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The folding and unfolding of a three-helix bundle protein were explored with molecular- 
dynamics simulations, cluster analysis, and weighted-histogram techniques. The folding- 
unfolding process occurs by means of a "folding funnel," in which a uniform and broad 
distribution of conformational states is accessible outside of the native manifold. This 
distribution narrows near a transition region and becomes compact within the native 
manifold. Key thermodynamic steps in folding include initial interactions around the 
amino-terminal helix-turn-helix motif, interactions between helices I and II, and, finally, 
the docking of helix Ill onto the helix 1-11 subdomain. A metastable minimum in the 
calculated free-energy surface is observed at approximately 1.5 times the native volume. 
Folding-unfolding thermodynamics are dominated by the opposing influences of protein- 
solvent energy, which favors unfolding, and the overall entropy, which favors folding by 
means of the hydrophobic effect. 

R e c e n t  years have seen a significant ad- 
vance in  our understanding of the  protein- 
folding problem-the mapping of a protein 
sequence to a three-dimensional structure. 
A halll-ilark of this progress has been the  
macroscopic characterization of folding in- 
termediates for several proteins (1 ). Theo-  
retical models have been constructed to  
explain the  experimental behavior of these 
states (2) .  However, molecular-level infor- 
mation concerning structure, dynamics, and 
thermodynamic properties of proteins as 
they fold has been lacking from both theo- 
retical and experimental studies. 

Theoretical nlodels can  provide insights 
into ilnportant aspects of protein folding. It 
is now possible to simulate the entire fold- 
ing-unfolding process for simple proteins 
with lattice lnodels (3). Lattice studies can 
address basic questions about folding mech- 
anisrn (4 ) ,  such as whether general mecha- 
nislns like the  framework model (5 ) ,  the  
diffi~sion collisioll model (6 ) ,  hydrophobic 
collapse (7 ) ,  or folding f~lnnels (8)  are 
prominent in folding. These nlethods also 
yield predictions of the  native states of 
silnple proteins from their sequences alone 
(9 ) .  However, t he  silnple representation of 
protein amino acids as single beads (or  
sometimes two, one  to  represent the  main 
chain  and one  for the  side chain)  and the  
inability to  incorporate solvent explicitly 
preclude lattice-model simulations from 
probing lnolecular details of folding and of 
folding intermediates. 

T h e  simulation of the protein-folding 
process in its entirety with all-atom ~ l ~ o d e l s  
of protein and solvent has, t o  date, been 
computationally too demanding. However, 
these lnodels have been used to study pro- 
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tein unfolding under conditions of high 
temperature, when unfolding is rapid ( l o ) ,  
and to characterize isolated nonnative equi- 
librium states of proteins near the  native 
confor~nation (1 1) .  Additionally, all-atom 
models have been used to investigate the  

u 

properties of peptides and secondary struc- 
tural elelnents with a n  implicit "divide and 
conquer" strategy (12).  

T o  move beyond current studies based 
o n  all-atom models with exnllcit solvent. 
we have developed a synthes~s of large-scale 
molecular s~~nu la t lons  and clusterlnt! meth- - 
ods to  construct a free-energy surface for the  
folding-unfolding process of a small three- 
helix bundle protein. Our  focus is, there- 
fore, o n  the  therlnodynamics of the folding- 
~ n f o l d i n g  process and the relations between 
structure, dynamics, and energy along a 
therlnodynamic folding-unfolding coordi- 
nate. W e  do  not  address issues of folding 
kinetics. 

W e  examined the  ilnfolding and folding 
of a three-helix bundle because it is one of 
the  simplest folding motifs. Specifically, we 
examined a 46-residue subseauence from 
fragment B of staphylococcal protein A 
113). Thls nrotein is one of a few that are 
slllall and 'have a well-defined secondary 
and tertiary structure, and whose folding is 
not  complicated by the  presence of disulfide 
bonds, cofactors, or metals. T h e  native 
structure of this bacterial cell wall protein 
(14)  has been determined both by x-ray 
crystallography (15)  and nuclear magnetic 
resonance (NMR)  spectroscopy (1 6 ) .  

