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Abstract

Human neuronal growth inhibitory factor (GIF) impairs the survival of cultured neurons and is deficient in the brains of Alzheimer’s disease victims.
We have isolated and sequenced analogous proteins from bovine and equine brain. By comparing their primary structures with those of human, mouse
and rat GIFs, a consensus GIF sequence was obtained. Although this exhibits ca. 65% similarity with primary structures of mammalian metal-
lothioneins (MTs), some significant differences are expected in the content of helix and turn secondary structures. In contrast to MTs, which usually
bind 7 Zn(II) ions, human, bovine and equine GIFs contain 1-4 Cu(l) and 3-5 Zn(II) ions in species-specific ratios. The observed Cu(I) phospho-
rescence (Ay,,, 550-590 nm; 7, 100 us at 77 K) indicates the presence of the cuprous ion. Both bovine Cu,Cd;- and the equine Cu,Cd,-GIF derivatives
(Cd replacing Zn) exhibit cadmium-dependent absorption and CD features between 220260 nm characteristic of Cd-thiolate clusters similar to those

in Cd-MTs.
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1. Introduction

Recently, a ~7 kDa protein has been isolated from nor-
mal human brain which is capable of inhibiting neuronal
growth and survival in cell culture and which is deficient
in the brains of Alzheimer’s disease victims. Subsequent
characterization of this growth inhibitory factor (GIF)
revealed a metalloprotein of 68 amino acids containing
four copper and three zinc ions [1]. The amino acid se-
quence of human GIF exhibits about 70% sequence sim-
ilarity with those of mammalian metallothioneins (MTs)
including the preserved array of 20 Cys [2,3]. Further-
more, the GIF gene has a similar intron/exon structure
to that of MT (MT-1 and MT-2) leading to its classifica-
tion as MT-3 [4]. Relative to mammalian MTs (normally
61 amino acids), GIF contains two conserved inserts of
a single Thr and a Glu-rich hexapeptide in the N-termi-
nal and C-terminal regions, respectively [1,4,5]. Their
biological properties also differ. In contrast to MTs,
which are predominantly expressed in parenchymatous
tissues, GIF is found exclusively in the brain. Further-
more, GIF mRNA levels were unaffected by the admin-
istration of heavy metal ions and other potent inducers
of MT biosynthesis [4] and in neuronal cell culture stud-
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Abbreviations: LMCT, ligand-to-metal charge transfer; DTC, dieth-
yldithiocarbamate; GIF, neuronal growth inhibitory factor; Me(II),
divalent metal ion; MT, metallothionein; CD, circular dichroism; RP-
HPLC, reverse-phase high-performance liquid chromatography.

ies MTs do not exhibit neuronal growth inhibitory activ-
ity [1].

Previously metal ions have been found to influence the
polypeptide fold of the mammalian MTs [6-8]. Human
GIF expressed in E. coli exhibits a greatly reduced bio-
logical activity (ca. 10%) compared with that of the na-
tive Cu,Zn-protein [9]. As in MT expression systems [10],
this protein obtained in zinc-culture [11] would contain
only zinc ions. The aim of the present study is to learn
more about the structural features of native GIF focus-
ing primarily on the mode of metal-binding.

2. Materials and methods

Isolation and purification of GIFs from bovine and equine brain
were essentially the same as those for human brain [1], with the addition
of an initial batch anion-exchange step (DEAE Sephacel, Pharmacia)
before the gel permeation (Sephadex G-50) and anion-exchange
(DEAE Sephacel) chromatographic procedures. The Cu,Cd-GIF deriv-
atives were prepared by addition of CdSO, (80 uM) to the crude ex-
tracts.

