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Gadd45 proteins are recognized as tumor and autoimmune sup-
pressors whose expression can be induced by genotoxic stresses.
These proteins are involved in cell cycle control, growth arrest, and
apoptosis through interactions with a wide variety of binding
partners. We report here the crystal structure of Gadd45�, which
reveals a fold comprising an ��� sandwich with a central five-
stranded mixed �-sheet with �-helices packed on either side. Based
on crystallographic symmetry we identified the dimer interface of
Gadd45� dimers by generating point mutants that compromised
dimerization while leaving the tertiary structure of the monomer
intact. The dimer interface comprises a four-helix bundle involving
residues that are the most highly conserved among Gadd45 iso-
forms. Cell-based assays using these point mutants demonstrate
that dimerization is essential for growth inhibition. This structural
information provides a new context for evaluation of the plethora
of protein–protein interactions that govern the many functions of
the Gadd45 family of proteins.

crystallography � growth inhibition � tumor suppressor

The Gadd45 proteins are small, acidic proteins located pri-
marily in the nucleus (1). Three isoforms, �, �, and �, have

been identified, and amino acid sequence identities among the
three isoforms range from 50% to 60% (2). The Gadd45 proteins
are recognized as important tumor and autoimmune suppressors
(3). Expression of these proteins is induced in response to a
number of DNA-damaging agents and genotoxic stresses includ-
ing hyperosmotic stress and UV irradiation. They have been
implicated in diverse processes including growth arrest, cell cycle
control, DNA repair, terminal differentiation, and apoptosis.
Some of these roles are common among the three isoforms,
whereas others are isoform- and cell-type-specific (4). Although
these tumor suppressors are rarely mutated in cancers, Gadd45�
and Gadd45� are epigenetically repressed in some cancers by
methylation of CpG islands in promoter regions of their genes
(5–7). Repression of Gadd45� and Gadd45� may be a common
survival mechanism allowing cancer cells to escape from apo-
ptosis (5, 7–9).

Gadd45 proteins are best known for their role in growth arrest
after genotoxic stress. Their role in the G2/M cell cycle check-
point is attributed to their capacity to bind and inhibit Cdc2,
displacing cyclin B1 (10–14). The importance of their up-
regulation in response to stress is supported by the fact that
reduction of transcript levels of Gadd45� or Gadd45� by siRNA
(8) or by other posttranscriptional means (15) abrogates growth
arrest. DNA repair roles for Gadd45 proteins are suggested by
their ability to directly interact with histone core proteins (16),
with the repair endonuclease XPG to effect DNA demethylation
(17), and with proliferating cell nuclear antigen (PCNA) (18–
21). The Gadd45 proteins also are involved in p38 MAPK and
other signal transduction pathways (22–27).

We report here the crystal structure of Gadd45�, the first
structure reported for a member of the Gadd45 family of
proteins. Because a monomer–oligomer transition of Gadd45
proteins was proposed to regulate their function (28), identifi-
cation of the dimerization interface is critical for understanding

Gadd45 interactions and functions. To date, the dimerization
interface and the interactions of Gadd45 proteins with many of
their binding partners have been characterized by genetic and
biochemical approaches, many of which involved deletion con-
structs. Based on the structural analysis presented here, it is
evident that, for many of these deletion constructs, the integrity
of the tertiary structure of the protein would be severely
compromised, thereby limiting interpretation. We define here
the dimerization interface by demonstrating that point muta-
tions that we designed based on the observed crystal packing
affect dimerization without compromising the structural integ-
rity of the monomer. In contrast to previous work that suggested
oligomerization to be inhibitory to some Gadd45 functions (28),
we show that dimerization is essential for growth inhibition of
HepG2 cells. This structure provides a new context enabling
dissection of the role of dimerization in the interactions of
Gadd45 with partner proteins.

Results
Crystallization and Structure Solution. A truncated Gadd45� con-
struct containing residues 16–159 was crystallized, and the
structure was solved by Se-SAD methods. The model was refined
by using diffraction data to 1.7-Å resolution to an Rwork of 22.4%
and Rfree of 27.2%. The final model includes chains A and B and
consists of residues 16A–105A (18B–106B), 116A–126A (116B–
125B), and 130A–159A (131B–159B) plus 233 water molecules.
The data collection, refinement, and validation statistics are
reported in supporting information (SI) Table S1.

