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ABSTRACT

The homeodomain (HD) is a conserved sequence-
specific DNA-binding motif found in many eukaryotic
transcriptional regulatory proteins. Despite the wealth

of in vitro data on the mechanism HD proteins use to
bind DNA, comparatively little is known about the roles

of individual residues in these domains in vivo . The
Saccharomyces cerevisiae Pho?2 protein contains a HD
that shares significant sequence identity with the
Drosophila Engrailed protein. We have used the
co-crystal structure of Engrailed as a model to predict
how Pho2 might contact DNA and have examined how
individual residues of the Pho2 HD contribute to
transcriptional activation  invivo andto DNA binding in
vitro . Our results demonstrate that Pho2 and Engrailed
share many similar DNA-binding characteristics.
However, our results also show that some highly
conserved residues, which contact the DNA in many HD
structures, make relatively small contributions to the
DNA-binding affinity and in vivo activity of the Pho2
protein. We also show that the N-terminal arm of the
Pho2 HD is a critical component in determining the
DNA-binding specificity of the protein and that the
requirements for residues in the N-terminal arm are
promoter-dependent for Pho2 transcriptional activation
and DNA bhinding.

INTRODUCTION

proteins interact with one of several cofactors and different
combinations of these proteins function to regulate different sets
of genes. These protein interactions may influence the target site
specificity or mechanism of DNA binding by the HD protein such
that the activity of these proteins is sometimes diffaéremtvo

from that observeith vitro. It is therefore important to investigate
the roles of individual residues in the HDvivo, as well asn

vitro, to understand the mechanisms of HD function.

Pho2, also known as Bas2 and Grf10, is a HD protein in the yeast
Saccharomyces cerevisitigat is involved in the transcriptional
regulation of a variety of metabolic pathways, including adenine,
histidine, tryptophan, sulfate and phosphate metabolisih?y.

Pho2 is also required for proper expressiorH@f, the gene
encoding the restriction endonuclease that initiates cell type
switching in yeast,13). Pho2 specifically binds to sites in the
promoters of the genes it regulates and acts as a co-activator with
other transcription factors, such as Pho4, Basl and Swi5
(6,9,11,13-17). Pho2 also functions independently as an
antagonist of Gen4L(Q). Pho2 is similar in many respects to HD
proteins from higher eukaryotes which interact with several
different cofactors to possibly regulate different sets of genes. The
analysis of Pho2, therefore, provides a model system to examine
the contribution of individual residues in a HD to the expression
from several different promoters vivo, as well as HD
protein—DNA interaction# vitro.

The Pho2 protein contains a HD that shares 37% identity and
62% similarity with theDrosophila Engrailed HD (Fig.1).
Residues that contact DNA in the Engrailed co-crystal structure
are either identical or highly conserved to those in the Pho2 HD
(18,19). The yeasti2 and Engrailed HDs show an even lower

The homeodomain (HD) is a conserved DNA-binding domaiegree of sequence similarity than between the Pho2 and
found in a large number of eukaryotic transcriptional regulatorizngrailed HDs. However, despite this low sequence similarity,
proteins and has been identified in organisms ranging from yeastuctural studies have shown that the EngrailedoghdiDs

to Drosophilg mice and humansl). Many HD proteins have adopt similar structural folds and make many identical contacts
been extensively characterizedvitro, and these studies have to DNA (20). Therefore, it seems reasonable that Pho2 adopts a
provided excellent models for how HDs contact DNA and hoveonformation similar to the Engrailed HD and that DNA contacts
mutations in the HD affect the DNA-binding affinity of the made by the Engrailed HD could serve as a model for Pho2—DNA
protein @). However, we know comparatively little about how contacts.

these specific substitutions affect HD functionvivo. It is In this paper, we have constructed a series of amino acid
apparent that some HD proteins interact with other transcriptiagubstitutions in the Pho2 HD to investigate the mechanism that Pho2
factors to bind cooperatively to théir vivo target sites3-7).  uses to bind DNA. The effects of these substitutions were examined
Depending on the cell type or growth conditions, some of thes® Pho2-dependent transcriptional activation of different promoter
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suggests that the mechanism of DNA binding by Pho2 is in part

Helix 1 . determined by its target site.
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strains were transformed by standard procedu&s &nd
low-phosphate media were prepared as describgd (

B Tyr2s Plasmids
Lys57
Ar931 Arg 53 | GIn50 Arg3 Mutations inPHO2 were constructed and expressed in yeast
l / * using plasmid pMCJ8, £EN4 LEU2 plasmid containing a
modified version of the 2.3 kMIul-Clal fragment ofPHO2
T p G TPAPAPTPTPA This construct carries RHO2 DNA fragment from 386 bp
A, C,A,T T pA AT, upstream of the ATG, which includes the erfir¢O2 promoter,
f \ to 235 bp downstream of tHeHO?2 termination codon. The
lled7 Asn5i T T ArQS\ coding region ofPHO2 in pMCJ8 has been modified so that
Thré Trp48 Lys55 unique restriction sites exist every 30-50 bp in a 600 bp region
Phe8 (Nsi—Ncd). This construct also contains the coding sequence for
C the HA epitope inserted into tBsiwI site ofPHO2 To construct

pMCJ8, a 2.3 ki’"HO2 fragment was amplified by PCR with
primers that contaiPvul sites and anneal adjacent to ¥kl

