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Abstract

Development of Methods For Modulating Binding Protein 

Affinity.

Herald Reiersen PhD Thesis

March 2000

Polymers (VPGVG)n of the elastic vascular wall protein, elastin, exhibit an 

inverse temperature transition where, as temperature rises, the polymer collapses 

from an extended chain to a p-spiral structure with three VPGVG units per turn, 

each pentamer adopting a type II p-tum conformation. Results obtained by 

thermodynamic fitting of circular dichroic (CD) spectroscopy melting data of short 

elastin peptides suggest that this conformational change is an intrinsic property of 

the individual pentameric sequences, rather than a global, co-operative effect of 

many pentamers within the P-spiral structure.

The effect of trifluoroethanol (TFE) on these peptides further supports a 

model in which TFE-micelles locally chaperone the folding by providing a mobile 

matrix for assisted non-polar side-chain side-chain interactions.

A short elastin sequence was also inserted into a globular protein in order 

to obtain a temperature responsive switch. The original type I p-tum of a two- 

helical minidomain version of the three helix staphylococcal Protein A domain, 

previously shown to retain the Fc binding properties of protein A, was replaced 

with a GVPGVG p-tum. These unstructured ‘elastin mutants’ exhibited a much 

lower stability than the wild-type domains. However, although the starting binding 

affinity towards Fc was lower than the wild-type, it exhibited a 21-fold 

improvement in affinity when the temperature was raised from 5° C to +37° C. 

The wild-type sequences lost their structure and/or binding affinity for Fc over the 

same temperature range. Analysis of the mutant minidomain structures by CD



suggests that the increased affinity was correlated with the formation of a 

temperature induced type I p-tum. In addition, the minidomain mutant exhibited 

similar behaviour in sodium sulphate to that exhibited in TFE and in response to 

temperature.

This demonstrates that when inserted into a stable globular protein, short 

elastin sequences have the ability to modify local structure, and activity, by 

operating as temperature modulated switches.

Some of the work described in the thesis has already been published, is under 

consideration, or being prepared for publication.
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Part I

Theory and Background

NOTE: The following three chapters constitute a review of 

various aspects of the field and, in addition, contain some original 

ideas/hypotheses of the author.



- Chapter 1 -

Chapter 1. Introduction

1.1 Regulation of Protein Activity and Affinity.

Proteins are biological polymers synthesised by covalently linking amino acid 

monomers through peptide bonds. This primary structure is chosen from 21 

different amino acid residues encoded by the gene, and it may also be post- 

translationally modified. The chemistry of each residue and its sequential context 

determine its position in the final folded three-dimensional structure of the 

protein. Noncovalent forces such as dispersion forces, electrostatic interactions, 

hydrogen bonds and hydrophobic effects determine and dictate folding towards the 

final structure of a protein. Each residue has a propensity for forming a certain 

secondary structure as helix, sheet or turn through its backbone interactions with 

other residues. However, in some cases the periodicity of polar/nonpolar residues 

within a specific secondary structure, rather then intra-residual propensity, is 

more important (Xiong et al., 1995). This is seen in the mutant Arc repressor 

where a (3-strand is transformed to an a-helix by slightly altering the residue 

periodicity involving just two residues (Cordes et al., 1999). Other sequences, 

‘chameleons’, may also adopt different secondary structures depending on 

neighbour residues even though they have the same primary structure (Mezei, 

1998; Minor Jr. & Kim, 1996). A protein can also be transformed into a complete 

new fold by changing 50 % of its original sequence (Dalai et al., 1997). In 

addition, the interfacial contacts within tertiary and quaternary structures, and the 

exact aqueous composition of the milieu may influence sequences towards a 

certain secondary structure preference.

The main active function of proteins, excluding those proteins not serve a 

structural or motor role in tissues or muscles, is to bind or chemically transform 

ligands such as proteins, DNA, RNA, sugars, lipids, metals, ions, gases, or other 

small molecules. Covalent or non-covalent interactions between ligands and a 

protein may be transient or permanent, and may be regulative or catalytic. 

Enzymes bind substrates and convert them to other molecules. The activity of

1
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enzymes can also be positively and negatively regulated by binding of other 

ligands, either in the active site or at other sites. Inhibitors turn off activity, and 

bound cofactors such as metals help to stabilise the protein against degradation 

and to confer specific chemical activities. Regulation of affinity may often 

involve a conformational change in the target protein.

Engineering switches into the primary structure of a protein in order to turn 

its function on or off, is a challenging task. The ultimate goal of such studies 

should be to create a molecular switch which can respond to an external stimuli 

without reducing the overall activity of the protein. A specific and sensitive all- 

or-none switch-like behaviour in a small protein is more difficult to obtain relative 

to a smooth transition. Switch-like responses are ideally found in transitions 

which produce no intermediates (Ferrell, 1998). One way of changing the activity 

of a protein may be to insert a sequence which undergoes a large reversible plastic 

deformation (change of topology) in a protein upon a stimulus (Noguti & Go, 

1989a). There are several reports where proline-rich sequences are involved in 

large structural transitions, and these may offer an excellent tool to engineer 

transitions into proteins. Interspersed into a polypeptide chain, prolines give the 

chain a flexibility which minimises the energetic cost of folding into other 

structures (Frankel, 1992) and, due to the restricted conformations of the side- 

chain, proline-rich repeats can only adopt certain well defined helical structures.

1.2 The Structure and Conformations of Proline

If there is one single residue in proteins that is very different from all other amino 

acids, yet is very important in the binding and function of proteins, it is proline. It 

is frequently found in repeats responsible for such functions as muscle contraction 

and in signalling pathways. This small residue is unique in that its backbone 

resembles that of a hunchback, with its propyl side-chain binding back to the 

amide nitrogen forming a five-membered pyrrolidine ring - the only naturally 

found N-substituted residue. It is in fact this property that makes this residue 

suitable for binding to signalling domains such as the Src homology 3 (SH3) and 

WW domains (Nguyen etal., 1998).

2
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1.2.1 The Structure o f Proline

The pyrrolidine ring of proline allows only a limited number of conformations for 

this residue. Its restricted torsion angle (f), for the N-Ca bond, varies little from 

about -63° while y/ , for the Ca-C bond, can vary between -35° (a  region) and 

+ 150° (p region) (MacArthur & Thornton, 1991) (Figure 1.1).

Figure 1.1 The Definition of Dihedral Angles of a Proline Sequence.
The figure shows the nomenclature of a proline residue in a valyl-prolyl-glycidyl sequence respectively denoted i 

to i+2. The torsion angles are: (n = 0 fo r C V C ’, cis to Ni+i-C“l+i;

't'i = 0 for C“ - Ni trans to C’i - Oil 

<tn = 0 for C“ - C’, trans to Ni - H; (or cis to CVi - N,) 

and x’j = 0 for C“, - Ni cis to Cp, - CTi (Creighton, 1984).

The arrows indicate rotation towards positive angles (clockwise rotation viewed from the N-terminal side of the 

bond).

3



- Chapter 1 -

The conformation of proline is largely determined by the preceding residue, X, 

in X-Pro. Where X is hydrophobic or X-Pro is a cis bond (dihedral angle co (Cx- 

Npro) = 0°) the i/A-angle sits at ~ +150° (p-region). About 56 % of prolines are in 

the p-region. A similar shift in the dihedral angles has also been found for the X- 

Pro with a trans bond (co = 180°) where the 0-angles becomes more negative 

(around -76° to -8 6 °) and y/ has a more positive value in the a-region (+1°). 

These two states avoid the steric repulsion between H-C“x and Cpro and between 

Cax and Opro, respectively. On average cis has a frequency of only 5-6 % relative 

to trans for X-Pro residues (MacArthur & Thornton, 1991). C/s-bonds are found 

more frequently in protein structures when X is an aromatic residue (Tyr, 10-19 

%), and less frequently when X is a valine (around 2.7%) or other P-branched 

hydrophobic residues (MacArthur & Thornton, 1991; Reimer et a l, 1998). Proline 

also limits the conformational space (in ij/) for the residue X due to clashes 

between 8CH2 pro and C^x or NHx. Thus X has a theoretical 90 % preference for 

the p-region, although surprisingly only 13 % of prolines are found in p-strands 

compared to 26 % in helices. Its imino acid cannot donate a H-bond and thus it is 

disfavoured in both a-helices and a p-strands. It is equally likely to be found 

within the first helix-tum or at the edge strands of a p-sheet (MacArthur & 

Thornton, 1991, and references herein).

7.2.2 Prolines in a-helices and sheets

The frequency with proline which occurs within a-helices argues that it cannot be 

a pure a-helix breaker. There is now evidence suggesting that C atoms of 

prolines are involved as C8-H ’ ’ ’ Oi_3/i_4 hydrogen bond donors while the carbonyl 

oxygen of the preceding turn of the helix acts as an acceptor (Chakrabarti & 

Chakrabarti, 1998). Depending on where the acceptor is Oi_3 or Oi_4 it may 

respectively increase the kink of the helix from 13° to 25°. When prolines are in 

the middle of the helix sequence, the preceding residue is mainly hydrophobic 

(MacArthur & Thornton, 1991). This may help to stabilise the proline in the 

more favourable UP ring pucker conformation where Cy protrudes from the
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pyrrolidine ring plane trans to the carbonyl group (Chakrabarti & Chakrabarti, 

1998). It remains to be tested if alternative H-bond patterns also exist for prolines 

inside (3-sheets. If not, in addition to its a-helix favouring 0-angles, it may explain 

the higher frequency of prolines inside helices relative to (3-strands. The a-helical 

structure of membrane peptides is unaffected by inserted prolines (Li et al., 1996). 

In this context, the lowered dielectric inside membranes may stabilise the 

intrahelical C pro-H ’ ' '  Oi_3 /i_4 H-bond relative to water. By strategically inserting 

prolines into membrane helices it is now possible to modulate both their geometry, 

stability and activity (Nilsson & von Heijne, 1998; Zhang et al., 1999).

In contrast, irrespective of the environment, prolines melt p-sheet structures 

(Li et a l, 1996). Interestingly, this has been demonstrated by incorporating 

prolines into Alzheimer’s amyloid peptides having the effect of completely 

dissolving the insoluble p-sheet core of the fibrils and preventing further 

aggregation (Moriarty & Raleigh, 1999; Wood et al., 1995).

1.2.3 Prolines in Turns

The frequency of prolines in loops, random-coils and tum-regions of proteins (61 

%) is much higher than in helices and sheets (MacArthur & Thornton, 1991). 

There have been different classifications of p-turns which define a reversal of the 

polypeptide chain. The first p-tums (type I, F, n, II’, m , and ET) were identified 

in a tetra-peptide by Venkatachalam (1968) (Table 1.1). The type m/m’ turns are 

a subgroup of type W  p-turns, and this group has been pooled with type I/E’ turns 

(Richardson, 1981). A distance definition of turns (C“ - C“i+ 4  less than 7A) was 

made by Chou and Fasman (1977). However, the 1^-4 H-bond often found in p- 

tums between NHj+ 3  and Oi, is insufficient to define a P-turn (Chou & Fasman, 

1977; Dyson et al., 1988; Zimmerman & Scheraga, 1977). The latest classification 

by Hutchinson & Thornton (1994) now includes nine types of p-tums (I, I’, E, E ’, 

Vial, VIa2, VIb, VIE and IV) defined by a variation of 0  and i/a dihedral angles, in 

which type IV is the most frequent (35 %). It is the type I or E turns (Table 1.1) 

that have a high proportion of prolines. Especially frequent in proline turns is the
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Pro-Gly sequence (MacArthur & Thornton, 1991; Wilmot & Thornton, 1988). 

This dipeptide sequence has a 8 8  % preference for type II p-tums relative to type I 

turns and is very stable (Yang et al., 1996).

Table 1.1. Comparison of Some Secondary Structure Elements Identified in 

Proteins.

Backbone Dihedral Angle values (°)

Ramachandran

2° structure § i+l Vi+i <t> i+2 Vi+2 nomenclatature0

P-sheet (P) -119 +113 -119 +113 Pp

p-sheet (A) -139 +135 -139 +135 Pa

a-helix (R) -57 -47 -57 -47 OCR

a-helix (L) +57 +47 +57 +47 a L

3io-helix (R) -49 -26 -49 -26 3-io

Poly-L-Proline I (R) -78 +149 -78 +149 Pi

Poly-L-Proline II (L) -78 +149 -78 +149 Pm

Collagen (L) -51 +153 -51 +153 C

Type I p-tum -60 ± 30 -30 ± 30 -90 ± 30 0 ± 45b < * R - >  OCR

Type I’ p-turn +60 ± 30 +30 ± 30 +90 ± 30 0 ± 45b 0 C |_ ->  Y

Type II p-turn -60 ± 30 +120 ± 3 0 +80 ± 30 0 ± 45b P "> a L

Type II’ p-turn +60 ± 30 -120 ± 3 0 -80 ± 30 0 ± 45b e  -> O r

Type III p-turn -60 ± 30 -30 ± 30 -60 ± 30 -30 ± 4 5 b a R  -> a R

The data for helices and sheets are adapted from Creighton (1984) and for turns from Venkatachalam (1968). 

R = Right-handed; L = Left-handed; P = parallel; A = Anti-parallel. The right-handed poly-L-proline I has cis 

peptide bonds. aWilmot and Thornton (1990) have found that \yi+2-values in p-turns vary more than the other 

dihedral angles. cThornton etal. (1988).

Type II p-tums turns along with the N-terminal regions of helices are the most 

soluble segments of proteins (Robert & Ho, 1995), which is a little surprising for 

the PG sequence that is uncharged and not particularly hydrophilic. However, the 

0-dihedral angle of proline restricts the number of turns that it can occupy. The
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difference between (3-tum I and II is a 180° flip between y/j+i and fo+2 (Table 1.1), 

and the I’ and II’ represent the backbone mirror-image conformations of 

respectively I and II. The latter have a left-handed twist while type I’ and II’ 

conformations are right-hand twisted and are more likely to be found in the 

invariably right-hand twisted anti-parallel (3-sheets (Mattos et al., 1994; Sibanda & 

Thornton, 1985).

Sequences which include stacking of aromatic (X) and proline rings form a 

type VI turn and have a high proportion of the cis form (Yao et al., 1994). By 

substituting proline with a-methylproline it was possible to stabilise a type I (3- 

tum in a NPNA-motif, and the yr-angles for the prolines were rather unrestricted 

(Nanzer et al., 1997). That 58 % of (3-turns have residues that participate in 

another p-turn (Hutchinson & Thornton, 1994) suggests that a switch between 

different types of p-tums may be possible, as was found from a 2 . 2  ns molecular 

dynamics simulation of a pentapeptide in water (Tobias et a l, 1991), or that they 

may be able to form larger super-secondary helical structures. The torsion angles 

for some of the secondary structures are not far away from p-tums. The 3io-helix 

and the a-helix are very close in conformation to the type I p-tum, and the type III 

P-turn is in fact one turn of the 3io-helix.

1.2.4 The Poly-L-Proline Helix and Other Proline-rich Helices.

The most frequent helical conformation associated with prolines is a left-handed 

poly-L-proline II helix (Pn, Table 1.1) and is very common in globular proteins 

(Adzhubei & Sternberg, 1993). It has about three residues per turn (n), typically 

(Pro-X-X)n, as is illustrated by the collagen helix (n = -3.3). However, if the 

peptide group is in ds-confirmation it will form a poly-proline I helix which is 

right-handed (n = +3.0) with the side-chains pointing perpendicularly out from the 

Pn-helix. In proteins the helices are mostly located on the surface, stabilised by 

backbone hydrogen-bonding to water-molecules, and can bridge other helical 

regions (a-helices and 3io-helices). The Pn-conformation has a geometry and 

flexibility of dihedral angles with no intramolecular H-bonds which easily allows
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structural transitions into other 2° structures (Sreerama & Woody, 1999), and may 

explain why other unordered peptides tend to occupy this conformational space 

(Sreerama & Woody, 1994). Interestingly, the right-hand twisted anti-parallel p- 

sheet is geometrically related to left-handed polyproline II and collagen helices 

through carbonyl-carbonyl interactions (Maccallum et al., 1995). The term p-helix 

according to Adzhubei & Sternberg’s definitions covers both those with p- 

structure H-bonds (p-ladders) and those without this structure (unladdered p- 

helix) (Adzhubei & Sternberg, 1993). A small change in the 0,1 -̂angles change 

from -75°, 145° to -120°,135° can easily facilitate a transition from a Pn helix to a 

p-helix. There are many examples in nature where proline can occupy different 

helical structures, and proline is often repeated alone or in a context with other 

residues. These are reviewed in chapter 2.

1.3 Protein A

One of the cell surface proteins on the bacterium Staphylococcus aureus, Protein 

A (SpA), is an example of a tandem penta-repeat domain structure involved in 

binding of some classes of mammalian antibodies, especially IgG Fc (Richman et 

al., 1982). Approximately one in three people have this bacterium in the nose and 

on the skin, causing acute infections and food poisoning when it is inappropriately 

translocated (e.g. in an open wound). The in vivo function of this 57 kDa surface 

membrane protein is still not understood although 95 % of bacteria from human 

isolates express SpA (Goward et al., 1993). The homology between each of the 

five solvent-exposed -58 residue repeats varies between 64 and 90 %, with each 

domain more similar to its neighbour than to distant domains (Nilsson et al., 1987; 

Uhlen et al., 1984). The designation of the repeats from the solvent exposed N- 

terminus is E, D, A, B, and C, based on the chronology of their discovery (Uhlen 

et al., 1984). The spacer Xr region near the C-terminus and the cell-wall consists 

of octamer-repeats, while another part of this region (Xc) attaches the protein to 

the cell-wall (Guss et al., 1984) (Figure 1.2).
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Staphylococcus aur. cell wall

Figure 1.2 Schematic Representation of the Different Domains in Protein A on the 

Surface of Staphylococcus aureus.

The different domains E-D-A-B-C-X of the Protein A are shown and their interaction with an IgG molecule 

(Guss eta!., 1984; Uhlen et al., 1984).
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A number of NMR-structures of domains B and E and the synthetic Z-domain 

(designed for high-level protein expression, (Nilsson et al., 1987)) have now 

verified that each repeat forms an antiparallel three-helix bundle (Figure 1.3) 

(Gouda et al., 1992; Jendeberg et al., 1996; Starovasnik et al., 1996; Tashiro et 

al., 1997; Tashiro & Montelione, 1995).

Figure 1.3 Energy Minimised and Averaged NMR-structure of the B-domain of 

Protein A.
The triple-helical structure of the B-domain is displayed (Gouda et al., 1992). H1 is the N-terminal helix. Helices 

H2 and H3 are also shown. The structure 1BDD was displayed by MOLSCRIPT (Kraulis, 1991). The primary 

structure is ADNKFNKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPK (58 residues) 

with helices H1, H2 and H3 underlined.

Immobilised Protein A is a well-known method for purification of antibodies, 

such as IgGs from dog, pig, human and rabbit. The human subclasses IgG 1, IgG2 

and IgG4 bind strongly, while IgG3 does not bind at all. Likewise, the mouse

H2

10
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IgG2a and IgG2b bind well, but mouse IgGl and IgG3 bind poorly (Hermanson et 

a l, 1992).

All of the protein A domains bind to human Fc of IgG and also to Fab with 

lower affinity (Jansson et al., 1998; Moks et al., 1986; Roben et al., 1995). 

Although all domains can bind to Fc, there is only room for two IgG-molecules 

per five-domain Protein A (Langone et al., 1978). The initial 2.8 A resolution x- 

ray structure of the B-domain in complex with the Fc of IgG (Deisenhofer, 1981) 

suggested eleven residues on the two antiparallel SpA helices (helix 1, HI, and 

helix 2, H2) in the binding to Fc to the CH2  and CH3 domains (HI: F6 , Q10, Q11, 

N12, F14, Y15, L18; H2: N 29,132, Q33 and K36). The x-ray structure, however, 

did not resolve the position of the third helix, later verified by NMR (Figure 1.4). 

Recent data from NMR hydrogen-deuterium exchange experiments of the binding 

of the B-domain to Fc has however revealed that only nine residues are 

responsible for binding: HI: F14, Y15, E16, L18 and H19, and H2: N29, Q33, 

L35 and K36 (Gouda et al., 1998). Other data have also suggested that the 

packing of the three helices is unchanged upon binding to Fc (Gouda et al., 1998; 

Tashiro et a l, 1997), and that the surface of the Z-domain engaged in binding 

involves the same residues as the B-domain (Cedergren et al., 1993; Jendeberg et 

a l, 1995).

SpA binds to Fab of the Vh3 subfamily (human IgG, IgM, IgA and IgE). The 

D and E domains are important for the Fab-binding, although all of the domains 

bind more or less strongly to Fab. (Ibrahim, 1993; Jansson et al., 1998; Ljungberg 

et al., 1993; Roben et al., 1995). There is a different binding-site on the D-domain 

of SpA for Fab relative to Fc-binding (Roben et al., 1995). For the binding to Fab 

by the E-domain (to V r only), it involves residues on the helix 2 and helix 3 face, 

which are negatively charged with a central hydrophobic patch. The Fc-binding, 

however, incorporates residues from helix 1 and helix 2  displaying a hydrophobic 

face with two positive charges (Starovasnik et al., 1999). There may be several 

epitopes on human Fab of IgGl (Vr3) that can bind to Protein A (Starovasnik et 

al., 1999). Framework regions 1 and 3 and a sequence of CDR2 may be involved 

(Hillson et al., 1993; Potter etal., 1996; Randen et al., 1993).

11
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Figure 1.4 X-Ray Structure of the B-domain of Protein A in Complex with Fc of 

Human IgG. The 2.8 A resolution x-ray structure of the B-domain in complex with the Fc of IgG (Deisenhofer, 

1981) displays the two antiparallel SpA helices that bind to the Fc between CH2 and CH3 domains. Later the third 

helix in this domain (H3) has been solved by NMR which was not resolved in the X-ray structure (Gouda et al., 

1992; Jendeberg et al., 1996; Starovasnik et al., 1996; Tashiro et al., 1997; Tashiro & Montelione, 1995). The 

MOLSCRIPT representation (Kraulis, 1991) is of structure 1FC2.

The stability of Protein A is exceptionally good. The Z-domain can be boiled 

without any loss of activity after cooling (Nord et al., 1995 and reference therein). 

Previous attempts to minimise the three-helical domain in protein A to two helices 

have been made with a resulting loss of stability and affinity (Jansson et a l, 1989). 

Stabilising a minimised protein A as a fusion protein to a scFv lowered the affinity

12
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by 10 to 100,000 fold, and revealed that the region corresponding to the helix 3 

was very important to preserve affinity/stability (Huston, 1992). Recently, the Z- 

domain has been minimised to 34-38 residues retaining most of its affinity towards 

the Fc-portion of human IgG. Braisted & Wells (1996) removed the third helix by 

carrying out selective mutagenesis by phage display technology (Figure 1.5).

Figure 1.5 NMR Structure of a Minidomain Evolved from the B-domain of Protein

A. The MOLSCRIPT structure (Kraulis, 1991) of 1ZDB displays an averaged and energy-minimised structure of 

the antiparallel 38-residue a-helical minidomain Z38 (Starovasnik et al., 1997) evolved by phage display 

technology from the B-domain of protein A (Braisted & Wells, 1996). The proline-residue in the type I p-turn is 

shown in green. The primary structure is AVAQSFNMQQQRRFYEALHDPNLNEEQRNAKIKSIRDD. with helices 

underlined.

By displaying protein A on the coat protein gene III of the phage M13 

(bacterial virus), the target sequence (59-residues = 177 nucleotides) is 

incorporated into the genome of the phage and will thus evolve in the bacteria (E. 

coli XL-1 Blue) over time. This allows for selection (panning) of binding to
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human IgGl from a very large library of phage. To remodel protein A, its DNA- 

sequence from the selected phages is selectively (or randomly) changed and 

reintroduced into the phage for further panning (Barbas m , 1995; Braisted & 

Wells, 1996). For remodelling protein A Braisted & Wells (1996) first changed 

the exposed hydrophobic residues in helix 1 and 2 that interact with the helix 3 

(Leu-20 and Phe-31 were randomly reselected as Asp 20 and Lys-31). After 

panning for activity, a second round of random mutagenesis of five residues was 

performed on the best selectant from the first round in order to remove/repack the 

hydrophobic core between helix 1 and 2. The best candidate was further mutated 

to improve its IgG-binding. The correlation between structure and affinity was 

clearly seen since the a-helicity increased with increasing affinity. The new 

structure Z38 (38 residues) consisted only of two anti-parallel a-helices connected 

by a single type I (3-tum (Starovasnik et a l, 1997). However, the initial structure 

was quite unstable so five residues were removed from the N-terminus of Z38 and 

a disulfide bond was introduced connecting the ends of both helices. This 

improved the affinity for human IgGl from 185 nM for the open double helical 

form to 20 nM for the S-S linked helices, with an additional 40° C improvement in 

stability. The affinity for the S-S form is very close to the affinity of the Z-domain 

(15 nM) (Starovasnik et a l, 1997). The structure of the selected S-S minidomain 

(Z34C, 34 residues) is also similar to its mother helices 1 and 2 from the Z-domain 

(Figure 1.6). The residues on the B-domain previously found to be involved in Fc- 

binding are also quite conserved in the minidomains. They contain exactly the 

same residues on helix 1 suggested by Gouda et a l (1998) to participate in 

binding of the B-domain on the basis of NMR hydrogen-deuterium exchange 

experiments. However, on helix 2 there are the following mutations Q33K, L35I 

and K36R (Braisted & Wells, 1996) in which the mutation Q33K is more serious 

than the others.
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Figure 1.6 NMR Structure of a Disulphide Stabilised Minidomain Z34C Evolved 

From the B-domain Of Protein A. The averaged and energy-minimised NMR structure, 1ZDD, is 

displayed in MOLSCRIPT (Kraulis, 1991). The two antiparallel a-helices in the minidomain are stabilised by a 

disulphide bond (Starovasnik et al., 1997). The primary structure of 1ZDD (helices are underlined): 

FNMQCQRRFYEALHDPNLNEEQRNAKIKSIRDDC. The cysteines are labelled bold in text and blue/yellow in the 

figure.

Protein A is often used as an affinity-handle fusion protein in order to 

purify a target protein (Nilsson & Abrahmsen, 1990). There is currently no 

inexpensive, simple and gentle in situ method to purify isolated and unstable 

proteins, although competitive elution, lowering pH and adding salt or other 

chemicals may provide some solutions. The short two-helical minidomain by 

Braisted & Wells (1996) is an excellent model on which to base a re-design based 

on natural protein conformational switches found in some proteins. If successful, 

it should be possible to obtain a mutant protein which would provide an 

inexpensive and gentle elution procedure.
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1.4 Solvent Induced Structural Transitions Within Proteins.

As a method of studying natural transitions within secondary structure elements in 

proteins, chemicals such as trifluoroethanol (TFE) and sodium dodecyl sulphate 

(SDS) have been used to promote or provoke formation of, or switches between, 

secondary structures. Typically, TFE induces a-helices while SDS induces (3-sheet 

at non-micellar concentrations and a-helices at micellar concentrations 

(Sonnichsen et al., 1992; Waterhous & Johnson, 1994). An investigation of an 

unordered peptide structure using these solvents may thus reveal hidden structural 

propensities. TFE has also been shown to modify an existing secondary structure 

in proteins (Jayaraman et al., 1996; Narhi et al., 1996a). Also polyols, alcohols, 

salts, sulphates or detergents have been shown to induce secondary structures 

(Bello, 1993; Lee et al., 1993; Uversky et al., 1998a; Wille et al., 1996; Zhang et 

al., 1995a). In the cells there is also a natural osmolyte, trimethylamine N-oxide 

(TMAO), that can restore the activity of some protein by dehydrating charged 

sites (Tseng et al., 1999). This suggests that water may disrupt or prevent some 

natural structural transitions.

1.5 The Structure of Water in Protein Solvation.

Water plays an important role in specifying contacts between amino acid residues 

by reducing their mutual polar, ionic and H-bond interactions, and by promoting 

hydrophobic interactions proposed to be a driving force for the folding of proteins 

(Dill, 1990). Due to its two hydrogen-atoms and the two ‘lone-pair’ electrons on 

oxygen contributing to the dipole moment and the polarity (33 % ionic character), 

water can form H-bonds and electrostatic charge-dipole interactions. In bulk liquid 

at 25° C ninety percent of OH-groups are H-bonded, and each molecule has on 

average 3.45 H-bonds separated by a distance of 2.9 A, though displacements are 

very rapid (pico-second) and random. Water can, in addition, form intermolecular 

structures such as ice and can also dissolve other polar and ionic molecules. The 

classic view is that charged groups are rapidly hydrated by water forming a 

hydration shell with ‘structure’ which largely reduces other charge-charge
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interactions of the solvated molecule. These interactions are entropically driven 

due to the release of water-molecules at higher temperatures (Collins & 

Washabaugh, 1985; Creighton, 1984). An alternative explanation is that water 

molecules generate an osmotic barrier by entropically pushing water molecules 

back to interacting macromolecular surfaces preventing contact without involving 

structured water. The array of surface associated water molecules largely dictates 

if interacting surfaces are attractive or repulsive due to the dipole-dipole 

repulsions of the immobilised water molecules (Israelachvili & Wennerstrom,

1996).

There are many reports on structural ordered water or even clathrate 

structures around peptide groups. Some ice nucleator proteins and alcohols have a 

structure that orders water molecules on their surfaces and thus limits 

supercooling (Gavish et al., 1990; Wolber & Warren, 1989). In addition, water 

structure on hydrophobic groups has been detected both by crystallography and by 

computer simulation. In the x-ray structure of crambin, pentagonal arrangements 

of water molecules on a leucine side-chain were detected. Pentagons are 

characteristic for clathrate structures of water with few higher polygon structures 

observed (Head-Gordon, 1995; Teeter, 1984). The cryogenic x-ray structure of p- 

trypsin has identified hydration water aggregates with tetragonal and pentagonal 

structures on hydrophobic residues (Nakasako, 1999). However, hydrophobic 

regions may also have water hexagons and larger polygons with reduced H- 

bonding back to bulk solvent (Head-Gordon, 1995). During a computer 

simulation of the peptide mellitin in water, clathrate-like hydration shells were 

detected on protruding convex hydrophobic surfaces while flat surfaces had more 

fluctuating structures (Cheng & Rossky, 1998). By a combination of small angle 

scattering measurements and molecular dynamics simulations a hydrophobic 

amino acid was found to affect the structure of several water layers (Pertsemlidis 

et al., 1996, 1999). All these results suggest that water is somehow structured 

surrounding hydrophobic groups. The structures may however be a snapshot of a 

very mobile water layer. In addition water is involved in structural transitions in 

proteins.
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1.6 The Role of Water in Transitions in Proteins.

Water molecules around hydrophobic groups in proteins are more structured than 

in the bulk phase and thus make an entropic contribution to the energy of folding 

or burial of these groups. There is also a substantial number of water molecules on 

these that are completely lost by heating or folding (Urry et al., 1997). However, 

negative charged residues as Asp and Glu have a large population of surface water 

molecules relative to their surface areas (Kuhn et al., 1993; Nakasako et al., 

1999), and they bind water stronger than the hydrophobic residues (Urry et al.,

1997). In addition, water molecules are particularly frequent at the N-termini of 

helices and in type II (3-turns (Robert & Ho, 1995). It has been argued that type II 

p-tums may be found in a less-structured environment and the water thus 

contributes to their stabilisation. Thus, the ‘affinity’ of the different residues and 

sequences towards water molecules clearly dictates the folding and the final 

structure of the protein.

Some exposed and hydrophobically hydrated surface areas may induce 

cold denaturation of a protein. In these cases the water at lower temperatures 

destabilises the stmcture, and structure/activity is regained by heating (Antonino 

et al., 1991). There are also some examples on proteins that have water molecules 

in their cavities, and the water molecules may be ‘frozen’ with a low entropy or 

they may be more disordered (Yu et al., 1999; Zhang & Hermans, 1996). The 

entropic cost of burying a structural water molecule may be compensated by an 

increased flexibility (and destabilisation) of the protein (Fischer & Verma, 1999). 

However, the molten globule state, proposed to have an increased intramolecular 

solvation, surprisingly has near native stmcture solvation properties (Denisov et 

al., 1999). The molten globule states with reduced or no tertiary contacts may be 

quite compact with respect to the diffusion of water. The mobility of the protein 

may also prevent water accessing the core, as was found for solvent shielding of 

the helix backbone by mobile hydrophobic residues (Luo & Baldwin, 1999).

On the other hand, surface water molecules have been proposed to form 

large extended H-bonded networks to stabilise proteins, either by bridging 

secondary structures (Nakasako, 1999), by linking subunits and the stmcture of the 

active centre of an enzyme (Nakasako et al., 1999), or by bridging antigen bound
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to antibody (Bhat et al., 1994). From crystal structures it has also been shown that 

structural water can stabilise secondary structures such as a-helices and loops by 

cross-linking important H-bonds (Harpaz et al., 1994; Nugent et al., 1996). These 

proteins may be destabilised through perturbations of the water network.

In addition to providing both stabilising and destabilising interactions with 

proteins, water may participate in specific transitions between different secondary 

structures. It may promote the transition between type I p-tums and helices 

(Perczel et al., 1992; Sundaralingam & Sekharudu, 1989) through external H- 

bonds to the backbone carbonyl and amide, or internal in an a-helix contributing 

to a bridging 5-M H-bond. The three-centre H-bond stmcture (4->l and 

5 ->H2 0 ->l) involving water stabilises different types of p-tums (type I, II or III), 

and may fold into an 4->l a-helix (stabilised by water) or to a 5 ->H2 0 ->l open 

turn (p strand). Based on results from Raman spectroscopy at room temperature 

and the above findings, it has been proposed that water molecules may promote 

flickering transitions (on the picosecond time scale) between a-helices, p- 

structures and poly-L-proline II helices in unordered proteins and in loop-regions 

for molten globule-like proteins (Barron et al., 1997). A similar water catalysed 

transition where parallel gramidicine dimers are redirected into anti-parallel 

orientation via destabilising an existing H-bond stmcture and reforming new H- 

bonds, has recently been proposed (Xu & Cross, 1999). There are also several 

examples where the binding and the release of water molecules induces or is a 

consequence of large conformational changes in a protein. For example, the 

release of about 2 0  water molecules promotes the formation of the photoactivated 

state of rhodopsin (Mitchell & Litman, 1999). Again, by manipulating the solvent 

conditions it is possible to refold poly(L-lysine) to either a-helix or to the less 

hydrated P-sheet (Chiou et al., 1992).
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1.7 Elastin, The Hydrophobic Muscle Motor.

As demonstrated in the previous section, water molecules bound to hydrophobic 

interfaces are structurally ordered. Transitions which involve melting of 

‘clathrate-like’ water structures near hydrophobic groups can thus increase 

hydrophobic interactions and the entropy of bulk water. This is also proposed to 

be a driving force for protein function, assembly, stability and folding (Dill, 1990; 

Nakasako, 1999), and suggested by Urry (1988a, b, 1993, et al. 1997) to contribute 

to folding or conformational changes in elastin.

The elastin protein is found in different vertebrates although there is also some 

sequence similarity for mussel byssus (Coyne et al., 1997). In mammals it is 

mainly found in the yellow connective tissue in lungs and walls of large blood 

vessels and especially in aorta where fibrous elastin forms 5-6 pm fibres of the 

precursor protein tropoelastin (Sandberg et al., 1969; Smith et al., 1968; Urry, 

1984). It is an essential component of the arteries since mice that lack elastin die 

of obstructive arterial disease (Li et al., 1998).

Elastin is composed of repeating hydrophobic monomers, the most frequent 

sequence being (VPGVG)n where n is as large as 50 in a single molecule 

(Sandberg et al., 1985; Yeh et al., 1987). Synthetic polymers of (VPGVG)n 

where n = 150 are soluble in water at all temperatures below 25° C, but above this 

temperature they undergo a phase transition to a viscoelastic state called 

coacervate, with 50 % water and 50 % peptide by mass (Urry, 1993). This 

transition is reversible and is dependent on protein concentration. The binding of 

water molecules to hydrophobic parts of the protein is an exothermic process 

(Blokzijl & Engberts, 1993; Privalov, 1992), and an increase in added heat above 

a certain transition temperature leads to a release of associated water and 

intensified intra- and intermolecular hydrophobic interactions. For elastin this 

added heat disrupts the elongated, less ordered hydrophobically hydrated structure, 

and the polymer contracts via an intramolecular process (Urry, 1993; Urry et al., 

1998). Several observations have verified that increased temperature induces an 

intramolecular structural transition.
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The linear sequences (from a single peptide to polymers) and a cyclic 

conformation of three VPGVG repeats were studied by NMR or X-ray 

crystallography, and the conclusion from all these studies was the same. Each 

VPGVG-repeat forms a repetitive type II (3-tum, which folds into a right-handed 

[3-spiral with 2.7 to 2 . 8  VPGVG-repeats per turn and a translation of 3.2 to 3.5 A 
per pentamer, or an axial rise of 9.45 A per turn. Hydrogen bonds are only found 

within each turn (Val4 NH->ValiCO; ValiNH->Val4 CO and a weaker 

GlysNH-^GlysCO) and not along the axis as described for other helices (e.g. a- 

helix), and the peptide bonds are all-trans. The latter hydrogen bond involving 

glycines has been described as a y-tum as demonstrated in the hexapeptide 

VAPGVG (Khaled et al., 1976; Renugopalakrishnan et al., 1978a). Each turn also 

has paired valyl side chains with intramolecular and intertum hydrophobic 

associations that facilitate the folding and stabilisation of the structure, and 

additionally provide a lipophilic ridge along the water-filled (3-spiral which can 

interact with other spirals. The diameter of each helix is 15-17 A, and three (3-
o

spirals form a supersecondary intermolecular twisted filament, about 50 A in 

diameter (Cook et al., 1980; Long et al., 1980; Ruben et a l, 1991; Urry, 1984; 

Urry & Long, 1976; Urry et al., 1981, 1983; Venkatachalam & Urry, 1981; Volpin 

et al., 1976; Wasserman & Salemme, 1990). From molecular dynamics studies of 

a 90-residue model segment of VPGVG-repeats it has been shown that by an 

extension to its low-temperature form, the diameter across the |3-helix axis 

decreases to about 1 0 - 1 2  A and the pitch increases from 8.7 to 15.2 A (Figure 1.7). 

However, by raising temperature the (3-helix contracts (up to 130 %) with an 

expansion of its helical diameter to 15-17 A (Chang & Urry, 1988; Ruben et al., 

1991; Wasserman & Salemme, 1990).

2 1



- Chapter 1 -

15-17 A
10-12 A

Figure 1.7 Molecular Models of a Short Elastin Pentamer Repeat Sequence.
A short VPGVG repeat helix was constructed based on the dihedral angles for the contracted (left-hand side) and 

expanded (right-hand side) forms of the peptide, extracted from the average <D and 4* angles in a published 

molecular dynamics simulation of (VPGVG)18 in relaxed and stretched forms (Wasserman & Salemme, 1990). 

The MOLSCRIPT figures (Kraulis, 1991) display prolines in green while valines are in blue.

The energy that drives the reaction has been proposed to originate from either 

the solvent entropy (by libration of hydrophobically hydrated water molecules) or
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from the reduction of librational entropy in each pentameric segment (Urry, 1984, 

1988b). The latter model proposes that the Val4 -Gly5 -Val1 segment of the 

contracted (relaxed) protein linking successive p-turns, exhibits low-frequency 

rocking motions. For the relaxed structure, a correlated counterrotation of \j/i and 

(pi+i dihedral angles (crank-like motion) across the central bonds of the VGV- 

segment was observed with large-amplitude torsional oscillating motions (Chang 

& Urry, 1988; Urry, 1988a,b; Wasserman & Salemme, 1990). By fixing all 

pentamers but one, the initially large RMS-variation of the dihedral angles of the 

VGV-segment, or the internal chain dynamics, is decreased upon stretching. Thus, 

the contraction of the polymer may be driven by librational entropy. However, the 

importance of hydrophobically hydrated water molecules in these transitions has 

also been stressed, and there is a good correlation between temperature for loss of 

these water molecules, residue hydrophobicity and transition temperature for the 

inverse folding (Urry et a l , 1997, 1998). It may well be that hydrophobic 

hydration is responsible for initiating and driving the folding of the p-helix, while 

the librational entropy dominates in later stages of the transition (Gosline, 1978; 

Gray et al., 1973).

By varying amino acid composition, X, and content in the polymer 

(VPGXG)n, it is possible (theoretically) to manipulate the transition temperatures 

for reversible p-spiral folding from -130° C to +1000° C (extrapolated). These 

data also provide a hydrophobicity scale for all amino acid residues. Similar 

manipulations of transition temperature for folding can be obtained by reversible 

phosphorylation and other covalent modification, electrochemical or chemical 

reduction of a prosthetic group attached to the polymer, by changing solvent 

composition, increasing pressure, and by irradiating a chromophore (Urry, 1993). 

All of the manipulations will affect the water solvated structure of the polymer, 

and reversibly reduce its length by more than 50 per cent. The elastin polymer is 

capable of lifting a mass of more than 1 0 0 0  times its dry mass, performing work 

and producing motion. The energy involved for a transition within one monomer, 

VPGVG, is reported to be around 2.0 kcal/mol (Chang & Urry, 1988).

The elastin sequences have excellent biocompatibility and cells do not bind 

to the elastin cross-linked matrix. Thus, it may be used to prevent post-operative 

adhesions, e.g. to artificial hearts. It is also a potential drug delivery and controlled

23



- Chapter 1 -

pesticide vehicle. Additionally, the polymer has been proposed to be a controllable 

docking site for enzymes, as a molecular energy transducer, or a superabsorbent 

(Urry, 1993; Urry et al., 1993). The polymer can be cloned, expressed and 

harvested from E. coli cells or from tobacco plants. In E. coli it is expressed as a 

fusion protein to glutathione-S-transferase, or just as a large single polymer with 

up to 250 repeats of GVGVP (Guda et al., 1995; McPherson et al., 1992; 

McPherson et al., 1996; Zhang et al., 1995b). In these cases the purification is 

simple, based on successive heating/cooling cycles of the protein. A flanking 

elastin-like sequence has also recently been demonstrated as a tag for thermally- 

responsive purification of recombinant proteins (Meyer & Chilkoti, 1999).

1.8 Design and Production of Globular Proteins With Elastin Sequences.

Engineering switches into the primary structure of globular proteins is a 

challenging design goal in which sequences from the muscle polymer elastin may 

offer a novel way to modulate activity. De novo design of proteins have so far 

been tried on a-helix bundles, some (3-sheet designs and on metalloproteins 

(Blundell, 1994; Bryson et al., 1995; DeGrado et al., 1999; Quinn et al., 1994).. 

However, in order to design elastin sequences in the context of other structural 

elements such as helices and sheets, is also important to test whether single 

pentameric VPGVG repeats exhibit the same properties as a large elastomeric 

polymer. If this is the case, even very short sequences can be inserted into globular 

protein to modulate the structure. A very promising model system to test elastin p- 

tum sequences is a minidomain of Protein A of Staphylococcus aureus, which 

binds to the Fc-region of mammalian IgG. (Braisted & Wells, 1996). The structure 

consists of only two a-helices connected by a single type I p-tum, which can 

easily be replaced by an elastin turn. Previously, sequences up to 14 residues have 

been inserted into an enzyme without dramatically changing its function (Starzyk 

et al., 1989), while an existing a-helix within T4 lysozyme was tandemly 

repeated, exhibiting just a extension of its original helical structure (Sagermann et 

al., 1999).
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However, the elastin sequence might very well adopt different structures as 

found for ‘chameleon’ sequences (Mezei, 1998; Minor Jr. & Kim, 1996), in order 

to repack some of its hydrophobic residues. Alternatively, larger elastin repeat 

sequences might be inserted into solvent exposed loops (El Hawrani et al., 1994), 

for example inter-domain linking regions. The ultimate prize would be to 

construct a novel globular protein with a specified function which responds and 

folds into a desired structure at a specified temperature.
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Chapter 2. The Hunchback and His Neighbours: Proline as an 

Environmental Modulator.

Proline as reviewed in chapter 1.2 has some special structural properties that 

influence the structure and stability of other neighbouring amino acid sequences. 

As already mentioned for elastin, it is very much responsible for the defined 13- 

helical structure which leads to its remarkable biological properties (chapter 1.7). 

Here, its role in modulating the biological activity and affinity of other proteins 

when it is inserted into their sequences is discussed.

2.1 Proline as a Stress Modulator.

The amino acid has been reported to stabilise cells during intracellular or 

extracellular stress. Prolines improve the salt and freezing tolerance of E.coli 

when they are inserted as a short fusion linker, GPGPAGPGP, in the 13- 

glucuronidase. It also increases the intracellular proline concentration and the 

expression yield of the enzyme in vivo (Biilow & Mosbach, 1991). An increased 

free proline accumulation has also been recorded on other external stress 

responses (e.g. temperature extremes, salinisation, metals toxicity, UV-irradiation, 

hyperosmosity and nutrient deficiency) in plants. However, bi-products during 

proline synthesis and degradation may be more important to counteract stress than 

increased proline concentration (Hare & Cress, 1997).

