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Ubiquitin ligases, together with their cognate ubiquitin-
conjugating enzymes, are responsible for the ubiquitylation
of proteins, a process that regulates a myriad of eukaryotic
cellular functions. The first cullin-RING ligase discovered,
yeast SCFC4“*, functions with the conjugating enzyme Cdc34
to regulate the cell cycle. Cdc34 orthologs are notable for
their highly acidic C-terminal extension. Here we confirm
that the Cdc34 acidic C-terminal tail has a role in Cdc34 bind-
ing to SCF€4°* and makes a major contribution to the submi-
cromolar K,, of Cdc34 for SCFC“*, Moreover, we demon-
strate that a key functional property of the tail is its acidity.
Our analysis also uncovers an unexpected new function for
the acidic tail in promoting catalysis. We demonstrate that
SCF is functional when Cdc34 is fused to the C terminus of
Cull and that this fusion retains partial function even when
the acidic tail has been deleted. The Cdc34-SCF fusion pro-
teins that lack the acidic tail must interact in a fundamentally
different manner than unfused SCF and wild type Cdc34,
demonstrating that distinct mechanisms of E2 recruitment to
E3, as is seen in nature, can sustain substrate ubiquitylation.
Finally, a search of the yeast proteome uncovered scores of
proteins containing highly acidic stretches of amino acids,
hinting that electrostatic interactions may be a common
mechanism for facilitating protein assembly.

Regulation of protein degradation by the ubiquitin protea-
some system is critical for cellular homeostasis (1). Ubiquityla-
tion is governed by a transfer cascade involving three enzyme
families (2). The E1? enzyme activates ubiquitin and transfers it
to a ubiquitin-conjugating enzyme (E2). The ubiquitin-charged

* This work was supported, in whole or in part, by National Institutes of Health

., Ruth Kirschstein Postdoctoral Fellowship F32 GM074471-01.

“ Author’s Choice—Final version full access.

51 The on-line version of this article (available at http://www.jbc.org) contains
supplemental text, references, Table S1, and Figs. S1-S6.

! Investigator of the Howard Hughes Medical Institute. To whom correspond-
ence should be addressed: Howard Hughes Medical Institute and the Divi-
sion of Biology, 156-29, California Institute of Technology, 1200 East Cali-
fornia Blvd., Pasadena, CA 91125. Tel.: 626-395-3162; Fax: 626-449-0756;
E-mail: deshaies@caltech.edu.

2 The abbreviations used are: E1, ubiquitin-activating enzyme; E2, ubiquitin
conjugating enzyme; E3, ubiquitin-protein isopeptide ligase; CRL, cullin-
RING-ligase; GST, glutathione S-transferase; Ub, ubiquitin; NTD, N-terminal
domain; CTD, C-terminal domain; D77 ubiquitin, ubiquitin with an aspar-
tate residue appended to the C terminus.

36012 JOURNAL OF BIOLOGICAL CHEMISTRY

E2s engage ubiquitin ligases (E3) that recognize and bind to
protein substrates targeted for ubiquitylation. This results in the
transfer of ubiquitin from the E2 to substrate, either directly or via
a covalent E3-ubiquitin intermediate. Subsequent ubiquitins can
be attached to the ubiquitin conjugated to substrate to initiate for-
mation of an ubiquitin chain. Transfer of at least four ubiquitins in
the form of a polyubiquitin chain constitutes a signal for recogni-
tion by proteasomes and ensuing degradation (3).

Thanks to the advances of genome sequencing and powerful
algorithms for comparing distantly related protein sequences, it
is now understood that there are perhaps as many as 650 dis-
tinct ubiquitin ligases encoded by the human genome (4), a
seemingly daunting statistic for those who wish to understand
molecular mechanisms of ubiquitylation. However, up to 350 of
these ligases may belong to a single family called cullin-RING-
ligases (CRLs) (4), such that mechanistic insight gained by the
analysis of one member of the CRL family may serve as a tem-
plate for understanding up to half of all E3s. Moreover, muta-
tions in or the misregulation of several CRL subunits have been
shown to promote tumorigenesis in numerous forms of cancer
(5, 6), and thus a mechanistic understanding of how these
ligases function may aid in the process of drug discovery.

The founding member of the CRLs is the yeast ubiquitin
ligase SCFC4* named after the Skp1l, Cull (Cdc53 in yeast),
and F-box proteins that form this multi-subunit enzyme com-
plex (7, 8). F-box proteins specifically recognize protein sub-
strates that are to be ubiquitylated by SCF. For instance, the
F-box protein Cdc4 binds to the SCF<?“* substrate Sicl, a
cyclin-CDK inhibitor and key regulator of the cell cycle in yeast.
A fourth subunit of SCF, Hrt1/Rbx1/Rocl, belongs to the RING
family of proteins and binds to E2s (9-13). The C-terminal
domain of Cdc53 binds Hrtl, whereas the N-terminal end of
Cdc53 binds to Skp1, which binds to an array of different F-box
proteins such as Cdc4. The x-ray structure of the cullin protein
reveals an elongated, platform-like shape, such that the cullin
acts as a scaffold that brings the F-box-substrate complex and
the E2 into proximity (14). There are several excellent reviews
that detail structural, functional, and biological aspects of the
CRLs (15-17).

The E2-conjugating enzyme for SC is a protein named
Cdc34 (18). Although all of the E2s share a common catalytic
domain that has a conserved sequence and structure, some of
them have additional domains appended to either their N or C
termini. In budding yeast, there are three E2s that have unique
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C-terminal extensions that are remarkable for the abundance of
acidic residues in the amino acid sequence: Cdc34, Ubc8, and
Rad6. However, the acidic tail of Cdc34 is much longer than the
extension on Radé6 and is far more conserved throughout
eukaryotic evolution than is the tail on Ubc8. For these reasons,
Cdc34 stands alone in the E2 family for its unique acidic tail
(supplemental Fig. S1).

Mutants lacking all or part of the acidic tail have profound
phenotypes by biochemical and genetic analysis. For instance,
deletion of the acidic tail is lethal in yeast (19, 20). Interestingly,
a Cdc34 null mutant can be rescued by grafting the acidic tail
onto the E2 Rad6, suggesting that the function of the tail is
portable (19, 20). GST pulldown assays with both wild type and
tail-truncated yeast or human Cdc34 demonstrated that the
acidic tail is likely involved in binding to SCF (21, 22). However,
a different study found no defect in SCF binding for a tail-
truncated human Cdc34 mutant (23), but nevertheless tail dele-
tion mutants of human Cdc34 have been reported to be
extremely defective in an in vitro ubiquitylation assay (22).

