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After the assignment of ‘H NMR signals of aromvfic side chains by meags of specific deuteration. we analyzed the DNA binding site of GAL4 
by measuring photo-CIDNP spectra. The results showed thal Trp” is involved in both the specific imeraction with UAS, and non-specific DNA 
binding. This residue is located inside the Cys-rich region, but outside the putative Zn-finger. The photo-CIDNP spectrum also showed that the 

31 je chains of Tyr” and His’” are not exposed on the surhce of the protein. 

NMR; Photo-CIDNP; GAL4; UAS,; Zinc finger; DNA binding 

1. INTRODUCTION 

GAL4, a transcriptional activator protein that binds 
specifically to 17 base-pair DNA sequelices named 
UASG [l], is responsible for induction of the genes cod- 
ing for galactose-metabolizing enzymes of Succhrr- 
romyccs cerew’siae [3]. Pan and Coleman [3] reported the 
production of a DNA binding domain, GAL4(149’), 
comprising residues 1-147 plus two additional residues, 
and Serikawa et al. [4] were successful in producing 
GAL4 fragments of 147, 110 and 96 amino-terminal 
residues that could be expressed in 6 co/i. All of them 
contain a stoichiometric amount of Zn(lI) and specifi- 
cally bind to UASG. 

The DNA binding domain of GAL4 has a Cys-rich 
region (residues I l-38), there being six cysteine residues 
[S], and it had long been supposed that the domain 
contained a cysteine-zinc finger comprising a zinc ion 
bound between two pairs of cysteine residues [6]. How- 
ever, Pan and Coleman proposed that the DNA binding 
domain does not contain such a zinc finger but forms 
a Zn(II),.Cys, binuclcar cluster [7,8], although coordina- 
tion positions were revised later [9]. A similar cluster 
model was proposed by Gadhavi et al. [lo]. From the 
results of replacement of amino acid segments of the 
DNA binding domain by means of in vitro mutagenesis 
with analogous segments of another transcriptional ac- 
tivator, PPRl, Corton and Johnson assumed that the 
14-amino acid sequence adjacent to the zinc finger is 
required for the DNA sequence recognition specificity 
[l I]. However, there is no direct physicochemical 
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evidence for the involvement of any specific amino acid 
residue for or region of the DNA binding domain in the 
complex formation with UASo. 

Hcrc WC prepared protein fragments, GAL4( 118) and 
GAL4( 147) corresponding to N-terminal regions of the 
1 IO and 147 residues, respectively [43. After the assign- 
ment of ‘H NMR signals of aromatic side chains by 
means of specific deuteration, we used the photo- 
CIDNP (rzhemically induced dynamic nuclear polariza- 
tion) method [12] to clarify whether tryptophan, ty- 
rosine and histidine residues of the DNA binding 
domain of GAL4 are involved in the DNA binding. 
GALB( 110) contains one histidine, one tryptophan, one 
tyrosine and three pkenylalanines as aromatic residues. 
Among them, Trp’” is located within the Cyscluster 
(residues 1 l-38), but Tyr and His are not. 

2. MATERIALS AND METHODS 

7. I. Proteitr prepurariotrs 
Non-labe!ed GALI( I IO) and GAL4( 147) were expressed in E. coli 

strain TGI cells harboring pGTl IO and pGTl44, respectively 141, 
which were grown in YT broth. For the preparation of deuterated 
amino acid-substituted GAL4(110), E, co/i strain KMBLl788 
(thyA301. bio87. a&A, endAlO1, pheA, metE72) was used as a host 
for pGNl IO [4] because of its requirement for phenylalaninc. 
(I ,2,3,4,5-zH,iPhenylalanine and (3,s.‘H,)tyrosine were purchased 
from Cambridge Isotope Co. MB-Glucose containing 20 amino acids, 
and 50 mg/l each of thyminc and biotin was used as a medium. For 
the deu;cration of phenylalanine residues of GAL4(I IO). 50 mg/J of 
(1.2,3.4,5-?H,)+phenylalanine was added instead of its nondeu- 
terated form, and for the deuteraiion of both phcnylalanine and ty- 
rosinc residues, (2,4-zH,)-L-tyrosine was used together with deuterated 
phenylalaninc. The purification pr&urc was described previously [4]. 

2.2. NMR mwwrentents 
’ W NMR qcctra at 500 MHz were recorded wilh a JEOL GX-5OO5 
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spectrometer equipped with a 5 mm sample probe using 16.384 data 
points and a spectral width of 6,OOO Hz. Proton chemical shifts are 
expressed relative to an internal reference, 2,2-dimethyl.2.silapentane 
sulfonate (DSS). ‘H photo-CIDNP spectra were measured for a 1 mM 
protein solution in 0.5 ml of 20 mM phosphate buffer and 0,3 M KCI 
at p!H 7.0. Spectra were recorded using a specially designed probe 
with a 3 mm quartz rod to introduce laser light, The sample tube was 
irradiated in the probe for 0.3 s with 488 nm line (0.7 w) from an NEC 
GLG-3300 argon ion laser for data acquisition. Alternately, ‘light’ and 
‘dark’ free induction decays were collected and subtraction yielded the 
photo-CIDNP difference spectrum. A light-dark cycle took 40 s and 
32 cydcs were accumulated. 

