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Abstract: Cbl proteins are E3 ubiquitin ligases specialized for the regulation of tyrosine kinases by
ubiquitylation. Human Cbl proteins are activated by tyrosine phosphorylation, thus setting up a
feedback loop whereby the activation of tyrosine kinases triggers their own degradation. Cbl pro-
teins are targeted to their substrates by a phosphotyrosine-binding SH2 domain. Choanoflagel-
lates, unicellular eukaryotes that are closely related to metazoans, also contain Cbl. The tyrosine
kinase complement of choanoflagellates is distinct from that of metazoans, and it is unclear if
choanoflagellate Cbl is regulated similarly to metazoan Cbl. Here, we performed structure-function
studies on Cbl from the choanoflagellate species Salpingoeca rosetta and found that it undergoes
phosphorylation-dependent activation. We show that S. rosetta Cbl can be phosphorylated by S.
rosetta Src kinase, and that it can ubiquitylate S. rosetta Src. We also compared the substrate
selectivity of human and S. rosetta Cbl by measuring ubiquitylation of Src constructs in which Cbl-
recruitment sites are placed in different contexts with respect to the kinase domain. Our results
indicate that for both human and S. rosetta Cbl, ubiquitylation depends on proximity and accessi-
bility, rather than being targeted toward specific lysine residues. Our results point to an ancient
interplay between phosphotyrosine and ubiquitin signaling in the metazoan lineage.
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Introduction

The ubiquitylation of proteins is carried out by the
sequential action of E1, E2, and E3 enzymes that
activate ubiquitin and transfer it to lysine residues
in the substrate proteins. The Casitas B-lineage
Lymphoma (Cbl) proteins are well-studied RING-
type E3 ubiquitin ligases that regulate tyrosine kin-
ases by ubiquitylation. Following ubiquitylation by
Cbl, these substrates, which are typically receptor or
nonreceptor tyrosine kinases, are degraded in the
lysosome.'™ In this way, Cbl proteins play a critical

PROTEIN SCIENCE 2018 ‘ VOL 27:923-832 923


http://firstglance.jmol.org/fg.htm?mol=6BK5

This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.
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Figure 1. Cbl domain architecture and mechanism. (A) Domain architecture of human c-Cbl protein. Constructs used in this study
are labeled and indicated by black bars. (B) Model of the phospho-activation mechanism of human ¢-Cbl.>® Domains are shown
as a cartoon representation, described in (A). The kinase substrate is shown in cyan. (C) The domain architecture of Cbl homo-
logs, S. rosetta Cbl, C. elegans Cbl, and D. melanogaster Cbl is shown along with the constructs used (black bars). An interactive

view is available in the electronic version of the article.

role in the control of tyrosine kinase signaling
pathways and thus, in the regulation of cellular pro-
cesses such as cell growth and cell-cell communica-
tion.* The human genome contains three members
of the Cbl family: ¢-Cbl, b-Cbl, and Cbl-c. All three
share a tyrosine kinase binding (TKB) module,
which contains a phosphotyrosine-binding SH2
domain, and a RING domain, which is responsible
for transferring ubiquitin from an E2 protein to
lysine residues in the substrate [Fig. 1(A)]. The
TKB-RING domains of c¢-Cbl and b-Cbl are 86%
identical, and consist of a 4-helix domain, an EF-
hand domain, and an SH2 domain.

In humans, Cbl activity is directly coupled to
that of its target kinases because Cbl is activated by
tyrosine phosphorylation.>® In the absence of phos-
phorylation, Cbl exists in a “closed” inactive confor-
mation.® The binding of a tyrosine-phosphorylated
segment of a tyrosine kinase to the TKB module of
Cbl promotes the phosphorylation of a tyrosine resi-
due in the TKB-RING linker region [Tyr 371 in
human c-Cbl, and see Fig. 1(A)]. Phosphorylation of
this tyrosine residue converts Cbl into an “open” and
active conformation [Fig. 1(B)1.5” In addition, the
phosphorylated tyrosine residue forms hydrogen
bonds with both ubiquitin, attached to the E2 active
site, and the RING domain of Cbl, thus positioning
ubiquitin for efficient transfer to the substrate.?®
Once activated, Cbl can ubiquitylate the tyrosine
kinase to which it is bound, setting up a feedback
loop that results, ultimately, in the degradation of
the tyrosine kinase.

