PNAS Nexus, 2024, 3, pgae536

PNAS

Y NEXUS

Insights into the regulation of CHIP E3 ligase-mediated
ubiquitination of neuronal protein BNIP-H

https://doi.org/10.1093/pnasnexus/pgae536
Advance access publication 25 November 2024

Research Report

a,b,c a,*

Srihari Shankar(®?, Yaochen Liu?, Nikhil Kumar Tulsian {®**, Boon C. Low , Qingsong Lin® and J. Sivaraman
“Department of Biological Sciences, National University of Singapore, Singapore 117543

PMechanobiology Institute, National University of Singapore, Singapore 117411

“NUS College, National University of Singapore, Singapore 138593

Present address: MSD International GmBH, 8 Biomedical Grove, Neuros, Singapore 138665

*To whom correspondence should be addressed: Email: dbsjayar@nus.edu.sg

Edited By Nancy Bonini

Abstract

BCL2/adenovirus E1B 19-kDa protein-interacting protein 2 homolog (BNIP-H or Caytaxin), a pivotal adaptor protein that facilitates
cerebellar cortex growth and synaptic transmission, is posttranslationally modified to regulate neuronal function. This study reports
the ubiquitination of BNIP-H by Carboxyl terminus of Hsc70-Interacting Protein (CHIP), a U-box containing E3 ligase that is also
regulated via autoubiquitination. Specifically, it was observed that CHIP autoubiquitinated itself primarily at Lys23 and Lys31 in vitro.
Mutation of these residues shows the autoubiquitination of successive lysines of CHIP. In total, nine lysines on CHIP were identified as
the autoubiquitination sites, the collective mutation of which almost completely terminated its autoubiquitination. Additionally,
CHIP-mediated ubiquitination of BNIP-H is completely inhibited when BNIP-H bears arginine mutations at four key lysine residues.
Next, using hydrogen deuterium exchange mass spectrometry, a model of a plausible mechanism was proposed. The model suggests
transient N-terminal interactions between the CHIP and BNIP-H which allows for the swinging of U-box domain of CHIP to
ubiquitinate BNIP-H. Following complex dissociation, BNIP-H population is regulated via the ubiquitin-proteasome pathway.
Collectively, these results aid in our understanding of CHIP-mediated BNIP-H ubiquitination and provide further insight into the roles
of these proteins in neuritogenesis and neurotransmission.
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Significance Statement

This study elucidates the critical interaction between the adaptor protein BCL2/adenovirus E1B 19-kDa protein-interacting protein 2
homolog (BNIP-H) and the E3 ligase Carboxyl terminus of Hsc70-Interacting Protein (CHIP), highlighting their essential roles in brain
development and neuronal function. Through detailed mapping and mutational analysis, we identify key lysine amino acids involved
in the autoubiquitination of CHIP and ubiquitination of BNIP-H, revealing the insights into their regulation in the cells. The findings
demonstrate that the ability of CHIP to ubiquitinate BNIP-H is significantly impeded when key lysines in BNIP-H are mutated, under-
scoring the specificity of this interaction. Furthermore, hydrogen-deuterium exchange mass spectrometry analysis suggests a model
where transient N-terminal domain interactions facilitate CHIP’s U-box-mediated ubiquitination of BNIP-H. These insights advance
our understanding of how BNIP-H and CHIP contribute to neuronal physiology and brain development.

Introduction neuronal development (3, 4). Additionally, BNIP-H tethers to and

BCL2/adenovirus E1B 19-kDa protein-interacting protein 2 homo- ~ Similarly transports mitochondria (5). Numerous metabolic and

log (BNIP-H), also known as Caytaxin, belongs to the BCL2/adeno- enzymatic pathways rely on BNIP-H regulation; albeit its precise

virus E1B 19-kDa protein-interacting protein-2 (BNIP-2) family (1).
When dysfunctional, this crucial protein leads to a neurodegener-
ative disease called Cayman-type cerebellar ataxia, a disorder
characterized by hypotonia, variable psychomotor retardation,
and cerebellar dysfunction (2). BNIP-H behaves as an adaptor pro-
tein, facilitating the transport of cargo, such as adenosine triphos-
phate (ATP) citrate lyase and kidney-type glutaminase, to support

mechanism of action is largely unclear.

BNIP-H regulation involves various mechanisms, including ubiqui-
tination, a posttranslational modification that marks the protein for
proteolytic degradation (6). Ubiquitination involves a myriad of pro-
teins: E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating en-
zyme, E3 ubiquitin ligase, ubiquitin, and a substrate protein (7, 8).
CHIP (carboxyl terminus of Hsc70-Interacting Protein), a U-box

Received: May 8, 2024. Accepted: November 4, 2024

OXFORD

UNIVERSITY PRESS

Competing Interests: The authors declare no competing interests.

© The Author(s) 2024. Published by Oxford University Press on behalf of National Academy of Sciences. This is an Open Access article
distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-
nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly
cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions

can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please

contact journals.permissions@oup.com.


https://orcid.org/0000-0003-2540-969X
https://orcid.org/0000-0001-6577-6748
https://orcid.org/0000-0003-0756-096X
https://orcid.org/0000-0001-9781-5326
mailto:dbsjayar@nus.edu.sg
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/pnasnexus/pgae536

2 | PNAS Nexus, 2024, Vol. 3, No. 12

containing E3 ligase, acts both as a co-chaperone to assist with the re-
folding of misfolded proteins and as an E3 ligase that targets misfolded
proteins for degradation through the proteasomal pathway (9). CHIP
dysregulation has been linked to neurodegenerative diseases, such
as Alzheimer’s disease and Parkinson’s disease (10), with mutations
in CHIP leading to ataxia. In contrast, its overexpression offers neuro-
protectivity against various neurological diseases (10).

