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Ubiquitination is a mechanism used by eukaryotes to precisely alter the level, functionality, 

and location of specific target proteins through the post-translational attachment of one or more 

ubiquitin tags.  This attachment proceeds through a three-step enzymatic process involving 

ubiquitin activating proteins, conjugating proteins, and ligases.  Of these three steps, the final 

ubiquitin ligation reaction to the target substrate shows the most variability due to the vast number 

of different substrates targeted by the cell.  These ligase complexes are broadly divided into three 

families, with the Cullin-RING ligases (CRLs) comprising the largest physical structures.  CRLs 

can be further subdivided into different complexes based on the specific Cullin backbone (1-5, 7) 

used to bridge the complex.  Among the many roles these complexes play, CRL3 has been 

implicated in the oxidative stress response in animals (Nguyen et al., 2004) as well as hormone 



 

signaling perception in plants (Lechner et al., 2011).  CRL4 has been shown to be involved in a 

variety of cellular processes such as DNA damage repair and cell cycle regulation (Jackson and 

Xiong, 2009; Scrima et al., 2011).  CRLs perform these functions by employing a modular 

architecture whereby individual substrate receptors are recruited to the complex to provide 

specificity for an array of possible targets. 

The large variety of target substrates these complexes ubiquitinate presents the technical 

challenge of identifying them in the context of their individual pathways.  It also points to the need 

for a cell to be able to precisely regulate these processes.  Here we solve the crystal structure of 

DDB1, an adaptor component of CRL4, in complex with an N-terminal minimal binding fragment 

of DDA1.  DDA1 has previously been shown to regulate CRL4 activity (Pick et al., 2007; Gao et 

al., 2017).  We hypothesize this regulation is due to conformational control of the flexible BPB 

domain of DDB1, which normally confers a large degree of freedom to the alignment of the bound 

substrate with the incoming ubiquitin tag.  We also show that CRL3 is involved in perception of 

the plant hormone salicylic acid (SA) via the hormone receptor NPR4, which binds to radiolabeled 

SA over a size-exclusion chromatography column.  Finally, we show that NPR4 can be 

crystallized.  We have generated a variety of monoclonal antibodies that bind to NPR4 to improve 

crystal packing and diffraction resolution.  Taken together, these studies highlight the important 

role that CRLs play in eukaryotic biology as well as the importance of efficient regulatory regimes 

to fine-tune their activity. 
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Chapter 1. INTRODUCTION AND BACKGROUND  

INTRODUCTION 

Ubiquitin is a small protein that is covalently attached to a wide array of cellular substrates 

to regulate virtually all major cellular processes in eukaryotes.  Over the past 40 years the world 

of ubiquitin and ubiquitin-like proteins has been increasingly uncovered and detailed.  From 

controlling major aspects of the cell cycle, such as cyclin stability and activity of the Anaphase 

Promoting Complex (APC) (Sivakumar and Gorbsky, 2015; Chang and Barford, 2014), to its role 

in adaptive and innate immunity (Li et al., 2016; Hu and Sun, 2016), ubiquitin is a vital and 

pervasive component at the center of eukaryotic biology.  Improvements in our understanding of 

these processes have shed light on the array of ubiquitin-like proteins that exist as well as their 

fundamental regulatory roles throughout the cell. 

 Canonical ubiquitin function involves the use of post-translational attachment of poly-

ubiquitin chains to a specific cellular substrate protein to target it for degradation (Hershko et al., 

1980) by the 26S proteasome.  Early work in the field firmly established the Ubiquitin-Proteasome 

System (UPS) as one of the two fundamental ways (along with the lysosome) by which a cell 

degrades and recycles polypeptide macromolecules (Hershko and Ciechanover, 1982; 1992).  This 

occurs through processive, ATP-driven hydrolysis as the proteasome lid binds the polyubiquitin 

chain and couples the unfolding of the substrate to translocation of the nascent polypeptide through 

the proteasome’s catalytic core (Rubin et al., 1998; Verma et al., 2002; Benaroudj et al., 2003; 

Smith et al., 2005, Liu et al., 2006). 

 The UPS gives the cell a powerful and responsive way to regulate proteostasis.  Many of 

the proteins that comprise cell signaling pathways are short-lived, and their stability in response to 
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environmental events requires tight control.  Interruption of constitutive degradation or 

degradation of otherwise stable signaling proteins are prominent mechanisms featured in many 

pathways, such as those regulating NF-кB and p53.  Additionally, most macromolecular 

complexes are dynamic structures that require constant remodeling for the duration of their 

function.  For example, the complex process of DNA replication requires successive stages of 

initiation, elongation, and termination that need to be precisely choreographed to ensure efficiency 

of the process and fidelity of the result.  The UPS provides an effective way to address these 

requirements. 

 Beyond its UPS-related function, ubiquitin, and its ubiquitin-like cousins, play important 

roles in many other aspects of protein function.  Ubiquitin-interacting domains of various types 

are employed to recruit mono- and polyubiquitin attachments to induce protein-protein interaction 

and nucleate large macromolecular complexes.  For example, the Small Ubiquitin-like Modifier 

protein-1 (SUMO-1) is covalently attached to Promyelocytic Leukemia (PML) and other PML-

binding proteins to promote formation of nuclear bodies, which are believed to regulate 

transcription factor dynamics (Muller et al., 1998).  Furthermore, ubiquitin and ubiquitin-like 

protein modifications can regulate protein function directly.  These examples represent a tiny 

fraction of the roles ubiquitin plays in fundamental cell biology. 

For a comprehensive review of important aspects related to this system not covered by the 

scope of this dissertation, please refer to: Hochstrasser, 2009; Finley, 2009; van der Veen, 2012; 

Husnjak and Dikic, 2012; Geng et al., 2012; and Zheng and Shabek, 2017. 

UBIQUITIN 

Ubiquitin is comprised of 76 amino acid residues (Schlesinger et al., 1975; Wilkinson and 

Audhya, 1981) and exhibits a very stable β-grasp fold (Vijay-Kumar et al., 1985; Burroughs et al., 
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2007) that is conserved among eukaryotic homologs and throughout all ubiquitin-like orthologs 

(figure 1.1A).  In comparison, human SUMO-2 shares only 16% identity with ubiquitin, however 

the crystal structures of the two align within 1.5 Å RMSD (Huang et al., 2004; Vijay-Kumar et al., 

1987).  Sequence homology within the ubiquitin family itself is high, with 96% sequence identity 

shared between human and budding yeast ubiquitin orthologs.  The ubiquitin C-terminus is 

comprised of a short, flexible tail that concludes with a di-glycine motif (Wilkinson and Audhya, 

1981), a feature also shared among ubiquitin-like orthologs. 

UBIQUITINATION AND DEUBIQUITINATION 

The core ubiquitination process involves three steps (figure 1.1B).  First, an E1 Ubiquitin 

activating enzyme (Uba), containing an active site cysteine residue, binds to free ubiquitin and 

ATP, forming a ubiquitin-AMP intermediate.  Ubiquitin is then transferred to the active site 

cysteine.  Next, the ubiquitin is transferred to a cysteine residue on an E2 Ubiquitin conjugating 

enzyme (Ubc).  Finally, the ubiquitin Glycine-76 main chain carboxylate moiety is ligated to the 

epsilon amino group of the target substrate lysine by an E3 Ubiquitin ligase (Ubl), creating an 

isopeptide bond (Goldknopf and Busch, 1977; Hershko et al., 1980; Hershko et al., 1981). 

To maintain tight regulation of ubiquitination, a cell needs to be able to reverse this process 

and remove post-translationally attached ubiquitin from their target substrates.  Deubiquitinating 

enzymes (DUBs) fulfill this role.  DUBs are modular proteases that are divided into six major 

subclasses: Ubiquitin-Specific Proteases (USPs), Ubiquitin C-terminal Hydrolases (UCHs), 

Machado-Joseph Disease protein domain (MJD) proteases, Ovarian Tumor (OTU) proteases, 

JAB1/MPN/Mov34 (JAMM) motif proteases (Nijman et al., 2005), and the newly-discovered 

Motif Interacting with ubiquitin-containing Novel DUB family (MINDY) proteases (Rehman et 
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al., 2016).  USPs, UCHs, MJD proteases, OUT proteases, and MINDY proteases all use a cysteine-

based catalytic triad for ubiquitin hydrolysis, while JAMMs are metalloproteases that bind zinc. 

POLYUBIQUITIN CHAINS 

Hershko and Heller (1985) discovered the existence of proteins with multiple ubiquitin 

conjugates that are covalently attached to each other.  These polyubiquitin chains were not required 

for UPS-mediated degradation, however they greatly increased the rate of this degradation 

compared to monoubiquitinated conjugates.  These chains were later determined to have isopeptide 

linkages – primarily to ubiquitin Lysine-48 for most degradation mediated by the UPS (Chau et 

al., 1989; Gregori et al., 1990). 

Additional chain linkages have also been discovered, including Methionine-1, Lysine-6, 

Lysine-11, Lysine-27, Lysine-29, Lysine-33, and Lysine-63 (Komander and Rape, 2012).  These 

linkages are employed in a variety of ubiquitination contexts in addition to the UPS.  Ubiquitin 

contains three hydrophobic surface patches, and the alternative linkages of certain polyubiquitin 

chains take advantage of alternative types of packing mediated through these patches to create 

unique chain geometries that vary by linkage attachment type.  These different types of chain 

geometries provide a primary means of recognition for various binding partners. 