(5' primer) andClal (3' primer) sites. The PCR product was
subcloned into th@vul site of a derivative of YCplac112%)

that lacks the polylinker region and in which Bl site had

been destroyed by filling in with Klenow polymerase (pMCJ1).
To insure that the clone did not contain any PCR derived
mutations, a genomillul-Clal fragment was used to replace
PCR generated DNA to construct plasmid pMCJ6. PhiO2
construct was then modified by recursive PCR with 10 overlapping
oligonucleotides which create multiple unique restriction sites
throughout the region coding for the Pho2 HBPG)( The
restriction sites were designed such that only silent codon changes
were introduced into the gene. This reaction was followed by
PCR amplification with external primers to generate the specific
full length gene. This product was then digested iN&h and

Ncd and inserted into the backbone of pMCJ6. Regions
containing sequence errors were repaired by cloning of double
conserved amino acids are indicated by dashed lines. Helical regions observedJ rande.d O“gonUdeOtldes. C ontaining the correct Se.‘quence .and
the Engrailed and2 co-crystal structures are indicated (19,28)ll[ustration of the entire clone was verified by sequence analysis. The final

DNA contacts in the Engrailed co-crystal structure (19). Arrows representcloning step was the insertion of a double stranded oligonucleo-

base-specific contacts and circles represent sugar—phosphate backbone contatide encoding the HA epitope into tiBsiWI site of PHO2 to

(C) A model of the Engrailed HD binding to DNA derived from the co-crystal enerate a single HA tag at the N-terminus of Pho2. This

structure (19). Side chains that make base-specific contacts in the major grOO\%

(Q50, N51, 147) and minor groove (R3 and R5) have been displayed. construct was verified by DNA sequencing, western analysis and
the ability to activatePHOS5 expression in comparison to
wild-type PHO2

elementsn vivo and DNA-binding affinityin vitro. In general, Transcriptional activation by thé®HO5, HIS4 and HO

our results support the predictions based on the Engrailé&ho2-dependent UAS elementsd(13,27,28) were assayed by
co-crystal structure and agree very well with mutational analysidoning these sites into pTBA30, a derivative d€¥4C1-lacZ

of the Engrailed HD1(9,21,22). Many highly conserved residues promoter fusion vector lacking its UAS element89)(

in the HD of Pho2 are essential for Pho2-dependent activation@mplementary  oligonucleotides corresponding to the
the different promoters. However, our results also suggest thaho2-dependent UAS elements, including TCGA overhangs at
contributions of other highly conserved residues, which contatibeir 3-ends (Tablel), were synthesized, annealed and cloned
DNA in other HD proteins, are relatively smiallviva. In addition,  into theXhd site of pTBA30 according to established methods
we observe that substitution of residues in the N-terminal arm ¢80). The orientation and number of UAS elements was verified
the HD have differential effects on the various Pho2-dependehy DNA sequencing. Th&DE1-lacZreporter vector used in this
promotersn vivoand DNA-binding affinityin vitro. This result  study, p115, was provided by G.Firiki).

Figure 1. Sequence alignment of the Pha2, and Engrailed HDs and DNA
contacts of the Engrailed HIDA) The sequence alignment of 2, Engrailed
and Pho2 HDs is shown. Identical amino acids are indicated by solid lines;



4732 Nucleic Acids Research, 1997, Vol. 25, No. 23

Table 1.UAS elements used in UABeZ reporters and EMSAs

Site? Sequence
Pho2 Pho4
UASp1 tcgaTATTAAATTAGCACGTTTTCGCATAGA
Pho2 Swib
UASHO tcgaCATCAATTTAAAAAAAAAACCAGCATGCTATAATGCTGGAGCAAAG
Basl Pho2 Rapl
UASH|s4 tcgaAACTGACTCTAATAGTGACTCCGGTAAATTAGTTAATTAATTGCTAAACCCATGCACAGTGACTCACGTTTT

8Pho2 and cofactor binding sites were defined in refs 7,8,14,41,53.
bsequence of the top strand of oligonucleotides used in constructinddd&&porters and in EMSAs for each site is shown. Lower case letters indicate bases added
for cloning the sites into reporter vectors.

Plasmid pSEA100/QK50, which was used for expression iRrotein expression and purification
bacteria of the Engrailed HD altered-specificity mutant QK50
has been describedl). Plasmid pMCJ83 contains the K55A
mutation in pPSEA100/QK50 and was constructed by insertion

a double stranded oligonucleotide with the appropriate cod ; - . e .
change into th@ssIl—Clal sites of pSEA100/QK50. ][eplacmg theNsi—Ncd region of pGrf10:His withNsi—Ncd
5agments from selected HD mutants.

Plasmid pMCJ47 was used for yeast expression of o . .
Pho2—-Engrailed hybrid protein and was constructed by replacing thePurlflcatlon of recombinant His-tagged Pho2 and all HD

Pho2 HD (residues 77-135) in pMCJ8 with the Engrailed Hdpugqpts was perzformed $as ﬁes_cnbégi I.\(V'tlrl] tﬂe goll_owmﬁ
Primers were designed containing sequences specific t8 A odifications. BL21-plysSEschericia colicells harboring the
and Engrailed in pSEA10Q{) so that the appropriate spacing of @Ppropriate expression vector were diluted 1:100 into 250 ml

the Engrailed HD coding region withRHO2was maintained. The ©' Lurlla k;]r_oth. Cellls were mdqc(j:edhfor 4 ?j W'éh 1 mM goc'j_
resulting PCR product was cloned into ksi andBanH! sites of ~ ProPY -1-thiop-D-galactopyranoside, harvested and resuspended in