CHIP contains three conserved tetratricopeptide repeats (TPR)
each of 34-amino acids for protein-protein interactions (9) and a
U-box domain for ligase activity. Although CHIP is known to ubig-
uitinate neuronal proteins (6), the exact mechanism by which the
substrates are recognized and regulated by CHIP remains elusive.
One particular target, BNIP-H, is critical in learning and memory,
with its excessive degradation leading to impaired function (11).
Thus, there is a critical need to understand the regulatory role
of BNIP-H more clearly.

In this study, we present a comprehensive analysis of the au-
toubiquitination of the mouse CHIP E3 ligase and the ubiquitina-
tion of its substrate, mouse BNIP-H. In CHIP, we identified nine
lysine residues that are involved in its autoubiquitination.
Further, through in vitro analyses, we identified four lysine resi-
dues that are crucial for the ubiquitination of BNIP-H by CHIP.
Finally, we mapped the interaction of BNIP-H and CHIP using
hydrogen-deuterium exchange mass spectrometry (HDX-MS)
and proposed a model to describe the mechanism of regulation
of the substrate by the E3 ligase. Overall, our findings provide evi-
dence for the mode of CHIP-mediated ubiquitination of BNIP-H
and offer further insight into the possible roles of CHIP and
BNIP-H in neuronal development.

Results
Autoubiquitination of CHIP at Lys23 and Lys31

The active CHIP E3 ligase is regulated in various ways, including
autoubiquitination via its U-box domain (12). We observed that
the purified wild-type (WT) CHIP E3 ligase (CHIP™") undergoes au-
toubiquitination in the presence of purified E1 (Ubel) and E2
(UbcHSB) enzymes (Fig. 1A-C). Through mass spectrometry (MS)
analysis, we found that CHIP is ubiquitinated at two lysine resi-
dues: Lys23 and Lys31 (Supplementary Fig. S1). In MS analysis,
ubiquitination sites are identified by a 114.04 Da mass shift in
tryptic peptides, corresponding to a diglycine remnant in MS/MS
spectra. However, iodoacetamide, a common alkylating agent in
protein digestion protocols, can generate 2-acetamidoacetamide,
which has an identical molecular mass to the diglycine adduct,
potentially leading to false positive identifications (13-15). To clar-
ify and validate the importance of these residues in autoubiquiti-
nation, we generated single Lys23Arg and Lys31Arg mutants as
well as a Lys23,31Arg double-mutant protein and performed ubig-
uitination assays. We observed reduction in the level of autoubi-
quitination species for the Lys23Arg (33%), Lys31Arg (17%), and
Lys23,31Arg double mutant (36%), affirming the key roles of these
lysines in the ubiquitination process (Fig. 1C). While previous re-
ports suggest that these lysine residues are essential for CHIP au-
toubiquitination (16, 17), our single and double mutants indicated
that these residues were not indispensable to the autoubiquitina-
tion process (Fig. 1B). The lack of complete termination of autou-
biquitinated CHIP species (Fig. 1C) in the Lys23,31Arg double
mutant suggests that these residues are the first to be autoubiqui-
tinated and, their absence triggers the initial ubiquitination to
shift to other lysine residues, particularly since polyubiquitina-
tion remains intact.

Autoubiquitination of CHIP at other lysines

We next sought to assess the potential roles of other lysine residues in
CHIP autoubiquitination. Previous studies have indicated that
Ube2W-CHIP (E2-E3 enzymes) facilitates autoubiquitination at the
N-terminus of CHIP, consisting of lysines at positions 2, 4, and 7 (18,
19). Thus, we investigated the role of this lysine-rich N-terminus by
generating a Lys2,4,7Arg triple mutant (Supplementary Fig. S2A).
Furthermore Windheim et al. identified polyubiquitination of Lys221
and Lys255 (in human CHIP) in the presence of UbcHS5a in vitro (16).
Thus, we also generated a Lys222,256Arg CHIP double mutant
(equivalent to 221 and 255 lysines in human isoform). Finally, we gen-
erated a CHIP mutant bearing all seven arginine substitutions (hence-
forth referred as CHIP’M) (Supplementary Fig. S1B).

Antiubiquitin blot showed a similar formation of polyubiquitin
chains among the WT and all mutant CHIP proteins (Fig. 1D
and E). The level of autoubiquitination for the Lys222,256Arg mu-
tant was similar to that of CHIPVT (<10% difference), suggesting
that these residues are not primarily involved in its autoubiquiti-
nation. In contrast, there was a significant reduction (39.5%) in the
degree of ubiquitination for the Lys2,4,7Arg triple mutant as com-
pared with CHIP"T, indicating that these residues have a more key
role. As anticipated, the CHIP’ mutant displayed the lowest de-
gree of (48.5%) autoubiquitination, implying an additive effect of
the mutations on CHIP autoubiquitination (Fig. 1F). However,
since the ubiquitination of CHIP was not completely inhibited, it
stands to reason that other lysine residues could be playing a com-
pensatory role.

Through MS analysis (in-gel digestion) of the protein bands cor-
responding to ubiquitinated CHIP”* mutant (Fig. 1E), we identified
additional two lysine residues bearing ubiquitination marks:
Lys42 and Lys126. Thus, we generated single-point mutants
of these residues (Lys42Arg and Lysl26Arg CHIP mutants)
as well as a mutant bearing nine substitutions (CHIP®™;
Lys2,4,7,23,31,42,126,222,256Arg). Ubiquitination assays using
the CHIP™T and single-mutant CHIP (Lys42Arg and Lys126Arg)
proteins showed that polyubiquitin formation was not impeded
(<10% difference) by either of these mutations (Fig. 1H), suggest-
ing that E3 ligase activity was not hampered. Each of the single
mutations displayed autoubiquitination levels similar to that of
CHIP™T, suggesting that these residues are not the primary lysine
residues responsible for autoubiquitination. Intriguingly, the
CHIP*M mutant showed a massive decrease (81%) in the levels of
autoubiquitination, indicating that, by this point, we had identi-
fied most of the crucial lysine residues involved in CHIP autoubi-
quitination (Fig. 1I).

