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SUMMARY

Cue1p is an integral component of yeast endoplasmic reticulum (ER)-associated degradation

(ERAD) ubiquitin ligase (E3) complexes. It tethers the ERAD ubiquitin-conjugating enzyme (E2),

Ubc7p, to the ER and prevents its degradation, and also activates Ubc7p via unknown

mechanisms. We have now determined the crystal structure of the Ubc7p-binding region (U7BR)

of Cue1p with Ubc7p. The U7BR is a unique E2-binding domain that includes three α-helices that

interact extensively with the ‘backside’ of Ubc7p. Residues essential for E2 binding are also

required for activation of Ubc7p and for ERAD. We establish that the U7BR stimulates both

RING-independent and dependent ubiquitin transfer from Ubc7p. Moreover, the U7BR enhances

ubiquitin-activating enzyme (E1)-mediated charging of Ubc7p with ubiquitin. This is the first

example where an essential component of E3 complexes both binds to E2 and enhances E2

loading with ubiquitin. These findings provide new insights into mechanisms of stimulating

ubiquitination.
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INTRODUCTION

Endoplasmic reticulum (ER)-associated degradation (ERAD) is the primary means for the

removal of misfolded, misassembled, or degradation-regulated secretory and membrane

proteins (Brodsky and Skach, 2011; Smith et al., 2011). ERAD substrates are

polyubiquitinated by a multi-step enzymatic cascade and degraded by the 26S proteasome.

First, the C-terminal carboxyl group of ubiquitin is linked by a thioester bond to the active-

site cysteine of ubiquitin-activating enzyme (E1). Ubiquitin is then transferred to the

catalytic cysteine of a ubiquitin-conjugating enzyme (E2) via a trans-thiolation reaction.

RING finger ubiquitin ligases (E3s) function as substrate recognition factors and most often

mediate the directed transfer of ubiquitin from E2 to the ε-amino group of a lysine on the

substrate, or on ubiquitin itself, generating a polyubiquitin chain (Deshaies and Joazeiro,

2009; Metzger et al., 2012). The sites of E1 and RING finger binding on E2s substantially

overlap, so E2s must dissociate from ligase domains to be ‘reloaded’ with ubiquitin (Eletr et

al., 2005; Olsen and Lima, 2013; Zheng et al., 2000).

The degradation of most known ERAD substrates in Saccharomyces cerevisiae requires one

of two RING finger proteins, Hrd1p (Der3p) or Doa10p (Bays et al., 2001; Deak and Wolf,

2001; Swanson et al., 2001). These function as components of the HRD1 and DOA10 E3

complexes, respectively (Carvalho et al., 2006). Essential to both complexes is Cue1p, a

transmembrane protein that recruits the ERAD E2, Ubc7p, to the ER (Biederer et al., 1997).

Cue1p is also required for the stability of Ubc7p (Biederer et al., 1997; Gardner et al., 2001;

Ravid and Hochstrasser, 2007). When Cue1p is absent or under-represented relative to

Ubc7p, Ubc7p forms thioester-linked ubiquitin chains on its catalytic cysteine that target it

for proteasomal degradation (Ravid and Hochstrasser, 2007). Cue1p’s role in ERAD

expands beyond this since a stable, ER membrane-anchored form of Ubc7p still requires

Cue1p (Bazirgan and Hampton, 2008; Kostova et al., 2009). In vitro, Cue1p stimulates

RING-dependent and independent ubiquitination by Ubc7p (Bazirgan and Hampton, 2008;

Kostova et al., 2009). Until now, the molecular mechanisms of activation of Ubc7p by

Cue1p have been unknown.

In addition to its N-terminal transmembrane domain, Cue1p has a CUE domain (Shih et al.,

2003), to which no functionally significant ubiquitin binding has been ascribed until recently

(Bagola et al., 2013), and a C-terminal Ubc7p-binding region (U7BR; Figure 1A; Kostova et

al., 2009). We previously identified the U7BR as the minimal region needed for binding to

Ubc7p and for degradation of ERAD substrates when Ubc7p is stabilized by tethering it to

the ER membrane by addition of a transmembrane domain. The U7BR also stimulates

RING-dependent ubiquitination in vitro with Ubc7p (Kostova et al., 2009). Thus, it is the

minimal region required for the activity of Cue1p, with other regions enhancing activity.

We now report the crystal structure of Ubc7p in complex with the U7BR. The Ubc7p:U7BR

structure reveals an extensive interface between the U7BR, which forms a novel multi-helix

E2-binding domain, and the ‘backside’ of Ubc7p. Further, we assess the consequences of

U7BR binding and uncover multiple functional outcomes, including stimulation of E1-

dependent ubiquitin loading, as well as RING finger-dependent and independent ubiquitin

transfer, likely through allosteric effects. Unique among known E2 interactions with E3
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complex components, the loading of Ubc7p with ubiquitin is enhanced by binding to Cue1p,

suggesting the potential for E2s to be reloaded with ubiquitin when bound to a component of

an E3 complex.

RESULTS

Crystal structure of the Ubc7p:U7BR complex

To address the mode of interaction and activation of Ubc7p by the U7BR of Cue1p, they

were co-crystallized (Table 1 and Figure 1B). The structure reveals one Ubc7p:U7BR

complex in the asymmetric unit and includes residues 2–96 and 103–165 of Ubc7p and

residues 151–203 of Cue1p (the U7BR). Ubc7p (Figure 1B, green) has a typical UBC-like

fold. Notably, residues 97–102 of the β4α2 loop are disordered without observed electron

density. This region lies within an extended loop also found in Ubc7p’s mammalian

ortholog, Ube2g2, the related Ube2g1, and Cdc34p and its mammalian orthologs (Ju et al.,

2009).

The U7BR of Cue1p (Figure 1B, orange) covers the surface of Ubc7p composed of the β-

sheet and α4 helix, on the ‘backside’ of the E2. This surface is removed from the catalytic

cysteine (C89) and the shared E1- and RING-binding regions of the E2 on the α1 helix,

β3β4 loop, and β4α2 loop (Brzovic et al., 2003; Dominguez et al., 2004; Olsen and Lima,

2013; Zheng et al., 2000). The U7BR-interacting surface of Ubc7p is also distinct from

regions of E2 that contact thioester-linked ubiquitin, as recently identified in structures of

RINGs or a U-box in complex with E2~Ub (Dou et al., 2012; Plechanovova et al., 2012;

Pruneda et al., 2012).