2.2 Prolines Affect Folding and Stability of Proteins.

Several observations on the effects of prolines on the stability and folding of 

proteins have been reported. The turns in proteins have been suggested to initiate 

protein folding (Perczel et al., 1992; Rose, 1978; Zimmerman & Scheraga, 1977), 

and the eight prolines in the loops and turns connecting the (3-sheets of the 

fibronectin type IH module may very well be responsible for its very rapid
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refolding relative to the generally observed slow formation of (3-sheets influenced 

by its prolyl cis-trans isomerisation rate (Plaxco et a l , 1996, and references 

herein). However, cis-trans isomerisation of surface residues in a flexible loop, in 

contrast to more non-mobile regions, may not affect the overall stability and the 

folding kinetics of the protein (Ikura et al., 1997). The unfavourable strain and 

isomerisation rate may sometimes be improved by replacing the prolines by other 

residues, or by adding neighbouring glycines (Ikura et al., 1997; Nakamura et al., 

1997; Ueda et al., 1993). There are several reports which describe increased 

thermostability of globular proteins by inserting prolines into the first turn of an a- 

helix, or into p-tum and loop regions (Bogin et al., 1998; Nakamura et al., 1997; 

Ueda et a l, 1993). For membrane proteins proline insertions even in the middle 

of the a-helix may improve their thermostability (Li et a l, 1996). Generally, 

replacing target residues by prolines, glycines with other residues, or deleting 

residues, lowers the conformational entropy for the unfolded protein and stabilises 

the folded state. In a comparative analysis the thermophilic proteins are generally 

found to be shorter than their mesophilic homologues, and with a higher 

frequency of deleted exposed loops (Thompson & Eisenberg, 1999, and references 

herein).

2.3 The Biological Role of Poly-L-Proline Helices.

An extensive review by Williamson has shown that several globular proteins, in 

addition to collagen, may carry a poly-L-proline II helix (chapter 1.2.4). In these 

cases the Pn-helix may function as a stiff ‘sticky arm’ which facilitates association 

with other proteins (Frankel, 1992; Schleif, 1999; Williamson, 1994). Sometimes 

the arm may be unordered with some flexibility and folds into a structure upon 

binding. For other proline-rich sequences they may even form a functional 

moiety, the entropic bristle domain - which is a time-averaged region for a flexible 

chain (Hoh, 1998).

There are important groups of signalling modules which bind proline-rich 

ligands adopting a Pn-conformation. The Src-homology-3 protein domains (SH3) 

bind proteins with a proline-rich sequence containing the consensus PXXP (Yu et
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al., 1994), and the WW-domains likewise bind to PPXY sequences, where X is 

any amino acid and Y is Tyrosine (Macias et al., 1996). The structures of two 

other proline-rich ligand binding modules profilin and EVH1, which are involved 

in regulation and dynamics of the cytoskeleton, have recently been solved 

(Fedorov et al., 1999; Mahoney et al., 1999). Both bind proline-rich sequences in 

a Pn helical conformation. Other proteins carrying proline-rich ligands for these 

ubiquitous binding domains are exemplified by the PPXY ligand for the WW 

domain. This has been found on Gag proteins of retroviruses which are important 

for virus assembly, on sodium channel proteins, interleukin receptors, formins 

(proteins associated with murine limb and kidney development) and on 

serine/threonine kinases (Einbond & Sudol, 1996). However, the WW-domain of 

the murine formin binding protein FBP21 which is a spliceosome-associated 

protein, binds to a proline, glycine and methionine rich motif, PXXGMXPP 

(Bedford et al., 1998). Moreover, some WW-domains bind to proline-rich ligands 

containing phosphoserine or phosphothreonine preceding a proline residue (pSer- 

Pro or pThr-Pro). For these ligands phosphorylation may be an important on/off 

regulation of binding through reduced cis-trans isomerisation rate of pSer-Pro and 

pThr-Pro bonds (Lu et al., 1999b). This may suggest a structural transition 

between Poly-L-Proline II and Poly-L-Proline I helices regulated by 

phosphorylation.

SH3 and WW are both small P-sheet modules, respectively about 70 and 

38 residues (Macias et al., 1996; Musacchio et al., 1994). The proline ligand in 

the Pn-conformation interdigitates by van der Waals interactions with the aromatic 

residues in the binding pocket of these proteins, and at least for profilin, SH3 and 

ENV1 the ligand also associates through H-bonds with carbonyl oxygens and 

donor groups on the aromatic residues (Fedorov et al., 1999). For SH3 and WW 

domains the CH2 -N group of proline is responsible for the specificity. The low 

affinity (IQ = 1-200 pM) relative to antibodies can be 100-fold improved by 

replacing prolines with other artificial N-substituted residues (Nguyen et al., 

1998). It may be expected that N-substitution on ligands can also affect other 

proline-rich ligand binding protein such as EVH1 and profilin (Fedorov et al., 

1999; Mahoney et al., 1999). Williamson (1994) has suggested that the low 

affinity for interaction between proline rich repeat proteins and their ligands may
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be compensated by having tandem repeats, i.e. by improving their ‘avidity’. This 

is now illustrated for profilin which can bind very long repeat stretches of proline 

(10-15 residues) and having a submicromolar dissociation constant (Mahoney et 

al., 1999). However, at least for the signalling domains the low affinity may also 

be important to bind multiple related ligands. Both SH3 domains and profilin can 

bind their ligand in two different backbone polarities which reflects the pseudo- 

two-fold symmetry for the Pn helices of these ligands (PXXP, Pio) (Feng et al., 

1994; Lim et al., 1994; Mahoney et a l, 1999; Yu et al., 1994). Moreover, that 

SH3 and WW modules can compete for their proline-rich ligands 

(Alexandropoulos et al., 1995; Chan et al., 1996; Chen & Sudol, 1995) may have 

a regulatory function, and by specifying flanking residues for these ligands the 

binding domains can increase their fidelity (Feng et al., 1994; Lim et al., 1994; Yu 

etal., 1994).

The number of different signalling domains is steadily increasing - in 1997 

it was more than 30 (Bork et al., 1997). A recently example is the novel CD2 

binding protein CD2BP2 which binds to two tandem repeats of the PPPPGHR 

sequence, separated by a SQAPSHR linker (Freund et al., 1999; Nishizawa et al.,

1998). Its binding surface, the GYF domain, has a maximal length of about 25 A. 
This suggests that the proline-rich ligand must accommodate a different 

conformation than a Pn-helix (Freund et al., 1999). A positive identification of 

Pn-helices in globular proteins has however been found for the C-terminal 

fragments of histones (Makarov et a l, 1992), for the hydroxyproline-rich plant 

glycoproteins extensins, arabionogalactan-proteins and solaneous lectins 

(Sommer-Knudsen et a l, 1998), and for the a proline, serine and threonine-rich 

tandem repeat sequence of the human salivary mucin glycoprotein MG2 

(Antonyraj et al., 1998). By contrast, the proline, glutamine and glycine-rich 

tandem repeat from mouse salivary proline-rich protein MP5 had an unordered 

conformation (Murray & Williamson, 1994). Surprisingly, glycine is more 

destabilising in Pn-helices than in a-helices, (3-ladders and 3io-helices (Adzhubei 

& Sternberg, 1993). This argues that a large class of proline and glycine-rich 

repeats and without the (PXX)n-repeat motif found in collagen, could be 

classified into other secondary structures.
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2.4 Prolines Form Alternative Helical Structures.

There are several reports on different 2° structures formed by proline-rich repeats 

or sequences. Most of them have been found or proposed to form helical 

secondary structures in which 1 to 4 proline-repeats generate one turn of the helix. 

Recently, the NMR structure of a 22 residue peptide TPPI from the replication 

arrest protein Tus was solved in TFE. TPPI is a penta-repeat sequence where a 

proline is either preceded or followed by a basic residue. Its structure is a left- 

handed helix with 5.56 residues per turn and a solvent accessible channel making 

it look like a pipe, hence the name: the proline pipe helix (Butcher et al., 1996). 

This amphiphilic helix has intramolecular hydrogen bonds only on one side of the 

helix, which also has the shallowest pitch relative to the prolines and its 

neighbours on the opposite side. It may fit perfectly into the major groove of B- 

DNA with its basic residues facing the DNA backbone phosphate groups. The x- 

ray structure of the tus protein has now been solved. The corresponding TPPI 

peptide segment within its complex with DNA is surprisingly not helical but is 

composed of short p-stands separated by proline-initiated loops (Kamada et al.,

1996). This illustrates the importance of solvent conditions or the context of the 

local sequence on the global structure of short peptide sequences. However, it 

may also suggest that the tus protein undergoes large conformational changes upon 

binding to DNA (Kamada et al., 1996), and that the TPPI-segment may have 

undergone changes also. Alternatively, it may be able to bind to other DNA- 

sequences by adopting a different (e.g. helical) fold.

The RNA polymerase II has a C-terminal domain (CTD) which is a tandem 

repeat of the proline-rich sequence (SPTSPSY)n, where n = 17-52, depending on 

the organism. The CTD is essential for cellular functions such as transcription and 

splicing (Corden & Patturajan, 1997). Hyperphosphorylation of CTD switches the 

polymerase from PolIIA to PolIIO and may be essential for the polymerase to start 

transcription and for an efficient elongation. In addition, it is a signal for 

ubiquitination of the RNA polymerase II large subunit (Mitsui & Sharp, 1999). 

There are many CTD-associated proteins that has been discovered which include a 

cis-trans peptidyl-prolyl isomerase that may modulate the structure of the CTD 

(Corden & Patturajan, 1997). Phosphorylation of serines at the proposed SPTS
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and SPSY turns (Cagas & Corden, 1995) may change the cis-trans isomerisation 

status to facilitate a transition to a more extended Pi or Pn helical conformation 

(Zhang & Corden, 1991). As far as the author knows the exact structure of the 

CTD of RNA polymerase II has still not been solved, although its domain was 

identified as a conformationally mobile region by electron crystallography 

(Meredith et al., 1996). However, there are several models based on NMR and CD 

data which have been proposed. Cagas & Corden (1995) have suggested that the 

eight proline-rich heptamer repeats form a right-handed p-spiral (Urry, 1993), and 

that each repeat folds independently of the others. The spiral has a diameter of 

about 9 A with proposed recurring type I p-tums for the SPTS and SPSY regions. 

Nishi et al. (1995) have, alternatively, proposed a p-helix which is left handed. 

It was also possible to stabilise the repeats into overlapping type II p-tums by 

replacing serine and threonine in the PS and PT turns with glycines or D-alanine 

(Dobbins et al., 1996). Glycosylation of the threonine in a short peptide covering 

one of the tandem repeats also induced a turn-like stmcture (Simanek et al., 1998).

A similar proline motif has been recognised in the transcription factor from 

the Drosophila K10 gene product which contains the octapeptide, SPNQQQHP, 

repeated eight times (Suzuki et al., 1994). The ‘SPXX’ motif also has a strong 

tendency to form a turn involving the side-chain of serine (Suzuki & Yagi, 1991), 

and in addition to its occurrence in the CTD of RNA-polymerase n, it is also 

found as a DNA binding motif in histones (Suzuki, 1989).

Models based on energy minimisation of different proline rich tandem 

repeats from rhodopsin, synaptophysin, synexin, gliadin, hordein, gluten and RNA 

polymerase II have been suggested by Matsushima et al. (1990). The tandem 

repeats vary from 5-9 residues, and it is suggested that they all form p-tum helices 

with about three repeats per turn (15-27 residues). In this system the helix model 

for RNA polymerase II was very different from the model by Cagas & Corden 

(1995). However, there are several observations that support the view that some 

proline-rich sequences or tandem repeats form helical structures other than the 

poly-L-proline type.

The elasticity of the wheat gluten protein, glutenin, is responsible for the 

bouncy viscoelasticy of kneaded dough during bread-baking (Wrigley, 1996). The 

central elastic glutenin repeat domain consists of (PGQGQQ)n,
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(GYYPTSP/LQQ)n and (GQQ)n. Scanning tunnelling microscopy of the wheat 

gluten protein reveals that it forms a spiral supersecondary structure with p-tums 

(Miles et al., 1991). The prolamin storage protein from hordeins of barley has 

similar tri-, hexa- and nonapeptide repeats as found in glutenin, and a 

representative peptide (TTVSPHOGOOTTVSPHOG) displays a type I/HI p-tum 

CD spectrum in 90 % TFE (Halford et al., 1992).

The longest single-chain polypeptide reported (about 27,000 residues) is 

the muscle sarcomere protein called titin or connectin (Labeit & Kolmerer, 1995; 

Maruyama, 1997). It consists of tandem repeat domains of fibronectin-IH (FnlH), 

immunoglobulin (Ig) regions and elastic PEVK-domains rich in prolines, 

glutamates, valines and lysines. The elasticity of titin, in relaxed striated muscle, 

derives from the entropy of unfolding of the p-strands in Ig and FnDI modules and 

from extension of the PEVK region. The latter may involve both entropic and 

enthalpic processes (Linke et al., 1996, 1998; Tskhovrebova et al., 1997). It has 

also been suggested that the PEVK repeats may fold into a large cylindrical 

structure with a diameter corresponding to the Ig flanking regions (Linke et al., 

1996; Nave et al., 1989).

Another muscle protein with proline-rich repeats is elastin. This 

viscoelastic protein is found in vascular cell walls and several repeating sequences 

have been described for the elastin precursor protein, tropoelastin. The most 

frequent repeat (up to 50 times) is the pentapeptide VPGVG (Sandberg et al., 

1985; Yeh et al., 1987). The polymer contracts by increasing temperature to an 

ordered right-handed p-spiral with about three VPGVG units, each forming a type 

II p-tum, per turn of the spiral (Urry, 1988a,b). By contraction, the diameter of the 

spiral is increasing from 12A to 16A while its length is 55 % shorter (Ruben et al., 

1991; Wasserman & Salemme, 1990). The spiral has a pitch about 10A per turn 

with all-trans peptide bonds (Wasserman & Salemme, 1990). The driving force for 

this inverse temperature induced transition is a dehydration of hydrophobic valines 

side-chains which is entropically driven (Chapter 1.7).

The spider dragline silk has proline, glycine and glutamine rich repeats 

(GPGGQGPYGPG)n, (GGYGPGS)n and (GPGQQ)n, where n = 1 to 8 . It is stiff, 

strong and tough to break, and it may well form complex helical secondary 

structures (Guerette et al., 1996). The collagen from mussel byssus have flanking
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sequence motifs with resemblance to both elastin and spider dragline silk. It is 

composed of bulky hydrophobic residues along with proline and glycine, and 

contains the repeat motif (XXXPG)n, where n is between 6-12 (Coyne et al., 

1997).

2.5 The Pathology of Prolines.

Proline repeats or stretches are also found in proteins associated with diseases 

such as Alzheimer’s disease (AD), Huntington’s disease (HD) and Creutzfeldt- 

Jacob’s disease (CJD) in humans. Alzheimer’s disease is progressive towards 

neuronal and glia alteration, synaptic loss and dementia (Selkoe, 1999). 

Polymerisation and deposition of the 40-residue (3-peptide A(3 into a (3-sheet fibril 

structure, is important for the pathogenesis of AD. Neurofibrillary tangles of 

paired, helically wound filaments (PHF, about 10 nm) are found in Alzheimer’s 

brain, and with tau, a microtubule associated protein, as a subunit. Tau is normally 

a very soluble cytoplasmic protein, but in PHF it is hyperphosphorylated, long, 

stiff, inactive and insoluble (Hagestedt et al., 1989; Selkoe, 1999). The 

hydrophilic tau proteins are proline and glycine-rich forming a triple-stranded left- 

helical superhelix (tau) 3  with a diameter about 2 0  A (each chain about 1 0  A), and 

can stretch and contract by more than 300 % with very little 2° structure 

(Lichtenberg et al., 1988; Ruben et al., 1991). However, hyperphosphorylated tau 

may exhibit an extended left-handed poly-L-proline helical structure (Uversky et 

al., 1998b). Recently, a prolyl isomerase, Pinl, has been shown to restore the 

function of hyperphosphorylated tau so that it can bind microtubules in vitro, 

suggesting that depletion of Pinl to tau in PHF may contribute to neuronal death 

(Lu et al., 1999a). Again, it is the pS/T sites preceding prolines that are the 

substrate. On the other hand, the natural occurring osmolyte trimethylamine N- 

oxide (TMAO) has also been shown to restore the activity of hyperphosphorylated 

tau without involving cis-trans isomerisation, suggesting that dehydration of 

charged sites restores it function (Tseng et al., 1999). This is well correlated with 

the observations that tau undergoes an inverse temperature transition as elastin 

does. (Ruben et al., 1991; Urry, 1988a,b). For elastin it is the dehydration of
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hydrophobic groups that drives the reaction. For tau it is probably the dehydration 

of charged groups that restores (and refolds) it.

Huntington’s disease is another neurodegenerative disease that involves 

repeat structures in the protein huntingtin. The expansion of glutamine-repeats 

initiates the pathology involving precipitation of huntingtin as insoluble fibres in 

the brain (Perutz, 1999). There is a 50-residue long proline-rich region (with 

stretches of proline-repeats) just after the glutamine repeat in hungtintin with 

unknown function (MacDonald et al., 1993), and this region may very well affect 

the secondary structure of the glutamine repeats.

Mutant cell surface prion proteins are implicated in several 

neurodegenerative diseases such Creutzfeldt-Jacob disease (CJD), scrapie and 

bovine spongiform encephalopathy (BSE, ‘mad cow disease’). Although little is 

known about the function of normal prions, the are nevertheless important for 

normal cellular development (Kuwahara et al., 1999). In contrast to Alzheimer’s 

disease, the prion diseases can either be inherited within the species or be 

transmitted across the species barrier. The conformational change that transform 

the ~ 250 residue wild-type cellular prions, PrPc, to the disease-causing isoform, 

PrPSc, is either caused by a somatic mutation (for inherited diseases) or by 

replication by a transmissible form (Cohen & Prusiner, 1998). There is a structural 

change from a-helices (PrPc) to (3-sheets (PrPSc) which further aggregate into rod

shaped molecules and initiate the pathogenesis of prion-diseases.

Recently, the 48-residue N-terminal repeat of prions has been suggested to 

play a part in both the function of the wild-type prion and in the onset of the 

aggregation (Brown et al., 1997; Liu & Lindquist, 1999; Marcotte & Eisenberg, 

1999; Prince & Gunson, 1998; Stockel et al., 1998; Viles et al., 1999). (The C- 

terminal end of prions is attached to membrane by a glycoinositol phopholipid 

(GPI) anchor (Cohen & Prusiner, 1998)). Mammalian prions have a very 

conserved octamer PHGGGWGQ repeated 6  times while avian prions have a 

hexamer N/QPGYPH repeated 6-9 times (Wopfner et al., 1999). In yeast [PST*]- 

cells the translation release factor subunit Sup35 of eRF3, unrelated to prions, has 

an imperfect nonamer PQGGTQQYN repeated five times (Liu & Lindquist,

1999). All of these aggregating proteins surprisingly have the same length of 

repeat - about 45 residues. However, by increasing the length of the repeat in the
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Sup35 protein the aggregation process was increased relative to wild-type Sup 35 

(Liu & Lindquist, 1999). For mammalian prions the octapeptide repeat binds 

Cu(D) both in vivo and in vitro (Brown et a l, 1997; Homshaw et al., 1995; Miura 

et al., 1996; Prince & Gunson, 1998; Stockel et al., 1998). Binding of Cu2+ to the 

octarepeat of a PrPc isoform transforms the a-helical prion to a p-sheet structure 

with aggregating properties. Metal-induced aggregation of Alzheimers’s Ap- 

peptide has also been shown (Bush et al., 1994). The octarepeats have been 

suggested to have a role in storage and supply of copper to the brain (Stockel et 

a t,  1998). However, the chicken prions do not bind copper and their hexa-repeats 

are more unstructured in the presence of copper (Homshaw et a l, 1995; Marcotte 

& Eisenberg, 1999). Likewise, the transition of prions into a p-sheet aggregate 

upon Cu2+ complexation is difficult to ascribe to a native function. The repeat 

segments of the mammalian prions are flexible and unordered without metals 

(Cohen & Prusiner, 1998), but by adding Cu2+ (at pH > 6 ) the octarepeats 

transform into a type II P-tum structure (Viles et al., 1999). Previously, these had 

been found to induce an a-helical structure (Miura et a l, 1996). In chicken prions 

the repeats are not flexible but rather constrained, suggesting a different structure 

(Marcotte & Eisenberg, 1999).

The proposal by the author is that the respective N-terminal repeats form a 

helical structure that may interact with other proteins, as has been suggested for 

CTD of RNA polymerase II and for elastin. Several proline-rich repeats and 

regions, including CTD, associate with other cellular proteins. The WW and SH3 

signalling domains utilise proline-aromatic interactions by association, indicating 

a role for the conserved aromatic residues in the prion repeats. The binding of 

copper may induce a structure in the octamers of the mammalian prions that is 

important for association with other proteins. In this context, the binding of Ca2+ 

helps to direct correct folding of the ligand-binding repeat of low-density 

lipoprotein receptor (Atkins et a l, 1998). The pre prion-structure may already be 

induced upon association with other proteins for avian prions. Saturation of all 

copper sites in the repeats may also be a signal for ‘empty’ copper proteins (or for 

other regulatory proteins) that can dock onto a folded helical repeat structure and 

harvest the metal (and thus prevent self-aggregation of prions). It is however 

unlikely (due to aggregation) that the prions bind copper just for storage. This
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may be clarified by a molecular model of the repeats in order to find recognition 

motifs, or by a search for possible proteins that can interact with the N-terminal 

repeats at different concentrations of copper. Synexin (annexin VII) from 

Dictyostelium discodeum which binds, fuses and forms ion channels in 

membranes upon Ca(II) binding, has also a N-terminal unordered (GYPPQQ)n 

repeat (n = 12-16) that is the site for post-translational modifications and for 

association with other proteins (Liemann et al., 1997, and references herein).

Some repeat structures of surface proteins also have proline stretches that 

interact with other cells and molecules. This has been shown, for example, in 

adhesins from Streptococcus pyogenes (Talay et al., 1994) and in the yeast 

pathogen Candida galbrata (Cormack et al., 1999), both of which adhere to 

human epithelial cells. The adhesion molecule thrombospondin-related 

anonymous protein (TRAP) from the Plasmodium sporozoite has a conserved 

acidic N/P-rich repeat region (Templeton & Kaslow, 1997). Likewise, the 

circumsporozoite surface proteins with a (NANP) repeat may fold into a recurring 

type I p-tum helical structure by hydrophobic packing of prolines from the first 

and third repeat against each other (Nanzer et al., 1997). The NP-tums may also 

be stabilised in one conformation by hydrogen bonds between the Asn side-chain 

and the back-bone (Wilson & Finlay, 1997). The surface repeats from parasites 

may in addition contribute to immune evasion within the host (McKean et ah,

1997). The glycosylated repeats (EP)n and (GPEET)n on the surface of the 

protozoan parasite Trypanosoma brucei, may form extended rod-like structures 

(Roditi et al., 1989; Treumann et al., 1997). Surface proteins of another parasite, 

Leishmania major, have aspartate-rich heptamer repeats with one proline 

(McKean et al., 1997) which are related to the peptidoglycan binding domain of 

protein A from Staphylococcus aureus (Smith & Rangarajan, 1995). Helical 

repeats adopted by parasites may have a function to camouflage its active part by 

forming extended solvent exposed regions. A helical conformation may also help 

to create a large surface area for docking of ligands (Williamson, 1994). 

Alternatively, if the repeat contains an ‘active’ domain with binding properties, it 

may help to increase the avidity for the ligand of the molecule.

The ubiquitous functions of proline have here been described. It plays an 

active role in affinity, folding, stability and transitions in proteins due to its unique
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structure and influence it has on its neighbour residues. The proline may be 

accommodated into a-helices, it helps to dissolve (3-fibre aggregates and it may 

increase intracellular metabolic rates upon stress responses. It can influence 

structures of proteins by accepting different neighbour residues. By itself it forms 

two different helices, poly-L-proline I and n. The number of unique structures of 

prolines repeated in context with other residues (preferably glycines and 

glutamines) has already revealed different alternative helices, and thus discovering 

new proline-rich secondary structures will not be surprising. It also plays an active 

part in binding and affinity of important signalling domains such as WW and SH3 

domains due to its unique geometry and chemistry, and it is likewise involved 

with neurodegenerative diseases such as Alzheimer, Huntington and prion-related 

diseases.

As discussed above there are several possible secondary structures for 

proline-rich repeats. An anomalous migration (false increased MW) of proline- 

rich proteins in SDS-PAGE also suggests that they either adopt a conformation 

which lowers the amount of SDS that can bind to the protein, or they form rod-like 

structures that have a different migration on SDS-gels (Noelken et al., 1981; 

Robson et al., 1997; Sune et al., 1997). The x-ray structure of the virulence 

(adhesion) factor P.69 pertactin from Bordella pertussis containing two repeats 

(GGXXP) 5  and (PQP)s, reveals a large 16-stranded parallel (3-helix (Emsley et al., 

1996). Here the proline repeats are rather unstructured loops that interact with 

other proteins.
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Chapter 3. Transitions in Proteins.

3.1 Natural Conformational Transitions Found in Globular Proteins.

The ability of a globular protein to response to different stimuli has evolved as a 

function of its role in the environment. Switches are dependent on parameters 

such as location in cells, external stimuli by temperature, pressure and radiation 

and the availability for other ligands. Structural switches and transitions that 

control activities of proteins thus involve different mechanisms.

3.1.1 Covalent Modification Versus Conformation and Activity.

The covalent modification of the polypeptide chain is a very common mechanism 

of regulation. Phosphorylation and dephosphorylation of tyrosine, serine, 

threonine and histidine residues are frequent regulatory switches involving e.g. 

enzymes in glycogen metabolism and the citric acid cycle.

Phosphorylation blocks access of substrate to the active site of E.coli 

isocitrate dehydrogenase (Stroud, 1991). For glycogen phosphorylase both the 

mammalian and the yeast enzymes are activated by phosphorylation, but the 

mechanisms differ - the new ionic interactions from phosphate groups pull the 

mammalian enzyme subunits together (Barford & Johnson, 1989; Johnson & 

Barford, 1994; Sprang et al., 1988). The yeast enzyme, however, refolds its rather 

unstructured N-terminal region and creates a new hydrophobic a-helical cluster at 

the subunit-subunit interface (Lin et al., 1996). The very soluble cytoplasmic 

microtubule associated protein, tau, is normally a very soluble, but upon 

phosphorylation it becomes long, stiff, inactive and insoluble. (Hagestedt et al., 

1989; Selkoe, 1999).

Some other post-translational covalent modifications of proteins, which 

are also suggested to be reversible or irreversible regulatory switches, are 

acylations (Linder et al., 1993; Mcllhinney, 1990; McLaughlin & Aderem, 1995),
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ADP-ribosylations (Burnette, 1994; Pappenheimer Jr., 1977), methylations 

(Sakashita et al., 1994), amidations (Bradbury & Smyth, 1991; Mclntire et al., 

1998; Robinson & Robinson, 1991) and adenylations. For example, adenylation or 

deadenylation of a tyrosine group in glutamine synthetase controls the activity of 

the enzyme (Stadtman & Ginsburg, 1974), and the Ada protein (a DNA repair 

protein) in Escherichia coli is regulated by methylation (Sakashita et a l, 1994).

The proteolytic cleavage of proenzymes may also be regarded as a switch. 

This is found for serine proteases such as trypsin, chymotrypsin and elastase, and 

involves a partial autoproteolytic cleavage of their proenzymes, which enables 

them to become active at a specific location (Creighton, 1984). A large 

conformational change is found for serpins (serine protease inhibitor) following 

the progress from the native state to the inhibitor state and further to the cleaved 

state. A 15-residue solvent exposed loop is cleaved and inserted as an extra 

antiparallel p-strand in the serpin separating the cleaved ends by about 70 A 

(Bruch et a l, 1988; Gettins & Harten, 1988; Mourey et al., 1993). This ‘spring- 

loaded’ mechanism is driven by the improved stability of the cleaved form and the 

ordering of structures (Carell et al., 1991).

3.1.2 Binding o f Ligand Moves Tertiary and Quaternary Structures.

Examples of structural transitions in proteins induced by non-covalent binding to 

other ligands are numerous. These may involve interactions with other proteins, 

sugars, DNA, RNA, metals, substrates and other smaller ligands. Several 

allosterically regulated proteins such as haemoglobin, aspartate transcarbomyolase 

and glycogen phosphorylase exhibit large changes in conformation at the tertiary 

and quaternary level upon ligand binding, as has been previously well reviewed in 

the literature.

The catalytic mechanisms of enzymes often have conformational changes 

with movements of hinges, loops and domains upon substrate binding. Close 

packing of polypeptide regions (usually helices) produce shear motions between 

domains (Lesk & Chothia, 1984) while more open conformations allows hinge 

movements and closures (Gerstein & Chothia, 1991; Gerstein et a l, 1993, 1994;
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Lesk & Chothia, 1988). Thus, hinge motions involve large changes in local main- 

chain dihedral angles while shear motions have correspondingly small changes 

spread over several residues. Antibodies may also have structural conformational 

changes upon antigen binding (Stanfield & Wilson, 1994), and even a 30° elbow 

bending between the variable and constant domains has been reported (Sotriffer et 

al., 1998). The apolipophorin m  (apoLp-DI) is a helix bundle with six antiparallel 

helices, and two of the helices (helix 3 and 4) move away from the bundle by 

exposure to lipoproteins (hinge movement). There is a short linker helix 

(PDVEKE) between helix 3 and 4 with its valine initiating the interaction to the 

lipoprotein (Narayanaswami et al., 1999).

Displacement of some tertiary structure upon ligand binding may also have 

a regulatory function. The Src tyrosine kinases are involved in signal transduction 

where the N-terminal SH3 and SH2 regulatory domains are connected via a linker 

to the catalytic domain and the C-terminal regulatory tail with a tyrosine residue. 

Phosphorylation of this tyrosine reduces the activity of the kinase because the 

phosphotyrosine folds back and binds to the SH2-domain. The SH3-domain binds 

to proline-rich substrates in a poly-L-proline II (Pn) helix conformation. 

Surprisingly, the linker region between the SH2 domain and the catalytic domain, 

almost free for prolines, folds back and intercalates with the SH3 ligand-binding 

site in a Pn helix conformation by non-specific hydrophobic interactions. In this 

way only specific proline-rich ligands with high affinity may compete with the 

linker and bind to the SH3-domain, suggesting structural movements upon 

binding (Williams et al., 1998). This type of autoregulatory sequences directed at 

the active site have in addition also been reported for proteins kinases, protein 

phophatases, proteinases, metabolic enzymes and transport receptors (Kobe & 

Kemp, 1999).

3.1.3 Binding o f Ligand Refolds and Induces Secondary Structures.

Some proteins also induce or refold their secondary structures when they bind 

ligands. There are two regulatory gene products in the synthesis of flagellum 

proteins to Salmonella typhimurium and E. coli which interact. FliA encodes the
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alternative transcription factor a 28, and FlgM which is an anti-sigma factor,
98inhibits a  . The C-terminal end of FlgM induces structure when it associates with 

a 28 (Daughdrill et al., 1997). Upon binding to dsDNA lysine and alanine-rich 

peptides assume an a-helical conformation from unordered structure (Johnson et 

al., 1994). The same structure was also folded by an activation domain of herpes 

simplex virus VP 16 when it finds its partner: hTAFn31, the human TF1ID TATA 

box-binding protein-associated factor (Uesugi et al., 1997). Some other unordered 

DNA-binding peptides of RecA form, however, p-structures and filaments when 

interacting with DNA (Wang et al., 1998). Certain peptides from the HIV surface 

glycoprotein gpl20 (Graf von Stosch et al., 1995b; Reed & Kinzel, 1991) undergo 

a trifluoroethanol-induced switch from p-sheet to a 3io-helix. This seems to be 

controlled by a LPCR tetrad plus a tryptophan residue in the neighbourhood of the 

sequence (Graf von Stosch et al., 1995a, b; Reed & Kinzel, 1993). This switch or 

conformational change in gpl20 is important for HIV to bind to CD4, and an axial 

hydrophobic helical patch may associate with the CD4-receptor (Graf von Stosch 

et al., 1995a). The conformational changes in gpl20 following CD4 docking may 

allow it to further interact with the HIV co-receptor CCR-5 (Trkola et al., 1996; 

Wu etal., 1996).

3.1.4 Metals Expose, Regulate and Refold.

The calcium-binding protein calmodulin and also other muscle regulatory 

proteins, are Ca(II) activated. Similarly, the calcium-binding protein SI00b in 

human brain has also an EF-hand as calmodulin. For both calmodulin and SI00b 

the metal exposes a buried methionine rich hydrophobic patch or surface which 

interacts with other proteins (da Silva & Reinach, 1991; Ikura, 1996; Smith et al.,

1996). Moreover, the helical protein recoverin, a calcium-sensor in retinal rod 

cells, undergoes major conformational changes upon associating with the metal. In 

its absence, it is a cytosolic protein sequestering its amino-terminal myristoyl 

group in a deep hydrophobic pocket in the N-terminal domain, clamped by 

residues from three of its four EF-hands. Calcium coordination releases the 

myristoyl group to bind to membranes by melting eight residues of the N-terminal
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helix forming a mobile arm which swings out in solution, and also by rotating the 

N-terminal domain by 45° relative to the C-terminal. At the same time, it exposes 

several hydrophobic residues (Ames et al., 1997). In addition to all these large 

tertiary structural changes, calcium also induces cis-trans isomerisation of a 

peptide bond in a mannose-binding lectin (Ng & Weis, 1998). Changes in 

secondary structure upon metal binding are better illustrated by the bacterial 

chemotaxis regulator protein CheY. By magnesium coordination the protein 

unfolds a turn of an a-helix displacing residues by up to 10 A, extends a (3-strand, 

and forms a new (3-tum (Bellsolell et al., 1994). A folding of type II |3-tums upon 

copper-coordination has in addition been detected for the N-terminal octarepeat 

sequences in the prion proteins (Viles et al., 1999). Binding of a sodium ion to 

thrombin allosterically activates the enzyme. The metal site lies 15 A away from 

the active site (Di Cera et al., 1995), and metal binding may induce burial of a 

large cluster of ordered water molecules also shown by the large and negative 

change in heat capacity (Guinto & Di Cera, 1996).

3.1.5 Turn on the Light for Transition.

A light-switch is described for the halobacterial rhodopsin seven helix-bundle 

membrane protein. This is a light-driven proton (or chloride) pump. The 

chromophore 13-rra«,s-retinal is covalently linked to Lys 216 in the middle of the 

helix bundle, exposed on the extracellular side of the bacteria. Upon absorption of 

light it isomerises to ds-retinal and is moving into the cytoplasmic side of the 

bacteria. Although the detailed mechanism is still unclear, the correlated transport 

of ions across the membrane may however be kinetically independent of this 

switch. A re-isomerisation to trans-retinal may be induced by ion-binding or 

further irradiation (Haupts et al., 1997; Mukohata et al., 1999). A bacterial 

enzyme nitrile hydratase (EC 4.2.1.84) hydrating nitrile compounds to amides: 

RCN + H20  -> RCONH2  (Kobayashi & Shimizu, 1998) is also activated by photo

irradiation. Inactivation of the enzyme during aerobic incubation in the dark 

involves binding of NO which coordinates the catalytic non-heme iron. However,
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this gas-molecule is released by irradiation and the activity is restored (Nagashima 

et al., 1998; Tsujimura et al., 1997).

3.1.6 When Transitions Turn Basic or Get Sour.

The influenza virus contains an elongated transmembrane glycoprotein on the 

surface called hemaglutinin (HA), which can help the virus to fuse with host cells 

at pH 5. At this pH there is a conformational change in one of the long helices 

(deprotonation of multiple Asp-residues) with a -25 residue hydrophobic segment 

moving 100 A from the inside of the protein to the top of the molecule, and this 

part may interact with the host cell surface (Bullough et al., 1994; Carr & Kim, 

1993; Oas & Endow, 1994).

pH-transition in proteins often involve pH-sensitive residues as histidines 

which have a pKa about 6.2, in the physiological range. The repeat pentapeptide 

structure ([H/P]-[H/P]PHG)is in the histidine-proline-rich glycoprotein (HPRG) 

has a conformational change below pH 6 which modulates its affinity for heparin 

and glycosamineglycans through a conformational change. It has been described 

as a physiological pH-sensor. (Borza et al., 1996; Borza & Morgan, 1998). Some 

transcription factors are also regulated by pH. (HX)n-repeats are found in some 

eukaryotic transcription factors (Janknecht et al., 1991), and there is an alkaline 

activation of Aspergillus nidulans PacC zinc finger transcription factor (Tilbum et 

a l, 1995).

Changes in pH also switch the conformation of some secondary structures. 

The tumour necrosis factor-a (TNF-a) looses its tertiary structure and converts 13- 

sheets into a-helices upon lowering pH below 4, with an increase in surface 

hydrophobicity and cytolytic activity (Narhi et al., 1996a). The helices may insert 

them into membranes forming a sodium ion channel (Baldwin et al., 1996). The 

pH-stability of enzymes also involves structural transitions. The glycinamide 

ribonucleotide transformylase has a transformation from ordered loop-helix to a 

disordered loop close to its active site by lowering pH to 3.5 (Su et al., 1998).
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3.1.7 Putting the Heat on Transitions.

Most mesophilic proteins denaturate and aggregate upon raising the temperature. 

However, temperature induced transitions have been reported for heat shock 

proteins and proteins that are either thermostable or thermosensitive. The 

abundant molecular chaperone Hsp90 can suppress aggregation of unfolded 

proteins and promote refolding (Buchner, 1999). The C-terminal regions of the 

protein associate with each other forming a dimer, and by increasing the 

temperature they fold into a closed conformation bringing the N-terminal domains 

in close proximity (Mamya et al., 1999). a-crystallin which is the major protein 

of eye lens displays a chaperone activity and irreversibly exposes hydrophobic 

surfaces at elevated temperatures (Das & Surewicz, 1995). Moreover, a lac 

repressor protein is modified by inserting a large proline rich transcriptional 

activation domain from herpes simplex virus viron protein 16 (VP 16) which also 

has been shown to form helix by binding to another protein (Uesugi et al., 1997) . 

The engineered repressor protein is temperature sensitive compared to the wild 

type and activates expression at +32° C and not +39.5° C (Bairn et al., 1991). At 

the other end of the temperature scale, the trimer propylamine transferase from 

the extreme thermophilic archeabacterium Sulfolubus solfataricus has a 

temperature induced molecular switch inducing increased structure and activity 

around 45° C, and thus turning on thermostability (Facchiano et al., 1992).

3.1.8 Transforming into Pathologic Proteins.

When switch sites in proteins are no longer under control or new binding sites are 

formed by mutation, they may induce different diseases in their hosts. At the 

quaternary structural level this can be illustrated by sickle-cell anaemia. The 

haemoglobin molecule undergoes a specific Glu -> Val surface mutation, opening 

up a new hydrophobic site which leads to aggregation of multiple protein 

molecules (Baudin-Chich et al., 1990; Wishner et al., 1975).

For secondary structure transitions, the prion molecule and amyloid fibrils 

are examples of proteins which aggregate due to generation increased p-sheet
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structures (Soto et al., 1995; Zhang et al., 1995a). These structures have an 

interstrand H-bonding and more extensive side-chain side-chain interactions 

relative to the intrastrand H-bonds in a-helices, which make them more 

susceptible to aggregation. The transformation of a  to p structure may be due to 

exposed hydrophobic regions as illustrated by a-helices with hydrophobic groups 

attached to the N-termini (Takahashi et al., 1998). Protein precipitation is also 

suggested to be important in the etiology of glutamine expansion diseases as for 

Huntington’s disease (deposition of huntingtin) and for other neurodegenerative 

diseases (Kakizuka, 1998; Perutz, 1999). The transition into p-stranded 

aggregates or into polar zippers/transglutaminated deposits for respectively 

prions/amyloid proteins and huntintin, may proceed through different 

mechanisms (Cohen & Prusiner, 1998; Green, 1993; Perutz et al., 1994; Selkoe, 

1999). Transglutamination has been shown to be involved in Huntington’s 

disease (Karpuj et al., 1999). However, this did not form the cross-p-like 

amyloid-like fibres that has been seen for huntingtin fragments suggested for the 

polar zipper model (Perutz, 1999; Scherzinger et al., 1999). For amyloid diseases 

the aggregation of antiparallel p-strands may either process through a cross-P- 

sheet conformation, or through supercoiled p-helical protofibrils (Blake & 

Serpell, 1996; Lazo & Downing, 1998). Prion deposits stain with congo red 

similarly as for amyloid suggesting an ordered aggregate (Prusiner et al., 1983). In 

contrast to Alzheimer’s disease, the prions can also be transmitted across the 

species barrier. Domain-swapping where one p-strand in a prion-molecule 

displaces a corresponding p-strand in the next prion-molecule has been suggested 

as a mechanism by Cohen and Prusiner (1998). And recently, an N-terminal repeat 

sequence has been proposed to play a part in the a-helix to p-sheet transition 

(Stockel et al., 1998). The induction of p-strand structure in prions relative to 

amyloid proteins differs in folding. The conversion of human prion protein into its 

infective form goes through a highly unfolded state (Hosszu et al., 1999), although 

the scrapie prion protein and amyloid deposits have been found to process through 

intermediate(s) with large contents of secondary structure, unstable or none 

tertiary interactions, and an exposed hydrophobic surface. All of these features
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are characteristic of a molten-globule like state (Booth et al., 1997; Kayed et al., 

1999; Safar et al., 1994).

3.2 Engineering Switches that Control Function of Proteins.

The recent developments in combinatorial selection strategies have made it 

possible to evolve proteins with new binding affinities on different structural 

frameworks (Smith, 1998). There is a trend towards optimising or engineering 

new functions of single monomeric proteins, or by reducing the size or topology 

of larger existing binders and enzymes. Of note are the antibody-like scaffolds of 

cytotoxic T-lymphocyte associated protein-4 (CTLA-4), the fibronectin type HI 

domain and lipocalin which have recently been optimised for presentation (Beste 

et al., 1999; Koide et al., 1998; Nuttall et al., 1999). Different mini-protein motifs 

have been rational designed as reviewed by Imperiali and Ottesen (1999). Recent 

examples on downsizing domains include the three-helical protein A to two 

helices (Braisted & Wells, 1996), the selection for antigen-binding by the isolated 

Vn-domain of antibodies (Reiter et al., 1999), and the reduction of the a-helical 

enzyme chorismate mutase to half its size (MacBeath et al., 1998). The a/(3-barrel 

of an enzyme has been used as a scaffold to evolve a new enzymatic activity by 

redesign of loop regions (Altamirano et al., 2000). In addition, computerised 

design from screening combinatorial libraries of possible side-chain rotamer 

conformations through a dead-end algorithm, have shown that is it possible to 

redesigning a structure from a fold (Dahiyat & Mayo, 1997). This approach has 

successfully been utilised to engineer a thermophile Protein G by improving its 

stability by 4.3 kcal mol'1 at 50° C (Malakaukas & Mayo, 1998). However, to the 

author’s knowledge these novel methods for selection have not been utilised for 

evolving novel switch-properties or transitions in proteins. Generally, switches 

that already exist in globular proteins have been reengineered into a different 

protein context.
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3.2.1 Engineered Metal Switches.

Metal switches have been inserted into different proteins. By adding or removing 

the metal it is possible to regulate the function of the engineered protein. A 

recombinant exotoxin, oc-hemolysin, from Staphylococcus aureus has been made 

with histidines in the middle of a central loop important for function, enabling it to 

turn off pore activity by binding Zn2+ ions and switch it on again by removing zinc 

(Walker et al., 1994). Similar switches have been engineered into different 

enzymes’ active sites providing metallo regulated inhibition (Corey & Schultz, 

1989; Higaki et al., 1992), and also into antibodies regulating antigen binding 

(Rees etal., 1994).

The metal binding can also be introduced in order to form a secondary 

structure. By inserting a calcium-bind loop from calmodulin in the N-terminal to a 

short a-helix it is possible to use the metal to fold the a-helix (Siedlecka et al., 

1999). A similar induced folding is also found by engineering a metal-binding site 

direct into disulfide-linked a-helical coiled-coil dipeptide through y- 

carboxyglutamic acid residues. These are extra strong metal chelators but they 

also destabilise the helices through their charge repulsion (Kohn et al., 1998). 

However, the energetic cost of desolvating intrahelical negatively charged groups 

upon helix-folding is the proposed mechanism behind reversible coil-coil 

(leucine-zipper) destabilisation, obtained via an engineered threonine 

phosphorylation site (Szilak et al., 1997). It is also possible to change the 

oligomerisation of an engineered leucine zipper GCN4 through reversible binding 

of small hydrophobic ligands. By adding cyclohexane or benzene to GCN4, the 

energetically unfavourable packing of three stands was stabilised and induced the 

dimer to trimer transition (Gonzalez Jr. et al., 1996).

3.2.2 Photo Switches - Covalent Modification Does the Trick.

There are described several engineered photoswitchable peptides offering a 

transition to another secondary structure by illuminating the sample at a specific 

wavelength. Willner & Rubin (1996) have reviewed the different switches. By
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inserting large photoisomerisable groups as spiropyran and azobenzene into 

peptides as poly(L-glutamic acid) or poly(L-lysine), switches between a-helix to 

coil or p-sheet to a-helix transitions can be induced by irradiation. For 

azobenzene the photo induced ds-structure is more hydrophilic than the planar 

trans. Inserted into proteins such switches control a reversible binding and 

dissociation of an antibody to a rrarcs-azobenzene modified antigen (Harada et al., 

1991). Azobenzene and spiropyran derivatives have also been utilised for 

photostimulation of enzymes such as papain, phospholipase A2, a-chymotrypsin 

and amylases. In addition, these principles have been transferred to sensor and 

computers (Willner & Rubin, 1996).

3.2.3 Temperature-switch.es can be Created by Manipulation o f Residue 

Hydrophobicity.