Despite these nine mutations, the CHIP™T and CHIP"™ mutant
proteins showed similar elution profiles in gel filtration chromato-
gram (Supplementary Fig. S2D), and no differences were detected
in the circular dichroism (CD) spectra (Supplementary Fig. S2E).
This highlights that the WT and mutant proteins are similar in
their structural properties and observed differences in the ubiqui-
tination profiles are likely associated with the loss of free amines
in the lysine residues. Notably, although mostly inhibited, there
remains minute autoubiquitination activity in the CHIP® mutant
(Fig. 11). Any additional residues were unable to be identified by
MS, due to the very low levels of autoubiquitination in the
CHIP"™ mutant.

The CHIP structure (PDB 2C2L (20)) shows an even distribution
of these nine key lysine residues across the surface-exposed re-
gions of the protein. Overall, CHIP comprises 20 lysine residues
and, drawing insight from literature and our results, we can define
the role of nine of these lysine residues in autoubiquitination.


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae536#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae536#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae536#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae536#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae536#supplementary-data

Shankaretal. | 3
| o | o |« | |« |+ w |« |+ ] ]+~ | v | « |« |« ] « | «
= R w B w | o+
K23, | K23, ane | wr | wr | Kese | kes | kom | koaw | K2 | KES a | wr | wr | Kkese | kese [ ko | ke | K2 | K2
ane | wr | wr | Kesr | Kesk | ksm |k | K23 | K2 a1k | 318 3w | 3w
w | o+ | + B w e [ [ [~ - % | -
= = a v | | == | «|= o
Lanes. 1 2 3 4 5 6 - 8 kD2 fanes ! 2 3 * s °© 7 ° omza) s ¥ 3 ¥ 8 $ Ed L
kDa 8 - kDa
250 -
[0 = -~ 30 e
130
U1 — e 100
S 70 B E 7 “Ub-CHIP
55 - = = — s = - “Poly Ub** - - = -
S s = = = = |
35 @) e w— e v we - W e 3o - 35 C e e e - e op
-
= 8 . s+ 8§ -
15 W0 e - e - e = o oam IS - - - - Ub-ub 15
T B S — T - - e - e asn
w | o+ |+ ]+ ]+~~~ T T T T T P e
wm |+ |+ ]+ ]+ ]+]<]-]-¢
w | « |« ]|+ HEE PO R i PRI -
w2, | K2, | w2z, | Kazz.
e | wr | owr | K| K e e |y |y K24, | K2a, | 2z2, | K222,
| 7w | zsen | zsow aw | wr | wr ™| ™ Kz, | K2, | wazz, | K222,
| 7| 2seR | 2s6R aw | wr | owr | K2 | e Ky |y
w | « |+ | « |+ A PP R I I BN PRI —— z ——
i AP + - e - #
= I I I A I I D P IO - I I I I R
)a ' — ——— - Lanes 1 2 3 + s s 7 8
250 Te— . 7
BME—S = _ 88— &« kba ' ’ a kDa = —=
3 250 ¥
nis Sl ‘ w g B B ] i .
55 @ —_ 1 — 70 b 100 Ub-CHIP
= — — e UbcHIP oo 70 = &
35 - 2 Poly Ub 55 . 2 = |
- e~ W WRCES ~—= @ == CHP 35 - - - s - 6 - cip
i g 3 L s eeseee--
- - ' 25 -
15 - 15
" Eamwm g ™ WM B2 — - — - upup 15 -
10 0 — !
- — ~— — - —w " - . e =n 10
w [ [ T-T-T-1T-1- g | o [« | 2 ]+ ]+ ]+ w ] v ]« ]+ ]« ] ]<]c¢]-~
5 R w2 | - B B R
CHIP wr wrT K42ZR | K4ZR | KI26R | KI26R | 9M ™M CHIP wr WT | K42R | K2R | KI2Z6R | K126R | oM ™ - bt d b Bl Rt 3 B o imal] BB »
b . . ub . . b i ¥ g
are are i
Lanes 1 2 3 4 5 3 7 8 Lanct 2 i ‘ i G z b
Kpa
250
130
100
s B-8-8
55 - =
-— -
= -~
35 W - ’ -y

Fig. 1. Autoubiquitination of CHIP and its mutants. The SDS PAGE, anti-UB and anti-CHIP are shown for CHIP mutants A-C) WT, K23R, K31R, and K23,31R
that shows reduction in the double mutant (K23,31R). Lane 8 shows that autoubiquitination still exists through the ubiquitination of other residues. D-F)
WT, K2,4,7R, K222,256R, and 7M (K2,4,7,23,31,222,256R) where K2,4,7R and 7M show the lowest autoubiquitinations. G-I) WT, K42R, K126R, and 9M

indicates that the autoubiquitination almost ceases in the 9M mutant that suggests that all crucial lysines that are prone to ubiquitination are identified.

Among these, two (Lys222 and Lys256) out of nine are located in
the U-box domain, and three (Lys31, Lys42, and Lys126) are pre-
sent in the TPR regions (Supplementary Fig. S2A-C).

