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ABSTRACT: Specific sequence signals athelix termini can assist protein folding by punctuating and
cueing secondary structural elements in the final native conformation. Here we report the crystallization
of a 56-residue alanine-containing peptide, denoted Akg- I the presence of 2. The 1.7 A crystal
structure shows that Ala-39forms a parallel trimeric coiled coil with three zinc ions anchoring distinct
capping conformations at the amino-terminal ends of the three helices. In each polypeptide chain, the free
o-amino nitrogen and carbonyl oxygen of the amino-terminal Ser residue coordinate & @#rno

form a five-membered chelate, and tiyrunidentate interaction of the Asp7 side chain with théZn
cation leads to the formation of a unique docking arrangement for helix capping. Moreover, the coordination
of the zinc ion involves a neighboring trimer molecule in the crystal. Consequently, the crystal contacts
are stabilized by carboxylateZn?" interactions between four Ala-3@trimers in the crystal lattice. The
observed synergy between the proteninc ion recognition and the helix-packing arrangements would
contribute to the conformational specificity of the Alasd@rimer.

Accurate prediction of side-chain packing and its influence the residues at the carboxyl terminus are termet,—Cs—
on the native tertiary conformation are important objectives C,—C;—C-cap-C' —C"---. An a-helix can be stabilized by
in modern protein structure and design efforts. Side-chain a N-terminal polar residue at the N-cap position with the
shape in the hydrophobic cores of proteins, charged sidestandard free energy change of about 2 kcal/mol, as the side
chains on the protein surface, buried polar residues, andchain of Asn, Asp, Thr, or Ser directly hydrogen-bonds to
secondary structure punctuation motifs have all been recog-exposed backbone amide proton$2,( 21—30). These
nized as major determinants of structure and stability in hydrogen-bonded interactions in a protein context are often
helical globular proteinsi(-15). Itis generally believed that  associated with the hydrophobic interaction between an
stereochemical punctuation marks encoded in protein se-apolar residue at the'Nbosition and nonpolar side chains
quences play a role in the grammar and syntax of protein yjthin the helix 9, 31). On the other hand, an-helix can
folding (15). Since the mean helix length in soluble globular ¢ effectively capped at the C-terminus either by Gly at left-

proteins is only about 10 residueBy(17), the four terminal -~ \nqed helicald, ) conformations or by Pro at extended (E)
amide protons and carboxyl oxygens that present groups withq ¢ rmations §2—26). Stabilizing C-cap effects in both the

unsatisfied hydrogen bonds comprise a large fraction of the ; _ 5 E_terminated helices are also thought to reflect direct

total hydrogen-_bonding pofcential:{, 18). P_erhaps as a direct hydrogen-bond formation between the backbone and exposed
consequence, isolatedhelices are marginally stable struc- helical carbonyl oxygens as well as the interaction between

tures and unfold easily with temperatul®,(20). Stabilizing . . i
effects involving helix start and stop signals thus can provide hydrophobic residues before and after C-c2 84, 36, 37).

a strong thermodynamic driving force farhelix formation Experimental studies aimed at understanding the role of
in proteins. Formulation of guidelines for both peptide design helix-capping motifs in marking the beginning and end of
and protein structure prediction will require a detailed Secondary structure have been hampered by the tendency of
understanding of local structural features that stabilize helix helix termini to fray in model peptides. Most structural
termini. information on helix initiation and termination comes from