The core components of Cbl proteins, the TKB
module followed by a RING domain, can be readily
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recognized in the sequences of Cbl proteins distrib-
uted throughout metazoan evolution. The TKB mod-
ule and the RING domain are highly conserved in
metazoans, shown in Figure S1(A), Supporting Infor-
mation. For example, the TKB modules of
D. melanogaster and C. elegans are respectively 75%
and 55% identical in sequence to the corresponding
elements in human c¢-Cbl. The conservation of the
sequence of the TKB module is notable because the
SH2 domain within it is distantly related to canonical
SH2 domains and was only recognized as one after
the structure was determined.®® This supports the
idea that the TKB module is an element that arose
early in evolution and stayed together as a unit.

Chbl is found in some nonmetazoans, such as
slime molds (Dictyostelium species), as well as in
choanoflagellates. The choanoflagellates are unicel-
lular aquatic species that are among the closest
known relatives to metazoans.'® Choanoflagellates
contain both receptor and nonreceptor tyrosine kin-
ases, including homologs of the Src-family kinases,
as well as the adaptor protein Grb2. While the Dic-
tyostelium Cbl proteins share low sequence identity
with human Cbl (~30% for the TKB module), the
choanoflagellate Cbl is more closely related to meta-
zoan Cbl, sharing 45-50% sequence identity across
the TKB and RING domains [Fig. S1(A), Supporting
Information].

Choanoflagellates contain many of the compo-
nents of tyrosine kinase pathways seen in later-
branching metazoans, although it is unclear if the
detailed workings of these pathways are conserved.
For example, choanoflagellates contain more recep-

tor tyrosine kinases than humans, but the

Regulatory Conservation in Choanoflagellate Ubiquitin Ligase Cbl
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Choanoflagellate Cbl

Human c-Cbl (1B47)

Human c-Cbl (2Y1M)

Figure 2. TKB module structures. Shown are the structures of the TKB modules of S. rosetta Cbl and human c-Cbl (PDB ID: 2CBL),2
as well as the TKB-RING segment of inactive human c-Cbl (PDB ID: 2Y1M).® The RING domain is indicated by an arrow.

extracellular domains of the choanoflagellate recep-
tor tyrosine kinases are different from those found
in vertebrates.'! The important cytoplasmic tyrosine
kinase Src appears to be regulated differently in
choanoflagellates than in humans. Vertebrate Src
proteins are regulated by inhibitory phosphorylation
on a C-terminal tail. Previous work is conflicting on
whether or not this mechanism is conserved in choa-
noflagellates, suggesting a number of questions
remain.""!® Investigating whether regulatory com-
ponents of signaling pathways are conserved in non-
like choanoflagellates is intriguing
because it allows us to understand if these elements
were fixed before the appearance of metazoan
multicellularity.

The tyrosine residue that is critical for activa-
tion of human c¢-Cbl is conserved in choanoflagellate
Cbl [Fig. S1(B), Supporting Information], but it has
not been determined if choanoflagellate Cbl proteins
are activated by phosphorylation. Receptor tyrosine
kinases are the most important targets of human
Cbl, but most of these proteins do not have direct
counterparts in choanoflagellates. In this article, we
address two main questions: First, is choanoflagel-
late Cbl activated by tyrosine phosphorylation? Sec-
ond, given the differences in the tyrosine kinase
complement of choanoflagellates and humans, are
there differences in how S. rosetta and human c-Cbl
recognize their substrates?

We determined the crystal structure of the TKB
module of S. rosetta Cbl. As expected from the
sequence conservation, the structure resembles that
of human Cbl closely.® In particular, the conforma-
tion of the N-terminal portion of the TKB-RING
linker is similar to that seen in the autoinhibited
form of human Cbl proteins. In addition, in vitro
ubiquitylation assays show preservation of the auto-
inhibitory mechanism. We found that Src kinases
can phosphorylate S. rosetta Cbl and that this phos-
phorylation potentiates the ubiquitylation activity of
S. rosetta Cbl. These results indicate that the feed-
back loop that is characteristic of the action of
human Cbl on tyrosine kinases emerged before the
choanoflagellates split off from the true metazoans.

metazoans

Amacher et al.