BNIP-H ubiquitination by CHIP occurs on surface

exposed lysines

BNIP-H (Caytaxin) is a 42-kDa (aal-371) acidic neuroprotective
protein consisting of a C-terminal BNIP2 and a Cdc42 homology
(BCH) domain, a domain that is known to be structurally complex
(21, 22). The mouse variant closely resembles the human homolog
(Supplementary Fig. S3A). In vitro ubiquitination assays were con-
ducted with purified BNIP-H, CHIP (E3), UbE1 (E1), UbcH5b (E2),
and ubiquitin proteins, with and without ATP. Through these as-
says, we observed BNIP-H to be polyubiquitinated in the presence
of CHIP (Fig. 2), confirming that BNIP-H is a substrate of the E3 lig-
ase, as briefly observed in a previous study (6). Moreover, CHIP
undergoes autoubiquitination regardless of the presence of
BNIP-H (Fig. 2B and D).

BNIP-H is crucial in neuronal function; thus, its ubiquitination
by CHIP and subsequent proteasomal degradation ought to be
tightly regulated. Toidentify which lysine(s) on BNIP-H are ubiqui-
tinated, the bands corresponding to ubiquitinated BNIP-H (Fig. 2A)
from denatured polyacrylamide electrophoresis were excised and

analyzed through MS. We identified BNIP-H ubiquitination on ly-
sine residues 61, 128, 291, and 350 (Supplementary Fig. S1).
Thus, we created single mutants for each of these residues, as
well as one quadruple mutant (BNIP*M; Lys61,128,291,350Arg).
Ubiquitination was retained for each of the single mutants,
suggesting that the other three lysine residues in each mutant
compensated for the loss of activity of the mutated residue
(Fig. 3). BNIP-H ubiquitination was almost completely inhibited
(95% reduction in ubiquitination) in the BNIP*M mutant
(Supplementary Fig. 3C), confirming the indispensable role of
these specific four lysine residues. Additionally, it is well known
that CHIP can promote many types of lysine linked (lysine 27,
48, or 63) ubiquitin chains to control its substrates in cells (9, 15,
20, 23). Our MS results primarily show the presence of Lys48 linked
chains (Supplementary Fig. S1) on BNIP-H which is the specific
ubiquitin modification that is often related to proteasomal deg-
radation (24, 25).

To rule out the possibility that the loss of ubiquitination on the
BNIP*™ was due to misfolding, CD experiments were performed
comparing BNIP%T and all BNIP-H mutants. Similar CD spectra
were obtained for all proteins tested (Supplementary Fig. S3D), sug-
gesting that the mutations do not alter the global structure of the
protein. Additionally, time-point based assays showed that the
BNIP*™ mutant is ubiquitinated at a much lower rate than the
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Fig. 2. BNIP-H is ubiquitinated by CHIP E3 ligase. A) SDS page gel shows the ubiquitination reactions with lanes 1-6, each with one missing component.
The ubiquitination of BNIP occurs only in the presence of E1, E2, CHIP E3, Ub, and ATP as seen in lane 7. B) Anti-UB blot shows the formation of
polyubiquitin chains in lanes 4 and 7. C) Anti-BNIP blot indicates the polyubiquitination of BNIP occurring strongly in the presence of CHIP E3 ligase.
D) Anti-CHIP blot shows its autoubiquitination in the presence of ATP in lanes 4 and 7.

BNIP™T protein under identical conditions (Supplementary Fig. S4).
This further validates that the loss of ubiquitination in the mutants
is due to the loss of free amines. The lysine residues are located on
the surface of the protein where they can be accessed and ubiquiti-
nated by CHIP E3 ligase (Supplementary Fig. S3C).

To summarize, while CHIP"T was largely incapable of ubiquiti-
nating BNIP-H*™, the CHIP™ mutant was able to ubiquitinate
BNIP-H™T, although not as effectively as CHIP™T (Fig. 3C).

Mapping the interaction interface regions
between BNIP-H and CHIP proteins using HDX-MS

We employed HDX-MS to delve deeper into the interaction be-
tween CHIP and BNIP-H, with incubation periods similar to the
ubiquitination assay. In the presence of the BNIP-HWT substrate,
there were marginal changes in deuterium exchange across
CHIPYT, particularly within the peptides spanning the TPR and
U-box (Fig. 4A) regions. These marginal changes in the deuterium
exchange values indicate shielding of the folded regions from
the surrounding deuterium, with very slow exchange kinetics.
The TPR domain is involved in complex formation with other
CHIP substrates, such as Hsc70 and Hsp90 (26, 27), presumably
to stabilize the CHIPWT/BNIP-HYT complex for ubiquitination.
Mapping of deuterium exchange data onto a full-length model
structure of CHIP™T, highlighted these conformational changes
across the TPR domain and U-box to be colocalized spatially.
Interestingly, when bound to CHIPWT, BNIP-H"T exhibited a global

decrease in deuterium exchange across the protein, suggesting
that these regions have reduced solvent accessibility, as might
be observed as a result of its interaction with CHIP (Fig. 4B).
Importantly, decreased deuterium exchange was observed in pep-
tides that spanned the N-terminus and BCH domain of BNIP-HWT
(Fig. 4B). Additionally, it is predicted that the region spanning
amino acids 1-60 of BNIP-H is highly disordered or unfolded and
exposed (Supplementary Fig. S3C), and likely gains a stable sec-
ondary structure upon binding to CHIP, as indicated by reduced
exchange in that region in the presence of the E3 ligase CHIP.
Multiple peptides spanning residues 110-120 aa of BNIP-H showed
significantly lower deuterium uptake, suggesting that this region
interacts with the TPR domain of CHIP. This corroborates the find-
ings of previous reports that indicated that this region interacts
with the TPR domain of kinesin light chain (3, 5). We verified the
interaction between a structurally similar TPR domain and a
BNIP-H peptide using Isothermal titration calorimetry (ITC) that
validates our HDX-MS results (Supplementary Fig. S3E).
Collectively, these results suggest that, in the CHIP™T/BNIP-HWT
complex, BNIP-H undergoes substantial decreases in deuterium
exchange, indicative of a global conformational change.
HDX-MS analyses were additionally carried out for the CHI
and BNIP-H*M mutant proteins. The results showed short-term (1
and 10 min) intrinsic dynamic changes in CHIP™. These changes
were localized to the three TPR regions spanning residues 25-128,
with a few additional changes recorded in the U-box domain
(Fig. 4C). Deuterium exchange kinetics of BNIP-H* showed