. 0 ml of HIS binding buffer (20 mM Tris pH 8.0, 500 mM NaCl,
pMCJ8 The Pho2-Engrailed A7R mutant was constructed b% - \ .
insertion of double stranded oligonucleotides containing th m;gt 'w;iaéigég%zoa’\loo?ﬁt rﬁglgell—srgM];c'\)l(sal:()(.gighgnf)”tgcr)leudmn
appropriate codon change as described above. Clones were veriﬁég o . Lo phe g
by DNA sequencing and western analysis. Plasmid pMCJ45 wagilibrated in HIS binding buffer. After loading, the column was
used for yeast expression of a Pfuiz-hybrid protein and was washed ex_tenswely with HIS b'.”d'ﬂg buffer. The co_lu_mn was then
generated in a manner similar to the Pho2—Engrailed construﬁfiisggglewg}loweg%y%flu;'éi iglgdr:':}gbl?f?ef:egog?ga?:]gnfMGi?nir(T:i]Z
except that sequence encoding the Pho2 HD (residues 77-134) SR, The eluant was desalted with a Sephadex G-25 NAP

;eplaced W't.h PCR derived DNA encoding ti HD generated 10 column (Pharmacia) equilibrated with AN100 buffer (20 mM
rom plasmid pAv115 1). The Pho2e2 R7A mutant was .
constructed by the same manner usingaeR7A mutant as a Tris pH 8.0, 10% glycerol, 0.5 mM EDTA, 0.5 mM DTT, 100 mM
template 81) NaCl and 1 mM PMSF). Proteins were estimated at 80-90% purity

' by Coomassie stained SDS—PAGE and quantitated using the BioRad
protein assay reagent with BSA as a standard.

The recombinant wild-type Engrailed and Engrailed K55A
mutant proteins were purified frof.coli as described2().
Fractions were assayed by EMSAs and SDS—PAGE and the final
%‘?ity of the proteins were estimated 80%.

The plasmid pGrf10:His was used for expression of recombinant
(ﬁis—tagged Pho2 6]. Plasmids for bacterial expression of
0rlercombinant His-tagged Pho2 HD mutants were constructed by

Acid phosphatase and3-galactosidase assays

Acid phosphatase assays (APase) were performed on cells growi
mid log phase as previously described)( Three independent
transformants were assayed in each experiment. Whole cell eﬂr%stern blots

were assayed for APase activity wathitrophenyl phosphate as the

substrate. One unit of activity was defined as the amount produciighole yeast cell extracts were prepared from 25 ml cultures of
1 pmol of p-nitrophenol per hour per absorbance unit ggoAf  cells grown in SD media lacking leucine. Following centrifugation,
cells. B-Galactosidase activity was measured as descriti®d ( cells were washed in ice-cold lysis buffer [L00 mM Tris-HCI pH
Chloroform and SDS-permeabilized whole cell extracts wer8.0, 500 mM NaCl, 1 mM 2-mercaptoethanol, 10% glycerol (w/v),
assayed fotacZ expression wittO-nitrophenylf-p-galactosidase 5 mM MgCh, 1 mM PMSF, 10 mg/miN-tosyl4 -phenylalanine

as the substrate. Units were calculated using gag\alue of the  chloromethyl ketone, 1 mg/ml leupeptin, 1 mg/ml aprotinin,
culture for normalization. The values presented in the tables are thie@ mg/ml soybean trypsin inhibitor, 0.3 mg/ml benzamidine,
percent activity for each mutant in comparison with wild-type Pho2 mg/ml pepstatin A] at 2 ml buffer per gram of cells. Cells were
and were calculated using the formula % = 2@0nitSipmutant—  resuspended in 0.5 ml lysis buffer, disrupted with glass beads by
Unitsppho/(Unitsyt — Unitsypnod. Assays of thePHOS5 and  vortexing six times for 30 s, and returned to ice. Extracts were
UASp1 reporters were performed in strain L4198 under lowecovered from the beads and clarified by centrifugation at 1§ 000
phosphate conditions. The UAS4 and ADEL reporters were for 30 min at 4C. Protein concentrations were determined with
assayed in strain L4224 in SD media without adenine, uracil afgloRad protein assay reagent using BSA as a standard and the
leucine. The UAFo reporter was assayed in strain L4198 in SDOysates were adjusted to the same concentration. Protein from each
media without uracil and leucine. lysate was electrophoresed on an 8% SDS—PAGE gel, electroblotted
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A gels were electrophoresed at 160 V for 2 h at room temperature.
The dried gels were exposed to a phosphor screen, and visualized
on a Molecular Dynamics Phosphorimager. The relationship of
the signal and intensity of the images shown in Figdirasd5

are linear over a range between 10 and 5000.

RESULTS
In vivo assay for Pho2

To examine the contributions of individual residues within the
Pho2 HD, we developed an assay system that allows us to measure

B Pho2 activity at its different target sit@s vivo (Fig. 2A). A

Cofactor Phot Bas Swis wild-type PHO2 gene that contains unique restriction sites

Reporter PHOS UASpi-lacZ UASyslacZ ADET-lacZ UAS,qlacZ throughout the HD coding region was constructed so that specific
Assay APase  [-Gal. pGal  p-Gal  p-Gal amino acid substitutions could be introduced using double-

I, 20 50 200 stranded oligonucleotides. Th(_a engined?etD?2 construct fully
MG (+PHOD 36U 65U 655U 20 250 complements @hqz null mutation and has phosphate regulated
FoldAcivaion 15X 161X X 8X 26X Pho5 APase activity equivalent to the wild-tygd¢O2 strain (data
not shown). These results indicate that codon changes in the
engineereHO2construct or expressionBHO2from a plasmid
Figure 2. In vivo assays of Pho2 activitfA) Schematic representation of the do not nOticeably affect the aCtiVity of Pho2 prOtein in the cell
ingvivo assay used foyr measuring the activity of Pho2 pHD mutants. pMCJ8, V.Ve WIShed to examine the effects of substitutions in Pho2 on
which contains the cassett®HO2 gene, and one of the Pho2-dependent activation of the endogenoBsiO5gene as well as at several other
CYC1-laczreporter constructs were co-transformed pito2deletion strains. ~ Pho2-dependent promoters. To this end, we have constructed
Expression ofacZ was measured from Pho2-depende¥iC1-lacZreporters  transcription reporter vectors containing Pho2-dependent UAS

and acid phosphatase activity from the endogeRbiS5 gene. B) Results  glements from thBHO5, HIS4andHO promoters which activate
from APase and3-galactosidase assays measuring the effects of pMCJ8 '

