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The information encoded in the genome of any living system has to be translated into 
protein sequences in order to generate biological activity. Protein molecules are synthesized in 
the ribosomes as linear polypeptide chains, which must fold into their well-defined three 
dimensional structure in order to be functionally active. Understanding how Ws functional 
three-dimensional structure is obtained is one of the fundamental problems still to be sol ved in 
modero Biochemistry. Much remains to be known about the forces involved in determining 
protein folding and stability. Yet the problem is importan! not just from an academic 
perspective but from a practical point of view. There is for instance a growing pressure to solve 
it in order to fill the gap between the number of known sequences provided by the different 
genome projects, and the number of known structures determined by NMR and X-ray 
crystallography. Rational proposals for the obtention of, i.e. , novel proteins with improved or 
new biological activities can only be made on the basis of the three-dimensional structure, 
which for heterologous proteins cannot be predicted from the aminoacid sequence up to the 
present time. The same can be said for proteins which can be considered as drug receptors, so 
that folding is also a central issue in drug discovery for use with pharmaceutical and medica! 
purposes. More recently, there is a growing evidence that folding is coupled intimately with the 
localization and regulation of biological activity. Misfolding events therefore lead to 
malfunctioning of living systems, and an increasing range of diseases from cystic fibrosis to 
Creutzfold-Jakob disease and Alzheimer's is now associated with such problerns. 

During the past few years, recent advances in both experimental and theoretical aspects 
have offered new insights into the basis of the problem. The aim of the Workshop was to 
provide a forum for discussion on recent advances and methodological developments in protein 
folding on the part of leading experts in the field. The Workshop was directed toa wide range 
of scientists, more or less connected to this important biological problem, and the main 
intention was to enrich their views on those aspects less familiar to them. 

The developing of very simple theoretical models that can reproduce sorne of the 
experimental results obtained with real proteins, the so-called lattice models, have captured the 
imagination of many people in the protein field. These approximations provide sorne 
microscopic insight into the process of protein folding and could help in the interpretation and 
design of future experiments. A long term goal in protein folding is to predict the pathway of 
folding of proteins by computer simulation. Recent Molecular Dynamics simulations from 
severa! laboratories are showing that the goal can be accomplished for the unfolding of small 
proteins as demonstrated by the good agreement obtained between the predicted pathways with 
the experimental results corning out from protein engineering studies. 

Simple experimental protein systems have shown to be invaluable in obtaining 
meaningful data about the main factors involved in the folding process. We are approaching a 
moment in which due to the number of experimental models analyzed, there is enough 
information to start proposing unified models explaining the folding reaction of small proteins. 
In particular the development of methods that allow the monitoring of folding stages in the JlS 
range, have provided for the frrst time insight into the early folding events. Similarly recent 
advances in NMR and Mass Spectroscopy have allowed us to monitor specific conformations 
in the denatured state, as well as of the progression of the conformational ensemble to the 
folded state. 

Instituto Juan March (Madrid)
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While still we are far from understanding the folding process and from predicting 
correctly the 3-D structure of a particular sequence, severa! groups have started to use the 
inforrnation airead y available to design new proteins. The de novo design of proteins implies 
the possibility of rationally modifying existing proteins, or the design of sequences that should 
adopt a given target fold. During the past five years this field is corning into a mature state as 
demonstrated by the results presented in the W orkshop, according to which many different 
successful rational designs have been accomplished. The possibility of increasing the stability, 
selectivity or catalytic efficiency of a protein has then proven to be possible. 

In the last few years a large number of proteins that assist protein folding in vivo 
(chaperones) have been discovered. Sorne of them have been shown to be highly versatile 
chaperones since their assistance range from folding of nascent proteins to proteolytic 
degradation of unstable proteins. While most proteins appear to fold upon release from those 
chaperones, certain slow-folding and aggregation-sensitive polypeptides seem to be 
subsequently transferred to a cylindrical protein complex (chaperonin) for folding in the 
sequestrated environment of its central cavity. Questions related to this important and new field 
ofresearch were actively discussed at the Workshop. 

Finally, two important human diseases associated to protein aggregation due to 
misfolding were addressed at the Workshop: amyloid related diseases (including Alzheimer's 
disease) and transrnissible encephalopathies caused by a proteinaceous infections agent or 
prion. Not only invited papers but also the comrnunications presented as posters in this 
Workshop were important contributions to grasp the current state and the future work to do on 
this fascinating biological problem. While many of the questions on protein folding are still to 
be solved, the Workshop did certainly succeed in enriching our view ofthe problem and setting 
the scenario for future developments on the field . 

A. R. Fersht, M. Rico and L. Serrano 

Instituto Juan March (Madrid)
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EXPERIMENT AND SIMULA TION OF PROTEIN FOLDING 

A. R. Fersht, Centre for Protein Engineering, University ofCambridge, 

Cambridge CB2 IEW, England 

A long term goal in protein folding is to predict the pathway of folding of proteins by 

computer simulation. Such simulations require experimental data at atomic resolution 

to benchmark their validity. Such information is being provided by protein engineering 

experiments - F-value analysis, which can chart the progress of each side chain as -a 

protein folds up. Molecular dynamics simulations from severa! laboratories of the 

unfolding of chymotrypsin inhibitor 2 (CI2) and bamase are in good agreement with the 

protein engineering studies. The simulations are subject to severa( assumptions, 

especially the validity of extrapolating data at 500 K to room temperature. Thus, they 

require experimental validation. We ha ve now tested predictions on the structure of the 

transition state of CI2 and verified them by designing faster folding mutants. By bench 

marking the simulation of the unfolding of bamase using F values and NMR studies on 

the denatured state, we are able to describe the complete folding pathway of bamase at 

atomic resolution. 

References: 

l . Synergy Between Simulation and Experiment in Describing the Energy Landscape of 

Protein Folding A. G. Ladurner, L. S. Itzhaki, V. Daggett andA. R. Fersht Proc. Natl. 

Acad. Sci. USA 95,8473-8478 (1998) . 

2. Characterization of Residual Structure in the Thermally Denatured State of Bamase 

by Simulation and Experiment: Description of the Folding Pathway. C. J. Bond, K.-B. 

Wong, J. Clarke, A. R. Fersht and V. Daggett. Proc. Natl. Acad. Sci. USA 94, 13409-

13413 (1997). 

3. Combined Molecular Dynamics and F-Value Analysis of Structure-Reactivity 

Relationships in the Transition S tate and Unfolding Pathway of Barnase: The Structural 

Basis of Hammond and Anti-Hammond Effects. V. Daggett, A. Li andA. R. Fersht J. 

Amer. Chem. Soc. (in press) (1999). 
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Protein Folding: lnsights from Sim.ulatioru; 

Martin Karplus 

Laboratoire de Chimie Biophysique, ISIS 
Université Louis Pasteur 

67000 Strasbourg France 

and 

Department of Chemistry & Chemical Biology 
Harvard University 

Cambridge, Massachusetts 02138 
U. S.A. 

To understmd the thermodynamics and dynarnics of protcins, simulations are 

needed to supplement the experimental daUl.. In most cases, simplified models ha veto be 

introduced to be able to explore rhe accessible conformational space. Examples taken from 

lattice and off-latticc simulations of protein folding and unfolding will. be presented. 

Rclated Rclerenccs: 

A Caflisch and M. K.arplus (1995) . A.cid and Thermal Denaturati.on ofBamase 

Investi.gated by Molecular Dynamics Simulations, J. MoL Biol. 252, 672r 708. 

C. M. Dobson, A Sali, and M. Karplus (1998). Protein Folding: A Perspecti.ve from 

Thcory & Expcriment, Angewandte Chemlnt.Ed. 37, 868-893. 

A R. Dinner, A Sali, and M. Karplus (1996). The Folding Mechanism of Largcr Model 

Proteins: Role of Nativc Structure, Proc. Narl. Acad. Sci. USA 93, 8356-8361: 

T. Lazaridis and M. Karplus (1997). "New View" of Protcin Folding Reconciled with the 

Old Through Multiple Unfolding Simulations, Science 278, 1928-1931. 

Y. Zhou and M. Karplus (1997) . Folding Thermodynamics of a Model Three-Helix

Bundle Protein, Proc. NatL Acad. Sci. USA 94, 14429-14432. 
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Peptide Folding: V\lllen Simulation Mcets Expedment 

Wilfred F. va,n Gunstercn 
Laborutory of Physical Chemistry 
Swiss Feder.U Institutc of Technology Ziirich 
ETH Zentruffi, CH-8092 Zürich 
Switzerland 

It has been commonly assumed that it is not possible to simulate the folding of a 
peptide in solution in atomic detall under reversible conditions using molecular 
dynamics simulation techniques. First, the time .scale on which peptides fold is 
considered beyond that which can be currently simulated using realistic models . 
Second, the availéible models are thought to be of insufficient accuracy to reproduce 
conformational preferences of peptides under realistic conditions. In this report we 
provide clear eviqence, exemplified by studies on 13-peptides, of the ability of atomic 
leve! dynamics simulations to accurately reproduce the m.echanism of peptide folding 
in solution and td reproduce conformational preferences as a function of amino acid 
sequence. 

References: 

X.Daura, B. Jaun, D. Seebach, WF. van Gunsteren and A.E. Mark 
Reversible: Peptide Folding in Solution by Molecular Dynamics Simulation 
J_ MoL Biol. 280 (1998) 925-932 

X. Daura, K. Gademann, B. Jaun, O. Seebach, W.F. van Gunsteren and 
AE. Mark 
Peptide Folding: When Simulation Meets Experiment 
Angew. Chemie Intl. Ed. (1998) in press 

X. Daura, :W.F. van Gunsteren and AE. Mark 
: "; Folding-unfolding thennodyna.mics of a ~heptapeptide from equilibrium 

simulations 
Pi:oteins (1998) in press 

-L' , . 
· X Daurar A .E. Mar k and W.E van Gunsteren 

Peptide folding simulations: No solvent required? 
Comp. Phys. Comm. (1998) in press 
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PROTEIN HYDRATION, STABILITY ANO UNFOLDING 

Julia M Goodfellow 

Department of Crystallography 

Birkbeck College, Malet Street, London WCl E 7HX 

Following on our studies on hydration of proteins, we have focused on an analysis of 

cavities within proteins and specifically on the properties of cavi ties in native proteins 

which are found to contain solvent molecules ( l ). From this approach, we ha ve been 

able to estímate whether any cavity within a protein is likely to be hydrated. This 

estímate of the probability of hydration depends on its size and the extent of its polar 

surface2-3 . Such calculations can be carried out at realistic temperatures for unfolding 

(80C) and within an iterative protocol using a total of l 00 ps molecular dynarnics. The 

original algorithrn was based on a rnodelling procedure in which we only had a shell of 

solvent molecules and as this shell was broken on unfolding it was repaired. More 

recently, we have irnproved the algorithrn so that we have a more usual insulation in a 

NVT or NPT ensemble. Thus there is a normal box of solvent and water molecules 

needed for insertion into cavities are chosen from those near the periphery. We will 

present data on the use of both the original 4) and modified insertion protocols as well 

as comparisons with high temperature unfolding sirnulations. We are currently 

exploring these approaches to study the unfolding of a nurnber of proteins including 

therrnophilic and rnesophilic ribonuclease H, p53 and the eye lens crystallins. 

References: 

l. Williarns M A, Goodfellow 1M and Thornton 1M (1994) 'Buried waters and interna! 
cavities in monomeric proteins', Protein Science, 3, 1224-1235. 

2. Goodfellow 1M, Pitt W R, Smart O S and Williarns M A (1995) 'New methods for 
the analysis of the protein-solvent interface', Computer physics communication 
(Biophysics Volume), 91 , 321-329. 

3. Goodfellow 1 M, Knaggs M, Williams M and Thornton J M (1 996) 'Modelling 
protein unfolding: a solvent insertion protocol', J Chem. Soc. Faraday Discussions, 103, 
239-24 7. 

4. Willian1s M A, Thornton J M and Goodfe llow J M (1997) 'Modelling protein 
unfolding: Hen egg-white lysozyme', Protein Engineer, 10,895-903 . 
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Protein Folding: from Lattice Models to real Proteins. Physical 

Insights into Protein Evolution. 

E.! Shakhnovich 

Deparlmenl of CJ.em •slry and CJ.emical Biology, H aruard UniUersity, 12 O:r:ford Streel, 

Cambndge, MA 02138 

Theory, simulations and experiment converged on nucleation mechanism of folding as 

likely scenario for small single-domain proteins whereby passing the transition state requires 

formation of a small number of obligatory contacts ( specific nucleus) . The focus of the 

present talk is on implication of nucleation mechanism of protein folding kinetics for evo

lu tion of protein sequences . In particular we will present evidence that for a number of 

proteins evolution indeed controlled their folding rates (sometimes negatively, i.e . preserv

ing slow folding). Simulations and analytical theory of pro te in evolution allows to develop 

a unifi ed model of protein evolution that can be directly applied to the analysis of protein 

seq uences . The theory introduces a new concept of "Conservatism of Conservatism" that 

accounts for physical degeneracy of protein code and points out to a more consistent way 

to do evolutionary analysis of protein sequences . We show how analysis of severa! protein 

superfamilies a long these lines helps to discover evolutionary signals that are responsible for 

protein s tabi lity and folding rate . 

In the second part of the talk we will present our most recent findings that shed light on 

the unusual behavior of prions. 

Instituto Juan March (Madrid)
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Kinctics And Dynamics Of Elemcntary Processcs In Protcin Folding. 

William A. Eaton• 

Laboratory of Chemical Physics, NIDO K, NIH 

Bethesda, MD 20892-0520. 

Knowing the time scales and mechanisms of elementary processes in protein folding is 

essential for understanding how proteins fold . These processes include the formation of 

secondary structure (alpha helices and beta sheets), loops, and long-range contacts, as well as 

global collapse of the unfolded polypeptide chain. We are investigating their kinetics using 

nanosecond optical methods for both triggering and observation. The formation of helices 

and hairpins in isolation, as well as global collapse, are being studied by nanosecond laser T

jump with fluorescence monitoring, while loop formation is being investigated by the 

quenching rate of excited triple! states. The results are interpreted in terms of simple 

statistical mechanical models. One of the surprises from this work is that much of the basic 

physics of protein folding is contained in the dynamics of a structure as small as a beta 

hairpin forming peptide. 

References: 

S .J. Hagen, J. Hofrichter, and W.A. Eaton., "The Rate of Intrachain Diffusion of Unfolded 

Cytochrome e", The Journal ofPhysical Chemistry B 101,2352-2365 (1997). 

C.-K. Chan, Y. Hu, S. Takahashi, D. L. Rousseau, W.A. Eaton, and J. Hofrichter, 

"Submillisecond Protein Folding Kinetics Studied by Ultrarapid Mixing," Proceedings ofthe 

National Academy of Sciences USA 94, 1779-1784 (1 997). 

W. A. Eaton, V. Muñoz, P. A. Thompson, C.-K.Chan, and J. Hofrichter, "Submillisecond 

Kinetics of Protein Folding," Curren! Opinions in Structural Biology 7, 10-14 (1997). 

P.A. Thompson, W.A. Eaton, and J.Hofrichter,"Laser Temperature Jump Studies of the 

Helix-Coil Kinetics of an Alanine Peptide lnterpreted with a 'Kinetic Zipper' Model ," 

Biochemistry 36, 9200-921 O ( 1997). 
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V. Muñoz, P.A. Thompson, J . Hofrichter, and W. A. Eaton, "Folding Dynamics and 

Mechanism o f b-1-lairpin Formation," Nature 390 , 196-199 (1997). 

V. Muñoz, E. R. Henry, J. 1-lofrichter, and W.A. Eaton, "A Statistical Mechanical Model for 

b-1-lairpin Kinetics," Proceedings of the National Academy of Sciences USA 95, 5872-5879 

( 1998) . 

