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(Background: Protein ubiquitination regulates critical biological processes, including degradation of malfunctioning
Results: We show that Cull, Cul4A, and Cul5 are not rigid. All are flexible scaffolds with preferred distributions of conforma-
Conclusion: Cullin flexibilities are regulated allosterically, allowing the cullin-RING E3 ubiquitin ligases to increase the E2-sub-

strate distance to a specific range, facilitating polyubiquitination.
Significance: Cullins are not inert scaffolds and allosterically regulate ubiquitination.

J

How do the cullins, with conserved structures, accommodate
substrate-binding proteins with distinct shapes and sizes? Cul-
lin-RING E3 ubiquitin ligases facilitate ubiquitin transfer from
E2 to the substrate, tagging the substrate for degradation. They
contain substrate-binding, adaptor, cullin, and Rbx proteins.
Previously, we showed that substrate-binding and Rbx proteins
are flexible. This allows shortening of the E2-substrate distance
for initiation of ubiquitination or increasing the distance to
accommodate the polyubiquitin chain. However, the role of the
cullin remained unclear. Is cullin a rigid scaffold, or is it flexible
and actively assists in the ubiquitin transfer reaction? Why are
there different cullins, and how do these cullins specifically
facilitate ubiquitination for different substrates? To answer
these questions, we performed structural analysis and molecular
dynamics simulations based on Cull, Cul4A, and Cul5 crystal
structures. Our results show that these three cullins are not rigid
scaffolds but are flexible with conserved hinges in the N-termi-
nal domain. However, the degrees of flexibilities are distinct
among the different cullins. Of interest, Cull flexibility can also
be changed by deletion of the long loop (which is absent in
Cul4A) in the N-terminal domain, suggesting that the loop may
have an allosteric functional role. In all three cases, these con-
formational changes increase the E2-substrate distance to a spe-
cific range to facilitate polyubiquitination, suggesting that
rather than being inert scaffold proteins, cullins allosterically
regulate ubiquitination.

Protein ubiquitination regulates critical biological processes,
including degradation of malfunctioning or damaged proteins
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in cells and regulation of cell signaling pathways (1, 2). The
target substrate proteins are ubiquitinated via a three-enzyme
cascade. In the first step, ubiquitin forms a covalent bond with
the ubiquitin-activating enzyme (E1). The second step is to
transfer ubiquitin from E1 to ubiquitin-conjugating enzyme
(E2). The E3 ubiquitin ligases catalyze the final step, bringing E2
and the substrate into proximity to facilitate ubiquitin transfer
from E2 to the substrate. The substrate, labeled with a ubiquitin
chain, is then recognized and degraded by the proteasome (3).

The E3 ubiquitin ligases are the most diverse enzymes in the
ubiquitination pathway due to their specificity in recognizing
thousands of substrates. Based on how ubiquitin is transferred,
the E3 ubiquitin ligases can be divided into two major classes:
HECT E3 and RING E3. The cullin-RING E3 ubiquitin ligases
(CRLs),*> which include ~400 family members, represent one of
the largest superfamilies in RING E3 ligases (4). It has been
estimated that CRLs target ~20% of all proteins for protea-
somal degradation (5). In general, CRLs consist of four proteins:
Rbx (RING box) protein, cullin proteins, adaptor proteins, and
substrate-binding proteins (SBPs). Fig. 1 presents a schematic
diagram of CRL. Previously, we proposed that CRL works as a
two-arm machine, which includes the SBP and Rbx arms (6 — 8).
Flexible linkers exist in both arms, and these help to bring E2
and the substrate into proximity to facilitate ubiquitination.
The cullin proteins serve as a scaffold that connects these two
arms.

The members of the cullin family are evolutionarily con-
served (4). There are three cullins in yeast, six in Caenorhabditis
elegans, five in Drosophila, five in Arabidopsis, and eight in
mammals (9). The human genome encodes six canonical
human cullin proteins (Cull, Cul2, Cul3, Cul4A, Cul4B, and
Cul5) and three atypical cullin proteins (Cul7, PARC, and
APC2), which are partially conserved with the canonical human
cullins (4, 9-11).

2 The abbreviations used are: CRL, cullin-RING E3 ubiquitin ligase; SBP, sub-
strate-binding protein; NTD, N-terminal domain; CTD, C-terminal domain.
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Adaptor

FIGURE 1. Schematic drawing of the CRL machine. On the leftarm, S stands
for substrate. The distance gap between the binding site of the substrate-
binding protein and E2 ubiquitin (Ub) is marked.