Characteristic sequence motifs referred to as N-cap ando-helices connected to turnslZ, 13). Some of these
C-cap have been identified at the N- and C-terminal ends of difficulties are minimized in the coiled coil, a protein
helices, respectively, in many natural proteihg, (L3). The structural motif, which consists of two or morehelices
residues at the amino terminus of thehelix are termed  wrapped around each other with a superhelical twa§).(
++*N"—N'—N-cap—N;—N>—N3z—N4-+, where N-cap is the  Coiled-coil sequences contain a characteristic seven-residue
first residue with an, i + 4 helical hydrogen bond. Similarly,  repeat designated by the letterthroughg (39). Interactions

involving hydrophobic residues at positioasandd are a

T This work was supported by National Institutes of Health Grant dominant factor in the stabilization of coiled coils. and
Al42382 and by Irma T. Hirschl Trust. J.L. was supported by a . . . o
postdoctoral fellowship from the Norman and Rosita Winston Founda- Charged side chains at positiorsand g also contribute
tion. through electrostatic interaction8%-42). The coiled-coll

* Atomic coordinates have been deposited in the Protein Data Bank motif appears to offer the simplest system for studying the
(entry 1JCC). . . . . . :
* To whom correspondence should be addressed. Phone: (21:2) 746 Nelix-capping interactions that govern protein folding and

6562. Fax: (212) 7468875. E-mail: mlu@mail.med.cornell.edu. stability.

10.1021/bi026828a CCC: $25.00 © 2003 American Chemical Society
Published on Web 04/19/2003



5658 Biochemistry, Vol. 42, No. 19, 2003

Small ligands such as a metal ion serve chemical,
structural, catalytic, and regulatory roles in a variety of
different biological systems including myoglobin, carbonic
anhydrase, transcription factors, and steroid recepéss (
44). Metal-binding sites are generally in the interior of the

Liu et al.

Crystals grew as prisms to a maximum size of 8.0.1 x

0.2 mn? within 1—2 weeks. The crystals belong to the space
groupC2 with a trimer (1.7 A resolution) in the asymmetric
unit @=62.39Ab=33.32Ac=71.98 A o=y =90,

B = 102.55) or with two trimers (1.9 A resolution) in the

protein and are composed of a number of chelating groupsasymmetric unitg = 139.00 A,b = 34.61 A,c = 57.80 A,
that surround and coordinate simultaneously to the metal iono. = y = 90°, § = 93.87). Triclinic crystals with the space

with a well-defined stereochemical preferencts, (46).
Protein-metal ion interactions therefore require proper

groupPl (a=32.72 A\b=3461 A c=7150 A a =
76.2TF, y = 86.90, g = 61.9T) were also obtained under

chemical composition and proper stereochemistry of the identical conditions. In comparison to thHé2 form, the

metal-ligand environment. Proteirmetal ion recognition

triclinic crystals diffracted poorly (between 2.7 and 2.9 A

and discrimination are thus increasingly used as tools in resolution). For data collection, crystals were transferred to
protein engineering and protein structure prediction (reviewed a drop containing 15% (v/v) glycerol in the corresponding

in refs47 and48). Here we show that an-helical trimeric
coiled coil (named Ala-1£%) in which most of the buried

mother liquor, mounted in nylon loops, and frozen in liquid
nitrogen. Diffraction data were recorded at 100 K on an

bulky hydrophobic amino acids have been substituted by ADSC Quantum-4 CCD detector at beamline X26C at the

alanine contains three Zitbinding sites at the N-terminal
ends of the three helices. Each?Znon binds to a specific
constellation of one-amino nitrogen atom and four oxygen

Brookhaven National Laboratory National Synchrotron Light
Source. Diffraction intensities were integrated by using
DENZO and SCALEPACK softwareb() and reduced to

atoms (from a backbone carbonyl, two carboxylates, and astructure factors with the program TRUNCATE from the

water molecule). As a result, the side chain of the N-terminal
Ser residue is oriented toward each helix axis to form a
characteristic L-shaped cap structure. Additionally, the zinc
ions cross-link four Ala-1& trimer molecules in the crystal
lattice. Thus, ZA"-mediated helix capping provides a sensi-
tive connector linkingo-helix formation to the developing
tertiary and quaternary structure of a protein.

