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The Yeast Cell Cycle Gene CDC34 Encodes a
Ubiquitin-Conjugating Enzyme

MARK G. GOEBL, JOHN YOCHEM,* STEFAN JENTSCH,T
JoHN P. MCGRATH, ALEXANDER VARSHAVSKY, BRECK BYERST

Mutants in the gene CDC34 of the yeast Saccharomyces cerevisiae are defective in the
transition from G; to the S phase of the cell cycle. This gene was cloned and shown to
encode a 295-residue protein that has substantial sequence similarity to the product of
the yeast RAD6 gene. The RAD6 gene is required for a variety of cellular functions
including DNA repair and was recently shown to encode a ubiquitin-conjugating
enzyme. When produced in Escherichia coli, the CDC34 gene product catalyzed the
covalent attachment of ubiquitin to histones H2A and H2B in vitro, demonstrating
that the CDC34 protein is another distinct member of the family of ubiquitin-
conjugating enzymes. The cell cycle function of CDC34 is thus likely to be mediated by
the ubiquitin-conjugating activity of its product.

HE CRUCIAL TRANSITION FROM G;

I to the S phase of the cell cycle has
been the subject of detailed physio-
logical and genetic analysis in the yeast
Saccharomyces cerevisiee. When yeast cells
reach a critical size during the G; phase of
the cell cycle, they perform a function
known as “start” and become committed to
undergoing a cell division (1, 2). The subse-
quent transition to S phase entails the coor-
dinate initiation of several events, which
include bud emergence, spindle morpho-
genesis, and, finally, DNA replication (1, 3).
Many of the genetically controlled functions
required during these early phases of the cell
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cycle have been identified by characteriza-
tion of temperature-sensitive (ts) mutations
in the cell division cycle (CDC) genes (1).
Several of the ¢dc mutants fail to execute the
start function under nonpermissive condi-
tions (1, 2). Molecular analysis of the start
CDC genes has shown that some of their
products regulate pathways of protein phos-
phorylation (4). The start function is also
regulated by yeast analogs of the mammali-
an guanosine 5'-triphosphate (GTP)-bind-
ing proteins Gs-a (5) and RAS (6). After
start, functions mediated by the CDC4 and
the CDC34 gene products are also required
before the initiation of chromosomal DNA
replication can occur (3, 7, 8). Under non-
permissive conditions, ts mutants in CDC4
and CDC34 develop numerous abnormal
(elongated) buds, and the spindle pole body
duplicates but fails to undergo the separa-
tion required for spindle formation (7).
Our molecular analysis of the functions
following start was initiated by characteriza-
tion of the cloned CDC4 gene. The deduced
amino acid sequence of the 779-residue
CDC4 product contains a repeated motif

similar to that found within the B subunits
of mammalian GTP-binding proteins, such
as Gg and transducin (9). Another segment
of the CDC4 product is similar to the
products of the CDC36 gene and the mam-
malian efs oncogene (10). Here we describe
the molecular and functional analysis of
another post-start gene, CDC34.

Yeast DNA complementing the ts muta-
tion cdc34-1 in strain G101 was isolated
from a library of S. cerevisiae genomic DNA
(11) constructed in the vector YRp7 (12).
The putative CDC34 gene was mapped
within the insert [Fig. 1, (12)], and found
by R-loop analysis to encode a polyadenylat-
ed RNA ~1.2 kb in length (8). To verify
that the cloned DNA sequence. contained
CDC34, we integrated the complementing
plasmid into the yeast genome via homolo-
gous recombination and mapped the site of
integration. Strain G102 :: CDC34, which
contains a chromosomally integrated copy
of plasmid pCDC34-79, was mated to strain
G101 (13). Tetrads resulting from the spor-
ulation of this diploid demonstrated tight
linkage between ¢dc34-1 and the TRP1 gene
present on the integrated plasmid (19/19
parental ditype tetrads). Integration of plas-
mid pCDC34-79 at the cdc34 locus indicated
that the plasmid contains the CDC34 gene.

By conventional genetic mapping (Table
1), we located CDC34 on the right arm of
chromosome IV. The map order is CEN4-
trp1-cdc34-mak21-rad55. Since the restriction
map of CDC34 differs from that of RRP1,
which also maps in this region, cdc34 is not
allelic to any previously mapped yeast gene.

