
Table 5. Effect of divalent cations on the 
complexation of [125I]hGH to hPRLbp (at 60 
or 5000 pM) at physiological total serum 
concentrations (17). Highly purified metal ion 
salts for CaCl2-6H20, CuS04-5H20, CoCl2-
6H20, MnCl2-4H20, MgCl2-6H20 were ob
tained from Johnson-Matthey Purotonic, Sigma, 
Mallinckrodt, Mallinckrodt and Johnson-
Matthey Purotonic, respectively. Binding assays 
were performed as described in Fig. 2 in 0.1% 
BSA, 140 mM NaCl, 20 mM tris (pH 7.5) at 
25°C. The percentage of complex formed was 
calculated from the ratio of the amount of 
[125I]hGH>hPRLbp complex immunoprecipitated 
to total [125I]hGH present in the assay. 

Divalent metal 
(concentration) 

None 
Ca2+ (5 mM) 
Co2+ (5 nM) 
Cu2+ (20 pM) 
Mg2+ (2 mM) 
Mn2+ (2 pM) 
Zn2+ (20 yM) 

Complex formation (%) 

60 pM 

3.8 ± 1.4 
1.3 ± 0.7 
1.3 ± 2.4 
1.7 ± 1.5 
0.8 ± 1.4 
0.4 ± 0.8 

46.0 ± 3.0 

5000 pM 

5.4 ± 0.8 
29.0 ± 1.4 
6.8 ± 1.5 

29.0 ± 1.4 
9.1 ± 3.6 
8.2 ± 1.8 

74.0 ± 1.0 

involvement of zinc in hormone action by 
showing that it mediates directly the inter
action between a polypeptide hormone and 
an extracellular receptor. The growth hor
mone and prolactin receptors are homolo
gous to receptors of the cytokine super 
family (24) which includes the interleukin-2 
(IL-2), IL-3, IL-4, IL-6, IL-7, erythropoi
etin, and GM-CSF receptors. It is possible 
that zinc may mediate other hormone-recep
tor interactions such as these. 
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Stable, Monomeric Variants of \ Cro Obtained by 
Insertion of a Designed (J-Hairpin Sequence 

MICHAEL C. MOSSING* AND ROBERT T. SAUER 

A. Cro is a dimeric DNA binding protein. Random mutagenesis and a selection for Cro 
activity have been used to identify the contacts between Cro subunits that are crucial 
for maintenance of a stably folded structure. To obtain equivalent contacts in a 
monomeric system, a Cro variant was designed and constructed in which the 
antiparallel p-ribbon that forms the dimer interface was replaced by a p-hairpin. The 
engineered monomer has a folded structure similar to wild type, is significantly more 
stable than wild type, and exhibits novel half-operator binding activity. 

ONE TEST OF OUR UNDERSTANDING 

of protein structure is the design of 
analogs of minimal complexity that 

retain the ability to fold as they would in the 
intact protein (1). Although dimers of X Cro 
are composed of two distinct globular do
mains (2), contacts from both subunits are 
required for stability, since dissociation of 
the wild-type (wt) dimer is normally accom
panied by denaturation (3). In this report 
we identify the intersubunit contacts that are 
required for Cro stability and describe the 
construction and characterization of an en
gineered Cro variant in which the connec
tivity of the polypeptide chain is altered to 
maintain these contacts in a stably folded 
monomer. This engineered monomer de
fines a simplified folding unit that retains the 
basic structural features of Cro. 

Department of Biology, Massachusetts Institute of Tech
nology, Cambridge, MA 02139. 

^Present address: Department of Biological Sciences, 
University of Notre Dame, Notre Dame, IN 46556. 