3. HESULTS AND DISCUSSION 

First, we assigned the aromatic resonances by means 
of sslcctive deuteration of phenylalanine and tyrosine 
side chains, pH titration and NOE (nuclear Overhauser 
effect) measurements, The aromatic region of the NMR 
spectra of nonmdeuterated GAL4( 110) and (1,2,3,4,5- 
‘HJ phenylalanine-substituted GAL4(110) are shown 
in Fig. la and b, respectively. GAL4( 110) contains three 

Fig. 1.500 MHz ‘1~ NMR spectra of aromatic protons of GAU(l10). 
(a) Intact GA1,4(1 IO). (b) (1,2,3,4,5-‘Hs) phenylalanine-substituted 
GAL4(1 IO). (I!) (1,2.3,4,5-zH,)-phenylalanine, (3,5-ZH,)tyrosine-sub- 
stituteJ GAL40 IG). The solution con~prisrd 4 mt; of riicb GAL1( I IO) 
in a *H,O solution containing 20 mM phosphate buffer and 300 mM 
KCI, p2H 7.0. Proton chemical shifts were recorded relative to an 

internal refercno:, 2,2-dimethyl-2&tpentane sulfonate (DSS). 

(d) 

Fig. 2. Photo-Cl DN P spectra of GAL4( I 10) and its complex with the 
UAS, I7-mer oligonucleotidc. Each solution comprised I mM 
GAL4(1 IO) in 20 mM phosphate buffer, p’H 7.0. (a) Dark spectrum 
and (b) photo-CIDNP difference spectrum ofGAL4(110) itself in 0.3 
M KCI, (c) l:I GkL4( 1 IO) dimer/UAS, in 0.3 M KCI, and (d) I:1 

GAL4(1 IO) dimeWAS, in I .O M KCI. 

phenylalanine residues, at positions 65, 68 and 97. Some 
of the signals due to phenylalanine residues overlap at 
7.2 ppm. as shown in Fig. la. Elimination of the signals 
of the ring protons of the phenylalanine residues re- 
sulted in much better separation in the aromatic region 
(6.5-8.5 ppm) of the spectrum of GAL4(110) (Fig. 1 b). 
The resonance assignment of the unique tyrosine 
residue at position 40 was achieved by measuring a 
spectrum for ( 1,2,3,4,5-“IiS)phenylalaninc- and (3,5- 
?Hz)tyrosine-substituted GAL4(110) (Fig. lc). The 
signal denoted by q in Fig. 1 b could be clearly assigned 
to 3,5-proton resonances of the unique tyrosine residue, 
TyrJO, since it was missing in Fig. lc. Because of the 
elimination of scalar coupling, and dipole interaction 
between 3,S-protons and 2,6-protons of TyP, the re- 
sonance of 2,6-protons of Tyr4’ at 6.93 ppm, denoted 
by p in Fig. lc, became singlet and sharper than that 
seen in Fig. 1 b. Identification of the C-2 and C-4 proton 
resonances of the unique histidine residue, His53, was 
straightforward on p?H titration (data not shown). Two 
signals assigned to His” (denoted by r and s in Fig. I b) 
gave a pH titration curve indicating the pKa value to be 
6.7. The residual peaks at 8.05, 7.38, 7.G6,d.B and 6.85 
ppm are connected by NOE assigned to the unique Trp 
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i wJ+d. *-Q+TpwM 
Fig. 3, Photo-CIDNP spectra ofGALl(f47) and its complex with the 
CRP binding site 22.mer oligonucleoride, Each solution comprised I 
mM GAL4(147) in 20 mM phosphate buffer and 0.3 M KCI, p?H 7.0. 
(a) Dark spectrum and (b) photoCIDNP difference spectrum of 
GAL4( 147) itself, and (c) 1: I GAL4( 1 IO) dimer/CRP binding site. The 
spectral conditions were the same as given under Materials and 

Methods, and 64 cycles were accumulated. 

residue at position 36. Thus we could assign all the 
aromatic side chains except those of phenylalanine 
residues. These assignments are consistent with those of 
the side chain protons of the smaller GAL4 DNA bind- 
ing domains, GAL4(62), determined by 2D and 3D 
NMR [13], GAL4(62*) by Pan and Coleman [14], and 
GAL4(4-49) by Gadhavi et al. [15]. The weak signals at 
around 8 ppm (peaks t and u) are probably due to 
unexchanged amide protons, because they disappeared 
after the sample had been exposed to a deuterium oxide 
solution at an elevated temperature (data not shown). 

