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Crystal Structure of DCoH, a Bifunctional, 
protein- ind ding Transcriptional Coactivator 

James A. Endrizzi, Jeff D. Cronk, Weidong Wang, 
Gerald R. Crabtree, Tom Alber 

DCoH, the dimerization cofactor of hepatocyte nuclear factor-I, stimulates gene ex- 
pression by associating with specific DNA binding proteins and also catalyzes the de- 
hydration of the biopterin cofactor of phenylalanine hydroxylase. The x-ray crystal struc- 
ture determined at 3 angstrom resolution reveals that DCoH forms a tetramer containing 
two saddle-shaped grooves that comprise likely macromolecule binding sites. Two equiv- 
alent enzyme active sites flank each saddle, suggesting that there is a spatial connection 
between the catalytic and binding activities. Structural similarities between the DCoH fold 
and nucleicacid-binding proteins argue that the saddle motif has evolved to bind diverse 
ligands or that DCoH unexpectedly may bind nucleic acids. 

Transcription depends on interactions 
among numerous proteins, including reg- 
ulatory proteins bound at specific DNA 
sites. Homeodomain transcription factors, 
for example, are recognized by protein- 
binding coactivators (1, 2). Little is 
known, however, about the molecular na- 
ture of the activation signals or the struc- 
tures of the interacting protein motifs. 
One such coactivator is DCoH, the dimer- 
ization cofactor of hepatocyte nuclear fac- 
tor-1 (HNF-1) (1 ). In vertebrates, DCoH 
associates with the HNF-1 proteins, which 
regulate tissue-specific genes by binding to 
DNA as dimers (3-5). The dimerization 
and transcriptional activities of HNF-la 
are stimulated in vitro and in vivo by 
DCoH, but DCoH itself contains no DNA 

binding activity or activation domain. 
These properties imply that DCoH stimu- 
lates transcription through protein-pro- 
tein interactions. 

DCoH presumably binds other ligands, 
because it also functions in contexts de- 
void of HNF-la.  In Xenopus, for example, 
DCoH is maternallv encoded in oocvtes 
and localizes to cell kuclei at a time when 
the primary germ layers are determined 
during the midblastula transition (6). A 
wides~read transcri~tional role for DCoH 
was suggested by the discovery of a bacte- 
rial homolog, phhB, with -30% identity 
to the rat protein (7). Mutations in the 
gene phhB block expression of other genes 
in the phh operon, including the gene 
encoding uhenvlalanine hvdroxvlase. Ex- - L 

nression of n h h ~  in mammalian cells fa- - - 
L - 

- - -  --- 

J. A. Endrizzi, J. D. Cronk, T. Alber, Department of Mo- Siiitates activation of ~ ~ ~ - l - d ~ ~ ~ ~ d ~ ~ ~  lecular and Cell Biology, University of California, Berkeley, 
CA 94720-3206. USA. genes, and mammalian DCoH comple- 
W Wang and G R Crabtree, Department of Develop- ments phhB mutations In bacter~a by sup- . - 
mental Biology and Howard Hughes Medical Institute, porting transcription of the phh operon 
Unit in Molecular and Genetic Medicine, Stanford Univer- 
sity School of Medlclne, Stanford, CA 94305-5425, ( 8 ) .  This suggests that 
USA. the mechanisms of transcriptional activa- 
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tion by DCoH may be similar in pro- 
karyotes and eukaryotes. 

In addition to their regulatory activi- 
ties, DCoH proteins (including phhB) cat- 
alyze the dehydration of the biopterin co- 
factor used by phenylalanine hydroxylase 
(7, 9, 10). The dehydration reaction can 
be rate limiting in phenylalanine utiliza- 
tion, and patients partially deficient in 
DCoH excrete chemically rearranged 
forms of the biopterin cofactor (1 1 ). Thus, 
DCoH proteins are both enzymes and 
transcriptional regulators of phenylalanine 
catabolism. A connection between these 
metabolic and transcriptional activities 
has not been established (12). 

