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Magnetic collapse in transition metal ions is predicted from first-principles computations 
at pressures reached in the Earth's lower mantle and core. Magnetic collapse would lead 
to marked changes in geophysically important properties, such as elasticity and con- 
ductivity, and also to different geochemical behavior, such as element partitioning, than 
estimated by extrapolating low-pressure data, and thus change the understanding of 
Earth's structure and evolution. Magnetic collapse results from band widening rather 
than from changes in crystal field splitting under pressure. Seismic anomalies in the outer 
core and the lowermost mantle may be due to magnetic collapse of ferrous iron, dis- 
solved in iron liquid in the outer core, and in solution in magnesiowiistite in the lowermost 
mantle. 

T h e  behavior of major (such as Fez+) and criterion is derived from minimization of 
minor transition metal ions at high pres- the sum of the magnetic energy, -MZI/2, 
sures plays an important role in understand- and the change in the band energy, MZ/ 
ing Earth's composition and differentiation 2N(O), for magnetization M. Under com- 
(1, 2). Using the local density approxima- 
tion (LDA), the "standard model" of first- 
principles solid-state electronic structure 
methods, Isaak et al. (3) predicted that FeO 
would undergo magnetic collapse (that is, a 
high-spin low-spin transition) possibly 
within Dressures attained within the Earth. 
We obtained more accurate predictions of 
maenetic colla~se in transition metal oxide - 
compounds, using an improved (4, 5) the- 
ory, the generalized gradient approximation 
(GGA), and extended our previous studies 
of magnetic collapse to Fe2+ in FeO with 
the NiAs structure (called B8) and in Fe- 
SiO, perovskite, and to other transition 
metal ions such as MnZ+. Co2+. and NiZ+. 
We found that magnetic collapse occurs in 
all these magnetic transition metal ions, in 
some cases at experimentally accessible 
pressures. We also present a physical inter- 
pretation of the predicted behavior that 
allows extrapolation to more complex phas- 
es and solid solutions that are important in 
geochemistry. 

A material can undereo a maenetic tran- 
sition (6) because of baid wideking or be- 
cause of changes in the crystal field (7). In 
the Stoner model (8), a magnetic state is 
stable if IN(0) > 1, where the Stoner inte- 
gral I is determined by the self-consistent 
spin splitting of atomic d-states induced by 
an applied magnetization M, and N(0) is 
the density of states at the Fermi level. This 
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pression, I changes little but N(0) decreases 
as the bandwidth. increases. At a critical 
pressure, the Stoner criterion is not satis- 
fied, and the system becomes nonmagnetic. 
Magnetic collapse could also occur if the 
crystal field splitting becomes larger than 
the exchange splitting, in which case the 
occupancy of states changes and the mag- 
netic moments collapse. In the more re- 
fined extended Stoner theory (9),  the aver- 
age density of states is introduced, m(M) = 
MIA&, where AE is the spin splitting. The 
ccterion for a magnetic _state to exist is 
IN(M) = 1. Note that N(0) = N(0) = 
aM/aA&. The extended Stoner calculations , ~ 

bridge the gap between the localized ap- 
proach (crystal field-induced) and the con- 
ventional Stoner theory. 

