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Occupancy of a C,-C, type ‘Zinc-finger’ protein domain by copper

Direct observation by electrospray ionization mass spectrometry**

T. William Hutchens, Mark H. Allen®*, Chee Ming Li and Tai-Tung Yip

Pratein Structure Laboratary, USDAIARS Children's Nutrition Researcit Cenier, Departiient of Pediatrics, Buytor College of
Medicine, 1100 Bates, Foustan, TX 72030, USA

Received 4 Muy 1992; revised version received 21 July 1992

The metal ion specifisity of most *zinc-tinger’ metal binding domains is unknawn. The humiun estrogen reseptor protein contains twa different Cy-C:
type “zine-finger' sequences within its DNA-binding domuin (ERDBD). Copper inhibits the function of this protein by mechanisms which remain
unclear, We have used clectrospray ionizution muss speetrometry to evaluaie divectly the 71-residue ERDBD (K 180-M250) in the ubsence und
presence of Cu(ll) ions. The ERDBD showed u high uftinity for Cu and was completely oscupied with 4 Cu bound; cuch Cu ion was evidently
bound to only two ligand residues (net loss of only 2 Da per bound Cu). The Cu binding stoichiometry was confirmed by atamic absorption. These
results (1) provide the first direet physical evidence {or the ubility of the estragen receptar DNA-binding domain to bind Cu and (i) docuient a
twafold difference in the Zn- and Cu-binding ¢capacity. DifTerences in the ERDBD domain structure with bound Zn and Cu ure predicted, Given
the relutive inteusellulur contents of Zn and Cu, our findings demonsirate the need to investigute further the Cu wweupancy of this and other
zine-finger domaing both in vitro and in vive,

Copper: Zine; Muss spretrometry; Estrogen receptor Metalloproteing Zine-linger peptide

. INTRODUCTION

Several distinet *zine-finger” sequence patterns form-
ing at least three different structural motifs have been
identified in a wide variety of eukaryeotic transcriptional
regulatory proteins by ¢cDNA sequence analyses [1-4].
Relatively few of the predicted Zn binding sites have
been demonstrated to actually bind Zn ions: metal ion
specificity is usually not evaluated. Furthermeore, defin-
itive structural information on these metal-binding do-
mains is quite limited (see [2-4] for review),

The human estrogen receptor protein contains a
highly conserved DNA-binding domain with two C.-C,
type zinc finger sequences (ERDBD) [5.6). The function
of this protein and of related hormone receptor pro-
teins, both in vitro and in vivo, is altered in the presence
of added Cu (e.g. [7-10]). The mechanism(s) by which
Cu alters receptor structure and function remains une-
known. We have reported previously that the estrogen
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receptor has a high affinity for immobolized Cu(ll) ion
affinity columns [11-14] and that this affinity is elimi-
nated by proteolytic removal of 4 portion of the recep-
tor that includes the DNA-binding domain [11.12]. Di-
rect physical evidence for the coordinate covalent inter-
action of Cu with the DNA-binding domain, however,
has not been presented.

We have recently reported the development of mass
spectrometric techniques that enable accurate (0.01%)
mass determinations of intuct peptide-metal ion com-
plexes using matrix-assisted UV laser desorption time-
of-flight mass spectrometry (LDTOF) [15-19] and clec-
trospray ionization mass spectrometry (ESI) {16,20]. In
the case of the estrogen receptor DNA-binding domain,
ESI has now been used to provide direct physical evi-
dence of Zn bound in a probuble tetra-coordinate cova-
lent geometry [20]. In this report, we demonstrate by
ESI that the two zinc binding sites within the DNA-
binding domain of the human estrogen receptor protein
are readily occupied with four bound Cu.

2. EXPERIMENTAL

2.1, Syurhesis of the ERDBD peptide

The 71-residue ERDBD peptide (K180-M250) was synthesized on
un Applied Biosystems Model 430A aulomated peptide synihesizer
using  Fmoo/NMP(9flusrenylmethyloxycarbonyl/N-methylpyrrol-
idone) chemistry (FastMog, Applied Biosysiems, Foster City, CA)
and purified by reverse-phase HPLC on a Walers Delta- Puk C,, Prep

Published by Elsevier Science Publishers B. V.



Valume 309, number 2

Pak eurtridge (28 mm i.d. x 100 mm: 15-4m ponticte size: 30-nm pore
size). Muss and purity were evaluated by LDTOF (15,16,19) und ESI
{16,20] us described previously, The umino acid sequense was verified
with un Applisd Biosystems Moadel 473A autamated amino ucid se-
quence unalyzer.