P9M
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(K61R,128,291,350R) by CHIP™T. The anti-BNIP shows the 4M mutant is no longer ubiquitinated by CHIP E3 ligase indicating the loss of all crucial lysines.
D-F) Ubiquitination assays involving BNIP-H"T and BNIP-H*™ mutant with CHIP"" and CHIP? mutant. The best ubiquitination of BNIP-H occurs in the
presence of WT CHIP (lane 2). CHIP?™ mutant is still capable of ubiquitinating BNIP-H"" albeit to a much lesser extent (29% reduction) (lane 6). BNIP-H*™
mutant shows almost complete termination (95% reduction) in ubiquitination in the presence of CHIP"" as well as CHIP*™. All polyubiquitin chains are

formed normally in the anti-Ub blots.

consistently lower exchange for two peptides: 9-34 and 117-137
(Fig. 4D). These changes corresponded with those observed for
the BNIP-H™T protein, as these regions interact with CHIP™™.
Notably, our results are consistent with previous studies showing
that acidic regions around *WQ?° and "®WED*?° facilitate inter-
actions with the TPR domains of motor proteins (3, 5, 28, 29).

We further observed prominent HDX changes for CHIP*™ com-
plexed with BNIP-H*™, suggesting that this complex is sustained
longer than their WT counterparts (Fig. 4E); this is because the mu-
tant CHIP?™/BNIP-H*™ complex has a delayed dissociation due to
the reduced ubiquitination efficiency CHIP for the substrate
(Supplementary Fig. S4). Taken together, our HDX-MS results for
the WT and mutant proteins complement those from our ubiquiti-
nation assays. Collectively, our results allowed us to propose a
model for the CHIP¥T/BNIP-H"T complex interaction (Fig. 5).

Discussion

Ubiquitination plays a crucial role in the regulation of active pro-
teins in cells by targeting misfolded, partially folded, or unfolded
proteins for degradation in the proteasome. Consequently, muta-
tions in proteins involved with directing the ubiquitination pro-
cess can have disastrous effects on the cell and lead to various
diseases and disorders (30). Previous studies have elucidated the
role of ubiquitination on the function and turnover of the CHIP
E3 ligase (16, 17, 19, 31). While one report has shown that
BNIP-H ubiquitination occurs through CHIP (6), the involved resi-
dues and its mode of ubiquitination are not understood. Our stud-
ies reported here identified the residues involved in the
ubiquitination and further provides molecular basis of the autou-
biquitination of CHIP E3 ligase, which is known to be relevant in
influencingits dimerization, thereby directly impactingits activity
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labeling time are mapped onto predicted model of BNIP-HYT (AF-Q86WG3-F1), shown in cartoon representation. Peptides 41-65, 117-137, 291-302, and
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The BNIP-H protein consists of the N-terminal region and the C terminal BCH domain. The binding between WT proteins BNIP-H and CHIP is likely to be
initiated by the TPR domain (on CHIP) as it binds to the WED motif (*'*°GNGNELEWEDD'?° in BNIP-H). This allows for the U-box domain to move closer and
add ubiquitin on the Lysines 61, 128, 291, and 350 of the substrate BNIP-H. This ubiquitination occurs successfully in the case of WT proteins (as shown by
four triangles on BNIP-HWT), Mutant proteins are indicated with nine dots on CHIP?™ (corresponding to the nine mutations) and four bolts on BNIP-H*M,
These proteins lack the crucial lysines required for ubiquitination. In the mutants, the lack of these four lysines no longer makes BNIP-H a substrate for

CHIP and therefore CHIP is incapable of ubiquitinating it. Hence, in the WT proteins, BNIP-

H™T is ubiquitinated and degraded by the proteosome in a

CHIP-mediated manner while this regulation possibly drastically ceases in the mutant variants. Therefore, proper facilitation of BNIP-H population
occurs in the case of WT proteins while the mutant proteins will undergo dysregulation followed by diseased phenotypes.

(17). This autoubiquitination is known to disrupt the binding of
CHIP to chaperones, which are protein-folding complexes that
are upregulated during cellular stress (17).

In this study, we found that four crucial lysine residues in
BNIP-H are ubiquitinated by CHIP, and that CHIP itself is
autoubiquitinated via nine lysine residues, thus highlighting
the regulation of this U-box containing E3 ligase. Lam et al.
and Thrower et al. had proposed that lengthened polyubiquitin
chains allow for increased retention of substrate proteins at
the proteasome due to slower deubiquitination of the longer

polyubiquitin chains (32, 33). Our findings are in support of
this theory, as lysine single-point mutants of BNIP-H exhibited
only reduced ubiquitination rather than complete inhibition
of function, with compensation presumably achieved by the
remaining three essential lysine residues. Furthermore, the
mutant BNIP-H would be unavailable to participate in its
usual cellular functions by being retained in the proteosome.
This mechanism is possible physiologically, as the accu-
mulation of mutated BNIP-H could disrupt proper cellular
function.
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Table 1. Summary of key amino acids known from prior findings with current advances present in this study.

