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Small p r o t e i n s  or protein domains generally r e q u i r e  disulfide bridges o r  metal sites for their 
stabilization. H e r e  it is shown that the P ~ C Y  architecture of zinc fingers can be reproduced 
in a 23-residue polypeptide in the absence of metal ions. The sequence was obtained 
through an iterative design process. A key feature of the final design is the incorporation 
of a type II' P turn to aid in P-hairpin formation. Nuclear magnetic resonance analysis 
reveals that the CY helix and p hairpin are held together by a defined hydrophobic core. 
The availability of this s t r u c t u r a l  template has implications for the development of func- 
tional polypeptides. 

T h e  design of stable, folded, and structur- 
ally characterized polypeptide motifs has 
been the  focus of research in a number of 
laboratories over the past decade ( 1 ,  2).  A 
key question in protein design is the  mini- 
mum size of a polypeptide required to 
achieve the compact, folded, and organized 
architecture that is the  hallmark of natural 
proteins (3). Iterative modeling, synthesis, 
and structural characterization are facilitat- 
ed for smaller motifs, allowing for the  effl- 
cient testing of design principles and strat- 
egies. Although protein deslgn has met lvith 
significant progress in recent years ( 4 ,  5 ) ,  
most designed motifs are either relatively 
large (>60 residues) (6)  or multinleric ( 2 ,  
7-9), and many require either disulfide 
bridges ( 7 ,  8 ,  10) or metal ligation (1 1 ,  12) 
for stability. T h e  size and aggregation state 
of some of these motifs have complicated 
detailed structural analysis. Additionally, 
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Fig. 1. Sequences and struc- 
tural analyses of peptides 
leadlng to the design of BBAl 
The BBAl motlf IS based on 
the zinc flnger consensus se- 
quence (13) and the sequence 
of Zif 268, a DNA-bindng pro- 
tein consisting of three zinc 
flnger domalns, wh~ch has 
been cocrystallized wlth DNA 
(20) The conserved hydro- 
phobic core residues Include 
two aromatic resdues in the 
harpln (Phe or Tyr) and a hy- 
drophobic residue in the helix 
(usually Leu) (13). Abbrevla- 
tions for the amino acid resi- 
dues are A, Ala, C. Cys: D, 
Asp; E, Glu; F, Phe: G, Gly; H, 
His: I, e ,  K.  Lys. L. Leu: P, 
Pro: Q, Gln: R, Arg; S, Ser; T, 
Thr, V, Val; Y, Tyr: and Z, Fen. 

the  use of disulfides and metal cation liea- 
u 

tion may limit the  versatility of these con- 
structs for future elaboration into functional 
polypeptides. 

Our goal has been the construction of 
small (<30 residues), soluble, monomeric 
polypeptide motifs that fold in the  absence of 
cross-linking sites such as disulfides or metal 
binding centers. T h e  @Po( motif, exemplified 
by the  zinc finger domains, represents an  
ideal design target. Natural zinc finger pep- 
tides are. small, independent folding units 
that incorporate conserved hydrophobic res- 
idues (typically Tyr, Phe, and Leu) (13, 14) 
and adopt defined solution structures only in 
the  presence of specific metal cations (15, 
16). Wi th  an  iterative deslen and analvsis 
procedure, sequences base$ on these ho- 
mains and retaining the key hydrophobic 
cluster were evaluated for their ability to fold 
in the absence of metal. T h e  circular dichro- 
ism (CD)  signature of the  zinc finger do- 
mains is well known (16, 17);  therefore, the 
secondary structural content of early efforts 
could be rapidly evaluated. T h e  design pro- 
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Fig. 2. The CD spectrum of BBAl (0. mean resi- 
due eiptic~ty) (686 p M  peptide, 10 mM acetate 
buffer. pH 4.5, 7°C). We determined the peptide 
concentraton spectroscop~cally uslng the 
phenanthroline chromophore (extinction coeffl- 
clent at 268 nm. e,,, = 13,950 M-' cm-' )  

cess and soectroscooic analvsis has resulted 
in the successf~~l generation of a metal-inde- 
pendent folded structure, BBA1, with as few 
as 23 amino acid -residues. 

