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ABSTRACT Viruses evolve mechanisms to exploit cellular pathways that increase viral
fitness, e.g., enhance viral replication or evade the host cell immune response. The
ubiquitin-proteosome system, a fundamental pathway-regulating protein fate in eukar-
yotes, is hijacked by all seven classes of viruses. Members of the Cullin-RING family of
ubiquitin (Ub) ligases are frequently co-opted by divergent viruses because they can
target a broad array of substrates by forming multisubunit assemblies comprised of a
variety of adapters and substrate receptors. For example, the linker subunit DDB1 in
the cullin 4-RING (CRL4)-DDB1 Ub ligase (CRL4DDB1) interacts with an H-box motif
found in several unrelated viral proteins, including the V protein of simian virus 5
(SV5-V), the HBx protein of hepatitis B virus (HBV), and the recently identified pUL145
protein of human cytomegalovirus (HCMV). In HCMV-infected cells, pUL145 repurposes
CRL4DDB1 to target STAT2, a protein vital to the antiviral immune response. However,
the details of how these divergent viral sequences hijack DDB1 is not well understood.
Here, we use a combination of binding assays, X-ray crystallography, alanine scanning,
cell-based assays, and computational analysis to reveal that viral H-box motifs appear
to bind to DDB1 with a higher affinity than the H-box motifs from host proteins
DCAF1 and DDB2. This analysis reveals that viruses maintain native hot-spot residues
in the H-box motif of host DCAFs and also acquire favorable interactions at neighbor-
ing residues within the H-box. Overall, these studies reveal how viruses evolve strat-
egies to produce high-affinity binding and quality interactions with DDB1 to repurpose
its Ub ligase machinery.

IMPORTANCE Many different viruses modulate the protein machinery required for
ubiquitination to enhance viral fitness. Specifically, several viruses hijack the cullin-
RING ligase CRL4DDB1 to degrade host resistance factors. Human cytomegalovirus
(HCMV) encodes pUL145 that redirects CRL4DDB1 to evade the immune system
through the targeted degradation of the antiviral immune response protein STAT2.
However, it is unclear why several viruses bind specific surfaces on ubiquitin ligases
to repurpose their activity. We demonstrate that viruses have optimized H-box
motifs that bind DDB1 with higher affinity than the H-box of native binders. For vi-
ral H-boxes, native interactions are maintained, but additional interactions that are
absent in host cell H-boxes are formed, indicating that rewiring CRL4DDB1 creates a
selective advantage for the virus. The DDB1-pUL145 peptide structure reveals that
water-mediated interactions are critical to the higher affinity. Together, our data
present an interesting example of how viral evolution can exploit a weakness in
the ubiquitination machinery.
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Viruses evolve species-specific interactions with host factors that promote viral rep-
lication (1). The host pathways that viruses modulate can vary dramatically for dif-

ferent viruses depending on the cell and host range (2). However, many different
viruses have evolved a common mechanism to hijack the ubiquitin (Ub) pathway (3, 4).
Ub is targeted to proteins through a trienzyme E1-E2-E3 cascade and is removed by a
class of proteases called deubiquitinases (DUBs) (5). Ub is also able to form polyubiqui-
tin chains that control the different outcomes of ubiquitination (e.g., K63 polyubiquiti-
nation-dependent targeting to the endosome) (6–11). The most well studied outcome
of polyubiquitination is to promote proteasomal degradation of the target protein,
controlling cell cycle control, DNA repair, gene expression, and immune signaling (11).
Viruses have evolved many different strategies to disrupt normal cellular ubiquitination
pathways, such as encoding their own DUBs, incorporating motifs to induce ubiquiti-
nation, and altering substrate ubiquitination (3, 4, 12–17). Together, these changes are
required for several aspects of the viral life cycle, such as gene transcription, downreg-
ulation of host immune signaling, and viral maturation and budding.

The recruitment of substrates to an E3 Ub ligase and subsequent polyubiquitination
is often dictated by hierarchical assemblies that contain multiple subunits. The cullin-
RING ligase (CRL) family of Ub ligases is composed of cullin (CUL) scaffolds (cullin 1–5,
7, and 9) and RING-containing proteins (ROC/RBX 1–2) (18). CRLs are hijacked by sev-
eral viruses to alter the cell cycle or the immune response, especially CUL4-ROC1 (CRL4)
(13, 19, 20). To recruit substrates, CUL4 binds to the DNA-damage-binding protein 1
(DDB1), which in turn recruits multiple substrate receptors that give CRL4 its substrate
specificity by forming ;90 different CRL4 complexes (21–25). Several viruses tap into
these assembly mechanisms to recruit new substrates to CRL4 for polyubiquitination
and degradation (26).