(PHO2 and pMCJ1 (n®HO2 onPHO5and UASpliacZ expression under  €XPression olacZ in the context of a heterologous promoter and
low phosphate conditions; UASsslacZ and ADE1-lacZunder amino acid ~ have obtained aADE1-lacZpromoter fusion,9,11,15,33). To

starvation conditions; and UAg-lacZ during vegetative growth. Assays were — establish that the UARcZ constructs are dependent on Pho2, we
performed as described in Materials and Methods and values shown are theyeasured the ability of the engineered Pho2 to activate

units of APase oi-galactosidase activity that are the average of three o f _
independent assays. The standard deviation is <20%. The fold activation Waganscrlptlon of the various Pho2 dependent UAS elements and the

calculated by comparing the units of activity in the presence and absence ¢ndogenou®HOS gene (Fig2B). Expres_sion fom each of the
PHO2 (PHO2/pho3. lacZ reporter constructs alRHO5 was activated in the presence

of Pho2 (pMCJ8) when compared with cells assayed under the
same conditions in the absence of Pho2 (pMCJ1). These results

to nitrocellulose filters and the filters were blocked with 5% drndree with published data on Pho2-dependent activation
milk. Monoclonal antiserum specific to the HA epitope, 12CA5-H6:9,11,15,33) and demonstrate that this assay system can be used
(Babco Industries), was used as a primary antibody, with 90@( measure thim vivo effects of mutations in the Pho2 HD.
anti-mouse antiserum conjugated to horse radish peroxidase as the

secondary antibody. Westerns were visualized by chemilumineserggnserved residues in the Pho2 HD are essential for

(Amersham ECL) and exposed to film. function of Pho2-dependent promoters

Electrophoretic mobility shift assays To examine the contribution of individual residues in the HD to
Pho2 activityin vivo, we have constructed a series of alanine
EMSAs were performed with complementary oligonucleotidesubstitutions at positions that would be predicted to contact DNA
that were used in constructiy C1-lacZreporter plasmids. The by comparison with the Engrailed HD co-crystal struct@e. (
recessed'3nds of the annealed oligonucleotides were filled witiThese mutants were assayed for their effects on transcriptional
dATP, dGTP, dTTP and3fP]JdCTP by Klenow polymerase. activation of several Pho2-dependent reporters (Tapldn
Labeled oligonucleotides were purified over Sephadex G-25 spireneral, most of the results agree with the predictions based on the
columns (Boehringer Mannheim). Approximately 1 ng of labeleao-crystal structure and mutational analysis of the Engrailed HD
double-stranded oligonucleotide was added tqubfeactions (19,21). For example, with the exception of tA®E1-lacZ
containing 100 mM NaCl, 25 mM Tris—HCI pH 7.5, 4% (w/v) reporter, alanine substitutions of the highly conserved residues
glycerol, 2 mM 2-mercaptoethanol, 0.05% Triton X-100, 0.1 mMN48, N51 and R53 result in almost a complete loss of expression
EDTA, 1 mM PMSF and jug of non-specific competitor, poly of PHO5 and the Pho2-dependelasicZ reporters (Table?).
(dIdC)poly (dIdC) (Pharmacia). Serial dilutions (5-fold) of Western blot analysis of yeast lysates showed that the Pho2 mutants
recombinant protein diluted in 1 mg/mI BSA, 20 mM Tris pH 8.0are expressed at approximately wild-type levedlicating that the
10% glycerol, 0.5 mM EDTA, 0.5 mM DTT, 100 mM NacCl and substitutions do not alter the level of the proteins in the cell
1 mM PMSF, were added to the label mix and the reactions weffeig. 3). These results support the observation that Pho2 contains
incubated for 30 min at room temperature. The reactions wesaeprototypical HD since these residues are found in over 95% of
then loaded onto 6% polyacrylamide gels irxOMBE and the all HDs and are considered to be virtually invariant.
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Table 2. Promoter activation by Pho2 mutants

Cofactor Pho4 Basl Swi5
Reporter PHO5 UASp1 UASyis4 ADE1l-lacZz UASHo
Assay? Contack APase B-gal B-gal B-gal B-gal
WT 100 100 100 100 100
R2A 65 34 117

K4A 51 16 57

R5A T7 7.0 0.5 41 83 0.0
T6A P 67 34 74 135 75
R7A 10 7.4 69

T25A P 76 63 64

T25Y P 122 321 112

R31A P 20 3.9 49

147A T4 18 0.3 17 51 4.2
W48A P 1.0 0.2 2.1 31 0.0
Q50A T2 33 4.7 45 43 33
N51A A5 1.3 0.0 2.8 34 0.0
R53A P 2.7 0.2 5.0 42 0.0
K55A P 79 43 68 111 83
R57A P 37 7.9 58 120 41
K58A 57 20 60

K59A 95 114 81

A/alues shown for each mutant are the percent activity of wild-type Pho2 and were calculated as described in Materialdsand Metho
bContacts of each residue are predicted from the Engrailed co-crystal structure (19). P represents a phosphate-backbone contact;
A, a base-specific contact to adenine; T, a base-specific contact to thymine.