W.A. Eaton, V. Muñoz, P.A. Thompson, E.R. Henry, and J. 1-lofrichter. "Kinetics and 

Dynanlics of Loops, a-Helices, b-Hairpins, and 'Fast' Folding Proteins." Accounts of 

Chemical Research 31, 745-753 (1998). 

P.A. Thompson, V. Muñoz, G.S. Jas, E.R. 1-lenry, W.A. Eaton, and J. 1-lofrichter. "1-lelix-Coil 

Transition of a 1-leteropeptide." Joumal of Physical Chemistry (submitted). 

*These studies are being carried out in collaboration with Stephen J. Hagen, Eric R. 1-lenry, 

James 1-lofrichter, Gouri las, Lisa Lapidus, Víctor Muñoz, and Peggy A. Thompson. 
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DfRECT OBSERVA TI ON OF CONFORMA TlONAL EVENTS lN PROTEIN FOLD1NG ON 
THE MICROSECOND TIME SCALE 

Heinrich Rader, Ramachandra Shastry, Michael Sauder & Saan-Ha Park 

1nstitute for Cancer Rescarch, Fox Chase Cancer Center, Philadelphia, PA 19111 . 

While small globular proteins typically require milliseconds to seconds to complete the 
process of folding, there is growing evidence that important conformational changes, including 
secondary structure formation and chain collapse, occur on a much shorter time scale. These early 
events are crucial for understanding how protein folding is initiated and directed along productive 
channels ( 1 ). However, the limited time resolution of conventional kinetic methods has precluded 
direct observation ofthe initial cotlapse ofthe polypeptide chain, and the mechanism ofthis 
critica! event remains poorly understoad. 

In previous kinetic studies on cytochrome e (a 104-residue protein with primarily a-helical 
structure), a majar fraction ofthe heme-induced quenching ofTrp59 fluorescence indicative of 
chain collapse was found to occur within the first millisecond afrefolding (2-5). Using a newly 
developed continuous-flow capillary mixing method (6), we were able to quantitatively account 
for the en tire fluorescence change associated with refolding of cytochrome e over the time 
windaw from tens ofmicroseconds to minutes (7). The kinetics offolding under various 
conditions exhibits a majar exponen tia! process with a time constan! of about 50 JlS, indicating 
that a distinct free energy barrier is encountered during the collapse ofthe polypeptide chain . This 
majar conformational transition occurs long befare the rate-limiting fonnation of specific tertia1y 
interactians, indicating that folding occurs in at least two stages. Continuous-flow experiments an 
anather small protein, the 57-residue 81 domain of protein G, revealed a majar fluarescence 
phase with a time constant of --600 J..I.S, which accounts far the initial changes in fluorescence that 
remained unresolved in earlier stopped-ftow measurements (8). 

Complementary structural information on early events in folding can be obtained by 
combining hydrogen exchange Iabeling, rapid mixing and 20 NMR methods. By observing the 
competition between HID exchange and refolding during the 2-ms dead time of a quenched-flow 
experiment, we were able to measure protection factors for 40 individual ami de protons in horse 
cytochrome e {9). At law denaturant concentration, we found weak but significan! protection for 
ami de protons in three helices with little or no protection elsewhere, indicating that the early 
intermediate contains a loosely packed a-helical core. Thus, the collapse ofthe chain on the 
submillisecond time scale is a barrier-limited event resulting in a dynamic ensemble ofpartially 
folded states with non-random structural preferences, which appears to facilitate folding by 
limiting the confarmatianal search during the initial stages. 

l. Roder, H. & Colón, W. {1 997) Curr. Opin. Struct. Bial. 7, 15-28. 
2. Eleve, G . A., Chaffotte, A. F., Roder, H. & Goldberg, M. E. (1992} Biochemistry 31, 6876-

6883. 
3. Colón, W., Eleve, G. A., Wakem., L. P., Sherman, F. & Roder, H. (1996) Biochemistry 35. 

5538-5549. 
4. Sauder, J. M., MacKenzie, N. E. & Roder, H. {1996) Biachemistry 35, 16852-16862. 
5. Colón, W. & Roder, H. (1996) Nature Struct. Biology 3, 1019-1025. 
6. Shastry, M. C. R., Luck, S. D. & Roder, H. (1998} Biophys. J. 74 : 2714-2721. 
7. Shastry, M . C. R. & Roder, H., Nature Struct. Biol. (1998) 5: 385-392. 
8. Park, S.-H., K.T. O'Neil, & H. Roder (1997) Biochemistry 36: 14277-14283. 
9. Sauder, J. M. & H. Rader {1998) Amide protection in an early falding intermediate of 

cytochrame c. Folding & Design 3: 293-30 l . · 
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Stefan Freund 

Abstract : Structure and Dynamics of denatured ¡3-Proteins 

The energy landscape of the denarured state of a protein provides a Jcey to understanding early 
folding events. In studies of the denatured states of bamase and barstar, sorne of the 
embryonic initiation sites, regions that possess load residual structute, as determined by 
NMR methods, ·are found to be productive for protein folding. These regions contribure to 
tcrtiary interactions involved in the transition state of protein folding as derived from 
cxtensive protein engineering studies. 

We have attempted to map the energy landscape for the third fibronectin Type ill do~ain 
from human Tenascin (Tnfn3), a compact 9.5 KD ~-sandwich protein, through mea.surements 
of 15N backbone dynamics on the milli- to picosecond timescale and a number of structural 
parametcrs. Tnfn3 was fully denatured with 5M urca, no structural differences were observed 
for the 6M urea denatured stale. Secondary chemical shifts, 3JHNHa coupling constants, 
amide proton temperature coefficients, interresiduc NOE intensities, l5N relaxation r-<~.tes and 
{ 1H-15N} steady state NOE enhancc:ments were ailalyzed. Off-resonance Tlp experiments 
reveal a !acle of mobility on the milli- to microsecond time scale, indicating that no element of 
residual structure in the denatured state is persistent Reduced mobility correlates with 
regioos of extreme hydropbobicity or polarity. In these rcgions, severa! other measures of 
randorn coil behavior are perturl>ed. Evidence for two nascent tum-lik:e structures 
corresponding to loop regions in the native fold is reported. 

The results are compared to denatured states of an immunoglobulin superfamily 9.5 kD 
domain (lgSF), Ig18' sharing the same ¡l--sandwich fold. Analysis of structural and dynamic 
data of the 4.2M urea and tbe 6M úrea denatured state reveal that they are both highly 
disordered with sorne local turn-like residual structure. The 6M urea denatured state has a 
similar dynamic range lilcc the ·5M urea denatured state of Tnfn3. with nascent turn Like 
structw:e in region 32-36 corrcsponding to tbe BC loop in the native protein. In the 4.2M 
urea denatured state, additional tum like structure and substantial chemical exchange on tbe 
mili- (O microsecond timescale were found in the e-terminal region 80-93. This indicares 
that the· structural and dynamic properties of denatured Igl8' can be characteristically altered 
when the protein is subject to differem denaturant concentrations. 

Botb studies indicate that residual structure and local compactness correlates more strongly · ,,J 
to charac[eristics of individual residues than to structural elements of the native state: The1 ··-. • 
explicit measurement of chemical exchange provides new ways to chatacterise' 'f ;¡"~ 
conforrnational restrictions that may play a role in the early stages of folding, but will also·1<'' " 
enable to probe oligomerisation or folded-unfolded equilibria. 'J ~ 

References : 
S. Fong, M. Bycroft, J. Clarke & S.M. V. Freund (1998) J. Mol. BioL 278, 417-429. 
A Mee.khof & SM.V. Freund (1998) f MoL BioL in tbe press. 
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A closeup view of a protein folding : 

a residue-specific study from the denatured to the folded state 

in a chemotactic proteinfrom Escherichia Coli, Che Y 

P. Garcia", M. Bruix", M. Rico" & L. Serranob. 
• InsÚtuto de Estructura de la Materia, CSIC, Serrano 119, 28006 Madrid, Spain. 
b European Molecular Biology Laboratory, Meyerhofstrasse 1, 69117 Heidelberg, Gerrnany 

So far, proteins denatured states, as well as early folding stages, are poorly understood. Even 

though structural evidence is lacking, it is now admitted that denatured states do no necessarily 

correspond to the random coi! model. It is also important to understand the physical properties governing 

unfolded proteins, as i) they are determinan! of protein stability, ii) seem to play a crucial role in protein 

folding initiation and iii) have been shown to be implicated in pathological processes. 

In this poster, we describe a new technique to investigate the folding process of a protein at the 

residue leve!, from the denatured state to the fully folded protein, based on multidimensional NMR. The 

unfolded state of Che Y V83T/F14N mutant has been shown to be more compact than what should be 

expected for a fully denatured protein and the packing of the N-terminal extrernity of the molecule would 

correspond toa folding nucleus upon which the rest ofthe architecture condenses. 

This protein has then been studied in presence of 5 M urea by heteronuclear multidimensional 

NMR using 3D 1 ~-separated TOCSY-HSQC and 3D 1 ~-separated NOESY-HSQC experiments. In the 

TOCSY-HSQC spectra, all side chains protons are correlated to their intra-residue amide protons. This, 

and the fact that almost all a-protons of a residue are correlated with the previous residue's ami de pro ton 

in the NOESY-HSQC spectra, allowed the assignment of 112 residues, out of 129. 

The observation of the "conforrnational shift" then obtained, as well as the backbone 1 ~ 

relaxation times, suggests that two sequence regions present less dynamic properties in the unfolded state. 

One region, from residue 8 to 22, corresponds to the regions proposed previously as a folding nucleus. 

The other region, from residues 70 to 97, corresponds to the mutation region, suggesting that this 

substitution could also alter the denatured state. Eventually, a study of peptides encompassing these 

specific regions has allowed us to detennine whether the stabilisation of this compact state arises from 

local or non-local interactions. 

The assignrnent of the unfolded state then allowed us to follow the changes in environment for 

each backbone amide proton. The cross-peak intensity of each proton in a serie of 20 HSQC spectra, 

recorded with different urea concentrations, has been used as a conforrnational probe. As Che Y 

denaturation is complete[ y reversible, it is then feasible to monitor its folding process residue by residue. 

75 residues, distributed all along the protein sequence, have then been studied. This work clearly shows 

the existence of an interrnediate which is not forrned cooperatively. This interrnediates forrns according to 

two f9lding sub-dornains, consisting in residues 1 to 70 and 70 to 129. Moreover, a region remains 

collaps~ \l[lder very high denaturating conditions, even though the majority of the protein is complete! y 

unfol~~- This region corresponds to the one shown in the kinetics studies as the folding nucleus, 

supporting a model for protein folding in which the core provides a template for a further compaction of 

the rest ofthe polypeptide chain. 

This amino-acid scale inforrnation also allows a thermodynamic analysis and the evaluation ofthe 

stability of each residue in the native protein as well as in the denatured one. In conclusion, this technique 

allows us to describe the protein folding process as never seen before, probed from the unfolded state to 

the native one at the residue leve!. 
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PROTEIN FOLDING AND CANCER 

AJan R. Fersht, Centre for Protein Engineering, University ofCambridge, 

Cambridge CB2 1 EW, England 

Many diseases, including cancer, result from mutations in proteins that affect their 

folding and stability. For example, sorne 50% of human cancers are associated with 

mutations in the tumour suppressor p53. There have been spectacular advances in recent 

years in our understanding of the pathway and stability of folding of small proteins 

derived from experiments on engineered mutants. Fundamental principies derived from 

the model studies are now being applied to understanding the behaviour of the mutant 

proteins that affect health. This will be illustrated in this lecture by experiments on p53 

protein that illustrate the power of the protein engineering approach. Methods are 

described for measuring the reversible stability ofthe core domain, in which most ofthe 

carcinogenic mutations occur. This has allowed the identification of the nature of the 

mutations. The carcinogenic mutations tend to lower the stability of the core domain. 

The folding assay has allowed the screening of mutations that could stabilise wild-type 

protein and be used to prepare mutants that are more stable than wild-type. A semi

rational approach for the design of such stable mutants will be described. p53 is a 

tetramer which exhibits the phenomenon of negative do mi nance: an inactive mutant can 

hybridize with wild-type protein to produce an inactive tetramer. The mechanism of 

assembly of the tetramerization domain of p53 has been rigorously established by 

kinetic and thermodynamic analysis of the folding of rationally designed mutants at 

almost every position in the sequence. We have been able to redesign the subunit 

interfaces of the tetramerization domain to overcome negative dominance. Studies such 

as these may aid in the designing of drugs for therapy and designing proteins for gene 

therapy. 

References: 

l. Thermodynamic Stability of Wild-Type and Mutant p53 Core Domain- A. N. 

Bullock, J. Henckel, B. S. DeDecker, C. M. Johnson, P. Y. Nikolova, M. R. Proctor, D. 

P. Lane andA. R. Fersht Proc. Natl. Acad . Sci.USA 94, 14338-14342 (1997) . 
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2. Nine Hydrophobic Side-Chains are Key Determinants of the hermodynamic Stability 

and Oligomerization Status ofTumour Suppressor p53 Tetramerization Domain. M. G. 

Mateu andA. R. Fersht EMBO Joumal 17,2748-2758 (1998). 

3. Semirational Design of Active Tumor Suppressor p53 DNA. Binding Domain with 

Enhanced Stability. P. V. Nikolova, J. Henckel, D. P. Lane andA. R. Fersht Proc. Natl. 

Acad. Sci. USA (in press). 

4. Mechanism of Folding and Assembly of a Small Tetrameric Protein Domain from 
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Structural Biology (in press). 
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ADV ANCES IN PROTEIN DESIGN 

Luis Serrano 

The de Novo design of proteins implies the possibility of rationally modifying existing 
proteins, or the design of sequences that should adopt a given target fold. . Until very 
recently, the majority of the protein design projects resulted in general in proteins that 
adopted the expected secondary structure, but not a defined structure. Similarly, 
rational modification of proteins relied more in the intuition of the researcher and 
require a good doses of serendipity. However, during the past five years the field seems 
to be coming into a mature state in wlúch many different successful rational designs 
have been published (1 ). Starting with the simple design of isolated secondary structure 
elements: a-helices (2) and b-hairpins (3), followed by supersecondary structure 
elements (i.e.three-stranded b-sheets (4) and full proteins (5-7}. Similarly, the 
possibility of increasing the properties of proteins (i.e thermostability (8)), or improving 
the affinity of a protein for its ligand (9), has been proven to be possible. For many of 
these designed molecules, the methodology used was based partly on the statistical 
analysis of the protein database and previous experimental information on particular 
interactions. However, in the past year a new approach that relies solely on known 
energy force fields and intensive exploration of the sequen ce and conformational space 
using mathematical tricks, has proven to effective (5). This technology in combination 
with the possibility of allowing backbone flexibility (6), could in principie in the near 
future allow to do fully automatic De Novo design of proteins. Thus, de Novo protein 
design is going to be a very powerful approach to obtain new catalysts, drugs and 
materials. 

References 

1-Balzer, L. (1998). Curr. Opin. Strcut. Biol.8, 466-470. 

2-Laaoix E, Viguera AR , Serrano L. (1998a). Elucidating the Folding Problem of alpha-Helices: Local 
Motifs, Long- range Electrostatics, Ionic-strength Dependence and Prediction ofNMR Parameters. J Mol 
Biol, 284,173-191. 

3- Blarico, F., Ramirez-Aivarado M, Serrano L. (1998). Fonnation and stability ofbeta-hairpin structures 
in polypeptides. Curr Opin Struct Biol, 8, 107-11. · 

4-Kortemme, T., Ramirez-Aivarado, M Serrano, L. (1998). Design of a 20 Amino Acid Tbree-Stranded 
b-Sheet Protein. Science 281, 253-256. 5-Dahiyat, B.L & Mayo, S.L. (1997). De Novo protein design: 
fully automated sequence selection. Science 278, 82-87. 