SCF<4“* was the first CRL to be fully reconstituted in an in
vitro ubiquitylation system, and SCF ligases remain the best
understood members of the CRL family. Nevertheless, we still
have only rudimentary insight into how the essential acidic tail
of Cdc34 enables ubiquitylation of SCF substrates. To address
this gap in our knowledge, we have taken an enzymological
approach to understand the role of the acidic tail in Cdc34-SCF
function. Our work extends previous observations that the
Cdc34 tail is important for SCF binding and establishes that the
acidity of the tail is its key functional attribute. We also pro-
vide evidence that the tail promotes ubiquitin transfer within the
substrate-SCF-Cdc34-Ub Michaelis complex. Finally, we show
that the acidic tail is not the only means by which Cdc34 can be
productively tethered to SCF, a finding that has important
implications for understanding the evolution of ubiquitylation
mechanisms. Our results illustrate how kinetic analysis can
provide important insights into the function of E2-E3
complexes.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Cdc34—All of the
Cdc34 coding sequences were amplified by PCR to encode a
six-histidine tag at the C terminus and expressed in Escherichia
coli cells. Bacterial cell pellets were sonicated in 30 mm Hepes,
pH 7.5, 250 mm NaCl, 0.1% detergent (Igepal CA-630 or Triton
X-100), 10% glycerol, and proteasome inhibitor mixture (Roche
Applied Science), and lysates were cleared by centrifugation.
Cleared lysates were incubated with nickel-nitrilotriacetic acid
beads (Qiagen) for 1 h at 4 °C, and afterward the beads were
briefly washed with lysis buffer. The beads were loaded into a
disposable column, which was then washed with at least 10
column volumes of lysis buffer. His-tagged proteins were eluted
in a buffer containing 50 mm Hepes, pH 7.5, 100 mm NaCl, and
500 mMm imidazole. This sample was then concentrated and
loaded onto a Superdex 75 gel filtration column that had been
equilibrated with 30 mm Tris, pH 7.5, 100 mm NaCl, 1 mMm
dithiothreitol, and 10% glycerol (storage buffer). Fractions con-
taining Cdc34 were pooled, concentrated, and then aliquoted
before storage at —80 °C.
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Note that yeast Cdc34-A271-295 (RDB929), which lacks the
distal 25 residues from the tail (for simplicity, we now refer to all
Cdc34 truncation proteins by the final C-terminal position (i.e.
Cdc34-A270)), has been shown to have activity comparable
with full-length yeast Cdc34 (24) (in the prior work Cdc34-
A270 was referred to as Cdc34-AC). We initially chose to work
with Cdc34-A270 because it is easier to purify and work with
than the full-length protein. Cdc34-A230 (RDB2322), which
was used as the starting point for analysis of a series of progres-
sive tail truncations, has nearly the same activity as Cdc34-A270
(supplemental Fig. S2). Other yeast Cdc34 truncation proteins
used in this study include: Cdc34-A225 (RDB2340), Cdc34-
A220 (RDB2341), Cdc34-A210 (RDB2323), Cdc34-A205
(RDB2342), and Cdc34-A190 (RDB2343).

GST Fusion Proteins—Sequences encoding yeast acidic tail
residues 171-270 were fused downstream of the GST coding
region to generate RDB2344 (GST-YACT). GST fusion to the
human acidic tail sequence comprised residues 175-238
(RDB2345) (GST-HACT). These proteins were expressed in
and purified from E. coli cells. Briefly, bacterial cell pellets were
sonicated in lysis buffer containing 30 mm Tris, pH 7.5, 250 mMm
NaCl, 5 muM dithiothreitol, 10% glycerol, and protease inhibitor
mixture. Clarified lysates were incubated with glutathione-
Sepharose 4B (GE Healthcare) resin for 2 h. The resin was
washed with lysis buffer, followed by elution with 20 mm Tris,
pH 8.0, 100 mm NaCl, and 10 mm glutathione. The purified
protein was then equilibrated into storage buffer by gel filtra-
tion and then aliquoted for long term storage at —80 °C.

Human Cull-Rbx1—Recombinant Cull-Rbx1 was purified
as previously described (25). Briefly, we used the split-n-co-
express method for expression in E. coli, where the Cull sub-
unit is divided and expressed as two fragments, the N-terminal
domain (NTD) and C-terminal domain (CTD) (26). The NTD
is expressed from a plasmid with chloramphenicol resistance
(RDB2080), and the CTD is expressed along with GST-Rbx1
from a different plasmid with ampicillin resistance (RDB2081).
These two plasmids were co-transformed into BL21 (DE3) bac-
terial cells. Transformants were cultured to an OD of ~1.0, and
expression was induced with isopropyl B-p-thiogalactopyrano-
side. Induction was carried out at 16 °C overnight. Bacterial
pellets were lysed, and the lysates were clarified by centrifuga-
tion and incubated with glutathione-Sepharose 4B (GE Health-
care) resin for 2 h. The resin was washed with lysis buffer, fol-
lowed by elution with 20 mm Tris, pH 8.0, 100 mm NaCl, and 10
mM glutathione. Thrombin was added to the eluate, and the
proteolysis reaction was incubated at 4 °C overnight. This mix-
ture was then loaded onto a HiTrap S HP ion exchange column
and eluted by salt gradient (note that GST does not bind to this
column). Fractions containing Cull-Rbx1 were concentrated
and loaded onto a Superdex-200 gel filtration column equili-
brated in storage buffer. Fractions with Cull-Rbx1 were con-
centrated, and the purified protein was frozen at —80 °C for
long term storage.