The structure of the monomer consists of a three-layer ���
sandwich [CATH classification 3.30.1330 (29, 30)] with a five-
stranded mixed �-sheet at the core (Fig. 1). Strand �5, defined
by hydrogen bonds typical of parallel �-strands involving the
carbonyl oxygen atom of Pro-153 and the backbone nitrogen
atom of Ile-155, comprises only three residues. Helices �2 and �3
pack on one side of the �-sheet with the helix axes running
roughly parallel to the �-strands, whereas helices �1, �4, and �5
pack on the opposite side of the �-sheet with helix axes running
transverse to the �-strands. Short 310 helices are located within
the �2–�2 and �2–�3 connecting loops. Residues that are highly
conserved among Gadd45 isoforms are concentrated on one side
of the monomer in helices �2 and �3 and the residues in the
�-sheet with which these helices interact (Fig. 1).
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Identification of Dimerization Interface. Design of point mutants. The
asymmetric unit of the crystals obtained contains two monomers
of Gadd45�. Inspection of the crystal packing revealed four
possible interactions of monomers that could generate the
expected dimer. Notably, none of the four possible dimer
interfaces involves both of the two putative oligomerization
regions previously identified by deletion analysis (28). Although
the crystal packing revealed four possible dimer interactions
(Fig. 2) we focused on the two interactions with the largest
interfacial areas as the most probable dimerization modes. The
interfacial contact areas of interactions 1 (Fig. 2 A) and 2 (Fig.

2B) are �465 Å2 and �750 Å2, respectively. Although the larger
interfacial contact area implies that interaction 2 is the more
probable interaction, both interactions 1 and 2 involve highly
conserved residues and contain one of the putative oligomer-
ization regions (28), so both putative dimer models were con-
sidered further.

Both interactions 1 and 2 involve helix �3 (Fig. 3). Interaction
1 also involves helix �2, forming an interface comprising a
four-helix bundle. The two monomers of the dimer in interaction
1 are related by a twofold symmetry axis that is perpendicular to
the helix axes, generating antiparallel �2–�2 and �3–�3 contacts
between monomers. In contrast, interaction 2 involves, in addi-
tion to helix �3, the residues following helix �5 including those
of strand �5. Fig. 3 C and D compares the �3–�3 interactions for
both interactions 1 and 2. To distinguish which of these possi-

Fig. 1. Monomeric structure and sequence conservation of Gadd45 isoforms. (A) Ribbon representation of the Gadd45� monomer. Secondary structural
elements are marked, and residues that are identical among all Gadd45 isoforms are colored yellow. This figure was created by using PyMOL (53). (B) Amino acid
sequence alignment of Gadd45 family members. Identical residues are boxed in gray. Secondary structural elements observed in Gadd45� crystals are marked
above the sequences. This figure was created by using ESPript (54, 55).

Fig. 2. Ribbon representation of four possible dimer interfaces. In each case
interacting regions marked in dark blue for one monomer interact with
regions colored yellow in the monomer colored green. Secondary structural
elements are marked as in Fig. 1A.

Fig. 3. Ribbon representations of interactions 1 and 2. The color coding is the
same as in Fig. 1A. (A) Dimer generated by interaction 1. (B) Dimer generated
by interaction 2. (C) Close-up view of the interactions of helices �3 in dimer 1.
(D) Close-up view of the interactions of helices �3 in dimer 2.
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bilities is correct, we looked for point mutations that would be
expected to prevent one mode of oligomerization without in-
f luencing the other. Virtual alanine scanning analysis (31, 32)
indicates that Leu-80 is one of the most important residues only
in interaction 1. In contrast, the juxtaposition of Thr79A and
Thr79B in interaction 2 indicates that replacement of Thr-79
with a larger residue should block only interaction 2. Accord-
ingly, we chose to mutate Leu-80 and Thr-79 to glutamate. This
should result in one or the other of these two modes of
dimerization being impaired sterically by the longer side chain
and/or electrostatically by the introduction of neighboring neg-
ative charges. The helical conformation of �3 is expected to be
preserved upon mutation because of the high helix potential of
glutamate.