6-Harbury, P.B., Plecs, JJ., Tidor, B., Alber, T. & Kim, P.S. (1998). High-Resolution Protein Design 
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Department ofBiology, Massachusetts Institute ofTechnology, 

Cambridge, MA 02142 USA 

Coiled coils are protein structures found in many naturally occurring proteins including 

medically relevant proteins such as those involved in HIV entry (1). Coiled coils consist of 

bundles of two or more helices that are supercoiled around each other. The factors that determine 

specificity in such a seemingly simple system are numerous. For example, coiled coils are known 

to exist in four different oligomerization states, as horno- or hetero-oligomers, and in parallel or 

antiparallel orientations. 

A peptide denoted GCN4-pl, corresponding to the "leucine zipper" region of the yeast 

transcription factor GCN4, serves as a model system for many studies (2, 3). A striking 

periodicity, extending over six helical tums, is observed in the hydrogen-deuterium exchange rates 

for amide protons in a GCN4 peptide (4). Amino acid substitutions in the GCN4-pl homodimer, 

at the predominantly hydrophobic helix-interface positions, result in an oligomerization switch to 

trimeric or tetrameric coiled coils (5, 6). 

Peptides corresponding to the isolated coiled coils of the nuclear oncoproteins Fos and Jun 

preferentially form heterodimers over homodimers by at least 1000-fold (7). Characterization of 

these coiled coils indicates that electrostatic interactions are critica! components of specificity (8). 

Remarkably, destabilization ofthe Fos homodimer provides a major driving force for preferential 

heterodimer formation. 

Protein design serves as a useful test of our knowledge base about coiled coils. A simple 

heterodimeric coiled coi!, denoted "peptide velero", designed based on principies derived from 

studies of the Fos/Jun heterodimer, folds in physiological buffer with a dissociation constant of 

-30nM, and at least a 105-fold preference for heterodimer formation over the homodimers (9). 

Peptide velero forms a stable and unique structure, exhibiting a cooperative thermal unfolding 

transition, significan! NMR chemical-shift dispersion, and amide-protection factors in excess of 
104 
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Replacing the single buried-polar residue (Asn-14) in the peptide velero peptides with 
leucine leads to formation of a heterotetramer (instead of a heterodimer) that does not fold into a 
unique structure: in particular the helices lack a unique orientation (10). Moreover, in the context 
ofthe same peptide velero system, ifthe positions ofthe Asn residues are altered such that a buried 
interstrand hydrogen bond can only occur when the helices are in an antiparallel orientation, 
heterodimers are formed with a pronounced antiparallel preference (11). These results indicate that 
a single buried-polar interaction in the interface between the helices of a coiled coi! can determine 
oligomerization order, impart structural uniqueness, and determine the relative orientation of the 
constituent helices.-

The simple, repeating units of structure in coiled coils make then particular! y amenable to 
computer-based recognition methods. In 1982, Pany (Biosci. Rep. 2, 1 O 17) used a template-based 
method to identify coiled coils from primary amino acid sequence. An extension ofthis strategy to 
include pairwise residue correlations in coiled-coil sequences, implemented in the computer 
program PAIRCOIL, shows improved discrirnination between dimeric coiled-coil and non-coiled 
coil sequences (12). A multidimensional scoring program (MULTICOIL), that scores sequences 
using dimeric and trimeric databases, classifies the oligornerization state of coiled-coil sequences 
(www.wi.mit.edu/kirn!computing.html). Additionally, using MULTICOIL and a maximurn 
likelihood approach, it is estimated that approximately 3% of protein residues take part in coiled
coil structures (13). 

The repeating nature of coiled-coil structures also makes them well suited for 
computational enurneration of detailed core-packing interactions. An algebraic parameterization of 
coiled coils given by Crick in 1953 (Acta Cryst. 6, 689) allows these types of calculations to be 
performed while allowing backbone freedom, and the results show an unprecedented agreement 
between calculation and experiment (14). The most significant test of the pararnetric backbone 
approach to packing calculations, however, is provided by its successful application in the design 
of coiled coils with an unnatural, right-handed superhelical twist (15). 
Selected Bibliography: 
l. Chan, D. C., and P. S. Kim (1998) Cell93, 681-684. IllV entry and its inhibition. 
2. O'Shea, E. K., R. Rutkowski, and P. S. Kim. (1989) Science 243, 538-542. Evidence that 

the leucine zipper is a coiled coi!. 
3. O'Shea, E. K., J. D. Klemm, P. S. Kim, and T. Alber. (1991) Science 254, 539-544. X-ray 

structure ofthe GCN4 leucine zipper, a two-stranded, parallel coiled coi!. 
4. Goodman, E. M., and P. S. Kim. (1991) Biochemistry 30, 11615-20. Periodicity of amide 

proton exchange rates in a coiled-coilleucine zipper peptide. 
5_ Harbury, P. 8_, T. Zhang, P. S. Kim, and T. Alber. (1993) Science 262, 1401-1407. A 

switch between two-, three-, and four-stranded coiled coils in GCN4 leucine zipper 
mutants. 

6. Harbury, P. B., P. S. Kim, and T. Alber. (1994) Nature 371,80-83 . Crystal structure ofan 
isoleucine-zipper trimer. 
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7. O'Shea, E. K., R. Rutkowski, W. F. D. Stafford, and P. S. Kim. (1989) Science 245, 646-
648. Preferential heterodimer formation by isolated leucine zippers from fos and jun. 
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10. Lumb, K. J., and P. S. Kim. (1995) Biochemistry 34, 8642-8648. A buried polar interaction 
imparts structural uniqueness in a designed heterodimeric coiled coi!. 

11. Oakley, M. G., and P. S. Kim. (1998) Biochemistry 37, 12603-12610. A buried polar 
interaction can direct the relative orientation ofhelices in a coiled coi!. 

12. Berger, B., D. B. Wilson, E. Wolf, T. Tonchev, M. Milla, and P. S. Kim. (1995) Proc. Natl. 
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Repacking protein cores with backbone freedom: structure prediction for coiled coils. 
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1467. High-resolution protein design with backbone freedom. 

: ¡ ~ :· 

Instituto Juan March (Madrid)



34 

Structure, stability and folding of small model proteins 

Lynne Regan 

Dept. of Molecular Biophysics and Biochemistry 

Y ale University. New Haven, CT. USA. 

I will present data from our studies using the four-helix bundle protein, Rop, as a 

model system. In particular I will discuss our work in which we manipulate the length 

and nature ofhelix-helix connecting loops and the details of packing in the hydrophobic 

core of the molecule. I will discuss the etfect of these changes on protein structure, 

stability, activity and folding. I will also discuss recent studies in which affinity and 

specificity of RNA binding have been manipulated. In addition to the studies on Rop, I 

will also discuss our work on the B 1 domain of IgG-binding protein G, a model system 

in which to investigate the energetics ofbeta sheet stability and folding. 

References: 

"What makes a protein a protein? Hydrophobic core designs that specify stability and 

structural properties" Munson, M. et al (1996) Protein Science 5: 1584-1593 
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"Redesigning the topology of a four-helix-bundle proetin: Monomeric Rop" Predki, P. 
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"Guidelines for protein design: The energetics of beta sheet side chain interactions" 
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INTERACfiON BETWEEN WATER AND POLAR GROUPS OF THE HELIX 
BACKBONE: A DETERMINANT OF HELIX PROPENSITIES 

Peizhi Luo and Robert L. Baldwin. Standford Uoiversity 

Hclix propcnsitics dctcnnined in pcptide hcliccs are context dependen(. The 

values found in alanine -bascd pcptidcs follow the same rank order as in natural 

s ~uencc pcptidcs l>ut the propcnsity ratios. rclativc toa referencc a mino acid. are 

suustantially larger in alanine-bascd pcptides. To find thc rcason. we study a sc t o f fivc 

13-rcsiducs alaninc-bascd pcptidcs which dilfcr only by a single test ami no acid : alanine. 

lcucinc. isoleucine. valine or glycinc. TIH~ rank ordcr ofhclix propcnsities is givcn by thc 

rclative helix contents ofthe five pcptidcs. Surprisingly. the rank order cltangcs as either 

tcrnpcraturc or solvent composition (trifluorocthanol conccntration) is varicd . Tite 

enthalpy of helix formation varíes sharply among the five peptides and accounts for tite 

dtange in rank order with temperature. 

Model compound data in the literature show that the free energy of interaction of 

the peptide group with water is enthalpic. Model building shows that nonpolar side

dtains shield the intcraction l>etween water and peptide polar groups in a helix in a 

sidechain--specific and rotamer--specific manner. A straightforward cxplanation for our 

results is that water still intcracts with peptide polar groups after the hel ix is formed. as 

suggested earlier by Ben Naim and by Honig and coworkers, and that nonpolar 

sidechains shidd this interaction. This rationale helps to explain why alanine is the only 

amino acid with a favorable helix propensity in water and to reconcile the discrepancy 

between the unfolding enthalpies of the alanine helix and helical proteins. as well as to 

explain the context dependence ofhelix propensities in peptide he lices . 

Rcfercnccs 
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013LIGATORY STEPS IN PROTEIN FOLDING AND rnE CONFORMA TIONAL 
DIVERSITY OF THE TRANSITION STA TE. 

Luis Scrrano.-European Molecular Biology Laboralory, Meyerhofslrasse 1. 

Heidelberg (Germany) . Fax: 49 6221 387 306. E-mail : Luis.Serrano (i()EM13L· 

Heidelberg.de · 

There is subst«ntial experimental evidence that in mcsophilic isoforms thc 

stability and folding ratc of proleins are not optimal. Modu!ation o( protein ~tahility 

doe ~ not scem to be a difficu!t task (Muñoz et a!.,!996; Vi!leg35 ~a!., !996). In 

many examples where a designcd or casual mutation stabilize the folded srructure 

lhere is also an increase in the refo!ding rale (Viguera el al., !996: Kim et al,J997: 

Martinez et a!., 1998) suggesling that as wcl! as tbe stabilily of the nalive st.atc the 

refolding ratc can ea.<ily be increased. However, sorne destabilized murants are a!so 

able to refold faster than the wild type (Mila el. a!. 1995, Viguera ~al., 1996). These 

later examples are most probably revealing impeding points in the rcfolding o( the 

paren! polypeptide. The protein engineering m~bod (folding kinetics analysis of 

individual side-chain mutalions, Fersht, 1996) pro vides a mean to ha ve a 

representation of lhe energy contributions of given protein groups in the transition 

statc. Residues that loss a high fraction of the de.<tabilization eoergy in the refolding 

semireaction (high </l¡.u value) are s<tid lo be in o folded conformation in the transition 

state. The intcracrions established by these groups can also be said to be promoting 

fold.ing (part of the fold.ing nucleus), while the ones that ha ve no contribucion co thc 

energy of the transition state are probably formed as a consequcnee in the following 

down·hill steps. However, it ha.l becn proposed lhat among residucs sbowing high q,1. 

u values thcre can also be sorne that are not part of the folding nuclcus, but that rather 

represem early kinetic b«rriers in the refolding process (obligatory steps, Martinez et 

al., 1998). In parallel, theoretica! analysis using lattice simulation~ ha.< al so 

posrulatcd the exislence of these obligatory •teps that are duc partly duelo topologica\ 

constraints (Nyrneyer et al., 1998). Distinguishing bctween re.<idues that are part of 

tbe folding nucleus and those which are folded early in the fold.ing reaction because 

they are part of obligatory steps in the fold.ing rcaction. is critica] to understaod the 

folding reaction in small two-slate proteios. To address !bese questions , we havc 

done two diffecent types of cxperiments: 

1) On onc hand we ha ve introduced in the rype ll' tum of SH3 an exogenous 

sccondary structure clcment (p-hairpin) that folds in the absence of tectiary contacL<. 

to fac ilitate the folding of a o unstable hairpin which L< parto( thc folding nuc!eus . 

TI) On the other, we havc analyzed tbc folding reaction of severa! mutants of the 

spectrin SH3 domain at three diff<:n:nt pHs. lo identify regi01is o( the protcin that fold 

in <1 !-l imit ar manner indepc.ntJy o[ thc dcsta.bilization of lhc prorein. 
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Our rcsuhs, togcther with prcvious an•lysis of othcr Spectrin and S re SH3 mutants, 

confirm that in the folding rcaction thcrc could be obligatory steps that ilfc not 

occcssarily p..n of the folding nucleus . lt scems that !he traosition state ensemble~ in 

P-shcet proteins could be quite dcfined and confo!IIlationally rcstrictcd ('mcchanic 

folding oucleus' and in these cases the structure of !he transition sute constraints 

could be evolutionarily conserved. More interestingly, we have found that an 

cxcessive stabilization of a folding nucleus could accelerates foldiog but also result in 

rhe appearance of folding intermedia! es in otherwise two-state folding proteins. 
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The Folding Mechanism of Larger Model Proteins 

Aaron R. Dinner and Martín Karplus 

We investigated the folding mechanism of a 125-bead heteropolymer model for proteins sub
ject to Monte Cario dynamics on a simple cubic Jattice. The behavior of the model was found to 
be more complex than that of smaller systerns. Study of a few sequences showed that the mech
anism involves two slow steps: a random search restricted by kinetically accessible, cooperative 
secondary structure for a core that drives folding to an interrnediate and rearrangement from that 
interrnediate to the native state. The generality of these results was confirrned by statistical analysis 
of a 200 sequence database by a method that employs a genetic algorithm to pick the sequen ce at
tributes that are important for folding and a neural network to derive the corresponding functional 
dependence of folding ability on the chosen attributes. The kinetic and therrnodynamic behavior 
of a representative sequence is explored in greater detail by mapping the reaction to a space of two 
coordinates: one monitors the forrnation of the core and the other monitors whether the chain is 
trapped in a long-Ji ved intermediate. In this space, the trajectories can be classified into a relatively 
small number of average pathways: a "fast track" in which the chain forrns a stable core that folds 
directly to the native conforrnation and several "slow tracks" in which particular contacts forrn 
before the core is complete and cause the chain to misfold. From multicanonical Monte Cario 
simulations, we obtain an estímate for the density of states and calculate equilibrium averages, 
including the free energy, energy, and entropy, as functions of the reaction coordinates at two tem
peratures. The equilibrium averages are found to be in good agreement with the observed kinetics: 
the transition states correspond to barriers or plateaus in the free energy while the interrnediates are 
energetically stabilized local free energy mínima. The folding mechanism bears striking similarity 
to that of Iysozyme, a well-studied protein which is comparable in length. 
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STABILITY AND FOLDING OF CRO PROTEIN FROM PHAGE 434 

Laurents, D.V., Jirnénez, M.A., Rico, M. & Padrnanabhan, S. 