On the basis of sequence homology, the structures of the six
canonical cullins are expected to be conserved. They include
two domains: the N-terminal (NTD) and C-terminal (CTD)
domains (11). The NTD is stalk-like and consists of three
repeats. The CTD is globular with a cullin homology domain
signature. Via repeat 1, the NTD recognizes different adaptor
proteins and SBPs, which bind to different substrates, whereas
the CTD binds to Rbx proteins, which bind to E2 and ubiquitin.
Via the adaptor protein Skp1 (12) Cull specifically connects to
F-box proteins, including Skp2 (13), Fbw7 (14), B-TrCP1 (15),
Cdc4 (16), etc. Cul2 and Cul5 bind to the same adaptor pro-
teins, elongins B and C (17, 18). Via elongin B/C, Cul5 connects
to SOCS-box proteins, such as SOCS2 (19), SOCS4 (20), Vif (21,
22), etc., and Cul2 connects to VHL-box proteins, such as
pVHL (23, 24). The adaptor protein for Cul4A/Cul4B is DDB1
(damaged DNA-binding protein 1) (25). DCAF (DDB1- and
Cul4A-associated factor) (26) or DWD (DDB1-binding WD40)
(25) proteins are identified as SBPs for Cul4A. Distinct from
other cullins, the adaptor and SBP for Cul3 is one single protein,
identified as BTB domain protein (27).

The SCFP? model reveals a 50-A gap between the sub-
strate-binding site and the E2 active site (Fig. 1) (12). How does
CRL bridge this distance gap? We previously proposed that
CRL works as a two-arm machine and that both arms are flex-
ible, allowing this distance to be bridged (6 —8). However, what
is the role of the cullins? Do the cullins serve only as a rigid
scaffold for ubiquitination? It is known that six human cullins
target specific adaptors and SBPs. The sizes of the adaptors and
SBPs are different, but the structures of the cullins are con-
served. If the cullins are rigid, how do they specifically accom-
modate adaptors and SBPs with different sizes? Here, via struc-
tural analysis and molecular dynamics simulations, we
demonstrate that Cull, Cul4A, and Cul5 are not rigid. Instead,
these three cullins are flexible scaffolds with preferred distribu-
tions of conformational states that allow the CRLs to increase
the E2-substrate distance to a specific range and, in this way,
facilitate polyubiquitination.
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EXPERIMENTAL PROCEDURES

System Setup—The starting structures of the unbound Cull
form and Cull-Rbx1 complex were extracted from the Rbx1-
Cull-Skp1-Skp2F°* complex structure (Protein Data Bank
code 1ldk (12)). The Cull structure from Candl-Cull-Rbx1
(Protein Data Bank code 1u6g (28)) was used for structure com-
parison. The initial structures of the unbound Cul4A form and
Cul4A-Rbx1 complex were extracted from the DDB1-Cul4A-
Rbx1-SV5V complex (Protein Data Bank code 2hye (25)). The
CTD of Cul5 was taken from the closed form of Cul5™”-Rbx1
(Protein Data Bank code 3dpl (29)). The homology model of the
human NTD of Cul5 was built with SWISS-MODEL (30) based
on the crystal structure of the mouse Cul5 NTD (Protein Data
Bank code 2wzk) because the sequence identity of the human
and mouse Cul5 NTDs is as high as 95%. The interface between
the NTD and CTD of Cul5 was constructed based on the Cull
crystal structure. The starting structures for the mutants were
constructed by substituting the long loop of Cull/Cul5 with the
corresponding short loop of Cul4A. The missing residues in the
starting structures were added as random coils and minimized
for 5000 steps with the steepest descent method, followed by
another 5000-step minimization with the adopted basis New-
ton-Raphson method. A TIP3P water box was constructed with
a minimum distance of 12 A from the edge of the box to any
protein atom. The system was neutralized, and the ionic con-
centration was kept at 0.5 mol/liter by adding sodium and chlo-
ride ions. The sequence and structure analyses were performed
using BLAST (31) and VMD (32), respectively.