Protein

Mutant

Findings compared with WT protein

Reference

CHIP E3 Ligase (mouse)

CHIP K23R K23 is shown to be ubiquitinated. K23R mutant protein shows slightly Equivalent K22 in human CHIP found to be
reduced autoubiquitination. monoubiquitinated (16) and this study
CHIP K31R K31is also shown to be ubiquitinated. K31R mutant protein shows slightly = Equivalent lysine in human found to be
reduced autoubiquitination ubiquitinated (17) and this study
CHIP K23,31R Double mutant shows slightly reduced autoubiquitination This study
CHIP K2,4,7R K2,4,7R shows reduced autoubiquitination K2 is important for CHIP's function (31) and this
study
CHIP K222,256R K222, 256R shows similar autoubiquitination K221, 255 in human identified to be
polyubiquitinated (16) and this study
CHIP M Drastically reduced autoubiquitination. Monoubiquitination band still This study
observed.
CHIP K42R K42 is ubiquitinated. K42R shows almost no change in autoubiquitination = This study
which suggest it is not primary lysine to be targeted
CHIP K126R K126 is ubiquitinated. K126R almost no change in autoubiquitination This study
which suggest it is not primary lysine to be targeted
CHIP oM Almost completely abolished autoubiquitination This study
BNIP-H (mouse)
BNIP K61R Mutant undergoes heavier polyubiquitination This study
BNIP K128R Mutant undergoes heavier polyubiquitination. Slightly fainter bands This study
compared with rest of the mutants
BNIP K291R Mutant undergoes heavier polyubiquitination This study
BNIP K350R Mutant undergoes heavier polyubiquitination This study
BNIP 4M Abolishes polyubiquitination This study

Our results, along with supporting literature, allow us to propose
that WT CHIP and its BNIP-H substrate interact transiently at their
N-terminal domains; more specifically, between the TPR of CHIP
and the “WED” motif of BNIP-H. This interaction might allow the
U-box of CHIP to swing and ubiquitinate any of the four crucial
lysines of BNIP-H (Fig. 5, Table 1) followed by dissociation of the
complex. This is a representative mechanism of CHIP substrate
regulation. Moreover, previous studies show that such acidic pep-
tide regions can interact with the TPR regions (structurally similar
to the TPR regions of CHIP E3 ligase) kinesin motor proteins to carry-
out cargo transport (3, 5, 29) which is in agreement with our study
and validates that TPR forms a docking platform for BNIP-H for dif-
ferent functions. Of note, our research highlights the regulation of
BNIP-H by CHIP in relation to the E2 enzyme, UbcHS5b. Other reports
indicate notable differences in ubiquitination outcomes for CHIP
substrates like Hsp70 and ataxin-3 depending on the interacting
E2 enzyme (e.g. Ubcl3-Uevla, ube2w, or UbcHSa/b/c) (16, 17).
Most importantly, our study (which includes mutational studies)
identified the key amino acids in BNIP-H that are involved in its
ubiquitination by CHIP E3 ligase. While these exact mutations are
not observed in Cayman ataxia patients, the mechanism of regula-
tion of BNIP by CHIP ubiquitination is relevant as it dictates the
functional BNIP-H population. This provides a starting point for
understanding the molecular basis of Cayman ataxia, jittery move-
ments, dystonia, and sidewinder phenotypes, which are currently
understudied. Further, in the case of the CHIP E3 ligase, it is compli-
cated by its interplay with dimerization, co-chaperone interaction
and activity (9, 15, 17, 20, 34), which requires further investigation,
especially in relation to BNIP-H.

The CHIP E3 ligase is involved in a wide range of functions, in-
cluding protein folding, cell cycle regulation, and oncogenic trans-
formations (9, 10, 26, 34-38). It plays an indispensable role in
ubiquitinating substrates critical for neuronal function, such as
tau protein, alpha-synuclein, and ataxin-3. The abnormal accu-
mulation of any of these proteins can lead to neurodegenerative
diseases (10, 19, 23). Although there is considerable understand-
ing of the ubiquitin linkages borne by CHIP and its substrates,

such as K63- or K48-linked ubiquitin chains (15, 20, 31), the specif-
ic details regarding BNIP-H remain to be elucidated. The BCH do-
main of BNIP-H likely attributes functional diversity and
regulation as in the case of the yeast p5SORhoGAP (ARHGAP1)
where the p5-strand of the BCH domain is responsible for allo-
steric control of GAP activity (21). Moreover, further studies are re-
quired to highlight the importance of these lysine residues in
context to BNIP-H mutants found in Cayman ataxia patients to
provide a deeper understanding of the protein’s role in neuronal

physiology.

Material and methods

Cloning and site-directed mutagenesis

Genes for proteins of interest were inserted into the respective
plasmids: UbcH5b, Ubiquitin, and CHIP into pGEX-6P-1; BNIP-H
into pCDFDuet-1; UbE1 into pET21d. Site-directed mutagenesis
was performed with polymerase chain reaction using Bioer
BYQ6615 Thermal Cycler. Appropriate primers were designed
and synthesized by Integrated DNA Technologies for the muta-
tions. 0.7% agarose gel was used to confirm amplification. The am-
plicons were digested using New England Biolabs Dpnl restriction
enzyme and transformed into Escherichia coli strain DH5a cells.
Plasmids were extracted using Bio Basic EZ-10 Spin Column
Plasmid DNA Miniprep Kit and sequence analyzed with Bio Basic
sequencing service.