T h e  f i r s t -~ r inc i~ les  calculation of the  
folding free-energy surface (also known as 
the potential of meall force because it rep- 
resents the potential whose gradient is the 
mean force along the  chosen reaction coor- 
dinate) for fragment B of protein A in a n  
explicit solvent environment was perfgrmed 
as follows. W e  defined the reaction coordi- 
nate, onto  which we projected the comput- 

ed free energy and related dynamic and ther- 
modynamic properties, as the radius of gyra- 
tion (R,,), because this coordinate is directly 
related to the volume of the protein during 
the  folding process. Several independent 
molecular-dynamics (MD) simulations, 
starting from the folded N M R  structure, 
were performed to generate a database of 
structures that spanned the reaction coordi- 
nate from the  native state to the ilnfolded 
state. In portions of these simulations, per- 
formed for >9 ns, increased temperature or 
biasing potentials were used to enhance the  
range of conformations sampled (17). This 
database was divided, according to the R,, 
value, into ?& equally spaced partitions from 
-9.3 to 14 A in R,,. T h e  resulting structures 
within each partition were clustered o n  the  
basis of a dissilnilaritv function that incor- 
porates core side-chain packing, helical hy- 
drogen bonding, and solvent-accessible sur- 
face area with hierarchical, agglomerative 
clustering (18) (Fig. 1,  legend). For each 
partition, a "natural" clustering was extract- 
ed from the  hierarchy with a n  information 
function (19).  This process resulted in the 
identification of between two and seven 
clusters within each partition. T h e  struc- 
tures closest to the  cluster centers were iden- 
tified (78 in all) and used as initial condi- 
tions in "importance-sampling" M D  simula- 
tions. A histogram in R,, was generated 
from each simulation. T h e  overlapping his- 
tograms spanned the  reaction coordinate. 
Additionally, the continuity in configura- 
tions from adjacent initial conditions was 
examined to ensure local reversibility in the 
underlying sampling. T h e  free-energy sur- 
face was constructed from these histograms 
by the weighted-histogram method (20).  

From the  clustering alone, several fea- 
tures of the  conformational free-energy sur- 
face are apparent. Fragment B of protein A 
shows characteristics of folding by means of 
a "folding funnel," as shown by the  proba- 
bility distribution (P )  of structural dissimi- 
larity (D,) for the  protein, P(DIIRg,), versus 
the  folding-unfolding reaction coordinate, 
R, (Fig. 1) .  T h e  term "folding funnel" (8)  
reters to a hierarchical ensemble of (inter- 
converting) protein conforlnations that de- 
scend in  energy, and simultaneously in  
numbel, toward a unlque compact state as 
the  Droteln folds. T h e  d~s ' t r lhut~on s h o u ~ n  In 
Fig. 1 is unimo4al and narrow for values of 
tp, of <10.75 A. A t  Rp,"v$Iues of >10.75 
A, the  distribution becomes increasingly 
broad and uniform, reflecting the fact that 
fragment B of protein A can adopt a n  in- 
creasing c o n t i n i ~ i ~ m  of different conforma- 
tions as it i~nfolds. Thus. the ensemble of 
structures we observe, coupled with the  
free-energy surface described below, form a 
funnel-like hierarchy as a function of R,,, 
and not a directed sequential pathway. If 
there were, instead, a highly directed se- 
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auential ~athwav from the folded to the 
unfolded manifold of states, one would ex- 
pect a compact distribution around a single 
value of conformational dissimilarity, as ob- 
served ip the folded manifold for R, 
< 10.75 A, to occur throughout the range of 
the folding coordinate. Multiple sequential 
~athwavs would look much the same. De- 
spite the lack of a directed pathway, we do 
observe that a sequence of consensus inter- 
actions involving progressively more tertia- 
ry contacts develops as folding progresses. 

