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B I O C H E M I S T R Y

Substrate binding allosterically relieves autoinhibition 
of the pseudokinase TRIB1
Sam A. Jamieson1*, Zheng Ruan2*, Abigail E. Burgess1, Jack R. Curry1, Hamish D. McMillan1,  
Jodi L. Brewster1, Anita K. Dunbier1, Alison D. Axtman3,4, Natarajan Kannan2,5, Peter D. Mace1†

The Tribbles family of pseudokinases recruits substrates to the ubiquitin ligase COP1 to facilitate ubiquitylation. 
CCAAT/enhancer-binding protein (C/EBP) family transcription factors are crucial Tribbles substrates in adipocyte 
and myeloid cell development. We found that the TRIB1 pseudokinase was able to recruit various C/EBP family 
members and that the binding of C/EBP was attenuated by phosphorylation. To explain the mechanism of C/EBP 
recruitment, we solved the crystal structure of TRIB1 in complex with C/EBP, which revealed that TRIB1 underwent 
a substantial conformational change relative to its substrate-free structure and bound C/EBP in a pseudosubstrate- 
like manner. Crystallographic analysis and molecular dynamics and subsequent biochemical assays showed that 
C/EBP binding triggered allosteric changes that link substrate recruitment to COP1 binding. These findings offer 
a view of pseudokinase regulation with striking parallels to bona fide kinase regulation—by means of the activation 
loop and C helix—and raise the possibility of small molecules targeting either the activation “loop-in” or “loop-out” 
conformations of Tribbles pseudokinases.

INTRODUCTION
Protein kinases are a pervasive class of signaling protein that trans-
duce all manner of biological signals. Kinase catalytic activity is 
controlled by a range of mechanisms, which converge on alignment 
of the catalytic and regulatory spines (1). Among the ~500 protein 
human protein kinase domains, around 10% are regarded as pseudoki-
nases because they lack key catalytic features. Sequence variations 
that can turn a kinase into a pseudokinase include mutation of cata-
lytic resides, substitutions that block adenosine 5′-triphosphate (ATP) 
binding, or disruption of regulatory spine residues (2). Like their 
catalytically active counterparts, pseudokinases play roles in many 
signaling pathways but do so without phosphorylating substrates. 
These functions can be broadly categorized as allosteric regulation 
of active kinases, acting either as scaffolds for protein-protein inter-
actions or as signaling switches (2, 3).

The Tribbles family of proteins occupies a dedicated branch of 
the kinome composed of four members—TRIB1, TRIB2, TRIB3, 
and the more distantly related STK40 (also known as SgK495) (4). 
The family derives its name from the Drosophila tribbles protein (5, 6) 
and shares a common domain architecture: They have a variable 
N-terminal extension, a pseudokinase domain, and a C-terminal 
extension that binds to the ubiquitin E3 ligase COP1 (Fig. 1A). The 
pseudokinase and COP1-binding motif are key for the function of 
Tribbles proteins—by binding to substrates through their pseudo-
kinase domain and to COP1 through their C terminus, they act as 
substrate adaptors to facilitate ubiquitylation by COP1.

Human Tribbles proteins are implicated in wide-ranging signal-
ing processes. TRIB3 is known to affect metabolism by binding and 

inhibiting the metabolic regulatory protein kinase AKT and by 
recruiting acetyl–coenzyme A carboxylase for degradation (7, 8). In 
contrast to inducing degradation, TRIB3 can stabilize the oncogenic 
PML-RAR fusion protein, preventing its sumoylation and ubiqui-
tylation (9). In addition, TRIB1 to TRIB3 have all been reported 
to both promote and suppress mitogen-activated protein kinase 
(MAPK) signaling (10–13).

Perhaps the most well-established role of Tribbles proteins is 
regulating CCAAT/enhancer-binding protein (C/EBP) family tran-
scription factors (14–17). The C/EBP family is composed of six 
members in humans (, , , , , and ). Further diversity arises 
because most family members can be translated as splicing isoforms, 
and family members can form either homodimers or heterodimers 
(18). C/EBP transcription factors recognize a characteristic CCAAT 
DNA sequence to regulate proliferation, differentiation, and metabo-
lism, particularly of hepatocytes, adipocytes, and hematopoietic 
cells (15, 18–20). Among the Tribbles, TRIB3 appears to not influ-
ence C/EBPs, whereas TRIB1, TRIB2, and STK40 are all capable of 
triggering degradation of selected C/EBPs by recruiting them to 
COP1 for ubiquitination (14, 21). Through their ability to control 
C/EBP and myeloid development, overexpression of Trib1 and Trib2 
in mice can cause development of acute myeloid leukemia with high 
penetrance (14, 22), and TRIB1 deficiency results in a loss of tissue- 
resident M2-like macrophages (15). Genome-wide association studies 
have also linked TRIB1 to circulating liver enzymes and plasma lipids 
(23, 24), which has subsequently been linked to posttranslational 
control of C/EBP-regulated transcription (25).

Crystal structures of the TRIB1 pseudokinase domain have re-
vealed a deprecated N-terminal lobe and ATP-binding site, which is 
consistent with the inability of TRIB1 to bind ATP (17). Notably, 
the C-terminal COP1-binding motif of TRIB1 can bind to the pseudo-
kinase domain in an autoinhibitory manner (17), which is mutually 
exclusive with the motif binding to the COP1 WD40 domain (26). 
Here, we used a combination of crystallography, molecular dynamics 
(MD), and biochemistry to investigate the mechanism that allows 
the release of TRIB1 autoinhibition. Solving the structure of TRIB1 
bound to its prototypical substrate, C/EBP, revealed that TRIB1 
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undergoes a marked conformational change upon substrate binding. 
Such conformational changes have important implications for as-
sembly of an active complex with COP1 and potentially for suscepti-
bility of Tribbles pseudokinases to small-molecule inhibitors.

RESULTS
Structure of the TRIB1-C/EBP complex
To understand the basis for recruitment of C/EBP family transcrip-
tion factors, we sought to solve the structure of the TRIB-C/EBPα 
complex. Crystals of the complex were successfully grown by fusing 
the TRIB1 recognition degron (the sequence mediating protein in-
teractions that regulate degradation) of C/EBPα to the C terminus 
of TRIB1 (fig. S1). The structure was solved to a resolution of 2.8 Å 
(Table 1). There are two complexes in the asymmetric unit, which 
have the C/EBPα peptide defined for residues 55 to 74 and 57 to 67, 
respectively (the former complex is displayed in subsequent figures; 
both complexes and electron density maps are included in fig. S2). 