Although alanine substitutions of W48, N51 and R53 result imesidue is an important determinant in DNA-binding specificity, it
almost a complete loss of transcriptional activation oPtH®5  does not make a large contribution to the DNA-binding affinity of
UASp1l and UAFo Pho2-dependent reporters, there is stilthe protein 21). Although the Pho2 Q50A mutation has only mild
significant Pho2-dependent expression at the Bas1/Pho2-depegfiects on the expression of thelO5 UASys4, ADE1-lacZand
ent ADE1-lacZreporter Previous studiesl(), along with the UASHo reporters, expression from the UASp1 reportébfs of
results shown in Figurg demonstrate that expressiol/ABE1 its wild-type level. The low level of activation by the Q50A mutant
is Pho2-dependent. However, Pho2 has never been shown to lahtdASp1 might be due to different protein—protein or protein-DNA
the ADE1 promoter in EMSAs or in DNase | protection interactions which take place in the context of the full promoter as
experiments. In addition, it has recently been shown thlad2 compared to the isolated UASp1 element. This is supported by
mutant, which completely lacks the HD, is able to work irrecent observations that Pho2 binds by itself and cooperatively with
combination with the Bas1 protein to partially activate expressioRho4 at multiple sites in tieHOS5 promoter (7).
of the ADE5 promoter 84). Therefore, it is possible thaDE1 The effects of mutations at other positions in the Pho2 HD vary
expression may be less dependent on Pho2 HD-DNA interactionth some substitutions resulting in intermediate levels of
than the other genes regulated by Pho2 and that other regions offt®2-dependent expression, while other mutants show nearly
protein may be sufficient for the residual activation in combinatiomvild-type activity even though they are modeled to contact the
with Bas1. DNA. For example, in the Engrailed co-crystal structure residues

In the Engrailed co-crystal structure, residue Q50 makes B6 and K55 make contacts to the sugar-phosphate backbone of
base-specific contact to a thymine and has been shown to betia@ DNA. Alanine substitutions of these residues in Pho2 cause
important determinant of DNA-binding specificity in the Engrailed<2-fold decrease in the level of expression from most of the
HD, as well as in other HD4.9,21,35-37). However, we observe Pho2-dependent reporters. This result suggests that if these
that alanine substitution of this residue in Pho2 results in aesiduesin Pho2 contact the DNA, then they only make relatively
[P—3-fold decrease in the level of expression of OS5  small contributions to the overall DNA-binding affinity. One
UASys4, ADE1-lacZand UASo reporters. This result is consist- explanation for the effect of these mutations is that in Pho2,
ent with previous observations that alanine substitution of thigesidues at other positions contact the DNA and, therefore,
residue in the Engrailed HD causes only a 2-fold reduction in thieplace the function of these positions in Engrailed. In order to test
DNA-binding affinity in vitro. These results suggest that while thisthis model, alanine substitutions were made in Pho2 at residues
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Figure 3. Western blot of Pho2 HD mutants. Yeast cell extracts containing the M

Pho2 mutants were normalized for protein concentration, electrophoresed On a 8 . 1 L L 1011 1210 18 15 16 17 10 18 2021 22 25 26 25 56 27 28 28 20 31 52 13 98
8% SDS-PAGE and blotted to nitrocellulose. The filter was then probed with

antisera to the HA epitope and cross-reacting proteins was visualized by B 2w RSA TeA Tasy A
chemiluminesence. Lane 1 contains protein from an extract prepared from cell: BE! j g~
harboring pMCJ1 RPHO2). Lane 2 contains protein from an extract prepared 0 B 5] A m
from cells harboring a plasmid containing the wild-type engineBi¢@2 | % b o ' a 4
(pPMCJ8). Lanes 3-12 contain extracts from cells harboring the R5A, T6A, E!E IHI " !“ i M b4
147A, W48BA, Q50A, N51A, R53A, K55A and R57A Pho2 HD mutants.

L

which are in close proximity to the DNA in the Engrailed t;L “
co-crystal structure, but do not make a direct contacttothe DN/ + =3 « ¢
For example, in the N-terminal arm of Pho2, it is possible that
residues R2 and K4 could contact the DNA and, therefore, replace
the'functlon of T6in Engralleq. Likewise, reS|du_es K58 and'K59 Ncigure 4. DNA binding of Pho2 mutants to the UASpL and s binding
helix I_” of Pho2 CO_UId substltuye for the functlo_n of K55 in the jteg. A) UASp1 binding of Pho2 HD substitution mutants. Lane 1, no protein;
Engrailed HD. Alanine substitutions of Pho2 residues R2, K4 andanes 2-10 contain equal concentrations 137 M) of purified wild-type,
K58 result in a moderate loss of expression of botPH®@5 and R5A,d 'T?AS T2§>\ij /SS5(31A,LN51A,l ?5334A, Kf;5A asr}dklj??ZArPh02fpr9|t§inS boggg
i i radiolabele . Lanes 11-54 contain o-fold utrations or wild-type, ,
UASpl _reporters, which ShOWS that these residues make 25Y, Q50A, K55A gnd R57A Pho2 proteins ranging from €L18-" M tglgA
contribution to Pho2 HD-DNA interactions (Tab)e On the other .55 M) bound to UASp1.8) UAS s binding to Pho2 HD mutants. Lanes
hand, the K59A mutant activates transcription to nearly wild-typex—10 contain equal concentrations @387 M) of purified wild-type, RSA, T6A,
expression levels, suggesting that it is not required for Pho2 functiom2sY, Q50A, N51A, R53A, K55A and R57A Pho2 proteins bound to radiolabeled
In the structures of th®rosophila Engrailed, Antennapedia, UYASwiss Lanes 11-34 contain 5-fold dilutions of wild-type, RSA, T6A, T25Y,
Even-skipped, Paired and yeag HDs, residue 25 is a tyrosine 250 ?g%igSA Pho2 proteins ranging from (£807"M to 1.4x 10 M)
located in the turn between helix | and helix Il that extends from the IS
HD and makes a contact to the phosphate backbyz)38-40).

