
3. J. D. Ferry, Viscoelastic Properties ofPolyrners (Wiley, New York, ed. 3, 1980); W. W. 
Graessley, in .Moleciilar Cor$rmation arid Dyriamics o f  Macrotnolecirles iri Cotidetised 
Systems, IM. Nagasawa, Ed. (Elsevier: Amsterdam, 1988), p. 163. 

4. P. J. Flory, Principles oJPolymer Chemistry (Cornell Unlv. Press, Ithaca, NY, 1953). 
5. P. G. de Gennes, Scalirig Coricepts iti Polymer Physics (Cornell Univ. Press, Ithaca, 

NY, 1979). 
6. S. F. Edwards, Proc. Phys.  S O L .  (Londorr) 92, 9 (1967); Polyrner 9,  140 (1977). 
7. P. G, de Gennes, J. C h e m .  Phys.  55, 572 (1971). 
8. J. Klein, Natiire 271, 143 (1978). 
9. , Contemp Phys.  20, 611 (1979); W. W. Graessley, A d v .  Polym.  Sci.  47, 67 

(1982); IM. Tirrell, Rubber Chetn .  Terhnol.  57, 523 (1984); J. Klein, in Ericyclopedia 
of Polymer Science arid Engineering (Wiley, New York, ed. 2, 1987), p. 205; D. 
Pearson, Rirbber Chetn Techno1 60, 439 (1987); F. Brochard-Wyart, in Furidarneri- 
101s o f  Adhesion, T. D. Lee, Ed. (Plenum, New York, 1988), p. 243; K. Binder and 
H. Sillescu, in Encyclopedia o f  Polymer Science and Erigineerinq (Wiley, New York, ed. 
2, 1989), p. 297; H.  H .  Kausch and M. Tirrell, Annir R e v  ~Mater S ~ I  19, 341 
(1989). 

10. M. Doi and S. F. Edwards, T h e  Theory  oJPolymer Dynarnics (Oxford Unlv. Press, 
Oxford, 1986). 

11. L. S. Lerman andH. L. Frisch, Biopolymers 21,995 (1982); P. G. deGennes, C .  R 
Acad. Sci. Ser.  11 294, 827 (1982); see also 0. J. Lumpkin and B. H .  Zlmm, 
Biopolyrners 21, 2315 (1982). 

12. J .  Kleln, Macrotnolecirles 11, 852 (1978); IM. Daoud and P. G. de Gennes, J. Polyrn. 
Sci. Polym Phys .  17, 1971 (1979); P. F. Green, P. J. ~Mllls, C. J. Palmstrom, J .  W. 
Mayer, E. J. Kramer, Phys .  R e v .  Lett .  53, 2145 (1984). 

13. D. R. Paul and S. Newman, Eds., Polymer Blerids (Academic Press, New York, 
1978); 0 .  Olabisi, L. IM. Robeson, M. T. Shaw, Eds., Polymer-Polyrner Miscibil~ty 
(Academic Press, New York, 1979). 

14. F. Bueche, W. M. Cashin, P. Debye, J. C h e m .  Phys 20, 1956 (1952). 
15. IM. Doi and S. F. Edwards, 1. C h e m .  Soc. Faraday Trans .  11 74, 1789 (1978); i b ~ d . ,  

p. 1802; ibid., p. 1818. 
16. J. Crank,  mathematics o f  D~Jis io t i  (Oxford Unlv. Press, Oxford, ed. 2, 1975). 
17. J .  Klein and B. J. Briscoe, Proc. R .  Soc. Lotidon Ser.  A 365, 53 (1979). 
18. F. P. Price. P. T.  Gillmore. E. L. Thomas. R. L. Laurence. I .  Polvm Sci Polvm 

S y m p .  63, 33 (1978); ~\.lacvirnolecules 13, 88'0 (1980). [Seeds ;~ .  Y: Chalykli ei'al , 
Polyrn. Sci. U . S . S . R .  21, 1835 (1980); ibid., p. 2579.1 

19. R. A. L. Jones, J.  Kleln, A. M. Donald, ,Vat~ire 321, 161 (1986). 
20. G. Coulon et a1 , Macromoleciiles 22, 2581 (1989). 
21. T. P. Russel, A. Karlm, A.  manso our, G. P. Felcher, ibid. 21, 1890 (1988); IM. L. 

Fernandez et a l . ,  Polymer 29, 1923 (1988). 
22. G. Reiter, S. Huttenbach, M. Foster, M. Stamm, ~\/iacromolecir/es, In press. 
23. E. J. Kramer, P. F. Green, C. J .  Palmstrom, Polytner 25, 473 (1984). 
24. U. K. Chatwedi e t a / . ,  A p p l  Phys .  Lett .  56, 1228 (1990). 

25. P. J.  Mills el a l . ,  ibid 45, 957 (1984); J .  Sokolov el a1 , ibid 54, 590 (1989). 
26. E. D. Klrkendall, Traris A m .  Irist M I I I .    met all Gig 147, 104 (1942); L. S. 