By attaching hydrophobic fluorescence groups on glutamic acids residues in a 

synthetic peptide, it was possible to generate a temperature induced a-helix to 

3io-helix transition (Hungerford et al., 1996). On the other hand, similar 

temperature induced secondary structures transition can also be engineered from 

its primary sequence alone. A synthetic peptide with periodic prolines interspersed 

with hydrophobic and ionic residues, forms an a-helix structure and oligomerises 

with rising temperature, while it is unordered at low temperatures (Kitakuni et al., 

1993, 1994). This temperature induced a-helix folding (or cold-denaturation) can 

also occur intramolecularly as was shown by a similar leucine and lysine-rich 

peptide with prolines (Lacassie et al., 1996). There are also other proline-rich 

peptides and proteins that undergo this type of temperature transition. The 

VPGVG repeat sequences of elastin form a p-spiral formed by recurring type II p- 

tums stabilised by hydrophobic interactions as discussed previously in Chapter 1.

In some cases engineered residue hydrophobicity can temperature stabilise 

existing turns without significantly altering the amino acid composition. The 

replacement of proline by (S)-a-methylproline in the tandemly repeated NPNA 

tetrapeptide motif in Plasmodium falciparum provided exactly this (Bisang et al.,
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1995). The temperature induced switch from P-sheet to a-helix transition has 

recently been described in an engineered 16-residue peptide (Zhang & Rich,

1997). These peptides were alanine-rich alternating with either lysine and 

glutamate or aspartate and arginine forming a p-sheet self complementary 

structure with repeating negative or positive residues.

By the use of a hydrophobic synthetic polymer, NIPAA (N-isopropyl 

acrylamide), which contracts in response to temperature, a novel method of 

modulating activity to streptavidin was found. A cysteine residue close to the 

biotin binding site in the protein acted as an anchor site for grafting NIPAA. By 

increasing temperature above 32° C the synthetic polymer contracted and blocked 

the binding site of biotin (Stayton et al., 1995).

3.2.4 Ionisation o f Charged Residues Provides Possible pH-switches.

The p-sheet -> helix transition described by Zhang & Rich (1997) can also be 

induced by lowering pH, but only very low pH-values (pH 1-2) are able to induce 

a-helix. The authors have suggested that inserted into a globular protein the 

sequence may be a powerful structural switch. In this context the sequence does 

not always need to be replaced to make a pH-switch in a protein. By modifying 

tyrosine residues by tetranitromethane in the active centre of an antibody, it is 

possible to generate a pH-dependent switch for binding to antigens. This 

generates 3-nitrotyrosin which lowers the pKa for the hydroxyl group of tyrosine 

to around 7 (Tawfik et al., 1994). Such pH sensitive switches can be utilised to 

induce or melt secondary structures as with, for example, the insertion of y- 

carboxyglutamic acids into a-helices. The negative charges of these groups are 

helix-destabilising at pH-values above their pKa, but by lowering the pH to below 

5 (below the pKa of the acids), the helices fold again (Kohn et al., 1998). 

Generally, negative charges have a destabilising effect on the protein structure, as 

seen from Urry’s scale of temperature induced folding of synthetic hydrophobic 

elastin polymers (Urry, 1993). Here a phosphoryl group on a serine residue 

increases this transition temperature by the amazing (extrapolated) value of 1000° 

C.
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The large number of examples on natural transitions in proteins have only partly 

been exploited to engineer new switches in proteins. However, more advanced 

switches based on binding of small ligands in order to generate a predictable 

allosteric modulation of proteins is complex. On the other hand, by the use of the 

selection combinatorial chemistries that are available today it should be possible 

to select for novel binders that can turn on/off activity as a function of 

environmental parameters such as temperature, pH and solvent composition. 

Additionally, it should likewise be possible to evolve novel allosterically regulated 

enzymes and binding proteins.



- Chapter 4 -

Chapter 4. Scope and Aims of the Thesis.

The synthetic elastin polymer with VPGVG-repeats, e.g. from 10-50, forms a 

contractile spring which responds to different physical and chemical parameters 

(Chapter 1.7). It is desirable to test whether it is possible to transfer the general 

biophysical properties of large elastin sequences into smaller molecules (less than 

10 repeats). The fine-tuned transitions of elastin could make the contractile 

sequences of this polymer a very promising tool for introducing tuneable 

transitions in globular proteins. The energy involved could be employed to form a 

controllable switch-site structure that could turn on or off activity or affinity 

respectively for enzymes and binding proteins. In this thesis the author describes 

investigation into the behaviour of elastin-like peptides of different lengths (8-35 

residues) produced by solid phase peptide synthesis (SPSS). In order to compare 

the biophysical differences between the short peptides and the longer elastin 

polymer, peptides with protected or free N- and C-termini were synthesised to 

study the effect of charge on structure. In addition, the composition within short 

VPGVG-peptides was also varied. The effects of solubility, temperature, pH and 

trifluoroethanol were tested on the short peptides by circular dichroism. A short 

elastin sequence was modelled into the two-helical minidomain of Protein A 

(Chapter 1.3). Here, the objective was to test if it is possible to generate a 

temperature-controlled switch that can turn on or off IgG-binding within a mild 

temperature range (4° to 40° C). The small minidomain was synthesised by SPSS 

and examined by temperature controlled circular dichroism and surface plasmon 

resonance spectroscopy.

The first part of this thesis (Chapters 1 to 3) reviews various aspects of 

elastin biological and biophysical behaviour, discusses the peculiar characteristics 

of proline in certain sequence environments and reviews the current state of 

knowledge of natural and engineered transitions in proteins. In the second part 

(Chapter 4 to 9) the experimental work referred to above is described. The 

conclusions of these studies and suggestions for further work are described in 

Chapter 10.
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5. General Materials and Methods.

5.1 Chemicals.

Reagent grade Fmoc and pentafluorophenyl activated amino acids (Fmoc-Gly- 

OPfp, Fmoc-L-Val-Opfp (Figure 5.1), Fmoc-Pro-OPfp, Fmoc-L-Glu(OtBu)-OPfp, 

Fmoc-L-He-OPfp, Fmoc-L-Leu-OPfp, Fmoc-L-Lys(Boc)-OPfp) and Fmoc-PEG- 

PS resins (Perseptive Biosystems) were used for peptide synthesis, trans- 

Androsterone and Dioxane were obtained from Fluka. Acetic Anhydride and 

Methanol were of peptide synthesis grade and were from Applied Biosystems 

(Perkin Elmer). Anisole, thioanisole (both 99 % pure) and 1,2-ethanedithiol (+90 

% pure) were purchased from Aldrich Chemical Corp. TFA (Biochemical grade) 

was from Fluorochem. Ltd, and Acetonitrile Far UV (HPLC solvent grade) was 

obtained from Fisons Scientific Equipment, UK.

F

F

Figure 5.1 Structure of Fmoc-Val-Opfp.

H2C CH2

Fmoc-Val-OPfp

52



- Chapter 5 -

5.2 Peptide Synthesis and Purification.

5.2.1 Solid Phase Peptide Synthesis (SPPS).

The pioneering work of Merrifield on the use of a solid phase in peptide synthesis 

(Merrifield 1963, 1997) has now made it possible to rapidly synthesise peptides 

and smaller proteins at a rate of 10-15 amino acid residues per hour (Miranda & 

Alewood, 1999). The concept of SPPS is a combination of previous established 

solution chemistries plus the anchoring of the C-terminus of the growing peptide 

chain through a handle to an insoluble solid support. The C -> N direction of 

synthesis prevents racemization of the peptide, and its immobilisation facilitates 

the use of and efficient removal of excess reagents, and automation of the whole 

process (Bayer, 1991). For each cycle the N-terminus of the immobilised peptide 

is deprotected, neutralised and coupled to the next N-protected residue 

(Merrifield, 1997), and the final peptide is cleaved, side-chain deprotected and 

purified. Merrifield utilised Na-terf-butyloxycarbonyl (Boc) protected amino acids 

using graduated acidolysis. The Boc group is removed by the moderately strong 

acid trifluoroacetic acid (TFA) while side-chain deprotection and cleavage from 

the resin were obtained by hydrogen fluoride (HF) or other strong acids (Bayer, 

1991; Merrifield, 1997). A mild alternative method is the TFA-stable Na-9- 

fluorenylmethyloxycarbonyl (Fmoc) group which can be removed from the amino 

acid by a secondary base (Figure 5.2), e.g. 20 % piperidine in dimethylformamide 

(DMF). Fmoc chemistry permits the use of TFA-labile side-chain protection and 

attachment to solid phase, giving a milder deprotection protocol (Carpino & Han, 

1970; Wellings & Atherton, 1997).

5.2.2 Solid Phase and Coupling Chemistry.

Peptides in this study were synthesised by a continuous-flow automatic method on 

a MilliGen/Biosearch 9050 PepSynthesizer (Millipore, Bedford, MA).
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Figure 5.2 Mechanism for Deprotection of Fmoc-glycine by Piperidine.
(adapted from (MilliGen/Biosearch, 1990)). The base-labile Fmoc groups is removed by beta-elimination with 

the secondary amine piperidine.

A graft copolymer solid support of 1 % cross-linked polystyrene (PS) and 

polyethylene glycol (PEG), providing stability and similar swelling in different 

solvents, was used (Bayer, 1991). The mild orthogonal Fmoc chemistry was 

implemented, and thus the Fmoc-PAL-PEG-PS or Fmoc-Gly-PEG-PS resins were 

used in this study (Figure 5.3). The first resin with the PAL handle (5-(4- 

aminomethyl-3,5-dimethoxyphenoxy)valeric acid) produces an amidated C- 

terminal peptide after cleavage in TFA, while the second resin already 

incorporates the last residue in the peptide giving a free C-terminus (Wellings & 

Atherton, 1997). The resins (approx. 1 g - equivalent to 0.1 mmol scale) were 

swelled in 40 ml fresh DMF for 60-90 minutes and then packed in a column. The 

amino acids were purchased as preactivated pentafluorophenyl esters and Na- 

protected with Fmoc (Fmoc-X-Opfp; Figure 5.1), and a four-fold molar excess 

(0.4 mmol) was utilised for each coupling. The OPfp esters coupling rate is
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improved by adding 1-hydroxybenzotriazole-solution (HOBt; 1-2 equivalents; 

Figure 5.4) (Albericio & Carpino, 1997; Atherton et al., 1988b; Hudson, 1990). 

An HOBt-solution was made by dissolving 5 g HOBt, 25 mg acid violet 17 

(AVI7, dye indicator), and 66 pi diisopropylethylamine (DIEA) in 100 ml DMF. 

DIEA will form an ionic pair with the dye in solution.

OMe

O

OMe O N
H

Fmoc-PAL-linker-solid support

Figure 5.3 Structural Representation of Fmoc-PAL-linker Resin.
The PAL handle (5-(4-aminomethyl-3,5-dimethoxyphenoxy)valeric acid) provides an amidated C-terminus for 

the peptide after cleavage in TFA. (adapted from (MilliGen/Biosearch, 1990)).

HOBt

OH

F

HOPfp

Figure 5.4 Structures of HOBt (1-hydroxybenzotriazole) and HOPfP (penta- 

fluorophenol). Adapted from (Albericio & Carpino, 1997).

55



- Chapter 5 -

5.2.3 Continuous-flow Automatic SPPS and its Detection.

The MilliGen/Biosearch 9050 peptide synthesiser was prepared for synthesis by 

topping up containers with DMF, 20 % (v/v) piperidine in DMF and HOBt- 

solution, and purging these with N2 . Likewise, the columns with resins were 

mounted and washed in DMF, and the synthesis module was programmed.

The synthesis was started by deprotecting the Fmoc group from the resin using 

a 7-minute column wash with 20 % piperidine in DMF and then flushing it for 12 

minutes with DMF. The amino-acids were dissolved in HOBt-solution (with dye 

and DIEA) by forty five 10-second cycles of nitrogen purging, and recirculated 

through the resin-packed column for at least 30 minutes and up to 3 hours if 

required (Figure 5.5) Finally, the column was washed again with DMF for 8 

minutes to remove the excess of Fmoc-X-OPfp amino acids before the cycle 

started again. The flow rate during synthesis was 5 ml/min (MilliGen/Biosearch, 

1990). Coupling efficiency was followed continuously by recording the 

absorbance at 544 nm for the AVI7 dye. This indicator binds to the Fmoc 

deprotected Na-terminal of the peptide through its negative charged sulphite-group 

(there is a 20 fold molar excess of N-termini relative to DEEA in solution), and is 

displaced as acylation proceeds. It is also possible to monitor the decreasing 

Fmoc amino acid concentration at 300 nm as it is coupled to the immobilised 

peptide. However, by using OPfp-esters this measurement may be disturbed 

(Atherton et al., 1988a). Generally, a 95 % yield was required for each step. 

Calibration points (empty amino acid vials) were inserted during synthesis (one 

every 10 amino acid residue). The first amino acid (Gly) required more than 12 

hours of coupling to Fmoc-PAL-PEG-PS due to the slow coupling kinetics. The 

remaining amino acids were coupled with standard chemistry and protocols as 

described by the manufacturer, typically an 89-minute cycle per amino acid. After 

synthesis the Fmoc protection was removed with 20 % piperidine in DMF, and 

some of the peptides were then acetylated at their N-termini with acetic anhydride 

in DMF.
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Fmoc-Val-OPfpHOBt

Fmoc-Val-OBt
NH,

Fmoc-Val-linker/solid support

Figure 5.5 Coupling of Fmoc-protected and Opfp-activated Valine on a Solid 

Support, (adapted from (MilliGen/Biosearch, 1990)).

5.2.4 Trifluoroacetic Acid Cleavage and Deprotection o f Resin-bound Peptides.

The resin was washed successively with dichloromethane, methanol, diethylether 

and then dried using N2 . The dry weight of the resin was then measured as an 

indicator of the success of the synthesis, and peptides were further cleaved from 

the resin in a TFA-mixture. TFA induces a reactive pool of carbocations or 

sulfonyls on the cleaved protecting groups of the side-chains and on the linker 

which can easily covalently modify residues (Guy & Fields, 1997). Peptides were 

cleaved from the resin and deprotected by a treatment with TFA containing the
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scavengers 5 % (v/v) thioanisole, 3 % 1,2-ethanedithiol and 2 % anisole (reagent 

R; Albericio et al., 1990) for 4-6 hours at 20° C. One ml of reagent R was added 

per 50 mg resin in a 5 ml glass vial stored in a safety cabinet. The pipette tips for 

the scavengers were ejected into a bleach-filled tube. However, the scavengers 

could strictly have been omitted since there were no arginine, cysteine, 

methionine, tryptophan or tyrosin residues, which are more easily destroyed by 

reactive species (Wellings & Atherton, 1997).

The efficiency of deprotection was tested by sampling 200 pi cleavage mixture 

every 2nd hour for analytical HPLC. The sample was transferred into a 5 ml 

Pyrex™ tube and diluted 20 times (to 4 ml) with petrol ether. A small yellow blob 

appeared in the bottom of the tube. The glass was rotated slowly and petrol ether 

was poured off. The procedure was repeated, and 2 ml diethyl ether was carefully 

added after two washes and the yellowish blob formed a white precipitate which 

was dried under N2 . The solubility was screened by dissolving the peptide in 4.5 

% (v/v) acetonitrile in 0.1 % (v/v) glass-distilled TFA in water (HPLC running 

buffer), and further tested for cleavage efficiency.

After cleavage of the large batch of peptide-resin in reagent R it was 

transferred to a vacuum glass-filter and washed stepwise with several pipette 

volumes of TFA (10 ml) over a 250 ml flask. The cleaved peptides were further 

washed stepwise by adding a 10-fold volume excess of petrol ether and swirling 

the peptide-oil bottom layer well. Petrol ether was added until the solution turned 

blank and was then gently poured off. The peptide was precipitated by slowly 

pouring diethylether into the flask covering the whole surface. The white peptide 

solid was N2-dried and dissolved in 10-20 ml deionised water and lyophilised. 

Where the recovery of peptide was low the pooled ether washes were evaporated 

in a safety cabinet over 1-3 days. If crystals were detected, they were dissolved in 

HPLC running buffer, rotary evaporated and further washed/precipitated with 

ethers.
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5.2.5 High Performance Liquid Chromatography (HPLC) o f Peptides.

Different side products are very common during SPPS, and even for a 95 % yield 

in every step the maximal purity of a normal 25-mer peptide is only about 28 % 

(0.9525). The introduction of HPLC in the 1970s was an important development 

for rapid purification of peptides. The columns and pumps are constructed to 

deliver and maintain a very high pressure which facilitates the use of very fine 

column particles (the average diameter or mesh size between 3 to 10 pm), and 

thus the system has a very good resolution. Smaller particles give better 

resolution. However, in reverse phase HPLC the peptides are separated by their 

hydrophobic interactions with the packing material inside the column (the 

stationary phase). Ideally, an orthogonal separation method should be performed 

in tandem (capillary zone electrophoresis, ionic exchange or size exclusion 

chromatography) (Bayer, 1991; Skoog etal., 1988; Wellings & Atherton, 1997).

In this study where the peptides have few or no ionic groups and a very large 

hydrophobic composition, reverse phase HPLC was utilised. The 0.1 % TFA- 

solution for HPLC was prepared from glass distilled TFA and deionised water, 

and the acetonitrile solution was of high purity with low UV-absorption. All 

solutions were filtered and purged with Helium before and during the HPLC run.

5.2.6 Preparative HPLC o f Crude Peptides.

Large scale purification using HPLC (Waters 490E Programmable Multiwave 

length detector and Waters 600E system controller) at 20° C was performed using 

a shallower gradient elution. For peptides A-H a gradient of 13.5 to 22.5 % 

acetonitrile in 0.1 % TFA over 90 min was applied. The crude peptides, which 

were dissolved in HPLC running buffer at a concentration of 2 mg/ml and filtrated 

through a 0.22 pm filter, were chromatographed at 10 ml min'1 from a preparative 

240 x 24 mm Vydac Ci8 column (10 pm mesh) with detection at 214 nm (Winkler 

etal., 1985) and then lyophilised.
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5.3 Peptide Characterisation

5.3.1 Analytical HPLC o f Crude and Purified Peptides.

The crude peptides from the TFA-cleavage and the purified fractions from the 

preparative HPLC, were analysed on an analytical HPLC: LKB Bromma 2157 

Autosampler (driven by high pressure N2 ), 2140 Rapid Spectral Detector Unit, 

2150 Pump and 2152 HPLC controller units. A linear gradient of 4.5 - 54 % 

acetonitrile in 0.1 % TFA over 91 minutes was used for each peptide at +20° C on 

a Ci8 column (Vydac; 250 x 5 mm; 10 pm mesh). Peptides A-0 were detected at 

214 nm (Winkler et a l, 1985) and eluted (0.7 ml min'1) as follows A-H: 18-20.5 % 

acetonitrile, and I-O: 29-36 % acetonitrile.

5.3.2 Electrospray Ionisation (ESI) Mass Spectrometry.

The latest developments within mass spectrometry (MS) have made it possible to 

routinely analyse the masses of peptide and very large proteins with more than 

99.99 % precision (Burdick & Stults, 1997; Mann & Wilm, 1995). For 

electrospray ionisation mass spectrometry (ESI-MS) a needle that is kept at high 

electric potential, sprays the peptides as small charged droplets at atmospheric 

pressure. The droplets shrink by evaporation of their carrier solvent using a hot 

counter-current of inert gas until the charge repulsions are stronger than the forces 

that maintain the droplet, and peptide ions migrate to the high vacuum inside the 

mass spectrometer. For proteins, protons and other cations produce positive 

peptide ions with multiple charges that are fragmented by gas molecules within the 

mass spectrometer. The method of analysis is thus very mild and can be utilised 

for example, to map regions on the three-dimensional structure of proteins (Mann 

& Wilm, 1995). Sodium adducts are common, and lead to multiple peaks whose 

masses differ by +23 u. The final output is a distribution of mass-to-charge ratio 

(m/z) depending on fragmentation. Intensities of the peaks with different
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molecular masses may also be used to quantify ratios of related contaminant 

peptides (Burdick & Stults, 1997).

The purified peptides in this study were prepared at a concentration of 10-20 

ng peptide per pi sample in a volume of 2 ml of 1:1 water/methanol with 1.0 % 

acetic acid, and analysed by Mr. Chris Cryer (Department of Chemistry, University 

of Bath) using electrospray mass spectrometry (VG Autospec with VG Analytical 

Electrospray).

5.3.3 Amino Acid Analysis.

A  well-established method for characterising and quantifying the amino acid 

composition of peptides and proteins is to hydrolyse the primary structure by 

splitting the peptide bonds in 6 M HC1 at 110° C (or 5 M NaOH). Acid hydrolysis 

may partly destroy serine, threonine, methionine and tyrosine residues, deaminate 

glutamine and asparagine, and completely destroy cysteine and tryptophan. 

Valine, isoleucine and leucine residues may be incompletely liberated (Blackburn, 

1968; Ozols, 1990). The free amino acids are derivatised, separated on reverse- 

phase HPLC and detected.

Quantitative amino acid analysis was carried out by Dr. Bloomberg (University 

of Bristol). Samples were hydrolysed in HC1 and 0.1 % (v/v) phenol at 110° C for 

24 hours under N2 -gas and then freeze dried, dissolved in citrate buffer pH 2.2, and 

analysed on a Pharmacia AlphaPlus II amino acid analyser.

5.4 Circular Dichroism Spectroscopy

Circular dichroism (CD) is a well-established method for the study of secondary 

structures of proteins and other biomolecules. It is also used to study ligand- 

binding interactions or other conformational transitions in biomolecules, e.g. 

protein folding (Johnson Jr., 1985; Woody, 1995). There is a strong correlation 

between secondary structural data collected by CD and by NMR (Lee & Cao,

1996). Nevertheless, structural measurement of oligopeptides and proteins by CD
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can only be reliably analysed by comparison with libraries of CD spectra on 

known structures. The reduced accuracy of calculated CD-spectra has made it 

difficult to obtain a theoretically consistent prediction of different protein 

structures (Manning et a i, 1988) . However, by using library information, there 

are now more than 10 different computer programs that can estimate the amount 

of secondary structure in a protein based on its CD-spectrum (Greenfield, 1996).

5.4.1 Circular Dichroic Light.

Light comprises oscillating electric and magnetic field waves with mutually 

perpendicular magnetic (H) and electric (E) field vectors rotating about the 

direction of propagation. Plane-polarised light only allows the electric field vector 

and its propagation vector to rotate in a single plane. Circular dichroic light 

utilises two perpendicular plane-polarised monochromatic electromagnetic waves 

of equal maximum amplitude, and their respective electric vectors, E l and E2, 

which are retarded by a quarter of a wavelength (i.e. 90°) relative to each other. 

The tip of the resultant E vector will rotate in either a left or right helical path 

following the propagation vector, forming either left (EL) or right (ER) circularly 

polarised light. If the right and left circularly polarised waves with similar 

magnitudes are superimposed they form plane-polarised light. Optical rotary 

dispersion (ORD) is generated when the biomolecules rotate the planes of 

polarised light due to differences in velocity of propagation of ER and E l. 

However, circular dichroism is a result of biomolecules in an asymmetric 

environment absorbing different amounts of left or right circularly polarised light. 

In this situation the ER and EL vectors have different “magnitudes”. This is 

manifested by an elliptical polarisation of light (Figure 5.6), and the ellipticity is 

defined as tan'1 of the b/a ratio (elliptic minor axis/elliptic major axis), 0 = tan' 

!(b/a) (Freifelder, 1982). As the light propagates, it forms an elliptical screw 

helix. The ellipticity is related to absorption (A) through the relation 0 = 32.98 

AA, where 0 is in degrees. Likewise, by using Beer-Lamberts law, A = eel (c = 

molar concentration and 1 = sample cell thickness) and the molar extinction 

coefficient for absorption of left ( E l )  and right ( e r )  polarised light, AA can be
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expressed as AA = Aelc, where Ae = £ l  - £ r (Ae is called circular dichroism). The 

molar ellipticity, [0], is thus [0] = 100 0 I '1 c '1 = 3298 Ae (and is expressed as deg 

cm 2 dmoK1) (Woody, 1995).

E r

4

Figure 5.6 Combination of Left and Right Circularly Polarised Light Produces 

Elliptical Polarisation of Light. Adapted from (Freifelder, 1982). Here, the molecule absorbs more of 

right than left circular polarised light and the net resultant electric vector E j  forms an elliptical polarised light 

propagating out of the plane (towards the observer) while rotating in the clockwise direction due to that the 

angular velocity of E l  is retarded more than E r  (rotation angle a  is towards right) The circular dichroism (Ae) in 

this case is negative (Ae = (eL -cr) < 0 and here its ellipticity 0  is tan 1(b/a).
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5.4.2 Circular Dichroism and Proteins.

Electromagnetic absorption of circularly polarised light in proteins mainly 

involves the peptide bond (although aromatic residues and disulphide bonds also 

contribute to the spectra). The different electronic transitions in the amide 

chromophore are dependent on the energy of the photons, and the structural 

alignment of the absorbing chromophores with their different extinction 

coefficients, in the context of their asymmetrically distributed neighbouring 

monomers, projects the secondary structure as a CD spectrum (Johnson Jr., 1985). 

In CD spectroscopy of polypeptides, at wavelengths above 180 nm it is chiefly the 

electrons of multiple bonds in delocalised 7C-orbitals and of n-orbitals on 

heteroatoms with lone pair electrons, that participate in transitions. The a  orbitals 

of the single bonds are very strong and are only perturbed at shorter wavelengths 

(130-175 nm). Upon absorption of light there is often an electronic transition to 

the antibonding orbitals a* and n*. The symmetrical a* orbital has a node point 

between the atoms involved in binding, and the n* orbital has a similar node along 

the axis of the bond. There are predominantly two CD transitions (n-rc* and 7t-7i;*) 

in the peptide bond that project the secondary structure of its peptide chain. The n- 

7t* transition often has the lowest energy and a small molar extinction 

coefficients, e = 100 M '1 cm'1, because the orbitals do not overlap in space. It is 

observed at 210-240 nm. The n-K* transition in peptide bonds with a larger 

extinction coefficient around 7000 M '1 cm'1 exhibits an absorption band below 

200 nm (Woody, 1995). In a-helices this transition also exhibits a couplet 

negative band around 208 nm (Figure 5.7a) (Johnson Jr., 1985). For this structure 

the n-7t* transition around 220 nm and n-n* at 190 nm are polarised perpendicular 

to the helix axis, while the n-n* transition at 208 nm is parallel to the helix axis.
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Figure 5.7 Model CD-spectra for Some Secondary Structures.
The figures are adapted from Reed & Reed (1997). Panel a) illustrates spectra of a-helix, p-sheet and the 

unordered structure (coil), while in panel b) the different types of p-turn (type I, type II, type III and general type) 

are shown. General p-turn is a mixture of type I, type II and type III p-turns.

In (3-sheets the associated k-k* transition about 200 nm is polarised parallel to the 

backbone (Johnson Jr., 1985). n-G* CD transitions are found in S-S bridges in
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proteins absorbing between 240-360 nm (Woody, 1995) due to an intrinsic Cotton 

effect from its own chiral chromophore.

The aromatic residues phenylalanine, tyrosine and tryptophan may also affect 

CD spectra due to their 7t-7t* transitions. These much weaker induced transitions 

around 250-310 nm provide information about tertiary and quaternary structure of 

the protein. The different spectra for some other secondary structures are given in 

Figure 5.7b (Johnson Jr., 1985; Reed & Reed, 1997; Woody, 1995). The type II 

(3-tum that is characteristic for the elastin monomer and polymer is different to 

that is illustrated in Figure 5.7b. It has a negative band below 200 nm, a positive 

maximum around 205-210 nm and a local minimum around 220-240 nm (class B 

spectrum) (Urry et al., 1974, 1985, 1986; Woody, 1995). Related helical 

structures, as for the proline pipe helix, may also produce CD-spectra which 

resemble type C spectra for a type I/HI (3-tum (Butcher et al., 1996; Nedved et al., 

1994; Woody, 1995). The CD-spectra of polyproline II helices and unordered 

peptides are very similar. Both project a negative band around 200 nm, a positive 

band at 215 nm and a weak negative band at 230 nm (Sreerama & Woody, 1994).

5.4.3 Practical Circular Dichoism

The secondary structure of the peptides was analysed by recording CD spectra on 

a Jobin-Yvon Model CD6 Dichrograph (Instruments S.A. UK Ltd., Stanmore, 

UK). The instrument has a spectral range of 180-800 nm. The reproducibility is ± 

0.1 nm below 500 nm, and the wavelength is accurate within ± 0.5 nm below 200 

nm and within ±0.1 nm between 200-300 nm (Instruments, 1990). The plane- 

polarised light passes through an electrooptic modulator with an alternating 

electric field generating respectively left and right polarised light from the single 

250 W Xenon light source.

The instrument was iso-andosterone calibrated according to the 

manufacturers instructions: The monochromator position was set at 304 nm, and 

1.25 mg/ml iso-andosterone in dioxane was placed in a 1.0 cm quartz cuvette and 

scanned using 2 nm bandwidth, 0.1 s integration time and an increment of 0.2 nm. 

The intensity should read 1.425e-2 AA. The instrument was further temperature
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controlled (water cooled with a flow rate of 6-12 liter/min) and N2 purged (flow 

rate of 9 liter/min) during analysis (Johnson Jr., 1990).

The peptides were dissolved in sterile filtered (0.22 pm) solutions prior to 

analysis. Spectra were recorded from 190 nm up to 260 nm with a step resolution 

of 0.5 nm (2.0 nm bandwidth) using an integration time of 1-5 seconds. The 

average of 4 to 15 runs were smoothed using the Sabitzky-Golay algorithm in the 

Dichrograph Software version 1.1. This algorithm reduces the differences in 

intensities of the neighbouring peaks by taking a sliding average of the values, 

and thus reduces the statistical background noise while keeping major features 

(Instruments, 1990).

Temperature CD scans were performed by a stepwise increase in temperature, 

from +1° C and up, using a five minute equilibration time. The cuvette 

temperature was measured with a Fluke 51 K/J digital thermometer. The melting 

of the minidomains was monitored by integrating the molar ellipticity at 222 nm 

and 260 nm at each temperature for 10 seconds. The average of 3-6 measurements 

at each wavelength was used. The peptide stock concentrations (in deionised 

water) were determined by quantitative amino acid analysis. Data points at each
9 1wavelength were expressed as mean residual ellipticity ([0], deg cm dmol' ) by 

dividing the measured molar ellipticity by the number of residues in the peptide.

5.5 Surface Plasmon Resonance Spectroscopy.

Interaction kinetics between an immobilised ligand and its analytes, e.g. an 

antibody and an antigen, can be obtained by using surface plasmon resonance 

(SPR) spectroscopy. The BIAcoreX and BIAcore2000 systems from Biosensor 

AB provide efficient systems for studying real time interactions without labelling 

of proteins. The BIAcore2000 is robotised and only needs to be programmed in 

MDL (method definition language) to operate. Kinetics is measured on an 

immobilised ligand on a hydrogel covered (usually -100 nm carboxymethylated 

dextran) gold surfaced (-50 nm) microchip. The integrated microfluidic cartridge 

(IFC) provides a precisely controllable and rapidly changeable flow rate of analyte 

and buffer over the sensor chip surface. The syringe pumps deliver accurately
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flow rates down to 1 pi min'1. On the other side of the sensor chip is a prism 

which detects changes in refractive index when ligands and analytes bind to the 

surface (Figure 5.8).

a) b)

Light-sensit ive
diodes

D e x t r a n  
H y d r o g e l ,  
- 1 0 0  n m

Surface Plasm  
Wave

PrismPri sm
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P o l a r i s e d
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Light-sensitive djode  
diodes

Light-emitting

Figure 5.8 BIAcore Surface Plasmon Resonance Detection of a Binding Event.
The panel a) of figure illustrates a ligand (here Fc of IgG) immobilised on a gold surfaced sensor chip before it 

binds its analyte (a two-helical Protein A minidomain) flowing through the chip in the integrated microfluidic 

cartridge (IFC). Polarised light form the LED source is focused on the gold surface in a fixed range of incident 

angles and the reflected beam from the surface with immobilised Fc is recorded on light-sensitive diodes. When 

the ligand binds its analyte from bulk phase (panel b: immobilised Fc binds the SpA minidomain), the resonance 

angle is slightly changed (A 0). The angle of the optical wave (polarised light) has changed after interrogating the 

surface plasma wave. A continuous plot of the binding signal as a function of time gives a sensorgram recorded 

in real time as a binding event (Homola etal., 1999; Canziani et al., 1999). The sizes and proportions of proteins, 

surface plasma wave, polarised light, and the chip are not related.

Surface plasmon resonance is a charge-density wave which is generated at the 

interface between the gold surface and the solvent that have dielectric constants 

with opposite signs (Homola et al., 1999). In the BIAcore instruments the surface 

plasma wave (SPW) is generated by irradiation of the gold surface by a totally
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reflected polarised light at either a certain wavelength, frequency or angle, 

energetically matching the SPW (resonant exitation). This evanescent 

electromagnetic field penetrates about 25 nm into the gold surface and about 160- 

400 nm into the medium (Figure 5.8), and the SPW can probe all molecules 

interacting with this metal (Homola et al., 1999). The length of propagation is 

only about 20-50 pm so analysis has to be focussed just on that area which is 

exited by light. The total detection area for SPR in the BIAcore systems is 0.224 

mm2. When analytes bind to the surface, the local refrative index increases. This 

leads to an altered refraction of the polarised light and also in an increased angle 

of absorbance maximum of plasmon electrons (Canziani et al., 1999).

Light from a near-infrared light-emitting diode (LED) is transmitted through 

the prism and focused on the gold surface in a fixed range of incident angles. The 

reflected beam is monitored by a fixed linear array of light-sensitive diodes 

exhibiting an angular resolution of about 0.001 AG (Figure 5.8) and a refractive 

index resolution at 10"5 , or a mass change of 10 pg/mm2 (Canziani et a l, 1999). 

The computer determines the angle of minimum reflection (SPR-angle), which is 

recorded in real time at 160 Hz (measurements/s) (Biosensor, 1996). BIAcore2000 

simultaneously detects the refractive indices on four different surfaces with a very 

low noise (0.3 resonance units (RU) per minute) and thus can control the effects of 

the bulk solution (Biosensor, 1996). This makes it possible to monitor very small 

and low affinity binders, and an analyte of 180 Da can be detected with an affinity 

constant (Ka) of 50 pM (Karlsson & Stahlberg, 1995). The SPR-response is 

proportional to the surface concentration and mass of the interacting analyte. For 

proteins, one RU is corresponding to one pg of analyte per mm2 or 10 mg/liter 

(Stenberg et al., 1991). The temperature can be controlled down to 0.003 °C min'1 

and the range for BIAcore2000 is from +4° to +40°C which limits the use of the 

instrument for studying temperature induced unfolding. Here the author has 

employed the BIAcore instrument for measuring the kinetics of small Protein A 

minidomains towards immobilised Fc as a function of temperature.

The rate of change of the BIAcore response R(t) or R (which is detected in 

RU) as a function of time, dR/dt, can be utilised to study kinetics. However, the 

detector response is also a sum of analyte binding, buffer and the baseline level
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which have to be subtracted from the raw data: Rbmding = Rdetector - Rbaseiine - Rbuffer 

(Karlsson & Stahlberg, 1995).

5.5.1 Evaluation o f BIAcore Data.

Generally, the one-component binding event A + B = AB can be described by the 

kinetic constants kon, the rate per second for the formation of AB, and koff, the rate 

(M s'1) for dissociation of AB into A + B. The rate of change of R as a function of 

time is thus (Karlsson et al., 1991; O'Shannesey et al., 1993):

d[AB]/dt = dR/dt = kon [A][B] - koff [AB] (5.1)

dR/dt = k on x CA x [Rmax - R(t)] - koff x R(t) (5.2)

R(t) = Req [1 - exp(-kobs X (t-to))] (5.3a)

where

kobs= kon x Ca - koff (5.3b)

Ca is the constant concentration of analyte, A, injected. Rmax is proportional to the 

total concentration of immobilised B, and [Rmax -R(t)] is proportional to free B. to 

is the injection time and Req is the steady state response when dR/dt = 0.

In this study the kon and koff values were fitted by evaluating the sensorgram 

data using the BIAevaluation 2.1 software (Biosensor AB) on a 133 MHz Pentium 

I computer (Dell Dimension XPS PI33s). First the response curves were 

subtracted from the bulk effect curves and all the baselines were adjusted 

according to the software manual (Biosensor AB, 1995). Two different models 

were used, and the best fit was evaluated by plotting residuals. By nonlinear 

fitting of two exponentials, the two-component association phase for the model:
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2 minidomains + Fc561 + Fc561* <—> minidomain-Fc561

+ minidomain-Fc561 * (5.4)

(Fc561 and Fc561* are two independent epitopes on Fc561), was found from 

equation 5.5,

where R is the response at time, t, and Ra and Rb are steady state response levels 

for the two events. In order to determine the on-rates, the fitted values for ksA and 

kss were plotted against mini-domain concentration C. By using the relations ksA 

= konAC + k0ffA and kss = konBC + koffB the kon-rates for the parallel associations 

were found from the slope of a linear fit of ksA or ksB against C. The kon - rate 

which had its largest value, i.e. the fastest rate-constant ( k onA extracted from k s A ) ,  

was used for further calculation. The off-rates were determined for the two 

component interaction (parallel dissociation of two complexes) from the 

following:

Rd and Re are the contributions of each component to the total response at the 

start of dissociation. However, only the fitted k0ffA and k0ffB were further used by 

specifying the start of dissociation at t = to. Again, the k0ff - rate which had its 

largest value, i.e. the fastest off-rate (koffA), was used for further calculation. The 

dissociation constants were determined from the relation Kd = koff/kon.

5.6 Molecular Modelling.

Modelling and analysis were performed on Silicon Graphics Indy or Hewlett 

Packard Apollo (series 700) computers using Insight II 95.0 Molecular Modelling 

and Discover 2.9.0 programs (Biosym/MSI, San Diego).

R = Ra(1 - exp(-ksA t)) + RB(1 - exp(-ksBt)) (5.5)

R = Rd exp(-k0ffA t) + RE exp(-k0ffB t) (5.6)
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Chapter 6. Short Elastin-like Peptides Exhibit the Same 

Temperature Induced Structural Transitions as Elastin Polymers: 

Implications for Protein Engineering1.

6.1 Introduction

Elasticity of the vascular cell wall is mediated by polymeric peptide sequences that 

are capable of undergoing viscoelastic transitions. Several repeating sequences 

have been described for the elastin precursor protein, tropoelastin. In order of their 

frequency of occurrence they are the pentapeptide VPGVG, the hexapeptide 

APGVGV, the nonapeptide VPGFGVGAG and the tetrapeptide VPGG (Sandberg 

et al., 1985; Yeh et al., 1987). In elastin, the most frequent pentapeptide sequence, 

VPGVG, recurs up to 50 times in a single molecule. Synthetic polymers of 

(VPGVG)n where n can be as high as 150, are soluble in water below 25° C but 

above 25° C undergo a phase transition to a viscoelastic state consisting of about 

50% peptide and 50% water by mass. This transition is accompanied by a 

contraction to less than one half the extended length of the polymer releasing 

sufficient energy in the process to lift a mass 1000 times the mass of the polymer 

itself (Urry, 1993). The presently accepted mechanism of this contraction involves 

a transition from an extended state at temperatures below the transition 

temperature, Tm, to an ordered (3-spiral above the Tm with three VPGVG units, 

each forming a type II p-tum, per turn of the spiral (Urry, 1988a,b). This is a rare 

example of an inverse temperature transition during which a protein becomes more 

ordered at the higher temperature. The transition and the structural features of the 

ordered, higher-temperature form have been studied by CD (Urry et al., 1985), 

NMR (Renugopalakrishnan et al., 1978b), and x-ray crystallography (Cook et al., 

1980 - studied a cyclic trirepeat of VPGVG). These physical studies are consistent 

with the proposed type II p-tum in which the collapse to the spiral state is driven 

by dehydration of the hydrophobic valine side-chains. The temperature at which

1 Note. This chapter contains additional material to that published by Reiersen et al. (1998) 
attached in appendix..
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this transition occurs can be manipulated by varying the composition of the 

polymer (VPGXG)n and the Tm depends both on the nature of residue X and the 

value of n. In addition, Tm has been shown to be sensitive to pH, ionic strength, 

pressure and covalent modifications such as phosphorylation (Urry, 1993).

Despite extensive characterisation of such polymers the minimum viscoelastic 

unit has not been defined. In particular, the relative contributions to the viscoelastic 

state of the intrinsic propensity of VPGVG units to form type II p-tums, and any 

co-operative interactions between the p-spiral turns (n = 3), have not been 

determined.

In this study we examine the thermodynamic behaviour of single and multiple 

units of the VPGVG sequence using CD to monitor the previously well 

characterised formation of the type II P-tum structure, and we demonstrate that the 

polymer behaviour surprisingly can be reproduced by a single VPGVG unit. This 

has opened up the exciting possibility of engineering temperature and pH switch 

sequences of non-disruptive lengths into existing proteins.

6.2 Materials and Methods

6.2.1 Peptide Synthesis and Purification.

Peptides were synthesised with solid-phase Fmoc chemistry and purified on 

reverse phase HPLC as described in chapter 5.2. The purified peptides were 

characterised by HPLC, electrospray ionisation mass spectrometry and amino acid 

analysis (chapter 5.3).

6.2.2 Circular Dichroism Studies.

CD spectra were recorded on a Jobin-Yvon Model CD6 Dichrograph Instrument as 

described in chapter 5.4.

73



- Chapter 6 -

6.2.3 Thermodynamic Analysis.

The free energy of the transition into the folded form at higher temperatures was 

fitted to a macroscopic, reversible, two-state model (equation (6.1) below) using 

the observed CD-data, [0]obs and temperature, T:

AGu^ f = -RT ln[([0]obs - [0]U)/([0]F - [0]obs)] (6.1)

The endpoints for the transition (high temperature folded form, [0]F and low 

temperature unfolded form [0]u) together with A H and A S, were initially fitted 

using equations (6.2) and (6.3), or equations (6.2) and (6.4) for the 18- 28 mer 

peptides. Equation (6.4) takes into account the slope effect (m) and off-axis 

adjustment (off) for transitions which have a slope in the pre- and postfolding base 

lines.

AGu^f = AHu^f - TASu^f (6.2)

[0]obs = ([0]u + [0]F x exp-(AG u^F /RT))/(1 + exp-(AG u^f /RT)) (6.3)

[0]obs = ([0]u + [0]F x exp-(AG u^ f /RT))/

(1 + exp-(AGu^F /RT)) + m x T + off (6.4)

The data were further analysed using Grafit software (Leatherbarrow, 1989), 

and van’t Hoff plots were constructed (plot of InK versus 1/T where K = ([0]obs - 

[0]U)/([0]F - [0]obs) utilising the data from CD, [0]obs, and the previously fitted
IT pendpoints for transition, [0] and [0] . In some cases where the inital free fit gave 

a lower linear correlation coefficient ( r < 1-0.90 to -0.931) for the van’t Hoff plot, 

the data were refitted using the initial fitted values for endpoints and starting points
T T p  T T pand fixing either [0] or [0] , or both [0] and [0] . This resulted in correlation 

coefficients closer to -1. A new fit of AH and AS was found from equations (6.2)- 

(6.4) by fixing [0]u and [0]F from the best vant’t Hoff plot. The transition 

temperature, Tm, for all peptides was calculated using the relation Tm = AH/AS.
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6.3 Results

6.3.1 Design o f Short Elastin Peptides.

In this study short elastin peptides were designed to test the effect of sequence 

variations on the conformational transitions observed. Of specific interest was the 

effects of charge adjacent to the elastomeric units, studied using both uncapped 

peptides at various pH values and capped peptides carrying N-acetylation or C- 

amidation, or both. In these short peptides, the effect of adding an extra glycine at 

the N-termini of 8-mers was also investigated (Figure 6.1, A-H).

A: H-GVG(VPGVG)-NH2 E: Ac-GVG(VPGVG)-NH2

B: H-GVG(VPGVG)-OH F: Ac-GVG(VPGVG )-OH

C: H-GGVG(VPGVG)-NH2 G: Ac-GGVG(VPGVG)-NH2

D: H-GGVG(VPGVG)-OH H: Ac-GGVG(VPGVG)-OH

I: Ac-GVG(VPGVG)(VPGVG)(VPGVG)/LG-NH2

J: Ac-GK1(VPGVG)(VPGVG)(VPGVG)//.G-NH2

K: Ac-GK1(VPGVG)(VPGEG)(VPGVG)//-<3-NH2

L: Ac-GVG(VPGVG)(VPGVG)(VPGVG)-NH2

M: Ac-GVG(VPGVG)(VPGVG)(VPGVG)/.-NH2

N: Ac-GVG(VPGVG)(VPGVG)(VPGVG)/L-NH2

O: Ac-GVG(VPGVG)(VPGVG)(VPGVG)(VPGVG)(VPGVG)-NH2

Figure 6.1 Sequences of Short Homologous Elastin Based Peptides.
Sequences of short elastin peptides with different composition were synthesised by solid-phase Fmoc chemistry 

(chapter 5.2). Deviations from the sequence Ac-GVG(VPGVG)n-NH2 (n = 1, 3, 5) are shown in red. Ac-, acetyl; - 

NH2l amide.

In order to test if there was any correlation between the number of elastomeric 

(-VPGVG-) units present and the TM for turn formation, we also synthesised an 

18-mer peptide (3 VPGVG units) and a 28-mer peptide (5 VPGVG units) (Figure 

6.1, L,0). To measure the influence on TM of increased hydrophobicity adjacent 

to the elastomeric unit, additional leucine and isoleucine residues were introduced 

stepwise at the C-terminus of the 18-mer peptides (Figure 6.1, I-K,M,N). The 

effects of internal charged residues adjacent to, or within, the elastomeric
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sequences were also studied. In one design a lysine flanked by a leucine was 

placed close to the N-terminus (Figure 6.1, J) while in a second design a glutamic 

acid residue was also added replacing one of the two valines of an elastomeric unit 

(Figure 6.1, K).

