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Abstract

Mutations that predispose to familial pheochromocytoma and paraganglioma include
inherited variants in the four genes (SDHA, SDHB, SDHC and SDHD) encoding subunits of

succinate dehydrogenase (SDH), an enzyme of the mitochondrial tricarboxylic acid cycle
and complex Il of the electron transport chain. In heterozygous variant carriers, somatic
loss of heterozygosity is thought to result in tumorigenic accumulation of succinate and
reactive oxygen species. Inexplicably, variants affecting the SDHB subunit predict worse
clinical outcomes. Why? Here we consider two hypotheses. First, relative to SDH A, C

and D subunits, the small SDHB subunit might be more intrinsically ‘fragile’ to missense
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mutations because of its relatively large fraction of amino acids contacting prosthetic
groups and other SDH subunits. We show evidence that supports this hypothesis.
Second, the natural pool of human SDHB variants might, by chance, be biased toward
severe truncating variants and missense variants causing more disruptive amino acid
substitutions. We tested this hypothesis by creating a database of known SDH variants
and predicting their biochemical severities. Our data suggest that natural SDHB variants
are more pathogenic. It is unclear if this bias is sufficient to explain clinical data. Other
explanations include the possibility that SDH subcomplexes remaining after SDHB loss

have unique tumorigenic gain-of-function characteristics, and/or that SDHB may have

additional unknown tumor-suppressor functions.
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Introduction

Pheochromocytoma and paraganglioma (PPGL) are
rare neuroendocrine tumors (Pang et al. 2019, Botta
et al. 2020). Different classes of driver mutations have
been identified, leading to the designation of cluster 1
tumors (driven by defects that trigger a chronic hypoxic
response), cluster 2 tumors (driven by mutations in
WNT signaling pathways) and cluster 3 tumors (driven
by hyperactive kinase signaling pathways) (Castro-
Vega et al. 2015, Fishbein et al. 2017, Taieb & Pacak
2017, Pang et al. 2019). Cluster 1 tumors are particularly

fascinating because a sub-group is driven by inherited
genetic variants in succinate dehydrogenase (SDH).
This mitochondrial enzyme catalyzes a step of the
tricarboxylic acid cycle and serves as complex II of the
electron transport chain. SDH is comprised of four
nuclear-encoded subunits, A, B, C and D (Fig. 1A). The
SDH heterotetramer is found across all kingdoms of life
and is highly conserved through evolution. According
to the current hypotheses (Pang et al. 2019, Buffet et al.
2020), heterozygous carriers of a wildtype SDH subunit
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Figure 1
Approach to hypothesis test. (A) SDH subunit structure based on porcine
complex 1ZOY in pdb. (B) Operating hypothesis.

allele and a predisposing SDH variant subunit allele are
asymptomatic but at risk for stochastic somatic loss of
heterozygosity (LOH) removing the functional SDH
subunit gene. When such LOH occurs in a susceptible
tissue, PPGL may result. After LOH, deleterious genetic
variants in any of the four SDH subunits or a crucial
assembly factor (Buffet et al. 2020) presumably result
in diminished (or zero) residual SDH activity with
accumulation of tumorigenic levels of succinate and
reactive oxygen species (ROS) (Selak et al. 2005, Smith
et al. 2007, Liu et al. 2020). In the case of succinate
accumulation, tumorigenesis is thought to result from
the ability of succinate to poison dozens of cellular
dioxygenase enzymes, including those responsible for
marking HIF transcription factors for degradation in
normoxia (Selak et al. 2005, Her & Maher 2015) and those
responsible for epigenetic demethylation of histones
and DNA (Smith et al. 2007, Letouze et al. 2013). There is
evidence that synergy between chronic pseudohypoxic
signaling and derangement of DNA methylation
then drives tumorigenesis (Morin et al. 2020). ROS
accumulation in SDH-loss cells reportedly results from
iron overload (Liu et al. 2020), with the potential to drive
reduction/oxidation (REDOX) reaction imbalance.