E1 UBIQUITIN ACTIVATING ENZYMES 

E1 Uba enzymes bind to both ubiquitin and ATP.  They catalyze the adenylation of 

ubiquitin (Haas et al., 1982; Haas and Rose, 1982), which is subsequently transferred to an active 

site cysteine residue to form a high-energy thioester bond.  E1s can bind two ubiquitin molecules 

at a time, so that as the adenylated ubiquitin is transferred to the E1 cysteine another can begin the 

process in parallel.  This allows the enzyme to have high catalytic efficiency: rabbit Uba1, for 
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example, which was purified from the original reticulocyte system (Ciehanover et al., 1978), 

catalyzes ubiquitin thioester formation at a rate of 1-2 s-1 (Haas and Rose, 1982). 

Budding yeast has a single ubiquitin activating gene (Uba1), while humans have two 

related homologs (Uba1/Uba6).  Each encodes a monomeric protein between 110 kDa and 120 

kDa in weight.  SUMO and Nedd8 Uba-like proteins, on the other hand, are each composed of 

heterodimeric structures of two separate gene products.  Each complex consists of an N-terminal 

regulatory subunit along with a C-terminal catalytic subunit with nucleotide-binding activity 

(Johnson et al., 1997; Desterro et al., 1999; and Gong et al., 1999). 

E2 UBIQUITIN CONJUGATING ENZYMES 

E2 Ubc enzymes comprise a group of proteins that is relatively conserved from yeast to 

humans.  They have a core domain of about 150 residues as well as divergent N- and C-termini 

that are involved in specific E1-E2 or E2-E3 interactions (Pickart, 2001). These termini are used 

to group E2s into four classes (van Wijk and Timmers, 2010).  Class I E2s contain just the core 

domain, while class II and III enzymes have respective N- and C-terminal extensions.  Class IV 

E2s are the largest group and contain both extensions. 

Functional E2s contain an active site cysteine residue used for ubiquitin binding, which 

participates in a nucleophilic attack of the E1-ubiquitin complex.  Unlike most proteins involved 

in such a mechanism, however, E2s do not have a proximate base that would normally activate the 

attacking cysteine residue.  Instead, this function is thought to be reconstituted by the cognate E1 

enzyme.  Accordingly, E2s tightly bind to ubiquitin-charged E1 enzymes and ubiquitin transfer to 

the E2 is rapid (Haas et al., 1988), but E2s weakly bind to free E1s and free ubiquitin (Hershko et 

al., 1983; Miura et al., 1999). 
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On the other hand, unbound E2s, as well as non-functional E2s lacking the active site 

cysteine (UbE2E for example), preferentially bind to their cognate E3 and can display significant 

regulatory effects.  This functionality has been observed prominently with the plant CDD (COP10-

DDB1-DET1) complex (Yanagawa et al., 2004) along with the mammalian analog DDD-E2 

(DET1, DDB1, DDA1, UbE2E-E2) (Pick et al., 2007).  In the CDD complex, COP10 is an E2 

variant that lacks the canonical active site cysteine, and the complex was initially shown to enhance 

E2 activity.  Conversely, the DDD-E2 complex, which contains an uncharged yet catalytically 

active UbeE2E, inhibits ubiquitination activity in vitro.  These two seemingly opposite E2 

mechanisms are both related by a lack of ubiquitin binding, suggesting that uncharged E2s have 

evolved important, non-canonical functions among the cell’s ubiquitination machinery. 

E3 UBIQUITIN LIGASES 

There are three major families of E3 ligases, defined by their conserved domains: HECT, 

RING, and RBR (Zheng and Shabek, 2017).  All E3 enzymes operate by forming a complex with 

the substrate and enabling the transfer of the charged ubiquitin from the E2 cysteine to the substrate 

lysine residue.  This discussion will focus on the Cullin-RING ligases, a subgroup of the expansive 

RING E3s.  For a broad review of HECT and RBR ligases, please refer to Pickart, 2001; Komander 

and Rape, 2012; and Shabek and Zheng, 2017. 

CULLIN-RING LIGASES 

The Cullin-Ring-Ligases (CRLs) are a subtype of the RING family and are the physically 

largest members among E3s (figure 1.2A).  They employ a set of Cullin homologs as an extended 

structural backbone onto which the RING proteins Rbx1 or Rbx2 bind the C-terminal region and 

the substrate receptor components bind the N-terminal region (Zheng et al., 2002).  This region is 
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variable among CRL subtypes: the substrate arm components are specified by the N-termini of the 

individual Cullin homologs (including Cul1-5, 7).  Like all RING E3s, CRLs operate by binding 

and aligning the ubiquitin-charged E2 and the substrate to induce direct ubiquitin transfer to the 

substrate lysine (Shabek and Zheng, 2017). 

 The prominent feature of the Cullin homologs is the Cullin repeat, consisting of five α-

helices packed together. Three of these repeats are arranged in tandem to create a long, narrow 

structure that makes up the primary body of the Cullin scaffolding (Zheng et al., 2002; Angers et 

al., 2006; Canning et al., 2013; Muniz et al., 2013; Cardote et al., 2017).  The C-terminal region 

of the Cullin orthologs contains a conserved lysine residue that is neddylated – a ubiquitin-like 

modification – to promote CRL activity (Hori et al., 1999; Liu et al., 2002; Duda et al., 2008; 

Rabut et al., 2011; Scott et al., 2014).  This modification is part of a cycle coupled to deneddylation 

by the COP9 signalsome protein CSN5 and subsequent binding by the CAND1 inhibitory protein 

(Goldenberg et al., 2004; Fischer et al., 2011). 

 CRL complexes employ adaptor proteins that bridge individual substrate receptors to the 

Cullin N-terminus.  The primary Cullin-binding scheme used by these adaptors involves the 

SKP1/BTB/POZ (S-phase Kinase domain associated Protein 1/Broad-complex, Tramtrack, and 

Brick à brack/Pox virus and Zinc finger) domain, composed of a core of six α-helices flanked by 

a three-stranded β-sheet (figure 1.3A).  Each domain also contains a C-terminal extension that 

wraps onto its binding partner, which is the helical core in the case of a BTB dimer. 

In CRL1/7 and CRL 2/5 complexes the adaptor containing this domain recruits the 

substrate receptor with F-box or BC-box/SOCS-box motifs, respectively (Lyapina et al., 1998; 

Kamura et al., 2000; 2001; Dias et al., 2002).  CRL3 complexes, in contrast, employ substrate 

receptors containing BTB domains that bind directly to Cul3 and bypass the need for a separate 



 

 

8 

adaptor protein altogether (figures 1.2B, 1.3B) (Furukawa et al., 2003).  Finally, CRL4 complexes 

use an entirely separate mechanism for substrate recruitment that does not involve the 

SKP1/BTB/POZ domain. 

CRL4 AND THE DDB1 ADAPTOR 

CRL4 complexes are a fundamental component of eukaryotic biology that is conserved 

from fission yeast to humans.  They regulate vital cellular functions such as transcription, cell 

cycle progression, DNA damage repair, and chromatin remodeling (Jackson and Xiong, 2009; 

Iovine et al., 2011; Scrima et al., 2011; Lee and Zhou, 2012; and Sang et al., 2015).  The primary 

components of these complexes are Cullin4 (Cul4), Rbx1 (the RING), and DDB1 (DNA-Damage 

Repair 1, the Cul4-bound adaptor), along with a sizeable (60+) variety of DCAF (DDB1 and 

Cullin4-Associated Factor) proteins used as substrate receptors (figures 1.2C, 1.4A) (Jin et al., 

2006).  Humans have two versions of Cul4 – Cul4A and Cul4B. 

CRL4 complexes use an entirely different type of adaptor protein than other CRL 

complexes to anchor substrate receptors, which employ some variation of the BTB/POZ domain 

in their binding mechanism.  The crystal structures of DDB1 (Li et al., 2006) as well as the Cul4-

Rbx1-DDB1 complex (Angers et al., 2006) show that DDB1 is composed of multiple WD40 repeat 

domains, also known as β-propellers.  These form cylindrical folds comprised of seven sets of four 

antiparallel β-strands organized radially around a central axis (Murzin, 1992).  The β-strands are 

joined by loops that project away from the top and bottom faces of the ring.  Many critical protein-

protein interactions involve conserved residues in these loops.  β-propellers form stable, robust 

platforms that provide essential binding surfaces for many CRL4 complexes. 

 DDB1 is composed of three of these domains: BPB (β-propeller B) forms a singular 

domain that binds to the N-terminal region of Cul4A/B (figure 1.4B).  In addition to contacting 
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the “top” surface of the BPB domain with helices two and five of the first Cullin repeat, Cul4A/B 

also contain an N-terminal extension that binds to the side of BPB (Angers et al., 2006; Fischer et 

al., 2011).  BPA and BPC form an interwoven, double-propeller fold that is shaped like a half-

open clamshell and provides a rigid binding surface for DCAF substrate receptors (Li et al., 2006).  

The C-terminal region of DDB1 contains a helical domain that localizes to the junction region 

between BPB and BPA/BPC domains. 