The U7BR structure consists of a 310-helix (η1) and a long α-helix (α2) in the central part of

the peptide. η1 is linked to a short helix at the N-terminus (α1), while α2 is linked to a short

helix at the C-terminus (α3) via loop 1 and loop 2, respectively. No structure in the Protein

Data Bank (PDB) shows high structural homology with the U7BR, and all proteins showing

overall sequence similarity with the U7BR are from fungi (Supplemental Figure 1A).

The Ubc7p:U7BR interface is largely hydrophobic with stabilizing electrostatic interactions

The extensive Ubc7p:U7BR interface buries a surface of 2064 Å2. The residues involved in

intermolecular contacts are summarized in Figure 1C. Hydrophobic interactions dominate

the interface, which can be approximately divided into two regions. In one region, five

residues (I173, K177, L180, V181, and A184) from the N-terminal half of helix α2, two

residues (L151 and L152) from α1, and one residue (F155) from loop 1 of the U7BR

surround three residues (V25, L40 and V53) from the β1–β3 strands of Ubc7p. In the other

region, six residues (R185, L188, E189, L192, L201, and L202) from α2, loop2, and α3 of

the U7BR stack with residues from the α4 helix (R153, K156, L157, L160, L163 and F165)

of Ubc7p (Figures 1D and 1E). Surrounding the hydrophobic interactions, there are eight

hydrogen bonds and salt bridges, six on one side of the α2 helix of U7BR and two on the

other side (Figure 1C; dashed blue and red lines, respectively). Residues L151 and K154

from the α1 helix of the U7BR form hydrogen bonds with S162, Q55, and T74 from Ubc7p,

which anchors the α1 helix onto the surface of Ubc7p and stabilizes loop1 of U7BR.

Metzger et al. Page 3

Mol Cell. Author manuscript; available in PMC 2014 July 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The U7BR is structurally distinct from the gp78 G2BR

Ubiquitination by Ube2g2 is enhanced by the Ube2g2-binding region (G2BR) of the RING

E3, gp78 (Das et al., 2009). The 27-amino acid G2BR consists of a single helix that binds

the backside of Ube2g2 (Das et al., 2009). Relative to their E2s, the central α2 helix of the

53-amino acid U7BR differs in orientation from the G2BR by only 12° (Figures 1F and 1G),

and these two helices are ~40% similar (Supplemental Figure 1A). However, the N- and C-

terminal ends of these helices are offset relative to their E2s by at least one complete turn at

each end (Figures 1F and 1G). The other two helices of the U7BR, which are required for

interaction with Ubc7p and for function (see below; Kostova et al., 2009), further

distinguish the two binding domains. Hence, the footprints of U7BR and G2BR on the

surface of E2 are different in both location and shape (Supplemental Figures 1B and 1C).

A role for Ubc7p:U7BR contact residues in binding to Ubc7p and activation of
ubiquitination in vitro

To validate the Ubc7p:U7BR structure, we analyzed groups of mutations in U7BR residues

that contact Ubc7p (Figure 2A, brackets indicate residues mutated together). When U7BR

alanine mutants (U7BRm1-U7BRm6; alanine 184 of U7BRm4 was mutated to glycine) are

expressed as GST fusion proteins, all show a significant decrease in binding to Ubc7p

expressed in vitro (Figures 2B and 2C). Interestingly, U7BRm4, with its only significant

change being an arginine to alanine substitution in the α2 helix, also shows diminished

binding to Ubc7p.

The U7BR stimulates the in vitro autoubiquitination of Hrd1p by Ubc7p (Kostova et al.,

2009), so we evaluated whether U7BR mutations affect this. As shown (Figure 2D), the

U7BR-stimulated autoubiquitination of a GST-fusion containing the C-terminal RING

domain of Hrd1p (GST-Hrd1p321-551) was significantly reduced by most of the mutants.

U7BRm4, despite a loss of ~40% of Ubc7p binding, had a less pronounced effect on

ubiquitination. Thus, U7BR residues that contact Ubc7p are required for in vitro binding and

for the Ubc7p-dependent activation of ubiquitination by Hrd1p, and decreased binding and

loss of ubiquitination correlate well. Notably, mutations in each of the three α-helices (α1-3)

severely diminish binding and ubiquitination, demonstrating the significance of each.

U7BR mutants do not bind Ubc7p in vivo, resulting in Ubc7p instability

To further validate Ubc7p contact residues, we examined U7BR mutants in vivo. Ubc7p is

highly unstable in the absence of Cue1p (Biederer et al., 1997; Gardner et al., 2001; Ravid

and Hochstrasser, 2007) and the U7BR is insufficient to stabilize Ubc7p from proteasomal

degradation (Kostova et al., 2009). Therefore, we used a longer, N-terminal GFP-tagged

fragment of Cue1p (GFP-Cue1p110-203, Figure 1A) that efficiently stabilized Ubc7p (Figure

3A, α-HA, compare vector and WT), allowing for Ubc7p stability to serve as an additional

functional read-out for binding of U7BR mutants to Ubc7p.

By cycloheximide chase, Ubc7pHA is significantly less stable when co-expressed with any

of the U7BR mutants than with ‘wild-type’ GFP-Cue1p110-203 (Figure 3A, α-HA). Most of

the GFP-Cue1p110-203 U7BR mutant proteins are themselves relatively stable over the same

time frame (Figure 3A, α-GFP). The exception is the m5 mutation, which is significantly
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less stable than wild-type, making it difficult to conclusively assess its function in vivo. In

agreement with its intermediate in vitro binding, the m4 mutant retains some capacity to

stabilize the E2.