MATERIALS AND METHODS

Protein Production and PurificatianThe sequence of the

Ala-10ss peptide is SS—N—-A—-K—-|-D—Q—-L-S—
S-D-A-Q-T-A-N-A-K-A-D—-Q-A-S—N-—
D-A-N-A—-A-R-S-D-A-Q-A—-A—-K-D-D-
A-A-R-A—-N-Q—-R-L-D—N-M-A-T-K-Y-R,

with a positions singly underlined and positions doubly
underlined. Plasmid pAlat@encoding Ala-16; was gener-
ated by site-directed mutagenesis of pAla7 (&@&nd49).
The peptide was expressedhscherichia colistrain BL21-
(DE3)/pLysS (Novagen) at 2TC for 12 h. Cells were lysed

CCP4 program suite5@).

Structure Determination and Refinementitial phases
were determined by molecular replacement with the program
AMoRe (563) using the Lpp-56 trimer as a search mocsl)

A combined rotation-translation search (with-1%5 A data)
produced an unambiguous solution for Alasgd@orrelation
coefficiency = 57.0%; R-factor = 52.8%). Density inter-
pretation and model building were done with the program
O (54). Ten percent of the reflections were excluded from
refinement and used as a cross-validation set. Crystal-
lographic refinement of the structure was done using the
program CNS 1.0 (ref5). Refinement steps involved rigid
body refinement and group-factor refinement, followed

by iterative rounds of simulated annealing, positional refine-
ment, and individuaB-factor refinement, as well as model
rebuilding using O. When th&.e reached approximately
35%, water molecules were added manually. The resolution
of the data used in refinement was gradually extended to
1.7 A. Throughout the refinement, bulk-solvent and overall
anisotropic B-factor corrections were utilized, and low-

by ice-cold glacial acetic acid. The bacterial lysate was resolution data were included. Noncrystallographic symmetry
centrifuged (35 00§ for 30 min) to separate the soluble restraints were not used in the final refinement. Water
fraction from inclusion bodies. The soluble fraction contain- molecules were chosen using distance and geometry criteria
ing Ala-10;¢ was dialyzed into 5% acetic acid overnight at from main-chain carbonyl groups, amide nitrogen atoms, and
4 °C. The peptide was purified from the soluble fraction to side-chain polar groups. Water molecules were not position-
homogeneity by reverse-phase HPLC (Waters, Inc.) on aally restrained during refinement. The final structure was
Vydac C-18 preparative column, using a watacetonitrile confirmed using simulated annealing omit maps, omitting
gradient in the presence of 0.1% trifluoroacetic acid, and one residue at a time and heating the structure to 1000 K
lyophilized. The identity of the peptide was confirmed by before cooling. The quality of coordinates was examined by

mass spectrometry. Peptide concentrations were determinedPROCHECK B66). All the amino acids but a few at the helix

by using tyrosine absorbance at 280 m®iM guanidinium
hydrochloride (GdmCI) %0).

Crystallization and Data CollectiarAla-10;5 was crystal-
lized at 4°C using the hanging-drop vapor diffusion method.
A 10 mg/mL protein solution containing 50 mM zinc acetate
was mixed 1:1 with a reservoir solution and allowed to
equilibrate against the reservoir solution. Crystals were
obtained under several conditions using crystallization kits
I and Il (Hampton Research, Riverside, CA). These original
crystals diffracted to only 3.6 A resolution. Well-diffracting
crystals were grown from 0.1 M sodium acetate, pH 5.6,
0.1 M zinc acetate, and 18% poly(ethylene glycol) 8000.

termini were in the most favored regions of the Ramanchan-
dran space. Asn50 of chain A lies in the additionally allowed
region of the Ramanchandran plot. Ala52, Thr53, Lys54,
Tyr55, Arg56 of chain A, Thr53, Lys54, Tyr55, Arg56 of
chain B, and Lys54, Tyr55, Arg56 of chain C were left out
of the model, as they could not be seen clearly in the electron
density maps.