DDB1 BPB DOMAIN FLEXIBILITY 

DDB1 has been extensively analyzed by crystallographic methods, and more than 30 

individual PDB depositions exist containing the protein.  Notably, the BPB domain has been 

shown to be flexibly linked to the rest of the protein; each of the known DDB1 structures has this 

domain in one of three different conformations relative to the immobile BPA and BPC domains.  

Docking analyses of the CRL4 complex with these three DDB1 conformations show that they 

enable a large degree of rotation of the entire CRL4 substrate arm about an axis defined by a line 

running “upward” from the central BPB pore and bisecting the BPA/BPC clamshell (figure 1.5).  

This results in a large overall movement of the DCAF protein as well as the bound substrate 

relative to the catalytic Rbx1/E2 side of the CRL4 complex.  No known studies have directly 

addressed the functional implications of this movement, however, and it remains unknown what 

purpose it serves or whether it is regulated in any way.  How this structural plasticity of DDB1 

might affect certain substrates or how this movement might be regulated are yet to be discovered. 

SUBSTRATE RECRUITMENT MECHANISMS 

E3 ligases employ a variety of strategies to recruit substrates for ubiquitination.  These can 

be broadly grouped into the recognition of intrinsic elements of the substrate, post-translational 
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substrate modifications that induce recruitment, and small molecules to bridge the substrate and 

the appropriate ligase complex.  The intrinsic substrate elements group can be further subdivided 

into use of conserved protein-protein interaction domains as well as recognition of pathological 

protein states such as misfolding or truncation. 

 One of the early ubiquitination pathways to be discovered was the “N-end rule,” whereby 

truncated proteins with internally exposed residues – proteolytically cleaved perhaps – are 

recognized by the ubiquitin machinery through their exposed non-methionine N-termini 

(Bachmair and Varshavsky, 1989).  The structural factors that determine substrate selectivity for 

this system also include an exposed lysine for ubiquitination as well as an unstructured initiation 

site (Prakash et al., 2004). 

 Other intrinsic elements of substrates used for E3 recognition are protein-protein 

interaction domains, such as the PIP (PCNA-Interacting Peptide) domain of Cdt1.  Cdt1 is a 

licensing factor in the pre-replication complex that is degraded to ensure DNA is only replicated 

once per cell cycle (Higa et al., 2003).  This degradation is effected through binding to PCNA 

(Proliferating Cell Nuclear Antigen) (Arias and Walter, 2006), a molecular platform originally 

identified as a DNA clamp and processivity factor for DNA polymerase δ (Moldovan et al., 2007).  

This specialized PIP box creates a degron sequence that binds to PCNA and bridges substrate 

proteins to the CRL4Cdt2 complex (Havens and Walter, 2009). 

 Post-translational modifications (PTMs) encompass a variety of mechanisms used for 

substrate recognition to E3 ligases.  SLBP (Stem-Loop Binding Protein) binds to the 3’ stem-loop 

structure of histone mRNA and regulates many aspects of their maturation (Rattray and Müller, 

2012).  SLBP is phosphorylated on Threonine-60 and Threonine-61 by CK2 (Casein Kinase 2) 

and cyclin A/Cdk1, respectively (Koseoglu et al., 2008; 2010).  This double phosphorylation 
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activates the phosphodegron sequence for recognition by DCAF11 (Djakbarova et al., 2016) and 

subsequent recruitment to CRL4DCAF11. 

 Finally, two notable examples have recently been uncovered that show CRL complexes 

can use small molecules to bridge the substrate to the substrate receptor.  Tan et al. (2007) revealed 

the structural mechanism of auxin perception in plants by the SCFTIR1 complex.  TIR1 binds auxin 

in a hydrophobic cavity and uses it as a “molecular glue” to recruit substrate AUX/IAA 

transcriptional repressors for ubiquitination.  Similarly, the long-standing mechanism for 

thalidomide-based teratogenicity has recently been shown to involve the CRL4Cereblon complex (Ito 

et al., 2010; Fischer et al., 2014).  The molecular and atomic details have revealed that Cereblon 

(CRBN) binds to thalidomide to recruit Fgf8 for ubiquitination, a fibroblast growth factor that has 

been implicated in limb development. 
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Figure 1.1. The ubiquitination process.  (A) The ubiquitin secondary structure, comprising a β-

grasp motif with five β-strands, two α-helices, and a C-terminal di-glycine motif.  (B) The 

ubiquitination process: E1 binds to ATP-charged ubiquitin, which is then bound to the active site 

cysteine.  The activated ubiquitin is transferred to an E2 cysteine, which is then bound to an E3 

ligase to promote the transfer of the ubiquitin to the substrate lysine residue. 
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Figure 1.2. Cullin-RING ligases.  (A) Generic CRL composition.  CRL complexes employ a 

Cullin homolog backbone to bridge the C-terminal RING subunit to the N-terminal substrate arm, 

which contains the adaptor and the substrate receptor.  (B) CRL3 combines the adaptor and 

substrate receptor functions into one protein, directly linking the substrate receptor to Cul3 with 

the conserved BTB domain.  (C) CRL4 complexes bypass the canonical adaptor containing a 

SKP1/BTB/POZ domain entirely.  DDB1, a large protein with three β-propeller domains, serves 

as the CRL4 adaptor.  The BPB domain binds to the Cul4 N-terminus while the interlocked BPA 

and BPC domains bind to the DCAF substrate receptor. 
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Figure 1.3. CRL3 and the BTB domain.  (A) The Keap1 BTB domain dimer (PDB 4cxi). The 

BTB domain is composed of a core domain of six α-helices packed together and flanked by a three-

stranded β-sheet. Each monomer also contains a C-terminal extension that projects into the side of 

the binding partner’s core domain.  (B) The crystal structure of Cul3 NTD (light gray) and KLHL-

11 (dark gray) (PDB 4ap2). 
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Figure 1.4. CRL4 and the DDB1/DCAF ligase arm.  (A) The crystal structure of the CRL4 

complex with DDB2 DCAF protein (PDB 4a0k).  (B) DDB1 cartoon secondary structure showing 

the three β-propeller domains (BPA, BPB, BPC) and the C-terminal helical domain (right) (PDB 

2b5m). 



 

 

16 

(A)                                            (B) 

 

(C) 

 

 

 

Figure 1.5. DDB1 BPB domain flexibility. Docking analyses of CRL4 with three separate DDB1 

BPB domain conformations.  (A) CRL4 (PDB 4a0k) docked to the DDB1 conformation observed 

in PDB 4ci1. BPA and BPC are stacked in line with a central z-axis perpendicular to the Cul4 

backbone, and the C-terminal helical domain approaches Cul4.  (B) CRL4 with DDB1 in 

conformation as crystallized in PDB 4a0k. BPA/BPC are stacked in line with an axis that has 

rotated about 90° and is roughly perpendicular to the z-axis, and the helical domain is positioned 

behind BPA/BPC.  (C) CRL4 (PDB 4a0k) docked to DDB1 conformation observed in PDB 4a11. 

The BPA/BPC axis has rotated an additional 45° and the DCAF binding face comprised of the 

inner clamshell surface of BPA/BPC has pivoted downward toward Cul4 by about 45°.  The helical 

domain has rotated superiorly and to the left, behind BPA/BPC. 
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Chapter 2. DDA1 BINDS TO THE BPB DOMAIN OF DDB1 AND 

REGULATES CRL4 UBIQUITINATION 

ABSTRACT 

Ubiquitination is a post-translational modification used to alter macromolecular 

interactions to promote protein degradation, change cellular location, and alter protein activity. 

Cul4-based E3 ligases ubiquitinate a variety of proteins involved in fundamental cellular processes 

such as transcription, DNA repair, and cell cycle regulation.  DDA1 has been shown to associate 

with these complexes and decrease ubiquitination.  Here we identify a small, N-terminal minimal 

binding construct of DDA1 (DDA1-Nt) that binds to the BPA domain of DDB1, the adaptor for 

CRL4 complexes.  We observe that the C-terminal portion of DDA1-Nt protrudes into the 

conserved junction region connecting the flexible BPB domain, and found that full-length DDA1 

likely makes additional contacts not seen with DDA1-Nt.  Site-directed mutagenesis of conserved 

residues in DDA1-Nt do not interrupt binding, indicating distributed binding responsibility along 

the polypeptide.  Additionally, neither DDA1 nor DDA1-Nt affect in vitro ubiquitination of Casein 

Kinase 1α, a known substrate, which, when considered with previous data on the regulatory role 

of DDA1 on CRL4 complexes, implies that this regulation is context-dependent.  Taken together, 

these results suggest that DDA1 is a core functional member of CRL4 complexes and offers 

context-dependent regulation of their activity, possibly through the positioning of the substrate 

arm relative to the catalytic Rbx1-E2 portion of the complex.  

INTRODUCTION 

 Since 2006 a few different studies have identified DDA1 (DDB1 and DET1 associated 1) 

as a common subunit present in certain CRL4 complexes (e.g. Olma et al., 2009).  Notably, Pick 
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et al. (2007) identified DDA1 as part of the DDD-E2 complex (DET1, DDB1, DDA1, UbE2E-

E2), which is the mammalian analog of the CDD (COP10-DDB1-DET1) complex in A. thaliana.   