6.3.2 Peptide Synthesis and Characterisation.

The peptide synthesis was completed with more than 95 % efficiency at each step. 

The masses of the resin before and after synthesis were compared (Table 6.1).

Table 6.1 Estimating Potential Yield of Crude Peptides by Comparing Resin

Masses.

Peptide M ass of resin with Initial theoretical m ass Peptide yield on

peptide after synthesis Of resin before synthesis1 resin2

A 0.165 g 0.208 g No

B 0.122 g 0.156 g No

C 0.188 g 0.208 g No

D 0.130 g 0.156 g No

E 0.220 g 0.208 g 12 mg

F 0.161 g 0.156 g 5 mg

G 0.191 g 0.208 g No

H 0.160 g 0.156 g 4 mg

1 1.006 g 0.833 g 173 mg

J 1.030 g 0.833 g 197 mg

K 1.036 g 0.833 g 203 mg

L 0.975 g 0.833 g 142 mg

M 0.982 g 0.833 g 149 mg

N 1.000 g 0.833 g 167 mg

O 1.095 g 0.833 g 262 mg

'For the short peptides A-H: initially 0.1 mmol of PAL-PEG-PS (0.12 mmol/g) or 0.833 g and 0.625 g of Gly-

PEG-PS (0.160 mmol/g) were used to synthesise GVGVPGVG. Then half of each resin was continued 

incorporating an extra glycine (GGVGVPGVG). Finally, each resin (now with GVGVPGVG and GGVGVPGVG 

peptides) was again split into two parts, one to be acetylated and the other not. This gives a  theoretical start 

amount of resin a s  described above.

2The peptide yield on the resin was calculated by subtracting the theoretical dry resin m ass without peptide 

before synthesis from the dry m ass of resin after peptide synthesis.
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As Table 6.1 illustrates, the final masses of resins for the short peptides A-H 

were less than at the start of synthesis. This may have been due to inaccurate 

initial weighing, or loss of resin during division (as described in Table 6.1) and 

preparation steps. In addition, the very low molecular masses of the short peptides 

(around 500 Da) do not contribute much to increased resin-mass. The possibility 

exists that there was a failure in chain elongation, although the large increase in 

masses of the resins after synthesis of the longer similar peptides 1-0 using same 

chemistry, make this improbable. Aliquots of resin with peptides were trial cleaved 

and deprotected from their resins and sampled by analytical HPLC. For peptides D 

and E, 50 mg of resin was added to 1 ml of reagent R with scavengers, and 

aliquots of supernatant were washed into ethers after each 2nd hour (Chapter 5.2.4). 

The peptides were completely dissolved in 4.5 % (v/v) acetonitrile in 0.1 % TFA in 

water. This verified that the hydrophobic peptides were soluble in near aqueous 

solution, observed for all the peptides in this study. On analytical HPLC, a major 

peak was detected at 214 nm for D and E eluting at 18.9 % acetonitrile in 0.1 % 

TFE (Table 6.2). This is in contrast to the negative yield obtained by weighing the 

resins (Table 6.1).

Table 6.2 Cleavage Time of Peptides From Resins - Small Scale Trials.

Peptide HPLC eluted at 214 nm Major HPLC peak height (in a.u. of A215 nm) after:

(%, v/v acetonitrile in 0.1 % TFE) 2 hours 4 hours 6 hours

D 18.9% 0.20 0.24 0.25

E 18.9% 0.65 >0.8 >0.8

I 33.3 % 0.71 >0.8 >0.8

J 32.4 % 0.75 >0.8 >0.8

K 30.6 % 0.76 >0.8 >0.8

The peaks of D and E (and also the longer peptides I-K which additionally 

contain protecting groups on lysine and glutamic acid) increased in height with 

increasing cleavage time and plateaued after 4 hours (Table 6.2). Another test to 

study the effect of deprotection/cleavage without scavengers was implemented for
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peptide G. Mixture R with scavengers was replaced with 90 % (v/v) TFE in water. 

However, cleavage in TFE/water alone gave a much lower yield than reagent R 

after 4 hours incubation (comparing HPLC peaks). A minimum time of four hours 

of cleavage in reagent R was thus implemented for all the elastin peptides.

After cleavage/deprotection the peptides were purified on preparative HPLC as 

described in chapter 5.2.6 and fractions were analysed as described on chapter 5.2. 

The yields of the purified peptides are presented in Table 6.3.

Table 6.3 Peptide Yields After Deprotection and HPLC-purification.

Peptide Crude peptide 

(m ass of resin)

Peptide yield after purification 

(m ass of crude peptide)

Yield (%)

(pure/crude peptides)

A 17.4 mg (0.165 g) 12.0 mg (17.4 mg) 69

B 6.9 mg (0.122 g) 3.0 mg (6.9 mg) 43

C 19.8 mg (0.188 g) 14.2 mg (19.8 mg) 72

D 2.5 mg (0.079 g) 0.9 mg (2.5 mg) 36

E 14.5 mg (0.169 g) 8.4 mg (14.5 mg) 58

F 7.8 mg (0.162 g) 2.5 mg (7.8 mg) 32

G 19.4 mg (0.171 g) 15.4 mg (19.4 mg) 79

H 11.1 mg (0.160g) 6.9 mg (11.1 mg) 62

1 224.9 mg (0.956 g) 76.5 mg (100.6 mg) 76

J 243.3 mg (0.980 g) 83.0 mg (100.0 mg) 83

K 241.3 mg (0.986 g) 83.7 mg (100.0 mg) 84

L 197.5 mg (0.975 g) 75.4 mg (100.0 mg) 75

M 186.8 mg (0.982 g) 76.1 mg (100.0 mg) 76

N 208.4 mg (1.000 g) 82.4 mg (100.0 mg) 82

O 281.1 mg (1.095 g) 86.6 mg (100.0 mg) 87

The yield of the purification was much better when purifying more than 15 mg 

of peptide (yield: 70-80 %) than for small quantities of 2-8 mg of peptides (yield: 

30-40 %) (Table 6.3).

Fractions from preparative HPLC were analysed on analytical HPLC and 

identified as single peaks, pooled, freeze dried and submitted for electrospray 

ionisation mass spectrometry (chapter 5.3.2). The m/z ratio for all peptides are 

given in Table 6.4.
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Table 6.4 Electrospray Ionisation Mass Spectrometry of Purified Peptides.

Peptide Calculated m ass of peptide (Da) ESI-MS m ass (m/z)- average m ass in bold script

A 639.4 639.2 - 640.1(100 %) - 300.9 (10 %) - 339.4 (15 %).

B 640.3 640.3 - 641.4 (100 %) - 301.1 (10 %) - 340.1 (18 %).

C 696.4 696.0 - 697.2 (100 %) - 300.9 (15 %) - 367.9 (22 %).

D 697.5 697.3 - 698.4 (100 %) - 301.1 (20 %) - 368.6 (25%).

E 682.4 681.0 - 682.1 (100 %) - 360.5 (50 %) - 701.1 (20 %) -

1364.0 (8 %) -1 3 8 3 .5  (7 %).

F 682.2 682.3 - 683.4 (100 %) - 301.1 (40 %) - 361.1 (90 %) -

702.4 (20 %) - 721.3 (22 %).

G 738.4 738.0 - 739.2 (100 %) - 300.9 (30 %) - 388.9 (90%) - 

758.2 (15 %).

H 739.4 739.1 - 740.2 (100 %) - 389.4 (95 %) - 300.9 (80%) -

759.2 (20 %) - 778.3 (20 %).

1 1785.2 1784.2 -1784.1  (1+; H; 60 %) - 912.0 (2+; K + H; 95 %)

904.0 (2+;Na + H ;1 5 % )-893.0 (2+;H) - 924.5(2+;

904.1 Na + K; 20 %) - 1822.1 (1+; K; 95%) - 1807.1(1+; 

Na;15%).

J 1870.3 1 8 7 0 .2 -1 8 6 9 .5  (1+; H, 50% ) -1 8 9 1 .5  (1+; Na; 15 %) -

1907.6 (1+; K; 95 %) - 1922.2 (2+; Na + Na; 10 %) -

1932.6 (2+; Na + K; 20 %) -935.6 (2+; H; 60 %) - 946.6  

(2+; Na + H; 20 %) - 954.6 (2+; K + H; 30 %) - 636.7  

(3+; K + 2H; 95 %) - 645.0 (3+; Na + K + H; 15 %).

K 1900.3 1899.0 - 1899.3 (1+; H; 85 %) - 1922.3 (1+; Na; 13 %)- 

1937.2 (1+; K; 95 %) - 1962.4 (2+; Na + K; 20 %) - 

950.6 (2+; 2H; 95 %) - 969.6 (2+; K + H; 20 %) - 960.1 

(2+; Na + H; 10 %) - 646.7 (3+; K + 2H; 95 %) - 655.0  

(3+; K + Na + H; 20 %).

L 1501.8 1499.9 - 1500.5 (1+; H; 100 %) - 1538.6 (1+; K; 75 %) - 

1522.6 (1+; Na; 15 %) - 769.8 (2+; K + H; 95 %) - 750.8  

(2+; 2H; 80 %) - (2+; Na + H; 15 %) - 781.8 (2+; Na + 

K; 15% ).

M 1614.9 1612.9 -1 6 1 3 .7  (1+; H; 70 %) -1 6 3 5 .7  (1+; Na; 15 %) - 

1651.7 (1+; K; 95 %) - 826.3 (2+; K + H; 95 %) - 807.3  

(2+; 2H; 85 %) - 818.3 (2+; Na + H; 20 %) - 838.9 (2+; 

Na + K; 15% ).

N 1728.1 1726.0 -1 7 2 6 .8  (1+; H; 95 %) -1 7 4 8 .6  (1+; Na; 55 %) - 

1764.7 (1+; K; 95 %) - 864.4 (2+; 2H; 95 %) - 883.3 (2+; 

K + H; 75 %) - 893.9 (2+: Na + K; 15 %).

Table 6.4 continues on the next page.
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T a b l e  6 . 4  c o n t i n u e d .

Peptide Calculated m ass of peptide (Da) ESI-MS m ass (m/z)- average m ass in bold script

O 2320.8 2321.3 - 2319.7 (1 +; H; 60 %) - 2341.8(1+; Na; 15 %) -

2357.7 (1+; K; 70 %) - 2381.6 (2+; Na + K; 15 %) -

2401.7 (2+; K + K; 95 %) - 1160.5 (2+; 2H; 95 %) - 

1180.4 (2+; K + H; 85 %) - 1193.4 (2+; K + Na; 20 %) -

774.2 (3+; 3H; 60 %) - 787.0 (3+; K + 2H; 75 %) - 600.1 

(4+; 2K + 2H; 40 %) - 409.2 (6+;2Na + 2K + 2H;40 %) -

301.2 (8+; 2K + 6H; 95%).

The major peaks (> 10 % intensity) from the m/z spectra are reported. The percentage given in parentheses for 

each m ass is the relative intensity to each other. For peptides l-O ionisation patterns are suggested  for the 

observed peaks. The average peptide m ass reported in bold script was calculated from the different m/z - 

spectra.

The expected molecular masses were obtained for all 15 peptides synthesised. 

Other major peaks were also detected, but these were only due to adducts formed 

with potassium (mass 39.0) and sodium ions (mass 23.0) under the ionisation 

process (Burdick & Stults, 1997). The mass of peptide A (639.4 Da) can be 

verified from the [peptide A + H]+ of 640.1 Da by subtracting the proton giving

639.1 Da, and also from adding the fragmented species 300.9 + 339.3. Likewise, 

peptide F (682.2 Da) was identified by [peptide F + H]+ of 683.4 Da and the 

fragmented species of 361.1 Da which is [peptide F + K+ + H+]2+/2 = 361.1 Da. 

The species of 721.2 Da is formed by [peptide F + K+]+ alone = 721.2 and the

702.4 Da peak possibly represents the [2x peptide F + K+ + H+]2+/2 adduct = 702.2 

Da. Double peptide masses from adducts were positively identified for peptide E. 

The masses for the longer peptides can similarly be found alone or as sodium or 

potassium adducts, and proposed ionisations are suggested in Table 6.4.

Quantitative amino acid analysis was also carried out from stock solutions of 

peptides in deionised water (chapter 5.3.3), originally prepared for circular dichroic 

experiments, and the results are described in Table 6.5.
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Table 6.5 Amino Acid Analysis of Elastin Peptides.

Peptide Amino acid composition: amino acid type, experimental value [expected composition].

A Pro, 0.94 [1] Gly 4.04 [4]; Val, 2.44 [3].

B Pro, 1.05 [1] Gly, 4 .22 [4]; Val, 2.53 [3].

C Pro, 0.92 [1] Gly, 5.31 [5]; Val, 2.67 [3].

D Pro, 0.90 [1] Gly, 5.15 [5]; Val, 2 .54 [3].

E Pro, 0.95 [1] Gly, 4.29 [4]; Val, 2 .63 [3].

F Pro, 0.88 [1] Gly, 4 .36 [4]; Val, 2.65 [3].

G Pro, 1.01 [1] Gly, 5.20 [5]; Val, 2 .66 [3].

H Pro, 0.95 [1] Gly, 5.06 [5]; Val, 2 .53 [3].

1 Pro, 3.74 [3] Gly, 8.24 [9]; Val, 5.68 [7]; lie, 1.13 [1]; Leu, 1.27 [1],

J Pro, 3.52 [3] Gly, 7.39 [8]; Val, 4 .84 [6]; lie, 1.03 [1]; Leu, 2 .24 [2]; Lys, 1.21 [1],

K Pro, 3.25 [3] Gly, 7.98 [8]; Val, 4.32 [5]; lie, 0.88 [1]; Leu, 1.97 [2]; Lys, 1.09 [1];

Glu, 1.17 [1]

L Pro, 3.80 [3] Gly, 7.65 [8]; Val, 5.66 [7].

M Pro, 3.43 [3] Gly, 6.96 [8]; Val, 5.06 [7];Leu, 1.25 [1].

N Pro, 3.53 [3] Gly, 7.80 [8]; Val, 5.87 [7];lle, 1.03 [1]; Leu, 1.19 [1].

0 Pro, 5.82 [5] Gly, 12.22 [12]; Val, 9.13 [11],

The values are the median of two independent amino acid analyses.

The amino acid analysis mainly verified the composition of the peptides. 

However, the values for valines in all peptides were less than expected. It is well 

known that sequences containing valine are very difficult to completely hydrolyse 

in just 24 hours at 110° C, and for these sequences it may be necessary to increase 

hydrolysis time to 72 hours (Blackburn, 1968; Ozols, 1990). The C-terminal and 

N-terminal residues Lys, He, and Leu in peptides I-K, M and N display their 

expected composition, acting as ‘internal controls’ of the amino acid analysis, and 

strongly suggest that the composition is from a single species.

6.3.3 CD Analysis o f Peptides.

The raw CD spectra of the short elastin peptides were very noisy, and it was 

necessary to lower the noise by sampling data from repeated scans (as described in 

chapter 5.4). Figure 6.2 displays the noise level from a repetitive scan of the short
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peptide E before and after smoothing the data using the Savitzky-Golay algorithm2 

(chapter 5.4.3). This smoothing algorithm was used for all scans to reduce noise.
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Figure 6.2 Raw and Smoothed Data of Peptide E.
Peptide E (38.7 pM) in 10 mM borate buffer pH 9.5 was scanned at (a) +5.7° C and at (b) 57.8° C in a 0.2 cm  

quartz cuvette. The raw data (open and closed circles) are the average of 5 scans (integrated for 1s at each  

wavelength, slit 2 .0 ), and were smoothed using Savitzky-Golay algorithm of the Jobin-Yvon software (bold line).

CD spectra of the 9-mer peptide D at various temperatures are shown in Fig 6.3a. 

For comparison, spectra of the 18-mer peptide L are shown in Figure 6.3b. All 

other short and longer peptides showed a similar CD profile. The global minimum 

varied slightly with pH but was typically within the range 198-200 nm - as has 

been previously found for unordered peptides (Woody, 1995). For the short 

peptides at +1° C the minimum mean residual ellipticity was -7,000 to -10,000 deg 

cm2 dmol'1 compared to -40,000 deg cm2 dmol'1 for an ideal random coil. This is 

within the same range (-5,000 to -16,000 deg cm2 dmol'1) previously seen for the 

longer (VPGG)n and the (VPGVG)n elastin polymers (Urry et al., 1986; Urry et

2 The Savitzky-Golay algoritm fits the data to a polynomial function.
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al., 1985). The corresponding values for the 18-21-mer peptides (1-0) w ere -
2 117,000 to -19,000 deg cm" dm ol’ . This suggests, som ew hat surprisingly, that the 

shorter peptides are less disordered at low tem peratures than the longer peptides. 

The M RE values o f the short peptides are in fact w ithin the range expected from  an 

equim olar m ixture of random  coil and type II (3-turns (Perczel et al., 1993).
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Figure 6.3 CD Wavelength Scans of Peptides D and L at Different Temperatures.

The peptides were scanned in 10 mM phosphate buffer (pH 7.0). a) Peptide D (49.1 pM) was recorded at ), 

1.1° C; (-•-), 15.4° C; f 0 -), 25.0° C; ( -» -), 34.5° C; ( - * -  ), 43.8° C; (-'*-), 53.0° C; ( - * -  ), 63.0° C; and ( - * -  ), 

81.5° C. b) Peptide L (20.7pM) was scanned at 1.3° C (-«- ); 15.4° C ( - • -  ); 34.0° C (-*>); 48.4° C (-*-); and 

76.6° C (-*-).

For all peptides, the C D  am plitudes at 195-205 nm decreased with increasing 

tem perature, with a sm aller decrease in am plitude at 206-212 nm. A positive peak 

in this latter region is characteristic of type II (3-turns (Perczel et al., 1993; Urry et
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al., 1985; W oody, 1995). A near isodichroic point around 218 nm was found for 

the short peptides in the reported transition. This was seen both for the effect of 

increasing concentrations o f TFE (data not shown, but see chapter 7, Figure 7.1) 

which induces a type II (3-turn, and for the tem perature effect described in Figure 

6.3a and b. A near isodichroic point for m elting of the larger elastin polym er has 

previously been detected by Urry (1988a) around 220 nm. H ow ever, some 

peptides showed little change in position of m inim a/m axim a when the tem perature 

is varied and the spectroscopic changes in these are dom inated by changes in 

intensity. For peptide K, which has the m ost heterogeneous com position (Figures

6.1 and 6.4), an increase in am plitude at 210-230 nm was observed with a local 

m inim um  at 222 nm (with an approxim ate isodichroic point around 208 nm). 

These were also found at higher tem peratures for som e short peptides with the N- 

term inal G G V G  sequence (see Figure 6.1, C,D  and G). These spectra resem ble 

class C -spectra associated with helical or type I/III (3-turn structures (Figure 6.4).
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Figure 6.4 CD-wavelength Scans of Peptide K at Different Temperatures.

Peptide K (16.2 pM) in 10 mM phosphate buffer pH 7.0 was scanned in a 0.2 cm quartz cuvette by increasing

temperature from 10.8° C ( - O -  ) via 20.1° C, 29.4° C, 48.4° C and 62.2° C until 76.6° C ( - • - )  in the direction 

of the arrow. Each spectrum is the average of 10 scans integrated for 1 s at each wavelength.
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The transition curves of the short peptides D, E, H in phosphate buffer, peptides 

C, D and G in different buffers, and for the longer peptides J, L and N at pH 7 are 

shown in Figure 6.5 a to c.
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Figure 6.5 Melting of Short and Long Elastin Peptides.
The 8- or 9-mer peptides C (37.1 pM), D (49.1 pM), E (38.5 pM), G (41.8 pM) and H (31.3 pM) and the longer 

peptides J (16.4 pM), L (20.7 pM) and N (17.9 pM) were scanned from 190-240/260 at different temperatures in 

10 mM acetate or borate buffers (panel a), or in 10 mM phosphate buffer (panels b and c), and the mean 

residual ellipticity at or close to 200 nm w as plotted versus temperature, van’t Hoff fits are also shown.

Figure legend continues next page.
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Figure 6.5 continued.
The 8- or 9-mer peptides C (37.1 pM), D (49.1 pM), E (38.5 pM), G (41.8 pM) and H (31.3 pM) and the longer 

(a) Melting of the 9 mer peptides C ( o  , at 201 nm, pH 4.0), D ( •  , at 200 nm, pH 9.5) and G ( □  , at 201 nm, 

pH 9.5); (b) Melting of the 8-9 mer peptides H ( ■ , 202 nm), E ( * , 1 9 9  nm) and D ( A , 200 nm); (c) Melting 

of the 18-21 mer peptides N ( v  ), J ( ▼ ) and L ( *  ) at 199 nm.

The start of the transition was initially fitted for each melting curve, although 

well defined transitions were obtained for the majority of peptides. The transition 

range for all the 8/9-mer peptides (A-H) was 3-5,000 MRE units increasing to 5-

10,000 for the longer peptides 1-0 (Figure 6.5). These values are similar to those 

reported for the longer elastin polytetrapeptide (VPGG)n, though a little lower than 

for the polypentapeptide (VPGVG)n which undergoes a change of 16,000 MRE 

units during a transition (Urry et al., 1985, 1986).

6.3.4 Thermodynamic Analysis.

In order to obtain thermodynamic data from the melting curves, a selection of 

short and longer peptides (C, E, L and N) were tested for reversibility by 

incubation for 30 minutes at +70° C and then rapid cooling to +20° C. All were 

found to be fully reversible (Figure 6.6a). The concentration dependence was also 

tested on peptide L (18-mer) and on the most hydrophobic short peptide E (8-mer) 

at two different temperatures (Figure 6.6bc). In all cases ellipticities were found, 

within the limit of experimental error, to be independent of peptide concentration 

over this temperature range. This observation shows that the temperature-induced 

formation of the p-tum is due to intramolecular interactions rather than 

intermolecular associations. The melting curves reported here were obtained at 

peptide concentrations 10-20 times lower than the maximum concentrations shown 

in Figure 6.6c (around 18 |iM for the longer peptides and below 50 pM for the 

shorter peptides).
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Figure 6.6 Test of Reversibility and Concentration Dependence at pH 7.0.

a) Scans of the 18-mer peptide L (91 pM in 10 mM phosphate buffer; 0.5 mm cuvette; spacing 0.5 nm; four

scans each with one second integration time) at 20.6° C before heating (   ) and after incubation at 70°

C for 30 minutes with rapid cooling back to 20.6° C ( ■ - ■ - ). The concentration-dependence of MRE is

shown in b and c. The concentration of peptide L was varied from 4.6 pM to 264 pM (b) using different quartz 

cuvettes (0.5 mm, 2 mm and 10 mm), and similarly the 8-mer peptide E was varied between 45 pM and 855 pM

(c). The variation of mean residual ellipticity for peptide L at 15.5° C or peptide E at 15.6° C (at 199 nm, °  ; 

and at 210 nm, •  ) and for peptide L at 62.5° C or peptide E at 48.3° C (at 199 nm, A ; and at 210 nm, □ ) is 

shown.
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D ata were fitted to van’t H off plots and were linear. W here a low signal-to- 

noise ratio in the CD -m easurem ents resulted in a larger spread o f data, a better fit 

was obtained by fixing one or both endpoints for the transition (Figure 6.7).
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Figure 6.7 Fitting of the Melting Curve of Peptide B in 10 mM Phosphate Buffer pH 

7.0.

The CD-data at 199 nm ( o ) were fitted to a macroscopic, reversible, two-state model by optimising the linearity 

of the correlated van’t Hoff plot. By using the fitted endpoints for the transition, [0]F and [0]u, from the initial

model (panel (a), - - - - ) the corresponding van’t Hoff plot was constructed (panel (b), °  , - - - - )

and gave a linear correlation coefficient (r) of -0.91. After fixing [q]F, the correlation coefficient for the van’t Hoff

plot improved to -0.98. The data with the correlation line ( •  , -------------- ) and its corresponding fit for data of

MRE against temperature with fixed [q]F (   ) are respectively shown in panel (b) and panel (a).

Energies from fits. Model with free [0]F and [0]u ( - - - - ): AH = 13.7 ± 6.6, AS = 0.045 ± 0.021; Model

with fixed [0]F ( ------------  ) : AH = 10.4 ± 1.4, AS + 0.034 ± 0.004.
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Fitting of the CD data to the van’t Hoff equation allowed calculation of AH, 

AS and TM-values for the transitions of most peptides. However, due to the 

uncertainty of the start of the transition for some short peptides (Fig 6.5 b) only 

those with well defined transition curves are reported (Table 6.6). It was not 

possible to determine melting temperatures for two of the longer peptides, K and 

O.

Table 6.6 Thermodynamic Values for Thermal Transitions in Elastin Peptides.

Peptide pH TM (° C) AH u^ f (kcal mol'1) AS u^ f (kcal mol'1 K'1)

A 7.0 41 11.0 ± 2.7 0.035 ± 0.009

B 9.5 35 14.9 ± 4 .9 0.048 ± 0 .0 1 6

C 4.0 45 20.0 ± 2.9 0.063 ± 0.009

D 9.5 40 13.0 ± 4 .8 0.042 ± 0 .0 1 6

G 9.5 35 13.7 ± 2 .8 0.047 ± 0.009

H 9.5 47 14.4 ± 2 .3 0.045 ± 0.007

1 7.0 20 26.0 ± 10.6 0.089 ± 0.036

J 7.0 18 25.3 ± 2.5 0.087 ± 0.009

L 7.0 37 18.9 ± 4 .7 0.061 ± 0 .0 1 5

M 7.0 14 15.9 ± 10.7 0.055 ± 0.036

N 7.0 17 12.1 ± 2 .4 0.042 ± 0.008

Peptides A - H (8- and 9-mers) at their specific pH-values were chosen because these  melting curves 

had a well defined transition (Figure 3a). The longer 18- to 21 mer peptides (I - N) were fitted with free 

endpoints, AH u^ f and AS u^ f only specifying the slope of the pre- and post-transition curves.

All peptides studied exhibited a positive AH and AS, supporting the model of 

an entropy-driven folding transition. The AH and AS values for the 8/9-mer and 

21-mer peptides (Table 6.6) were closely similar, suggesting that each VPGYG 

repeat behaves as a thermodynamically independent unit (see Discussion).

Melting temperatures for short peptides which had N and C termini in the 

same state were well correlated (Table 6.7 and Figure 6.8). Acetylation of a- 

amino or amidation of a-carboxy groups (or both) lowered the transition 

temperatures by an average of 13° C for both 8- and 9-mers compared to free N- 

and/or C-termini. However, there were no significant differences in melting 

temperatures for peptides where the terminal charges differed in sign (Table 6.7,
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compare peptide A and B at pH 4 versus B and F at pH 9.5 for the 8-mers, and 

peptide C and D at pH 4 versus D and H at pH 9.5 for the 9-mers), indicating that 

the presence of either one or the other charge had a similar effect on the structural 

transition for the short peptides.

Table 6.7 Melting Temperatures for Transitions in Short Elastin peptides.

Peptide pH 4.0 pH 7.0 pH 9.5

A 35 41 30

B 40 34 35

C 45 37 24

D 39 27 40

E 22 21 20

F 23 34 39

G 33 26 35

H 26 36 47

The MRE for each peptide was followed at one wavelength for each pH and plotted against temperature. 

Dependent of buffer, pH and type of peptide, this was ranging from 197-202 nm. Values were obtained by 

fitting data to van’t Hoff equation with ACp = 0 allowing initially AH, AS and endpoints for transition to float. Tm 

was found from the relation AH/AS.

The melting temperatures for the peptides at pH 7.0 were lowered compared to 

those with ‘high Tm’ values (Figure 6.8), and the effect was larger for the 9-mer 

peptides compared to the 8-mers. This suggests that there may be an additive 

stabilising effect through N-C-terminal interactions; the lower melting 

temperatures found for some of the smaller 8-mers compared to the larger 18-mer 

may be explained by this.

The presence of an extra glycine at the N-termini of the smaller peptides 

increased the melting temperatures by about 6° for both ‘low Tm’ and ‘high Tm’ 

peptides (Figure 6.8). An opposite effect was seen by the addition of a 

hydrophobic residue (or residues) near the C-terminus, which resulted in a 

lowering of the melting temperature by 20-23° C (compare peptide L with M and 

N, Table 6.6).
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Figure 6.8 Average Melting Temperatures for Thermal Transitions of 8- and 

9-mer Elastin Peptides.

The large numbers represent the average of Tm values (° C) for the 8-mers (peptide A, B, E and F) and 9- 

mers (peptide C, D, G and H) from Table 1. The ‘low Tm’ value is the average of the lowest melting 

temperatures (°C) at pH 4.0 or pH 9.5 for peptide A and F (or C and H for the 9-mer) and at pH 4 and 9.5 

for peptide E (G for the 9-mer) - the pH-value which gives an uncharged molecule. Similarly, the ‘high Tm’ 

value represents the average of high Tm values for peptide A and F (C and H), and at both pH 4 and pH 

9.5 for peptide B (D for the 9-mer), the pH-value which gives a charged molecule. The smaller numbers 

in italics represent the difference between average Tm values.

Peptide K, a 21-mer containing a glutamic acid replacement in the central 

VPGVG unit, was more disordered at lower temperatures than the other peptides 

(MRE value of -20,000 deg cm2 dmol'1 at 1.4°C; see (Perczel et al., 1993; Urry et 

al., 1985), and thermodynamic analysis was also not possible. Thermodynamic 

data were obtained however with peptide J, which has the same residue insertions 

at the N- and C-termini as peptide K but lacks the internal glutamic acid. 

Interestingly, in this peptide the presence of a charged lysine did not elevate the 

melting temperature, probably due to the more dominant hydrophobic effect of an 

adjacent leucine (compare I with J, Table 6.6).
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6.3.5 Effects o f SDS and TEE.

The effects of the detergent SDS were tested on the short (B,E and G) and the 

longer (K, L, N and O) peptides. For 8- and 9-m ers m icellar SDS (25 m M ) 

induced an increase in M RE at 210 nm for both peptides, and for the 8-m ers this 

was also observed in non-m icellar (2 mM ) SDS (Figure 6.9a).
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Figure 6.9 Effect of SDS and TFE on Peptides E and L. (legend continues next page)
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F i g u r e  6 . 9  c o n t i n u e d .

a) Peptide E (218 pM) and (b) peptide L (91 pM) were scanned in water (~°~), in 2 mM SD S ( ----------- ), in 25

mM SD S ( - - - - ), and in 87 % (v/v) TFE ( — ■ — ) at 20.5° C using 0.5 mm quartz cuvettes (4 scans;

0.5 nm spacing; 1 se c  integration time), (c) Peptide L (20.7 pM) was also tested at different concentrations of 

TFE at 15.7° C in a 2 mm cuvette, and the variation of mean residual ellipticity versus TFE concentration at 198

nm ( •  ), at 206 nm ( □  ) and at 213 nm ( ■ ) is shown.

For the longer peptides this effect was only seen with micellar SDS (Figure 

6.9b). The increase in MRE at 200 nm and the more gradual increase at 206-212 

nm, characteristic of a transition to a type II p-tum (Perczel et a l, 1993; Urry et 

al., 1985; Woody, 1995), indicated that all peptides were becoming more ordered 

in the presence of SDS.

Induction of the type II p-tum was more pronounced in 87-92 % (v/v) TFE 

than in SDS for the 8-, 9-, 18- and 28-mer peptides (Figure 6.9a,b). For peptide L, 

the concentration of TFE was varied from 0-97 %, and at about 35 % TFE the 

gradients of the MRE’s at 198 nm, 206 nm and 213 nm versus TFE concentration 

shifted markedly, suggesting the presence of a stmctural transition (Figure 6.9c).

6.4 Discussion

All of the peptides studied here exhibited an increase in MRE at 195-205 nm 

and at 206-212 nm, a signature of type II p-tum formation, with increasing 

temperature, supporting the notion that the folding of these sequences is a 

consequence of hydrophobic interactions which are driven by positive entropies of 

dehydration (Privalov & Makhatadze, 1993). The type of turn structure formed is 

critically dependent on both the flanking sequences and the solvent conditions. At 

low temperature (-0° C) the short peptides showed evidence of partial structure, as 

has been seen with the larger polymers (Urry et al., 1985, 1986). In addition, most 

peptides showed an increase in MRE at 210 nm, typical of type II p-tum formation 

in VPGVG polymers (Urry et al., 1985). Evidence for the formation of type I/in p- 

tums (MRE increase at 210-230nm) was seen in the CD-spectra of some peptides 

at high temperatures, suggesting that an equilibrium of different p-tum populations
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may exist for many of these sequences. Peptides having a GGVG N-terminal 

region (C,D,G and H in this study) are thought to preferentially adopt the type IT 

p-tum (Broch et al., 1996). Interconversion between type I and type II p-tums has 

been estimated to require +0.2 to -1.7 kcal mol'1 (Yang et al., 1996, and references 

herein), a small enough change to be affected by flanking sequences or buffer 

composition (TFE, SDS, etc.). Previous crystallographic studies on the linear 

pentapeptide Boc-VPGVG-OMe (Ayato et al., 1980) showed the absence of any p- 

tum structure while the structure of a cyclic decapeptide analogue of VPGVG 

exhibited a type III turn for one VPGVG unit followed by a type I turn for the 

second unit (Bhandary et al., 1990). Here it has been clearly demonstrated that, 

when suitable flanking sequences are present, the VPGVG monomer is able to 

form the identical type II p-tum structure (within the discrimination capacity of 

CD) to that formed by the elastin-like polymer (VPGVG)n. It has also confirmed 

that, when particular types of flanking residue are present, the transition 

temperature can be altered in the same direction as seen for the polymers (Urry, 

1993). For example, the addition of extra hydrophobic residues adjacent to the 

VPGVG turn sequence lowered the melting temperature by up to 20° C and an 

additional glycine increased Tm by 6° C. It seems quite remarkable that these large 

temperature effects could be produced by adding a single residue (compare the 8- 

mers versus 9-mers (Figure 6.8) and peptides L and M, Table 6.6), although when 

multiple additions were made the effect was not necessarily additive (compare 

peptides M and N, Table 6.6). Further, when a charged residue was inserted in the 

presence of these additional hydrophobic residues, the expected increase in melting 

temperature was not seen (compare peptides I and J, Table 6.6). This suggests that 

the melting temperature for an elastomeric sequence flanked by different non- 

elastomeric residues may be found by averaging the balance of hydrophobic and 

hydrophilic residues in the flanking regions.

The dramatic effect of charged residues on Tm is illustrated by the behaviour of 

the shorter peptides. A net charge at either the N- or C-terminus increased the 

melting temperature by as much as 20° C (compare peptides C and H at pH 4 and 

9.5, Table 6.6). The thermodynamic effect of charged groups at the termini is likely 

to derive from an increased stability of the water shell surrounding the peptide.
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For the am idated and acetylated VPG V G  peptides o f different lengths 

(peptides E and L) transition tem peratures varied from  those observed for the m uch 

longer VPG V G  polym ers (Luan et al., 1990; Urry et al., 1985).

The effect o f SDS on short elastin-sequences supports the hydrophobic 

collapse model of stabilisation. In this study, low concentrations o f SDS (up to 

25m M ) induced (3-turn form ation (Figure 6.9a). If SDS is able to bridge the tw o 

valines spanning each side (cA-face) of the PG -turn, it w ould disrupt their 

hydration and facilitate the closer interaction necessary for induction o f a type II 13- 

turn. M odels extracted from  an M D sim ulation o f longer elastin peptides 

(W asserm an & Salem m e, 1990) of a single G V G V PG V G  unit in both the extended 

and contracted states (Figure 6.10), predict that the distance betw een the two
o

valines in the high tem perature form  is approxim ately 2 A shorter than in the low- 

tem perature form.

Figure 6.10 Molecular Models of Peptide Ac-GVGVPGVG-NH2 in Expanded and 

Contracted Conformations.

Dihedral angles for the expanded and contracted form of the peptide in this study were extracted from the 

average O and 'F angles in a published molecular dynamics simulation of (VPGVG)ia in relaxed and stretched 

forms (Wasserman & Salemme, 1990). At the left is shown the low-temperature expanded form and the right the 

high-temperature contracted form. The distances between the valine Cp atoms and N- and the C-termini are 

shown.
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The larger effect of SDS on the longer peptides (more than one VPGVG 

monomer) is consistent with the shielding hypothesis. The effects of TFE, studied 

on peptide L (Figure 6.9c), are consistent with a hydrophobic model of p-tum 

formation at high temperature. The largest effect was seen below 35 % TFE, where 

hydrophobic interactions within the peptide are likely to be important. Since the 

total free energy is lower for the TFE/water mixture than for water alone, the 

preferred form for the TFE-mixture will be where the valine side-chains are closely 

packed. Bodkin & Goodfellow (1996) have discussed this as a general model for 

TFE-induced folding of secondary structures. Above 30 % TFE the electrostatic 

interactions become more dominant, reflected by the more reluctant formation of 

type II P-tum structures. However, an alternative mechanism for TFE is proposed 

in chapter 7.

This study has demonstrated that short, elastin-like peptides can undergo the 

identical structural transitions that have been observed in neutral and modified 

elastomeric polymers. In elastin polymers, (VPGVG)n, the identical pentamer 

sequences all contribute to form a beta-spiral with type II turns (Pro2-Gly3 with a 

Val1 C=0 ' ‘' H-N Val4 hydrogen bond). Intramolecular hydrophobic contacts are 

thought to drive the transition within this spiral (Urry, 1988a). However, the only 

stabilising hydrogen bonds reside within each of the monomers, VPGVG. Even 

so, it is plausible that formation of the spiral is a cooperative transition, driven by 

hydrophobic collapse and stabilised by intra-pentamer H-bonds. No evidence for 

such a cooperative effect was seen here. The AH and AS values for an 8-mer (1 

VPGVG unit) and an 18-mer (3 VPGVG units) are the same indicating that a 

‘cooperative unit’ does not exceed one repeat. The contribution of configurational 

entropy to the total entropy on going from an 8-mer to an 18-mer can be shown to 

be minimal; the difference in conformational entropy, ASconf, between the number 

of states for the relaxed (764) and extended (58) conformations of a single 

VPGVG peptide has been calculated to be 1.024 cal mol'1 K '1 per residue (one 

entropic unit per residue). The increased conformational entropy change between 

an 8-mer and an 18-mer would then be just 0.010 kcal mol'1 K'1, assuming the 

entropy derives from internal chain dynamics without random chain networks 

(Urry, 1988a). This shows that AS through the transition (Table 6.6) cannot be 

balanced by such small increases in ASconf as the chain length increases.
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These results lead to the intriguing possibility of engineering short, elastin-like 

peptide sequences into globular proteins. The presence of an elastic switch within a 

structurally sensitive region of a protein would enable the triggering of an 

“allosteric” response to temperature or pH (Noguti & Go, 1989a,b). Is this 

energetically feasible? The free energy change for the transition of the VPGVG- 

containing 8- mer (peptide B, pH 9.5) from 0° to 60° was -2.9 kcal mol"1, more 

than enough energy to fuel such a change. If several of these VPGVG switches are 

incorporated into a stable protein, they may be able not only to affect binding by 

an allosteric effect, but also to change the overall stability of a protein. The 

stability of a single-chain antibody is around 10 kcal mol'1 (Jager & Pliickthun, 

1999) which equals the energy for three VPGVG-elements. Similarly, the energy 

for a H-bond is between 3-6 kcal/mol (Creighton, 1984).

Where such elastomeric sequences are introduced into enzymes or binding 

proteins this will offer a novel method for modulating their activities, 

thermostabilities or -labilities. Ultimately, such sequences will undoubtedly find 

use in the de novo design of proteins.
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Chapter 7. Trifluoroethanol May Form a Mobile Matrix for 

Assisted Hydrophobic Interactions Between Peptide Side-chains1.

7.1 Introduction.

During the last decade there have been a large number of observations on the 

effect of trifluoroethanol on peptides and proteins. TFE has been shown to 

induce and stabilise a-helices in sequences with intrinsic helical propensity 

(Sonnichsen et al., 1992), and to induce p-tums, p-hairpins (Graf von Stosch et 

al., 1995a; Searle et al., 1996; Sonnichsen et al., 1992) and also p-strands (Lu et 

al., 1984; Martenson et al., 1985). It can also promote switching between 

different secondary structures, generally from p-sheet to an a-helical structure 

(Kuwata et al., 1998; Narhi et al., 1996b; Yang et al., 1994; Zhang et al., 1995a). 

A transition to a 3io-helix has also been reported for a p-sheet peptide (Graf von 

Stosch et al., 1995a). It is implicit that intra and inter molecular side-chain 

interactions must play an import role in solvent induced secondary structures in 

proteins (Li & Deber, 1993; Zhong & Johnson, 1992). Understanding the 

underlying mechanisms of these induced transitions is important for elucidation of 

folding pathways, but particularly for de novo design of proteins.

Several models explaining the effects of TFE on secondary structures have 

been proposed. The two contrasting views are either that TFE directly associates 

with the folded peptide chain (Bodkin & Goodfellow, 1996; Hirota et al., 1998; 

Jasanoff & Fersht, 1994; Rajan & Balaram, 1996) or it destabilises the 

unstructured form of the peptide (Cammers-Goodwin et al., 1996, and references 

herein). Figure 7.1 illustrates the model proposed by Bodkin & Goodfellow 

(1996).

1 This chapter has been submitted for publication.
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Figure 7.1 The Hydrophobic Collapse Model Supported in a TFE Mixture.
The figure is adapted from Bodkin & Goodfellow (1996). Panel a) shows the hydrophobic collapse of the apolar 

side-chains in water (W) and b) in the water/TFE (W/TFE) system . The low-energy conformation shown on the 

right-hand side is obtained by minimising the exposed hydrophobic surface area in a), or in b) where the 

hydrophobic groups are stabilised by the more hydrophobic solvent trifluoroethanol. TFE stabilises the folded 

form because the energy of TFE/water system  is lower that of TFE or water alone.

Recent observations have focussed on the interaction of TFE with water 

molecules on the peptide, with two different interpretations. One view suggests 

that TFE behaves as an indirect chaotrope disrupting the solvent shell on a-helices 

(Luo & Baldwin, 1999; Walgers et al., 1998), and thereby stabilising them. A 

second view casts TFE as a kosmotrope where its desolving effect destabilises the 

unfolded state (Kentsis & Sosnick, 1998). There are however several puzzling
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contradictions. If TFE stabilises or strengthens local hydrophobic interactions in 

a-helices (Albert & Hamilton, 1995; Hirota et al., 1998; Padmanabhan et al., 

1998), p-tum and p-hairpin (Reiersen et al., 1998; Searle et al., 1996), why is 

there lack of experimental evidence that TFE actually binds to hydrophobic 

groups? (Storrs et al., 1992). Again, TFE disrupts tertiary interactions in proteins 

(by weakening non-polar interactions; Gast et al., 1999; Luo & Baldwin, 1998) 

while preserving secondary structures.

Here the author proposes a structural model that may help to account for 

these observations. A temperature induced structural transition from random coil 

to type II p-tum in a elastin peptide in TFE solutions at different temperatures has 

been studied. The mechanism of contraction of elastin peptides derives from 

temperature induced folding, also seen in the folding of cold-denaturated alpha- 

helices in hexafluoro-2-propanol (Andersen et al., 1996). For elastin this involves 

physical (temperature/pressure) or chemical (solvent composition) induced 

collapse of hydrophobically bound waters generating a positive entropy of bulk 

water and increased hydrophobic interactions, a phenomenon well known in 

protein folding (Cheng & Rossky, 1998; Dill, 1990; Livingstone et al., 1991; 

Urry, 1993). Specifically, the elastin transition involves loss of hydrated water at 

higher temperatures from exposed valine side-chains inducing val-val interactions 

that fold the VPGVG sequence into a type II p-tum (Reiersen et al., 1998; Urry, 

1988a,b, 1993). In this study, increasing temperature induced a type II p-tum at 

low TFE concentrations. At higher concentrations of TFE (>30% v/v), however, 

the amount of p-tum structure decreased with increasing temperature. A model is 

proposed in which TFE associates with elastin side-chains in its micellar form and 

thus forms a mobile matrix which supports hydrophobic interactions.

7.2 Results

The peptide in this study, Ac-GVG(VPGVG)3 -NH2 , was synthesised, purified and 

analysed on circular dichroism as described previously (Chapter 6, Reiersen et al., 

1998). The elastin derived peptide Ac-GVG(VPGVG)3 -NH2  incorporates a rather 

hydrophobic repeating (VPGVG)n sequence without any charged groups and is
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thus a good model for studying the effect of temperature and trifluoroethanol 

(TFE) on intramolecular hydrophobic interactions. This peptide covers more than 

one turn o f  the suggested (3-spiral in larger elastin polymers (Urry, 1988a,b), and 

its transition has previously been shown to be independent of concentration with 

reversible temperature scans (Chapter 6, Reiersen et a l,  1998). The effect of TFE 

at two different temperatures is shown in Figure 7.2a and b.
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Figure 7.2 CD Scans of GVG(VPGVG)3 at Different Temperatures in TFE/phosphate 

Buffer pH 7.0 Mixtures.

(legend continues on the next page).
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Figure 7.2 continued.

Panel a) shows the melting of the peptide at 6.8° C and panel b) for 58.6° C. Peptide L (20.4 pM, Figure 6.1, 

chapter 6) was scanned in a 0.2 cm quartz cuvette integrating each 0.5 nm up to 260 nm for one second, and 

the average of four scans is displayed. The different TFE concentrations, diluted (v/v) in 10 mM phosphate

buffer pH 7.0, are as follows ( ------------------- ) for 10 mM phosphate buffer alone; ( —  —  —  ), 5  %

TFE; ( ........................... ), 15 % TFE; ( -------------------- ), 30 % TFE and ( -----------------------), for 98%  TFE.