Our fundamental tumorigenesis model for this
study is shown in Fig. 1B. We assume that SDH subunit
variants inhibit SDH activity to different extents.
After LOH, only a subset of variants are sufficiently
biochemically severe to drive succinate and/or ROS
accumulation above some tumorigenic threshold in
susceptible neuroendocrine cells. We further assume
that tumor penetrance, severity and metastasis are
then dependent on the levels of accumulated succinate
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and ROS, meaning that variants with less residual
SDH activity are more pathogenic. By this reasoning,
it is not prognostically adequate to note only which is
the variant subunit, but it is necessary to consider the
biochemical impact of the particular inherited variant
on SDH activity. A related hypothetical model has also
recently been proposed (Bayley & Devilee 2022).

Clinicians have long appreciated that PPGL in
carriers of SDHB variants tend to present with a more
aggressive clinical phenotype, including increased risk
of metastatic disease (Andrews et al. 2018, Hescot et al.
2019, Lee et al. 2019, Muth et al. 2019, Rijken et al. 2019).
More than 40% of SDHB variant carriers are reported
to have developed PPGL by age 70 (Jochmanova et al.
2017, Rijken et al. 2019), and about 60% of the tumors
have been reported to metastasize (Jochmanova et al.
2017). These values are substantially higher than for
other SDHx variants, resulting in the adage that ‘B is
bad’. The basis for this SDHB effect is unknown, and
it persists as one of several paradoxes associated with
PPGL. The result appears counterintuitive if biochemical
severities of SDH variants are equally likely for different
SDH subunits, as loss of function of any subunit would
presumably inactivate the SDH complex.

Here, we consider possible biochemical
population genetic hypotheses to explain why ‘B is
bad’. First, we explore the possibility that the SDHB
subunit is intrinsically ‘fragile’ to missense variants,
hypothesizing that SDHB has a relatively high density
of amino acid residues that make essential contacts to
other SDH subunits and to crucial iron-sulfur cluster
prosthetic groups and their insertion cue residues. If
the biochemical severity (i.e. non-conservative amino
acid side chain character) of missense variants is
comparable among SDH subunits, this SDHB ‘fragility’
would predict that random missense variants would
be more likely to be deleterious for SDHB. In such
a scenario, detection of an SDHB missense variant
would imply greater biochemical severity and greater

and

pathogenic probability and account for the ‘B is bad’
adage. Second, we explore the actual distribution of
variant types (truncating vs missense variants) and
predicted biochemical severity of missense variants
among extant SDH subunit genes, hypothesizing that,
by chance, more naturally occurring SDHB variants in
the human population happen to have biochemically
severe consequences than for other SDH subunits. Such
a scenario would also explain why ‘B is bad’.
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Materials and methods
SDH subunit interface area

Interface area (IA) between SDH subunits was calculated
from the porcine x-ray crystal structure (pdb: 1ZOY (Sun
et al. 2005)) by two methods. First, PyMOL (Version 2.0
Schrédinger, LLC) was used to determine the surface area
(A2) for each subunit and each combination of subunits
(e.g. A-B interface, B-C interface, etc., as detailed in
supplemental materials). For example, the interface surface
area between subunits A and B (IA, p, in units of A2) was
calculated according to Equation 1:

(SAsubunits A+B) - (SAsubunit 4t S. subunit B) (1)

14, 5=
A,B )

where SA is surface area. The interface area was then
divided by the total surface area for the subunit to
give the percent of the subunit surface area involved in
interface with other SDH subunits.

The proportion of interface for each SDH subunit
was also calculated in terms of inter-subunit amino
acid contacts using the Protein Contact Atlas resource
(Kayikci et al. 2018) (http://www.mrc-lmb.cam.ac.uk/
pca/) applied to pdb: 1ZOY. Dividing the sum of inter-
subunit amino acid contacts by the total number of
amino acids in each SDH subunit produced an interface
contact per amino acid statistic for each subunit.

