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Abstract

      Protein folding, the process by which a protein acquires its functionally active form

(native structure), has been considered to be a spontaneous process. However, recent studies

indicate that the protein folding in the living cell might be facilitated by a group of proteins

called molecular chaperones. Molecular chaperones have been revealed to exist in everywhere

in the cell, and are thought to recognize a nonnative form of other proteins to facilitate their

folding.

      The binding specificity of molecular chaperones for their substrates is extremely low,

and the mechanism of their substrate recognition is not elucidated. ln order to clarify this point,

I examined the interaction between GroEL, a molecular chaperone derived form Escherichia

coli, and horse cytochrome c and bovine P-lactoglobulin. By modifying the. covalently bound

heme group, I prepared several kinds of cytochrome c derivatives with different conformationai

properties. I also prepared fluorescence-labeled P-lactoglobulin as well as its disulfide-bond

reduced derivative. By examining the interaction between these substrate proteins and GroEL, I

found that the binding affinity is correlated with the extent of solvent-exposed fluctuating

hydrophobic clusters. I also found that electrostatic interaction between GroEL and the

substrates is also an important factor influencing the binding affinity. Kinetic analysis of

interaction indicated that the refolding rate of the substrate protein is another important factor

determining the interaction. As the first step for characterizing the conformation of the bound

substrate at atomic resolution, I analyzed the solution structures of B-lactoglobulin in aqueous

and 509o (v/v) trifluoroethanol conditions by heteronuclear multi dimensional NMR.
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Chapter 1

General Introduction

1.1. Molecular chaperones

      All proteins synthesized in the cell are transforrned into well-defined three-dimensional

biologically active form, the native conformation. The process by which a protein acquires its

native structure is called "protein folding reaction". Since Anfinsen's pioneering study

(Anfinsen, 1973), it has been shown that most of smal1 globular proteins can reach their native

state spontaneously in vitro. From these studies, it has been assumed that all the information

necessary for specifying the sophisticated tertiary stmcture of a protein is completely included in

its arnino acid sequence, leading to a view that the protein folding in vivo also occurs in a

spontaneous process. However, recent studies suggested that the protein folding in the living

cell might be facilitated by a group of proteins called the molecular chaperones. Molecular

chaperones have been revealed to exist in everywhere in the cell, and are thought to facilitate the

folding reaction of other proteins, including newly synthesized proteins, denatured proteins

which are damaged by various cellular stress, and organellar proteins which have to unfold to

traverse the lipid bilayers (Gething & Sambrook, 1992; Hartl et al., 1994; Rothman, 1989;

Figure 1.1).

      The term `molecular chaperone' was originally coined to describe nucleoplasmin and

then the chloroplast ribulose-bisphosphate carboxylase (Rubisco)-binding protein, which vvere

observed to promote the oligomeric assembly of nucleosomes and Rubisco (Ellis, 1987; Ellis &

van der Vies, 1991). The definition of the term `molecular chaperone' was subsequently

expanded, and is currently defined as the proteins that mediate the correct folding or assembly

of other proteins, but are not themselves components of the final functional structures

(Hendrick & Hartl, 1993). They are also classified as stress or heat-shock proteins because

their expression can be induced by a variety of celluar stresses. It should be noted, however,

most of stress proteins are constitutively expressed and have essential functions under normal

cellular conditions. Moreover, molecular chaperones are ubiquitously distributed in a variety of

                                      2
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organisms from bacteria to human, and, in the same family, the sequence homology between

those derived from different organisms is highly conserved, indicating that they fu1fill a

universally important function.

1.2. Three dimensional structure of chaperonin

      Whereas the term `molecular chaperone' was defined to describe their specialized

function and thus ensemble of unrelated proteins, there are many families within them which are

defined on the basis of the structural and functional similarity. Among these molecular

chaperones, the chaperonin family has been of particular interest and best characterized.

Chaperonin is composed of two subgroups: (1) the members of GroEL (Hsp60) family, which

are found in cytosol of eubacteria and in mitochondria and chloroplasts of eukaryotes

(Hemmingsen et al., 1988), and, (2) the members of TRjC family existing in cytosol of archae

and eukaryotes (Kubota et al., 1995). The GroEL-type chaperonins are composed of two

stacked seven-membered rings of about 60 kDa subunits, and cooperate with smaller protein

cofactor, GroES, consisting of a single heptameric ring of about 10 kDa subunits. The TRiC

(TCP-1 Ring Complex) chaperonins are made of 8- or 9-membered double rings containing

about 55 kl)a subunits, and apparently independent of GroES-like cofactor. While functional

data for TRiC are sparse, mechanistic studies have concentrated on GroEL/ES chaperonin

fatnily.

      From early electromicroscopic study, GroEL from Escherichia coli has been indicated

.to be composed of two heptameric rings of 57 kDa subunits stacked back to back (Chen et al.,

1994; Hendrix, 1979; Hutchinson et al., 1989). Recent X-ray crystallographic analysis

evidenced this double doughnut-like oligomeric structure of •-150 A height and -140 A width

with a central hole of -50 A diameter (Boisvert et al., 1996; Braig et al., 1994, 1995; Figure

1.2). Each subunit is composed of an apical, an intermediate and an equatorial domain. The

equatorial domain is the 1argest one, and provides most intening contact as well as al1 innening

interaction. This domain also contains an ATP-binding site. An apical domain forms an

opening of the central channel and provides the potential binding site for the substrates and co-

chaperonin GroES. In this domain, some of the segment facing the channel and the top surface

                                      4
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have very high B-factor and are most poorly resolved, indicating that this region is highly

fiexible and disordered. Interestingly, this region is rich in hydrophobic and negatively charged

residues protruding toward the cavity, mutations of which abolish substrate binding. The smal1

intermediate domain connects the apical and equatorial domains and acts as flexible `hinge'

enabling the large conformational change upon binding of GroES. The X-ray crystallographic

stmcture of smaller heptameric ring of GroES, a co-chaperonin required for the full function of

GroEL, has also been elucidated (Hunt et al., 1996; Mande et al., 1996). Seven 10 kDa

subunits of GroES form a dome-shaped complex of -80 A width and --30 A height. Each

subunit has a functionally critical loop region, which protrudes from the bottom of the dome

and becomes structured upon binding to GroEL. Upon docking of GroES to GroEL, the

central cavity of GroEL cylinder becomes expanded to more than twice, evidenced from recent

crystallographic structure of (GroEL)i4-(GroES)7-(ADP)7 as well as the electron microscopic

studies (Roseman et al., 1996; Xu et al., 1997).

1.3. Functional ATPase cycle of chaperonin

      For a long time, there has been an argument concerning the functional role of

chaperonin: whether chape- ronin actively assists the refolding reaction of its substrate proteins

by using the energy of ATP hydrolysis, or just it traps and isolates the substrate proteins into its

central cavity, preventing them from associating into insoluble aggregates. Recently, based on

their sophisticated experiments, Horwich et al. proposed an attractive model for chaperonin

ATPase cycle, relating a functional role of chaperonin and co-•chaperonin with their three

dimensional structures (Fenton & Horwich, 1997; Weissman et al., 1995,1996; see also Hartl,

1996; Figure 1.3). The abstract of this model is: (1) In a physiological condition, a bullet-

shaped asymmetric (GroEL)i4-(GroES)7-(ADP)7 complex might be the most populated state.

(2) An unfolded protein first bind to the open side, the ring which does not associate with

GroES, of this asymmetric complex to form a trans ternary complex. (3) By binding and

hydrolysis of ATP in the opposite ring to GroES, this trans complex convert to the cis ternary

complex through transient formation of GroES-free complex or football-shaped symmetric

(GroEL)i4-(GroES)i4 complex. Upon forrnation of the cis complex, the substrate binding site

                                      6
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on GroEL changes a partner to GroES, releasing substrate protein into the central cavity, which

expanded about twice in volume. (4) This cis ternary complex has the most significant role in

the refolding cycle of chaperonin system, providing a hydrophilic environment suitabie for

refolding of a substrate protein, as well as isolating and preventing a substrate from forming

aggregates. (5) By binding and hydrolysis of ATP in GroES-free ring, cis complex releases

GroES and substrate. ATP hydrolysis in GroES-free ring takes several tens of seconds,

serving as a `molecular timer' for substrate refolding. If substrate protein succeeded in reaching

its native state within this limit, it would be simply released from chaperonin. On the other

hand, if this time-limit is too short for a substrate to fold to the native state, substrate protein

would rebind to the same or other chaperonin molecule, entering the chaperonin cycle

repeatedly.

1.4. Substrate recognition mechanism of chaperonin

      The functional cycle of chaperonin can be divided into two parts, i.e., the recognition

and binding of nonnative substrate protein and the release of substrate in ATP and co-

chaperonin dependent manner. Although GroES is necessary for the full function of

chaperonin system, it is known that GroEL alone has an ability to bind and facilitate the

refolding of denatured protein in a ATP-dependent manner. Whereas the recent progress in

understanding of the functional role of chaperonin in promoting the correct folding of substrate

polypeptides is significant, as summarized above, it remains still ambiguous what conformation

chaperonin recognizes and binds. It has been shown that a wide variety of proteins can bind to

chaperonin in their kinetic folding intermediate states. They are different in primary structure,

secondary structure, molecular weight, isoelectric point, with/without disulfide bridges, and so

on. The only known structural preference of chaperonin is that it does not bind polypeptides in

the native conformation.

      Several models have been proposed, explaining the required structural features for

substrate proteins. Previous NMR studies have indicated that some peptides bind to GroEL as

ct-helices, suggesting that the arnphiphilic ct-helix is a conformation required for the binding

(Landry & Gierasch, 1991; Landry et al., 1992). Subsequently, however, it was found that

                                      8



other conformations could also bind to GroEL (Landry & Gierasch, 1994; Schmidt & Buchner,

1992). It was proposed that GroEL recognizes substrate proteins in the molten globule (MG)

state (Hayer-Hartl et al., 1994; Martin et al., 1991; Mendoza et al., 1992), a compact

intermediate with a certain amount of native-like secondary structure but with significantly

fluctuating side chains (Kuwajima, 1989; Ptitsyn, 1992). Although a fu11 picture of the MG

state has sti11 to emerge, it is proposed to be simi1ar to a major and common folding intermediate

of small globular proteins (Kuwajima, 1989; Ptitsyn, 1992). One of the characteristics of the

MG state is a high tendency to form aggregates. GroEL is suggested to prevent such

aggregation by interacting with the MG state, consequently promoting its efficient folding to the

natlve state.

      On the other hand, a number of observations suggest that the conformation recognized

by GroEL is more disordered. Cyclophilin bound to GroEL is substantially unfolded, being

devoid of a stable secondary structure (Zahn et al., 1994). Okazaki et al. (1994), using size-

exclusion chromatography, indicated that the MG state of ct-lactalbumin, i.e. apo-ct-

lactalbumin, does not interact with GroEL, whereas a more disordered conformational state,

i.e., disulfide-reduced ct-lactalbumin, can bind. Lilie & Buchner (1995) studied the interaction

of GroEL with a Fab antibody fragment and proposed that the prerequisite for binding is not a

certain folding state but the general surface propenies of non-native proteins. Similar

conclusion was reached by Katsumata et al. (1996), who studied kinetically the interaction of

GroEL with the MG state of ct-lactalbumin (i.e., apo-ct-lactalbumin) and detected a weak but

significant interaction between them. They suggested that the structure recognized by GroEL is

not unique and that the binding strength varies depending on the conformation of the substrate

protem.

    .

      Although it seems certain that nonspecific hydrophobic interaction is involved in the

interaction, the exact srmctural features recognized by GroEL are ambiguous. One of the major

reasons for the difficulty is that even the conformational properties of the substrate proteins

themselves in solution are not well known. Therefore, in order to clarify this type of

                                     9



interaction, it is important, first, to prepare substrates with different and distinct conformational

properties, and then to analyze their interactions with GroEL. For this purpose, I chose two

well-characterized proteins as substrates and examined their interaction with GroEL using

various biophysical methods.

      In Chapter 2, I examined the interaction of GroEL with cytochrome c (cyt c) and its

derivatives. By modifying the covalently linked heme group, I prepared two kinds of cyt c

derivatives which have different conformational properties under physiological conditions. I

also prepared three cyt c fragments with different length. By examining the interaction between

these cyt c derivatives and GroEL, I will show that the binding affinity is correlated with the

extent of solvent-exposed fluctuating hydrophobic clusters. Kinetic analysis of interaction

suggested that the refolding rate of the substrate protein is another important factor determining

the interaction.

      ln Chapter 3, in order to examine the generality of the results obtained with cyt c, I

studied the interaction of GroEL with P-lactoglobulin derivatives. P-LG is thought to assume a

nonnative ct-helical intermediate state on its folding pathway although the native conformation is

predominantly B-sheet stmcture. Whereas cyt c is a basic protein (pl = 10), B-LG is an acidic

protein (pl = 5). Therefdre I tried to address the role of electrostatic interaction between

substrate proteins and GroEL (pl = 5). It was also suggested that the conformational state of 3-

LG recognized by GroEL is the collapsed state which is stabilized mainly by local interaction,

lacking the non-1ocal interaction necessary for correct packing of the native conformation. The

results suggested that the hydrophobic clusters on the collapsed state are responsible for the

interaction with GroEL, consistent with the results obtained with cyt c.

      In order to obtain further information of the conformational properties necessary for

binding to GroEL, I tried to analyze the solution structures of the native and ct-helical

intermediate of P-LG by heteronuclear NMR. First, I established the high expression system of

bovine P-LG using a methylotropic yeast, Pichia pastoris (Chapter 4). Taking advantage of

the secretory pathway of this system, I succeeded in obtaining recombinant P-LG with correct

fold at a yield exceeding O.5 gA.