To assess in vivo binding, we analyzed the association between GFP-Cue1p110-203

and TMUbc7pHA, an ER membrane-anchored form of Ubc7p, which remains stable

independent of Cue1p expression (Kostova et al., 2009) (Figure 3B). TMUbc7pHA

efficiently co-immunoprecipitated wild-type GFP-Cue1p110-203. In contrast, U7BR mutants

all exhibited greatly reduced binding to TMUbc7pHA, mirroring the pattern seen in vitro.

Although the GFP-Cue1p110-203 m4 mutant retains some in vivo binding to Ubc7p, it is

greatly reduced compared to wild-type. Therefore, the inability of the U7BR mutants to bind

to Ubc7p in vivo provides an explanation for the instability of Ubc7pHA when co-expressed

with these mutants.

Ubc7p contact residues are essential for degradation of ERAD substrates

To analyze the effect that mutating Ubc7p contact residues within the U7BR has on ERAD,

we examined the degradation of the prototypical Hrd1p substrate, CPY*, by pulse-chase

analysis (Figures 3C–3E). To dissociate the functions of Cue1p in stabilizing and recruiting

Ubc7p to the ER membrane from its role in ERAD activation, we again used TMUbc7pHA.

CPY* degradation is impaired in cells lacking Cue1p (t1/2 = ~69 min) and its degradation is

accelerated in cells expressing wild-type GFP-Cue1p110-203 (t1/2 = ~38 min) to a rate similar

to that seen with full-length Cue1p (data not shown). Cue1p-dependent degradation of CPY*

was not restored in strains expressing U7BR mutants. The only exception was the m4 GFP-

Cue1p110-203 mutant, which again shows an intermediate phenotype and a partial restoration

of CPY* turnover (t1/2 = ~49 min).

To determine the general importance of the U7BR to ERAD, we assessed whether the U7BR

was essential for degradation of the Doa10p substrate Ste6p* (Huyer et al., 2004). This

required the use of full-length Cue1p, since efficient Doa10p substrate degradation requires

the Cue1p transmembrane domain (Supplemental Figure 2A, and M.B.M. and A.M.W,

unpublished observations). Cue1p lacking the C-terminal α2 and α3 helices of the U7BR

(Cue1p1-173) or mutated in the U7BR α1 helix (Cue1p1-203 m1) both significantly impaired

Ste6p* degradation (Supplemental Figure 2B). Collectively, these findings definitively

establish U7BR binding to Ubc7p, through multiple structural elements, as being critical to

the in vivo ERAD function of the E2.

U7BR binding alters loops surrounding the catalytic cysteine of Ubc7p

To assess potential mechanisms whereby the U7BR might activate Ubc7p, the Ubc7p:U7BR

structure (this work) and the U7BR-free (apo) Ubc7p structure [PDB entry 2UCZ (Cook et

al., 1997)] were compared. U7BR binding does not significantly change the overall structure

of Ubc7p (Figure 4A). However, there are notable changes in the loops that bracket the

catalytic cysteine (C89, Figure 4B). The α2α3 loop of Ubc7p appears to move away from

C89 when bound by U7BR. Additionally, while the β4α2 loop of Ubc7p is found in a single

conformation in the apo Ubc7p crystal structure, residues 97–102 within this loop are

completely disordered with no observed electron density in the Ubc7p:U7BR complex. The
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limited resolved portions of the β4α2 loop (residues 95–96 and 103–108) exhibit elevated

mobility (with an average B value of 72 compared to an average of 29 across all protein

atoms) and appear to shift several residues, including E108, away from C89 but re-orient the

distal end of the loop toward it. Although crystal lattice contacts may have played a role in

stabilizing this loop in a conformation that is favored by its hydrophobic core (residues 96,

100, 105, and 109) in the apo structure, the lack of electron density in the Ubc7p:U7BR

structure suggests this region might be more dynamic when U7BR is bound.

To directly assess the dynamics of the β4α2 loop, 15N-{1H} heteronuclear NOE (hetNOE)

NMR experiments were performed. Although issues of protein stability precluded

assignment of all residues of Ubc7p, we assigned peaks corresponding to several residues in

the β4α2 loop (N101, M102, and Y103) via mutational analysis (Supplemental Figure 3A).

The average hetNOE value for each of these residues is significantly lower than apo Ubc7p

as a whole, indicating that the β4α2 loop is more dynamic than the rest of Ubc7p (Figure

4C). U7BR binding to Ubc7p does not change the overall hetNOE value for Ubc7p,

however, the β4α2 loop residues all trend towards a further decrease in hetNOE values,

consistent with an even more dynamic state when the U7BR is bound. Although each of

these differences falls within the standard error, the trend is consistent with the interpretation

of the structural data as reflecting greater loop dynamics when the U7BR is bound to Ubc7p.

It is worth noting that this hetNOE experiment measures molecular dynamics on a pico- to

nano-second time scale, and any difference in motion over a longer time scale will elude this

analysis.

The U7BR accelerates Ubc7p ubiquitin thioester formation

When the G2BR of gp78 binds to Ube2g2, its β4α2 and α2α3 loop impinge on the catalytic

cysteine, the side chain of which is also reoriented (Das et al., 2009). These changes

correlate with decreased loading of Ube2g2 with ubiquitin. Consistent with differences

between bound and free Ubc7p versus Ube2g2 in these regions, the rate of E1-dependent

Ubc7p~Ub thioester formation (using ‘K0’ ubiquitin that is unable to form chains) is

dramatically accelerated (~5-fold) in the presence of wild-type, but not binding defective,

U7BR (Figures 4D and 4E, compare Ubc7p to Ubc7p + U7BR, and Supplemental Figure

3B). The entire cytoplasmic domain of Cue1p (Cue1p25-203) also significantly increases (~2-

fold) the rate of formation of Ubc7p~Ub (Figures 4D and 4E, compare Ubc7p to Ubc7p +

Cue1p25-203). Whether the acceleration mediated by the U7BR or the complete cytoplasmic

domain of Cue1p is most relevant in vivo remains to be determined. For example, in vivo

constraints on Cue1p imposed by its transmembrane domain or by binding of

polyubiquitinated ERAD substrates are not present in vitro, where there could also be

unanticipated interactions that affect loading. Regardless, the significant acceleration of

Ubc7p~Ub thioester formation by both the U7BR and the full cytoplasmic domain likely

contributes to the in vivo activating role of Cue1p.