Essential molecular features for subunits

Essential molecular features (EMFs) of SDH were defined
as flavin adenine dinucleotide (FAD), heme, ubiquinone
(UBQ), Fe-S clusters, and the I/LYR residues of SDHB
(tripeptides at positions 44-46 and 240-242 essential for
placement of Fe-S clusters) (Saxena et al. 2015). The total
number of amino acid contacts with EMF was determined
for each SDH subunit using the Protein Contact Atlas
(Kayikci et al. 2018) (http://www.mrc-lmb.cam.ac.uk/
pca/) applied to pdb: 1ZOY. Dividing EMF contacts for
each SDH subunit by the total number of amino acids in
that subunit produced an EMF contact per amino acid
statistic for each subunit.

SDH variant database

Four databases were used to compile a comprehensive
collection of unique human SDH variants: (i) Genome
Aggregation Database (gnomAD; https://gnomad.
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broadinstitute.org/); (ii) Leiden Open (Source) Variation
Database (LOVD); Database (https://www.lovd.nl/);
(iii) ClinVar (National Center for Biotechnology
Information, https://ncbi.nlm.nih.gov/clinvar/); and
(iv) Mayo Clinic Division of Endocrinology PPGL case
database (Hamidi et al. 2017).

Truncating vs missense variants

Variants were categorized as truncating or missense.
Truncating variants introducing
premature stop codons, altering splice acceptor/donor
nucleotides, and/or frameshift mutations. Missense
variants produce amino acid substitutions. Synonymous
variants were not included in this analysis. Normalized
truncation location was calculated as the affected amino
acid position, divided by the total number of amino acids
in the subunit, and reported as a percentage.

included variants

Prediction of missense variant biochemical severity

Two approaches were used to predict the biochemical
severity of missense variants. First, an ad hoc impact
score was calculated. The Protein Contact Atlas (http://
www.mrc-lmb.cam.ac.uk/pca/) was applied to pdb: 1ZOY
(Sun et al. 2005) to determine the proximity of each SDH
missense variant to subunit interfaces and EMFs. An ad
hoc biochemical severity score was based on the premise
that amino acid substitutions are more likely to be
disruptive to SDH activity if chemically nonconservative
and to the extent that they occur in proximity to subunit
interfaces and/or EME Ad hoc biochemical severity
scores (larger score for more disruptive variants) were
assigned as follows:

1. Direct contacts: score 3 if <25% of variant contacts
involve an SDH subunit interface; score 4 if >25% of
variant contacts involve an SDH subunit interface;
score 8 if variant directly contacts an EMF (except
score 1 for direct contact to heme where physiological
function is debated).

2. Indirect contacts: score 1 if <25% of variant contacts
involve an SDH subunit interface; score 2 if >25% of
variant contacts involve an SDH subunit interface;
score 2 if indirect contacts to EMF (except score 1 for
indirect contact to heme).

3. The evolutionary conservation of the amino acid
substitution (BLOSUM) was assigned using the
Blocks Substitution Matrix (BLOSUMG62 (Henikoff &
Henikoff 1992)).
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4. An arbitrary base (B) weighted by the negative power
of the BLOSUM score was created as the multiplier to
account for the degree of conservation of the amino
acid substitution. Here, the assigned value of B was 2.

The ad hoc biochemical severity score (I) was then
calculated using these values according to Equation 2:

1= (Direct 7 + Indirect g; + Direct gy + Indirect EMF)
xg(~BLOSUM) 2)
where subscript SI refers to subunit interface contact
counts and subscript EMF to EMF contact counts. The
supplemental materials include the SDH variant database
and an interactive missense variant formula where the
user can explore how the value of B (weighting of the
contribution of amino acid side chain conservation) affects
the ad hoc severity score.

The biochemical severity of missense variants was
independently estimated according to evolutionary
tolerance for amino acid substitutions using the Sorting
Intolerant from Tolerant (SIFT) tool (Sim et al. 2012).
Default program settings were used. In this case, lower
scores predict more disruptive variants. It should be noted
that, like the ad hoc severity score calculated in this work,
SIFT also considers the BLOSUM matrix. The two methods
are thus not completely independent.

