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Summary

Huntington’s disease (HD) is a monogenic neurodegenerative disorder with one causative gene,
huntingtin (HTT). Yet, HD pathobiology is multifactorial, suggesting that cellular factors influence
disease progression. Here, we define HTT protein-protein interactions (PPIs) perturbed by the
mutant protein with expanded polyglutamine in the mouse striatum, a brain region with selective
HD vulnerability. Using metabolically labeled tissues and immunoaffinity purification-mass
spectrometry, we establish that polyglutamine-dependent modulation of HTT PPI abundances
and relative stability starts at an early stage of pathogenesis in a Q140 HD mouse model. We
identify direct and indirect PPIs that are also genetic disease modifiers using in-cell two-hybrid
and behavioral assays in HD human cell and Drosophila models, respectively. Validated, disease-
relevant mHT T-dependent interactions encompass mediators of synaptic neurotransmission
(SNAREs and glutamate receptors) and lysosomal acidification (V-ATPase). Our study provides
a resource for understanding mHTT-dependent dysfunction in cortico-striatal cellular networks
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partly through impaired synaptic communication and endosomal-lysosomal system. A record of
this paper’s Transparent Peer Review process is included in the Supplemental Information.
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No therapy has been approved to slow Huntington’s disease (HD) progression. Here, we profiled
the perturbation of protein interaction levels and stabilities due to mutant huntingtin in HD mice.
High value disease modifier candidates were pinpointed by their persistence in human cells and
impact on motor performance in HD flies.
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Introduction

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder that
clinically manifests with progressive motor dysfunction and cognitive abilities, and increases
in psychiatric issues (Bates et al., 2015). In contrast to Alzheimer’s and Parkinson’s
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diseases, HD is a monogenic disorder, caused by a trinucleotide CAG repeat expansion

in exon 1 of the huntingtin (H77) gene (MacDonald et al., 1993). The number of CAG
repeats is inversely correlated with the onset of clinical symptoms (Ross and Tabrizi,

2011). The CAG expansion results in a mutant protein (mHTT) with an expanded tract

of glutamine (polyQ) residues located at the N-terminus of HTT. mHTT is widely expressed
in most tissues, yet neurodegeneration is selective (Carroll et al., 2015; MacDonald and
Gusella, 1996; Vonsattel, 2008). The predominant neuropathological phenotype in HD
patients is a corticostriatal degeneration of white and gray matter, with selective loss of
medium spiny neurons in the striatum and pyramidal neurons in the cortex (Waldvogel

et al., 2014). Neuroimaging studies show that the loss of grey matter and white matter

tracts occurs prior to disease onset (Ciarochi et al., 2019; Poudel et al., 2019). Consistent
with this observation, the cellular pathobiology of HD precedes the onset of clinical
symptoms (Ross and Tabrizi, 2011). These features of HD can be recapitulated in HD mouse
models, where abnormal protein processing and aggregation, and impairment of cellular
homeostasis have been documented prior to the development of symptoms (Ast et al., 2018;
Hodgson et al., 1999; Schilling et al., 1999). Indeed, the pathogenic potential of mHTT is
consequential given the wild-type protein has been implicated in diverse cellular processes,
including autophagy, endocytosis, vesicular trafficking, synaptic transmission, mitochondria
homeostasis, transcription/translation (reviewed in Saudou et al., 2016), and more recently,
DNA repair (Gao et al., 2019; Maiuri et al., 2019). Cellular processing of full length mHTT
leads to production of N-terminal mHTT fragments containing the expanded polyQ tract,
which can readily self-aggregate (DiFiglia et al., 1997; Scherzinger et al., 1997), and form
higher order structures, including oligomers (Kim et al., 2016), p-sheet rich amyloid fibrils
(Scherzinger et al., 1999), and ultimately, large insoluble aggregates. The role of these
distinct molecular assemblies as disease drivers or in maintaining cellular homeostasis is

an active area of research (Wanker et al., 2019). The early molecular changes that are
initiated by mHTT and how these changes are propagated across signaling networks to
promote cellular dysfunction remain incompletely understood. Therefore, while HD etiology
is monogenic, HD pathobiology is complex and likely involves disease-modifying factors
that have unique roles in specific brain regions.

Cell type specific regulation of protein complex dynamics is one potential disease-modifying
factor. A single protein can participate in different biological processes as a component of
distinct protein complexes (Antonicka et al., 2020; Banks et al., 2020; Joshi et al., 2013).
These functional protein assemblies can be spatially and temporally regulated within a

cell and may contain numerous protein interactions with a range of dynamic properties
from stable to transient (Budayeva and Cristea, 2014; Hashimoto et al., 2020; Liu et

al., 2016; Przytycka et al., 2010). The majority of human diseases are associated with
dysregulation of protein interactions (Bergendahl et al., 2019; Vanunu et al., 2010), which
can be linked to alterations in protein localization, folding, posttranslational modifications,
and abundance (Jean Beltran et al., 2017; Lapek et al., 2017; Nishi et al., 2013). Therefore,
identifying disease-modulated protein interactions in the context of HD can provide insights
into affected cellular pathways and targets for therapeutic interventions (Kaltenbach et al.,
2007). Given that HTT is a relatively large protein (~350 kDa) with unique conformational
states (see above), it is not surprising that previous studies have found numerous interacting
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partners, which have been curated in the HD explorer portal (Aaronson et al., 2021; Wanker
et al., 2019). This knowledge was primarily accrued through large-scale two-hybrid and
mass spectrometry-based approaches (Culver et al., 2012; Goehler et al., 2004; Kaltenbach
etal., 2007; Kim et al., 2016; Ratovitski et al., 2012; Ripaud et al., 2014; Shirasaki et al.,
2012; Tourette et al., 2014; Wang et al., 2009; Zhao et al., 2018). Together, experimental
and bioinformatics strategies have driven the discovery of functionally relevant HTT PPlIs.
For example, HAP40 (F8A1) was found to co-purify with HTT in human cells and mouse
tissues (Peters and Ross, 2001), and recent structural studies have established that this
protein represents a direct HTT interacting partner, binding primarily to the latter’s HEAT
domains (Guo et al., 2018; Harding et al., 2019). The HTT/HAP40 complex was shown to
participate in endocytosis as a Rab5 effector and was linked to dysfunctional endosomal
dynamics in striatal cells isolated from an HD mouse model (Pal et al., 2006). PPI studies
have also provided evidence of mMHTT-dependent interactions with proteins that have roles
in axonal transport, autophagy, and transcription (reviewed in (Wanker et al., 2019)). While
these studies have provided new insights into HTT protein functions, it remains unknown
which HTT interactions are proximal modulators of disease progression. A systematic,
quantitative assessment of HTT PPI polyQ dependency in disease relevant brain regions,
such as the striatum, is lacking.

Quantitative proteomic approaches are well suited for understanding the multi-factorial
regulation of PPIs. To uncover the dynamics of protein interactions, our group has
previously designed a complementary immunoaffinity purification approach using parallel
label-free and isotope-labeled quantitative mass spectrometry, which we applied to
investigate lysine deacetylases in T cells (Joshi et al., 2013). The integration of label-

free and metabolic labeling IP-MS allowed us to determine PPI specificity and relative
stability, i.e., stable versus transient/on-off associations. Here, we have further developed
this approach to transition it from cell culture systems to animal models by using heavy
isotope-labeled mouse brain tissue. Using this strategy in an HD mouse model containing
an expanded Htt-Q140 polyglutamine stretch, we identified striatal-derived Htt PPIs that
are altered in their interaction levels and/or stability at early and later stages of HD
pathogenesis. In addition, we validate and further support the disease relevance of identified
polyQ length-dependent striatal PPIs using bioluminescence-based two-hybrid assays in

a human HD cell model and behavioral assays in an HD fly model. Overall, our study
pinpoints Htt interactions that are polyQ-dependent, identifying direct and indirect binding
partners, as well as genetic modifiers, and providing a resource for future studies on the
regulation of cellular pathways during HD.

The levels and functional classes of mHtt protein interactions in the striatum are unique to
the disease state.

We investigated the protein interaction landscape of Htt from the degenerating striatum as
a function of polyQ and disease state in a knock-in HD mouse model (Zheng et al., 2012)
(Fig 1A-B). The HD mouse model contained knock-in of an N-terminal 3XxFLAG epitope
tag and human HTT exonl with either a normal (Q20) or expanded (Q140) polyglutamine
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(polyQ) tract. An expanded polyQ of this length has been shown to cause behavioral

and neuropathological phenotypes in mice similar to the human disease (Hickey et al.,
2008; Menalled et al., 2003). HD mice were evaluated at 2- (2m) and 10-months of age
(10m), which were selected to represent an early and later stage of Q140 HD mouse

model pathogenesis. The FLAG-tagged variants have no apparent abnormalities compared
to untagged mice and have been successfully used to isolate Htt-containing complexes from
whole brain of juvenile mice (Culver et al., 2012). The FLAG tag allowed integration of
label-free and metabolic labeling immunoaffinity purification-mass spectrometry (IP-MS)
(Greco et al., 2016; Tackett et al., 2005).

We first employed label-free immunoaffinity purification to determine the specificity of Htt
interacting partners and their polyQ-dependence (Fig 1A & B, fgp). To optimize isolation of
FLAG-HItt, we performed pilot IP experiments in whole brain. Following tissue disruption
and solubilization, the yield of FLAG-Hitt in soluble fractions from HrXFlag@20/* (Q20) and
HrtxFlagQ140/+ (140) tissues in 2-month mice was >95%, and anti-FLAG immunoisolation
showed adequate efficiency (~70%) as assessed by western blotting (Fig 1C and S1A).