T h e  BBAl  noti if resulted from a detailed 
study of five peptide sequences (1 8 ,  19).  In  
the  first generation of the  design process (1, 
Fig. I ) ,  the  ligand sphere of the  native zinc 
finger Zif268 (20) (His,Cys,) was modified 
to include the  unnatural metal-binding 
amino acid 3-(l,lO-~henanthrol-2-~ll)-~- 
alanine (Fen) as a re'porter group. Metal 
binding by the  construct was therefore an- 
ticlpated to occur through coordination to 
Fen" Hisi, and His2'. Additionally, the  
loop connecting the  p strands of the  h a ~ r -  
pill was replaced with residues designed to  
adopt a type I1 P turn (21).  T h e  second- 
generation design (2,  Fig. 1)  included ami- 
n o  acid substitutions intended to increase 
the  inherent secondary structure of the  
polypeptide (22) .  Spectroscopic analyses of 

- 0 Hairpin------ Loop - a Helix - 
1 7 12' 2 5 

Zif2681 -P-Y-A-C-P-V-E-S-C-D-R-R-F-S-R-S-D-E-L-T-R-H-I-R-I-H-T-G-Q- 

Consensus -X-P-X-~-X-X-X-~-~-~-X-X-P-X-X-X-X-X-L-X-~-H-~-X-~-H-X- a *Redesign of p hairpin to incorporate type I1 turn, shortening loop by 4 residues 
*Manipulation of ligand sphere to include reporter functionality 
(Cys2His2+His2Fen) 

- p Hairpin - ~ o o p  - a Helix - 
First 12 2 2 
generation ~ c ~ ~ ~ ~ ~ ~ ~ p ~ ~ . ~ - ~ - , " - S S Q Q ~ - ~ ~ ~ - ~ - ~ - ~ ~ ~ - ~ I ~ - ~ - ~ - ~ - ~ ~ 2  CD: metal-dependent structure 

1 a *Stabilization of helix and sheet secondary structure: 
Ala-Thr in B hairpin: Thr, Ile-+Ala, Leu in helix 
*Incorporation of C-terminal helix cap 

Second 
generation A c - P - T - H - P - D S - Z - T - F - S - R - S - D - E - L - A - K - L - L - - - A -  CD: greater preorganization of secondary structure, 
2 pe ll'turn: promote p-hairpin formation 

metal induces a higher degree of structure 

Third 
generation A~-P-T-H-DP-S-Z-T-P-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G- CD: secondary-structure metal independent 

3 a NMR: 1:l oPro4 cis:trans amide isomer ratio 
.~ is~+~al~:min imize cis oPro4 amide isomer precluding structural analysis 
*phe1+Tyr1 

Fourth 
generation A c - Y - T - V - D P - S - Z - T - F - S - R I ( S S D - E - L - A - ~ - ~ - ~ H  CD:metal-~ndependent structure 
BBAl NMR: CIS isomer 4 5 % ;  complete structure analysis, 

well-defined secondary and tert~ary structure 

Type Ilturn A~-~-T-V-P-~S-Z-T-F-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G-~~ 
Control NMR: well-developed hel~x; complete loss of 

p-sheet and tertiary structure 
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Fig. 3. (A) NOEs indicative of secondary structure. The width of the lines representation of key NOEs defining the p hairpin. The intensities of the NOEs 
represent the relative strength of the NOEs; a dashed line indicates that the were determined from measurement of cross-peak volumes and correspond 
NOE could not be identified because of spectral overlap. Filled squares indi- to the following approximate distance ranges: weak (1.8 to 5.5 A), medium 
cate 3JuN > 8 HZ and open squares indicate 3JuN < 6.8 Hz. (6) Schematic (1.8 to 3.5 A), and strong (1.0 to 2.5 A). 