Results

We set out to explore the possibility that SDHB variants
are more penetrant and likely to drive malignancy because
the average SDHB variant is more biochemically severe,
resulting in a greater loss of SDH activity and greater
accumulation of succinate and/or ROS. We considered two
hypotheses. First, we studied intrinsic features of the SDHB
subunit that might make random amino acid substitutions
more damaging to SDH activity compared to random
substitutions in the A, C or D subunits. Second, we studied
a collection of actual human SDH subunit variants to test
the possibility that, by chance, actual SDHB variants in the
population tend to be more biochemically severe.

Intrinsic fragility of the SDHB subunit

Inspection of the porcine SDH crystal structure
(Fig. 1A) reveals the tertiary and quaternary structure
of the complex and distribution of prosthetic groups,
including FAD (SDHA), three Fe-S clusters (SDHB) and
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UBQ and heme groups (SDHC and SDHD). It is evident
that SDHB is small and sandwiched between the other
three subunits, suggesting that its relative fraction of
contact surface area is high. This, together with conserved
amino acids in SDHB that form Fe-S clusters and two I/
LYR tripeptides of SDHB required for cueing this process
(Saxena et al. 2015), suggests that SDHB might be unique
among SDH subunits in its density of sensitive amino
acids contacting interfaces and EMFs. This concept is
depicted schematically in Fig. 2.

We confirmed this intuition by two kinds of
calculations based on the SDH structure (Table 1). For
each SDH subunit (Table 1, column 1), we used molecular
modeling (supplemental methods, see section on
supplementary materials given at the end of this article)
to calculate the surface area (Table 1, column 2), interface
surface area (Table 1, column 3) and fractional interface
surface area (Table 1, column 4). These calculations
reveal that 40% of SDHB surface area forms interfaces
with other SDH subunits, compared to only 28% for
the C and D subunits, and only 13% for the large SDHA
subunit. This implies that random missense variants are

66

12 (heme) 11 (heme)

Figure 2

Schematic illustration of SDH subunits and amino acid contacts. Mature
SDH subunit size (amino acids) is indicated along with contacts with
interfaces and prosthetic group (FAD, Fe-S clusters, heme) or prosthetic
group insertion signals (I/LYR motifs) from Protein Contact Atlas), based
on porcine complex 1ZOY in pdb.

https://eo.bioscientifica.com
https://doi.org/10.1530/EO-22-0093

© 2023 the author(s)
Published by Bioscientifica Ltd.

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0
International License.

QOB


https://doi.org/10.1530/EO-22-0093
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

END
ONC

CRINE
LOGY

L Gruber et al.

Table 1 SDH subunit structural features.a

3:1 | €220093

Fraction Interface contacts, S EMF contacts, Total contacts,
SDH subunit (L)b Surface (A2) Interface surface interface (S/L) F(F/L) S+F ((S+F)/L))
A (622) 22,383 2795 0.13 192 (0.31) 35¢(0.06) 227 (0.36)
B (252) 13,222 5247 0.40 330 (1.31) 394 (0.15) 369 (1.46)
C(140) 11,445 3226 0.28 187 (1.34) 12¢(0.09) 199 (1.42)
D (103) 7618 2116 0.28 97 (0.94) 111(0.11) 108 (1.05)

Bold values indicate greatest value in column.

aCalculated from data in PDB:1ZOY using Pymol and Protein Contact Atlas; PMature subunit length in amino acids, based on the following encoded
lengths and mitochondrial targeting peptides: SDHA, 664, 1-42; SDHB, 280, 1-28; SDHC, 169, 1-29; SDHD, 159, 1-56.; <Contacts involving FAD; dContacts
involving iron-sulfur clusters and ubiquinone (33), and I/LRY motifs (6); eContacts with heme; fContacts with heme.

more likely to be biochemically deleterious in SDHB than
the other SDH subunits.

We then employed the Protein Contact Atlas
resource (Kayikci et al. 2018) to compare the numbers of
SDH subunit amino acids that make direct and indirect
contacts with other subunits (Table 1, column 5) and
with EMFs (Table 1, column 6). Interestingly, while the
total number of interface contacts is highest for SDHB,
the proportion of subunit amino acids relative to subunit
chain length is actually highest for SDHC (Table 1,
column 5). The number and proportion of EMF contacts
are highest for SDHB (Table 1, column, 6). Both total
contacts and their relative proportion to subunit size
are also the highest for SDHB, with SDHC slightly lower
(Table 1, column 7). We conclude that the structure of
the SDH complex implies that SDHB is somewhat more
‘fragile’ than other SDH subunits: random amino acid
substitutions in SDHB are more likely to be deleterious
simply because of SDHB structure.