Because the �2–�2 interaction is involved only in interaction
1, mutations in �2 that might disrupt dimerization were also
considered. Analysis of the interaction shows, however, that
most of the interactions of these helices involve backbone and C�

interactions, perhaps rendering interaction 1 robust to modifi-
cations of side chains in helix �2. Nevertheless, because one of
the few side chain interactions present in this region is a
hydrogen bond between Lys-48 and Glu-45, we mutated Lys-48
to glutamate to examine the effects of reversing the charge at this
position. Because both interactions 1 and 2 are twofold sym-
metric, each of the three point mutations discussed above
introduces two modifications to the potential dimer interface.
Biophysical characterization of point mutants. Wild-type protein and
the three point mutants were expressed and purified in parallel.
The presence of the mutations was confirmed both by sequenc-
ing the clones and by electrospray mass spectrometry of the
purified protein (Table S2). The CD spectra of wild-type and
mutant Gadd45� were indistinguishable (Fig. S1), and the
melting points of the four forms as monitored by molar ellipticity
at 222 nm were also essentially identical, ranging from 44°C to
46°C (Fig. S1b), confirming that the structural integrity of the
mutants was not compromised.

The oligomerization state of each mutant form was assessed
by gel filtration and by dynamic light scattering (DLS) (Table 1).
As expected, wild-type protein was clearly dimeric under all
conditions tested, with an apparent molecular weight of 33,000–
35,000. The L80E mutation, which we predicted to disrupt
interaction 3, completely abolished the dimerization of
Gadd45�, as indicated by the apparent molecular weight of
15,000–20,000. In fact, the monomeric state of the L80E mutant
was found to be independent of the protein concentration in the
range used in these experiments (�0.5–8 mg/ml). These L80E
results strongly support interaction 1 as the mode of dimerization
for Gadd45� in solution. However, the K48E mutation, which we
also suggested as having the potential to disrupt interaction 1,
did not affect the dimerization state of the protein. This result
is explained by our observation that most of the interactions
between the two �2 helices in interaction 3 involve backbone and
C� interactions, indicates that relatively little binding energy is
provided by the hydrogen bond between the Lys-48 and Glu-45
side chains, and remains consistent with our conclusion based on
the L80E mutant that interaction 1 is the dimerization mode. In

view of these results, that the molecular weight of the T79E
mutant would appear to be concentration-dependent, was un-
expected. As determined by DLS, at a concentration of 0.5
mg/ml the estimated molecular weight was only slightly larger
than that which would be expected for a monomer, whereas at
a concentration of 7 mg/ml the estimated molecular weight
suggested dimerization. Furthermore, the molecular weight of
T79E estimated by size exclusion was reproducibly smaller than
that of the wild-type and K48E proteins but was not consistent
with the T79E mutant being monomeric. These results suggest
the presence of a dynamic equilibrium between monomeric and
dimeric states for this mutant. The concentration-dependent
molecular weight of the T79E mutation may indicate that this
mutation causes a small perturbation in helix �3, which, because
of the importance of helix �3 in interaction 1, affects dimeriza-
tion. Together, these results strongly support interaction 1 as the
mode of dimerization of Gadd45� in solution. This dimerization
interface is formed by a four-helix bundle with predominantly
hydrophobic interactions. Residues Ile-76–Leu-80 of helix �3
and residues Tyr-44–Lys-48 of helix �2 contribute the vast
majority of the interactions. Importantly, this dimerization in-
terface is formed by residues that are highly conserved among
Gadd45 isoforms (Fig. 1B).

Functional Consequences of Dimerization. The functional conse-
quences of the mutations were assessed by monitoring effects on
cell growth in HepG2 cells, a cell line that is known to have
epigenetically down-regulated Gadd45� (7). We evaluated the
effect of expressing wild-type or mutant forms of Gadd45� on
cell growth by quantifying viable cells using a metabolic dye and
by manually counting cell colonies after transfection with ap-
propriate expression vectors (see Materials and Methods). Fig. 4
shows that these two cell growth measurements yielded similar
results. As expected, expression of wild-type Gadd45� reduced
cell growth by �70%. The K48E mutant also reduced cell growth
significantly (by 50–60%). The T79E mutant weakly inhibited
cell growth (�20%), whereas the L80E mutant had no detect-