2.1. Determination of amino acid sequence

Bound metal ions were removed from GIF with the chelating agent
diethyldithiocarbamate (DTC) as in [12]. The Cys residues of the apo-
protein were S-methylated as in [13]. Molecular masses of the apopro-
teins were determined by electrospray mass spectrometry using a Sciex
API III triple-quadrupole instrument. For N-terminal sequencing by
Edman degradation, the Ac-Met-Asp dipeptide was removed by acid-
cleavage of the S-methylated proteins in 0.1% TFA as in [14]. Samples
(2-5 nmol) of the S-methylated proteins were digested with trypsin
(Boehringer; 2% w/w enzyme/substrate in 0.2 M N-methylmorpholine
trifluoroacetate, pH 8.3, 30 min at 37°C). Peptides were purified by
RP-HPLC (Aquapore RP-300 column, Brownlee Labs) using a 0.1%
TFA/acetonitrile gradient system and their masses determined by elec-
trospray mass spectrometry.
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The amino acid compositions of the apoproteins, S-methylated pro-
teins and tryptic peptides were determined using either an Applied
Biosystems Inc. (model 420 A/H) or a Hewlett-Packard AminoQuant
amino acid analyzer. The amino acid sequences of the chemically
cleaved S-methylated proteins (1000 pmol) and of the tryptic peptides
(500-1000 pmol) were determined using either a model 470A/900A or
a model 477A protein/peptide sequencer, both equipped with model
120-A on-line amino acid analyzers (all Applied Biosystems Inc.). The
relative sequence positions of the tryptic peptides were deduced accord-
ing to their homology with the mouse (nGIF), rat (r-GIF) and human
(h-GIF) GIF sequences. The C-terminal pentapeptide was confirmed
by amino acid analysis upon timed enzymatic digestion of the S-meth-
ylated proteins with carboxypeptidase P (Boeringer). The partial se-
quence of the blocked N-terminal tryptic peptide of b-GIF was deter-
mined by tandem quadrupole mass spectrometry [15}.

2.2. Protein characterization

Analytical gel filtration (FPLC) was performed using a Superdex 75
column (Pharmacia). Protein purity was checked by non-denaturing-
and SDS-PAGE (12%) (Bio-Rad MiniProtean II). The ratio of bound
metal ions to protein was determined using atomic absorption spectros-
copy (IL Video 12) and quantitative amino acid analysis. The growth
inhibitory activities of the native Cu,Zn-GIFs were assessed against
slice cultures of rat hippocampus, prepared as described in [16).

Absorption spectra were recorded using either a Cary (model 3) or
a Hitachi 380 spectrophotometer. Circular dichroism (CD) measure-
ments were made using a Jasco (model J-S00C) spectropolarimeter.
Gaussian analysis of the difference absorption data was performed
using the programme Peakfit (Jandel). Luminescence spectra at 77 K
and decay data were obtained using a SPEX fluorolog spectrofluorime-
ter fitted with the 1934C phosphorimeter accessory. For low-tempera-
ture luminescence measurements, samples were contained in 2 mm i.d.
stoppered quartz tubes and immersed in a cylindrical quartz Dewar
vessel filled with liquid nitrogen. The absorption and CD spectra are
referenced to the protein concentrations determined by quantitative
amino acid analysis.
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3. Results and discussion

3.1. Chemical characterization of GIF

Bovine GIF (b-GIF) and equine GIF (e-GIF) eluted
in DEAE anion-exchange chromatography at a similar
ionic strength (0.2 M NaCl) to human GIF (h-GIF) [1]
and gave single electrophoretic bands at identical posi-
tions in both non-denaturingand SDS-PAGE. They
eluted with the same apparent molecular weight as Cd,-
MT-2 from rat liver on gel filtration (data not shown).
The masses of b-GIF apo-protein and of e-GIF S-meth-
ylated apo-protein were 6,975 and 7,250 Da, respec-
tively. These values correspond to those calculated from
the amino acid sequences (see below). Yields of both
b-and e-GIFs obtained from a number of brain isola-
tions ranged between 2-4 ug/g of tissue. The addition of
20 ug/ml of native Cu,Zn-GIFs to slice cultures of rat
hippocampus induced neuronal degeneration after a
three-day period. However, no effect was detected when
2 ug/ml of GIF was added.

The amino acid sequences of b- and e-GIF are shown
in Table 1. The N-terminal Met in both sequences is
blocked by an acetyl group (Ac) similarly to those of
vertebrate MTs but e-GIF preparations also contained
a variable amount of the non-acetylated protein. By
comparing the e-GIF and b-GIF primary structures with
those of h-GIF, m-GIF and r-GIF, a consensus GIF

TABLE 1 Amino acid sequences of GIFs and structurally-characterized MTs.