We investigated the magnetic properties 
at very high pressure of FeO, MnO, COO, 
NiO, and FeSiO, perovskite using first- 
principles linear muffin tin orbital (LMTO) 
and linearized augmented plane wave 
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Fig. 1. Magnetic moments M [in Bohr magnetons (/LA] for antiferromagnetic transition metal oxides in 
the B1 structure as a function of (A) pressure and (B) compression computed self-consistently with the 
LMTO-ASA method. Compression was calculated with respect to the theoretical zero pressure vol- 
umes. GGA results (open circles) are shown for MnO, FeO, COO, and NiO; LDA results (solid circles) are 
shown for FeO and COO for comparison. Vertical lines denote transition pressures. 
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(LAPLV) electronic structure methods 
~v i th in  the  GGA (1 L1. 1 1 ) .  Our  eiluations of 
state (Tahle 1) sho\v that GGA models the  
compression of transition met,~l oxides ac- 
curatel;-. LVe computed the  antiferromag- 
netic rnolnents for cuhic rocksalt (B1)- 
structured FeO, MnO,  COO, and N i O  (Fig. 
1 and Table 2) and found that all four 
compounds exhlbit lnagnetic collapse. T h e  
LDA transition pressures n-ere lolver than 
the  G G A  transitio~l pressures, because LL3A 
underestimates lnagnetlc stabilization ener- 
gies (12) .  For FeO, magnetic collapse oc- 
curred at relati~e1;- high pressures (13), 
nrhereas for COO, the  traniition pressure 
\\-as relatively low. W e  foun~l  first-order 
transitions with significant ( 5  to  yo%) frac- 
tional vol~une changes, AI'-/L., except for 
NiO,  where the ~nagnet ic  lnonlent de- 
creased gradually. Thus, in FeO, COO, and 
MnO,  the transitions could be detected ex- 
perimentally \\-it11 standard x-ray iiiffraction 
t e c h n i ~ ~ u e s  and by looking for a \.olume 
discont in~~i ty  in the  equation of state. Re- 
cause COO, unlike FeO, is stoichio~netric 
and has the  lo\vest transition, it should he 
the most amenable to experimental study. 

T h e  methods I\-e use are the  most appro- 
priate tractable methods to study properties 
of tralnsition metal oxides in  the high-pres- 
sure regime where bandwidths are laroe 
(14).  r \ r  I o n  pressures, there are inadequa- 
cles in  both GGA and LDA; for example, 

Fig. 2. (A) Ex~ended Stoner d ~ a -  
gram (effectve densty of states 
versLis local tnagnetlc moment n 
states per oldberg) for COO for 
cell volc~mes 266 (P = O), 228 
(P = 40 GPa), and 21 0 bohrs (P = 

90 GPa) (1 bohr3 = 0 1481 8A3) 

they predict metallic hehavior for FeO and 
COO, ~ v h ~ c h  are ~nsulators. This 1s due to 
the  neglect of strong correlations of local- 
ized electrons, characterized by a parameter 
called the  Hubbard L:, that inhibits multi- 
vle occuuation of d orhitals o n  the  same 
metal ion; L: is the  energy increase n h e n  a n  
additional electron is adiled to  a d orbital. 
T h e  parameter that governs the  tenLienc;- 
toward localization is L:/W, \\.here IY' is the  
hanil\viiith. Materials that are Mott or 
charge transfer insulators at l o ~ v  pressures 
will beconle rnetallic \\.it11 increasing pres- 
sure because W illcreases with pressure and 
L: decreases because of increased screening. 
Thus, at high pressures, hand theory should 
he quite reliable. Recent man--bod;- klonte 
Carlo s im~~la t ions  lxedicted tnetallic behav- 
lor for L;/W < t l N  (15).  where N is the  , , ,  

orbital degeneracy (5  in  our case), so that at 
the  pressures of interest here, band theory 
should be applicable (Table 3) (16).  A n -  
other i~nportant  study sho\\-ing the  accuracy 
of our a ~ r ~ r o a c h  used the same methods and 

L. 

predicted ~nagnet ic  collapse and metal1i:a- 
tion of Ki13 at 25 GPa  ( I? ) ,  cotnpared n i t h  
the  experi~nental value of 19 GPa  (18). 

W e  performed an  extended Stoner anal- 
ysis (Fig. 2) and found that it accurately 
predicted the  behavior n-e fo~und in our 
self-consistent com~uta t ions .  This demon- 
strates that magnetic collapse occurs be- 
cause of band broadening with pressure, 
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\\1t11 very little change in crystal field. T h e  
crystal field and structural details govern 
the  shape of the  effective density of states 
and thus govern the  character of the mag- 
netic collapse ( that  is, whether it is contin- 
~ ~ o u s  or discontinuous, as \\,ell as the  mag- 
nitudes of the  high- and lo\v-spln moments 
at a gi~ren pressure). T h e  shape of the  effec- 
tive density of states does not change much 
n i t h  pressure; ~t is primarily the  unifor~n 
decrease in effective densities of states that 
gives rise to rnagnetic collapse. T h e  exis- 
tence of a lo\\-spin state is due to  the  crystal 
field splitting, which ~nanifests ~tself by a 
dip in the  density of states het\veen the  
centers of the  tZS and e ,  baniis. However, 
the  transition is not  due to changes in  the  

