding is in part compromised (v/a a propagating effect of the substitution), and this
appears to be the primary cause for hLADH activity loss for D444V/-hE3. The anomalies in
the binding of the cofactors, however, do not seem to be of a sufficiently significant
magnitude to negatively affect the relatively low-rate of ROS generation by this variant
(0.24% of the catalytic rate in the reverse E3 reaction for isolated D444V/-hE3 in the absence
of NAD* [17]). To the contrary, a 30% increase in ROS-generating capacity was detected,
relative to hE3, for the isolated D444V-hE3 [17], a variant that does not induce a
considerable conformational change in the LA-binding cavity, whence O, most likely
approaches FAD for the primary superoxide generation. Rather, ROS generation by this
variant could be explained by a catalytic advantage for superoxide generation, likely
involving the isoalloxazine ring of FAD, whose origins are not explained by HDX-MS. The
conformation of FAD, and of the isoalloxazine ring, must be sensitive to changes of the
protein locus where FAD is bound, and it may also manifest itself in alterations of the
reactivity of the FAD moiety.

Regarding the loss of affinity of D444V-hE3 to E3BP and the resulting loss of the overall
hPDHc (and hKGDHoc) activity (see above), the crystal structures of the complex formed by
hE3 and the E3-binding domain of E3BP [44, 45] revealed that D444, as well as its
intermonomeric H-bridging partner Y438’ in hE3, make numerous direct contacts to the E3-
binding domain of E3BP (D444 and Y438’ make five and seven interactions to E3BP,
respectively). Substitution of Asp to Val in D444V-hE3 naturally abolishes the respective
interactions towards E3BP. Moreover, this substitution triggers a significant displacement (or
altered flexibility) of peptide 434-441 (see Figures 3 and 4B), which includes residue Y438,
whose interactions with E3BP are likely to be also compromised. The two Y438 residues in
the hE3 dimer form a crucial hydrophobic patch for E3BP binding [44, 45]. The peptide
434-441 contains additional already identified interaction partners towards E3BP, G439 and
E437 [44, 45], the affinities of which to E3BP must also be altered upon the D444V
substitution. In another altered flexibility peptide (403-418), two further interacting residues
towards E3BP are found, T412 and D413, which are likely to be also affected by the D444V
substitution. The D444V-hE3 is mostly dissociated from hPDHc (and likely hKGDHc), as
dictated by the elevated Ky of the D444V-hE3-E3BP complex [44]. Hence, the LA-cofactors
of these complexes are likely to be more prone to oxidative damage, in part by ROS
generated via D444V-hE3 (see above), or the E1-E2 subcomplex itself for hKGDHc [6],
which can further reduce the remaining overall activities of hPDHc and hKGDHc.
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This is the most prevalent pathogenic hE3 variant (the carrier frequency for the mutation,
e.g., in the Ashkenazi Jewish population is 1:94), which generally presents with an adult-
onset; patients are usually homozygous for the respective mutation, however, compound
heterozygosity also occurs. Biological samples of patients (originating from fibroblasts,
lymphocytes, or muscle) showed E3-related activities in the following ranges: 6.5-30%
(hLADH), 12.2-44% (hKGDHCc), and 10.5-70% (hPDHCc) of the respective controls [25, 34,
35, 38, 41, 56, 57]. The isolated G194C-hE3 exhibited hLADH activity of 100% [17], 75%
[58] or 47% [43] of the control (hE3), while for enzyme complexes reconstituted with
G194C-hE3 the following values were measured: 29% (hPDHc), and 61% (hKGDHc) [6].
The isolated G194C-hE3 displayed a 72% enhancement in ROS-generating capacity relative
to hE3 in the reverse E3 reaction [17]. Reconstitution of hPDHc or hKGDHc with G194C-
hE3 resulted in enhanced ROS generation (a 11% statistically significant increase relative to
the control) only in case of the hKGDHc in its reverse E3 reaction [6]. The residue G194 is
part of a helix whose selected residues bind to the cofactors of hE3 (FAD, NAD*/NADH)
[7]. On substitution of Gly with Cys, a relatively large and polar side chain is introduced into
this helix, which apparently perturbs cofactor-binding (28% FAD loss was measured for
G194C-hE3 [17]). There are six peptides with modified flexibility in G194C-hE3 relative to
hE3 according to HDX-MS (see Figures 3 and S2). The activity losses of the harboring
complexes for this variant are not as detrimental as e.g., for the D444V substitution,
suggesting a rather minor impact of this substitution on the binding of G194C-hE3 to E3BP.
This conclusion is well justified by the distance of all affected peptides in G194C-hE3 from
the E3BP-hE3 interface (see Figure S2). Although peptides 35-70, 146-162 and 163-181
present with flexibility modifications of moderate magnitudes in G194C-hE3, these three
peptides together possess 17 of the 38 binding residues for FAD (45%) and one of the 13 for