In Pho2, residue 25 is a threonine and although it is capable of

making a hydrogen bond with the backbone, its length igypression fromPHOS and the UASpl reporfewhile the
significantly shorter and, therefore, it may not be capable of mak'rLgASH|S4reporter retains 69% of its expression. These results show
an optimal contact to the DNA. A T25A substitution in Pho2 causggat the requirements for residues in the N-terminal arm vary at the
amoderate decrease in the level of expression of the reporters tesigfbrent promoter elements. Furthermore, it suggests that the
which indicates that residue T25 makes a weak contribution to thgnction of N-terminal residues is not the same when Phottrigac

in vivo activity of Pho2 (Table?). On the other hand, a tyrosine \yith Bas1 compared to when it is acting with Pho4 or Swis.
substitution at this position, T25Y, results in a noticeable increase in

the level of expression of the reporters and in particular at tZe vitr f Pho2 mutants correlate with the observed
UASplwhere expression increases 3-fold over the wild-type levi j) VIro assays of Fhoz mutants correlate € observe

(Table 2). This result confirms the predictions from the EngraileoEﬁectSIn VIvo
Crystal structure, and suggests that while Pho2 residue T25 is mak'rn(jb ana|ysis described above showed the effectgvo of

| |
L WATI21A 1516 1T IR0 2020 2220 M 5 B 2T 2030 W R I3 M

a contact with the DNA, it may not be optimal. substitutions in the Pho2 HD. We next wished to determine how
these mutations affect Pho2 bindingitro, and how well these
Substitutions in the HD N-terminal arm have differential results correlate with then vitro analysis of Engrailed HD

effects on the expression of the Pho2-dependent reporters ~ Mutants £1,22). Wild-type Pho2 and selected substitution
mutants were assayed for DNA-binding activity using purified

Residue R5 is conserved in >95% of all HD proteins and makegeotein with radiolabeled Pho2-dependent UAS elements. The
hydrogen bond to a thymine in the minor groove of the DNA in theesults from the EMSAs show a good correlation between the
Engrailed co-crystal structurel,2,19). As expected, alanine level of Pho2-dependent transcriptional activaiiorvivo and
substitution of R5 results in almost a complete loss of activatidDNA-binding affinity in vitro (Fig. 4). Those mutants that have
from PHO5,UASp1 and UAgFo promoter elements (Tabie. In decreasedn vivo activity also have a corresponding loss in
contrast, this same mutant retaif-85% of its activity at the DNA-binding affinity. For example, the proteins containing the
Basl and Pho2-depend&E1-lacZand the UAF s4reporters.  mutations R5A, N51A and R53A show @h00-fold decrease in
Likewise, alanine substitution of R7 results in very low levels othe DNA-binding affinity for the UASp1 site (FidA, lanes 3, 7
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and 8). These results are consistent withitro studies on the compared with the wild-type protein (F&B, lanes 11-14 versus
Engrailed HD which show a similar decrease in DNA-bindingl5-18). This result correlates well with the differences observed
affinity with the R5A and N51A substitutions in Engrail@®),  invivoatthe UASp1 and UAgsareporters (Tablg), and further
Other substitutions in Pho2, such as T6A and K55A, which retasupports the finding that N-terminal residues are not required to
significant levels of activityn vivo, have approximately wild- the same extent for Pho2 DNA-binding at Hi&4 and ADE1

type DNA-binding affinity for the UASp1 sitia vitro (Fig. 4A,  promoters compared to other Pho2-dependent promoters.
lanes 4 and 9). Since these substitutions only have a small effect

on Pho2 binding, we were interested in whether these sarmie Engrailed HD can substitute for the Pho2 HD

changes would also have a minor effect on DNA-binding af'finityl_h its d ived ab h that . id
of the Engrailed HD. EMSAs with the purified proteins showed € results described above show fthal many amino aci

that the K55A substitution in the Engrailed HD only reduces th?ubstitutiogslin ft?r? PEh°2 HID dhave thete{'fetcts E{hat V\fl?r:e predictﬁd
DNA-binding affinity to the Engrailed binding site by 1.4-fold T0™M & MOCG€] oT Ih€ Engrailed co-crystal Structure. 1hese resufts

(data not shown). The T6A substitution also binds DNA wit5u99est that the mechanism and specificity of DNA-binding by

1 e hese two proteins is very similar. To further test this model, we
almost wild-type affinity (S.Ades and R.T.Sauer, personareplaced the Pho2-HD with the Engrailed HD and assayed for the

communication). Therefore, the effects of T6A and KS5A ility of the Pho2—Engrailed chimera to activate expression of
mutants in Pho?2 are similar to the effects of the same substitutio%% ty g P

in Engrailed, which suggests these residues may be involved§ocgenouBHOS along with thaJASpl andJASys4 reporter

similar contacts in both proteins and that they make a reIativegg,:;\i;rtuecststhg‘I"Jl?alfa|§’;'4 ;Aelgz)??egrh c ;2;5 Cﬁﬂi_gf&)rilfe\?vngﬁggg
Sn‘l]'?]”egrozrg\r;bstglloosr':itﬁ?[iézev(\?r\:ii;amlhr?c';lig\r-]gIgglg%:tftrgr]?énscriptionl vels, it fails to activateHO5or the UASpXeporter construct.
activator than the wild-type protein, binds DNA with 4-fold higher his result was not unexpected since Engrailed has an alanine at

o i s . residue 7 and our results show that the R7A substitution in Pho2
affinity than the wild-type protein (FigA, lanes 19-22). This result tesults in almost a complete loss of expression P65 and