Darken, ibid. 175, 184 (1948). 
27. F Brochard-Wyart, J .  Jouffray, P. Levinson, Macrornolecirles 16, 1638 (1983). 
28. H. Sillescu, .Makrornol. Chern. Rapid Comrnirri. 5, 519 (1984). 
29. F. Brochard-Wyart and P. G. de Gennes, Eirrophys. Lett .  1, 221 (1986). 
30. R. J .  Composto, E. J.  Kramer, D. IM. White, AVatirre 328, 234 (1987). 
31. E. A. Jordan et a ! . ,  Macrotnolec~rles 21, 235 (1988). 
32. F. Brochard-Wyart, in Moleciilar Cor!fonnatiori arid Dyriamics of Macromolecules iri 

Coriderised Systetns, M. Nagasawa, Ed. (Elsevier, Amsterdam, 1988), p. 249. 
33. A. D. Buckingham and H. G. Hentschel, J. Polyrn Sci. Polym Phys .  18, 853 

(1980); F. S. Bates, G. D. Wignd, W. C. Koehler, Phys R e v .  Lefr.  55, 2425 
(1985); ibid. 57, 1429 (1986). 

34. For such polymer pairs ( X  < O), the phase diagram is frequently characterized by a 
lower criucal solution temperature (13), although in thls revlew I make reference 
only to the usual case of an upper critical temperature. 

35. P. G. de Gennes, J Chetn .  Phys .  72, 4756 (1980). 
36. P. F. Green and B. L. Doyle, Phys .  R e v  Lett 57, 2407 (1986); Macrotnolecirles 20, 

2471 (1987). 
37. G. Gee, C o t i t e r p  Phys .  11, 313 (1970). 
38. R. A. L. Jones, thesis, Cambridge University, Cambridge (1987). 
39. R. J .  Composto el 0 1 ,  Phys.  R e v  Lett .  57, 1312 (1986). 
40. J .  Kanetakis and G. Fytas, J. Chern. Phys.  87, 5048 (1987). 
41. P. P~ncus, i b ~ d  75, 1996 (1981); K. Blnder, ibid. 79, 6387 (1983). 
42. A homogeneous polymer mixture taken from the one-phase to the nvo-phase 

region will demix spontaneously (sp~nodally) lnto coexisting phases (4, 5, 41); this 
type of difhsive process is related to the present section but w~ll not be considered 
separately. 

43. E. Helfand and A. IM. Sapse, J Chern. Phys 62, 1327 (1975); L. Leibler, 
.Macromolecules 15, 1283 (1982). 

44. U. K. Chaturvedi el a1 , Phys R e v .  Lett .  63, 616 (1989). 
45. T. Hashimoto, IM. Shibayama, H. Kawal, Macrotnolecirles 13, 1237 (1980). 
46. U.  Steiner, G. Krausch, G. Schatz, J .  Kleln, Phys  R e v  Lett 64, 1119 (1990). 
47. P. G. de Gennes. C R Acad. S C I .  Ser.  11 308. 13 11989): 1. L. Harden. 1. Phvs , \ , , , ,, 1 

Fratice 51, 1777 11990). 
48. R. Gelman, D C. Poppke, K. A. Piez, J .  Biol.  Chern. 255, 8098 (1980). 
49. R. A. L. Jones et a1 , in preparation; S. Rocca and J. Klein, unpubhshed data. 
50. I thank Z. Alexandi-owicz. E. Katzir, Y. Rabln, S. Re~ch, G. Schatz, A. S~lberber~, 

and U. Stelner for useful comments on the manuscript, and M. Eisenstein and fl. 
Steiner for help with the figures. This work was supported by the German-Israel 
Foundat~on, the U.S.-Israel Binational Sclence Foundation, and the A4inen.a 
Foundation. The author is the Herman Mark Professor of Polymer Physics at the 
Weizmann Institute. 

A Thermodynamic Scale for the Helix-Forming 
Tendencies of the Commonly Occurring - 

Amino Acids 

Amino acids have distinct conformational preferences coiled monomeric state. The a helices in the dimer 
that influence the stabilities of protein secondary and contain a single solvent-exposed site that is surrounded by 
tertiary structures. The relative thermodynamic stabilities small, neutral amino acid side chains. Each of the com- 
of each of the 20 commonly occurring amino acids in the monly occurring amino acids was substituted into this 
a-helical versus random coil states have been determined guest site, and the resulting equilibrium constants for the 
through the design of a peptide that forms a noncovalent monomer-dimer equilibrium were determined to provide 
a-helical dimer, which is in equilibrium with a randomly a list of free energy difference (AAGO) values. 