Four sets of representative cluster centers 
are shown in Fig. 2. Each structure within a 
set represents an ensemble of similar protein 
conformations. These sets typify the three 
thermodynamic states from our free-energy 
surface calculation: (i) an unfolded manifold 
with little structure: (ii) an intermediate re- . .  . 
gion, in which significant amounts of sec- 
ondary structure exist but the number and 
probability of tertiary interactions are low; 
and (iii) the native manifold. 

In the unfolded manifold, volumes great- 
er than 2.2 times that of the native mani- 
fold, the core of the protein is substantially 
disrupted and solvated (Fig. 2D). In each of 
the three helical regions, both helical and 
nonhelical conformations of the peptide are 
apparent. Calculations of the helix content, 
averaged over conformations sampled dur- 
ing the free-energy calculation, indicate 
that the structural fluctuations at these 
large volumes are four times the size of 
those at native volumes. In this least com- 
pact manifold of states, the formation of 
structure around the NH2-terminal reverse- 
turn is observed. Two proline-containing 
reverse-turn regions separate the three he- 
lices, those containing Pro2' and Pro39, re- 
spectively. Of the two, the Pro2' region 
appears to be important in the early folding 
of this pr9tein. Between R,, values of 12 
and 12.5 A, the NH2-terminal reverse-turn 
folds and brings helices I and 11, which are 
partially folded, into contact in 84% of the 
clusters. A t  this stage in folding, Phe14, 
Ile17, LeuZ0, Leu23, Phe31, and Leu35 
participate in hydrophobic contacts and ap- 
pear to be the reason that structure forms 
around the NH2-terminal turn. 

As the overall structure becomes mote 
compact, at R, values of -11 to 12 A, 
helices I and I1 pack together into an anti- 
parallel helix-turn-helix subdomain and the 
amount of secondary structure increases by 
33% relative to the unfolded region. The 
interhelical contacts do not appear to be 
very specific, and the helices fluctuate in 
their relative orientation and registration at 
this stage of folding. Specific interhelical 
contacts involving the side chains noted 
above are explored for the packing of heli- 
ces I and 11. Helix 111 remains, for the most 
part, separate from the helix 1-11 subdomain 
(Fig. 2C). 

At R,, values of < 1 1.0 A, the structures velops a kink to allow for optimal core 
are highly compact but malleable in shape. packing. Helix I is still associated with helix 
The three-helix bundle topology is appar- 11, and it is in the final stages of folding that 
ent. The helical content of helix 111 fluctu- helix I changes its orientation relative to 
ates by one or two turns, and helix I1 de- helix I1 and comes to lie across helix 111, 

Fig. 1. The distribution of 
structural dissimilarity be- 
tween conformations with a 
common value of protein 
R,,, P(D,IR,J. This distribu- 
tion indicates that fragment 
B of protein A folds by de- 
scending a funnel-like series 
of conformational states. 
The distribution defines the 
range of different conforma- 
tions (conformational dis- 
similarity) sampled by the 
protein as the simulations 
probe different regions of 
the folding-unfolding reac- 
tion coordinate, R, (measured in angstroms). The conformational dissimilarity function used to construct 
this distribution is defined as a dimensionless measure of structural difference: 

Thus, D,(A,B) is the distance between two structures A and 5, is the interatomic contact distance 
between core side chains i and j in structure a, dp is the hydrogen bond distance for the ith helical 
hydrogen bond in structure a, and SAa is the solvent-accessible surface area for structure a. 

Fig. z. I ne clusrer cenrers represenrlng Tour partlrlons or K, along me rolalng-un~olalng cooralnate. [A) 
Cluster centers for R, = 9.37 A; (B) cluster centers for Rgy = 10.13 A; (C) cluster centers for R,, = 12.13 
A; and (D) cluster centers for R, = 14.13 A. The orientation of structures in each panel place the 
NH,-terminal helix (helix I) near the center and the COOH-terminal helix (helix Ill)  on the left. The colors in 
the figure indicate the presence of secondary structure types: magenta = a helix, red = 3,, helix, blue = 