By increasing the concentration of TFE there was a shift in the circular dichroic 

spectra from a global minimum at 199 nm typical for unordered peptides, to a 

global maximum at 206 nm with a near isodichroic point around 218 nm. This 

latter spectrum has previously been shown to be diagnostic of type II p-tums 

(Perczel et al., 1993; Urry, 1988a,b; Woody, 1995). There was a significant effect 

on the proportion of type II p-turn at 6.8° C at elevated concentrations of TFE. 

The transition to type II p-turn in elastin results in a closer association of the two 

val-groups on the cis-face of the p-tum at higher temperatures (Reiersen et al., 

1998; Urry, 1988a, b; Wasserman & Salemme, 1990). Similarly, by increasing the 

temperature with phosphate buffer alone, the proportion of type II p-tum 

increased (Figure 7.2ab). This was also seen for concentrations of TFE below 30 

%. However, by raising the temperature the amount of P-tum structure decreased 

for the two highest TFE concentrations (Figure 7.3ab). The mean residual 

ellipticity at 206 nm was lowered to within the same ellipticity range for 30 % and 

98 % TFE as it was increased for the lower concentrations of TFE and phosphate 

buffer measured between 6.8° C and 58.6° C (Figure 7.3b).

7.3 Discussion

It is tantalising to suggest that the similar conformational effect on the elastin 

peptide by increasing concentrations of TFE and increasing temperature, as 

illustrated in Figures 7.2 - 7.3, derive from the same, or closely similar 

mechanism. No synergetic effect of low concentrations of TFE and increasing 

temperature was seen.
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Figure 7.3 CD Wavelength Trends of GVG(VPGVG)3 in TFE/phosphate Buffer at 

Different Temperatures. The mean residual ellipticity, taken from Figure 7.2ab, at the respective 

temperatures was followed at two wavelengths. Panel a) shows the temperature effect measured at 199 nm

while b) is at 206 nm. The TFE concentrations in 10 mM phosphate buffer are as follows: ( -O -), 0 %; ("•"), 5 

%; (-O ), 15 %; (-■-), 30 %; and (-^-) 98 %.

Previously it has been shown that the amount of p-tum in elastin-like peptides 

increases for all TFE-concentrations up to 98 % (v/v) measured at 15.7° C 

(chapter 6 and Reiersen et al., 1998), suggesting that the required val-val 

hydrophobic interactions are not inhibited but rather stimulated in TFE.

Some type II elastin p-tums also fold in TFE without forming the 4->l 

hydrogen-bond (Bisaccia et al., 1998, Dyson et al., 1988, and references herein). 

In the sequence VPG-i/fv-G (Hiv is S-a-hydroxyvaleric acid, in which no
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hydrogen bond is possible) the type II CD spectrum was seen in TFE and 

compared well with the wild type sequence VPGVG (Arad & Goodman, 1990).

Rajan & Balaram (1996) have argued that TFE binds through its fluoro- 

groups to hydrophobic side-chains on a-helices, although there is no experimental 

evidence from NMR for this (Storrs et a l, 1992). There have been observations 

that TFE strengthens intrahelical hydrogen-bonds (Luo & Baldwin, 1997) and 

weaken hydrogen-bonds to solvent (Cammers-Goodwin et al., 1996). 

Contrariwise, D-H isotope partitioning in a GCN4 coil-coil showed that 

intramolecular peptide hydrogen-bonds are weakened by TFE (Kentsis & Sosnick, 

1998). The foregoing suggests that the main driving force for chemical folding of 

VPGVG-peptides in TFE is not hydrogen-bond formation. Recently Luo & 

Baldwin (1999) suggested a role for hydrophobic residues in shielding polar 

groups from solvents in the helical state, thus stabilising the helix against thermal 

denaturation.

Some alcohols, in particular long-chain and halogenols, form micelles that 

are not homogenous in size but exist in different alcohol-water clathrate structures 

dependent on their concentration (Gast et a l, 1999; Hirota et a l,  1998; Kuprin et 

a l, 1995). This implies that the local concentration of TFE in these micelles may 

be many times larger than the bulk concentration of TFE. It is also a 

thermodynamic certainty that the effective TFE concentrations within the micelles 

will change as a function of temperature. This may affect thermodynamic 

calculations based on concentration and size of molecules.

TFE and hexafluoro-2-propanol (HFIP) have been shown to form clathrate 

starting from 10 % HFIP and around 20 % TFE (Gast et a l, 1999; Kuprin et a l,

1995). This implies that there are small micelles of TFE/HFIP in water with an 

intra-micellar alcohol concentration that is much higher than the average bulk 

concentration. The bell shaped profiles of the light scattering data show that the 

sizes of the micelles vary between 5-10 A (Gast et a l,  1999). More recently, 

Hong et a l (1999) have shown by x-ray scattering that micellar clusters of 

alcohols such as TFE and HFIP are formed with a maximum scattering intensity at 

about 30 % (v/v) for HFIP, although the curve for TFE is weaker and much 

broader. This correlated well with the transitions seen for p-mellitin and p- 

lactoglobulin in various concentrations of HFEP and TFE. However, these authors
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did not investigate the effect o f  temperature on the scattering behaviour of these 

cosolvent. These data, along with my observations may explain the effect of TFE 

in supporting local hydrophobic interactions in a-helices, p-hairpins and p-turns 

(Albert & Hamilton, 1995; Hirota et al. , 1998; Padmanabhan & Baldwin, 1994; 

Reiersen et al., 1998; Searle et al., 1996). The micelles may interact with local 

hydrophobic clusters by disrupting water structures around these groups, and 

additionally, may provide a mobile matrix for further assisted side-chain 

associations (Figure 7.4ab). The latter may be important to lower the side-chain 

conformational entropy, which is thought to be a key factor in the folding o f  a -  

helices (Aurora et al., 1997).

a)

b)
O

0o
Figure 7.4 Model for the TFE Effect on Local Side-chains in a Short Peptide

A peptide backbone with two hydrophobic groups is illustrated in panel a). Each group is hydrophobically 

hydrated with water molecules forming polygons. In panel b) the same peptide is shown after addition of 

TFE/water mixture. The TFE-micelles are shaded. In this snapshot the TFE-micelles are seen to have 

destroyed the water structure on the side-chains and to be supporting side-chain side-chain interactions by 

providing a mobile, structural matrix.
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The differences in micelle size and composition, dependent on TFE- 

concentration, may explain why TFE switches secondary structure conformations 

at TFE-concentrations above 50 %. At elevated concentrations the TFE micelles 

are smaller, but have an higher local intra-micellar TFE concentration (Figure

7.5). This provides a better matrix to redirect non-local side-chain interactions in 

an existing structure to a more local folding nucleus. As the majority of TFE 

induced transitions occurs from a non-local ((3-sheets; Otzen & Fersht, 1995) to a 

local folding contact (helices, turns and hairpins; Thomas & Dill, 1993), the TFE- 

induced transition can easily be explained by the micelle model (Figure 7.4ab). 

The destabilisation of tertiary and quaternary structures in proteins originates from 

the same phenomenon - by favouring the stabilisation of short-range hydrophobic 

contacts the long-range hydrophobic interactions are systematically disrupted, 

resulting in denaturation of the nonpolar core (Hirota et a i,  1998).

o o O O
To 20 30 40 50 60 70 80

T r i f luo roe thano l ,  % (v/v)

Figure 7.5 Model for the TFE Concentration Dependent Micelle Size.

The relative micelle size of trifluoroethanol as a function of concentration is shown. The micelle sizes are 

derived from light scattering intensity data at 20° C (Gast, et at., 1999). The relative intra-micelle TFE 

concentrations are indicated by the grey intensity (feint to dark equals low to high). For further explanation, see 

text.

The observation in this study that concentrations of TFE at or above 30 % have the 

opposite effect to low concentrations of TFE at higher temperatures (Figure 

7.3ab), suggests that the micelle structures are altered in composition and size at 

higher temperatures. At least for tert-butyl alcohol (Iwasaki & Fujiyama, 1979)
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and hexafluoro-2-propanol (Kuprin et al., 1995) both light scattering and low 

angle x-ray scattering, respectively, have been shown to increase with temperature, 

possibly due to the increased segregation of alcohol from water (Iwasaki & 

Fujiyama, 1979; Kuprin et al., 1995). Interestingly, the scattering of micelles 

containing low concentrations of tert-butyl alcohol is lowered by increasing 

temperature (Iwasaki & Fujiyama, 1979). At higher temperatures it would be 

expected that the local TFE-concentration in the micelles will increase due to a 

more positive mixing enthalpy between alcohol and water, and that the micelle 

will become more hydrophobic, ultimately leading to a macroscopic phase 

separation (Iwasaki & Fujiyama, 1979). This provides an explanation for the 

thermo-stabilisation of helices whereby the TFE-micelle stabilises the helix side- 

chains by offering a mobile matrix which can interact with the helix surface.

What can be said about cold-denaturation? Cold-denaturation of alpha- 

helices in 8-10% hexafluoro-2-propanol has previously been described as a 

destabilisation of coil state (Andersen et a l, 1996). By reducing the temperature 

the density of HFIP-micelles will increase, as seen by Kuprin et al. (1995), and 

will therefore diminish the ability of the HFIP matrix to provide an effective local 

chaperoning environment for the helix side-chains.

The importance of having an external supporting interface in the folding 

and stability of proteins has been well addressed in the literature. An exposed 

hydrophobic surface is important for chaperone function and activity (Das & 

Surewicz, 1995), and a-helices are generally stabilised by tertiary hydrophobic 

contacts with other parts of the protein. The helix-stabilising effect by reducing the 

nonpolar surface-area has been stressed in several previous studies (Padmanabhan 

& Baldwin, 1994; Zhang et al., 1995a and references herein; Butcher & Moe,

1996).

On the basis of the observations that TFE forms micelles in water 

solutions, the author has proposed a structural model in which TFE forms a 

mobile, temperature sensitive solvent matrix that locally chaperone hydrophobic 

side-chains of secondary structures. This model accounts for the various effect by 

TFE on hydrophobic groups in peptides and proteins, and may provide an 

explanation for the phenomenon of cold-denaturation.
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Chapter 8. An Engineered Minidomain Containing an Elastin 

Turn Exhibits a Reversible Temperature-Induced IgG-binding1.

8.1 Introduction.

One of the applications of protein engineering is the development of novel switch- 

mechanisms which can regulate and control protein folding and function. There 

are several naturally occurring mechanisms whereby the activity of a protein can 

be regulated by conformational change. For example, it may be allosterically 

modified by binding of a ligand, or as a direct consequence of rearrangements in 

structure due to covalent modification (e.g. phosphorylation), or as a result of 

changes in physical or chemical parameters, such as temperature, pH or degree of 

hydration (Daughdrill et al., 1997; Uesugi et al., 1997; van Stokkum et al., 1995). 

The hydration or dehydration of hydrophobic surfaces is a particularly novel 

mechanism employed to drive conformational changes in elastomeric proteins 

(Urry, 1988a,b,1993).

In the classical hydrophobic model, water molecules associated with 

hydrophobic interfaces are structurally ordered and transitions involving 

hydrophobic hydrated surfaces involve the loss of bound water, or melting of 

clathrate-like water structures near hydrophobic groups. During protein folding 

the loss of water results in an increase in entropy of bulk water accompanied by 

an increase in protein hydrophobic interactions, providing the driving force for 

protein function, assembly, stability and folding (Dill, 1990; Head-Gordon, 1995; 

Livingstone et al., 1991; Muller, 1993; Urry, 1993). Contrary to the behaviour of 

many globular proteins, the elastic muscle protein, elastin, undergoes an inverse 

temperature transition during hydrophobic dehydration. Polymers derived from 

elastin and containing repeating (VPGVG)n sequences (n up to 150) are 

completely soluble in water below their transition temperatures (-25° C) but 

contract in length by more than 50 % with increasing temperature. The free energy 

released during this transition is sufficient for an elastin fibre to lift more than

1 Note. This chapter contains additional material to that published by Reiersen & Rees (1999).
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1000 times its own mass. The transition involves loss of hydrated water from 

exposed valine sidechains at the higher temperatures inducing val-val interactions 

that energise the formation of an ordered (3-spiral with three VPGVG units per 

turn of the spiral, each VPGVG forming a type II p-tum (Reiersen et a l, 1998; 

Urry, 1988a, b, 1993).

Formation of the type II p-tum has been verified by different physical and 

spectroscopic studies, although the presence of other types of P-tums has also 

been reported (Arad & Goodman, 1990; Bhandary et al., 1990; Urry, 1988a, b, 

1993). The behaviour of the elastin polymers can be regulated by covalent 

modification such as phosphorylation, electrochemical reduction of prosthetic 

groups attached to the polymer, or by the replacement of residues in the sequence 

by residue types sensitive to pressure, temperature or pH. Recently it was shown 

that the behaviour of the polymeric elastin can be mimicked by small peptides of 

8-28 residues containing the VPGVG sequence in single or multiple copies. This 

has opened up the possibility of using such sequences in a protein engineering 

context as molecular ‘switches’ (Chapter 3 and Reiersen etal., 1998).

In this chapter the first attempt to introduce a temperature switch into a 

globular protein using the elastin fragment approach is described. The target 

protein was a biologically active fragment of protein A, a multi-domain protein 

from Staphylococcus aureus which binds to the Fc region of IgG. Protein A is 

found on the cell surface of the bacteria and contains a tandem repeat of five 

different but homologous binding domains, each of approximately 60 residues in a 

three-helix bundle and designated E, D, A, B, and C (Uhlen et al., 1984). A 

synthetic version of the B-domain, the Z-domain, has been constructed for high- 

level protein expression (Nilsson & Abrahmsen, 1990), and recently has been 

minimised to two helices (33 residues) connected by a type I p-tum. This 2-helix 

fragment largely retains the binding affinity of the parent B-domain towards the 

Fc-portion of IgG (Braisted & Wells, 1996; Starovasnik etal., 1997).

In this study the type I p-tum of this minidomain was replaced with an 

elastin p-tum. In this construction the elastin sequence acts as a temperature 

switch. The minidomain with the elastin-tum binds the Fc of mouse IgG2a with an 

improved affinity at higher temperatures. At the same temperatures, the wild type 

minidomain undergoes the expected decrease in affinity as it unfolds. This
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demonstrates that short elastin sequences when inserted into globular proteins 

have the ability to induce structure at higher temperatures, opening up the 

possibility of a general method for introducing controlled temperature regulation 

of protein function.

8.2 Materials and Methods.

8.2.1 Peptide Synthesis.

The synthesis was carried out by Syntiem (Nimes, France) on an Automated 

Multiple Peptide Synthesis instrument (AMS 422, ABIMED) using a Fmoc solid 

support protocol (polyethylene glycol grafted polystyrene support) as described by 

Reiersen & Rees (1999). The purity was confirmed by analytic HPLC and by mass 

spectroscopy analysis using a Maldi-tof spectrometer (Voyager DE Elite, PE 

Applied Biosystems) with dihydroxybenzoic acid as matrix at Synt:em, and also 

by amino acid analysis (chapter 5.3).

8.2.2 Circular Dichroism Studies.

The secondary structure of the minidomain constructs was analysed by recording 

CD spectra on Jobin-Yvon Model CD6 Dichrograph Instrument (Instruments S.A. 

UK Ltd., Stanmore, UK) as described in chapter 5.4.

8.2.3 Thermodynamic Analysis o f CD-data.

The free energy for melting or folding of structure at 222 nm was fitted to a
000macroscopic, reversible, two-state model using the observed CD-data, [0] and 

temperature, T. For folding (U->F) or melting (F->U) of structure, respectively 

equations (8.1) and (8.2) were used.
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AGu->f = -RT ln[([0]222 - [0]U)/([0]F - [0]222)] (8.1)

AGf^ u = -RT ln[([0]222 - [0]F)/([0]U - [0]222)] (8.2)

The pre and post-transitional slopes for melting in TFE, respectively mF 

and mU in equations (8.3) and (8.4) below, used the data from WtSS and MutSS 

minidomains. For folding (U->F) in buffer the respective slopes were similarly 

taken from MutOpenl and MutOpen3 minidomains.

The offset values offl and off2, together with AH and AS, were fitted for the 

melting curves of the minidomains. Where a mutant exhibited a less well defined 

transition startpoint, datapoints were extrapolated based on the pre-transitional 

region of the wild-type minidomain in the same solvent. The heat capacity was set 

to zero since all minidomains were of relatively low molecular weight (~ 4000 Da) 

(Chapter 6, Scholtz et al. 1991a, and references herein). By replacing [0]u with 

[0]F, and vice versa, in equations (8.1) and (8.2), and (8.5) and (8.6), the 

thermodynamic values for the inverse transition, AGu-»f, were found.

[0]222 = ([0]F + [0]u x exp-(AG f-Hj /RT))/( 1 + exp-(AG F->u /RT)) (8.6)

The data were fitted to either equation (8.1) or (8.2), together with equations (8.3- 

8.6), using the least squares method in the Grafit software (Leatherbarrow, 1989).

[0]F= mF x T + offl (8.3)

[0]u = mU x T + off2 (8.4)

AGp^u = AHp->u - TASf-»u (8.5)
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8.2.4 Surface Plasmon Resonance Spectroscopy.

Interaction kinetics of the minidomains (analytes) with immobilised Fc (ligand) 

was monitored by surface plasmon resonance spectroscopy using either 

BIAcoreX™ or BIAcore2000™ (Biosensor, Sweden) as described in chapter 5.8. 

The BIAcore 2000 was used for analyses of WtSS and MutSS minidomains over 

the temperature range +5° to +37° C. Purified Fc prepared from the IgG2a mouse 

monoclonal antibody 561 (anti-CD34), a gift from Dynal A/S (Norway), and 

human serum albumin (HSA, Novo Nordisk, Denmark) were immobilised on a 

research grade CM-5 carboxymethylated sensor chip in 10 mM sodium acetate 

buffer pH 4.5 using the amine coupling kit with N-ethyl-N’- 

[(dimethylamino)propyl] carbodiimide (EDC) and N-Hydroxysuccinimide (NHS) 

provided by the manufacturer. The Fc of the mAb 561 (10 pi of 5 pg/ml) and HSA 

(lOpl of 10 pg/ml) were immobilised at +25° C in the BIAcore2000 with a flow 

rate of lOpl Hepes buffered saline (HBS; 10 mM Hepes pH 7.4, 150 mM NaCl,

3.4 mM EDTA) containing 0.005 % (v/v) surfactant per minute. This gave 3100 

and 3400 RUs respectively after blocking with 1M ethanolamine pH 8.5 and 

regeneration using 5 pi 10 mM glycine-HCl buffer pH 5.4. Interaction analyses 

were performed with a flow rate of 30 pl/min in HBS/P20 (running buffer). Each 

minidomain (100 pi) was injected, using the KINJECT command, over a range of 

concentrations - between 4 and 10 different concentrations, depending on the 

experiment. The binding of the minidomains to Fc-561 was corrected by 

subtracting the RU’s at the HSA portion of the chip (due to bulk-effects). The 

surface was regenerated prior to each injection with glycine-HCl pH 2.4. The data 

for the association constant was sampled by diluting each minidomain in running 

buffer to obtain several low concentrations, and the dissociation constant was 

determined from the highest concentration to minimise rebinding.

8.2.5 Evaluation o f BIAcore Data.

The kon and koff values were fitted by evaluating the sensorgram data as described 

in chapter 5.5.1. The relative differences in free energy of binding, AAG, between
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the different minidomains over the temperature ranges examined were calculated 

from:

AAG = +RTX ln[KD(mutant minidomain) at T/ KD

(wild-type minidomain) at T] (8.7)

Where R is the molar gas constant, T is the temperature (in Kelvin) and the KD 

values are those based on the fast on- and off-rates.

8.3 Results

The engineering of the small binding protein selected for this study, so that it was 

capable of being reversibly modulated by temperature changes, used an inter

helix turn replacement strategy in which the wild type turn was replaced by the 

elastin sequence, GVGVPGVG (Chapter 6 and Reiersen et al., 1998). The 

minidomain derived from the B-domain of Protein A (Braisted & Wells, 1996) 

was the model protein used (Figure 8.1, WtOpen). This minidomain is 33 residues 

long, is amenable to peptide synthesis and binds the Fc region of IgG.

WtOpen NHp-F6NMQQQRRFYEALH19DPNLNEE26QRNAKIKSIRDD38-COO'

MutOpenl NH,-F6NMQQQRRFYEALG19VPGVGQQ26QRNAKIKSIRDD38-COO'

MutOpen2 NH?-F6NMQQQRRFYEALG19VPGVGEE26QRNAKIKSIRDD38-CONH,

MutOpen3 NH?-F6NMQQQRRFYEALG19VPGVGEE26QRNAKIKSIRDD38-COO'

wtss NH?-F6NMQCQRRFYEALH19DPNLNEE26QRNAKIKSIRDDC39-COO~

MutSS NH,-F6NMQCQRRFYEALG19VPGVGQQ26QRNAKIKSlRDDC39-COO'

Figure 8.1 Sequences of Short IgG-binding Minidomains Derived from Protein A.
The minimised IgG-binding B-domain of protein A (Braisted & Wells, 1996) was synthesised (WtOpen), and the 

turn-region mutants (residues 19-26) based on the elastin sequence GVPGVG are also shown (MutOpen 1-3). 

Minidomains with disulphur bond [17] were also synthesised. Both the wild-type minidomain, WtSS, and its 

mutant minidomain, MutSS, have an S-S bond between Cys10 and Cys39.
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The wild type p-tum HDPNLN was replaced with the elastin sequence GVPGVG. 

The GV portion at the N-terminal start of the turn was omitted because it was 

flanked by the similar dipeptide AL (ALHDPNLN). However, the possibility was 

considered that the charge from the EE residues at the C-terminal end of the turn 

(HDPNLNEE) would elevate the transition temperature of the elastin sequence 

beyond 37° C (Chapter 6 and Reiersen et al., 1998) and so EE was replaced with 

QQ in one construct (Figure 8.1, MutOpenl and MutOpen3). Minidomains with a 

disulphide bond were also synthesised (Figure 8.1, WtSS and MutSS), since the 

wild-type S-S minidomain has been shown to be more thermostable and exhibit 

better Fc-binding than the open form (Starovasnik et al., 1997). The minidomain 

purities and molecular masses (Syntem, France; see experimental section) were 

respectively: WtOpen (95 %, 4122.0 Da), MutOpenl (95%, 3879.3 Da), 

MutOpen2 (98%, 3879.7 Da), MutOpen3 (95 %, 3881.5 Da), WtSS (97%, 4181.8 

Da), and finally MutSS (96%, 3956.3 Da). The minidomains dissolved in 

deionised water were also examined by quantitative and qualitative amino acid 

analysis as described in Table 8.1 (chapter 5.3.3), and generally verified the 

composition although there were some deviations from the expected values.

Table 8.1 Amino Acid Analysis of Minidomains.

Minidomain Amino acid com position:

Amino acid type, experimental value [expected composition].

WtOpen Asp + Asn, 6.16 [7]; Glu + Gin, 6.28 [7]; Ser, 0 .94 [1]; Gly, 0.35 [0]; His, 1.04 [1]; 

Arg, 4.13 [4]; Ala, 2.28 [2]; Pro, 1.16 [1]; Tyr, 0.95 [1]; Thr, 0.14 [0]; Val 0.11, [0]; 

Met, 0.74 [1]; lie, 2.21 [2]; Leu, 2.31 [2]; Phe, 2.18 [2]; Lys, 2.01 [2],

MutOpenl Asp + Asn, 3 .87 [4]; Glu + Gin, 6.58 [7]; Ser, 1.01 [1]; Gly, 3.06 [3]; Arg, 4.05 [4]; 

Ala, 2.09 [2]; Pro, 1.38 [1]; Tyr, 0.94 [1]; Val, 2 .29 [2]; Met, 0 .66 [1]; lie, 1.93 [2]; 

Leu, 1.07 [1]; Phe, 2.00 [2]; Lys, 2.05 [2].

Table continues on the next page.
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T a b l e  8 .1  c o n t i n u e d .

Minidomain Amino acid com position:

Amino acid type, experimental value [expected composition].

MutOpen2 Asp + Asn, 3.73 [4]; Glu + Gin, 6.47 [7]; Ser, 0.95 [1]; Gly, 3.12 [3]; Arg, 4.41 [4]; 

Ala, 2.00 [2]; Pro, 1.15 [1]; Tyr, 0.95 [1]; Val, 2.18 [2]; Met, 0.38 [1]; lie, 1.90 [2]; 

Leu, 1.02 [1]; Phe, 1.85 [2]; Lys, 2.24 [2],

MutOpen3 Asp + Asn, 2.91 [4]; Glu + Gin, 6.00 [7]; Ser, 0.87 [1]; Gly, 3.36 [3]; Arg, 4 .37  [4]; 

Ala, 1.78 [2]; Pro, 2.42 [1]; Tyr, 1.06 [1]; Val, 2.25 [2]; Met, 0.58 [1]; lie, 1.99 [2]; 

Leu, 0.99 [1]; Phe,2.02 [2]; Lys, 2.32 [2],

wtss Asp + Asn, 7 .27 [7]; Glu + Gin, 6.29 [6]; Ser, 0.40 [1]; Gly, 0.10 [0]; His, 1.09 [1]; 

Arg, 4.26 [4]; Ala, 2.21 [2]; Pro, 0.99 [1]; Tyr, 0.79 [1]; Met, 0.39 [1]; lie, 2 .00  [2]; 

Leu, 2.10 [2]; P he,1.93 [2]; Lys, 2.15 [2],

MutSS Asp + Asn, 4.11 [4]; Glu + Gin, 6.00 [6]; Ser, 0.49 [1]; Gly, 3.42 [3]; Arg, 4 .23  [4]; 

Ala, 2.25 [2]; Pro, 1.11 [1]; Tyr, 0.80 [1]; Val, 2.19 [2]; Met, 0.28 [1]; lie, 2 .00 [2]; 

Leu, 1.00 [1]; Phe, 1.87 [2]; Lys, 2 .22 [2],

The values are the median of two independent amino acid analyses. Cysteines (and partly methionines and

serines) are destroyed during hydrolysis (Blackburn, 1968).

8.3.1 Structural Characterisation o f Minidomains by Circular Dichroism.

The minidomains were scanned by far-UV circular dichroism (chapter 5.4) in 

phosphate buffer at a low temperature in order to study the effect of mutations in 

the tum-region (Figure 8.2). Only the wild-type minidomains (WtOpen and 

WtSS, Figure 8.1) had characteristic alpha-helical CD-spectra with minima 

around 208 and 222 nm and a maximum around 190 nm. The relatively low CD- 

amplitude (MRE around -10,000 deg cm2 dmol'1) for WtOpen indicated that this 

existed only as a partially folded a-helical structure (Luo & Baldwin, 1997), and 

references herein). However, the WtSS minidomain had a higher helical content - 

probably due to the additional stabilisation introduced by the S-S bridge. More 

surprising was the observation that all mutants with the elastin (3-turn were largely 

unstructured at the low temperature, although MutOpen2 with a protected C-
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terminus, had a higher helix content in phosphate buffer (measured at 222 nm) 

than the other mutants.
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Figure 8.2 Circular Dichroic Wavelength Scans of Minidomains in Phosphate Buffer

pH 7.0 or in Deionised Water. The minidomains were scanned once in 10 mM buffer at +6.4° C using 

a 0.2 cm stoppered cuvette with 5 s  integration time (0.5 nm steps; slit: 2.0 nm). W tSS and MutSS were 

scanned in deionised water. The different spectra with their respective minidomain concentrations are 

respectively: WtOpen (1; 21.4 pM), MutOpenl (2; 26.9 pM), MutOpen2 (3; 29.7 pM), MutOpen3 (4; 21.1 pM), 

WtSS (5; 24.3 pM) and MutSS (6; 25.1 pM).

The effect of TFE, known to have a stabilising effect on a-helices (Cammers- 

Goodwin et al., 1996; Jasanoff & Fersht, 1994), was tested on all minidomains. It 

was observed that TFE stabilised or induced a-helix structure in all minidomains, 

illustrated for WtSS and MutSS in Figure 8.3. By increasing the concentration of 

TFE in phosphate buffer, a CD-transition from random coil to an a-helical 

spectrum was seen for MutSS, with a near isodichroic point around 204 nm 

(Figure 8.3b). Similar spectra were obtained for MutOpenl-3 (not shown). This 

demonstrated that all mutants possessed an a-helix propensity, even though they 

were largely unordered in phosphate buffer. The CD-spectra of the wild-type
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minidomains in phosphate buffer reflected a greater a-helical content with 

increasing concentrations of TFE (Figure 8.3a and 8.3c).
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Figure 8.3 The Concentration Effect of Trifluoroethanol (TFE) on the Minidomains.
The effect of increasing concentrations of TFE in phosphate buffer on W tSS (a) and MutSS 6 (b) is shown. 

The numbers represent increasing concentrations of TFE: 1 , 0 %  TFE; 2, 9 % TFE; 3, 18 % TFE; 4, 27 % TFE; 

5, 95 % TFE. The minidomains were scanned once at +6.4° C and the experimental conditions and 

minidomain concentrations were the sam e as described in Figure 8.2. The effect on the mean residual 

ellipticity at 222 nm for WtOpen ( •  ), MutOpenl ( □  ), MutOpen2 ( ■  ), MutOpen3 ( *  ), W tSS ( o  ) and 

MutSS ( A ) is illustrated in panel (c).
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At about 20 % (v/v) TFE the transition seemed to be complete, while for the 

mutant minidomains the maximum effect of TFE was seen at 30 %. However, 

when the concentration of TFE was increased above 20 % for wild-type 

minidomains (WtOpen and WtSS), the CD-signal at 222 nm was diminished. 

The sigmoid profiles of the CD-curves, with an inflection point at about 20 % 

TFE, suggest that cooperative interactions are involved in this transition. At 50% 

TFE, the helix content of the minidomains was in the order: WtSS > WtOpen > 

MutSS > MutOpen2=MutOpen3 > MutOpenl.

For all minidomains the temperature dependent CD scans in TFE were 95-100 

% reversible after cooling as shown for MutSS and WtSS in Figure 8.4, and this is 

also reported by Starovasnik et a l (1997).
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Figure 8.4 Reversibility After Melting of MutSS and WtSS in 30 % (v/v) TFE.
Minidomains MutSS (25.1 pM) and W tSS (24.3 pM) were stepwise heated in a 0.2 cm quartz cuvette from 

around 2° until 70° (MutSS) and until 90° C for WtSS. The minidomains were scanned once integrating at each  

0.5 nm for 5 seconds. The thin lines are respectively the scans at +26.3° C and +23.7° C for W tSS and MutSS 

recorded at a  rising temperature, and the bold dashed lines are the scans after the minidomains have been  

exposed to the high temperature and rapidly cooled down to 26.5° C and 23.4° C again.

The observed near isodichroic point at 204 nm for the effect of increasing 

concentrations of TFE (Figure 8.3b) and also for the temperature scans (not
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shown), indicated that the melting of the a-helices in TFE for the m inidom ains 

followed a two-state reversible a-helix-coil transition. In order to quantify the 

effect of the mutations in the turn region, a-helix  structure was first induced in all 

minidomains using TFE (30 % or 60 %, v/v) and their melting was then followed 

at 222 nm. However, two methods were first compared in order to optimise the 

best fit o f  the data to thermodynamic parameters (Figure 8.5).

o
E■o
X

C M

Eo
X
U)a)

<ToT“
X

Ec
CM
CM
CM

- 4 -

- 6 -

- 8 -

- 1 0 -

>*
o -12 H
Q .

LU

<03;o
CO0)

DC
C(0a)

- 1 4 -

■16 | ,« n ............................................2ijQ 3y0 4̂Q jttO

260 280 300 320 340 360 380

Temperature (K)

Figure 8.5 Optimising Methods of Fitting Raw CD Melting Data to the van’t Hoff

Equation. The raw data at 222 nm for melting of minidomains WtOpen ( A ) and WtSS ( D ) in 30 % (v/v) 

TFE were fitted by two methods. One method set the folded state for WtOpen or the unfolded state for WtSS at 

a fixed value while fitting the other state to derive AH and AS ( °  -  -  -  - ) .  The other method fixes both the

unfolded and unfolded states as two different slopes to derive AH and AS ( •  ,---------- ). The differences

between the fitted values for each method and the raw data (the residuals) are plotted for WtOpen in insert a)

and for WtSS in insert b). x ( •  ) = 0.017 (WtOpen) and 0.0076 for WtSS, while x ( °  ) = 0.031 (wtOpen) 

and 0.078 for WtSS.
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One method set the unfolded or folded state as a fixed value and fitting the other 

state with AH and AS, the other fixing both the folded and unfolded state as 

slopes. It was acknowledged that for these minidomains the pre and post slopes 

were different. Comparing residuals of these fits, the latter method (the slope 

method) was the best and generally gave a best reduced chi squared (%2) (Figure

8.5). Nevertheless, the energies were not changed by more than 20-30 % (data not 

shown). The slope method was implemented for fitting the data from melting of 

all minidomains in 30 % (v/v)TFE (Figure 8.6) and in 60 % (v/v) TFE for the 

open minidomains (Figure 8.7).
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Figure 8.6 The Temperature Effect on Minidomains in 30 % Trifluoroethanol (TFE).
The melting of the minidomains was followed at 222 nm/260 nm using the average of three independent scans  

with an integration time of 5 s  (in 0.2 cm cuvette, slit: 2.0), and the temperature effect on minidomains in 30 %

(v/v) TFE are shown. Respectively, WtOpen ( °  ), MutOpenl ( •  ), MutOpen2 ( n ), MutOpen3 ( ■ ), W tSS

( A ) and MutSS ( A ). The data were fitted to a two-state transition with slopes (see  methods). W tSS and 

MutSS were fitted with fixed pre- and posttransitional slopes.
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Figure 8.7 The Temperature Effect on Minidomains in 60 % Trifluoroethanol (TFE).
The melting of the minidomains was followed at 222 nm/260 nm using the average of three independent scans  

with an integration time of 5 s  (in 0.2 cm cuvette, slit: 2.0), and the temperature effect on minidomains in 60 %

(v/v) TFE are shown. Respectively, WtOpen ( °  ), MutOpenl ( •  ), MutOpen2 ( °  ) and MutOpen3 ( ■ ). The 

data were fitted to a two-state transition with fixed slopes (see  methods).

Table 8.2 displays the thermodynamic data for the different minidomains in 30 

% and 60 % TFE.

Table 8.2 Thermodynamic Values for Melting of Minidomains in Trifluoroethanol3.

Minidomain [TFE], % (v/v) Tm (°C) AH (kcal m ol'1) AS (kcal m ol'1 1C1)

WtOpen 30% 58 15.4 ± 1.0 0.046 ± 0.003

MutOpenl “ 10 12.0 ± 0 .7 0.042 ± 0.003

MutOpen2 “ 33 7.4 ± 0.4 0.024 ± 0.001

MutOpen3 “ 16 12.9 ± 1 . 4 0.045 ± 0.005

wtss “ 75 23.9 ± 1.0 0.069 ± 0.003

MutSS “ 26 12.8 ± 0 . 6 0.043 ± 0.002

Table continues on the next page.
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T a b l e  8 . 2  c o n t i n u e d .

Minidomain [TFE], % (v/v) Tm (° C) AH (kcal m ol'1) AS (kcal m ol'1 1C1)

WtOpen 60% 58 13.2 ± 0 . 8 0.040 ± 0.002

MutOpenl “ 22 9.3 ± 0.4 0.031 ± 0.001

MutOpen2 “ 45 9.2 ± 0.5 0.029 ± 0.002

MutOpen3 37 10.0 ± 0 . 5 0.032 ± 0.002

a The Mean Residual Ellipticity was followed at 222 nm for each minidomain and then fitted to a reversible van’t 

Hoff equation with ACp = 0  allowing AH and AS to float. The pre- and posttransitional slopes were fixed at the 

sam e values for all minidomains, and the pretransitional region for the mutants (MutOpenl-3 and MutSS) w as 

extrapolated based on the observed data for their respective wild-type minidomains, WtOpen and W tSS.

Complete data for the stability of all minidomains were obtained only for 30 % 

TFE (Table 8.2). Compared to WtOpen the TM was lowered by 25° C and 42° C 

for MutOpen2 and MutOpen3 respectively and by 48° C for MutOpenl in 30 % 

TFE. The wild-type disulphide-stabilised minidomain WtSS was 49° C more 

stable than its mutant partner, MutSS. The difference in stability between WtOpen 

and MutOpenl and between WtSS and MutSS shows that the GVPGVG-tum 

lowers the stability of the helices irrespective of the presence of a disulphide bond, 

notwithstanding the fact that the disulphide bonded minidomains were already 16- 

17° C more stable than the open forms. The stability difference between the open 

form and S-S stabilised wild type minidomains in tris buffer has previously been 

reported as 40° C (Starovasnik et al., 1997), and for S-S stabilised laminin helices 

it was around 18° C (Antonsson et al., 1995). These results confirmed that 

MutOpenl was the least, while WtSS was the most thermostable.

There were no large differences in AH or AS values observed for the open form 

mutants and the corresponding S-S constructs, indicating that the thermodynamic 

effect of TFE was the same for both forms (both minidomains were initially 

melted in 0 % TFE). Interestingly, WtSS had larger values for AS and AH in TFE 

relative to WtOpen reflecting the influence of a stabilising S-S bond on the 

energetics of a helix-stabilising trifluoroethanol system.

For WtOpen and WtSS minidomains the CD-amplitude decreased with 

increasing temperature in HBS as shown for WtSS in Figure 8.8a.
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Figure 8.8 Temperature CD-wavelength Scans of WtSS and MutSS Minidomains in 

Deionised Water and in HBS with 0.005 % (v/v) P20.
W tSS (24.3 pM) in deionised water was scanned once from 190 nm to 260 nm (0.2 cm quartz cuvette with 5 s  

integration time; slit 2.0 nm; 0.5 nm step size) at different temperatures, a s displayed in panel a). Similarly 

MutSS (350.7 pM) in Hepes Buffered Saline added 0.005 % surfactant P20 (panel b) w as scanned from 192 

nm to 260 nm at different temperatures using a 0.1 mm stoppered cuvette.

Figure legend continues on the next page.
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F i g u r e  8 . 8  c o n t i n u e d .

The bold dashed lines ( ■ ■ ■ ■ ) illustrate the reversibility of the scans after being heated up to 60-80° C

and then by rescanning the minidomains at the temperature x, (../x) given in the plots. Panel c) show s the

melting of W tSS ( □ ; 24.3 pM) and MutSS ( ■ ; 25.1 pM) in HBS buffer with P20. The melting was followed 

by measuring the CD-ellipticity at 222 nm/260 nm (in 0.2 cm cuvette, slit: 2 .0 nm) at different temperatures 

averaging three independent scans with an integration time of 5 seconds.

The same behaviour was seen in TFE, phosphate buffer, micellar SDS and 

sodium sulphate at higher temperatures (Chapter 9). However, in contrast to the 

wild-type behaviour, the melting curves for the mutants in HBS, phosphate buffer 

or water had an increased CD-amplitude at 210-260 nm with increasing 

temperature and a near isodichroic point at 210 nm, as shown for MutSS in Figure 

8.8b. All transitions were 90-100 % reversible as is illustrated in Figure 8.8abc. 

The MRE at 222 nm was followed for MutOpenl-3, MutSS and WtSS in 10 mM 

phosphate buffer and HBS with increasing temperature, and the melting curves 

for WtSS and MutSS in HBS are shown in Figure 8.8c. Their sigmoid profiles are 

consistent with the occurrence of a cooperative transition. The data were fitted to a 

two-state reversible transition in the direction folded to unfolded for WtSS, or to 

the reverse transition for MutOpenl, MutOpen3 and MutSS.

The concentration dependence of the spectra at 15.5° C and 48° C in phosphate 

buffer was also tested for selected minidomains (up to 620 pM; Figure 8.9). For 

MutSS the concentration was taken from 15 pM to 1.8 mM in the BIAcore 

running buffer (HBS with 0.005% (v/v) P20) at 25° C without any significant 

deviations at 222 nm. By equilibrium ultracentrifugation of WtSS and WtOpen it 

has previously been shown that they are monomeric and highly soluble 

(Starovasnik et a l, 1997). In addition, short to intermediate (8-23) GVPGVG- 

based peptides were also concentration independent at elevated temperatures 

(Chapter 6).

124



- C hapter 8 -

0

>< u •t; x .
o  CNJ - 1

Q. £
■J= O

0 0.5 1 1.5 2
[Minidomain] (mM)

Figure 8.9 Concentration Dependence of Minidomains MutOpenl and MutSS in 

Phosphate Buffer and HBS Respectively.

MutOpenl in 10 mM phosphate buffer pH 7.0 was scanned one time (integrating for 5 s at each 0.5 nm) at

different concentrations at 15.5° C ( •  ) and 48° C ( o ) by varying cuvette sizes from 0.01 cm until 0.2 cm.

MutSS ( °  ) in HBS (BIAcore running buffer) was scanned at 25° C in 0.05 cm quartz cuvette at 222 nm. For 

MutSS, the average of 6 integrations at 222 nm with 10 s integration time was used. Standard deviation is thus 

given for MutSS at each point.

The melting of M utOpen2 exhibited unusual behaviour in which increased and 

decreased M REs at 222 nm as a function of temperature were seen (not shown). 

For this reason, only the thermodynamic data for M u tO pen l,  M utOpen3 and 

MutSS are given in Table 8.3.

Table 8.3 Thermodynamic Data for Inverse Thermal Transition at 222 nm for Mutant 

Minidomains in Buffers3.

Tm (° C) AH (kcal mol' ) AS (kcal mol'

MutOpenl in phosphate buffer 21 16.5 ±1.1 0.056 ± 0.004

MutOpenl in HBS with P20 32 14.4 ± 1.8 0.047 ± 0.006

MutOpen3 in phosphate buffer 46 16.4 ± 1.2 0.051 ± 0.004

MutOpen3 in HBS with P20 43 12.1 ±1 .5 0.038 ± 0.005

MutSS in HBS with P20 42 18.4 ± 1.1 0.059 ± 0.003

GVG(VPGVG) peptidesb - 16.8 0.056
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Table 8.3 continued.

a The melting data at 222 nm were fitted to a reversible van’t Hoff equation allowing AS and AH to float. All data 

were fitted with fixed pre and posttransitional slopes. The heat capacity was fixed at 0. b From chapter 6, the 

values are the average of short GVG(VPGVG)n peptides (n=1 and 3) in 10 mM phosphate buffer pH 7.0.

The van’t H off plots were linear with correlation coefficients (r) on the average o f 

-0.98 (Figure 8.10), and there was a slightly better fit for the m inidom ains in HBS 

than in phosphate buffer.
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Figure 8.10 van’t Hoff Plots of MutOpenl and MutOpen3 for the Transition in HBS 

and Phosphate Buffer.

The plots are the fit of raw data to the two state van’t Hoff transition (derived from equation 8.1) for MutOpenl

a) in respectively 10 mM phosphate buffer pH 7 ( °  ) and in HBS ( •  ). Similarly fittings are for MutOpen3 b)

in 10 mM phosphate buffer pH 7 ( □ ) and in HBS ( ■ ). Coefficients of correlation (r) varied between -0.95 to - 

0.99.
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The energies involved in the transition (Table 8.3) were lower than for the melting 

of WtSS in HBS (AH = 20.8 kcal mol'1 and AS = 0.063 kcal mol'1 K '1) and of 

similar magnitude to those observed for folding of individual GVGVPGVG- 

peptides (Chapter 6).

8.3.2 Evaluation o f Minidomains by Surface Plasmon Resonance.

The kinetics of minidomain binding to immobilised Fc was studied using the 

BIAcoreX™ and BIAcore 2000™ (BIAcore, Sweden). The data generated were 

fitted both to a one-component model (equation 8.8) and to a two-component 

model (equation 8.9):

Minidomain + Fc561 > Minidomain-Fc561 (8.8)

2 Minidomains + Fc561 + Fc561* <--> Minidomain-Fc561+

Minidomain-Fc561* (8.9)

where Fc561 and Fc561* represent two different epitopes on the ligand. The 

goodness of these fits is illustrated for WtSS at 20° C in Figure 8.1 lab. There was 

generally a better fit (lower %2) to a two-component model over the temperature 

ranges tested, for both the association and dissociation phases. The on-rates were 

measured from the slope of a linear fit of the ksA or kse values versus the lowest 

concentrations used, illustrated for WtSS and MutSS respectively in Figure 8.12a 

and 8.12b (inserts). The ksa-values represent the fastest rate-constant relative to 

kss- The linear correlation coefficient (r) for the secondary fit of the fast on-rates 

was around 0.98. By contrast, the slower on-rates ( k onB ) were approximately 50- 

fold lower in magnitude and generally exhibited much larger variability at the 

elevated temperatures. At the lower temperatures, however, both the fast and slow
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off-rates were statistically determ ined for W tO pen and M utO pen, and also at all 

tem peratures for W tSS and M utSS (not shown).
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Figure 8.11 BIAcore Fits for WtSS and MutSS.

The association between 200 nM WtSS and immobilised Fc of 561 (mouse monoclonal lgG2a) at 20° C was 

fitted to a WtSS + Fc561 <r -> WtSS-Fc561 model using BIAevaluation 2.1 software a). The x2 for the fit was 

0.556. Panel b) represents the fit to the model: 2 WtSS + Fc561 + Fc561* <- -> WtSS-Fc561 + WtSS-Fc561*, 

where one WtSS minidomain reacts with 2 independent sites on Fc561. The %2 for this fit was 0.0795. The lines 

show the fit of raw-data ( o ), and residuals for the model ( •  ).

The dissociation constants -2 0 0  nM  for W tO pen and -1 0 0  nM  W tSS using the 

slow off-rates (0.04 s '1 and 0.02 s’1 respectively at +10° C/+5° C) were very 

sim ilar to those previously reported (S tarovasnik et al., 1997). H ow ever, it has to 

be stressed that the system s are different. In this report the association o f the
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m inidom ain to the Fc o f a m ouse IgG2a (561) was studied, while Starovasnik et al 

(1997) and Braisted and W ells (1996) studied binding to a hum an Ig G l.