As an additional control, we confirmed that mHtt from Q140 tissues was co-isolated with
its known high-affinity interacting partner, Hap40 (Peters and Ross, 2001), and both were
enriched >1000-fold compared to control isolations (Fig 1D, WB).

Given these confirmatory results, we proceeded to isolate Htt complexes from the striatum,
the region of the brain that is most affected in HD (Waldvogel et al., 2014). Htt was isolated
from striatal tissues dissected from Q20 and Q140 mice at 2m and 10m. The ability to
isolate soluble FLAG-Htt was not affected by polyQ length or disease stage (Fig S1B).
Similar to whole brain, Hap40 was co-isolated with Htt from the striatum (Fig 1E). We
observed a modest polyQ-dependent relative increase in the Hap40 association (~40%) at
2m, but not at 10m (Fig 1E). Other previously identified Htt interactions were detected,
including the mitochondrial phosphate carrier protein (Slc25a3) and contactin-1 (Cntn1)
(Kaltenbach et al., 2007; Shirasaki et al., 2012), the former of which was a genetic disease
modifier in an HD transgenic fly model (Shirasaki et al., 2012). The interaction levels of
these proteins showed an increasing polyQ length-dependent trend, with significance for
Cntnl at 10m (Fig 1E).

Having confirmed the enrichment of known Htt interactions in the FLAG IPs, we performed
computational analysis of all co-isolated proteins to establish a broader pool of candidate Htt
PPIs (Fig 1B, fop). Prior to specificity filtering, the numbers and abundance distributions of
proteins were similar across IP samples (630+9 proteins, Fig S1D-E). Interaction specificity
was assessed by SAINT, a probabilistic scoring algorithm for affinity purification datasets
(Choi and Nesvizhskii, 2008; Choi et al., 2011). Based on the overall score distributions

and the scores of previously detected Htt interactions (Aaronson et al., 2021)(Fig S2A-D),

a SAINT probability of > 0.80 was selected to assign putative HTT interaction candidates.
A total of 278 proteins passed this score threshold in at least one sample group (Table S1
and Fig S1D), 72 of which have not been previously annotated as HTT interacting proteins
(Aaronson et al., 2021). SAINT PPI scoring is based on spectral counting; however, as
spectral counts are weak measures of protein abundance, differential Htt interactions were
determined using intensity-based quantification of PPI abundances (Fig S1F, Table S2).
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Using principal component analysis, abundance profiles of quantified PPIs clustered closely
within biological replicates, while sample groups demonstrated polyQ dependency (Fig 1G).
We next visualized the degree and pattern of interaction changes as a function of expanded
polyQ and age using hierarchical clustering analysis (Fig 2A). Four of the nine resulting
clusters contained the majority of proteins, which represented increasing interaction levels
(Fig 2A & 2B).

Within the polyQ-dependent clusters, clusters 1 and 2 had the largest relative increases

at 2m. PPIs in these clusters are over-represented in synaptic transmission and signal
transduction associated Reactome pathways (Fig 2C, fgp, and S2E). The functional
interaction network assembled using STRING database relationships (Szklarczyk et al.,
2017) contains an interconnected module of SNARESs and associated proteins (Nsf, Snap25,
Syn1, Syn2), which regulate vesicle trafficking and fusion. Also detected were proteins

that participate in WNT and G;alpha signaling, including protein kinases (Prkcg, Prkar2b,
Csnk2al), phosphatases (PP2A subunits), and other signaling proteins (Gnb5, Pmch) (Fig
3A). The interaction abundances with mHtt were consistently >2-fold relative to the control
(Q20), with the largest increase observed for the vesicle-fusing ATPase Nsf (>50-fold).
Clusters 5, 6, and 7 had more modest polyQ-dependent increases at 2-months, but robust
increases at 10-months (usually >6-fold) (Fig 2A-B). Proteins within these clusters function
in synapse morphogenesis and regulation of the actin cytoskeleton (Fig 2C, middle &
bottom, Fig S2E, & Fig 3B). A smaller subset of proteins shows opposite patterns (clusters
8 & 9) with interactions that are on average decreased due to expanded polyQ; however, the
abundance patterns of PPIs in cluster 8 were less uniform.

To gain further confidence in individual PPI alterations, we next evaluated their polyQ and
age dependence by statistical significance and magnitude of change (Fig 3C-D). PPIs with
an average log2 fold-change = £1.0 and associated p-value <0.05 were considered polyQ
length-dependent. As a control, several Htt PPIs found in previous mouse IP-MS studies

to be largely independent of polyQ length at 2m (Culver et al., 2012; Shirasaki et al.,

2012) were similarly not significantly modulated in our data, including AP2A1, CNTN1
(Fig 1E), HSP90AB1, HSP90AAL, HSPA12A, SYTL, VDACL, and VDAC3. Using the
above criteria, most of the polyQ-dependent PPIs in 2m mice were found to be increased

in association with mHtt (113 of 123), with only 10 PPIs displaying decreased interaction
(Fig 3C). In 10m mice, all significantly mHtt perturbed interacting partners (139 PPIs) were
increased in interaction levels (Fig 3D). The number of unique and shared high confidence
polyQ-dependent PPIs were similar between 2m and 10m mice ( Venn diagram in Fig 3C-D,
and Table S2).

We next evaluated whether polyQ-independent factors may contribute to modulation of Htt
PPIs. Analysis of age-dependent (10m vs. 2m) PPIs in control (Q20) mice found only

34 differential PPIs (Fig S3A-B), suggesting the majority of polyQ-dependent PPIs (Fig
3C) were not age-dependent. However, within the age-dependent interactions, the majority
were also polyQ-dependent (Fig S3B). It is also possible that differential PPIs are driven
by changes in the proteome or transcriptome. A prior study profiled mRNA and protein
levels across tissues from At knock-in HD mouse models with a range of CAG repeat
lengths and at different ages (Langfelder et al., 2016). Using this resource from Langfelder
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et al. (see Methods, PXD003442), we previously re-analyzed the striatal proteomes of

Q140 and Q20 mice at 2m and 10m (Federspiel et al., 2019) using the same label-free
quantification method as for the IP-MS experiments. Based on these omics measurements,
the vast majority of polyQ-dependent PPIs were not altered at the proteome or transcriptome
level in either 2m or 10m mice (Fig S3). These results suggest that polyQ-dependent
differential PPIs are largely associated with the underlying biochemical changes caused

by gain or loss of function of polyQ expansion, and only a minority of polyQ-dependent
PPIs may involve an accelerated aging phenotype or regulation through transcription and/or
translation. Of note, a previous comparison of coexpression network modules between

these transcriptome and proteome datasets and Htt PPIs in BACHD mice (Shirasaki et al.,
2012) showed a functional overlap (Veldman and Yang, 2018). Taken together, this suggests
that mHT T-dependent interactome remodeling and transcriptome/proteome dysregulation
converge on shared cellular pathways but may have different temporality and/or have distinct
molecular targets.

The stability landscape of Htt protein interactions in the striatum reveals a dichotomy in
stabilization between early and later stages of pathogenesis in HD mice

Our identification of polyQ-dependent proteins associated with mHtt (Table S2) suggested
that interactome remodeling is a prominent feature of HD mouse model pathogenesis. Yet,
based on differential interaction levels alone, it remains challenging to determine protein
interactions that are most proximal to disease progression. Towards this goal, we adapted
the complementary isotope-labeling IP-MS approach (Joshi et al., 2013) to use mouse brain
tissues with 13C-lysine incorporation for investigating alterations in Htt interaction stabilities
resulting from expanded polyQ (Fig 1A-B, bottom). Heavy (13C)-labeled wild-type brains
were age-matched to FLAG-Htt control and HD mice and the corresponding lysates were
mixed 1:1 (w:w). FLAG-Htt was affinity purified from the mixed lysate and co-isolated
proteins were quantified by their light and heavy isotopes using mass spectrometry (Fig 1A,
bottom). An identified interaction was considered relatively stable when the isotope ratio,
i.e., 12C (endogenous) / [12C (endogenous) + 13C (reference)] approached one, indicating
the candidate PPI did not exhibit in-solution exchange during the isolation. In contrast,
isotope ratios nearer to 0.5 represented likely fast-exchanging or transient associations. By
combining this isotope-labeled workflow with our label-free IP-MS, we gained a profile of
Htt interaction dynamics (Fig 1B).