turn, and white = coil. The cluster centers are from the database generated for initial conditions as 
described (1 7). The 20 equally spaced partitions in R, contained an average of -350 structures each. 
Hierarchical clustering was carried out with the method of agglomerative nesting with Ward's distance 
function (79, 26). The natural clustering and corresponding cluster centers for each partition in R, were 
identified as described (78). 
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making a 15° to 20° crossing angle relative 
to the helix II axis (Fig- 2, A and B). Helix 
III adopts its final configuration relative to 
helices I and II by means of two mecha­
nisms- Either helical hydrogen bonds devel­
op from the NH2-terminus of helix III, in 
which case the helix folds and then docks 
onto the subdomain in an approximately 
rigid-body fashion, or one of the core resi­
dues at the end of the unwound COOH-
terminal strand makes contact with some of 
the core residues in the NH2-terminal re­
verse-turn or base of helix I. After contact 
formation, the COOH-terminal strand folds 
into a helix and docks simultaneously. This 
process appears to be highly cooperative 
(Fig. 2B). 

From these observations and detailed 
analysis of tertiary contact formation along 
the thermodynamic reaction coordinate 
used here, Rgy, we suggest that the early 
thermodynamic stages of folding should be 
resistant to H-D exchange in the NH2-
terminal region of the polypeptide chain, 
centered around Pro21, and the helix I-he­
lix II interface- Significant resistance in 

&100 

Fig. 3. (A) The free-energy surface, W(R ), and (B) 
two components [protein-protein (solid line) and 
protein-solvent (dashed line)] of the average ener­
gy, E{Rgy), displayed as a function of Rgy. These 
properties illustrate the dependence of folding 
thermodynamics on this (volume-related) reaction 
coordinate. The volume ratios v/v0 indicate the vol­
ume of the protein (v) relative to that in the native 
state {v0). The free-energy surface was construct­
ed by the method of umbrella sampling with MD 
(27). For each of the 78 initial configurations of 
fragment B of protein A in explicit solvent, MD in 
the presence of a biasing potential was performed 
for a period of between 50 and 180 ps. The biasing 
potential, Ubias, is given by L/bias = k(Rgy - Rffi, 
where R^ represents one of the Rgy partition cen­
ters at 9.38,9.63,. . . 14.13 A, and/< is 5 to 15 kcal 
mol -1 A - 2 . Histograms were collected in the Rgy 

coordinate. Energies and configurations of protein 
and solvent were saved every 10 steps to con­
struct the average energy surfaces and compute 
the average properties described in the text. 

helix III should occur only late in the ther­
modynamic folding pathway. 

The free-energy and energy surfaces (Fig. 
3) provide an energetic complement to the 
structural picture just described. The free 
energy as a function of Rgy shows three 
well-defined regions (Fig. 3A). There is a 
broad native-state basin. A barrier near Rgy 

= 10.8 A, close to the native state, sepa­
rates the native manifold from a small 
metastable minimum at —1.5 times the na­
tive volume. The native state is —1.1 kcal/ 
mol lower in free energy than this interme­
diate state and is stable to equilibrium fluc­
tuations on the order of 3kBT at room tem­
perature (kB, Boltzmann constant; T, 
temperature). For values of Rgy greater than 
— 11.5 A, the free energy increases by —1.5 
kcal/mol per angstrom. 

The native state is favored by the pro­
tein-protein component of the energy and 
disfavored by the protein-solvent compo­
nent from the energy surfaces for folding-
unfolding (Fig. 3B). The protein-solvent 
energy dominates the energetic contribu­
tions to folding, rendering folding energet­
ically unfavorable (Table 1) (see below). 
This observation is consistent with the 
structural features of unfolding: As the 
protein unfolds, it exchanges favorable 
protein-protein interactions with solvent; 
the protein becomes more exposed to sol­
vent, thereby increasing the number of 
protein-solvent interactions and decreas­
ing the overall protein-solvent energy. 
The core side chains are in contact with 
55% more solvent in the unfolded state 
than in the native state, and all side 
chains show an increased exposure to sol­
vent of —17% relative to the native man­
ifold. This increase in solvent exposure is 
accompanied by a decrease in the mobility 
of water around the protein side chains as 
the protein unfolds. 

