
The Interaction between an Acidic Transcriptional Activator
and Its Inhibitor
THE MOLECULAR BASIS OF Gal4p RECOGNITION BY Gal80p*

Received for publication, July 9, 2008, and in revised form, August 5, 2008 Published, JBC Papers in Press, August 13, 2008, DOI 10.1074/jbc.M805200200

James B. Thoden‡, Louise A. Ryan§, Richard J. Reece§1, and Hazel M. Holden‡2,
From the ‡Department of Biochemistry, University of Wisconsin, Madison, Wisconsin 53706 and the §Faculty of Life Sciences,
Michael Smith Building, The University of Manchester, Oxford Road, Manchester M13 9PT, United Kingdom

The GAL genes, which encode the enzymes required for nor-
mal galactose metabolism in yeast, are transcriptionally regu-
lated by three proteins: Gal4p, an activator; Gal80p, an inhibi-
tor; and Gal3p, a galactose sensor. These proteins control the
switch between inert and active gene expression. The transcrip-
tional activation function of Gal4p is rendered inactive in the
presence of Gal80p. Here we present the three-dimensional
structure of a complex between the acidic activation domain of
Gal4p andGal80p. The transactivation domain initiates with an
extended region of polypeptide chain followed by two turns of
an amphipathic�-helix. It fits into and across a deep cleft within
theGal80pdimerwith theprotein-protein interface definedpri-
marily by hydrophobic interactions. A disordered loop in the
apo-Gal80p structure (Asp-309 to Ser-316) becomes well-de-
fined upon binding of the transactivation domain. This investi-
gation provides a newmolecular scaffold for understanding pre-
vious biochemical and genetic studies.

In yeast, the GAL genes encode the enzymes of the Leloir
pathway, which are required for the conversion of galactose
into a metabolically useful form, glucose 6-phosphate (1).
The regulation of these genes in response to the organism
being challenged with galactose has served as a research par-
adigm for eukaryotic transcriptional control for over 50
years (1–5). Three key protein components form the GAL
regulatory switch: a transcriptional activator, Gal4p; a tran-
scriptional inhibitor, Gal80p; and an inducer, Gal3p. When
yeast cells are grown in the absence of galactose, the GAL
genes are, for the most part, transcriptionally inert. Under
these conditions, Gal4p is produced in the cell and is teth-
ered upstream of the GAL genes (6), but its activity is inhib-
ited by its interaction with Gal80p (7). When galactose is
available as a carbon source, the GAL genes are transcribed,

both rapidly and to a high level (8). Although the presence of
galactose within the cell triggers the activation of Gal4p,
neither Gal4p nor Gal80p function as the galactose sensor.
Instead, Gal3p serves in this capacity by binding both galac-
tose and ATP and adopting the conformation required for its
interaction with Gal80p (1, 9). The net result of this interac-
tion is that Gal4p becomes active, and transcription of the
GAL genes proceeds.
Gal4p is a large protein of 881 amino acidswith the first�100

residues functioning in DNA recognition and dimerization.
The last C-terminal residues serve as an acidic transactivation
domain (TAD)3 that is required, ultimately, for the recruitment
of RNA polymerase II to initiate transcription (10). The amino
acid residues comprising the TAD also provide the binding
platform for Gal80p (11, 12). Both Gal3p and Gal80p are
smaller proteins containing �520 and �450 amino acids,
respectively.
Until very recently, the only three-dimensional structural