22, Eleciraspray ivhizatian niss speetromelry:

Electrospray mass spectra were generated using u Vestee Model 201
single quadrupole mass spectrometer fitted with an ¢lestrospray ion
source [21] (Vestee Corporation, Houston, TX) modified us described
previously [16,20), Aqueous solutions of the ERDBD peptide (2-8
amol/l) were infused in the ubsenee and presence of up to 100 umol/l
CuS0, or CuCl. Electroapray and duta acquisition purameters, uli-
bration. and duti redustion were as described previously (20},

3. RESULTS AND DISCUSSION

The 71-residue amino acid sequence (K180-M250)
that defines the DNA-binding domain of the human
estrogen receptor protein [S] was chosen as a model for
these investigations because it represents a Ci-C, type
of zine-finger sequence and structural motif that is com-
mon to several other transcription factors [2-4]. A re-
combinant ERDBD peptide [6] has recently been evalu-
ated by 2D 'H NMR techniques. however, direct evi-
dence for bound Zn (or other bound metal ions) was not
presented. £n binding to an intact, fully reduced
ERDBD hus since been demonstrated by ESI [20]. Dur-
ing the course of these evaluations, however, it became
apparent that metal ions other than Zn (i.e. contami-
nants) were capable of forming coordinate covalent
bonds within the estrogen receptor DNA-binding do-
main. These observations, and our earlier investigations
of estrogen receptor interactions with immobilized
Cu(ll) ions [11-13], suggested to us the need to better
characterize the transition metal ion binding properties
of the intact 71-residue ERDBD. Because estrogen re-
ceptor function can be inhibited by the presence of bio-
logically relevant concentrations of Cu(ll) ions (e.g.
[7.8]). and because Cu is known to interact with the
receptor surface at sites other than the hormone binding
domain [14], we chose to evaluate directly the Cu-bind-
ing propertics of the ERDBD. ES| was chosen for these
studies for several reasons: (i) aqueous solutions of sum-
ple peptide can be introduced in the continued presence
of up to 100 umoel/l CuCl, or CuSO, without loss of
stable electrospray, (ii) apopeptide and peptides with 1
or more bound metal ions can be fully resolved in sev-
eral different charge states to evaluate specific stoi-
chiometries, (iii}) accurate mass determinations from
multiply charged species enable the coordinate cavalent
interaction geometry to be evaluated. (iv) relatively
small amounts of sample peptide are required (pmol),
and (v) highly reproducible and definitive data are ac-
quired within minutes.

The calculated mass (8248.5 Da) and determined
inass vaiues of the fuily reduced ERDBD apopepiide (5
Cys residues) were within 0.1 Da by both LDTOF and
by ESI (8243.4 £ 0.4 Da). Fig. | shows a typical ESI
spectrum for the fully reduced ERDBD apopeptide.
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Fig. |, Determined muss of the synthetic ERDBD apopsplide by
electrosprity ionization muss specirometry. The full seun spectrum,
displayed us relative signal intensity vs. mass/charge (m/2) from m/2
vilues of 500=1500, shows the fully redused ERDBD apopeptide. The
charge states (6"} to (127) are shown in parentheses. The assigned peak
number (0) corresponds to the number of baund metal ions observed.

The presence of 9 reduced thiols per peptide was addi-
tionally verified by titration with 5,5-dithionitrobenzoic
acid as described by Ellman [22].

The ERDBD with 0, 1, and 2 bound Zn has recently
been observed by ESI [20] in the presence of 100 umol/l
Zn80, (or ZnCly). The ERDBD with higher numbers
of bound Zn (e.g. 3 or 4) was not observed. Further-
more, even though the ERDBD peptide was able to
bind up to 2 Zn, under these conditions it was never
observed to be completely occupied with 2 bound Zn.
In contrast, electrospray ionization mass spectrometry
of the ERDED (8 umol/l) performed in the presence of
100 umel/l CuSQ, (or CuCl,) revealed ERDBD peptide
completely cccupied with 4 bound Cu (Fig. 2). Some
ERDBD with 3 bound Cu was observed. Again, how-
ever, in contrast to ESI cxperiments performed with Zn
[20]. only a very small amount of ERDBD with 1 bound
Cu was present and ERDBD with 2 bound Cu was
never observed under these conditions. In every in-
stance in which Cu was present, the most abundant
ERDBD-Cu holopeptide form observed contained 4
tound Cu. The determined mass valuss for the ERDRD
with 4 bound Cu (8494.5 £ 0.5 Da) was in agreement
with the average chemical mass calculated for the
ERDBD plus 4 bound Cu less 2 Da per bound Cu
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(Table 1). In addition to the specific increase in muss
observed, the ERDBD occupied with Cu provided qual-
itatively distinct ESI spectra. In contrast to the ESI
spectra for the ERDBD apopeptide (Fig. | und 3, top)
and the ERDBD-Zn holopeptide {20] where the 107
charge state was typically most abundant, in the
ERDBD-Cu holopeptide spectra (Fig. 2 and 3. bottom),
the lower charge states (typically 87) always represented
the most abundant species. These observations are most
likely related to the different conformational states of
the apo- and holo-ERDBD peptides (munuscript in
preparation). Regardless of charge state optimum, the
striking ‘phenotypic’ differences in ESI profiles (charge
envelope and ratio of ERDBD with 0 and 4 bound Cu),
together with the observed difference in mass between
the ERDBD apopeptide and the Cu holopeptice, were
definitive evidence of 4 bound Cu (Fig. 3).