To address the issue of substrate specificity, we
made model Cbl substrates by fusing a segment
bearing the phosphotyrosine recognized by Cbl SH2
(referred to as the “linker peptide”) to the Src kinase
domain, either N-terminal or C-terminal to the
kinase domain. We analyzed the ubiquitylation of
these model substrates by human and S. rosetta Cbl.
Our results suggest that Cbl ubiquitylates lysine
residues in its targets based on proximity and acces-
sibility, rather than through the recognition of
sequence or structure. We also tested Cbl protein
from two invertebrate organisms, C. elegans and D.
melanogaster, with similar results.

Results and Discussion

The structure of the TKB module of S. rosetta
Cbl
To investigate the Cbl proteins, we used a number of
different constructs, defined in Figure 1. Specifically,
we refer to the segment spanning residues 48-480
in human c-Cbl as the TKB-RING segment. S.
rosetta Cbl contains 553 residues, and we define the
TKB-RING segment as residues 1-418 [Fig. 1(C)].
The phosphotyrosine residue that activates human
¢-Cbl, when phosphorylated, is Tyr 371, and the cor-
responding residue in S. rosetta Cbl is Tyr 352
[Fig. S1(B), Supporting Information].

We expressed and purified full length S. rosetta
Cbl using Escherichia coli and used this protein in
crystallization experiments [Fig. 1(C)]. The resulting
crystals did not contain the full-length protein, and
it appears that a proteolytically cleaved product con-
taining the TKB module was crystallized instead
(Material and Methods, Fig. S2, Supporting Infor-
mation). We used these crystals to determine the
structure of the TKB module to 2.4 A (Material and
Methods, Table SI, Supporting Information). The
TKB-RING linker can be traced to Tyr 349 in
S. rosetta Cbl, just before the tyrosine residue that
is phosphorylated in human c¢-Cbl (Tyr 352 in S.
rosetta Cbl). The structure is strikingly similar to
that of the autoinhibited conformation of the TKB
module of human Cbl (PDB IDs: 1B47 and 2Y1M),%8
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Conserved residues

[ S. rosetta Cbl

] human Cbl

7
Site of phosphorylation
in human c-Cbl

Figure 3. Structural similarity between S. rosetta Cbl (green)
and human c-Cbl (yellow, PDB ID: 2Y1M).% (A) The TKB modules
of S. rosetta Cbl and human c-Cbl are shown in ribbon represen-
tation. The regions of high sequence identity are highlighted in
black and are localized almost exclusively to the 4H-SH2 inter-
face and the SH2 domain. The inset figure is a zoomed in view of
the 4H-SH2 interface, with the side chain residues that are iden-
tical in the two structures shown in stick representation (carbon
atoms are black). (B) The binding pockets for the two tyrosine
residues in the linker (Tyr 368 and Tyr 371 in human c-Cbl) are
also highly conserved. Human c-Cbl (left) and S. rosetta Cbl
(right) are shown in surface representation (gray), with the region
containing the two conserved tyrosine residues as ribbons and
the tyrosine side chains as sticks (carbons are colored yellow for
c-Cbl and green for S. rosetta Cbl). The far-right panel shows an
overlay of the linker segments on the S. rosetta Cbl structure. (C)
Although the tyrosine residue corresponding to the phosphosite
in human c-Cbl is not visualized in the S. rosetta Cbl structure,
the binding pocket is highly conserved. Side chains that form
this pocket are shown as sticks for both structures.
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with a root mean square deviation (RMSD) of 0.7 A
for 234 C, atoms (for 1B47) or 0.9 A for 260 Cq
atoms (for 2Y1M) (Fig. 2). The TKB module consists
of a 4-helix domain, an EF hand domain, and an
SH2 domain, and these form a compact structure,
with a hydrophobic core at the interface of the three
domains [Fig. 3(A), inset].®® For human Cbl, ligand
binding results in a closure of the TKB module,
whereby the 4H and SH2 domains are pulled toward
one another.® S. rosetta Cbl, which was crystallized
without a ligand, is open. The SH2 domain is shifted
outward with respect to the 4-helix domain, relative
to the ligand-bound human Cbl TKB (PDB ID:
2CBL),® with a RMSD of 1.70 A for 251 C, atoms
[Fig. S2(A), Supporting Information]. This open con-
formation reflects previously-observed flexibility in
the TKB module of Cbl.6