10



      In Chapter 5, I analyzed the solution structures of B-LG in aqueous and 509o

trifluoroethanol (TFE) conditions by heteronuclear multi dimensional NMR, using i3C,i5N-

double labeled recombinant P-LG expressed in P. pastoris. The secondary structures in

aqueous condition were agreed vvell vvith those of the crystal structure. TFE-induced helical

state was composed of several ct-helical segments. Analysis of backbone dynamics indicated

the enhanced internal mobility of the TFE state. Although I could•not examine by NMR the

interaction of rhodamine-labeled P-LG with GroEL, further NMR studies with the labeled fi-

LG will be important to characterize the conformational properdes necessary for GroEL binding

at the atomic level.
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Chapter 2

Interaction of GroEL with Cytochrome c Derivatives

2.1. Introduction

      Although it seems certain that nonspecific hydrophobic interaction is involved in the

interaction with substrate polypeptides (see Lin et al., 1995), the exact structural features

recognized by GroEL are ambiguous. One of the major reasons for the difficulty is that even

the conformational properties of the substrate proteins themselves in solution are not well

known. Therefore, in order to clarify this type of interaction, it is important, first, to prepare

substrates with different and distinct conformational properties, and then to analyze their

interactions with GroEL. I noticed that a series ofconformational states of horse cytochrome c

(cyt c) prepared by Hamada et al. (1993, 1996a) would be useful for this purpose.

      Horse cyt c is a small globular protein of 104 amino acid residues containing a heme

group (Figure 2.1). The heme is covalently attached by thioether bonds through Cys 14 and

Cys 17 and, in the native state, a ring nitrogen of His 18 and the sulfur of Met 80 are

coordinated to the heme iron. It is a basic protein with pl = 10.1. Hamada et al. (1993, 1996a)

prepared apo-cytochrome c (apo-cyt c) and porphyrin-cytochrome c (porphyrin-cyt c) and

studied the role of heme and its axial ligations in the conformation of the native and MG states.

Apo-cyt c, lacking the heme group, is 1argely disordered in terms of secondary stmcture, but is

relatively compact, suggesting the presence of fluctuating hydrophobic clusters. tron-free

porphyrin-cyt c has a native-like secondary structure, as measured by CD, but 1argely flexible

side chains, being simi1ar to the MG-1ike state of the holoprotein.

      In the present study, in order to clarify the stmctural features recognized by GroEL, I

investigated the interaction of GroEL with apo-cyt c, porphyrin-cyt c and three fragments of

different sizes, i.e. fragments 1-65, 1-38, and 11-22 (Figure 2.1). When the affinity for

GroEL was correlated with the degree of folding of the substrates, the maximum was' observed

for apo-cyt c, suggesting that the affinity is correlated with the extent of solvent-exposed

12
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Figur'e 2.1. (a) Structure of horse cyt c illustrating the helices, the heme group and

the location of the fragments used in the present study. The figure was created using

the coordinates of Bushnell et al, (1990) and the program Molscript (Kraulis, 1991)

and Raster3D (Menitt & Murphy, 1994). (b) Comparison of the cyt c fragments.
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fluctuating hydrophobic clusters. The electrostatic interactions between the negatively charged

GroEL and positively charged substrates were also shown to be important in increasing the

affinity. I propose that this mode of interaction is sirni1ar to that between the cyt c derivatives

and negatively charged phospholipid membranes (Jordi et al, 1989). I funher characterized the

kinetics of the interaction using fluorescence-labeled apo-cyt c. The results suggested that the

refolding rate of the substrate protein is another important factor determining the interaction.

2.2. Materials and Methods

2.2.1. Materials

2.2.I.1. GroEL

      GroEL was prepared from a GroE-overproducing strain, E coli DHI/pKY206. The

plasmid pKY206 was kindly provided by Dr. Y. Kawata (Tottori Univ.). The plasmid

pKY206 is constructed by Iigation of a partially digested, 3.5-kbp EcoRI-EcoRV (the EcoRI

site had been artificially constructed) fragment of pNRK267 (designated pgroESgroEL in a

previous study; Kusukawa and Yura, 1988) containing the GroE region with pACYC184 that

had been cut with EcoRI and Scal. Transformation of E. coli strain DHI with pKY206 was

performed according to the method of Hanahan (1983).

      Purification ofGroEL was performed according to the method ofBuchner et al. (1991)

with some modification. The entire purification vvas carried out in 50 mM Tris-HCI buffer, pH

7.8, containing 2 mM EDTA and 1 mM mercaptoethanol (buffer A). After lysis of the cells by

sonication and removal of the insoluble material by centrifugation at 15,OOO x g for 40 min, an

equal volume of 59o streptomycin in buffer A was added at OOC. After stirring for 1 hr on ice,

the mixture was centrifuged at 15,Ooo x g for 40 min and the supernatant was collected.

Ammonium sulfate was added to the solution to a concentration of 55% saturation and stirred

for 1 hr on ice. The precipitated protein was collected by centrifugation for 30 min at 15,OOO x

g and dissolved in buffer A. This solution was dialyzed overnight at 40C against 1oo volumes

of buffer and applied to a 4 x 15 cm Q-Sepharose (Phamacia) column. The GroEL protein was

eluted from the column with a O-IM linear NaCl gradient. A 1oo ml of fraction corresponding

to GroEL was collected and concentrated to 3 ml by pressure filtration using YM1O membrane
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(Amicon), and applied to a 2.5 x 150 cm Sephacryl S-300HR (Pharmacia) column. Purity of

the protein was examined by sodium dodecylsulfate-polyacrylamide gel electrophoresis.

Zt,Z,.1.2LS2y!-2bg!ug:!ugdiEigg-spmgQygs212Cth dfiddnatr

      Horse cyt c (type VI) and cyt c fragment 11-21 (microperoxidase, MPI1) were

purchased from Sigma and used without further purification.

      Apo-cyt c was prepared by reaction with silver sulfate according to the method of Fisher

et al. (1973) with some modification (Figure 2.2). Eighty milligrams of Ag2S04 in 9 ml of

109o (w/w) acetic acid were added to 48 mg of cyt c dissolved in 1 ml of water. The solution

was incubated in the dark for 4 hrs at 400C and was then centrifuged to remove precipitated

heme aggregates. The solution was applied to a 2.5 x 50 cm Sephadex G-25 (Pharmacia)

column equilibrated with O.IN acetic acid. The protein was eluted with the same buffer at 40C

and 10 mi fractions were collected and lyophilized. The silver mercaptide bond was dissociated

with the use of dithiothreitol. The lyophilized protein was dissolved in 2 ml of 50 mM

ammonium acetate (pH 5.0) which contained 6 M Gdn-HCI and 1 M dithiothreitol. The

solution was incubated for 2 hrs at 250C in the dark and was then centrifuged to remove a

greenish yellow precipitate which was presumed to be the silver mercaptide of dithiothreitol.

The clear supernatant solution was then applied to a 2.5 x 150 cm Sephadex G-50 (Pharrnacia)

column equilibrated with 50 mM arnmonium acetate (pH 5.0) and eluted with the same buffer.

The apoprotein fractions were collected and dialyzed against 20 mM HCI, and lyophilized. The

removal of the heme group and the number of free thiol groups were confirmed by the

absorption spectrum (see Figure 2.6b, pp. 25) and by titration with 5,5'-dithiobis-(2-

nitrobenzoic acid).

      DACM-apo-cyt c was prepared by treating the two thiol groups of apo--cyt c with the

fluorescent reagent N-(7-dimethylamino-4-methyl-3-coumarinyl)-maleimide (DACM) (Figure

2.2; Yamarnoto et al., 1977). The reaction was started by adding 3 mg of DACM dissolved in

4oo pl of acetone to 20 mi of apo-cyt c (O.5 mg mi'i) dissolved in 6 M Gdn-HCI, 20 mM Tris-

HCI (pH 7.0) at 40C and continued for 4 hr. After the treatment, the succinimide ring of bound

DACM was opened by incubating the protein solution at pH 9, 200C for 12 hr. The solution
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was dialyzed against 20 mM HCI tc remove the excess DACM. The number of bound DACM

molecules per protein molecule was determined to be 1.8-2.0 from the absorption spectra,

assuming the additivity of the spectra of nonlabeled apo-cyt c and the reagent reacted with

cysteine (see Figure 2.6b, pp. 25). The absorption coefficient of DACM was assumed to be

E3so = 198oo M'i cm-i (Yarnamoto et al., 1977).

      Porphyrin-cyt c was prepared by the reaction of cyt c with anhydrous hydrofluoride

(Figure 2.2; Fisher et al., 1973>. One hundred mi11igrams of cyt c was dissolved in 2 ml of

hydrofluoride in a Teflon tube dipped in dry ice/ethanol at -700C. As soon as the protein

dissolved, it was dried under reduced pressure on ice. The dried protein was gently dissolved

in 50 rnM ammonium acetate (pH 5,O), 6 M Gdn-HCI and purified by gel filtration through a

column of Sephadex G-50 (2.5 x 150 cm) equilibrated with 50 mh ammonium acetate. The

peak appearing slightly earlier than the position of holo-cyt c was collected and stored at -200C.

L2,,4,-!.,,2,-sgyL!=!!ag!!!g!1!!!S213Ctf t

      Cyt c fragment 1-65 was prepared by treatment of intact horse cyt c with cyanogen

bromide (BrCN). One hundred mi11igrams of cyt c was dissolved in 10 mi of 709o formic acid

and 3 mh BrCN, ahd the reaction was carried out at 200C for 4 hr. The resulting mixture was

lyophilized and redissolved in 2 ml of O.1 M acetic acid and purified by gel filtration through a

column of Sephadex G-50 (2.5 x 150 cm) equilibrated with O.1 M acetic acid. The peak

fraction with absorption at 4oo nm was collected.

      Cyt c fragment 1-38 was prepared by the method of Taniuchi (Juillerat et al., 1980)

with some modification. One hundred milligrams of horse cyt c was dissolved in 10 mi of 6.4

M Gdn-HCI. The pH was adjusted to 8.4 with 2N NaOH and 50 pl aliquot of citraconic

anhydride yvere added every 20 min for 5 hrs. The pH was maintained at 8.4 with 2N NaOH.

The excess of reagents was removed by 3 successive dialyses against dilute NH40H (pH 9.0)

and once against O.1 M ammonium bicarbonate (pH 8.3) at 40C. After dialysis, trypsin

digestion was carried out by adding 50 pt of 19e trypsin for 2 hrs at 200C, and quenched by

adding 50 pl of 29o soybean trypsin inhibitor. The protein was lyophilized, redissolved in 2 ml

of 50 mh ammonium bicarbonate (pH 8.3) and applied to a column of Sephadex G-50 (2.5 x
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150 cm) equilibrated with the same buffer at 40C (Figure 2.3a). The peak fraction with

absorption at 4oo nm was collected and lyophilized. This citraconylated cyt c fragmend-38

was dissolved in 4 ml of 309o acetic acid to deblock the iysine residues and purified by gel

filtration on a Sephadex G-50 column equilibrated with 109o formic acid followed by ion-

exchange chromatography with a 3 x 20 cm column of SP-Sephadex C-25 (Pharmacia) at pH

7.0 and 200C (Figure 2.3b). The ion-exchange chromatography vvas carried out using a 20-3oo

mM linear gradient of amrnonium bicarbonate.

     The sizes and purity of the cyt c fragments were confirmed by SDS-PAGE (Figure 2.4).

2.2.2. Methods

      All spectroscopic measurements in this work were carried out at 200C with

thermostatically controlled cell holders. The pH of the solutions was measured using a

Radiometer pH meter, model PHM83, at 200C.

2.2.2.1. Protein concentration

     The concentrations of cyt c and their derivatives were detemined spectrophotomeuically

with a Hitachi U3000 spectrophotometer. Molar absorption coefficients used for holo-cyt c,

apo-cyt c, fragments 1-65, fragment 1-38 and fragment 11-22 were a4og = 1.10 x 105 M'icm'i,

E276 = 1.20 x 105 M'icm'i, E4o6 = 1.27 x 105 Micm'i, e4o6 = 1.14 x 105 M'icm'i, and E3g4 =

1.78 x 105 M-icm'i, respectively (Hantgan & Taniuchi, 1977; Parr et al., 1978; Peterson et

al., 1983), The concentration of porphyrin-cyt c was determined using protein assay reagent

(Bio-Rad), assuming that the standard curve is the same as that of holo-cyt c. The

concentration of DACM-apo-cyt c was determined from the absorption at 276 nm after

subtraction of the contribution of DACM groups. The concentration of GroEL was determined

using e277 = 1.89 x 106 M'icm'i (Mizobata et al., 1992).

2.2.2.2. HPLC measurements

     The binding of substrate proteins to GroEL was detected by size exclusion

chromatography experiments using a Gilson HPLC system. Typically, 70 pl of GroEL
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Figure 2.3. (a) Elution profile of the trypsin digest of citraconylated cytochrome c

on Sephadex G-50. The flow rate was 1 ml/min. Absorbance was measured at 240
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exchange chromatography of deblocked cyt c fragment 1-38 on a SP-Sephadex C-
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Figure 2.4. SDS-PAGE of cytochrome c and its fragments. 10 yg of proteins

were applied to 159o polyacrylamide gel. Ianes 1 and 3, intact cyt c; lanes 3 and

4, fragment 1-65; lanes 5 and 6, fragment 1-38; lanes 7 and 8, fragment 11-22
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(2 mg mi'i) was added to a 1/2 equimolar amount of substrate protein (e.g. 10 pl of O.1 mg

ml'i of DACM-apo-cyt c), and the solution was incubated for 15 min at 200C. The protein

solution was applied to a Bio-Rad SEC 40XL column (3oo x 7.8 mm) equilibrated with 20 mh

Tris-HCI (pH 7.0) at a flow rate of O.5 ml ml-i. The experiments were carried out in the

presence of three different concentrations of KCI, i.e., 50, 100, and 2oo mh, in the sample and

buffer solutions. Eluted proteins were detected by absorption at 220 nm for GroEL, absorption

at 4oo nm for holo-cyt c, porphyrin-cyt c and cyt c fragments, fluorescence at 480 nm with 380

nm of excitation for DACM-apo-cyt c.

2.2.2.3. CD measurements

      CD measurements were carried out with a Jasco spectropolarimeter, Model J-720. The

instrument was calibrated with ammonium d-10-camphorsulfonic acid. The results are

expressed as the mean residue ellipticity, [e], which is defined as [e] = 1ooeobs(lc)-i, where

eobs is the observed ellipticity in degrees, c is the concentration in residue moles per liter, and l

is the length of the light path in centimeters. Far- and near-UV CD spectra were measured

using cells with light paths of 1 and 10 mm, respectively. The protein concentration was O.1

mg ml'1.