NADH (8%) in hE3 [7]. Therefore, any structural changes in these peptides would warrant
their consideration as potential causes of the dysfunction (and FAD loss) of G194C-hE3.
Contrary to this expectation, in our hands there was no functional loss, only FAD loss and
elevated ROS-generating capacity, measured for isolated G194C-hE3 [17]). The other three
peptides (193-208, 220-259, and 381-402), with considerable effects on flexibility for
peptides 193-208 and 220-259, possess additional cofactor binding residues (altogether five
for NAD™* (38%), two for NADH (15%), and none for FAD), whose perturbation must also
contribute to the loss of FAD and potentially activity. There is flexibility alteration on the s/
face of the isoalloxazine ring of FAD and this is proposed to be the primary cause of the
enhanced ROS-generating capacity of G194C-hE3, but it could possibly also contribute to
an activity loss, especially flexibility alteration in peptide 3570 that bears the disulfide-
exchange site residues C45 and C50. There have been no experiments reported to measure
the binding affinity of G194C-hE3 to E3BP, however, on the basis of HDX-MS results we
propose that the activity loss of the hKGDHc or the hPDHc harboring G194C-hE3 is not due
to an enhanced dissociation of G194C-hE3 from these complexes (see Figure S2). Rather,
the underlying mechanism is suggested to be the prolonged oxidative deterioration of the LA
cofactors (see above), which is potentially supplemented by an activity loss of the complexes
due to the compromised activity of G194C-hE3 (based on hLADH activities measured for
G194C-hE3 in [58] and [43]).
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The peptide bond between P453 and H452, a catalytically important active site base, is in
the cis configuration [7]; the O atom of this peptide bond is in a H-bond with N3-FAD. The
P453L substitution was proposed to cause a considerable perturbation to the local structure
near the disulfide-exchange site (of the partner monomer, see Figure S3), including the
potential misplacement of the H452 side-chain and the elimination of the H-bond to N3-
FAD, due to the preference for a frans peptide orientation by Leu and the greater size of the
Leu side-chain [7]. No hLADH or overall PDHc activity was detectable upon this
substitution in yeast [59], and the hLADH activity was only 6% of the control in cultured
fibroblasts of a patient with compound heterozygosity (together with the K37E substitution)
[31]. For an isolated P453L-hE3 component 4-9% hLADH activity and a 34% FAD loss
were measured relative to hE3 [17]. The importance of P453 in the hE3 mechanism was
confirmed also by a P453V variant that displayed a 0.06% hLADH activity [60]. The
isolated P453L-hE3 component exhibited a 130% increase in ROS-generating capacity
relative to hE3, which transformed this variant to be a very strong ROS-generating enzyme
(catalytic activities for ROS-generation and the physiological forward reaction were
approximately identical). The affinity loss of P453L-hE3 towards E3BP was measured to be
4-fold and believed insignificant [61]. There are numerous peptides in P453L-hE3, whose
flexibility alterations relative to hE3 are considered significant (Figure S3). According to
Figure S3, it is apparent that most of the conformational/flexibility changes in a hE3
monomer upon this substitution ought to be attributed instead to the distant effects of the
P453L substitution in the other monomer. The HDX-MS data support the notion that the
affinity of hE3 or P453L-hE3 towards E3BP should be similar (see above), hence
dysfunctions of the complexes harboring P453L-hE3 are indeed unlikely to be the result of
the dissociation of P453L-hE3 from the complexes, but rather the consequence of the greatly
compromised hLADH activity and/or perhaps the greatly enhanced ROS generation by
P453L-hE3. HDX-MS data justify the origin of the considerable FAD loss in P453L-hE3, as
altered flexibility peptides in P453L-hE3 are much involved in the binding of FAD in hE3
(altogether with 26 of the 38 binding residues for FAD in hE3, 68%). NAD*/NADH-binding
is also affected (four or two of the 13 binding residues for NAD* (31%) or NADH (15%),
respectively), but the rather ‘passive’ ~30% loss of cofactor-binding alone does not account
for the observed deleterious activity loss. As seen in Figure S3, perturbation of the structure
on both faces of the isoalloxazine ring is so extensive that it almost certainly distorts the
structural integrity of the active site (residues C45, C50, H452’, FAD), which can account
for the great activity loss as well as for the extreme elevation of the ROS-generating
potential. Such a dramatic impact on the protein structure around the FAD prosthetic group
must have effects on the FAD conformation itself, which may also contribute to the elevated
ROS-generating capacity, as well as to the functional loss.