To determine whether the distinctive
multibudded morphology of arrested cdc34
cells results from the loss of CDC34 func-
tion under nonpermissive conditions, we
inserted the yeast HIS3 gene within the
open reading frame of one copy of CDC34
in two diploid strains (14). When these
diploids were sporulated and dissected, 60

Bg A S B RV RI B/Sau
L | X (R { i
» mRNA
F -
HIS3
1 kb

Fig. 1. Physical map of the CDC34 locus. Indicat-
ed is part of plasmid pCDC34-79 showing posi-
tions of the sequenced yeast genomic DNA insert
(striped segment), the CDC34 mRNA (arrow),
the CDC34 open reading frame (ORF), the inser-
tion used to generate a truncated cdc34-3 ORF
(19) (small triangle), and the site of a HIS3
insertion used to disrupt CDC34 (14). Designa-
tions: A, Apa I; B, Bam HI; Bg, Bgl II; RI, Eco
RI; RV, Eco RV; S, Sca I; and B/Sau, Bam HI/
Sau 3 Al restriction site junction.
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Table 1. Chromosomal mapping of cdc34 [see
(27) for details).

Segregation )
Gene Pail' (no. Of tCtrads)* Map d&t;nccT

PD NDP TT

arol-cdc34 12 1 23 425
trp1-rad55 31 7 108 56.9
trp1-cdc34 43 0 100 446
cdc34-rad55 206 O 47 9.2
cdc34-mak21 104 O 3 14
mak21-rad55 91 O 16 7.5
*PD), parental nonparental

fVa?Pc(x’) in omtlmorgans ( as dc

scribed i (28).

tetrads each contained two viable spores
(which were His™) and two inviable spores.
The inviable spores germinated without di-
viding, forming multiple, clongated buds
(8). The striking similarity of this probable
null cde34 phenotype to that caused by the
adc34-1 ts mutation indicates that the defect
in cc34-1 mutants results from loss of
CDC34 function under nonpermissive con-
ditions.

When a 2.2-kb Apa I-Sau 3AI DNA
fragment containing CDC34 (Fig. 1) was
hybridized to electrophoretically fractionat-
ed S. cerevisisee DNA that had been digested
with various restriction endonucleases, sev-
eral cross-hybridizing bands were detected
(Fig. 2A). A computer-assisted search of the
sequenced CDC34 DNA (see below, Fig. 3)
revealed no sequence similaritics between the
probe and known yeast repetitive elements.
However, the DNA encoding a highly acid-
ic region of the CDC34 product consists
largely of aspartic acid—coding triplets GAC
and GAT in tandem array, and could possi-
bly cause cross-hybridization to other genes
encoding tracts of aspartic acid residues. To
explore this possibility, the Apa I-Sau 3AI
fragment (Fig. 1) was digested with Eco RV
to yield two fragments, one of which con-
tained all of the repeated (GAC/T), se-
quences (Fig. 3). Both of these fragments
hybridized to CDC34 sequences (Fig. 2B),
whereas only the fragment containing the
(GAC/T),, repeats also hybridized to multi-
ple DNA sequences (8). We conclude that
although a number of yeast genes may en-
code tracts rich in aspartic acid, there are no
close homologs of CDC34 in the S. cerevisiae

me.

The nucleotide sequence of a 1820-bp
genomic DNA segment from pCDC34-79
that includes CDC34 is shown in Fig. 3. The
only large open reading frame encodes a
protein of 295 residues if the first methio-
nine codon of the frame serves as the initia-
tion codon. We conclude that this open
reading frame encodes the CDC34 gene
product, which would have a molecular
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mass of 34.1 kD. A computer-assisted
search (15) for similarities between the de-
duced amino acid sequence of the CDC34
product and known proteins revealed sub-
stantial similarity only to the yeast RAD6
protein (Fig. 3). The RAD6 gene is required
for a variety of functions including DNA
repair, induced mutagenesis, and sporula-
tion (16). Amino acid sequence similarities
between the RAD6 and CDC34 products
are distributed throughout their lengths,
and are especially pronounced in the central
region of the CDC34 product as well as in
the COOH-terminal regions where aspartic
acid-rich tracts occur in both proteins.
Overall, 38% of the amino acids in the
RAD6 product are identical to those in the
CDC34 product. With the inclusion of con-
servative replacements (17), 55% of the
RAD6 product is conserved within the
CDC34 product. Recently, Jentsch et al.
(18) found that RAD6 is a member of a
family of genes encoding related but distinct
ubiquitin-conjugating enzymes (E2 en-
zymes) that catalyze the covalent attachment
of ubiquitin, a highly conscrved 76-residue
protein, to specific protein substrates (18).