2.2.2.4. Fluorescence measurements

      Fluorescence spectra were measured with a Hitachi F4500 fiuorescence spectro-

photometer and a cell with a 5-mm light path was used. The fluorescence of DACM was

measured at a protein concentration ofO.O1 mg mi'i with the excitation at 380 nm.

pm2225Stdfl t
      Kinetic experiments to investigate the interaction were carried out with an Applied

Photophysics stopped-flow fluorescence spectrophotometer, SX-17MV, using a cell with a 2-

mm light path. The fluorescence signal was obtained using excitation at 380 nm in conjunction

with a GG435 cut-off filter to remove scattered light below 435 nm.
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2.2.2.6. E uilibrium anal sis

      For analysis of the interaction of substrate with GroEL, I assumed a bimolecular two-

state reactlon.

                  kl      [EL]+[S](=[EL•S], Schemel                  k-1

                     '
where [EL], [Sl and [EL•S] are the concentrations of GroEL, substrate, and the complex,

respectively, and ki and k.i are the association and dissociation rate constants, respectively.

From Scheme 1, the binding constant, Kb, is given by

           [EL•S] [EL•S]      Kb=[EL][S]=([EL]o '- [EL's])([s]o-[EL's]) (1)

where [EL]o and [S]o are the total concentrations of GroEL and substrate, respectively. In the

present study, [S]o is constant, and [EL]o is variable. Therefore, the fraction of complex(f) is

given as a function of IEL]o by

          AF [EL•S]f([EL]o)= AF. = [s],

                                                                       (2)
          ([EL]o + [S]o + 1/ Kb ) ny ([EL]o + [S]o + 1/ Kb )2 - 4[EL]o [S]o

                                2[S]o

where AF is the increase in fluorescence at a given concentration of GroEL, and tNFT.. is the

limiting amplitude at saturating GroEL. Assuming an appropriate baseline for AF.., I can

calculate the theoretical titration curve using equation (2). Kb was estimated by fitting the

theoreticai curve to the observed one.

2.2.2..Kin ti anal is

      From Scheme 1, the rate of complex formation is given by:
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d[EL•S]
        = k, [EL][S] -- k-,[EL • S]
  dt

(3)

By solving this differential equation, the fraction of complex is expressed as a function of t by

f(") = [E [Ls i,S] = [sl], (B - 6-a
1-(a/fi)exp(--k,(6-a)t)

) (4)

where a and 6 are the solutions of the following quadratic equation (a < M.

x2 - ([EL], + [S], + k-i /ki )x + [EL]o ' [S]o = O (5)

The values of ki and k-i and Kb (=ki/k-i) were estimated by fitting equation (4) to each of the

binding kinetics measured by fiuorescence.

2.3. Results

2.3.1. Conformation of cyt c derivatives

      Figure 2.5 shows the far-UV and near-UV CD spectra of various conformational states

of cyt c at pH 7.0 and 200C. Holo-cyt c has a minimum at 222 nm representing the presence of

ct-helical structures. According to the X-ray structure (see Figure 2.1, pp. 13), the N-terminal,

C-terminal, and 60's helices constitute 309e helical content. In the near-UV region, there are

two sharp peaks at 280 and 290 nm, which have been assigned to Trp 59 (Davies et at., 1993),

indicating that the side chains have unique tertiary structures.

      The far-UV CD spectrum of porphyrin-cyt c was similar to that of the native state of

holo-cyt c. On the other hand, in the near-UV region, the two sharp peaks observed for holo-

cyt c were ambiguous. These results suggest that, at neutral pH, porphyrin-cyt c has native-1ike

secondary stmctures, whereas its side chains are flexible. Hamada et al. (1996a) examined the
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conformation of porphyrin-cyt c and reported that it assumes a srmcture similar to the acidic

MG state of holo-cyt c.

      In order to detect the interaction with GroEL, I prepared DACM-apo-cyt c in which two

thiol groups are labeled with DACM (Figure 2.2, pp. 16; Figure 2.6). The far-UV CD

spectrum of DACM-apo-cyt c showed a minimum at 200 nm, indicating that the protein is

largely disordered in terms of secondary structure (Figure 2.5). No significant near-UV CD

signal was observed. The CD spectrum of DACM-apo-cyt c is similar to that of apo-cyt c and

also to that of AEDANS-apo-cyt c, in which two thiol groups are labeled vvith the AEDANS

group (Hamada et al., 1993). These results indicate that the effects of the modification are

negligible and that DACM-apo-cyt c, like apo-cyt c, is largely disordered. I consider that, as in

the case of apo-cyt c and AEDANS-apo-cyt c, DACM-apoÅíyt c assumes a relatively compact

denatured state (C state) without a significant ordered secondary structure.

      Figure 2.5 also shows the far-UV CD spectrum of fragment 1-65. The spectmm was

similar to that of the acid-unfolded cyt c, indicating that the fragrnent is 1argely disordered. The

far-UV CD spectra of fragments 1--38 and 1 1-21 were simlar to that of fragment 1-65 (data not

shown).

2.3.2. Size-exclusion chromatography

 ' I monitored the interaction of cyt c derivatives with GroEL by size-exclusion

chromatography. The absorption spectra of the derivatives are shown in Figure 2.6. Their

elution positions were followed by absorption at 380 nm for DACM-apo-cyt c and at 400 nm

for other derivatives. The elution position of GroEL was detected by absorption at 220 nm,

where the contribution of GroEL is predominant. The interaction was examined at different

KCI concentrations at pH 7. Figure 2.7 shows the typical elution profiles observed at 50 mM

KCI.

      When applied separately, the retention time of GroEL (-16 min) was much faster than

those of the substrate proteins (21- 33 min) because of the difference in size (8oo kDa for

GroEL oligomer, 12 kDa for cyt c and 2 - 6.5 kDa for cyt c fragments). As shown in Figure

2.7a, when cyt c incubated with GroEL was applied to the column, cyt c was eluted separately

                                     24



'i"

E
o
rEvtsi'

o.r-'
Å~
co

1 .4

1 .2

1 .0

O.8

O.6

O.4

O.2

o

5

,1

'il

 i'

N
N- -
 ------l- N " ' '

   2

    t
   1
  /
 1
" -he-t

     :r:.

   Ii
  1 ,i l
  1 ,/r l
 t ti l
1 '/: t

1 t/: t!
 3,t: s'S.

  t-  :e ,il W
        ":.
        "s.
         N

N

(a)

"- --

1"'

E
o
rEvso'Å~

co

4

3

2

1

o

1

1

,

x
N

   t"st"
,, /..  ....

      ,

N

"Ss

.

x

--

N
x

--b

   --    t--------

   1
  /
 /
    ""
/ eee

 eeee
eeee-

   3

/A N

   2N
./'"'""'•.. N

      .      "•••,N

       ts        '•A
         "s   1 `•.
          . N

----

(b)

250 300 350 400
   Wavelength (nm)

450 500

Figure 2.6. Absorption spectra of horse cytochrome c and the derivatives

at pH 7.0 and 200C. (a) 1, cyt c; 2, porphyrin-cyt c; 3, fragment 1-65. (b)

1, apo-cyt c; 2, DACM-cysteine; 3, DACM-apo-cyt c.

25



ANoPÅ~

vEo<a
s..

o
Åë

E
Åë

=-o
co

•.- .-

a-oco

9<

8

6

4

2

o

4

o 10 20 30 40

8

6

4

2

o

vE Sv

(b)

8

o 10

3

2

1

o

.,t E

s
v

20 30 40

(c)
6

4

2

4

o 10 20 30
o

E
v

s
v

40

(d)

(e)

4

o

3

2

1

o

E
v

s
3

2

1

o 10 20 30 40
o

10 20 30 40

o 10 20 30 40

Retention time (min)

Figure 2.7. HPLC elution profiles of horse cyt c and its derivatives in the presence of

GroEL at 50 mM KCI, pH 7.0. a, cyt c; b, porphyrin-cyt c; c, DACM-apo-cyt c; d,
fragment 1-65; e, fragment 1-38; f, fragment 11-22. The elution profile of DACM-apo-cyt

c was detected by the absorption at 380 nm and others were detected by the absorption at

400 nm. The smal1 absorption due to GroEL in these wavelengths, detected by the
reference elution profile in the absence of substrate, was subtracted. The elution positions

of the GroEL and the free substrate are indicated by 'E' and 'S', respectively.

26



from GroEL. The elution position of cyt c was the same as that when the protein was applied

without GroEL. These results indicate that GroEL does not interact with the native state of

holo-cyt c, consistent with the general idea that GroEL does not recognize the substrate proteins

in their native state (Landry & Gierasch, 1994).

      By contrast, when porphyrin-cyt c, DACM-apo-cyt c, fragment 1-65, or fragment 1-38

was applied with GroEL, there were two peaks for the substrate proteins: one at the same

position as that of GroEL oligomer and the other at a position close to that of the free substrate.

It is obvious that GroEL bound these cyt c derivatives. The amount of bound substrate was

shown to decrease in the order:

apo-cyt c > fragment 1-65 > porphyrin-cyt c > fragment 1-38 Series 1

Whereas holo-cyt c and fragment 11-21 showed negligible binding, several cyt c derivatives

were bound to GroEL and their affinities varied with a maximum for apo-cyt c. It was noted

that, for the cyt c fragments, similar binding profiles were obtained with the DACM-labeled

derivatives (data not shown). Therefore, the tight binding of DACM-apo-cyt c is not

attributable to the DACM label, but represents an intrinsic property of apo-cyt c. It is suggested

from the comparison of the three fragments that a certain length is required for tight binding to

GroEL.

2.3.3. Effects of salt concentration

      Because cyt c (pl = 10.1) and GroEL (pl = 4.7 according to arnino acid composition)

are charged positively and negatively, respectively, at pH 7 (see Table 2.2, pp. 34), the

contribution of electrostatic attraction was exarnined by changing the concentration of salt in the

buffer. I carried out HPLC analysis in the presence of 1oo and 2oo mh KCI and compared the

results with those in 50 mM KCI (Figure 2.7). As summarized in Figure 2.8, I found that the

increase in KCI concentration substantially weakened the affinity of porphyrin-cyt c, fragment

1-65, and fragment 1-38 for GroEL. Interestingly, the interaction of DACM-apo-cyt c with

GroEL was not notably affected by the salt concentration.
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Figure 2.8. Interaction of horse cyt c and its derivatives with GroEL at pH 7.0 and

various concentrations of KCI. The affTmity for GroEL is the amount (qo) of applied

substrate appearing as a complex with GroEL. KCI concentrations are 50 mM (clear

bars), 100 mM (shaded bars), and 2oo mM (solid bars).
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      These results indicate that the electrostatic attractive forces between the positively

charged cyt c and the negatjvely charged GroEL promote binding under low salt conditions and

that an increase in salt concentration shields the attractive forces, consequently decreasing the

affinity. However, electrostatic attraction should not be the major driving force of binding

because intact cyt c cannot bind to GroEL even under low salt conditions and the interaction of

DACM-apacyt c was not affected significantly by an increase in salt concentration.

2.3.4. Fluorescence spectrum of DACM-apo-cyt c

      In order to analyze the mode of interaction in detail, I measured the fluorescence

spectrum of DACM-apo-cyt c in the presence and absence of GroEL (Figure 2.9a). The

fluorescence spectrum of e.8 laM DACM-apoÅíyt c had a maximum at 474 nm, simi1ar to that of

DACM-labeled cysteine. ln the presence of O.8 pM GroEL, the fluorescence intensity was

increased two-fold and a shift of the maximum wavelength to 472 nm was seen. The

significant increase in the maximum intensity and the slight blue shift indicate that the DACM

chromophores are transferred to a hydrophobic environment, suggesting that hydrophobic

interaction is involved in the binding.

      Taking advantage of the increase in fluorescence intensity upon binding, titration of apo-

cyt c with GroEL was carried out. Figure 2.9b shows the fluorescence intensity of O.8 pM

DACM-apo-cyt c at 480 nm in the presence of various concentrations of GroEL. The titration

curve exhibited a typical saturation pattern: at low concentrations of GroEL, the fluorescence

intensity increased linearly vvith increasing GroEL concentration, the slope gradually decreased,

and then became saturated. I assumed that, at low concentrations of GroEL, al1 the added

GroEL bound one mole of DACM-apo-cyt c. By extrapolating the initial slope of the titration

curve, the stoichiometry of GroEL : DACM-apo-cyt c in the complex was estimated be 1 : 1.2,

i.e. close to a 1 : 1 ratio (Figure 2.9b). Assuming a reversible binding reaction with a 1 : 1 ratio

(see Materials and Methods), the binding constant was estimated to be 2.0 x 107 M'i.
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Figure 2.9. (a) Fluorescence spectra of DACM-apo-cyt c (O.8 mM) at pH 7.0
and 200C. 1, in the absence of GroEL; 2, in the presence of O.8 mM GroEL; 3, in

the presence of O.8 mM GroEL and 2 rnM ATP. Excitation was at 380 nm. (b)

Titration of DACM-apo-cyt c (O.8 mM) with GroEL measured by the
fluorescence at 480 nm. Circles, in the absence of ATP; triangles, in the presence

of 2 mh ATP. Solid circles indi'cates the intensity for the solution in which the

complex was partially dissociated by addition of 2 mM ATP. The broken line
indicates that the stoichiometry of interaction estimated by extrapolating the initial

slope is 1: 1.2. The solid line indicates the theoretical binding curve with Kb = 2

xl07 M'i and a 1 : 1 stoichiometry (Materials and Methods, Scheme 1).
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2.3.5. Effects of Mg-ATP

      Interaction of substrate proteins with GroEL is known to be regulated by Mg-ATP and

GroES (Jackson et al., 1993; Kubo et al., 1993; Landry & Gierasch, 1994; Mayhew & Hartl,

1996; Todd et al., l994; Weissman et al., 1995). The binding of Mg-ATP to GroEL is

proposed to transform GroEL from a form with high substrate affinity to one with low affinity.

Here, I examined the effects of Mg-ATP on the interaction of DACM-apo-cyt c with GroEL.