H OW AN AMINO ACID SEQUENCE DICTATES THE THREE- has been made in understanding the factors stabilizing a helices. 
dimensional structure of a protein is an intriguing, but Each amino acid has distinct conformational preferences that lead to 
largely unsolved question. While a general solution to the stabilization or destabilization of an a helix (1).  Electrostatic 

protein folding problem is not yet available, considerable progress interactions between charged side chains and either the helical 
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dipole or another charged residue lacatcd one turn of helix away arc 
also important for hdix stab- (2). In addition, aromatic (3), 
hydrogen-bondcd (#), and hydmphobic interactions (!i) i) to 
stabilize a helices. Howevcr, our understanding of these features is 
largely qualitative, and the relative importance of each of these 
interactions is not yet clear. For instance, if one wished to d c s ' i  a 
stable helical prosein, wouId it be bcttcr to maximize the numbcr of 
e l m t i c  interactions or the hclical potential (for example, as 
;Issesscd by statistical methods) (I)? A dassic way to resolve this 
q d o n  would be to individually damnine thc free energies 
associated with each of these interactions. One could $en d c s ' i  a 
sequence with consideration to the multiple forces involved in 
stabilization of a s@c wnfbnnation. 

Expdnmtal studies aimed at deciphering the f i m m  that stabi- 
lizc helices have fbcused largely on monomeric helices in aquaus 
solution. Weraga and 00-works have studied copolymers of 
polyhydro~lglutamine containing a low mole k t i o n  of ran- 
domly incorporated amino acids (6). The temperature dependences 
ofheliaty for the copolymers were adyzcd according to the Zimm- 
Bragg formalism (7) to p v i d c  estimates of the thennodynamic 
parameters, a and s, which are believed to relate to the ease of 
forming and pmpa@ng a helix, rcspcaivcly. However, the appli- 
c a b i l i t y o f t h e s c ~ a , n a t u r a l ~ h a s ~ b c e n  
questioned by Baldwin and 0-workers, who have shown that 
peptidcs as short as 15 residua can show substantial helical content 
in water (2,3, 8). Thus, numerous recent studies (2,3, 8-11) have 
focused on short, synthetic pcptidcs as models for monomeric helix 
formation and have contributed to the &tion that intrinsic 
conhnnational pdkences, dccrrostatic in&oaq and aromatic 
interadom arc important dctcnninants of helix stability. 

Howcver, po~ential limitations are asmdcd with the study of 
monomeric helices as models for helix formation in pmteins. Hdix 
b t i o n  is not a simple two-state proazs; thus, analysis ofthc data 
require modeh with multiple parameters that arc not ncccssarily 
dependent of one another (6). Alsq thc results obtained from the 
studv of monomeric helices mav not be mmsentative of helices in 
f o l k  proteins, an a helix in a ;rot& ~ i c s  a distinctly anisotropic 
en- with ~on-unif;brm solvent ,apasure and didcctric 
constant. Finayr, there is little dirca &a that monomeric 
helices serve as intcrmcdiam in protein folding. For instanq 
stabilization of the lX&-arminal hdix ofribonudtasc A occurs near 
the end of the folding process after the @-sheet portions of thc 
protein have Wded (12). In qmhxxm c, helices form early in the 
folding process, but thcy appear to be stabilized through a covalent 
cross-link and interhelical hydrophobic heactions (13). Thus, it 
becamc necessary to confirm and adcnd the conclusions derived 
firom studies of monomeric helices with a system more closely 
resembling the folded state of a protein. 

Site-direaed mutagcncsis of pnxeins is an alternative approach 
for dcmmhhg he l ix - s t ab i i  inttraceions. Muagcmak studies 
haveshownthatbamasc (14) andT4lysoymt(15) arcsnbilizcdby 
e l m t i c  and hydrogen-bonded heractions bawccn side chains 
and the exposed amides on the ends oftheir a helices. In principle, 
this method might also be applied to obtain a t h e m n i y m k  scale 
ftx the relative helical p&nces of the individual amino acids by 
substituting all possible amino acids at a given position in an a helix 
of a natural protein. In practice, however, the data would be dif6cult 
to interpret because helices in proteins arc typically involved in 
multiple hydrogen-bonded, van der Waals, and e l d c  intcrac- 
dons, and mutation of a given residue would change not only the 

Flg. 1. (A) Helical wheel rep-- I -- tation of the hepapeptide repeat 
unit used in the design of the helical 
pair. The entire sequence of the 

iapdel peptide is shown at the bottom, X indicates the guest position (38). 
T k  carboxyl terminus was blocked as a carboxamide. (B) Computer 
graphics illustration of the guest position (in this case occupied by Phe) 
&tmundcd by three Ala and one Gln residues. A ribbon has been draw to 
*t the helical b;PEkbone of one helix in the diner; space filling surfaces 
W e  been drawn on the Ca atoms and dK ranainine atoms in each side 

confbnnational p t d h n c c  but also othu interactions. To circum- 
vent some ofthe limirations associated with thc study of natural 
proteins, we adopted a "minhah3" approach (16) to dcsign a 
model for helical proteins that contained a single site into which 
various amino acids could be substituted. To minimize all but the 
m o s t l o c a l l y ~ i n t ~ s m a U , n c u t i a l s i d c c h a i n s w e r e  
induded at the positions surrounding this site. We have used this 
m d  system to obtain a complete thermodynamic scale fbr the 
hdix-forming tendencies ofthe 20 naturally occurring amino acids. 