Simulation Protocol—Molecular dynamics simulations were
performed with explicit solvent using the NAMD2.7 program
(33). The Charmm?27 force field (34) was used. First, we mini-
mized the solvated systems for 5000 steps with the protein
restrained, followed by another 5000 steps with all atoms set
free. The systems were heated to 300 K in 500 ps and equili-
brated for 500 ps with the protein backbone atoms constrained
to allow relaxation of the solvent, followed by a 1-ns equilibra-
tion run without any constrains. We then performed produc-
tion runs for 60 ns with the NPT ensemble. Two independent
trajectories were performed for each wild-type state. During
the production run, the pressure was maintained at 1 bar using
the Nosé-Hoover Langevin piston barostat, and the tempera-
ture was controlled at 300 K with a Langevin thermostat. We
used particle mesh Ewald summation to treat long-range elec-
trostatic interactions. For the short-range non-bonded interac-
tions, we employed a switch function with a cutoff of 12 A and
a switching distance of 10 A. The time step was set as 2 fs with
a SHAKE constraint on all bonds containing hydrogen atoms.
We restrained the distance between the Rbx1 RING finger zinc
atoms and their neighboring atoms during the equilibration
and production runs. VMD (32) and Hingefind (35) were used
for the rotation angle analyses.

Model Setup—We built the model for CRL1 ubiquitination
by docking E2 UbcH7 (Protein Data Bank code 1fbv (36)) and
superimposing the F-box of B-TrCP1 (Protein Data Bank code
1p22 (15)) with the Rbx1 RING subdomain and the F-box of
Skp2, respectively, of the Rbx1-Cull-Skp1-Skp25>* complex
(Protein Data Bank code 1ldk (12)). For the CRL5 ubiquitina-
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FIGURE 2. Structural analysis of Cul1, Cul4A, and Cul5. A, alignment of two Cul1 forms from different complexes. Form 1 (orange) is taken from Rbx1-Cul1-
Skp1-Skp2 (Protein Data Bank code 11dk), and Form 2 (blue) is from Cand1-Cul1-Rbx1 (code 1u6g). The region containing the rotation hinge is circled, and the
details are shown on the right. The Gly-348 hinge is labeled. B, alignment of Cul1, Cul4A, and Cul5 NTD. Cul1 (orange) is taken from Rbx1-Cul1-Skp1-Skp2
(Protein Data Bank code 1ldk) complex, Cul4A (purple) is extracted from Cul4A-Rbx1-DDB1-SV5V (code 2hye), and the Cul5 NTD was crystallized separately
(code 2wzk). The region with the rotation hinge is circled, and the details are shown on the right. The Gly-348 (Cul1), Gly-322 (Cul5), and Gly-348 (Cul4A) hinges

are labeled.

tion model, we docked E2 UbcH?7 into the Cul5-Rbx1 complex
(Protein Data Bank code 3dpl (37)) and superimposed the
elongin B/C and SOCS2 SOCS-box domain with the Skp1 and
Skp2 F-box domains, respectively. For the CRL4A model, E2
UbcH7 was docked into Rbx1 in the DDB1-Cul4A-Rbx1-SV5V
complex (Protein Data Bank code 2hye (25)).

RESULTS

Flexible Hinges Exist in the NTDs of Cull, Cul4A, and Cul5—
Two x-ray crystal forms for Cull are available in the Protein
Data Bank. These two Cull crystal forms have conserved struc-
tures, including the NTD and CTD. One Cull conformation
form (Form 1, Protein Data Bank code 11dk) is bound to Skp1/
Skp2 at the NTD and to Rbx1 at the CTD, and the other Cull
conformation form (Form 2, Protein Data Bank code 1u6g) is
bound to Candl at both domains and to Rbx1 at the CTD.
These two forms have similar overall structures with a root
mean square deviation of 3.2 A for the Caatoms. In both crystal
forms, the NTD consists of three repeats with similar struc-
tures. Whereas repeats 1 and 2 are well aligned with each other,
when the two Cull structures are superimposed, repeat 3 in
Form 2 is tilted by 15° compared with Form 1. The alignment is
shown in Fig. 2. Compared with Form 1, the angle of Asn-347—
Gly-348 —Leu-349 Ca changes by 18°, from 80° (Form 1) to 98°
(Form 2), suggesting that Cull may not be rigid but flexible with
Gly-348 serving as the hinge. It is known from the crystal struc-
ture of Cull that the distance gap between E2 and the substrate
is ~50—60 A, but this 18° tilt angle can increase this distance
gap significantly. When Cull Form 1 was substituted with Form
2, the distance gap between B-TrCP1 and E2 increased signifi-
cantly from 54 A (Form 1) to 66 A (Form 2), suggesting that
cullin flexibility may play an important role in ubiquitination.