these designs revealed that the adoption of has the desired secondary structure. Cross- alpha and amide protons (35,,) indicative 
secondary structure was still metal-depen- strand nuclear Overhauser effects (NOEs) of P-hairpin formation were observed for 
dent. In the third-generation design (3, Fig. and large coupling constants between the residues 1 through 8 (Fig. 3). Residues 13 to 
I) ,  the type I1 P turn was replaced with a 
type 11' P turn, on the basis of a survey of 
the protein database that suggested the lat- 
ter turn might more effectively promote 
P-hairpin formation (23). This replacement 
resulted in a metal-independent CD signa- 
ture; however, nuclear magnetic resonance 
(NMR) analysis indicated the presence of a 
1:l ratio of cis:trans  pro' isomers, and 
therefore two distinct global conformations. 
Substitution of the residue immediately pre- 
ceding  pro^ (24) reduced this ratio to an 
acceptable level in the final design BBAl 
(>85% trans isomer). The CD spectrum of 
BBAl in the absence of metal cations 
strongly resembles that of completely fold- 
ed, natural zinc finger peptides (Fig. 2) (1 6, 
17). Metal cation titrations monitored by 
CD confirmed that for this o~timized de- 
sign, metal binding is not a prerequisite for 
folding, and Fen-mediated metal binding 
does not result in an increase in secondary 
structure. 

The BBAl peptide is extremely water 
soluble (>5 mM) and is monomeric in 
solution (25) ,  allowing complete structural 
analysis by NMR techniques (26). Analysis 
of the NMR spectra indicates that BBAl 

Fig. 4. (A) Superimposition of 29 structures of 
BBAl obtained from simulated-annealing molec- 
ular dynamics using NOE-derived restraints (29). 
The backbone traces (N,Ca,C atoms) of all struc- 
tures are shown. (6) Superimposition of the back- 
bone traces (N,Ca,C atoms) of the 10 structures 
with the lowest distance and dihedral restraint en- 
ergies, showing the side chains that form the hy- 
drophobic core. (C) Solvent-accessible surface of 
a representative NMR structure of BBA1. The 
backbone is represented by a ribbon diagram. A 
similar representation from the NMR structure of a 
single natural zinc finger peptide (X-fin, finger 31) 
(37) is shown for comparison. 

BBAl 
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22 adopt an a-helical conformation, as 
de~nonstrated hy the  seclue~ltial short-range 
(iNN(i, i + 1) .  long-range tiRp(i, i + 3 ) ,  and 
dcrN(ir i + 3 )  NOES and smaller values of 
the 'JCyN coupling constants (Fig. 3 ) .  Amide 
proton H - D  exchange esperinle~its at pL)':' 
4.5 (uncorrected) are also consistent \vitll 
the  desired P and a secondary structure. 
These one-dimensional ( l D )  NMR experi- 
ments indicated that Inany ainide protons 
of BBAl a.ere protected fi-om solve~it  ex- 
change (27). Although some protons e s -  
changed rapidly (-6 min),  several anlide 
Droton signals were still visible after 1 hour. 

u 

Although not all of the  protected protons 
c o ~ ~ l d  be assigned in the  1D spectra, a t  least 
one a~n ide  proton in the p sheet (Val3), as 
u-ell as several in the  oc helix (Leu1', Leu18, 
and Alal ') ,  exhibited slow exchange, in 
agreenlent wit11 the  predicted structure. 
Most importantly, a remarkable number of 
long-range NOEs (NOEs l>et\veen spin sys- 
tems separated hy at least three r e s id~~es  in  
the primary sequence) \vere observed in the  
hydl~pl iobic  cluster of the motif (Tyr l ,  
Phe" Leu1') (28),  indicating tlie presence 
of a defined tertiary structure. 

T h e  3 D  structure of BBAl was deter- 
milled by an  NOE-restrained simulated-an- 
nealing molecular-dy~iamics protocol wit11 a 
total of 135 i~ i t r a res id~~e  and 166 interresi- 
due distance restraints derived from 367 
NOES (29).  A fanlily of 45 structures \vas 
generated, 29 of w h ~ c h  exhibited a colnmon 
fold. This subset of structures had the lowest 
energies and the least NOE restraint viola- 
tlons and \vas therefore selected for further 
analysis. These 29 structures agree \veil with 
the  intended design (Fig. 4).  T h e  average 
root-mean-sauare deviation IRMSD) of the 
coordinates of the backhone atoms for res- 
idues 1 through 2$ for these 29 structures 
was 0.90 2 0.30 A from the average struc- 
ture; none of the structures had N P E  re- 
straint violations greater than 0.45 A (30).  
T h e  quality of the BRA1 structure corn- 
pares \yell a.ith that of Xfin (31 ), a natural 
zinc finger, under similar NMR acquisition 
conditions: BRA1 (6.9 mM, ?"C, pH 4.5, 
29 s t r~~c tu res )~Rh~lSD of 1.51 A for all heavy 
atoms, 0.90 A for the  backbone atoms of 
residues 1 through 22; X f ~ n  (5.8 mM, j ° C ,  
pH 5.5, 1.5 equiva1en;s of ZnCl?, 37 struc- 
tures) RMSDoof 1.81 A for side c l ~ a i n  heav\- 
atoms, 0.81 ,4 for hackbone atoms. T h e  a 
helix and the  P hairpin are a.ell defined, 
and a hydrophobic core is formed through 
interactions bet\veen the  side chains of res- 
idues Tyr l ,  Val3, Phe" Leu", Leu1', and 
Leu'! T h e  three residues Tvrl ,  PheS, and 
Leu1" are involvecl in the  majorit\- of long- 
range NOE contacts between the  sheet and 
the helix. T h e  formation of a discrete hy- 
drophoh~c core \vithin BRA1 was f~lrther 
established by anal\-sis of 8-anilino-1-naPh- 
thalenes~~lfonic acid ( A N S )  b ind~ng  (32,  