      By adding Mg-ATP at a final concentration of 2 mM, sufficient to induce the

conformational change (Todd et al. , 1994), to the performed complex of DACM-apo-cyt c (O.8

pM) and GroEL (O.8 or 2.0 pM), the fluorescence intensity was decreased, indicating that the

Mg-ATP induced dissociation of the complex (Figure 2.9a). However, it was noted that the

fluorescence intensity did not return to a level equivalent to that of the free substrate in the

absence of GroEL, suggesting that the dissociation was incomplete. This ATP-induced

dissociation of the complex was specific, because ADP did not induce the decrease in

fluorescence intensity (data not shown).

      The titration of DACM-apo-cyt c with GroEL was carried out in the presence of 2 mh

Mg-ATP (Figure 2.9b). Although a slight increase in DACM fluorescence was observed upon

addition of GroEL, it was significantly lower in extent than that in the absence of Mg-ATP.

These results are consistent with the effects of 2 rnM Mg-ATP on the performed complex (solid

circles in Figure 2.9b).

2.3.6. Measurements of the interaction kinetics

      I measured the kinetics of the interaction of DACM-apo-cyt c with GroEL using the

fluorescence stopped-flow technique. The binding reaction was started by mixing at a 1 : 1

ratio a constant concentration (final O.4 IAM) of DACM-apoÅíyt c with various concentrations of

GroEL (final O - 1.6 pM). Figure 2.10a shows the typicai binding kinetics. It can be seen that

the reactions were completed within 3oo ms and that, with increasing GroEL concentration, the

reaction became faster, suggesting that the intermolecular process is rate-limiting.

      I assumed that the reaction can be approximated by a bimolecular two-state mechanism

(see Materials and Methods). On the basis ofmanual curve fitting analysis, the association (ki)
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Figure 2.10. Stopped-flow kinetics of the interaction of DACM-apo-cyt c with
GroEL at 200C followed by the fluorescence of DACM groups. (a) Kinetics of

binding between DACM-apo-cyt c (O.4 mh) and GroEL. The figures indicate the
concentration of GroEL in mM. The solid lines indicate the theoretical curves on the

basis of a bimolecular two state model (Materials and Methods, Scheme 1) and the
rate constants shown in Table 2.1. (b) Dissociation kinetics of the complex between

DACM-apo-cyt c (O.4 mM) and various concentrations of GroEL induced by
addition of 2 mM ATP. The figures indicate the concentration of GroEL in mM.
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and dissociation (k.i) rate constants vVere estimated for each curve (Table 2.1). The average

values ofki and k.i were 7.8 x 107 M-is'i and 1.9 s'i, respectively. The binding constant (Kb)

determined from these rate constants (Kb = ki/k-i = 4.1 x 107 M'i) was simi1ar to that (2.0 x

107M'i)estimatedfromtheequilibriumtitrationexperiment. Figure 2.10b shows the

dissociation kinetics of the complex between DACM-apacyt c and GroEL initiated by addition

of 2 mM Mg-ATP. The rapid decrease in DACM fluorescence occurred in less than 2oo ms.

However, the fiuorescence intensity did not decrease to a level equivalent to that of the free

substrate without GroEL, indicating that the dissociation is only partial. These results are

consistent with those obtained from the equilibrium titration experiments (Figures 2.9). It is

evident that, contrary to the binding kinetics, the rapid dissociation phase is independent of

GroEL concentration, suggesting that the rate-limiting step is an intramolecular process.

2.4. Discussion

2.4.1. Conformational features recognized by GroEL

      One of the most important aspects of the mechanism of GroEL action is the

conformational features of the substrate proteins (Ewbank et al., 1995; Hayer-Hartl et aL,

1994; Martin et al., 1991; Okazaki et al., 1994, 1995). To address this issue, I measured the

interaction with GroEL of a series of cyt c derivatives. The most significant finding was that

maximal binding was observed with apo-cyt c (Figure 2.8, Table 2.2). Apo-cyt c bas little

ordered secondary structure, and exists in a collapsed state with fluctuating hydrophobic

clusters (Hamada et aL, 1993). Although porphyrinÅíyt c has several features of the MG state

(Hamada et aL, 1996a), including a high helical content, compactness, and flexible side chains,

its affinity for GroEL is lower than that of apo-cyt c. These results indicate that the MG state

with a significant amount of ordered secondary structure is not the required conformational

state, although it often satisfies the required conditions, as described below.

      The present results suggest that the most important feature responsible for the interaction-

is exposure of the hydrophobic clusters to the solvent. Protein folding is a process in which an

extended polypeptide chain acquires compact packing through the formation of specific

secondary and tertiary stmctures and hydrophobic interactions (Nishii et al., 1994; Dill et al.,
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Table 2.1. Kinetic parameters of the association reaction between GroEL and

DACM-apocytochrome c.

[s]o

(mM)

[EL]o

(mM)

  kl

(M'1 s-1)

k.1

(s-1)

 Kb

(M-i)

O.4

O.4

O.4

O.4

O.4

O.1

O.2

O.4

O.8

1.6

5.5 x lo7

1.0 x lo8

9.1 x lo7

7.1 x io7

6.1 x lo7

1.6

O.7

2.8

1.5

2.8

3.5 x lo7

l.5 x lo8

3.3 x lo7

5.1 x lo7

2.2 x lo7

Table 2.2. Structures and interaction with GroEL of various derivatives of horse cyt c.

Ordered

secondary

structure

Ordered

tertlary

structure

 Net
charge

at pH 7

Compact-

  ness

 Exposed
hydrophobic

  clusters

Interaction

with GroEL

cyt c

porphyrin-cyt c

apo-cyt c

fragment 1•-65

fragment 1-38

fragment 11-22

+

+

+ +10

+7

+9

+7

+6

+1

 +
 +
 +-

n.d.a

n.d.a

 +
++

n.d.a

n.d.a

n.d.a

 +
+++
++

 +-

aNot determined
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1995). The formation of the compact state such as apo-cyt c and porphyrin-cyt c is driven by

the hydrophobic interactions (Hamada et al., 1996a). On the other hand, the amount of

exposed hydrophobic clusters is determined by a balance of two processes occurring

consecutively during protein folding: first, their formation and, second, their burial in the

interior of the protein molecule. Because the formation of an ordered secondary structure in

porphyrin-cyt c is accompanied by the burial of the hydrophobic surfaces, the amount of

exposed hydrophobic clusters in porphyrin-cyt c should be smaller than that of apo-cyt c,

explaining the difference in the affinity to GroEL (see Figure 2.1 1, pp. 37). The present results

further suggest that the affinity of the ordered MG state for GroEL is lower than that of the

disordered compact state. Indeed, such a situation has been observed for ct-lactalbumin

(Hayer-Hart1 et al., 1994; Okazaki et al., 1994).

      In order for such exposed hydrophobic clusters to be formed cooperatively, a certain

size of polypeptide may be required. Because the fiuctuating hydrophobic clusters at the early

stage of protein folding may be stabilized by relatively nonspecific encounter of the groups, the

increase in size i.e., the increase in the number of hydrophobic groups, cooperatively increases

the chance of encounter, thus stabilizing the hydrophobic clusters. This would explain why

affinity was reduced with the decrease in size of the cyt c fragments, even though these

fragments are similarly disordered from their CD spectra. In the case of fragment 11-22, the

absence of a positive charge further discourages the interaction (Table 2.2). Hlodan et al.

(1995) examined the interaction of the fragments of rhodanese with GroEL and showed that

there is a critical size for effective GroEL binding: a length of about 50 amino acid residues is

required for a substrate polypeptide to interact with GroEL, consistent with the present results.

2.4.2. Role of e]ectrostatic interactions

      The present work clarified the role of electrostatic interaction in the binding: the

electrostatic attractive forces stabilize the complex formed between the positively charged

substrates and the negatively charged GroEL. Nevertheless, because no interaction was

observed between intact cyt c and GroEL, it can be concluded that electrostatic interaction is not

a major driving force of the interaction.
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      There is evidence to indicate that electrostatic interaction plays a role in the binding of

substrates to GroEL. Itzhaki et at. (1995) studied the refolding of barley chymotrypsin

inhibitor 2 and its mutants in the presence of GroEL and indicated that hydrophobic and

positively charged side chains on the substrate promote the interaction with GroEL, whereas

negatively charged side chains tend to repel, consistent with our results. Okazaki et al. (1994)

examined the interaction between GroEL and ct-lactalbumin in which the disulfide bonds are

reduced. They found that the interaction was strengthened when the ionic strength of the buffer

was increased. Because ct-lactalbumin is an acidic protein with pl = 4, and charged negatively

at neutral pH, the electrostatic repulsion contributes to weakening the interaction. Shielding of

such repulsion by increasing the salt concentration thus favors the binding. Therefore, although

the effects of salts are opposite in the two cases, they are consistent with each other, confirming

the role of electrostatic interaction in modulating the binding.

2.4.3. Similarity to membrane binding

      It is notable that the mode of interaction between cyt c derivatives and GroEL resembles

that between cyt c derivatives and acidic phospholipid membranes (Figure 2.1 1). It has been

shown that apo-cyt c has high affinity for acidic phospholipid membranes, whereas intact cyt c

binds to them only slightly (Jain & Zakim, 1987; de Jongh & de Kruijff, 1990; Jordi et al.,

1989; Muga et al., 1991). Hamada et al. (1996a) reported that porphyrin-cyt c and apo-cyt c

showed binding to acidic phospholipid liposomes consisting of cardiolipin and

phosphatidylcholine, but not to neutral liposomes consisting of phosphatidylcholine. Jordi et

al. (1989) reported that various fragments of cyt c, including fragments 1-65 and 1-38, were

bound to acidic phospholipid membranes. It is known that the interaction between cyt c

derivatives and phospholipid membranes is modulated by salt conditions (Jain & Zakim, 1987).

The affTmity decreases significantly with an increase in ionic strength, indicating that electrostatic

attraction promotes the binding.

      The crystal structures of GroEL (Braig et al., 1994, 1995) and GroES (Hunt et al.,

1996; Mande et al., 1996) have been determined, and in combination with mutational and

functional analyses (Fenton et al,, 1994; Weissman et al., 1995), the detailed mechanism of
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GroEL action is being elucidated (Mayhew & Hartl, 1996). The functional properties of GroEL

can be assigned to different regions: a fiexible hydrophobic patch on the inside surface of the

apical domain (residues 191-374) of GroEL, facing the central cavity, has been indicated to be

involved in substrate binding and also binding of the co-chaperonin GroES. More specifically,

helices H8 and H9 and the loop between helix H10 and strand S1 1, which have the highest B

values, are suggested to constitute the substrate binding site (Braig et al., 1994, 1995; see

Figure 1.2, pp. 5). These flexible regions, exposing the hydrophobic residues to the central

cavity, have many acidic as well as hydrophobic residues. In particular, the most poorly

resolved region between helix H10 and strand S1 1 (Va1300 - Asp316; Braig et al., 1995) has 6

acidic residues and only one basic residue out of 17 residues. Although the binding site

provided by the GroEL protomer may be not extensive, it is probable that GroEL heptamer

constitutes an extensive hydrophobic and flexible surface mimicking that of acidic phospholipid

membranes. The most important point of GroEL structure distinct from that of a membrane

surface may be that GroES and ATP-hydrolysis increase the cooperativity of the binding and

release cycle, probably by modifying the integrity of the heptameric binding sites, as suggested

by Mayhew & Hartl (1996).

      The similarity of GroEL binding to membrane binding implies an important aspect of the

conformation of substrates. Apo-cyt c and cyt c fragments are substantially disordered in

solution in terms of their secondary structure measured by CD. Upon binding to phospholipid

membranes, these are transformed to the ct-helical structure (Collawn & Paterson, 1990; de

Jongh et al., 1992; Rietveld et al., 1985). Apo-cyt c and the cyt c fragments are assumed to

interact with the membrane through the hydrophobic surface of the amphiphilic ct-helices. It is

possible, as schematic drawn in Figure 2.12, that apo-cyt c and the cyt c fragments, which

have no significant secondary structure in solution, undergo such conformational transition

upon binding to GroEL.

      On the other hand, it is reported that the binding of cyt c to cardiolipin membranes

induces disordering of the rigid native structure (Spooner & Watts, 1991a, b). Therefore, it is

also possible that a relatively ordered substrate such as porphyrin-cyt c becomes disordered

upon binding to GroEL so as to give the exposed hydrophobic surfaces complementary to the
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binding site (Figure 2.12). Such structural rearrangement may be usefu1 for restarting the

folding of trapped intermediates (Ranson et al., 1995). It is also expected for other substrates

that they assume a P-sheet conformation when bound to GroEL, as suggested for the

immunoglobulin fragment (Lilie & Buchner, 1995), or other disordered structures, as long as

the stmcture provides a hydrophobic surface. In conclusion, the presence or absence of a

secondary structure or the type of secondary structure may not be a factor determining the

interaction, but a consequence of formation of hydrophobic clusters complementary to the

binding site on GroEL. This conclusion is consistent with the low barriers to interconversion

of the intermediate or denatured states of proteins.

2.4.4. Kinetics of the interaction

      I measured the kinetics of DACM--apo--cyt c binding to GroEL. Their implication in the

interaction of refolding intermediates with GroEL is important. The binding rate constant of

apo-cyt c with GroEL is estimated to be 7.8 x 107 M'is'i. A slightly lower value has been

reported for the interaction of GroEL with disulfide-reduced ct-•lactalbumin (ki = 1.95 x 105

M'is'i; Murai et al., 1995) or with the MG state of ct-lactalbumin (ki = 1 x 106 M'is'i;

Katsumata et al., 1996), ahd a slightly higher value for the interaction of barnase with GroEL

(ki = 1.3 x 108 M-is-i; Gray & Fersht, 1993). The rate is notably fast, although slower than

that of a diffusion-limited process.