Cull-Cdc34 Fusions—Cull-Cdc34 fusion constructs were
prepared using an E. coli expression system similar to the one
described above. Sequences used for fusion assembly were
derived from the human proteins. Wild type Cdc34 and Cdc34-
A190 were fused to the C-terminal end of the CTD sequence
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using the amino acid sequence KGTREGKGSPEGKGTR as a
linker between CTD and Cdc34. CTD-wild type and CTD-
Cdc34-A190 were cloned into plasmids with chloramphenicol
resistance (RDB2346 and RDB2347, respectively), whereas
NTD and GST-Rbx1 were cloned into a plasmid with ampicillin
resistance (RDB2348). Either the CTD-Cdc34 or the CTD-
Cdc34-A190 plasmid was co-transformed with the plasmid
encoding NTD and GST-Rbx1 into BL21(DE3) cells. The re-
sulting transformants were used for protein expression. The
fusion proteins were purified in an identical manner as for the
CTD-NTD-Rbx1l complex, with the exception that anion
exchange using a HiTrap Q HP column (GE Healthcare) was
used for the fusion constructs. Purified proteins were equili-
brated into storage buffer by gel filtration and frozen at —80 °C
for long term storage. Note that the activities of the fusion pro-
teins, as well as the unfused human Cdc34 proteins, were neg-
atively affected by multiple freeze-thaw cycles as well as long
term storage (more than 1 month) at concentrations higher
than 100 um.

GI-CDK, SCF, and Sicl Expression and Purification—G1-
CDK and yeast SCF were expressed in insect cells by baculovi-
rus infection as previously described (27). Wild type Sicl
(RDB1706) was expressed in E. coli and purified using nickel-
nitrilotriacetic acid affinity chromatography. Stocks of purified
100 uMm wild type Sicl were equilibrated into storage buffer
using a PD-10 column (GE Healthcare) and frozen at —80 °C.

Phosphorylation of Sicl—Phosphorylation of Sicl was per-
formed in a similar manner as was previously described (27),
with the exception that the final concentration of *?P labeled
wild type Sicl was ~12 um.

Phosphorylation of K48R Ubiquitin and Purification of D77
Ubiquitin—K48R ubiquitin was purified from E. coli expressing
K48R ubiquitin coding sequences fused to GST coding
sequences (RDB1882). The fusion protein contained a protein
kinase A phosphorylation site immediately upstream of the
ubiquitin N terminus and downstream of a TEV protease rec-
ognition site. Phosphorylation was performed in the presence
of [y-**P]ATP and protein kinase A for 1 h at 30 °C. Unincor-
porated nucleotides were removed by desalting with a G25 col-
umn (GE Healthcare). Afterward, TEV protease and 0.5 mm
dithiothreitol were added, and the sample was incubated for 2 h
at 30 °C, followed by heating at 65 °C for 15 min to inactivate
TEV protease. The reaction was then cooled on ice for 5 min,
followed by centrifugation at maximum speed for 15 min in an
Eppendorf 5415D bench top centrifuge (this step pellets the
denatured GST protein). The supernatant containing labeled
K48R ubiquitin was collected and frozen at —20 °C. D77 ubiq-
uitin (RDB2226) was purified by virtue of its histidine tag at the
N terminus as previously described (25).

Ubiquitylation Reactions— All of the ubiquitylation reactions
were carried out in 30 mm Tris, pH 7.5, 50 mm NaCl, 5 mm
MgCl,, 2 mm ATP, and 2 mum dithiothreitol (see figure legends
for the time of reaction and the concentrations of the reaction
components). Sicl ubiquitylation reactions were quenched
with reducing SDS-PAGE buffer and separated on 10% Tris-
glycine SDS-PAGE gels. The gels were dried and exposed to a
phosphor screen for analysis. Quantification was performed
with ImageQuant (GE Healthcare) and plotted using Prism.
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The K, of Cdc34 for SCF reported in this study was substan-
tially lower than that reported in a prior publication from this
laboratory (25). This discrepancy is due to differing salt concen-
trations in the reactions. We have recently discovered that
binding of Cdc34 to SCF (and thus the K, of Cdc34 for SCF)
was exquisitely sensitive to salt (45). In addition, the maximal
rates of Sicl ubiquitylation reported here (2 min™"') are sub-
stantially slower than what we reported previously (12 min™ ')
(24). This is due to inadvertent overestimation of Sicl concen-
tration in the prior study.

Analysis of the Yeast Proteome—The yeast proteome was
scanned for protein sequences with acidic stretches using the
following algorithm. A defined length of residues (between 15
and 25) was used as a sliding window over each protein
sequence in the yeast proteome. If an acidic stretch of residues
(defined as containing aspartate or glutamate residues in
greater than 60, 70, or 80% of the positions within the window)
was encountered at least once during this process, this protein
is counted once, and the next sequence was analyzed. There-
fore, the total possible number of hits can be no greater than the
number of protein sequences in the data base (5,862 protein
sequences).

To determine the statistical significance of the results, the
sequence of each protein was randomized and then analyzed
for the presence of acidic stretches using identical criteria as
above. This process was repeated 10 times for each sequence in
the proteome. This was used to estimate the expected value of
acidic stretches for each protein sequence where the expecta-
tion is the average number of hits for all 10 randomized
sequences. Therefore, the expectation for each sequence will
have a range between 0 and 1. The expected value of the num-
ber of proteins from the proteome is the total sum of the indi-
vidual expectations. The entire process was repeated three
times. These estimates were then used to calculate the means
and standard deviations of the expected values (supplemental
Table S1). The proteomic search was done using custom PERL
software.

RESULTS

Deletion of the acidic tail of human Cdc34 results in a severe
loss of Cdc34-SCF activity in an “autoubiquitylation” assay (22).
This loss of activity can be explained by one of three possible
hypotheses. First, deletion of the tail may affect binding of
Cdc34 to SCF. Second, tail deletion may result in a loss of cat-
alytic activity of the Cdc34-SCF complex. Finally, the acidic tail
of Cdc34 may confer both binding and catalytic properties to
the conjugating enzyme. Prior pulldown studies in yeast have
pointed to a role for the acidic tail in binding to SCF (21, 22),
and this conclusion was supported by a biochemical study of
human Cdc34 that utilized autoubiquitylation as a functional
read-out (22). However, a subsequent analysis of p27 ubiquity-
lation by human Cdc34 concluded that the acidic tail is dispen-
sable for binding to SCF and instead appears to play a catalytic
function (23). To deconvolve the functions of the acidic tail, we
sought to measure its quantitative contribution to the kinetic
parameters of ubiquitylation with an authentic substrate.