The structures of the NTD and CTD of Cul5 were solved
separately. The Protein Data Bank code for the NTD is 2wzk.
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The NTDs of Cul5 and Cull are conserved in sequence and
structure. They have 25% sequence identity and 48% sequence
similarity. Both structures have the same architecture with
three repeats. The overall root mean square deviation is 3.1 A.
However, when the Cul5 and Cull NTDs are superimposed, a
tilt angle of 15° is observed. The hinge is at Cul5 Gly-322 or Cull
Gly-348 at repeat 3, implying that Cul5 might also be flexible.

The complex structure of DDB1-Cul4A-Rbx1 hijacked by
the V protein of simian virus 5 was solved. The overall structure
of Cul4A is conserved compared with those of Cul5 and Cull.
The NTD root mean square deviations are 3.1 and 2.4 A com-
pared with Cul5 and Cull, respectively. However, the tilt angles
with the hinges located in repeat 3 at Gly-348 are observed
when Cul4A is aligned with either Cull or Cul5. More interest-
ingly, sequence analyses showed that the Gly hinge is conserved
in cullins.

On the basis of the above structural analysis of crystal struc-
tures, we hypothesized that Cull, Cul4A, and Cul5 are not rigid
and that flexible hinges may exist in the NTDs of these cullins.
To test our hypothesis, we performed molecular dynamics sim-
ulations for the unbound forms of Cull, Cul4A, and Cul5. Two
separate trajectories were performed for each cullin, with each
trajectory running for 60 ns. As we expected, all of the simula-
tions indicate a flexible rotation angle, as shown in Fig. 3. How-
ever, the hinges for Cull, Cul5, and Cul4A are distinct. The
hinge is at Gly-212 on repeat 2 for Cull, at Gly-328 on repeat 3
for Cul5, and at Gly-306 on repeat 3 for Cul4A (Fig. 3). The
dihedral angles at the hinges during the simulations are shown
in supplemental Fig. S1. The blast hits of 44 sequences of cull-
ins, including Cull, Cul2, Cul3, Cul4A, Cul4B, and Cul5 in dif-
ferent species, show that Gly-212 on repeat 2 is 52% conserved.
Gly-306 and Gly-328 in repeat 3 are 100% conserved in all 44
sequence hits.
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http://www.jbc.org/cgi/content/full/M111.277236/DC1

Flexible Cullins Allosterically Regulate Ubiquitination

100
m — Cull
2 80 — Cull-Rbx1
%" — Cull_short_loop
2
o 60
g
Z 40
2
S o0l |
& MJ ‘

Lo 1 1 1 1 I 1 1 1
O0 10 20 30 40 50 0 10 20 30 40 50 60

Time (ns)

I
3

— Cul5-Rbx1
— CulS_short_loop

x®
(=3

PSRN
[N

|53
(=3

Rotation angle (degree)

Lo bt e f‘ " N ('

ST, AR Y bl d

um:'.:.me_.th \M_

0 1020304050 0 1020 30 40 50 60
Time (ns)

— Cul4
— Cul4-Rbx1

Rotation angle (degree)

% 1020304050 0 102030 40 50 60
Time (ns)

FIGURE 3. Conformational changes in Cul1, Cul4A, and Cul5 during the simulation. Images at 0 ns (orange) and the image with the maximum rotation
angles are superimposed for the unbound states of Cul1 (A), Cul5 (B), and Cul4A (C), as shown on the left. The hinges detected during the simulations are shown
in purple and are labeled. Rotation angles from two separate trajectories are shown on the right. The unbound states are shown as black lines, the Rbx1-bound

states as red lines, and mutants with a shorter loop as green lines.

The rotation angles are also distinct for these three cullins.
Cull has the largest rotation angles, with a maximum at 66° and
an average of 29° (Fig. 34). The maximum rotation angle for
Cul5 is the smallest, at 30°, and the average rotation angle is
10.5° (Fig. 3B). The rotation angle of Cul4A is between those of
Cull and Cul5, with a maximum at 44° and an average of 16°
(Fig. 3C). These simulation results suggest that cullin NTD flex-
ibility is a common and intrinsic feature for Cull, Cul5, and
Cul4A, but the degrees of flexibility are distinct among these
three cullins.