The U7BR accelerates the rate of transfer of thioester-linked ubiquitin from the Ubc7p
catalytic cysteine to free or thioester-linked ubiquitin

The accelerated rate of ubiquitin loading, in conjunction with the dynamics and structural

changes, is suggestive of a more ‘open’ environment around the catalytic cysteine of Ubc7p
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when the U7BR is bound. This might be predicted to increase the susceptibility of the

E2~Ub thioester to nucleophilic attack. This was directly assessed by examining the rate of

discharge of the Ubc7p~Ub (K0) thioester to lysines of wild-type ubiquitin free in solution

in the absence of a RING domain. The Ubc7p~Ub thioester alone shows negligible

discharge (Figures 5A and 5B). However, consistent with alterations surrounding the active

site, the transfer of ubiquitin from Ubc7p~Ub is stimulated by addition of wild-type U7BR,

but not by a binding-defective mutant (Figures 5A and 5B and Supplemental Figure 5A).

Discharge in the presence of the U7BR is facilitated by addition of wild-type, but not K48A,

ubiquitin (Figures 5A and 5B), confirming that the Ubc7p~Ub thioester is specifically more

accessible to K48 of acceptor ubiquitins. This is consistent with the role of K48-linked

polyubiquitin chains in proteasomal degradation.

An additional predicted consequence of a U7BR-dependent increase in the accessibility of

C89 would be the increased susceptibility of the ubiquitin thioester to nucleophilic attack by

a lysine of ubiquitin that is thioester-linked to another Ubc7p molecule. We analyzed this by

assessing the formation of Ubc7p C89-linked chains during loading experiments with wild-

type ubiquitin. The addition of the U7BR rapidly stimulates the modification of Ubc7p with

multiple ubiquitins (Figure 5C), which are reducible (Figure 5D, left panel), indicating that

they are thioester-linked to cysteines. To verify that these chains are formed on C89, the

other two cysteines of Ubc7p were mutated to alanine without effect (Figure 5D, right panel,

Ubc7pC39A C141A). Interestingly, decreasing the concentration of Ubc7p in the reaction by

75% without changing the concentration of free, acceptor ubiquitin had no effect on the rate

of formation of C89-linked ubiquitin chains (Figure 5E). This indicates that chain formation

does not occur as a random event and implies a direct interaction between Ubc7p~Ub

molecules in the presence of the U7BR, which facilitates the formation of ubiquitin chains

linked to C89 of Ubc7p.

The increased susceptibility of Ubc7p~Ub to nucleophilic attack is also stimulated by

Cue1p25-203 (Supplemental Figures 4A–4C), suggesting it, too, increases the accessibility of

Ubc7p~Ub to lysines of ubiquitin.

The U7BR increases the accessibility of the catalytic cysteine of Ubc7p to modification

To directly assess the effect of the U7BR on the accessibility of Ubc7p C89, its rate of

alkylation was examined using Ubc7p containing only this cysteine (Ubc7pC39A C141A).

When the small, commonly used, alkylating agent iodoacetamide was used, there was no

difference in the rate of alkylation of C89 with or without the U7BR bound (Figure 5F).

However, when a considerably bulkier alkylating agent was employed (MTSL,

C12H21NO3S2), the presence of the U7BR enhanced the rate of E2 modification (Figure

5G), consistent with greater accessibility of C89. Together with the enhanced rate of loading

and the RING-independent discharge stimulated by the U7BR, these findings provide strong

evidence that the rearrangement and seemingly increased dynamic nature of the β4α2 loop

and movement of the α2α3 loop represent functionally significant allosteric alterations

around the Ubc7p active site cysteine.
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The U7BR increases the affinity of Ubc7p for a RING finger domain

Binding of the gp78 G2BR to Ube2g2 induces allosteric changes that increase the affinity of

the E2 for RING finger domains and thus enhances RING-dependent ubiquitination (Das et

al., 2009). U7BR binding to Ubc7p also stimulates RING-dependent ubiquitination (Figure

2D and Kostova et al., 2009), so we asked whether similar affinity changes occur. To assess

this, the rate of ubiquitin discharge from the Ubc7p~Ub thioester to free ubiquitin was

analyzed in the presence or absence of excess purified Hrd1p321-551, containing its RING

finger domain. The Hrd1p RING is active and stimulates transfer of thioester-linked

ubiquitin from Ubc7p~Ub (Figures 6A and 6B). Consistent with the longer time course

shown in Figure 5A, the U7BR alone stimulates a relatively slower rate of Ubc7p~Ub

discharge. Strikingly, the U7BR and RING are synergistic in promoting single-turnover

ubiquitin discharge, resulting in an ~3-fold increase in rate compared to RING alone. A

U7BR mutant that does not bind to Ubc7p fails to synergize with the Hrd1p RING

(Supplemental Figure 5A). Stimulation of discharge of Ubc7p~Ub also occurs when the

RING domain of Doa10p is used (Supplemental Figure 5D), and when Cue1p25-203 is used

with the Hrd1p RING (Supplemental Figures 5B and 5C). Hrd1p RING domain proteins

consisting of either 8 amino acids N-terminal (Hrd1p341-551) or 2 amino acids C-terminal

(Hrd1p321-401) to the RING finger each stimulate Ubc7p discharge with the U7BR in a

manner identical to the longer RING fragment (data not shown). This is consistent with an

allosteric effect mediated through the backside binding of the U7BR.

To directly assess whether the U7BR is functioning by increasing the affinity of the E2 for

the RING domain, we measured the affinity of Ubc7p for the Hrd1p RING by NMR. The

dissociation constant (Kd) of Ubc7p for the RING was 107.2 (±6) μM, similar to that

reported for other E2-RING domain pairs (Deshaies and Joazeiro, 2009). Strikingly, the Kd

of Ubc7p for the RING decreases to 13.4 (±1) μM when the U7BR is present, an ~8 fold

increase in the affinity (Figure 6C and Supplemental Figures 6A–6C). We find a similar

U7BR-mediated increase in the affinity of Ubc7p for Doa10p (Supplemental Figure 5E).