Table 1. Molecular weight estimates of wild-type and mutant Gadd45�

Construct
Calculated

molecular weight

Estimated molecular weight

Size-exclusion
chromatography

DLS high
concentration

DLS low
concentration

WT 15,788.6 32,960 35,000 34,000
L80E 15,804.6 20,130 19,000 15,200
T79E 15,816.6 26,959 33,250 20,200
K48E 15,789.6 34,503 34,300 29,300

Fig. 4. Growth inhibition of HepG2 cells by wild-type and mutant Gadd45�.
Growth inhibition was assayed by using alamarBlue staining and by manual
counts of colonies after crystal violet staining. Results shown are an average
of three to four experiments with associated standard errors of the mean.
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able effect on cell growth. These effects of wild-type and mutant
forms of Gadd45� on cell growth parallel their abilities to
dimerize, indicating that dimerization is essential for growth
inhibition. Similar results were obtained when evaluating the
activity of these mutants in HeLa cells (data not shown).

Discussion
Homologous Structures. The Gadd45 proteins have been classified
based on sequence similarity with the ribosomal proteins of the
L7Ae/L30e/S12e family (Pfam entry PF01248) (33, 34). The
ModBase database of homology models (35) has five models of
Gadd45� derived from three different ribosomal and spliceoso-
mal protein templates that share �17–20% amino acid sequence
identity to the Gadd45 proteins. The rmsds in backbone atom
positions between the crystal structure reported here and these
three templates range from 1.43 to 1.6 Å for 300–352 atoms. A
homology model of Gadd45� based on one of these templates
was recently reported (36). The main differences between the
homology-modeled secondary structural elements of Gadd45�
and those observed in the crystal structure of Gadd45� involve
the two 310 helices observed in the crystal structure (residues
54–57 and 66–70) that were not predicted by homology mod-
eling. No regular secondary structural elements were modeled in
these loops for Gadd45�. Another difference is the presence of
the short-strand �5 in the crystal structure, which is not pre-
dicted in the homology models.

Homodimerization and Heterodimerization. Based primarily on re-
sults from deletion mutants, residues in the regions from 33 to
61 and from 133 to 165 were identified as the oligomerization
interface of Gadd45� (28). However, none of the four possible
dimer interfaces observed in our Gadd45� crystals involves this
combination of residues at the interface. The L80E point
mutation made in our study did not compromise the integrity of
the monomer as measured by CD, but dimerization was blocked,
clearly identifying the four-helix bundle involving helices �2 and
�3 as the dimerization interface. Although it is possible that
Gadd45� and Gadd45� dimerize differently, the sequence sim-
ilarity among Gadd45 family members suggests that this is
unlikely. Hetero-oligomerization of Gadd45 isoforms has been
demonstrated by coimmunoprecipitation (28). This is consistent
with the fact that the four-helix bundle involves the most highly
conserved regions in the Gadd45 family sequences (Fig. 1B).
Dimerization through these highly conserved residues leaves the
less conserved regions and loops exposed to effect isoform-
specific interactions and functions.

Oligomerization has been proposed to decrease the ability of
Gadd45 to protect nucleosomes from nuclease digestion (28). In
contrast, our results clearly indicate that both growth inhibition
and dimerization depend on residue Leu-80, implying that this
Gadd45 function requires dimerization. The reduced growth-
inhibitory activity of the T79E mutant may also be due to the fact
that its dimerization is compromised, although not eliminated.
Alternatively, Thr-79 may be required for interaction of
Gadd45� with other proteins involved in cell cycle control such
that the compromised growth-inhibitory activity of the T79E
mutant may be derived from compromised Gadd45� interac-
tion(s) rather than effects on dimerization. In this regard, it is
interesting to note that the equivalent residue is implicated in
interactions of Gadd45� with MKK7 (36).

Interactions with Other Proteins. The many cellular functions that
have been attributed to Gadd45 proteins are thought to result
from their ability to interact with a wide variety of other proteins.
Deletion mutants have been used previously in studies designed
to identify regions of Gadd45 family proteins that are necessary
for interactions with other proteins (14, 19, 28, 37–40). Although
some consistencies emerge from these different investigations,

some contradictions exist regarding the regions of Gadd45 that
are proposed to be required for PCNA binding (19, 37, 38). The
interactions of Gadd45 members with Cdc2 (14), p21 (40), p38
(41), and histones (42) all have been mapped to the central
region of Gadd45. This region includes the dimerization inter-
face that we identified. Because we have demonstrated here that
residues that play a critical role in dimerization are also essential
for growth inhibition, it is possible that the studies mapping
binding regions of Gadd45 isoforms for Cdc2, p21, and p38
have simply identified interactions for which dimerization is
necessary.