33) .  Our  current ~~nders t and in r  of tlie 3L1 
structure of this motif and its anlenabil~ty to  
efficient iterative Jesign and a~lalysis 
should allow us to snecificallv investieate 
tlie packing of side chains within the  core. 

In natural zinc finger peptides, the  con- 
served hvdronliohic core r e s id~~es  are unable 

2 L 

to drive folding \vithout the assista~ice of 
~lletal  coordination 115. 16). In  BBA1, the  
formation of the  hydrophobic core was as- 
sisted by the  inclusion of a heterochiral type 
11' turn as a s t r~~c tu ra l  nucleation element 
(34),  together wit11 a judicious selection of 
residues to  enhance the appropriate second- 
ary structure throughout tlie peptide. T h e  
type 11' P turn is \veil defilled in the  NMR 
structure. T h e  i~nnortance of this turn in 
the  establishment of a folded nlotif \vas 
empllasired in the  study of a control peptide 
that incorporated a type I1 rather than a 
type 11' reverse turn (Fig. 1) .  This peptide 
differed onlv in the cliiralitv of the  central 
ta.o residues' of the turn and'yet had neither 
the  p hairpin nor the tertiary structure ob- 
served for BBA1. 

T h e  NMR-derived structure of BBAl 
reveals that the  motif is Illore open than 
that of natural zinc fingers (Fig. 4C) .  In  the  
natural zinc finger peptides, a illeta1 binding 
site cross-links the  end of the  helix to tlie R 
hairpin, and it is this interaction that de- 
fines the angle beta.een the helix and the 
sheet. It is therefore not surprising that the 
removal of such a cross-link a.ould result in 
a Inore open structure. T h e  "ope~lness" of 
the  motif may be of use in the design of 
enryme mimics, \vhich could utilize the  
groove created bet\veen the  helix and sheet 
as a substrate binding site. For this reason, 
this small, monomeric, folded peptide rep- 
resents a versatile template for the f~l turc  
design of filnctional polypeptides. 
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adopton of molten globule'' rather than natve-ke 
states (7, 11) BBAI d ~ d  not enhance the fluores- 
cence of ANS, ndcating that t hs  deslgned peptde 
does not b n d  ANS under condtons (5) previously 
shown to estabsh the presence of these poorly fod-  
ed states. Experi~nents were perforlned In 20 mM 
acetate buffer, pH 4 5, and 30 p,M BBAI w~ th  ANS 
concentratons rangng froln 20 to 600 p,M The re- 
sults indcate that the apoar sde chains of BBAI are 
suLi1cienriy burled in the folded structllre to preclude 
interaction \n/ith the dye 
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Assembly of a Ribonucleoprotein Catalyst by 
Tertiary Structure Capture 

Kevin M. Weeks and Thomas R. Cech 

CBP2 is an RNA tertiary structure binding protein required for efficient splicing of a yeast 
mitochondrial group I intron. CBP2 must wait for folding of the two RNA domains that 
make up the catalytic core before it can bind. In a subsequent step, association of the 
5'  domain of the RNA is stabilized by additional interactions with the protein. Thus, CBP2 
functions primarily to capture otherwise transient RNA tertiary structures. This simple 
one-RNA, one-protein system has revealed how the kinetic pathway of RNA folding can 
direct the assembly of a specific ribonucleoprotein complex. There are parallels to steps 
in the formation of a much more complex ribonucleoprotein, the 30s ribosomal subunit. 