To assess the extent to which the increased rate of Ubc7p~Ub discharge is attributable to

this change in affinity, we re-analyzed the rate of discharge at Hrd1p RING concentrations

greater than the Kd for Ubc7p (~130 μM). Under these conditions, ubiquitin is discharged

from Ubc7p~Ub at an enhanced rate, regardless of the presence of the U7BR (Figure 6D).

Therefore, the increased affinity of Ubc7p for RING finger domains can account for the in

vitro stimulation of RING-dependent discharge of Ubc7p~Ub by the U7BR, independent of

changes that affect the accessibility of the catalytic cysteine.

DISCUSSION

The U7BR of Cue1p, a critical yeast ERAD E3 complex component, is a unique multi-helix

E2-interacting domain that binds to an extended region on the backside of Ubc7p, away

from both the overlapping site of RING and E1 interactions and the catalytic cysteine (C89)

(Eletr et al., 2005; Olsen and Lima, 2013; Zheng et al., 2000). The U7BR activates Ubc7p

by multiple mechanisms whose relative in vivo importance are difficult to assess, but

together have the potential to greatly enhance the rate of ubiquitination. Analogous to the

allosteric effect of the G2BR on the binding of Ube2g2 to RING fingers (Das et al., 2009),
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the U7BR increases the affinity of Ubc7p for its cognate RING fingers. Based on the degree

of stimulation, this is likely to be a critical factor in Ubc7p activation. As the sites of RING

finger and U7BR binding to E2 are distinct, this affinity increase is likely also due to

allosteric mechanisms.

The U7BR additionally increases the availability of C89 of Ubc7p, as suggested by

structural changes in the loops surrounding C89 and its enhanced susceptibility to alkylation

when the U7BR is bound. Interestingly, the extended β4α2 loop is significantly more

dynamic than the rest of Ubc7p even without the U7BR. The precise role of this in ubiquitin

transfer requires further study. These U7BR-induced active site alterations correlate with

both an acceleration in ubiquitin loading by E1 and enhanced transfer of thioester-linked

ubiquitin (Ubc7~Ub) to K48 of acceptor ubiquitins. Importantly, the Cue1p-dependent

enhancement of ubiquitin loading implies that Ubc7p can be loaded by E1 while Cue1p is

bound, providing what we believe to be the first example of a stable ubiquitin ligase

component (Carvalho et al., 2006) that can enhance the loading of an E2 with ubiquitin.

In vivo, we find Cue1p in excess of Ubc7p (our unpublished observations). This is consistent

with findings that Ubc7p expressed in excess of Cue1p in vivo is unstable due to

autoubiquitination and proteasomal degradation (Ravid and Hochstrasser, 2007), suggesting

that the large majority of Ubc7p will be Cue1p bound, and therefore the mechanisms of E2

activation presented herein would be predicted to be relevant in vivo. Cue1p not only

ensures that Ubc7p is stable and properly localized to the HRD1 and DOA10 ERAD E3

complexes in the ER (Carvalho et al., 2006), but also activates the E2 for ubiquitination of

ERAD substrates.

The formation of thioester-linked ubiquitin chains on C89 of Ubc7p was previously reported

(Bazirgan and Hampton, 2008; Ravid and Hochstrasser, 2007), as was the formation of such

chains on its mammalian ortholog, Ube2g2 (Li et al., 2007). In vitro, the U7BR also

stimulates formation of C89-linked chains (Figure 5C). In vivo, these target Ubc7p for

degradation in the absence of stoichiometric amounts of Cue1p. By localizing Ubc7p to the

ER and enhancing its interaction with E3, Cue1p may facilitate the transfer of such chains to

substrates, explaining why they are not detectable when Cue1p and Ubc7p are present at

endogenous levels (Ravid and Hochstrasser, 2007). The in vitro formation of C89-linked

chains occurs in a Ubc7p concentration-independent manner (Figure 5E), suggesting a

physical interaction between Ubc7p molecules. Yeast two-hybrid data for Ubc7p is also

suggestive of dimerization (Chen et al., 1993). As there is no in vitro evidence for

dimerization or higher order oligomerization of Ubc7p (Bazirgan and Hampton, 2008; data

not shown), this implies that thioester-linked Ubc7p (Ubc7p~Ub) is required for these

homotypic interactions.

While Cue1p25-203 retains all of the functions we ascribe to the U7BR, regions N-terminal

of the U7BR may affect Ubc7p in a distinct manner, in accordance with previous

observations (Bazirgan and Hampton, 2008; Kostova et al., 2009). This is consistent with a

role for the CUE domain of Cue1p in the targeting of some substrates (Bagola et al., 2013).

We have, however, thus far been unsuccessful in crystallizing Cue1p fragments longer than

the U7BR, either alone or in complex with Ubc7p.
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Several other proteins contact E2s on their backside (Wenzel et al., 2011). Ubiquitin itself

binds with low affinity to a region on E2s that overlaps where the U7BR binds Ubc7p and

stimulates ubiquitin chain formation (Brzovic et al., 2006). SUMO (small ubiquitin-related

modifier), NIP45, and the SUMO E3 Nup358/RanBP2 all contact the backside of the SUMO

E2, Ubc9 (Prudden et al., 2009; Reverter and Lima, 2005; Sekiyama et al., 2010).

Most comparable to the U7BR is the G2BR of gp78 (Das et al., 2009). Both induce

allosteric changes around C89, but the G2BR inhibits rather than stimulates E1-mediated E2

loading, suggesting a need for dissociation of the G2BR for Ube2g2 to be reloaded with

ubiquitin (Das et al., 2009). The Rad6-binding domain (R6BD) of the Rad18 RING E3

(Hibbert et al., 2011) interacts with its E2, Rad6, on the latter’s backside, but in a

significantly different orientation. The α-helical R6BD competes with ubiquitin binding and

decreases ubiquitination. The RING finger E3 AO7/RNF25 has a secondary binding domain

that binds to the backside of its E2 and imparts functionally distinct effects (our unpublished

observations). The peroxisomal protein, Pex22p, binds its E2, Pex4p, (Williams et al., 2011)

on a different face of the E2 than the U7BR, but also stimulates E3-independent auto-

ubiquitination by E2, through unknown mechanisms. Also, Ubc13~Ub forms heterodimers

with the E2-like molecule, Mms2, through a distinct face and stimulates formation of K63-

linked chains (Eddins et al., 2006). There is also evidence for E2 homodimerization via

unknown domains (David et al., 2010) and herein we provide functional evidence for such

dimerization.