The activation loop of TRIB1 in both 
complexes was fully resolved (Fig. 1B), re-
vealing that it adopts a position markedly 
different than the conformation seen in 
substrate-free TRIB1 (17). The activation 
loop folds toward the αC helix and gen-
erates a binding site for the C/EBPα 
degron. This binding mode is effectively 
pseudosubstrate-like, as demonstrated by 
comparison with that of the prototypical 
substrate-like protein kinase inhibitor 
(PKI) peptide in complex with protein 
kinase A (PKA) (Fig. 1C). All of the C/
EBPα degron residues previously shown 
to be required for binding make direct 
contact with TRIB1 (17). Namely, Ile55, 
Glu59, Ser61, Ile62, and Ile64 are part of 
an extended peptide that spans TRIB1 
and leads to a helical turn containing 
Tyr67 and Ile68, which lie in a cleft along-
side the αG helix of TRIB1.

To experimentally validate the TRIB1 
residues involved in the interface, we 
generated a panel of mutants in a GST-
TRIB1 fusion protein and tested their 
ability to bind His6MBP-C/EBPα (Fig. 1, 
D and E). Mutants were designed to in-
clude residues that directly contact C/
EBPα or to test differences between bind-
ing capabilities of TRIB1 and TRIB3 
(described further in the next para-
graph). In pulldown analysis, critical 
residues spanned the C/EBPα binding 
site—either directly contacting C/EBPα 
(His168, Arg209, and Phe293) or partaking 
in both substrate binding and stabiliza-
tion of the activation loop in a compe-
tent conformation (Cys245, Pro246, and 
Ile253). The six TRIB1 mutants with im-
peded C/EBPα binding were identical in 
TRIB2, consistent with the ability of 

TRIB1 and TRIB2 to bind C/EBPα with similar affinities (fig. S3) 
and subsequently induce its degradation in cells and drive develop-
ment of acute myeloid leukemia in mice (14).

When considering why TRIB1, TRIB2, and STK40, but not 
TRIB3, have been reported to degrade C/EBP proteins (14, 21), the 
TRIB1-C/EBP structure provides some insight. In brief, many resi-
dues that bind the C/EBP degron are conserved in TRIB3, but there 
are subtle differences across the degron binding site (fig. S4A). 
None of these differences obviously precludes binding, but the 
cumulative effect may decrease binding affinity to subfunctional 
levels. Although we have not exhaustively substituted residues be-
tween TRIB1 and TRIB3, an R209E TRIB1 mutant had decreased 
binding to C/EBP (Fig. 1D)—the equivalent of Arg209 is a cysteine 
residue in TRIB3. Another possibility is an indirect effect through 
conformational dynamics of the activation loop. For instance, the 
residue equivalent to Ser240 in TRIB1 and TRIB2 is a tryptophan in 
human TRIB3 and conserved as a tryptophan in TRIB3 from humans 
to mice. The S240W mutant of TRIB1 has decreased C/EBP binding 
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Fig. 1. The TRIB1-C/EBPα degron complex. (A) Schematic illustrating degradation of C/EBPα by TRIB1-COP1. 
(B) Crystal structure of the TRIB1-C/EBPα degron complex, with TRIB1 shown predominantly in orange with a green 
activation loop and C/EBPα in blue. (C) Comparison of the C/EBPα binding mode (blue) with that of the prototypic 
substrate-like PKI (turquoise) in complex with PKA [gray surface; Protein Data Bank (PDB) 1ATP]. To generate the overlay, 
the TRIB1-C/EBPα complex structure was superimposed on the basis of the pseudokinase and kinase domains of 
TRIB1 and PKA, respectively. (D) Glutathione S-transferase (GST) pulldown of His6MBP-C/EBPα(53–75) by wild-type 
(WT) GST-TRIB1(84–372) and indicated mutants, separated by SDS–polyacrylamide gel electrophoresis (PAGE) and 
visualized by Coomassie blue staining (top) or anti-His6 immunoblotting (bottom). A nonspecific band that copurifies 
with GST-TRIB1 is indicated with an asterisk. (E) Structural representation of mutants that disrupt C/EBPα binding. 
TRIB1 is shown as an orange surface and C/EBPα in blue, with TRIB1 mutants that disrupt binding shown in red.
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(Fig. 1D), although Ser240 does not directly contact the substrate 
(Fig. 1E). TRIB1 G224A, which substitutes a TRIB3 residue directly 
contacting the substrate, had no apparent effect on binding (Fig. 1D 
and fig. S4A). One possible explanation is that a tryptophan in this 
position could stabilize the inactive state by binding the hydrophobic 
pocket occupied by either the N-terminal Ile55 of the C/EBP degron 
in substrate-bound TRIB1 or Leu239 in substrate-free TRIB1 (fig. S4B). 
However, further studies specific to TRIB3 are required to test such 
a hypothesis.

TRIB1 and C/EBP family members
Among their broad functions, C/EBP transcription factors coordi-
nately regulate myeloid cell and adipocyte differentiation, with 

different family members predominating at specific phases of 
differentiation. However, there is some sequence variation in the 
Tribbles recognition degron of different C/EBP transcription factors 
(Fig. 2A)—C/EBP, C/EBP, and C/EBP each contain a sequence 
similar to the C/EBP degron. Although we are unable to rule out 
more cryptic degrons in C/EBP and C/EBP, their large truncations 
and divergent domain structures meant that we were unable to iden-
tify any contiguous degron-like sequences. We first sought to test 
whether C/EBP, C/EBP, and C/EBP could also be bound by 
TRIB1 and subsequently whether sequence variations might alter the 
efficacy of TRIB1 binding. Using isothermal titration calorimetry 
(ITC), we observed that TRIB1 bound to C/EBP, C/EBP, C/EBP, 
and C/EBP peptides fused to maltose-binding protein (MBP) with 
dissociation constants ranging from 7.4 to 17 M (Fig. 2B). Such 
affinities suggest that C/EBP, C/EBP, C/EBP, and C/EBP 
all contain functional TRIB1 degrons that bind TRIB1 with similar 
affinity.

To investigate which residues within the C/EBP degron contribute 
most strongly to TRIB1 binding, we performed a 1-s MD simula-
tion based on the TRIB1-C/EBPα structure. Plotting the root mean 
square fluctuation of C/EBPα peptide reiterated that the stretch from 
Glu59 to Ala72 represented the most stable portion of the peptide 
and included the main binding determinants (fig. S5). This finding 
is consistent with several lines of evidence: Previous binding studies 
of mutant C/EBPα peptides revealed a concentration of important 
binding residues in this region (17); the second complex within the 
asymmetric unit of the crystal structure was well defined only for 
residues 57 to 67; and this segment contains the highest level of se-
quence identity between C/EBP family members.