The interaction with PCNA is one of the most documented
interactions of Gadd45 proteins. Several studies have mapped the
interacting regions of both proteins using deletion mutants and
peptide binding (18, 19, 37, 38) and have suggested that the
stoichiometry of the interaction is 2 Gadd45:1 PCNA. Mapping of
the proposed interacting regions onto the three-dimensional struc-
ture of PCNA and our structure of Gadd45� is suggestive. In Fig.
5, the regions of Gadd45� that reportedly interact with PCNA (38)
are mapped onto a Gadd45� dimer, and the regions of PCNA that
reportedly interact with Gadd45 (19) are highlighted. A distance of
�45 Å separates both the PCNA-binding regions of Gadd45 and
the Gadd45-binding regions of PCNA. The PCNA monomer
displays pseudotwofold symmetry that relates two �-�-�-� motifs
(43). Juxtaposed as in Fig. 5, the twofold rotation axis that relates
the two monomers of the Gadd45� dimer is parallel to the
pseudotwofold axis of the PCNA monomer. This arrangement
demonstrates how one dimer of Gadd45 may bind to one monomer
of PCNA and is entirely consistent with the reported 2:1 stoichi-
ometry (19). None of the other potential dimeric interactions
observed in our Gadd45� crystals could produce a reasonable
match to the proposed docking regions, again supporting interac-
tion 1 as the mode of dimerization of Gadd45� in solution. An
arrangement similar to that depicted in Fig. 5 also is consistent with
observations indicating that Gadd45 binding to PCNA is compet-
itive with that of p21WAF1/CIF (18) and with the mapping of the
Gadd45�–p21 interaction to the central portion of Gadd45 (40).

Fig. 5. Potential interaction of Gadd45� with PCNA. Portions of PCNA
proposed to be involved in Gadd45 interactions are marked in yellow. Pro-
posed PCNA-binding regions of Gadd45 isoforms are mapped in dark blue
onto a Gadd45� dimer. The potential binding surfaces on PCNA and on the
Gadd45� dimer are spaced �45 Å apart. The regions of Gadd45 reported to
bind p21 are shown in pink, and p21WAF1/CIF1 is shown as a light blue ribbon.
PCNA-p21WAF1/CIF1 coordinates are PDB entry 1AXC (2, 43).
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Summary. This work reveals that the dimerization interface of
Gadd45� involves helices �2 and �3, the most highly conserved
regions of the molecule. We demonstrate that the L80E point
mutation is sufficient to block dimerization and growth inhibi-
tion without compromising the three-dimensional fold of the
monomer. Mutants of this type will serve as useful tools to define
which of the many interactions with other proteins, and which of
the cellular roles of Gadd45 isoforms, depend on dimerization.
This structure provides a new context for dissecting the struc-
ture–activity relationships of Gadd45 proteins.

Materials and Methods
Cloning. Mouse Gadd45� cDNA was obtained from American Type Culture
Collection (MGC-5695, IMAGE Clone ID 3493618). A construct containing
amino acid residues 16–159 was subcloned into a pGEX vector derivative
modified to contain a TEV cleavage site between the GST and the coding
sequence for Gadd45�. BL21(DE3) and B834 strains of Escherichia coli were
transformed with the resulting plasmid. Point mutations were made by using
the QuikChange kit from Stratagene according to the manufacturer’s instruc-
tions. Mutations were confirmed by sequencing the resulting clones and by
mass spectrometry of the purified protein.

Expression and Purification. The transformed BL21(DE3) cells were cultured by
using Terrific Broth, and B834 cells were grown in LeMaster medium supple-
mented with 100 �g/ml ampicillin. B834 cultures were also supplemented with
250 �M L-selenomethionine. At an A600 of 0.6–0.8 the temperature was
reduced to 15°C and recombinant protein expression was induced by addition
of IPTG to a final concentration of 1 mM. Cells were harvested 16–20 h after
induction by centrifugation, and the cell pellets were lysed by sonication in
PBS. The lysate was cleared by centrifugation. Recombinant protein was
purified by affinity, ion-exchange, and size-exclusion chromatographies. De-
tails can be found in SI Text.