Circular Dichroism SpectroscopyCircular dichroism
experiments were performed on an Aviv 62A DS circular
dichroism spectrometer (Aviv Associates, Lakewood, NJ)
as described previouslhbT). The wavelength dependence
of molar ellipticity, [0], was monitored at OC from 200 to
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N g ,ﬁ Table 1: Crystallographic Data Collection and Refinement Statistics
R D R Data Collection
A D N resolution (A) 56-1.7
Q K s observed reflections 69970
5 E B N unique reflections 15821
S @ redundancy 2.5(2.5)
(c) KDKDDDRK l/o(T) 7.7 (3.3}
(d)SLAAAAAM Py completeness (%) 97.6
TQDSNASA(F) Dl Rmerge (%0)° 7.9
(3) IAAAAALY o © () NSNSRKNA Refinement
(e) resolution (A) 56-1.7
N K reflections 14227
8 S D @\ © Reryst (%)° 19.2
& s b o(® Riee (%6)° 22.3
A R D protein nonhydrogen atoms 1331
DN D water molecules 234
A K zinc ions 3
Ficure 1: Helical wheel representation of the Alas3@rimer RMS Deviations from Ideal Geometry
sequence. The positions in the 4-3 hydrophobic repeat are labeled bond lengths (A) 0.006
a throughg. Each helix begins at a position. View is from the bond angles (deg) 0.9
amino terminus. Dashed lines between helices indicate residues that  torsion angles (deg) 155
are within hydrogen-bonding and ion-pairing distance in the crystal average temperature factors}fA
structure. all atoms 22.1
protein atoms 19.0
solvent atoms 35.7

260 nm in a 0.1-cm path length cuvette with a 5-s averaging

time. Thermal stability was determined by monitoring the aValues inbparentieses correspond to the highest resoluti(_Jn shell
change in the ellipticity at 222 nm as a function of 1.76-1.70 A.® Rnerge = 3 3,11i(hk) — IhKDIV3 UMK, wherel; is

the intensity measurement for reflectipand Cis the mean intensity

temperature. Thernjz_all mglts were perforr_ned if*C2incre-_ overj reflections.® Ruyst (Rred) = 3 |IFo(hkl)| — [Fe(hkD)||/3 |Fo(hKI)],
ments with an equilibration time of 2 min at the desired where F, and F; are observed and calculated structure factors,
temperature and an integration time of 30 s. respectively. No sigma-cutoff was applied. Ten percent of the reflections

were excluded from refinement and used to calculatg.

RESULTS
between 50 and 1.7 A resolution. Details of the data

Crystallization of Ala-16s in the Presence of 2n. We collection and refinement statistics are given in Table 1. The
have engineered a 56-residue alanine-containing peptidemodel consists of 156 amino acid residues and incorporates
denoted Ala-18;, based on the sequence template of the Lpp- 234 water molecules and threeZZrions. Residues 5256
56 trimerization domain as a model coiled coil for studying of helix A, 53—56 of helix B, and 54-56 of helix C are not
how interfacial interactions betweem-helices affect the  vyisible in our density maps and therefore must be disordered.
structure and Stability of small helical proteins. This peptlde A portion of the F, — F. electron density map and the
contains 10 alanine residues at the cerdrahdd positions refined atomic model are shown in Figure 2a.
and two bulky hydrophobic amino acids each at the most  The Ala-1Q¢ peptide forms a parallel triple-helical struc-
N- or C-terminala andd positions (Figure 1). Itis reasoned ture with the same hallmark characteristics observed in the
that Ala-1Qs should have low inherent thermodynamic  stryctures of conventional three-stranded coiled coils (Figure
stability, because the -GHside chain of the core alanines  2p). The left-handed superhelix creates a cylinder thafig
has relatively low hydrophobicity. Indeed, circular dichroism A |ong and~20-24 A wide. Ten alanines, two leucines,
studies showed that the peptide is predominantly unfolded one isoleucine, and one methionine at positiaasdd from
in agueous solution (data not shown). To explore the effects each monomer are buried at the center of the trimer. The
of metal ions on the crystallization of the Alask@eptide,  side chains of these core residues show the characteristic
we have performEd extensive Crystallization trials USing Ala- “acute knobs-into-holes” packing’ as seen in the Crysta|
1056 in the presence of Zn. Zinc was chosen because its  structure of the GCN4-pll isoleucine-zipper trimés; 60).
coordination chemistry is versatile, exhibiting variation in  On the basis of distance criteria, residues on the surface of
number, charge, structure, and amino acid composifién ( the Ala-1Q¢ trimer appear to form interhelicaé to g
Several crystal forms were obtained, but the best diffracting electrostatic interactions, a trait common to coiled-coil
crystals were grown by using 18% polyethylene glycol 8000, structures (see Figure 1). Because of asymmetric crystal
0.1 M sodium acetate, pH 5.6, and 0.1 M zinc acetate at contacts, the three individual helices in the Alaglfructure
low temperature. The Ala-10 peptide appears to require have slight differences in conformation and degree of order,
Zn?* for satisfactory crystallization. with the B helix having a higher overall temperature factor