Effect of C/EBP phosphorylation on TRIB1 binding
The observation that TRIB1 can bind various C/EBP family members 
with similar efficacy is interesting in light of previous observation 
that TRIB1 can affect C/EBP, but not C/EBP, in certain cases (15) 
and other scenarios where C/EBP and C/EBP are regulated equally 
by TRIB1 (27). These observations beg the question of whether 
further mechanisms control C/EBP degradation depending on cell 
type or developmental stage. To explore additional layers of regula-
tion, we analyzed data from phosphosite.org and observed that 
C/EBP is phosphorylated at Ser77 and Tyr79 within its Tribbles 
degron. Tyr79 phosphorylation of C/EBP occurs via c-Abl and Arg 
nonreceptor tyrosine kinases, resulting in stabilization of C/EBP 
(28), while Ser77 is phosphorylated in a Ras-dependent manner (29). 
In the TRIB1-C/EBP structure, the equivalent serine and tyrosine 
residues of C/EBP were directly involved with binding TRIB1 
(Fig. 2C). To test the effect of C/EBP degron phosphorylation, we 
developed a competition assay based on fluorescence polarization 
(Fig. 2D). In this assay, fluorescein isothiocyanate (FITC)–labeled 
C/EBPα peptide was competitively displaced by an unmodified 
C/EBP degron peptide. In contrast, Ser77-phosphorylated or 
Tyr79-phosphorylated C/EBP degron peptide showed no ability to 
displace FITC-C/EBPα, even up to concentrations of 350 M. Loss 
of TRIB1 binding after Tyr79 phosphorylation suggests a direct mech-
anism to explain posttranslational stabilization of C/EBP by c-Abl 
(28) based on protection from degradation by TRIB1-COP1. Simi-
larly, phosphorylation of Tyr79 by proline-directed Ser/Thr kinases 
such as CDK2 or MAPKs could represent a further mechanism by 
which C/EBP protein abundance can be protected from degrada-
tion by COP1-Tribbles complexes under specific circumstances (29).

Table 1. Summary of crystallographic data and refinement. Rmerge = 
hkl i |Ii − <I> |/−hkl Ii, where Ii is the intensity of the ith observation, <I> 
is the mean intensity of the reflection, and the summations extend over 
all unique reflections (hkl) and all equivalents (i), respectively. Rpim is a 
measure of the quality of the data after averaging the multiple 
measurements and Rpim = hkl [n/(n − 1)]1/2 i |Ii(hkl) – <I(hkl)>|/hkl i 
Ii(hkl), where n is the multiplicity (other variables as defined for Rmerge). 

TRIB1-C/EBPα

Beamline AS-MX2

Wavelength (Å) 0.9537

Resolution (outer shell) (Å) 48.7–2.8 (2.95–2.8)

Space group P6122

Unit cell parameters a = 98.8 Å

b = 98.8 Å

c = 332.7 Å

 = 90°

 = 90 °

 = 120°

Rmerge (outer shell) 0.077 (1.992)

Rpim (outer shell) 0.035 (0.879)

Mean I/I (outer shell) 19.8 (1.5)

Completeness (outer shell) 99.8 (99.1)

Multiplicity (outer shell) 10.4 (10.7)

Total no. of reflections 258,141 (37,340)

No. of unique reflections 24,777 (3,491)

Mean (I) half-set correlation CC(1/2) 
(outer shell)

1.000 (0.609)

Wilson B factor (Å2) 82.1

Refinement statistics

 Rcryst 0.220

 Rfree 0.276

Average B factor overall (Å2) 113

Ramachandran plot statistics (%)

 Favored regions 93.1%

 Allowed regions 6.5%

 Outliers 0.4%

 PDB entry 6dc0
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Conformational changes induced by substrate binding
Previous structures of TRIB1 have shown that the pseudokinase 
domain contains an unusual C helix that forms a binding site 
for the C-terminal COP1-binding motif (17). TRIB1 and TRIB2 
also contain a unique Ser-Leu-Glu (SLE) sequence at the N terminus 
of the activation loop—as opposed to Asp-Phe-Gly (DFG) that 
is seen in most active kinases—which can block the putative 
ATP-binding pocket. The structure of substrate-bound TRIB1 here 
revealed distinct conformational changes upon substrate binding 
(Fig. 3). Analysis of these conformational changes delineated a clear 
allosteric mechanism to link substrate binding on one side of TRIB1 
to release of the COP1- binding motif from its binding site on the 
C helix—in effect release of TRIB1 autoinhibition (Fig. 3 and 
movie S1).

Upon binding to C/EBPα substrate, the activation loop became 
fully ordered, folding between the N- and C-terminal lobes to form 
the substrate-binding site (Fig. 3A and Fig. 1). With this, rearrange-
ment was a conformational change in the SLE sequence at the N 
terminus of the activation loop (Fig. 3B). Leu226 moved toward the 
αC helix, packing into a location homologous to the DFG phenyl-
alanine of conventional kinases when they adopt their “DFG-in” 
conformation (1). In TRIB1, rearrangement of Leu226 was facilitated 
by movement of Tyr134 within the αC helix, which subsequently 
packed atop Leu226 to complete the regulatory spine (Fig. 3C). In this 
manner, the substrate-bound conformation of the TRIB1 pseudokinase 
can be thought to adopt an “SLE-in” conformation that is comparable 

to the DFG-in conformation of conven-
tional kinases.

The existence of states that resemble 
inactive (SLE-out) and active (SLE-in) 
protein kinase structures not only is 
intriguing but also has striking conse-
quences for the function of TRIB1. For 
the coordinated rearrangement of Tyr134 
and Leu226 upon substrate binding to 
occur, the αC helix of TRIB1 must rotate 
away from the active site of the kinase. 
For instance, the α carbon positions of 
Tyr134, Ile135, and Gln136 moved by 3.2, 
4.8, and 4.4 Å, respectively, relative to 
their positions in the substrate-free struc-
ture. Further movement was propagated 
through the N-terminal portion of the 
αC helix, and more subtle rearrangements 
occurred within the 4 and 5 of the 
N-terminal lobe. Together, these changes 
disrupted the docking site for the C- 
terminal tail of TRIB1 (Fig. 3D), making 
it incompatible with sequestration of 
the C-terminal COP1-binding site and 
TRIB1 autoinhibition.