As shown in Fig. 1, A and B, the dimer 
interface of Cro consists of a p-strand from 
the carboxyl-terminus of each subunit, 
which pair to form an antiparallel p-ribbon 
(2). Residues 52 to 58 from each subunit 
form this structure and account for most of 
the intersubunit contacts. We probed the 
importance of the side chains at these posi
tions by randomization using cassette muta
genesis (4) followed by a biological selection 
for Cro-mediated repression. The active se
quences that were obtained are shown in 
Fig. 2A. Substantial sequence variability is 
allowed at every position except 58, where 
only the wt Phe and the conservative Tyr 
substitution are tolerated. These results sug
gest that the nature of the side chain at 
position 58 is critical for Cro function, 
whereas the identities of the side chains at 
positions 52 to 57 are less important. In the 
crystal structure (2), the Phe58 side chain 
(colored red in Fig. IB) from one subunit 
packs into a crevice on the other subunit, 
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fonning part of the hydrophobic core and 
making extensive van der Waals contacts 
with surrounding side chains. It seems plau- 
sible that the loss of these PheS8-mediated 
contacts, upon dissociation of the dimer, is 
the key factor that causes concomitant un- 
folding of the globular portion of the Cro 
monomer. The main-chain hydrogen bonds 
between the strands of the antiparallel P-rib- 

Flg. 1. A Cro structures. (A) Polypept~de back- 
bone of the Cro dimer. Residues 1 to 60 are 
shown in green for the 0 subunit and in blue for 
the B subunit. (B) Space-filling representation of 
the Cro dimer. Phe58 from each subunit is ml- 
orcd red. (C) Backbone tracing of a potential Cro 
monoma. Residues 1 to 56 ofthe 0 subunit and 
54 to 60 of the B subunit are shown with a type 
I' turn (in purple) from superoxide dismutlsc 
(SOD) (11) (residues 21 to 28 EBE;GDTyy) 
(12) superimpad on the dima interface of Cro. 
The superposition was carried with the Insight 
program (Biasym Inc.). The SOD residues 21 to 
23 (EAK) and 26 to 28 (TW) were aligned with 
Cro subunit 0 residues 54 to 56 (EVK) and 
subunit B residues 54 to 56 (EVK), respectivdy. 
The root-mean-square (rms) deviation of the 
aligned backbone structures was 0.77 A. Cro 
caordinatcs were provided by D. Tronrud and B. 
Matthews. Cro residues 61 to 66 are not shown in 
any ofthe panels as they are not well ordered in 
the aystal stmctwe. 

bon are probably also important in stabiliz- 
ing Cro, but these interactions could be 
formed in any of the mutant interfaces. 

In designing potentially stable monomer- 
ic variants of Cro, it seemed important to 
maintain the PheS8 packing contacts and as 
many of the $-sheex hydrogen bonds as 
possible (Fig. 2B). One simple way to do 
this is illustrated schematically in Fig. 2C. 
Overall, five residues are inserted into the 
Cro sequence; the first two residues (L1 and 
L2) should form a $-turn, with the next 
three residues forming a p-strand that main- 
tains the register of hydrogen-bonded struc- 
ture in the w i n .  This design seemed 
reasonable on steric grounds as a type I' 
p-turn from the compendium of Sibanda et 
al. (5) could be superimposed on the Cro 
structure (Fig. 1C). 

To maximize the chances of obtaining an 
appropriate hairpin turn, we synthesized a 
cassette that was degenerate at the L1 and 
L2 positions (Fig. 2C) and would conse- 
quently generate all consem type I' and 11' 
tums. These two turn types are the most 
commonly observed in tight $-hairpiins (5). 
This cassette was introduced into the cro 
gene, and 50 unselected aansformants of 
Escherichia coli were picked and the com- 
sponding genes were sequenced. Clones 
with 16 di&rent L1-L2 sequences were 
recovered. Protein levels in cell lysates from 
each done were assayed by SDS gel demo- 
phoresis. These levels provide a rough indi- 
cation of protein stability, since unstable 
Cro mutants are rapidly degraded (3, 6). 
Among the sequences that resulted in mod- 
erate to high levels of protein were the three 
consensus type I' turn sequences (DG, GG, 

and NG) and the two type 11' consensus 
sequences (GS and GT). Three additional 
sequences (GA, NS, and DA) also gave 
reasonable levels of protein, while the re- 
maining nonconsensus sequences (DT, ET, 
KS, KT, NT, RT, SS, and ST) resulted in 
low  rotei in levels. 