Crystal Structure of the Ala-1@ Trimer. Self-rotation (20.8 A than the A and C helices (18.3 and 17.8, A
function calculations and a 35.1% solvent content in the Ala- respectively). The root-mean-square (rms) deviations between
1056 crystals suggested one trimer in the asymmetric unit the individual helices in the noncrystallographic trimer vary
(59), wherein monomers are related by an approximate from 0.085 A (helices A and B) to 0.49 A (helices A and
noncrystallographic 3-fold axis. The crystal structure was C).
determined by molecular replacement. The current model Protein-Zi#" Interactions in the Ala-143 Structure During
has been refined to a crystallograpRi¢actor of 19.2% and  the refinement of the Ala-L@structure, 40.8, 34.9, and 47.3
a freeR-factor of 22.3% with excellent geometry using data o peaks appeared at the amino termini of helices A, B, and
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FiGURE 2: Crystal structure of the Ala-3@trimer. (a) The 1.7 A resolutionR — F. electron density map superposed onto the final
refined structure. A side view of the C chain (residue$3) is shown. A ZA" ion at the amino terminus is depicted as a yellow ball. The
map was contoured at 1 (b) Side view of the trimer. The van der Waals surfaces are colored red for residupssitions and green

for residues atl positions. The helix chains are labeled A, B, and C at the carboxyl termini. (c) The cross section of the trimer at the Ala27
and Ala30 layers as visualized in a stereoview of the fiffgl 2 F. electron density map contoured at &.2Zn?* ions and water molecules

?7rg rgg)resented as yellow and red spheres, respectively. Figures were generated by using the Turbo-Frodo, GRASP, and SETOR programs
C, respectively, in our difference Fourier maps which could to the helix axis. In addition, Asp26* (from an adjacent

not be adequately accounted for by water molecules. On thesymmetry-related trimer in the unit cell) and a water molecule
basis of the size of each peak and the components of thecomplete the coordination polyhedron of pentacoordinate zinc
crystallization conditions, these electron densities were ion (Figures 3 and 4). The zinc complexation is close to ideal,
modeled as Z&t ions. The individuaB-factor refinements  forming a slightly distorted trigonal bipyramid with the main-

of the modeled zinc ions converge at 20.2, 24.2, and 16.9 chain C=0 (Serl)— Zn-— OH (water) angles ranging from

A2 for the A, B, and C helices, respectively (Figure 2c). 15C° to 160, close to the expected value of F§Table 2).