Allosteric regulation of  
TRIB1 autoinhibition by  
substrate binding
The C-terminal COP1-binding motif of 
TRIB1 binds to its own pseudokinase 
domain and the E3 ubiquitin ligase in a 
mutually exclusive manner (Fig. 4, A 

and B) (26), which necessitates the allosteric changes outlined in 
the previous section. To test the functional effects of the allosteric 
changes, we adopted an assay previously used to test COP1 binding 
by TRIB1 and STK40 (26, 30). Namely, TRIB1-COP1 association 
was inferred by displacement of a FITC-labeled TRIB1 C-terminal 
peptide from the WD40 domain of COP1, which was monitored by 
fluorescence polarization. Consistent with Uljon et al. (26) and 
the autoinhibited crystal structure, we observed that the C-terminal 
COP1-binding motif was less effective at binding COP1 when it is 
attached to the pseudokinase [TRIB1(84–372)] than it is as an isolated 
peptide (residues 349 to 367; fig. S6). Strikingly, inclusion of the C/EBPα 
degron peptide with TRIB1(84–372) allowed TRIB1 to more effectively 
displace the FITC-labeled peptide (Fig. 4C). The displacement curve 
for TRIB1 with C/EBPα was shifted to about 10-fold lower TRIB1 con-
centrations relative to TRIB1 in the absence of substrate, supporting a 
model where substrate binding releases autoinhibition and frees the 
tail to bind COP1.

To further investigate the structural basis of TRIB1 allostery, we 
performed MD simulations comparing the dynamics of TRIB1 in 
its autoinhibited form, in its active conformation but without sub-
strate, and in its active conformation in the presence of substrate. 
These analyses could be used to (i) visualize the effect of substrate 
binding on stability of the C-terminal tail of TRIB1 and (ii) infer key 
residues involved in the allosteric regulation of TRIB1.

First, to understand the propensity of the TRIB1 C-terminal tail 
to occupy its autoinhibited conformation, we analyzed the stability 
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EBP degrons injected into TRIB1(84–372). Data points represent mean of duplicate titrations, following buffer titration 
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of the tail over the parallel simulations (movie S2). In the structure 
of autoinhibited TRIB1 (PDB ID 5CEM), the tail stably occupied its 
binding cleft atop the αC helix, maintaining multiple hydrogen bonds 
with the 4 strand. In contrast, initiating a simulation of TRIB1 
(SLE-in) bound to C/EBPα with the C-terminal tail in an equivalent 
position alongside the 4 strand showed the tail rapidly dissociating 
from its binding site. Beginning a simulation with TRIB1 in its ac-
tive (SLE-in) conformation, but without substrate present, resulted 
in the tail binding for an intermediate length of time but eventually 
dissociating. To quantify these observations, we plotted the number 
of hydrogen bonds between the TRIB1 C-terminal tail and the 4 
strand over the course of the three simulations (Fig. 4D). This analy-
sis highlights that the C-terminal tail is less effectively sequestered 
when TRIB1 occupies an active state and becomes fully destabilized 
when substrate binding completes the active complex.

Second, to understand the key residues inherent to the allosteric 
mechanism, we compared the difference in torsion angle dynamics 
of each residue in TRIB1 using a Kullback-Leibler (KL) divergence- 
based statistics (see Materials and Methods; Fig. 5). Quantification 
of KL divergence of TRIB1 without the C-terminal tail (Fig. 5A) 
indicated that structural regions (such as the catalytic loop and 
activation loop) in direct contact with C/EBPα show significant differ-
ence between substrate-bound and substrate-unbound simulations. 
Notably, the KL divergence profile of TRIB1 with the C-terminal 
tail revealed differences in torsion angle dynamics of residues not 
only in the substrate-binding site but also in distal regions of the 
pseudokinase domain, including the C-terminal tail, SLE motif, 
G-loop, and αC helix (Fig. 5A). In the presence of substrate, the 
SLE+1 aspartate (Asp228) displayed conformational flexibility in 
that it could make charge interactions with Lys220 from the catalytic 
loop, Arg102 from the glycine-rich loop, and Lys130 from the αC 
helix during the simulation (Fig. 5B). Therefore, the SLE motif seems 
to be the global hub in propagating the allosteric signals of C/EBPα 
substrate binding. Notably, Tyr134 in the αC helix was both inti-

mately involved with conformational changes between the SLE-in 
and SLE-out states of TRIB1 (Fig. 3), and divergent in TRIB2, where 
it is a cysteine residue. We saw that stability of a TRIB1 Y134C 
mutant protein was markedly reduced to near that of TRIB2 (fig. S7). 
This suggests a key role for the Tyr134 position in conformational 
stability, which may differ between paralogs. Nonetheless, these data 
reinforce the key functional role of sequence features that are 
unique to Tribbles proteins, contributing to a mode of regulation 
reminiscent of active kinases.

Potential for nucleotide or small-molecule binding by TRIB1
A clear consequence of conformational changes induced by C/
EBPα binding is the opening of the TRIB1 active site, which, in the 
SLE-out state, was blocked by the activation loop (Fig. 6A). In con-
trast, the SLE-in state induced a large, open binding pocket (Fig. 6B). 
Such an open state would be consistent with reports that the closely 
related pseudokinase TRIB2 can bind to ATP and to small-molecule 
ligands (31, 32). We initially tested the effect of C/EBPα degron on 
the melting temperature of TRIB1(84–372) in a differential scanning 
fluorimetry (DSF) assay (33). The addition of C/EBPα degron peptide 
stabilized TRIB1 (Fig. 6C, comparing orange to gray). However, 
further addition of 200 M ATP did not shift the melting tempera-
ture of either TRIB1 alone (Fig. 6C, green) or the TRIB1-C/EBPα 
mixture (Fig. 6C, black) relative to their nucleotide-free equivalents. 
We also saw no change in TRIB1 stability in the presence or absence 
of adenosine 5′-diphosphate (ADP) or magnesium, when C/EBPα 
peptide was present (fig. S8A), consistent with previous experimental 
studies of substrate-free TRIB1 (17). Thus, it appears that movement 
of the SLE motif to its SLE-in conformation is insufficient to confer 
the ability to bind nucleotides.