To investigate its dual activities, we 
determined the x-ray crystal structure of 
rat DCoH (Table 1) (13). The refined 
model contains residues 6 to 104 and one 
sulfate molecule for each of the eight 
polypeptide chains in the asymmetric unit. 
The 12-kD DCoH monomer is an CY/P 
protein with a four-stranded, antiparallel 
p sheet flanked on one side by three CY 

helices (Fig. 1, B and C). The arrange- 
ment of secondary structural elements, but 
not the topology, is similar to that seen in 
the TATA binding protein (TBP) (14), 
the ribonucleoprotein (RNP) RNA bind- 
ing motif (15), and the "palm" domains of 
DNA and RNA polymerases (16). The 
eight independent monomers in the asym- 
metric unit are highly similar, with the 
largest positional differences in surface 
loops and at the chain termini (Fig. 1C). 

DCoH forms a tetramer with approxi- 
Fate 222 5ymmetry $nd dimensions of 30 
A by 60 A by 60 A (Fig. 2A). Th'  IS ar- 
rangement is consistent with sedimenta- 
tion equilibrium experiments showing 
that the protein is tetrameric in solution 
(17). Approximately 1460 A2 of the sur- 
face area of each monomer are buried in 
the tetramer. Of the two distinct subunit 
interfaces, one is mediated by CY helices, 
and the other is formed by helices and 
adjoining p strands. The first interface, 
containing paired, antiparallel HZ helices, 
comprises an up-and-down four-helix bun- 
dle. The pairs of antiparallel helices cross 
their symmetry-related counterparts at an 
angle of --48O, which is commonly ob- 
served in four-helix bundles (18). 

The second interface forms the most 
striking feature in the structure, a saddle- 
shaped groove with four equivalent P 
strands from each monomer making a con- 
tinuous, eight-stranded, antiparallel P 
sheet (Fig. 2). With a perpendicular two- 
fold rotation axis between the central S3 
p strands, the halves of the saddle are 
antiparallel. The DCoH tetramer contains 
two saddles that areoapproximately per- 
pendicular and -30 A apart (Fig. 2B). In 
the two independent tetramers, the saddle 

Fig. 1. Structure of DCoH. (A) RRefined model superimosed on 
the solvent-flattened, SIRAS electron density map. The region 
near the molecular twofold axis perpendicular to the saddle is 
shown at a contour level of lo. The PheE7 residues are  aired 
in the center of the saddle. (8) Ribbon diagram (35) of the \\ 0 
monomer. Helix 1 (residues 10 to 23) is followed by a p hairpin 
(residues 25 to 40, S1 and S2) that forms half of the four- 

LJ 
stranded, antiparallel p sheet. Residues 43 to 60 form helix 2, a central element in the tetramer 
interface. The sequence H i ~ ~ ~ - H i s ~ ~ - P r o ~  connects helix 2 to the antiparallel P strands (53, S4: 
residues 65 to 77). The COOH-terminal helix (H3, residues 87 to 104) packs over the middle of the P 
sheet. The NH,-terminal five amino acids could not be positioned in the electron density map, 
presumably because of the flexibility of the chain. (C) Superposition of the main chains of the eight 
crystallographically independent monomers. The root-mean-square deviation of equivalent main 
chain atoms is 0.78 A. This close similarity of the independently refined monomers supports the chain 
tracing and implies that the core of the monomer structure is relatively insensitive to crystal packing 
effects. C, COOH-terminus; N, NH,-terminus. 

Fig. 2 Structure of the DCoH tetramer. (A) Main chain of 
tetrarner 1 showing the approximate 222 symmetry. The view 
is along a molecular twofold axis with the individual subunits 
colored blue, yellow, gray, and white. The saddles at the top 
and bottom are formed across the HZ43 interface. Helix H2 of 
each monomer also mediates contacts in the center of the 
tetramer. (B) Ribbon diagram (35) of the tetramer showing the 
prominent saddle in the lower dimer. Compared with (A), the 
view is rotated -45" around the vertical twofold axis. The 
second saddle is nearly orthogonal, scooping into the page in 
the upper dimer. (C) Comparison of the saddles formed by the 
DCoH dimer (blue and yellow, top) and the TATA binding 
protein (TBP) (light blue, bottom). The twofold rotational sym- 
metry of the DCoH subunits is mirrored by the pseudosyrnme- 
try of the domains of TBP. The TBP domains reflect a gene 