Segments with high sequence conservation
between human and S. rosetta Cbls are located at
the interface of the 4-helix, EF-hand, and SH2
domain, adjacent to the peptide-binding cleft in the
SH2 domain, or in a loop in the 4-helix domain adja-
cent to the SH2 domain [highlighted in Fig. 3(A),
S3, Supporting Information]. Residues in this con-
served loop are involved in the recognition of resi-
dues located N-terminal to the phosphotyrosine in
substrate peptides, as shown previously for human
Cbl 816

Tyr 349 in S. rosetta Cbl corresponds to Tyr 368
in human c-Cbl and lies in a pocket formed by resi-
dues in the EF-hand and SH2 domain, stabilizing the
inactive conformation [Fig. 3(B)]. In human Cbl, this
interaction, in combination with others made by the
tyrosine residue that is phosphorylated, Tyr 371, sta-
bilizes the inactive conformation.® We could not confi-
dently model the conformation of the tyrosine residue
that is potentially phosphorylated, Tyr 352 in S.
rosetta Cbl, or additional C-terminal residues, due to
poor electron density. Nevertheless, sequence analysis
and homology modeling of human c-Cbl and S. rosetta
Cbl, as well as almost complete conservation lining a
hydrophobic pocket in which Tyr 368 of human c¢-Cbl
is docked, suggest that S. rosetta Cbl Tyr 352 is
docked in a similar manner to human c-Cbl Tyr 371
prior to activation [Fig. 3(B,C)].

S. rosetta Cbl can be activated by tyrosine
phosphorylation

We studied whether S. rosetta Cbl has a phosphory-
lation requirement for activation by utilizing an in
vitro assay based on standard methods,!” whereby
we mix ubiquitylation enzymes (e.g., E1, E2, and
E3) with substrate and necessary buffer components
(e.g., ATP and MgCly). We expressed and purified
the TKB-RING segment of human c¢-Cbl using an
E. coli expression system (Material and Methods
section) and tested its ubiquitylation activity. Ubig-
uitylation is identified by a higher molecular weight

Regulatory Conservation in Choanoflagellate Ubiquitin Ligase Cbl
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Figure 4. Cbl proteins require phosphorylation for ubiquitylation activity. (A) Schematic of the in vitro ubiquitylation assay, using
the Cbl TKB-RING module. (B) Coomassie-stained protein gel of an in vitro ubiquitylation assay showing the requirement for an
active kinase (here, Src-KD) in human c-Cbl activation. A higher molecular weight smear, indicated by an arrow, is only seen in
the presence of Src-KD (M,, ~35 kDa; right lane) and not the Src-inactive protein (M, ~ 52 kDa; left lane). t =60 m for Src-
inactive and 30 m for Src-KD. (C) An antiubiquitin western blot of a ubiquitylation assay using D. melanogaster Cbl reveals a
requirement for active Src in Cbl activity. In the absence of Src-KD, there is a build-up of E2~Ub species at ~22 kDa, but no
protein bands at higher molecular weight. This is in contrast to the right-hand sample, which contains Src-KD. t = 30 m. (D)
Coomassie-stained gels showing the results of ubiquitylation reactions using constructs containing the TKB-RING segments of
S. rosetta Cbl, C. elegans Cbl, and D. melanogaster Cbl. Two lanes are shown for each experiment, including either Src-

inactive (left gel panels) or Src-KD (right gel panels).