These values are comparable with the aveBdactors of Zinc binding therefore clearly plays a significant role in

the five interacting nitrogen and oxygen atoms of protein capping the amino termini of the Ala-dfhelices. In the
ligands and water (25.5%or helix A, 32.4 2 for helix B, present case, the protetainc ion interactions may also help

and 16.7 & for helix C) (Table 2). Moreover, the 20 define the geometric relationships of thehelices in the
distances are in the range of 2.3 to 2.7 A (Table 2), as crystalline state and hence lead to a stable crystal lattice.

compared to the expected value of 2.5 &l Thus, we It is remarkable that the geometry and coordination number
identified three clear Zi-binding sites on the N-terminal  of Zn?" can vary greatly to accommodate particular protein
ends of the three helices in the Alasi@tructure. ligands @6). The coordination number 4 is most commonly

Figure 3 shows the detailed atomic structure around the found in protein crystal structures, but the inner-sphere
zinc ion. In each Ala-1£ helix, both the fre@x-amino group coordination number of catalytic zinc may increase to 5 as
and the backbone carbonyl of the N-terminal Ser residue the chemistry of catalysis proceed®(63). Interestingly,
coordinate to a Z&t cation to form a five-membered chelate the noncatalytic, or structural, Znions in the Ala-1@s
(Figure 3b) 62), and the bound Z is coordinated by the  structure possess five direct protein ligands, with a unigue
synoriented carbonyl oxygen lone electron pair of the Asp7 coordination stereochemistry. The four ligand atoms con-
side chain. As a consequence of this ligation effect, the aminotributed by the protein lie on separate polypeptide chains
terminus of the helix forms an L-shaped bend perpendicular and form an unusual zinc-binding site positioned between
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Table 2: Characteristics of Three Zinc-Binding Sites in the Algs10 (data not shown), indicating that the peptide in solution does

Structure not bind zinc ions. Given that the binding of three zinc ions
distance at the N-terminal helical ends in the Ala=k@imer structure
_ _ to Zre*  B-factor angles necessitates a crystal packing contact (Figure 4), this result
helix  ligand A Ay (deg) is not surprising and may well be expected.
A N (Serl) 2.7 30.8 NZn—OH 87
N—Zn—0D1(7) 132
A O (Serl) 2.4 257 ©zZn—N 68 DISCUSSION
0-Zn—0D1(7) 85 o )
A OD1 (Asp7) 2.4 246 OD1(AHZn—OH 125 The crystallographic view of the Ala-30peptide dem-
0D1(7)-Zn—0D1(C26) 91 onstrates that the formation of three zinc-binding sites can
A OH (Wat) 25 281 o%lggzgm(cze) 138 serve a dual role in its folding: they cap the free N-terminal
A OD1(AspC26) 2.3 185 OD1(C26%Zn—0 93 ends of three helices, and promote an intermolecular packing
OD1(C26)-Zn—N 132 arrangement for coiled-coil trimer formation. These results
A Zinc 20.2 i i
B N(Serl) 2.7 375  NZn—OH 9% expa}nd our structural knoyvlgdge of he!|>.< capping to the
N—Zn—OD1(7) 131 relationships among proteirzinc recognition, molecular
B O(Serl) 2.3 329 ©zZn—N 70 conformation, and intermolecular association in a triple-
0—-Zn—0D1(7) 79 helical context. Each helix in the 1.7 A Ala-40crystal
B OD1(Asp7) 26 344 OoDlié()?jéﬂ:ggl(BZG) 1% structure forms a distinct N-terminal bend characteristic of
B OH (Wat) 27 386 OHZN-0O 160 capping structures seen in proteins and peptiti2s2(7, 29,
OH—-Zn—0D1(B26) 83 30). The Zrt* cation within each cap anchors a well-defined
B OD1(AspB26) 23 188 ODI1(B26%Zn—O 82 hydrogen-bonding network in a trigonal bipyramid fashion:
OD1(B26)-Zn—N % the peptide carbonyl d theamino nit f
B zinc 242 e peptide carbonyl oxygen an mino nitrogen o
C N (Serl) 2.4 17.3  NZn—OH 91 Serl complex zinc through a five-membered chelate struc-
N—Zn—0D1(7) 127 ture, and the zinc coordination by the Asp7 side chain
C Of(Ser) 23 184 o%z:gma) [ projects the chain in a direction orthogonal to tielical
C OD1(Asp?) 23 168 OD1(AZn—OH 105 axis. As a result, the zinc ions shield the exposed amide main-
OD1(7)-Zn—0D1(A26) 90 chain groups efficiently and direct the folding of single
C OH(Wat) 23 158 OHZIn-O 159 dominant capping conformations. Moreover, the ligation of
OH-Zn-OD1(A26) 89 each bound Z&t to the Asp26 side chain on the surface of
C OD1(AspA26) 2.3 18.3 OD1(A26)Zn—0O 93 ) ‘ P , -
OD1(A26)-Zn—N 142 the neighboring molecule cross-links four Alasd@imers
C zinc 16.9 in crystal contacts. It would appear that the binding ofZn