A 6% hLADH activity compared to control was found in cultured fibroblasts of a patient
with compound heterozygosity for this substitution (together with the P453L substitution)
[31]. In yeast, the K37E-hE3 exhibited 92% hLADH activity, 88% PDHc activity, and 68%
KGDHoc activity of the respective controls [59]. Isolated K37E-hE3 displayed 20% [61],
75% [62], or 70% [17] hLADH activity of the control. A negligible 1.7-fold increase in Ky
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was found for the K37E-hE3-E3BP complex relative to the hE3-E3BP complex [61]. A
24% [62] or 33% [17] FAD loss and an unaltered ROS-generating potential [17] were
measured for K37E-hE3 relative to hE3. The methylene moieties of K37 stack on the
adenine base of FAD, while the O2’ atom in the AMP moiety of FAD contacts the K37 side-
chain viaa H-bond in hE3 [7]. A Glu in place of a Lys would offer an opposite charge and a
weaker stacking in an interaction with FAD. There are several altered flexibility peptides in
K37E-hE3 according to HDX-MS (Figures 3 and S4A). As seen in Figure S4B there is an
altered flexibility peptide (403-427) of K37E-hE3 in hE3 which is in close spatial proximity
to E3BP in the hE3-E3BP complex. In fact, T412 and D413 of hE3, two residues of direct
contact with E3BP [44, 45], are part of this peptide whose modulation could indeed account
for the enhanced dissociation of the K37E-hE3— E3BP complex. There are 18 (50%), five
(38%) and seven (54%) binding residues for FAD, NAD* and NADH, respectively, in hE3
[7] affected by the K37E substitution according to HDX-MS (Figure S4A), which can
account for the loss both in FAD and hLADH activity for K37E-hE3.

The missense mutation for this substitution was found together with a three nucleotide
(single amino acid) deletion (G101del) on different alleles of a proband, and led to 3-11%
hLADH, 12-14% hPDHec, and 1-6% hKGDHc activities of the controls in clinical samples
[33]. In case of another carrier patient with compound heterozygosity (the other substitution
was M326V) 3-14% hLADH and 3-44% hPDHc activities of the normal were measured
[36]. A third patient (also a compound heterozygote resulting in the E340K and the 112T
substitutions) displayed 9% hLADH, 59% hPDHc, 25% hKGDHc, and 62% hBCKDHc
activities of the controls [25]. Isolated E340K-hE3 exhibited 64—-71% [17], 0.2% [61],

100 % [44], 89% [43], or 71% [63] hLADH activities of the controls (hE3). The activity of
hPDHc reconstituted with E340K-hE3 was 38% of the control [44]. The interaction of hE3
and E3BP was completely lost upon the E340K substitution as measured by either surface
plasmon resonance (SPR) [61] or isothermal titration calorimetry (ITC) [44]. A 23%
increase in ROS-generating capacity was detected for isolated E340K-hE3 [17], while the
LA-cofactors of KGDHc and PDHc were oxidatively damaged to a great degree in yeast
upon expression of E340K-hE3 [43]. The residue E340 forms a salt bridge to R447’ and the
substitution of Lys for Glu results in an inversion of charges which obstructs the former
interaction [7]; however, no monomerization results (see Figure 3 and [17, 44]). The
majority of the studies on isolated recombinant protein showed 30% or less activity loss for
E340K-hE3 (see above), which can potentially be ascribed to the six (NAD™, 46%) or three
(NADH, 23%) cofactor binding residues (according to the PDB ID: 1ZMC/1ZMD structures
[7]) which were affected upon the E340K substitution as measured by HDX-MS (see
peptides 220-259 and 275-289 in Figure S5A). There were only three FAD binding residues
(~8%) which were affected by this substitution (in the peptides 275-289 and 293-319) and
this is what might be reflected in the modest 1% FAD loss measured elsewhere [17]. The
elevated ROS-generating potential of E340K-hE3 cannot be explained viaany
conformational change on the s/ face of the isoalloxazine ring of FAD (see Figure S5A), but
it could be accounted for viaa potential effect of the altered flexibility peptide 275-289 in
E340K-hE3 on the structure or reactivity of the isoalloxazine ring of FAD. The 62% loss in
the overall hPDHc activity upon reconstitution with the E340K-hE3 variant, as well as the
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sometimes reported deleterious activity loss of the E340K-hE3-hPDHc /n vivo (see above)
could be explained by a perturbation of the direct interactions between V347 and G348 in
hE3 and E3BP [44, 45] upon the E340K substitution v/athe altered flexibility peptide 339—
351 (see Figure S5B). Interestingly, the flexibility of the R447 residue, another direct contact
to E3BP, does not appear to be affected upon the loss of its salt bridge to E340 by this
substitution.