      The relatively 1arge rate constant for the interaction suggests that the interaction of the

folding intermediate with GroEL is detemined by competition between the interaction and the

refolding, which is also suggested by Fisher & Yuan (1994). Assuming the concentration of

GroEL to be 1 pM (O.8 mg ml-i), the pseudo-first order rate constant of the association is 80

s'i (relaxation time, 12.5 ms). For a protein with a large refolding rate constant, the interaction

with GroEL should be marginal, because the intermediate which can interact with GroEL would

disappear rapidly. On the other hand, the refolding rate of a large protein is slow in general,

thus providing a chance for accumulation of the collapsed intermediate, which can interact with

GroEL. Therefore, the refolding rate detemines the accumulation of the collapsed intermediate,

thus determining the interaction with GroEL. Indeed, it is known that, whereas the refolding in
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vitro of several 1arge proteins is completely trapped by GroEL (Kawata et aL, 1994), refolding

of other proteins, in particular small rapid-folding proteins, is merely retarded by GroEL (Gray

& Fersht, 1993, Itzhaki et al., 1995; Katsumata et aL, 1996). However, it is probable that the

substrate proteins, in particular smaller ones, can refold to the native state, maintaining the

complex with GroEL. Therefore, the exact mechanism of the interaction may be more

complicated than that approximated by a simple competition mechanism, in which a bound

substrate cannot refold to the native state.
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Chapter 3

Interaction of GroEL with P-lactoglobulin Derivatives

3.1. Introduction

      Although it is believed that, molecular chaperones bind proteins and promote their

efficient folding, it is yet unclear whether they actively facilitate the folding of bound protein.

In order to answer this question, P-lactoglobulin will be usefu1 as a model substrate protein

because the secondary srmctures of its folding intermediate state has been considered to be very

different from those of the native state. Whereas cyt c is a basic protein (pl = 10) as described

in Chapter 2, B-LG is an acidic protein (pl = 5). Therefore, by comparing the binding

properties of the two proteins, I would also address the role of electrostatic interaction between

substrate proteins and GroEL (pl = 5).

      Bovine B-LG is a smal1 globular protein of 162 arnino acid residues with two disulfide

bonds and one free thiol group (Figure 3.Ia). From X-•ray crystallography (Brownlow et aL,

1997), it has been assumed that Cys66-Cys160 and Cys106-Cys1 19 are connected by disulfide

bonds, while remaining Cys121 exists as a free thiol. Although the native conformation of B-

LG consists mostly of P-sheet structure, recent studies have revealed that this protein has a high

tendency to form an ct-helical structure in environment where short range interactions are

dominant. In accordance with this high helical propensity, it has been demonstrated that the

intermediate state with nonnative helical structure is accumulated during the folding process.

      In the present study, I prepared tetramethylrhodamine-labeled P-LG in which

tetramethylrhodamine was covalently linked to a single free thiol group of P-LG, as well as

disulfide-bond reduced form of it. Then, I investigated the interaction between GroEL and

these modified P-LGs. There is another important reason why I chose tetramethylrhodarnine-

labeled P-LG as a substrate protein. I chose tetramethylrhodamine among various fluorescent

dyes as a fluorescent probe, because it emits strong fluorescence in the visible regiens.

Recently, visualization of single molecular event is progressing as a field for elucidating various
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figure 3.1. (a) Three dimensional structure of bovine P-lactoglobulin. The

figure was created using the coordinates of Brownlow et al. (1997) and the

program Molscript (Kraulis, 1991) and Raster3D (Menitt & Murphy, 1994).

(b) Schematic drawing of tetrarnethylrhodamine-5-maleimide.
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processes of biomolecules (Noji et al., 1997; Funatsu et al., (1995)). Imaging of single

fluorescent molecules by fluorescence microscopy will be a promising approach to analyze the

reaction and dynamics of molecular chaperones such as GroEL. However, the crucial technical

requirement at present is that a fluorescent dye with strong fiuorescence at visible regions must

be used. Therefore, for using the fluorescence-labeled GroEL for future study imaging single

fiuorescent molecule, I chose tetramethylrhodamine.

3.2. Materials and Methods

3.2.1. Materials

      GroEL was prepared from GroE-overproducing strain, E coli DHI/pKY206, as

described in Chapter 2 (pp. 14).

      Bovine B-LG A was purchased from Sigma and used without further purification.

      tetramethylhodamine-labeled B-LG (Rh-P-LG) was prepared by treatment of intact

bovine B-LG with tetramethylrhodarnine-5-maleimide (Figure 3.Ib). Ten milligrams of P-LG

was dissolved in 1 mi of 2 M urea and 20 rnM Tris-HCI (pH 7.8). The reaction was started by

adding O.6 mg of tetramethylrhodamine dissolved in 5 pl of dimethylsulfoxide. The reaction

was immediately quenched by adding 20 pl of 1 M HCI and subsequently the reaction mixture

was applied to a PD-10 column (Phamacia Biotech, equivalent to Sephadex G-25) equilibrated

with 20 mM HCI.

      Disulfide-reduced tetrarnethylhodamine-labeled B-LG (Rh-P-LG.red) was prepared by

treatment of Rh-B-LG with dithiothreitol. One hundred microliter of Rh-P-LG solution (5 mg

ml-i in 20 mM HCI) was mixed with 9oo pl of 2 M urea, O.2 mg mi-1 of dithiothreitol and 20

rnM Tris-HCI (pH 8.6), and incubated at room temperature for 15 min. After incubation, the

reaction was quenched by adding of 10 pl of 1 M HCI and excess dithiothreitol was removed

by gel-fi1tration chromatography through a column of PD- 10 equilibrated with 20 mh HCI.

3.2.2. Methods

      All spectroscopic measurements otherwise mentioned were carried out at 200C with

thermostaticaily controlled cell holders, as described in Chapter 2 (pp. 18).
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3.2.2. 1. Protein concentration

     The concentration of tetramethylrhodamine-labeled P-LG was determined from the

absorption at 276 nm after subtraction of the contribution of tetramethylrhodamine, using e27s =

1.77 x 104 (Byler et al., 1983) for P-LG and Es4i = 9.1x 104 (in MeOH) for

tetramethylrhodamine (see Figure 3.3, pp. 46).

3.2.2.2. HPLC measurements

     The binding of substrate proteins to GroEL was detected by size exclusion

chromatography experiments using a Gilson HPLC system, as described in Chapter 2 (pp. 18).

Eluted proteins were detected by absorption at 220 nm for GroEL and fluorescence at 567 nm

with excitation at 543 nm for Rh-3-LG and Rh-3-LG.red.

3.2.2.3. Fluorescence measurements

     Fluorescence spectra were measured with a Hitachi F4500 fluorescence

spectrophotometer. The fluorescence of tetramethylrhodamine was measured at a protein

concentration ofO.Ol mg mi'i with excitation at 556 nm.

3.3. Results

3.3.1. Solution structure of P-lactoglobulin and its disulfide derivatives.

      Figure 3.2 shows the far-UV CD spectra of bovine P-LG. To facilitate the detection of

the complex formation between substrate protein and GroEL, I prepared tetramethyirhodamine-

labeled P-lactoglobulin (Rh-P-LG) in which a single free thiol group of Cys121 is covalently

labeled with tetramethylrhodarnine-5-maleimide while the other four disulfide bridged cysteines

are unmodified (Figures 3.Ib, 3.3). I also prepared disulfide-reduced tetramethylrhodarnine-

labeled S-lactoglobulin (Rh-S-LG.red) in which two disulfide bonds of Rh-P-LG are reduced.

Figure 3.2 includes the spectra of these derivatives. The spectrum of intact 3-LG showed a

broad minimum at -215 nm, indicating that this species consists of predominantly B-sheet

structure. By contrast, in the spectrum of Rh-3-LG, broad minimum at --215 nm was
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disappeared and, instead, rather sharp minimum at -205 nm was marked. This spectral change

indicates that the labeling of buried thiol group of Cys121 resulted in structural perturbation of

the native conformation. This is also supported by the observation that, without destablization

of the native srmcture by denaturant such as Gdn-HCI or urea, the free thiol group of P-LG was

hardly reacted with thiol reactive reagents including tetramethyirhodamine-5-maleimide (data not

shown).

      On the other hand, the spectrum of Rh-P-LG.red was similar to that of Rh-6-LG,

indicating that both species are disordered to a simi1ar extent at least under this experimental

condition. Judging from the CD spectra, although rhodamine-labeled species were largely

disordered independent of the nature of the cysteine residues, they are much more structured

than the fu11y unfolded state in a high concentration of Gdn-HCI. Interestingly, the spectra of

Rh-B-LG and Rh-P-LG.red show some simi1arity to that of apo-cyt c (see Figure 2.5, pp. 23),

suggesting the possibility that Rh-P-LG and Rh-P-LG.red also assume a compact denatured

conformation as observed for apo-cyt c (see Hamada et al., 1993)

3.3.2. The interaction between GroEL and disulfide-intact form of rhodamine-

labeled P-lactoglobulin

      I measured the interaction between GroEL and P-LG derivatives by size exclusion

chromatography at various salt concentrations. The complex formation between GroEL and P-

LG was monitored by the fluorescence of rhodamine (see Figure 3.8a, pp. 53). When Rh-P-

LG or GroEL was applied separately to the column, the chromatogram showed a single peak at

-20 min or --16 min, respectively (data not shown). On the other hand, when the mixture of

Rh-B-LG and GroEL was applied to the column after pre-incubation of 15 min in the presence

of 50 mM KCI, a smal1 peak at e-16 min and a much larger peak at -20 min were observed by

fluorescence at 570 nm (Figure 3.4). Because almost the same small peak appeared in the

chromatogram when GroEL alone was applied, this smal1 peak at --16 min does not derive from

the complex but would be originated from the scattering of excitation light by 1arge GroEL

molecule. Thus, the results indicate that Rh-B-LG does not interact notably with GroEL at 50

mM KCI. However, by increasing salt concentration in the buffer up to 2oo mh by KCI, the
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peak at --16 min increased significantly and, accordingly, the peak at --20 min decreased. This

indicates that, although the interaction between Rh-P-LG and GroEL is too weak to detect by

HPLC when salt concentration is low, tight binding occurs when salt concentration is

increased. Because both Rh-P-LG and GroEL are negatively charged under the conditions used

(net charge of Rh-B-LG and GroEL at pH 7 is -6 and -18, respectively), the increase in salt

concentration should shield the electrostatic repulsion between the negatively charged

molecules, resulting in stabilization of the complex.

3.3.3. The interaction between Rh-P-LG.red and GroEL

      Figure 3.5 shows chromatograms of the Rh-P-LG and Rh-P-LG.red after incubation

with GroEL for ten minutes in the presence of 50 mM KCI. As can be seen in Figure 3.4, the

chromatogram of the disulfide intact form, Rh-•P-LG, did not show notable interaction with

GroEL at this low salt concentration. In contrast, the elution profile of the disulfide reduced

form, Rh-P-LG.red, showed a large peak at --15 min, indicating that the interaction of Rh-P-

LG.red with GroEL is stronger than that of the disulfide intact form of Rh-P-LG. Although

Rh-P-LG.red could interact with GroEL even at this low salt concentration, the peak at -- 15 min

became higher with increase in salt concentration, as was the case of the disulfide intact form of

Rh-P-LG, suggesting that the interaction between Rh-P-LG and GroEL is also affected by

electrostatic interaction. The present results demonstrate a substantial difference in binding

affinity for GroEL between Rh-B-LG and Rh-P-LG.red. However, the far-UV CD spectra of

these molecules are quite similar, and both of these have little secondary stmcture, as shown in

Figure 3.2. These results suggest that the secondary structure content is not adeterminant for

the interaction with GroEL. This view is consistent with the results obtained with cyt c

derivatives: although holo-cyt c and porphyrin-cyt c have similar secondary structures, the

affinity of porphyrin-cyt c toward GroEL is stronger than that of holo-cyt c.

3.3.4. Re-formation of the disulfide bonds

      Although there was no obvious difference in the far-UV CD spectra betvveen Rh-P-LG

and Rh-P-LG.red, the affinity for GroEL of Rh-B-LG.red was much higher than that of the
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disulfide intact form. To elucidate whether disulfide-bond formation does infiuence the affinity

for GroEL, I observed the interaction betvveen GroEL and the intermediates of disulfide-bond

formation of Rh-P-LG by size exclusion chromatography. Figure 3.6a shows HPLC elution

profiles of a mixture of GroEL and Rh-6-LG.red in the presence of glutathione. I chose the

low salt conditions (i.e., 50 mM KCI) so that the disulfide-intact form of Rh-fi-LG does not

interact with GroEL. The fu11y disulfide reduced forrn of Rh-B-LG was first incubated in the

presence of 5 mM oxidized glutathione and 2 mM reduced glutathione at pH 7.8 for various

times in order to allow disulfide exchange reaction. After various incubation periods, aliquot

was taken and disulfide exchange reaction was quenched by lowering pH and then GroEL was

added. As shown in Figure 3.6, the prolonged incubation time in the glutathione redox buffer

resulted in decrease in peak intensity at --15 min and, correspondingly, peak at --20 min has

gradually increased. From the ratio of the peaks at •-15 min and at --20 min, I evaluated the

affinity change for GroEL during the disulfide exchange reaction (Figure 3.6b). Because the

disulfide exchange reaction was carried out in an environment where the native conformation is

stable, the molecule will reach to a species with correct disulfide bonds through several kinds of

intermediates with nonnative disulfide pairs. Therefore, the results show that, while the

cleavage of disulfide-bonds increases the affinity of Rh-B-LG for GroEL, re-formation of

correct disulfide-bond reversibly decreases the affinity of Rh-P-LG for GroEL, suggesting that

the complex formation is determined by a factor related to the extent of correct disulfide bond

formation.

3.3.5. Interaction with GroEL of refolding intermediate of Rh-B-LG

      It has been suggested that the non-native ct-helical intermediate state accumulates in the

folding pathway of bovine P-LG, through which native P-sheet structure is formed (Hamada et

al., 1996b; Kuwajima et al., 1987, 1996). It has not yet been understood whether this

nonnative helical intermediate state is a major on-pathway intermediate or off-pathway trapped

state. Even if it is a kinetically trapped state, it might be appropriate to consider that this

compact helical intermediate state is on a closest detour to the native state rather than it climbs up

the energy funnel to the original unfolded state. It is intriguing to examine the interaction
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between such a nonnative intermediate and GroEL in order to understand the functional role of

molecular chaperone.