Although TRIB1 does not appear capable of binding ATP in 
either conformation, there is no obvious steric hindrance of the rear 
(adenine binding) portion of the TRIB1 ATP-binding site, particu-
larly in the SLE-in state. This is relevant because ATP-competitive 

A B C D

Leu226

Leu226

Leu226 Leu226

Tyr134

Tyr134

Tyr134 Tyr134

Fig. 3. TRIB1 conformational changes upon substrate binding. (A to D) Comparison of structures of substrate-free (top; PDB ID 5CEM) and C/EBPα-bound TRIB1 (bottom; 
this work). (A) Overview from the substrate-binding side of the molecule. (B) SLE motif and surrounding residues within the active site from the same orientation as (A). 
(C) Simplified view showing the relative organization of the C helix, Tyr134, and Leu226 from the opposite orientation to (A) and (B). (D) Position of the C helix and residues 
that contact the C-terminal tail of TRIB1 in substrate-free TRIB1; orientation as described in (C). Movement of selected features upon C/EBPα binding are indicated with 
arrows (top), and residues are selectively depicted as sticks for clarity.
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inhibitors often occupy the adenine-binding portion of a kinase 
active site, rather than the phosphate-stabilizing regions that are 
defunct in TRIB1. To explore this possibility, we used DSF to screen 
TRIB1 against the publicly available PKI screen (34). We found 
several compounds that induced thermal stabilization of TRIB1 by 
greater than 2°C (Fig. 6D, fig. S8B, and table S1). The four hits were 
originally designed as inhibitors of either angiopoietin and vascular 
endothelial growth factor receptors (TIE2 and VEGFR2) or epider-

mal growth factor receptor family members (EGFR and 
ErbB2, also known as HER2) and were built upon either 
the benzimidazolyl diaryl urea, furopyrimidine (both 
TIE2/VEGFR2-targeting), or anilino thienopyrimidine 
(EGFR/ErbB2-targeting) scaffold (35–37). Moreover, 
three of the four also induced similar stabilization of 
TRIB1 in the presence of C/EBPα degron peptide, whereas 
GW607049C induced a different melting profile in the 
presence and absence of degron (Fig. 6E, fig. S8B, and 
table S1), which could indicate binding to different con-
formations of TRIB1. Although further characterization 
is definitely required, these results offer the first sugges-
tion that inhibitors could be developed to target TRIB1. 
On the basis of structural and mechanistic studies pre-
sented here, development of specific ligands that bind 
the SLE-out or SLE-in conformations of TRIB1 could 
have exciting potential to either block substrate binding 
or release autoinhibition of TRIB1 to promote recruit-
ment of the COP1 ubiquitin ligase.

DISCUSSION
Tribbles pseudokinases function in concert with the 
COP1 ubiquitin ligase to degrade critical regulators of 
metabolism and transcription (4). Here, we showed 
that TRIB1 recognizes conserved degrons in C/EBP 
family members with similar efficacy and that bind-
ing of C/EBP was antagonized by C/EBP phosphor-
ylation. We also reported the structure of TRIB1 in 
complex with the degron from its canonical substrate, 
C/EBPα. The mechanism of C/EBPα binding by TRIB1— a 
pseudosubstrate-like binding mode— couples substrate 
binding on one face of TRIB1 to release the C-terminal 
tail on the opposing face of the molecule. Such a mecha-
nism not only seems likely to have important consequences 
for protecting TRIB1 from unproductive degradation by 
COP1 but also offers exciting potential when considering 
ligands designed to bind the TRIB1 active site.

Pseudokinases are not constrained by the need to 
perform catalysis and hence have evolved as diverse 
mediators of signal transduction via three major mecha-
nisms: allosterically activating other enzymes, acting as 
signaling switches, or scaffolding protein-protein com-
plexes (2, 3). There are few examples of pseudokinase 
structures captured in both inhibited and “active” states, 
but the mechanism described here for TRIB1 bears re-
markable resemblance to regulation of conventional 
kinases. However, it is facilitated by unique structural 
features of TRIB1. For instance, the αC helix is com-
monly mobile in conventional kinases (1). In TRIB1, the 
C-terminal portion of the αC helix appears somewhat 

distorted—potentially by the presence of Pro133—relative to conven-
tional kinases and undergoes a subtle unwinding between the sub-
strate-free and substrate-bound structures (Fig. 3D). Moreover, in 
addition to having an SLE motif rather than a DFG motif, TRIB1 to 
TRIB3 all have a glutamate preceding the SLE, which is unique, sta-
bilizes the autoinhibited state of TRIB1, and exhibits increased KL 
divergence in MD simulations of substrate-free and substrate-bound 
TRIB1-C/EBPα (Fig. 5). Overall, the mechanism described in this 

A C

B

D

5CEM)

Fig. 4. Allosteric release of the COP1-binding motif by substrate binding. (A and B) Structure 
of the C-terminal COP1-binding motif bound to (A) the pseudokinase domain of TRIB1 (from PDB 
ID 5CEM) or (B) the WD40 domain of COP1 (from PDB ID 5IGO). (C) Fluorescence polarization (Fp) 
displacement assay of FITC-TRIB1(349–367) from the WD40 domain of COP1 by either TRIB1(84–372) 
alone at varying concentrations (above arrow in the diagram; black in the graph) or TRIB1(84–372) 
in the presence of 10 M C/EBPα degron peptide (below arrow in the diagram; yellow in the graph). 
Data are means ± SEM of three technical replicates using two independently prepared stocks of 
COP1. (D) Summary of MD simulations of SLE-out TRIB1 or SLE-in TRIB1 with and without substrate. 
The number of hydrogen bonds between the C-terminal tail and 4 strand is plotted over the 
time course of the simulation above, and an indicative state during the latter part of the simula-
tion is shown below. Animated trajectories are shown in movie S2.
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work offers an intriguing example of sequence features that are 
divergent between pseudokinases and kinases maintaining ortholo-
gous function as an allosteric switch. In conventional kinases, bind-
ing of regulators to the αC helix can stabilize the regulatory spine 
and promote the active conformation and substrate binding (1). In 
the case of TRIB1, it appears that the αC helix and substrate bind-
ing remain intimately linked—with substrate binding on one side of 
the molecule being coupled to interactions between the C-terminal 
tail and the αC helix. Whether similar mechanisms control protein- 
protein interactions in other pseudokinases, or active kinases, is an 
interesting proposition.

Foulkes et al. (32), published alongside this report, showed that 
TRIB2 also binds its own C-terminal tail and thus potentially also 
adopts an autoinhibited conformation that facilitates allosteric reg-
ulation. Although no structures are available for TRIB2 or TRIB3, 
the structure of the STK40 pseudokinase domain was recently re-
ported (30). However, STK40 is the most divergent Tribbles family 
member and does not share the SLE-type motif or preceding gluta-
mate residue. In this sense, it appears unlikely to share the same 
allosteric switch mechanism as TRIB1 and may be constitutively 
active with regard to substrate binding. The impact of such for 
STK40 stability and biological functions independent of canonical 
Tribbles family members will be an area of some interest.