Crystallization. Sparse matrix screening and optimization were done by using
hanging drop vapor diffusion. The final conditions consisted of 1.9 M NaH2PO4

and 100 mM Hepes (pH 7.5). The crystals are orthorhombic and belong to space
group C2221 with unit cell dimensions a � 43.0 Å, b � 122.5 Å, and c � 105.4
Å. There are two molecules in the asymmetric unit.

Data Collection and Structure Solution. Crystals were transferred in two steps
into 15% xylitol in 1.9 M NaH2PO4, and the crystals were flash-frozen in a
nitrogen gas stream at �180°C. Diffraction data from native crystals were
collected on a Q315 detector (ADSC) at beamline X25 at National Synchrotron
Light Source, Brookhaven National Laboratory. Data were processed by using
either HKL2000 (44) or D*trek (45). Phases were calculated by using single-
wavelength anomalous dispersion (SAD) methods from data collected at the
peak of the Se absorption at beamline X8C on a Quantum 4 detector (ADSC).
Heavy atom sites were located by using BnP (46), and solvent flattening was
done with RESOLVE (47). Most of the model was built by using ARP/wARP (48),
and refinement was done with Refmac5 (49, 50). Final adjustments to the

model were made by using O (51). The model has been refined to 1.7-Å
resolution with Rwork 22.4% and Rfree 27.2%. No interpretable density is
observed for residues 106–115 or 127–130 of chain A or for residues 107–115
or 126–130 of chain B. The quality of the model was evaluated by using
PROCHECK (52).

Size-Exclusion Chromatography. Analytical size-exclusion chromatography
analysis of wild-type and mutant Gadd45� was done on a Superdex 75 10/300
column (GE Healthcare). The column was calibrated by using the low-
molecular-weight kit from GE Healthcare. For one calibration aprotinin
(Roche Diagnostics) was also included.

DLS. DLS analysis was done on a DynaPro Plate reader (Wyatt Technology). The
protein concentrations ranged from 0.5 to 10 mg/ml, and analysis was done by
using Dynamics 6.7 software provided by the manufacturer.

Circular Dichroism. Circular dichroism was measured on a Jasco J-815-150S
spectrometer at 23°C. The buffer was exchanged by size-exclusion chroma-
tography to 20 mM Na,K PO4 (pH 7.6), 200 mM NaF, and 1 mM DTT. Aliquots
of the peak fractions were diluted �100-fold to 0.01 mg/ml in 10 mM Na,K PO4

(pH 7.6), 100 mM NaF, and 0.5 mM DTT immediately before CD measurements.
Two scans over the wavelength range of 350–190 nm were averaged for each
sample, and the contribution of buffer was subtracted. The melting point of
each protein was measured by monitoring the ellipticity at 222 nm. The
temperature was increased at a rate of 2°C per minute.

Electrospray Mass Spectrometry. Molecular masses of wild-type and mutant
Gadd45� were measured on an Agilent Technologies 1100 series LC/MS.
Five-microliter samples at 0.1 mg/ml were injected directly into the spectrom-
eter at a flow rate of 0.3 ml/min in 20% (vol/vol) acetonitrile and 0.1% (vol/vol)
formic acid. The scan covered a m/z range of 600–1,900.

Growth Inhibition Assay. Full-length mouse Gadd45� wild type and point
mutants were subcloned into the BglII/EcoRI sites of the bicistronic mamma-
lian expression vector pIRES2-DSred-Express (BD Biosciences). HepG2 cells
were transfected by using Lipofectamine (Gibco BRL). Transfection efficiency
was monitored by DSRed expression, and stably transfected HepG2 cells were
selected by using 1 mg/ml G418. Stably transfected HepG2 cells were grown in
six-well plates in 2.5 ml of DMEM-10 with changes of medium twice per week.
After 3 weeks viable cells were quantitated after addition of 250 �l of the
metabolic dye alamarBlue (Biosource) in a CytoFluor multiwell plate reader
(Applied Biosystems). Cells were washed twice with ice-cold PBS, fixed for 10
min in ice-cold methanol, and stained for 15 min with 0.5% crystal violet.
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