- 
duplication event, whereas the two halves of the DCoH saddb are cdmposeu of identical, nonco- 
valently associated monomers. 
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width varies from 24 to 27 A (19). This 3 
A variation suggests that there is flexibil
ity in the conformation of the grooves. 
The saddles form obvious macromolecule 
binding sites that resemble the DNA bind
ing surface of TBP (Fig. 2C). TBP con
tains a 29.5 A saddle comprising a 
pseudodyad-symmetric, 10-stranded, anti-
parallel P sheet (14). 

The sequences of DCoH homologs from 
bacteria to mammals (I, 9, 20) were 
aligned to identify conserved residues essen
tial for the fold, as well as regions that are 
likely to contain the dehydratase active 
sites. Conserved surface residues occur at 
the monomer-monomer interface adjacent 
to each saddle in two equivalent clefts, each 
complementary in shape and polarity to the 
4a-carbinolamine biopterin substrate (Fig. 
3, A and B). The invariant residues in the 
active sites include His63 and the His62-
Asp89 pair, which, like the His-Asp dyad in 
the serine proteases, may activate His62 to 
act as a general base in the catalytic mech
anism (21). The arrangement of catalytic 
residues in DCoH closely resembles that in 
the trimeric enzyme scytalone dehydratase 
(22). Differences in the folds, the order of 
the catalytic residues in the respective se
quences, and the number of subunits in the 
two structures argue that these dehydratases 
provide a classic example of convergent 
evolution. 

The DCoH structure is a rich source of 
new hypotheses about the mechanisms of 
gene regulation. The existence of two sad
dles in the tetramer directly suggests that 
DCoH might simultaneously bind two sim
ilar macromolecules. Bipartite binding 
would promote cooperative interactions, 
with specificity imposed by the approxi
mately perpendicular arrangement of the 
DCoH saddles (Fig. 2B) and by the nature 
of the binding surfaces. The close juxtapo
sition of the catalytic sites and the saddles 
(Fig. 3) suggests that metabolite binding 
may influence associations of macromole
cules with DCoH. 

DCoH recognizes the helical, NH2-ter-
minal dimerization domain of HNF-la (J, 
5, 8)y which has been proposed alternately 
to form a coiled coil (4), kinked parallel 
helices (23), or a four-helix bundle (24). To 
make symmetric contacts, the twofold rota
tion axes of DCoH and HNF-la must be 
superimposed. Consequently, the arrange
ment of subunits in DCoH is consistent 
with "lengthwise" binding of antiparallel 
helices in the dimerization motif of HNF-
la . Alternatively, the 222 symmetry of 
DCoH restricts a parallel motif to bind "end 
on," with diverging helices making contacts 
in much the same way that bZIP proteins 
bind DNA (25). 

The DCoH saddle is a potential bind
ing site for the dimerization helices of 

Fig. 3. Catalytic site of DCoH. (A) Space-filling 
model of the dimer with residues that are identical 
in DCoHs from rat (7), yeast (20) , and the bacterial 
phhB protein (7) shown in yellow and variable res
idues in blue. The yeast and bacterial sequences have —30% identity with the mammalian protein. 
Strongly conserved regions include heiix 2 in the tetramer interface and the presumptive catalytic site 
including His62-His63-Pro64

P His80, and Asp89. The residue Tyr70' (Trp in phhB) also occurs in the active 
site cleft. Insertions in the yeast protein occur in the "stirrup1' of the saddle and in the loop preceding the 
COOH-termhal helix. (B) Presumptive active site cleft is next to the saddle. Key residues, including the 
conserved His^-His^-Pro64, His80, and Asp89, are shown behind the solvent-accessible surface. Tyr70' 
and Lys72' from the neighboring subunit also line the pocket, suggesting that dimerization across the 
H2-S3 interface is required to form both the saddle and the active sites. 