Given that this approach for assessing interaction dynamics has previously been
demonstrated only in cellular models (Greco et al., 2016; Joshi et al., 2013; Tackett et

al., 2005) and not in tissues, we first evaluated the reproducibility of isotope-labeled IP-MS
experiments. A higher correlation between isotope protein ratios from biological duplicates
was observed compared to those between different biological samples (Fig S4B, red boxes).
A slight reduction in correlation for 10m versus 2m samples was seen, but this was not
polyQ-dependent. This difference may be connected to the lower signal of endogenous PPIs
at 10m. Overall, relative stability measurements were obtained for 72% (201 / 278) of the
candidate Htt PPIs that were also quantified by label-free IP-MS experiments (Table S3).
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To define the stability landscape of Htt PPIs, we next compared the isotope ratios,

herein referred to as stability ratios (SR), to the average specificity scores from the
label-free IP-MS experiments (Fig 4A). Proteins passing the specificity criteria were
assigned as interactors that are stable (upper-right quadrant) or decreased in stability (upper-
left, SR<0.8) (Fig 4B — C). The structurally characterized Htt interaction, Hap40, was
consistently stable (SR = 1), being independent of mHtt and disease stage. The change in
the number of proteins in these quadrants between conditions suggests a shift in the stability
landscape of Htt interactions. The number of specific and stable proteins increased from 72
to 106 as a function of polyQ length in 2m mice (Fig 4B, /eft vs right), suggesting an overall
stabilizing effect of expanded polyQ. At 10m, we also observed a polyQ-dependent increase
in the number specific and stable PPIs (24 to 36) (Fig 4D, /eft vs right), though the absolute
number of proteins in these quadrants was lower compared to the 2m age. In addition, the
comparison of the stability landscape in Q20 mice at 2m vs. 10m suggests an age-dependent
effect (Fig 4B vs C, Q20). The polyQ-dependent increase in the number of stable PPIs was
consistent with the upward shift in the distribution of protein SR (Fig S4C), which showed a
statistically significant polyQ-dependent increase for 2m, but not 10m mice.

Next, we calculated the SR difference (ASR) between Q140 and Q20 to provide a
quantitative metric for the effect of expanded polyQ on interaction stability. Positive and
negative ASR values reflected increased or decreased relative stability, respectively. The
ASR values for each PPI were compared to polyQ-dependent changes in interaction levels
in 2m and 10m mice (Fig 4D & E). Paralleling polyQ length-dependent changes in its
interaction levels, the vesicle-fusing ATPase, Nsf, also showed increased relative stability at
both 2m and 10m. Two Htt PPIs that can directly interact with Nsf, syntaxin-1b (Stx1b)
and synaptosomal-associated protein 25 (Snap25), were differently impacted by polyQ
depending on age. Stx1b, which is involved in vesicle docking at presynaptic membranes,
had a similar increase in interaction levels as Nsf, but only at 2m and showed no change in
polyQ-dependent stability. In contrast, the interaction levels and relative stability of Snap25
was not influenced by polyQ under these conditions (Fig 4D-E).

To gain an integrative perspective of how PPI dynamics are impacted by polyQ, age,
interaction level, and interaction stability, PPIs were assigned to one of eight classes (four
primary classes and two sub-classes, Tables S4 and S5). The primary classes represent
polyQ-dependent changes in interaction level only (Class 1), level and stability (Class 2),
stability only (Class 3), or neither level or stability (Class 4) (Fig 4F, right vs. left and outer
vs. inner square). Each primary class was divided into sub-classes “A” or “B”, based on
whether the PPI showed (A) transient/decreasing or (B) stable/increasing dynamics. (Fig 4F,
top vs bottom). Finally, PPIs within each of these classes were compared between 2m and
10m (Fig 4F, Venn diagram).

We observed that the majority of polyQ-dependent differential PPIs were not concurrently
altered in their relative stability (Class 1). However, for PPIs with altered stability ratios,
increases predominated over decreases (35 vs. 8 PPIs). Within the same interaction stability
classes, there was less protein overlap (Fig 4F, Venn intersection) than would be predicted
by the respective overlap of differential PPIs (42%, Fig 3C-D). This result suggests that
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mHtt-dependent differences in relative stability are less common than changes in levels, but
the relative stability alterations are more often age-specific in HD mice.

Several functionally relevant Htt interacting partners belonged to different dynamic classes.
For example, Hap40 and contactinl (Cntnl) were stable interactions and not impacted by
expanded polyQ, while catenin beta-1 (Ctnnb1) was one of the 30 PPIs that had increased
interaction levels and became a more stable interaction with mHitt in at least one age (Fig
4D - E, and Fig 4F, c/ass 2B). We also found that five subunits of the Arp2/3 protein
complex (Actr2, Actr3, Actr3b, Arpcla, and Arpc3), which regulates actin polymerization,
were selectively increased in stability at the 2m but not 10m (Class 2B). In contrast,
catenin alpha-1 (Ctnnal), a negative regulator of the Arp2/3 complex, which has not been
previously identified as an Htt interactor, appears increased in stability at 10m. A small
subset of PPIs had unchanged interaction levels but displayed altered stability (Fig 4F, Class
3), including the AP-2 complex subunit alpha-2 (Ap2a2), sodium/potassium-transporting
ATPase subunit alpha-2 (Atpla2), and voltage-dependent anion-selective channel protein 1
(\Vdacl). Overall, the integration of metabolically labeled tissue as an internal reference

to our IP-MS workflow allowed us to assess the impact of mHtt on PPI relative stability
compared to interaction levels.

PolyQ-dependent alterations in Htt PPI levels and stability occur within distinct protein
networks of early and later stages of disease in HD mice

To identify cellular processes and pathways that may be impaired within striatal cells
containing mHtt, we performed protein network and functional enrichment analysis for
PPIs for which we had quantified interaction levels and stability. The majority of Htt PPI
candidates (93%) were functionally interconnected, being linked to at least one other PP1 in
the STRING database. PPIs clustered into sub-networks enriched in specific functions (Fig
S5A and Table S6). Htt was associated with a protein cluster involved in axonal transport,
vesicle sorting processes and glutamate receptor signaling, eight of which are first neighbor
STRING connections with Htt (Fig S5A, red cluster and edges). Within this cluster are AP2
adaptor complex subunits (Ap2al, Ap2a2, Ap2bl) and six glutamate (AMPA and NDMA)
receptor subunits (Grial, Gria2, Gria3, Grinl, Grin2b, Grm3). Two other functionally
related clusters contained proteins associated with the presynaptic zone (dark greer) and
establishment of axonal localization (purp/e). We next determined the relationship between
PPI clusters and interaction dynamics by overlaying polyQ-dependent changes in relative
stability at 2m and 10m (Fig 5). We found that stabilized PPIs at 2m (Fig 4F, Class 2B, and
Table S5) were largely driven by proteins in the “regulation of actin cytoskeleton” functional
cluster (Fig 5, bright green). This cluster included the previously mentioned Arp2/3 complex
subunits, the F-actin-capping proteins (Capzal, Capza2, Capzb), as well as conventional
(Myl6, Myh14, Myh9, Myh10) and non-conventional (Myo5a) myosins. We also identified
stabilized interactions within the functional cluster containing connexin and catenin binding
proteins (Fig 5, orange), while two subunits of the Na/K ATPase, ATPal, a-1 and a.-2,

had opposite stability changes (Fig 5, brown). Notably, the majority of PPIs that had
polyQ-dependent changes in stability at 2m were no longer impacted at 10m (Fig S4C, fop).
Two exceptions were Myl6, which showed a polyQ-dependent loss in stability at 10m, and
beta-catenin (Ctnnb1l), a first order neighbor Htt interaction that showed polyQ-dependent
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stabilization at 2 and 10m (Fig 5, red asterisks and Fig S4C, bottom). Overall, by placing
relative stabilities within the context of clustered PPI networks, we discovered that PPIs
with altered relative stabilities are predominantly found in the early versus later disease
state of Q140 HD mouse pathogenesis and are largely associated with cytoskeletal structural
components and their regulatory complexes.

Mouse striatum HTT PPIs validated in a human HD cell model by bioluminescence-based
two-hybrid assay

HTT protein

Our quantitative IP-MS assessment of PPl dynamics in mouse HD models uncovered 146
PPIs that are altered by interaction level, stability, or both, in at least one age (Table S4).

To further validate these associations and assess their relevance in a human model system,
we employed LUTHy, a double- readout luminescence- based two- hybrid assay (Trepte

et al., 2018). We focused on 39 PPIs (Fig S5, hexagonal nodes) that were found within
network “hotspots” (Fig 5) and ranked in the highest quartiles of IP/proteome abundance
ratio (Fig S5B, purple nodes), supporting a greater enrichment with the bait (Tsai et al.,
2012). Among the tested PPls, 17 were differential based on polyQ-dependent interaction
levels and stability and 22 were differential based on interaction levels alone. LuTHy
evaluated the interaction potential of each putative PPl with HTTQZ145 in human cells using
ex vivo bioluminescence resonance energy transfer (BRET) and /n vitro luminescence-based
co-immunoprecipitation (LuC) assays. To allow for a double-readout in a single experiment,
plasmids encoding nanoluciferase (NL)- and proteinA-mCitrine (PA-mCit)-tagged HTT
interacting proteins (human orthologues) and full-length human mHTT were generated and
each candidate PPI/HTTQ145 pair was expressed in all eight possible tagging combinations
(Fig 6A-B). In-cell interaction was first assessed by BRET, which requires the NL donor
and mCit acceptor interacting proteins to be in close proximity (<10 nm) (Wu and

Brand, 1994). Then, the cell-free interaction was evaluated after cell lysis by LuC via
immobilization of the PA-mCit-tagged protein and measurement of the NL signal of the
co-isolated partner protein (Fig 6B). Of the 39 putative interacting proteins tested, 22 human
orthologues were validated as interacting partners with human HTTQZ145 in mammalian
cells by LuTHy (Fig 6E, LuTHYy union). Moreover, the LUTHy assay was not biased by PPI
relative stability, as the SR distributions of the LUuTHy-validated PPIs reflected the range

of the entire set of HTT PPIs (Fig S6A vs. S4C). Overall, the LuTHy assay, with its dual
readouts, provided increased confidence in the PPIs from mouse striatum and highlighted
binary PPIs with a high probability of direct interaction.