Instituto de Estructura de la Materia-CSIC, Madrid, Spain 

The bacteriophage 434 Cro is a rnonomeric, 71-residue, site-specific DNA-binding protein 

of known X-ray structure and whose NMR structure we detennined. Its single domain 

consists of five a-helices and shows striking structural sirnilarity to the N-terminal DNA

binding dornains of phage 434 repressor (RI-69) and phage A. repressor (1..6-85)- These 

three proteins thus serve as excellent models for cornparative studies on folding and DNA

binding. Spectroscopic and calorimetric studies indicate that the equilibrium unfolding 

behaviour of 434 Cro is two-state, and that the protein has modest stability (t.G (293K) _ 3 

kcalmol-1 ). The kinetics of 434 Cro folding monitored by stop-flow fluorescence indicates 

that it folds in the rnillisecond tirne-scale (kr= 33 s-1, ku = 0.04 s-1 at 293 K, pH 6.0). The 

kinetic data reveal the presence of an intermediate which is populated at pH 6.0 but is 

absent at pH 4.0, and the transition state for folding appears to be native-like. By contras!, 

1..6-85, the structural homologue of 434 Cro, has been shown to have folding times in the 

microsecond range (kc _ 5000 s-1, ku= 30 s-1 ), and its variants containing helix-stabilizing 

rnutations fold even faster (kc up to 61000 s-1, ku = 2s-1). Examination of the folding 

propensities of synthetic peptides which together span the entire sequence of 434 Cro 

indicates that the individual helical propensities in 434 Cro appear to be significantly Iower 

than in 1..6-85· In both proteins, the highest intrinsic helix propensity is observed for helix 

1, but even this helix in 434 Cro is less stable than in A6-85· The native structure of 434 

Cro contains a salt-bridge between a buried Arg (Arg 12) anda buried Glu (Giu 37), but is 

absent in 1..6-85· The observed folding behaviour of 434 Cro could thus be a reflection of 

the presence ofthe buried salt-bridge in the native structure ofthe protein, ás well as ofthe 

low intrinsic folding propensities of its five helices. The latter explanation would also 

conforrn, at least qualitatively, to the diffusion-collision model which incorporales intrinsic 

helix propensities, recently described by Oas and colleagues. 
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STABILITY ANO FOLDING OF APOFLAVODOXIN 

Javier Sancho 

Depl. Bioquímica y Biología Molecular y Celular. 
Facultad de Ciencias. Universidu.d de Zaragoza. 
50009-2.mlgoza (Spain) 

e-mail: jsancho@posta.uniZM.es 

Aavodox.ins are redox proteins that cnmsfer elcctrons in the phocosynchctic rcaclions thac lead lo 

NADP+ reduction . Flavodoxin is in fact a tight non-covalenl complex between the apoprotein 
(displaying an a/f3 fold) and one moleculc of flavin mononucleotide (FMN). As the FMN can be 

reversibly removed from the complex, the apoprOlcin can be easily prepared. We use the 

apoflavodoxin from thc cyanobactcria Anaba:na PCC 7119 as a model for stability, folding and 

binding studies. Thc flavodollin gene is cloned, the X-ray structurc is knownl, the solution structure 

is in pcogress, und the stllbility of the wild type fonn has bcen characteriscd2. 

Wild cype apoflavodox.in is wcll folded as judged from the nenr UV CD and 1 H-NMR speccra and the 

X-ca y scruccuce. The equilibnum unfolding conforms ca a two-state model, the stability at pH 7 and 

low ionic strcngth bcing at 4 kcal moJ-1. 

Apoflavodoxin is a good modcl to analysc thc contribution of side chain interactions to protein 

stability. So far we ha ve used this protcin to quanúfy lhe strenglh of cationht inter.J.ClÍons and lhat of 

a hydrogen bond. Apoflavodoxin contains a single histidine (H34) that is hydrogen bonded to the 

side chain oxygen of Y47 andel ose to thc phenyl ring ofF?. We ha ve dcccnnined. by double mutant 
cycle analysis and by pKa mcasurcments, that the strength of the cationht inta:'action formed between 

proton:ued histidine and phenylalanine is of around 0 .5 kcal moJ·l . This value is clase co the one 
found for a similaT interaction in bamase (0.3 kcal moJ-1) and demonsrrates that cationht interactions 

can cffectively stabilise proteins. Using the samc methodology (double mutant cyclc analysis and 
pKa measurements) we ha ve detetmined that ·thc contribution of the neutral histidinc/tyrosine 

hydrogcn bond to apo_fla.-odoxin stability is of 1.3 kca1 moJ-1. Since this va(ue is obtained from a 

double mutant cycle. and not from simpler delerion studies, it pro vides direct evidcnce of a stabilising 

effcct of hydrogen bonds on prorcin SIIUCtuce. Unexpectedly lhe hydrogen bond becomes less stab¡e 

when the histidine protonates, ÍlS comribudon to protcin subility bccorning of only 0.7 kcal mol· l . , 

Sina:: lhis is a mther surprising result we wanted lo test it by extcnding our studics to othcr hydrogen 

bonds in the protein using the following strategy. Surface exposed hyd.rogcn bonds involving eithcr 

an aspanate ora glutamate have been made neutral by replacement of the acidic residues by t h'~ .. 

correspond.ing ami des (asparragine or glutarnine) , and the stabili tics of che mutants ha ve .been 

compared with that of the wild type protein. In the three cases analysed, ncutral isation of the · 

hydrogen bond made the protein more stable. Parallel studics wilh control mutations, where non 
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hydrogen bonded acidic residues h:!ve been made neutral. indicates that the stabilising cffcct obscrved 

upon neulfalisation of the hydrogc:n bonds is not related to thc lowcr nct charge of the protein, 

supporting the idea that neutral hydrogcn bonds in folded proteins can be more stab(c that charged 

ones . 

Despite the simple two-state equilibrium unfolding, the folding and unfolding kinctics of 

apotlavodoxin are more complex, with two refolding phases (of compar.:tble amplitude) and two 

unfolding phases (onc: majar and one minar). Nonc of thcsc phascs are rclated to proline 

isomerisation nor lo protcin oligomcrisation, and the overall amplitude of thc unfolding phascs cquals 

that of the rcfolding ones within error. Wc thus detect thc accumulation of an imcnncdiate that can be 

directly obscrved in our stoppcd-flow time scale and not a bur.;t phase or a curvature of a single 

observable kinetic refolding phase. A global analysis of the urea dependenu of thc observed ratc 

constants and amplitudes is consisten! with a triangular mechanism whcrc most of thc moleculcs fold 

via the unfolded state: thc intc:rmediate is thus mainly off-pathway. A mutational analysis of the 

structurc of the intermediare and of the transition statcs is curren ti y in progress. 

Thc fact that an intcrmcdiatc accumulates during the folding of apoflavodoxin makes possible, in 

principie, ro find conditions to stabilise intcrmediatc conformations at cquilibrium. To search for 

such stable intcrmediates wc dcstabilise thc native strucrure by truncation a~ engin=red methionincs. 

Wc: ha ve found that rcmoval of the C-lemúnal helill (fragment 1-149) produces a monomcric mallen 

globule fragmcnt3_ The stability of this maleen globule has been studied by urca dcnaruration 

(monitoring triptophan fluorescence, secondary structurc contcnt, and molccule size) and by thermal 

denaturetion (monitoring triptophanc fluorescence and absorption, and secondary structurc comen!). 

Our results indicatc that both thc urea and thc thennal unfolding are cooperative despite the low 

stability of the fragmcnt (IIccal moJ-1 ). The 1-149 fragment displays cold denaruration and rh.is has 

allowed us ro measure thc I'.Cp of unfolding which is significantly lowcr rhan that of thc entire 

proccin. Wc ha ve also uuncated apoflavodox.in at the N-rerminus by rcmoving 38 arnino acids and 

the resulting fragment (39-169) is also cooperativcly stabilised. Removal of a long loop (20 arnino 

acids) splitting the j35 strand weakens the protein but thc shortcned apoflavodox.in is in this case well 

folded. Our studics of severa! shortened apof!avodox.ins thus indicate that substantial coopcretivity 

rcmains aftcr deletion of severa! paru of the prmcin (thac add up to 50%) what suggcst that during 

the folding rcaction of proteins differem intermediares resulting from the condensation of diffc:rcnr 

paru ofthe protein may all becooperatively stabilised. 

lGef\ZOI", CG, Perala-Aicón, A, Sancho. J. & Romao, A 1996. Clasw-c o( a tym,ineltryp<ophane aromotic ¡;a~ leeds 
lo a compact (old in apofbvodoxin . Naturc. St,..,ct.Biol. 3:329-332. 

1GcnzO<, CG. BeldalTIIin. A, Gómcz-Morcno, C, Lópcz-Lacomba, JL, Cortijo, M. & Sancho. 1 1996. Conformational 
stabiliry of ~fuvodox.in. Prot. Sci. 5 : 1376-1388. 

3Ma.Jdonado. S. JiméD<:Z. MA. J..;u¡gdon, GM, & Sancho, J 1998. Cooperative st4biliz.ation o( a moltcn globuk 
•poflavodox.io fragmcn!. Biochcmisrry 37: 10589-!0596. 

Instituto Juan March (Madrid)



44 

Sheena E Radford, School of Bíochemistry and Molecular Biology, University 
ofLeeds, Leeds LS2 9JT, UK 

Folding meclulnisms of proteins with simple folds and complex topologies 

Our understanding of how a protein folcls has increased enormously in recent years, principally 
through the combination of novel protein engineering experiments, ingenious experimenta] methods 
and rapid developments in theoretical approaches. Views of folding ranging from rapid simple two
state transitions to more complex mechanisms involving parallel pathways and partially folded 
states have emerged (see for a recent review). Thus far our insights into folding mechanisms ha~ 
arisen from very detailed studies of a handful of proteins. An important question that rernains is 
whether current views of folding are representative of the wide variety of native protein structures 
found in the structure database. Irnportant new dues about folding might therefore emerge from 
investigations of the folding of different protein folds. One set of proteins which has been under- · 
represented in folding studies thus far are P-sheet proteins . These proteins are particularly 
important, not only in that they are a majar structural class of globular proteins, but their complex 
topologies raise particularly intriguing qucstions about thc role of hydrophobic collapse and 
hydrogen bond formation in folding . In addition, how correct strand pairing is achieved and 
altemative arrangements avoided pose intriguing questions, that ha ve medica! relevance in terms of 
the role of misfolding of J3-sheet structures in amyloid diseases. To address sorne of these issue!' we 
have initiated studies of the folding the Greek key protein, pseudoazurin, which has a complex 
double wound Greek key fold . Our recent results on the folding of this protein and thc insights 
leamed will be described. 

In contrast with our studies on the folding of the complex f3-sheet proteins, we have also recently 
initiated a study of the family the bacteria! imrnunity proteins, which ha ve a very simple four helix 
fold . These proteins ioactivate bacteria! colicins by binding to them with fmol affinity. The 
proteins are small ( -86 amino acids), have no disulphides. cis proline residues or prosthetic groups 
and hence are ideal model proteins for folding studies. We have analysed the folding of two of the 
family members, Im.7 and Im9. Our data show that these proteins fold very rapidly, but despite 
being 60% identical, the proteins appear to fold with mechanisms of different complexity. These 
data will be reviewed and the implications of the results obtained thus far for the fold.ing of helical 
proteins discussed. 
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Structural Transitions in Protcin Folding and Misfolding 

Christopher M. Dobson 

Oxford Centre for Molecular Sciences, 

New Chemistry Laboratory, 

South Parks Road, 

Oxford OXI 3QT 

United Kingdom 

We have been investigating the structural transitions involved in protein folding by means 

of the simultaneous application of a wide range of complementary biophysical techniques[ 1 ]. 

NMR. spectroscopy has played a prominent part in this process, which is directed at 

understanding the fundamental mechanisms by which proteins fold[2]. The combination of 

theoretical and experimental methodologies is essential for success in this enterprise, and we 

have been particularly concemed with strategies which bring together these approaches[3]. 

As part of this research we have been exploring the links between protein folding and 

misfolding and various types of disease. In particular we have investigated the nature of the 

formation ofprotein fibrils ofthe type associated with tamyloidogenic diseases. One system of 

particular interest to us has been c-type lysozyme. This has been one of our model systems for 

studying fundamental spects of folding for sorne time[ 4 ], and the discovery that clinical cases 

of amyloidosis are connected with single point mutations in the lysozyme gene has enabled us 

to explore the molecular basis oftlús disease in a well defined model system(S) . 

This work has recently been extended by the discovery that many proteins not associated 

with clinical manifestations of disease can form amyloid fibrils in the laboratory under specific 

conditions[6,7]. This has enabled us to explore the nature of the structure and means of 

formation of these fibrils in sorne detail(8]. This talk will report recent results from our 

laboratory and the significance of these for understanding the thermodynamics and kinetics of 

the interconversion of different states of proteins. 

The work discussed involves collaborations with many colleagues, sorne of whose names 

are included in the reference. l should like to acknowledge all of these, a long with generous 

funding from the UK Research Councils, The Wellcome Trust, the Howard Hughes Medica! 

lnstitute, The European Commission and many individual charities. 
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De Novo design ofHelical Proteins 

William F. DeGrado (Department ofBiochemistry and Biophysics, University of 
Pennsylvania, Philadelphia, PA 191 04-6059). 

Our group has recently adopted a synthetic approach to understanding the 

structural basis for protein function. In arder to test sorne of the rules and 

concepts that are believed to be important for protein folding and stability we 

have designed severa! simple proteins that fold into predetermined three

dimensional structures. A number of three- and four-helix bundle motifs have 

been designed, and structurally characterized to determine the features that are 

important for folding into a native-like structures versus mis-folded dynamic 

states. Of particular interest are sites along the solvent-exposed surface of the 

protein, which -- although unimportant for stabilizing the native structure of the 

protein -- nevertheless contribute to conformational specificity by destabilizing 

altematively folded structures. Also, the sequences of the designed helical 

bundles have been elaborated to introduce binding sites for small ligands and 

metal ions. 
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Mad Cows And Englishmen: The Prion Folding Problem 

F. E. Cohen, Departments of Cellular & Molecular Pharmacology, 
Medicine, Pharmaceutical Chemistry and Biochemistry & 
Biophysics, University of California, San Francisco, San Francisco, 
CA 94143-0450. 

The transm.issible encephalopathies including Kuru, 
Creutzfeldt-Jakob Disease and Bovine Spongiform 
Encephalopathy appear to be caused by a proteinaceous 
infectious agent or prion. I will describe theoretical and 
experimental studies of the prion protein that help to explain 
how one disease can present in infectious, sporadic and 
inherited modes and how a protein can "replicate" in vivo. 
Current work suggests that the transm.issible 
encephalopathies are diseases of protein folding where the 
tertiary structures of the normal cellular isoform, Prpc, and 
the disease causing isoform PrPSc, are distinct while their 
covalent structures are identical. The molecular basis of the 
species barrier and the strain phenomena will be discussed. 

Kaneko, K., Zulianello, L., Scott, M., Cooper, C.M., Wallace, 
A.C., James, T.L., Cohen, F.E. and Prusiner, S.B. "Evidence 
for Protein X Binding to a Discontinuous Epitope on the 
Cellular Prion Protein During Scrapie Prion Propagation." 
(1997) Proc. Natl. Acad. Sci., U.S.A., 94, 10069-10074. 

Muramoto, T., DeArmand, S.J., Scott, M., Telling, G.C., 
Cohen, F.E. and Pruisiner, S.B. "Heritable Disorder 
Resembling Neuronal Storage Disease in Mice Expressing 
Prion Protein with Deletion of a-Helix." (1997) Nature 
Medicine, 3, 750-755. 
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& Biology, 5, 345-354. 
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Discovery of Efficient Cationic Peptoid Reagents for Gene 
Delivery." (1998) Proc. Natl. Acad. Sci., U.S.A., 95, 1517-
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The pathogeoesis and consequences of amyloidosis 

Dr P N Hawkins 

Amyloidosis is a generic term for a heterogeneous group of disorders associated with 
the extracellular accumulation of normally soluble proteins in a distinctive, highly abnormal 
fibritlar form. Amyloid can be hereditary or acquiced, localised or systemic, and can be 
potentially lethal or mere! y an incidental finding. It is a model example of a protein folding 
disease and is associated with a diverse spectrum of clinical manifestations. Amyloid related 
diseases include multiple organ failure in systemic amyloidosis, Alzheimer's disease, type 11 
diabetes and the transmissible spongiform encephalopathies. 