We began our investigation by comparing the activities of
yeast Cdc34-A270 and Cdc34-A190. Cdc34-A270 lacks the dis-
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tal 25 amino acids of the tail but retains multiple highly acidic
stretches, is fully active in vitro (24), and supplies CDC34 func-
tion in vivo. Cdc34-A190 lacks ~85% of the tail (which starts
approximately at residue 171), including the major acidic
stretches, and is unable to supply Cdc34 function in vivo. The
assay we employed was a steady-state di-ubiquitin synthesis
assay (28), a key advantage of which is that it can be used to
assess both SCF-independent and SCF-dependent activities for
Cdc34. Radiolabeled K48R ubiquitin was added to reactions
containing E1, Cdc34, and ATP in either the presence or the
absence of SCF. Because Cdc34 forms Lys*® ubiquitin chains
with high specificity, K48R ubiquitin can form thioesters with
Cdc34 but will not attack Cdc34-ubiquitin thioesters. Once
Cdc34 was charged fully with the K48R ubiquitin, the reactions
were initiated by the addition of unlabeled D77 ubiquitin,
which cannot form thioesters with E2 because the terminal gly-
cine residue is blocked but is nevertheless able to attack
Cdc34-ubiquitin thioesters because Lys*® remains intact. The
product appears in the form of radiolabeled D77-K48R
di-ubiquitin.

Using a concentration of both Cdc34-A270 and Cdc34-A190
(2 uM) that was sufficient for A270 to saturate SCF, we mea-
sured the rate of di-ubiquitin synthesis in both the presence and
the absence of SCF<4“* (for simplicity, we will refer to SCF<4<*
hereafter as SCF unless noted otherwise). Both Cdc34-A270
and Cdc34-A190 formed di-ubiquitin with nearly identical
rates (Fig. 1, A and B). The addition of SCF stimulated Cdc34-
A270 activity by ~30-fold (Fig. 1C). In stark contrast, the rate of
di-ubiquitin formed by Cdc34-A190 was not enhanced at all by
SCF (Fig. 1D). These results demonstrate that although dele-
tion of the acidic tail had no effect on the SCF-independent
catalytic activity of Cdc34, it completely vitiated the SCF-en-
hanced boost in activity that was observed for Cdc34-A270.

Prior work has demonstrated that the C-terminal tail of
Cdc34 is both necessary and sufficient for binding SCF in a
pulldown assay (21). We next sought to test whether this bind-
ing is sufficient to inhibit SCF activity. Titration of GST yeast
tail into Sicl ubiquitylation reactions resulted in the nearly
complete inhibition of product formation at 200 um GST-tail
(Fig. 2) with an IC,, of 16 = 6 um. Note that inhibition was not
an artifact of the high concentration of protein because 200 um
GST had no obvious effect on Sicl ubiquitylation. This result is
consistent with the observation that the acidic tail is important
for Cdc34 function (21) and furthermore indicates that the
function of the tail cannot be supplied in trans.

Kinetic Analysis of Cdc34 Tail Truncations Reveals Defects in
Both Binding to and Catalysis with SCF—Our next goal was to
characterize Cdc34-A270 and Cdc34-A190 by measuring the
Michaelis-Menten kinetics for these E2s. To accomplish this,
E2 was titrated into multi-turnover Sicl ubiquitylation reac-
tions. The initial rate of Sicl ubiquitylation (defined as mole-
cules of substrate modified with one or more ubiquitins as a
function of time) was plotted against Cdc34 concentration, and
data were fit to the Michaelis-Menten equation. If Cdc34 is in
rapid equilibrium with SCF relative to the rate of ubiquitin
transfer, the K, may be interpreted as a pseudo equilibrium
binding constant between E2 and enzyme. Because numerous
ubiquitin molecules may be transferred to substrate during the
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time course of a reaction, it is important to note that k_,,, the
maximum rate of Sicl ubiquitylation, is a function of all the first
order rate constants, including the ubiquitin transfer rate and
product dissociation, and cannot be simply interpreted as the
rate of the chemical step. However, it seems very unlikely that
tail truncation would affect the dissociation of ubiquitylated
product from SCF, and thus any reduction in k_,, (as well as a
reduction in the number of ubiquitins attached per substrate
when E2 is saturating SCF) is likely to be indicative of a defect in
catalysis.

We first measured K, and k., for Cdc34-A230, which has
nearly the same activity for Sicl ubiquitylation as Cdc34-A270
(supplemental Fig. S2). Cdc34-A230 had a K, of ~160 nm and a
ko of ~3 min~" (Fig. 3, A and G). Saturating concentrations of
Cdc34-A230 resulted in highly ubiquitylated products that
barely migrated into the SDS-PAGE gel. To complement the
K, determination, we also measured the intracellular concen-
tration of Cdc34 by a combination of quantitative immunoblot-
ting and quantitative fluorescence (supplemental Fig. S3).
Cdc34 was present at ~10 uM in the nucleus and 2.9 um in the
cytoplasm. It should be noted that K, was measured at 50 mm
NaCl, and interaction of human Cdc34 with human SCF is sen-
sitive to salt (45). Nevertheless, it would appear that a signifi-
cant fraction of SCF is bound to Cdc34 in vivo and in the
nucleus is likely to be saturated.

By contrast with the efficient ubiquitylation of Sicl by
Cdc34-A230, titration of Cdc34-A190 into Sicl ubiquitylation
reactions yielded dramatically different kinetic parameters.
The K, for Cdc34-A190 (16 um) was ~100-fold greater, which
together with the GST tail inhibition experiment solidifies the
notion that the acidic tail of Cdc34 is an important determinant
of functional E2 binding to SCF (Fig. 3, B and H, and supple-
mental Fig. S4). We note that K, for Cdc34-A190 and the IC,,
for the GST tail were nearly identical, suggesting that the cata-
lytic domain and the acidic tail of Cdc34 alone have comparable
weak affinities for SCF. Direct binding measurements con-
firmed the kinetic observations reported here that the acidic tail
stabilized association of the catalytic domain with SCF (45).

In addition to the increase in K, we also observed that the
k... for Cdc34-A190 was ~10-fold less than k_,, for Cdc34-
A230. Even when Cdc34-A190 was close to saturating SCF,
chain elongation on Sicl was substantially attenuated (Fig. 3B).
For example, notice that unlike Cdc34-A230, there were no
high molecular weight products formed with Cdc34-A190 that
migrated at the top of the gel. Thus, in addition to promoting
binding to SCF, the acidic tail also promotes ubiquitin transfer
within the Cdc34-Ub-SCFE-substrate complex.