Table 1. Theoret~cal and experlmenta parame- 
ters from GGA computations of antiferromagnetic 
transitlot- metal monoxides at zero pressure. Ex- 
perlmental parameters are listed in parentheses. 
Volumes are for the primlt~ve antiferromagnetic 
cell (four atoms). Experimental data are from (28) 
for MnO, (3) for FeO, (29) for COO, and (30) for 
NO. V,, zero pressure volume; K, bc~lk modulus; 
and K ' ,  dKldP 

MnO 303 (296) 196 (1 70) 3.9 (4.8) 
FeO 280 (275) 178 (1 42-1 80) 4.2 (4.9) 
COO 265 (261) 177 (1 81) 5 .4  
NIO 253 (246) 194 (1 66-208) 4.5 

Table 2. Parameters (from GGA computat~ons) 
for the hgh-low spin transitlon. I/,,,, and V,,,,, are 
the volumes (in bohr3) of the low- and hlgh-spln 
phases, respectively: ivl,,, and ivl,,,,, are the cor- 
respondng respectve magnetizatons (In k,). P,,. 
IS the transitlon pressure In gigapascas. Parame- 
ters derlved from LDA computatons are s t e d  In 
parentheses. 

Parameter MnO FeO COO NiO 

Table 3. Hubbard parameter U (311 and effectve 
bandwidths Vv' (32) at 0 GPa and at magnetic 
collapse pressures In electron volts. The cr~tical 
value of U/Vv' IS 2.24, so band theory should be 
appropriate at the hlgh pressures where magnetc 
collapse occurs. 

Parameter MnO FeO COO NIO 

U (P = 0) 7.8 5.1 5 .3  6.7 
Vv' (P = 01 1 . O  0.9 1 . O  1.4 
Vv' (P, ) 3 5 3.4 3.0 3.5 
UlW (P = 0) 7.8 5.7 5 .3  4.8 
UlW (P~,) 2.2 1 .5  1.8 1.4 
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crystal field s p l ~ t t ~ n g  with pressure, which 
are quite small. 

A crucial cjuestion is the  ilnportance of 
tile ionic environment. Magnetic collapse 
in strained B1 occurs at similar pressures as 
in cubic B1 (3). There are two possible 
crystallograpl~ic lnodifications of the  B8 
structure, depending on whether Fe is in the  
Ni (normal B8) or the  As  (inverse B8) sites. 
In  normal B8, the  Fe atoms form chains 
along c ( the  hexagonal axis), and magnetic 
collapse is continuous. In  contrast, there is 
a Inore sudden transition in inverse B8 but 
only at extreme pressures (>SO0 GPa) .  T h e  
continuous transition in normal B8 occurs 
because the  short Fe-Fe distances alone c 

u 

lead to  a highly dispersive dl: band, which 
makes the  t2, sub-band very wide. T h e  ex- 
tended Stoner picture correctly predicts the  
behal,ior we ohserve in  our self-consistent 
comnutations. Given that the  local envi- 
ronment is crucial and that collapse is not  
related to  cooperative effects such as mag- 
netic ordering, defects such as the  ohserved 
nonstoichiometry in FeO at low pressures 
will not directly influence the  predicted 
transition. 