interacting genes modulate mHTT-induced neuronal dysfunction in vivo

Our finding that the LUTHYy assay detected a subset of the tested polyQ-dependent PPIs
suggested that many of the PPIs identified in our IP-MS study may represent indirect
associations with HTT. Moreover, these potential indirect associations are with proteins
that have a range of functional classes (see Fig 5 and S5A), many of which have been
linked to neuronal processes and therefore may support HTT’s roles at the synapse (Barron
etal., 2021). To investigate the potential relevance of these PPIs to HD pathobiology,

we selected ten genes encoding polyQ length-dependent PPIs to test for their ability to
modulate mHTT-induced neuronal dysfunction. The ten PPIs were selected to represent
different functional modules within the HTT interaction network (Fig 5), and included
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one PPI validated by LUuTHy (ATP6V0D1) and one that was not confirmed (ATP6V1D)
(Fig. 6). Since testing multiple genes in mice would be impractical, we took advantage

of well-established Drosophila HD models (Onur et al., 2021; Romero et al., 2008).
Specifically, fruit flies expressing either N-terminal or full-length mutant human HTT

in neurons have been shown to display late-onset, progressive motor impairments that

can be precisely measured by leveraging the Drosophila startle-induced negative geotaxis
response (Al-Ramahi et al., 2018; Onur et al., 2021). Using this model, we performed a
functional assay that quantitatively assesses neuronal dysfunction using motor performance
metrics (i.e., speed; see Materials and Methods). Longitudinal data illustrated that armadillo,
the Drosophila homologue of human CTNNBL1, is a dosage-sensitive modifier of both
full-length and N-terminal mutant human HTT (Fig 7A). The other nine Drosophila
homologues of HTT PPI genes tested were found to be genetic modifiers that modulate
(ameliorate or aggravate) full length mHTT-induced neuronal dysfunction as assessed in the
longitudinal motor performance assay (Fig 7B). Notably, three of the tested HTT interacting
proteins (CNTN1, ATP6V1D, and ATP6V0D1) have not been previously reported as genetic
modifiers, while nine have not been previously found as genetic modifiers in the context of
full length mHTT (Fig 7C). Interrogating our polyQ length-dependent PPIs more broadly,
an additional 33 PPIs have been found as genetic modifiers of HD phenotypes in model
systems ranging from yeast to mice (Table S7). Taken together, these results highlight the
capability of our IP-MS approach to identify polyQ length-dependent PPIs that are also
candidate genetic modifiers of Huntington’s disease.

Discussion

Characterization of PPIs has the potential to identify previously unrecognized biochemical
activities of a target protein or provide insights into its roles in cellular pathways (Miteva

et al., 2013; Szklarczyk et al., 2017). PPIs that are altered in a pathogenic state can be
compensatory or disease drivers, providing clues into links to pathogenesis and targets

for therapeutic agents (Lapek et al., 2017; Vanunu et al., 2010). While the accumulated
knowledge of a large pool of potential HTT interacting partners has provided insights into its
cellular functions (Harjes and Wanker, 2003; Saudou et al., 2016), assessment of connection
to disease or therapeutic potential has remained limited. Here, we show that the mutant HTT
forms protein interactions that are altered both in levels and relative stabilities, identifying
high value polyQ-modulated and age-dependent PPIs that could be proximal to disease
pathogenesis. Cross-validation of polyQ length-dependent PPIs with LuTHy two-hybrid
assays and genetic modifier screening highlights the ability to accelerate prioritization of
high value targets from larger interactomes. Our high congruence (>50%) between polyQ-
dependent PPIs identified by IP-MS and validation by LUuTHYy in a human HD cell model
suggests that a number of PPIs are direct interactions. Moreover, we found that both direct
and indirect PPIs can modulate mHTT-induced neuronal dysfunction in Drosophila HD
models. It is possible that PPI targets with shared properties of polyQ-dependence and
annotation to cellular pathways with neuronal relevance inherently have higher probabilities
of disease relevance. Future studies that continue to expand testing of PPIs as genetic
disease modifiers will provide insights into the link between PPI dysregulation and HD
pathobiology.
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An observation from our PPI study that mirrors previous reports is the association of
HTT with proteins involved in vesicle targeting and fusion (Wanker et al., 2019). Our
analysis highlighted that many of these PPIs are polyQ-dependent, including syntaxin-1B,
vesicle-associated membrane protein 2 (VAMP2), SNAP25, NSF, and synapsins 1 and 2.
SNARE proteins have been identified as interacting with HTT in multiple model systems
(Culver et al., 2012; Ratovitski et al., 2012; Shirasaki et al., 2012; Zhao et al., 2018), and
our study points to these proteins as perturbed PPIs at 2m. These early PPl changes may
contribute to the known HD molecular phenotypes of impaired vesicle trafficking (Caviston
and Holzbaur, 2009; Veldman and Yang, 2018) and synaptic function (Smith-Dijak et al.,
2019), such as alterations in glutamatergic signaling (Fan and Raymond, 2007; McAdam
et al., 2020; Metzler et al., 2007). Below we highlight selected high confidence PPIs that
reflect these functions and how they relate to existing knowledge of HD pathobiology.

We found that the protein 1Q Motif and Sec7 Domain ArfGEF 1 (IQSEC1) is a polyQ
length-dependent and likely direct HTT interaction. IQSECL1 has previously been shown
to modulate mHTT exonl aggregation in HD model systems (Haenig et al., 2020).
IQSECL is a guanine nucleotide exchange factor that activates ARF6, which can facilitate
internalization of integrin receptors (Dunphy et al., 2006) and AMPA receptors in a long-
term depression rat model (Scholz et al., 2010). Consistent with this, we found that the
AMPA receptor subunit GLUR2 (GRIA?2) is also modulated by polyQ and likely a direct
HTT interaction. Other glutamate receptor subunits, GRIA1 and GRIA3 (AMPA receptor
subunits), and GRIN1 and GRIN2B (NMDA receptor subunits) showed polyQ-dependent
increases in interaction. The disease relevance of AMPA receptors is further supported by
our finding that the Drosophila homologue of GRIA1/3 ameliorated motor performance
deficits in flies expressing full length mHTT, consistent with a previous study in the context
of N-terminal fragment mHTT (HTTN231Q128) (Al-Ramahi et al., 2018).

An open question regarding HD cellular pathobiology is: what is the mechanism of
mHTT-dependent impairment of synaptic functions? One hypothesis supported by our
results is that aberrant IQSECL interaction and/or function impacts glutamate receptor
internalization. Previous studies have provided evidence for indirect involvement of HTT
in clathrin-mediated receptor internalization (Metzler et al., 2003, 2007; Zhang et al., 2018).
For example, NMDA-dependent AMPA receptor internalization was impaired in neurons
lacking HTT interacting protein 1 (Metzler et al., 2003, 2007). More recently, in HD rodent
models, hippocampal dysregulation of AMPA receptor trafficking was linked to defects in
the BDNF-tyrosine receptor kinase B signaling pathway (Zhang et al., 2018), and mHTT-
dependent alterations in receptor trafficking have been linked to changes in the synaptic
distribution of glutamate-type receptors (Ambroziak et al., 2018; Zhang et al., 2018).

Our data also supports the possibility that mHTT-dependent impairment of vesicular
trafficking could precede glutamate receptor dysregulation. For example, the increased
interaction level and stability we observed between mHTT and NSF may impair the

latter’s ability to interact with GIuR2, which could lead to decreased surface expression

of AMPA receptors at the postsynaptic membrane (Noel et al., 1999). Impaired vesicular
trafficking could also be relevant in the presynaptic terminals. McAdam and colleagues

have observed a striatal-specific defect in synaptic vesicle endocytosis during high frequency
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stimulation of neurons isolated from 2m knock-in HD mice (McAdam et al., 2020). While
the mechanism remains unclear, a mHTT-dependent defect in clathrin-mediated endocytosis
has been observed in striatal cells (Borgonovo et al., 2013).

Another PPI functional class highlighted by our IP-MS study contained proteins that
participate in actin cytoskeletal dynamics, for which we observed the largest consistent
polyQ length-dependent increases in relative stability, occurring selectively at 2m (Fig 5,
green cluster). Many cytoskeleton structural components are abundant cellular proteins and
often are present as non-specific interactions in IP experiments. Yet, it is likely these PPIs
are functionally relevant to HTT biology, as (1) HTT has a functional role in vesicular
transport, which relies on the cytoskeletal network, (2) our study found they are perturbed by
mHTT, and (3) these proteins had large IP enrichments (see Fig S5B).

PolyQ length-dependent dynamic PPIs in this functional cluster were components of
known complexes, including the Arp2/3 complex, the CAPZalpha/beta heterodimer, and
the SLC2A1-DMTN-ADD?2 complex. The Arp2/3 complex is evolutionarily conserved and
mediates actin filament assembly (Machesky et al., 1997; Welch et al., 1997). IP-MS
analysis detected six out the nine complex subunits (ACTR2, ACTR3, ACTR3B, ARPC1A,
ARPC2, and ARPC3). Based on our LUuTHYy analysis, ACTR2 and ACTR3B are probable
direct HTT interacting partners, while ARPC1A and ARPC3 may be indirect. Except
ARPC2, all of the other components had polyQ length-dependent changes in interaction
level and stability.