One family of substrate receptors that binds to DDB1 are DCAF (DDB1 and CUL4-
associated factors) proteins (27). Several DCAF family members bind to DDB1 through
a degenerate a-helical H-box motif (Fig. 1A) (28–30). In addition, several unrelated viral
proteins have also evolved distinct H-box motifs to rewire CRL4 activity, e.g., hepatitis
B viral regulator protein HBx and simian virus 5 V (SV5-V) (20, 22, 26, 31–34). Recently,
a new H-box-containing protein, pUL145, was identified in human cytomegalovirus
(HCMV) that hijacks CRL4DDB1 to disrupt the innate immune response by ubiquitinating
the signal transducer and activator of transcription 2 (STAT2) (35). Furthermore, heli-
case-like transcription factor (HLTF) and p53-binding protein 1 (53BP1) have also been
identified as host cell targets (36). Interestingly, the sequence of this new H-box seems
relatively different compared to the other H-box family members with multiple
charged residues at its C terminus (Fig. 1B) (34, 37).

Despite the large number of abundant proteins that bind to the same H-box bind-
ing groove on DDB1, H-box motif sequences vary widely (Fig. 1B) (31, 37). Therefore, it
remains unclear what H-box residues are strictly required for the binding and specific inter-
actions with DDB1. Furthermore, it is poorly understood how viral H-box-containing pro-
teins, including pUL145, can bind and repurpose the CRL4DDB1 complex when there are
dozens of abundant cellular DCAFs. Here, we performed alanine-scanning mutagenesis,
crystallography, computational analysis (sequence conservation and molecular modeling),
and cell-based binding and protein degradation assays to understand what residues on
the H-box and DDB1 determine the binding affinity of the DDB1-H-box interaction. Our
results reveal that viral H-boxes share conserved hot-spot residues with the human H-
boxes but have more optimized residues to bind DDB1 at the variable positions of the
sequence, including the C terminus of the motif. For example, an H-box peptide derived
from the pUL145 sequence had the highest binding affinity (24 nM), partly because of a
unique water-mediated interaction at the C terminus of the H-box. Furthermore, we show
that mutations to the pUL145 H-box or the H-box binding groove of DDB1 are sufficient
to disrupt STAT2 degradation, highlighting the importance of the H-box-DDB1 interaction
to CRL4 hijacking. Overall, these studies provide valuable information about the specificity
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of the H-box motif and how viral evolution can optimize binding interfaces in unexpected
ways to alter cell signaling.

RESULTS
DDB1 binds to different H-boxes with a wide range of affinities. To understand

how viral proteins can rewire CRL4DDB1, we examined the binding constants of H-box
peptides from two host proteins, DCAF1/VprBP and DDB2, and two viral proteins, HBx
and pUL145 (20, 26, 28–31, 33, 35). Fluorescence polarization (FP) assays were used to
determine the dissociation constants for DDB1 and fluorescently labeled H-box peptides.
Interestingly, both peptides derived from viral proteins bound tighter than the host pro-
teins to DDB1 (Fig. 1C and D). In particular, the pUL145 H-box was a significantly tighter
binder and required the fitting of the binding constants using a quadratic function that
accounts for peptide depletion. The pUL145-derived and HBx-derived peptides bound to
DDB1 with equilibrium dissociation constant (KD) values of 246 4 nM and 270 6 25 nM,
respectively. In contrast, the DCAF1- and DDB2-derived peptides displayed ;1,000- and
;25-fold weaker affinity compared to the pUL145 H-box, respectively, and ;88- and
;2-fold compared to the HBx H-box, respectively. These data suggest that the high af-
finity of viral H-box peptides to DDB1, compared to host H-box motifs, helps viruses
rewire the substrate targeting of CRL4DDB1.

Identification of the pUL145 H-box residues responsible for the tight binding
affinity for DDB1. To better understand the sequence determinants that give the
pUL145 H-box a higher affinity for DDB1, we performed alanine scanning of the H-box
peptide. In this set of peptides, each position of the H-box motif was changed to ala-
nine, except for A26 at position 2 (Pos2) and A32 at Pos8, where alanine was already

FIG 1 Viral H-boxes bind tighter than the human H-boxes used in this study to DDB1. (A) Structure of DDB1 bound to the H-box peptide
(green) from HBx (Protein Data Bank code 3I7H) (31). DDB1 consists of three b-propellers (multicolored), but the H-box peptide
predominantly interacts with b-propeller C (BPC). (B) The H-box consensus sequence was created using MegAlign from Lasergene. The
amino acids are highlighted according to their physicochemical properties. (C) Representative fluorescence polarization (FP) data indicating
the binding of H-box peptides from pUL145 or DCAF1 to DDB1. The experiments were performed in at least triplicate and normalized to
wild type (WT) as 100%. (D) Table of the affinities (KD) and standard deviations for the tested H-boxes against DDB1 based on FP data in
panel C. BPA, b-propeller A; BPB, b-propeller B; BPC, b-propeller C; CTD, C-terminal domain.
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present. These fluorescently labeled peptides were then tested in our FP assay against
DDB1 to determine their binding affinity (Fig. 2A). The side chains of six residues dis-
played more than a .10-fold decrease in binding when changed to Ala: N25(Pos1),
V27(Pos3), L30(Pos6), R33(Pos9), R35(Pos11), and D36(Pos12) (Fig. 2B). Of these resi-
dues, three alanine-substituted variants that resulted in the largest defect in binding
were L30(Pos6), R33(Pos9), and R35(Pos11), all of which resulted a greater than 200-fold
decrease in binding affinity.