This complex was discovered as part of the COP/DET/FUS loci (Chory et al., 1989; Chamovitz et 

al., 1996; Schroeder et al., 2002; Ma et al., 2003; Yanagawa et al., 2004), and is responsible for 

the repression of photomorphogenesis associated with the de-etiolation process as well as 

flowering (Kang et al., 2015).  The mammalian DDD-E2 analog was shown to inhibit 

polyubiquitination in vitro as well as to confer Cdt1 stabilization following UV radiation in HeLa 

cells, indicating a broad inhibitory activity on CRL4 complexes. 

 An interesting study by Gao et al. (2017) established a functional role for DDA1 in the 

CRL4 machinery.  They found that the BPA domain of DDB1 is phosphorylated by C-Abl kinase 

on Tyrosine-316, and this phosphorylation promotes DDA1 recruitment.  DDA1 binding was 

shown to potentiate substrate degradation in cells as well as polyubiquitination in a reconstituted 

system in vitro in the presence of the immunomodulatory imide drug (IMiD) lenalidomide. 

In light of the conflicting data on DDA1 function, the question remains as to how DDA1 

regulates CRL4 complexes.  Here we identified a short 28 residue sequence on the N-terminus of 

DDA1 (DDA1-Nt) that comprises the essential binding region to DDB1, corroborating previous 

data implicating this region (Olma et al., 2009).  We solved the crystal structure of DDA1-Nt 

bound to DDB1 to a resolution of 3.3 Å.  We determined the binding affinity of DDA1 and DDA1-

Nt to DDB1, and we created site-directed mutants of conserved DDA1-Nt residues to assess their 

contribution to DDB1 binding.  Finally, we assayed the activity of a reconstituted CRL4CRBN-

CK1α system in vitro. 
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METHODS 

Protein purification 

Human DDB1 was overexpressed with an N-terminal 6xHis tag in Hi5 insect cells alone 

as well as co-expressed with CRBN.  Initial purification from cell lysate was performed by affinity 

chromatography with a glutathione agarose column followed by a nickel column.  DDA1, DDA1-

Nt, and all other DDA1 truncations and point mutants were expressed in E. coli with N-terminal 

GST tags, and initial purification was performed with a glutathione agarose column.  All protein 

tags contained TEV protease cut sites which were used for removal.  Further purification was 

performed with anion exchange and gel filtration columns.  Final protein buffers consisted of 20 

mM Tris pH 8.0, 200 mM NaCl, and 5 mM DTT. 

A peptide corresponding to DDA1-Nt used for crystallography was commercially 

purchased and soaked into apo DDB1 crystals (Li et al., 2006).  CK1α was obtained from abcam 

(#102102) and contained an N-terminal GST tag. 

Data collection 

Diffraction data was collected remotely from the Advanced Light Source at Lawrence 

Berkeley National Laboratory at the BL5.0.2 beamline, and indexed, integrated, and scaled with 

the HKL2000 software suite (Otwinoski and Minor, 1997).  

Structure determination and refinement 

The phase for the integrated diffraction data was solved by molecular replacement using 

the Phaser-MR program in the Phenix software suite v1.10.1-2155 (Adams et al., 2010) and PDB 

2b5m as a source model to generate Fo-Fc and 2Fo-Fc electron density maps.  An initial DDB1 

model was created with AutoBuild and the DDA1-Nt polypeptide was manually fitted into the 
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density maps with Coot v0.8.6.1 (Emsley and Cowtan, 2004) over successive cycles of refinement 

in phenix.refine. 

DDA1 binding assays 

All assays were performed with a Pall FortéBio Octet system system.  N-terminally tagged 

GST-DDA1, as well as all mutants and truncations, were loaded onto glutathione probes and 

monitored for a shift in wavelength upon incubation with DDB1.  Binding affinities were 

calculated based on observed kinetic parameters. 

In vitro CRL4Cereblon-CK1α ubiquitination assay 

The ubiquitination reaction contained 50 mM Tris pH 8.0, 5 mM MgCl2, 2 mM DTT, 2 

mM ATP, 500 μM lenalidomide, 35 μM ubiquitin, 130 nM Ube1, 2.8 μM UbcH5a, 900 nM 

neddylated Cul4/Rbx1, 400 nM DDB1/CRBN, 500 nM CK1α, and 1.1 μM DDA1 or DDA1-Nt.  

Each reaction was incubated at 37°C for 45 minutes and run on 10% NuPage Bis-Tris gels.  Protein 

was transferred to a nitrocellulose membrane and developed with mouse anti-CK1α primary 

antibodies (Santa Cruz sc-74582, 1:100) and goat anti-mouse secondary antibodies (ThermoFisher 

#31432, 1:1000). 

RESULTS 

DDA1 residues 1-28 form the minimal binding sequence to DDB1 

To determine the minimal DDA1 fragment for DDB1 binding we created a series of GST-

tagged N-terminal and C-terminal truncations (figure 2.1A).  We performed DDB1 pulldowns 

using glutathione agarose beads bound to the DDA1 truncation proteins (figure 2.1B).  We found 

that the N-terminal segment of DDA1 between residues 1 and 28 is necessary and sufficient to 
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bind to DDB1.  These results support similar findings by Jin et al. (2006) and Olma et al. (2009).  

We labeled this construct DDA1-Nt. 

DDB1/DDA1-Nt structure determination and overview 

To examine the atomic interaction of DDB1 with DDA1-Nt we crystallized the DDB1 

protein in space group P21, soaked the crystals in the mother liquor containing 1 mM DDA1-Nt 

peptide, and solved the structure to a resolution of 3.3 Å by molecular replacement. 

Briefly, the three DDB1 β-propeller domains form an upside down triangular structure 

(figure 2.2A; figure 2.4A).  The BPB domain sits on the bottom and binds to Cul4 while the 

intertwined BPA and BPC domains above are arranged in a half-open, clamshell-like configuration 

that accommodates the DCAF receptor.  The C-terminal helical domain packs against the junction 

point between the three domains on the Cul4-binding side of the complex.  On the opposing side 

near this junction, DDA1-Nt forms an extended linear polypeptide that binds to the lateral and 

posterior surfaces of the BPA domain (figure 2.2A; figure 2.4B), while the C-terminus of DDA1-

Nt projects into the deep cleft formed between the BPA and BPB domains (figure 2.2A, right). 

The interface regions on the bottom surface of BPA between WD40 repeats 6-7 and 7-1 

are marked by a shallow hydrophobic groove with residues that are highly conserved among 

metazoans (figure 2.2B).  DDA1-Nt binds in this groove and creates a partition between repeat 7 

and the remaining portion of the BPA domain (figure 2.3A).  Most DDA1-Nt contacts are mediated 

by loops on the BPA domain that connect the antiparallel β-strand pairs comprising each β-

propeller repeat.  The contacts primarily include loops 1c, 7a, and 7c, with additional contributions 

from loops 1a and 6a (figure 2.4B).  DDA1-Nt binding does not significantly alter the DDB1 BPB 

structure (figure 2.3B). 
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 DDA1-Nt contains several conserved hydrophobic residues (figure 2.3A) that occupy 

surface cavities along the BPA groove.  DDA1-Nt Proline-9 is invariant among all species 

examined and makes contacts with Valine-338 and Tyrosine-346 of loop 7c, in addition to contacts 

from its neighboring DDA1 residues Leucine-8 and Tyrosine-11.  Phenylalanine-16 is virtually 

invariant (the sole exception found in the chytrid fungus B. dendrobatidis within all sequences 

examined) and projects into the central BPA cavity, contacting Leucine-29. 

Phenylalanine-19 and Histidine-20 are conserved among vertebrates and occupy two 

additional hydrophobic patches along the BPA groove.  Phenylalanine-19 sits in a pocket also 

contacting BPA Leucine-29 as well as Valine-44.  Histidine-20 sits in a deeper pocket formed by 

several residues including Valine-44, Glycine-48, Leucine-49, Leucine-317, Valine-321, Leucine-

333, and Methionine-350. 

Another prominent contact occurs between DDA1-Nt Lysine-13 and BPA residues 

Arginine-270, Glycine-320, and Leucine-336.  These three residues line the side of a relatively 

deep pocket formed at the interface of WD40 repeat 6 and 7.  The DDA1-Nt backbone lies over 

top of this pocket and Lysine-13 projects alongside the superior margin. 

Full-length DDA1 potentially makes additional contacts in the DDB1 junction 

region not observed with DDA1-Nt 

The C-terminus of DDA1-Nt extends into the junction area between BPA and BPB 

domains of DDB1 and it is likely that full-length DDA1 makes additional contacts in this region.  

To test this idea, we immobilized GST-DDA1 and GST-DDA1-Nt on Pall FortéBio Octet 

glutathione probes and measured the association and dissociation of free DDB1 with the system.  

We found while both GST-DDA1 and GST-DDA1-Nt bound to DDB1 tightly, the dissociation 

constant (KD) for the full-length protein was 28 nM while DDA1-Nt had a dissociation constant 
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of 663 nM (figure 2.5).  These results indicate that the remaining portion of DDA1 not present in 

the DDA1-Nt/DDB1 crystal structure likely makes additional contacts with DDB1, and that some 

of these contacts probably occur near the central BPA/BPB junction region of the protein. 