Distance Gaps Are Distinct for Cull, Cul4A, and Cul5—Cull,
Cul4A, and Cul5 recognize specific adaptor proteins and differ-
ent SBPs. These proteins have different shapes and sizes. We
measured the distance between the substrate-binding and E2
ubiquitin-binding sites during the simulations for the unbound
forms. We noticed that the distance gaps are distinct for Cull,
Cul4A, and Cul5, as shown in Fig. 4. For Cull, the adaptor
protein is Skpl, and the SBPs are F-box proteins. B-TrCP1 is
used as an example here. The distances fluctuate from 21 to 75
A. For Cul5, the adaptor proteins are elongins C and B, and the
SBPs are SOCS-box proteins. SOCS2 is used as an example
here. The distances fluctuate between 55 and 101 A. For Cul4A,
the adaptor protein is DDB1, and the substrate proteins are
DWD proteins. SV5V is used as an example here. The distance
fluctuates between 39 and 115 A. The differences in the dis-
tance range between these three proteins suggest that different
cullins present different degrees of flexibilities, which allow
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them to adjust the distance gap and accommodate different
sizes of substrates.

Cullin NTD Flexibilities Still Exist When Bound to Rbx1—All
three cullins bind to Rbx1 via their CTDs. Molecular dynamics
simulations were performed for Cull, Cul4A, and Cul5 when
bound to Rbxl. In all three cases, flexibilities were still
observed, even though binding of Rbx1 to the CTDs of Cull and
Cul4A allosterically decreased the NTD rotation angles, as
shown in Fig. 3. For Cull, the largest rotation angle decreases by
29°, from 66° (unbound form) to 37° (Rbx1-bound form). For
Cul4A, the largest rotation angle decreases by 26°, from 44°
(unbound form) to 18° (Rbx1-bound form). These reduced
rotations suggest that Rbx1 may allosterically decrease the flex-
ibility of the Cull and Cul4A NTDs. There is no significant
change and even a slight increase in the rotation angles for Cul5,
with the largest rotation angles for the unbound and bound
states being 30° and 36°, respectively, suggesting that Rbx1
binding to the Cul5 CTD has a minimum effect on the NTD.

The correlated motions are distinct for different cullins as
well as for the unbound and bound states, as shown in Fig. 5. For
Cull, compared with the unbound state, in the bound form,
NTD repeat 1 is more negatively correlated with the CTD but
more positively correlated with NTD repeats 2 and 3. For Cul5,
no significant changes were observed between the correlations
within the NTD, but binding to Rbx1 significantly reduced the
negative correlation between the NTD and CTD. The effects of
Rbx1 binding to Cul4A differ from those to Cull and Cul5:

JOURNAL OF BIOLOGICAL CHEMISTRY 40937
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FIGURE 4. Distances between E2 and SBPs fluctuate during simulations. A, model of B-TrCP1-Skp1-Cul1-Rbx1-E2. B-TrCP1 is shown in pink, Skp1 in green,
the Cul1 NTD in red, the CTD in gold, Rbx1 in blue, and E2 in cyan. B, model of SOCS2-elongin B/C-Cul5-Rbx1-E2. SOCS2 is shown in pink, elongin B/C in green,
the Cul5 NTD in red, the CTD in gold, Rbx1 in blue, and E2 in cyan. C, model of SV5V-DDB1-Cul4A-Rbx1-E2. SV5V is shown in pink, DDB1 in green, the Cul1 NTD
in red, CTD in gold, Rbx1 in blue, and E2 in cyan. The measured distances are illustrated. The distances during the simulation are shown on the right. The
distances observed in the unbound states are shown as black lines, the Rbx1-bound states as red lines, and mutants as green lines.

there is more positive correlation within the NTD and less neg-
ative correlation between the NTD and CTD. In general, Rbx1
binding to Cull and Cul4A, but not to Cul5, changes the corre-
lation within the NTD, making it more positive. This suggests
that Rbx1 allosterically changes the NTD flexibility of Cull and
Cul4A but has less effect on Cul5. This is consistent with our
rotation analysis, which showed that Rbx1 binding has a lesser
allosteric effect on Cul5 NTD rotation compared with Cull and
Cul4A. On the other hand, binding to Rbx1 makes the corre-
lated motions between the NTD and CTD more negative for
Cull but less negative for Cul5 and Cul4A, again suggesting
different allosteric effects for these three cullins.