5° C
200
180

160

_140
| 120
$100
o 80

$ 60 
0C

40

20
0

12° C 1.2

^ 0.8 
0.6 
0.4 
0.2

20° C

30° C

37° C

1 T T

0.8
20 0.6

37° C
■* 0.4

30° C
0.2

20° C

12° C
Q.

5° C

0 200 400 600 800

Time (s)

Figure 8.12 BIAcore Progress Curves for WtSS and MutSS.

The BIAcore progress curves for binding of minidomains to Fc561 at different temperatures are shown for 500 

nM WtSS in a) and for 1 pM MutSS in b). The plots of their respective fast on-rates, ksA (see methods), versus

minidomain concentrations are illustrated in the inserted panels in a) for WtSS ( 1=1 , 12° C; ■  , 20° C and A ,

37° C) and in b) for MutSS ( A , 12° C; v , 25° C and ▼ , 37° C).
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The tem perature dependent progress curves for binding and dissociation o f W tSS 

and M utSS to im m obilised Fc o f the m ouse m onoclonal IgG 2a are show n in 

Figure 8.12a and Figure 8.12b, respectively. Interestingly, there was a reverse 

tem perature effect for the binding o f M utSS relative to W tSS (Figure 8.12ab and 

Figure 8.13abc).
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Figure 8.13 The Temperature Dependence of the Fast Kinetic Constants for WtSS 

and MutSS Minidomains.

Figure legend continues on the next page.

130



- Chapter 8 -

Figure 8.13 continued.

The respective kinetic constants for the S-S  linked minidomains W tSS ( □ )  and MutSS ( ■ )  are in panel a, b 

and c. Panel a) shows the fast off-rates, panel b) the fast on-rates and panel c) illustrates their respective fast 

dissociation constants (= k0ff/k0n) at different temperatures. The kon-rates were found from the slopes of the 

plots of ksA versus minidomain concentration, as is illustrated in Figure 8.12ab (inserts) for the model 

Minidomain + Fc561 + Fc561* -> Minidomain-Fc561 + Minidomain-Fc561*. The off-rates were determined

from the model Minidomainj-Fc561j -> Minidomainj + Fc-561j (parallel dissociation of two com plexes). The 

off-rates were fitted using BIAevaluation 2.1 and the on-rates were fitted using both BIAevaluation 2.1 and 

GRAFIT (Leatherbarrow, 1989). Both the on-rates and off-rates display their fitted standard errors. The 

standard errors of the dissociation constant were manually calculated based on SE’s  for kon and k0ff.

The fast off-rates for WtOpen, MutOpenl and WtSS increased with increasing 

temperature (Figure 8.13a and Figure 8.14a), while over the same temperature 

range the mutant MutSS had a lowered off-rate (Figure 8.13a). The slow off-rates 

did not vary much for the minidomains over the temperature range tested, but 

both the fast and slow off-rates decreased for MutSS from 5° to 37° C (not 

shown). The slow off-rates for the MutSS were also lower than for WtSS 

(respectively -0.01 s'1 versus -0.02 s'1) which is surprising considering the lower 

residual structure in this minidomain. Again, there was only a small variation in 

the on-rates for WtSS over the temperature range applied. For MutSS however, 

the on-rate tripled on increasing the temperature from 5° to 37° C (Figure 8.13b). 

Similar effects were seen with WtOpen and MutOpenl whose on-rates halved and 

doubled, respectively, over the temperature range 10° C to 30° C (Figure 8.14b). 

The overall effect of these changes is exemplified by the behaviour of the MutSS 

minidomain, whose increased fast on-rate and lowered fast off-rate at 37° C 

improved its affinity some 21-fold, compared with that observed at 5° C (Kd 

reduced from 222 pM to 10.4 pM) (Figure 8.13c). Using the slow off-rates, 

MutSS also improved its affinity by 8-fold (from 2.8 pM to 0.4pM) in the same 

temperature range.

In contrast, for the WtOpen minidomain (without S-S bridge) the Kd 

increased 8-fold over the same temperature range (Fig 8.14c), while for WtSS 

(with S-S bridge) the Kd was unchanged (using either the slow or fast off-rates).
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Figure 8.14 The Temperature Dependence of the Fast Kinetic Constants for 

WtOpen and MutOpenl Minidomains. The respective kinetic constants for the ‘open’ minidomains

WtOpen ( □  ) and MutOpenl ( ■  ) are in panel a, b and c. Panel a) shows the fast off-rates, panel b) the fast 

on-rates and panel c) illustrates their respective fast dissociation constants (= k0ff/k0n) at different temperatures 

as described in Figure 8.13.
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8.3.3 Free Energy Differences

The AAG values vs. temperature had a better linear fit for WtOpen and MutOpenl 

(correlation coefficient r = -0.99) than for WtSS and MutSS (r = -0.96, Figure 

8.15).
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Figure 8.15 The Temperature Dependency of Binding Free Energy (AAG) of 

MutOpenl and MutSS Relative to Their Wildtype Minidomains.
The binding free energy at different temperatures was calculated a s described in the methods, and the AAG 

versus different temperatures is displayed (AAG = +RTX ln[ Kd (MutOpenl at Tx)/Kd (WtOpen at Tx)] and AAG = 

+RTX ln[ Kd (MutSS at Tx)/Kd (WtSS at Tx)]. The linear fit of the data using GRAFIT (Leatherbarrow, 1989) gave  

a linear correlation coefficient (r) of -0.99, and a slope of -0.0570 ± 0.007 kcal mol'1 K'1 (intercept 20.2 ± 2.0) for 

MutOpenl and likewise (r) of -0.96 with a slope of -0.0897 ± 0.016 kcal mol'1 K'1 (intercept 28.9 ± 4.8) for 

MutSS.

Over the temperature range measured, AAG was positive for both minidomain 

pairs indicating that the binding of wild-type to Fc was tighter than that of the 

mutants. However, over the same temperature range AAG decreased by 0.057 kcal 

mol'1 K '1 for MutOpenl relative to WtOpen, and by 0.090 kcal mol'1 K'1 for 

MutSS relative to WtSS. The A(AAG) was lowered respectively by 1.2 kcal 

m ol1 (from 283 K to 303K) for MutOpenl or by 2.9 kcal mol'1 (from 278 K to 

310 K) for MutSS relative to the wildtype partners. If this relationship were to 

hold over a wider temperature range it predicts that the affinity of MutOpenl
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would exceed that of WtOpen beyond 81° C, while that of MutSS would exceed 

the affinity of WtSS beyond 49° C.

8.4 Discussion

The first example of the introduction of an elastin-like sequence into the 

primary structure of a globular protein has been described here. Previously it has 

been shown that short elastin peptides can undergo an entropically driven 

transition from an extended to a type II p-tum, mimicking the behaviour of the 

much longer, naturally occurring elastin molecule (Chapter 6, Reiersen et a l, 

1998). By increasing the hydrophobicity in the tum-region the probability of 

formation of the turn containing the elastin GVPGVG sequence should increase 

with increasing temperature. In this design, the wild-type p-tum (type I) residues 

were replaced with the helix-destabilising Val, Gly, Pro residues, while the native 

Glu-Glu sequence adjacent to the turn was mutated to Gln-Gln in order to avoid an 

abnormally high transition temperature (Chapter 6, Reiersen et a l , 1998). Making 

such a change thus ran the risk of affecting the helix stability, since Val, Gly and 

Pro are known to have a low helix propensity although Gin is more stabilising 

than Glu (Chakrabartty et al., 1994).

The substitution of the type I p-tum by the more hydrophobic elastin turn 

resulted in melting of the helical structure of the wild-type minidomain in 

phosphate buffer. However, even the wild-type minidomain is unstable per se and 

stabilisation by a disulphide-bridge at the termini was found to be necessary 

(Starovasnik et al., 1997). Stabilising a-helices in TFE also offers a way of 

expressing the difference in intramolecular stability between mutant and wildtype 

a-helical minidomains where the helicity of the mutants is more or less lost. This 

is illustrated for MutOpenl and MutSS whose melting temperatures were 

decreased by about 48° C in 30 % TFE compared to wild type WtOpen and WtSS 

minidomains (Table 8.2). MutOpen2 and MutOpen3, which retained the Glu25- 

Glu26 sequence close to the turn, were more helical in TFE than the Gln25-Gln26 

sequences and their T m ’s  were lowered by ‘only’ 25-42° C. This unexpected 

effect may be due to stabilising interactions with positively charged residues
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(Arg28 or Lys31) located close to the turn. A helix stabilising effect was seen for 

MutOpen2 which contained an amidated C-terminus (Table 8.2), an effect that has 

previously been shown for a-helices (Fairman et al., 1989).

The CD-amplitudes for MutOpenl-3 and MutSS, in phosphate buffer or in 

HBS containing P20, increased at 222 nm with increasing temperature, signalling 

the formation of an a-helix or type I p-tum (Perczel et al., 1993; Woody, 1995). 

The shift of the isodichroic point from 204 nm to 210 nm, and the lower 

intensities of the CD-signals at 222-nm for the melting curves in buffer, were 

more characteristic of a type I P-tum (Woody, 1995). Several other observations 

also argue that a type I p-tum was formed at the higher temperatures. Type I p- 

tum stmctures have also been found in elastin sequences (Arad & Goodman, 

1990; Bhandary et al., 1990) although the Pro-Gly type II p-turn is between 0.2 - 

1.7 kcal mol"1 more stable than type I P-tum and is also more common in elastin 

(Urry, 1993; Yang et al., 1996) and references therein). A conformational 

interconversion between type I and II p-tum in proteins is however quite common 

for Pro-Gly turns (Gunasekaran et al., 1998).

The energies associated with the observed transitions for MutOpenl, 

MutOpen3 and MutSS (Table 8.3) were similar to those found for short (8-12 

residue) elastin peptides (chapter 3). The melting of MutOpenl over the 

temperature range 0-60° involved a free energy difference of 3.0 kcal mol'1 , 

within the range reported to be required for p-tum formation (2-4 kcal mol"1 ) 

though just below that required for a-helix formation (4 kcal mol'1; (Yang et al., 

1996 and references herein).

The better fit of the BIAcore data to a heterogeneous kinetic model may be due 

to several factors. The minidomains were initially selected by panning against a 

human monoclonal IgGl (Braisted & Wells, 1996). In this system the binding to 

the Fc-region of a mouse monoclonal IgG2a was described. It is possible that the 

panning of a specific binder to human IgGl has selected for a species whose 

binding to related IgG epitopes is less promiscuous than the parent domain. This 

selection seems to have resulted in a weaker, heterogeneous binding behaviour 

to IgG2a (the better fit to two Fc561 sites, Fc561 and Fc561*, is shown in Figure 

8.11). This may have implications for further design of antibodies by phage
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display - the choice between specificity or promiscuity. An alternative 

explanation is that the increased temperature may have generated different 

conformations of the epitopes on IgG2a due to structural instability, seen as a 

better fit of data to one-component kinetics at low temperatures and two- 

component kinetics at higher temperatures for some minidomains. Starovasnik et 

a l (1997) also suggest two %1 rotamer conformations for Phe-14 in the binding- 

site of the wild-type minidomain. Thirdly, there may have been a mixed 

population of mutant domains, originating from the presence of multiple p-tums, 

although we think this unlikely.

The mutant minidomains MutOpenl and MutSS in HBS showed a good 

correlation between on-rate and 2° structure content (measured by CD-amplitude 

at 222 nm) as temperature was increased. For MutSS a 21-fold improvement in 

Kd was obtained, due predominantly to the decrease in off-rate at the higher 

temperatures, an effect not seen for its open partner, MutOpenl. This was in stark 

contrast to the behaviour of wild-type WtSS which, although more thermostable, 

showed little variation in Kd over the same temperature range. This improvement 

in binding of the mutants with increasing temperature is, we believe, due to the 

formation of an entropy driven type I p-tum.

Other studies have shown a correlation between lowered a-helicity and 

lowered affinity (on-rates) of human insulin-like growth factor I (Jansson et al., 

1997). For Protein A Fc-binding domains, the residues involved in binding are 

known to be aligned on adjacent faces of two of the three helices (Starovasnik et 

a l, 1997). Any perturbation of these two helices will be likely to affect the 

affinity of the domain. This is clearly observed for the wild type domains where 

denaturation of the helices mirrors loss of binding. However, in the mutant 

domains, the temperature induced formation of a type I p-tum (Starovasnik et a l, 

1997) may serve to stabilise the alignment of fluctuating helices (reducing its 

conformational entropy relative to the wild type), resulting in correctly positioned 

binding residues and a concomitant increase in affinity. As a matter of 

comparison, the formation of different turn conformations has also been shown to 

affect binding of the RGD-epitope to Integrins (Bach II et a l, 1996) and of 

inhibitor binding to HIV-1 protease (Nicholson et a l, 1995).
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There have been several previous attempts to alter the stability of proteins 

in a predictable manner by mutating residues in turn regions. Longer loops have 

been inserted without any significant effect on protein stability and folding, and 

residue substitutions have also been made (Ladumer & Fersht, 1997; Predki et al., 

1996; Viguera & Serrano, 1997). However, mutations of structurally important 

turns may still affect the function of a protein (Bach II et al., 1996). The ability to 

control binding of Protein A by a temperature switch is a challenging task since its 

triple-helical core is normally quite thermostable. A switch which turns off the 

activity at low temperatures and turns it on again at higher temperatures may have 

several industrial applications, and in the particular example described here, may 

offer a novel temperature regulation for protein A. It may also become a general 

method for regulating other globular proteins where lowering the on-rate at lower 

temperatures and increasing it at higher temperatures leads to regulation of 

binding or some other activity.
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Chapter 9. Sodium Sulphate Refolds and Reactivates a Globular 

IgG-binding Minidomain with a Short Elastin Polymer P-turn1.

9.1 Introduction

To develop novel switches in binding proteins in order to affect their affinity is of 

general interest. Protein A is a multi domain binding protein that is very 

frequently utilised for purification of antibodies and for production of fusion 

proteins (Hermanson et al., 1992; Nilsson & Abrahmsen, 1990). According to 

data from Repligen’s home page (www.repligen.com) the therapeutic market for 

monoclonal antibodies is estimated to be more than $1 billion in 1999, which 

stresses the need to develop simple IgG purification procedures which are easily 

adjusted to GMP demands. Protein A is found on the surface of Staphylococcus 

aureus, and the five -58 residue domains, E, D, A, B, C are suggested to each 

exhibit a triple a-helical structure (Gouda et a l, 1992; Jendeberg et al., 1996; 

Starovasnik et al., 1996; Tashiro et al., 1997; Uhlen et al., 1984). The third helix 

is not necessary for Fc-binding, and it is possible to remove it by improving the 

packing of the two anti-parallel helices and selecting for binding using phage 

display technology (Braisted & Wells, 1996; Starovasnik et al., 1997) This new 

minidomain with two helices additionally stabilised by a disulphide bridge, has 

now been a target for a selective turn mutation.

The water soluble hydrophobic muscle polymer protein elastin can be induced 

to contract by reducing its length by 50 % and as a consequence lift a mass greater 

than 1000 times its own mass, and in this context it may be a potential modulator 

of structural transitions also in globular proteins (Reiersen et al., 1998; Urry, 

1984, 1993). The ability for the muscle protein elastin to operate as a structural 

switch is dependent on the location of hydrophobic groups surrounding a proline- 

glycine type II P-tum interspersed with mobile glycinyl-valyl-glycinyl repeats 

(Urry, 1988a, b; Urry et al., 1998). In elastin fibres this is mainly based on the

1 To be submitted for publication.
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repeating sequence (VPGVG)n forming a p-spiral with three repeats for each turn 

of the spiral in its folded form. The two valines are hydrophobically hydrated at 

low temperatures (Urry, 1984; Urry et a l , 1997, 1998). Exposing hydrophobic 

groups on the surface of proteins is normally structurally destabilising (Schwehm 

et al., 1998), and type II p-tums in globular proteins are usually very hydrated 

(Robert & Ho, 1995). However, by altering solvent conditions and temperature 

the unstructured hydrophobic turn region of elastin is dehydrated, and the valine 

groups across the turn mutually stabilise the p-tum (entropically driven folding 

with an inverse temperature transition) (Reiersen et a l, 1998; Urry, 1993). For 

example adding 1.0 M sodium chloride lowered the transition temperature for the 

inverse folding of (VPGVG)n polymers by more than 14° C, and kosmotropes 

such as ammonium sulphate are even better inducers (Urry, 1993). The ability of 

the short elastin peptide to undergo temperature and alcohol induced transitions 

has already been described (Reiersen et a l, 1998). It has also been shown that by 

replacing a native type I p-tum with an elastin p-tum, it is possible to induce IgG- 

binding of the minidomain by raising temperature (chapter 8). In this context it 

was of interest to test whether these sequences may alter the structure and function 

of a minidomain from Protein A as a function of solvent composition.

Water contributes to the stability of proteins by promoting a hydrogen-bonded 

network on the protein surface (Nakasako, 1999). Additionally, it may act as a 

modulator of protein folding where, during structural transitions, it can assume the 

role of a “foldase” (Sundaralingam & Sekharudu, 1989; Xu & Cross, 1999). Also, 

it may destabilise some secondary stmctures as is observed for cold-denaturated 

proteins (Antonino et a l, 1991). Sodium sulphate is frequently used for protein 

purification purposes. The kosmotropic salt is suggested to interact strongly with 

water molecules, exhibiting a structuring effect on the bulk water. Thus, it 

minimises the water exposed surface area in proteins and stabilises proteins 

(Collins & Washabaugh, 1985). For elastin sequences the salt has the potential to 

break down hydrophobically hydrated water molecules and promote folding. It has 

recently been shown that sodium sulphate is capable of inducing helical structure 

in staphylococcal nuclease, initially through intramolecular stabilisation, but by 

increasing protein concentration also intermolecular associations promote the a- 

helical folding (Uversky et a l, 1998a). Sodium sulphate also stimulates a-helix
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formation in short peptides (Scholtz et al., 1991b), and promotes the assembly of 

monomers to form the native tetrameric enzyme catalase, from bovine liver 

(Prajapati etal., 1998).

In this chapter, an engineered Protein A minidomain which exhibited no 

detectable secondary structure by circular dichroism due to a hydrophobically 

hydrated elastin P-tum, is shown to regain its native p-tum and IgG-binding 

affinity by altering solvent condition with the kosmotrope sodium sulphate. This 

implies that it is possible to engineer the elastin muscle sequences into globular 

proteins in order to obtain a solvent-dependent switch that can modulate protein 

activity.

9.2 Materials and Methods.

The peptides were synthesised and analysed by HPLC, mass spectrometry and 

circular dichroism as described in chapter 8.3.

9.2.1 Surface Plasmon Resonance Spectroscopy.

The interaction of the minidomains (analytes) with immobilised Fc of the mouse 

mAb 561 (ligand) was followed over time by surface plasmon resonance 

spectroscopy using BIAcore2000™ (Biosensor, Sweden) as described in chapter

8.3.4. Interaction analysis was performed by dissolving the minidomains in the 

different running buffers of HBS/P20 with Na2 SC>4 (0 to 0.6 M). To avoid 

rebinding of analytes a relatively high flow-rate of 30 |il/min in HBS/P20/Na2SO4 

was applied, and the accuracy of the 100 pi analyte injections was obtained using 

the KJNJECT command. The data was analysed as described previously (chapter

5.5.1 and chapter 8.3.2).
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9.3 Results

The engineered minidomains in this study were based on the B-domain of Protein 

A (Braisted & Wells, 1996; Starovasnik et a l, 1997), where the native type I (3- 

tum was replaced by an elastin P-tum, GVPGVG. Figure 8.1 (chapter 8.4) 

displays the primary structures of the minidomains in this study. The introduction 

of an extra disulphide-bridge stabilises the a-helical structure (Starovasnik et a l,

1997). However, the mutant minidomains, studied by circular dichroism, were 

unstructured in water or phosphate buffer (MutSS and MutOpenl), illustrating the 

destabilisation by the hydrophobic p-tum (Chapter 8.4.1, Reiersen & Rees, 1999). 

In contrast, the wild-type minidomains, WtOpen and WtSS, had an a-helical CD- 

spectra in buffer as observed previously (Braisted & Wells, 1996; Starovasnik et 

al., 1997) but with a relatively low helical content, especially for the minidomain 

without S-S bridge (Figure 8.2, chapter 8.3.1).

In chapter 8 it was shown that it is possible to induce an a-helical structure in 

the unordered minidomains by dissolving them in TFE (Reiersen & Rees, 1999). 

Additionally, by varying the concentration of TFE it was possible to study the 

energetics of the temperature effect of increasing concentrations of TFE as 

described for WtOpen in Figure 9.1 and Table 9.1. The AH and AS values 

decreased by increasing concentrations of TFE although their Tms were quite 

similar.

Also micellar SDS (25 mM) induced CD-spectra which resembled a-helices for 

both WtOpen and MutOpen (Figure 9.2ab). However, these spectra exhibited a 

much larger 208/222 ratio than observed for the TFE-induced spectra. This is 

typical for an incomplete a-helix induction or a transition to a 3io-helical structure 

(Hungerford et al., 1996). Following the MRE’s at 222 nm of the minidomains in 

different solvents as a function of temperature, it is possible to evaluate the 

stabilising effects of the solvents.
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Figure 9.1 Melting Curves of WtOpen in Increasing Concentrations of TFE.

Minidomain WtOpen (21.4 pM) was scanned at 222 nm/260 nm in 20 % (v/v) TFE ( •  ), 30 % TFE ( D ) and

60 % TFE ( °  ) by averaging three scans of five second integration at each 0.5 nm step. The data were fitted 

to a two-state transition with fixed pre and post-transitional slopes as described in Figure 8.5.

Table 9.1 Thermodynamic Values for Melting of WtOpen in Trifluoroethanol3.

% TFE (v/V) tm r  c) AH (kcal mol'1) AS (kcal mol'1 K'1)

20 % TFE 55 22.7 ± 2.7 0.069 ± 0.009

30 % TFE 58 15.4 ± 1.0 0.046 ± 0.003

60 % TFE 58 13.2 ±0.8 0.040 ± 0.002

a The Mean Residual Ellipticity was followed at 222 nm for each minidomain and then fitted to a reversible van’t 

Hoff equation with ACp =0 allowing AH and AS to float. The pre- and posttransitional slopes were fixed.
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Tem perature m elting of W tO pen in m icellar SDS had a very shallow  slope (Fig 

9.2ab) intercepting the m elting curve of W tO pen in phosphate buffer (the 

estim ated T m o f m elting in phosphate was 19° C).
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Figure 9.2 Circular Dichroic Scans of WtOpen and MutOpenl in SDS, TFE and 

Phosphate Buffer.

The CD scans of WtOpen in 25 mM SDS, phosphate buffer (at 2.2° C) and 12 % (v/v) TFE (at 2.5° C) are 

displayed in panel a). The arrow for SDS/temperature is in the direction of increasing temperature, respectively 

for each curve at 5.5° C, 35° C, 64° C and 87° C.

Figure legend continues on the next page

143



- Chapter 9 -

Figure 9.2 continued.

The MutOpenl was also scanned in the similar solvents (Panel b) at 1.5° C and 6.4° C for respectively 

phosphate buffer and 24 % TFE, and the arrow for SDS/temperature is from 6.4° C, 23.9° C and 52.6° C. The 

inserted panels in a) and b) similarly illustrate respectively the melting of WtOpen in phosphate buffer (closed  

circles) and in 25 mM SD S (open circles), and melting of MutOpenl in phosphate buffer (closed square) and 25 

mM SD S (open square).

There was thus a complicated effect on the a-helical structure by SDS which 

was destabilising at the lower temperatures and stabilising at higher temperatures. 

This is probably correlated to the induction of the more unstable 3io-helix. The 

melting curves in SDS had isodichroic points around 202 nm suggesting a two- 

state transition. However, relative to its structure in phosphate buffer, the mutant 

minidomain MutOpen was stabilised in SDS.

Figure 9.3ab illustrates the effect of sodium sulphate on the secondary 

structures of the disulphide stabilised minidomains, MutSS and WtSS. The 

kosmotrope sodium sulphate was applied to both MutSS and WtSS, and it induced 

structures in both minidomains. The largely unordered MutSS in water as 

observed by a CD-spectrum with a global minimum around 200 nm and a negative 

shoulder between 210-210 nm (Figure 9.3a), gradually transformed into an a- 

helical like CD-spectrum by increasing the sodium sulphate concentration. At 1.87 

mM sodium sulphate the CD-spectrum for MutSS had a positive global maximum 

around 190 nm, and two negative minima around 208 and 222 nm. However, 

there was no single isodichroic point, and the cross-over points were generally 

observed varying between 206-210 nm. The low intensities of the amplitudes and 

the shift of the cross-over points argue that sodium sulphate induced structure that 

was more similar to a type I/in (3-turn CD-spectrum (Perczel et al., 1993; Woody, 

1995). When sodium sulphate was added to WtSS peptide it also improved its a- 

helical structure as revealed by a larger CD-amplitude around 190 nm and 208/222 

nm (Figure 9.3a). By increasing the concentration of the MutSS peptide from 122 

pM to 1.82 mM and simultaneously lowering the sodium sulphate concentration 

from 0.9 M to 0.8 M, the positive amplitude increased while the negative 

amplitude at 208/222 nm decreased (Figure 9.3b). This suggests, in contrast to 

sodium sulphate induced structure in SNase (Uversky et al., 1998a), that 

intermolecular interactions (aggregation) destroy the structure. The increased CD-
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am plitude seen for concentrations up to 0.9 M for W tSS (and for M utSS) m ay on 

the other hand be due to stabilising intram olecular interactions.

o
E

T3
X

CNJ

E
o
X
U)0 73

co1O
X
>N

o
Q.
Hi
"(D3■g
wa>
DC
cre<u

20

10

0

MutSS

-10

WtSS

1.82 mM MutSS0

5 122p M MutSS

200 220 240 260

Wavelength (nm)

Figure 9.3 The Effect of Sodium Sulphate on WtSS and MutSS at 24.8° C. The CD

scans of MutSS and WtSS in a 0.05 cm quartz cuvette (slit 2.0 nm; integration time of 5.0 s) at increasing 

concentrations of sodium sulphate are shown in panel a). For MutSS (121.5 pM) it was increased in the 

direction of the arrow from 0 M, 0.30 M, 0.60 M, 1.2 M, 1.5 M and 1.87 M, and similarly for WtSS (125.5 pM) 

from 0 M, 0.15 M, 0.30 M., 0.60 M and 0.90 M. Panel b) shows the effect of increasing the concentration of 

MutSS while at the same time lowering the sodium sulphate concentration from 0.9 to 0.8 M (continuous lines) 

and in deionised water (dashed line). The scans were in a 0.01 cm quartz cuvette (integration time of 10 s).
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The m elting of W tSS and M utSS in 0.9 M sodium  sulphate is illustrated in Figure

9.4. For M utSS and W tSS a near isodichroic point was observed around 204 nm 

by raising tem perature. The reversibility is also illustrated in the figures.
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Figure 9.4 Temperature Scans of WtSS and MutSS in 0.9 M Sodium Sulphate.

Minidomains MutSS (121.5 pM, panel a) and WtSS (125.5 pM, panel b) were scanned one time in a 0.05 cm 

circular quartz cuvette by integrating each 0.5 nm wavelength step for 5 s (slit 2.0) from 195 nm until 260 nm. 

The temperature was raised in the direction of the arrow from 3.5° C (first intercepting curve) for MutSS a) 

through 23.7° C, 45.7° C until 70.2° C, and for WtSS b) through 28.6° C, 55.4° C until 86.4° C. The reversibility 

was tested by cooling down again until 23.6° C a) or 28.7° C b) and by rescanning again ( - - - - ).
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The m elting curves are displayed in Figure 9.5 and they all show that the 

therm ostability  is increased by adding sodium  sulphate. For M utSS it regained 

som e secondary structure, and W tSS increased its T m by 13 ° C in 0.9 M sodium  

sulphate relative to its spectrum  in deionised water (from  53° C in w ater to 66° C 

in 0.9 M N a2S 0 4).
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Figure 9.5 Melting Curves of WtSS and MutSS in 0.9 M Sodium Sulphate. The

minidomains MutSS (121.5 pM) and WtSS (125.5 pM) were melted in a 0.05 cm stoppered quartz cuvette by 

recording the MRE at 222 nm using the average of three independent recordings at 222 nm and 260 nm with an 

integration time of 5 s (slit: 2.0), as described in chapter 5.4.3. The data were fitted to a two-state van’t Hoff

equation as described in chapter 8.3.3. WtSS ( °  ) and MutSS ( n ) are in 0.9 M NagSCU, and WtSS ( •  ) is in 

deionised water.

There is some uncertainty whether a pure tw o-state transition can be 

im plem ented for the m inidom ains in sodium  sulphate solution, due to their 

propensity for aggregation in this solvent, especially at elevated salt 

concentrations. How ever, the m elting curves were fitted to a tw o-state transition 

by using the procedure described in chapter 8.3.3. The reported energies for W tSS 

which had a well-defined transition (Figure 9.5), were AH (water) = 21.2 ± 0.7 

kcal m o l'1, AS (water) = 0.065 ±  0.002 kcal m o l'1 K '1, AH (0.9 M N a2S 0 4) = 17.7 

±  0.8 kcal mol*1 and AS (0.9 M N a2S 0 4) = 0.052 ± 0.003 kcal m o l'1 K 1.
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The observations that sodium  sulphate was able to induce a (3-turn 

structure in M utSS was further studied by testing its affinity by surface plasm on 

resonance spectroscopy on BIAcore 2000 as displayed in Figure 9.6.
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Figure 9.6 Effect of Sodium Sulphate on the Fast Kinetic Constants for MutSS and 

WtSS. Panels a), b), and c) show respectively the off-rates, on-rates and the dissociation constants (=

koft/kon) for WtSS ( °  ) and MutSS ( •  ) interacting with immobilised Fc of the mAb 561 (mouse lgG2a) at 

different concentrations of sodium sulphate at 25° C. The data were fitted as described in Figure 8.13 and in 

chapter 8. Both the on-rates and off-rates display their fitted standard errors, and the standard errors of Kq 

were manually calculated based on SE’s for kon and k0ff.
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Figure 9.6 displays on-rates, off-rates and the dissociation constants as a function 

of sodium sulphate concentration for both WtSS and MutSS. The figures display 

the fast on- and off-rates because there was a better fit to a two-component 

kinetics model where there are either two different sites on the Fc that can bind the 

minidomains, or that there are different conformations of the minidomains 

(Reiersen & Rees, 1999). The off-rates for the WtSS and MutSS had opposite 

trends. While the off-rates for the MutSS dcreased they increased for WtSS. This 

indicated that the MutSS-Fc complex was more stable than the WtSS-Fc complex. 

However, the on-rates for both increased as a function of salt concentration. This 

is consistent with the observations that sodium sulphate induced a-helical 

structure in WtSS and turn structure in MutSS (Figure 9.3). Indeed, this was also 

reflected in a improved affinity for both (Figure 9.6). The dissociation constant of 

WtSS improved as a function of salt concentration, from 1.5 pM (buffer alone) to

1.1 pM (at 0.6 M Na2SC>4 ). Similarly for MutSS it improved from 36 pM to 8 pM, 

respectively. Relative to WtSS the affinity of MutSS was about threefold greater 

which may originate in the better stabilisation of the mutant p-tum in the salt- 

solution.

9.4 Discussion

The apparent complete melting of secondary structure at lower temperatures is one 

of the characteristics of elastin peptides and polymers (Urry, 1993). The 

hydrophobic groups in elastin are hydrated at lower temperatures and do not 

contribute to stability by hydrophobic interactions. A proposed mechanism of 

elasticity of elastin in addition to the solvent entropy, is the librational entropy 

mechanism (Urry, 1988a,b). The mobility of the Gly-Val-Gly elastin sequences 

induces a large-amplitude rocking motion in the whole protein, as is seen by its 

coupled dihedral angles. By increasing temperature, or otherwise manipulating the 

hydrophobically hydrated structure, the elastin polymer contracts driven by an 

increase in the entropy of the system. This is due to the release of its bound water
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molecules and an increase in the mobility of the GVG-segments (Urry, 1988a,b; 

Urry et a l, 1998). The combination of a glycine-rich sequence with a large 

mobility and a proline residue which restricts it, may very well melt secondary 

structures of a globular host protein. This property may also be responsible for the 

destabilisation of the helical minidomain in this study. The intramolecular 

hydrophobic Val-Val interactions that increase with temperature, or altered solvent 

conditions, additionally stabilise and guide the folding of this mobile sequence 

(Reiersen etal., 1998).

The stabilising interactions can be enhanced in solvents such as micellar 

SDS, TFE and sodium sulphate. Micellar SDS was able to induce a 3io-helical 

like structure in both WtOpen and MutOpen, although it destabilised the existing 

a-helical structure in WtOpen while it induced it in MutOpen. Trifluoroethanol 

was however a more powerful helical inducer for both MutOpen and WtOpen.

The lowered cooperativity of the melting of WtOpen in 25 mM SDS, seen 

as a swallower slope of its melting curve, indicates that it has a small AH value 

(Applequist, 1963). However, exact calculation of thermodynamic values for the 

SDS curve is a problem since the pre-transitional region was not well defined. On 

the other hand, there was a near isodichroic point and the minidomains exhibited 

reversible melting in SDS. Melting curves at increasing concentrations of TFE 

had a lowered cooperativity and AH and AS-values, as was also recently found by 

Luo & Baldwin (1997). The lowered AH may be linked with the hydrophobicity of 

the solvent and its interaction with the peptide and not only with the loss of H- 

bonded water-molecules associated with the peptide (chapter 7). However, the 

increased entropy from the loss of peptide H-bonded water molecules was not 

seen, probably because the water molecules were still indirectly associated with 

the peptide through TFE/water micelles (chapter 7). It is interesting to note that 

the energies for melting of WtSS on going from water to 0.9 M sodium sulphate 

also involved a reduction in AH and AS.

Sodium sulphate induced a type I (3-tum structure in MutSS while it also 

stabilised and increased the amount of a-helicity in WtSS. There is reason to 

believe from the existence of isodichroic point and the reversibility of the melting 

curves, that a intramolecular two-state transition is working at least under low 

peptide and salt concentrations. There is now evidence these conditions only affect
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the intramolecular folding of a protein, while larger concentrations promote 

intermolecular association of peptides/proteins. Uversky et a l (1998a) have 

proposed a phase diagram correlating protein versus salt concentration. Here, 

sodium sulphate partly folds staphylococcal nuclease which is a ‘non-globular 

monomer’ at salt concentrations below 0.8 M and for protein concentration below 

0.4 mg/ml. It is therefore likely that the smaller and very soluble 4 kDa 

minidomain (Reiersen & Rees, 1999; Starovasnik et al., 1997) is monomeric at 

peptide concentrations below 100 pM (0.4 mg/ml) in low concentrations of 

sodium sulphate, although by increasing the peptide concentration to 1.82 mM 

(7.3 mg/ml) there was a clear shift in the CD-spectrum indicating increasing 

intramolecular associations. In this study, the minidomain concentrations were 

generally below 30 pM for kinetic on-rate determinations and only 0.3 M and 0.6 

M Na2 SC>4 were used as running buffers in the BIAcore 2000 apparatus.

The structure of the two minidomains differ in the turn region. The 

hydrophilic type I p-tum sequence in WtSS was replaced by the more 

hydrophobic elastin turn sequence in MutSS (Figure 8.1). MutSS has surface 

exposed valine residues which are probably solvated by clathrate water structures 

(Urry, 1993; Urry et a l, 1997). Thus, the induction of an active and folded 

minidomain from an ‘unordered’ state, guided by a interhelical disulphide bridge, 

would be expected to involve changes in water structure. The different residues 

may dictate the overall water structure associated with a sequence. The negative 

residues bind more water molecules than positive residues due to their charge 

transfer potential (Collins & Washabaugh, 1985; Kuhn et a l, 1993), and water on 

hydrophobic residues are organised into polygonal clathrates (Head-Gordon, 1995; 

Nakasako, 1999; Urry et a l, 1998). The hydrophobically associated water layer 

may be weaker than on charged residues (Collins & Washabaugh, 1985; Urry et 

a l, 1997), but nevertheless it is very important for specifying the balance between 

exposed and buried non-polar residues, and thus the folding of the protein. 

According to Collins & Washabaugh (1985) the valine residues in the elastin 

sequence can be classified as non-polar kosmotropes because they have a 

structuring effect on the water molecules (one layer) (Head-Gordon, 1995; 

Nakasako, 1999). Sodium sulphate is however a better kosmotrope because it has 

a structuring effect on up to 5-6 layers of water (15 A). This is because the
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sulphate groups have negative charges which are cumulatively transferred to 

interfacial water molecules, giving them a more covalent character. On the other 

hand, it has also been shown that even non-polar residues may induce structuring 

of several water-layers (Pertsemlidis et al., 1999; Urry et a l, 1997). It has 

previously been shown that sodium sulphate exposes hydrophobic surface clusters 

leading to tetramerisation of an enzyme (Prajapati et al., 1998). The relatively 

larger gain in affinity for the unstructured MutSS relative to WtSS by adding 

sodium sulphate, may thus be explained by a hydrophobically stabilised type I |3- 

tum (a switch to native conformation) which aligns the helices for binding. 

Further masking of unfavourable charges and stimulated intrahelical hydrophobic 

interactions by the salt, may structure the helices and slightly improve its affinity. 

That the wild-type minidomain increased its helical structure and affinity by 

sodium sulphate may be due to improved interhelical hydrophobic packing, 

masking of unfavourable electrostatic interactions, or even direct binding of the 

sulphate ion involved (Cacace et a l, 1997; Collins & Washabaugh, 1985; Goto et 

al., 1990). The large number of ionic residues in the phage-selected minidomain 

is a compromise between solubility and affinity. Thirteen of 34 residues carry a 

charged group at pH 7, and seven of these are positively charged. Even one of the 

conserved residues in the active centre of the B-domain, Gln33, is replaced by 

Lys33 in the phage selected minidomain (Braisted & Wells, 1996; Gouda et a l,

1998).

Previously, several enzymes, protein-DNA and receptor interactions have 

been reported to exhibit increased affinity in sodium sulphate (Cacace et al., 

1997). Increased ionic strength is often used as a method to release protein- 

protein interactions (Hermanson et al., 1992). Thus, the expected lowered affinity 

in a system involving sodium sulphate concentration up to 0.6 M may be 

compensated by the increased and stabilised secondary structure of the 

minidomains.

Here we have demonstrated that the salt refolds and turns on activity of an 

engineered minidomain with water exposed hydrophobic side chains. The loss of 

structural water molecules, either by raising temperature (Reiersen & Rees, 1999; 

Urry et al., 1997), or in this study by adding a kosmotropic salt, affects the 

secondary structure of small engineered minidomain. This also suggests that

152



- Chapter 9 -

sodium sulphate precipitated antibodies may be purified directly on an 

immobilised protein A column. By using an immobilised engineered protein A 

minidomain with an elastin-tum, it may be possible to bind sodium or ammonium 

sulphate precipitated (and redissolved) IgGs. The elution is very simple since it 

only requires running water through the column to melt its secondary structure. 

Alternatively, it may also be possible to bind IgGs at room temperature and elute 

at low temperatures simply by storing the column in the refrigerator (Reiersen & 

Rees, 1999).
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Chapter 10. Conclusions and Further Development.

10.1 Conclusions.

It has been demonstrated here by circular dichroism that short elastin-like peptides 

(8-18 mers) can undergo similar structural transitions to the longer elastin 

polymers (chapter 6). The short peptides formed a type II p-tum with increasing 

temperature or by the addition of solvents such as TFE and SDS. There was also 

an effect of charge and composition on this transition. Hydrophobic residues 

lowered the transition temperature while charges at the termini increased it. This 

has also been described for the longer polymer (Urry, 1993). Additionally, the 

mean residual ellipticities were followed over various temperatures (within the 

range 1° to 90° C) and data were fitted to a van’t Hoff two-state transition. The 

positive AS terms of the transition energies for the 8 mer (1 VPGVG repeat) and 

the 18 mers (three repeats) were quite similar implying that the cooperative unit 

does not exceed 1 VPGVG repeat. Thus, the intra-monomeric hydrophobic val-val 

interactions may be sufficient to initiate folding of the larger elastin polymer. This 

suggests that is should be possible to utilise these sequences in the generation of 

switch-site structures in globular proteins.

In addition, a model has been suggested by the author for the effect of 

TFE on peptides and proteins (chapter 7). TFE-micelles interact with hydrophobic 

groups by forming a mobile matrix that chaperones or assists the folding of 

secondary structures. The model can explain how TFE (and other related 

alcohols) can break down non-local hydrophobic interactions while at the same 

time supporting local structures.

The encouraging results in chapter 6 were followed up by testing these 

sequences in a globular protein. A simple two-helical minidomain of the five- 

domain triple helical staphylococcal protein A was chosen as a model system 

(chapter 8 and 9). This short minidomain has been shown to retain the same 

affinity towards IgG as the parent Protein A domain. In this construct, the native 

type I (3-turn was replaced with the elastin p-tum GVPGVG. The elastin-tum
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mutant completely melted all helical structure in the minidomains and lowered the 

stability by about 50° C. However, by analysing the mutant minidomain in TFE 

by surface plasmon resonance spectroscopy, a 2 1 -fold improvement in affinity on 

raising the temperature from 4° to 37° C was observed. This was in contrast to the 

wild-type which showed the expected loss in affinity over the same temperature 

range. The energy involved and the topology of the CD-spectra suggested that a 

type I (3-turn was formed as the temperature was increased.

The elastin minidomain also responded in a similar way when sodium 

sulphate was present. Sodium sulphate is a common salt used for protein 

purification. Here this salt induced a type I (3-tum structure in the minidomain and 

improved its IgG-binding. This further suggests that Na2 SC>4 can be used to 

regulate binding/ dissociation of this minidomain - presenting an alternative 

method of protein purification.

In this thesis it has been shown that a small fragment ( 8  residues) of the 

large elastin polymer is capable of forming a beta-tum structure at elevated 

temperatures and that it can also undergo structural modulation by pH (Reiersen, 

et al., 1998). Similarly, it has been demonstrated that, when this sequence is 

inserted into a small binding protein, manipulation of the temperature can induce a 

structural change, and consequently the affinity of the protein (Reiersen & Rees,

1999). Thus, the molecule produced can be thought of as a reversible affinity 

material whose binding properties are modified over a physiologically relevant 

temperature range.

10.2 Future Work and Application.

The application of this technology in the field of protein purification is 

particularly attractive since novel products can rapidly penetrate what is a 

considerable market. For example, the separation product protein A, a large multi

domain protein that is involved in the affinity purification of antibodies for both 

diagnostic and therapeutic uses, has a market size approaching one billion US 

dollars.

155



- Chapter 10 -

Current affinity chromatographic methods using protein A require 

relatively harsh conditions (pH 2-3) to reverse the binding of the target protein 

during purification. The “ideal” affinity purification process though should permit 

protein recovery under mild conditions. The harsh binding and elution conditions 

may also lead to leakage of the protein A ligand from the chromatographic 

support. For example, at the high elution pH values, alkaline hydrolysis of the 

matrix occurs: thus exposure of adsorbents to pH extremes should be avoided. 

When protein A affinity methods are applied to the separation of cells (relevant to 

a number of therapeutic domains) these extreme pH values are unacceptable and 

other, less effective methods must be used. The development of a novel derivative 

of protein A in which an elastomeric switch has been incorporated, would move 

the normal purification conditions of protein A into the physiological range (pH 5- 

7), thus considerably improving the viability of the purified product. Similarly, 

separation by moderate temperature changes (4° to 37° C) will provide a simple 

and gentle procedure and reduce reagent costs.

There is also considerable industrial interest in finding new 

biotechnological methods to obtain gentle reversal of antigen-antibody binding. 

Typically, this type of binding can be reversed by use of chaotropic salts, low pH- 

buffers or high ionic strength. For the immuno-isolation of cells for use in human 

subjects, these relatively harsh methods can damage cells adversely. Even 

enzymatic digestion can affect further manipulation of cells. As an example of the

scale of interest in this problem, the Norwegian company Dynal® A/S, the world’s 

largest supplier of magnetic particles, has developed a method for cell isolation 

which uses a double antibody protocol, known as D E T A C H a B E A D ^ M  

However, the mechanism of this detachment is poorly understood and thus not 

predictable, and the company is actively looking for alternative strategies.