The ERDBD Cu binding stoichiometry was addition-
ally verified by atomic absorption. Known quantities of
the ERDBD peptide were exposed immediately to satu-
rating amounts of Cu. After extensive dialysis (500 vols;
3-5 changes) over an 18:-h period, or removal of un-
bound metal ions by gel filtration chromatography (Se-
phadex G-25), aliquots of the ERDBD peptide-Cu
complex (along with appropriate positive and negative
controls) were analyzed by atomic absorption spectros-
copy. The metal-binding stoichiometry ranged from
3.86:1 to 4.2:1 Cu:ERDBD (n=8).

Full occupancy (i.e. saturation) of the two metal-
binding sites with bound Zn was not observed by ESI
[20]. The complete occupancy of all available ERDBD
with 4 bound Cu under identical experimental condi-
tions suggests that the ERDBD preferred bound Cu to
bound Zn. If the affinity and capacity of the ERDBD

Table |

Muss assignments for the ERDBD peptide® observed by ESI bhefore
and after Cu binding

Bound Cu Molecular mass (Da)
ions ()

Caleulated® Observed'
v} 8248.5 #2484 £ 044
1 83101 Not determined
2 8371.6 Not determined
3 8433.2 8431.2 £ 0.8
4 84947 $494.5 + 0.5

(predominant ERDBD form observed)

sMass values for the fully reduced 71-residue (K180-M250) ERDBD
apopeptide (CroHsaN00010iS1)) were derived from the published
¢DNA sequence [5].

*The mass of the ERDBD-Cu helopeptides were caleuluted from the
chemical average mass of the fully reduced ERDBD apopeptide plus
the weighted average mass of # bound Cu (63.55 U) and the decrease
in net mass assumed for a bicoordinute covalent interaction (ERDED
+ aCu = 2 nH),

‘Observed muss values represent the average ( observed muss range)
of § separate determinations,

YTuken from Fig. 1.
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Fig. 2. Dircct observation of the ERDBD peptide with bound copper.
Electraspray ionizution mass spectra of the ERDBD were obtained in
the presence of 100 #M CuSO,. The full scan specirum. displayed as
relative peak intensity vs, mass/charge (m/z) from m/z values of 5§00~
1500, shows the ERDBD peptide with 0, 3, and 4 bound Cu. The
charge states (6°) to (107) are shown in parentheses, Assigned peak
numbers correspond (o the number of bound metal ions observed.

peptide is indeed greater for Cu than for Zn, this finding
may have important implications with respect to metal
ion regulation of cell function, including genetic regula-
tory events.

The intracellular contents of Zn and Cu in several
different tissues, including estrogen target organs, indi-
cate the possibility that Cu may occupy the ERDBD
under conditions considered to be normal. Although the
concentration of Zn exceeds that of Cu in most cells,
published data on the tissue [23], cellular {24], and even
intranuclear {25,26] levels of Zn and Cu demonstrate a
maximum 4-25-fold difference in the relative amounts
of these two transition metal ions. It is not presently
known whether differences in the relative affinities of
the ERDBD for Cu and Zn are greater or less than the
differences in intracellular concentrations of these two
metal ions. Hence, competitive binding experiments de-
signed to quantitatively evaluate the relative affinities
and interaction kinetics of the two different C,-C, sites
for Cu and Zn are needed. Furthermore, based on re-
sults we have presented here and clsewhere [20], a de-
tailed investigation of the relative affinities and metal-
binding specificities of the two separate C,-C; sites
within the intact 71-residue ERDBD peptide is needed.
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Fig. 2. Detuils of the ESI spectra showing the dramatic difTerence in optimum charge states and muss/charge (m/z) values for ERDBD before (top)
snd after (boltom) addition of CuSO,, The n/z values from 700-1150 are shown. Insets show the (8%) charge slate for the ERDBD apopeptide
(top) und the ERDBD-Cu holopeptide (boltom).
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[f Cu is bound to the ERDBD., will receptor structure
be altered significuntly relative to the apo or Zn-occu-
pied forms? Qur ESI data demonstrate a probable tetra-
coordinate interaction in the case of bound Zn (net loss
of 4 Da per bound Zn) [20] but rather a bi-coordinate
interaction with Cu (net loss of only 2 Da per bound
Cu). A metal:peptide stoichiometry of 2:1 for Z2n and
4:1 for Cu cannot be accommodated by any single
ERDBD secondary or tertiary structure. Thus, signifi-
cant differences in the ERDBD domain structure with
bound Zn and Cu can be predicted based on the distinet
chemical reaction mechanisms, stoichiometries, and ob-
served differences in ESI charge states {27). Metal ion-
induced alterations in receptor structure may explain
the negative effects of Cu on estrogen receptor funetion
observed both in vitro and in vive [2.8,10].

In summary, we belicve that electrospray ionization
mass spectrornetry of intact peptide-metal ion com-
plexes is important for investigators in the fields of mo-
lecular biology and bio-inorganic chemistry. The simul-
tancous determination of mass for peptides with various
numbers of bound metal ions (varying stoichiometries)
is possible. In the present case. ESI provided direct and
unequivocal evidence for the ability of ERDBD to bind
Cu. Qur findings demonstrate the need to investigate
further the occupancy of this and other ‘zine-finger*
domains by the various transition metal ions normally
found within cells.
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