information available for any of these key regulatory compo-
nents of the GAL genetic switch was that of an N-terminal
65-residue fragment of Gal4p bound to DNA (13) and the
dimerization domain of the same protein (residues 50–106)
(14). Through the efforts of our laboratories, however, we
now have an excellent homology model for Gal3p based on
the structure of the highly similar galactokinase enzyme
Gal1p (15). In addition, we have determined the three-di-
mensional structure of Gal80p from Kluyveromyces lactis to
2.1-Å resolution (16). Strikingly, the overall architecture of
Gal80p is similar to that of glucose-fructose oxidoreductase,
an enzyme in the sorbitol-gluconate pathway (17). From our
combined biochemical and structural studies, we have
shown that the K. lactis Gal80p is a dimer with an extensive
subunit-subunit interface that buries a total surface area of
�4400 Å2. Each subunit of the dimeric protein adopts a two-
domain architecture with the N-terminal motif containing a
classical Rossmann fold and the C-terminal domain dominated
by a nine-stranded mixed �-sheet. A pronounced cleft sepa-
rates the two domains, and on the basis of pastmutational stud-
ies (18, 19), we postulated in our initial studies that this cleft
represents the binding site for the Gal4p TAD. Additionally, in
the initial structural analysis of the K. lactis Gal80p, two short
loop regions (Asp-245 to Gly-248 and Asp-309 to Ser-316) and

* This work was supported, in whole or in part, by National Institutes of Health
Grant DK47814 (to H. M. H.). This work was also supported by the Well-
come Trust and BBSRC (to R. J. R.). The costs of publication of this article
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
Section 1734 solely to indicate this fact.

The atomic coordinates and structure factors (code 3E1K) have been deposited in
the Protein Data Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).

1 To whom correspondence may be addressed. E-mail: Richard.Reece@
manchester.ac.uk.

2 To whom correspondence may be addressed. E-mail: Hazel_Holden@
biochem.wisc.edu.

3 The abbreviations used are: TAD, transactivation domain; MES, 4-morpho-
lineethanesulfonic acid; PDB, Protein Data Bank; R.M.S.D., root mean
square deviation.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 44, pp. 30266 –30272, October 31, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

30266 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 44 • OCTOBER 31, 2008

 at U
niversity of W

isconsin-M
adison on S

eptem
ber 14, 2009 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org


two larger regions (Gly-328 toGlu-362 andLeu-394 to Lys-413)
were shown to be disordered (16). One of these loops, Asp-309
to Ser-316, was situated near the proposed Gal4p binding site.
Here, we present the crystal structure of K. lactis Gal80p

bound to a peptide that mimics the Gal4p TAD. This study
provides a molecular model for understanding the biochem-
ical characteristics of theGAL genetic switch, which, to date,
is the best understood system for eukaryotic transcriptional
control.

EXPERIMENTAL PROCEDURES

X-ray Structural Analysis—The K. lactis Gal80p was
cloned, overexpressed, and purified according to previously
published procedures (16). The protein utilized for crystal-
lization contained a His tag at the C terminus with the
following sequence: LEHHHHHH. Crystals of Gal80p in
complex with a 22-mer of the following sequence,
TQQLFNTTTMDDVYNYIFDNDE, representing amino acids
Thr-844 to Glu-865 of the K. lactis Gal4p TAD (See Fig. 1A),
were grown from 20–25% (w/v) pentaerythritol propoxylate
5/4 and 100 mM MES (pH 6.5) via the hanging drop method of
vapor diffusion. They belonged to the space groupP21with unit
cell dimensions of a � 101.1 Å, b � 160.5 Å, c � 132.6, � �
94.7o and eight subunits (or four dimers) in the asymmetric
unit. X-ray data from flashed-cooled crystals were collected at
the Structural Biology Center Beamline 19-ID to 3.0-Å resolu-
tion (Advanced Photon Source, Argonne National Laboratory,
Argonne, Illinois). These data were processed and scaled with
HKL2000 (20). Relevant x-ray data collection statistics are pre-
sented in Table 1.
The structure of the Gal4p TAD-Gal80p complex was

solved by molecular replacement with the software package
Phaser (21) and using the apo-Gal80p model as the search
probe. The electron densities for the eight monomers in the
asymmetric unit were averaged with the software package
DM (22). On the basis of this averaged map, a model for the
complex was manually adjusted using Coot (23). At this
stage, the peptide was not built into the model, although
there was clear electron density for it. The model con-
structed on the basis of this “averaged” electron density map
was placed back into the asymmetric unit in all eight posi-
tions and refined with the program TNT (24) using NCS
symmetry restraints. After refinement, the electron density
map calculated with 2Fo-Fc coefficients was once again aver-
aged, and in this averaged map, the position of the peptide
was immediately obvious as was the ordering of the Asp-309/
Ser-316 loop. The peptide was then built into the “averaged”