An elastin sequence has also recently been introduced into the linker 

region of a single chain Fv fragment of an antibody. The design has been cloned, 

expressed in E. coli and purified. Characterisation of this scFv is in progress, but 

we expect to be able to modulate antibody binding in the same manner as with the 

Protein A construct (Reiersen et al. (2000), unpublished results).
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Short Elastin-like Peptides Exhibit the Same 
Temperature-induced Structural Transitions as Elastin 
Polymers: Implications for Protein Engineering
Herald Reiersen1, Anthony R, Clarke2 and Anthony R. Rees1*

Elastin is a major protein com ponent of the vascular w all and is respon
sible for its unusual elastic properties. Polymers of its repeating VPGVG 
sequences have been synthesised and show n to exhibit an inverse tem
perature transition where, as temperature rises, the polym er collapses 
from an extended chain to a (3-spiral structure w ith three VPGVG units 
per turn, each pentamer adopting a type II |3-tum conformation. These 
studies, however, have not established whether the temperature-driven 
conformational change is an intrinsic property of the individual penta- 
meric sequences or a global, co-operative effect of m any pentamers 
within the |3-spiral structure. Here, w e examine by circular dichroism the 
behaviour of elastin-like peptides (VPGVG)„, where n varies between 1 
and 5. Remarkably, w e find that all lengths of peptide undergo an exten
ded <— > (3-tum transition w ith increasing temperature, suggesting that the 
induction of the (3-spiral occurs at the level of single pentameric units. 
The origin of this effect is a positive AS term for the transition. At 35°C, 
the average transition m idpoint temperature, the value of TAS is about 
15 kcal m ol-1. With larger oligomers (n =  3), there is only a m odest rise 
in AS, suggesting that the dominant entropic effect resides within the 
m onomer and that interactions between these units make only a small 
contribution to the energetics of the transition. Charges at the termini, 
and residue replacements or additions, regulate the transitions for the 
short peptides in a manner similar to that observed for the longer poly
mers. The behaviour of the same peptides in trifluoroethanol and SDS 
solutions is consistent w ith formation of the (3-tum being driven by inter
actions betw een non-polar groups. The significance of this behaviour for 
the rational design of temperature-induced responses in proteins is dis
cussed.
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Introduction

Elasticity of the vascular cell w all is mediated by  
polymeric peptide sequences that are capable of 
undergoing viscoelastic transitions. Several repeat
ing sequences have been described for the elastin 
precursor protein, tropoelastin. In order of their 
frequency of occurrence they are the pentapeptide 
VPGVG, the hexapeptide APGVGV, the nonapep- 
tide VPGFGVGAG and the tetrapeptide VPGG 
(Sandberg et ah, 1985; Yeh et ah, 1987). In elastin, 
the m ost frequent pentapeptide sequence, VPGVG, 
recurs up to 50 times in a single molecule. Syn
thetic polym ers of (VPGVG)„, where n can be as 
high as 150, are soluble in water below  25°C but 
above 25°C undergo a phase transition to a visco

0022-2836/98/410255-10 $30.00/0 ©  1998 Academic Press
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elastic state consisting of about 50% peptide and 
50% water by mass. This transition is accompanied 
by a contraction to less than one half the extended 
length of the polymer, releasing sufficient energy 
in the process to lift a m ass 1000 times the mass of 
the polym er itself (Urry, 1993). The presently 
accepted mechanism of this contraction involves a 
transition from an extended state at temperatures 
below  the transition temperature, TM, to an 
ordered p-spiral above the TM with three VPGVG 
units, each forming a type II |3-tum, per turn of the 
spiral (Urry, 1988a,b). This is a rare example of an 
inverse temperature transition during which a pro
tein becom es more ordered at the higher tempera
ture. The transition and the structural features 
of the ordered, higher-temperature form have 
been studied by CD (Urry et al., 1985), NMR 
(Renugopalakrishnan et a l, 1978), and X-ray crys
tallography (Cook et al. (1980) studied a cyclic tri
repeat of VPGVG). These physical studies are con
sistent w ith  the proposed type II P-tum in which  
the collapse to the spiral state is driven by dehy
dration of the hydrophobic valine side-chains. The 
temperature at which this transition occurs can be 
manipulated by varying the composition of the 
polym er (VPGXG)„ and the value of TM depends 
both on the nature of residue X and the value of n. 
In addition, TM has been shown to be sensitive 
to pH, ionic strength, pressure and covalent 
modifications such as phosphorylation (Urry, 
1993).

Despite extensive characterisation of such poly
mers the m inimum viscoelastic unit has not been 
defined. In particular, the relative contributions to 
the viscoelastic state of the intrinsic propensity of 
VPGVG units to form type II P-tums, and any co
operative interactions betw een the p-spiral turns 
(n — 3), have not been determined.

In this study, w e examine the thermodynamic 
behaviour of single and multiple units of the 
VPGVG sequence using CD to monitor the pre
viously w ell characterised formation of the type II 
P-tum structure, and w e demonstrate that the 
polym er behaviour surprisingly can be reproduced 
by a single VPGVG unit. This has opened up the 
exciting possibility of engineering temperature and 
pH  switch sequences of non-disruptive lengths 
into existing proteins.

Results

Design of short elastin peptides

In this study, short elastin peptides were 
designed to test the effect of sequence variations 
on the conformational transitions observed. Of 
specific interest was the effects of charge adjacent 
to the elastomeric units, studied using both 
uncapped peptides at various pH values and 
capped peptides carrying N-acetylation or C-ami- 
dation, or both. In these short peptides, the effect 
of adding an extra glycine residue at the N  termini 
of 8-mers w as investigated (Figure 1A to H). In

A: H-GVG(VPGVG)-NH2 

B: H-GVG(VPGVG)-OH 

C: H-GGVG(VPGVG)-NH2 

D: H-GGVG(VPGVG)-OH

E: Ac-GVG(VPGVG)-NH2 

F: Ac-GVG(VPGVG)-OH 

G: Ac-GGVG(VPGVG)-NH2 

H: Ac-GGVG(VPGVG)-OH

I: Ac-GVG(VPGVG)(VPGVG)(VPGVG)/LG-NH2 

J: Ac-GKL(VPGVG)(VPGVG)(VPGVG)/LG-NH2 

K: Ac-GKZ.(VPGVG)(VPGEG)(VPGVG)/LG-NH2 

L: Ac-GVG(VPGVG)(VPGVG)(VPGVG)-NH2 

M: Ac-GVG(VPGVG)(VPGVG)(VPGVG)/.-NH2 

N: Ac-GVG(VPGVG)(VPGVG)(VPGVG)/L-NH2 

O: Ac-GVG(VPGVG)(VPGVG)(VPGVG)(VPGVG)(VPGVG)-NH2

Figure 1. Sequences of short homologous elastin 
based peptides. Sequences of short elastin peptides 
with different composition were synthesised by solid- 
phase Fmoc chemistry. Deviations from the sequence 
Ac-GVG(VPGVG)„-NH2 (n =  1, 3, 5) are highlighted in 
italics. Ac-, acetyl; -NH2, amide.

order to test if there w as any correlation betw een  
the number of elastomeric (-VPGVG-) units present 
and the TM for turn formation, w e synthesised an 
18-mer peptide (three VPGVG units) and a 28-mer 
peptide (five VPGVG units: Figure 1L and O). To 
measure the influence on TM of increased hydro- 
phobicity adjacent to the elastomeric unit, 
additional leucine and isoleucine residues were 
introduced stepwise at the C terminus of the 18- 
mer peptides (Figure II-K , M and N). The effects 
of internal charged residues adjacent to, or within, 
the elastomeric sequences were studied. In one 
design, a lysine residue flanked by a leucine resi
due was placed close to the N  terminus (Figure 1J), 
while in a second design a glutamic acid residue 
w as added also, replacing one of the tw o valine 
residues of an elastomeric unit (Figure IK).

CD analysis of peptides

CD spectra of the 9-mer peptide D at various 
temperatures are show n in Figure 2a. For compari
son, spectra of the 18-mer peptide L are show n in 
Figure 2b. All other short and longer peptides 
show ed a similar CD profile (data not shown). The 
global minimum varied slightly w ith pH  but w as 
typically within the range 198 to 200 nm, as has 
been found for unordered peptides (W oody, 1995). 
For the short peptides, at +1°C the minimum  
mean residual ellipticity w as —7000 to —10,000 deg  
cm2 dm ol-1 compared to —40,000 deg cm 2 dm ol-1 
for an ideal random coil. This is within the same 
range (—5000 to —16,000 deg cm2 dm ol-1) pre
viously seen for the longer (VPGG)„ and the 
(VPGVG)„ elastin polym ers (Urry et al., 1985, 
1986). The corresponding values for the 18 to 21- 
mer peptides (I to O) were —17,000 to —19,000 deg
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Figure 2. CD wavelength scans of peptides D and L 
at different temperatures. The peptides were scanned in 
10 mM phosphate buffer (pH 7.0). a) Peptide D 
(49.1 |xM) was recorded at (O) 1.1°C, (# )  15.4°C, (□ ) 
25.0°C, (■) 34.5°C, (A) 43.8°C, (A) 53.0°C, (V) 63.0° C, 
and (▼) 81.5°C. b) Peptide L (20.7 |xM) was scanned at 
(O) 1.3°C, ( • )  15.4°C, (□ ) 34.0°C, (■) 48.4° C and (A) 
76.6°C.

cm 2 dm ol-1. This suggests, som ewhat surprisingly, 
that the shorter peptides are less disordered at low  
temperatures than the longer peptides. The MRE 
values of the short peptides are, in fact, w ithin the 
range expected from an equimolar mixture of ran
dom  coil and type II (3-tums (Perczel et al., 1993).

For all peptides, the CD am plitudes at 195 to 
205 nm  decreased w ith increasing temperature, 
w ith a smaller decrease in am plitude at 206 to 
212 nm. A  positive peak in this latter region is 
characteristic of type II (3-tums (Perczel et al., 1993; 
Urry et al., 1985; W oody, 1995). A  near isodichroic 
point around 218 nm  w as found for the short pep
tides in the reported transition. This w as seen both  
for the effect of increasing concentrations of TFE 
(data not shown), which induces a type II P-tum, 
and for the temperature effect described in 
Figure 2a and b. A  near isodichroic point for m elt
ing of the larger elastin polym er has been detected 
by Urry et al. (1988a) around 220 nm. H owever, 
some peptides show ed little change in the position  
of m inim a/m axim a w hen the temperature is var
ied and the spectroscopic changes in these are

dom inated by changes in intensity. For peptide K, 
which has the m ost heterogeneous composition  
(Figure 1), an increase in amplitude at 210 to 
230 nm  w as observed w ith a local m inimum at 
222 nm  (with an approximate isodichroic point at 
208 nm). These were found also at higher tempera
tures for som e short peptides w ith the N-terminal 
GGVG sequence (see Figure lc , d and g). These 
spectra resemble class C-spectra associated with  
helical or type I/III P-tum structures.

The transition curves of the short peptides D, E 
and H in phosphate buffer, peptides C, D  and G in 
different buffers, and for the longer peptides J, L 
and N  at pH  7 are show n in Figure 3a to c. The 
start of the transition w as initially fitted for each 
m elting curve, although well-defined transitions 
w ere obtained for the majority of peptides. The 
transition range for all the 8/9-m er peptides (A to 
H) w as 3000 to 5000 MRE units increasing to 5000 
to 10,000 for the longer peptides I to O (data not 
shown). These values are similar to those reported 
for the longer elastin polytetrapeptide (VPGG)„, 
though a little lower than for the polypentapeptide 
(VPGVG)„, w hich undergoes a change of 16,000 
MRE units during a transition (Urry et a l, 1985, 
1986).

Thermodynamic analysis

In order to obtain thermodynamic data from the 
m elting curves, a selection of short and longer pep
tides (C, E, L and N ) w as tested for reversibility by  
incubation for 30 minutes at +70° C and then 
rapid cooling to +20° C. All were found to be fully 
reversible (Figure 4a). The concentration-depen- 
dence w as tested on peptide L (18-mer) and on the 
m ost hydrophobic short peptide E (8-mer) at two  
different temperatures (Figure 4b and c). In all 
cases ellipticities w ere found, within the limit of 
experimental error, to be independent of peptide 
concentration over this temperature range. This 
observation show s that the temperature-induced 
formation of the (3-tum is due to intramolecular 
interactions rather than intermolecular associations. 
The m elting curves reported here were obtained at 
peptide concentrations 10 to 20 times lower than 
the m axim um  concentrations show n in Figure 4c 
(around 18 (iM for the longer peptides and below  
50 (iM for the shorter peptides).

Data were fitted to van't Hoff plots and were lin
ear. Where a low  signal-to-noise ratio in the CD  
measurements resulted in a larger spread of data, a 
better fit w as obtained by fixing one or both end
points for the transition (Figure 5).

Fitting of the CD data to the van't Hoff equation 
allow ed calculation of AH, AS and TM values for 
the transitions of m ost peptides. H owever, due to 
the uncertainty of the start of the transition for 
som e short peptides (Figure 3b) only those w ith  
w ell-defined transition curves are reported 
(Table 1). It w as not possible to determine melting 
temperatures for tw o of the longer peptides, K 
and O.
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Figure 3. Melting of short and long elastin peptides. 
The 8 or 9-mer peptides C (37.1 pM), D (49.1 gM), E 
(38.5 (iM), G (41.8 pM) and H (31.3 pM) and the longer 
peptides J (16.4 pM), L (20.7 pM) and N (17.9 pM) were 
scanned from 190 to 240/260 nm at different tempera
tures in (a) 10 mM acetate or borate buffers, or (b and c) 
in 10 mM phosphate buffer, and the mean residual ellip- 
ticity at or close to 200 nm was plotted versus tempera
ture. The van't Hoff fits are also shown, a) Melting of 
the 9-mer peptides C (O, at 201 nm, pH 4.0), D ( # ,  at 
200 nm, pH 9.5) and G (□ , at 201 nm, pH 9.5); b) melt
ing of the 8-9-mer peptides H (■ , 202 nm), E (A/ 
199 nm) and D (A, 200 nm); c) melting of the 18-21-mer 
peptides N (V)/ J (▼) and L (<>) at 199 nm.

All peptides studied exhibited positive AH and 
AS, supporting the m odel of an entropy-driven  
folding transition. The AH and AS values for the 
8/9-m er and 21-mer peptides (Table 1) were clo
sely similar, suggesting that each VPGVG repeat

behaves as a thermodynamically independent unit 
(see Discussion).

Melting temperatures for short peptides that had  
N  and C termini in the same state w ere w ell corre
lated (Table 2 and Fig. 6). Acetylation of a-am ino  
or amidation of a-carboxy groups (or both) lo w 
ered the transition temperatures by an average of 
13°C for both 8 and 9-mers compared to free N  
a n d /or  C termini. H owever, there w as no signifi
cant difference in m elting temperature for peptides 
where the terminal charges differed in sign  
(Table 2, compare peptides A and B at pH  4 versus 
B and F at pH  9.5 for the 8-mers, and peptides C 
and D at pH  4 versus D  and H at pH  9.5 for the 9- 
mers), indicating that the presence of either one or 
the other charge had a similar effect on the struc
tural transition for the short peptides. The m elting  
temperatures for the peptides at pH  7.0 w ere lo w 
ered compared to those w ith high values 
(Figure 6), and the effect w as larger for the 9-mer 
peptides compared to the 8-mers. This suggests 
that there m ay be an additive stabilising effect 
through N  and C-terminal interactions; the lower  
m elting temperatures found for som e of the 8-mers 
compared to the larger 18-mer m ay be explained  
by this.

The presence of an extra glycine residue at the N  
termini of the smaller peptides increased the m elt
ing temperatures by about 6°C for both low  TM 
and high peptides (Figure 6). An opposite effect 
w as seen by the addition of a hydrophobic residue 
(or residues) near the C terminus, w hich resulted  
in a lowering of the m elting temperature by 20 to 
23°C (compare peptide L w ith M and N , Table 1).

Peptide K, a 21-mer containing a glutamic acid 
replacement in the central VPGVG unit, w as more 
disordered at lower temperatures than the other 
peptides (MRE value of —20,000 deg cm2 dm ol-1 
at 1.4°C; see Perczel et a l,  1993; Urry et a l,  1985) 
and thermodynamic analysis w as not possible. 
Thermodynamic data w ere obtained how ever w ith  
peptide J, w hich has the same residue insertions at 
the N  and C termini as peptide K but lacks the 
internal glutamic acid residue. Interestingly, in this 
peptide the presence of a charged lysine residue 
did not elevate the m elting temperature, probably 
due to the more dom inant hydrophobic effect of an 
adjacent leucine residue (compare I w ith  J, Table 1).

Effects of SDS and TFE

The effects of the detergent SDS w ere tested on  
the short (B, E and G) and the longer (K, L, N  and 
O) peptides. For 8 and 9-mers, micellar SDS 
(25 mM) induced an increase in MRE at 210 nm  
for both peptides, and for the 8-mers this w as  
observed also in non-micellar (2 mM) SDS 
(Figure 7a). For the longer peptides, this effect w as  
seen only w ith micellar SDS (Figure 7b). The 
increase in MRE at 200 nm  and the more gradual 
increase at 206 to 212 nm, characteristic of a tran
sition to a type II (3-tum (Perczel et ah, 1993; Urry 
et ah, 1985; W oody, 1995), indicated that all pep-
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Figure 4. T e s t  o f  r e v e r s ib i l i t y  a n d  c o n c e n t r a t io n  
d e p e n d e n c e  a t  p H  7 .0 . a )  S c a n s  o f  t h e  1 8 - m e r  p e p t i d e  L 
(91 p M  in  1 0  m M  p h o s p h a t e  b u f fe r ;  0 .5  m m  c u v e t t e ;  
s p a c i n g  0 .5  n m ;  f o u r  s c a n s  e a c h  w i t h  o n e  s e c o n d  in t e 
g r a t io n  t im e )  a t  2 0 .6 ' C  b e f o r e  h e a t i n g  ( - - - - - - ) a n d  a f te r
in c u b a t io n  a t  7 0  C  fo r  3 0  m i n u t e s  w i t h  r a p id  c o o l i n g
b a c k  to  2 0 .6  C  (- - - - - - - ). T h e  c o n c e n t r a t i o n - d e p e n d e n c e  o f
M RE i s  s h o w n  in  b  a n d  c . T h e  c o n c e n t r a t io n  o f  p e p t i d e  
L w a s  v a r ie d  fr o m  4 .6  pM  t o  2 6 4  pM  (b ) u s i n g  d i f f e r e n t  
q u a r t z  c u v e t t e s  ( 0 .5  m m ,  2  m m  a n d  1 0  m m ) ,  a n d  s i m i 
la r ly  t h e  8 - m e r  p e p t i d e  E w a s  v a r ie d  b e t w e e n  4 5  pM  
a n d  8 5 5  pM  (c ) . T h e  v a r ia t io n  o f  m e a n  r e s id u a l  e l l ip t i -  
c i t y  fo r  p e p t i d e  L a t  1 5 .5  C  o r  p e p t i d e  E a t  1 5 .6  C  (a t  
1 9 9  n m ,  O ;  a n d  a t  2 1 0  n m ,  # )  a n d  fo r  p e p t i d e  L a t

tides w ere becom ing m ore ordered in the presence 
of SDS.

Induction  of the type II [3-turn w as m ore p ro 
nounced in 87 to 92 % (v /v )  TFE than  in SDS for 
the 8, 9, 18 and  28-mer pep tides (Figure 7a and b). 
For pep tide  F, the concentration of TFE w as varied 
from 0 to 97%, and  at abou t 35% TFE the grad ien ts 
of the MRE values a t 198 nm , 206 nm  an d  213 nm  
versus TFE concentration shifted m arkedly, 
suggesting  the presence of a structu ral transition  
(Figure 7c).

D iscu ss ion

All of the pep tides stud ied  here exhibited an 
increase in MRE at 195 to 205 nm  and at 206 to 
212 nm , a signatu re  of type II (3-turn form ation, 
w ith  increasing tem perature, su pporting  the notion 
that the folding of these sequences is a conse
quence of hydrophobic  interactions that are driven 
by positive en trop ies of dehydra tion  (Privalov & 
M akhatadze, 1993). The type of tu rn  structure  
form ed is critically dep en d en t on both the flanking 
sequences and the solvent conditions. At low tem 
pera tu re  (~ 0  C) the short pep tides show ed evi
dence of partial s tructure , as has been seen w ith 
the larger po lym ers (Urry et al., 1985, 1986). In 
add ition , m ost pep tides show ed an increase in 
MRE at 210 nm , typical of type II [3-turn form ation 
in VPGVG polym ers (Urry et al., 1985). Evidence 
for the form ation of type I /III  [3-turns (increase in 
am plitude  at 210 to 230 nm ) w as seen in the CD 
spectra of som e pep tides a t high tem peratu res, 
suggesting  that an equilibrium  of different [3-turn 
popu la tions m ay exist for m any of these sequences. 
Peptides hav ing  a GGVG N -term inal region (C, D, 
G and H in this study) are though t to preferentially  
ad o p t the type IE (3-tum (Broch et al., 1996). Inter
conversion betw een type I and type II (3-turns has 
been estim ated to require +0.2 to —1.7 kcal mol 1 
(Yang et al., 1996, and  references therein), a small 
enough change to be affected by flanking 
sequences or buffer com position  (TFE, SDS, etc.). 
Previous crystallographic stud ies on the linear pen
tapep tide  Boc-VPGVG-OMe show ed the absence of 
any [3-turn structure , w hile the struc tu re  of a cyclic 
decapep tide analogue of VPGVG exhibited a type 
III tu rn  for one VPGVG unit followed by a type I 
tu rn  for the second unit (Bhandary et al., 1990). 
Here, w e have clearly dem onstra ted  that, w hen 
suitable flanking sequences are present, the 
VPGVG m onom er is able to form  the type II (3-turn 
structu re  (w ithin the d iscrim ination  capacity of 
CD) identical w ith  that form ed by the elastin-like 
polym er (VPGVG),,. We have also confirm ed that, 
w hen particu lar types of flanking residue are pre
sent, the transition  tem pera tu re  can be altered in 
the sam e direction as seen for the po lym ers (Urry, 
1993). For exam ple, the add ition  of extra hydro-

6 2 .5  C  o r  p e p t i d e  E a t  4 8 .3 ° C  (a t  1 9 9  n m ,  A ;  a n d  a t  
2 1 0  n m ,  □ )  is  s h o w n .
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Figure 5. F i t t in g  o f  t h e  m e l t i n g  c u r v e  o f  p e p t i d e  B in  
1 0  m M  p h o s p h a t e  b u f f e r  p H  7 .0 .  T h e  C D  d a t a  a t  
1 9 9  n m  ( □ )  w e r e  f i t t e d  t o  a m a c r o s c o p ic ,  r e v e r s ib le ,  
t w o - s t a t e  m o d e l  b y  o p t i m i s i n g  t h e  l in e a r i t y  o f  t h e  c o r r e 
la t e d  v a n ' t  H o f f  p lo t .  B y  u s i n g  t h e  f i t t e d  e n d p o i n t s  
fo r  t h e  t r a n s i t io n ,  [ 9 ] 1 a n d  [ 0 ] u , fr o m  th e  in it ia l  m o d e l  
( a ) , ------- ) t h e  c o r r e s p o n d i n g  v a n ' t  H o f f  p l o t  w a s  c o n 
s t r u c t e d  (b ) , O /  ) a n d  g a v e  a l in e a r  c o r r e la t io n  c o e f 
f i c i e n t  (r) o f  —0 .9 1 .  A f t e r  f ix in g  [Q]F, t h e  c o r r e la t io n  
c o e f f i c i e n t  fo r  t h e  v a n ' t  H o f f  p l o t  im p r o v e d  to  —0 .9 8 .  
T h e  d a t a  w i t h  t h e  c o r r e la t io n  l in e  ( # ,  - - - - - - ) a n d  i t s  c o r 
r e s p o n d i n g  f it  fo r  d a t a  o f  M R E  a g a in s t  t e m p e r a t u r e  
w i t h  f ix e d  [ 0 ] 1 ( ----- ) a r e  s h o w n  in  b )  a n d  a ), r e s p e c t 
i v e l y .  E n e r g ie s  f r o m  fits: m o d e l  w i t h  fr e e  [0 ] F a n d  [0 ] 1
(-------- ), A H  =  1 3 .7  ±  6 .6 ,  A S  =  0 .0 4 5  i  0 .0 2 1 ;  m o d e l  w i t h
f ix e d  [ 0 ] F ( ----- ), A H  =  1 0 .4  ±  1 .4 ,  A S  =  0 .0 3 4  ±  0 .0 0 4 .

phobic residues adjacent to the VPGVG turn  
sequence low ered the m elting tem pera tu re  by up 
to  20 C and  an add itional glycine residue increased 
T m by 6 C. It seem s quite rem arkable that these 
large tem pera tu re  effects could be produced  by 
ad d in g  a single residue (com pare the 8-m ers versus
9-m ers (Figure 6) an d  pep tides L and M, Table 1), 
a lthough  w hen m ultip le add itions w ere m ade the 
effect w as no t necessarily add itive  (com pare p ep 
tides M and N, Table 1). Further, w hen a charged 
residue  w as inserted in the presence of these

Table 1. T h e r m o d y n a m i c  v a l u e s  fo r  th e r m a l  t r a n s i t io n s  
in  e la s t in  p e p t i d e s

Peptide pH Tm ( C)
A Hl , _  F 

(kcal m o l 1)
ASy _  p

(kcal mol 1 K ')

A 7.0 41 11.0 ± 2 .7 0.035 ±  0.0(9
B 9.5 35 14.9 ± 4 .9 0.048 ±  0.016
C 4.0 45 20.0 ±  2.9 0.063 ±  0.0(9
D 9.5 40 13.0 ±  4.8 0.042 ±  0.016
G 9.5 35 13.7 ± 2 .8 0.047 ±  0.0(9
H 9.5 47 14.4 ±  2.3 0.045 ±  0.0(7
I 7.0 20 26.0 ±  10.6 0.089 ±  0.0^6
J 7.0 18 25.3 ±  2.5 0.087 ±  0.0(9
L 7.0 37 18.9 ± 4 .7 0.061 ±  0.015
M 7.0 14 15.9 ±  10.7 0.055 ±  0.0j6
N 7.0 17 12.1 ±  2.4 0.042 ±  0.0(8

Peptides A to H (8 and 9-mers) at their specific pH values 
were chosen because these melting curves had a well-def.ned 
transition (Figure 3a). The longer 18 to 21-mer peptides (I to N) 
were fitted with free endpoints, A H V _  F and ASl, _  F specify
ing only the slope of the pre- and post-transition curves.

additional hydrophobic  residues, the expected 
increase in m elting tem pera tu re  w as not seen 
(com pare pep tides I and  J, Table 1). This suggests 
that the m elting tem pera tu re  for an elastomeric 
sequence flanked by different non-elastom eric resi
dues m ay be found by averag ing  the balance of 
hydrophob ic  and  hydrophilic  residues in the flank
ing regions.

The d ram atic  effect of charged residues on TM is 
illustrated by the behav iour of the shorter peptides. 
A net charge at either the N or C term inus 
increased the m elting tem pera tu re  by as much as 
20 C (com pare pep tides C and H at pH  4 and  9.5, 
Table 1). The therm odynam ic  effect of charged 
g roups a t the term ini is likely to derive from an 
increased stability  of the w ate r shell surrounding 
the peptide.

For the am idated  an d  acety lated  VPGVG pep
tides of different lengths (peptides E and L), trnn- 
sition tem pera tu res varied from  those observed for 
the m uch longer VPGVG polym ers (Luan et cil., 
1990; U rry et al., 1985).

Table 2. M e l t in g  t e m p e r a t u r e s  fo r  t r a n s i t io n s  in  sh o r t  
e la s t i n  p e p t i d e s

Peptide pH 4.0 pH 7.0 pH 9.5

A 35 41 30
B 40 34 35
C 45 37 24
D 39 27 40
E 22 21 20
F 23 34 39
G 33 26 35
H 26 36 47

The MRE for each peptide was followed at one wavelength 
for each pH value and plotted against temperature. Dependent 
on buffer, pH and type of peptide, the wavelength ranged bom 
197 to 202 nm. Values were obtained by fitting data to the 
van't Hoff equation with AC =  0, allowing initially AH, AS 
and endpoints for transition to float. TM was found from the 
relation AH /AS.
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F ig u r e  6 . A v e r a g e  m e l t i n g  t e m p e r a t u r e s  fo r  t h e r m a l  
t r a n s i t i o n s  o f  8  a n d  9 - m e r  e l a s t i n  p e p t i d e s .  T h e  la r g e  
n u m b e r s  r e p r e s e n t  t h e  a v e r a g e  o f  T M v a l u e s  fo r  t h e  8 -  
m e r s  ( p e p t i d e s  A , B, E a n d  F) a n d  9 - m e r s  ( p e p t i d e s  C , 
D , G  a n d  H ) f r o m  T a b le  1 . T h e  l o w  T M v a l u e  is  th e  
a v e r a g e  o f  t h e  l o w e s t  m e l t i n g  t e m p e r a t u r e s  a t  p H  4 .0  o r  
p H  9 .5  fo r  p e p t i d e  A  a n d  F (o r  C  a n d  H  fo r  t h e  9 - m e r )  
a n d  a t  p H  4  a n d  9 .5  fo r  p e p t i d e  E (G  fo r  t h e  9 - m e r ) ,  t h e  
p H  v a l u e  t h a t  g i v e s  a n  u n c h a r g e d  m o l e c u l e .  S im i la r ly ,  
h i g h  T m r e p r e s e n t s  t h e  a v e r a g e  o f  h i g h  T M v a l u e s  fo r  
p e p t i d e  A  a n d  F (C  a n d  H ) ,  a n d  a t  b o t h  p H  4  a n d  
p H  9 .5  fo r  p e p t i d e  B ( D  fo r  t h e  9 - m e r ) ,  t h e  p H  v a l u e  
t h a t  g i v e s  a c h a r g e d  m o l e c u l e .  T h e  s m a l l e r  n u m b e r s  in  
i t a l i c s  r e p r e s e n t  t h e  d i f f e r e n c e  b e t w e e n  a v e r a g e  T M 
v a l u e s .

The effect of SDS on sho rt elastin-sequences su p 
po rts  the hydrophob ic  collapse m odel of stabilis
ation. In this s tudy , low concentrations of SDS (up 
to 25 mM) induced  (1-turn form ation (Figure 7a). if 
SDS is able to b ridge  the tw o  valine residues sp an 
n ing  each side (cis-face) of the PG -turn, it w ould  
d is ru p t their hyd ra tio n  an d  facilitate the closer 
interaction necessary for induction  of a type II 
(3-turn. M odels extracted from an  M D sim ulation 
of longer elastin pep tid es  (W asserm an & Salem m e, 
1990) of a single GVGVPGVG un it in bo th  the 
ex tended and  contracted  sta tes (Figure 8), pred ict 
that the d istance betw een  the tw o valine residues 
in the h igh-tem pera tu re  form  is approx im ate ly  2 A 
shorter than in the low -tem peratu re  form. The lar
ger effect of SDS on the longer pep tides (m ore than  
one VPGVG m onom er) is consistent w ith  the 
shield ing hypothesis. The effects of TFE, stud ied  
on pep tide  L (Figure 7c), are consistent w ith a 
h yd rophob ic  m odel of (3-turn form ation at high 
tem peratu re. The largest effect w as seen below 
35% TFE, w here hyd rophob ic  in teractions w ith in  
the pep tide  are likely to be im portan t. Since the 
total free energy is low er for the T F E /w ate r m ix
ture than for w ater alone, the preferred form  for 
the TFE-m ixture will be w here the valine side- 
chains are closely packed. Bodkin & G oodfellow  
(1996) have d iscussed  this as a general m odel for 
TFE-induced folding of secondary structures. 
A bove 30% TFE, the electrostatic in teractions 
becom e m ore dom inan t, reflected by the m ore 
re luctan t form ation  of type II (3-turn structures.
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F ig u r e  7 . E f fe c t  o f  S D S  a n d  T F E  o n  p e p t i d e s  E a n d  L. 
a ) P e p t id e  E (2 1 8  p M )  a n d  b )  p e p t i d e  L (91 p M )  w e r e
s c a n n e d  in  w a t e r  ( - Q - ) ,  in  2  m M  S D S  ( - - - - - - ), in  2 5  m M
S D S  (- - - - - - - - ), a n d  in  8 7 %  ( v / v )  T F E  ( -  • - )  a t  2 0 .5  C
u s i n g  0 .5  m m  q u a r t z  c u v e t t e s  ( f o u r  s c a n s ;  0 .5  n m  s p a 
c in g ;  o n e  s e c o n d  in t e g r a t io n  t im e ) ,  c )  P e p t i d e  L  
(2 0 .7  p M )  w a s  t e s t e d  a t  d i f f e r e n t  c o n c e n t r a t i o n s  o f  T F E  
a t  1 5 .7  C  in  a  2  m m  c u v e t t e ,  a n d  t h e  v a r ia t io n  o f  m e a n  
r e s id u a l  e l l i p t i c i t y  versus T F E  c o n c e n t r a t io n  a t  1 9 8  n m  
( # ) ,  a t  2 0 6  n m  ( □ )  a n d  a t  2 1 3  n m  ( ■ )  i s  s h o w n .

This s tu d y  has d em onstra ted  that short, elastin- 
like pep tides can undergo  structu ra l transitions 
identical w ith  those that have been observed in 
neu tra l and  m odified  elastom eric polym ers. In
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1 2 . 9 9
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F ig u r e  8 . M o le c u la r  m o d e l s  o f  p e p t i d e  A c - G V G V P G V G - N H 2 in  e x p a n d e d  a n d  c o n t r a c t e d  c o n f o r m a t i o n s .  D ih e d r a l  
a n g l e s  fo r  t h e  e x p a n d e d  a n d  c o n t r a c t e d  fo r m  o f  t h e  p e p t i d e  in  th is  s t u d y  w e r e  e x t r a c t e d  fr o m  t h e  a v e r a g e  cj> a n d  v|/ 
a n g l e s  in  a p u b l i s h e d  m o le c u la r  d y n a m i c s  s i m u la t io n  o f  ( V P G V G )  , 8 in  r e la x e d  a n d  s t r e t c h e d  f o r m s .  A t  t h e  le f t  is  
s h o w n  t h e  lo w - t e m p e r a t u r e  e x p a n d e d  fo r m  a n d  a t  th e  r ig h t  th e  h ig h - t e m p e r a t u r e  c o n t r a c t e d  f o r m . T h e  d i s t a n c e s  
b e t w e e n  t h e  v a l i n e  0 5 a t o m s  a n d  t h e  N  a n d  C  t e r m in i  a r e  s h o w n .

elastin polym ers, (VPGVG)„, the identical penta- 
m er sequences all contribu te  to form a (3-spiral 
w ith  type II tu rn s  (Pro2-Gly3 w ith a Val' C = 0  
• • • H - N  Val4 hydrogen  bond). Intram olecular 
hyd rophob ic  contacts are though t to drive the tran
sition w ith in  this spiral (Urry, 1988a). However, 
the only stabilising hydrogen  bonds reside w ithin 
each of the m onom ers, VPGVG. Even so, it is 
p lausib le that form ation of the spiral is a coopera
tive transition, d riven  by hydrophobic collapse and 
stabilised by in tra-pen tam er H-bonds. We find no 
evidence for such a cooperative effect. The A H  and 
A S  values for an  8-m er (one VPGVG unit) and an 
18-mer (three VPGVG units) are the same, indicat
ing that a "cooperative u n it"  does not exceed one 
repeat. The contribu tion  of configurational entropy 
to the total en tropy  on  going from an 8-mer to an 
18-mer can be show n to be m inim al; the difference 
in conform ational en tropy , A S conf, betw een the 
num ber of states for the relaxed (764) and  extended 
(58) conform ations of a single VPGVG peptide has 
been calculated to be 1.024 cal m o P 1 K-1 per resi
du e  (one entropic unit per residue). The increased 
conform ational en tropy  change betw een an 8-mer 
an d  an 18-mer w ould  then be just 0.010 kcal m ol-1 
K-1, assum ing  that the en tropy  derives from 
internal chain dynam ics w ithou t random  chain net
w orks (Urry, 1988a). This show s that A S  through 
the transition  (Table 1) cannot be balanced by such 
sm all increases in AScc,nf as the chain length 
increases.

These results lead to the in triguing possibility of 
engineering  short, elastin-like pep tide  sequences 
in to  g lobular proteins. The presence of an elastic 
sw itch w ith in  a structu rally  sensitive region of a 
protein  w ould  enable the triggering of an "allo- 
steric" response to tem pera tu re  or pH  (Noguti & 
Go, 1989a,b). Is this energetically feasible? The 
free-energy change for the transition of the

VPGV G -containing 8-m er (peptide B, pH  9.5) from  
0° to 60 C w as —2.9 kcal m o l-1, m ore than enough  
energy to fuel such a change.

W here such elastom eric sequences are in tro 
duced into enzym es or b ind ing  pro teins, this will 
offer a novel m ethod for m odu la ting  their activi
ties, therm ostabilities or labilities. U ltim ately , such 
sequences will undoub ted ly  find use in the de novo 
design of proteins.

Materials and Methods

M aterials

R e a g e n t - g r a d e  F m o c  a m i n o  a c i d s  a n d  F m o c - P E G - P S  
r e s in s  ( P e r s e p t i v e  B io s y s t e m s )  w e r e  u s e d  fo r  p e p t i d e  
s y n t h e s i s .  A c e t i c  a n h y d r i d e  a n d  m e t h a n o l  w e r e  o f  p e p -  
t i d e - s y n t h e s i s  g r a d e  (P e r k in  E lm e r ) .

P ep tid e  s y n t h e s i s  a n d  p u r ifica tio n

P e p t i d e s  w e r e  s y n t h e s i s e d  o n  F m o c - P A L - P E G - P S  r e s in  
( a m id a t e d  C - t e r m in a l  p e p t i d e )  o r  F m o c - G ly - P E G - P S  
r e s in  ( f r e e  C  t e r m in u s )  u s i n g  a  M i l l i G e n / B i o s e a r c h  9 0 5 0  
P e p S y n t h e s i z e r  ( M i l l ip o r e )  w i t h  s o l i d - p h a s e  F m o c  c h e m 
is tr y  u s i n g  H O B T - a c t iv a t io n  o n  a n  0 .1  m m o l  s c a le .  T h e  
c r u d e  p e p t i d e s  f r o m  t h e  T F A - c l e a v a g e  w e r e  a n a l y s e d  o n  
a n  a n a ly t i c a l  H P L C  (L K B ) u s i n g  a g r a d i e n t  o f  4 .5  t o  5 4 %  
( v / v )  a c e t o n i t r i l e  in  0 .1 %  ( v / v )  T F A  o v e r  9 1  m i n u t e s  a t  
+ 2 0  C  o n  a C l8 c o l u m n  ( V y d a c ;  2 5 0  m m  x  5  m m ;  1 0  p m  
p o r e  s i z e ) .  P e p t i d e s  A  t o  O  w e r e  d e t e c t e d  a t  2 1 4  n m  a n d  
e lu t e d  (0 .7  m l m in  ') , r e s p e c t i v e l y ,  w i t h  A  t o  H  1 8  t o  
2 0 .5 %  a c e t o n i t r i l e ,  a n d  I t o  O  2 9  to  3 6 %  a c e t o n i t r i l e .  
L a r g e - s c a le  p u r i f i c a t io n  u s i n g  H P L C  ( W a t e r s )  a t  2 0  C  
w a s  p e r f o r m e d  u s i n g  a s h a l l o w e r  g r a d i e n t  e lu t io n ;  fo r  
p e p t i d e s  A  t o  H  a g r a d ie n t  o f  1 3 .5 %  to  2 2 .5 %  a c e t o n i t r i l e  
in  0 .1 %  T F A  o v e r  9 0  m i n u t e s  w a s  a p p l i e d .  P e p t i d e s  w e r e  
c h r o m a t o g r a p h e d  a t  10  m l m in  1 f r o m  a  p r e p a r a t iv e  
2 4 0  m m  x  2 4  m m  V y d a c  C , 8 c o l u m n  (1 0  p m  p o r e  s i z e )  
w i t h  d e t e c t i o n  a t  2 1 4  n m  a n d  t h e n  f r e e z e - d r ie d .  T h e  p u r 
if ie d  p e p t i d e s  w e r e  d i s s o l v e d  in  5 0 %  ( v / v )  a q u e o u s
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methanol with 1.0 % (v/v) acetic acid at a concentration 
of 10 ng gl-1 and analysed by ESP/MS (VG Autospec 
with VG Analytical Electrospray). The expected molecu
lar mass was obtained for all 15 peptides synthesised. 
Quantitative amino acid analysis was carried out. 
Samples were hydrolysed in 6 M HC1 at 110°C for 24 
hours under N2 gas and then freeze-dried, dissolved in 
citrate buffer (pH 2.2), and analysed on a Pharmacia 
AlphaPlus II amino acid analyser. All peptides had the 
expected composition (data not shown).

Circular dichroism studies

CD spectra were recorded on a Jobin-Yvon Model 
CD6 Dichrograph instrument. Temperature CD scans 
were performed by cooling the samples to +1°C and 
then stepwise increasing temperature from +1 up to 
+85° C, allowing samples to equilibrate at each tempera
ture for five minutes. The cuvette temperature was 
measured with a Fluke 51 K/J digital thermometer. The 
scans were collected using a spectral acquisition spacing 
of 0.5 or 1.0 nm (with 2.0 nm bandwidth) with an inte
gration time of one second from 190 up to 260 nm. Scans 
were processed on a computer and the average of 4 to 15 
runs were smoothed using the Sabitzky-Golay algorithm 
in the Dichrograph Software version 1.1 (Jobin-Yvon/ 
Instruments SA). Stock peptide concentrations were 
determined by quantitative amino acid analysis. Data 
points at each wavelength were converted from peptide 
molar ellipticity to mean residual ellipticity ([0], deg cm2 
dmol-1) by dividing by the number of residues in the 
peptide. A single wavelength from the wavelength scans 
(190 to 240/260 nm) was graphed versus different tem
peratures.

Thermodynamic analysis

The free energy of the transition into the folded form 
at higher temperatures was fitted to a macroscopic, 
reversible, two-state model (equation (1)) using the 
observed CD data, [0]obs and temperature, T:

AGu_ f =  -RTln[([0]obs -  [0]U)/([0]F -  [0]obs)] (1)

The endpoints for the transition (high-temperature 
folded form, [0]F, and low-temperature unfolded form 
[0]u) together with AH and AS, were initially fitted 
using equations (2) and (3), or (2) and (4) for the 18 to 
28-mer peptides. Equation (4) takes into account the 
slope effect (m) and off-axis adjustment (off) for tran
sitions that have a slope in the pre- and postfolding 
base-lines:

AGû f = AHû f — TASu->f (2)

[Qjohs =  ([0]U + [0]f x exp —(AGu^f/RT ))/

(1 +  exp —(AGu^ f/RT)) (3)

[0]obs =  ([0]u +  [0]F x exp -(A G u^ f/RT))/

(1 +  exp —(AGu_f /RT)) +  m T  +  off (4)

The data were further analysed using Grafit software 
(Leatherbarrow, 1989), and van't Hoff plots were 
constructed (plot of IniC versus 1/T  where 
K =  ([0]obs — [0] )/([0]F — [0]obs) utilising the data from 
CD, [0]obs, and the previously fitted endpoints for tran

sition [0]u and [0]F. In some cases where the initial free 
fit gave a lower linear correlation coefficient (r < —0.90 to 
—0.93) for the van't Hoff plot, the data were refitted 
using the initial fitted values for endpoints and starting 
points and fixing either [0]u or [0]F, or both [0]u and [0] . 
This resulted in correlation coefficients closer to — 1. 
A new fit of AH and AS was found from equations (2) 
to (4) by fixing [0]u and [0]F from the best vant't Hoff 
plot. The transition temperature, TM, for all peptides was 
calculated using the relation TM =  A H / AS.
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ab stract: A  two-helix version o f the triple a-helical staphylococcal Protein A, previously shown to 
retain the Fc binding properties of protein A, has been engineered to contain an elastin sequence, GVPGVG, 
within the inter-helix turn. The original type I /3-tum was replaced with a /3-tum from the m uscle protein 
elastin, which has an inverse temperature-induced folding transition. These “elastin mutants” had lost 
their helical structure, as measured by circular dichroism (CD), and exhibited a lower stability than the 
wild-type domains (Tm reduced by about 48 °C) in 30% trifluoroethanol. For the wild-type domains, the 
amount o f a-helix  and the binding affinity for Fc decreased as the temperature was increased. In contrast, 
although the starting affinity was lower for the disulfide elastin-tum mutant, it exhibited a 21-fold 
improvement in affinity over the same temperature range. The melting curve for the elastin-tum minidomain 
showed cooperative behavior, as measured by the increase in CD-amplitude at 222 nm. The observed CD 
behavior is consistent with the formation o f a type I /3-tum, exhibiting similar A H  and AS  values to those 
seen previously for short elastin peptides [Reiersen, H., Clarke, A. R., and Rees, A. R. (1998) J. Mol. 
Biol. 283, 255—264], and accounting for the increase in on-rate. This demonstrates that, when inserted 
into a stable globular protein, short elastin sequences have the ability to modify local structure and activity, 
by operating as temperature modulated switches.

One1 of the applications of protein engineering is the 
development of novel switch-mechanisms that can regulate 
and control protein folding and function. There are several 
naturally occurring mechanisms whereby the activity of a 
protein can be regulated by conformational change. For 
example, it may be allosterically modified by binding of a 
ligand, or as a direct consequence of rearrangements in 
structure due to covalent modification (e.g., phosphorylation), 
or as a result of changes in physical or chemical parameters, 
such as temperature, pH, or degree of hydration {1—3). The 
hydration or dehydration of hydrophobic surfaces is a 
particularly novel mechanism employed to drive conforma
tional changes in elastomeric proteins (4—6).

In the classical hydrophobic model, water molecules asso
ciated with hydrophobic interfaces are structurally ordered 
and transitions involving hydrophobic hydrated surfaces 
involve the loss of bound water, or melting of clathrate-like 
water structures near hydrophobic groups. During protein 
folding, the loss of water results in an increase in entropy of 
bulk water accompanied by an increase in protein hydro- 
phobic interactions, providing the driving force for protein 
function, assembly, stability, and folding (6—10). Contrary

* Corresponding author. Telephone: +33 466 048666. Fax: +33 
466 048667. E-mail:arrees@corapuserve.com.