To put these results in context with other known H-boxes, we structurally aligned the

FIG 2 Sequence requirements for H-box binding affinity for DDB1. (A) Table of KD values and standard deviations for a panel of pUL145 H-box peptides in
which the indicated residues were substituted to Ala. The colors of the labels correspond to the magnitude of the fold reduction in binding affinity when
the native residue is replaced with Ala (red indicates .100-fold, orange indicates .10-fold, and gray indicates ,10-fold). (B) Bar graph of the data from
panel A comparing the binding affinities for the alanine-substituted pUL145 peptides. The y axis represents the reduction (fold change) of binding
compared to the wild-type peptide. The colors are the same as in panel A. The error bars represent standard deviations. (C) Sequence alignment of known
H-boxes that bind to DDB1 with conserved residues shaded. (D) WebLogos of the H-box sequence based on the sequence alignment from panel C colored
by their physicochemical properties.
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crystallized DDB1-H-box complexes and analyzed the sequences (Fig. 2C). Expectedly,
there is a strong conservation of Leu at Pos6 and Arg at Pos9, which is important for
pUL145 binding to DDB1. Surprisingly, the conservation of Leu at Pos11 and Gly at
Pos12 is not maintained in pUL145, which has an Arg at Pos11 and Asp at Pos12. The other
residues of the H-box motif displayed far more variability. However, all six of the binding res-
idues we identified have some degree of sequence identity based on the BLOSUM62 substi-
tution matrix (Fig. 2D). Together, these sequence alignments and alanine-scanning results
are highly correlated, revealing that the binding epitope consists of the six residues, but L30
(Pos6), R33(Pos9), and R35(Pos11) are the hot spots that displayed .200-fold decreases in
binding when substituted for Ala.

Crystal structure of DDB1 bound to the pUL145 H-box peptide. To further char-
acterize how the pUL145 H-box has evolved to bind DDB1, we determined the struc-
ture of DDB1 bound to a pUL145 peptide containing residues N25 through G37 to
2.9 Å resolution (Fig. 3A; Table 1). The DDB1-pUL145 H-box structure contained one
complex per asymmetric unit. Overall, the structure of the pUL145 peptide bound to
DDB1 was similar to other H-box-DDB1 structures with a root mean square deviation
(RMSD) of 0.34 to 0.94 Å for the entire structure of the complex and 0.16 to 0.43 Å for
the H-box peptide (Fig. 3B) (28, 30, 31). The a-helical H-box was positioned in a binding
groove that is enclosed by the BPA-BPC double propeller fold with most of its interac-
tions occurring with BPC. The pUL145 H-box-DDB1 complex revealed several con-
served interactions. First, the N-terminal residue, N25(Pos1), interacts with a loop of
DDB1 (residues 836 to 841). Second, V27(Pos3) forms hydrophobic interactions with
L814 and V836 of DDB1. Third, the vital L30(Pos6) forms additional hydrophobic inter-
actions with L912 and L926. Last, R33(Pos9) sticks into a pocket that is formed between
multiple loops of the b-propeller and forms a hydrogen bond with Y913 (Fig. 3C to F).
All of these interactions are largely conserved among the known structures.

However, an area that is clearly divergent is the C terminus of pUL145. In previous
structures, residues at Pos11 and Pos12 of the H-box are hydrophobic, often Leu, followed
by a glycine or positively charged residues, respectively. The conserved Leu at Pos11 inter-
acts with a hydrophobic patch comprised of L328, P358, A381, and F382. However, for
pUL145, Pos11 is R35 instead of a conserved Leu, and Pos12 is D36. Unexpectedly, the
R35A substituted variant of the pUL145 H-box resulted in an ;290-fold decrease in bind-
ing affinity compared to wild type. Similar to a conserved Leu residue, composition of R35
allows it to fulfill the extensive interactions with the hydrophobic patch of L328, P358,
A381, and F382 (Fig. 3G). Additional interactions at the pUL145 C terminus include N1005
hydrogen bonding to the backbone of T34(Pos10) and R327 interacting with the backbone
of the H-box C terminus (Fig. 3H and I).

Despite the importance of the pUL145 residues D36(Pos11) and G37(Pos12) observed
in the binding assays (Fig. 2A and B), when examining the crystal structure, there were
surprisingly few direct contacts between these residues and DDB1. D36(Pos12) is in a
hydrophobic pocket between F972, F1003, and V1033 in which only the C-b of D36
(Pos12) is within 4.0 Å of V1033. The carboxylic acid side chains would also yield unfavor-
able unsatisfied hydrogen bond sites. Upon closer examination of the electron density,
we observed density for a water molecule (B factor of 5) that is coordinated between
K60 of DDB1 and D36(Pos12) of pUL145. This coordinated water likely enhances the
binding affinity of the pUL145 H-box for DDB1 because the substitution of this side chain
for Ala resulted in a 14-fold decrease in KD (Fig. 3J).