electron density. This model, now with bound peptide, was
placed back into the eight equivalent positions in the asym-
metric unit and manually adjusted with Coot. Subsequent
NCS-restrained least-squares refinement of the Gal4p TAD-
Gal80p model resulted in an overall R-factor of 23.1% using
all x-ray data from 30 to 3.0 Å resolution (R-free of 28.9%).
Relevant refinement statistics are presented in Table 2.
Ramachandran statistics for all eight subunits in the asym-

metric unit indicate that 81.3% of the residues adopt�,� angles
in the “most favored,” 18.5% in the “additionally allowed,” and

FIGURE 1. The interaction of Gal80p with peptides representing the TAD
of Gal4p. A, amino acid sequence alignment of the activation and Gal80p
interaction domains of Gal4p from S. cerevisiae (top) and K. lactis (bottom).
B, sequence and location of some of the peptides used in this study. C, ability
of each peptide to inhibit the formation of the Gal4p-Gal80p complex was
assayed using an electrophoretic mobility shift assay. The locations of the free
DNA, the Gal4p-DNA complex, and the Gal80p-Gal4p-DNA complex are indi-
cated. Peptides corresponding to the activation domain of KlGal4p (B) were
added as shown, and the loss of the Gal80p-Gal4p-DNA and reappearance of
the Gal4p-DNA complex indicated that the peptide was capable of interact-
ing with Gal80p and preventing its association with the larger Gal4p
derivative.

TABLE 2
Least-squares refinement statistics

Resolution limits (Å) 30.0–3.0
R-factora (overall) %/no. reflections 23.1/74,757
R-factor (working) %/no. reflections 22.8/67,196
R-factor (free) %/no. reflections 28.9/7561
No. protein atoms 25015
No. peptide atoms 952
Weighted R.M.S. deviations from ideality
Bond lengths (Å) 0.009
Bond angles (deg) 2.2
Trigonal planes (Å) 0.005
General planes (Å) 0.011
Torsional angles (deg)b 22.0

aR-factor � (��Fo � Fc�/��Fo�) � 100, where Fo is the observed structure-factor
amplitude, and Fc is the calculated structure-factor amplitude.

b The torsional angles were not restrained during the refinement.

TABLE 1
X-ray data collection statistics

X-ray data set
Wavelength (Å) 0.98000
Resolution limits (Å) 30.0–3.0 (3.11–3.0)a
No. independent reflections 75005 (4730)
Completeness (%) 88.5 (55.8)
Redundancy 4.5 (2.1)
Avg I/Avg �(I) 7.2 (2.0)
Rsym

b (%) 9.8 (24.9)
a Statistics for the highest resolution bin.
b Rsym � (��I � I��/�I) � 100.
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0.2% in the “generously allowed” regions. Therewas none in the
disallowed region. The discussion of the TAD-binding pocket
presented below refers to the model built on the basis of the
averaged electron density map.
Mobility Shift Assay—Reaction mixes (10 �l) containing 20

mM HEPES pH 7.5, 150 mM NaCl, 10% w/v glycerol, 10 �M

ZnSO4, 5 mMMgSO4, 100 �g/ml bovine serum albumin, 10 pM
32P-labeled stranded oligonucleotide probe (5�-GATCCCGG-
GAAGCGCTTCCCGAATT-3�; representing a single Gal4p-
binding site), and the indicated proteins (Gal4p(1–93 �
768–881), 1.9 �M; Gal4p(66–93 � 850–881), 0.9–8 �M; Sac-
charomyces cerevisiaeGal80p, 1.3 �M; K. lactisGal80p, 1.7 �M)
were incubated for 30 min at room temperature and then sub-
jected to electrophoresis through a pre-run 5% polyacrylamide
gel containing 0.5� TBE, 1% v/v glycerol for 90 min at 150 V.
Gels were analyzed by autoradiography. Peptides were synthe-
sized by Eurogentec (Liège, Belgium). Each was dissolved at a
final concentration of 14 mg/ml and used in the mobility shift
assays at final concentrations of 40–400 �M.