“smear” on a coomassie-stained SDS-PAGE gel and
validated by using a ubiquitin-specific antibody and
western blotting. Reactions were carried out in the
presence of either catalytically inactive chicken c-Src
protein (D368N; the construct includes the SHS3,
SH2, and kinase domains and is referred to here as
Src-inactive) or the active kinase domain of Src (Src-
KD). Our results show protein ubiquitylation occurs
only in the presence of active, but not inactive, Src
[Fig. 4(B,C), S4(A), Supporting Information], which
is consistent with tyrosine phosphorylation-induced
activation seen in human c-Cbl.*81?

We next investigated whether S. rosetta Cbl is
activated by phosphorylation. For comparison, we
also tested D. melanogaster and C. elegans Cbl. The
constructs that we used are shown in Figure 1(C). In
vitro ubiquitylation assays using active or inactive
chicken Src, as described above, confirmed that S.
rosetta Cbl also requires the presence of an active

Amacher et al.

tyrosine kinase for activity, as do D. melanogaster and
C. elegans Cbl proteins [Fig. 4(D), S4(B,C), Support-
ing Information]. We also tested the ability of
S. rosetta Src to activate S. rosetta Cbl in our assay.
S. rosetta Src, containing the SH3-SH2-kinase mod-
ule, activates and is subsequently ubiquitylated by
S. rosetta Cbl [Fig. S4(D), Supporting Information].
We also tested the ubiquitylation activity of
linker-RING constructs of all four Cbl proteins, lack-
ing the TKB module (Fig. 5). In all cases, the linker-
RING constructs were activated by phosphorylation.
As discussed earlier, Tyr 371 has two roles in human
c-Cbl regulation. First, when unphosphorylated, it
stabilizes the autoinhibited conformation of Cbl,
causing phosphorylation to disrupt the autoinhibited
state.® Second, in human Cbl, the phosphorylated
form of Tyr 371 stabilizes the catalytically active
conformation with ubiquitin bound.® Our results
with the linker-RING constructs suggest that the

PROTEIN SCIENCE ‘ VOL 27:923-832 821
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Figure 5. Cbl linker-RING domains alone require phosphorylation for ubiquitylation activity. Coomassie-stained gels showing
the results of ubiquitylation assays using constructs without the TKB module, that is, the linker-RING domains alone (see dia-
gram of construct at top). Two lanes are shown for all experiments, for S. rosetta Cbl and C. elegans Cbl, they are t =0 (left

lane) and 15 min (right). For D. melanogaster Cbl TKB-RING, the lanes are t =0

(left) and t = 30 min (right). The bands corre-

sponding to the Cbl proteins are marked with asterisks. Similar to Figure 4, a higher molecular weight smear, indicated by an
arrow, is only seen in the presence of Src-KD (M,, ~ 35 kDa; right gel panels) and not the Src-inactive protein (M,, ~ 52 kDa;

left gel panels).

role of the phosphotyrosine residue in positioning
ubiquitin and the RING domain by directly interact-
ing with ubiquitin is conserved across species.

In all of our experiments, we also analyzed phos-
phorylation of the Cbl proteins by their substrates
using mass spectrometry. As discussed in detail in
the Supporting Information, we were unable to
resolve the tyrosine critical for regulation in all
instances, with one exception. In an S. rosetta experi-
ment with unusually high sequence coverage, we are

928 PROTEINSCIENCE.ORG

able to identify unphosphorylated Tyr 352, as well as
phosphorylated Tyr 349. Based on these results, we
decided to mutagenize Tyr 352 in S. rosetta Cbl to
phenylalanine. Ubiquitylation experiments with
Y352F S. rosetta Cbl confirm that a tyrosine at this
position is required for activation [Fig. S4(B,C), Sup-
porting Information]. Therefore, we hypothesize that
the stereochemistry of the active site is conserved
between S. rosetta and human Cbl, and that Tyr 352
is the residue critical for regulation.