picked one of the most stable candi- 
date proteins (designated Cro.mDG, with 
Asp and Gly at the L1 and L2 positions, 
respectively) to examine in detail. The DG 
protein behaved much like wt Cro during 
purification (3), but bound somewhat lcss 
tightly to phosphodulose and eluted at a 
lower apparent molecular weight from a gel 
filtration column. Sedimentation equilibri- 
um experiments were performed (7) to de- 
termine the oligomeric state of the protein. 
The ratio of the observed molecular weight 
to that calculated from the amino acid se- 
quence was 1.04 2 0.14 (n = 2) for 
Cro.mDG and 1.9 in a single determination 
for wt Cro. These results indicate that the 
DG variant is indeed a monomer whereas wt 
Cro is a dimer, as expected. 

Circular dichroism spectra were deter- 
mined for Cro.mDG and wt Cro to assess 
similarities in secondary structure. As shown 
in Fig. 3A, both proteins have similar spec- 
tra, indicating that the basic Cro fold has 
been main&ed in the monomeric variant. 
As expected for a monomeric protein, the 
thermal stability of the DG variant was 
independent of concentration (Fig. 3B). In 
contrast, the wt melt was markedly concen- 
tration dependent, as expected fbt a protein 
that denatures in a concerted reastion from a 
folded dimer to two unfblded monomers. 
Somewhat surprisingly, the DG monomer 

Fig. 2. (A) Active sequence A 
variants. Thcaminoacidres- a 8, s & a ss 
iduesatpit ionsSlto58 1 ' v. - 
ofwtcroareindicatedin - R - . - -  - 1 - 

D - - - - -  the one letter code (12) at - - - - 
thetop.Belowarelistedthc - - - F --- Y 

8 - - - - -  seqUQ1- from aaive 03 
p e s ,  isolated fo- 
casette mutagenesis (13) - , , , ,AU .- 2. -'- 

(wt residues are indicated by - L( -, - 5  - L. - 
a &h). (B). Schematic - V .- - 'R':!" - .' ' - p - 8 .  R L \'-' 

gramofthewtinte&ue. a A - - . -  L - 
- Q - - - - -  

The globular pomon of - R Y I M . T. - 
&subunitisrrprrscnted - - v - - L -- 
as a large oval. Residucs 52 1 = = = . 
to 58 from cach subunit are 7 - - - - - - 

P - A - - - -  
depicted in an extended con- 
fi,.HYW, 1. :. = = = : = 

- I - * - - -  . - inthedimerinmficcare - T - 
indicated. (C). Monomer - 3 = +J - 

r 

design. In the monomer 
' - - - = - . . 
- Q I I -  r - 

model the five-residue inser- I Z - i 

U T -  
tion (opcncircles) intorhe - - D - - - - 
wt seqwnce (shaded circles) 
m m h  oftwo loop positions (L1 and U) in which the listed set of amino acids were inscrtcd through 
the use of the degenerate codom (NG, NG, AIC) and (NG, UG, C), respectively, and a duplication 
of residues 54 to 56. 
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A C 

200 210 220 230 240 250 

Wavelength (nm) 
6 

1 .O Chemical shift (ppm) 
0 % 0.8 Fig. 3. (A and B) Circular dichroism spectra and 
0 .- thermal stabilities. (A). CD spectra at 20°C for wt 
5 0.6 Cro and Cro.mDG. Proteins were dissolved at 

0.4 concentrations of -10 pA4 in 50 mM potassium - " 
0 

phosphate, 100 mM KCI, pH 7.0. Mean residue 
2 0.2 ellipticities (average of four scans) were obtained 
u with an Aviv 60 DS instrument with a 0.5-nm 

0.0 step size, a band width of 1.5 nm, and a 1-s 
20 30 40 50 60 70 80 averaging time. (B). The fraction of protein un- 

Temperature ("C) folded at each temperature was calculated from 
the CD ellipticity at 222 nm after correction for 

the pre- and posttransition baselines. Thermal melts were completely reversible for both proteins. 
Solutions conditions were the same as in (A). (C) NMR spectra of the aromatic region for wt Cro and 
Cro.mDG. The 'H NMR spectra were taken at 30°C in D,O) containing 20 mM potassium phosphate, 
pH 6.8. Protein concentrations were 2.7 mM for the wt protein and 1.4 mM for Cro.mDG. Data were 
collected on a 500-MHz specnometer at the Francis Bitter National Magnet Lab at MIT. 