RESULTS AND DISCUSSION

To define a minimal peptide
from the sequence of the K. lactis
Gal4p that is capable of interact-
ing with Gal80p and that might be
useful in a structural analysis, we
performed a series of electro-
phoretic mobility shift assays
using labeled DNA encompassing
a single Gal4p-binding site (Fig. 1).
The addition of Gal80p to the
Gal4p-DNA complex resulted in
the formation of a supershifted
complex. The presence of this
slower migrating complex could
be inhibited by versions of Gal4p
that were capable of interacting
with Gal80p but did not possess a
competent DNA binding domain,
e.g. a fusion protein composed of
amino acids 66–93 � 850–881 of
the S. cerevisiae Gal4p sequence
(Fig. 1C, lanes 19–21). The ability
of peptides to out-compete the
Gal4p-Gal80p complex, resulting
in a complex composed of DNA
and Gal4p alone, was measured.
Peptides ending at the C terminus
of the K. lactis Gal4p and com-
posed of 21 or more amino acids
were found to be capable of interact-
ing with Gal80p in this assay. Shorter
peptides, e.g. a 16-mer encompassing
residues Thr-850 to Glu-865, were
found to be incapable of competi-
tively displacing Gal80p from Gal4p
(Fig. 1C, lanes 7–9). We therefore
attempted to crystallize Gal80p from
K. lactis in the presence of either the

21-mer or the 22-mer peptide.
Suitably diffracting crystals were subsequently obtained

with the 22-mer peptide. These crystals belonged to the
space group P21 and contained eight subunits in the asym-
metric unit. The complex structure was solved by molecular
replacement and refined to a nominal resolution of 3.0 Å.
Electron densities corresponding to the TAD peptides were
visible in all eight subunits in the initial maps. To further
improve the quality of the protein phases, the electron den-
sities for the eight monomers were averaged with the soft-
ware package DM (22). Unbiased electron density corre-
sponding to the TAD peptide as observed in this “averaged”
electron density map is presented in Fig. 2A. Although a
22-mer was utilized in the crystallization trials, only 14 res-
idues of the Gal4p TAD were visible. Given the shapes of the
side chain densities as well as their surrounding chemical
environments, the observed peptide corresponds to Leu-847
through Ile-860 of the KlGal4p sequence (Fig. 1A).

FIGURE 2. The interaction between the Gal4p TAD and Gal80p. A, stereo view of unbiased electron density
corresponding to the bound Gal4p TAD before model building. The “averaged” electron density map was
contoured at �1�. A polyglycine chain, displayed with carbons, nitrogens, and oxygens in slate, blue, and red,
respectively, was positioned into the map for the sake of clarity in viewing the electron density. The Asp-309/
Ser-316 loop that becomes ordered upon Gal4p binding is highlighted in gold. B, close-up stereo view of the
Gal80p TAD binding region. Those residues of Gal80p lying within �5 Å of the Gal4p TAD (slate) are displayed
in gold. This figure and Figs. 3– 6 were prepared with the software package PyMOL (34).
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A surface representation of the
Gal4p TAD-Gal80p complex is pre-
sented in Fig. 3A. Like that observed
for the apo-Gal80p structure, the
complex crystallizes as a tight dimer
with overall dimensions of �55 �
75 � 110 Å. The large mixed
�-sheets found in the C-terminal
domains of the Gal80p subunits
provide extensive subunit-subunit
interactions. The two Gal4p TAD
peptides bind on the same side of
the dimer with their N-terminal
ends separated by �24 Å and their
C-terminal ends situated �55 Å
apart.
As displayed in Fig. 3B, the Gal4p