Design of ao a-helical dims. We have chosen a noncovalent 
homodimer of a helices as a simple modd for a helid protein. 
Previously, Kim and 0-workers showed that "leucine zip@ 
peptides fionn parallel, a-helical dimcrs that arc presumably short a- 
heWcoikdco~suchasthoscfo~infibmusproteins(17). Such 
a scructurc would have a number of advan- as a model svstcm " 
for studying h e h  stability: (i) CD maamments of "~cucine zip@ 
pqjtidcs indicate that they exist in an equilibrium between nonheli- 

monomers and a-h&cal dimcrs (1%. Thus. helix b t i o n  is 
MUXI to a two-stan thumodynaiic' proc& (monomer-dima 
equilibrium) with an assochion constant K, (related to the free 
arergyfbrdimai&onAG"byAc" = -RTInK,,whcre Risthe 
gas constant and T is the absolute tempcraturc) that can be easily 
measurrd by CD s w p y .  (ii) Thc midpoint for the dcnatw- 
ation curves of homodimers depends on the peptide concentration, 
which provides a distinct advantage when comparing variants of 
&ring stabiitics. The stability of monomeric ploains is typically 
determined by analyzing temperature- or denaturant-induced un- 
folding transitions (18). In cascs whm variants unfbld at vcry 
diikcnt temperatures or concentrations ofdenaturant, data must be 
cmapolatcd to a common condition to allow a c o m m n  of their 
relative stabilities. Such extrapolations ofien add co&iderable uncer- 
tainty to the results (18). In contrast, thc midpoint of a monomer- 
dina equilibrium depends on the concentratian of the peptide. 
Thus, by varying the peptide concentratio< variants of &ring 
stabilities can be emmined at the same concentration of denaturant 
and temperatmq thereby eliminating the need m extrapolate to a 
common solution condition. (iii) The .hall size and homodimeric 
sccucturr of the peptides allow small diffcrmccs in stability (C0.1 
W m o l )  to be measured with a high degree of accuracy. 

Our dcsign of a parallel a-helical dirncr contains a numbcr of 
elements &portult-for the stability of coiled coils in fibrous 
proteins. Hodga and co -worh  have designed a series ofrepeating 
polyheptapcptidc modcis for tropomyosjn (19). Their most success- 
ful heptapeptide repeat (&,-ab,-d-&-&-dyYL&) contains hydro- 
phobic Leu residues at the a and d positions (Fig. 1A) to stabilize 
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the structure through van der Waals and hydrophobic interactions, 
and Glu and Lys at positions e and g to stabilize the dimer through 
interhelical electrostatic interactions. In our design we maintained 
the basic features of their heptapeptide repeat but substituted Lys 
for Gly (at the f position). This change enhances the helical potential 
(1) and provides a structure with an equal number of positively and 
negatively charged residues. This heptad was repeated approximate- 
ly four times, and the resulting peptide was modified at numerous 
positions (Fig. 1B). We introduced Trp and His near the NH2- and 
COOH-termini, respectively, to serve as convenient handles for 
nuclear magnetic resonance (NMR) and ultraviolet (U17) spectros- 
copy; Trp is particularly usefiil for determining peptide concentra- 
tion (20). The NH2- and COOH-termini were blocked with an 
acetyl-Glu and a Gly-carboxamide, respectively, to stabilize helix 
formation (2, 4, 21). 

We next created a "guest position" into which any amino acid 
could be substituted. To be useful for determining the conforma- 
tional preferences of the amino acids, this site should be distant from 
the dimerization surface. In this way, diKerences in the overall 
stability of the di~ner should be attributable to changes in the helix 
coil transition, and not the interhelical packing interactions. There- 
fore, the guest position was situated at the f position of the middle 
heptad (Fig. 1). Also, the side chain at the guest position should 
undergo a minimal change in solvent accessibility upon forming a 
helix, and therefore residues close to this position in the helix 
(residues at i - 4, i - 3, i + 3, and i + 4) should be small, neutral, 
and nonperturbing. Thus Ala was chosen for these positions with 
the exception of position i + 3, where the neutral, polar residue Gln 
was included to improve peptide solubility. 