The overall thermodynamics for folding 
of fragment B of protein A are shown in 
Table 1. These properties are calculated to 
provide a qualitative molecular picture of 
folding-unfolding thermodynamics. The 
free-energy differences for the processes na­
tive —> intermediate and native —> unfolded 
indicate that the native state is —1.1 kcal/ 
mol more stable than the intermediate and 
2.6 kcal/mol lower in free energy than the 
unfolded manifold. The energy and entropy 
of this system can each be decomposed into 
the sum of three terms: a solvent-solvent 
(SS) term, a protein-solvent (PS) term, and a 
protein-protein (PP) term. It can be shown 
that the solvent-solvent entropy and energy 
terms cancel exactly (21). The protein-sol­
vent energy term represents the averaged 
energy of interaction betweenMhe protein 
and surrounding solvent, and favors more-
unfolded states. The protein-protein energy 
term represents averaged intraprotein inter­
actions and favors folding. On removal of 
the solvent-solvent terms, the unfolded state 
is favored energetically over the folded state 
by —2.4 kcal/mol per residue. The corre­
sponding entropy (-TkS™+PS) (Table 1) 
favors folding by approximately the same 
amount. The protein-protein entropy must 
increase as a function of the protein volume, 
disfavoring folding. This entropy term is 
qualitatively apparent in Fig. 1 as the wid­
ening of the distribution. The remaining 
protein-solvent entropy describes how the 
protein affects the solvent coordinate distri­
bution and vice versa, the so-called hydro­
phobic effect (22). The overall magnitude of 
the entropy, which favors folding, has been 
suggested to be —2 kcal/mol per residue of 
protein (23), in reasonable agreement with 
our findings. Also, general findings regarding 
the overall free energy of stability are con­
sistent with the thermodynamic data for a 
synthetic, parallel three-helix bundle pro-

Table 1. Free-energy, energy, and entropy components for folding of fragment B of staphylococcal 
protein A. The folding free energy and component energies and entropies were computed from 
the underlying free-energy and energy surfaces shown in Fig. 3 (with the exception of the solvent-solvent 
energy surface for which the data are not shown). The Helmholtz free-energy difference (A/VTensemble) 
between the folded and intermediate (unfolded) manifolds of states was constructed from A/\ = 
-kBmKffl{U) with K^(u) = (j!>xp[-W(flgy)//^ where the tempera­
ture (T) is 300 K, /Co is the Boltzmann constant, and the native manifold (A/) was defined as Rn„ < 10.8 
ov/ ' u o o x / y y o 
A, the intermediate manifold (/) as 10.8 A < Rgy < 12 A, and the unfolded manifold (L/) as Rgv > 12 A. 
The energy differences (AE) follow from averaging the energy surfaces over the cfc>rr$iponding regions 
of Rgy and the entropy (AS) comes from LA = AE - 7~AS. The error estimates were constructed from 
the variance of batch means. The raw data used to compute W(R ) and the efiejfgy surfaces were 
divided into four batches. The variance of batch values about the overall average is indicative of the 
precision of the calculations. This quantity is given as ± variancejn the table. The corresponding 
solvent-solvent (SS) energy contributions are A E ^ , = 38 ± 12 kcal/mol and LEfJ

s^u = 117 ± 12 
kcal/mol; these terms are canceled in the overall thermodynamics of folding-unfolding by correspond­
ing entropic terms. The thermodynamic driving forces for folding must arise from the terms included 
in the table. PP, protein-protein; PS, protein-solvent. Units are kilocalories per mole. 

Transition 

A/->/ 

M 

1.1 ± 0.1 
2.6 ± 0.1 

^PP+PS 

-44 .0 ± 3.6 
-115.4 ± 4.8 

AEPP 

50.1 ± 4.4 
139.1 ± 5.2 

- 7 A S P P + P S 

45.0 ± 3.7 
118.2 ± 4.8 
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tein of comparable size (24). The accord that 
emerges from our calculations for basic ther- 
modynamic parameters suggests that studies 
such as those presented here can be used for 
two purposes: (i) to prov~de a bridge to an- 
alytrc mean-field and lattice-based theories, 
fumishrng them with fundamental parame- 
ters for their model descriptions (4,  25), and 
(ii) to provide predictions and rationaliza- 
tions of experimental observations. 