Protein expression and purification

Confirmed plasmids were transformed into E. coli strain BL21 via
heat shock. BL21 cells were grown in Bio Basic LB Broth Powder,
Miller (SD7002) with respective plasmid-specific antibiotics:
0.10 g/mL Ampicillin (Sodium) for pGEX-6P-1 and pET21d,
0.05 g/mL Streptomycin for pCDFDuet-1. The E. coli was grown
at 37 °C at 200 rpm until 0.6-0.8 optical density before being
induced with 0.4 mM p-d-1-thiogalactopyranoside overnight at
16 °C at 120 rpm. The cultures were pelleted and washed with
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1x phosphate-buffered saline (PBS) and kept at —20 °C until
purification.

The pellets were resuspended in their respective lysis buffers
containing optimized concentration of Tris, NaCl, glycerol, and
DTT. In per 100mL of resuspended pellet, one tablet of
Sigma-Aldrich cOmplete, EDTA-free Protease Inhibitor Cocktail
was dissolved. The cells were lysed, on ice, with a Sonics
Vibra-Cell Sonicator. The lysate was passed through, depending
on the tag, nickel or Glutathione S-transferase (GST) affinity col-
umns. For the nickel beads, the proteins were eluted with 150,
300, and 500 mM imidazole (pH 7.4) while purified PreScission
Protease was used to elute the GST-tagged proteins. The eluted
proteins were further purified using ion-exchange and/or gel fil-
tration chromatography, in optimized buffers, with an AKTA
pure fast protein liquid chromatography machine. IEX chroma-
tography was performed using GE Healthcare's Mono Q 5/50 GL
or HiTrap Q HP (desalted with HiPrep 26/10). After IEX chromatog-
raphy, a gel filtration chromatography was performed with
HiLoad 16/600 Superdex 200 pg, HiLoad 16/600 Superdex 75 pg,
Superdex 200 10/300 or Superdex 75 10/300 GL. Proteins were con-
centrated using Sartorius centricons into appropriate concentra-
tions, flash-frozen with liquid N, and kept at —80 °C.

Ubiquitination assay

In vitro ubiquitination assays were performed on BNIP-H.
According to their individual concentrations, appropriate molar-
ities of UbE1 (0.3 uM), UbcHSb (10 uM), CHIP (2 uM), Ubiquitin
(10 uM), BNIP-H (3 uM), ATP (4.5 mM), DTT (1 mM), and ubiquitina-
tion buffer (5 uL) were topped up to 50 uL with Milli-Q water. The
Ubiquitination buffer consists of 50 mM Hepes pH 7.5, 100 mM
NacCl, and 10 mM MgCl,. Reaction samples without certain com-
ponents were topped up with Milli-Q water. All reaction samples
were incubated at 37 °C for 2 h at 500 rpm. To stop the reaction,
10 pL of 6x SDS loading dye was added and samples were heated
at 100 °C for 3 min. Further analysis was performed with
SDS-PAGE or western blots. Image] was used for the quantification
of gel bands and analysis of differences in the ubiquitination pat-
terns (39).

Western blot

Ubiquitination assay samples were run for SDS-PAGE by loading
Sul per lane. The SDS gels were then transferred onto GE
Healthcare’s Amersham Hybond P 0.45 PVDF membranes using
a Bio-Rad Trans-Blot Turbo Transfer System for 7-17 min
(depending on optimization). The membranes were blocked at
room temperature (~25 °C) for 1 h with rocking with 5% Bovine se-
rum albumin in 1x PBS, 0.1% Tween 20 Detergent (PBST). The
membranes were washed with 1x PBST with rocking and added
with appropriate primary antibodies for 1h binding. Primary
antibodies used were: Santa Cruz Biotechnology’s Ub Antibody
(P4D1): sc-8017, CHIP Antibody (C-10): sc-133083, and BNIP-H
Antibody: MBS6001808. After primary antibody binding, the mem-
branes were washed, and appropriate Horseradish peroxidase
(HRP)-conjugated secondary antibodies were added. Secondary
antibodies were used, depending on the primary antibodies:
GeneTex Goat Anti-Mouse IgG antibody (GTX213111-01) or
Bethyl Rabbit IgG-heavy and light chain Antibody, A120-101P.
Immobilon Crescendo HRP substrate was added to the membrane
and incubated for 2-5 min. The membranes were imaged using a
Syngene PXi fluorescence imager.

MS analysis of excised bands from in vitro
ubiquitination assays

In-gel digestion

The gel band was cut into small pieces (1 mm?). The finely cut
pieces of gel were placed in a Sep-Pak tC18 96-well pElution
Plate (Waters, Miltford, MA, USA). The gels were then washed
with 50 mM ammonium bicarbonate/50% ethanol (v/v) and dehy-
drated using 100% ethanol, and the step was repeated one more
time. Subsequently, samples were reduced with 10 mM dithio-
threitol at 56 °C for 60 min followed by alkylation with 55 mM io-
doacetamide for 60 min, in the dark, at room temperature.
Following reduction and alkylation, the gel pieces were washed
with 200 uL of 50 mM ammonium bicarbonate (for 30 min),
200 pL of 25 mM ammonium bicarbonate/5% acetonitrile (ACN)
(for 30 min), 200 pL of 25 mM ammonium bicarbonate/50% ACN
(for 30 min). Then the gel pieces were dehydrated by adding
200 pL of ACN for 10 min. One pg of trypsin per 20 pg of proteins
was added, and trypsin digestion was performed at 37 °C for
18 h. The gels were then washed with 0.2% trifluoroacetic acid
(TFA). The digested peptides were extracted with 70% ACN, 0.1%
TFA.

