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Two-dimensional '"H-1PCd correlution NMR spectrn have been used 1o determine the polypeplide/metal cluster connectivities in Cd(I1) GALA.
The results shaw that the protein containg a two metal ion cluter where Cys-11 and Cys-28 are the bridging ligands,

GAL4; 2D 'HACd NMR; Metal ion co-ordination; DNA binding: Metal eluster; Zine finger

1. INTRODUCTION

The DNA binding domain of the yeast transcrip-
tional activator GAL4 contains a sequence (Cys-
X2-Cys-Xg-Cys-X6-Cys-X2-Cys-X4-Cys) which is highly
conserved amongst several other fungal gene regulatory
proteins {1}. Using EXAFS and NMR spectroscopy
respectively, we (2] and others {3) have suggested that
the  protein contains a two: metal ion cluster
distinguishing it from the ‘zinc finger® proteins typified
by the Xenopus laevis transcription factor (TF)IIIA [4).
Further NMR studies of the structure of the zine-
containing DNA binding domain have been carried out
on a purified 43 amino acid fragment (GAL4(7-49))
recently obtained by us from E. coli [5]. We have
reported the complete assignment of the 'H NMR spec-
trum and identification of secondary structure in the
Zn(II) protein {6].

The polypeptide chain is folded about two metal
jons, and as a result rather fewer NOE enhancements
are present in the NOESY spectrum than might be ex-
pected for a protein of this molecular weight; a similar
observation has also been made in the spectra. of
metallothioneins [7]. In order to obtain a greater
number of distance constraints on the structure and to
establish firmly that GAL4 does indeed contain a two
metal jon cluster, we have determined the polypep-
tide/metal cluster connectivities in Cd(II) GAL4 by us-
ing 'H-'3Cd two-dimensional correlation experiments.
These results allow us to propose a model for the
Cd(II); Cyse cluster within the DNA binding domain of
GALA4,
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2. MATERIALS AND METHODS

2.1, Proiein purlfication

The Cd(il) GAL4({7-49) protein was prepared by adding a $-fold
excess of '*Cd to the Zn(l1) protein purified as deseribed previously
[6]). Samples for NMR spectroscopy were concentrated to 1-2 mM
and adjusted to pH 5.4 in the presence of 10% *H;0 and $~10 mM
"Beadmium perchiorate,

2.2, NMR spectroscopy

The spectrometer used 1o record and process the NMR spectra (a
Bruker AMX 600) operated at 600 MHz for protons. All specira were
recorded from samples held at 283 K. The 'H-'"Cd wwo-dimensional
correlation experiments were recorded using the standard sequence
which involves evolution of heteronuclear multiple quantum
coherence (HMQCQC) during the t, period {18}, The HMQC pulse se-
quence used was 7/2('H)-r-7/2 (PCayty - nCHY1y 2o 1/2¢ P Cld)-7-
acquire ('H)/decouple ('*Cd). The cross-peaks in the resulting spec-
trum show the chemical shifts of ' *Cd and 'H atoms (C*H in cysteine
residues) which are directly coupled. In some experiments a further
1/2¢'H) pulse is added just prior to data acquisition, The resulting
spectrum shows the same cross-peaks as in an HMQC as well as fur-
ther ‘relay’ peaks which indicate a correlation between ''*Cd and C"H
in cysteine residues, even if C"H is not directly coupled to *'*Cd, The
spectral width in the f; dimenision was 7246 Hz and the acquisition
time inr; was 0.283 s. In fj the spectral width was 14049 Hz and ¢, was
incremented in 64 equal steps to a maximum of 4.01 ms, The TPPI
method of frequency discrimination was used [9,10] as was pre-
saturation of the HQ resonance during the relaxation delay.

3. RESULTS

Double quantum filtered CCSY [11] and X-filtered
COSY [12] experiments were initially recorded to con-
firm that all six cysteine residues were coordinated to a
cadmium ion (data not shown). The cysteine residues.in
Cd(I) GALA4(7-49) were initially assigned by com-
parison with the C*H and C°H chemical shifts in the
Zn(IT) protein [6]; a partial sequential assignment. was
used to confirm these assignments. A series of HMQC
and HMQC-relay spectra were then recorded, using dif-
ferent multiple quantum preparation periods, 7, of be-
tween 10 and 60 ms. Recording several spectra in this
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Fig. 1. Cross-sections, taken parallel 1o f3, from the 'H-'"*Cd two-dimensional relayed correlation spectrum (HMQC-relay) of Cd(11) GAL4(7-49).