We measured the distances between the SBP substrate-bind-
ing and E2 ubiquitin-binding sites during the simulations of
these three cullins when bound to Rbx1. Compared with the
unbound form, the distances are significantly increased for the
bound Cull form. The distance range changed from 21-75 to
40-102 A. For CuldA, the distance range decreased, from
39-115 to 42— 87 A, but for Cul5, no significant changes were
observed. The distance ranges for the unbound and bound
forms are 55-101 and 53-107 A, respectively. These results
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suggest that binding to Rbx1 allosterically adjusts the E2-sub-
strate distance for Cull and Cul4A, accommodating substrates
with different shapes and sizes, but Rbx1 binding to Cul5 has
minimum allosteric effects in adjusting the E2-substrate
distances.

Cullins Have Specific Distance Gaps for Specific
Adaptors/SBPs—It is known that Cull, Cul4A, and Cul5 all
have specific adaptors and SBPs. The specific adaptors for Cull,
Cul4A, and Cul5 are Skpl, DDBI, and elongin B/C, respec-
tively, whereas the SBPs are F-box, DWD, and SOCS-box pro-
teins, respectively. To determine whether these adaptors and
SBPs can substitute for one another, we measured the E2-dis-
tance gap for all three cullins with each of the adaptors/SBPs
during the simulations of the Rbx1-bound state. The results are
shown in Fig. 6. For B-TrCP1 and Skp1, the distance gap distri-
bution is in a different range for Cull, Cul4A, and Cul5. The
peak in the distance distribution is at ~70 A for Cull but is 20 A
shorter or longer for Cul5 and Cul4A, respectively. This sug-
gests that each cullin presents specific flexibility (i.e. preferred
distribution of conformational states), which allows it to main-
tain a specific distance range. For Cull, this may be important

VOLUME 286+NUMBER 47+NOVEMBER 25, 2011
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FIGURE 5. Distinct covariance maps of Cul1, Cul4A, and Cul5. A, Cul1; B, Cul5; C, Cul4A. The unbound states are shown in the left panels, the Rbx1-bound
states in the middle panels, and the mutants in the right panels. The more red, the stronger the positive correlation; the more blue, the stronger the negative

(anti) correlation. The bar provides the scale.

for its function with Skp1/B-TrCP1. Similar to Cull, the peak in
the Cul5 distance distribution is at ~70 A for its specific adap-
tor elongin B/C and its SBP SOCS2; however, the distributions
are quite different for Cull and Cul4A. On the other hand, the
distance peaks for these three cullins with DDB1/SV5V are
quite close. It seems that from the flexibility standpoint, Cull
and Cul5 could substitute for Cul4A in targeting DDB1/SV5V;
however, from the structural standpoint, considering that
Cul4A has a specific NTD structure that allows it to bind to
DDB1, Cull/Cul5 cannot bind to DDB1. Overall, this distance
analysis suggests that Cull, Cul4A, and Cul5 bind to specific
adaptors and SBPs, allowing them to maintain the E2-substrate
distance in a specific range to facilitate ubiquitination.

Deletion of the Cull Loop Allosterically Changes the Behavior
of the NTD—Comparing the sequences and structures of Cull,
Cul5, and Cul4A, we noticed that even though these three cul-
lins are highly similar, Cull and Cul5 have unique loops. Cull
has a long loop in repeat 1, whereas Cul5 has a long loop
between the NTD and CTD. We suspected that the different
behavior of the cullins could be attributed to these loops. To
test this assumption, we deleted the long loops of Cull and Cul5
and substituted them with the corresponding short loop from
Cul4A. Molecular dynamics simulations were then performed
to test the effects of these mutations.

In the unbound forms, the behavior of the Cull mutant with
shorter loop changed significantly compared with the WT.
More interestingly, the behavior of the unbound mutant form
was more similar to that of the Rbx1-bound WT form. The
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largest rotation angle of the Cull mutant decreases (Fig. 3) to
32°, a significant decrease compared with 66° in the unbound
WT form but similar to the maximum rotation angle of the
bound WT form, which is 29°. The correlation map changes
accordingly. The correlation between repeats 1 and 2 becomes
more positive compared with the unbound WT form. The dis-
tance gap range is 50—105 A, which is a significant increase
compared with 21-75 A of the unbound WT form but similar
to 40102 A of the bound WT form.

Unlike the Cull mutant, the Cul5 mutant with a shorter loop
does not show a significant change compared with either the
unbound or bound WT form. For the Cul5 mutant, the maxi-
mum rotation angles is 21°, and the distance gap range is 58 —97
A, both of which are similar to those of the unbound and bound
WT forms. Thus, the alteration of the loop length leads to con-
formational and dynamic changes far away, suggesting that the
loop plays an allosteric role.