W e  also studied FeSiO, perol-skite, 
which is not  stable relative to FeO + SiO, 
stishovite. Cnderstanding Fe bella\,ior in 
silicate perovskite is extremely important, 
because (h/lg,Fe)SiO, perovskite contaillillg 
up to 15'6 Fe is considered to  be the  most 
common mineral in the  Earth. W e  consid- 
ered Fe in either the  A or the  B sltes of the  
structure (19,  20); in both cases, the  Fe 
atoms are a t  the  same distance from each 
other, too far apart for sign~flcant Fe-Fe 
hopp~ng .  Iron IS h igh-sp~n in  the  A site and 
low-spin in  the  B site at geophyslcally rel- 
evant pressures ( < I 3 5  GPa) .  In the  A site, 
collapse did not occur until 1 TPa ,  whereas 
in the  B site, the  magnetic moment de- 
creased smoothly from high spin a t  low 
pressures to  low spin a t  high pressures. W e  
found the  crystal field t2,,-e, splitting to he 
nearly the  same in the  two structures a t  all 
nressures. T h e  R site is much smaller than 
the A site, so that the  bandwidths are much 
larger when Fe is in the  B site, t h ~ ~ s  leading 
to different magnetic behavior and again 
showing that magnetic collapse is governed 
by the  bandwidth, not the  crystal field. 

Transition pressures \\-ill depend o n  the  
local structure and "comnression" of the  
ion. For example, transit1011 metal sulfides 
and iodides tend to have lower pressure 
transltlons because the  greater overlap with 
the larger anions leads to  larger band.rvidths. 
Thus, in  Ni12 magnetic collapse occurs a t  
19 GPa (IS),  whereas we predict collapse a t  
230 GPa in NiO.  This phenomenon is ev- 
d e n t  in the  system FeS2-hlnS, (21).  Fer- 
rous iron in FeS, is low spin, .rvKereas dilute 
~ ~ z +  In . h11lS2, which has a larger molar 

vol~une than FeSz, is high spin. I11 the  
lightly doped material, the  Fez+ ions under- 
go magnetic collapse to  low spin under 
moderate cotnvresslon 112 GPa) .  Thus. 
compression of F e z  hy applied pressure or 
hy substitution in a smaller structural site 
will induce tnagnetic collapse. This is com- 
pletely consistent with our results o n  Fe- 
SiO,.  Ferrous iron in maenesiowi~stite will 
undergo magnetic collapse a t  lower pres- 
sures than will pure FeO, hecause the  Mg2+ 
ion is smaller than the  F e '  ion. 

T h e  potential geophysical and geo- 
chenlical itnnlications of these results are 
extensive and highlight the  need for exper- 
itnental studies of the  behavior of transition 
metal oxides and silicates a t  pressures > 100 
GPa.  W e  outline some of the  most impor- 
tant implications. Of the  transition metals, 
only Fez- is sufficiently abundant to  affect 
the  structure and seismic properties of the  
Earth. W e  find a transition pressure of 200 
G P a  for FeO, which is appropriate to the  
outer core (22).  This is intriguing, because 
magnetic collapse in Fez- ions could occur 
in a n  iron-rich liuuid and would cause den- 
sity and elastic anomalies. Some seismic 
studies do  indeed provide evidence that the  
Earth's outer core is stratified 123). Ferrous , ' 

iron in magnesiolviistite will collapse a t  
lower Dressures than ferrous iron dissolved 
in  Fe liquid, as a result of the  en\-ironmental 
effect discussed above. Thus, magnetic col- 
lapse may also be partly responsible for 
anomalies In D", that is, the  complex region 
In the  lower mantle immediately above the  
iron core (24 ,  25) ,  where Fe is present 
mostly as magneslowiistite, as well as in the  
core. 

A long-standing problem has been the  
excess of siderouhile elements in Earth's 
mantle relative to  the  lithophile elements 
(26).  Changes in the  nature of bonding 
brought o n  by ~nagnet ic  collapse a t  high 
pressure tneans that extrapolation of low- 
pressure results will have little applicability 
to siderophiles at lower mantle pressures. 
Our  results apply most directly to X i  and 
Co ,  which require nearly equal partition 
coefficients to exvlain their similar d e ~ l e -  
tions in the  mantle, whereas low-pressure 
experiments sllo\l- N i  to be more siderophile 
than C o  (27).  hlagnetic collapse in Co'+ 
would make it more siderophile, and would 
thus help to  explain the  relative depletions 
of N i  and Co.  Our  results show the  impor- 
tance of further partitioning experitnents a t  
ultrahigh pressures appropriate to  Earth's 
lower mantle. 