Mutations of conserved DDA1-Nt residues compromise DDB1 binding 

DDA1-Nt makes several selective contacts along the bottom and side faces of the DDB1 

BPA domain.  Many of these DDA1 residues are conserved among vertebrates (Histidine-20) or 

among all species more generally (Proline-9, Asparagine-15, and Phenylalanine-16) (figure 2.6A).  

To investigate the contribution of these residues to BPA binding we created a set of mutants with 

these residues mutated to aspartic acid.  We bound these mutants to glutathione beads with N-

terminal GST tags and used them to pull down the DDB1/CRBN complex.  We found that all 

mutants weakened the DDA1-DDB1 interactions, although none of the mutations were sufficient 

to completely abrogate the binding (figure 2.6B).  Among these mutations, DDA1-P9D showed 

the weakest binding to DDB1, indicating that it plays an important role at the interface.  The 

negative impact of the rest of the mutations to DDA1-DDB1 interaction suggests a distributed role 

for DDA1-Nt binding to the BPA domain that is not strictly contingent upon one or two “hot-spot” 

residues. 

DDA1 does not affect CRL4Cereblon-CK1α ubiquitination in vitro 

Cereblon (CRBN) is a DCAF protein that uses the small molecule lenalidomide to recruit 

one of its substrates, Casein Kinase 1α (CK1α) (Ito et al., 2010; Chamberlain et al., 2014; Fischer 

et al., 2014).  To examine the effects of DDA1 and DDA1-Nt on CRL4 function we reconstituted 

CRL4CRBN-CK1α in vitro and observed the results on a western blot with anti-CK1α (figure 2.7).  

We found that neither DDA1 nor DDA1-Nt alter the amount of CK1α ubiquitination compared to 
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a positive control.  These data suggest that either DDA1 does not regulate ubiquitination by this 

specific complex or that the mechanism of DDA1 regulation of this complex has not been fully 

recapitulated in vitro. 

Residues attaching the BPB and BPC domains proximate to bound DDA1-Nt C-

terminus are flexible and conserved 

During initial DDB1 structure determination (Li et al. 2006) our lab observed limited 

electron density for the BPB domain when DDB1 was crystallized in the apo form.  The issue was 

ameliorated by the addition of SV5-V as a binding partner to induce alternative crystal packing.  

This provided one of the first clues that the BPB domain is relatively mobile.  Together with the 

Cul4A-DDB1 structure (Angers et al., 2006), we note a total of three different BPB orientations 

relative to the rigid BPA and BPC domains (i.e. PDBs 2b5l, 2b5m, and 2hye).  Fischer et al. (2011) 

also determined multiple structures of the CRL4ADDB2 and CRL4BDDB2 complexes and observed 

the BPB domain of DDB1 in three different rotational states.  Furthermore, analysis of all structural 

models of full-length DDB1 currently in the Protein Databank (PDB) reveals that all align to one 

of these three states (figure 2.8A). 

Given our observation of DDA1-Nt flanking BPA WD40 repeat 7 near the central junction 

region (figure 2.3A, left), as well as its C-terminus projecting into the large cleft between the BPA 

and BPC domains (figure 2.2A, right), we reasoned that DDB1 binding by full-length DDA1 might 

position the protein in a manner that allows regulation of BPB rotational flexibility. 

 To corroborate the importance of BPB rotational movement with DDB1 function we 

examined the conservation of the DDB1 residues involved in this rotation among clades of species 

widely containing putative DDA1 homologs (figure 2.8B).  Notably, among model organisms 

representing species from bilateral metazoans and angiosperm plants, the two flexible regions 
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immediately upstream and downstream from the BPB sequence show significantly more 

conservation than the full-length DDB1 sequence.  These data reveal that BPB flexibility is of 

functional importance to DDB1 and suggest that DDA1 might provide structural regulation of its 

conformation due to its proximity. 

DISCUSSION 

Here we report the crystal structure of DDB1 in complex with the N-terminal fragment of 

DDA1 (DDA1-Nt), a short polypeptide that lacks secondary structure and adopts an extended 

conformation.  DDA1-Nt binds to the BPA domain and makes multiple contacts with conserved 

residues along the BPA face opposite to the DCAF binding surface. Individual mutations to 

conserved DDA1-Nt residues do not completely disrupt binding, indicating a distributed role in 

binding affinity.  Furthermore, full-length DDA1 binds to DDB1 with higher affinity than DDA1-

Nt (KD of 28 nM versus 663 nM), pointing to additional contacts likely between the DDB1 and 

the DDA1 C-terminal region.  Finally, neither DDA1 nor DDA1-Nt affect CK1α ubiquitination as 

observed by a reconstituted CRL4CRBN assay in vitro. 

DDA1 binding to DDB1 places it in position to regulate BPB conformation 

An examination of the DDB1 secondary structure (figure 2.4) regarding the position of 

BPA WD40 repeat 7 is illustrative of its potential relevance to BPB conformation and the ability 

for DDA1 to regulate it.  Downstream from BPA WD40 repeat 7 the DDB1 sequence extends back 

to the BPC domain and forms the first three blades of WD40 repeat 2.  The sequence abruptly 

diverges from this repeat after the third blade, extending down into the fourth blade of BPB WD40 

repeat 1.  The sequence completes the entire structure of the BPB domain and projects back up 
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into BPC to form the final blade of the disjointed WD40 repeat 2.  Finally, the sequence completes 

the BPC domain and ends with the C-terminal helical domain. 

The juxtaposition of BPA WD40 repeat 7, BPC WD40 repeat 2, and BPB WD40 repeat 1 

of the folded DDB1 protein, as well as the “splitting” of BPC WD40 repeat 2 between N-terminal 

and C-terminal flanks to the BPB domain, highlights their structural proximity and 

interconnectivity and suggests potential mechanisms whereby DDA1 binding, which surrounds 

the back face of BPA WD40 repeat 7, might facilitate regulation of BPB conformation.  

Specifically, it appears that the conformational “twisting” of the BPB domain might be structurally 

regulated by the relative positioning of blades 3 and 4 of BPC WD40 repeat 2 and of the loops 

attaching them to BPB. 

 We hypothesize two mechanisms to explain this regulation.  First, the C-terminus of DDA1 

might bind to the cleft of DDB1 between BPA and BPB in such a way as to sterically regulate 

BPB conformation.  This seems plausible, since DDA1-Nt terminates as it approaches the bottom 

of the central DDB1 cleft.  The presence of this cleft confers a significant degree of freedom on 

potential BPB movement independent of its intrinsic ability to move (figures 2.2A, 2.3B), and 

therefore binding in this cleft might conceivably limit or regulate this potential.  Post-translational 

modifications to DDA1 could also play a role in this mechanism. 

Second, DDA1 might induce a conformational shift in WD40 repeat 7 of the BPA domain, 

which would be transmitted through WD40 repeat 2 of BPC to the flexible, conserved residues 

that connect it to BPB.  We note, however, that the lack of significant BPA conformational change 

with DDA1-Nt binding (figure 2.3B) reduces the prospect for this mechanism, at least without 

contribution from the C-terminus.  Perhaps the DDA1 N-terminus simply acts as an anchor to 

position its C-terminus in the crucial junction region.  Further structural and biochemical 
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characterization of DDA1 will be needed to clarify these questions.  The full-length DDA1 protein 

in complex with DDB1 would provide valuable insight into how DDA1 accomplishes this 

function. 

DDA1 regulation of CRL4 complexes is context-dependent 

The results observed here that DDA1 does not affect CRL4CRBN-CK1α ubiquitination in 

vitro are seemingly in conflict with some of the published results seen previously, and thus raise a 

fundamental question about the precise nature of the effect that DDA1 binding has on the complex.  

Pick et al. (2007) identified DDA1 as an intrinsic part of the DDD-E2 complex – the mammalian 

functional analog of the CDD complex in plants that has been shown to negatively regulate 

photomorphogenesis (Yanagawa et al., 2004; Kang et al., 2015).  They isolated recombinant T7-

Cul4A immunocomplexes from HEK 293 cells and showed that their polyubiquitination function 

was inhibited by recombinant DDD-E2 in vitro.  Presumably, the heterogeneous nature of the T7-

Cul4 complexes would imply that only the predominant trend on polyubiquitination function could 

be observed regarding regulation by the DDD-E2 complex. Any countervailing regulation on a 

smaller scale, or on a smaller population of substrates targeted by the variety of DCAFs 

represented, might be obfuscated. 

Pick et al. observed little overall effect on polyubiquitination when any one of the DDD-

E2 complex members were absent, including when DDA1 alone was added.  In addition, they 

showed that the DDD-E2 complex had no effect on Cdt1 ubiquitination following exposure to UV 

radiation in HeLa cells.  Furthermore, they found that DDA1 can bind directly to DET1 itself – 

apart from its association with DDB1 – and mention unpublished data showing weak 

polyubiquitination activity by DET1 immunocomplexes depending on the isolation condition used 

to obtain them.  Taken together, these findings underscore the idea that DDA1 function is not 
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necessarily consistent across all CRL4 complexes.  DDA1 displays context-dependent regulation 

of CRL4 function that appears to vary (or not exist) with specific DCAF and/or substrate 

combinations. 