REFERENCES AND NOTES 

1 0 .  8 .  Ptitsyn, R.  H. Pain, G V. Semisotnov, E. Ze- 
rovnik, 0 .  I .  Razguyaev, FEBS Lett. 262, 20 (1990), 
O B Ptitsyn, J. Protein Chei-ii. 6 ,  273 (1987); V. N. 
Uversky, Biochemistry 32, 13288 (1 993): - 
and 0. B.  Ptitsyn, FEES Lett. 321, 15 (19941, K. 
Kuwajima, Proteins Struct. Funct. Genet 6, 87 
(1 989), N. Tadde et a/. ,  Eui. J. Blochei-ii. 225, 81 1 
(1 994). 

2. E. I. Shakhnovich and A. V. Finkelstein, Biopolyn?ers 
28, 1667 (1 989). 

3. A. Kohnski and J Skolnick, Proteins 18, 353 (19941, 
J Skonck and A. Kol~nsk~, J. Mol. 5/01, 221, 499 
(1991). 

4. J. D. Bryngeson, J. N. Onuchic, N. D. Socci, P. G. 
Wolynes, Proteins Struct. Funct. Genet. 21, 167 
(1995); K. A. Dill et a/.. Protein Sci 4, 561 (1995); M. 
Karpus and A. S a ,  Cuii. Opin. Struct. 5/01, 5, 58 
(1 995). 

5 R. L. Baldw~n, Trends Blochem. Sci. 14, 291 (1989). 
6. D L. Weaver and M. Karpus, Protein Sci. 3, 650 

(1 994) 
7. K. A. Dill, Biocheniistry 29, 71 33 (1990). 
8. P. E. Leopold, M. Montal, J. N. Onuchc, Pioc. Natl. 

Acad. Sci. U.S.A. 89, 8721 (1992), P G Woynes, J 
N. Onuchic, D. Thlrumala~, Science 267, 1619 
(1 995). 

9. J Skoln~ck, A Kolinski, C L. Brooks I ,  A Godzk, A. 
Rey, Curr Biol. 3, 414 (1993): M Veth. A. Kolnski 
C L. Brooks Ill, J. Skolnick, J. Mol. Biol. 237, 361 
(1 994) 

10 C. L. Brooks Ill, Curr. Opin. Struct. Biol. 3, 92 (1 993); 
V. Daggett and M. Levitt, !bid 4. 291 (1994). 

11. C L Brooks Ill, J. Mol Biol. 227, 375 (1 992). 
12. a n d  D. A. Case, Cheni. Rev. 93,2487 11 993). 
13. Fragment B of staphylococcal protein A is a slngle- 

domain three-helix bundle protein that colnprises 
60 amino acids. The sequence of the 60-residue 
protein fragment is (key hydrophobic core res~dues 
are shown as bold) TADNKFNKEQQNAFYEILH- 
LPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKL- 
W Q A P K A .  (Abbrev~ations for the amino acid resi- 
dues are A, Ala; D, Asp, E, Glu, F, Phe, G, Gly; H, His, 
I, Ile; K, Lys; L, Leu: N, Asn; P, Pro; Q, Gln; R, Arg, S, 
Ser; T, Thr, and Y, Tyr.) In solution (16), the COOH- 
terminal h e x  Ill is intact and all three helices contact 
one another, forlning a small (-30 side-chain con- 
tacts) hydrophobic core In complex with an Immu- 
noglobulin (15), helix Ill is basically unfolded, even 
though it is not in d~rect contact w ~ t h  the proten, and 
helices I and I 1  pack together, resulting In a signfi- 
cantly smaller nterhelical angle and differing con- 
tacts. Our si~nulations are of the sequence froln res- 
idues 10 to 55 (underlined), which includes the three 
hel~ces and beglns at the NH,-terminal Glnl0 and 
ends at the COOH-terminal Alas". In the simulat~ons, 
the NH,-terminus and COOH-terminus of the 
polypeptide were blocked with acety and N-methyl 
alnine groups, respectlvey. 