It is likely that RING-independent binding sites on E2s are prevalent and heterogeneous and

that the functional consequences of these interactions will be similarly varied. Among those

described to date, the U7BR stands out as an extreme example of a domain that properly

localizes the E2 in the cell and enhances ubiquitination through multiple distinct

mechanisms.

EXPERIMENTAL PROCEDURES

Crystallization, Data Collection, and Structure Determination

The initial screening for crystallization conditions of the Ubc7p:U7BR complex was carried

out with a Hydra II Plus One robot system (Matrix Technologies Corporation), using the

sitting drop vapor diffusion method at 19±1°C. The optimization of crystallization

conditions was set up at 4°C to reduce the nucleation rate and crystallization speed, thus

improving the diffraction quality of the crystals. Crystals suitable for X-ray diffraction

experiments were grown by mixing 1 μL protein solution (12 mg/mL in 150 mM NaCl, 50

mM Tris-HCl, pH 7.5) and 1 μL reservoir solution (25% w/v PEG3350 and 0.2 M

NH4CH2COOH in 0.1 M Bis-Tris buffer, pH 6.5), and the 2 μL droplets were equilibrated

against 70 μl reservoir solution. The rod-shaped crystals grew to full size (~0.08 mm × 0.08

mm × 0.15 mm) in three days. They were flash-cooled in liquid nitrogen after a brief soak in

the reservoir solution premixed with 25% (wt/vol) PEG400 as a cryoprotectant. X-ray

diffraction data were collected from a single crystal at beamline BM-22 of SER-CAT at the

Advanced Photon Source, Argonne National Laboratory, and processed using the HKL3000

program suite (Otwinowski and Minor, 1997).
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The Ubc7p:U7BR structure was determined by molecular replacement using phenix.automr

of the PHENIX program suite (Adams et al., 2010). The crystal structure of yeast Ubc7p

(Cook et al., 1997) was used as the search model. The U7BR structure was built into the

difference electron density map, first using phenix.autobuild and then by manual

interpretation. The structure was refined with phenix.refine of PHENIX and model building

and adjustment was done with COOT (Emsley and Cowtan, 2004). About 4.5% of the

reflections were randomly selected for cross validation. Water, Bis-Tris, and diethylene

glycol molecules were included at the last stage of refinement on the basis of difference

electron density (Fo-Fc, above 3s) and verified with omit maps. The refined structure was

validated using the PROCHECK (Laskowski et al., 1993) and WHATIF(Hooft et al., 1996)

programs. Figures were generated with PyMol (DeLano Scientific LLC).

E2 loading and discharge

E2s were in vitro transcribed and translated from pET3a plasmids in the Escherichia coli T7

S30 Extract System using [35S]Methionine and used in loading and discharge experiments

as previously described (Das et al., 2009), with the following exceptions. For loading

experiments, 5 μM wild-type or K0 ubiquitin and ~2 μM cleaved Cue1p151-203 (when

indicated) were used and reactions were incubated at the indicated temperature. For

discharge reactions, E2 was loaded as described above, except without Cue1p151-203.

Reactions were quenched with 10 U/mL apyrase (Sigma) for 5 min at room temperature

(Ozkan et al., 2005). Discharge was initiated by the addition of 80 μM wild-type or K48A

ubiquitin (unless otherwise indicated; added ubiquitins serve as nucleophilic acceptors for

ubiquitin discharge from E2) in 50mM Tris-HCl pH 7.5 with or without Cue1p151-203 (4

μM) or Hrd1p321-551 (5 μM unless otherwise indicated). Reactions were incubated at 20°C.

For both loading and discharge reactions, samples were run on 10% Bis-Tris gels in 1X

NuPAGE® MES SDS running buffer (Invitrogen). After gels were dried, they were

visualized using a Storm Phosphorimager. The fraction of E2~Ub was quantified with

ImageQuant™ Software and data analysis was carried out using Prism software (GraphPad).

NMR Spectroscopy

For NMR titration experiments, pET3a-GB1-His6-Thrombin-Ubc7p was expressed,

refolded in 4 M urea, and purified by Ni-NTA purification. The GB1 tag was then cleaved

by Thrombin protease, yielding purified Ubc7p. Ubc7p was incubated with GST-

Cue1p151-203 prior to cleavage of the GST tag by PreScission protease and purification on

the S-300 sizing column, yielding the Ubc7p:U7BR complex. All NMR samples were

dialyzed in 50mM Tris pH 7.2, 2mM TCEP. Ubc7p and Ubc7p:U7BR (50–75 μM) were

titrated with up to 3x concentration equivalents of purified Hrd1p321-551 or Doa10p1-112

RING fragments and the changes in amide shifts of Ubc7p were monitored by 1H-15N

HSQC experiments, which were plotted and fitted against protein to ligand concentrations to

obtain Kd values.

For 15N-{1H} heteronuclear NOE (hetNOE) experiments, pET3a-Ubc7p wild-type

(pMM43) or mutants (pMM154, 155, and 156) were expressed, refolded in 4 M urea, and

purified by ion exchange followed by gel-filtration. A U7BR peptide synthesized at the

Keck Biotechnology Resource Center was used to form the Ubc7p:U7BR complex. Before
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acquiring hetNOE and HSQC spectra for assignments, all samples were co-dialyzed in 50

mM Tris pH 7.2, 50 mM Arg, 50 mM Glu and 2 mM TCEP. The NMR sample

concentrations ranged from 0.1 to 0.2 mM. The hetNOE were taken as the ratio of peak

intensities observed for experiments with and without 3.0 seconds of 1H-presaturation

during the recycle delay acquired in an interleaved manner. Experimental errors for the

relaxation time measurements were estimated based on the observed root-mean-square

deviation between peak intensities measured for replicate experiments.