 Gao et al. (2017) observed a positive role for DDA1 in CRL4CRBN-IKZF1 and CRL4CRBN-

IKZF3 ubiquitination in lenalidomide-treated HEK 293T cells.  This is notable in contrast to our 

results showing CRL4CRBN-CK1α ubiquitination was not affected in vitro (figure 2.7) and 

highlights a situation where DDA1 seems to play different roles with the same DCAF but different 

substrates.  This also might indicate that our in vitro CRL4CRBN ubiquitination assay showed no 

effect due to incomplete recapitulation of the entire system.  These conflicting results underscore 

the idea that DDA1 function appears to be multi-faceted and context-dependent. 

 The differential regulatory effects of DDA1 on CRL4 in these various circumstances 

highlight the adaptability of CRL4 activity.  Given the varying steric limitations of each potential 

substrate targeted by the CRL4 complex in a cell, it seems plausible that this functional flexibility 

of the ability of CRL4 to productively ubiquitinate these various targets is enhanced by the 

substantial structural flexibility of the CRL4 substrate arm.  Furthermore, it seems plausible that 

the cell would evolve mechanisms to regulate this flexibility. 

Can DDA1 regulate ubiquitination in all CRL4 complexes?  Or does DDA1 provide 

preferential DCAF binding or substrate recruitment in specific contexts?  The mammalian DDD-

E2 complex highlights the functional overlap of DET1 and DDA1 (Pick et al., 2007).  Olma et al. 

(2009) also identified a group of DDA1-DCAF complexes in HEK 293T cells.  Notably, however, 

they did not see DET1 on this list.  Future research analyzing the activity of these various 

complexes in the context of DDA1 binding will be needed to elucidate whether DDA1 provides 
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individual and context-dependent regulation of specific CRL4 complexes, or whether this 

regulation is of a broader character. 

DDA1 and the hp-1 tomato mutant: a link to plant photomorphogenesis 

Much of the discussion thus far has been in the context of mammalian DDA1, however 

angiosperm plants also contain putative DDA1 homologs (figure 2.8B) with largely unknown 

function.  The plant CDD complex was discovered to enhance the degradation of positive 

photomorphogenesis regulators (Yanagawa et al., 2004).  Does this complex bind DDA1 like the 

mammalian DDD-E2 complex?  One potential avenue of research suggesting this association 

comes from the high pigment-1 (hp-1) tomato mutant, and it makes a connection between DDA1 

and a potential role for its regulation of plant photomorphogenesis. 

 The hp-1 tomato was originally discovered as a spontaneous mutation by the Campbell 

Soup Company in 1917 (Reynard, 1956) and is characterized by a deeper, richer color in the 

fruiting body of the plant due to an increase in lycopene production and an exaggerated 

phytochrome response (Peters et al., 1992).  Several additional mutants were identified that 

phenocopied hp-1, including high pigment-2 (hp-2) (Soressi et al., 1975).  Forward genetic 

screening identified a de-etiolated1 (det1) mutation that resulted in constitutive, light-independent 

de-etiolation in seedlings (Chory et al., 1989).  These mutations were eventually mapped (Yen et 

al., 1997; Van Tuinen et al., 1997; Mustilli et al., 1999; Lieberman et al., 2004) to genes encoding 

DDB1 (hp-1) and DET1 (hp-2, det1).  Notably, these two proteins have also been shown to interact 

in plants to regulate photomorphogenesis (Schroeder et al., 2002). 

 Lieberman et al., (2004) showed that the hp-1 mutant was caused by a missense mutation 

to tomato DDB1 Asparagine-311, changing it to a tyrosine residue.  This residue aligns to human 

Asparagine-319, which resides on BPA loop 7a and would contact Asparagine-15 of DDA1.  To 
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our knowledge, no other functionality has been discovered relating to this area of the BPA domain 

apart from its contribution to the β-propeller structure.  This provides circumstantial evidence to 

suggest that DDA1 might be involved in CRL4 regulation in plants, and more specifically that 

DDA1 might have a prominent regulatory role in photomorphogenesis. 
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Table 2.1. Structure determination and refinement statistics. 

 

Crystal Properties  

Space group p 1 21 1 

a (Å) 63.196 

b (Å) 219.172 

c (Å) 89.317 

α (°) 90.000 

β (°) 89.977 

γ (°) 90.000 

Diffraction Data  

Resolution (Å) 3.3 

Observations 189672 

Unique reflections 36620 

Redundancy 5.4 

Completeness (%) 95.8 

Overall I/σ 19.5 (1.9) 

Refinement Statistics  

Resolution limits (Å) 47.8-3.3 

Total atoms 17964 

Rwork (%) 23.8 

Rfree (%) 35.0 
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Figure 2.1. DDA1 N-terminal residues 1-28 are necessary and sufficient for DDB1 binding.  

(A) DDA1 C-terminal (ΔC) and N-terminal (ΔN) truncation constructs were created with an N-

terminal GST tag.  (B) DDA1 truncations were isolated with glutathione agarose resin following 

incubation with recombinant DDB1 to assess binding ability.  The minimal binding fragment, ΔC3, 

was selected for crystallization and named DDA1-Nt. 
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Figure 2.2. DDA1-Nt binds to the BPA domain of DDB1.  (A) Surface representation of DDB1 

(light gray) with DDA1-Nt in ribbon form (black) bound to the BPA domain. DDA1-Nt binds to 

the “back” face of BPA, opposite the side of DCAF binding (left). The DDA1-Nt C-terminus 

projects into the cleft between BPA and BPB (right).  (B) DDB1 BPA domain surface 

representation with bound DDA1-Nt (light gray) showing hydrophobicity patches (left, black) and 

conserved regions among metazoans (right, black). 
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Figure 2.3. DDA1-Nt makes extended contacts flanking BPA WD40 repeat 7.  (A) DDA1-Nt 

(white) lies along the periphery of WD40 repeat 7 (black) near the boundaries with repeat 1 and 

repeat 6 (gray). DDA1-Nt makes several contacts with shallow BPA pockets (light gray) along 

this periphery (left: BPB surface representation; right: BPB cartoon secondary structure).  (B) 

DDA1-Nt binding does not significantly alter BPA structure. Overlay of DDB1 (PDB 2b5l, gray) 

with DDB1/DDA1-Nt (black/white). 
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Figure 2.4. Human DNA Damage Binding Protein 1 (DDB1) secondary structure.  (A) The 

complete DDB1 secondary structure is displayed showing BPA, BPB, and BPC, along with the C-

terminal helical domain.  Each β-propeller domain is composed of seven WD40 repeats arranged 

around a central pore.  (B) DDA1-Nt (white) binds to the “back” face of the BPA domain – 

opposite to DCAF binding – and flanks WD40 repeat 7, making significant contacts with loops 

1c, 7a, and 7c (gray). 
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Figure 2.5. DDA1 potentially makes contacts with DDB1 not observed with DDA1-Nt.  DDA1 

binds to DDB1 with an affinity (KD) of 28 nM (top), while DDA1-Nt binds with an affinity of 663 

nM (bottom).  The C-terminus of DDA1 might therefore make additional contacts with DDB1 not 

observed in DDA1-Nt. 
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Figure 2.6. Mutations to conserved DDA1-Nt residues compromise DDB1 binding.  (A) The 

DDA1 sequence conservation among bilateral animals and angiosperm plants is shown.  Putative 

DDA1 homologs exist sporadically among other eukaryotes but not to the significant degree 

present among these groups.  DDA1-Nt (residues 1-28) displays the highest region of conservation. 

Sites selected for DDA1-Nt binding mutations are highlighted.  (B) Individual mutations of 

conserved residues Proline-9 (P9D), Asparagine-15 (N15D), Phenylalanine-16 (F16D), and 

Histidine-20 (H20D) reduce, but do not completely disrupt, GST-DDA1-Nt binding to 

DDB1/CRBN (BDS: beads; FL: full-length; FT: flow-through; PD: pulldown). 
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Figure 2.7. DDA1 does not affect CRL4Cereblon-CK1α ubiquitination in vitro.  CRL4CRBN-

mediated polyubiquitination of CK1α was reconstituted in vitro and used to assess DDA1 and 

DDA1-Nt regulation of the complex’s activity. Neither DDA1 nor DDA1-Nt affect CK1α 

ubiquitination as detected by anti-CK1α. 
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Figure 2.8. DDB1 residues connecting BPB and BPC are flexible and conserved.  (A) The 

residues connecting BPB to BPC are flexible and confer a significant degree of freedom onto 

CRL4 ligase arm movement.  These residues have been observed in three distinct conformational 

states among all current DDB1 crystal structures, with examples from DDB1-DDB2 (PDB 3ei4, 

red), DDB1-CSA (PDB 4a11, green), and DDB1-CRBN (PDB 4ci1, blue) presented. Left: BPA 

and BPC domains are aligned to show BPB conformational freedom.  Right: The BPB domain is 

truncated to show flexible inbound (Proline-405-) and outbound (Threonine-700+) residues.  (B) 

The flexible DDB1 residues connecting BPB to BPC are significantly more conserved than the 

overall DDB1 sequence among bilateral metazoans and angiosperms.