14. J. Sjodah, Eur J. Biochem. 78, 471 (1977). 
15. J. Deisenhofer, Biochen?istiy 20, 2361 11 981). 
16. H .  Gouda eta/ . ,  ibid 31, 9665 11 992). 
17. To generate lnitlal cond~t~ons spannng a relevant 

range of R,,, six dfferent MD sim~ilations were per- 
formed. Each s~m~i la ton conssted of a systeln de- 
fined by the protein p u s  5012 water  molecules n a 
perlodlc voiume. The proteln and soivent Interacted 
vla the CHARMM version 19 emprica force fled [B. 
R. Brooks et a/., J. Comput. Chem. 4, 187 (1 98311, In 
whch water 1s represented by the TP3P model [W. 
L. Jorgensen, J. Chandrasekhar, J. Madura, M. L. 

Klen, J. Chen?. Phys. 79, 926 (1983)l. SHAKE was 
used to maintain hydrogen-heavy atoln bond d~s -  
tances f~xed and to render the water molecules r~gid 
at their experilmental geometry [J.-P. Ryckaert, G 
Clccotti, H. J. C. Berendsen, J. Coi-iiput. Phys 23, 
3270(1977)]. Long-range forces were truncated at 
10 A with an atom-based force-shft method [C. L. 
Brooks I ,  B .  M Pett~tt, M .  Karpus, J. Clien?. Phys. 
83, 5897 (198511 Interactions were colnp~ited w ~ t h  
lists updated every 20 t ~ m e  steps [M. P Allen and 
D J. Tdesley, Computer Sin?ulat/on of Liquids 
(Oxford Unversity Press, Oxford, 1989); L. Veret, 
Phys. Rev. 159, 98 11967)], and the t m e  step for 
integration of the equations of motion was 2.0 fs. 
Two independent 1.3-ns silnulations were per- 
forlned on the "native" state at 300 K, starting 
froln the NMR structure. The telnperature was 
s~noothly Increased to 360 K and ma~ntained there 
for another 800 ps. Each system was then heated 
to 400 K and held there for 800 DS. The tra~ectories 
were analyzed to extract a co'nfor~national data- 
base !hat spanned the range of R,, froln 9.3 to 
12.5 A. Sa lnpng in large-proten vol~i lne regions 
was acco~npished w ~ t h  four add~tional s im~ ia t~ons  
Initiated froln structures, w ~ t h  both large and small 
R,,, salnpes n the previous s~~nula t~ons These 
structures were unfolded slowly and stepwse w ~ t h  
a harmonic potential In R,, centered around a value 
of 14 A. In each instance, a small n ~ t a  force con- 
stant was chosen and was Increased as the simu- 
lat~on contnued. After the structures reached the 
target value of R,,, the b~asing potentla was re- 
moved and the structures were allowed to relax 
Each of these slmulat~ons required between 300 
and 500 ps to acheve the target value. These 
structures were added to the database. The data- 
base in~tially contained -300,000 structures. Con- 
formations that were nearest ne~ghbors In tltne 
were eliminated to dmlnish cor reat !d  and reduce 
the database to a Inanageable sze. 

18. To extract the "naturai" custerng from the herar- 
chy, we used the function 

wh~ch peaks strongly for clusterngs that have c o t v  
pact, well-separated clusters 119). In t l i~s  expression, 
MBCD(i-ii) 1s the ~ n n ~ m u ~ n  between-c~ister distance 
for clusters at level 171 of the h~erarchy, and SSQ(i7i) is 
the mean sun1 of squared dev~at~on between all 
structures at the mth level of the h~erarchy These 
clusters, and their representative centers, deflne the 
range of conformations salnpled during folding. 
These structures form the bass for our anaiyss of the 
foldng funnel shown n Fig. 1 and tl iefold~ng pathway 
descrbed ~n F I ~ .  2. 