The CAPZalpha/beta heterodimer binds growing ends of actin filaments and is also
thought to be a peripheral component of the Wiskott-Aldrich syndrome protein and SCAR
Homology (WASH) complex. The WASH complex governs endocytic vesicle fission in an
Arp2/3-dependent manner and can inhibit CAPZ actin-capping activity (Jia et al., 2010).
Intriguingly, a recent study from Courtland and colleagues found that a mouse model

of a human mutation in WASH (WASHCA4¢-3056C>G) cayses defects in endosomal and
lysosomal sorting, and phenotypically manifests as a cognitive-movement disorder in a
mouse model and human patients (Courtland et al., 2021). It is tempting to speculate that
mHTT remodeling of PPIs may impact WASH complex function and contribute to the
pathobiological mechanisms contributing to the cognitive and motor deficits in HD.

Supporting the subcellular localization of HTT to the endosome, a collection of
LuTHy-validated HTT PPIs were annotated as RHOBTB?2 interactions at the endosomal
membrane, represented by serine/threonine-protein kinase 38 (STK38), drebin (DBN1), and
tropomodulins 1-3 (TMOD1, TMOD2, TMOD3) (Fig S6B). STK38 is a notable polyQ
length-dependent PPI, being already altered at 2m in the Q140 HD mouse (Table S4),

and potentially being deregulated at the gene level in striatal astrocytes and Drd1-positive
medium spiny neurons ((Megret et al., 2021) and Table S7). Broadly, RHOBTB family
members are atypical GTPases that participate in vesicle trafficking (Ji and Rivero, 2016)
and in COP9 signalosome-regulated and CUL3-dependent protein ubiquitination (Berthold
et al., 2008). Like HTT, the RHOBTB?2 protein contains a proline-rich region. It is possible
that these RHOBTB2-interacting proteins could also bind within the proline rich region of
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HTT. If mHTT sequesters proteins that normally interact with RHOBTB2, its function may
be indirectly compromised.

Finally, our study found a mHTT-dependent, direct interaction with the V-type proton
ATPase, as well as a previously unrecognized role in modulating HD pathogenesis. V-
ATPase is a multi-subunit enzyme that functions to acidify intracellular organelles, being
comprised of an integral membrane complex that translocate protons (\VV0) and a soluble
complex that hydrolyzes ATP (V1) (Wilkens et al., 2004). Interestingly, subunits belonging
to VO and V1 showed opposing effects in modulating mHT T-induced toxicity in our
Drosophila behavioral assays. Knockdown of the three V1 subunits (ATP6V1A, ATP6V1D,
ATP6V1E1) showed amelioration, while knockdown of the VO subunit (ATP6V0D1)
exacerbated mHTT-induced motor performance. A mechanistic link between V-ATPase
activity and the pathobiology of Huntington’s disease has not been shown. However,
lysosomal acidification by V-ATPase is necessary for autophagy, which is known to be
impaired in several HD model systems (Martin et al., 2015), specifically through disruptions
in autophagosome trafficking (Wong and Holzbaur, 2014) and cargo loading (Martinez-
Vicente et al., 2010).

Overall, our study leveraged complementary and orthogonal protein interactions approaches
and HD model systems to assemble candidates of Huntington’s disease modifiers and
provide a resource for future studies on the cellular biology of HTT. The identification of
mutant HT T-induced alterations in interactions with proteins that are also genetic disease
modifiers can contribute to the assembly of pathway-based models of disease progression
(Megret et al., 2021). Our data suggest an HD model in which, prior to striatal cell

death, mHTT sequesters signaling proteins and enzymatic regulators that control synapse
morphology and neurotransmission. The continued aberrant association of these PPIs
contributes to further interactome remodeling, changing associations with components at
pre-synaptic sites of vesicle release/recycling and postsynaptic densities.

STAR Methods
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, lleana M. Cristea (icristea@princeton.edu).

Materials availability—This study did not generate new unique reagents.

Data and Code Availability

. The mass spectrometry proteomics data have been deposited at
ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019)
partner repository and are publicly available as of the date of publication.
Accession numbers are listed in the key resources table. Data generated by the
Drosophila motor performance assay will be shared by the lead contact upon
request.

. This paper does not report original code.
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. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Mouse strains: The huntingtin N-terminal Flag-tagged control (H1t3¥F129Q20/#) and HD
knock-in (HrtxXF1agQ140/#) male and female mice are congenic in the C57BL/6J background.
Mice were housed in a humidity- and temperature-controlled room with 12-hour light-dark
schedule. Food and water were provided ad libitum. All experimental procedures were
performed in accordance with UVA Institutional Animal Care and Use guidelines, and
precautions were taken to minimize stress and the number of animals used. UVA is fully
accredited by AALAC, and the University has a PHS Assurance on file with the Office of
Laboratory Animal Welfare (PHS Assurance # A33245-01).

Drosophila strains: Drosophila strains carrying UAS-HTTFLIQ200] and AS-
HTTNT23L[Q128] have been previously characterized (Onur et al., 2021; Romero et al.,
2008). Pan-neuronal expression was achieved using the e/av- GAL4(C155) driver from
BDSC (Bloomington Drosophila Stock Center). The alleles tested were obtained from the
BDSC and from the Vienna Drosophila Resource Center (VDRC). Drosophila homologs
were identified using Blast and also the DRSC Integrative Ortholog Prediction Tool (Hu et
al., 2011). Genotypes used are summarized in Table S9.

Cell lines

Human embryonic kidney cell line 293 (HEK?293) cultures: HEK293 cells were cultured
in high glucose (4.5 g/L) media supplemented with 10% heat inactivated fetal bovine serum
(Gibco®, ThermoFisher) and grown at 37°C and 5% CO,.

METHOD DETAILS

Mouse tissue harvesting—Brains were harvested from male and female 2- and 10-
month-old mice following isoflurane anesthesia and cervical dislocation. Brains were cut in
half sagittally, and immediately frozen in 2-Methylbutane (Fisher Scientific 03551-4) pre-
equilibrated in dry ice. Striata were isolated in a petri dish on ice and placed immediately in
1.5 ml tubes pre-chilled in dry ice. Tissues that were used in paired control and experimental
immunoaffinity purifications within the same biological replicate were sex-matched.

Western blot analysis: Protein samples from immunoisolations (input, pellet, flow-through,
and elution) were loaded onto 4-12% Bis-Tris gels (Thermo Fisher Scientific, Waltham.
MA) and separated for 10 min at 100V, then for 70 min at constant current of 70

amps. Proteins were transferred onto PVDF membranes (Immobilon-FL, MilliporeSigma)
overnight at a constant 40V. Membranes were blocked in Tris-buffered saline (TBS)
containing 5% milk for one hour at room temperature, then incubated with mouse anti-
FLAG (Sigma, F3165, 1.0 pg / mL) antibody in blocking buffer with 0.1% tween-20

(TBSt) for 90 min at room temperature. Membranes were washed 4 x 5 min with TBSt,
then incubated with goat anti-mouse Alexa Fluor 680 secondary antibody (A-21058,
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ThermoFisher Scientific) diluted 1:10,000 in TBSt containing 5% milk for 45 min at
room temperature. Membranes were imaged on the LI-COR Odyssey CLx system (LI-COR
Biosciences, Lincoln, NE) using automatic settings.

Preparation of Protein A/G beads coated with FLAG antibody and immunoaffinity
purification of 3xFLAG-Htt: Magnetic Protein A/G beads (Thermo Scientific, P1-88802)
were freshly pre-coupled to either non-specific mouse IgG or anti-FLAG M2 antibody
(Sigma, F1804). Briefly, 60 pL of protein A/G slurry was washed with 3 x 500 uL of 20 mM
K-HEPES pH 7.4, containing 110 mM KOAc, 2 mM MgCl,, 0.1% Tween-20, 1 uM ZnCl»,
1 uM CacCl,, 150 mM NaCl, then resuspended in fresh wash buffer and split into 2 x 500

pL aliquots. One aliquot was mixed with 12 pL of 1 pg/pL anti-FLAG M2 antibody, and

the other with 1.2 pL of 10 pg/uL mouse 1gG. Bead-antibody mixtures were incubated for 1
hour at 4C under rotation, then washed with 2 x 500 puL wash buffer, resuspended in 40 puL
of wash buffer, and used for immunoaffinity purifications.

Immunoaffinity purifications were performed from protein lysates extracted from either
whole mouse brains or pooled striata. For label-free IP-MS, the equivalent of % of a

brain hemisphere or 3 dissected striata were used per IP. Briefly, brain tissues were

minced in a small volume of lysis buffer (20 mM K-HEPES pH 7.4, 110 mM KOAc,

2 mM MgCly, 0.1% Tween-20, 1 UM ZnCly, 1 uM CaCl,, 150 mM NaCl, and 1% Triton-
X100 supplemented with Halt protease and phosphatase inhibitors and Universal nuclease
(Thermo Scientific)) on wet ice and homogenized with 20 strokes on wet ice in either 4
mL of lysis buffer in a Tenbroeck tissue grinder (whole brain) or 2 mL of lysis buffer

in a Potter-Elvehjem tissue grinder (striata). The homogenized tissue was transferred to a
conical tube containing an equivalent volume of lysis buffer, then incubated on wet ice for
5 min, and centrifuged at 8000 x g for 10 min at 4 °C. Soluble proteins were recovered
and the protein yield was measured by the BCA assay (Thermo Fisher Scientific, 23225).
Immunoisolation of whole brain and striatum were performed with ~7 mg of input protein,
which was equally applied to Protein A/G beads coated with anti-FLAG or non-specific 19G
antibodies (see above) and incubated at 4 °C for 1 hr under rotation.