SDHB fragility estimated from
evolutionary conservation

The SIFT tool (Sim et al. 2012) also offers an objective
approach to compare SDH subunits for the number
and proportion of amino acid positions predicted to
be intolerant to substitution based on evolutionary
conservation. We estimated SDH subunit fragility
by calculating the number of amino acid positions
showing evolutionary tolerance for four or fewer amino
acid substitutions (Table 2, column 3) and expressed
this number as a fraction of all subunit amino acids
well-aligned over evolution (Table 2, column 4). SDHB
shows the greatest fraction of such intolerant amino acid
residues. We conclude from evolutionary conservation
that SDHB is the most sensitive to nonconservative
amino acid variants, with other SDH subunits being
less fragile.

Table 2 SDH subunit fragility based on SIFT.

Aligned Positions tolerating
positionst four or fewer
SDH subunit (1)2 P) substitutions (5) Fraction (P/S)
A(622) 475 246 0.52
B (252) 187 106 0.57
C(140) 100 38 0.38
D (103) 93 49 0.53

Bold indicates greatest value in column.
aMature subunit length in amino acids; PNumber of amino acid positions
with SIFT alignment score of 1.0.

Estimating biochemical severities of actual SDH
subunit variants in the actual human population

We also wished to test the hypothesis that actual SDHB
variants in the human population are, by chance, more
biochemically deleterious. We assembled a composite
SDH variant database combining records from gnomAD,
clinvar, LOVD, and Mayo Clinic (see the ‘Materials and
methods’ section). As shown in Table 3, this database
(Supplemental spreadsheet) identifies 2171 unique SDH
variants, including variants in SDHA (811, 37%), SDHB
(668, 31%), SDHC (306, 14%) and SDHD (386, 18%).
These SDH variants were identified in a pool of 214,805
total SDH variant genomes, distributed as: SDHA (83,641,
38.9%), SDHB (6536, 3.0%), SDHC (2724, 1.3%) and SDHD
(121,904, 56.8%). The numbers of unique SDH variants
per subunit coding region length were 1.22 (SDHA), 2.39
(SDHB), 1.81 (SDHC) and 2.43 (SDHD).

Truncating variants

We assumed that truncating variants are, on average,
more biochemically deleterious than missense variants.
We therefore compared the fraction of unique truncating
SDH variants for each SDH subunit (Table 3, column 3).
Unique truncating variants were less common overall
than missense variants, and the fraction of unique
truncating variants is slightly higher for SDHD (46%)
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Table 3 Truncating vs missense SDH variants.

SDH subunit  Variant type n (%)a

A Total 83,641 (100%, 38.9%)
Missense 83,344 (99.6%, 38.8%)
Truncating 297 (0.4%, 0.14%)

B Total 6536 (100%, 3.0%)
Missense 6133 (93.8%, 2.9%)
Truncating 403 (6.2%, 0.19%)

C Total 2724 (100%, 1.3%)
Missense 2572 (94.4%, 1.2%)
Truncating 152 (5.6%, 0.07%)

D Total 121,904 (100%,56.8%)
Missense 121,681 (99.8%, 56.6%)
Truncating 223 (0.2%, 0.1%)

Bold indicates highest truncating percentage in column
an, variants as number (percent for subunit, percent overall) of total
genomes (214,805).

than SDHB (45%). To understand apparent prognostic
risk for truncating variants in any SDH subunit, we
calculated the fraction of truncating variants in all
sequenced genomes in the database. This calculation
indicates that an individual selected at random from
the population of all individuals with SDHB variants has
the highest likelihood of carrying a truncating variant
(6.2%, Table 3, column 3), with SDHC truncating variant
prevalence being slightly lower (5.6%).