peptide adopts a partial helical con-
formation that binds into, and
across, the pronounced cleft that
separates the N- and C-terminal
domains ofGal80p.A total of 750Å2

of surface area for the peptide is
buried upon binding to Gal80p,
which represents �40% of its total.
The loop within Gal80p, formed by
Asp-309 to Ser-316, that was previ-
ously unresolved (16) becomes
ordered upon peptide binding, and
the backbone density for Asp-245 to
Gly-248 becomes better defined.
With the exception of these two
regions, however, the apo- and pep-
tide-bound forms of the K. lactis
Gal80p are exceedingly similar such
that their �-carbons superimpose
with an R.M.S.D. of �1.2 Å.

A close-up stereo view of the
Gal80p TAD binding site is pre-
sented in Fig. 2B. As can be seen,
the side chain of Phe-848 resides
in a hydrophobic patch formed by
Val-319 and Val-368 and partici-
pates in a stacking interaction with
the side chain of His-370. The
backbone carbonyl group of Asn-
849 appears to play a role in the
ordering of the Asp-309/Ser-316
loop by interacting with the side
chain of Asn-317. Additionally,
the side chain of Thr-850 possibly
interacts with the side chain of
Asp-309, again helping to order
the Asp-309/Ser-316 loop. There
are hydrophobic interactions
between Gal80p and the Gal4p
TAD that most likely function in
reducing the flexibility of the Asp-

FIGURE 3. The location of the Gal4p TAD binding site in Gal80p. A, Gal80p dimer is highlighted with one
subunit in white and the other in gray. The Gal4p peptides are displayed in slate. B, single Gal80p subunit
with bound peptide is displayed in a ribbon representation (left) or in a surface representation (right and
rotated �90°). The Gal80p loop that becomes ordered upon Gal4p TAD binding is highlighted in yellow
(left).

FIGURE 4. Comparison of the Gal80p binding sites for the Gal4p TADs. A superposition of the Gal80p
models from S. cerevisiae (wheat) and K. lactis (white) is shown in stereo. The bound nucleotide and
peptide in the S. cerevisiae Gal80p are displayed in green, whereas the bound peptide and the Asp-309/
Ser-316 loop in the K. lactis Gal80p are shown in slate and red, respectively. Glu-314 in the K. lactis Gal80p
is depicted in a stick representation.
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309/Ser-316 loop, namely those formed by the side chains of
Val-856 and Tyr-857 with Trp-185 and Phe-312. The side
chains of Asp-854, Asp-855, and Asn-858 project away from
the Gal80p cleft, whereas the side chains of Met-853 and
Tyr-857 participate in an intramolecular stacking interac-
tion. Finally, the side chain of Tyr-859, covered on one side
by Lys-34 and on the other by Val-377, forms a T-shaped
stacking interaction with Trp-31.With the exception of Trp-
31, the C-terminal domain contributes all of the Gal80p res-
idues involved in TAD recognition.
Gal80phas a similarmolecular structure to that described for

glucose-fructose oxidoreductase from Z. mobilis (17). This
enzyme contains a tightly boundNADP�, which is required for
the reduction of fructose to sorbitol with the concomitant oxi-
dation of glucose to gluconolactone. Given that the K. lactis
Gal80p has been shown to associate with dinucleotides,4 we
attempted to crystallize it in the presence of NADP�, NADPH,
NAD�, or NADH, but have thus far been unsuccessful.
Recently, however, the structure of Gal80p from S. cerevisiae
was reported in complex with NAD� and a 9-mer representing
the TAD of S. cerevisiae Gal4p (25).
Both the K. lactis and S. cerevisiae versions of Gal80p are