+ This work was supported by grants from The Research Council of 
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1 Abbreviations: CD, circular dichroism; DMF (A^V-dimethylfor- 
mamide); EDC, A-ethyl-AT- [(dimethylarnino)propyl] carbodiimide; HBS, 
Hepes buffered saline; HSA, human serum albumin; MRE, [0]M , mean 
residual ellipticity; NHS, A-Hydroxysuccinimide; P20, Polysorbate 20; 
RU, resonance units; SDS, sodium dodecyl sulfate; TM, transition 
temperature midpoint; TFA, trifluoroacetic acid; TFE, trifluoroethanol.

to the behavior of many globular proteins, the elastic muscle 
protein, elastin, undergoes an inverse temperature transition 
during hydrophobic dehydration. Polymers derived from 
elastin and containing repeating (VPGVG)„ sequences (n > 
150) are completely soluble in water below their transition 
temperatures (~25  °C) but contract in length by more than 
50% with increasing temperature. The free energy released 
during this transition is sufficient for an elastin fiber to lift 
more than 1000 times its own mass. The transition involves 
loss of hydrated water from exposed valine side chains at 
the higher temperatures, inducing val—val interactions that 
energize the formation of an ordered /3-spiral with three 
VPGVG units per turn of the spiral, each VPGVG forming 
a type II /3-tum (4—6, 11).

Formation of the type II /3-tum has been verified by 
different physical and spectroscopic studies, although the 
presence of other types of /3-tums has also been reported 
(4—6, 12—13). The behavior of the elastin polymers can be 
regulated by covalent modification, such as phosphorylation, 
electrochemical reduction of prosthetic groups attached to 
the polymer, or by the replacement of residues in the 
sequence by residue types sensitive to pressure, temperature, 
or pH. Recently, we showed that the behavior of the 
polymeric elastin can be mimicked by small peptides of 
8—28 residues containing the VPGVG sequence in single 
or multiple copies. This has opened up the possibility of using 
such sequences in a protein engineering context as molecular 
“switches” (11).

We describe in this paper the first attempt to introduce a 
temperature switch into a globular protein using the elastin
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fragment approach. The target protein was a biologically 
active fragment of protein A, a multidomain protein from 
Staphylococcus aureus that binds to the Fc region of IgG. 
Protein A is found on the cell surface of the bacteria and 
contains a tandem repeat of five different but homologous 
binding domains, each of approximately 60 residues in a 
three-helix bundle and designated E, D, A, B, and C (14). A 
synthetic version of the B-domain, the Z-domain, has been 
constructed for high-level protein expression (15) and, 
recently, has been minimized to two helices (33 residues) 
connected by a type I /3-tum. This 2-helix fragment largely 
retains the binding affinity of the parent B-domain toward 
the Fc-portion of IgG (16—17).

In this study, we have replaced the type I /3-tum of this 
minidomain with an elastin /3-tum and have shown that the 
elastin sequence acts as a temperature switch. The minido
main with the elastin-tum binds the Fc of mouse IgG2a with 
an improved affinity at higher temperatures. At the same 
temperatures, the wild-type minidomain undergoes the ex
pected decrease in affinity as it unfolds. This demonstrates 
that short elastin sequences when inserted into globular pro
teins have the ability to induce structure at higher temper
atures, opening up the possibility of a general method for 
introducing controlled temperature regulation of protein 
function.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. The synthesis was carried out by Synt: 
em (Nimes, France) on an Automated Multiple Peptide 
Synthesis instrument (AMS 422, ABIMED) using a Fmoc 
solid support protocol (poly(ethylene glycol) grafted poly
styrene support). The Fmoc amino acids were activated in 
situ by diisopropylcarbodiimide and 1-hydroxybenzotriazole 
in DMF with a standard 4-fold excess. An acetylation step 
was carried out after each amino acid incorporation to cap 
possible remaining amine groups and to ensure the absence 
of deletion peptides. The Fmoc protecting groups were 
removed by a solution of piperidine in DMF (20%) prior to 
each coupling, and after synthesis the peptide was cleaved 
from the support by a standard TFA cocktail, ether- 
precipitated, and purified on a Waters Prep LC 4000 System 
using Waters PrepPak Cartridge column C l8, 6 pM , 60 A 
(40 x 100 mm) and a gradient from A (0.1 % TFA in water) 
to 60% B (0.08% v/ TFA in acetonitrile) in 60 min (flow 20 
mL/min). Peptides were detected at 215 and 280 nm. The 
purity was confirmed using a Beckman LC126 HPLC 
system, with a Kromasil column C l8, 5 pm , 100 A (250 x  
4.6 mm) applying a gradient from 95% A to 100% B in 15 
min (flow 3.0 mL/min). The purity was further evaluated 
by mass spectroscopy analysis using a Maldi-tof spectrometer 
(Voyager DE Elite, PE Applied Biosystems) with dihydroxy- 
benzoic acid as matrix.

Circular Dichroism Studies. The secondary structure of 
the minidomain constructs was analyzed by recording CD 
spectra on Jobin-Yvon Model CD6 Dichrograph Instrument 
(Instruments S. A. UK Ltd., Stanmore, UK). The instrument 
was iso-andosterone calibrated according to the manufactur
ers instructions, and it was temperature-controlled and N2 

purged during analysis. The minidomains were dissolved in 
sterile filtered (0.22 pm ) solutions prior to analysis. Spectra 
were recorded from 190 to 260 nm with a step resolution of

0.5 nm (2.0 nm bandwidth), using an integration time of 1—5 
s. The average of up to 4 runs were smoothed using the 
Sabitzky—Golay algorithm in the Dichrograph Software 
version 1.1 (Jobin-Yvon/Instruments S. A., France). Tem
perature CD scans were performed by a stepwise increase 
in temperature, from +1 °C and up, using a five minute 
equilibration time. The melting of the minidomains was 
monitored by integrating the molar ellipticity at 222 and 260 
nm at each temperature for 10 s. The average of 3—6 
measurements at each wavelength was used. The peptide 
stock concentrations (in deionized water) were determined 
by quantitative amino acid analysis. Data points at each 
wavelength were expressed as mean residual ellipticity ([0], 
degree cm2/dmol) by dividing the measured molar ellipticity 
by the number of residues in the minidomain.

Thermodynamic Analysis o f CD-Data. The free energy for 
melting or folding of structure at 222 nm was fitted to a 
macroscopic, reversible, two-state model using the observed 
CD-data, [0]222 and temperature, T. For folding (U—F) or 
melting (F—’U) of structure, respectively, eqs 1 and 2 were 
used.

AGu_f  =  ~ R T  ln[([0]222 -  [0]U)/([0]F -  [0]222)1 (1)

AGr_ u =  - R T  ln[([0]222 -  [0]F)/([0]U -  [0J222)] (2)

The pre- and post-transitional slopes for melting in TFE, 
respectively, mF and mU in eqs 3 and 4 below, used the 
data from WtSS and MutSS minidomains. For folding (U—F) 
in buffer, the respective slopes were similarly taken from 
WtOpenl and WtOpen3 minidomains.

[0]F =  mF x  T + o f f l  (3)

[0]u =  mU x  T + o f f2  (4)

The offset values offl and off2, together with AH  and AS, 
were fitted for the melting curves of the minidomains. Where 
a mutant exhibited a less well-defined transition startpoint, 
datapoints were extrapolated based on the pre-transitional 
region of the wild-type minidomain in the same solvent. The 
heat capacity was set to zero since all minidomains were of 
relatively low molecular weight (~4000Da) [77, 18, and 
references herein]. By replacing [0]u with [0]F, and vice 
versa, in eqs 1 and 2, and 5 and 6, the thermodynamic values 
for the inverse transition, AGu—f, were found.

AGp_ u == A//p_jj 7ASf_u (5)

[0]222 =  ([0]F +  [0]u x  exp —(A G P_ u//?r))/(l +
exp - ( A G f̂ v/RT)) (6)

The data were fitted to either eq 1 or 2, together with eqs 
3—6, using the least-squares method in the Grafit software 
(79).

Surface Plasmon Resonance Spectroscopy. Interaction 
kinetics of the minidomains (analytes) with immobilized Fc 
(ligand) was monitored by surface plasmon resonance 
spectroscopy using either BIAcoreX or BIAcore2000 (Bio
sensor, Sweden). The BIAcore 2000 was used for analyses 
of WtSS and MutSS minidomains over the temperature range 
+ 5° to +37 °C. Purified Fc prepared from the IgG2a mouse
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monoclonal antibody 561 (antiCD34), a gift from Dynal A/S 
(Norw7ay), and human serum albumin (HSA, Novo Nordisk, 
Dennuark) were immobilized on a research grade CM-5 
carbox^ymethylated sensor chip in 10 mM sodium acetate 
buffer pH 4.5 using the amine coupling kit with N-ethyl- 
N'- [(diimethylamino)propyl] carbodiimide (EDC) and N- 
Hydroixysuccinimide (NHS) provided by the manufacturer. 
The Fee of the mAb 561 (10 pL  of 5 /*g/mL) and HSA (10 
/iL  off 10 fig/mL) were immobilized at +25 °C in the 
BIAcoDre2000 with a flow rate of 10 /E  Hepes buffered saline 
(HBS;; 10 mM Hepes pH 7.4, 150 mM NaCl, 3.4 mM EDTA) 
contaiining 0.005% (v/v) surfactant per minute. This gave 
3100 £and 3400 Ru’s respectively after blocking with IM 
ethanoolamine pH 8.5 and regeneration using 5 piL 10 mM 
glycime*HCl buffer pH 2.4. Interaction analyses were per- 
formecd with a flow rate of 30 ^L/min in HBS/P20 (running 
buffer;). Each minidomain (100 fiL) was injected, using the 
KINJECT command, over a range of concentrations — 
betweeen 4 and 10 different concentrations, depending on the 
experiiment. The binding of the minidomains to Fc-561 was 
corrected by subtracting the RU’s at the HSA portion of the 
chip (cdue to bulk-effects). The surface was regenerated prior 
to eaclh injection with glycine*HCl pH 2.4. The data for the 
association constant was sampled by diluting each minido
main iin running buffer to obtain several low concentrations, 
and tlhe dissociation constant was determined from the 
highesst concentration to minimize rebinding.

Evcaluation o f BIAcore Data. The Lm and fcoff values were 
fitted by evaluating the sensorgram data using the BIAe- 
valuattion 2.1 software (Pharmacia Biosensor). By nonlinear 
fittings of two exponentials, the two-component association 
phase: for the model: 2 Minidomains +  Fc561 +  Fc561* — 
Minidlomain—Fc561 +  Minidomain—Fc561* (Fc561 and 
Fc561l* are two independent epitopes on Fc561), was found 
from teq 7,

m  =  RA( \ -  e x p (-fa A0 ) +  Rb( 1 -  exp(~ ksEt)) (7)

where? R is the response at time, t, and Ra and RB are steady- 
state rresponse levels for the two events. To determine the 
on-rattes, the fitted values for ksA and ksB were plotted against 
minidlomain concentration C. By using the relations ksA =  
ôhaC" +  koffA and ksB =  ko^C +  fcofm, the /:on-rates for the 

paralliel associations were found from the slope of a linear 
fit of lksA or ksb against C. The kon - rate, which had its largest 
value,, i.e., the fastest rate-constant (fconA extracted from ksA), 
was msed for further calculation. The off-rates were deter
mined! for the two component interaction (parallel dissocia
tion oif two complexes) from the following:

R =  Rd exp(—&offA0  +  Re cxp(~ kofmt) (8)

Rd amd Re are the contributions of each component to the 
total rresponse at the start of dissociation. However, only the 
fitted i koffA and fcoffB were further used by specifying the start 
of disssociation at t  =  to. Again, the k ^  -  rate, which had its 
largesst value, i.e., the fastest off-rate (fcoffA), was used for 
further calculation. The dissociation constants were deter
mined! from the relation KB =  L>fl/£on- The relative differences 
in free energy of binding, AAG, between the different 
minidlomains over the temperature ranges examined were 
calcullated from:
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AAG =  +R TX In [Annuitant minidomain) at T/KD
(wild-type minidomain) at 7] (9)

where R is the molar gas constant, T is the temperature (in 
Kelvin) and the Kq values are those based on the fast on- 
and off-rates.

RESULTS

The engineering of the small binding protein selected for 
this study, so that it was capable of being reversibly 
modulated by temperature changes, used an inter-helix turn 
replacement strategy in which the wild-type turn was 
replaced by the elastin sequence, GVGVPGVG (11). The 
minidomain derived from the B-domain of Protein A (16) 
was the model protein used (Figure 1, WtOpen). This 
minidomain is 33 residues long, is amenable to peptide 
synthesis, and binds the Fc region of IgG. We replaced the 
wild-type /1-tum HDPNLN with the elastin sequence 
GVPGVG. We omitted the GV portion at the N-terminal 
start of the turn because it was flanked by the similar 
dipeptide AL (ALHDPNLN). However, we were concerned 
that the charge from the EE residues at the C-terminal end 
of the turn (HDPNLN££) would elevate the transition 
temperature of the elastin sequence beyond 37 °C (11) and 
so we replaced EE with QQ in one construct (Figure 1, 
MutOpenl and MutOpen3). Minidomains with a disulfide 
bond were also synthesized (Figure 1, WtSS and MutSS), 
since the wild-type S—S minidomain has been shown to be 
more thermostable and exhibit better Fc-binding than the 
open form (17). The minidomain purities and molecular 
masses (Syntem, France; see Experimental Section) were 
respectively: WtOpen (95%, 4122.0 Da), MutOpenl (95%, 
3879.3 Da), MutOpen2 (98%, 3879.7 Da), MutOpen3 (95%, 
3881.5 Da), WtSS (97%, 4181.8 Da), and finally MutSS 
(96%, 3956.3 Da).

Structural Characterization o f Minidomains by Circular 
Dichroism. The minidomains were scanned by far-UV 
circular dichroism in phosphate buffer at a low temperature 
in order to study the effect of mutations in the tum-region 
(Figure 2). Only the wild-type minidomains (WtOpen and 
WtSS, Figure 1) had characteristic a-helical CD-spectra with 
minima around 208 and 222 nm and a maximum around 
190 nm. The relatively low-CD-amplitude (MRE around 
— 10 000 deg cm2 dmol-1) for WtOpen indicated that this 
existed only as a partially folded a-helical structure (20, and 
references herein). However, the WtSS minidomain had a 
higher helical content—probably due to the additional 
stabilization introduced by the S—S bridge. More surprising 
was the observation that all mutants with the elastin /1-tum 
were largely unstructured at the low temperature, although 
MutOpen2 with a protected C-terminus, had a higher helix 
content in phosphate buffer (measured at 222 nm) than the 
other mutants.

The effect of TFE, known to have a stabilizing effect on 
a-helices (21—22), was tested on all minidomains. It was 
observed that TFE stabilized or induced a-helix structure in 
all minidomains, illustrated for WtSS and MutSS in Figure 
3. By increasing the concentration of TFE in phosphate 
buffer, a CD-transition from random coil to an a-helical 
spectrum was seen for MutSS, with a near isodichroic point 
around 204 nm (Figure 3B). Similar spectra were obtained
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WtOpen NH-F*NMOQQRRFYF.ALH1'iDPNI,NEE2i,ORNAK1K.S[RDD'1,i-COO

MutOpenl NtU-F*NMQ00RRFYEALG|,,VPGVGOO2<'ORNAKIK.SIRDDM-COO

Mut()pen2 NH:-F*NMOQORRFYEALĜ YPGVGEÊ QRNAKIKSIRDD'8CONH:

MutOpen3 NFl: N̂MQQQRRFYEALĜ VPGVGEÊ QRNAKIKSIRDD'*-COO

WtSS NH,-F6NMOCORRFY1:ALHi‘>1)PNLNEE2,,ORNAK1KSIRDDC1'i COO

MutSS NtU-F*N.MOCORRFYEALG",VPGVGOQ2,,ORNAKIKSlRDDC:,1,-COO

F i g u r e  1: S e q u e n c e s  o f  sh o r i I g G -b in d in g  m in id o m a in s  d e r iv e d  
fro m  P ro te in  A . T h e  m in im iz e d  I g G -b in d in g  B -d o m a in  o f  p ro te in  
A  (7 6 )  w a s  s y n th e s iz e d  (W tO p e n ) , an d  th e  tu m -r e g io n  m u ta n ts  
(r e s id u e s  1 9 —2 6 )  b a se d  o n  th e  e la s t in  s e q u e n c e  G V P G V G  are a lso  
s h o w n  (M u tO p e n  1 —3 ). M in id o m a in s  w ith  d isu lfu r  b o n d  (7 7 )  w ere  
a ls o  sy n th e s iz e d . B o th  th e w ild - ty p e  m in id o m a in , W tS S , an d  its  
m u ta n t m in id o m a in , M u tS S , h a v e  an S - S  b o n d  b e tw e e n  C y s lO  
an d  C y s 3 9 .
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F i g u r e  2: C ir c u la r  D ic h r o ic  w a v e le n g th  s c a n s  o f  m in id o m a in s  in  
p h o sp h a te  b u ffe r  p H  7 .0  or  in  d e io n iz e d  w a ter . T h e  m in id o m a in s  
w e r e  sc a n n e d  o n c e  in  10  m M  b u ffe r  at + 6 . 4  °C  u s in g  a  0 .2  cm  
s to p p e r e d  c u v e t te  w ith  5 s in te g r a tio n  t im e  (0 .5  n m  step s; s lit:  2 .0  
n m ). W tS S  an d  M u tS S  w e r e  sc a n n e d  in  d e io n iz e d  w a ter . T h e  
d if fe r e n t  sp e c tr a  w ith  th e ir  r e s p e c t iv e  m in id o m a in  c o n c e n tr a t io n s  
are r e s p e c t iv e ly :  W tO p e n  (1 ; 2 1 .4  ^ M ) ,  M u tO p e n l (2; 2 6 .9  ,« M ), 
M u tO p e n 2  (3; 2 9 .7  /r M ), M u tO p e n 3  (4; 2 1 .1  /<M ), W tS S  (5 ;  2 4 .3  
/ /M )  a n d  M u tS S  (6 ; 2 5 .1  ,a M ).

for M utO penl—3 (not shown). This demonstrated that all 
mutants possessed an a-helix propensity, even though they 
were largely unordered in phosphate buffer. The CD-spectra 
of the wild-type minidomains in phosphate buffer reflected 
a greater a-helical content with increasing concentrations 
of TFE (Figure 3A and 3C). At about 20% (v/v) TFE, the 
transition seemed to be complete, while for the mutant 
minidomains the maximum effect of TFE was seen at 30%. 
However, when the concentration of TFE was increased 
above 20% for wild-type minidomains (WtOpen and WtSS), 
the CD-signal at 222 nm was diminished. The sigmoid 
profiles of the CD-curves, with an inflection point at about 
20% TFE, suggests that cooperative interactions are involved
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F i g u r e  3: T h e  c o n c e n tr a t io n  e f f e c t  o f  T r if lu o r o e th a n o l (T F E ) on  
th e  m in id o m a in s . T h e  e f f e c t  o f  in c r e a s in g  c o n c e n tr a t io n s  o f  T F E  
in  p h o sp h a te  b u ffe r  o n  W tS S  (a )  an d  M u tS S  6  (b ) is  s h o w n . T h e  
n u m b e r s  r e p r e se n t  in c r e a s in g  c o n c e n tr a t io n s  o f  T F E : 1, 0%  T F E ;  
2 , 9%  T F E ; 3 , 18%  T F E ; 4 ,  27%  T F E ; 5 , 9 5 %  T F E . T h e  
m in id o m a in s  w e r e  s c a n n e d  o n c e  at + 6 . 4  °C  an d  th e  e x p e r im e n ta l  
c o n d it io n s  a n d  m in id o m a in  c o n c e n tr a t io n s  w e r e  th e  sa m e  as  
d e s c r ib e d  in  F ig u r e  2 . T h e  e f f e c t  o n  th e  m e a n  r e s id u a l e l l ip t ic ity  at 
2 2 2  n m  fo r  W tO p e n  ( • ) ,  M u tO p e n l ( □ ) ,  M u tO p e n 2  ( ■ ) ,  M u tO p en 3  
(A ) ,  W tS S  (O ) ,  a n d  M u tS S  ( a )  is  i l lu s tr a te d  in  p a n e l c .

in this transition. At 50% TFE, the helix content of the 
minidomains was in the order: WtSS > WtOpen > MutSS 
> MutOpen2 =  MutOpen3 > M utOpenl.

For all minidomains the temperature-dependent CD scans 
in TFE were 95—100% reversible after cooling (not shown, 
but see ref 17). The observed near isodichroic point at 204 
nm also indicated that the melting of the a-helices in TFE
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F ig u r e s  4 : The temperature effect on minidomains in 30% 
trifluorroethanol (TFE). The melting of the minidomains was 
followeed at 222 nm using the average of three independent scans 
with am integration time of 5 s (in 0.2 cm cuvette, slit: 2.0), and 
the temiperature effect on minidomains in 30% (v/v) TFE are shown. 
Respectively, WtOpen (O), MutOpenl ( • ) ,  MutOpen2 (□), 
MutOp5en3 (■), WtSS ( a ) ,  and MutSS (▲). The data were fitted to 
a two-sstate transition with slopes (see methods). WtSS and MutSS 
were flitted with fixed pre and posttransitional slopes.

Table 11: Thermodynamic Values for Melting of Minidomains in 
30% (w/v) Trifluoroethanol0
minidcomain Tm (°C ) AH  (kcal mol ') AS (kcal mol 1 K  !)

WtOppen 58 15.4 ±  1.0 0.046 ±  0.003
MutCDpenl 10 12.0 ±  0.7 0.042 ±  0.003
MutO)pen2 33 7.4 ±  0.4 0.024 ±  0.001
MutO)pen3 16 12.9 ±  1.4 0.045 ±  0.005
WtSSl 75 23.9 ±  1.0 0.069 ±  0.003
MutSJS 26 12.8 ±  0.6 0.043 ±  0.002

a Thte mean residual ellipticity was followed at 222 nm for each 
minidoimain and then fitted to a reversible van’t Hoff equation with 
ACp ~  O allowing AH  and AS to float. The pre- and posttransitional 
slopes were fixed at the same values for all minidomains, and the 
pretranssitional region for the mutants (MutOpenl-3 and MutSS) was 
extrapoolated, based on the observed data for their respective wild-type 
minidoimains, WtOpen and WtSS.

for thee minidomains followed a two-state reversible a-helix- 
coil trransition (Figure 3B). To quantify the effect of the 
mutatiions in the turn region, a-helix structure was first 
induceed in all minidomains using TFE (30%) and their 
meltimg was then followed at 222 nm (Figure 4).

Furtther analysis of the melting curves was performed by 
fitting; the data to a reversible van’t Hoff two-state transition. 
Table 1 displays the thermodynamic data for the different 
minidtomains in 30% TFE. Compared to WtOpen the 7m was 
lowereed by 25 °C and 42 °C for MutOpen2 and MutOpen3, 
respectively and by 48 °C for MutOpenl. The wild-type 
disulfiide-stabilized minidomain WtSS was 49 °C more stable 
than itts mutant partner, MutSS. The difference in stability

between WtOpen and MutOpenl and between WtSS and 
MutSS shows that the GVPGVG-tum lowers the stability 
of the helices irrespective of the presence o f a disulfide bond, 
notwithstanding the fact that the disulfide bonded minido
mains were already 16—17 °C more stable than the open 
forms. The stability difference between the open form and 
S —S stabilized wild-type minidomains in Tris buffer has 
previously been reported as 40 °C (77), and for S—S 
stabilized laminin helices it was around 18 °C (25). These 
results confirmed that MutOpenl was the least, while WtSS 
was the most thermostable.

There were no large differences in AH  or AS values 
observed for the open form mutants and the corresponding 
S—S constructs, indicating that the thermodynamic effect of 
TFE was the same for both forms (both minidomains were 
initially melted in 0% TFE). Interestingly, WtSS had larger 
values for AS and AH  in TEE relative to WtOpen reflecting 
the influence of a stabilizing S—S bond on the energetics of 
a helix-stabilizing trifluorethanol system.

For WtOpen and WtSS minidomains, the CD-amplitude 
decreased with increasing temperature in HBS as shown for 
WtSS in Figure 5A. The same behavior was seen in TEE, 
phosphate buffer, micellar SDS, and sodium sulfate at higher 
temperatures (not shown). However, in contrast to the wild- 
type behavior, the melting curves for the mutants in HBS, 
phosphate buffer or water had an increased CD-amplitude 
at 210—260 nm with increasing temperature and a near 
isodichroic point at 210 nm, as shown for MutSS in Figure 
5B. All transitions were 90—100% reversible as is illustrated 
in Figure 5. A, B, and C. The MRE at 222 nm was followed 
for MutOpenl—3, MutSS and WtSS in 10 mM phosphate 
buffer, and HBS with increasing temperature, and the melting 
curves for WtSS and MutSS in HBS are shown in Figure 
5C. Their sigmoid profiles are consistent with the occurrence 
of a cooperative transition. The data were fitted to a two- 
state reversible transition in the direction folded to unfolded 
for WtSS, or to the reverse transition for MutOpenl, 
MutOpen3, and MutSS.

The concentration dependence of the spectra at 15.5 and 
48 °C in phosphate buffer was also tested for selected 
minidomains (up to 620 ^M; data not shown). For MutSS 
the concentration was taken from 15 [iM  to 1.8 mM in the 
BIAcore running buffer (HBS with 0.005% (v/v) P20) at 25 
°C without any significant deviations at 222 nm (not shown). 
By equilibrium ultracentrifugation of WtSS and WtOpen, it 
has previously been shown that they are monomeric and 
highly soluble (77). In addition, short to intermediate (8— 
23) GVPGVG-based peptides have also been shown to be 
concentration independent at elevated temperatures (77).

The melting of MutOpen2 exhibited unusual behavior in 
which increased and decreased MREs at 222 nm were seen 
(not shown). For this reason, only the thermodynamic data 
for MutOpenl, MutOpen3, and MutSS are given in Table
2. The van’t Hoff plots were linear with correlation coef
ficients on the average of —0.98 (not shown). The energies 
involved in the transition (Table 2) were lower than for the 
melting of WtSS in HBS (AH  =  20.8 kcal mol-1 and AS =
0.063 kcal mol-1 K-1) and of similar magnitude to those 
observed for folding of individual GVGVPGVG-peptides 
(77).

Evaluation o f  Minidomains by Surface Plasmon Reso
nance. The kinetics of minidomain binding to immobilized
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F i g u r e  5 : T e m p era tu re  C D -w a v e le n g th  sc a n s  o f  W tS S  an d  M u tS S  
m in id o m a in s  in  d e io n iz e d  w a te r  a n d  in  H B S  w ith  0 .0 0 5 %  ( v /v )  
P 2 0 . W tS S  (2 4 .3  / tM )  in  d e io n iz e d  w a ter  w a s  sc a n n e d  o n c e  fro m  
1 9 0  to  2 6 0  n m  ( 0 .2  c m  q u a rtz  c u v e t te  w ith  5  s in te g r a t io n  tim e;  
s lit  2 .0  n m ; 0 .5  n m  step  s iz e )  at d if fe r e n t tem p era tu res , as d is p la y e d  
in  p a n e l a. S im ila r ly  M u tS S  ( 3 5 0 .7  /*M ) in  H e p e s -b u ffe r e d  sa lin e  
a d d e d  0 .0 0 5 %  su r fa c ta n t P 2 0  (p a n e l b ) w a s  sc a n n e d  fro m  1 9 2  to  
2 6 0  n m  at d if fe r e n t tem p era tu res  u s in g  a  0 .1  m m  sto p p ered  c u v e tte .  
T h e  b o ld  d a sh e d  lin e s  ( — ) illu s tr a te  the r e v e r s ib ility  o f  th e  s c a n s  
a fter  b e in g  h e a te d  to  6 0 —8 0  °C  an d  th en  b y  r e s c a n n in g  th e  
m in id o m a in s  at th e  tem p era tu re  x, (.,/x) g iv e n  in  th e  p lo ts . P a n e l c  
s h o w s  th e  m e lt in g  o f  W tS S  ( □ ;  2 4 .3  / tM )  an d  M u tS S  ( ■ ;  2 5 .1  
^ M )  in  H B S  b u ffe r  w ith  P 2 0 . T h e  m e lt in g  w a s  fo l lo w e d  b y  
m e a su r in g  th e  C D -e l l ip t ic i t y  at 2 2 2 /2 6 0  n m  ( in  0 .2  c m  c u v e t te ,  
slit: 2 .0  n m ) at d if fe r e n t  tem p e r a tu r e s  a v e r a g in g  th ree  in d e p e n d e n t  
s c a n s  w ith  an in te g r a tio n  t im e  o f  5 s.

Fc was studied using the BIAcoreX and BIAcore 2000 
(BIAcore, Sweden). The data generated were fitted both to

(°C ) (k ca l m ol ‘) (k ca l m o l - i  K - i

M utO pen  1 in p hosphate buffer 21 16.5 ± 1.1 0 .0 5 6 ± 0 .0 0 4
M u tO p en l in H B S w ith  P 2 0 3 2 14.4 ± 1.8 0 .0 4 7 ± 0 .0 0 6
M utO pen3 in p h osp h ate  buffer 4 6 16.4 ± 1.2 0 .0 5 1 ± 0 .0 0 4
M u tO pen3 in H B S w ith  P 2 0 43 12.1 ± 1.5 0 .0 3 8 ± 0 .0 0 5
M utSS in H B S  w ith  P 20 4 2 18.4 ± 1.1 0 .0 5 9 ± 0 .0 0 3
G V G (V P G V G ) peptides* 16.8 0 .0 5 6

a T h e m e ltin g  data at 2 2 2  nm  w a s fitted  to a rev ersib le  v a n ’t H o ff  
eq u ation  a llo w in g  A S  and A H to float. A ll data w ere fitted  w ith  fix ed  
pre- and posttransitional s lop es. T he heat capacity  w as fix ed  at 0. b (11)', 
the v a lu es  are the average o f  short G V G (V P G V G )„  p ep tid e s  (n =  1 
and 3 ) in  10 m M  p h osp h ate  buffer pH 7 .0 .

a one-component model:

M inidomain +  Fc561 =* M inidom ain—Fc561

and to a two-component model:

2 Mini domains +  Fc561 +  Fc561* ^
M inidom ain—Fc561 +  M inidom ain—Fc561 *

where Fc561 and Fc561* represent two different epitopes 
on the ligand. The goodness of these fits is illustrated for 
WtSS at 20 °C in Figure 6, A and B. There was generally a 
better fit (lower %2) to a two-component model over the 
temperature ranges tested, for both the association and 
dissociation phases. The on-rates were measured from the 
slope of a linear fit of the ksA or ksB values vs the lowest 
concentrations used, illustrated for WtSS and MutSS, 
respectively, in Figure 6C and 6D (inserts). The &sA-values 
represent the fastest rate-constant relative to ksB. The linear 
correlation coefficient (r) for the secondary fit of the fast 
on-rates was around 0.98. By contrast, the slower on-rates 
(&onb) were approximately 50-fold lower in magnitude and 
generally exhibited much larger variability at the elevated 
temperatures. At the lower temperatures, however, both the 
fast and slow off-rates were statistically determined for 
WtOpen and MutOpen, and also at all temperatures for WtSS 
and MutSS (not shown). The dissociation constants ~200 
nM for WtOpen and ~100 nM WtSS using the slow off- 
rates (0.04 s-1 and 0.02 s-1 respectively at + 10  °C /+5 °C) 
were very similar to those previously reported (77). However, 
it has to be stressed that the systems are different. In this 
report, the association of the minidomain to the Fc of a mouse 
IgG2a (561) was studied, while Starovasnik et al. (77) and 
Braisted and Wells (76) studied binding to a human IgG l.

The temperature-dependent progress curves for binding 
and dissociation of WtSS (Figure 6C) and MutSS (Figure 
6D) to immobilized Fc of the mouse monoclonal IgG2a are 
shown in Figure 6C and Figure 6D, respectively. Interest
ingly, there was a reverse temperature effect for the binding 
of MutSS relative to WtSS (Figure 6, C and D and Figure 
7, A, B, and C). The fast off-rates for WtOpen, MutOpenl 
and WtSS increased with increasing temperature (only shown 
for WtSS), while over the same temperature range the mutant 
MutSS had a lowered off-rate (Figure 7A). The slow off- 
rates did not vary much for the minidomains over the 
temperature range tested, but both the fast and slow off- 
rates decreased for MutSS from 5 to 37 °C (not shown). 
The slow off-rates for the MutSS were also lower than for
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FiGiURE 6: B I A c o r e  f its  a n d  p r o g r e ss  c u r v e s  for  W tS S  a n d  M u tS S . 
T h ee a s s o c ia t io n  b e tw e e n  2 0 0  n M  W tS S  an d  im m o b il iz e d  F c  o f  
5611 (m o u s e  m o n o c lo n a l I g G 2 a )  at 2 0  °C  w a s  fitte d  to  a W tS S  +  
F c 5 i6 1  ^  W t S S —F c 5 6 1  m o d e l u s in g  B I A e v a lu a t io n  2 .1  s o f t 
w a r e  (p a n e l a). T h e  %2 fo r  th e  fit w a s  0 .5 5 6 .  P a n e l b  r e p r e se n ts  the  
fit  tto  th e  m o d e l:  2  W tS S  +  F c 5 6 1  +  F c 5 6 1 *  ^  W t S S - F c 5 6 1  +  
W t t S S —F c 5 6 1 *  w h e r e  o n e  W tS S  m in id o m a in  rea c ts  w ith  2  in d e 
p e n d e n t  s it e s  o n  F c 5 6 1 . T h e  y2 fo r  th is  f it  w a s  0 .0 7 9 5 .  T h e  l in e s  
s h o iw  th e  f it  o f  ra w -d a ta  (O ), an d  r e s id u a ls  fo r  th e  m o d e l ( • ) .  T h e  
B I A c o r e  p r o g r e ss  c u r v e s  fo r  b in d in g  o f  m in id o m a in s  to  F c 5 6 1  at 
d ifffe r e n t  te m p e r a tu r e s  are sh o w n  fo r  5 0 0  n M  W tS S  in  (p a n e l c )  
a n d l fo r  1 / /M  M u tS S  in  d . T h e  p lo ts  o f  th e ir  r e s p e c t iv e  fa s t  o n -  
ratees, ksA ( s e e  m e th o d s )  v s  m in id o m a in  c o n c e n tr a t io n s  a re  illu -  
stra ited  in  th e  in se r te d  p a n e ls  in  c  fo r  W tS S  ( □ ,  12 °C ; ■ .  2 0  °C  
a n d l A , 3 7  °C ) a n d  in  d  fo r  M u tS S  (▲, 12 °C ; A , 2 5  °C  an d  ▼, 
3 7  °C ).
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F ig u r e  7 : T h e  tem p eratu re  d e p e n d e n c e  o f  th e  fa st k in e t ic  co n sta n ts  
for W tS S  a n d  M u tS S  m in id o m a in s . T h e  r e s p e c t iv e  k in e tic  c o n sta n ts  
fo r  th e  S —S lin k e d  m in id o m a in s  W tS S  ( □ )  an d  M u tS S  ( ■ )  are in  
p a n e l a, b  a n d  c . P a n e l a s h o w s  th e  fa st o f f -r a te s ,  p a n el b  th e  fa s t  
o n -r a te s  a n d  p a n e l c  i l lu s tr a te s  th eir  r e s p e c t iv e  fa st d is s o c ia t io n  
c o n s ta n ts  (—k0[[/kQn) at d if fe r e n t  te m p era tu res . T h e  &on-ra tes  w ere  
fo u n d  fro m  th e  s lo p e s  o f  th e  p lo ts  o f  ksA v s  m in id o m a in  c o n c e n tr a 
tio n , a s  is  il lu s tr a te d  in  F ig u r e  6 , C  an d  D  ( in se r ts )  fo r  th e  m o d e l  
M in id o m a in  +  F c 5 6 1  +  F c 5 6 1 *  ^  M in id o m a in —F c 5 6 1  +  M in i
d o m a in — F c 5 6 1 * .  T h e  o f f -r a te s  w e r e  d e te r m in e d  fro m  th e  m o d e l  
M in id o m a in iF c 5 6 1 i ^  M in id o m a in , +  F c -5 6 1 j (p ara lle l d is s o c ia t io n  
o f  tw o  c o m p le x e s ) .  T h e  o f f -r a te s  w e r e  f it te d  u s in g  B IA e v a lu a t io n  
2.1 a n d  th e  o n -r a te s  w e r e  Fitted u s in g  b o th  B I A e v a lu a t io n  2 .1  an d  
G R A F IT  ( 7 9 ) .  B o th  th e  o n -r a te s  and o f f -r a te s  d isp la y  th e ir  fitte d  
stan d ard  erro rs . T h e  sta n d a rd  errors o f  th e  d is s o c ia t io n  c o n sta n t  
w e r e  m a n u a lly  c a lc u la te d  b a s e d  o n  S E s  fo r  fcon an d  /c0rr-

W t S S  ( r e s p e c t i v e l y  ~ 0 . 0 1  s - 1  v e r s u s  ~ 0 . 0 2  s _ 1 ) ,  w h i c h  i s  
s u r p r i s in g  c o n s i d e r i n g  t h e  l o w e r  r e s id u a l  s t r u c t u r e  in  t h is  
m i n i d o m a i n .  A g a i n ,  t h e r e  w a s  o n l y  a  s m a l l  v a r ia t io n  in  t h e  
o n - r a t e s  f o r  W t S S  o v e r  t h e  t e m p e r a t u r e  r a n g e  a p p l i e d .  F o r  
M u t S S  h o w e v e r ,  t h e  o n - r a t e  t r ip le d  o n  in c r e a s i n g  t h e  
t e m p e r a t u r e  f r o m  5  t o  3 7  ° C  ( F ig u r e  7 B ) .  S i m i l a r  e f f e c t s
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were seen with WtOpen and MutOpenl whose on-rates 
halved and doubled, respectively, over the temperature range
10—30 °C (data not shown). The overall effect of these 
changes is exemplified by the behavior of the MutSS 
minidomain, whose increased fast on-rate and lowered fast 
off-rate at 37 °C improved its affinity some 21-fold, 
compared with that observed at 5 °C (Kv reduced from 222 
to 10.4 [aM ) (Figure 1C). Using the slow off-rates, MutSS 
also improved its affinity by 8-fold (from 2.8 to 0.4 ^M) in 
the same temperature range.

In contrast, for the WtOpen minidomain (without S—S 
bridge) the ATD increased 8-fold over the same temperature 
range, while for WtSS (with S—S bridge) the KD was 
unchanged (using either the slow or fast off-rates).

Free-Energy Differences. The AAG values vs temperature 
had a better linear fit for WtOpen and MutOpenl (correlation 
coefficient r =  —0.99) than for WtSS and MutSS (r =  
—0.96). Over the temperature range measured, AAG was 
positive for both minidomain pairs, indicating that the 
binding of wild-type to Fc was tighter than that of the 
mutants. However, over the same temperature range AAG 
decreased by 0.057 kcal mol-1 K-1 for MutOpenl relative 
to WtOpen, and by 0.090 kcal mol-1 K-1 for MutSS relative 
to WtSS. The A(AAG) was lowered, respectively, by 1.2 
kcal mol-1 (20 K) for MutOpenl or by 2.9 kcal mol-1 (32 
K) for MutSS relative to the wild-type partners. If this 
relationship were to hold over a wider temperature range, 
then it predicts that the affinity of MutOpenl would exceed 
that of WtOpen beyond 81 °C, while that of MutSS would 
exceed the affinity of WtSS beyond 49 °C.

DISCUSSION

We report here the first example of the introduction of an 
elastin-like sequence into the primary structure of a globular 
protein. Previously, we have shown that short elastin peptides 
can undergo an entropically driven transition from an 
extended to a type II /J-tum, mimicking the behavior of the 
much longer, naturally occurring elastin molecule (77). By 
increasing the hydrophobicity in the tum-region, the prob
ability of formation of the turn containing the elastin 
GVPGVG sequence should increase with increasing tem
perature. In this design, the wild-type yS-tum (type I) residues 
were replaced with the helix-destabilizing Val, Gly, and Pro 
residues, while the native Glu—Glu sequence adjacent to the 
turn was mutated to Gin—Gin in order to avoid an abnor
mally high transition temperature (77). Making such a 
change, thus, ran the risk of affecting the helix stability, since 
Val, Gly, and Pro are known to have a low helix propensity 
although Gin is more stabilizing than Glu (24).

The substitution of the type I yS-tum by the more hydro- 
phobic elastin turn resulted in melting of the helical structure 
of the wild-type minidomain in phosphate buffer. However, 
even the wild-type minidomain is unstable per se and 
stabilization by a disulfide-bridge at the termini was found 
to be necessary (77). Stabilizing a-helices in TFE also offers 
a way of expressing the difference in intramolecular sta
bility between mutant and wild-type a-helical minidomains 
where the helicity of the mutants is more or less lost. This 
is illustrated for MutOpenl and MutSS whose melting 
temperatures were decreased by about 48 °C in 30% TFE 
compared to wild-type WtOpen and WtSS minidomains

Reiersen and Rees

(Table 1). MutOpen2 and MutOpen3, which retained the 
Glu25—Glu26 sequence close to the turn, were more helical 
in TFE than the Gln25—Gln26 sequences and their Tm’s were 
lowered by only 25—42 °C. This unexpected effect may be 
due to stabilizing interactions with positively charged 
residues (Arg28 or Lys31) located close to the turn.

A helix stabilizing effect was seen for MutOpen2 that 
contained an amidated C-terminus (Table 1), an effect that 
has previously been shown for a-helices (25). The CD- 
amplitudes for MutOpenl—3 and MutSS, in phosphate buffer 
or in HBS containing P20, increased at 222 nm with 
increasing temperature, signaling the formation of an a-helix 
or type I yS-tum (26—27). The shift of the isodichroic point 
from 204 to 210 nm, and the lower intensities of the CD- 
signals at 222-nm for the melting curves in buffer, were more 
characteristic of a type I yS-tum (27). Several other observa
tions also argue that a type I yS-tum was formed at the higher 
temperatures. Type I yS-tum structures have also been found 
in elastin sequences (12—13) although the Pro—Gly type II 
yS-tum is between 0.2 and 1.7 kcal mol-1 more stable than 
type I yS-tum and is also more common in elastin (6, 28  and 
references therein). A conformational interconversion be
tween type I and II yS-turn in proteins is, however, quite 
common for Pro—Gly turns (29).

The energies associated with the observed transitions for 
MutOpenl, MutOpen3, and MutSS (Table 2) were similar 
to those found for short (8—12 residue) elastin peptides (77). 
The melting of MutOpenl over the temperature range 0 —60 
°C involved a free energy difference of 3.0 kcal mol-1 , 
within the range reported to be required for yS-tum formation 
(2—4 kcal mol-1 ) though just below that required for a-helix 
formation (4 kcal mol-1; 28 and references herein).

The better fit of the BIAcore data to a heterogeneous 
kinetic model may be due to several factors. The minido
mains were initially selected by panning against a human 
monoclonal IgGl (16). In this system, we have studied the 
binding to the Fc-region of a mouse monoclonal IgG2a. It 
is possible that the panning of a specific binder to human 
IgGl has selected for a species whose binding to related IgG 
epitopes is less promiscuous than the parent domain. This 
selection seems to have resulted in a weaker, heterogeneous 
binding behavior to IgG2a (the better fit to two Fc561 sites, 
Fc561, and Fc561*, is shown in Figure 6B). This may have 
implications for further design of antibodies by phage 
display—the choice between specificity or promiscuity. An 
alternative explanation is that the increased temperature may 
have generated different conformations of the epitopes on 
IgG2a due to structural instability, seen as a better fit of data 
to one-component kinetics at low temperatures and two- 
component kinetics at higher temperatures for some mini
domains. Starovasnik et al. (77) also suggest two y} rotamer 
conformations for Phel4 in the binding-site of the wild-type 
minidomain. Third, there may have been a mixed population 
of mutant domains, originating from the presence of multiple 
yS-tums, although we think this unlikely.

The mutant minidomains MutOpenl and MutSS in HBS 
showed a good correlation between on-rate and 2° structure 
content (measured by CD-amplitude at 222 nm) as temper
ature was increased. For MutSS a 21-fold improvement in 
Kq was obtained, due predominantly to the decrease in off- 
rate at the higher temperatures, an effect not seen for its open 
partner, MutOpenl. This was in stark contrast to the behavior
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of \wild-type WtSS which, although more thermostable, 
shovwed little variation in Kq over the same temperature 
rang^e. This improvement in binding of the mutants with 
increeasing temperature is, we believe, due to the formation 
of am entropy driven type I /8-tum.

Otther studies have shown a correlation between lowered 
a-hedicity and lowered affinity (on-rates) of human insulin
like {growth factor I (30). For Protein A Fc-binding domains, 
the rresidues involved in binding are known to be aligned on 
adjaccent faces of two of the three helices (17). Any 
pertuirbation of these two helices will be likely to affect the 
affimity of the domain. This is clearly observed for the wild- 
type; domains where denaturation of the helices mirrors loss 
of biinding. However, in the mutant domains, the temperature 
induiced formation of a type I /?-tum (17) may serve to 
stabiilize the alignment of fluctuating helices (reducing its 
confformational entropy relative to the wild-type), resulting 
in ccorrectly positioned binding residues and a concomitant 
increease in affinity. As a matter of comparison, the formation 
of diifferent turn conformations has also been shown to affect 
bindiing of the RGD-epitope to Integrins (31) and of inhibitor 
bindling to HIV-1 protease (32).

Tlhere have been several previous attempts to alter the 
stabiility of proteins in a predictable manner by mutating 
residdues in turn regions. Longer loops have been inserted 
withtout any significant effect on protein stability and folding, 
and residue substitutions have also been made (33—35). 
Howvever, mutations of structurally important turns may still 
affecct the function of a protein (57). The ability to control 
bindling of Protein A by a temperature switch is a challenging 
task since its triple-helical core is normally quite thermo- 
stablle. A switch that turns off the activity at low temperatures 
and ttums it on again at higher temperatures may have several 
industrial applications, and in the particular example de- 
scritbed here, may offer a novel temperature regulation for 
proteein A. It may also become a general method for regu
lating other globular proteins where lowering the on-rate at 
lowesr temperatures and increasing it at higher temperatures 
leads to regulation of binding or some other activity.
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