Regulatory Conservation in Choanoflagellate Ubiquitin Ligase Cbl
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Figure 6. The chimeric Src kinase, linker constructs designed for ubiquitylation assays. (A) The chimeric Cbl substrates used in
our ubiquitylation assays are depicted in cartoon representation for ZAP70-Src and Src-EGFR (above) or by domain architec-
ture (below). The Src kinase domain (PDB ID: 1YOJ)?? is in cyan, with lysine residues highlighted as spheres by atom (carbons
are green). The ZAP-70 linker (PBD ID: 4K2R)?® is also shown in cartoon representation (orange, with lysine residues highlighted
by spheres (carbons are cyan) or a dotted line. The EGFR tail is shown as a dotted line. (B) The lysine residues of chimeric pro-
teins in the Src kinase domain that are ubiquitylated by Cbl proteins are shown as spheres (carbons are gray if not ubiquity-
lated, and pink if the residue is ubiquitylated). The kinase domain is shown as a gray cartoon. Ubiquitylated residues are listed

below the structure.

Proximity and accessibility govern the
ubiquitylation of residues by Cbl

In humans, Cbl ubiquitylates many different tyro-
sine kinases, and each of these are ubiquitylated on
a variety of lysine residues, as seen for example, in
EGFR.2° We determined the specific lysine residues
in the kinase domains of ZAP-70 and Src that are
ubiquitylated by human c-Cbl by tandem mass spec-
trometry. The lysine residues that are ubiquitylated
do not seem to conform to any obvious structural or
sequence-based pattern (Figs. S5, S6, Supporting
Information).%°

A unifying feature of Cbl substrates in humans
is the location of the Cbl binding site. In human kin-
ases, the putative Cbl SH2 binding site lies in a flex-
ible linker segment; however, the location of this
segment relative to the lysines that get ubiquity-
lated on the kinase domain is different, with some
being N-terminal and others being C-terminal to the
kinase domain. The sequences of the linkers in Cbl
substrates are well conserved for each protein
throughout vertebrate evolution, but the linkers in
one kinase do not resemble those in other substrates
(Fig. S7, Supporting Information). We wondered if
binding of the Cbl SH2 domain to the linker of a
kinase plays a role in determining which lysine resi-
dues get ubiquitylated.

The structures of phosphotyrosine-containing
linker peptides bound to human Cbl TKB domains
has shown that the linkers bind similarly, with the
exception of a linker in the hepatocyte growth factor
receptor, c-Met.2! The phosphorylated c-Met linker

Amacher et al.

binds to the Cbl SH2 domain in the opposite direc-
tion to canonical SH2-phosphopeptide binding inter-
actions. The Cbl binding site in ZAP-70 and c-Met is
N-terminal to the kinase domain, while the Cbl
binding site in other kinases such as EGFR lies C-
terminal to the kinase domain. Given that most kin-
ases appear to be ubiquitylated within the kinase
domain, this raises the question of whether Cbl ori-
entation with respect to the kinase domain is an
important determinant of ubiquitylation efficiency.
To test whether differences in binding site location
relative to the kinase domain affect target lysine
residue selectivity, we created a series of model sub-
strates consisting of chimeric proteins in which the
Src kinase domain is attached to ZAP-70, EGFR, or
c-Met linkers [Fig. 6(A)]. We ubiquitylated these chi-
meric proteins using human, D. melanogaster, C. ele-
gans, and S. rosetta Cbl proteins and identified
targeted residues by mass spectrometry (Fig. 7).

Our results indicate that neither the position of
the linker with respect to the kinase domain, nor
the sequence of the linkers affect which lysine resi-
dues are ubiquitylated in the substrate. Not all of
the lysine residues in Src were observed by mass
spectrometry (e.g., Lys 343), but the unubiquitylated
versions of the majority of the lysine-containing pep-
tides are detected in our experiments (Fig. 7). Over-
all, our data clearly suggest that certain residues
are ubiquitylated (e.g., Lys 257, Lys 298, Lys 356,
and Lys 501) regardless of linker identity [Figs. 6(B)
and 7]. In addition, S. rosetta Cbl, C. elegans Cbl,
and D. melanogaster Cbl ubiquitylate residues that
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and Cbl homologs from four species are shown. The key is
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we do not see in our c-Cbl experiment (e.g., Lys 316
and Lys 423).