Missense variants

We sought to predict the biochemical severities of unique
SDH missense variants and the distribution of these
predicted biochemical severities among SDH subunits.
For this analysis, we applied two methods to estimate the
biochemical severity of missense variants according to
Equations 3-5.

First, we developed an ad hoc scoring algorithm
(see ‘Materials and methods’) that leveraged the known
porcine SDH x-ray crystal structure (Sun et al. 2005),
the Protein Contacts Atlas tool (Kayikci et al. 2018) and
the BLOSUMG62 matrix (Henikoff & Henikoff 1992) that
quantitatively evaluates evolutionary conservation
of amino acid side chain biochemical properties. The
parameters of the ad hoc scoring function ("Materials
and methods’ section, Equation 2, supplemental
spreadsheet) can be adjusted for comparative purposes.
The ad hoc scoring function was applied to all SDH
missense variants in our database. Results are shown in
column 2 of Table 4. Interestingly, this approach predicts
that unique missense SDHB variants in the human
population are more deleterious than missense variants
in other SDH subunits.

31 | €220093

Second, we applied the well-established SIFT algorithm
to score missense variants for biochemical severity based
on evolutionary conservation. The results are shown in
column 3 of Table 4. Interestingly, the SIFT algorithm
also predicts that the unique SDHB missense variants
are more biochemically severe than other SDH subunit
missense variants (Table 4, column 3). In summary, two
pathogenicity prediction methods predict that the known
unique missense variants in SDHB are more severe than the
missense variants in other SDH subunits.

Discussion

Clinicians have been taught to assign familial PPGL
risk on the basis of the involved SDH subunit. This
is an obvious oversimplification because individual
variants differ in biochemical severity. In this study, we
assume that the degree of SDHx variant pathogenicity
(PPGL tumorigenicity, aggressiveness and metastasis) is
determined by the biochemical effect on SDH activity
revealed after LOH - the lower the residual SDH activity,
the greater the pathogenicity of the variant. Our work
extends important prior studies that have connected SDH
variant genotype to phenotype in PPGL (Ricketts et al.
2010, Saxena et al. 2015, Jochmanova et al. 2017, Andrews
et al. 2018, Benn et al. 2018, Hescot et al. 2019, Lee et al.
2019, Muth et al. 2019, Bayley et al. 2020). Interestingly, a
previous study monitored metabolites in tumor specimens
representing 24 SDHB mutants, 2 SDHC mutants and 19
SDHD mutants (Richter et al. 2014). Individual genotypes
are not presented for most of these cases, preventing
prediction of variant pathogenicity. The metabolite
results nonetheless tend to support the notion of intrinsic
SDHB fragility: while levels of succinate accumulation
are similar between different SDHx mutations, levels of
fumarate (the product of the SDH-catalyzed reaction)

Table 4 Ad hocand SIFT mean scores for unique missense
SDH variants

SDH subunit Mean score unweighted
Ad hoca SIFTb
A 3.2 0.18
B 15.0 0.16
C 10.3 0.24
D 10.0 0.40

Bold indicates the most deleterious mean in column.
aAd hoc score: by convention, higher score indicates more deleterious;
bSIFT score: by convention, lower score indicates more deleterious.
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were lower for SDHB mutant tumors than for SDHC and
SDHD mutants.

‘B is bad’: SDHB fragility?

We show that intrinsic structural characteristics of the
SDH enzyme subunits imply that random missense
mutations are more likely to be biochemically
deleterious in the small SDHB subunit. SDHB is fragile
because of its relatively high density of amino acid
residues contacting other subunits and EMFs. SDHB
fragility is demonstrated by surface area calculations,
contact inventories, and greater predicted intolerance
to non-conserved amino acid substitutions based on
evolutionary alignments. These observations support
the hypothesis that random SDHB missense variants
are more penetrant and malignant simply because they
are more disruptive to SDH activity, resulting in higher
succinate and ROS accumulation than missense variants
in other SDH subunits. What remains unclear is whether
this differential SDHB fragility (Table 1 and Table 2) is
sufficient to explain the striking excess clinical risk for
PPGL patients carrying SDHB variants.

‘B is bad’: population distribution of actual
SDH variants?