C/EBP transcription factors play pleiotropic roles in develop-
ment of adipocytes and myeloid cells. The importance of C/EBPs in 

myeloid development is illustrated by mutations in C/
EBP that occur in ~10% of acute myeloid leukemia patients 
(38) and the critical transcriptional role of C/EBP in mul-
tiple myeloma (39). Many of the biologically characterized 
roles of TRIB1 and TRIB2—for instance, regulation of 
lipid metabolism or macrophage development— can 
be traced to their ability to control the abundance of 
C/EBP in particular. The identification of the Tribbles 
degron present in the p42, but not the dominant-negative 
p30 isoform of C/EBP, suggested one mechanism by 
which Tribbles may selectively control a single tran-
scription factor (17). Our findings reported here now 
show that the Tribbles degron is conserved in four of 
six C/EBP family members, of which all but C/EBP are 
similar to C/EBP in that they also have short isoforms 
that lack a Tribbles degron. Because leucine zipper tran-
scription factors can form either homodimers or het-
erodimers, which may contain no, one, or two Tribbles 
degrons, there appears to be ample opportunity for gra-
dation of C/EBP ubiquitylation by COP1-TRIB1/2, where 
complexes containing two degrons are preferentially 
degraded by Tribbles, over complexes that might be 
recruited less avidly. In addition, because our C/EBP bind-
ing studies were performed with a recombinant degron 
sequence, we cannot rule out that additional sequences 
or posttranslational modifications may modify binding 
affinity and degradation in the context of full-length C/
EBP proteins.

Our binding studies show the potential for C/EBP 
to be protected from TRIB1 binding by phosphorylation 
(Fig. 2D). Such protection may have clinical relevance 
when considering tumors with constitutively activated 
kinases upstream of C/EBP. Namely, given the role 
of EBP in Ras-induced transformation and myeloid 

cancers, it is tempting to speculate that pharmacologically prevent-
ing EBP phosphorylation could make it susceptible to Tribbles- 
mediated degradation and offer benefit in specific cancers (28, 29, 40). 
Phosphorylation of EBP further adds to the complexity of COP1-
based ubiquitination and phosphorylation, given modulation of 
ETS family transcription factor degradation by Src family kinases 
(41, 42), and to the fundamental role of degrons within key sub-
strates in cancer development (43).

Although the capability of TRIB2 to bind ATP appears not to be 
realized in either the SLE-in form or the SLE-out form of TRIB1 
(Fig. 6) (31), this work opens the intriguing possibility that small- 
molecule inhibitors targeted toward the active site of Tribbles could 
be used to block function. An exciting coincident report by Foulkes 
et al. suggests that small-molecule inhibitors that covalently target a 
cysteine-rich segment in the C helix of TRIB2 can induce its deg-
radation (32). The fact that these inhibitors were also originally 
designed against EGFR offers some overlap with the binding profile 
shown here for TRIB1. The chances of such overlap were likely in-
creased by our having screened an identical library, which is en-
riched in EGFR-targeted ligands, to that screened by Foulkes et al. 
A more extensive search of chemical space is warranted to find 
more potent binders of TRIB1. The mechanism revealed in this 
work offers an exciting incentive for finding Tribbles-targeting 
small molecules— despite having poor ATP-binding propensity, the 
active-site pocket is intimately linked to regulation of TRIB1, and 

Fig. 5. Comparative analysis of MD simulations of TRIB1 pseudokinase domain with and 
without C/EBPα peptide. (A) The KL divergence of the torsion angle of each residue is shown. 
Motifs and residues that display differential distribution between the C/EBPα-unbound simu-
lation and C/EBPα-bound simulation are labeled. Left: KL divergence of TRIB1 simulations 
without the C-terminal tail. Right: KL divergence of TRIB1 simulations with the C-terminal tail. 
(B) Representative snapshots from TRIB1+C-tail:C/EBPα simulation. SLE+1 aspartate (Asp228) 
mediates charge interaction with Lys210 from catalytic loop, Arg102 from glycine-rich loop, and 
Lys130 from αC helix.  on S
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binding of inhibitors around the SLE sequence and αC helix may 
have drastic implications for the fate of TRIB1 or TRIB2. When fur-
ther high-affinity binders can be identified, it will be especially im-
portant to understand possible stabilization or destabilization of 
SLE-in or SLE-out conformation, which could subsequently affect 
protein lifetime and function in cells. Such potential is well exem-
plified by Foulkes et al. in degradation of TRIB2 by EGFR-targeted 
ligands (32).

Targeting pseudokinases with small molecules is an exciting area 
of development. For instance, small molecules that stabilize the 
KSR pseudokinase antagonize RAF heterodimerization and subse-
quently Ras signaling (44), and molecules targeting the HER3 pseu-
dokinase modulate its heterodimerization with kinase-active EGF 
family receptors and induce degradation of HER3 (45). The distinct 
sequence features within the active site of TRIB1 may offer several 
possibilities for developing specific inhibitors. It remains a tantaliz-
ing prospect that high-affinity small molecules could manipulate 
the allosteric mechanism described here to protect substrates, or 
promote Tribbles degradation, in cancers promoted by Tribbles 
pseudokinases.

MATERIALS AND METHODS
Protein expression and purification 
by GST pulldown
All bacterial constructs (TRIB1 and 
C/EBP) were expressed in Escherichia 
coli BL21 (DE3) cells. COP1 was ex-
pressed in insect cells.

TRIB1(84–372), TRIB2(53–343), and 
TRIB1(84–343) linked by a -GSGSSGGPG- 
linker to C/EBPα(53–75) were cloned into 
modified pET-LIC vectors incorporat-
ing an N-terminal 6× His tag and a 3C 
protease cleavage site. C/EBPα(53–75), 
C/EBP(64–86), C/EBP(50–72), and 
C/EBP(31–53) all fused to MBP were 
cloned into modified pET-LIC vectors 
incorporating an N-terminal 6× His 
tag followed by MBP and a 3C protease 
cleavage site.