Photo-C’IDNP difference spectra of GAL4(110) are 
shown in Fig. 2b. The three absorption peaks at 6.83, 
6.98 and 5.38 ppm correspond to the ring protons of 
T~P”~. Besi.des the tryptophan resonances, two addi- 
tional absorption peaks, at 7.03 and 7.85 ppm, were 
observed in the photo-CIDNP difference spectrum of 
GALA(147) (Fig. 3b). They should be due to HislzS, 
which is present in G.QL4(147), but not in GAL4(1 IO). 
These peak paitezs of the histidine and trfptophan 
residues observed in the CIDNP difference spectra are 
quite consistent with the typical photo-CIDNP pattern 

(a) 

I~OC----- E-V-e-T-L-H.A-R-AL-P-S-R-K-T-K-P’ 

(b) 

Fig. 4, Schematic drawing of the amino acid sequence of the DNA 
binding domain of GALA. (a) The putative Zn-Iingcr. (b) Cd(lHzCys, 

cluster model [9.10]. 

of amino acid side chains reported by Kaptein [ 121. The 
two emission peaks at around 3.1 and 3.4 ppm in both 
spectra (Figs. 2b and 3b) are supposed to be due to C, 
protons of the tryptophan residue, and the peak at 5.2 
ppm to be due to a C, proton. The emission peak at 7.9 
ppm, and the twl; absorI,tion peaks at 2.6 and 4.2 ppm 
in Figs. 2b and 3b are due to the flavin dye. The origins 
of the two negative signals at 4.01 and 0.64 ppm are 
unknown. From the results it can be said that Trp% and 
Hislz5 are exposed on the surface of the DNA binding 
domain of GALA. On the other hand, the side chains of 
Hiss3 and Tyrdo are buried in the protein. 

On the addition of an equimolar amount of the IJASq 
1 ‘I-mer [ 11, which consists of two deoxyribonucleotides, 
d(CGGAAGACTCTCCTCCG) and d(CGGAG- 
GAGAGTCTTCCG), to GAL4( 1 IO) (double-stranded 
l7-mer DNA/GALA(llO) dimer = l/ 1), the photo- 
CIDNP signals due to Trp36 significantly decreased in 
intensity (Fig. 2~). We observed only a very weak re- 
sidual signal for the C-2 proton of Trp36. It is clear that 
Trp36 is involved in the complex formation and re- 
markably shielded from the flavin dye. With an increase 
in the salt concentration we can expect dissociation of 
the complex. As shown in Fig. 2d, the signals OF Trp36 
reappeared at higher salt concentrations, although their 
intensities were not as high as for the protein itself. 

To determine whether or not this phenomeaun is spe- 
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cific to the complex formation with UASo, a deoxyribo- 
nucleotide duplex of similar length was added to a solu- 
tion of GAL4(147), which has an identical DNA bind- 
ing property to GAL4(110) [4]. Here we used a 22-mer 
duplex corresponding to the CRP binding site in the iac 
promoter, of which the sequence is d(TAATGTGAGT- 
TAGCTCACTCAT)/d(ATGAGTGAGCTAACTCA- 
CATTA) [16] and which does not exhibit homology ot 
greater than a three base sequence with UASo. As 
shown in Fig. 3c, the photo-CIDNP signals due to Trp3” 
significantly decreased in the same way as in the case of 
the UASo complex, although the CIDNP signal due to 
His’ls, which does not exist in GAL.4( 1 IO), was not 
affected by the DNA binding as such. This means that 
Trp36 is also involved in non-specific interactions, 

Corton and Johnston [II] showed that most of the 
Cys-rich region of GAL4 (residues 11-38, the exception 
being Lys’j) including Trp36 can be replaced by an 
analogous zinc-cluster region from another yeast acti- 
vator protein, PPRl, without alteration of its DNA 
binding specificity. Therefore, the Cys-rich region itself 
might not determine the DNA specificity, although the 
region is essential for DNA binding, as shown by a 
point mutation study [17]. According to the results of 
Corton and Johnston [ 1 I], it is the 14 amino acid region 
(residues 39-52) adjacent to the Cys-rich region that 
determines the DNA specificity. Trp!’ is located within 
the Cys-rich region (residues 1 l-38) and adjacent to the 
14 amino acid region (Fig. 4). Our results are quite 
consistent with these observations. Trpj6 is involved in 
both base sequence-specific and non-specific interac- 
tions with DNA. 

In the analyses of smaller GAL4 DNA binding 
domains, GAL4(62) [I 31 and GAL4(7-49) [15], two 
regions for residues Asp”-Lys” and Lys3’-Trp3” were 
found to be &helical. This structure must be retained 
in GAL4( 110) and GAL4( 147). Trps6 seems to be lo- 
cated on the a-helix which may contribute to DNA 
binding. As far as we know this is the first direct physi- 
cochemical evidence for the involvement of any specific 
amino acid residue of GAL4 in DNA binding. A photo- 
CIDNP experiment was previously performed to study 
the interaction of the Cro repressor from bacteriophage 
k with the operator DNA and non-specific DNA, and 

provided clear evidence for the involvement of tyrosine 
and histidine residues in the interaction [18]. 

T#’ is located in the 14 amino acid region adjacent 
to the Cys-rich region (residues 39-52), which was 
shown to determine the DNA specificity of GAL4 [l 11, 
and Hiss3 is located adjacent to this region. The CIDNP 
experiment, however, showed that both of them are 
buried in the protein and are thus not involved in the 
interaction directly. 
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