To dissect more finely the different activities of the acidic tail,
we created a truncation series in which 5 or 10 residue blocks
were progressively deleted from the C terminus of the Cdc34-
A230 sequence. The first mutant in the truncation series,
Cdc34-A225, resulted in an activity that was indistinguishable
from Cdc34-A230 (Fig. 3, C and H, and supplemental Fig. S4).
The next mutant, Cdc34-A220, exhibited a modest 3-fold
increase in K, but no change in either k_,, or ubiquitin chain
elongation on substrate (Fig. 3, D and H, and supplemental Fig.
S4). Deletion of an additional 10 residues created a mutant
(Cdc34-A210) that was severely defective in K, (Fig. 3, Eand H,
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FIGURE 1. Yeast Cdc34-A190 is functional but cannot be activated by SCF. Di-ubiquitin synthesis assays containing 250 nm E1, 2 um Cdc34-A270 or
Cdc34-A190, 6 um >?P-labeled K48R ubiquitin, and 50 um D77 ubiquitin were performed for the specified times both in the absence and the presence of 100
nm SCF. A, Cdc34-A270; B, Cdc34-A190; C, Cdc34-A270 with SCF; D, Cdc34-A190 with SCF. Notice that Cdc34-A270 and Cdc34-A190 form product at similar
rates in the absence of SCF, demonstrating that tail deletion does not disturb the structure and catalytic function of Cdc34-A190. Each graphical data point
represents the mean of triplicate data values from three independent experiments, and the error bars are the standard deviations.
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FIGURE 2. The acidic tail inhibits Sic1 ubiquitylation by Cdc34-SCF. Reactions containing 1.6 umyeast E1, 100 nmyeast SCF, 1 um >2P-labeled Sic1, 2 um yeast
Cdc34-A270, and 150 um ubiquitin were incubated for 1 min at 20-22 °C along with various concentrations of GST-tail (residues 171-270; GST-YACT) or GST
prior to quenching with reducing SDS-PAGE buffer. Substrate conversion to product was quantified and plotted as the rate of Sic1 ubiquitylation versus the log
of the GST fusion concentration. An IC,, of 16 == 6 um was estimated from nonlinear curve fitting the data to a sigmoidal dose-response curve with a fixed slope

of 1 (Prism).

and supplemental Fig. S4). The K, for Cdc34-A210 was com-
parable with the K, for Cdc34-A190, indicating that residues in
between amino acids 211 and 220, in the sequence DDENGS-
VILQ), can mediate binding of Cdc34 to SCF. In addition to the
K, defect, there was a noticeable decrease in ubiquitin chain
elongation. Finally, Cdc34-A205 exhibited a K, similar to
Cdc34-A210, but unlike Cdc34-A210, Cdc34-A205 showed a
decrease in k_,, in addition to a noticeable defect in ubiquitin
chain elongation (Fig. 3, F and H, and supplemental Fig. S4). In
conclusion, we found that residues 211-220 in the Cdc34 acidic
tail contribute to binding to SCF, whereas the more proximal
segment 191-210 appears to affect catalysis.

Although it is clear that the tail is essential for Cdc34 func-
tion and interaction with SCF, it is largely unknown exactly
what property of the tail comprises its essential function. Our
fine scale deletion mapping data cast doubt on the assumption
that the acidity of the tail is its critical feature, because the
sequence in the region spanning amino acids 211-220
(DDENGSVILQ) contains only three acidic residues, but its
deletion increases K,, by 36-fold. Meanwhile, both the seg-
ments immediately upstream (residues 201-210) and down-
stream (residues 221-230) are more enriched for Glu and Asp,
but deletion of either segment has only a modest effect on K,,.
To resolve this apparent discrepancy, we sought to address
directly the issue of whether the acidity of the tail is in fact
relevant to its biological function by replacing the entire stretch
of residues from 211 to 230 with acidic amino acids. Remark-
ably, this mutant, Cdc34-A210;-230, was capable of ubiquity-
lating Sicl with essentially identical kinetics as compared with
Cdc34-A230 (Fig. 4). In addition to the highly similar values of
K, and k_,, for the two proteins, chain elongation on Sicl was
also very similar. This result provides compelling evidence that
electrostatic interactions involving tail residues C-terminal to
residue Asp®'® play a key role in mediating contacts between
Cdc34 and SCF.

Fusion of Cdc34 to Cull Partially Rescues Cdc34-A190
Activity—If a key function of the acidic tail is indeed to help
tether Cdc34 to SCF, then it should be possible to at least par-
tially compensate for deletion of the tail by directly fusing
Cdc34 to SCEF. To test this hypothesis, we sought to construct
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fusions between human Cull and human Cdc34. The rationale
for using the human proteins for this experiment is 2-fold. First,
there are crystal structures for human Cull and Cdc34 but not
the yeast proteins. Second, the human Cull can be expressed at
high levels in E. coli as two separate fragments, which would
facilitate the expression and analysis of chimeric constructs. It
is important to note that the acidic tail of human Cdc34 is
important for its function in SCF-dependent substrate ubiqui-
tylation (22). Moreover, we confirmed that the tail domain of
human Cdc34, like that of yeast Cdc34 (21) bound Cull-Rbx1 in
a GST pulldown assay (supplemental Fig. S5).

To construct an SCF-Cdc34 chimera, we settled on a design
in which the N terminus of Cdc34 was fused to the C terminus
of Cull using a flexible 16-residue glycine-rich linker that was
predicted by computational analysis to be long enough to span
the two termini in an E2-SCF complex. We anticipated that the
fusion should keep SCF and Cdc34 in close proximity, such that
SCF would be continuously saturated with Cdc34.