Chapter 3. NPR4 IS A CRL3-BASED RECEPTOR FOR SALICYLIC 

ACID IN PLANTS 

ABSTRACT 

Plants have evolved a variety of interconnected biochemical systems for combating 

pathogen infection.  Systemic acquired resistance allows a plant to upregulate systemic defensive 

transcriptional programs in response to a localized infection.  This signal is carried by the locally 

synthesized hormone salicylic acid, which diffuses systemically to effect its signal and is perceived 

by NPR3 and NPR4 (Fu et a., 2012).  These proteins contain BTB domains and act as CRL3 

adaptors.  Here we confirm that NPR4 binds to salicylic acid in vitro.  We also show that NPR4 

can be crystallized and provides low- to medium-resolution diffraction data.  Finally, we generated 

monoclonal antibodies to induce alternative NPR4 crystal packing conformations.  The structural 

details of the salicylic acid perception mechanism by NPR3 and NPR4 is vital to understanding 

the nature of plant immune response to pathogens as well as to more generally illuminate the 

atomic details of CRL3 substrate recruitment.  

INTRODUCTION 

Systemic acquired resistance (SAR) represents one branch of inducible immune responses 

used by plants to counter pathogen challenge.  Primary exposure to necrosis from a variety of 

pathogens initiates a hypersensitive response that sensitizes the plant to subsequent challenge 

(Ross, 1961).  After initial pathogen exposure, localized activation of the isochorismate synthesis 

pathway increases levels of the hormone salicylic acid (SA), which then diffuses systemically to 

initiate transcription of a wide array of pathogenesis-related (PR) genes (Uknes et al., 1992).  This 
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transcriptional response includes genes for secreted antimicrobial proteins and biosynthetic 

pathways for reactive oxygen species (ROS), as well as stress-related genes such as those involved 

in the secretory pathway and ER quality control (Wang et al., 2005).  This transcriptional response 

is also extremely robust.  In A. thaliana, it comprises up to 10% of the entire genome (Wang et al., 

2006). 

SAR was first systematically characterized by A. Frank Ross over half a century ago (Ross, 

1961) and has been a major field of research since the 1980s.  In his initial experiments Ross 

observed upon pathogen challenge of N. tabacum with tobacco mosaic virus (TMV) that in 

addition to the leaves developing characteristic circular necrotic lesions at points of infection, a 

well-known phenomenon at the time, the non-challenged leaves from the opposite side of the plant 

were subsequently resistant to infection.  This resistance was sustained; it was observed initially 

after the second day, maximally after 7-10 days, and continued to persist past 20 days.  

Interestingly, the resistance was displayed against not only the TMV used to elicit the response, 

but also turnip mosaic virus and tobacco and tomato ringspot viruses. 

For the past two decades our collaborator Xinnian Dong has undertaken a thorough genetic 

dissection of SAR.  This work began with her development of a SAR reporter system based on the 

BGL2 promoter – a characteristic PR gene transcribed during SAR (Uknes et al., 1992) that has 

become an established proxy for SAR activation.  Using this system her group identified a mutant 

containing a lesion in the npr1 (non-expressor of pathogenesis-related genes1) locus through a 

forward genetic screen that displayed insensitivity to SAR activation (Cao et al., 1994), and later 

enhanced pathogen resistance upon overexpression (Cao et al., 1998). 

NPR1 contains an ankyrin repeat domain (Cao et al., 1997) that was later shown to mediate 

protein-protein interactions with the TGA class of transcription factors (Zhang et al., 1999).  
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Additionally, nuclear translocation of NPR1 is required for PR gene expression during SAR 

(Kinkema et al., 2000).  NPR1 also contains a BTB/POZ domain, which is a common motif used 

in Cul3 binding. 

More recently NPR1 has been shown to reside in the cytoplasm and form intermolecular 

disulfide bonds to other copies of itself in the non-induced state (Mou et al., 2003).  During SAR 

induction NPR1 is reduced to its monomeric form, which presumably exposes a C-terminal nuclear 

localization sequence to allow nuclear translocation.  Blocking this reduction precludes PR gene 

expression while site-directed mutations to disulfide-binding cysteine residues show constitutive 

SAR expression.  Building on this mechanism, the group later showed that NPR1 monomers are 

continuously degraded in the nucleus in the non-induced state presumably to dampen PR 

expression (Spoel et al, 2009).  Upon SAR induction, Serine-11 and Serine-15 are phosphorylated 

and NPR1 is degraded in a Cul3-dependent manner.  This Cul3-mediated NPR1 degradation is 

required for full SAR induction and sustained PR gene transcription. 

While NPR1 has recently been proposed as the long-sought receptor for SA (Wu et al., 

2012), our collaborators were unable to detect direct SA binding (data unpublished).  Instead, we 

have proposed that A. thaliana paralogs NPR3 and NPR4 perform the role of SA receptors by 

acting as adaptors to bridge NPR1 to Cul3 in the E3 ligase complex (Fu et al., 2012).  SA would 

therefore represent the first known naturally occurring compound that functions by direct binding 

and regulation of several related BTB-domain proteins. 

Our working hypothesis for SA perception is illustrated in figure 3.1.  In the basal state, 

NPR1 is transcribed by WRKY transcription factors and exists in a disulfide-bound, polymeric 

form in the cytoplasm.  Upon systemic SA influx NPR1 is reduced to its monomeric form and 

shuttled to the nucleus where it is phosphorylated, binds to TGA transcription factors to induce 
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SAR transcription, and is subsequently degraded in a Cul3-based E3 ligase complex using NPR3 

and NPR4 as adaptors.  This massive cycling of nuclear translocation, transcriptional activation, 

and importantly, Cul3-mediated degradation, is critical for sustained SAR (Spoel et al., 2009). 

The structural mechanism for SA perception by NPR3/4 has not yet been established. An 

allosteric model might be hypothesized, however recent structural evidence from the auxin (Tan 

et al., 2007) and jasmonate (Sheard et al., 2010) hormone receptors suggest that a novel “molecular 

glue” mechanism might also be employed.  This is exemplified in the case of the auxin receptor 

TIR1, where auxin binding creates a hydrophobic core in the central pocket of TIR1 that stabilizes 

binding of the degron motif of the soon-to-be-degraded transcriptional repressor.  Regardless of 

the specific mechanism, a high-resolution crystal structure of this complex will undoubtedly shed 

light on this important issue in the field. 

The question of how plants are able to upregulate systemic defenses in response to 

localized pathogen attack has been around at least as long as Ross’ first experiments have posed 

the question.  While the perception of most other plant hormones has been characterized at the 

atomic level, the corresponding mechanism employed to recognize SA has eluded us for over 50 

years.  Looking ahead to increased worldwide pressures on food production, knowledge of this 

aspect of plant immunity will undoubtedly prove to be essential. 

Furthermore, the human genome contains more than 200 genes with predicted BTB 

domains (Pintard et al., 2004).  In particular, the Cul3-based ubiquitin E3 ligase complex is known 

to be involved in the antioxidant response in human cells, where the constitutive degradation of 

the BTB-containing Nrf2 (NF-E2-related factor 2) transcription factor is mediated by the BTB 

adaptor protein Keap1 (Kelch-like ECH-associated protein 1) under basal conditions (Nguyen et 

al., 2004).  Interestingly, like the proposed NPR1-NPR3/4 system, the Nrf2-Keap1 complex 
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functions as a redox sensor whose activity is modulated by cysteine residues in or around the BTB 

domain (Rachakonda et al., 2008).  This system is involved in wide-ranging pathologies such as 

cancer and neurodegeneration, as well as cardiovascular, metabolic, and inflammatory diseases in 

humans (Magesh et al., 2012).  Therefore, the pharmacological characterization of Cul3-based E3 

ligase complexes is of great importance to human health as well as that of plants. 

METHODS AND MATERIALS 

Cloning and protein purification 

All genes were cloned into a vector under T7 promoter control with an N-terminal, TEV-

cleavable GST tag.  These constructs were expressed in E. coli and initially purified from the 

cleared lysate with a glutathione agarose affinity column.  Following elution and GST cleavage 

the proteins were further purified on anion exchange and gel filtration columns and eluted into a 

final buffer containing 0.1 M Tris pH 8.0, 200 mM NaCl, and 1 mM TCEP. 

[3H]SA binding assay 

  Full-length NPR4 was mixed with 10 μM [3H]SA and incubated on ice for 1 hour.  The 

sample was run over a Superdex 200 gel filtration column with a buffer containing 0.1 M Tris pH 

8.0, 200 mM NaCl, and 5 mM DTT.  The elution was collected into 0.4 ml fractions and a UV 

elution spectra at A280 was recorded.  The fractions were assayed for radioactivity using a Perkin 

Elmer Tri-Carb 2810 TR Liquid Scintillator Analyzer. 

Crystallization and data collection 

 NPR4 protein was initially screened with a 96-well hanging-drop setup using commercial 

libraries.  Prospective hits were scaled to large hanging-drops for optimization and an ideal 
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condition composed of 0.1 M Tris pH 7.8, 0.3 M sodium formate, 0.1 M ammonium sulfate, 4% 

PEG 8000, and 2% poly-γ glutamic acid was identified.  Crystals were harvested and soaked in 

30-40% glycerol or MPD as a cryoprotectant, flash frozen in liquid nitrogen, and shipped to the 

Berkeley Advanced Light Source for data collection on beamlines BL8.2.1 and BL8.2.2.  Data sets 

were collected, scaled, indexed, and integrated with HKL2000 (Otwinoski and Minor, 1997) and 

processed with the Phenix software suite v1.10.1-2155 (Adams et al., 2010). 