Determination of the hot-spot residues of DDB1 responsible for pUL145 H-box
recognition through alanine-scanning mutagenesis. Based on the structure alone, it
is unclear why the pUL145 H-box has a higher affinity to DDB1 than other H-boxes.
The H-box binding groove in DDB1 recognizes many helical peptide sequences with
divergent sequences. To further understand the binding determinants for DDB1, we
purified a set of 21 DDB1 variants in which the residues within 4 Å of the H-box motif
were substituted to Ala and tested for binding to pUL145 H-box using FP. Several var-
iants exhibited a dramatically reduced affinity for the pUL145 H-box peptide, ranging
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from 24 to 2,300 nM (Table 2; Fig. 4A). Together, these values allowed us to map the
hot-spot residues of DDB1 binding to the pUL145 H-box.

Residues in DDB1 that contribute to H-box recognition are defined as having a .10-fold
decrease in binding affinity based on the KD values determined by FP. Therefore, 12 residues,
R327A, L328A, V360A, S720A, Y812A, L814A, V836A, Y871A, L912A, L926A, F1003A, and

FIG 3 Crystal structures of the H-box peptide derived from pUL145 bound to DDB1. (A) Close-up view of the pUL145 H-box
peptide (yellow) in complex with DDB1 (gray). The 2Fo 2 Fc electron density map is contoured at 1s . (B) Superposition of the
H-box peptides of HBx (black, PDB ID 3I7H), DDB2 (blue, PDB ID 3I7L), DCAF1 (orange, PDB ID 5JK7), and pUL145 (yellow, PDB
ID 7UKN) bound to DDB1 (30, 31). (C to K) Close-up views of the key interactions between pUL145 (yellow), DDB1 (gray), and
water (gray sphere) based on the binding affinities of the alanine-substituted pUL145 H-box peptides. The 2Fo 2 Fc electron
density map is contoured at 1s .
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N1005A, are a part of the H-box binding groove, which can be loosely divided into three seg-
ments (Fig. 4A and B). First, the N terminus of the helical peptide is stabilized by hydrophobic
interactions between L814 and V836 of DDB1 and V27(Pos3) of pUL145 (Fig. 3C and D and
4C). Notably, the V836A substitution on DDB1 had the largest change in binding affinity,
;80-fold, denoting the significance of binding to the N terminus of the H-box (Fig. 4A). Y812
and Y871 of DDB1 also form hydrogen bonds with the N-terminal residues of the pUL145 H-
box. These interactions are relatively conserved among H-boxes despite the sequence differ-
ences due to the chemical and size similarities between the amino acid side chains found at
this position (Fig. 2D).

The second segment contains the two most conserved residues L30(Pos6) and R33
(Pos9) of the H-box (Fig. 3E and F and 4). It is formed by several hydrophobic residues,
including Y871, L912, L926, and W953. Y871 and L912 of DDB1 form van der Waals
interactions with L30(Pos6). However, L926 is too far away to contact pUL145 directly
but may instead stabilize L912 and the rest of the hydrophobic surfaces. Furthermore,

TABLE 1 Crystal and X-ray diffraction data of DDB1-pUL145 H-box peptide

Parameter Value
Wavelength 1 Å
Resolution rangea 46.21–2.90
Space group P 21 21 21

Unit cell
a, b, c (Å) 63.5, 134.7, 183.0
a, b,g (³) 90, 90, 90

Total reflectionsb 36,461 (1,775)
Unique reflections 34,718 (2,877)
Multiplicity 6.3 (6.6)
Completeness (%) 97.37 (82.67)
Mean I/s (I) 12.7 (1.37)
Wilson B factor 50.78
Rmerge 0.132 (1.793)
Rmeas 0.180 (2.202)
Rpim 0.070 (0.840)
CC1/2 0.992 (0.488)
CC* 0.998 (0.810)
Reflections used in refinement 34,713 (2,877)
Reflections used for Rfree 1,972 (164)
Rwork 0.194 (0.270)
Rfree 0.261 (0.365)

No. of nonhydrogen atoms 8,415
Macromolecules 8,401
Solvent 14

Protein residues 1,072
RMS (bonds) 0.009
RMS (angles) 1.23
Ramachandran favored (%) 89.48
Ramachandran allowed (%) 9.18
Ramachandran outliers (%) 1.34
Rotamer outliers (%) 0.21
Clashscore 10.94

Avg B-factor 58.62
Macromolecules 58.68
Solvent 23.68

No. of TLS groups 5
aThe resolution range for collected data is 46.21–2.87 Å; the resolution range for the refined structure is
46.21–2.90 Å. Resolution was truncated to improve the completeness.

bThe numbers in parentheses refer to the relevant outer resolution shell.
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we observe the backbone of L926 coordinating a water molecule that hydrogen bonds
to R33(Pos9). Also, the aliphatic portion of the R33(Pos9) side chain is coordinated by
F1003. This portion of the interaction represents the binding pocket of the most con-
served residues in our alignment and also results in the greatest defects when mutated
to alanine, suggesting that this region is the dominant hot spot used by both human
and viral H-boxes.