Amyloid fibril formation provides clear evidence that amino acid sequence is not the 
only determinan! of a protein's tertiary form. Proteins that can form amyloid fibrils are 
evidently able to exist as two radically different stable structures, i.e. a normal soluble form 
and the highly abnormal ti brillar form. 

The pathogenesis of amyloid thus centres around off-pathway folding of the various 
fibril precursor proteins into an altemative conformation that is rich in 13-sheet structure and 
can auto-aggregate in a highly ordered fashion to create the characteristic fibrils . Fibril 
diffraction studies have confirmed that the 13-strands within the 13-sheets are arranged 
specifically, and that al! amyloid fibrils share an essentially similar core structure. This 
underlies their distinctive comrnon physicochemical properties including their ability to bind 
Congo ced in a spatially organised manner, their relative resistance to proteolysis, and their 
capacity to bind the normal plasma protein serurn amyloid P componen! (SAP) in a specific 
calcium dependen! manner. The specific binding interaction between SAP and all amyloid 
fibrils is the basis for our development of radiolabelled SAP as a diagnostic nuclear medicine 
tracer. Most fibril precursor proteins can form arnyloid fibrils in vitro and in sorne instances 
the fibrils in vivo are composed of intact whole precursor molecules, for exarnple genetic 
variants of transthyretin and lysozyme in hereditary arnyloidosis and 13rmicroglobulin in 
dialysis related amyloidosis (DRA). In other situations the precursor proteins undergo partía! 
cleavage, although it is not known exactly when during fibril formation that this occurs. 

Although amino acid sequence determines the potential for a protein to form arnyloid, 
and an essential prerequisite for developing arnyloidosis is a sustained supply of the 
respective fibril precursor, little is yet known about the genetic or environmental factors that 
control individual susceptibility to arnyloid, or those which govem its anatornical distribution 
and clínica! effects. For exarnple, only a small proportion of patients with chronic 
in.flammatory disease develop AA (secondary) amyloidosis despite the fact that most such 
individuals have sustained very high circulating levels of the AA fibril precursor, serum 
amyloid A protein (SAA). However, parenteral injection of a minute extract of arnyloidotic 
tissue primes rnice for explosively rapid AA arnyloid deposition within days (rather than 
weeks) of an in.flarnmatory stimulus, and although the significance of this so called 'arnyloid 
enhancing factor' (AEF) has long been appreciated, it remains surprisingly poorly 
characterised. AEF presumably promotes arnyloidogenic off-pathway folding of susceptible 
proteins, possibly by capturing them on to an 'amyloid template' when they transiently 
populate unstable partly unfolded forros. Since all arnyloid is massively rich in AEF, the 
conditions necessary for amyloid formation in vive are probably self-perpetuating once an 
initial nucleus of amyloid material has been laid down, depending only on continued supply 
of the fibril precursor protein. lt is of interest that sorne normal tissues contain low levels of 
AEF, raising the possibility that proteins may quite commonly be processed transiently in an 
amyloid-like manner. 

The universal presence in amyloid of certain glycosarninoglycans, notably heparan 
and dermatan sulphate, and SAP has long suggested that these moieties might contribute to its 
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pathogenesis. The role of SAP has late( y been confinned in SAP ' knock-out' mice in which 
experimentally induced AA amyloidosis was substantially reduced. Similarly, there is 
indirect evidence that the fibril-associated GAGs enhance amyloidogenesis. Although neither 
SAP nor GAGs are required for amyloid fibrillogenesis per se, they both remain valid 
therapeutic targets. 

Many of the pathological effects of amyloid can be attributed to its physical presence. 
The deposits accumulate in the extracellular space, progressively disrupting tissue 
architecture and can impair both organ function and produce space occupying effects. 
Amyloid fibrils may also be cytotoxic, possibly by enhancing apoptosis, which could account 
for their damaging consequences in Alzheimer's disease or the prion disorders in which 
deposits are scanty. The typically progressive nature of amyloidosis has given rise to the 
notion that amyloid is inert and irreversible, although in reality this more closely reflects the 
unremitting character of the various conditions which underlie it. Regression of amyloid has 
been described in numerous case reports and systematic radiolabelled SAP scans in o ver 1000 
patients have lately confinned that the deposits can regress quite rapidly when the supply of 
fibril precursors is reduced. Although amyloid deposits are remarkably stable, they do 
tumover continuously in vivo, albeit at a low and variable rate which can readily exceeded by 
their rate of deposition. 

Hereditary amyloidosis is extraordinarily rare but represents an invaluable rnodel for 
studying the disease. At the molecular leve!, genetically variant proteins with a strong 
propensity to forrn amyloid can be cornpared with their wild-type counterparts. Variants of 
transthyretin (TIR) have been studied rnost widely, but even normal TfR. fonns fibrils in 
senil e systemic amyloidosis. Our recent discovery of hereditary systernic amyloidosis caused 
by human lysozyrne mutations prornised much, since, like 1TR, its complete 
three-dirnensional structure was known but wild-type lysozyrne is not associated with 
amyloidosis. The amyloidogenic lysozyrne variants, Thr56 and His67, proved to be less 
stable than wild-type and can forrn amyloid fibrils in vitro either following heating or 
prolonged standing at 4°C. These variants can unfold partially in vitro whilst retaining 
secondary structure, suggesting they are able to adopt a rnolten globule interrnediate forrn. It 
is thought that both mutations destabilise lysozyme su.fficiently for this to happen transiently 
in vivo enabling interrnediates, which retain rnajor elements of the 13-structure of the native 
fold, to re-stabilise thernselves by interrnolecular aggregation and . thereby producing the 
cross-13 fold typical of amyloid fibrils. Rernarkably, this process is completely reversible 
since fully functional soluble lysozyrne His67 can be recovered in vitro frorn isolated ex vivo 
amyloid fibrils. Elucidation of the interrnolecular 13-sheet association that occurs between 
pre-fibril interrnediates may assist the development of generic fibrillogenesis inhibitors. 
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Hsp70 protcins are h.igbly vcrsatilc chaperones which assist protein folding proccsscs 

within the cntire lifespan of proteins, ranging from folding of nascent proteins to 
assistance of proteolytic degradation of unstable proteins (Bukau and Horwich, 1998; 
Hartl, 1996). This versatility requires Hsp70 to associate non-spccifically with misfoldcd 
proteins but al so highly specifically with selected target proteins such as low abundant 
regulatory proteins. There are at Jeast two mechanistic principies to account for thi$ 

vcrsatility (Maycr and Bukau, 1998). First, cclls havc amplified thc numbcr of Hsp70 
chaperones, e.g. 3 in E. coli and 15 in S. cerevisiae , which frequently have distinct 

functions within tbe samc cd.Ju12.T compartment without apparent cross talk. Second, 
Hsp70 chaperones ha ve evo!ved regulatory deviccs to control their basic functional cycle 
wlúch allows thcm to act on a largc varicty of substrates. This basic cyclc consists of 
ATP drivcn conformational changes in Hsp70 which control the affinity of thc chapcronc 
for substrates. A TP hydrolysis in the ATPasc domain of Hsp70 causes the locking-in of 
substrate in thc substratc binding domain. One important modc of rcgulation ofHsp70 is 

the control of thc key st.cp of thc functional cycle, ATP hydrolysis, wh.ich is triggered by 
DnaJ ce-chaperones. DnaJ proteins thereby targct Hsp70 to speáfic substratcs and the 
co-existancc of various DnaJ homologs with distinct substratc specificities allows binding 
of Hsp70 to a variety of substrates. Anothcr mode of Hsp70 regulation is thc control of 
nucleotidc excbange, and hcnce of substr.ate binding, by nuclcotide excbange factors. The 
nucleotide exchange factor for Hsp70 bomologs from bacteria, chloroplasts and 
mitochondria are the members of the GrpE family whicb catalyze the exchange reaction
by 5000-fold (Libcrck et al., 1991; Packschies et al ., 1997) through binding to the 
ATPase domain (Harrison cr al., 1997; Sch<infeld et al. , 1995). Sorne Hsp70 homologs 
<.lo not requirc nucleoúdc cxchange factors for cbaperone activity. Tiús selectivc utilisation 
of nuclcotide exchange factors by H.sp70 chaperones is of potential regulatory role. Wc 
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sct out to analyze the molecular basis for thc intcraction of DnaJ and GrpE co-chapcrones 

with Hsp70 chaperones using thc E. coli homologs as modcl systcm. 

Jnteraction ofDnaT with DnaK 

Wc sbow for DnaK that stirnulation of ATP hydrolysis by DnaJ requires thc linkcd 

ATPasc and substrate-binding domains of DnaK. Functional intcraction with DnaJ is 

affccted by mutations in an exposed channellocated in the A TPasc domain of DnaK. It is 

proposed that binding to this channcl, possibly involving the conserved J-dornain of 

DnaJ. allows DnaJ Lo coupk substrate binding with ATP hydrolysis by Dn.aK. 

Evolutionary conscrvation of this cbannel suggests conservation of thc mechanism of 

action of DnaJ protcins. 

Tnteractioo of GmE with DnaK and HscA 

Starting poi m for the analysis was our discovery that the HscA hornolog (Hesterkamp 

and Bukau, 1998; Lclivclt and Kawula, 1995; Vickcry, 1997) of DnaK docs not 

functionally and physically interact with GrpE although it co-cxists with DnaK in thc E. 

coli cytosol. Furthcr inspection of the structures and the structural models of the ATPasc 

dornains of various Hsp70 protcins revcaled that GrpE contact sites are altcred in thosc 

Hsp70 homologs that do not require a nucleotide exchange factor. A (}¡pE signature 

motif is defined that is shared only by Hsp70 homologs interacting with GrpE hornologs. 

Furtherrnore. we found that Hsp70 homologs differ widl .rcspect to the number of salt 

bridges connecting thc two Jobcs forrning the ATP binding cleft. We provide evidence 

that these ~all bridge~<= crucial for thc control of the off rate of DnaK-bound ADP. We 

propase that GrpE is needed do open thcsc salt bridges of DnaK. and the lack of these 

bridges in sorne Hsp70 I.Jomologs may abolish the nced for a nucleotide exchangc factor. 

A functional analysis of DnaK salt bridge mutants provides support for this propasa!. Our 

data show a surprisingly bigh dcgree of versatility of Hsp70 protcins with rcspect to the 

rcgulation of nucleotide cxchange. 
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MECHANISMS OF MOLECULAR CHAPERONE ACTION IN 
PROTEIN FOLDING 

F.U. Hartl, Max-Pianck-lnstitute for Biochemistry, Martinsried, 
Germany. · 

Although the folded structure of a protein is determinad by the 
information contained in its amino acid sequence, efficient 
realization of this information in vivo m ay require assistance by 
molecular chaperones and folding catalysts (1 ). Folding of many 
newly-synthesized polypeptides in the cytosol depends on 
molecular chaperones of the Hsp70 family and on the cylindrical 
chaperonins. Little is known about the contribution of these 
chaperone systems to overall protein folding. According to our 
current model, Hsp70 binds to nascent polypeptides on ribosomes, 
preventing misfolding until all the information required for 
productiva folding is available. While most proteins appear to fold 
upon ralease from Hsp70 (or other nascent chain-binding 
chaperones), certain slow-folding and aggregation-sensitive 
polypeptides are subsequently transferred to a chaperonin for 
folding in the sequestrated environment of its central cavity. 
Chaperone pathways seem to be tightly coupled in arder to avoid 
the ex:posure of non-native folding intermediates to the bulk cytosol. 

Hsp70 is indeed the majar chaperone interacting with nascent 
chains, at least in eukaryotes. The flux of protein through the GroEL 
chaperonin of E. coli has recently been analyzed (2), and similar 
studies are under way for the eukaryotic chaperonin TRiC. These 
studies show that GroEL assists the folding of a limited subset of 
cytosolic proteins (-10-20% of total) with a size cut-off at about 55 
kD, consistent with the vol u me of the Gro EL folding cage . While the 
majority of bacteria! proteins are smaller than 55 kD, eukaryotes 
contain a significantly greater number and proportion of large, 
modular polypeptides. These proteins fold co-translationally in a 
chaperonin-independent mechanism as their domains emerge from 
the ribosome (3,4). Co-translational and sequential domain folding 
appears to be more efficient in eukaryotes than in prokaryotes, and ' 
this may have contributed to the explosive evolution of multi-domain 
polypeptides in eukaryotes. 

1) Hartl, F.U. (1996) . Nature 381, 571-580 
2) Ewalt, K. et al. (1997) . Cell 90, 491-500 
3) Netzer, W . and Hartl. F.U. (1997) . Na tu re 388, 343-349 :r r 

4) Netzer, W. and Hartl, F.U . (1998) TIBS 23, 68-73 
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STRUCfURAL CONSEQUENCES OF NATURALLY OCCURRING AMINO 

ACID EXCHANGES IN THE PRION PROTEIN 

Martin Billeter 

Lundberg Laboratory, Biochemistry and Biophysics, Goteborg University, Box 462, 

SE 405 30 Goteborg, Sweden 

Prion proteins in healthy mammalians occur as membrane-anchored monomeric molecules 

on the cell surface, whereas in individuals affected by transmissible spongiform encepha

lopathies (TSE) aggregates of prion proteins with increased proteinase resistance are 

typically observed ("scrapie" form). In humans, TSEs may occur either spontaneously, due 

to infections or by inheritance. Inherited human diseases have been related with about a 

dozen mutations that were detected in the protein sequence of affected families. In the 

healthy form the prion protein adopts a compact globular domain structure for the e
terminal part (residues 124-226), while the N-terminal part remains unstructured in 

aqueous solution at pH 5. Antibodies that are specific to the scrapie form recognize epitope 

regions, which are not connected in the 3D-structure of the healthy form of the prion 

protein. 

For studies of structure-function relations and of folding (and "rrússfolding") considera

tions a database with experimental structures from NMR and computer simulations is 

being accumulated. lt consists of the NMR structures of mouse and harnster, and presently 

the structures of various fragrnents of the human and bovine prion proteins are added. 

Computer simulations include extensivé calculations on mutations related to human 

inherited diseases. In additional studies amino acid exchanges among different mammalian 

species are investigated for a better understanding ofthe occurrence and extent ofinfection 

barriers between various species. 

The results that will be presented and discussed include structural differences among prion 

proteins from severa! species, and the relative thermodynamic stability of various natural! y 

occurring mutations. 
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STRUCTURAL DEFECfS UNDERLYING PROTEIN DYSFUNCTION IN 
HUMAN G6PD DEFIOENCY BY VARIANT k. 

F. Gómez-Gallego and J.M. Bautista. 
Departamento de Bioquímica y Biología Molecular IV, Facultad de Veterinaria, 
Uruversidad Complutense de Madrid, 28040 Madrid, Spain, 
e-mail : bauchem@eucmax.sim.ucm.es 

Glucose-6-phosphate dehydrogenase (G6PD) A- (V68M and N126D) is the 
most widely distributed polymorphic deficient G6PD variant in Africa and in 
people of African ancestry. The loss of intrinsic folding determinants in thi s 
double mutant but not in the single rnutant G6PD A (N1260) nor in the wild
type G6PD B hinder its in vitro refolding capacity preventing the formation of 
the catalitically active dimer. 

In an effort to determining the structural lesions responsible for instability 
in the deficient molecule G6PD A- producing its low red cell enzymatic activity 
leve! we have studied their folding and structural properti.es by intrinsic and 
extrinsic fluorescence, circular dichroism, fluorescence energy transfer and 
differential scanning calodmetry. 