Protein A/G beads containing bound protein complexes were collected against a magnetic,
suspended in 0.5 mL of IP wash buffer (lysis buffer lacking protease and phosphatase
inhibitors), and transferred to a fresh 2 mL round bottom tube. The beads were washed
sequentially with 3 x 0.5 mL of IP wash buffer, 1 x 0.5 mL of cold ddH,0 and transferred
to a fresh round bottom tube, and 1 x 0.5 mL of cold ddH,0O. Proteins were eluted

and magnetically separated from the washed beads in 50 pL of 106 mM Tris HCI, 141
mM Tris base, 2% LDS, 0.5 mM EDTA at 70 °C for 10 min. Note, as the IP lysis

buffer was designed to maintain weaker and/or transient interactions, the captured proteins
largely reflect associations with Triton-soluble forms mHtt (Ochaba et al., 2018), either as
full-length or N-terminal fragments. The eluted proteins were mixed with 25 mM TCEP
(Thermo Fisher Scientific, 20491) and 50 mM chloroacetamide and incubated at 70 °C

for 20 min. Proteins were then digested in-solution with trypsin using filter aided sample
preparation (Erde et al., 2014; Manza et al., 2005; Wisniewski et al., 2009) and the resulting
peptides were separated into three fractions by SDB-RPS StageTips (Kulak et al., 2014) as
previously described (Greco et al., 2016).
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Metabolic labeling immunoaffinity purification of 3xFLAG-Htt: 13Cg-lysine (97%
enriched)-labeled mouse whole brain tissues (2m and 10m, MT-LYSC6-MB-PK, Cambridge
Isotopes) were used for metabolic labeled IP-MS as labeled striatal tissues were not practical
to obtain in sufficient quantity. Prior to their use in metabolic labeling IP-MS, the extent of
13C protein enrichment was verified by whole proteome analysis. Briefly, aliquots of tissue
were lysed using sonication and heat (97°C) in 50 mM HEPES, pH 8.2, 100 mM NaCl,

0.5 mM EDTA, 4% SDS, and treated for 5 min at 97°C with 10 mM TCEP, then 20 min

at 70°C with 40 mM chloroacetamide. A methanol-chloroform precipitation was performed
to remove detergents and low molecular weight contaminants. Precipitated pellets were
resuspended in 25mM HEPES, pH 8.2, at 0.5 pg/uL, and digested overnight with trypsin at
37°C in a Thermomixer with gentle agitation. Peptides were desalted by C,g StageTips and
analyzed by 1D-nanoL.C-MS/MS, as described below.

Immunoaffinity purification of 3XFLAG-Htt in metabolic labeled IP-MS experiments were
performed similar to the label-free IP-MS experiments, except the equivalent of 2.5 striata
were used per IP and were mixed with an equal protein amount (w:w) of age-matched,
13C¢-lysine labeled brain lysate extracted from whole brain.

LC-MS/MS analysis: Digested and fractionated IP eluates were analyzed on an Ultimate
3000 nanoRSLC coupled online with an ESI-LTQ-Orbitrap Velos ETD mass spectrometer
(Thermo Electron, San Jose, CA) as previously described (Federspiel et al., 2019). Reverse-
phase chromatography was performed over a 20 cm IntegraFrit column (IF360-75-50-N-5,
New Objective, Woburn, MA) packed in-house with 1.9 pm ReproSil-Pur C18-AQ (Dr.
Maisch, GmbH) with mobile phase A: 0.1% formic acid in water and mobile phase B: 0.1%
formic acid in 97% acetonitrile. Peptides were separated over a 150 min (label-free) or 180
min (isotope-labeled) gradient (5% B to 30% B) with 250 nL/min flow rate and detected by
a precursor scan followed by data-dependent collision-induced dissociation (CID) MS/MS
fragmentation of top 15 most abundant ions. The following parameters were used: FT
preview scan disabled, waveform injection and dynamic exclusion enabled, automatic gain
control target value of 1 x 10° for MS and 1 x 10* for ion trap MS/MS scans, max ion
injection time of 300 ms for MS and 125 ms for MS/MS scans. For MS scans: /m/z range of
350-1,700 and resolution of 120,000; for MS/MS scans: minimum signal of 1,000, isolation
width of 2.0, normalized collision energy of 30% and activation time of 10 ms.

Informatics analysis of protein interaction specificity: MS/MS spectra were searched
against a FASTA file containing mouse protein sequences and common contaminants
(16,932 sequences, download 7/2016 from Uniprot) using Proteome Discoverer 2.2.0.388.
The Spectrum Files RC node and Minora Feature Detector nodes were used to perform
offline mass recalibration and label-free MS1 quantitation, respectively. The data were
searched using SequestHT with the following parameters: Full trypsin enzyme specificity,

a maximum of two missed cleavages, precursor mass tolerance of 5 ppm, fragment

mass tolerance of 0.3 Da, static carbamidomethylation of cysteine, dynamic oxidation

of methionine, dynamic deamidation of asparagine, dynamic loss of methionine plus
acetylation of the protein N-terminus, and dynamic phosphorylation of serine, threonine, and
tyrosine. A reverse database search was performed, which was used to control FDR to 1% at
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the spectra, peptide, and protein levels. The forward and reverse peptide spectrum matches
were then analyzed by the Percolator node to assign g-values. FLAG and control IP datasets
were assembled into a consensus file using the default workflow (Proteome Discoverer
2.2), but with Feature Mapper and Precursor lons Quantifier nodes. The assembled protein
identifications with associated spectral counts were exported to Excel and analyzed by
SAINT (Choi et al., 2011) integrated within the Resource for Evaluation of Protein
Interaction Networks (REPRINT) server (https://reprint-apms.org/?g=reprint-home) for PPI
specificity scoring. Spectral counts were utilized for SAINT scoring as they are well-suited
for detecting large abundance differences between samples that are typically observed in

IP enrichment experiments. To account for sampling variances between replicates across
FLAG and control IPs, individual protein spectral counts were normalized by the total
spectral counts. The interaction probability of each co-isolated protein was scored using
normalized protein spectral counting data from FLAG-Htt and control IPs in each of the
four conditions (Q20-2m, Q140-2m, Q20-10m, and Q140-10m). SAINT was run with
LowMode “disabled” and MinFold and Normalize “enabled”. The average SAINT score
from the best two replicates in each condition was used for specificity assessment.

Label-free and isotope-labeled quantification of HTT interactions: For differential
interactions and normalization of PPI abundances, a consensus report was assembled in
Proteome Discoverer 2.2 combining each FLAG IP dataset. The MSF file node was set to
merge experiments “per file and search engine type”. The false discovery rate (FDR) (Strict)
settings in the Peptide Validator node were set to 0.01. The feature matching strategy of

the MS!-based label-free quantification was enabled, which improved the consistency of
detection by using peptides supported by MS/MS sequencing in at least one IP to establish
their presence in other samples (Zhu et al., 2010). The maximum peak intensity for each
peptide was determined and used to calculated peptide ratio-based and summed protein
abundances. For label-free experiments, prey abundances were normalized to the respective
bait (Htt) abundance. Normalized protein abundances were required to have = two identified
unique peptide sequences and = two quantified unique+razor peptides.

Bioinformatics analysis of HTT interactions: Network interaction diagrams incorporating
relative quantitation and known protein-protein interaction data were generated in Cytoscape
(Shannon et al., 2003) using information and enrichments from STRING (Szklarczyk et

al., 2019). The ClueGO app (Bindea et al., 2009) in Cytoscape was used to perform
different sets of two-group comparisons of enriched proteins and interactions. Heatmaps

of the quantitative MS1 data were generated using Morpheus (Broad Institute, https://
software.broadinstitute.org/morpheus). Principal component analysis (PCA) was conducted
using the Clustvis (Metsalu and Vilo, 2015) web tool. Overrepresentation analysis was
performed against the Reactome pathway database (Fabregat et al., 2018) through the
Panther (Mi et al., 2017) web interface (http://pantherdb.org). Previously identified HTT-
interacting proteins and striatal disease signature datasets were obtained from the HDinHD
data portal (Aaronson et al., 2021). Parts of some figures were generated using https://
biorender.io under an academic license.
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Targeted validation of HTT interactions with LuTHYy: LuTHy screens were performed

as described in Trepte et al. (2018). In brief, open reading frames of candidate human HTT
interactors and full-length human HTT with an expanded polyglutamine region (HTTQ145)
were cloned in LUTHy expression vectors (Table S8) by standard linear recombination
reactions using the Gateway Cloning System and validated by restriction enzyme digest,
agarose gel electrophoresis, and Sanger sequencing. Interaction pairs were tested in all
possible 8 orientations: N/C-terminal tagging with Nanoluciferase (NL)/Protein A-mCitrine
(PA-mCit). LuTHYy control vectors expressing only NL or PA-mCit were used for calculation
of corrected scores. HEK293 cells were reverse transfected using linear polyethyleneimine
(25 kDa, Polysciences 23966) with LuTHy constructs and cells were subsequently incubated
for 48 h. In-cell BRET measurements were carried out in flat-bottom white 96-well

plates (Greiner, 655983) with 24 PPIs per plate (each PPI in triplicate). For cell-free LuC
measurements, cells in 96-well plates were lysed and lysates were transferred to 384-well
plates resulting in 96 PPIs per plate (Greiner, 784074). Infinite® microplate readers M200,
M1000, or M1000Pro (Tecan) were used for the readouts with the following settings:
fluorescence of mCitrine recorded at Ex 500 nm/Em 530 nm, luminescence measured using
blue (370-480 nm) and green (520-570 nm) band pass filters with 1,000 ms (LuTHy-BRET)
or 200 ms (LuUTHy-LuC) integration time. A PPI was considered positive if its corrected
BRET (cBRET) or LuC (cLuC) ratio was =0.01 and =0.03, respectively (Fig 6C & D)
(Trepte et al., 2018).