Cell pellets were resuspended in 
purification buffer [50 mM tris (pH 8.0), 
300 mM NaCl, 10% (v/v) glycerol, and 
10% (w/v) sucrose] supplemented with 
lysozyme (0.2 mg/ml) and benzonase 
(80 U/ml). Cells were lysed by sonication 
(Sonifier, Heat Systems Ultrasonics). 
Protein was initially purified by Ni2+ 
affinity chromatography (HIS-Select resin, 
Sigma-Aldrich). Proteins were eluted with 
purification buffer containing 300 mM 
imidazole. Protein-containing fractions 
were pooled and digested overnight with 
3C protease and 2 mM dithiothreitol. 
The protein was further purified by 
size- exclusion chromatography using 
a Superdex 200 Increase column (GE 
Life Sciences) [10 mM Hepes (pH 7.6), 
300 mM NaCl, and 0.5 mM tris(2- 
carboxyethyl)phosphine hydrochloride 

(TCEP)] or anion exchange (RESOURCE Q). The core peak fractions 
were pooled and snap-frozen for storage at −80°C.

Mutations were generated in Trib1(84–372) in a modified pGEX-
LIC vector incorporating an N-terminal GST tag using QuikChange 
mutagenesis. Cell pellets from expression of wild-type and mutant 
TRIB1 were resuspended in purification buffer and supplemented 
with lysozyme (0.2 mg/ml) and benzonase (80 U/ml), and cells were 
lysed by sonication. The soluble fraction was bound to GST Sep-
harose resin (Amersham Biosciences) and analyzed for purity by 
SDS-PAGE. GST-TRIB1 was incubated with 500 M C/EBPα(53–
75) fused to MBP at 4°C for 20 min using phosphate-buffered saline 
(PBS; pH 7.4). After incubation, the resins were washed with PBS 
(pH 7.4) and 0.02% (v/v) Tween 20. Samples were then resuspend-
ed in SDS sample buffer and visualized on 12 to 18% gradient SDS-
PAGE stained with Coomassie R250.

The COP1 WD40 domain (376–731) was expressed in the 
Trichoplusia ni (Tni) and Spodoptera frugiperda (Sf9) cell lines 
using baculovirus produced in Sf9 cells. All cells were purchased 
from Expression Systems and cultured in ESF 921 medium at 27°C, 
shaken at 125 rpm. The Bac-to-Bac baculovirus expression system 
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Fig. 6. TRIB1 can potentially bind small-molecule ligands but not ATP. (A and B) Representation of the available 
binding cavity of TRIB1 (gray) in (A) the SLE-out conformation from PDB ID 5CEM and (B) the SLE-in conformation 
when bound to C/EBPα. (C) DSF melting analysis of TRIB1 or TRIB1 + C/EBPα degron peptide in the presence or 
absence of ATP. Points are the mean of independent triplicates from one purified TRIB1 stock, with error bars 
representing SEM. (D) Summary of DSF analyses of TRIB1(84–372) against the Published Kinase Inhibitor Set 
(PKIS) library. Tm is expressed as the difference between each compound and the mean of three dimethyl sulfox-
ide (DMSO)–only controls. The four compounds shown in more detail in (E) are indicated. (E) Individual DSF 
melting curves of four selected compounds (left), with additional titrations for each that include C/EBPα degron 
peptide (right).
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(Invitrogen) was used, as per the manufacturer’s instructions, to 
produce COP1 WD40 baculovirus stocks, except that FuGENE 6 
(Promega) was used as the transfection reagent. Cells were plated at 
a density of 8.0 × 105 cells/ml and allowed to grow until logarithmic 
growth was achieved, as indicated by a density of 1.0 × 106 cells/ml. 
Subsequently, cells were inoculated with COP1 WD40 baculo-
virus with a multiplicity of infection of 1 and incubated at 28°C for 
72 hours (Sf9) or 48 hours (Tni). Cells were harvested by centrifu-
gation at 1000g for 5 min. Cell pellets were resuspended in 50 mM 
tris-HCl (pH 8.0), 10% (v/v) glycerol, 150 mM NaCl, and 10 mM 
imidazole supplemented with DNase I (AppliChem) and Protease 
Inhibitor Cocktail (p8340, Sigma-Aldrich). Cells were lysed using an 
EmulsiFlex-C3, and the soluble fraction was purified by Ni2+ affinity 
chromatography (HIS-Select resin, Sigma-Aldrich). COP1 WD40 
protein was eluted from resin in lysis buffer including 500 mM 
imidazole. The protein was further purified by size-exclusion chro-
matography using a Superdex 200 Increase column (GE Life Sciences) 
[150 mM NaCl and 10 mM Hepes buffer (pH 7.6)].

Crystallization and structure determination
We initially attempted crystallization of both the TRIB1 pseudo-
kinase and pseudokinase plus C-terminal tail with free C/EBPα(53–75) 
peptide and the C/EBPα peptide fused to other proteins. We were able 
to eventually crystallize TRIB1(84–343) in fusion with C/EBPα(53–75), 
linked by a GSGSSGGPG linker. Initial crystals were grown by vapor 
diffusion, mixing fusion protein (~12.2 mg/ml) with 2.8 M sodium 
acetate (salt) and 0.1 M bis-tris propane (pH 7). Initial hits were 
refined using additive screening and soaking experiments, and crys-
tals for data collection were grown in 2.8 M sodium acetate and 
0.1 M bis-tris propane (pH 7) with 5% sodium citrate mother liquor 
diluted to 75 and 80% and drop ratios of 2:1 and 3:1. The crystals 
were cryoprotected in mother liquor supplemented with 25% glyc-
erol. In attempts to improve diffraction, the crystal that eventually 
yielded the best resolution included 1 mM ATP in the cryoprotectant, 
but there was no electron density attributable to nucleotide in the final 
structure. Data were collected at the MX2 beamline of the Australian 
Synchrotron (Table 1) and processed using XDS and AIMLESS 
(46 ,  47). The structure was solved by molecular replacement in 
Phaser using the pseudokinase portion of PDB ID 5CEM as a model 
(48). Rebuilding was performed in Coot (49), and the structure was 
refined against diffraction data to a final resolution of 2.8 Å using 
REFMAC (50).

MD simulations: Structural modelling, system preparation, 
and simulation
The SLE-out conformation of TRIB1 (residues 88 to 359) was modeled 
on the basis of the PDB structure 5CEM (17). Missing residues of 
the C-4 loop (residues 140 to 141), activation loop (residues 229 
to 237), and part of the C-terminal tail (residues 343 to 356) were 
fixed using the automodel class in Modeller (51). The C-terminal 
tail (residues 341 to 364) was incorporated into the SLE-in–TRIB1:C/
EPB complex using PDB ID 5CEM as the template. The simulations 
were performed in the presence and absence of C/EPB peptide.