The striking amino acid sequence similarity
between the RAD6 and CDC34 gene prod-

ucts (Fig. 3) suggested that the latter pro-
tein may also be a ubiquitin-conjugating

To test this possibility, we carried out
assays for ubiquitin-conjugating activity in
extracts of E. coli expressing CDC34, as well
as in control extracts of E. coli harboring the
same vector but with CDC34 inserted in the
opposite (presumably non-expressing) ori-
entation (19, 20). The conjugation of ubi-
quitin to acceptor proteins begins with an

Fig. 2. DNA hybridization analysis of
yeast genomic DNA with CDC34
probes.  Saccharomyces cerevisiie DNA
was digested with the following restric-
tion endonucleases before
resis in a 1.0% gel and DNA
hybridization with 32P-labeled
(29, 30): lanes 1, Bam HI; lanes 2, Bgl
II; lanes 3, ClaI mdlanes«i Eco RI.
(A)Thch wasa2.2-
kbApaI—San 3AI fragment (sec Fig.
y the entire CDC34 gene.
g)'l‘heh wasa 1.0-
Apa I-Eco RV fragment containing
the portion of CDC34 that encodes an
NH,-terminal part of the CDC34 pro-
tein (see Figs. 1 and 3).

adenosine 5'-triphosphate (ATP)—requiring
step in which the COOH-terminal glycine
residue of ubiquitin is joined, through a
high-energy thiolester bond, to a cysteine
residue of the ubiquitin-activating enzyme,
E1 (21-23). The activated ubiquitin is then
transferred to a specific cysteine residue
within a ubiquitin-conjugating (E2) en-
zyme, which in turn catalyzes the formation
of a branched isopeptide bond-mediated
conjugate between the COOH terminus of
ubiquitin and the e-amino group of a lysine
residue in the acceptor protein (21, 23).
When supplemented with ATP and purified
yeast ubiquitin-activating enzyme, E1, only
extracts of CDC34-expressing E. coli cells
mediated the covalent conjugation of '#I-

labeled ubiquitin to histones H2B (Fig. 4A)
and H2A (24). The formation of a metasta-
ble intermediate, in which an E2 enzyme is
joined to ubiquitin by a thiolester bond in a
reaction dependent on both ATP and ubi-
quitin-activating (E1) enzyme, could also be
demonstrated with the extract of E. coli
expressing the CDC34 gene but not with an
otherwise identical extract lacking the
CDC34 protein (Fig. 4, B and C). The
remarkable degree of substrate specificity of
the CDC34 ubiquitin-conjugating enzyme
is indicated by its apparent failure to ubiqui-
tinate endogenous proteins in the E. coli
extract (Fig. 4A).

The demonstration of ubiquitin-histone
conjugating activity in bacterial cells ex-
pressing CDC34 and the ability of the
CDC34 protein to form a thiolester bond—
mediated covalent complex with ubiquitin
directly identifies the CDC34 gene as yet
another member of the gene family encod-
ing related but distinct E2 enzymes. In

- -
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previous work, a yeast gene encoding the
~30-kD E23x enzyme was designated
UBC1 [for ubiquitin-conjugating enzyme,
(18)]. The RAD6 gene, which encodes the
E250x enzyme, was renamed UBC2 (18).
We now propose to rename CDC34, which
encodes the E234x enzyme, as UBC3.