: . . : [
again supports the model that while T25 interacts with the DNA, & ASp1 while the UASs4 reporter retains 69% of its activity

does not appear to be an optimal contact. (T " -
- - able 2). An Arg at position 7 in the HD may therefore be
In general, the apparent DNA-binding affinity of the Phozessential for the Pho2—Engrailed protein to function a®H®5

mutantsin vitro correlates with the observed effects of thes romoter and UASpL site. To test this model, an A7R substitution
mutantsn vivo. One exception to this correlation is observed wit : s ’ .

A ) . . In the Pho2—Engrailed hybrid was constructed and assayed
Pho2 Q50A DNA-binding to the UASp1 site. This mutant blnd%/ivo. This mutation results in a protein that activates the

the UASp1 site at 70% of wild-type levels, but is only able tQy . ;

: ) o pression o0PHO5to 63% of wild-type level and the UASp1
activate expression of the UASp1 reporiervivo at 5% of .0t to 329 of wild-type level (TatBie We also observe an
wild-type levels. The small reduction in DNA-binding affinity of i, yeaqe in the level of UARs4 reporter expression with this
the Pho2 QS0A mutant is similar to the-fold reduction in 1 ant These results demonstrate the importance of the HD

sDu’\klétElljr':gr??n tﬁgigggréﬂgé % gﬁgirglzgtio%ye;ggrim%i?? N-terminal arm in DNA binding, and further show that there are
X A X iff t i ts fi i in the N-terminal
of the Engrailed Q50A mutant show that it has relaxed sequendl erent sequence requirements for residues in the N-termina

specificity. If the Pho2 Q50A mutant has similar relaxedgﬁhn of the HD at the various Pho2-dependent promoters.
specificity, then it may not be able to distinguish its natural

binding sites from other binding sit@svivo. That may explain  Table 3.Promoter activation by Pho2 hybrid proteins

why the Q50A mutation has a large effect on activation of the
UASp1 reporter. Interestingly, the Q50A mutant only has a minofcofactor Pho4 Basl

effect, 3-fold, on activation d?HOS5 This result suggests there RePorter PHOS UASpldacZ  UAShisylacz

may be other factors that contribute to the specificity of PhoZ*>5%" APase  Pgal B-gal
DNA binding to the fulPHO5promoter which are not presentin Wild-type 100 100 100
the isolated UASp1 element. A second UAS element, UASP2pho2-Engrailed 4.9 1.1 58
has been identified within tHeHOS5 promoter that is strongly .

bound by Pho4 but only weakly by Phd2,,33). It is possible Pho2-Engrailed A7R 68 27 118
that Pho4 binds to this site and that interactions between Pho4 afiflo2-e2 20 3.0 7.9
Pho2 compensate for the loss of DNA-binding specificity by thepho2-e2 R7A 1.4 0.7 2.0

Pho2 Q50A mutantl,17). Pho4 does not bind tightly to the
UASpl element, so these protein interactions would not be alii¢élues shown are percent activity of wild-type Pho2 and were calculated as
to compensate for the effects of the Q50A on the UASp1 reportépscribed in the Materials and Methods.

Since the effects of some of the Pho2 mutants dPit@5and
UASp1 reporters are different when compared with the &S
or ADE1-lacZreporters, we examined the DNA-binding affinity ~The results shown above indicate that the Engrailed HD can at
of the mutants for thed ASps4 site (Fig4B). Most of the mutants  least partially replace the function of the Pho2 HD. We next
tested showed approximately the same binding affinity for thevanted to determine what effect a HD substitution with different
UASH;s4 and UASp1 sites. However, there is a significanDNA-binding specificity would have on the expression of the
difference in the DNA-binding affinity of the R5A mutant for the Pho2-dependent reporters. To address this question, the Pho2 HD
UASp1 and UAg s sites (Fig.4B, lanes 3 and 15-18). No was replaced with the HD from the yem8trepressor. Although, the
binding of the R5A mutant is detected to the UASp1 site, whil®ho2 andx2 HDs share some protein sequence similarity, most of
R5A binding to the UAR;s4 site is only reducedB-fold when  the residues that make base-specific contacts are not conserved
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Pho2-En  Pho2-EnA7R DISCUSSION

r_—\v‘ﬂ_\“hh [

The co-crystal structure of the Engrailed HD bound to DNA, along
with  mutagenic studies which have examined DNA-binding

| | b specificity of the HD, has provided a detailed model of how the
Engrailed HD contacts DN#a vitro (19,21,22). We have used this
. t information as a basis to systematically examine the contributions of
individual residues of a similar HD protein, Pho2, on transcriptional

regulationin vivoand DNA-binding affinityin vitro. In general, the
results agree with our predictions of the Engrailed co-crystal
structure and with previous biochemical studies on the protein
(19,21,22). For example, alanine substitution of Pho2 residues W48
or N51 result in almost a complete loss of expression from the
Pho2-dependent reporter promoters and a 100-fold decrease in
the DNA-binding affinity of the proteins. These results are
consistent with the observation that residue W48, which is part of
the hydrophobic core of the protein, and residue N51, which
makes a bidentate contact to an adenine, are conserved in >95%
12 34 5 6 7 8 9 10111213 of all HD proteins {,2). Our results further show that these side
chains are important components of HD structure and furiation
vivo andin vitro.