Table 1. Data collection, phasing, and refinement 
statistics. PHMB refers to the p-hydroxymercu-
ribenzoate derivative. 

Fig. 4. Van der Waals surface of the DCoH dimer 
showing the distribution of nonpolar (white), ba
sic (blue), acidic (rep!), and polar (yellow) amino 
acids in the saddle. The view is into the saddle 
along the central molecular twofold axis. The 
saddle opens to the left and right in the drawing, 
between the red acidic residues, Glu29 and 
Asp32, in the stirrup in the center of each subunit. 
Like RNP RNA binding motifs (75), the saddle 
has a central hydrophobic stripe (containing ad
jacent Phe67 side chains) flanked by basic and 
acidic residues. The active site clefts can be 
seen in the subunit interface, off-center on the 
left and right edges of dimer. 

HNF-la. A helix pair ( - 2 0 A wide) 
would fit into the saddle, and basic resi
dues in the saddle could complement ex
terior acidic residues (24) of the HNF-la 
dimerization helices. Solution studies, 
however, suggest that the HNF-la dimer
ization helices fail to bind to the DCoH 
tetramer, but instead form a heterotet-
rameric complex containing only two 
DCoH subunits (I, 8, 26). In contrast, the 

Item 

Space group 
Unit cell 

dimensions (A) 

Resolution 
Unique/measured 

reflections 
Completeness 
R * ' •merge 

ftisot 
ficullis$ 
Phasing power§ 
Figure of merit|| 

After solvent flattening 
ficry^ (20-3A) 
Rms A bonds* 
Rms A angles 

Native 

P3221 
a = b 

= 105.65, 
c = 196.23 

3.0 A 
21,436/ 
86,670 
82.2% 
6.0% 

0.184 
0.019 A 

2.9° 

PHMB 

P3221 
a = 6 

= 105.33, 
c = 196.17 

3.0 A 
21,416/ 
97,074 
82.1% 
5.2% 
18.6% 
0.55 
1.7 

0.37 
0.72 

*R = Si/ - </>l/S/; /, intensity. tfliso = 
XlFpH - FP|/2FP; FPH and Fp, derivative and native 
structure factor amplitudes. *flCuiHs = ^FPH ± *>l 
- ^(caJ/Sl^PH - Fpl: FH(cata). calculated heavy atom 
structure factor amplitude; where the sum is taken over 
centric reflections. §Phasing power = {XlFj2/ 
XlEl2}1/2. with X|£|* = 2{|FPH(obsJ - |FpH(calc^p. 
||Mean figure of merit = <|XP(a)eiot/2:P(a)|>; a, phase; 
P(a), phase probability distribution. 1 ^ , ^ = XI Fp -
FcaJ/XFp; Fcalc, calculated structure factor amplitude. 
#Root-mean-square deviations from ideal bond lengths 
and angles. 

recombinant DCoH protein described 
here and cytoplasmic rat DCoH that is not 
associated with HNF-la are homotetram-
ers in solution (17). This difference in 
oligomerization states suggests that the 
tetramer-dimer equilibrium of.DCoH may 
influence its transcriptional function. 

The 2:2 stoichiometry of the DCoH-
HNF-la complex implies that HNF-la 
binding blocks DCoH tetramerization. 
The present data leave open the possibil
ity that conformational changes might ac-
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count for both the difference in DCoH 
oligomerization and the failure of HNF- l a  
to bind the DCoH tetramer. Nonetheless, 
the most direct mechanism of trapping a 
2:2 complex entails association of HNF- 
la with the "back side" of the DCoH 
dimer, covering the interface formed by 
the HZ helices. Such a complex, which 
would contain a four-helix bundle with 
complementary charges, would leave the 
DCoH saddle available to bridge HNF- l a  
to other ligands. 