Several processes essential for gene expres- 
sion are carried out h\- ancient machi~lerv 
\vhose f ~ ~ n c t i o n  requires the interplay of 
R N A  and protein components. These riho- 
~lucleoprotein (RNP)  enzylnes include ribo- 
~luclease P, the spliceosome, and the ribo- 
some ( 1  ). Although m~1c11 is k1loa.11 about 
the  order of asselubly of complex RNPs 
fro111 their R N A  and prote i~l  components, 
the kinetic pathlvays of assemhly are poorly 
~111~1erstood. 

Excision of the group I illtroll hI5, the 
fifth intron in the cytochromc b pre-mes- 
senger R N A  in yeast mitochondria, is car- 
riecl out hy a silnple RNP colnposed of the 
R N A  intron and the splicing factor CBP2 
(2) .  T h e  introll R N A  co~lsists of three do- 
mains of -100 n t  each (Fig. 1 A )  (3) .  U n -  
der near-physiological Mg2+ concentra- 
tlons 17 mM) ,  the  R N A  is in a state 
(termed 2") in \ v l ~ i c l ~  the secondar\- struc- 
ture is formed hut higher order structure is 
largely absent. Studies of the R N A  at equi- 
librium ( 3 ,  4)  have revealed a path\~-ay for 
for~nation of the active tertiary structure 111 

the  absence of CBP2. First, the P5-P4-P6 
and P7-P3-P8 d o ~ n a i ~ l s  associate to form the  

Department of Chemtstry and Blochemlstry, Howard 
Hughes Medca  nsttute, Unversty of Colorado, Boul- 
der, CO 80309-0215, USA 

catalytic core (termed the core state). T h e  
5' Jomain, \vhicl~ i n c l ~ ~ d e s  P I ,  the site of 
gua~losine addition in the  first step of splic- 
ing, then assocmtes lvith the core to form 
the  active, asse~nbled ribozylne (E): 

R N A  2" $ core $ E ( 1 )  

Mg'+ proluotes fo r~na t ion  of the  core state 
in a cooperative t ransi t io~l  that  is com- 
plete a t  40 m M  divalent ion; however, 
Mg2+ does not  efficiently promote forma- 
t lon of the  E state. Thus,  in experiments a t  
either 7 or 40 mhfl hflg2+, the  R N A  call be 
forced to he predominantl\- in the  2" or 
core state, respectivel\-. 

CBP2 is a n  R N A  tertiary structure hind- 
ing protein that b i~lds  preferentially to the  
foldecl R N A  rather than to isolatecl ele- 
lnents of the seco~lJary structure. Upon  for- 
 nation of a complex with CBP2, the R N A  
is in the reactive E state. Thus, whereas the  
R N A  compone~l t  contains the active site 
for catalysis of splici~lg (3-5), the protein 
enhances the rate of splicing 1000 times b\- 
holding the R N A  in its active conforma- 
tion. CBP2 binds at a complex site o n  one 
face of the folded R N A  (Fig. 1B). 

Tha t  CBP2 recognizes the tertiary struc- 
ture of the  introll presents a mechanistic 
dilemma. 111 most encounters bet\veen the 

Fig. 1. Domain structure A 
and CBP2 nteraction site 

B 

of b 5  RNA. (A) The sec- P 

ondary structure and 
connections between P4 
secondary structure ele- 
ments are shown as 
heavy and light lines, re- P7.l/a 

spect~vey. The G.U base P6 
pair at the 5' splice site is 
shown explicitly. For sim- 
plicity, some peripheral 
structures are om~tted 
(dashed nes ) .  The RNA p 5 - ~ 4 - ~ 6  doma'" CBP2 

precursor used in these domain 
experiments spans 458 
nt Including 5' and 3' exons 35 and 55 nt in length, respectively (4). (B) Schemat~c of b15 RNA tertary 
structure (25). Helices shown in A are represented as cynders, except PO is omitted. The CBP2 contact site 
on the RNA as Inferred from hydroxyl radical footprinting (3) is shown by cross-hatchng. 
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