to the Ala-1Q¢ peptide may greatly reduce conformational
space during its search for the native fold and therefore help
specify the parallel triple-helical conformation. The coupled
coordination; the &0 — Zn?* angles lie within the range  helix-capping and crystal-packing interactions may underlie
of 115-118. This binding mode, albeit not common in a unique mechanism for the folding and association of the
Zn?*-binding proteins, has been observed in zinc proteasesmetastable Ala-143 trimer under crystallization conditions.

crystal-packing-contact trimer molecules. The N-terminal
serine chelate involves a special bidentate carboemniyic ion

where the Z&" atom is involved in controlling the positions
of substrate-binding groups in the active sié2,(64). In

The structure of the Ala-19 peptide provides an op-
portunity to investigate several factors to be considered in

addition, as seen in Figure 3a, the zinc ions display a the protein engineering of zinc-binding sites. First, zinc
preference for in-plane interactions with the carboxylate coordination polyhedra in proteins are typically tetrahedral

groups of Asp7 and Asp26* viayncoordination stereo-
chemistry. This geometry is thought to optimize its interac-
tion with the oxygensp’ lone electron pair and typically
occurs when the zinreoxygen distance is in the range of

or distorted tetrahedral, although zinc-binding sites are varied
in their numbers and geometries, depending on the structural,
catalytic, or regulatory role of the metal ion. Our results show

that structural zinc readily accepts a distorted pentacoordinate

2.3—-2.6 A (61). It should also be noted that water acts as a geometry which is required for the binding of three?Zn

zinc ligand in the Ala-16 structure, as the powerful
nucleophilic activity of ZA"-bound water is observed in

ions to the Ala-16s trimer in the solid state. This contrasts
with the presumed change of catalytic zinc from four- to

catalysis by enzymes such as carbonic anhydrase andive-coordination during the course of enzymatic turnover

carboxypeptidasesb).
Ala-10s is not Stabilized by 2 in Aqueous Solutiart

(44, 63). Second, metal ions are commonly sequestered from
solvent by their molecular environments. The analysis of

is possible that the proteirZn?t interactions observed molecular structure databases by Eisenberg and co-workers
crystallographically here are utilized toward the stabilization reveals the tendency of metals to bind at centers of high
of the labile Ala-1@e trimer. If so, one would anticipate that hydrophobic contras#§). They find that hydrophilic atomic
the addition of ZA" would stabilize the Ala-1§ peptide groups (containing nitrogen, oxygen, or sulfur atoms) which
under native folding conditions. To address this issue, circular directly ligate the metal are embedded within a large shell
dichroism experiments were used to assess the effectgof Zn of carbon-containing groups. The hydrophobic outer sphere
on the folding and stability of Ala-19in 50 mM Tris-HCI, around the metal ion is also thought to favor zinc binding
pH 8.0, 100 mM NacCl as well as in 100 mM sodium acetate, since the hydrophobic environment restricts flexibility of the
pH 5.2, 100 mM NaCl. There is no apparent increase in the binding site, thereby minimizing the conformational entropy
o-helical content and/or the thermal stability of Alasd@ith loss incurred on metal bindin@§, 67). The zinc ions in the
added zinc acetate under both acidic pH and pH 8 conditionsAla-10s¢ structure are exposed to bulk solvent and utilize a
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GInC8 |
n LysC5 |