Earlier studies with enzymes from mam-
malian reticulocytes have indicated that ubi-
quitination by some of the E2 enzymes
requires another distinct protein, E3 (271).
E3-dependent ubiquitin conjugation by an
E2 enzyme appears to involve specifically
those protein substrates that are targeted for
degradation through the ubiquitin-depen-
dent proteolytic pathway (21, 22). An alter-
native role for ubiquitin, suggested by the
relative metabolic stability of ubiquitinated
derivatives of actin and integral membrane
proteins (25), as well as histones (26), is that
the reversible joining of ubiquitin to an
acceptor protein could modulate protein
function without metabolically destabilizing
the acceptor protein (21). The ubiquitin-
histone conjugation by either the RAD6
(UBC2) or CDC34 (UBC3) enzymes is E3-
independent (Fig. 4) (18), consistent with
the possibility that these enzymes are not a
part of the ubiquitin-dependent proteolytic
pathway (21).

In addition to their similar substrate re-
quirements in vitro, both the RADG6
(UBC2) and CDC34 (UBC3) enzymes

gions (Fig. 3). These regions, which are
absent from the other sequenced ubiquitin-
conjugating enzyme, UBC1 (24), might be
involved in ionic interactions with basic
protein substrates such as histones. To ad-
dress this possibility, we introduced a stop
codon into the CDC34 (UBC3) reading
frame immediately downstream of the re-
gion where the amino acid sequences are
similar in all three sequenced E2 enzymes,
UBC1 to UBC3 [(19, 24); see also Fig. 3].
When produced in E. coli, the correspond-
ing truncated cdc34 protein (encoded by
dc34-3), which lacks the entire acidic
COOH-terminal region (Fig. 3), was able
to form a thiolester bond—mediated covalent
complex with '*I-labeled ubiquitin in a
reaction dependent on the presence of both
ATP and purified ubiquitin-activating en-
zyme E1 (Fig. 4, B and C, lanes 4). This
complex migrates in a polyacrylamide-SDS
gel at ~28 kD (Fig. 4, B and C, lanes 4;
compare with lanes 2), consistent with the
addition of an ~8-kD ubiquitin moiety to
the ~20-kD truncated cdc34 (ubc3) pro-
tein. However, when assayed for ubiquitin-
histone conjugation, the truncated protein,
unlike the wild-type CDC34 (UBC3) en-
zyme, exhibits no detectable ubiquitin-his-
tone conjugating activity (Fig. 4A, lane 4).
These results strongly suggest that at least
the in vitro substrate specificity of the
CDC34 (UBC3) enzyme is due in part to

COOH-terminal region and basic protein
substrates.

The enzymatic activity of the
CDC34 (UBC3) protein suggests that its
cell cycle function is mediated by ubiquitina-
tion of specific target proteins. What might
these targets be? Our experiments show that
histones H2A and H2B, but not endoge-
nous proteins in an E. coli extract, can serve
as in vitro substrates for ubiquitination by
the CDC34 (UBC3) enzyme (Fig. 4A). In
addition, the highly acidic stretch at the
COOH terminus of the CDC34 (UBC3) is
involved in the recognition of histone sub-
strates in vitro by this E2 enzyme but is not
required for the formation of ubiquitin-E2
thiolester intermediates. These results sug-
gest that the in vivo substrates of the
CDC34 (UBC3) enzyme may be few in
number and may include DNA-bound his-
tones. Furthermore, since the CDC34
(UBC3) protein is an E3-independent ubi-
quitin-conjugating enzyme, at least with the
histones as in vitro substrates (see above), its
in vivo substrates are unlikely to be metaboli-
cally destabilized by CDC34 (UBC3)-medi-
ated ubiquitination. The CDC34 enzyme may
instead modulate substrate function either
directly or via interactions with other pro-
teins that distinguish between ubiquitinated
and nonubiquitinated substrate. The pheno-
typic similarities shared by cdc34 (ubc3) and
cde4 mutants suggest that the wild-type

have strikingly acidic COOH-terminal re- jonic interactions between its acidic product of CDC4 (9) participates with the

Fig. 3. Nucleotide se- AAGAAGGACAATAAAGAGCATACTATTACAAAATAATAGGAGCTTTGCGTTTGITATTTCAGT  ~121
. Scal

quence of the §. cerevisiae CGAATAGTACTCCTTTATACTCTCTGCCGCTGACATCTTTGTCCTTTACTGT TTAGGACT TATAGCGACTGT TATTTTTTAGTACACCAAACAAGGAAARAAGAACAATACAACGTAAAT -1