Last, the C terminus of the H-box recognizes five residues in DDB1: R327, L328,
V360, S720 and N1005 (Fig. 3G and 4C). R327 makes interactions with the backbone of
the H-box (Fig. 3I). N1005 hydrogen bonds with the backbone of the T34(Pos10) car-
bonyl (Fig. 3H). R35 (Pos11), which is normally Leu in other H-boxes, binds in this
region as well. Interestingly, the R35 (Pos11) interaction with F382 did not significantly
contribute to binding, but S720 scored as a part of the binding groove. Based on the
structure, S720 is involved in a complex electrostatic network. It facilitates a hydrogen
bond with the backbone of F382, which stabilizes the hydrophobic patch consisting of
L328, P358, A381, and F382 residues. Additionally, the neighboring G380 and P721
coordinate a water molecule that participates in electrostatic interactions with S720
and R35 on pUL145 (Fig. 3K).

To evaluate the significance of the identified DDB1 and pUL145 residues in STAT2
degradation, we performed a series of cell-based experiments. First, HEK293T cells
were transfected with both FLAG-tagged DDB1 and MYC-tagged pUL145. As expected,
pUL145 coimmunoprecipitated with FLAG-tagged DDB1 (Fig. 4D), and DDB1 coimmu-
noprecipitated with MYC-tagged pUL145 (Fig. 4E). However, when mutations were
introduced into either DDB1 (V836A) or pUL145 (L30A and D36A), these interactions
were largely reduced (Fig. 4D and E). We also monitored the pUL145-mediated degrada-
tion of STAT2 during these experiments. Consistently, expression of pUL145 correlated
with lower levels of STAT2 (Fig. 4D to F). Even though the cells contained endogenous
DDB1, resulting in some variability in pUL145-mediated STAT2 degradation, overexpres-
sion of the DDB1 V836A protein significantly rescued the amount of STAT2 present.
Furthermore, by introducing L30A and D36A mutants of pUL145, STAT2 protein levels
returned to near native levels (Fig. 4D to F). Together, these results were highly similar to
our in vitro binding data and indicate the importance of the intact H-box for pUL145-de-
pendent STAT2 degradation.

TABLE 2 Dissociation constants of DDB1 WT and alanine-substituted variantsa

DDB1 variants KD (nM)
WT 246 4.0
R327A 7406 140
L328A 3006 19
V360A 3306 23
F382A 726 13
S720A 7806 150
R722A 916 12
K723A 1506 29
E787A 1806 37
Y812A 6806 130
L814A 4506 45
V836A 2,3006 290
Y871A 7506 100
M910A 626 8.8
L912A 3106 64
L926A 6206 83
W953A 706 10
S955A 596 5.6
N970A 776 24
F1003A 7606 130
N1005A 7206 43
V1033A 596 7.9
aWT, wild-type.
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FIG 4 Functional epitope of DDB1 for binding H-box sequences. (A) Bar graph of the data shown in Table 2 comparing the binding
affinities for the alanine-substituted DDB1 variants. The y-axis represents the reduction (fold change) in binding compared to wild-
type DDB1. The colors of the bars correspond to the extent of the fold change in binding affinity because of the alanine
substitution. The error bars represent the standard deviations. (B) Representative fits of FP data to determine the binding affinity of
DDB1 wild-type and the alanine-substituted variants. Experiments were performed in at least triplicate and normalized to WT as
100%. (C) Surface view representation of DDB1 bound to pUL145 (atoms shown as spheres). DDB1 residues mutated in this study
are colored as a gradient to indicate the increasing reduction in binding affinity compared to wild-type DDB1. (D, E) DDB1 and
pUL145 variants reduce the interaction and disturb STAT2 degradation, monitored by coimmunoprecipitation (Co-IP) and Western
blotting. HEK293T cells were transiently transfected with FLAG-tagged DDB1 and MYC-tagged pUL145 or GFP as a negative control.
Cell extracts were prepared, and the pUL145-DDB1 complex was coimmunoprecipitated using an antibody to either the FLAG (D) or
MYC (E) tag (n $ 3). The STAT2 levels were also monitored by immunoblotting the inputs of the co-IP (n = 7). (F) STAT2 levels in
HEK293T cells transfected with DDB1 and pUL145 wild-type and variants from panels D and E. STAT2 levels were calculated as ratios
compared to the loading control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and normalized to the levels of STAT2 in
control cells. The error bars represent standard error. Statistical significance was assessed by one-way analysis of variance (ANOVA).
**, P # 0.01; ****, P # 0.0001 (n = 7 biological replicates). N.D., not determined.
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Computational analysis of H-box binding to DDB1. Although we have analyzed
pUL145 H-box binding to DDB1, it remained unclear why the pUL145 H-box has such a
high affinity compared to the DCAF1 H-box, which displayed markedly poor affinity for
DDB1. Thus, we turned to computational methods in Rosetta to help dissect the residue
contributions to binding by creating a model with truncated DDB1-pUL145. We installed
the H-box sequences from DCAF1, DDB2, or HBx using fixed backbone design (fixbb)
and then ran 100 all-atom refinement simulations (relax) on each H-box model. The total
Rosetta-energy (REU) score and REU-DDG for binding matched the trends we observed
for the peptide affinities: DCAF . DDB2 . HBx/pUL145 (Fig. 5A). Next, we analyzed the
residue-residue REU score for the DDB1-H-box interactions for each H-box residue from
the lowest scoring model. Overall, the results match the biochemical data well, with
Pos1, Pos3, Pos6, and Pos11 containing important binding residues (Fig. 5B to E). Rosetta
also indicates that Pos2 and Pos10 are important for binding. In the pUL145 H-box, Pos2
is already Ala and was not tested but is buried at the interface. On the other hand, T34A
(Pos10) did not result in a binding defect, but Rosetta also scores the Ala in the DCAF1
H-box sequence favorably. Together, this suggests that Rosetta-based calculations could
provide insight into the recognition of the DCAF1 H-box by DDB1.