In a compound heterozygote patient (the other mutation being a nonsense mutation on the
other allele) 1.5-14% hLADH, 20% hKGDHec, and 11-26% hPDHCc activities were
measured [25, 32, 41]. For the isolated R460G-hE3 component the following hLADH
activities were measured: 91% [61], 10% [44], 18-22% [17], 29% [64], and 40% [43] of the
controls. The FAD content of R460G-hE3 is not reported in the literature whereas the ROS-
producing potential was 74% of the control [17]. No overall hPDHc activity was detectable
when the complex was reconstituted with the R460G-hE3 component [44]. The residue
R460 forms a salt bridge with E333” in hE3 [7]. The loss of this interaction upon the
substitution of Gly for Arg can trigger proximal as well as distant conformational effects as
reflected by the altered flexibility peptides in R460G-hE3 according to HDX-MS (see
Figures 3 and S6A; in particular, peptide 309-338 affected in R460G-hE3 includes the E333
residue). No monomerization of hE3 due to this substitution was observed in previous
studies [17, 44], nor was it detected by HDX-MS (Figure 3). Approximately 42% of the
FAD binding residues in hE3 are perturbed in R460G-hE3 according to HDX-MS; NAD*
binding residues are not affected, while only 8% of the NADH binding residues are
perturbed (see Figure S6A). As FAD binding residues appear to be greatly affected by this
substitution, this is proposed to be the predominant cause of the impaired catalytic activity
of isolated R460G-hE3, which is most likely accompanied by a FAD loss to an as yet
unreported degree. As seen in Figure S6B, two altered flexibility peptides (434-441 and
445-458) are in close proximity to E3BP. Indeed, the residues E437, Y438, and G439 in the
peptide 434-441, and R447 in the peptide 445-458 in hE3 were previously identified as
direct contacts to E3BP [44, 45]. Perturbation of these interaction sites in R460G-hE3, as
suggested by HDX-MS, is a plausible explanation for the orders of magnitude increase of
the Ky of the R460G-hE3-E3BP complex [44, 61], as well as for the deleterious loss in
hPDHc activity /n vitroand in vivo (see above).

Patients homozygous for this substitution presented with the following E3-related activities
in clinical samples: 20% hLADH (identical values were reported for two patients), 63%
hPDHc (one patient), 0% hKGDHc (identical values were reported for two patients), and
56% hBCKDHCc (one patient) activities of the normal. Substitution of R447 in a recombinant
hE3 resulted in 92% (R447G) [44], 54% (R447G) [43], 85% (R447M) [61], and 110-122%
(R447A) [65] hLADH activities of the controls. The hPDHc reconstituted with R447
variants displayed the following overall activities: 110% (R447A) [65] and 28% (R447G)
[44] of the normal. A nearly 250-fold increase was observed for the Ky of the R447G-hE3-
E3BP complex relative to the control by ITC [44]. For the R447M-hE3 variant the increase
in K4 was nearly three-fold as measured by SPR [61], whereas the K4 was essentially
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unaltered for the R447A-hE3 variant by ITC [65]. Neither FAD loss nor ROS-generating
potential has ever been evaluated directly for R447G-hE3, however, this variant also led to
an oxidative deterioration of the LA-cofactors of both PDHc and KGDHc in yeast [43],
which may imply an enhanced ROS-generating potential for the R447G-hE3 component.
The residue R447 forms a salt bridge with E340” in hE3 [7] and it is also a direct contact to
E3BP [44, 45]. Upon the R447G substitution these direct interactions are lost, as clearly
reflected by the flexibility enhancement of the E340 residue in R447G-hE3 according to
HDX-MS (E340 being part of the altered flexibility peptide 339-351 in R447G-hE3, see
Figures 3 and S7B), and also by the elevated Ky for the interaction of R447G-hE3 with
E3BP (see above). As for the augmented Ky of the R447G-hE3-E3BP complex, several
other direct contacts in hE3 towards E3BP are also affected upon the R447G substitution
according to HDX-MS (V347, H348, E437, Y438, G439 [44, 45] in the altered flexibility
peptides 339-351 and 434-441 in R447G-hE3, see Figure S7B), which can justify the
results reported above in terms of affinity to E3BP and overall hPDHc activities (/n vitro and
in vivo). Cofactor binding of hE3 was also affected by this substitution according to HDX-
MS: 11, 62 and 54% of the binding residues for FAD, NAD* and NADH, respectively were
affected in R447G-hE3 (in the peptides 183-191, 220-259, 275-289, 352-374, see Figure
S7A). These results suggest a moderate FAD loss and a considerably altered NAD*/NADH-
binding, which together can account for the loss in hLADH activity of the R447G-hE3
component (see above). Alterations of structural flexibility in the LA-binding pocket of
R447G-hE3 were not observed, which would suggest a rather small if any effect of this
substitution on the ROS-generating capacity of hE3. In contrast, however, the deleterious
effects of this substitution on the oxidation status of the LA cofactors of KGDHc and PDHc
[43] still suggest an elevated free radical production by R447G-hE3, which could perhaps be
explained viathe conformational effects of the altered flexibility peptides in the cofactor-
binding domains of R447G-hE3 on the isoalloxazine ring of FAD and a resultant alteration
in the reactivity of FAD towards superoxide production.