Conclusions

The conserved control of choanoflagellate Cbl by
tyrosine phosphorylation reveals an ancient coupling
of tyrosine phosphorylation and ubiquitylation. Our
results show that the machinery is in place for feed-
back regulation of tyrosine kinase
whereby activation of a tyrosine kinase substrate in
turn activates its degradation by Cbl via phosphory-
lation, in both human and choanoflagellates. This
conservation of Cbl structure and function through-
out evolution, despite differences in the regulation of
tyrosine kinase signaling pathways within these
organisms, is remarkable because it shows that the
regulation of tyrosine kinases by Cbl was in place
before the tyrosine kinase signaling networks that
are characteristic of metazoans arose.

Despite the importance of tyrosine phosphoryla-
tion for its activity, Cbl predates the emergence of a
central role for tyrosine kinases in signaling. The
slime mold Dictyostelium discoideum contains CblA,
a RING-type E3 ligase that targets the tyrosine
phosphatase PTP3 for ubiquitylation.?*2% Sequence
alignment suggests that CblA contains a tyrosine
kinase binding module. However, CblA does not

signaling,
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contain the conserved tyrosine for phospho-
activation, and its RING domain is more similar to
that of the inhibitor of apoptosis (IAP) proteins than
metazoan Cbl (Fig. S8, Supporting Information).
Intriguingly, D. discoideum contains STAT proteins
that are regulated by tyrosine phosphorylation,
along with JAK- and Csk-like kinases.?” The rela-
tionship between CblA and kinases in D. discoideum
remains an open question.

The domain architecture of Cbl is unique. Anal-
ysis of the 108 annotated SH2 domains in the
human proteome reveals only five SH2 domains that
are associated with a coiled-coil domain, for exam-
ple, the 4-helix domain, (Uniprot identifiers: FER,
FES, STAP2, STAT1, and STATS). Published crystal
structures suggest that none of these proteins share
the domain architecture of the Cbl family of pro-
teins.?®3 It is apparent that after originating in a
common ancestor of the Amoebozoa and Metazoa,
the TKB binding module quickly evolved to become
highly specialized for its specific activity targeting
tyrosine kinases.

As our results show, the SH2-dependent interac-
tion between Cbl and its targets is not a determi-
nant in specifying certain lysine residues for
ubiquitylation. We conclude that SH2 binding local-
izes the target near the active site of Cbl, increasing
ubiquitylation efficiency. Our data indicate that the
role for tyrosine phosphorylation in Cbl, in promot-
ing efficient ubiquitylation, is conserved in the choa-
noflagellate S. rosetta. To further confirm this, it
would be interesting to see if a choanoflagellate
E2:Ub:Cbl:substrate complex is structurally similar
to that of the human E2:Ub:Cbl:ZAP-70 complex.?®
More broadly, biochemical and structural studies on
choanoflagellate tyrosine kinases and their associ-
ated signaling proteins are needed to provide a
deeper understanding of the signaling pathways of
nonmetazoans and how they relate to those in the
metazoan lineages.

Materials and Methods

Protein expression and purification

All proteins were expressed as His-tagged fusions in
pET28a-derived vectors (c-Cbl, S. rosetta Cbl, and C.
elegans Cbl all constructs, D. melanogaster Cbl
linker-RING, E1, E2, ubiquitin, Src-KD, Src-inac-
tive, all Src chimeras) using BL21 (DE3) Escherichia
coli or the pFASTBAC vector (D. melanogaster Cbl
full length and TKB-RING) using SF9 insect cells.
Detailed purification procedures are in the Support-
ing Information.

In vitro ubiquitylation assay coupled to mass
spectrometry

Ubiquitylation assays were based on standard meth-
0ds'” (see Supporting Information).

Regulatory Conservation in Choanoflagellate Ubiquitin Ligase Cbl



Crystallization and structure determination

of S. Rosetta Chb/

The crystal used for data collection crystallized at 4
mg mL ™! in well solution 2% (w/v) Tacsimate pH
7.0, 10% (w/v) polyethylene glycol 3350. Detailed
data collection and structure determination proce-
dures, as well as sequence and structural analyses
methods are in Supporting Information. Coordinates
and structure factors were deposited in the Protein
Data Bank, with accession code 6BK5.
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