dimers, and they share a high degree of structural homology
(an R.M.S.D. of �2.1 Å for 344 �-carbons per subunit) as
would be expected from their amino acid sequence similar-
ities (58% amino acid identity and 82% similarity over their
entire length). Importantly, however, these two proteins
appear to bind the Gal4p TADs in completely different ori-
entations, which may be a function of NAD binding to the
S. cerevisiae Gal80p (Fig. 4). In the S. cerevisiae Gal4p TAD-
NAD-Gal80p complex, the peptide reportedly interacts with
the nicotinamide portion of the dinucleotide (25), whereas in
K. lactis Gal80p, the Gal4p peptide is situated away from the
Rossmann fold. Additionally, in the K. lactis Gal80p, the
Asp-309/Ser-316 loop moves toward where the cofactor is
located in the S. cerevisiae Gal80p model with Glu-314
from the loop projecting near the nicotinamide ring (Fig. 4).
Interestingly, the equivalent Asp-309/Ser-316 loop in the
S. cerevisiaeGal80p is still disordered even in the presence of
the 9-mer. In the structural analysis of the S. cerevisiaeGal4p
TAD-NAD-Gal80p complex, the side chain densities for the
9-mer were not well-defined. As such, it is not possible to
highlight in this report the detailed differences in protein-
protein interactions observed between the S. cerevisiae and
K. lactis Gal4p TAD-Gal80p complexes.
The Gal4p TAD is regarded as an archetypal example of an

acidic transactivation domain. In addition, nine amino acids of
the Gal4p TAD (corresponding to residues 862–870 of the
S. cerevisiae Gal4p, DDVYNYLFD) have been identified as a
common sequence motif defining the transactivation domain
in a variety of proteins from yeast, animal, and viruses (26). This
sequence represents the last seven amino acids of the peptide
in our structure (Asp-854 to Ile-860 of the K. lactis Gal4p
TAD). It can thus be suggested that archetypal TADs adopt
helical conformations in which the acidic side chains are

predominantly located on one surface and the hydrophobic
residues on another.
Acidic RNA pol II transactivation domains invariably con-

tain a preponderance of both acidic and bulky hydrophobic
amino acids (27). In the absence of binding partners, TADs
generally do not possess well-defined secondary structures.
However, they have been observed to adopt secondary struc-
ture on interaction with other proteins, either proteins that
inhibit their function or proteins that they interact with as
part of the activation process (28, 29). Previously, activation
domain 1 (amino acids 15–29) of p53 was solved in the pres-
ence of the inhibitor MDM2 (28) and activation domain 2 of
the same protein (amino acids 45–58) solved as a complex
with a subunit of the general transcription factor TFIIH (30).
A comparison of the structures of these activation domains4 Dr. Karin D. Breunig, personal communication.

FIGURE 5. Comparison of the structures of the transactivation domains
of p53 and Gal4p. A, sequence and NMR structure of the p53 TAD. The
structure of the peptide was determined in the presence of the Tfb1 sub-
unit of TFIIH (structural data taken from PDB accession code 2GS0) (30).
Here, and in B and C, only the structure of the activation domain peptide is
shown as a schematic model. In both the sequence and the structure, the
acidic amino acids have been colored red and the large hydrophobic res-
idues in blue. B, sequence and structure of activation domain 1 of p53
bound to the transcriptional inhibitor MDM2 (structural data taken from
PDB accession code 1YCR) (28). C, sequence and structure, as determined
in this study, of the TAD of Gal4p. As in A, in both the sequence and the
structure the acidic amino acids have been colored red and the large
hydrophobic residues in blue.
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with the Gal4p TAD is shown in Fig. 5. Additional structural
information is known for the E1A TAD in complex with Rb
(31) and for the CREB activation domain bound to the KIX
domain of CBP (32). The predominant feature of each of
these short TADs is an �-helix, which is approximately
amphipathic. However, the length of the helix functioning as
a TAD is different in each case, as is the extent of the
amphipathic character.
Prior to the recent structural analyses of the Gal4p TAD-