Antibody binding and Fab generation  

 A sample of NPR4 1-552 was sent to the Vaccine and Gene Therapy Institute at Oregon 

Health and Science University and used to generate monoclonal mouse antibodies.  A panel of 

hybridoma lines were returned, which we assayed to verify NPR4 binding over gel filtration.  

Briefly, GFP-NPR4 protein was mixed with each sample at varying ratios (1:40, 1:10, and 1:1) 

and run over a gel filtration column on a Shimadzu HPLC system.  The elution was excited at 488 

nm and GFP emissions at 509 nm were recorded.  Antibody fragments were generated from a 

commercial kit and reverified for NPR4 binding as previously described. 

RESULTS 

NPR4 binds salicylic acid over gel filtration 

To test the ability of NPR4 to bind to salicylic acid we ran purified NPR4 mixed with 10 

μM [3H]SA over a gel filtration column (figure 3.2) along with several sizing standards.  We 

observed the A280 elution spectra and compared it to radioactivity counts from the elution fractions.  

We found that NPR4 eluted at the same position as the [3H]SA peak, indicating NPR4 binding to 

SA. 
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NPR4 crystallizes and yields low- to medium-resolution diffraction data 

To solve the atomic structure of NPR4 we purified the protein and screened it against a 

library of crystallization conditions.  We observed that the full-length NPR4 protein readily 

crystallizes under multiple conditions (figure 3.3A).  We also observed that these crystals yielded 

only low-resolution data on the order of 10-12 Å (figure 3.3B). 

To resolve this issue, we noted that 22 C-terminal NPR4 residues are predicted to be 

unstructured, so we created an NPR4 1-552 construct to improve crystal packing.  This protein 

also readily crystallized and showed an improvement in diffraction resolution to 8-10 Å.  Finally, 

we created an NPR4 1-390 construct that crystallized and yielded medium-resolution diffraction 

data to about 3.2 Å.  We collected multiple native data sets from these crystals. 

To solve the phase for these data we employed three different strategies.  First, we 

attempted to perform molecular replacement using known BTB domain and ankyrin repeat domain 

structures, however this approach was unable to produce coherent density maps.  Next, we 

attempted to prepare selenomethionine-labeled NPR4 1-390 protein, however the expression 

yielded a low amount of protein that showed heterogeneous peaks during elution from an anion 

exchange column, and the resulting purified protein did not crystallize.  Finally, we a screened for 

heavy atoms that derivatize NPR4 1-390 (figure 3.3C) and found that K2PtBr6 displayed a band-

shift on native PAGE, indicative of derivatization.  An anomalous data set was collected, however 

there appeared to be insufficient platinum occupancy to solve the phase.  We also noted a probable 

zinc finger motif in the N-terminus of NPR4 and collected a zinc anomalous data set with native 

crystals, however this approach revealed insufficient zinc occupancy as well. 
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Generation of monoclonal antibodies against NPR4 

To induce alternative forms of crystal packing we created a line of monoclonal antibodies 

against NPR4 1-552 and validated NPR4 binding using a construct N-terminally fused to GFP 

(figure 3.3). We combined this with each antibody in a 1:40 ratio and ran the samples over a gel 

filtration column to assay for a shift in the GFP emission signal of the elution spectra at 507 nm, 

indicative of NPR4 binding (figure 3.4). 

From the pool of antibodies that displayed a shift in this peak, we chose four for further 

analysis (2G12, 11D8, 13D5, and 15C2).  These were cleaved into their constituent antigen-

binding fragments (Fab) and rerun to verify NPR4 binding.  We observed that 2G12, 13D5, and 

15C2 Fabs retained their ability to bind to NPR4 (figure 3.5, left).  We increased the ratio of the 

11D8 Fab to NPR4 to 1:10 and 1:1 and reran these samples over gel filtration.  Neither of these 

increased-ratio samples were observed to bind to NPR4 (figure 3.5, right). 

DISCUSSION 

NPR4 is a salicylic acid receptor in plants 

 Here we observed that NPR4 binds [3H]SA over gel filtration.  These data bolster other 

studies performed by our collaborators showing that both NPR3 and NPR4 mediate NPR1 

degradation in vitro, and that SA regulates the interaction between these proteins (Fu et al., 2012).  

They also show that npr34 double mutants are defective in SAR in vivo. 

 Wu et al. (2012) reported that NPR1 binds to SA in vitro using an equilibrium dialysis 

assay where [14C]SA binding was measured.  SA binding required a copper ion to bridge SA to 

Cysteine-521 and Cysteine-529.  Our collaborators were not able to detect NPR1 binding to SA, 

however it is possible that lack of free copper ions in the assay might have impeded this detection.  
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In light of these findings, the structural details of NPR3 and NPR4 bound to SA will be important 

to resolve the long-standing questions underlying SA perception in plants. 

NPR4 can be crystallized but diffracts with poor resolution 

 To attempt to solve its crystal structure, we determined that full-length NPR4 can be 

crystallized and diffracts to about 10 Å.  This resolution can be improved to around 3.2 Å when 

truncated to the first 390 residues, however this fragment was determined to be unable to bind SA 

over gel a filtration column (data unpublished).  This points to the C-terminal portion of NPR4 

being necessary for SA binding.  It also shows that inclusion of the C-terminus in crystallization 

precludes sufficient diffraction resolution to solve its structure.  These observations suggest the C-

terminal SA binding region is either flexible or dynamic, however these properties seem to prevent 

a straightforward structural analysis of the region. 

 To address this issue, several avenues may be possible.  First, NPR4 binding partners such 

as Cul3 or specific antibodies may be co-crystallized to improve crystal packing and limit 

movement of the dynamic C-terminal region.  To this end, we have generated a variety of 

monoclonal antibodies that bind to NPR4 (figures 3.4, 3.5).  Second, NPR4 orthologs may offer 

greater amenability to crystallization and high-resolution diffraction.  Finally, NMR might be a 

useful tool to unlock the dynamic aspects of the C-terminus at the structural level.  Despite these 

technical issues, however, obtaining structural data of NPR4 and its binding to SA is of great 

importance to both plant and animal biology, and will shed light on the critical role played by 

CRL3 complexes. 
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(A) 

 

(B) 

 

 

Figure 3.1. Systemic response to SA.  (A) In the basal state without SA, WRKY transcription 

factors promote transcription of NPR1, which exists in an oxidized, disulfide-bound polymeric 

state in the cytoplasm.  (B) Upon SA influx, these redox-sensitive disulfide bonds are reduced and 

NPR1 is shuttled to the nucleus where it is phosphorylated and binds to TGA transcription factors 

to initiate PR gene transcription.  NPR1 is subsequently recruited to a Cul3-based ubiquitin ligase 

complex and degraded, which sustains the NPR1 cycling process and SAR. 
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Figure 3.2. NPR4 binds to [3H]SA over gel filtration.  NPR4 was run over gel filtration with 

(top) and without (middle) 10 μM SA.  NPR4 was also run over gel filtration with [3H]SA and the 

elution fractions were collected and analyzed for radioactivity (bottom).  The peak radioactivity 

fractions correlate with the NPR4 A280 peak and indicates NPR4 binding to SA. 
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Figure 3.3. NPR4 crystallizes and yields low- to medium-resolution diffraction data.  (A) 

These crystals were grown in 0.1 M Tris pH 7.8, 0.3 M sodium formate, 0.1 M ammonium sulfate, 

4% PEG 8000, and 2% poly-γ glutamic acid.  They yield X-ray diffraction to a resolution of about 

10 Å.  (B) Further C-terminal NPR4 truncations resulted in increases in resolution, up to 3.2 Å 

with a 1-390 construct.  (C) NPR4 1-390 protein (4 μg) was treated with 10 mM of each heavy 

atom compound for 10 minutes one ice and analyzed on native PAGE.  K2PtBr6 treatment resulted 

in a band shift indicative of derivatization (inset). 
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Figure 3.4. NPR4 antibody binding assay.  Antibodies generated against NPR4 were separated 

into three groups (primary, secondary, and tertiary, based on initial data received from 

manufacturer).  Each antibody was mixed with GFP-NPR4 at a 1:40 molar ratio and run over sizing 

while observing GFP emission at 507 nm.  We selected four samples (2G12, 11D8, 13D5, and 

15C2) for further analysis based on their ability to shift the GFP emission peak. The gray vertical 

line indicates GFP emission peak location of the negative control (top). 
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Figure 3.4.  NPR4 binds to antibody Fab fragments.  Fab fragments were generated from the 

four selected NPR4 antibodies (2G12, 11D8, 13D5, and 15C2) and run over gel filtration with 

GFP-NPR4 in a 40:1 ratio (left).  All Fab fragments except for 11D8 resulted in a shift in GFP 

emission at 507 nm.  The 11D8 sample was repeated with ratios of 10:1 and 1:1 (right), however 

no GFP emission peak shifts were observed.  The gray vertical line indicates GFP emission peak 

location of the negative control (top). 
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