) o ) ) ) It should be noted that, with the exception of the N51A mutant,
Figure 5. DNA binding of wild-type Pho2, Pho2-Engrailed and Pho2-Engrailed yhe RE3A substitution has a larger effect on transcriptional
A7R. EMSAs were performed with 5-fold serial dilutions of purified protein . A - L
ranging in concentration from 1:8107 M to 1.4x 10° M and radiolabeled regulatlor) and DNA'bmdmg affinity thfin substitution of any
UASPL. other residue which makes base-specific or phosphate-backbone

contacts. This position is conserved in >95% of all HD proteins,

and this side chain appears to make a direct contact to at least one

and often two, phosphate groups in the DNA backbone in every
between the two proteins (Fi. As predicted, the Pho@2 hybrid ~ HD structure that has been examiné@,70,38-42). Perhaps
protein has very little activity at the Pho2-dependent reporteesjually important is that this side chain is often involved in a
(Table3). However, we observed that the Phai2hybrid activates  network of hydrogen bonds with other amino acid side chains and
transcription of the endogenoB$1O5 and the UASp1 reporter water molecules, which in turn make contacts to the DNA. In
better than the expression mediated by the Pho2—Engrailaddition, the contacts made by this residue may play an important
hybrid. Sequence comparison of the Pho2 @adHDs reveals role in positioning the recognition helix of the HD within the
that besides the absolutely conserved N51 residue, the only othegijor groove. Removal of this side chain may, therefore, disrupt
position which makes a base-specific contaat2nand that is several contacts with the DNA, which would explain why the
conserved between the two proteins is R7 (Ejgin thea2  alanine substitution causes such a large decrease in the level of
co-crystal structure this residue is making base-specific contad®vo2 DNA-binding affinity and transcriptional activation.
in the minor groove and it seems likely that residue R7 of Pho2 Although the strong effects of the W48A, N51A and R53A
may be making similar contacts at the UASp1 &itg.(\We have substitutions agree with predictions based on the Engrailed and
tested this prediction by making a R7A substitution in the contexther HD structures, the effects of substitutions at other positions,
of the Pho2ea2 chimera. This mutant protein fails to activatewhich are also strongly conserved and contact the DNA in many
transcription of the UASp1 reporter (TaB)eThese results show HD structures, are relatively weak. For example, alanine
that the R7 residue has an important role in determining thlsibstitution of residues T6 or K55, which make contacts to the
specificity of binding at the UASp1 site. DNA sugar—phosphate backbone in many HD structures, have

To determine if the transcriptional activation by the PhoZ2elatively little effect on Pho2 DNA-binding affinity or
chimeras correlate the differences in DNA-binding affinity andranscriptional activation. These substitutions also only have
specificity, purified hybrid proteins were assayed in EMSAs witlsmall effect on the DNA-binding affinity of the Engrailed HD.
radiolabeled UASp1 and UAgs4. The Pho2—Engrailed binding This result suggests that while these side chains may contact the
affinity to UASp1 is >40-fold weaker than the binding affinity of DNA, they only make a small contribution to the overall
the wild-type protein (Figs). On the other hand, the binding DNA-binding affinity of the protein. The small contribution by
affinity of the Pho2—Engrailed A7R mutant is at least 5-foldhese side chains may be in part compensated by additional
stronger than the Pho2—Engrailed fusion protein to the site. Asntacts with the DNA by other side chains in Pho2 that are not
expected from the results on the expression of the WS frequently implicated in DNA binding by HD proteins. For
reporter, Pho2—Engrailed and the Pho2—Engrailed A7R mutant biedample, we have shown that residues R2, K4 and K58 appear to
with approximately the same affinity to the UA&; site (data not make some contribution to the activity of the protein. In some of
shown). Taken together, these results clearly demonstrate the HD structures, the position of these residues are not well
importance of R7 in the N-terminal arm of Pho2 and support defined (9,20,40-42). However, in the Prd-GIn50 co-crystal
model where the Pho2 HD N-terminal residues play a more criticatructure, the R2 side chain is making a base-specific contact in
role in DNA recognition aPHOS5 than at theHIS4 and ADE1  the minor groove39) and it is possible that Pho2 makes a similar
promoters. contact in binding to the UASp1 site. Alternatively, these side
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chains may not directly contact DNA, but may play a role irpossible that the contacts made by Pho2 in the major groove of the
stabilizing the configuration of the N-terminal arm. This wouldADEland UASys4 elements are more optimal than the contacts
be similar to the structure of the N-terminal arnm@f which in ~ made to UASp1, and therefore, Pho2 binding to these sites does
complex with theal protein folds back upon itself to make not require the contribution of the contacts made by residues in
contacts in the minor groovéd). Although the contribution of the N-terminal arm. Pho2 binding to UASp1, which may not
each individual side chain to the overall binding affinity ismake optimal contacts in the major groove, may therefore, rely
relatively weak, in total these side chains are presumably amore heavily on contacts made by the N-terminal arm in the
important component of Pho2 DNA-binding affinity. minor groove. These results provide an example of how a single
We have shown that the Engrailed HD can substitute for the PhbiD protein can act to regulate many genes by utilizing its
HD in activation of UASys4 reporter, while the Pho2—-Engrailed residues, particularly those in the N-terminal arm, to possibly
A7R mutant also functions to activate the expression d?tt@5  make different sets of contacts with the DNA.
and UASpL1 reporters. These results suggest that, with the exception
of residue R7 in Pho2, the Pho2 and Engrailed Hgain the
same functional information and are making similar contacts witﬁcKNOVVLEDGEMENTS
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