Gal80p complexes from both K. lactis and S. cerevisiae, the
C-terminal region of the S. cerevisiae Gal4p was extensively
studied by mutagenic analysis (33). Each residue within the
Gal4p region between Met-855 and Asp-870 (Fig. 1A) was
mutated to a cysteine, and the effects of these changes were
monitored both in terms of the ability of the protein to acti-
vate transcription and on the ability of the protein to interact
with Gal80p. Most single point mutations within this region
demonstrated little impact on the ability of Gal4p to activate
transcription. However, specific point mutations within
Gal4p (e.g. mutations at Phe-856, Thr-859, and Met-861)
rendered the protein incapable of interacting with Gal80p
(33). These amino acids correspond to Phe-848, Thr-851,
and Met-853 in the K. lactis Gal4p TAD sequence. As indi-

cated previously, Phe-848 partici-
pates in a series of hydrophobic
interactions with Gal80p residues
Val-319, Val-368, and His-370.
Replacement with a cysteine resi-
due would create a substantial
hole in this region. The side chain
hydroxyl of Thr-851 is located
near the backbone nitrogen of
Asn-317 within Gal80p. Its re-
placement with a cysteine would
result in the loss of a potential
hydrogen bond that might be crit-
ically important in reducing the
flexibility of the Asp-309/Ser-316
loop. Finally, Met-853 is deeply
buried within the Gal80p cleft and
surrounded by the side chains of
Trp-185 and Phe-312. Again, the
replacement of this residue with a
cysteine would create a destabiliz-
ing hole in the binding cleft
between the peptide and Gal80p.
Given that the K. lactis Gal80p

reportedly binds dinucleotides, we
modeled NAD into our complex
structure, based on its location
described by Kumar et al. (25) to
examine what types of interac-
tions might occur between the
ligand and the Gal4p TAD (Fig. 6).
Notably, in the model the side
chain of Trp-31 from the Ross-
mann fold domain forms a stack-
ing interaction with both the pep-

tide (Tyr-859) and the nicotinamide ring of the dinucleotide
suggesting a possible route of communication between the
two binding sites. Furthermore, it is possible that the unob-
served residues at the C-terminal end of the peptide used for
this study interact with the NAD in vivo or in the absence of
NAD, fold into the dinucleotide binding cleft.
What is the purpose of dinucleotide binding to Gal80p?

Kumar et al. (25) have clearly shown the presence of NAD
within the structure of the S. cerevisiae Gal80p. They also
demonstrate, however, that NAD has no effect on the forma-
tion of the Gal4p TAD-Gal80p complex using a pull-down
assay. Instead, the presence of NADP has been suggested to
be refractory to the formation of this complex. The K. lactis
Gal80p has also been shown to associate with dinucleotides,
but again it is uncertain as to the physiological role that the
dinucleotide plays with respect to either the function of
Gal80p or its complex with the Gal4p TAD. It is apparent,
however, that Gal80p evolved from an oxidoreductase
enzyme (16). Whether Gal80p has simply retained the ability
to interact with dinucleotides as part of this evolutionary
process or rather dinucleotides play critical roles in the reg-
ulation of GAL gene expression is unclear at the present
time. What is undeniable in the case of the K. lactis Gal80p,

FIGURE 6. The potential interaction between the K. lactis Gal80p, the K. lactis Gal4p activation peptide,
and NAD. A, Gal80p monomer showing the location of the Gal4p peptide (slate) and the modeled NAD (green).
B, close-up stereo view of the Gal80p region (white ribbon and gold bonds) surrounding the modeled NAD
(green) and the observed Gal4p peptide (slate). Glu-98 in the K. lactis Gal80p is a serine residue in the S. cerevi-
siae Gal80p.
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however, is that dinucleotides are not required for Gal4p
TAD binding as evidenced by our crystal structure.
Taken together, the results described here demonstrate that

an archetypal acidic transactivation domain adopts a predom-
inantly helical conformation that is amphipathic in nature. In
addition to defining the conformation of the K. lactis Gal4p
TAD, our model of the complex suggests that the binding of a
dinucleotide to Gal80p, if indeed it is physiologically relevant,
need not necessarily preclude the interaction of Gal80p with
Gal4p.
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