The results show that the conformational stability of G6PD A {Nl26D) does 
not significantily differ respect its parental G6PD B. The presence of the 
additional mutation in G6PD A- (V68M on top of N126D) renders a 
conformation with decreased stability of the structure as a consequence of the loss 
of the interaction of both mutated residues (about 8Á apart) in the coenzyme 
domain. These determinants which are essential for maintairung secondary 
structure element(s) in G6PD are also required for its active folding. 
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The Greek key protein apo-pseudoazurin folds through an obligate and on

pathway intermediate. A.. P. Capaldi and S. E. Radford 

We h.ave studied the folding and unfolding ofthe 123 amino acid Greek key protein 

apo ~ pseudoazurin. Double jump refolding shows that the protein collapses from the 

unfolded state with all of the prolines in their native confonnation to an 

intermediate within the dead-time of the stopped flow CD experiment. The CD 

spectra of this intermediate (reconstructed from the folding kinetics at a number of 

wavelengths) shows that the ensemble contains signüicant secondary structure. 

The urea dependence of the folding and unfolding of the protein bave also been 

followed. Surprisingly, despite the ciear evidenee for a folding intermediate in the 

burst phase, the natural logarithm of the rate of folding changes linearly with 

denaturant to the transition midpoint concentration. The data do not fit to a two

state mechanism, howevc:r, as the ratio of the folding to unfolding rate is severa) 

orders of magnitude too slow to account for the measured equilibrium stability. 

The data can be rationalised., however, by a model which includes an intermediate 

that denatures at very high denaturant. Accordingly, kinetic and equilibrium 

measurements were combined to fit the chevron plot to an on-pathway scbeme 

(U~I=N) . The fit shows tbat the protein folds through an intermediate that is 

stabilised by 25kJ/mol befare refolding to the native state ata rate of2s·1
• Although 

the data can also be fit to an off-pathway scheme (I~U<:::>N), the resulting kinetic 

parameters indicate that the protein must fold to the native stare with a time 

constant of only l2Jls (k=8xlo•s·'). This is only 4 fold slower than the rate of 

formation of a 16 residue ~-hairpin (Muñoz el al., (1997), Nature, 390 196-199) 

and vastly exceeds the rate of formation expected for a protein of this size. 

Similarly, models in which this intermediate is bypassed also lead to unreasonably 

fast refolding rates. Thus, the intermediate populated during the refolding of apo

pseudoazurin is almost certainly obligate and on the folding pathway. We suggest, 

based on data from this study and others that, at least for sorne proteins, 

intermediates are not k.inetic traps as has been argued by others, but instead play a 

critica! role in limiting the search to the native state. 
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INIERCONVERTING a.-HELICES AND ~ - SHEETS . Seema Dalal. Suganthi 
Balasubramanian. and Lynne Regan. Y ale University, New Haven, Cf-06511 

In response to the "Paracelsus Challenge" [G. D. Rose and T. P. Creamer, Proteins 
Structure Function Genetics 19, 1 (1994)] we have successfully transfonned a 
predominantly ~-sheet protein (the B1 domain) into a stable o:-helical protein while 
retaining 50% sequence identity to the B1 domain [S. Dalal, S. Balasubramanian, and L. 
Regan, Nature Structural Biology 4, 548 (1997)]. Using the designed protein, which we 
have named Janus, as a starting point, we ha ve constructed a series of mutants to evaluate 
the balance of forces necessary to stabilize an o:-helix vs. a ~-sheet fold. These mutants 
include a series in which we have assessed the contributions of the various design 
considerations to the overall stability and fold of Janus. One goal is to determine the 
maxirnum number of B 1 domain residues that can be accommodated while maintaining a 
helical fold, a variant that would be a rninimal version of Janus. As a pan of this study, we 
ha ve created a protein that has 61% identity to the B 1 domain, but continues to adopt a 
helical fold. Another aim is to induce a conformational switch from o:-helix to ¡3-sheet, 
perhaps by changing a few residues in rninimal Janus or through ligand binding. With 
these goals in mind, we have created two proteins, one which is 66% identical to the B 1 
domain and another that incorporales a potential metal binding site. 

Our study emphasizes that a subset of a protein's amino acid sequence is required 
for deterrnining its fold and has important implications for structure prediction and design. 
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REVERSIBLE PEPTIDE FOLDING IN SOLUTION BY 

MOLECULAR DYNAMICS SIMULATION 

Xavier Daura*, Wilfred F. van Gunsteren, and Alan E. Mark 

Laboratorium fúr Physikalische Chemie, ETH Zürich, CH-8092 Zürich, 
Switzerland. 

*E-mail: xavier@igc.phys.chem.ethz.ch 

Understanding the process of peptide folding is a critica! first step toward 
understanding protein folding. The ability to predict peptide folding would also 
facilitate the de novo design of peptides with predetermined structures and 
properties for biotechnological applications. Peptides are, however, highly flexible 
and in solution can adopt a variety of conformations depending on the temperature 
and solvent conditions. Determining the structure of small peptides in solution 
experimental! y is non-trivial. This makes methodology to predict how peptides fold 
in solution of fundamental importance in structural biochernistry. In principie, the 
process of peptide folding could be simulated directly on a computer. lt had been 
commonly assumed, however, that the volume of conformational space accessible, 
even to a small peptide, meant that simulating the folding of a peptide under realistic 
conditions was not, and for the foreseeable future would not be, possible. With this 
work we demonstrate that this is not true by simulating the reversible folding of two 
j3-peptides in solution at different temperatures [1]. The molecular dynarnics 
simulations correctly predict the structures in methanol solution of the two peptides 
(a j3-heptapeptide and a j3-hexapeptide), a left-handed belix and a right-handed 
helix, respectively. The rate of folding and the free energy of folding at different 
temperatures are estimated. Folding paths and intermediates are detected, and the 
lifetimes of different populated structures calculated. Although the conformational 
space potentially accessible to the peptide is extremely large, very few conformers 
(101-102) are significantly populated at 20 K above the melting temperature. This 
implies the search problem in peptide ( or e ven protein) folding is surmountable 
using dynarnics simulations. 

References 
[1] X. Daura, B. Jaun, D. Seebach, W. F. van Gunsteren, A. E. Mark. J. Mol. Biol. 
(1998), in press. 
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The a-Helix Folds on the Millisecond Time Scale 
with a Transient Ovcrshoot in Helix Contcnt 

David T. Clarke*, Andrew J. Doigt, Benjamín J. Stapleyt, Gareth R. 
Jones* 

*Daresbury Laboratory, Daresbury, Warrington, Clzeslzire WA4 4AD, United 

Kingdom. 
1 Department of Biomolecular Sciences, UMIST, P.O. Box 88, Manclzester M60 1 QD, 

United Kingdom. 

An understanding of the kinetics of secondary structure formation is esscntial if 

we are to understand protein folding . Previous work suggested that a-helices fold on 

the sub-microsecond time scale. Here we measure directly the rate of a-helix formation 

for the first time in Lysine and Glutamic Acid homopolymers and in two polyAlanine 

based peptides by stopped flow Synchrotron Circular Dichroism. Folding is initiated 

by pH jump for poly(Lys) and poly(Giu) or by dilution from 5M GuHCl for the 

poly(Aia) based peptides . Synchrotron CD is far superior toa conventional UV based 

instrument and we are thcrefore able to acquire kinetic data in the 190nm range for the 

first time. The shorter poly(Aia) based peptide shows first order kinetics with a foldin g 

rate of ""2os·' at room temperature and a decrease in rateas the temperature is increased. 

For the longer peptides, helix foldin g occurs in two steps on the millisecond time scale, 

with a transient overshoot of helix content to significantly greater than at equilibrium, 

similar to that seen in the folding of severa! proteins. The overshoot may be caused by 

the formation of a single long helix followed by its breakage into the two or more 

helices present at equilibrium. We suggest that the rate limiting step in helix formation 

is the initiation of a new heli x and that thi s occurs atleast 105 times slower than the 

previously measured propagation of an existing helix. Helix folding is so slow that it 

could be the rate limiting step for protei n folding in sorne cases. 
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Paramagnetic NMR as a Tool to Detenninc Metal Coordination of 

Azurin in the Unfolded State 

Carm~l'l Rvmem", José Marla Morataf, Antonin pnnaireb 
"Departamento de Química Inorgánica. Universitat de Valencia. C/ Dr. Molincr, 

50. 46100-Burjassot. Valencia. Spain. hCentro de Estudios Universitarios "San Pablo'", 
Universitat de Vak.ncia. Monteada. Valencia. Spain. 

1H NMR data applied to the paramagnetic cobalt(II) derivative of azurin from 

Puudomrma.,· aeruginosa has permitted to evidence that thc metal ion is bound to the 

protein in thc unfolded s tale. The relaxation data a.<> well a.; t.he low magnetic anisotropy 

of the metal ion indicate that the cobalt ion is tetrahedrul in thc unfolded form . The 

cobalt Jigands have been identified as the residues Gly45, His46, Cysll2 and Hisll7. 

Met 121 is nol coordinated in the unfolded state . Tn this statc, the metal ion is not 

constrained to adopt a bipyramidal geometry. a<> imposed by the protcin when it is 

folded . This is a clear confirmation of the rack. induced bonding mechanism previously 

proposed for lhe metal ion in azurin . 
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KINETIC ANALYSIS OF APOFLA VODOXIN FOLDING REVEALS AN 

OFF-PATHWAY INTERMEDIATE 

Fcrnández-Recio, J., Sancho, J. 

Departmnento de Bioquímica y Biología Molecular y Celular. Universidad de Zaragoza. 

E-5009 Zaragoza (Spain) 

Much of currcnt protein folding studies focus on whether intenncdiatcs are fundamental 

spccies in the folding pathway, or they are trapped states that retard the rate of folding. 

Wc have used apofiavodoxin from Anabaena PCC 7119 to perfonn a detailed kinetic 

analysis of its folding mechanism by stopped-fiow methods. Apofiavodoxin is a small 

globular a/~ protein that constitutes a good model for folding studies: its structure is 

known, it is cloned and expressed with good yields, and a battery of mutations is 

available to analyse the transient species found in the folding pathway. Unfolding of 

apofiavodoxin in urea is a monoexponential process with an amplitude that accounts for 

the total fluorescence change between folded and unfolded species. Refolding of 

apofiavodoxin shows two exponential phases that account for the total fluorescence 

change between folded and unfolded states. At low urea concentration, a logarithrnic plot 

of the refolding rate versus urea concentration shows for the slow phase deviation from 

linearity. A rigorous analytical treatment taking account both thc observed rate constants 

and the amplitudes seems to indicate the presence of a non-productive intermediate. 

Furthcr mutational charactcrization of this transient state will hopefully contribute to the 

general understanding of the mechanism of protein folding. 
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Folding and Ollgomerization o( the phd Protein of Bacteriophage Pl 
Plasmid Addiction System Are Coupled to Specific DNA Binding 

Ehud Gazit and Roben T. Saue:r 

Department ofBiology, Massacbusetts Institute ofTc:cbnology, Cambridge. 
MA 02139, U.S.A 

Thc plasmid addiaioo module of baaeriophage PI consisrs of two proteins, doc and phd. 

The doc protein, a toxin, is a proti:olytically stable, whereas phd, the toxin's antidote, is 

unstable. Recendy, phd was shown ro auroregulare its expression by specific DNA 

binding. We have sru.died the secondary strucnue and t:he therma1 stabiliry of phd and doc, 

the affinity and stoichiomeay of specific DNA binding by phd, and the effect of DNA 

binding on the strucmre and stllbility of phd. Thc:rmal dena.turation experiments monitored 

by CD suggest thar phd is pn:dominantly unfolded ar 37 OC. having a t,., of approximatcly 

26 oc, while doc is fully folded .ar physiological temperarure. Tbe Q) spcroum of phd ar 

37 OC revealed that a large fraction of protcin is in a random coil confonnation. However, 

when phd was titrated with its target DNA sequence, dose dependenr in creases in both its 

folding (as detamined by the cilange in cllipticity 81 222 nm) and in the thermal stabilicy 

wc:re observed. When fully DNA-botmd, phd is stable at physiological temperature. having 

a t,.. of about 48 OC. When non-specific DNA of similar size (P22 An; repressor operator) 

was titrated with lhe protein, no significant change could be obscrved cither in phd 

structure or in its thermal stabilicy. Stoicbiometty assays suggest that phd binds each of its 

halfDNA recognition sitcs as a dimer. Taken together, our rcsuhs suggest that folding and 

oligomerization of phd are coupled to site-spccific DNA binding. 
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Structure of the leader protease of foot-and-mouth disease virus: 
Implications for self-processing and eiF4G recognition. 

Alba Guarné'. José Tormo', Regina Kirchweger'. Doris Pjisternrutllc,;. Tim Skenr' & /g111lcio Fita' 

'Ccctn d'lnvcstigaci6 i Oe.<envoluptmcnt (CSIC). Jordi C""""a. 18-26. 08034-flar<:clona (SI"'io). 
'Lostitur.e ofBic><b<miJtry, Medial Faculty, Univcnity ofVic:nM. A-lOJO Vicnn• (AUIUÍa). 
'l>=cnt •dd=s: Slom J:.etlcring Memorial Can= Cenr.a-, E.ut 68• SL New V<>R (EEUU). 

Leader protease of Foot-and-Mouth Discase Virus (FMDV) cleaves itself from the 

growing polyprotein and inhibits the translation of thc host cell RNA capped messengers by 

the cleavage ofthe eucaryotic initiation factor (eiF4G). We have recently elucidated the three

dimc:nsional strucru("e of the leader protcase. In order to obtain suitable aystals we have 

worlced with two forms of the leader protcase: the normal length inactive mutant CSlA 

(residues 29 to 201; Lb""') and the deletion inactive mutant CSlA (residues 29 to 195; sLb""'). 

Crystal stru.cture of the sLb""' was dctamined by multiple isomorphous n:placcmcnt 

techniques. Subsequently, LbP"' crystal form, with eight molecules in the asymmetric unit, was 

solved by molecular replacement using sLb""' structure as a model. The lea.der protease 

structure has a globular domain (residues 29-183) anda flexible e-terminal extension (CTE, 

rcsiducs 184-201) that is found bound in the substrate binding síte of an adjacent molecule. 

The globular domaín reveals the overall fold of papain-likc enzymcs in spitc of the low 

sequencc similarity shared with this family of cysteine-protcascs; while the disposition ofthe 

CfEs with respect to the globular domain supports the feasibility of a cis self-processing 

mechanism. Spccificity in the lcadcr protcasc appcars tD be achicved by using diffcrcntial 

binding deteuninants to recognise the two substrates specifically cleaved dwing vital 

replication. Thus, the three-dimensional structure aJlows lo establish The molecular basis of 

substrate binding recognjtion, and the P · requirements for the eiF4G cleavage. 
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Designing amino acid sequences compatible with a given protein fold. 

Lorenz Wernisch 1
, Staphanie Hery 2

, and Shoshana J. Wodak 1
•
2

, 
1European 

Bioinformatics Institute, EMBL, Wellcome Trust Genome Campus, Hinxton Cambridge, 
CBlO lSD, England, and 2 Unite de Conformation de Macromolecules Biologiques 
CP160-16, P2 Ave. Franklin Roosevelt, 1050 Bruxelles Beligum 

Understanding the mechanism of protein folding and the factors that govern the 
conformational stability of proteins and peptides remains a major goal in molecular 
biology. 
'Which sequences are compatible with a given fold ?' is another formulation of the same 
problem, which may ha ve useful practica! application s in de-novo protein design. 
To try and answer this question we implemented a versatile procedure for selecting 
sequences that are compatible with a given backbone structure. This procedure consists 
of a e++ interface to the package CHARMM, providing features such as, the construction 
of side chain atomic models from a library of commonly observed conformations 
(rotamers), the modification of the amino acid sequence, and conformational energy 
calculations and minirnization. This environment forms the basis for testing a number of 
sequencelrotamer optimization procedures. The goal is to describe the energy spectrum of 
the sequences near the global mínimum and use it to identify families of sequences that 
are compatible with a given backbone conformation. 
As a first step towards validating our procedure, we tested its ability to re-build the native 
sidechain conformations for a given backbone structure, searching through all the 
possible rotamers of each residue. The obtained results were found to compare well with 
those of severa! established homology modelling procedures. 
These results, together with those obtained from our first attempts to redesign the core of 
a small protein will be presented. 