1 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Consensus GIF® Ac-MDPETCPCPTGGSCTCSDKCKCKGCKCTSCKKSCCSCCPAECEKCAKDCVCKGGEGAEAEAEKCSCCQ

Bovine GIF Ac-MDPETCPCPTGGSCTCSDPCKCEGCTCASCKKSCCSCCPAECEKCAKDCVCKGGEGAEAEEKKCSCCQ
Trypsin® : — e S S—
MS/MS !

—_—

Equine GIF Ac-MDPETCPCPTGGSCTCSGECKCEGCKCTSCKKSCCSCCPAECEKCAKDCVCKGGEGAEAEAEKCSCCQ

Trypsin e ; — p—
Acid . ,
r —
Human GIF® X-MDPETCPCPSGGSCTCADSCKCEGCKCTSCKKSCCSCCPAECEKCAKDCVCKGGEAAEAEAEKCSCCQ
Mouse GIF? MDPETCPCPTGGSCTCSDKCKCKGCKCTNCKKSCCSCCPAGCEKCAKDCVCKGEEGAKAEAEKCSCCQ
Rat GIF® MDPETCPCPTGGSCTCSDKCKCKGCKCTNCKKSCCSCCPAECEKCAKDCVCKGEEGAKAE__KCSCCQ
Human MT-2°¢ Ac-MDPN_CSCAAGDSCTCAGSCKCKECKCTSCKKSCCSCCPVGCAKCAQGCICK, GASDKCSCCA
Rat MT-2° Ac-MDPN_CSCATDGSCSCAGSCKCKQCKCTSCKKSCCSCCPVGCAKCSQGCICK, EASDKCSCCA
Rabbit MT-2af? Ac~-MDPN_CSCA,*GDSCTCANSCTCKACKCTSCKKSCCSCCPPGCAKCAQGCICK, GASDKCSCCA

* Consensus amino acid at each point is taken as that which occurs most often in the 5 GIF sequences.
* Bars represent peptides for which sequences have been determined. ¢ Taken from [1]. ¢ Taken from
[4]. ° Taken from [9]. f See [3] and references therein. 9 At position 10 2 represents AA.
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sequence was obtained (Table 1). Compared with mam-
malian MTs, GIFs contain 68 rather than 61 amino acid
residues with inserts of a single Thr and an acidic hex-
apeptide in the N- and C-terminal regions, respectively.
The GIF consensus sequence shows 65% sequence simi-
larity with those of mammalian MTs, with the array
of 20 Cys being preserved. The sequence of rat GIF
is shorter by two amino acids at the C-terminus [5]
(Table 1).

In spite of the sequence similarity between GIFs and
MTs, the latter show no activity in neuronal cell culture
[1] suggesting significant differences in their three-dimen-
sional structures. The spatial structures of mammalian
Me(II),-MTs from rat, rabbit and human exhibit an
identical molecular architecture [17]. Hence, analysis of
the differences between the GIF consensus sequence and
these MT sequences may provide insight into the struc-
ture of GIF (Table 1). The insertion of a hexapeptide
between residues 52 and 53 relative to the MT sequences
occurs in the region of the third exon which, in the spatial
structures of mammalian Me(II),-MTs, encompasses the
Me(ID),(CysS),; cluster domain (a-domain) [2]. In these
structures two 3,, helical segments are found between
residues 41-45 and 57-61. Although the inserted amino
acid sequences are not fully conserved among GIFs,
their compositions suggest a propensity for helical struc-
ture. Thus, a large stretch of helical structure may de-
velop in the C-terminal region of GIF. The N-terminal
domain (f-domain) of Me(II)-MTs encompasses the
Me(II),(CysS), cluster. In the GIF sequences, besides the
insertion of a single Thr at position 5, there are several
conservative replacements in the N-terminal region.
Compared with MT, major differences in the structure
of GIF are expected between residues 4-12, due mainly
to the presence of 2 Pro, each flanking a Cys (Table 1).
As Pro is known to promote formation of f-conforma-
tion in proteins [18], the conserved Met(1)-Asp-Pro-Glu-
Thr-Cys-Pro-Cys-Pro(9) sequence in GIFs is predicted
to contain additional turns. Moreover, the occurrence of
two non-bulky Gly at positions 11 and 12 would allow
a substantially more tightly-folded structure to be
formed in this region (Table 1). Pro-rich regions, such as
that found in the N terminus of GIF, commonly occur
in binding domains of salivary proteins, transcription
factors, immunoglobulins etc. [18]. Indeed, inspection of