Alkylation and Mass Spectroscopy

Ubc7pC39A C141A (~20 μM) alone or bound to U7BR was treated with 2 mM MTSL

(Toronto Research Chemicals) or iodoacetamide (Sigma) and incubated at room temperature

(MTSL) or on ice in the dark (iodoacetamide). At the indicated times, samples were

removed and analyzed by ESI mass spectrometry to determine the fraction of

Ubc7pC39A C141A modified.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• U7BR of Cue1p binds on the ‘backside’ of Ubc7p, away from its active site.

• Binding via the backside is required for Ubc7p function in vivo and in vitro.

• U7BR-mediated changes near Cys89 activate Ubc7p for ubiquitination.

• The U7BR markedly increases the affinity of Ubc7p for RING finger domains.
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Figure 1.
Crystal structure of the Ubc7p:U7BR complex. (A) Schematic of Cue1p showing its

transmembrane (TM), ubiquitin-binding (CUE), and Ubc7p-binding region (U7BR)

domains. (B) Ribbon diagram of the Ubc7p:U7BR structure. Helices, strands, and loops are

illustrated as spirals, arrows, and tubes, respectively. The N- and C-termini and secondary

structure elements are labeled. The structure includes residues 2–96 and 103–165 of Ubc7p,

residues 151–203 of Cue1p (U7BR), one 2-(bis-(2-hydroxy-ethyl)-amino)-2hydroxymethyl-

propane-1,3-diol (Bis-Tris) molecule, two diethylene glycol molecules (a degradation

product of PEG), and 136 water molecules. Amino acids 97–102 in the β4α2 loop of Ubc7p

are indicated with a dashed line. There are five (GSAAA) and one (M) extra residues at the

N-termini of Ubc7p and U7BR, respectively, resulting from removal of the GST tag and

expression of the fragment, respectively. (C) Summary of the Ubc7p:U7BR interactions:

solid black lines indicate van der Waals interactions (cutoff distance = 4.0 Å) and dashed

lines indicate hydrogen bonds or salt bridges (cutoff distance = 3.5 Å) as seen from one side

(red; corresponding to 1D) or the other side (blue; corresponding to 1E) of the U7BR. (D, E)
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View of the Ubc7p:U7BR interface from opposite directions (180° rotation). Amino acid

side chains involved in the electrostatic and van der Waals interactions are shown as sticks.

Those labeled in red are from Ubc7p and those in black from the U7BR. (F) Superposition

of the structures of Ubc7p:U7BR (in green, this work) and Ube2g2:G2BR (in magenta, PDB

3H8K) on the basis of Cα positions in E2. (G) As in (F), viewing from the top of the G2BR

helix (related to the view in panel F by a 90° rotation). See also Supplemental Figure 1.
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Figure 2.
Ubc7p contact residues are important for in vitro binding and ubiquitination. (A) The amino

acid sequence of the U7BR. Asterisks mark mutated Ubc7p contact residues. Those grouped

by brackets (m1-m6) were mutated to alanine together, with the exception of A184 of m4,

which was mutated to glycine. Helices above the sequence denote the location of the

indicated structural elements. (B) Quantification of the in vitro binding of equimolar

amounts of GST or GST-Cue1p151-203 wild-type or the indicated mutant to in vitro

transcribed and translated 35S-labeled Ubc7p. Binding was calculated as a percentage of

wild-type (WT) levels by quantifying the signal for each mutant using ImageQuant and

normalizing to the wild-type signal (100%). Graphed values are the average of three

independent experiments and error bars represent standard error. (C) SDS-PAGE showing a

representative binding experiment from (B). 10% of the input 35S-Ubc7p used in the binding

assays is also shown. (D) In vitro auto-ubiquitination reactions with Glutathione-Sepharose-

bound GST-Hrd1p RING (amino acids 321–551), mouse E1, ubiquitin, Cue1p151-203 wild-

type or mutants (lanes 2–8), and Ubc7p, both of which were cleaved from N-terminal GST

fusions. Lane 1 contains the same reaction mix only without Cue1p151-203. After the

reaction, bead-bound proteins were eluted, resolved by SDS-PAGE, and analyzed by

immunoblotting.
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Figure 3.
U7BR contact residues are essential in vivo for Ubc7p’s stability, binding to Cue1p, and

ERAD. (A) Degradation of Ubc7pHA and GFP-Cue1p110-203 were assessed by

cycloheximide (CHX) chase at the indicated time points using a ubc7Δ cue1Δ strain

containing a chromosomal CPY* allele transformed with a low copy plasmid encoding

Ubc7pHA and low copy plasmids encoding vector (pRS314) or the indicated GFP-

Cue1p110-203 wild-type- or mutant-expressing plasmid. Protein stability was analyzed by

SDS-PAGE and immunoblotting with anti-HA and anti-GFP antibodies, respectively. PGK

was used as a loading control. (B) The binding of transmembrane anchored TMUbc7pHA to

the indicated GFP-Cue1p110-203 wild-type or U7BR mutant was assessed by co-

immunoprecipitation of TMUbc7pHA from equivalent amounts of detergent-solubilized

protein lysates using anti-HA affinity matrix. Bound proteins were eluted, analyzed by SDS-

PAGE, and TMUbc7pHA and GFP-Cue1p110-203 wild-type and indicated mutants were

visualized by immunoblotting with anti-HA and anti-Cue1p antibodies, respectively. 10% of

each input lysate was also analyzed. (C) The degradation of CPY* was analyzed at the
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indicated time points by 35S pulse-chase analysis using the indicated strain carrying vector

(pRS314) or wild-type GFP-Cue1p110-203. (D) The average of three independent pulse-chase

experiments of the GFP-Cue1p110-203 wild-type and mutant strains from (B). Error bars

represent the standard error. (E) The half-life (t1/2, in min) of CPY* in each of the strains

was calculated from the graphs in (D).
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Figure 4.
The U7BR stimulates Ubc7p thioester formation. (A) Superposition of the structures of