, . 
·; .. 
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MAPPING THE INTERACfiONS PRESENT IN THE TRANSITION ST ATE POR 
FOLDING OF FKBPI2 

ABSTRACT 

Ewan R.G . Main, Kate F. Fulton & Sophie E. Jackson 

Cambridge University Chemical Laboratory, 
Lensfield Road, Cambridge, CB2 lEW, U.K. 

FKBP12 is a 107-residue protein with a five-stranded antiparallel j3-sheet which packs 
against a short seven-residue a -helix. The structure of the transition state for folding of 
the 12 kDa immunophilin FKBP12 has been characterised using a combination of 
protein engineering techniques and unfolding kinetics. 35 mutants were made at sites 
throughout the protein. These were used to probe the extent of secondary and tertiary 
structure in the transition state for folding. The transition state for folding is relatively 
compact compared to the unfolded state. Approximately 70% of the surface area buried 
in the native state is inaccessible to solvent in the transition state. Al! of the interactions 
in the native state that have been probed so far, are substantially weaker in the transition 
state. In contrast to other proteins of this size, no element of structure is fully formed in 
the transition state. Thus, the transition state is similar to that found for smaller proteins 
such as CI2 and the SH3 domain from a-spectrin . For FKBP12 the central two 
strands of the j3-sheet, j3-strand2 and ~-str a nd5 , are the most highly structured regions 
of this protein in the transition state. In particular Val] O 1, which is one of the most 
highly buried residues and located in the middle of the central ~ - strand, appears to be in 
the most highly-structured region of the transition state making approximately 60% of 
its native interactions. VallOI interacts with Val63, the C-terminal residue in the a 
helix, suggesting that sorne weak tertiary interactions are formed in the transition state. 
The outer ~-strands, and the ends of the central ~ -s trand s are formed to a lesser degree. 
The short a-helix is largely unstructured in the transition state as are the loop regions. 
The data are consistent with a nucleation-condensation model of folding, the nucleus of 
which is formed by the side chains of Val24, Val63 and VallO J. These residues are 
distant in the primary sequence demonstraring the importance of tertiary interactions 
rather than local secondary interactions in stabilising the transition state for folding. A 
Bn~nsted analysis suggests that the transition state is an ensemble of states clase in 
structure. 
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DESIGN AND NMR STUDY OF MONOMERlC ~ - SHEET FORMINO PEPflDES 

Eva de Alba, CI8I11.M. Santivcri, Manuel Rico and M. Angeles Jiménez 

Instituto de Estructura de la Materia (C.S.I.C.). Madrid (Spain). 

Peptide confonnational ~havior provides insights into !he formation of secondary 

strucrurc:, a key event in the eariy sc.ages of protein folding. Factors involved in a.-hclix 

formation and stability are well-characterised. but rh.is is not so for f>-sheet sttucrure. Only 

recendy, a pf()(ein fragmentl and sorne designed peptides2--3 were shown to fold into 

monomeric 13-hairpins in aqueous solutioo. A 13-hairpin is the simplest antipar.Ulel P
sheet motif. From the conformational analysis of a series of fJ-bairpin forming 

decapeptides-4-6, we concluded that the turn scquence determines the aligrunent of the (3-

st:ran.ds in the fJ-hairpin. mar is. the type of ~-bairpin and we identified sever.d favorable 

cross-strand sidechain interactions for li-hairpin formation. 

To check thc gcnerality of Ollf condusions about the role of turu and cross-strand 

sidechain ínrcractions in the formation of f!-hairpins, we have designed an.d investigated 

by NMR a series of longer p-hairpin forming peptides. The confonnational behavior of 

mese pentadecapeptides evidcnccs the cssential role of the tum sequence in detcrmining 

me kind of f>-hairpin formed and that tl!e stabilising effcct of cross-strand side chain 

interactions depends on its closeness 10 the tum region. 

Furthermore. we have designed a 20-residue linear peptide able to fold into a 

three-stranded antiparallel f>-sheet A IH and 13C-NMR conformational anaJysis indicales 

t.bat the peptide fol.ds ioto lhe e:qx:cted cooformatioo. The exchange .lcinetics between the 

three-stranded ~sheet and the unfolded peptide molecules is slow enough on the NMR 

time scale to estimate a time constant of the order of severa! microseconds for the coil -

f>-sbcet t:ransition. 

l. Blanco. F.J., Rivas, 0 .. & Serrano. L (1994) Nature Scrucc. BioL 1, 5S4-590. 
2. Smith, C.K. & Regan, L. (1997) A.cc. Chem. Res. 30, 153-161. And references 

therein. 
3. Blanco. F. J .. Ramírez-Alvarado, M .. & Serrano. (1998) L Curr. Opin. StTuct. Bwl. 

s. 107-111. And references therein. 
4. de Alba. E.. Jiménez. M.A .. Rico, M., & Nieto, J.L (1996) Folding & Design 1, 
133- 144. 
5. de Alba. E .. Jiménez, M. A. & Rico, M. (1997) l. Am. Chem. Soc. 119, 175-183. 
6 . de Alba. E.. Rico, M., & Jiménez, M.A. (1997) ProteinSci. 6, 2548-2560. 
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GROEL UNDER HEAT SHOCK: CONFORMATIONAL ANO 

FUNCTIONAL CHANGES 

Osear Llorca, Asier Galán, José L. Carrascosa, Arturo Muga and José M. 

Valpuesta 

Centro Nacional de Biotecnología. Consejo Superior de Investigaciones 

Científicas. Campus Universidad Autónoma de Madrid. 28049 Madrid. 

Spain 

Chaperonin GroEL from E. coli, together with its cochaperonin GroES, are 

proteins involved in assisting the folding of polypeptides. GroEL is a 

tetradecamer composed of two heptameric rings which enclose a cavity 

where folding takes place through multiple cycles of substrate and GroES 

binding and release. GroEL and GroES are also heat-shock proteins, their 

synthesis being increased during heat-shock conditions to help the cell 

coping with the thermal stress. Our results suggest that, as the temperature 

increases, GroEL decreases its protein folding activity and starts acting as a 

"protein store". The molecular basis of this behavior is the loss of inter-ring 

signaling which slows down GroES liberation from GroEL and therefore the 

release of the unfolded protein from the GroEL cavity. This behavior is 

reversible and after heat-shock, GroEL reverts to its normal tunction . This 

might have a physiological meaning since, under thermal stress conditions, 

it may be inefficient for the cell to fold thermounstable proteins that are 

prone to denaturation. 
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Detection of Folding N ucleus from Analysis of 
Protein Superfamilies. 

LEONID MIRNY 
EUGENE SHAKHNOVICH 

Recent experimental and theoretical studies suggested a specific mech
anism of protein fol~g where all transition state coniormations share 
a smaller subset of common contacts (folding nucleus) . Folding nucleus 
have already been experimentally identified in several small proteins. 
Prediction of these residues contributing to the nucleus is a great chal
lenge for theoretical protein folding. 

Here we suggest a criterion for detection of folding nucleus in native 
proteins. The criterion is based on the assumption that location of the 
nucleus in a protein structure depends primarily on the structure itself, 
but not on tbe sequence acquiring tbiE structure. In e.ach superfa.mily 
of proteins sbaring the same fold and no sequence homology we ide.ntify 
positions whicb are conserved within eacb family and coincide when non
homologous families are structurally superimp osed . Positíons identified 
this way are conserved in ai1 proteins of a particular fold irrespective 
of thcir sequences and functions , and hence, are responsible for folding 
into this structure. 

In arder to eliminate an obv:ious explanations of this universal conser
vatism by low solvent accessibility of selected posit ions we make a series 
of statistical tests. For every position in a protein structure we compute 
conservatism expected according to its solvent accessibility. Compa.r
ison of expected and observed conservatism sbows that (i) in about 
90% of variation in conservatisro is explained by solvent accessibility; 
(ii) universal conservatism used to predict the folding nucleus can not 
be ex--plained by solvent accessibility. This statistiGJ test is used to 
identify folding nucleus in the proteins of immunoglobulin, flavodoxin, 
TIM-barrel and SH3-domain folds . Predictions are compa.red with ex
perirnent ally determined folding nuclei. 
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STRUCTURAL CHARACTERIZA TION OF THE NASCENT 

POL YPEPTIDE CHAIN OF BARNASE 

José L. Neira and Alan R. Fersht 

As a strategy to study the structure of a polypeptide chain as it grows from its N 

terminus in vitro, we ha ve analysed the conformational preferences of bamase nascent 

fragments. Here we present an extensive conformational characterisation of seven 

barnase fragments (from 822, (residues 1-22) to B 105 (residues 1-105)) by using 

different biophysical techniques, namely fluorescence, far- and near-UV CD, gel 

filtration chromatography (SEC), ANS-binding and NMR. Fragments up to 895 

appeared to be mainly disordered, although a small amount of secondary structure 

could be inferred from far-UV CD experiments. Fragment 895 was also essentially 

disordered, but pH-induced changes in the fluorescence emission spectrum suggested 

the existence of a native-like tertiary interaction between His 18 and Trp94. Fragment 

B 105 showed a native-like structure with al! of the probes u sed. None of the fragments 

bound ANS, which suggests no accumulation of exposed hydrophobic patches u pon 

chain elongation. 

By NMR, fragments 822 to 879 showed a small population of molecules with 

native-like helical structure, spanning residues VallO to His l8 . This residual helical 

structure increased with the size of the polypeptide chain from fragments 822 to 879. 

Evidence comes from three NMR parameters: (1) changes in the chemical shift s 

towards native-like values of residues Aspl2 to Tyrl7 on going from 822 to 879; (2) a 

larger number of medium- and short-range NOE contacts in 879 when compared to 

822; and, (3) lower temperature coefficients for residues Vall 0-His 18 in B79 

compared to 822. Since the first a-helix interacts with the last P-strands in the intact 

barnase (i. e. residues beyond Ile76), these results suggest that non-native tertia ry 

interactions stabilised native-like secondnry structure in the nascent chain. We can 

conclude that long-range interactions, even though they are non-native, are importan! to 

stab ilise and consolidate the presence of weakly populated conformations of secondary 

structu re in fragments. Thus, in the folding of barnase, the helical structure around a

heli x1 is conso lidated by long-range non-native interactions, the P-hairpin (residues 

Ser92-Leu95) region is a lso consolidated by non-native conformations, and the 

docking of both regions triggers the acquisition and consolidation of native-like 

structure in the rcst of the protein. 
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CCH Contains A Novel Peptide Motif Implicated In Protein 
Oligomerization 

Helena Mira, Mar~l Vilar, Enrique Pérez-Payá and Lola Peñarrubia 

Departarnent Bioquínúca i Biología Molecular, Universitat de Valencia, Bwjassot, Valencia, SPAIN 

CCH, a 13 kD plant protein from Arabidopsis thaliana, is a member of a group of 
chaperones implicated in intracellular copper trafficking and in oxidative stress 
responses. The plant protein contains a 48 amino acids C-terminal domain that is not 
present in CCH homologues from different organisms. This particular domain confers 
to the protein the capability to dimerize in vitro and by itself is able to oligomerize 
rendering dimers and tetrarners as deduced from electrospray mass speetrometry. 
We ha ve focused our attention on a novel peptide motif from the amino acid sequence 
of this plant CCH specific domain, that could play a determinant role in protein 
oligomerization or in specific molecular recognition events. Secondary structure 
prediction showed that the motif might fold as a bipolar o:-helix with basic residues in 
one side and acidic residues in the other side of the helix. We ha ve named this motif as 
"Helio" (Helix with Lateral Opposite charges). In order to define the mínima! sequence 
and structural requirements of Helio as oligomer inducer, we have synthetisized by 
SPPS the Helio motif and different analogues. Additional Characterisation of these 
analogues and structure-activity studies ofthe Helio motifwill be discussed. 
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KINETICS OF CONFORMATIONAL EQUILIBRIA IN NATIVE PROTEINS 

FROM NMR ANO MS ANAL YSIS OF HYDROGEN EXCHANGE 

· Cammon B. Anington, Lynn M. Teesch# and Andrew D. Robertson 

Dept. of Biochem. and High-Resolution Mass Spectrometry Facility 11 , 

Univ. of Iowa, Iowa City,IA 52242 (andy-robert.~on@uiowa . edu) . 

Our laboratory is investigating the link between thermodynamics and kinetics of folding as monitored 

by native-state peptide hydrogen (NH) exchange. NH exchange is an increasingly popular too! for the 

study of protein folding and stability. A number of recent studies ha ve demonstrated that the 

thermodynamics of protein stability can be measured accurately by monitoring the slowest exchanging 

NHs in native protein. Sorne investigators have extended the interpretation of native-state NH 

exchange to draw conclusions regarding the kinetic pathway of protein folding and unfolding. In 

previous studies, NH exchange monitored by NMR spectroscopy was used to determine the 

thermodynamics and kinetics of unfolding and folding at 14 residues in native turkey ovomucoid third 

domain (0MTKY3) [( 1996) Biochemistry 35, 171-180; ( 1997) Biochemistry 36, 8686-8691 ]. Free 

energies of NH exchange are very similar for all 14 residues. but unfolding rate constan !S segregate 

into at least two groups differing by about one order of magnitude: 9 NHs ha ve a mean unfolding rate 

constan! of 0.008 (± 0.004) s·• while the other 5 NHs show a mean rate constant of about 0.1 s·'. Our 

hypothesis was that the slower group of 9 residues were all exchanging ata cooperative global 

unfolding event. To test this hypothesis, native-state NHIND exchange at alkaline pH has been 

mon itored by electrospray ioniz.ation mass spectrometry (ESI-MS) under the same conditions used in 

the NMR studies, where thel!Gu for OMTKY3 is about 7 kcaVmol. The results have been interpreted 

using a new statistical-mechanical model for simulation of MS peak shapes during NHIND exchange. 

The ESI-MS data for OMTKY3 suggest that the hypothesis regarding cooperative exchange at the 9 

residues described abo ve is incorrect: in spite of the similarity in their unfolding rates, only about 4 of 

the 9 residues are exchanging in a complete! y cooperative manner. The data are most consisten! with 

the other 5 residues exchanging independently of one another. Overall, the 14 NHs with very similar 

thermodynamics of unfolding are, in fact, in volved in a number of different conformational equilibria. 

Overall, combined NMR and MS analysis of NH exchange provides a rich and complex picture of the 

ensemble properties ofnative proteins. 

(Supported by the NIH, GM46869) 
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Molecular dynamics studies of active tertiary folding states in a 
DNA binding protein. 

G. Ro:xstrom andO. Tapia 
Department of Physical Chemistry, Uppsala University, Sweden 

Zinc fingers constitute important eukariotic DNA-binding domains in many 
transcription factors. The protein component, from the Zif268-DNA complex, 
contains three tandemly repeated zinc fmger motifs (Zif) arranged in a semicircular 
(C-shaped) strocture that fits in the major groove of DNA. The question is whether 
Zif configuration is det:ermined by its interaction with DNA or if thc systcm has 
cnough information in its folding pattem. 
Each zinc-finger domain consist of an anti-parallel ~ sheet and an o:-heli~ with 
a zinc-ion contributing to hold both secondary structures. Tertiary structure 
flexibility is basically due to the four residues long "linkers"' between the 
fingers. 

Simulation were done to study !bree issues: 
i) Role of zinc in holding the 3D structurc; 
ii) Role of water solvent ; 
iü) Role of charge state of the zinc coordination shell in water and in 
vacuum. 