(midpoint temperature, Tm = 58°C) was 
sigruficantly more stable than wt Cro 
(Tm = 45°C at the highest concentration 
tested). We assume that this enhanced sta- 
bility reflects effective concentrations (8) of 
interacting groups in the monomer, which 
are sipticantly higher than the concentra- 
tions of the corresponding groups in the 
biolecular folding and association of wt 
Cro molecules. 

Further evidence for structural similarity 
between Cro.mDG and wt Cro was obtained 
by comparison of the one-dimensional nucle- 
ar magnetic resonance (NMR) spectra of the 
two proteins (Fig. 3C). The chemical shift 
dispersion of proton resonances in the aro- 
matic region of the two spectra is quite 
similar, indicating that the aromatic side 
chains (including PheS8) have similar chemi- 
cal environments. One obvious difference be- 
tween the two spectra is that the lines in the 
Cro.mDG sample are sigruficantly sharper, 
which we expected since the monomer should 
experience faster tumbling and thus more 
efEcient relaxation. 

Deoxyribonuclease I (DNAse I) foot- 
printing was used to assay operator DNA 
binding. Under our standard assay condi- 
tions (20°C, 50 mM KCI, 10 mM MgCI,, 
10 rnM CaCI,), wt Cro shows nearly com- 
plete operator binding at a concentration of 
5 nM, whereas the DG protein shows no 
operator protection at a concentration of 10 
fi Hence, under these conditions, bind- 
ing of the DG monomer is reduced by at 

least 2,000-fold. Under low salt and low 
temperature conditions (O0C, 5 mM KCI, 1 
mM MgCI,, 1 mM CaCI,) (9), we observed 
binding of Cro.mDG to operator DNA 
(Fig. 4). At a concentration of 20 w, the 
DG protein protects only the lower half-site 
and central region of the operator. At a 
higher concentration (200 (LM) the upper 
half-site was also protected. This independent 
bin- of Cro.mDG to operator half-sites 
clearly distinguishes it fiom wt Cro, which 
always protects both halves of the operator 
cooperatively [Fig. 4; also see (lo)].  

The monomeric Cro variants described 
here should be usel l  for a number of struc- 
ture-function studies. One priority is to 
determine the structure of the monomer, as 
this will establish whether the expected 
p-hairpin is present and reveal possible per- 
turbations in the globular portion of Cro. 
The monomeric Cro.mDG protein is an 
excellent candidate for NMR determination 
of solution structure. These studies have 
been hampered for the wt Cro dimer by 
problems of solubility and because intramo- 
lecular and intermolecular nuclear Over- 
hauser effects cannot be readily distin- 
guished. Comparison of operator DNA 
binding by the monomeric and dimeric 
forms of Cro should aid in determining the 
role of the dimer interface in coupling the 
DNA binding energies of individual sub- 
units. Finally, comparison of the stabilities 
and structures of monomeric variants with 
different P-hairpin sequences should be use- 

DNAse wt Cro Cro.mDG No 
only 1 pM 20 pM 200 flM DNAse 

45 bp 

Fig. 4. DNAse I protection assays. The DNAse 
only lane shows the pattern of bands obtained in 
the absence of added Cro protein. The no DNAse 
lane shows undigested DNA (14), which consists 
of the operator-containing fragment (45 bp) and 
a smaller fragment (12 bp). Other lanes show the 
digestion patterns obtained in the presence of the 
specified protein at the indicated concentrations. 
The position of cleavage products relative to the 
sequence of the operator site is indicated on the 
left. Bases specifically recognized by wt Cro (15) 
are boxed. The operator is symmetric except fbr 
the central base pair, but the DG protein prefer- 
entially bind to one half-site. This result may 
indicate that the central base or flanking se- 
quences influence binding a i t y .  