19. S. Xu, M. V. Kamath, D. Vi). Capson, Patt. Recog. 
Lett. 14, 7 (1993), T. Kur~ta, Patt. Recog. 24, 205 
(1991). 

20. E M. Boczko and C. L. Brooks HI, J. Phys. Chem. 
97, 4509 11993); S. Kumar, J Bouz~da, R. Swend- 
sen, P. Kolman, J. Rosenberg, J. Comp. Chen? 13, 
169 (1 992) 

21. H.-A. Yu and M. Karpus, J. Chem. Phys. 89, 2366 
,<n""! 
I 1300). 

22. T. Lazar~d~s and M. E. Pauait~s, J. Phys Chem. 96, 
3847 (1 992). 

23. 8 .  Hong, paper presented at the Cold Spr~ng Harbor 
meetlng on Protein DesgnIFoding, &Id Spring Har- 
bor, NY, 18 October 1994; P. Alexander, S. 
Fahnstock, T. Lee, J. Orban, P. Bryan, Biochen?stiy 
31, 3597 (1992); S. J.  G I  and P. L. Pr~valov, Adv. 
Protein Chem. 39, 191 11988). . 

24. M. Llebert~an, M. Tabet, T. Sasaki J. Am. Chem. 
SOC. 11 6, 5035 11 994). 

25. Z. L~~they-Schuten, R. E. Ratnrez, P. G. Woynes, J. 
Phys. Chei-ii. 99, 21 77 (1 995). 

26 A. D. Gordon, J. R Stat Soc. A 150, 11 9 (1 987). 
27. J P Valleau and G. M Torr~e, n A Guide to Monte 

Car10 for Statistical Mechanics: 2. Bpvays in Statis- 
tical Mechanics, Part A, B J. Berne, Ed (Plenum, 
New York, 1977), pp. 169-1 94. 

28. We thank the P~ttsburgh Superco~nput~ng Center 
and the NSF Meta-Center Aocat~ons Board for a o -  
catons of comp~i t~ng tme.  Supported by N H  grant 
GM48807. 

MBCD(m) - MBCD(n? + I )  Einl) = , SSQ(m) - \'SSQln? - 1) 3 January 1995 accepted 30 May 1995 

Telomerase in Yeast 
Marita Cohn and Elizabeth H. Blackburn* 

The ribonucleoprotein enzyme telomerase synthesizes telomeric DNA by copying an 
internal RNA template sequence. The telomerase activities of the yeasts Saccharomyces 
castellii and Saccharomyces cerevisiae-with regular and irregular telomeric sequences, 
respectively-have now been identified and characterized. The S. cerevisiae activity 
required the telomerase RNAgene TLCl but not the EST1 gene, both of which are required 
for normal telomere maintenance in vivo. This activity exhibited low processivity and 
produced no regularly repeated products. An inherently high stalling frequency of the S. 
cerevisiae telomerase may account for its in vitro properties and for the irregular telomeric 
sequences of this yeast. 

Telomeres, the specialrzed DNA-protein 
structures at the ends of eukarvotic chrorno- 
somes, are necessary for chromosomal sta- 
bilitv ( 1 ) .  The telorneric DNA that is es- , , ,  

sential for telomere f~~~lnction consists of 
simple sequences, repeated in tandem, 
whose synthesis and maintenance normally 
require the ribonucleoprotern enzyme te- 
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lomerase (2-5). Telolnerase activities iden- 
tified in vitro in extracts fio~fl ciliated pro- 
tozoan and vertebrate species catalyze the 
synthesis of holt~ogeneous, precisely repeat- 
ed telomerrc sequences (6 ,  7). Synthesrs by 
telornerase occurs by addition of the G-rich 
telomeric strand to the 3' end of a DNA 
primer. For the Tetrnhymena theymophila te- 
loruerase, both in vitro and in vivo studies 
show that DNA synthesrs occurs by copyrng 
a short template sequence within the RNA 
lllolety of the enzyme (2 ,  8). 
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