Rosetta indeed provided an explanation for how viral H-boxes evolved to hijack

FIG 5 Viral sequences tend to form additional interactions at the C terminus of the H-box sequence to facilitate tighter binding. (A) Table of H-box-DDB1
Rosetta energies of the lowest scoring structure. The total energy is the overall Rosetta energy of the structure, and DDG represents the computational
binding energy. It is calculated by subtracting the Rosetta energy for the complex by the energy of the isolated DDB1 and H-box structures. The affinities
(KD) were determined experimentally from Fig. 1 (B to E) Rosetta pair energies of the H-box peptide residue interactions with DDB1 using pUL145 (B), HBx
(C), DCAF1 (D), and DDB2 (E). (F, G) Structural comparison of the Rosetta models (green) and crystal structure of DDB1 (gray) bound to the pUL145 (yellow)
or DCAF1 (orange) H-box peptide demonstrate that Rosetta formed alternative favorable interactions for R35 and D36 where bridging water molecules
were identified in the crystal structure.
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DDB1. First, the weaker binding H-box peptide of DCAF1 makes poorer interactions
than the other tested H-boxes. DCAF1 has a Ser at Pos11 that is ;5 REU less favorable
than those with Leu or Arg at that position (Fig. 5F). DCAF1 also has a Ser at Pos4 that
contributes less to binding than the other H-boxes. Examination of the DCAF1-DDB1
structure reveals that these interactions are not very favorable. Second, while the over-
all binding energies from the N-terminal portion of all of the peptides are similar, the C
terminus of the viral H-boxes appear to be better at binding than the human sequences
(Fig. 5B to E). When looking at the last three residues of the H-box motif, both the
human sequences have only one residue below 25 REU, while both of the viral sequen-
ces have two: HBx contains L98(Pos11) and L100(Pos13), and pUL145 has R35(Pos11)
and D36(Pos12) (Fig. 5B to E). This analysis reveals how viral H-boxes optimize their
sequences to maximize contacts at neighboring sites in the binding groove.

Interestingly, Rosetta scores D36(Pos12) as very favorable, so we looked more
closely at the pair score energies and saw that in the model there was a very favorable
interaction energy (,24 REU) between K60 and D36(Pos12). In the modeling, Rosetta
predicted an extend K60 rotamer and altered the C terminus of the backbone of the
H-box peptide by .1 Å, so that a strong electrostatic interaction could form between
the two residues (Fig. 5G). While the crystal structure does not have this interaction, it
instead has a bridging water molecule between K60 and D36(Pos12). This provides a
rationale for why Rosetta was unable to discriminate between the binding affinities of
the H-boxes from pUL145 and HBx since the default Rosetta scoring does not consider
water bridging interactions. Significantly, pUL145 has the only H-box that has a residue
capable of making this type of interaction, and we speculate that this interaction net-
work is one of the reasons that the pUL145 H-box has the highest affinity for DDB1 (38).
These data are supported by our in-cell experiments showing that the D36A mutation
completely disrupts the coimmunoprecipitation of DDB1 and STAT2 degradation. We
also noticed that the R35 rotamer for the crystal structure and Rosetta structure differed
and that the position of R35 in Rosetta overlapped with a crystallographic water
(Fig. 5F). Therefore, Rosetta suggests that there are other favorable conformations for
R35 and D36, even if the crystallographic waters are an artifact of using a peptide rather
than the full-length pUL145. Overall, this analysis indicates how thermodynamics of
binding is a factor in driving viral evolution.

DISCUSSION

Many unrelated viruses have evolved proteins that contain H-box motifs to repurpose
CRL4DDB1. For example, HCMV uses a protein pUL145 to rewire CRL4DDB1 to downregulate
the antiviral immune response by polyubiquitinating STAT2 (35). This function is similar
to simian virus 5 protein (SV5) and hinges on the H-box motif binding to DDB1 (35, 39).
Interestingly, HCMV has evolved a number of other proteins that can interact with CRL4
and degrade many host factors, such as SLFN11 (40, 41). Many other viruses also exploit
CRL4 (42, 43), e.g., hepatitis virus B HBx degrades host resistance factors, such as SMC5/6
(20, 26, 33). The HBx interaction with DDB1 is also required to activate transcription of vi-
ral genes, in part through binding to the arginine methyl transferase PRMT1 (20, 33, 44).
Therefore, exploiting DDB1 binding recognition appears to be a common strategy that
several viruses have evolved to optimize viral fitness and is consistent with the biological
data showing how important the viral H-box proteins are for viremia (45, 46). However,
there are many CRL4DDB1 host cell substrate receptors that share this binding groove,
along with other surfaces, on DDB1, making it unclear how a single viral protein repriori-
tizes substrate ubiquitination (27, 28, 30, 31).