      Figure 3.7 shows the interaction between GroEL and the refolding intermediate of Rh-

P-LG in the presence of 2oo mM KCI. Rh-B-LG unfolded by 4 M Gdn-HCI was rapidly

diluted hundred times by a buffer (2oo mM KCI and 20 mM Tris-HCI, pH 7.0) containing

GroEL, and applied to a size-exclusion column. Figure also shows the result of control

experiment where Rh-6-LG in non-denaturing condition was diluted and mixed with GroEL in

the same manner. In the case ofcontrol experirnent, the chromatogram shows two peaks at --15

min and -20 min, indicating a relatively weak interaction between GroEL and Rh-P-LG (see

also Figure 3.3a, pp. 46). The HPLC elution profile of the refolding intermediate from Gdn-

HCI also shows two peaks at -•15 min and --20 min. Clearly, peak intensity at --15 min was

increased, and correspondingly, peak at •-20 rnin was decreased, showing that the refolding

intermediate of Rh-P-LG interacts with GroEL more tightly than the non-denatured state of Rh-

P-LG. The results suggest that the nonnative ct-helical intermediate which accumulates in the

folding pathway of S-LG can interact with GroEL, confirming the idea that the type of

secondary structure is not a deteminant for GroEL binding.

3.3.6. Interaction vvith GroEL studied by fluorescence analysis

      As shown in Figure 3.4 (pp. 48), Rh-P-LG interacts with GroEL in the presence of 2oo

rnlS,I KCI. In order to evaluate quantitatively the interaction between them, I measured the

change in fluorescence spectrum of rhodamine upon binding. Figure 3.8a shows fluorescence

spectra of Rh-P-LG in the presence of various concentrations of GroEL at 2oo mM KCI. In the

absence of GroEL, the fluorescence spectra of Rh-B-LG showed a maximum at 574 nm. The

peak intensity varied depending on the concentration of GroEL,, and increased as much as

twofold in the presence of excess amount of GroEL. I assumed that this spectral change

refiects the binding between Rh-P-LG and GroEL. Then, I measured the fiuorescence spectra

in the presence of various concentrations of GroEL and plot its peak intensity against GroEL

concentration to draw a titration curve. As shown in Figure 3.8b, the fluorescence intensity

increased linearly at the beginning of the titration curve, and then the slope gradually decreased
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and finally saturated. By assuming that one GroEL molecule binds one molecule of Rh-P-LG

(i.e., a 1:1 binding scheme; see Material and Methods in Chapter 2, pp. 21), I analyzed this

titration curve. Consequently, the binding constant between them was estimated to be 2 x 107

M'i. I also carried out the sarne experiment in the presence of ATP or ADP and the results are

also included in Figure 3.6b. While the titration curve in the presence of 2 mM Mg-ADP was

quite similar to that in the absence of nucleotide, little increase in fluorescence intensity was

observed in the presence of 2 rnM Mg-ATP. This result is consistent with the idea that ATP

binding/hydrolysis induces the substrate release from GroEL, suggesting that the interaction

between Rh-B-LG and GroEL must be specific and closely related to the GroEL function.

3.4. Discussion

3.4.1. Electrostatic interaction between GroEL and B-LG

      In the present chapter, I showed that elevating sait concentration results in increase the

affinity of Rh-B-LG for GroEL, in contrast to the case for cyt c, in which the affinity for GroEL

is decreased when salt concentration is raised (Chapter 2.4.2, pp. 35). This apparently

opposing effects of salt concentration are explained by electrostatic interaction between GroEL

and substrate proteins. When salt concentration in the buffer is increased, electrostatic attractive

or repulsive forces between charged molecules with the opposing or the same signs,

respectively, will be weakened. Under the conditions examined (pH 7), both P-LG (pl = 5)

and GroEL (pl = 5) is negatively charged while cyt c (pl = 10) is positively charged.

Therefore, interaction between P-LG and GroEL will be apparently strengthened with

increasing salt concentration because the electrostatically repulsive forces preventing complex

formation is weakened. On the other hand, complex formation between cyt c and GroEL will

be suppressed when salt concentration is increased, because electrostatically attractive forces

between them is weakened (see also Chapter 2.4.2, pp. 35).

3.4.2. Conformational characteristics of P-LG

      The present work showed that disulfide-reduced form of Rh-P-LG interacts with GroEL

more tightly than the disulfide-intact form. This vvas evidenced by the results that, whereas Rh-
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P-LG could interact with GroEL only in the presence of high concentration of salt, Rh-fi-

LG,red interacted with GroEL at any salt concentrations examined. Nevertheless, it seems that

the two forms have very simi1ar conformations at least examined by far-UV CD spectra. As

mentioned in the Chapter 2.4.3, (pp. 36; see also Figure 2.12, pp. 39), it is possible to

consider that the conformational state of a certain protein which binds to GroEL might be

different from the structure in solution. In other words, the binding to GroEL might induce

some structural change on the substrate proteins. Zahn et al. (1996) examined the

conformational states of barnase bound to GroEL and SecB by using hydrogen-deuterium

exchange combined with NMR and indicated that barnase binds to GroEL in a fu11y unfolded

state. Similarly, Nieba-Axmann etal. (1997) examined the interaction between cyclophilin A

and GroEL by using NMR spectroscopy and suggested that cyclophilin A with native-like

structure undergoes multiple cycles of unfolding while bound to GroEL.

      The disulfide bond, which covalently connects one region to another in a linear

polypeptide chain, often restricts largely the conformational space of fully unfolded state,

resulting in the stabilization of the native conformation or prevention of further unfolding.

Indeed, it was suggested that the four disulfide bonds of hen egg white lysozyme, 14.5 kDa of

globular protein, prevents fu11y unfolding even in the presence of 4 M Gdn-HCI or 409o (v/v)

of trifluoroethanol (Hoshino et al., 1997). If a substrate protein actually undergoes unfolding

reaction upon binding to GroEL, it is possible to consider that the two disulfide bonds existing

in Rh-P-LG prevent forming a fully unfolded state, and, as a result, the affinity for GroEL

tovvard Rh-P-LG is not as strong as the disulfide reduced form. It is also possible to consider

that the binding of a substrate protein to GroEL is an event in which already exposed

hydrophobic regions on a substrate protein interact with GroEL, and, in concomitant with this,

some structural rearrangements occur in the substrate, or simultaneously breaking

intramolecular contacts to make nevv intermolecular contacts (Figure 2.11, pp. 37). The

unfolding of a substrate protein might be also effective to increase the surface area that is

available to contact with the flexible binding site on GroEL.
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3.4.3. Interaction between GroEL and refolding intermediate of Rh-B-LG

      AIthough the native structure of B-LG was disordered by labeling its free thiol group

with tetramethylrhodamine, the refolding reaction from the fu11y denatured state in the presence

of 4 M Gdn-HCI is considered to proceed through an ct-helical intermediate, similarly to the

non-labeled form. It is known that, although the native conformation of bovine P-LG is

consisting of largely P-sheet structure, it has a high helical preference for ct-helical structure

(Hamada et al., 1995; Hamada & Goto, 1997; Kuroda et al., 1996; Shiraki et aL, 1995), and

the refolding reaction of this protein is considered to proceed through a nonnative partly ct-

helical intermediate (Hamada et al., 1996b; Kuwajima et al., 1987, 1996). This helical

intermediate accumulates within the dead-time of CD stopped flow mixing, and its conversion

to the native B-sheet structure proceeds more slowly According to Hamada et al. (1996b), the

refolding reaction of B-LG is consisted of at least three phases, and for the fastest phase, ki is

9.6 s'i. In contrast, the binding reaction between GroEL and its substrate generally proceeds

much faster, the binding rate constant of apo-cyt c and GroEL was estimated to be 7.8 x 107

M'is'i, and similar value was reported for the disulfide reduced ct-lactalbumin (ki = 1 x 106

M'is-i; Murai et al. 1995), the MG state of ct-lactalbumin (ki = 1 x 106 M-is-i; Katsumata et

al., 1996) and for barnase (ki = 1.3 x 108 M'is-i; Gray & Fersht). All of these reaction occur

by the rate constant of the order of ki = lo6 - lo8 M'is'i.

      Providing that the binding reaction between GroEL and Rh-P-LG proceeds in the similar

rate, a half time of the reaction (time needed for halfof Rh-B-LG molecules bind to GroEL) was

estimated to be ti/2 = 20 msec using the following parameters; [Rh-P-LG] = O.3 pM, [GroEL]

= O.6 pM, ki = 7.8 x 107 M-is'i, k-i = 1.9 s'i. On the other hand, the conformational

transition from ct-helical intermediate to the native B-sheet structure of P-LG is consisted of at

least three phases, and the fastest phase has a ki value of 9.6 s-i. Therefore, the overall

conversion must be slower than O.1 s (= 1/ki). On the other hand, the ct-helix formation from

the fuily unfolded state is a much faster process, completing within the dead-time of the stopped

flow mixing (less than 5 msec). Taken together, the refolding process and binding reaction

with GroEL of 3-LG can be considered by the following scheme:
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        <5 msec
Unfolded - ct-helical intermediate

-- 20 msec

>O.1 sec

Native State

Scheme 2

Complex with GroEL

      The present work suggests that, although the non-denaturing form of Rh-P-LG shows

some interaction with GroEL, the refolding intermediate from fu11y denaturing condition of Rh-

P-LG possesses much higher affinity for GroEL.

According to the above scheme, in the refolding reaction from the fully unfolded state in the

presence of 4 M of Gdn-HCI, Rh-P-LG rapidly adopts an ct-helical intermediate, and then this

ct-helical intermediate preferentially binds to GroEL. It is suggested that such an ct-helical

intermediate of bovine 3-LG is accumulated in an environment where the local interaction is

predominant, including the early stage of the folding reaction, where non-local interaction is

marginal. From their theoretical studies on the basis of simple exact models, Dill and

coworkers (Chan & Dill, 1990; Dill et al., 1995) suggested that the collapse of protein

molecule drives the formation of secondary structure. From this point of view, the early ct-

helical intermediate of P-LG is also considered to be a compact intermediate. However, it

would be a collapsed state without specific non-local interaction. In such a collapsed state,

many hydrophobic residues would not be buried properly, and a correct specific packing of the

molecule would be prevented. It is considered that these collapsed but not-correctly packed

state with exposed hydrophobic surfaces may be preferentially bound by GroEL.
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Chapter 4

High Level Expression of Bovine P-Lactoglobulin in
Pichia pastoris

4.1. Introduction

      In order to obtain further information of the conformational properties necessary for

binding to GroEL, analysis of the bound and free substrate proteins by physicochemical

methods with high srmctural resolution such as heteronuclear NMR will be usefu1. Therefore, I

tried to analyze the solution stmctures of the native and ct-helical intermediate of P-LG at atomic

resolution by heteronuclear multidimensional NMR with a recombinant bovine P-LG expressed

by methylotropic yeast Pichia pastoris.

      It is noted that the researches described in Chapter 4 and Chapter 5 have been perforrned

as a collaboration between Drs. K. Kuwata (Gifu Univ.), C. A. Batt (Cornell Univ.), Y. Goto

(Osaka Univ.) and myself. Dr. Batt constructed a P. pastoris strain which secretes

recombinant B-LG by fusion of the cDNA to the ct-mating factor prepro-leader from

Saccharomyces cerevisiae. Dr. Kuwata mainly performed the NMR measurements of

recombinant B-LG. I carried out the fermentation of P. pastoris, preparation and physical

characterization of the recombinant P-LG.

      Recombinant bovine P-LG was fust expressed in Escherichia coti (Batt et al., 1990)

and Saccharomyces cerevisiae (Totsuka et al., 1990). More recently, it has also been

expressed in Kl"yveromyces lactis (Rocha et al., 1996). We pursued an alternative host for

high-level expression of recombinant bovine P-LG, since when produced in E coli, it formed

inclusion bodies, while the yields in other systems were not deemed sufficient for a number of

biophysical' studies. The methylotropic yeast, P. pastoris was selected as the expression host

(Cregg & Higgins, 1995; Romanos, 1995) because of its ability to grow to very high cell

density (Cregg & Higgins, 1995) while producing up alcohol oxidase up to 309e of its total

soluble protein when fully induced (Couderc & Baratti, 1980; Cregg et al., 1985). It also
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secretes very little of its own protein, simplifying purification of any heterologous secreted

protein (Barr et al., 1992).

      Using the secretion system of P. pastoris by connecting a prepro ct-mating factor (ct-

MF prepro) secretion signal derived from Saccharomyces cerevisiae to the N-teminal of the

protein of interest, we fust established the high expression system of recombinant P-LG. The

yield of the protein was reached at the order of exceeding several hundred mi11igrams. Then,

we examined the solution structure of recombinant P-LG by CD and 2D-NMR. Both

techniques revealed that the structure and stability of B-LG expressed in P. pastoris is

practically identical to that derived from its natural source, bovine.

4.2. Materials and Methods

4.2.1. Materials

4t.2.!..!.,-Sgatps-gud-p!asuijds211Stransandlasmds

      E. coli TGI was used as a host strain for constmcting BLG/pPIC9. pPIC9 contains the

alcohol oxidase (AOX) I promoter, His' selectabie marker and prepro ct-mating factor (ct-rvff

prepro) secretion signal derived from Saccharomyces cerevisiae (Figure 4.1). Plasmid

pTTQ18BLG, the source of the B-LG cDNA, was prepared from E coli TGI (Batt et al.,

1990). P. pastoris GS115 was selected as a host strain for expression (Cregg et al., 1985).

4t:,Z,.!.,Z,-P!S[!2uuangigg!a!!gu212DNA lt

      Plasmid DNA was isolated using a Qiagen plasmid preparation kit (Santa Clarita).

Restriction enzymes were purchased from New England Biolabs and ligase from GIBCO BRL.

The purification and the ligation of digested plasmid or PCR products were perforrned by the

procedures as described (Ausubel et al., 1990).

4.2.1.3. Medium

      E coli TG1 was grown in Luria broth (Ausube1 et al., 1990) containing ampicillin (1oo

mgA). BMGY (Buffered Glycerol-complex Medium; 19o yeast extract, 29o peptone, O.1 M

potassium phosphate, pH 6.0, 1.349o yeast nitrogen base, 4 x 10'59o biotin and 19o glycerol)
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Figure 4.1. Restriction map of BLG/pPIC9.
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and BMMY (Buffered Methanol-complex Medium; BMGY except O.59o methanol was used

instead of glycerol) were used for growing P. patroris and producing recombinant P-LG,

respectively. MD (Minimal Dextrose Medium; 1.349e yeast nitrogen base, 4 x 10'59o biotin,

19o dextrose) agar was used for screening of His+ transformants and MM (Minimal Methanol

Medium; MD except O.59e methanol was added instead of dextrose) for Mut (Methanol

Utilization) screening.