ll in quantifying the p-turn propensities of 
these amino acid sequences. 
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Breast Disease in 

Previous studies have emphasized that genetic susceptibility to breast cancer is rare and 
is expressed primarily as premenopausal breast cancer, bilateral breast cancer, or both. 
Proliferative breast disease (PBD) is a significant risk factor for the development of 
breast cancer and appears to be a precursor lesion. PBD and breast cancer were studied 
in 103 women from 20 kindreds that were selected for the presence of two first degree 
relatives with breast cancer and in 31 control women. Physical examination, screening 
mammography, and four-quadrant tine-needle breast aspirates were performed. Cy- 
tologic analysis of breast aspirates revealed PBD in 35% of clinically normal female 
first degree relatives of breast cancer cases and in 13% of controls. Genetic analysis 
suggests that genetic susceptibility causes both PBD and breast cancer in these 
kindreds. This study supports the hypothesis that this susceptibility is responsible for 
a considerable portion of breast cancer, including unilateral and postmenopausal 
breast cancer. 

B REAST CANCER HAS LONG BEEN REC- 
ognized to be a familial disease (1). 
Population-based studies have shown 

that a woman's risk of developing breast 
cancer is increased 1.5- to 3-fold if one first 
degree relative (mother, daughter, or sister) 
had breast cancer and 5- to 10-fold if the 
relative had bilateral cancer or if more than 
one first degree relative had breast cancer 
(2). The hypothesis of a rare breast cancer- 
susceptibility allele that would be dominant- 
ly inherited has been supported by several 

studies (3-6) that have produced estimates 
of the gene frequency of a dominant suscep- 
tibility allele of 0.0006 to 0.008 in the 
population and a lifetime probability of 
breast cancer of 0.57 to 0.92 in genetically 
susceptible individuals. The following anal- 
ysis suggests that genetic predisposition to 
breast cancer may be more common in 
postmenopausal breast cancer than previ- 
ously thought and that this predisposition is 
expressed as PBD. 

Proliferative breast disease has been used 

to describe several benign breast lesions " 
characterized by excessive but nonmalignant 
proliferation of breast epithelial cells located 

the terminal portions of the ducts of the 
breast (7-8). It has been suggested that PBD 
represents a premalignant state, because (i) 
breast cancer most often originates in the " 
terminal ductal-lobular unit, (ii) prolifera- 
tive lesions exhibit a spectrum of morpho- 
logic changes, the most severe of &ch 
resemble non-invasive cancer, and (iii) foci 
of PBD are often found in breast cancer 
mastectomy specimens (9). Several cohort 
studies have demonstrated that women with 
PBD have a two- to fivefold increased risk of 
developing breast cancer when compared to 
women with nonproliferative breast lesions 
(1&12). A family history of breast cancer in 
addition to the presence of PBD further 
increases the risk of breast cancer (11). In 
these studies. PBD was detected when wom- 
en underwent surgical biopsy of clinically 
suspicious lesions. 

We examined the freauencv of PBD in 
1 i 

families that were ascertained by two first 
degree relatives with breast cancer and test- 
ed the hypothesis that PBD and breast can- 
cer are inherited lesions in these families 
(Fig. 1). AU kindreds meeting this criteria 
were ascertained from the hematology/on- 
cology clinic at the University of ~ t a h ;  from 
the private clinic of one of the authors 
(H.H.), and the Utah Family Health Tree 
Project (13). One kindred, K1900, was se- 
lected with a third diagnosed individual 
(proband). All probands were classified as 
premenopausal or postmenopausal. If 
meno~ausal status was unknown, women 
diagnosed with breast cancer at age 50 or 
less were classified as premenopausal. The 
probands had premenopausal breast cancer 
in five kindreds and postmenopausal breast 
cancer in seven kindreds; seven kindreds had 
both one premenopausal and one post- 
menopausal proband. K1900 had one pre- 
menopausal and two postmenopausal 
probands. Nineteen kindreds were of 
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