A set of 21 peptides was synthesized in which each of the 
commonly occurring amino acids or a-aminoisobutyric acid (Aib, a 
commonly used helix-promoting amino acid) (22) was incorporated 
at the guest position. The peptides were synthesized by the rapid 
multiple peptide synthesis method (23) modified to use the fast-Boc 
protocol of Kent (24), which is rapid, minimizes the use of solvent, 
and provides reasonably homogeneous peptides. This method al- 
lowed the synthesis of ten diKerent peptides per week. Each peptide 
was synthesized on 200 mg of 4-~nethylbenzhydryla~~ine resin 
(substitution level = 0.7 rnmoug), providing 20 to 50 mg of 
peptide after purification to homogeneity by reversed-phase high- 
performance liquid chromatography (HL'LC). The composition and 

Fig. 2. (A) Urea dena- 40,000 1 A 
turations for the pep- 
tides with the following 
residues substituted in 
the guest position: Ala 
(m); Met ( X )  ; Phe (x); 
and Asp ( A ) .  The 8,,, 
values were measured at 
various urea couccntra- 
tiolis in a 0.5-cm cell 14 
with peptide concentra- 
tion approximately 1 0  
p.M in MOPS bufl'er, % 
p H  7.5.  Peptide coucen- - 
tratio~l was determined $ 
spectrophotomctrically 8 

(20) and by amino acid 
analysis. Measurements 
were made on  a Jasco J- 0 2 4 6 8 

versus urea co1;ccntration; &Go was calculated with a hvo-state model 
assunii~lg a random coil mouomer (OZZ2 = 0) and folded dinler 
(0222 = -34,000 deg cm2 dmol-I). Extrapolation by linear regressio~l to 0 
M urea xvas made xvith data from (A) where the fraction of dimer was 
benveen 0.75 and 0.25. 

Fig. 3. Co~icentration 
depende~ice of helix - 30,000 - 
formation for the pep- 2 
tides Lvith the folloxv- 
i ~ i g  amino acids substi- u 
tuted in the guest posi- " 20,000 - E tion: A la (A);  Phe 
( X )  ; Ile (0); and Asp " 
(0). ~olu t ions  of pep- lo,ooo 
tides Lvere prepared in a" 

10 n1M MOPS, 5 hi ' 
urea, p H  7.5, and Ozzz 
was measured in cells 0 
of various pathlengths - 2 - 1 0 1  2 3 4  

(0.01 cm, 0.1 cm,"0.5 -log[Peptide] (pM) 
cm, and 1 cm) depe~ld- 
i ~ i g  on  peptide concentration. Duplicate measurements were reproducible to  
within +2%. Data were fit to a mo~lornerdmer equilibri~ml [ € ~ ~ ~ ~ ( n ~ o ~ i o n ~ e r )  = 

0, 0222(dimer) = 3 4 , 0 0 0 1 .  Theoretical c u ~ ~ e s  are dra\v11ui solid hies by usuig 
the equllibri~ml colistalit obtained from the fit for each peptide. 

purity of the peptides were confirmed by HPLC, fast atom bom- 
bardment mass spectrometry, and amino acid analysis. 

Characterization of the a-helical dimers. The circular dichro- 
ism (CD) spectra of the peptides at micromolar concentrations 
showed minima at 208 and 222 nm and a maximum at 190 nm, 
consistent with a helical conformation (25). The ellipticities at 222 
nm (6222) of the peptides were -34,000 k 2,000 deg cm' d m o l ' ,  
corresponding to approximately 100% helical content (25). Analyti- 
cal ultracentrifugation (26) of the Phe peptide (the peptide with Phe 
in the guest position) at 800 piM concentration gave a molecular 
weight of 6,200 i 250, in good agreement with that expected for a 
dimer. Dimerization of each of the 21 peptides was confirmed by 
analyzing the concentration dependence of their CD spectra in the 
presence of urea (see below). 

The stabilities of the helical dimers were rapidly assessed by 
measuring the variation in 0222 as a function of urea concentration. 
Sigmoidal cunTes were observed (Fig. 2), with midpoints that 
depended markedly on the nature of the "guest" amino acid (Table 
1). Substitution of amino acids that occur frequently in helices (1) 
into the guest position gave peptides that were most resistant to 
denaturation; for instance, the midpoints of the Ala peptide and the 
Gly peptide are separated by greater than 2 M urea. The urea 
denaturation cunles were analyzed with the use of a two-state model 
(27), so that the dissociation constants for the monomer-dimer 
equilibrium could be calculated as a function of urea concentration. 
Within the limit of experimental error, AGO scaled linearly with urea 
concentration, and parallel lines were obtained for each of the 
peptides (Fig. 2). The AGO values were extrapolated to 0 M urea 
concentration for each peptide (Table 1). Although the linear 
extrapolation is long, dimerization is highly favorable in each case. 
Thus the perturbation to the stability associated with each amino 
acid substitution was minor relative to the overall folding free 
energy, and it is reasonable to assume that all of the peptides 
adopted similar, dimeric structures. One exception was the l'ro 
peptide, whose extrapolated stability was less favorable than the 
others by about 5 to 7 kcal/mol, although 8222 for the dimer of this 
peptide (about -32,000 deg cm2 d n l o l '  as measured at a concen- 
tration of 2.4 I ~ M )  was not significantly different from the other 
peptides. 