T h e  high-spin low-spin magnetic transi- 
tions in transition metal oxide compounds 
obtalned in our computations range from 90 
G P a  for C o o  to  1 TPa  in FeSiO,. These 
theoretical predictions must be tested in  the  
laboratory, but o n  the  hasis of previous stud- 

les, we estimate a maximum a uncertainty of 
30 G P a  in our GGA transition pressures. 
Our  calculations demonstrate that the  band 
hroadening due to  shorter nearest neighbor 
distances, not a n  increase of the  crystal field 
splitting, causes collapse of the  high-spin 
tnagnetic state under pressure. T h e  resulting 
changes in honding character from ionic to 
metallic would also affect mineral stability. 
Charge would move out of the  bonding 
directions and shapes of the  transition met- 
al and oxygen ions would change, affecting 
phase diagrams and elasticity. Transition 
metal ions will behave essentially as "differ- 
ent  elements" at high pressures, and chem- 
ical intuition derived from experience a t  
low pressures will not be applicable. Even 
the  concept of chemical valence is not ap- 
propriate a t  ultrahigh pressures. 

REFERENCES AND NOTES 

1. V. R. Murthy Science 253, 303 (1991). 
2. D. \!Vslker, L. Norby, J. H. Jones, ibid. 262, 1858 

(1 993). 
3. D. G, saek, R. E. Cohen M. J. Mehl. D. J. S~ngh. 

Phys. Rev. B 47, 7720 (1 993). 
4 D. M. Sherman and H. J. F. Jensen Geoch~~s.  Res. , ,  

Lett. 22, 1001 (1 995). 
5 P. Dufex, P. Blaha V. Sliwxo K. Schwarz, Phys. Rev 

B 49, 101 70 (1 994). 
6 We are not consdering magnetc trsnsltions invov- 

n g  order~ng and disorder~ng of spins es In e Nee1 
transltlon, but rather electron~c transltlons that 
change the magntudes of sp'n moments 

7. S Ohnsh P/iys. Eai?h Planet. h e r .  17 130 (1 978). 
8. E. C. Stoner. Proc. R. Soc. London Ser. A 169 339 

(1 939). 
9. G. L. Krasxo. Phys. Rev. B 36, 8565 (1987). 0 .  K. 

Andersen er a/., Physlca B+C 86-88 B+C 219 
(1 977). 

10. J. P. Perdew and Y Weng Phys Rev. B 45 132 i4  
(1 992) 

11. \!Ve used dens~ty funct~onel the07 (DFT) methods, 
whlch sre f~rst prlncpes In thet they requre no ex- 
per~mentel nput other than the nucesr charges and 
posltlons LMTO-etom~c sphere approx~matlon 
(ASA) IS e fest method that neglects nonspher~cal 
conirbut~ons to the potental The WPW method IS 

emong the most accurste eectronc structure meth- 
ods thst assume no shspe approxlmatlons. We 
compsred LMTO-ASA results for COO and FeO in 
the LDA epprox~maton w~ th  the fullpotentie LAPW 
method and found satlsfectoty agreement. Eque- 
t~ons of stste are precticaly the same. The energy 
differences between h igh  and ow-spin conf~gura- 
tlons hed an error of tens of milrydbergs compared 
w~ th  LAPW, 2nd LMTO transltlon pressures were 
sbout 20 GPa d~fferent from WPSV We found no 
sensltvlty to the number of k polnts (rec~procs s t t ce  
polnts used In Br~llou~n zone ~ntegrals), stomlc 
sphere  red^^, or bass set slzes. 

12. L. Stixrude R.  E. Cohen D. J. Slngh, Phys Rev, B 
50 6442 (1 99s). 

13. Colspse ~n B1 IS ebove the structure trens~t~on n t o  
the B8 structure et hlgh temperatures, elthough 
strsned B1 can be meintsned metasteby to hg l i  
pressures st room tempersture [Y .  Fel and H.-k. 
Mao, Science 266 1678 (1 994):. 