Sections (a) and (¢) are taken at the fi frequency corresponding to the downfield Cd resonance, and sections (b) and (d) likewise refer to the upfield

resonance, The C"H resonances of cysteine residucs appear between 3.85 and 4,70 ppm and C®H resonances of cysteine residues appear between

2.15.and 3.80 ppm. The signals are identified by the position of the cysteine residue in the protein sequence. The evolution of the magnetisation

under the 'H, 'H couplings during the delay, 7, leads to the varying amplitudes and phases of the cross-peaks. Some peaks also show splittings

due to 'H, 'H coupling. Cross-sections (a) and (b) are taken from a spectrum recorded with the delay 7 set to 40 ms, while for (¢) and (d) the delay
was 30 ms. In the tatter X marks an iustrumental artefact.

way is essential as the cross-peak intensities and phases
have a complex dependence on'7 and it is possible that
some cross-peaks will be missing just due to an unfor-
tunate choice of 7. All spectra showed just two cad-
mium resonances having very similar chemical shifts to
those previously reported by Pan and Coleman for
GAL4(62*) [13]. When taken together with the assign-
ment of the cysteine residues in Cd(I1) GAL4(7-49),
these spectra clearly establish the polypeptide-metal
cluster connectivities in the Cd(Il) protein. For ex-
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ample, in the HMQC-relay spectrum recorded with 7 =
40 ms the downfield cadmium resonance shows correla-
tions to the C?Hs of cysteine residues 11, 28, 31 and 38
and relay peaks to the C*Hs of cysteine residues 11, 31
and 38 (Fig. 1a)., Some of the correlations to the C*Hs
are more clearly detected in a similar spectrum recorded
with 7 = 30 ms (Fig. 1c); the C*H resonance of Cys-28
is buried under the residual H,O signal. The upfield
cadmium resonance shows correlations to both the C*H
and the CPHs of cysteine residues 11, 14 and 21 (Fig.
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Ib). Again some of the correlations to the C*Hs are
more ¢learly seen in the 30 ms spectrum (Fig. 1d). Inad-
dition, correlations to one of the C¥Hs of Cys-28 (at
1.R0 ppm) and 1o the other C¥H of Cys-28 (at 3,63 ppm)
were abyerved in the 40 ms and 30 ms spectrum, respec-
tively (Fig. 1b and ld).

These results were all confirmed by repeating the ex-
periments on & freshly prepared sample of the protein.

4. DISCUSSION

Although the assignment of the proton spectrum of
the Cd(11) protein is not yet complete we are reasonably
confident that the chemical shifts of the C*H and C*Hs
of the six ¢ysteine residues are very similar to those
found in the Zn(l1) protein (Tabhle I), perhaps implying
that the metal ion coordination is similar. The HMQC
spectra clearly show that in the Cd(1I) protein one metal
ion is coordinated by cysteine residues 11, 14, 21 and
28, whilst the other is coordinated by cysteine residues
1, 28, 31 and 38. It can therefore be concluded that the
Cd(Il) form of the GAL4(7-49) protein does indeed
contain a two metal ion cluster where Cys-11 and
Cys-28 act as bridging ligands (see Fig. 2).

As a result of our EXAFS studies of GAL4(1-147)
{21, and the NMR studies of GAL4(62*) by Pan and
Coleman [3], we had expected such a cluster. However,
we find that the bridging ligands are different in
GAL4(7-49) from those suggested by the NMR studies
of GAL4(62*) by Pan and Coleman [3]. The chemical
shifts of the C"H and the C*Hs of the cysteine residues
in GAL4(62*) are reproduced (from (3]) in Table II;
they are ordered so as to aid comparison with our own
results for GAL4(7-49). With one exception (the C*Hs
of Cys 11 and spin system 4) the chemical shifts in
GAL4(62*) appear to be very similar to those found in
GALA4(7-49).  On the basis of an analysis of the
'H-'YCd heteronuclear couplings, Pan and Coleman
found that in GAL4(62*) their spin systems 5 and 6
were the bridging cysteine ligands. In GAL4(7-49) we
can find no evidence, either from an analysis of cou-