Determination of AAGO for helix formation. Typically, the free 
energy difference between two variants of a given protein (AAGo) is 
determined from an analysis of their denaturation curves. However, 
the error associated with this analysis (-1 kcaUmol) (18) is large 
when compared to the effects we expected to observe in this study. 
Therefore the dimerization constant for each peptide was deter- 
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mined by measuring the dependence of 0222 on the peptide concen- 
tration at a Lxed urea concentration of 5.0 M (Fig. 3). In each case 
the data were well described by a monomer-dimer equilibrium, so 
that AGO could be determined from E(, to within t O . l  kcallmol 
(corresponding to a 20% error in the Ka values) based on duplicate 
measurements of some of the peptides. The differences in the free 
energies of helix stabilization (designated AAG,, Table 2) for each 
amino acid relative to Gly were calculated by subtracting AGO for the 
appropriately substituted peptide from AGO for the Gly peptide, and 
have been divided by 2 to correct for the number of monomers per 
dimer. Although the values of AAG, were calculated from data 
obtained in 5 LM urea, the identity of the slopes for AGO plotted as a 
function of the urea concentration (Fig. 2) for the entire set of 
peptides would indicate that the values of AAG, should be approxi- 
mately independent of the urea concentration. The value for Pro 
could not be measured directly by this method because the Pro 
peptide failed to show appreciable dimerization at 5 M urea. This 
value was approximated by linear extrapolation of the denaturation 
curve for the l'ro peptide to 5.0 M urea. 

Correspondence to other scales. Recently, several groups have 
examined the helix-forming tendencies of various amino acids by 
making single or multiple substitutions in monomeric, helix-form- 
ing peptides (8-1 1). Kallenbach and co-workers (1 1) have examined 
ten neutral amino acids (Ala, Leu, Met, Gln, Ser, Ile, Val, Thr, Asn, 
and GIy), and determined their free energies for helix formation by 
the Zimrn-Bragg multistate model (7). These values were expressed 
as free energies relative to GIy and hence may be directly compared 
with our AAG, values. The two measures are linearly related (Fig. 
4A) with a slope near unity (0.78 t 0.09). Thus, the t\vo scales 
agree on the relative abilities of these residues to stabilize helices and 
the magnitude of the effect is approximately equal in both systems. 
The largest outlier in this analysis is Ser, which may show a 
cooperative heltx destabilizing effect when it is repeated in a 
sequence as in the Kallenbach study (11). The good overall agree- 
ment between the t\vo studies encourages one to believe that the 
values obtained may indeed be measures of intrinsic conformational 
preferences and are largely independent of the specific features of the 
host peptide. 

The agreement between the nvo systems also supports our 
assumption that variations in AAG, primarily reflect differences in 
helix stability as opposed to helix-hells packing. By comparison, 
while the overall rank order between AAG, and the 3 values 
obtained by the host guest method of Sheraga ( 6 )  show some 
similarities (Table 2), there is a less precise correspondence than that 
obsen~ed for the Icallenbach data. 

Merutka and Stellwagen (9) have also examined water-soluble 
~llonomeric helices and find Ser and Met to be less helix-stabilizing 
than Ala by 0.5 and 0.3 kcallmol, respectively (28). These values are 

Fig. 4. (A) Correlation benveen AAG, and 
AAG,,, (1 1 ) .  Individual points are identified by 
the single letter abbreviation for each amino acid. 
The line was obtained by linear regression of the 
data. (6) Correlation benveen AAG, and P, (29) .  
The error bars represent the standard deviation of 
P ,  (29):  Cys and l'ro were not included in this 
correlation, and Ser, Tyr, and Gly were not 
included in calculating the regression line. 

Table 1. Appro\lniate AGO values (kilocalor~es per mole) for the pept~des 
extrapolated to 0 M urea, the amino acid luted In the hrst columii iiid~cates 
the res~duc In the guest poslt~on (see legend to Fig 2K) 

Amino acid A G O  h ~ i i i o  ac~d  -&Go Amino acid -&Go 

Xib 14.3 Trp 12.4 \'a1 11.9 
A a  13.4 Ser 12.2 Asp 11.7 
i\rg 13.3 Glu 12.2 Thr 11.7 
Lys 13.0 Tyr 12.1 His 11.6 
Leu 13.0 Phe 12.1 Cys 11.6 
Met 12.8 Ile 12.0 GI y 11.3 
Glli 12.8 Asli 12.0 Pro 6.5 

in excellent agreement with the values found in this work (0.4 and 
0.3, respectively). However, their data were analyzed by a two-state 
model, which is approximate for monomeric helik formation (7, 11) 
Baldwin and co-workers have published a similar set of experiments, 
investigating the helix-stabilizing tendencies of five residues (8). 
They find a rank order for helix-stabilizing tendencies of Ala 
= Leu > Ile > l'he > 17al, similar but not identical to that deter- 
mined in our work, that is, Ala > Leu > Phe > Ile > \'al. 