14. Other avelebe approaches would not be spproprl- 
ete for this study. Hsrtree-Fock methods give exce - 
lent results for energetcs In trens~ton metal ox~des st 
zero pressure but severely overestmate nsuetng 
gaps and are lnsppllcabe for metals or for metel- 
lnsuator trans~t~ons. The 8 8  structure of FeO 1s me- 
t e l c  [X.  L and R. Jesnoz, Geophys. Res, Lett. 21, 
2183 (1991): More exsct methods such as GW [F. 
Ayasetawan end 0 .  Gunnersson, Phys Rev, Lett. 

SCIENCE VOL. 275 31 JXN1;ARY 1997 



74 3221 (1 995)] are not tractable for the erge num- 
ber of structures 2nd pressures necessary for thls 
study. 

15. 0 .  Gunnersson, E. Koch, R. M Meriln, Piiys, Rev. B 
54, R11026 (1996) 

16. Smar ly ,  conventona LDA calculat~ons accurately 
predct propertes of the perovskites, La(Mn.Fe.Co, 
N)O, ID. D. Sarma et ai. , Phys. Rev. Lett. 75, 1 126, 
(1995)], because the transiton metal hopping nte- 
grals are -40% larger than in binary oxides and the 
screened U is -405/& smaller. 

17. P. Dufek, P. Blaha, K. Schwarz, Phys. Rev. B 51 
41 22 (1 995). 

18. M. P. Pasternak et a/,, Phys. Rev. Lett. 65, 790 
(1 990). 

19. W. E. Jackson, E. Knitte, G. E. Brown Jr., R. Jean- 
oz ,  Geophys. Res. Lett. 14, 224 (1 987). 

20. We found the normal perovskte w th  Fe In the A s te  
to be 4.6 eV 1440 kJ:mo) lower in energy than that 
w ~ t h  Fe in the B slte (LAPW, LDA). We also found 
bvust~te plus stishovite to be lower in energy than 
FeSiO, at a pressures, which is consstent with the 
small solubil~ty of Fe in silicate perovsklte. Ortho- 
rhombc MgSiO, was lower In energy than stshovte 
plus perlclase at a pressures, which IS consistent 

wlth the scx  of observed breaxdown of MgSlO, at 
o w  temperatures However cublc MgSlO, wss 
marglney unstebe wlth respect to perlcase plus 
stlshov~te. 

21. C. 6. Bergeron M. Avlnor, H G. Drlcxamer, Inorg. 
Chem. 10, 1338 r 1971 ) .  H. G. Drckamer and C. W. 
Frank, Electronic Transitions and the High Pressure 
Chemist~/and Physics ofSoiids (Hasted, New York, 
1973), pp. 126-1 29. 

22. Temperatures are about 2000 K in the lower mantle 
and higher in the core. We can estmate the effects of 
temperature from the Capeyron equaton dPldT = 

ASIAV, where P IS pressure, T IS temperature, S is 
entropy, and V 1s volume. We use the upper bound 
for the magnetc entropy S,.,,, = R InrM - I ) ,  where 
R IS the gas constant. For FeO, we estmate a bound 
of dP!dT i 0.015 GPalK, which IS close to the esti- 
mate of 0.01 GPalK of Ohnsh (7). Thus, we expect 
an Increase of about 29 GPa In translton pressure at 
2000 K. 

23. T. Lay and C. J. Young, Geophys. Res. Lett. 17, 
2001 (1 990). 

24. E. Kn t t e  and R. Jeanoz. Science 251. 1438 ( I  991). 
25. D. E. Loper and T. Lay, J. Geophys. Res. 100 84.  

6397 (1 995). 

A General Strategy for Selecting High-Affini ty 
Zinc Finger Proteins for Diverse 

DNA Target Sites 
Harvey A. Greisman and Carl 0. Pabo* 

A method is described for selecting DNA-binding proteins that recognize desired se- 
quences. The protocol involves gradually extending a new zinc finger protein across the 
desired 9- or 10-base pair target site, adding and optimizing one finger at a time. This 
procedure was tested with a TATA box, a p53 binding site, and a nuclear receptor 
element, and proteins were obtained that bind with nanomolar dissociation constants 
and discriminate effectively (greater than 20,000-fold) against nonspecific DNA. This 
strategy may provide important information about protein-DNA recognition as well as 
powerful tools for biomedical research. 