For the experiments shown in Fig. 5, wild type Cdc34 and
Cdc34-A190 fused to Cull were co-expressed with Rbx1 in
E. coli and purified. To avoid confusion, the noncovalent com-
plex formed by co-expressed Cull and Rbx1 is referred to as
Rbx1+Cull. Fused complexes were either assayed as is or
assembled with Skp1-BTrCP expressed in baculovirus-infected
insect cells. In a direct comparison, unfused wild type Cdc34
and Rbx1+Cull (Fig. 54) and wild type Rbx1+Cull-Cdc34
fusion (Fig. 5B) yielded similar activities in the di-ubiquitin syn-
thesis assay. Because it is known that the same interface on E2
binds to both RING and E1 (i.e. E2 cannot bind to both E1 and
RING simultaneously) (29), this result indicated that fusion of
Cull to Cdc34 did not impede the access of Cdc34 to either
Rbx1 or E1 enzyme and that the catalytic domain of the fused
Cdc34 can dissociate from and reassociate with SCF to engage
in multiple rounds of di-ubiquitin synthesis. As expected,
assaying unfused human Cdc34-A190 (using the same concen-
tration as wild type Cdc34) with Rbx1+Cull produced no
detectable product during the reaction time course (Fig. 5A4).
However, the Rbx1+Cull-Cdc34-A190 fusion was active and
produced di-ubiquitin, albeit at a reduced rate compared with
the wild type fusion (Fig. 5B).
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Cdc34-A210.

Human SCF activity is stimulated by covalent modification
of a conserved lysine residue on Cull with the ubiquitin-like
protein Nedd8 (30). We tested whether neddylation of the Cull
fusion proteins would stimulate activity in a manner similar to
the unfused proteins. Indeed, neddylation of both the wild type
and Cdc34-A190 fusions resulted in a substantial increase in
activity (supplemental Fig. S6), further demonstrating that
fusion of Cull and Cdc34 did not corrupt normal SCF function.
Given that the stimulatory effect of neddylation was modest
under the multi-turnover reaction conditions used here, we
chose to work with unmodified SCF for the remainder of the
experiments with the fusion constructs.

Given the qualitative rescue effect of the fusion, the time
courses for wild type and A190 fusion were repeated with more
time points and longer reaction times to quantify the differ-
ence in activity, which was ~10-fold (Fig. 5, C and D). Because
the Cull+Rbx1 module within the fusion complex should be
saturated with Cdc34, the 10-fold reduction in the rate of di-
ubiquitin formation most likely represents a defect in catalysis,
which compares favorably with our kinetic analysis of unfused
yeast Cdc34-A190 (Fig. 3B).

We next compared the activities of the wild type and Cdc34-
A190 fusion SCFP™™P complexes using the SCFFT™P substrate,
mono-ubiquitylated B-catenin peptide (Ub-B-catenin) (25).
We chose to use Ub-B-catenin as substrate because it is conju-
gated with ubiquitin more rapidly than the unmodified peptide,

thereby simplifying quantitative analysis. Remarkably, the
activity of the Cdc34-A190 fusion was within 2-fold of the wild
type fusion (Fig. 5E). Thus, the acidic tail of Cdc34 was almost
entirely dispensable for ubiquitylation of Ub-3-catenin when
Cdc34 was fused to Cull. Interestingly, the activity of the wild
type Cull-Cdc34 fusion toward an authentic substrate was sub-
stantially reduced compared with unfused proteins (~15-fold
reduction of substrate consumption). Recall that the fused pro-
teins had approximately normal activity in a di-ubiquitin syn-
thesis assay (Fig. 5, A and B). We suggest that Cdc34 in the
fusion complex is overconstrained by having three separate
attachments to SCF (the fusion joint, the catalytic domain-
RING interaction, and the acidic tail-SCF interaction).
Together, these interactions may restrict rotational and confor-
mational flexibility required for juxtaposition of Cdc34~Ub
and substrate within the SCF complex.

Acidic stretches in protein sequences may be a general strat-
egy for promoting protein-protein interactions. Given the crit-
ical role of the acidic tail in Cdc34 function, we wondered
whether there are additional proteins in the yeast proteome
whose function might also depend on highly acidic peptides. To
gain insight into this question, the yeast proteome was system-
atically searched for proteins that contain acidic stretches. Sur-
prisingly there were numerous proteins that contained at least
one highly acidic stretch of residues of significant length.

FIGURE 3. Progressive deletion of the Cdc34 acidic tail results in defects in both Cdc34 binding to SCF and catalysis. All of the reactions contained 1.6 um
yeast E1, 100 nm yeast SCF, 1.2 um 32P-labeled Sic1, 300 um ubiquitin, and Cdc34 (2-fold serial dilutions starting at 5 or 100 um). A, various concentrations (see
figure) of Cdc34-A230 were incubated with the above reactants at 20-22 °Cfor 1 min and quenched by SDS-PAGE buffer. B, same as above, except Cdc34-A190
was the E2, and reactions were incubated for 30 min prior to quenching. C, Cdc34-A225. The incubation period was 1 min. D, Cdc34-A220. The incubation
period was 1 min. E, Cdc34-A210. The incubation period was 1 min. F, Cdc34-A205. The incubation period was 2 min. G, graph plotting the rate of Sicl
ubiquitylation against the concentration of Cdc34-A230. The data were fit to the Michaelis-Menten equation using nonlinear curve fitting (Prism). Each
graphical data point represents the mean of duplicate data values from two independent experiments, and the error bars are the standard deviations.
H, summary of the results from Fig. 3. K,,, and k_,, values are given for each Cdc34 construct. The units for k., are min~"'. The black bar encompasses residues
from the distal tail, and the gray bar encompasses residues from the proximal tail.
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For example, consider that there is an acidic stretch of 25 con- A
tiguous residues in the yeast Cdc34 amino acid sequence (residues @ 7007 Asp/Glu > 0.6
208 —-232) where 72% of those residues are aspartates or gluta- 2 600 B Yeast Proteome
mates. We found 83 protein sequences in the yeast proteome that é’_ 500_' [0 Randomized
each contain at least one acidic stretch spanning 25 contiguous 3 h
residues in which at least 70% of the residues were Glu or Asp (Fig. - 4007
6B). When protein sequences from the entire yeast proteome were ‘@ 3007
shuffled and reanalyzed for the presence of equivalent acidic E 200..
stretches, essentially no proteins were identified (supplemental o 100_‘
Table S1), eliminating the trivial possibility that our analysis g 1

revealed protein sequences loaded with acidic residues.