DISCUSSION

Cullins have long been believed to serve as a rigid scaffold in
CRLs. A major reason for this is that the crystal structures of
Cull, Cul4A, and Cul5 are conserved, implying cullin rigidity.
Another piece of evidence supporting the rigidity of cullins has
been provided by Zheng et al. (12). These authors added an
artificial linker at the interface between the NTD and CTD and
discovered that the mutant with the artificial linker failed to
ubiquitinate the substrate in vitro, suggesting that the rigidity of
Cull is important for ubiquitination. However, the small angle
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FIGURE 6. Distance ranges are distinct for specific adaptors/SBPs. The distance ranges for Cul1, Cul4A, and Cul5 when bound to Rbx1 and Skp1/B-TrCP1 (A),
elongin B/C/SOCS2 (B), and DDB1/SV5V (C) are shown. S, substrate; Ub, ubiquitin.

x-ray scattering data on Cull“"-Rbx1 showed that Cul1<*P-
Rbx1 is flexible (37), and we previously reported that Cul5<™" is
flexible (8). In this study, we demonstrated that the cullin NTDs
are not rigid scaffolds but are also flexible enough to facilitate
ubiquitination.

We previously observed flexible linkers in both SBPs and Rbx
proteins. Even though cullins include two domains, no flexible
linkers are observed between the NTD and CTD, which is con-
sistent with experiments showing that an artificial NTD-CTD
linker disrupts cullin function (12). However, our analysis of the
two crystal structures of Cull in two complexes, Cull-Rbx1-
Skp1-Skp2 and Cand1-Cull-Rbx1, showed a tilt angle of 18°
and a hinge at Gly-348 in the NTD. Candl is a cellular inhibitor
that inhibits ubiquitination. This tilt angle may suggest that
Cull can be flexible and adopt a different conformation when
activated and inhibited by Cand1. When we performed molec-
ular dynamics simulations, we noticed different hinges: Gly-
212 in repeat 2 for Cull and Gly-306 and Gly-322 in repeat 3 for
Cul4A and Cul5, respectively. More interestingly, these gly-

40940 JOURNAL OF BIOLOGICAL CHEMISTRY

cines are conserved, especially Gly-306 and Gly-322, which are
100% conserved in all cullin types and in all species, suggesting
that cullin flexibility could be an intrinsic and common feature
for all cullins.

In our previous work (6), we superimposed the box domain
of F-box proteins and found that the substrate-binding sites
overlap in space. A similar overlap was observed for SOCS-box
and VHL-box proteins. However, when we superimposed the
box domain of F-box proteins with SOCS/VHL-box proteins,
the substrate-binding sites are far away from each other. F-box
and SOCS/VHL-box proteins have different sizes. F-box pro-
teins have >400 residues, but SOCS/VHL-box proteins have
<250 residues. F-box, SOCS-box, and VHL-box proteins bind
to different cullins, and the cullins may recognize specific SBPs
via sequence and structural diversity of NTD repeat 1, which
contains the binding sites for the adaptors, and these contain
the binding sites for SBPs. For example, it was reported that
specific sequences in Cul2 VHL- and Cul5 SOCS-binding sites
determine the specific recognition (17, 18). Another example is

BsEpEN
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FIGURE 7. Proposed scheme of the flexible two-arm machine for the CRL mechanism. Upper left, a large ensemble of conformations exists, with flexible Rbx,
SBPs, and cullins. Upper right, shifts of the populations of the ensemble to the favorable conformation for initiation of ubiquitination. Lower right, shifts of the
ensemble population again for chain elongation. Lower left, population shift in the cullin for formation of longer ubiquitin chain. S, substrate; Ub, ubiquitin.

Cul4A, which has a specific N-terminal extension sequence
that recognizes DDBI as its adaptor (25). However, one ques-
tion remains unclear: how do the cullins, with conserved struc-
ture, accommodate SBPs with distinct shapes and sizes? Here,
we propose that the flexibility of the cullin NTDs, either in their
unbound form or when bound to Rbx1, differ and that this
difference helps in maintaining the optimum E2-substrate dis-
tance gap for the ubiquitination of the different adaptors/SBPs.