Drosophila Motor Performance Assay: For the motor performance tests, we used a
highly automated behavioral assay based on the Drosophila startle-induced negative geotaxis
response as previously described (Onur et al., 2021). To assess motor performance of fruit
flies as a function of age, we used ten age-matched virgin females per replica per genotype.
Flies were collected in a 24hr period and transferred to new vials containing 300pl of
media every day. Four replicates were used per genotype. Using an automated platform,
the animals were taped to the bottom of a plastic vial and video-recorded for 7.5 seconds.
Videos were analyzed using custom software to assess the speed of each individual animal.
Three trials per replicate were performed each day shown, and four replicates per genotype
are used. A linear mixed effect model ANOVA was run using each four replicates to assess
statistical significance across genotypes.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in Graphpad Prism 9 or Microsoft Excel as described
below. P-values for polyQ-dependent changes in IP-MS protein abundances (Q140 vs Q20)
were determined by unpaired t-test (mean £ SD, n =3, *p < 0.05). For analysis of differences
between heatmap cluster means (Figure 2B), a non-parametric Kruskal-Wallis test, followed
by a Dunn’s multiple comparison post-test was used to determine statistical significance

of Q140 versus Q20 for 2m and 10m sample groups (n = number of proteins within each
cluster, see heatmap in Fig 2A; *, p < 0.05; ***, p < 0.001; **** p < 0.0001). In Drosophila
motor performance assays, the effect of genetic modifiers was evaluated following mixed
models ANOVA (mean + SEM, * p<0.05, ** p<0.01, *** p<0.001). Additional details are
provided in the figure legends.
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Highlights

Profiled perturbed protein interactions in striatum of Huntington’s disease
model

Classified differentially stabilized or dynamic mutant huntingtin protein
interactions

Defined direct mutant huntingtin interacting partners in human HD cell model

Tested the link between HTT interactions and disease progression in HD fly
model
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A IP-MS analysis of polyglutamine-dependent Htt protein interactions
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Figure 1. Htt protein complexes isolated from the mouse striatum at two ages were quantified by
label-free and metabolic labeling immunoaffinity purification-mass spectrometry.

(A) Label-free quantitative IP-MS workflow evaluated Htt interaction specificity and polyQ
length-dependence. (B) Computational workflow integrating label-free (LF) and isotope-
labeled (IL) quantitative IP-MS experiments. The LF arm of the workflow (blue box)
determined PPI candidates that were specific interactions (SAINT) and their respective
polyQ length-dependence (MS1-based peak area). The IL arm of the workflow (green

box) determined the poly length-dependence of the PPI candidates’ relative stability. This
was performed by quantifying light (endogenous) and heavy (spike-in standard) isotope
abundances, then calculating the PPI stability ratios, SR = [light / (light + heavy)], and
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finally, the difference in stability ratios (ASR) between age-matched Q140 and Q20
genotypes. The possibility for changes in PPI levels and/or stability can produce different
types of interaction dynamics (grey box). Dynamic PPIs were selected for functional
validation by orthogonal assays (yellow box). (C) The efficiency of FLAG-Htt-Q140
extraction and immunoisolation (IP) from mouse brain tissue was monitored by western
blot analysis of the insoluble (P) and soluble (Input) fractions, and the IP flow-through
(FT), Elution, and Bead fractions. (D) Htt and Hap40 protein abundances measured by

MS using summed peptide intensities were compared between FLAG-Htt and IgG IPs in
the brain and striata of Q140-2m tissues (n = 1). (E) Quantification of known Htt PPIs
co-isolated by FLAG-Htt IP from striatal tissues. Relative PPI abundances were expressed
versus age matched, Q20 controls (mean = SD, n=3). PolyQ-dependent increases in Hap40
association at 2m (~40%) and contactin 1 at 10m (4-fold) were statistically significant (*, p
< 0.05, unpaired t-test). (F) Principal component analysis of SAINT filtered Htt interaction
abundances calculated by MS!-based label-free quantification (see STAR methods) as a
function of polyQ length and age. Note, throughout the study, when reporting results
involving human or mouse proteins, we use different capitalization, e.g., HTT and Htt to
denote the huntingtin protein from human and mouse models, respectively.
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Figure 2. Htt interactions show distinct changes as a function of age and polyQ length.
(A) Hierarchical clustering of Htt protein interactions. Proteins that passed the SAINT filter

(score > 0.8) in at least one condition (n =278) were clustered by Pearson’s correlation with
average linkage using normalized protein abundances (linear), calculated by normalizing
raw abundances to bait (Htt) abundances, then to the row minimum of Htt-normalized
abundance. Missing values are indicated in grey. The number of proteins in each cluster

are indicated in parentheses. (B) Relative protein abundance fold-change values from the
heatmap were summarized at the cluster level as box and whisker plots (median + IQR;
whiskers: 5-95% confidence). A non-parametric Kruskal-Wallis test, followed by a Dunn’s
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multiple comparison post-test was used to determine statistical significance of Q140 versus
Q20 for 2m and 10m sample groups (n = see heatmap cluster; *, p < 0.05; *** p < 0.001;
**** p <0.0001). (C) Statistical over-representation of Reactome pathway for selected
clusters, expressed in terms of enrichment confidence (FDR) and fold-change enrichment
(versus the total genome) for each pathway term.
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Figure 3. mHtt-dependent functional networks and differential PPIs in 2m and 10m mice.
(A & B) STRING network of Htt PPIs assigned to (A) clusters 2 or (B) clusters 6 and 7 in

Fig 2A. Node donut color gradients indicate relative PPl abundances, log,(Q140/Q20), at 2
(left) and 10 months (right). Node circle fill gradient from light to dark indicates low to high
degree of connectivity, respectively. Edge width indicates STRING interaction score (0.4 —
1.0) (C & D) PolyQ-dependent Htt PPIs (red dots) were determined by reproducibility of
interaction (p-value < 0.05, student’s t-test, n=3) and change in interaction abundance (+1.0
fold, log,) in 2m and 10m mice. Overlap of polyQ-dependent PPIs is indicated by the Venn
diagram

Cell Syst. Author manuscript; available in PMC 2023 April 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Greco et al.

Page 32

A _—
1.00 1.00 + 1.00
= Fast- i
Specific PPls T exchange ———— Stable
000 | NI oot oso L EXCNANGE ———
o o [ : o
8 o0 Non-specific 8 0801 Non-specific/ : Specific/ 3 oe0-+ Specificit
i Assoclations 2 Fast-exchanging: Stable I threshol
E o + L owl ‘Associations ~:PPls WP &
< % 7 : <
o) 020 o 0204 )
0.00 020 040 0.60 080 1.00 OAOOO.I)O 020 040 060 080 1.00 : 000 020 040 060 080 100
Stability Ratio (SR) Stability Ratio (SR) Stability Ratio (SR)
B 2 month C 10 month
Q20 (72) Q140 (106) Q140 (36)
1.097 :v. oy Ly ",,v:ww v 4097 v VT 1.0 v 1.0 'v':' e ";",n‘,:'
08 y ,08 - 08f---
o6 §er 06{" "
= =
04 Zo4 041"
0.2 02 02f " .
7 T T I YRR S r e L v ey ey 7 S T YY)
Stability Ratio (SR) Stability Ratio (SR) Stability Ratio (SR) Stability Ratio (SR)
D . .,
~ 80 - F PolyQ-dependent Htt Interaction Dynamics
S 6.0 - .
o a0 Stx1b - Ctnna2 Increased
§ 40 snapas ot St o4 stability C
g 201 P N
3 00 “@oogs i, o® So
S g &
©-2.0 Ve
~ 40 o NN S ST T T T T TN
05 -03 00 03 05 / No change jn stability \
Stability Ratio Difference, ASR | Class 4B Class 1B |
E | | Nsf
8.0 - I gl 4 I
S 60 4
g 5 N | ~ Stable |
g 40 - Not Differential PolyQ-dep;interaction
g, .
g = I Transient I
5 00 1 ; I I
201 Stxtb l |
~ 40 S R E— ; /
05 -03 00 03 05 \\Class 4A V Class 1A,
Stability Ratio Difference, ASR | W\ = /S—~  _ _ _ — — —— -
%* 4 qy
-S‘@ 99
% 0\‘5
Decreased
2 month 10 month stability

Figure 4. Profiling the stability landscape of Htt interactions in the striatum through
complementary IP-MS approaches.