All MD simulations were performed using GROMACS version 5.1.2 
(52). Specifically, the protein was parameterized using amber99sb-ildn 
force field and solvated with TIP3P water model (53). The protein 
was centered in a dodecahedron box, with the distance between the 
solute and the box larger than 1 nm in all directions. Ions (Na+ and 
Cl−; 0.1 mM) were added to the system by randomly replacing solvent 

molecules to neutralize the charge of the system. Steepest descent 
and conjugate gradient algorithms were used in conjunction to 
minimize the potential energy of the system so that the maximum 
force (Fmax) is less than 100 kJ mol−1 nm−1. LINCS (linear constraint 
solver) algorithm was used to constraint bonded interactions. Verlet 
cutoff scheme is used to maintain neighbor list (54). Long-range 
electrostatic interactions are calculated on the basis of particle-mesh 
Ewald method (55). Temperature equilibration was done in ca-
nonical ensemble (NPT) for 200 ps using V-rescale thermostat (56). 
Isothermal-isobaric ensemble (NPT) was then maintained through 
Berendsen barostat at 1.0 bar for 200 ps. The productive simulations 
were carried out at NPT ensemble for 1 s. The torsion angle analy-
sis of the trajectory was calculated using the gmx chi module of 
GROMACS.

KL divergence analysis
KL divergence is a statistical measure of how two probability distri-
butions differ from each other. In this analysis, we focused on the 
distribution of the torsion angles (, , and Χ) of each residue in 
TRIB1 during the MD simulations. We used the C/EBP-unbound 
form as the reference state and C/EBP-bound form as the target 
state. MutInf package was used to perform the KL calculation (57). 
Specifically, we split the 100 to 1000 ns of our MD data into four 
equal length blocks as the bootstrapping set and discretized the 
torsion angle (, , or Χ) distribution of each residue with a bin 
width of 15°. The sum of the KL divergence of all angles of a given 
residue was reported as the KL score for that residue. The KL score 
was then mapped to the TRIB1 structure and visualized using the 
putty representation of PyMOL.

Isothermal titration calorimetry
ITC experiments were performed at 30°C using a VP-ITC calorim-
eter (GE Healthcare). TRIB1(84–372) and MBP fusion proteins 
of C/EBPα(53–75), C/EBP(64–86), C/EBP(50–72), and C/EBP
(31–53) were initially purified by Ni2+ affinity chromatography fol-
lowed by size-exclusion chromatography using a matched buffer 
consisting of 10 mM Hepes (pH 7.6), 300 mM NaCl, and 0.5 mM 
TCEP. C/EBP (200 mM) was injected into 20 mM TRIB1(84–372). 
Baseline corrections and integration were performed using NITPIC 
(58), isotherms were fit to a single site-binding model using SEDPHAT 
(59), and figures were generated using GUSSI (http://biophysics.
swmed.edu/MBR/software.html).

Fluorescence polarization
Fluorescence polarization of synthetic TRIB1 and C/EBP peptides 
bearing an N-terminal FITC fluorophore (Mimotopes) was mea-
sured as indicated in combination with purified COP1 WD40 do-
main (376 to 731), TRIB1 (84 to 372), TRIB2 (53 to 343), or C/EBP 
degron peptide. COP1-TRIB1 and TRIB1/2-C/EBP KD (dissocia-
tion constant) determination was performed in black 384-well 
microplates (Greiner Bio-One) with a final reaction volume of 30 l, 
whereas TRIB1-C/EBP displacement by C/EBP was performed 
in 96-well format with a final reaction volume of 60 l. For COP1 
displacement measurements, the COP1 WD40 domain and TRIB1-
FITC peptide (349 to 367) were kept at a constant concentration of 
1.5 M and 25 nM, respectively, diluted in a fluorescence polariza-
tion buffer [300 mM NaCl, 10 mM Hepes, 0.5 mM TCEP, and 
0.02% (v/v) Tween 20]. The concentrations of competing ligand, 
either TRIB1 protein or TRIB1 peptide, were varied from 0 to 20 M. 
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Where necessary, the reactions were supplemented with C/EBP 
peptide (53 to 75) at a concentration of 10 M. Once all reactions 
were prepared, they were allowed to incubate at room temperature 
for 20 min and measured using the POLARStar (BMG Tech) plate 
reader. Following this method, the data from three independent 
experiments were obtained and plotted as the means ± SEM using 
Prism 7. For TRIB1-C/EBP displacement by C/EBP, 1.5 M TRIB1 
and 25 nM C/EBP-FITC peptides were incubated together, C/EBP 
was titrated at concentrations from 43 nM to 350 M, and measure-
ment was performed in an equivalent manner.

Differential scanning fluorimetry
The PKI screening library in 384-well format was received from 
Structural Genomics Consortium (SGC)–University of North 
Carolina at Chapel Hill (UNC) at 10 mM stock concentration. The 
stock was prediluted to 2 mM before aliquoting into black 384-well 
plates (Greiner Bio-One) using the mosquito LCP (TTP LabTech) 
and screening against TRIB1 at a final compound concentration of 
40 M. TRIB1 (84 to 372) was diluted for use at 5 M (with or with-
out 25 M C/EBP peptide) with DSF buffer [10 mM Hepes (pH 7.6), 
300 mM NaCl, and 0.5 mM TCEP]. The protein was incubated in 
the plate at room temperature for 30 min. SYPRO Orange was then 
diluted with DSF buffer for use at 5× and was pipetted into each 
well. The plate was then covered with polymerase chain reaction 
film and centrifuged for 5 min before being measured on a Roche 
LightCycler 480 using the default SYPRO Orange protein programme. 
The data were initially condensed using R version 3.4.3. Data were 
then analyzed in Microsoft Excel using the CS example DSF Analysis 
v3.0 template provided by the SGC (60, 61) and Boltzmann fitting 
in GraphPad Prism 7.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/11/549/eaau0597/DC1
Fig. S1. Construct design for crystallization.
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patients.
interacting with ubiquitin ligases, indicating that these drugs might be repurposed to block the function of TRIBs in cancer 
Binding by these drugs caused structural changes in the TRIB proteins that deprotected them from degradation upon
that these proteins, which are implicated in leukemia and other cancers, can bind to clinically approved kinase inhibitors. 

.). Their findings reveal new insights into the structural regulation of TRIB proteins and showet al.) and TRIB2 (Foulkes al
etubiquitin ligases. Two studies explored the structures and protein interactions of the pseudokinases TRIB1 (Jamieson 

function as scaffolds, often promoting the degradation of substrate proteins by bringing them into close proximity with 
Pseudokinases are structurally similar to kinases but lack catalytic activity; instead, pseudokinases typically

Targeting pseudokinases with kinase inhibitors
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