Ubc7p (in yellow, PDB 2UCZ) and Ubc7p:U7BR (in green, this work) on the basis of Cα

positions in E2. The backbone root-mean-square deviation between the free and bound

Ubc7p is 1.86 Å over all residues and decreases to 0.99 Å when residues 96–108 are

excluded (calculated using program LSQKAB from the CCP4 suite). The rectangle

highlights the region enlarged in (B). (B) A close-up view of the framed region in (A) that

undergoes conformational changes upon U7BR binding. (C) 15N-{1H} heteronuclear NOE

(hetNOE) values for residues of Ubc7p in the β4α2 loop (N101, M102, and Y103; see also

Supplemental Figure 3A) compared to the average hetNOE for all residues of Ubc7p. The

experiments were repeated for Ubc7p:U7BR peptide complex at concentrations ranging

from 0.1 to 0.2 mM. Lower hetOE values indicate increased dynamics. Graphed is the
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average hetNOE value of two independent experiments. Error bars represent standard error

from the mean. (D) Quantification of the rate of K0 ubiquitin loading of in vitro transcribed

and translated 35S-labeled Ubc7p alone, or with cleaved Cue1p151-203 (U7BR) or

Cue1p25-203. Graphed is the average fraction of E2~Ub for three independent experiments.

Error bars represent the standard error; rate constant (K) and 95% confidence index (CI) are

shown for each. See also Supplemental Figure 3B. (E) SDS-PAGE showing a representative

K0 ubiquitin loading experiment from (D). The asterisk indicates a Promega E. coli T7 S30

Extract System lot-dependent nonspecific band.
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Figure 5.
The U7BR increases the accessibility of the active site cysteine of Ubc7p to modification.

(A) The discharge rate of the 35S-Ubc7p thioester was analyzed in the presence of excess

wild-type ubiquitin alone, the U7BR alone, or both the U7BR and either wild-type or K48A

ubiquitin. Ubc7p was first loaded with K0 ubiquitin, followed by apyrase treatment to

deplete ATP and thereby inactivate E1 prior to the addition of ubiquitin or the U7BR. Three

independent experiments for each set of conditions were quantified and the average was

graphed as the fraction of E2~Ub remaining at each time point. Error bars represent the

standard error. See also Supplemental Figure 5A. (B) SDS-PAGE showing a representative

experiment from (A). The asterisk indicates a Promega E. coli T7 S30 Extract System lot-

dependent non-specific band. (C) 35S-Ubc7p was loaded with ubiquitin and analyzed at the
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indicated times points as in Figure 4D except wild-type ubiquitin was used and the reaction

was carried out at 24°C to maximize ubiquitin loading and chain formation. (D) 35S-Ubc7p

cysteine mutants were loaded with wild-type ubiquitin as in (C) and analyzed at 0 and 30

min. Samples were reduced where indicated by the addition of 10% β-mercaptoethanol.

(E) 35S-Ubc7p was loaded with wild-type ubiquitin and analyzed at the indicated times

points as described in (C), except using 0.5 pmol 35S-Ubc7p (‘1x Ubc7p’) or 0.125

pmol 35S-Ubc7p (‘1/4x Ubc7p‘). (F, G) 20 μM Ubc7pC39A C141A was reacted with 2 mM

iodoacetamide (F) or MTSL (G) in the presence or absence of the U7BR and analyzed by

mass spectrometry at the indicated time points. The experiment was repeated twice with

similar results and a representative quantification showing the percentage of

Ubc7pC39A C141A modified at each time point is shown.
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Figure 6.
The U7BR increases Ubc7p affinity for the Hrd1p RING finger domain. (A) Quantification

of the rate of discharge of thioester-linked ubiquitin was analyzed as described in Figure 5A

at the indicated time points in the presence of wild-type ubiquitin (80 μM) alone, or plus the

U7BR (4 μM), plus the Hrd1p RING (5 μM), or plus both U7BR and RING. Data are

graphed as the fraction of E2~Ub remaining at each time point from the average of three

independent discharge experiments. Error bars represent the standard error; rate constant (K)

and 95% confidence index (CI) are shown for each condition. (B) SDS-PAGE showing a

representative experiment from (A). (C) Kd values for 15N-Ubc7p alone or bound to the

U7BR for the Hrd1p RING were calculated by NMR. Error reflects the standard error from

mean. Primary NMR data used to calculate these values is shown in Supplemental Figures

6A–6C; values were calculated over all peaks that shifted upon binding to the Hrd1p RING.

(D) Quantification of 35S-Ubc7p discharge, performed as in (A), using the indicated Hrd1p

RING concentrations. Three independent experiments were quantified and graphed as in

(A). Error bars represent the standard error.
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Table 1

Data collection and refinement statistics

DATA COLLECTION

Wavelength (Å) 1.000

Space group P212121

Cell dimensions

 a, b, c (Å) 46.81, 48.46, 95.73

 α, β, γ (°) 90, 90, 90

Resolution (Å) 40-1.81 (1.87-1.81)a

Number of unique reflections 20415 (1899)

Rmerge (%)b 6.3 (49.4)

I/σ 27.0 (3.4)

Completeness (%) 98.7 (93.7)

Redundancy 7.5 (6.4)

REFINEMENT

Resolution 33.47-1.81 (1.92-1.81)

Rwork (%)c 18.45 (21.37)

Rfree (%)d 22.47 (24.85)

No. of Atoms

 Protein 1829

 Water 136

 Ligands 28

B factors

 Protein 29.2

 Water 36.3

 Ligands 49.2

R.m.s.d

 Bond lengths (Å) 0.005

 Bond angles (°) 0.974

Ramachandran plot

 Most favored region (%) 90.4

 Additional allowed region (%) 9.0

 Generously allowed region (%) 0.5

 Disallowed region (%) 0

a
Values in parentheses are for the highest resolution shell.

b
Rmerge = Σ|(I − <I>)|/σ(I), where I is the observed intensity.

c
Rwork = Σhkl | |Fo| − |Fc| |/Σhkl |Fo|, calculated from working dataset.

d
Rfree is calculated from 4.5% of data randomly chosen and not included in refinement.
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