FIGURE 3: Zret—protein ligand interactions in the Ala-dfstructure. (a) A portion of the 1.7 AR — F. electron density map contoured

at 1.50 is superposed on the final model, showing stereoview of the amino terminus of the C chain (resi8les Zrf™ atom (yellow

sphere), a water molecule (red sphere), and AspA26* (from an adjacent trimer in the crystal lattice). Figure was prepared with the program
SETOR 80). (b) A schematic of the zinc-binding site of the C chain is shown. The amino-terminal serine engages zinc via a five-membered
chelate. Bond distances are given in A.

Ficure 4: Stereoview of the & backbones of four Ala-1 trimers in the crystal lattice. The zinc ions are shown as yellow balls in the
amino termini of thea-helices. Figure was created with the program Turbo-Fra@p. (

water molecule as their direct ligands. In this case, it is and quaternary effects of the protein matrix. Our results are
possible that the high ionic strength of the crystallization consistent with the notion that long-range protemetal ion
conditions may decrease the solvation potential of the interactions through space (either solvent or the protein
chelating groups as well as their electrostatic interactions milieu) or through hydrogen-bond Coulombic interactions
with the zinc ion. Third, the zinc ligation within the Ala- are important for modulating metal ion affinity, specificity,
10°8 structure is finely tuned through the secondary, tertiary, and function (reviewed in ref46 and48).
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Early zinc-binding studies of peptides and proteins reveal 11
an enthalpic contribution to zirdigand associatior6g, 69).
) 12
Moreover, the loss of the conformational entropy of the 73
polypeptide chain as it becomes bound to a zinc ion is not

expected to surpass the entropy gain of solvent release from 14.
15. Aurora, R., and Rose, G. D. (199jotein Sci. 721—38.
16. Barlow, D. J., and Thornton, J. M. (198B)Mol. Biol. 201, 601—

metal-binding site organization/@). Hence, the thermo-
dynamics of proteirrzinc interactions are generally thought

to be dominated by substantial entropy effects, at least as 17.

zinc binds to a small peptide. The engineering of zinc-binding
sites into small peptides or large proteins is thus being used 1
to stabilize both single-helices and protein tertiary structure 19
(48, 71—-75); for example, 3-His carbonic anhydrase-like

Zn?*-binding sites were incorporated into a protein composed 20.

of four helices connected by three short loop sequerncgs (
(73) and a redesigned antibody-like protein (the minibody) 55
(75). While the Ala-1@e trimer structure exhibits extensive

fixed tertiary interactions that are characteristic of naturally 23.

occurring proteins, the peptide is largely unfolded under
physiological conditions and is not affected by?Znvhen

added. Given the fact that the geometric preferences of the 25.

zinc-binding sites in the Ala-E@structure are highly specific,
it remains possible that the trimer formation is a consequence
of crystal packing contacts. Nonetheless, our results show 27
that zinc-mediated helix capping can contribute to the

exquisite conformational specificity of the Ala-f@oiled- 28.

coil trimer. 29
There is growing evidence that many protein domains or

even full-length proteins are intrinsically unstructured. Such 30.

disordered proteins appear to play an important but poorly
understood role in the pathogenesis of a wide variety of

human diseases, ranging from Alzheimer’s disease to spongi- 32.

form encephalopathies (for review, see r&® and 77).
However, the conformational determinants of the unstruc-
tured proteins have not yet been defined. Understanding their

unstructured nature and its role in biological processes 35.
presents an important future challenge. The Algs40d Ala- 36.

37.

14 peptides that undergo a folding transition only during
crystallization could prove to be useful for investigating the

role of quarternary interactions in determining protein folding  38.

and stability 81).
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