CDC34 gene and the de-
duced amino acid se-

ATGAGTAGTCGCAAAAGCACCGCTTCTAGCT TACTGT TACGGCAATATAGAGAACT TACTGATCCTAAGAAAGCTATTCCCTCATTTCATATAGAACTAGAGGATGATTCAAATATTTTC 120

34 M S S RKSTASSTLTLLROQYRETLTODTPE KK KATLTPSTFEHTIETLTETDTDSNTIF 40
3 1 | | [ ) e | L o | o |
quenCCOfltsprOduCt RAD6 M $S TPAURIRRILMRPRDT FI KU RMEKEUDA APZPG GV SASUPILUPUDNVM 34
compared to that of the
RAD6 product. Some ACTTGGAACATAGGTGTTATGGTGCTAAATGAGGATTCCATTTATCATGGAGGGT TTT TCAAAGCTCAAATGAGATTTCCGGAAGACTTTCCCTTTTCTCCACCACAGTTTCGATTTACG 240
20 P! ’ b3 T WNTIGVMYVLAETDSGSTYEHGGTFTFTEKAQMERTFTPPETDTFTPTFSTPTPOQTFTRTFET 80
restriction endonuclease o o 1o . P . . ° | | . e | | e P | e
cleavage sites are under- ®6 V¥ N A M I TGP A -DTPYEDGTFRLLILEFDEEYPNEKP?P?HVKEFEL 73
; . BamHI
lined. Numbering of the COGGCTATCTACCATCCAAACGT TTACAGGGATGGCAGGCT TIGTATTTCTATTTTACATCAAAGTGGGGATCCTATGACCGACGAACCTGATGCTGAAACGTGGTCCCCCGTGCAGACC 360
CDC34 nucleotide se- CC3¢ P A I Y H P NV Y RDGRTLI|C]T §ILHQSGDPMTDETPDAET®WHWSZPUVOT 120
A | ] | @ e e e o | e | {® L e | e
quence (15) beginsatthe raps s E M F H P NV YANGETI|JLDILQNRGS=-==- ===~ - - §TFPTZYD 102
Ar esidue of the first me- GTGGAAAGTGTGTTGATCTCTATAGTATCTCTATTAGAGGACCCCAATATCAACTCGCCAGCARATGTCGATGCCGCTGTTGATTACAGARAGAACCCTGAACAATACAAGCARAGAGIC 480
thionine codon in the ¢34 Vv E s viISIVSTLTLETDTPNTINSPANTYDA AAYVDTYTREKNTPEPETO OTYTEKSE QRYV 160
M L] e | e o o o o i e o o L e o o | e o | i o o o o
open reading frame,and 7 . 8 1] 1§ 7 oS L rNDGPNPASPANYEAATLFKDHEKS G GYVKRY 141
numbering of deduced EcoRV
amino acid sequence of ARAATCGAAGTGARAGATCGANACAAGATATCCCTARAGGT TTCATARTGCCCACT IC TGAAICGGCGTACATATCTCARAGTARACTAGR TGRACCAGARTCGRATAAGGATATGECG 600
q 34 KMEVERSTK O QDTIGPEKGTFTIMEPTSESA.Y s KLDETPTESTSSNTETDMA 200
the CDC34 product be- . e o | o | e A
gins at the same methio- ®D6 K E T V E K § W E D - - - = - = = = = = - = = - = = - = - - - - - - -~ - -~
nine. The alignment GATAATTTTTGGTATGATAGTGATTTGGACGACGATGAGAACGGGTCCGTCATTTTACAAGACGACGACTACGACGATGGAAACAACCATATCCCCTTTGAAGATGATGACGTTTACAAC 720
shown maximizes the <3 D N F @ Yy D $D L DDDENGSUYILQODDDYDDGNNEHTIEPFEDDDVYJYN 240
frequency of sequence Raé - - - - - - - - - - - - - - - - - - - - S T T S
. .. . EcoRI
identities  with  the TATAACGACAACGACGACGATGACGANAGAATCGAATTCGAAGATGATGACGATGATGACGACGATAGTATAGATAACGACAGCGTCATGGATAGGABACAACCCCACAAGGCTGAAGAT 840
RADG protein [(16),see cc3¢ Y N D NDDDDERTIETFEDDDDDDDDSTIDNDSYVMDEREKT® QEPHEKA AED 280
. : . o o | | © e o 0 0 @ o @ .
text]. Identical residues 0 . _ _ _ 5 4w b pMDDDDDDDDDDDDDERAD 172
in the two proteins are
indicated by dots: verti- GAAAGTGAAGATGTGGAGGATGTAGAAAGAGTTTCAAAGAAAATATAAAAAAGAACAGTAAGAAAGAAGACAAAATTTAACAAAACATATTCAGCTCARACGCARAACATGAATCAATTT 960
y > cc34 E S EDV EDVYETRVY S K K I 295