In our previous “two-arm machine” model, we proposed that
SBPs and Rbx1 serve as two arms in the CRL machine. Both
arms are flexible, which allows initiation and ubiquitin chain
elongation. The flexibilities of these two arms increase the
probability of substrate ubiquitination. However, the sizes and
shapes of the SBPs and substrates are all distinct. To ubiquiti-
nate substrates with different sizes and shapes efficiently, CRL
needs both flexibility and conformational control of the flexi-
bility (38). As shown by Zheng et al. (12), the artificial flexible
linker between the Cull CTD and NTD disrupts ubiquitina-
tion. This observation can be explained: an artificial linker
would increase CRL flexibility. This is important because if the
cullin is rigid, the likelihood of reaching the optimum position
for ubiquitination may not be sufficiently high. However, at the
same time, a conformational ensemble that is too large would
decrease the ubiquitination efficiency (38). Here, we have dem-
onstrated that the flexible cullins allosterically control the dis-
tances between E2 and their specific target in the optimum
range, which increases the efficiency of ubiquitination, i.e. they
bias the distribution of the ensemble toward the ubiquitina-
tion-favored states. The physiological significance of our find-
ing lies in the mechanism it provides, which illustrates how
CRLs can accurately perform their function for substrates with
different sizes and shapes.

NOVEMBER 25, 2011« VOLUME 286+NUMBER 47

On the basis of our results and experimental data, we now go
beyond our previously proposed model and propose a new
“flexible two-arm machine” model that can explain how the
CRL facilitates ubiquitination (Fig. 7). We suggest that the cul-
lins serve as a flexible, allosterically controlled scaffold for the
CRL machine. Both the NTD and CTD of cullins are flexible.
The NTD flexibility suggests that there exists an ensemble of
cullin conformations. The CTD flexibility, together with the
Rbx1 flexibility, which is regulated by the allosteric effect elic-
ited by neddylation, helps to juxtapose the E2-substrate active
sites. Cullins serve as a flexible, conformationally controlled
scaffold that ensures that sufficient space is available for an
efficient mono- and polyubiquitination CRL machine. The flex-
ibilities of the two arms that contain the SBPs and Rbx proteins
facilitate the transfer of the first ubiquitin from E2 to the sub-
strate in monoubiquitination. In polyubiquitination, the popu-
lation shift in the cullin conformational ensemble and in the
two arms accommodates a long ubiquitin chain. The distribu-
tion of the ensemble allows the cullins to maintain the distance
at a certain range: neither too large to ensure ubiquitination
efficiency nor too small so as to hinder ubiquitin chain elonga-
tion. The flexibilities of the cullins are specific for different cul-
lins to accommodate specific adaptors, SBPs, and substrates.

In our mechanism, there are still a few unanswered ques-
tions. One relates to how ubiquitination is activated. We pro-
pose that substrate binding can activate cullin, but how sub-
strate binding allosterically activates cullin is still unclear.
Another question relates to the role of the adaptors. One obvi-
ous role is to connect cullins and SBPs. Crystal structures show
large conformational changes for DDBI, the Cul4 adaptor,
before and after binding to SV5V (25, 39). Moreover, recently,
hydrogen exchange mass spectrometry has shown that elongin
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C is highly dynamic (40). The flexibilities of DDB1 and elongin
Craise the question of whether the flexibility could be an intrin-
sic feature of adaptors, including Skpl. In addition, CRLs are
modified by allosteric NEDD8 and Cand1 binding. The cullin
CTD can form a covalent bond with NEDD8 ubiquitin-like pro-
tein via a lysine. This is called neddylation. Neddylation stimu-
lates ubiquitination by increasing the flexibility of the Rbx pro-
tein and the cullin CTD and, in this way, confers specificity.
Cand1 blocks the cullin-binding site to NEDD8, thus inhibiting
neddylation. Our structural analysis showed that the two Cull
structures, when in the CRL and when bound to Cand1, have an
18° tilt angle, suggesting that Cull is flexible. In particular, it is
of interest to understand whether or how the flexibility of the
cullin NTD could be allosterically regulated by neddylation or
binding to Candl. It is also unknown whether the Rbx1 confor-
mation is broadly distributed in space or is biased toward ubiq-
uitination-favored positions. On the basis of our findings that
the flexible cullins maintain the E2-substrate distance in the
optimum range, we hypothesize that the flexibility of the cullin
NTD could be correlated with that of Rbx1, such that this
E2-substrate distance is favorably maintained. We suggest that
this will facilitate polyubiquitination following neddylation.
Overall, we propose that cullins, together with SBPs and Rbx,
allosterically regulate ubiquitination at every step (6 —8), thus
providing tight control of the CRL machine.
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