A compound heterozygote patient (the other mutation being a deletion, G101del) presented
with 9-29% hLADH, 80% hPDHc, 24% hBCKDHec, and 107% hKGDHc activities of the
controls [41]. There have been no reports on the FAD-content, the ROS-generating capacity,
the affinity to E3BP, or the catalytic activity of the isolated variant. The replacement of lle
by Thr introduces a shorter and more polar side-chain into the local structure that must
perturb the nearby structure, as well as the local charge distribution. It is important to note
that there are two other pathogenic mutations of hE3 also leading to an lle-to-Thr
replacement (112T, 1358T) where the origin of the dysfunction should be based on similar
local effects. HDX-MS provides four altered flexibility peptides in 1318 T-hE3 (see Figures
3 and S8A). The alteration in the flexibility of the peptides 146-162 and 352-374 in 1318T-
hE3 likely affects 14% of the FAD-binding residues and 15% of the NADH-binding residues
(but none of the NAD™*-binding residues) according to HDX-MS, probably accounting for
the loss in hLADH activity, and likely reduction of the FAD content of 1318T-hE3. Among
the direct contacts of hE3 to E3BP, the residues V347 and H348 are located in the altered
flexibility peptide 339-351 in 1318T-hE3 (see Figure S8B). The perturbation of these
interactions can account for the loss in the overall hPDHc activity (see above). No
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significant conformational changes could be observed on the s/ face of the FAD
isoalloxazine ring (see Figure S8A), hence the ROS-generating capacity is unlikely to be
affected by this substitution.

A patient homozygous for the relevant mutation presented with undetectable hLADH
activity and 13-97% hPDHc activity of the (very variable) normal samples [40, 41]. There is
no FAD-content, ROS-generating capacity, affinity to E3BP, or catalytic activity reported for
the isolated variant. Replacement of lle by Met introduces a side-chain with similar size, but
different overall shape and somewhat higher polarity that likely triggers steric conflicts in
the local structure and perhaps also long-range conformational changes. There are several
altered flexibility peptides in 1445M-hE3 according to HDX-MS (see Figures 3 and S9A)
from which the following ones may affect the cofactor binding sites: 35-70, 146-162, 220-
259, and 309-338. The implicated binding residues constitute 58, 23, and 8% of the total
binding residues for FAD, NAD™*, and NADH in hE3, respectively, which could by
themselves account for the deleterious loss in hLADH activity, and likely also the FAD
content of the 1445M-hE3 component. Several direct contacts to E3BP are affected in
1445M-hE3: T412 and D413 in the peptide 403-418 as well as E437, Y438, and G439 in the
peptide 434-441 (see Figure S9B). Perturbation of these interacting sites in 1445M-hE3 may
justify the loss in overall hPDHc activity (see above) and suggests an increased Ky for the
interaction of 1445M-hE3 and E3BP. On the s/ face of the FAD isoalloxazine ring a
considerable conformational disturbance can be seen (see Figure S9A) which might
modulate the ROS-generating potential in 1445M-hE3.