Careful inspection of the Cdc34-A230 acidic tail sequence (as
well as the human ones) identifies a smaller stretch of residues
that is even more acidic. These concentrated stretches may be
important for biological function. Searching the yeast pro-
teome for acidic stretches of 15 residues where at least 80% of
the residues are acidic yielded 146 proteins (Fig. 6C), hinting
that the binding mechanism utilized by Cdc34 and SCF may be
a general phenomenon.
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DISCUSSION

The results of our quantitative biochemical characterization of
the Cdc34 acidic tail rationalize prior discrepancies in the litera-
ture by providing strong evidence that the acidic tail has multiple
effects on the ability of Cdc34 to engage productively the SCF
ubiquitin ligase. The acidic tail can be dissected into two domains:
a highly acidic distal portion and a less acidic more proximal seg-
ment that links the acidic segment to the catalytic domain. The
more distal segment of the acidic tail promotes binding of Cdc34
to SCF. The key role of acidity in this interaction is underscored by
the observation that a functionally critical segment of the tail
(amino acids 211-230) can be replaced by poly(Glu-Asp). Strik-
ingly, the role of the tail in recruitment of Cdc34 to SCF can be
partially suppressed in vitro by direct fusion of Cdc34 to Cull.
Contrary to findings reported by Wu et al. (22), we found that the
more proximal segment of the tail does not appear to affect the K,
of Cdc34 for SCF but instead promotes ubiquitin transfer from E2
to substrate within the Cdc34-Ub-SCF-substrate complex. We
note that this discrepancy may be due to the fact that the kinetic
analysis presented here employed the yeast Cdc34 protein,
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whereas human Cdc34 was analyzed by Wu et al. (22). Taken
together, our results provide a quantitative biochemical rationale
for why deletion of the Cdc34 tail influences both recruitment to
SCF (21, 22) and catalysis (23) and is a lethal mutation in budding
yeast.

Acidic Tail Sequences Have a Role in Binding to SCF—En-
zyme kinetic assays reported here indicate that the acidic tail of

FIGURE 6. Proteins that contain long acidic stretches are abundant in the
yeast proteome, suggesting that the paradigm of Cdc34-SCF represents
a common mechanistic solution for facilitating protein assembly. Each
protein sequence in the yeast proteome was searched for peptides of lengths
between 15 and 25 residues that contain at least 60% acidic residues (A), 70%
acidic residues (B), or 80% acidic residues (C).

the Michaelis complex. Deletion of the tail increases K, for
Cdc34 by ~100-fold, testifying to its importance. This observa-

Cdc34 contributes to recruitment of Cdc34-Ub to SCF to form  tion, combined with the surprising result that residues in the

FIGURE 5. Fusion of human Cdc34-A190 to Cul1 can partially rescue the defect of Cdc34 tail deletion in ubiquitylation reactions. A, di-ubiquitin
synthesis assay comparing wild type and Cdc34-A190 in the presence of Rbx1+Cull1. B, comparison of wild type (WT) and Cdc34-A190 fusions to Cul1.
Reactions containing either 300 nm Rbx1+Cul1 and 300 nm Cdc34 or containing 300 nm Rbx1+Cul1-Cdc34, 0.7 um human E1, 6 um *2P-labeled K48R ubiquitin,
and 50 um D77 ubiquitin were incubated at 20-22 °C for the specified times and quenched with SDS-PAGE buffer. No products were observed when
Cdc34-A190 was assayed as an unfused species. C and D, di-ubiquitin synthesis assay comparing Cul1 fusions to either wild type Cdc34 (C) or A190 Cdc34 (D).
The reactions containing 300 nm Rbx1+Cul1-Cdc34, 0.7 um human E1, 6 um 3?P-labeled K48R ubiquitin, and 50 um D77 ubiquitin were incubated at 20-22 °C
for the specified times and quenched with SDS-PAGE buffer. E, Ub-B-catenin (25) ubiquitylation reactions comparing unfused wild type and Cdc34-A190 (300
nm) in the presence of Rbx1+Cul1 (300 nm) or of wild type and Cdc34-A190 fusions (1.2 um). SCFAT™P complex formation was accomplished by briefly mixing
equimolar amounts of either Rbx1+Cul1 or the Rbx1+Cul1-Cdc34 fusions with BTrCP prior to initiation of the reaction by the addition of substrate. The
reactions also contained 0.7 uME1, 75 um Ub, and 3 um 32P-labeled Ub-B-catenin peptide. The reactions were incubated at 20-22 °C for the specified times. All
of the experiments were done in duplicate.
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tail important for binding can be completely replaced with
acidic residues, argues that the principle function of the tail is to
mediate an electrostatically driven interaction with SCF. Fur-
ther evidence that the tail plays an important role in recruit-
ment of Cdc34 to SCF is provided by the observation that a tail
deletion mutant can be partially suppressed by direct fusion of
Cdc34 to the Cull subunit of SCF. These observations supple-
ment prior work, which had shown that the Cdc34 tail can
confer CDC34 genetic function when fused to the E2 Rad6 (19,
20) and that the Cdc34 tail binds SCF in a pulldown assay (21,
22). However, an important distinction is that pulldown assays
yield correlative information on binding that may or may not be
relevant to catalysis. For example, it is well known that some
E2-RING E3 pairs exhibit strong biochemical activity even if
direct binding cannot be detected in a pulldown assay, and con-
versely, it is possible to form E2-E3 complexes that lack cata-
lytic activity (4). Indeed, our own analysis of Cdc34 truncation
mutants revealed that deletion of the C-terminal 65 residues
from yeast Cdc34 eliminated binding to SCF (as determined by
pulldown assay) but had no effect on the K, of Cdc34 for SCF
(this work).? By contrast, the K, effects reported here provide
direct confirmation that the acidic tail contributes to the for-
mation of a functional Cdc34+Ub-SCEF-substrate complex.

Our progressive deletion analysis revealed a particularly crit-
ical role for tail amino acids 211-220 in mediating Cdc34-SCF
association. However, the essentially normal activity of a syn-
thetic chimera in which amino acids 211-230 were replaced by
poly(Glu-Asp) argues against the presence of any specific infor-
mation in this segment other than acidic amino acids. Because
every subsequent block of 10 amino acids on through the C
terminus contains at least three acidic residues, we suggest that
there is nothing unique about amino acids 211-220 other than
that it contains the most proximal acidic segment that can
engage SCF productively. We suggest that in the wild type
Cdc34, multiple short acidic stretches in the distal half of the
tail can bind SCF in a quasi-redundant manner.