D e s i g n  of DKA-binding proteins that \rill 
recognize desired sites o n  double-stranded 
D I i A  has been a challenging problem. '41- 
though a number of DIiA-hindlng motifs 
have yielded variants 1 ~ 1 t h  altered specific- 
ities, zinc finger proteins related to  TFIIIA 
(1)  and Zif268 (2)  appear to provide the  
most versatile frarne~vork for design. hlod- 
eling, sequence comparisons, and phage dis- 
play have been used to  alter the  specificity 
of a n  individual zinc finger ~v i th in  a inul- 
tifinger protein (3-7), and fingers also have 
been "mixed and matched" to construct 
new DIiA-binding proteins (8, 9). These 
design and selection studies have assumed 
that each finger [lrith its corresponding 
3-base pair (bp)  subsite] can be treated as 
a n  independent unit (Fig. 1B). This as- 
sumption has provlded a useful starting 
point for design studies, but crystallographic 
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st~rdies of zinc finger-DIiA complexes (1 C- 
13)  reveal many examples of contacts that 
couple neighboring fingers and subsites, and 
it is evident that context-denendent inter- 
actions are important for zinc finger-DNA 
recognition (3, 7, 8 ) .  Existing strategies 
have not taken these interactions into ac- 
count in the  design of multifinger proteins, 
and this mar  exnlain whv there has been n o  , L 

effective, general method for designing 
high-affinity proteins for desired target sites 
(14).  

W e  have developed a selection strategy 
that can accommodate many of these con- 
text-dependent interactions between neigh- 
boring fingers and subsites. Our  strategy ill- 
volves gradual asselnbly of a new zinc finger 
protein a t  the  desired binding site-adding 
and optimizing one finger a t  a time as \ye 
proceed across the  target site. W e  use the 
Zif268 structure (1 0. 13) as our framework 
and randomize six potential base-contacting 
positions In each finger (Fig. 1, A and D)  
(15). Our  protocol incl~rdes three selection 
steps (Fig. 2),  one for each finger of the  new 
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nrotein: 1i) A finoer that recognizes the 3 '  . , - 
end of the  target site is selected by phage 
display (Fig. 2'4). A t  this stage, t\yo \yild- 
type Zif fingers are used as temporary an- 
chors to position the library of randomized 
fingers over the target site, and we use a 
hybrid D N A  site that has Zifsubsites fused to 
the target site. (ii) T h e  selected finger is 
retained as part of a "gro\ringV protein and, 
after the  distal Zif finger is discarded, phage 
disnlav is used to select a new finoer that 

L ,  

recognizes the central region of the target 
slte (Fig. 2B). (iii) Finally, the remaining Zif 
finger is discarded, and phage display is used 
to select a third finger that recognizes the 5 '  
region of the target site (Fig. 2C). Optimiza- 
tion of this finger yields the new zinc finger 
nrotein. 

Our  strategy ensures that the  new fingers 
are allrays selected in  a relevant structural 
context. Because an  Intact binding site is 
present at every stage, and because our se- 
lections are nerforlned in the  context of a 
growing protein-DNA complex, our meth- 
od readily ontiinizes context-denendent in- , 
teractions between neighboring fingers and 
subsites and naturally selects for fingers that 
will f~rnction \\,ell together 11 6). T o  ensure 
that the  selected priteins \;ill b ind tightly 
and s~ecificallv to the  desired target sites, 
\re pe;.forined all selections in  the  i resence 
of calf thymus competitor D N A  ( 3  mglml) 
(1 7). This serves to counterselect against 
any proteins that bind promiscuously or 
nrefer alternative sites, and our nrotocol 
t h ~ ~ s  directly selects for affinity as \re11 as 
specificity of blnding (18).  

W e  tested our protocol by performing 
selections with a TATA box, a p53 binding 
site, and a nuclear receptor element (KRE) 
(Flg. 1C) .  These important regulatory sites 
were chosen because they noriually are rec- 
ognized by other families of DNA-binding 
proteins and b e c a ~ ~ s e  these sites are quite 
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