A compound heterozygote patient (the other mutation being at a consensus splice site of the
dld gene, IVS9 +1G > A) presented with 29% and 14-100% of the normal hLADH and
hPDHc activities, respectively [37]. The recombinant enzyme variant displayed 100% [66]
or 30-41% [17] hLADH activity of the control. On the basis of the crystal structure of hE3 it
was proposed that on substitution of Ile 358 by the polar Thr residue, primarily the NAD*/
NADH-binding would be affected due to a disturbance of the residues near Ile 358 that bind
to NAD* or NADH [7]. However, HDX-MS results show only minor effects on the binding
of these cosubstrates (0% and 8% of the NAD* and NADH-binding residues were affected
in 1358T-hE3, respectively). FAD-loss is not reported in the literature for this variant. HDX-
MS suggests a considerable perturbation of the FAD-binding site by this substitution (42%
of all the FAD-binding residues were affected, see Figure S10A), which can account for the
loss in hLADH activity and likely FAD-binding affinity of the 1358T-hE3 component. The
ROS-generating potential is not stimulated by the I358T substitution [17], which is
underlined by the lack of alterations in flexibility at the s/face of the FAD isoalloxazine ring
according to HDX-MS (see Figure S10B). The altered flexibility peptides 434-441 and 445-
458 in 1358T-hE3 contain the E437, Y438, G439, and R447 residues which are direct
contacts of hE3 towards E3BP and whose perturbation can also contribute to a loss in the
overall hPDHCc activity (see above and Figure S10B).
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Our HDX-MS results provide a more detailed understanding of the effects of the disease-
causing mutations of the human d/d gene on the structure, dynamics and catalytic activities
of the hE3 protein as an isolated enzyme. When compared to data published before on these
hE3 variants (e.g. in [17]), the HDX-MS results presented here in most cases enabled
identification of the peptides, or sometimes even the specific residues, in hE3 whose
perturbation upon the respective mutations may indeed be responsible for specific changes
in the biochemical functionality of hE3 or the multienzyme complexes harboring hE3. Based
on the results, important insights could also be gained regarding the putative mechanistic
explanations for the loss of functional integrity of the multienzyme complexes which harbor
selected pathogenic hE3 variants. Concerning generalization with respect to disease
phenotype and mechanistic conclusions, it appears according to the present and previous
biochemical data, that each mutation leads to a specific mode or pathway for impairing
hLADH activity and/or the activity of multienzyme complexes harboring hE3. In this
respect, seeking generalized mechanisms (e.g., for certain groups of the 14 pathogenic
mutations) is not likely to be beneficial or even feasible, rather the individual modes of
action ought to be elucidated in future studies in even greater details. The structural
information presented here, together with the suggested future mechanistic investigations,
will help shed light also on the mechanism of enhanced ROS generation stimulated by
selected pathogenic amino acid substitutions of hE3 and serve as a starting point for
targeting this latter with potential future clinical benefits.

4. Materials and Methods

4.1. Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless stated
otherwise. Deuterium oxide (D,0, 99.9%) was obtained from Cambridge Isotope
Laboratories (Tewksbury, MA, USA). Buffer components were obtained as molecular
biology grade protease free chemicals from Sigma-Aldrich.

4.2. Cloning

The vector plasmid for the heterologous expression of the hE3 protein was generated by
DNAZ2.0, Inc. (Menlo Park, CA, USA) using the pET-52b(+) plasmid from Novagen
(Madison, WI, USA) and a DNA insert coding for the mature hE3 (474aa lacking the 35aa
mitochondrial leader sequence) which was synthesized via codon-optimization for efficient
E. coli expression. The gene of interest was preceded by a sequence coding for an N-
terminal Strep-tag (for affinity purification) and a subsequent human rhinovirus (HRV) 3C
protease cleavage site (between the Strep-tag and hE3); these sequences were also codon-
optimized for £. coliexpression. The expression host was BL21(DES3) (from Novagen)
under resistance to ampicillin, which was conferred by the pET-52b(+) plasmid. The
pathogenic mutations were introduced in-house by the QuikChange Il site-directed
mutagenesis kit (Stratagene; Cedar Creek, TX, USA) according to the manufacturer’s
specifications. The primers for the mutations were designed by the QuikChange Primer
Design program and were purchased from IBA (Gottingen, Germany) as HPLC purified
oligonucleotides. Clones were confirmed by DNA sequencing (Agowa GmbH, Berlin,
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Germany). The forward and the reverse sequencing results always overlapped verifying both
the sites of the mutations and the correctness of the entire gene constructs.