Por all these cases we have examined flexibility issues. 

Results: 
i) show the importance of zinc as a tertiary structurc holder. Although 
secondary structurcs are always retained they are perturbed by the 
absence of zinc. The fluctuation patte.m measurcd foc the relative that 
oricntation of thc three heliccs show significant differences when zinc 
is fully replaced but charge state is conscrvcd (using protonated 
histidines). 
Ü) Watcr surroundings belp the tertiary structurc to fluctuatc around 

regions compatible with DNA binding. Zinc also contributcs to this. 
iii) Thc zinc statc of charge was changed. Botb + 1 and +2 states in 
water show important fluctnations wbich are more important for the 
highcst charged form. 

The most flexible tertiary structure associated with fluctuations are always 
related to stable secondary structures. Ji the fingers loase stiffness, the whole 
structurc collapses with small fluctuations . 

The MD simulations undcrlinc the irnportance of water and tbc prcscncc of 
zinc to create condition for the folding to be fl.uctuating in regions where a 
protein-DNA complex may forro . 
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Electrostatic co11tributions to protein folding energetics: Re/atioll witlt 
guanidine-induced denaturation and protein stabilizatioll by mutation. 

Beatriz /barra-Molero and Jose M. Sanclzez-Ruiz 

Facultad de Ciencias. Departamento de Química Física. 18071-Grallada. 
SPAIN 

We have characterized the guanidine-induced unfolding ofhen-egg-white lysozyme 
and ubiquitin (both, hwnan and from yeast) on the basis of equilibriwn fluorescence 
measurements, kinetic fluorescence measurements, double-jump unfolding assays 
and circular dichroism. We have also characterized the thermal unfolding ofthese 
proteins by Differential Scanning Calorimetry. The results derived from these 
studies indicate that the guanidine-concentration dependen ce of the unfolding Gibbs 
energy is approximately linear over an extended concentration range but, also, that 
strong deviations from linearity occur at low guanidine concentrations (below 1M). 
In addition, these deviations from linearity change with pH, being negative at acidic 
pH's and positive at pH values near the isoelectric point. Tlús suggests that the 
deviations are associated to the contribution to the unfolding Gibbs energy that 
arises from pairwise charge-charge interactions. Tims, this contribution is expected 
to be stabilizing at pH values near the isoelectric point, sin ce positive and negative 
charges are distributed on the surface of the protein so as to produce a net 
electrostatic attraction; on the other hand, it should become destabilizing at acidic 
pH, due to the neutralization of negative charges and the concomitant repulsion 
between the remaining positive ones. This hypothesis is supported by theoretical 
calculations based on the Tanford-Kirkwood sphere model and the Tanford-Roxby 
mean-field approximation and suggests the possibility of enhancing protein thermal 
stability by modifying the charge distribution on the protein surface. To tlús end, we 
have developed a procedure based on simple electrostatic models that allows us to 
find potentially stabilizing mutations. 
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EQUILIBRIUM FOLDING INTERMEDIATES OF AN ALL-BETA PROTEIN: ACIDIC 

FIBROBLASTGROWTH FACTOR 

Jesus M. Sanz1
.2, M. Angeles Jimenezl, Guillermo Gimenez-Gallego2 

1 Centro de Biología Molecular y Celular. Universidad Miguel Hemández. c/Monovar esq Petrer. 

Elche, 03206-Alicante, Spain. Phone: (34) 966 658 761 Fax: (34) 966 658 680. E-mail: 

!msanz@umh.es 
Centro de Investigaciones Biológicas (CSIC). Velázquez, 144. 28006-Madrid, Spain. 

3 Instituto de Estructura de la Materia (CSIC). Serrano, 119. 28006-Madrid, Spain. 

We have investigated the existence of equilibrium folding interrnediates of acidic fibroblast 

growth factor (FGF). Moderate low pH (4.0) induces a partly folded state in FGF with a somewhat 

disrupted tertiary structure and a well conserved secondary structure. This state is very cornpact, since 

it Wldergoes cooperative unfolding transitions induced by urea and heat, and shows an 1-D nuclear 

magnetic resonance spectrum with well dispersed proton resonance peales. The low pH-stabilized state 

is capable of interacting with liposomes, and may correspond to a membrane translocation competent 

fonn. On the other hand, we have analysed the effect of 2,2,2-trifluoroethanol(TFE), a known 

secondary structure stabilizer, on the structure of FGF. TFE induces the formation of alfa-belix in FGF, 

despite being an all-P protein. Interestingly, a peptide corresponding to the P-strand 8 of FGF acquires 

an a-helical conformation in aqueous solution at pH 3.0, that is increased upon addition of TFE. This 

suggests that the folding of FGF is a non-hierarchical process and that non-native interrnediates may 

play an important role in the early steps ofFGF folding. 

In summary, we present here the description of two partly folded states of FGF that may be 

relevan! in events ocurring in vivo, such as translocation across mernbranes, and that add inforrnation 

on the folding process of all-P proteins. 
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Mechanism of folding/unfolding of cytochrome e 

M. C. Ramachandra Shastry 

Although elementary processes, like a:-helix or j3-turn formation, occur on the 
nanosecond time scale, the observation that the small proteins typically require ms to s to 
complete the process offolding stresses the importance ofthe events on the microsecond 
time scale. As a general approach to monitor kinetic reactions on the microsecond time 
scale, we have recently developed a continuous-flow capillary mixing apparatus. In 
conjunction with the conventional stopped-flow instrument, we have studied the 
refolding/unfolding of horse cytochrome e over six orders of magnitude in time starting 
from 45 IJ.S, the dead-time ofthe CF apparatus. Refolding under various initial and final 

conditions reveals a common exponential process (time constant, 50-75 IJ.S and 
amplitude, 40-60% ofthe total fluorescence signa! change) accounts for the formation of 
a compact intermediate (le) separated by the unfolded state by a distinct free energy 
barrier. This initial compaction event which is independent of heme ligation suggests that 
it reflects an intrinsic conformational event. The barrier limited collapse ofthe chain into 
le, which occurs long befare the formation of the rate limiting process of formation of 
specific and stable tertiary interactions, is consistent with earlier results that folding 
occurs in at least two stages. The refolding process has been described based on a kinetic 
modeling of a scheme involving severa! intermediates. 

Unfolding of cytochrome e using GuHCl, on the contrary, is a simple process, wlúch can 
be described by a single exponential. At lúgher denaturant concentrations the ro llover 
observed in the chevron plot is attributed to the rate-limiting Met80 deligation ofthe 
heme. This was confirmed by initing similar unfolding reactions in the presence of200 
mM imidazole, an extrinsic ligand that eliminates allligation events, for which a similar 
plot lacked the rollover. 
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Proteins must fold in short secondary structure regions 

Juan A. Subirana, Departament d'Enginyeria Química, Universitat 
Politecnica de Catalunya, Diagonal 647, 08028 Barcelona, Spain 

The secondary structure regions (a helices/p sheets) in proteins have 
an average length of about 20Á. In large proteins (more than 500 amino 
acids) this average size does not change (Trends Pol. Sci. 5, 321, 1997). This 
feature of proteins has been explained as due to the organization of proteins 
in domains. However it is obvious that no selective pressure towards large 
secondary structure regions is present when proteins increase in size. 

On the other hand we have simulated polymer crystallization by a 
Monte Carlo method and find the same behaviour: polymer chains fold in 
regions much shorter than what would be expected from energetic reasons. 
This is dueto the presence of entropy barriers in folding. We conclude that 
the same process occurs in proteins: if they had long secondary structure 
regions, the folding process would be very slow. Furthermore, long 
secondary structure regions would favour random aggregation if they 
eventually formed. 
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Simulation of protein models on the cubo-octahedrallattice with the CI algorithm 

Lucio Toma 

Dipartimento di Clúmica Organica, Universita di Pavia, Vía Taramelli 1 O, 27100 Pavia, ltaly 

Computer simulations of protein models on lattices have been widely used as an aid in the 

study of protein folding process. Following the suggestion of Raghunathan and Jernigan1 that 

the cubo-octahedral lattice can allow a more realistic representation of proteins than other 

lattices, we ha ve devised the use of a new set of interna! coordinates 8 for the description of a 

protein on this lattice. The model, though being a 3D model, presents a complexity typical of a 

2D model as the position of a residue can be defined only with respect to the two preceding 

ones and needs only the interna! coordinate 8 instead of two intemal coordinates usually 

necessary for 3D models. Moreover, conversion of8 to xyz coordinates is very easy as it needs 

only the vectorial product ofunit vectors or the sum ofunit vectors, thus having very low time 

requirements in a computer simulation. 

When the Contact Interaction algorithm, already proposed by us2 for simulations on square or 

cubic lattices, was applied to the cubo-octahedral lattice, the system obeys the correct 

thermodynamics derived from the definition of energy. Thus, lattice simulations of protein 

models, in wlúch secondary structure elements such as a-helices or 13-strands can be easily 

identifiable, can be performed. 

l. Raghunathan, G.; Jernigan, R. L. Protein Sci. 1997, 6, 2072-2083. 

2. Toma, L.; Toma, S Protein Sci. 1996,5, 147-153. 
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A molecular switch for glutamate-glycine cooperativity in the NMDA receptor 

Alvaro Villarroel, M. Paz Regalado and Juan Lerma. Instituto Cajal CSIC, Av. 

Dr. Ar~ 37, 28002 Madrid. 

The NMDA receptor plays a ~ntral role in learning and memory, neuronal 

development. and pathological neuronal death. This receptor constitutes an ionic 

channel that is highly calcium permeable, and has the unique property of requiring 

the simultaneous binding of two differenl agonists, glycine and glutamate, for its 

opening. At the strudurallevel, the receptor is composed of two pairs of subunits 

(NR1 and NR2) forming a tetramer containing four ligand binding sites, two for 

glycine and two for glutamate. Although the binding sites for glycine and glutamate 

are segregated into the NR1 and NR2 subunits, respedively, there is a reciproca! 

influen~ on the apparent binding affinity of one ligand by the other agonist, 

indicating that both sites interact fundionally. Moreover, the extent of this allosteric 

interaction is dependen! on lhe subtype of the NR2 subunit present in the tetramer. 

A deep understanding of the basis of NMDA receptor allosteric heterotropic 

cooperativity requires the identification of the pertinent intersubunit interacting 

residues, followed by the structural resolution of the rearrangements that accompany 

such allosteric interaction. By using chimeras made of different glutamate binding 

NR2 subunits we have identified a molecular determinan! for this intersubunit 

interaction. This region interacts functionally with the glycine binding site, and funnels 

the influence of other regions of the NR2 subunit to the NR1 subunit. A three 

dimensional model based on the structure of homologous bacteria! periplasmic 

amino acid binding proteins place this segment in a loop protruding out of the bindíng 

pocket but not involved in ligand binding. Thus, this loop is strategically placed to 

transmit the conformational changes induced by glutamate in the NR2 subunít to the 

NR1 subunil. 

. .1 .¡ 
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Organizers: J. Massagué and C. Bernabéu. 

64 Workshop on Novel Biocatalysts. 
Organizers: S. J . Benkovic and A. Ba
llesteros. 

35 Workshop on Signal Transduction in 
Neuronal Development and Recogni
tion . 
Organizers: M. Barbacid and D. Pulido. 

66 Workshop on 100th Meeting: Biology at 
the Edge of the Next Century. 
Organizer: Centre for lnternational 
Meetings on Biology, Madrid. 

67 Workshop on Membrane Fusion. 
Organizers: V. Malhotra andA. Velasco. 

68 Workshop on DNA Repair and Genome 
lnstability. 
Organizers: T. Lindahl and C. Pueyo. 

69 Advanced course on Biochemistry and 
Molecular Biology of Non-Conventional 
Yeasts. 
Organizers: C. Gancedo, J . M. Siverio and 
J. M. Cregg. 

' 70 Workshop on Principies of Neural 
lntegration. 
Organizers: C. D. Gilbert, G. Gasic and C. 
Acuña. 

71 Workshop on Programmed Gene 
Rearrangement: Site-Specific Recom
bination. 
Organizers: J. C. Alonso and N. D. F. 
Grindley. 

72 Workshop on Plant Morphogenesis. 
Organizers: M. Van Montagu and J. L. 
Mi col. 

73 Workshop on Development and Evo
lution. 
Organizers: G. Morata and W. J. Gehring. 

74 Workshop on Plant Viroids and Viroid
Like Satellite RNAs from Plants, 
Animals and Fungi. 
Organizers: R. Flores and H. L. Sánger. 

75 1997 Annual Report. 

76 Workshop on lnitiation of Replication 
in Prokaryotic Extrachromosomal 
Elements. 
Organizers: M. Espinosa, R. Díaz-Orejas, 
D. K. Chattoraj and E. G. H. Wagner. 

77 Workshop on Mechanisms lnvolved in 
Visual Perception. 
Organizers: J. Cudeiro andA. M. Sillita. 

78 Workshop on Notch/Lin-12 Signalling. 
Organizers: A. Martínez Arias. J. Modolell 
and S. Carnpuzano. 

79 Workshop on Membrane Protein 
lnsertion, Folding and Dynamics. 
Organizers: J. L. R. Arrondo, F. M. Goñi, 
B. De Kruijff and B. A. Wallace. 

80 Workshop on Plasmodesmata and 
Transport of Plant Viruses and Plant 
Macromolecules. 
Organizers: F. García-Arenal, K. J. 
Oparka and P.Palukaitis. 

81 Workshop on Cellular Regulatory 
Mechanisms: Choices, Time and Space. 
Organizers: P. Nurse and S. Moreno. 

82 Workshop on Wiring the Brain: Mecha
nisms that Control the Generation of 
Neural Specificity. 
Organizers: C. S. Goodman and R. 
Gallego. 

83 Workshop on Bacteria! Transcription 
Factors lnvolved in Global Regulation. 
Organizers: A. lshiharna, R. Kolter and M. 
Vicente. 

84 Workshop on Nitric Oxide: From Disco
very to the Clinic. 
Organizers: S. Moneada and S. Larnas. 

85 Workshop on Chromatin and DNA 
Modification: Plant Gene Express ion 
and Silencing. 
Organizers: T. C. Hall , A. P. Wolffe, R. J . 
Ferl and M. A. Vega-Palas. 

86 Workshop on Transcription Factors in 
Lymphocyte Development and Function. 
Organizers: J. M. Redondo, P. Matthias 
and S. Pettersson. 
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87 Workshop on Novel Approaches to 
Study Plant Growth Factors. 
Organizers: J. Schell and A. F. Tiburcio. 

88 Workshop on Structure and Mecha
nisms of Ion Channels. 
Organizers: J . Lerma, N. Unwin and R. 
MacKinnon. 

Out of Stock. 
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The Centre for Intemational Meetings on Biology 
was created within the 

Instituto Juan March de Estudios e Investigaciones, 
a prívate foundation specialized in scientific activities 

which complements the cultural work 
of the Fundación Juan March. 

The Centre endeavours to actively and 
sistematically promote cooperation among Spanish 

and foreign scientists working in the field of Biology, 
through the organization of Workshops, Lecture 

and Experimental Courses, Serninars, 
Symposia and the Juan March Lectures on Biology. 

From 1989 through 1997, a 
total of 109 meetings and 9 

Juan March Lecture Cycles, all 
dealing with a wide range of 
subjects of biological interest, 

were organized within the 
scope of the Centre. 
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Th e /ec/11res summarized in this p11blication 
were presented by th eir authors at a workshop 
held on rh e 14 111 through th e 16 111 of December, /998, 
at the In stituto Juan March. 

All published articles are exact 
reproduction of author's rext. 

There is a limired edition of 450 copies 
of this volume, available free of charge. 