If not  HNF- la ,  what might bind in the 
saddle? The  structural similarity of the 
saddle to TBP (Fig. 2C) invites specula- 
tion that DCoH or its homologs may bind 
nucleic acids. This possibility is in accord 
with the size, antiparallel symmetry, and 
surface properties of the saddle. As yet, 
however, experiments have failed to de- 
tect an  interaction between rat DCoH and 
DNA ( 1 ,  8). The  possibility of RNA bind- 
ing is supported by the similarity of the 
DCoH fold (Fig. 1B) to the RNP RNA 
binding motif (15). Moreover, the basic 
residues flanking the DCoH saddle and 
the paired Phe67 residues at the center of 
the saddle (Figs. 1 A  and 4) have structural 
analogs in the RNA binding sites of the 
proteins U l A ,  ROP, and Sex lethal (27). 
Interactions with RNA also may rational- 
ize the regulatory activities of DCoH in 
cells and organisms that lack HNF- l a  
(26). A t  a minimum, the DCoH structure 
im~ l i e s  that the saddle motif shared with 
TBP has adapted to mediate diverse mac- 
romolecular interactions. 

Note added in proof: Preliminary studies 
in which the murine DCoH gene was - 
introduced into bacterial cells containing 
a truncation mutation in the PhhB 
gene resulted in restoration of levels of 
steady-state mRNA for the PhhA gene. 
Although such cross-species complemen- 
tation for transcriptional control proteins 
is unexnected. these results indicate that 
DCoH may use the same mechanism of 
transcriptional control in mammals and 
bacteria. 
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of space group P3,21 and contained two tetram- 
ers in the asymmetric unit. Ap-hydroxymercuriben- 
zoate (PHMB) derivative was obtained by soaking a 
crystal for 30 days in PHMB-saturated mother i -  
quor. X-ray data were collected with a Rigaku R- 
Axis II C image plate detector with Cu-Km radiation 
produced by a RU200 rotating anode generator 
equipped with a graphite monochromator. Data 
were processed with the R-Axis software, and 
merging and scaling were performed with the PRO- 
TEIN program package (29). The positions of Hg 
atoms were determined with the program SHEU- 
86 (30) and refined with PROTEIN, A single isomor- 
phous replacement map incorporating anomalous 
difference information (SRAS) was calculated to 
3.2 8, resolution, and the phases were improved by 
solyent flattening (31). The solvent-flattened SRAS 
map contained unambiguous electron density for 
residues 24 to 104 of each of the eight monomers 
in the asymmetric unit. An initial model for these 
residues was built into one monomer and used to 
construct the two independent tetramers with 
FRODO (32). The partial model (with a starting R 
factor of 46.6%) was refined with X-PLOR (33). 
Rigid body refinement, Powell minimization, and 
simulated annealing refinement starting at 5000 K 
reduced the Rfactor to 22.3%. The NH,-termini of 
all eight subunits were built in stages into the 3 8, 
resolution 2F0 - F, map and the SRAS maps with 
and wlthout solvent flattening (F, and F, are the 
observed and calculated structure factor ampli- 
tudes). At each stage, the model was refined 
against 20 to 3 A resolution data with the program 
TNT (34). The final model contains residues 6 to 
104 (792 amino acids) and one sulfate molecule in 
the active site of each monomer. The model has 
excellent geometry, a single overall B value of 11.5 
8,' for a atoms, and a crystallographic R factor of 
18.4% for all data from 6 to 3 8, resolution. The 
difference map calculated with coefficients F,,, - 
F,,, (where F,, and F,,, are the Hg derivative and 
native structure factors) and model phases con- 
tains peaks of up to 190 at the positions of the Hg 
atoms, which occur at an average distance of -3.0 
8, from the sulfur atoms of the eight Cyss2 side 
chains. The low R value in concert with the good 
geometry of the model (Table I ) ,  the virtual ab- 
sence of disallowed main chain torsion angles, the 
high quality of the electron density map (Fig. IA), 
the similarity of the independently refined mono- 
mers (Fig. 2C), and the chemically reasonable bind- 
ing stes for heavy atoms demonstrate the correct- 
ness of the fold. The coordinates have identification 
number 1 DCH in the Protein Data Bank. 
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