Here, we show that viral H-box sequences maintain or improve on the hot-spot
binding residues found in human H-boxes and form new contacts within the H-box
binding groove of DDB1. For the H-box peptides tested, these additional surfaces
improve the binding affinity of the viral H-boxes for DDB1 compared to human
sequences. For example, L30(Pos6) and R33(Pos9) are relatively invariant in both
human and viral sequences, and their substitution to alanine reduces binding to DDB1
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by ;100-fold. However, the C-terminal residues of viral H-boxes are optimized for
improved interactions and tighter affinity than the host cell H-boxes we tested, provid-
ing a selective advantage for viral hijacking. Surprisingly, we found that the H-box
from human DCAF1 in isolation from the rest of the protein had a very low affinity for
the DDB1 receptor, even though DCAF1 is the most abundant H-box-containing sub-
strate receptor (47). While we do not incorporate other interactions between DDB1
and DCAF1 in this study, the viral H-boxes have a thermodynamic advantage over the
DCAF1 H-box, allowing many viruses to populate and exploit CRL4DDB1 machinery. It
will be interesting to explore how this competition for the H-box binding groove on
DDB1 is affected by additional DCAF-DDB1 contacts in future work.

To explore how viral H-boxes optimize their sequence to utilize CRL4DDB1, we deter-
mined the crystal structure of an H-box from HCMV pUL145 and substituted both the
peptide and DDB1 residues for alanine. Interestingly, we revealed multiple solvent-
mediated interactions that improve pUL145 H-box binding to DDB1. First, we identified
a unique Arg at Pos11 as a hot spot. In addition to the regular hydrophobic interac-
tions commonly found at this position, C-terminal residues participate in electrostatic
interactions with a water molecule coordinated by the backbones of P721 and G380
(Fig. 3K). Furthermore, we observe a unique water-coordinated interaction between K60
of DDB1 and D36(Pos12) of the pUL145 H-box (Fig. 3J). Based on the alanine-scanning
results, these interactions are highly valuable and stress the importance of structural
determination because Rosetta did not predict these solvent-mediated interactions.
Together, this pUL145 H-box-DDB1 interaction is a great example for demonstrating
how solvent organization is a recurring method to improve the affinity of protein-ligand
interactions (38). Interestingly, this might be a feature that aids the plasticity of the
DDB1-binding site, which can also bind to other proteins and ligands in different ways.

Overall, the viral H-boxes maintain the conserved hot-spot binding interactions, even
if there is amino acid divergence, suggesting that there is selective pressure to maintain
these favorable interactions and evolve new ones. The human sequences, however, are
typically missing one of the hot spots, e.g., DCAF1 possessing a Ser (Pos11). We speculate
that either very high binding affinity for DCAF substrate adaptors to the H-box binding
groove of DDB1 is not necessary because additional contacts are formed to other surfa-
ces of DDB1, or creating a tight-binding interaction may even be detrimental for native
CRL4 activity given that rapid assembly/disassembly of CRLs may be important for their
function. This feature of CRLs likely provides a weakness for viruses to exploit and sug-
gests that viral H-boxes may repurpose the numerous native CRL4DDB1 host cell substrate
receptors to hijack CRL4DDB1 and degrade host restriction factors (26, 40, 48). In a recent
analysis of the HCMV interactome, nearly a dozen viral proteins were found to interact
with components of the CRL4DDB1 ubiquitin ligase alone (40, 49). As many other viral pro-
teins are known to repurpose or dysregulate several different Ub ligases, it will be excit-
ing to uncover the evolution of improved virus-host Ub ligase interactions that improve
viral fitness.

MATERIALS ANDMETHODS
Site-directed mutagenesis. pFastbac-HTB-DDB1 mutants were cloned by site-directed mutagenesis

or overlap extension (50).
Protein expression and purification. For crystallography, DDB1 was overexpressed with a TEV-cleav-

able, N-terminal His tag in SF9 cells and purified by nickel-affinity chromatography. After TEV cleavage,
DDB1 was further purified by anion-exchange chromatography and then size-exclusion chromatography
into a final buffer of 20 mM Tris (pH 8.0), 200 mM NaCl, 5 mM dithiothreitol (DTT).

For fluorescent polarization assays, wild-type and alanine-substituted variants of DDB1 were overex-
pressed in Tni insect cells (Expression Systems). The proteins were purified by nickel-affinity, anion-
exchange, and size-exclusion chromatography into 20 mM HEPES (pH 8), 200 mM NaCl, 1 mM DTT. All
proteins were flash frozen and stored at280°C.