(A) Integration of specificity (SAINT score) and stability (stability ratio, SR) measurements
for evaluating PP1 dynamics. For each condition, a continuum of PPI relative stabilities was
defined by applying a label-free specificity threshold of 0.8 and an SR threshold of 0.8. (B
& C) Protein interaction specificity versus stability for proteins quantified by label-free and
metabolic labeling IP-MS, respectively. The number of proteins that were stable and specific
Htt PPIs are shown in parentheses (upper-right quadrant). (D & E) Scatterplot comparison
of polyQ length-dependent (Q140 vs Q20) change in PPI abundance (y-axis) and stability
ratio difference (x-axis) in 2- (D) and 10-month-old mice (E). PolyQ length-dependent
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thresholds are indicated by dashed lines. (F) Htt PP1 dynamics were assigned into one of
four primary (1 — 4) and two secondary classes (A or B) according to polyQ-dependent
interaction levels and relative stability. PPIs either showed no polyQ-dependency in their
relative stabilities, i.e. they maintain stable (Class 1B/4B) or transient (Class 1A/4A) type),
and had interaction abundances that were polyQ-dependent (Class 1) or not (Class 4), or
they showed increases (Class 2B/3B) or decreases (Class 2A/3A) in relative stabilities and
had interaction abundances that were polyQ-dependent (Class 2) or not (Class 3). The
number of proteins assigned to each class by mouse model age (2m and 10m) are indicated
by Venn overlap (square and circle, respectively).
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Functional network of polyQ-dependent PPI stability
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Figure 5. Mutant Htt-dependent increases in relative stability predominate at 2m and in specific
functional modules.
An interaction network was assembled based on the STRING database (score = 0.5,

edge thickness) for the 201 Htt PPIs that had measured abundances and relative

stabilities. Clusters (dotted lines) were assigned by connectivity using ReactomeFI and
over-represented functions were determined by STRING functional enrichment (see Fig
S5A). PolyQ-dependent changes in interaction stability (ASR) were visualized by node color
gradients for 2m (/ef?) and (righf) 10m ages. PPIs with polyQ-dependent differential levels
(see Fig 4 and Table S2) are indicated by bold node border.
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Figure 6. LUTHy two-hybrid assays in a human HD cell model validate Htt PPIs identified by
IP-MS in mouse striatum.

(A) Fusion protein constructs and tagging configurations used in LuTHy validation.
HTTQ145 and selected PPIs identified by IP-MS (ProteinX) were tested as donors tagged
with Nanoluciferase (NL) and acceptors tagged with mCitrine and Protein-A (PA-mCit/
mCit-PA) (Table S8). Each interaction was tested in all of the 8 possible orientations. (B)
Graphical illustration and workflow of the two readouts of LUTHYy: in-cell bioluminescence
energy transfer (LuTHy-BRET) and luciferase co-precipitation (LuTHy-LuC) after cell
lysis. (C, D) Distribution of all data points for corrected LuTHy-BRET (LuTHy-cBRET, C)
and corrected LUTHy-LuC (LuTHy-cLuC, D). Interactions were scored positive if cBRET
= 0.01 and/or cLuC = 0.03 (red bars). (E) Heatmap of in-cell LuTHy-cBRET and -cLuC
values for human orthologues of PPIs identified by IP-MS that were screened against human
HTTQ145. NL-HTTQ145 and HTTQ145-NL were tested against N- and C-terminally PA-
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mCit-tagged proteins, and vice versa for PA-mCit/mCit-PA-tagged HTTQ145. Each PPI
square denotes the highest cBRET and cLuc values of the candidate protein tested against
the specific HTT tagging orientation. The LuTHy union row was scored positive (red
squares and tex?) if the interaction score was above threshold in at least one orientation

in either the LuTHy-LuC or LuTHy-BRET readouts. (F) Comparison of polyQ length-
dependent change in interaction levels and stability in Q20 and Q140 mice at 2M (/ef?) and
10M (right) for LuTHy-validated proteins.
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Figure 7. HTT PPIs modulate mHTT-induced neuronal dysfunction in vivo.
(A) Charts showing speed (mm/s) as a function of age in non-disease control fruit flies

(blue), disease control flies expressing mHTT only in neurons (grey), or experimental
animals expressing mHTT in neurons and also carrying the indicated allele in armadillo,
the Drosophila Ctnnbl homolog (red). Each line is a 3" degree polynomial regression,
shading represents confidence intervals. (B) Bar chart showing the average worsening
or amelioration (%) of neuronal dysfunction measured as a climbing speed difference.
The data represents Drosophila expressing HTTFLIQ200] with each of the shown alleles
in the Drosophila homologs of the indicated mHTT interactors. Drosophila expressing
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HTTFLIQ200] and a control non-targeting hairpin RNA were used as the reference. The effect
of all modifiers was statistically significant following mixed models ANOVA. Error bars

in B correspond to the standard error of the mean. LOF: loss of function / +. hp: hairpin
RNA. OE: Overexpression. * p<0.05, ** p<0.01, *** p<0.001. Specific genotypes and p
values are shown in Table S9. (C) Annotated table of genetic modifiers in B. l1dentified

as genetic modifier in this study (fly) or prior studies in cells, fly, worm, mouse, and/or
human HD models (see Table S7 for full annotations and references). 2Indicates whether the
HD model system(s)! used full length (FL) or fragment (Frag) HTT. 3Assignment of PPI as
polyQ-dependent in interaction level, stability, or level+stability in this study (see Table S4).
“4Indicates the functional module from the HTT interactome network (see Fig 5).
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-FLAG M2 MilliporeSigma Cat# F3165; RRID: AB_259529
Mouse 1gG, lyophilized MP Biomedical Cat# 0864146-CF

Goat anti-mouse Alexa Fluor 680

ThermoFisher Scientific

Cat#A-21058; RRID: AB_2535724

Bacterial and virus strains

MultiShot™ StripWell Mach1™ T1 Phage-
Resistant Chemically Competent E. coli

Invitrogen

C869601

Chemicals, peptides, and recombinant
proteins

2-Methylbutane

Fisher Scientific

Cat#03551-4

Halt protease and phosphatase inhibitors ThermoFisher Scientific Cat#78446
Universal nuclease ThermoFisher Scientific Cat#88701
Linear polyethyleneimine, 25 kDa Polysciences Cat#23966
TCEP-HCI, no-weigh ThermoFisher Scientific Cat#20491
2-Chloroacetamide MilliporeSigma Cat#22790
Coelenterazine pjk GmbH 102171

Biological samples

Mouse Express BRAIN TISSUE

Cambridge Isotope

Cat# MT-LYSC6-MB-PK

Critical commercial assays

Gateway™ LR Clonase™ Il Enzyme mix Invitrogen 11791020
Deposited data
Raw and analyzed mass spectrometry data This paper; ProteomeXchange PXD025510

Raw mass spectrometry data from
proteome analyses of striatum tissue from
allelic series HD mice

Langfelder et al. 2016

http://proteomecentral.proteomexchange.org/cgi/

GetDataset?ID=PXD003442

Experimental models: Cell lines

Human: HEK-293 cells

DSMZ-German Collection of
Microorganisms and Cell Cultures
GmbH

CVCL_0045; DMSZ no.: ACC 305

Experimental models: Organisms/strains

D. melanogaster: UAS-HTTFLIQ200] Romero et al., 2008 N/A

D. melanogaster: UAS-HTTNT231[Q128] Onur et al., 2021 N/A

Mouse: HtBxFlag20Q/+ Zheng et al., 2012 N/A

Mouse: HIBxFlag140Q/+ Zheng et al., 20212 N/A

Recombinant DNA

pcDNA3.1 NL Trepte et al. 2018 Addgene #113442
pcDNA3.1 PA-mCit Trepte et al. 2018 Addgene #113443
pcDNA3.1 PA-mCit-NL Trepte et al. 2018 Addgene #113444
pcDNA3.1 PA-NL Trepte et al. 2018 Addgene #113445
pcDNA3.1 myc-NL-GW Trepte et al. 2018 Addgene #113446
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REAGENT or RESOURCE SOURCE IDENTIFIER
pcDNA3.1 GW-NL-myc Trepte et al. 2018 Addgene #113447
pcDNA3.1 PA-mCit-GW Trepte et al. 2018 Addgene #113448
pcDNA3.1 GW-mCit-PA Trepte et al. 2018 Addgene #113449

Human ORFeome V5.1 collection

Lamesch et al. 2007

Center for Cancer Systems Biology (CCSB), Dana-
Farber Cancer Institute

RZPD cDNA library

Zehetner and Lehrach 1994

Resource Center and Primary Database (RZPD)

LuTHy expression vectors This paper Table S8
Plasmids for Drosophila motor :

performance assays This paper Table S9
Software and algorithms

Proteome Discoverer ThermoFisher Scientific Ver. 2.2.0.388

SAINT Choi et al., 2011 http://reprint-apms.org

Cytoscape Shannon et al., 2003 http://www.cytoscape.org

STRING Szklarczyk et al., 2017 http://www.string-db.org

Panther Panther Classification System http://pantherdb.org/

ClueGO Bindea et al., 2009 http://www.ici.upmc.fr/cluego/

Morpheus Broad Institute https://software.broadinstitute.org/morpheus/
Clustvis Metsalu and Vilo, 2015 https://github.com/taunometsalu/ClustVis
Graphpad Prism https://www.graphpad.com Prism 9

Other

£imicon | itra-0.5 Centrifugal Filter, MilliporeSigma Cat#UFC503096

ReproSil-Pur 120 C18-AQ 1.9um Dr. Maisch, GmbH Cat#r119.aq.0001
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