4.3. Protein expression and purification

Single colonies of BL21(DE3) plus hE3-pET-52b+ (always fresh transformants) from LB-
agar plates supplemented with 0.1 mg/mL ampicillin (Amp) were used for overnight
cultures in LB medium p/us 0.1 mg/mL Amp (LB-Amp) at 37°C and 200 rpm. Overnight
cultures were added to fresh 5 L LB-Amp in a 1:50 volumetric ratio and were left growing at
37 °C and 200 rpm. Protein expression was induced by 1 mM (final concentration) isopropyl
B-D-1-thiogalactopyranoside (IPTG) at OD~0.5 and was allowed to proceed for 3 h at

25 °C. Cells were harvested at 6,500 g, 4 °C for 15 min, the pellet was frozen at =20 °C
overnight, then the bacteria per5 L of expression culture were lysed in 120 mL B-PER
bacterial solubilizing solution (ThermoFisher Scientific, Waltham, MA, USA) in the
presence of 24 mg lysozyme, 1.2 mL EDTA-free Halt protease inhibitor cocktail
(ThermoFisher Scientific) and 12 pL Universal Nuclease (ThermoFisher Scientific) using a
potter homogenizer and subsequently continuous gentle magnetic stirring at 4 °C for 30 min.
Cell components were centrifuged at 15,000 g, 4 °C for 30 min. 70 pL 20 mM FAD and 33
pL 50 mg/mL avidin (IBA, Gottingen, Germany) were added to the cleared lysate. For
affinity purification, a 5 mL Strep-Tactin Macroprep FPLC column (IBA, Gottingen,
Germany) was applied on an AKTA Purifier 10 UPC FPLC system (GE Healthcare
Biosciences AB, Uppsala, Sweden) according to our published protocol for hE3 purification
[54, 67], which requires no further purification steps. Protein eluates were concentrated to
10-15 mg/mL using Amicon Ultracel centrifugation filtering tubes (MWCO=30 kDa;
Millipore, Cork, Ireland) at 4 °C. Concentrated proteins were fast-frozen in liquid N, and
stored at —80 °C, until use.

4.4. Hydrogen/deuterium-exchange mass spectrometry (HDX-MS)

The HDX-MS analysis was carried out as described before [50, 52]. All 11 proteins (hE3
and the 10 variants, K37E, G194C, 1318T, E340K, I1358T, D444V, 1445M, R447G, P453L
and R460G hE3) were individually buffer-exchanged into 10 mM KH,PO4 (pH 7.0), 50 mM
KCI, 2 uM FAD (Buffer A). Each protein was diluted to 40 uM concentration with Buffer A
and was allowed to equilibrate for 1 h at 25 °C. The deuterium labeling reaction was
initiated by diluting 2 L of protein stock solution into 38 uL of the labeling buffer (10 mM
KH,PO4, 50 mM KCI, 2 uM FAD, 99.9% D50, pD 7.0; the pD value was obtained by
adding 0.4 unit to the reading of a pH meter) at 25 °C, yielding a final concentration of
94.9% D-0. At 3 min of exchange, a 30 uL aliquot from the labeling reaction was rapidly
quenched by an equal volume of ice-cold quench buffer (0.2 M KH,POy, pH 2.6); a single
exchange time point of 3 min was proved to be effective, as before [52, 53], to monitor all
the significant structural alterations, relative to hE3, of the pathogenic hE3 variants studied
here. The samples were immediately frozen in liquid nitrogen and stored at —80 °C until
analysis, but for no more than two weeks. Non-deuterated samples were generated following
the same procedure except that protein samples were diluted into Buffer A instead of the
labeling buffer. The frozen deuterated sample was rapidly thawed and loaded into a 20 pL
sample loop inside the refrigeration system using an ice-cold syringe. The protein sample
(approximately 20 pmol in total) was carried by a 0.3 mL-min~! digestion flow of 0.1%
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(v/v) formic acid into an immobilized pepsin column (Poroszyme Immobilized Pepsin
Cartridge, 2.1 mm x 30 mm, ThermoFisher Scientific, placed in a customized column oven
set to 15 °C) and digested for 20 s. The resultant peptides were immediately cooled to 0 °C
through a heat exchanger and were concentrated and desalted on a peptide trap (Michrom
peptide MacroTrap, 3 x 8 mm, Michrom Bioresources, Auburn, CA, USA). The peptides
were eluted and separated in 15 min through a reversed-phase C1g HPLC column (Agilent
Poroshell 300SB-C18, 2.1 mm x 75 mm, Agilent Technologies, Santa Clara, CA, USA) at a
flow rate of 0.2 mL-min~1 applying a 2-40% acetonitrile gradient containing 0.1% (v/v)
formic acid at 0 °C. ESI-FT-MS measurements were launched 5 min after the initiation of
the elution process and lasted for 10 min. The time from initiation of digestion to elution of
the last peptide was always less than 20 min. The mass spectrometer settings were as
follows: ESI* mode; capillary, 4,500 V; spray shield, 4,000 V; drying gas temperature,