Table 2

Metal stoichiometries of the isolated GIF proteins

Species mol Cu/mol protein  mol Zn(Cd)*/mol protein
Human® 4 3

Bovine 09+0.1 @4y 44+0.1(3)

Equine 26+0.2(4) 21+04 (2

*The native zinc stoichiometries of b- and e-GIF are based on the
cadmium contents of the respective Cd-derivatives. *Taken from [1].
“Number of separate preparations.
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the Swissprot and GenEMBL sequence databases re-
vealed that the Cys-Pro-Cys-Pro repeat sequence is
found in a number of receptor-like and transcription-
regulating proteins. This may have relevance for the neu-
ronal growth inhibitory activity of GIF.

The b-GIF and e-GIF proteins from 3-5 bovine or
equine brains all contained bound Cu and Zn or, after
Cd treatment, Cu and Cd (Table 2). About 1 mol Cu/mol
protein was found in b-GIF, between 2-3 Cu/protein in
e-GIF (Table 2) and 4 Cu/protein in h-GIF [1]. Although
no changes in Cu content were detected during the
course of Cu,Zn-GIF or Cu,Cd-GIF isolations, a sub-
stantial decrease in the Zn content was observed. This
indicates that, unlike those of MT, the Zn(II) ions in GIF
are rather labile. The protein-bound Cu could be re-
leased only upon treatment with the chelating agent
DTC (see below). In MTs, the isostructural replacement
of Zn(II) ions by the more strongly bound Cd(II) in vitro
has been demonstrated [19]. Hence, the b- and e-Cu,Cd-
GIF derivatives would provide a better estimate of the
original Zn contents in these proteins. b-GIF contains
about 5 mol Cd/mol protein, whereas e-GIF contains
approximately 3 mol Cd/mol protein. Thus, native GIFs
contain: bovine, 5 Zn: 1 Cu; equine, 3 Zn: 3 Cu; and
human, 3 Zn: 4 Cu [1]. These compositions, which ap-
pear to be species-specific, differ from those in MTs
where 7 divalent Zn(II) and/or Cd(II) and up to 14
monovalent Cu(l) ions can be bound.

3.2. Spectroscopic characterization

The absorption and circular dichroism (CD) studies
were conducted on b-Cu,Cd;-GIF and e-Cu,Cd;-GIF.
Their absorption spectra (Fig. 1, top left) are of a similar
shape with a tailing to 330 nm. Lowering the pH to 2.0
releases the Cd(IT) ions from the protein and the high-
energy shoulder at about 250 nm disappears. By analogy
with similar studies of Cd,-MT we attribute the origin of
this feature to CysS-Cd(II) charge-transfer transitions
[20]. The spectrum of e-Cu,Zn-GIF is shown as an inset
in Fig. 1. Based on the same argument, the shoulder at
about 230 nm originates from CysS-Zn(II) charge-trans-
fer transitions [20]. The low-energy shoulder at about
275 nm is present in all absorption spectra at both neu-
tral and low pH values and corresponds to that expected
for CysS-Cu(I) charge-transfer transitions. In both in-
stances, based on metal determination after desalting, Cu
was still bound to the protein. Similar properties have
been reported for Cu(I)-MTs, where Cu(I)-thiolate coor-
dination is well established [8,21], suggesting that Cu in
GIFs is also bound by Cys thiolate ligands. No absorp-
tion above 250 nm was observed in the metal-free GIFs
treated with the chelating agent DTC. The CD spectra
of Cu,Cd-GIFs at pH 7.6 and pH 2 (Fig. 1, bottom left)
show CD features below 250 nm which reflect the contri-
butions from both the secondary structure of the pol-
ypeptide chain and optically active high-energy ligand to
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Fig. 1. Left panel: (Top) Absorption spectra of bovine Cu,Cd;-GIF (solid line) and equine Cu,Cd;-GIF (long-dashed line) at pH 7.6, bovine Cu,-GIF
(dotted line) and apo-GIF (dashed line) at pH 2. (Inset) Equine Cu,Zn-GIF (solid line) at pH 7.6 and Cu-GIF (dotted lin¢) at pH 2. (Bottom) CD
spectra of bovine Cu,Cd;-GIF (solid line) and Cu,-GIF (dotted line). Right panel: Difference absorption (top) and CD (bottom) spectra of bovine
Cu,Cds-GIF vs. Cu,-GIF. (Top) The Gaussian analysis of the difference absorption envelope with individual component bands (dotted line) and