We created a database of actual SDHx variants to investigate
the distribution of predicted variant biochemical severity.
The fraction of truncating variants is marginally higher
for SDHB than SDHC for all sequenced genomes (Table 3).
When considering patients with clinical disease (PPGL),
a prior study also showed truncating variants in SDHB
were most common followed by missense variant in SDHB
and truncating variants in SDHD (Bayley et al. 2020).
Thus, these results tend to support a hypothesis that
SDHB variants in the human population are, by chance,
more likely to be severe truncating variants. However, the
difference between SDHB and SDHC is not large, again
making it questionable whether this statistical effect
accounts for striking clinical differences.

In addition to these findings, we estimated the
biochemical severity of each unique SDHx missense
variant in our database. Both ad hoc and conventional
scoring methods were used, predicting the unique SDHB
missense variants in the human population to be more
biochemically severe than other SDH subunit variants
(Table 4).

These data related to structural and statistical
explanations for the uniquely pathogenic impact of
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SDHB variants on PPGL outcomes marginally support
the original hypotheses. We show several lines of
structural evidence that the SDHB subunitis intrinsically
fragile to amino acid substitution variants relative to
other SDH subunits. Based on an actual database of
SDH variants, we also show that unique SDHB missense
variants in the population are marginally more likely
to be severe truncation mutations (Table 3). Unique
SDHB missense variants in the human gene pool are also
predicted to be marginally more deleterious. It remains
questionable whether the observed trends in SDHB
variant biochemical severity are sufficient to explain the
striking clinical severity of SDHB variants.

Future efforts could be directed to estimate the
prevalence of all unique truncating and missense SDH
variants in the human population in order to test the
additional hypothesis that more deleterious SDHB variants
happen to be, by chance, overrepresented relative to
deleterious variants in other SDH subunits.

‘B is bad": alternative explanations

Beyond hypothetical structural and statistical
explanations for SDHB variant penetrance and
malignancy proposed here, there are at least two
obvious alternative explanations for the special negative
consequences associated with SDHB variants. The
first possibility is that loss or dysfunction of the SDHB
subunit leaves a uniquely pathogenic configuration
of residual SDH polypeptides. For example, it has been
reported that knockdown of SDHB or SDHC subunits
yields a persistent complex containing SDHA and
accessory factors (ClI, ) (Bezawork-Geleta et al. 2018).
In contrast, knockdown of SDHA leads to degradation
of both SDHB and SDHC (and presumably SDHD). There
is also evidence in yeast that SDH1 (the yeast ortholog
of SDHA) persists upon loss of SDH2 (the yeast ortholog
of SDHB) (Smith et al. 2007). Both of these results
suggest the possibility that the residual SDHA subunit
might result in pathogenic consequences that would
differentiate SDHA loss from variants in other subunits.
However, it is unclear how rogue residual SDHA activity
would explain the particular pathogenicity of SDHB loss.
It has long been suggested that loss of any other SDH
subunit destabilizes SDHB (Gill et al. 2010), suggesting
that loss of SDHB, C or D should all generate the same
residual SDHA (and CII,,,) proteins. It remains possible
that the activities of residual SDH subunits are subtly
different for cases where SDHB is never assembled vs
cases where it is assembled but then degraded.
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Another possibility is that SDHB performs an
additional unknown tumor-suppressor function beyond
itsrole as an SDH subunit. Although such a special role for
SDHB has not been detected in S. cerevisiae, other aspects
of SDH function in budding yeast are illuminating.
For example, the yeast SDHC ortholog (SDH3) has
been shown to play an unexpected moonlighting role
as part of the yeast TIM22 protein translocase of the
mitochondrial inner membrane (Gebert et al. 2011).
Likewise, the S. cerevisiae SDH3 and SDH4 genes both
have expressed paralogs, SHH3 and SHH4, believed to
have arisen by genome duplication. These proteins may
partially substitute for one another, complicating yeast
SDH genetics. These insights from budding yeast serve
as reminders that unexpected human SDH genetic and
biochemical complexities are possible. Exploring these
fascinating possibilities will be an important goal for
future research.
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