The AAG,, values from our work also correlate modesth~ well with 
the relative probability (P,) that a given type of residue will occur in 
a helical conformation in the crystal structures of proteins. A plot of 
P,(mid) (29) as a function of AAG, is shown in Fig. 4B for each of 
the amino acids with the exception of Pro and ~ y s ;  Pro because its 
helix-forming probability varies considerably between diKerent sta- 
tistical scales and Cys because PC, values do not differentiate between 
the free sulfl~ydryl and disulfide-bonded forms of this residue. The 
data show a modest linear relation (Fig. 4B) with a correlation 
coefficient of 0.75. The largest outliers in this anah~sis are Ser, Tvr, 
and Gly, which may reflec'the frequent inclusion bf these residues 
in turns in globular proteins (1). This modest correlation supports 
previous suggestions that P, is primarily a measure of a residue's 
intrinsic conformational preferences (30). 

The complete list of AAG, values provides a powerful tool for 
protein design and can be used to predict the change in conforma- 
tional free energy associated with mutating a helical residue in a 
protein. Other effects including hydrophobicity and electrostatic 
interactions must also be considered, but might be small if the 
changes involve neutral side chains and occur on the solvent- 
exposed surface near the center of a helix. For example, substitution 
of Ala for Glyj6 or GlY4' in helix 3 of lambda repressor increased the 
stability of the protein by 0.66 t 0.12 and 0.87 i 0.13 kcallmol, 
respectively (31), within experimental error of the value expected 
from this work (0.77 kcal/mol; Table 2). Mutation of \7al"', near 
the COOH-terminus of a helix in T4 lysozyme, to either Ala or Thr 
results in a 0.23 kcallmol stabilization or 0.08 kcallmol destabiliza- 
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tion, respectively (32). While these results agree with our results in 
terms of their rank order, the magnitude of the effect for the Val to 

hydrophobic interactions are of primary importance (5, 35). This 
result also explains why secondary structure prediction algorithms 

Ala mutation is about one half that ~redicted from the differences in 
the corresponding values of AAG,. The explanation for this discrep- 
ancy may lie in the determination of AAG, values for residues near . . 
the center of helices and in the nearness of the mutated residue to the 
COOH-terminus of the helix. 

This compilation of AAG, values should also aid in interpreting 
the results of site-directed mutagenesis even when the substitutions 
do not occur on the solvent-exiosed faces of helices. For instance. 
the role of the hydrophobic effect in protein folding is frequently 
probed by mutating a large, hydrophobic side chain to a smaller, 
hydrophobic residue (33). A problem with this approach, however, 
is that the substitutions affect the conformational preferences in 
addition to hydrophobic and van der Waals interactions. Now, 
however, if the mutations are made near the center of a helix, the 
magnitude of the change in the helical potential may be estimated 
from the appropriate AAG, values and subtracted from the net 
change in free energy. 

How large of a driving force are local conformational preferences 
in determining which portions of a protein chain adopt helical 
versus nonhelical conformations? We calculate the difference be- 
tween the average value of AAG, for sequences in helical versus 
nonhelical conformations in protein crystal structures (34) is small 
(0.2 kcalimol) compared to the free energies associated with burial 
of a large hydrophobic side chain (1 to 4 kcalimol) (33, 35). 
  ow ever, onlv abbut one third of the residues in a helix contribute 
to the paclung of the apolar core, whereas every residue in a helix 
contributes its conformational preference. Nevertheless, even after 
appropriate consideration to conformational preferences, it appears 
that hydrophobic forces are thermodynamically more important for 
driving protein folding, supporting previous work showing that 

Table 2. Helix formation parameters for each of the 20 naturally occurring 
amino acids and h b .  The AGO values at 5 IM urea were calculated from the 
relation AGO = -RTlnK, with the value of K, determined from the 
concentration dependence of dimerization for each peptide (Fig. 3).  The 
AAG, values were calculated by subtracting AGO for each peptide from AGO 
for the GIy-peptide. In contrast to the neutral amino acids, the values of 
AAG, for the charged amino acids (*) were somewhat dependent on ionic 
strength and varied up to 0 .3  kcalimol benveen 0 and 1 M NaCI. The values 
cited refer to the values obtained directly in 1.0 M NaCl or extrapolated to 
1.0 M NaCI. The values for Pmid are from ( 4 ) ,  for P, are from (30) ,  and for r 
are from (38). 