Fluorescent polarization. A solution of the 6-carboxytetramethylrhodamine (TAMRA)-tagged pep-
tides (final concentration, 50 nM) was added to solutions of DDB1 variants in assay buffer containing
20 mM HEPES (pH 8), 200 mM NaCl, 0.25 mg/mL bovine serum albumin (BSA), and 0.005% Tween 20. The
peptide and DDB1 mixture was incubated on ice for 20 min and then pipetted to a 96-well plate at room
temperature. The fluorescence polarization was then measured on the Tecan Spark Cyto with an excitation
wavelength of 547 nm (bandwidth, 10 nm) and an emission wavelength of 579 nm (bandwidth, 10 nm).
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The data were analyzed in GraphPad Prism using a quadratic equation (Y ¼ Vo Et1X1Kd½ �2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Et1X1Kd½ �224EtX

p� �

2Et
)

due to the tight-binding nature of some of the peptides.
Peptide synthesis. The University of North Carolina (UNC) Peptide Synthesis core facility made the

peptides using a modified CarboMAX method and a CEM Liberty Blue microwave synthesizer (51).
Fluorescent dyes were coupled manually using acid forms of the dyes and N, N’-di (propan-2-yl) metha-
nediimine (DIPC)/ N, N-diisopropylethylamine (DIEA) in dimethylformamide (DMF).

X-ray crystallography. The crystals were grown at 4°C using the hanging-drop vapor-diffusion
method by mixing 1 mL of purified DDB1 (6 mg/mL) with 1 mL of reservoir solution that contained
100 mM MES (pH 6.6), 16% PEG 4000, 50 mM NaCl, 5 mM DTT. The Crystals were briefly soaked with
2 mL of 460 mM pUL145 H-box peptide and 2 mL of cryoprotectant (50% ethylene glycol). The data were
collected on APS 22ID. Diffraction data were processed using HKL2000, and the structure was solved
using molecular replacement in Phenix using DDB1 bound to the H-box of DDB2 (PDB ID 3I7L), in which
the peptide was mutated to the pUL145 sequence. The model was iteratively built and refined using
Coot and Phenix, respectively.

Quality score and WebLogos. To generate an alignment of the H-boxes, we took all the crystallized
H-box motifs and aligned them based on the 13 positions of the crystallized epitope. We used Jalview to
determine the quality score and to color the sequences by conservation (52). We used WebLogo3 as a
visual representation of the available residues at each position (53).

Rosetta modeling. To examine residue-residue contacts between DDB1 and various H-box motifs,
we used the Rosetta molecular modeling software package (54, 55). First, to prepare the structure for
Rosetta, we started with the pUL145-DDB1 complex and removed all the residues between 388 and 711,
which correspond to the BPB that binds to CUL4 and is not involved in H-box recognition. The rationale
for this deletion is it would speed up the simulations and restrict the number of overall residues that
Rosetta would evaluate since the Rosetta score is affected by all atoms in the simulation. We then ran a
fast relax with constraints to the native position and took the lowest structure for subsequent modeling
steps. Next, we used the fixbb application to mutate the H-box sequence to DCAF1, DDB2, or HBx or to
keep the pUL145 sequence. Taking the lowest scoring structure from each of these runs, we ran the relax
application again with constraints to the native and generated 100 models for each H-box peptide-DDB1
complex. We took the lowest scoring structure for each complex and used the score_protein_ligand_inter-
actions application to pull out the per-residue score terms. Finally, we summed all the pairwise interaction
energies between each residue in the H-box and any residue in DDB1 and plotted those as bar graphs
(Fig. 5B to E).

Immunoprecipitation and immunoblot analysis. HEK293T cells were maintained in Dulbecco’s
minimal essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin, strepto-
mycin, and 2 mM glutamine at 37°C in 5% CO2. HEK293T cells were transfected using polyethylenime
hydrochloride reagent (PEI, Sigma) at a concentration of 3 mg PEI per mg plasmid DNA. To identify the
DDB1 and pUL145 mutations that can interrupt the DDB1-pUL145 interaction, HEK293T cells were plated
in 100-mm dishes and transfected with FLAG-DDB1 and (3�)MYC-UL145 wild-type or mutant plasmids
as indicated. Twenty hours after transfection, the cells were washed with ice-cold phosphate-buffered
saline (PBS). Subsequently, the cells used for coimmunoprecipitation were lysed by NP-40 lysis buffer
(0.5% Nonidet P-40, 50 mM Tris (pH 7.5), 150 mM NaCl, 10% glycerol) containing Halt protease and phos-
phatase inhibitor (Thermo Scientific), and crude lysates were cleared by centrifugation at 14,000 rpm at
4°C for 15 min. The supernatants were incubated with either anti-FLAG M2 affinity gel (Sigma) for FLAG-
IP or homemade MYC3 antibodies coupled to protein A/G-agarose (Thermo Scientific) for MYC-IP. The
immunocomplex was washed twice with NP-40 lysis buffer and then three times with PBS. The samples
were separated by SDS-PAGE for immunoblot analysis. For STAT2 immunoblots, the total cell lysates
were obtained by using radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris (pH 8.0), 0.1% SDS,
150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and protease inhibitor cocktail). The follow-
ing antibodies were used for the immunoblot analysis: mouse monoclonal anti-FLAG M2 (Sigma), rabbit
polyclonal homemade anti-MYC3, mouse monoclinal anti-STAT2(B-3) (Santa Cruz), and mouse monoclo-
nal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (GeneTex).

Data availability. The atomic coordinates and structure factors used in this study have been depos-
ited in the RCSB Protein Data Bank (PDB) under accession number 7UKN.
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