the overall fit (dashed line).

metal charge-transfer (LMCT) transitions. The CD
bands above 250 nm represent a combination of overlap-
ping lower-energy LMCT transitions of the Cd(IT)-CysS
and Cu(I)-CysS centers (see above). As with absorption,
the spectra at pH 2 with CD bands at (+) 265 and (-)
280 nm originate only from the Cu(I)-thiolate LMCT
bands, like those of Cu(I)-MTs [8,21].

Analysis of the similarily-shaped difference absorption
and CD spectra of b- and eGIF (pH 7.6 vs. pH 2.0)
affords information concerning organization of the
Cd(II) sites. The representative difference absorption
spectrum of b-Cu,Cd-GIF (Fig. 1, right panel) shows a
broad band with a shoulder at 250 nm (&= 60,000
M':cm™) and a maximum at about 230 nm.
The number of Cys ligands involved in Cd-coordination
can be determined, since it is linearly correlated with the
difference absorption intensity of the low-energy feature
[22]. Based on &,s5, of about 5,500 M~'-cm™ per CysS
ligand the 5 Cd4(II) ions in b-Cu,,Cd;-GIF are coordi-
nated by about 11-12 Cys, yielding a thiolate/Cd(II)
ratio of between 2.2 to 2.4 and for e-Cu,,Cd,;-GIF the 3
Cd(II) ions are coordinated by 7-8 Cys, i.e. thiolate/
Cd(II) of about 2.5. In Cd7-MT, where tetrahedral
tetrathiolate metal coordination by both terminal and

bridging thiolate ligands is present, the thiolate/Cd ratios
are 3 and 2.75 for the 3-metal and 4-metal cluster, respec-
tively [2]. Gaussian analysis of the difference absorption
envelope reveals at least three bands, which suggests the
presence of at least three overlapping CysS-Cd(II)
charge-transfer transitions. Whereas a close correspond-
ence between the second Gaussian band at 225 nm and
the difference CD band at 223 nm exists, at the position
of the first Gaussian band at 247 nm two oppositely-
signed CD bands at (+) 260 and (—) 242 nm with a
cross-over point at the absorption maximum are ob-
served (Fig. 1, right panel). Similar behaviour in the CD
studies of Cd,-MTs has been assigned to excitonic cou-
pling of CysS-Cd(II) charge-transfer transitions within
the cluster structures [23]. Thus, Cd(II)-CysS clusters
should be present in both b- and e-Cu,Cd-GIFs.
Evidence that Cu is bound to b- and e-GIF as the
cuprous ion is provided by their luminescence spectra
(data not shown). The emission spectra of both b- and
e-Cu,CdGIF at 77 K exhibit broad bands with maxima
at 550 and 590 nm, respectively, each with shoulders at
about 700 nm. The large Stokes’ shifts and long life-times
(100 us) of these bands are consistent with emissions
from triplet excited states. Such features, typical of Cu(l)
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complexes, have been observed with Cu(I)-MTs [8],
which exhibit principal emission bands at about 600 nm
with slightly longer life-times relative to GIFs of around
130 us [8]. Thus, spectroscopic properties of copper in
GIFs indicate the presence of Cu(I)-thiolate complex(es).

In summary, our results show that: (i) both Cu and Zn
are always present in GIF and are presumably both func-
tionally important; (ii) Cu is incorporated in spe-
ciesspecific ratios and is present as the Cu(I) ion coordi-
nated by Cys; (iii) bound Zn is labile and organized in
Zn(I1)-CysS cluster(s).
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