Evaluating the role of the acidic tail in light of the structure of
other E2s raises a question: why does Cdc34 use an acidic tail to
interact with SCF, whereas other E2s appear to dock to their
cognate E3 principally via the N-terminal « helix and loop
regions flanked by 8 strands 3 and 4 (loop 1) and « helices 2 and
3 (loop 2)? Our data indicate that on their own, the catalytic
domain and the acidic tail of Cdc34 each have very weak affin-
ities for SCF (~16 um). We propose that the tail has weak affin-
ity for SCF because charged residues must be desolvated before
they can interact with each other (31), which renders electro-
statically driven interactions inherently unstable because of the
unfavorable energetics of desolvating charged side chains.
However, upon binding SCF, the tail would tether the catalytic
domain nearby and thereby drive its efficient docking to the
RING and Cull, despite the fact that the catalytic domain by
itself has relatively poor affinity. Thus, instead of deriving favor-
able binding energy from a single interface, the Cdc34-SCF
complex is stabilized by independent contributions of two dis-
tinct interfaces. In this way, each domain stabilizes binding of

3 M. Petroski, unpublished data.
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the other via an avidity effect, similar to how each Fab contrib-
utes to the tight binding of an intact IgG to polyvalent antigen.
This strategy of achieving high affinity binding by brandishing
two relatively weak interfaces as opposed to a single tight inter-
face may provide a kinetic advantage for forming a functional
complex, because there is evidence that electrostatic interac-
tions can occur very rapidly (32, 33). Indeed, in other work we
have shown that the acidic tail maintains a high affinity yet
highly dynamic interaction between Cdc34 and SCF by binding
to a basic region on Cull (45).

The Role of Proximal Tail Sequences in Promoting Catalysis—
In addition to promoting functional interaction between Cdc34
and SCF, the proximal region of the acidic tail (i.e. residues
upstream of residue 210) promotes ubiquitin transfer from
Cdc34-Ub to substrate within the Cdc34-Ub-SCF-substrate
Michaelis complex. The magnitude of the effect we measured
was ~10-fold, but this may be an underestimate, because we
calculated k_,, based on molecules of substrates modified per
SCF per unit time, and comparisons of single- and multi-turn-
over reactions (25) suggest that some step other than the chem-
ical step is rate-limiting under multi-turnover conditions. This
is also evident from examining the pattern of conjugates pro-
duced by Cdc34 variants that either contain or lack the proxi-
mal region of the tail; mutants deleted for the proximal tail yield
reaction products of lower average mass (i.e. bearing fewer
ubiquitin modifications). In any event, this catalytic role of the
tail reported here went undetected in prior studies, which relied
primarily on binding assays. Although the acidic tail has a
demonstrable k_,, effect, the mechanism by which this occurs
remains unknown and awaits further study.

Flirting with Evolution: Redesigning the Cdc34-SCF In-
teraction—Our results indicate that Cdc34 employs an acidic
tail to stabilize its productive interaction with SCF. Other
E2-E3 pairs (i.e. Rad6-Ubrl and Ube2g2-gp78) also form con-
tacts other than the canonical catalytic domain-RING interface
to stabilize association (34—-36). Indeed, there is even an
extreme example in which E2 and E3 are expressed as a single
polypeptide chain (37). This suggested to us that it may be pos-
sible to redesign the Cdc34-SCF pair such that productive
interaction of the E2 catalytic domain with the RING subunit of
SCEF is facilitated by direct protein fusion rather than the distal
segment of the acidic tail. Remarkably, fusion of the N terminus
of Cdc34 to the C terminus of Cull largely negated the benefit
of possessing an acidic tail when assays were carried out with a
mono-ubiquitylated B-catenin peptide substrate. Taken
together with the properties of other E2-E3 pairs noted above,
this result suggests that it is important for E2 to be able to bind
rapidly to its cognate E3 to effect ubiquitin transfer to substrate
but that the exact mechanism by which rapid binding is
achieved is not necessarily critical. Thus, we suggest that there
will be diverse, convergent evolutionary solutions to facilitate
rapid association of E2s and E3s.

Other Examples of Acidic Tail-containing Proteins and Their
Functional Similarity to Cdc34-SCF—Our observation that a
synthetic distal tail with very low sequence complexity (poly-
(Glu-Asp)) is nevertheless capable of mediating functional
interaction of Cdc34 with SCF suggested the possibility that
polyacidic (or polybasic) stretches might be used more gener-
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ally to drive protein-protein interactions. Searching the yeast
proteome for other proteins that contain acidic regions pro-
duced a bolus of hits. Unlike Cdc34, acidic stretches were not
confined to the C-terminal regions of protein sequences but were
also found appended at the N terminus or sometimes even in the
middle of these proteins, likely in the form of loops. Although it is
beyond the scope of this manuscript to delve deeply into a func-
tional analysis of all of these proteins, a cursory glance revealed a
couple of striking examples, as detailed below.

One protein, Qcr6, contains an extraordinary acidic tail of 48
residues near its N terminus. Almost 80% of these residues are
either glutamates or aspartates. Qcré6 is a subunit of the cyto-
chrome bc,; complex, a highly conserved multi-subunit enzyme
involved in cytochrome ¢ maturation (38, 39). It has been
known for some time that cytochrome ¢ maintains a large pos-
itive dipole moment (40). Although no direct biochemical stud-
ies have been done, it has been shown that the reaction rate
decreases steadily with increasing ionic strength of the reaction
solution (41), a result that is typically interpreted as evidence for
electrostatic interactions between two proteins. It is tempting
to speculate that the tremendous rate of electron transfer
between cytochrome ¢ and the bcl enzyme is enabled by an
electrostatic interaction between Qcr6 and cytochrome ¢,
where the acidic tail of Qcr6 helps align cytochrome c to pro-
mote productive binding to the cytochrome bc; complex.

In another example, we found a ~60-residue-long acidic tail
at the C terminus of Vhs3, a functionally redundant inhibitory
subunit of Ppz1p, a Ser/Thr protein phosphatase (42). Interest-
ingly, Ppz1 has a basic N-terminal domain with a theoretical pI
of 9.7 and an estimated charge (at pH 7) of 17. Furthermore, the
functionally redundant inhibitory subunit of Ppz1, Sis2/Hal3,
also maintains an acidic tail at its C terminus.

As a final note, it has long been understood from the work of
Ptashne and co-workers (43, 44) that some transcriptional reg-
ulatory proteins have highly acidic stretches of amino acids in
their activator domains. In fact, these acidic sequences can be
transferred from one regulator to another, reminiscent of the
ability of the Cdc34 tail to function with the catalytic domain of
the E2 Radé6 (19, 20).
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