4.2.2. Methods

4t.2..Z,.IL!;ggs!!yg!is2ggll.g2gp!gssiguygg!g!221Cotructof tr

      A 480 bp DNA fragment encoding bovine B-LG was amplified by PCR from

prrQl8BLG (Batt et al., 1990), with the following oligonucleotide primers:

5'CCGCTCGAGAAAAGAGAGGCTGAAGCTTACGTTACCCAGACC-3 (5'Xhol) and

5'CGGAATTCCTAGATGTGGCACTGCTCCTCCAG-3 (3'EcoRI). The PCR product

purified using a Qiagen kit and after Xhol, EcoRI digestion, it was cloned into the Xhol and

EcoRI sites of pPIC9, generating BLG/pPIC9 (Figure 4.1).

4LLZ2.Z,Z.-tu!spmpaLgt.R,-J2gs!e!2s22TransformatofP t

      P. pastoris GSI15(His') was transformed with BLGIpPIC9 digested with Bglll.

Approximately O.3 pg of the linearized plasmid DNA was used for electroporation in O.2 cm

cuvettes at 1.5 kV, 25 mF, 4oo W, using a Bio--Rad Gene Pulser (Becker et al., 1991).

Immediately after pulsing, 1 mi of cold 1 M sorbitol was added to the cuvette. Cells were

plated onto MD agar for the selection of His' tran'sformants. Transformants containing

integrated BLG/pPIC9 were screened as follows: 4 mi of BMGY was inoculated a His' colony

and incubated for 1 day at 300C. A 1 pl aliquot from 20 pl of cell lysate was used for PCR with

5'Xhol and 3'EcoRI primers. To screen for methanol utilization, 2.5 pl of each cukure was

spotted onto MM agar plate.

4.2.2.3.FermentationofP. astoris BLG/ PIC9

      The fermentation of P. pastoris [BLG/pPIC9] was carried out using a KMJ-2C

fermenter (Mitsuwa Biosystems). The seed culture was prepared by inoculation from a frozen
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glycerol stock of GS115/His"/BLG/Mut" into 2 ml ofBMGY. After ovemight incubation at

300C, the culture was transferred into 1oo ml of the same medium and grown to an OD6oo of 2

to 6. The seed culture was transferred into 1 liter of the same medium. The pH of medium was

adjusted to 6.0 with potassium hydroxide. The culture was grown for approximately 15 hrs

until an OD6oo reached 10 to 15. To induce AOXI transcription, the culture was cenuifuged

and the precipitated cell was suspended into 6oo ml of BMMY. Fifteen milliliter of methanol

was supplemented every 12 hours into the culture, and further incubated for 48-72 hrs.

Samples were taken from the fermenter at different times and the cell density and protein level

were measured.

4.2.2.4. Purification of -LG

      The culture supernatant was harvested 48-72 hrs after the start of methanol induction by

centrifugation at 1,500 x g for 20 min and approximately 800 ml of supernatant was

concentrated to 150 ml by pressure filtration using YMIO membrane (Amicon). The

concentrated protein solution was dialyzed against 2oo rnM NaCl, 50 mh Gly-HCI (pH 3.0)

for three times to decrease salt concentration in the solution. After dialysis, the protein was

applied to a 2.5 x 25 cm CM-Sepharose CL-6B column (Pharmacia) equilibrated with the same

buffer. 3-LG was eluted with a linear gradient of O.2-1.0 M NaCl in 50 mM GIy-HCI (pH

3.0). A 30 ml fraction of purified recombinant P-LG was dialyzed against 20 mM HCI and

then lyophilized. Purity of the protein was exarnined by SDS-PAGE and reverse-phase HPLC

using a p-BONDASPHERE 5pC4-3ooA column (Waters). The N-terminal sequence was

determined by automated Edman degradation using ABI 437A protein sequencer (Applied

Biosystems).

4.2.2.5. CD measurements

      The CD spectra were measured using a Jasco spectropolarimeter, model J-720 at 200C

as described in Chapter 2 (pp. 20). The unfolding transition curves measured by the ellipticity

at 218 nm were analyzed on the basis of a two-state transition mechanism between the native
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state (N) and the unfolded state (U), N -<-L U, andalinear dependence of the free energy change

of unfolding (AGu) upon Gdn-HCI concentration, [Gdn-HCI],

AGu = AGu(H20) - m[Gdn-HCI] (6)

where AGu(H20) is AGu in the absence of denaturant and m provides a measure of the

dependence of AGu upon Gdn-HCI concentration (Myers et al., 1995). Assuming manually

the baselines for the native and unfolded states, the AGu(H20) and m values were obtained by a

least-squares curve fitting program.

4.2.2.6. NMR measurements

      The iH-NMR spectra were measured using a Varian Inova 5oo MHz spectrometers at

600C. fi-LG solutions were prepared by dissolving the lyophilized proteins in 109e (v/v) D20

and 909e H20. The pH was adjusted to pH 2.0 at room temperature by adding 1.0 M HCI. No

additional salt was present. Water suppression was accomplished using symmetrically shifted

pulse (Smallcombe, 1993) with minimum presaturation. The 2D phase sensitive COSY spectra

were recorded by the hypercomplex method (States et al., 1982) with the following parameters:

spectral width, 75oo Hz in each dimension and size, 4096 complex points in t2 with 512

hypercomplex ti increments. Each dimension was processed with sine-bell and Gaussian

functions. Acquisition time was 1 day foreach spectrum.

4.3. Results

4.3.1. Construction of pPIC9 expression vector

      The cDNA for B-LG was inserted in between the Xhol and SnaBI sites of pPIC9 3' to

the secretion signal sequence using the 5'Xhol primer. The cDNA was placed in-frarne with the

89 amino acids of Saccharomyces cerevisiae ct-MF prepro (Kurjan & Herskowitz, 1982)

producing a fusion between it and the ct-MF prepro peptide. Heterologous proteins fused to the

sequence are cleaved between Afg-85 and Glu-86 in the sequence Glu-Lys-Arg-Glu-Ala-GIu-

Ala by the KEX2 endopeptidase which cleaves on the carboxyl side of dibasic residues (Julius
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et at., 1984). The Glu-Ala spacer repeats at N-teminus that provide a hydrophilic environment

at the KEX2 endopeptidase cleavage site, are then removed by the STE13 dipeptidyl

aminopeptidase (Anna-Aniola & Herskowitz, 1994; Bussey, 1988; Julius et al., 1983). The

amino acid sequence (Tyr-Val) after Glu-Ala repeats was introduced by 5'Xhol primer slightly

altering the N-terminal amino acid sequence of P-LG from iLeu-2Ile-3val to iAla-2Tyr-3val.

Nucleotide sequencing of BLG/pPIC9 with 5'AOX primer confirmed the junction between the

secretion signal and P-LG cDNA.

4.3.2. Primary sequence

      B-LG was purified using CM-Sepharose chromatography and a single band was

observed on Coomassie Blue staining SDS-PAGE. Even with significant overloading of the

SDS-PAGE, no extraneous proteins were observed. The purified P-LG migrated at the same

position as purified bovine B-LG. A total of 6 amino acids were sequenced from the N-terminal

of the secreted P-LG (-3Glu-'2Ala-•'iGlu-iAla-2Tyr-3Val) and they revealed that the ct-MF

prepro peptide was cleaved at the carboxyl side of the dibasic residue, Lys-Arg, but Glu-Ala

spacer at the N-terminus remained.

4.3.3. CD spectra

      Conformation of the. recombinant P-LG was studied by CD and iH-NMR spectra.

Whereas bovine P-LG exists as a dimer at neutral pH, it dissociate into monomers below pH 3,

but still retains a native conformation even in an acidic environment as low as pH 2 (Fugate &

Song, 1980). The far-UV CD spectrum of the recombinant P-LG at pH 3.0 and 200C had a

minimum at 217 nm, consistent with the abundance of B-sheet structures (Figure 4.2). The

near UV-CD spectrum showed sharp peaks at 286 and 294 nm, indicating the unique tertiary

structures. These spectral features of the recombinant 3-LG were essentially the same as those

of bovine P-LG A purchased from Sigma. Thus, the CD spectra indicate that the recombinant

P-LG at pH 3.0 assumes unique native stmcture which is simi1ar to that of bovine B-LG. I also

measured the CD spectra of the recombinant and bovine B-LGs at pH 7.0. The spectra at pH

7.0 were similar to each other and were also similar to those at pH 3.0 (data not shown).
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4.3.4. Gdn-HCI unfolding profiles

      In order to compare the conformational stability, the unfolding transitions of the

recombinant and bovine B-LGs were measured by the ellipticity at 218 nm at pH 3.0 and 200C

(Figure 4.3). The unfolding transition curves of the two proteins were indistinguishable, again

indicating the similarity of the two P-LGs. For both proteins, the unfolding started at about 2

M Gdn-HCI and major transition ended at 4 M Gdn-HCI, the apparent midpoint of the transition

being 3.2 M Gdn-HCI. The unfolding transition of the recombinant S-LG at pH 3.0 was

reversible (data not shown) as is the case of bovine B-LG (Hamada et al., 1996b). The

unfolding transition curves were analyzed on the basis two-state transition mechanism between

the native state (N) and the unfolded state (U), and a Iinear dependence of the free energy

change of unfolding (AGu) upon Gdn-HCI concentration (see Materials and Methods). The

AGu(H20) and m values were estimated to be 28.4Å}O.1 kJ/mol and 8.8Å}O.1 kJ/moU(mol of

Gdn-HCI), respectively, for the recombinant 6-LG and 33.4Å}O.1 kJ/mol and 10.6Å}O.1

kJ/moY(mol of Gdn-HCI), respectively, for bovine P-LG.

4.3.5. NMR spectroscopy

      To further compare the stmctural details, the 2D iH-NMR spectra of the recombinant

and bovine P-LGs were measured at pH 2.0 and 600C (Figure 4.4). The measurements at a

high temperature was necessary to obtain a spectra with high peak resolution. The P-LGs were

still native at 600C and pH 2.0 on the basis of the CD spectra (data not shown). In fact, for

both P-LGs, many ctCH-NH cross peaks were clearly separated, consistent with the native

structure with many P-sheets. The 162 arnino acids residues ofbovine P-LG A give rise to 156

ctCH-NH cross peaks in the COSY spectrum in H20, i.e., 162 (total amino acid residues) - 8

(Pro) - 1 (N-terminal) + 3 (Gly), and up to 36 additionai cross--peaks representing Arg and Lys

side chain reasonances. A total of 128 cross-peaks were visible in Figure 4.4b. On the other

hand, 165 amino acids of the recombinant S-LG give rise to 159 ctCH-NH cross-peaks in the

COSY spectrum, i.e., 165 (total amino acid residues) - 8 (Pro) - 1 (N-terminal) + 3 (Gly), and

up to 36 additional cross-peaks representing Arg and Lys side chain reasonances. A total of

131 cross-peaks were visible in Figure 4.4a. Thus, we observed at least 809o of ctCH-NH
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cross-peaks in the finger print regions of COSY spectra of both B-LGs. Although the two

spectra were very simi1ar, several cross-peaks were evidently different, demonstrating the high

sensitivity of the NMR methodology. Aithough the assignments of the peaks were not

performed, these differences probably come from the difference in amino acid composition at

the N--terminal region and the difference in three dimensional structure around the

corresponding region. (See Chapter 5 for the assignments with heteronuclear NMR).

4.4. Discussion

      P-LG has been expressed from both recombinant prokaryotic and eukaryotic hosts.

Initial levels of P-LG expression in E. coli were low and the protein required solubilization

followed by refolding. Typical yields were on the order of 8-10 mgA (Batt et al., 1990).

Parallel efforts to express P-LG in S. cerevisiae using the glyceraldehyde 3 phosphate

dehydrogenase promoter resulted in yields of 1.1 mg/1, but advantageously, this protein was

secreted (Totsuka et al., 1990). Finally 3-LG has also been expressed in K. Iactis using the

phosphoglycerate kinase promoter and yields of 40-50 mg/1 in secreted protein reported (Rocha

et al., 1996). In this latter effort, the native P-LG signal was used to direct secretion and

proper processing observed. In the present study, recombinant P-LG was efficiently expressed

from P. pastoris and copious amounts of fully folded protein on the order of several hundred

mi11igrarns could be recovered from the supernatant.

      The prepro ct-MF leader sequence derived from S. cerevisiae is effective at secreting

and directing the processing of the recombinant B-LG in P. pastoris. Cleavage of the leader is

apparently mediated through a KEX2-like activity in P. pastoris. On the other hand, the

efficiency of the STE13 cleavage depends on the heterologous protein being expressed (Brake

et al., 1984). The Glu-Ala spacer residues, which provide a hydrophilic environment at the

KEX2 cleavage site, are removed in certain cases, but not in other cases (Guisez et al., 1991)

suggesting a intrinsic role for the recombinant protein. incornplete cleavage by the STE13-gene

product observed in the present study rnight also be due to the occlusion of the cleavage size on

the secreted protein from the peptidase (Hinchliffe & Kenny, 1993). P-LG exists as a dimer at

physiological pH (Pessen et al., 1985) and the negatively charged N-terminal may be involved
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in dimer formation. Therefore, N-terminal of the partially folded recombinant P-LG may not be

accessible to STE13.

      CD spectra of B-LG produced by P. pastoris and bovine P-LG were almost the same

except foraslight differences in the aromatic region (-295 nm; see Figure 4.2, pp. 65). This

spectral change may be derived from a Tyr residue at the N-terminal of the recombinant B-LG,

which was introduced by a mutation of iLeu-2Ile-3Val to iAla-2Tyr-3val. However, in the

other aliphatic and aromatic regions, two spectra were indistinguishable, indicating that the

differences in the N-terminal do not have a significant effect on the overall structure. In

addition, it was shown that both spices have the same stability measured by Gdn-HCI

denaturation experiments. This structural tolerance against the N-terminal difference is

supported by the X-ray crystallographic structure, in which N-terrninal four residues were not

vvell defined (Brownlow et al., 1997; Papiz et al., 1986).