Table I

"H NMR chemical shifts of the cysteine residues in Cd(11) and Zn(11)
GAL4(7-49) at pH 5.4 and 283K (relative to internal TSP)

Protein
Cd(11) GALA4(7-49)

Za(11) GALA4(7-49)

Proton Proton
C'H - CPH(1) CPH@Q) ~C"H  CPHQ) CPH()
Cys'! 4,21 2,15 3,01 4.17 2.21 2.93
Cys'? 3.85 2,82 3.35 3.81 2.82 3.27
Cys?! 4,70 2.94 - 4,72 2.92 -
Cys?® 4,85 3.63 3.80 4.67 3.58 3.70
Cys*! 4,01 2.84 3.40 4,02 2.80 3.32

Cys* 4.34 2.68 3.14 4.41 2.58 3.18
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Fig, 2. A madel of the Caelbly Cysa metal low eluster in GAL${7-49).

plings or from the "H-'"Cd correlation experiments,
that these two spin systems represent the bridging cys-
reine ligands. Instend we find that Cys-11 and Cys.28
(their spin systems 4.and 1) are the bridging ligands (see

above). In addition their tentative sequential assign-

ment assigns.spin systems S and 6 1o Cys-38 and Cys-21,
whilst ours would assign them to Cys-31 and Cys-14,
respectively, :

The method that we have used to identify the bridg-
ing cysteines is based on the occurrence of cross-peaks
at certain frequency coordinates. As the occurrence of
such cross-peaks indicates unambiguously the presence
of a coupling or chain of couplings, the interpretation
of the spectra is straightforward. Pan and Coleman us-
ed quantitative measurements of splittings from cross-
peak multiplets to identify the bridging cysteines. Such
an approach is undoubtedly both valid and elegant, but
is subject to uncertainties caused by the poor definition
of multiplets inevitable in protein NMR spectra. Hav-
ing identified which spin systems are from the bridging
cysteines, the assignment of these to particular cysteine
residues in the sequence relies on the validity of the
assignment of the spectrum. Qur assignment. (6] ap-
pears to be consistent with the available NMR data but
at this stage may be regarded as tentative,

It is possible that the Cd(II) form of GAL4(7-49) has
different metal ion coordination from GAL4(62*) or
from the Zn(11) form of GAL4(7-49). It is also possible

Table 11

'H NMR chemical shifts of the cysteine residues in Cd(11) and Zn(i1)
GAL4(62*) at 308K (from [3])

Protein
Cd(11) GAL4(62*) Zn(ll)y GAL4(62")
at pH 8.0 at pH 5.4
Proton Proton

C*H CH(l) CPHEQR) C"H CPH(1) - C°H()

Spin sysiem 4 4.22 2,99 314 412 2.88 -
Spin system 6 ~ 3.75 2.77 3,26 3.73 2,73 kN
Spin system 2 4.64 2,95 - 4,65 2.84 -
Spin system 1 . 4.94 3.60 3,73 4,67 3.50 3.60
Spin system 5 . 3.98 2.82 3.35 3,98 2,75 3.25
Spin system: 3 4.33 2.67 3,04 4,29 2.55 3.04
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that the metal coordination is variable. Inan attempt 10
show that the preparation of the Cd(ll) form of the
GAL4(7-49) protein was reproducible, we prepared &
fresh sample and repeated all the NMR experiments.
The results were identical. In addition, the fact that
some of the ring current shifted resonances (e.g. those
ot‘ the C*Hs of Asn-34 and Cys-28) are so similar in the
‘native’ Zn(Il) form of the protein [6] and the Cd(ll)
form (data not shown)also argues against this possibili-
ty. Moreover, the general similarity of the chemical
shifts of the C"H and the C*Hs of the six cysteine
residues in GAL4(7-49) and GAL4(62*) would suggest
that the structures of the two proteins are not too
dissimilar, but further speculation must await the com-
pletion of both three-dimensional structure determina-
tions.
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