cal lines indicate con-
servative amino acid re-

FnuDII
ATACATACGCGATACGT TGTCGATAAAGCACTTTACATTTTTCCCTATGATAATCTGAGAT TGACAGGGGAAGAAGAAAATAACTAAGTGTCGAAGAAAAATTTAGAAAAATTAATTCAT

placements grouped according to Dayhoff (17) as follows: C; S,T,P,A,G;

N,D,E,Q; H.R,K; M,LL,V; E,W,Y. The single cysteine residues of the
CDC34 and RADG6 proteins that are expected to be essential for the
ubiquitin-conjugating activity of these enzymes (21-23) are boxed. An
arrowhead denotes the site at which a stop codon was inserted into the wild-
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F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P,
Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr.

1080

type reading frame to generate the truncated protein encoded by cdc34-3
(19). Single-letter amino acid abbreviations: A, Ala; C, Cys; D, Asp; E, Glu;
Pro; Q,
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Fig. 4. The CDC34 gene product is a ubiquitin-conjugating enzyme. Extracts of induced E. coli cells
expressing the CDC34 gene (lanes 1, 2, and 5), extracts of cells containing the CDC34 gene in an

opposite (non-expressing) orientation within the vector (lanes 3), and extracts of cells

expressing the

mutant (truncated) cdc34-3 gene (lanes 4) were assayed for ubiquitin conjugation activity (20). Products
of the assay were separated by electrophoresis in an 18% polyacrylamide-SDS gel and detected by
autoradiography (20). (A) Extracts were assayed for ubiquitin-histone H2B conjugation in either the
absence (lane 5) or presence (lanes 1 to 4) of the purified ubiquitin-activating enzyme, El, and in the

presence of ATP, 125I-labeled ubiquitin, and histone H2B (20). The extract of CDC34-exp

ressing cells

could form a monoubiquitinated species of histone H2B in an E1-dependent reaction (lanes 2 and 5),
whereas neither the extract of non-expressing cells (lane 3) nor the extract of cells expressing the mutant
(truncated) cdc34-3 gene (lane 4) possessed this activity. (B) When assayed for ubiquitin-CDC34
protein thiolester formation (21-23), complexes with the properties of thiolesters were detected
between ubiquitin and added E1 (E1~u; lanes 2 to 4), CDC34 protein (CDC34~u, ~45 kD; lane 2),
and cdc34-3 protein (cdc34-3~u, ~28 kD; lane 4). (C) Same as in (B) but the samples were heated

under reducing conditions (20) before electrophoresis to selectively

cleave thiolester-mediated complex-

es. Designations: Ub, ubiquitin; uH2B, monoubiquitinated histone H2B. Molecular masses of size
markers are in kilodaltons. Arrowheads indicate gel origins.

CDC34 (UBC3) ubiquitin-conjugating en-
zyme in mediating the G; to S transi-
tion. :