LC-MS/MS analysis

The peptide separation was carried out on an Eksigent nanolC
Ultra and ChiPLC-nanoflex (Eksigent) in trap-elute configuration.
The samples were desalted with Sep-Pak tC18 pElution Plate
(Waters) and reconstituted with 20 L of diluent (98% Water, 2%
ACN, 0.05% Formic acid [FA]). In total, 5 uL of the sample was
loaded on a 200 pm x 0.5 mm trap column and separated on an
analytical 75 pm x 150 mm column. Both trap and analytical col-
umns were made of ChromXP C18-CL, 3 um (Eksigent). Peptides
were separated by a gradient formed by 2% ACN, 0.1% FA (mobile
phase A) and 98% ACN, 0.1% FA (mobile phase B): 5 to 30% of mo-
bile phase B in 10 min, 30 to 60% of mobile phase B in 4 min, 60 to
90% of mobile phase B in 1 min, 90 to 90% of mobile phase B in
5 min, 90 to 5% of mobile phase B in 1 min, and 5 to 5% of mobile
phase Bin 9 min, at a flow rate of 300 nL/min. The peptides eluted
were detected and identified using SCIEX 5600 Triple ToF mass
spectrometer using Analyst acquisition software.

Peptide identification and quantification was carried on the
ProteinPilot 5.0.2 software Rev. 5346 (SCIEX) using the Paragon
database search algorithm (5.0.20.5174) and the integrated false
discovery rate (FDR) analysis function. The data were searched
against a SWISSPROT Mus musculus database. The search param-
eters are as follows: Sample Type—Identification; Cys Alkylation
—Ilodoacetamide; Digestion—trypsin; Special Factors—Gel-based
ID/Ubiquitin/SUMO enrichment; Species—None. The processing
was specified as follows: ID Focus—Biological Modifications;
Search Effort—Thorough; Detected Protein Threshold—O0.05
(10.0%). For FDR determination, data were searched against a con-
catenated database with in silico on-the-fly reversal for decoy se-
quences automatically by the software. Only proteins with <1%
global FDR and distinct peptides with <5% local FDR were used
for further analysis.

Circular dichroism

Proteins performed with CD were concentrated to desired concen-
trations, based on preliminary optimization. Before measure-
ment, the proteins were spun down at maximum speed for
7 min at 4 °C. The CD was performed using a JASCO J-1100 CD
spectrophotometer. The cuvette was washed with 25% HNO;
and Milli-Q water. The results were generated with JASCO
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Spectra Manager. Baseline measurement was done with Milli-Q
water. Data were processed in Microsoft Excel and K2D3 tool (41).

Isothermal titration calorimetry

The interaction between purified TPR domain from kinesin light
chain (the domain is structurally similar to CHIP TPR domain)
and the "NGNELEWEDDTP*?? peptide from BNIP-H was charac-
terized by MicroCal iTC200 system from Malvern. Here, 10 uM of
protein was used in the sample cell, and the titrations were
done using 220 uyM peptide (purchased from GL Biochem Ltd).
Prior to injection, the samples were degassed and centrifuged to
clarify the protein. In addition, 4 uL volume of peptide per injec-
tion were used for the experiment, and each injection was sepa-
rated by 4 min to allow the peak to return to baseline. Origin
MicroCal iTC200 software was used to analyze the data.

HDX-MS experiments

Purified CHIP™T and BNIPW” proteins, 75 pmol each, were diluted
in PBS (pD 7.4) prepared in deuterium oxide, to initiate the hydro-
gen-deuterium exchange. The H-to-D labeling reactions were car-
ried out at 25 °C and incubated for predefined timepoints of 1, 10,
and 100 min. The reaction was quenched by lowering the pD ~2.5
using chilled solution (0.75M Guanidinium-HCl and 0.06%
Trifluoro Acetic acid). Nondeuterated control experiments of
CHIPYT and BNIPWT were performed using aqueous PBS. For
CHIPWT/BNIP™T complex, the two proteins were mixed in 1:1 mo-
lar ratio and incubated for 30 min at 25 °C prior to each labeling
experiment. Similarly, HDX-MS experiments were performed
for purified CHIP*™ and BNIP-H*M proteins and preincubated
CHIP®M/BNIP-H™ complex.

HDX-MS experiments were analyzed using a nanoAcquity
UPLC M-class system platform (Waters, Manchester, UK)
equipped with an Enzymate BEH pepsin column, 2.1x 30 mm
(Waters, Milford, MA) for proteolysis, followed by ACQUITY
UPLC BEH C18 1.7 ym VanGuard Pre-Column, 2.1x5mm con-
nected to ACQUITY UPLC BEH C18 1.7 pm, 1.0 x 100 mm analytic-
al column (Waters, Milford, MA) as described previously (40-43).
Protein digestion was performed at 12 °C, while chromatographic
separation was carried out 3 °C to minimize back-exchange. The
eluted peptides were detected using Synapt G2-Si mass spectrom-
eter (Waters, UK) via electrospray ionization source. The mass
spectrometer was operated in positive-ion mobility (HDMSe)
mode. The peptides were identified using ProteinLynx Global
Server (PLGS v3.0, Waters) using appropriate amino acid sequen-
ces of CHIP and BNIP-H proteins (WT and mutants). All deuterium
exchange data were processed and analyzed using DynamX soft-
ware v3.0 (Waters), with additional manual verification of the raw
spectra. The parameters for peptide search and deuterium uptake
assignment are as described previously (43, 44). Each deuterium
exchange value reported is an average from biological (n=2) and
technical (n=3) replicate measurements, and not corrected for
back exchange. The differences in deuterium exchange are visual-
ized as difference plots, and 1 min labeling data were mapped
onto full-length models of the two proteins. HDX-MS metadata
of the deuterium exchange of WT and mutant forms of CHIP
and BNIP-H are tabulated in the Supplementary Material.

Supplementary Material

Supplementary material is available at PNAS Nexus online.
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