190 °C; mass acquisition range, 400-2,000 m/z; scan rate, 0.5 scans pers (see Table S1 for
the selected peptic peptides from each variant). All experiments were carried out in
triplicate. Bruker Daltonics DataAnalysis 4.0 was used for spectrum analysis and data
treatment. Peptides were identified against non-deuterated samples using the customized
program DXgest, which matches experimental peptide mass with theoretically generated
peptic peptide mass applying statistical considerations [68] for the pepsin cleavage pattern
under H/D exchange conditions. Mass tolerance was set to <1.5 ppm for accurate
identification. H/D exchange data for each individual peptide at various time points were
processed using the program HX-Express [69]; back-exchange correction was not performed
for the purposes of this comparative analysis. The number of exchangeable backbone amide
protons (maxD) of a peptide was calculated to be the total number of amino acid residues in
the peptide, excluding proline residues, minusthe N-terminal residue that carries two fast-
exchangeable amino protons [70, 71]. The percentage of deuterium incorporation (without
the back-exchange correction) into each peptide was calculated using the following
equation: AD%=ADI(maxDx1.0063%0.949) x 100%, where 1.0063 is the atomic mass
difference between deuterium and hydrogen (protium), whereas 0.949 represents the D,O
content in the labeling reaction. Plots were created by Origin (OriginLab, Northampton,
MA, USA).
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Refer to Web version on PubMed Central for supplementary material.
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KGDHc alpha-ketoglutarate (also known as 2-oxoglutarate) dehydrogenase complex
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Highlights

. Study of common E3 of human a-ketoglutarate and pyruvate
dehydrogenase complexes.

. Effects of ten pathogenic mutations on human E3 structure examined
by HDX-MS.

. Structural changes identified account for loss in cofactor binding and
activity.

. Mutations lead to dysfunctional complexes and alter interactions in
variants.

. HDX-MS results suggest structural sources of elevated ROS-generating
capacities.
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Fig. 1.

Deuterium incorporation of peptic peptides of hE3. (A) Deuterium incorporation (AD, y
axis) and (B) deuterium incorporation percentage (AD%, y axis, deuterons exchanged /
maximum exchangeable sites x 100%) of peptic fragments from hE3 (xaxis, listed from N
to C terminus). Results represent mean + S.D. from three independent measurements.
Vertical error bars represent 1 SD in each direction.
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Fig. 2.
Deuterium incorporation heatmap of hE3. Peptides with varying percentages of deuterium

incorporation are highlighted with different colors. A and B represent two different
orientations of the hE3 homodimer. FAD and NAD* are depicted as dark and light grey
space filling objects, respectively. For model building the hE3 structure with the PDB ID:
1ZMC and the Pymol program were used [7].
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Fig. 3.

M?)dulation of deuterium incorporation by hE3 disease-causing variants. The difference
plots display the deviations in deuterium incorporation by peptic fragments of hE3 variants
(AAD, yaxis, deuterium incorporation by the hE3 variant /m/nus deuterium incorporation by
hE3). Results represent the mean + S.D. from three independent experiments. Vertical error
bars represent 1 SD in each direction.
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Fig. 4.
A. Altered flexibility peptides in the D444V-hE3 pathogenic variant studied by HDX-MS

and represented in the hE3-E3BP structure (PDB ID: 1Z2Y8 [45]). The hE3 monomers are
colored blue and red (chains G and H in 1ZY8, respectively), FAD is purple, the E3-binding
domain of E3BP (44aa, residues 130-173, chain N in 1ZY8) is gray, important residues are
circled, the sulfur atoms in the active center Cys residues are yellow, altered flexibility
peptides are white and labeled. Structure features are shown in chain G only for clarity, but
the analysis of the structure was performed using both monomers and one of the alternative
locations of the E3-binding domain of E3BP (due to the symmetric alignment of the
alternative coordinates of the E3-binding domain of E3BP relative to the hE3 dimer). B.
Close-up representation to show the direct interactions between E3BP and the altered
flexibility peptides of D444V-hE3 in hE3 (both monomers are labeled for altered flexibility
peptides in B). The structural representations were created by VMD [72].
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