Amino acid AAG, 
(kcaVmol) 

iUa 
f i b  
4 
Lys 
Leu 
Met 
T ~ P  
Phe 
Ser 
Gln 
Glu 
c1.s 
Ile 

Tyr 

$?$ 
Thr 
Asn 
His 
Glv 
Pro 

are only modestly successful ( 1 ) .  
What are the factors leading to differences in AAG, for the amino 

acids? Pro is known to induce a kink in helices (36); evidently such a 
kink is not energetically favorable in our model helical pair. Also, 
Gly is known to be helix-destabilizing because it possesses consider- 
able conformational flexibility. Ala is far more helix-favoring be- 
cause of the presence of a methyl side chain, which restricts the 
conformational space considerably, thereby decreasing the confor- 
mational entropy of the unfolded state. Another helix-stabilizing 
residue is Aib that, by virtue of its geminal dimethyl substituents, is 
conformationally restricted to adopt torsion angles close to those of 
an cr helix (22). Interestingly, we find that Aib is about as helix 
stabilizing as Ala. Perhaps Aib is not more helix stabilizing because 
it is achiral and therefore can adopt either a left-handed or right- 
handed helical conformation. Dimerization requires formation of a 
right-handed helix and hence occurs with a concomitant decrease in 
conformational entropy. 

Ala is the most helix favoring of the 20 commonly occurring 
amino acids, which suggests that its methyl side chain is sufficient to 
reduce the conformational freedom of the main chain in the 
unfolded state. Larger side chains may have a similar effect, but their 
own conformational space is limited in the a-helical state (37). Thus 
the side chains of residues like Leu, Met, and Phe likely experience 
an unfavorable change in conformational entropy upon forming a 
helix. Further destabilization of the helical conformation may occur 
for residues whose side chains are branched at the P-position (Val, 
Thr, and Ile) because of a potential steric clash between a substituent 
at the y-position in the side chain and a carbonyl oxygen in the 
preceding turn of the cr helix, which causes the side chain to adopt a 
less than optimal torsional angle (32). Less easy to explain are the 
energetic differences among some of the polar and charged side 
chains. These residues may form weak hydrogen-bonded and elec- 
trostatic interactions with the backbone atoms in certain nonhelical 
conformations, thereby biasing the equilibrium towards the unfold- 
ed state. We hope that our compilation of AAG, values will serve as 
a stimulus for addressing these and related questions. 
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Protein Splicing Converts the Yeast TFPl Gene 
Product to the 69-kD Subunit of the Vacuolar 

H+ -Adenosine Triphosphatase 

The T F P l  gene of the yeast Sacchavomyces cerevisiae 
encodes two proteins: the 69-kilodalton (kD) catalytic 
subunit of the vacuolar proton-translocating adenosine 
triphosphatase (H+-ATPase) and a 50-kD protein. The 
69-kD subunit is encoded by the 5' and 3' thirds of the 
T F P l  coding region, whereas the 50-kD protein is en- 
coded by the central third. Evidence is presented that 
both the 69-kD and 50-kD proteins are obtained from a 
single translation product that is cleaved to release the 50- 
kD protein and spliced to form the 69-kD subunit. 

ACUOWR-TYPE PROTON-TRANSLOCATING ADENOSINE TRI- 

phosphatases (H+-ATPases), which acidif\. certain intracel- 
lular compartments in eukaryotic cells (1, 2), have been 

purified from various sources and show an overall strucn~ral sirnilar- 
it). (1). MI of the enzymes purified are multisubunit complexes 
containing at least two peripheral membrane subunits with molecu- 
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lar masses of -70 and 6 0  kD and at least one integral membrane 
subunit of -15 kD. The 70-kD subunit contains the catalytic 
adenosine triphosphate (ATP) binding site. The vacuolar H + -  
ATPase of the yeast Sacclzavorr~~~ces ceveviriae consists of eight different 
subunits, including a 69-kD catalytic subunit and 60- and 17-kD 
subunits similar to  those found in other cells (3, 4) .  Genes encoding 
the 70- and 60-kD subunits have been cloned and characterized 
from a number of different species, and the sequences of both 
subunits from plant, animal, k d  fungal sources are remarkably 
conserved (5-7). The predicted amino acid sequence of  the yeast 60- 
kD subunit is 82 percent identical to that of the Neurospora  rvarra 57- 
kD subunit and 74 percent identical to  that of the human 60-kD 
subunit (8). The functional roles of the yeast vacuolar H+-ATPase 
have been assessed by disrupting the gene for the 60-kD subunit, 
which is termed VA T2 (8). Cells lacking VA 1'2 grow more slowly 
than w~ld-type cells, fa11 to grow at neutral pH,  and lack the ab11itv 
to  acid15 their vacuoles. Isolated vacuoles from these cells lack 
ATPase actnrlty 

We now prksent evidence that the 69-kD subunit of  the yeast 
vacuolar H+-ATPase is one of two proteins encoded by the 
previously identified TFPl gene (9). The vacuolar H+-ATPase 
subunit is specified by the n v i  ends of TFP1, and the central one- 
third encodes a 50-kD "spacer" protein. Our results indicate that the 
69- and 50-kD proteins are formed from a single translation product 
by post-translational cleavage and splicing. 

Encoding of  the catalytic subunit of the yeast vacuolar H+- 
ATPase by TFPI.  A dominant allele of l'FP1 was previousl\~ 
isolated from a mutant yeast strain resistant to  the drug trifluopera- 
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