Although the RAD6 (UBC2) and CDC34
(UBC3) products are clearly distinct both
structurally and functionally, their enzymat-
ic specificities appear to be quite similar in
vitro: both enzymes apparently fail to ubi-
quinate endogenous proteins in an E. coli
extract but efficiently ubiquitinate histones
H2A and H2B in E3-independent reactions
(Fig. 4) (18). If the CDC34 (UBC3) and
RADG6 (UBC2) enzymes share functionally
relevant in vivo substrates, the distinct func-
tions of these enzymes must be derived from
differences in their specific modes of action.
One possibility is that ubiquitination of
histones or other substrates by the
CDC34 (UBC3) and RAD6 (UBC2) en-
zymes might be confined to different specific
regions of chromatin, such as sites involved
in the initiation of DNA replication in the
case of the CDC34 (UBC3) enzyme or
sites of DNA damage in the case of the
RAD6 (UBC2) enzyme. Alternatively, the
functionally relevant in vivo protein sub-
strates of the CDC34 (UBC3) and RAD6
(UBC2) enzymes may include factors in-
volved in the regulation of genes that con-
trol, respectively, post-start events required
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for the initiation of DNA replication and
events necessary for DNA repair or sporula-
tion. All of the above possibilities are con-
sistent with immunofluorescence evidence
(8) that the CDC34 (UBC3) enzyme is a
nugclear protein.

That progress through the cell cycle may
involve specific ubiquitination events has
been suggested by earlier work on the mu-
tant mammalian cell line, ts85, whose pref-
erential G, arrest under nonpermissive con-
ditions results from thermolability of the
ubiquitin-activating enzyme in these cells
(22). The discovery that a regulatory step in
the G, to S transition is controlled in yeast
by a specific ubiquitin-conjugating enzyme
underscores the remarkable functional diver-
sity of the ubiquitin system and opens up a
new direction for studies of the cell cycle.
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Physical Analysis of Transcription Preinitiation
Complex Assembly on a Class II Gene Promoter

MicHAEL W. VAN DYKE, ROBERT G. ROEDER, MICHELE SAWADOGO

Transcription of protein-encoding genes by human RNA polymerase II requires
multiple ancillary proteins (transcription factors). Interactions between these proteins
and the promoter DNA of a viral class II gene (the major late transcription unit of
adenovirus) were investigated by enzymatic and chemical footprinting. The experi-
ments indicated that the assembly of functionally active RNA polymerase II-contain-
ing transcription preinitiation complexes requires a complete set of transcription
factors, and that both specific protein-DNA and protein-protein interactions are
involved. This allows individual steps along the transcription reaction pathway to be
tested directly, thus providing a basis for understanding basic transcription initiation
mechanisms as well as the regulatory processes that act on them.

ENE ACTIVITY IN EUKARYOTES IS

frequently regulated at the level of

DNA transcription. Understanding
the molecular mechanism behind this tran-
scriptional control of gene expression has
become one of the major goals of modern
biology. Mutational analysis has revealed
that the activity of protein-encoding genes is
governed by several kinds of promoter ele-
ments. A basal level of transcription is usual-
ly observed when all but a small region of
the promoter DNA has been deleted. This
minimum or core promoter is often centered
on a TATA box sequence (1). Two classes of
cis-acting DNA elements are involved in
modulating the TATA box—driven tran-
scription. Upstream promoter elements act
at short distance, while enhancer elements
can be located up to several thousand base
pairs from the transcription initiation site
(2). The various components of the human
class II transcription machinery are being
elucidated by the biochemical dissection of
crude cell-free systems (3, 4). This approach
has revealed that specific transcription initia-
tion by RNA polymerase II requires the
coordinated action of multiple protein fac-
tors. These can be classified into two catego-
ries: general transcription factors and up-
stream  element-binding  proteins  (2).
Through both kinetic analysis and the use of

various inhibitors, several steps have been
defined within the transcription mechanism
(5-7). These include: (i) a commitment of
the template after binding of a subset of the
transcription factors, (ii) formation of an
activated state through the action of other
transcription factors and RNA polymerase
I1, (iii) fulfillment of an energy requirement
(hydrolysis of the B-y phosphate bond of
cither ATP or dATP), (iv) initiation of
transcription (formation of the first phos-
phodiester bond), and (v) transcription
elongation, with some transcription compo-
nents remaining committed to the template.
Within these various steps, the exact roles of
the different protein factors, their assembly
into active transcription complexes, and the
various transitions that lead to the initiation
event, remain for the most part unknown.
The major late (ML) promoter of adeno-
virus provides a useful model system for in
vitro analysis of specific transcription by
human RNA polymerase II. This promoter
is quite simple structurally, with only two
essential DNA elements: a TATA box at
position —28 and a single upstream element
at position —58 (8-11). At least three tran-
scription factors (designated TFIIB, TFIID,
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