      NMR results further confirm that the conformation of the recombinant and bovine P-

LGs are practically the same in spite of the N-terminal differences. In particular, the COSY

spectra (Figure 4.4, pp. 67) provide convincing evidence of srmctural similarity as well as the

slight difference probably arising from the N-terminal region. These efforts comprise a very

complete characterization of the recombinant l3-LG as a prelude to using this system to study the

structure-function of protein.

      Protein structures are detemined by the local and non-1ocal interactions. P-LG is a

unique example representing inconsistency of the 1ocal and non-local secondary structure

preference (Hamada & Goto, 1997; Hamada et al., 1995, 1996b; Kuroda et al., 1996; Shiraki

et al., 1995). Detailed analysis of the folding mechanism of B-LG is of special importance for

understanding the interplay between 1ocal and non-1ocal interactions during protein folding. For

such studies, heteronuclear NMR methods, which can provide the detailed structural

information at the atomic level, will be essential. The COSY spectra with high peak resolution

indicate that this protein is suitable for such NMR studies. The high level expression of the

native 3-LG in P. pastoris enables the efficient expression of the isotope-labeled proteins. In

the next chapter, taking advantage of this high level expression system constructed in P.

pastoris, I prepared the uniformly i5N-labeled and, i5N and i3C double-labeled S-LGs, and
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carried out funher NMR characterization of the native state at pH 2 as well as the highly helical

state in and 509o (v/v) trifluoroethanol solution.
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Chapter 5

Heteronuclear NMR Characterization of the Native 6-
Sheet and TFE-induced ct-Helical States of B-

Lactoglobulin

5.1. Introduction

      P-Lactoglobulin is a predominantly B-sheet protein consisting of nine anti-•parallel B-

strands and one ct-helix (Brownlow et al., 1997; Figure 3.1, pp. 43). B-LG has a high

tendency to form ct-helix, and it has been suggested to fold through ct-helical intermediate,

I(ct): U . I(ct) -> N(B), where U and N(S) are the fully unfolded and native states,

respectively (Kuroda et al., 1995; Nishikawa & Noguchi, 1991; Shiraki et aL, 1995).

However, role of the ct-helical intermediate in the P-LG kinetic folding is unclear. Is it 1ocated

in the folding pathway or an off-pathway intermediate? Is it a productive intermediate

accelerating the folding reaction or a kinetic trap (Kiefhabor, 1995) decelerating the reaction?

      In order to clarify the role of the helical intermediate in the folding of P-LG, it is

essential to characterize the structure and dynamics of B-LG and its intermediate conformational

states at the atomic level. The heteronuclear NMR is the best approach to perform such

analysis. The heteronuclear NMR characterization of P-LG will be also important for

characterizing the conformational states recognized by GroEL as described in Chapter 4.

Therefore, I prepared the recombinant B-LG uniformly labeled with i5N and i3C using pichia

pastoris expression system, as described in Chapter 4. As a first step to elucidate the whole

structural details of the refolding process of P-LG, I, in collaboration with Dr. K. Kuwata,

assigned the resonance frequencies of backbone nuclei in aqueous solution (i.e., the native

state) using heteronuclear 2D and 3D NMR spectra, and characterized both the secondary

stmctures and dynamics. Because TFE stabilizes the ct-helices of the kinetic intermediate

(Hamada et al., 1996b), TFE-induced structures would be useful to consider the kinetic

intermediate in the absence of TFE. Thus, we then characterized the TFE-induced ct-helical
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state (i.e., the TFE state). The results confirmed the global conformations and dynamics of the

TFE state and implicated the possible ct-helical regions which exist in the kinetic intermediate.

      Although I have not examined directly the interaction between GroEL and P-LG at

atomic detail using NMR, the present results provide an scaffold for a further detailed analysis,

such as pulse labeling H/D exchange experiment in order to elucidate the interaction between

GroEL and kinetic ct-helical intermediate of P-LG at atomic resolution.

5.2. Materials and Methods

5.2.1. Materials

      Bovine P-LG was expressed in the methylotropic yeast P. pastoris with slight

modifications from that described in Chapter 4 (pp. 59). That is, for the preparation of the

uniformly doubly labeled P-LG, i5N,i3C-labeled MD and MM, in which i5N-labeled

(NH4)2S04, i3C-labeled glucose and i3C-labeled methanol are contained in place of standard

compounds, were used for growing P. patroris and producing recombinant B-LG,

respectively. The secreted protein was purified as described, and I obtained 40 mg of doubly

labeled B-LG.

      One mi11igram of i'3C,i5N labeled B-LG was dissolved in 2oo pl of 20 mh HCI (959e

H20/59o D20). pH was adjusted to 2.0 by adding HCI and sample was kept in 5 mm microcell

(Shigemi). All the NMR spectra were recorded at 450C and the acquisition time for each 3D

spectrum was about four days with 2048 points in direct dimension.

5.2.2. Methods

      NMR experiments were performed on a Varian lnova 5oo spectrometer equipped with a

triple resonance probe including shielded z gradients at the Instrument Analysis Center at Gifu

University. Complete sequence-specific NMR assignments for recombinant 3-LG were

obtained based on scalar coupling connectivities. Assignments of backbone resonances were

established using CBCA(CO)NH (Grzesiek & Bax, 1992) and HNCACB (Wittekind & Muller,

1993). HNCA and HN(CA)CO (Grzesiek & Bax, 1993) were acquired to obtain independent

sequential linkage patterns to complement the above assignment. HCCH-TOCSY (Bax et al.,
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1990), CCH-TOCSY (Fogh et al., 1995), (HP)CP(CYC6)H6 and HB(CPCYC6)H6 (Yamazaki et

al., 1993) were also acquired to refine the assignments. 3D iH-iH-i5N NOESY experiments

were performed varying the mixing time of 90, 120 and 2oo msec. The order parameters and

the effective correlation times are obtained using the programs coded by Dr. M. Aklce at

Columbia University. Data processing and peak picking were performed using the FELIX

program version 95.0 (Biosym Technologies).

5.3. Results

5.3.1. Backbone resonance assignments

      Amide iH and i5N chemicai shift range in the native state at pH 2.0 was 3.6 and 27

ppm (Figure 5.la), respectively. High dispersion of amide iH suggests a predominantly B-

sheet structure, consistent with the X-ray structure as well as that inferred from the CD

spectrum. We could assign most of the backbone atoms in the native state using CBCACONH

(Grzesiek & Bax, 1992) and HNCACB (Wittekind & Muller, 1993; spectra are not shown).

Because chemical shifts of Ca resonances were significantly degenerated, we needed scalar

connectivity via CO or CB resonances to connect the neighboring spins uniquely. Especially,

Cp scalar connectivities were quite essential for the assignment of the TFE state as will be

described below. The residues whose backbone nitrogen atoms are not assigned at present are

E-2, L22, YI02, D130, K138, I147, R148 and E158.

      The TFE-induced P . ct transition of P-LG at pH 2 is highly cooperative, occurring

between 159o and 209o (v/v) TFE (Shiraki et al., 1995). The ellipticities at 222 nm before and

after the transition are flat, and the maximal helical content is 809o. We chose 509o TFE, high

enough to complete the B -> ct transition, as a solvent condition stabilizing the TFE state.

Amide iH and i5N chemical shift range in the TFE state was 1.3 and 23 ppm, respectively

(Figure 5.Ib). The low dispersion of the amide iH chemical shift in the TFE state suggests a

highly helical stmcture, consistent with the CD spectrum. Because of the less sensitivity of i5N

backbone resonance dispersion to the protein structure, we could assign most of them even in

the TFE state by using CBCACONH and HNCACB (spectra are not shown). Consequently,

although 2D i5N HSQC spectrum shown in Figure 5.Ic was remarkably crowded, peaks were
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Figure 5.1. iH, i5N HSQC spectra of P-lactoglobulin at 450C and pH 2.0. Assignments

of the backbone amide signals are indicated using the one-letter code and the residue
number. (a) the native state in aqueous solution; (b) the TFE state in 509o TFE (v/v); (c)

Expanded region of (b).
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clearly separable in 3D CBCACONH and HNCACB. The residues in the TFE state whose

backbone nitrogen atoms are not assigned at present are E2, V41, V92, D96, C121, L122,

L149 and I162.

5.3.2. Structural features in the native state

      Ha, Cct and CO chemical shift differences from random coil chemical shifts (i.e.,

secondary chemical shifts: AHct, ACct, and ACO, respectively), vvhich are excellent indicators

of secondary structures (Wishart et al., 1992, 1995), are plotted in Figure 5.2a for the native

state. Positive AHa, negative ACct, and negative ACO indicate that the residue assumes P-

sheet, whereas the opposite signs indicate ct-helix. Among the three secondary chemical shifts,

AHct is considered to provide the best measure ofthe secondary srmctures. It is evident that a

substantialpartofthemoleculeassumesP-sheetconformation. In order to compare the

NMR results with the X-ray structure, the 1ocations of the ct-helix and B-sheet regions taken

from the most recent X-ray structure (Brownlow et al., 1997) and their 1ocations estimated by

the chemical shift index (CSI) of AHct according to the method of Wishart et al. (1992) are

shown in the upper and the lower strips, respectively. It is noted that, whereas the present

NMR measurements were 'carn' ed out for a monomeric state at pH 2.0 (Futage & Song, 1980),

the X-ray coordinates were determined for a dirneric state with crystals prepared at pH 6.5. The

X-ray stmcture contains nine 3-sheets (SA - Bi), one major ct-helix, and four short helices. For

the native state at pH 2, nine P-sheets, one major ct-helix and three short helices are clearly

discernible by CSI, although there are some shifts at the ends of several secondary structure

units. ZSHct of PD-sheets (residues 65-75) was disrupted at the central part, which may explain

the 1arge temperature (B) factor at the corresponding region (see below). Although a short ct-

helix (residues 1 13•- 1 15) in the X-ray structure is not seen in the CSI profile, ACct and ACO in

the corresponding region clearly indicates the helical conformation.

      Overall patterns of the ACct and ACO were similar to that of AHa. However,

consistencies with the X-ray secondary structures seem less than that of AHa, emphasizing that

AHct provides the best index of the secondary stmctures. Thus, the secondary structures of the
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Figure 5.2. Secondary chemical shifts of backbone resonances vs. residue number of P-

lactoglobulin. The chemical shift deviations of iH and i3C resonances of A37, K47, T49,

I78, El12, T125, L143 and N152 contain corrections for their sequential position
following proline residues. Random coil shifts for other iH and i3C resonances were

taken from Wishart et aL (1995). (a) Native state in aqueous solution. Upper and lower

strips indicate the secondary structures obtained from X-ray structure and those obtained

by CSI (Wishart et aL, 1992), respectively. ct-helix, solid; P-sheet, vertical stripes. (b)

TFE state in 509o (v/v). Upper and lower suips indicate the secondary structures
predicted by a PHD method (Rost et al., 1994) and those obtained by CSI, respectively.

The symbols are as in panel a. The 1ocations of proline and cysteine with disulfide bond

are indicated by arrows.
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native state estimated from the secondary chemical shifts are consistent with those of the X-ray

structure.

      In the native state, strong Hcti-HNi+i (daN) and weak or no medium range nuclear

Overhauser enhancements (NOEs) (i.e., HNi-HNj (dNN(i,i+j), j=2,3,4; dctN(i,i+j), j=2,3;

dpN(i,i+j), j=2.3), characteristic for P-sheet, were observed in the corresponding P-sheet

regions in the CSI profile, while strong rnedium range NOEs G=3,4), characteristic for ct-helix,

were observed in the helical region in the CSI profile (data not shown). Interstrand NOEs

between 6-strands in the native state are shown in Figure 5.3. Ragona et al. (1997) studied by

iH-NMR the native structure of B-LG at pH 2 and reported the interstrand NOE connectivities.

Our results are very similar to theirs except some additional NOEs, which were marked by

asterisks, were detected. It is noted that the residues 22, 44, and 95, which form a bulge in the

X-ray B-sheets, are not involved in the NOE network. Thus, although the determination of

three dimensional structure on the basis of the NMR methods awaits further study, we can

fairly conclude that the overall structure of P-LG at pH 2.0 in aqueous solution is very similar

to the X-ray stmcture obtained at pH 6.5.

5.3.3. Structural featur' es in the TFE state

      The AHct, ACct, and ACO values for the TFE state are plotted in Figure 5.2b. In a

marked contrast with the native state, substantial residues have the negative AHa (upper panel),

positive ACa (middle panel) and positive ACO (lower panel) values, demonstrating that the

TFE state is a predominantly ct-helical conformation. The positions of eight proline residues,

which do not form ct-helix, are shown in the upper panel of Figure 5.2b.

      By the CSI method (Wishart et al., 1992) on the basis of AHct, the persistent helical

regions were estimated, which are indicated in the lower strip of Figure 5.2b. There are eight

helical segments and possibly two P-strands. However, the total helical content is 529o, much

less than that (809e) estimated from CD spectrum (Harnada et al., 1996b; Shiraki et at., 1995).

Therefore, in this case, the ct-helical regions estimated from CSI provide the minimal helical

regions and other parts of the molecule also assume the helical structure dynamically.

Consistent with this, the ACa and ACO profiles suggest a higher helical content than that
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estimated by CSI of AHct. Many strong or medium range NOEs G=3,4) further confirm that

almost entire parts of the TFE state assume ct-helical conformation (data are not shown).

      For the TFE state, a sketch of a structural model consisting of eight persistent helices

was illustrated (see Figure 5.5b, pp. 84). It is ernphasized that the helical regions represent

very stable ones defined by the CSI method and the loop regions can also assume helical

structures dynamically. Although the native Pc-strand (residue 54 to 62) seemed to be present

in the TFE state. BB or BD strands did not exist. Therefore the existence of a smal1 amount ofb

sheets in the TFE state is uncertain at this stage.

5.3.4. Backbone dynamics

      One of the advantages of the heteronuclear NMR approach is that we can analyze the

backbone dynamics of psec to msec order. Here, the pararneters in Lipari-Szabo spectral

density function (Lipari & Szabo, 1982) were calculated, that is, correlation time of the overall

tumbling motion (TM), order parameters (S2) and effective correlation times (Te), which were

obtained using longitudinal relaxation time (Ti), transverse relaxation time (T2) and NOE of

backbone i5N nuclei (Farrow et al., 1995). S2 indicates the amplitude of the N-H vector

motion ip a molecular fixed coordinate from O to 1 scale. On the other hand, Te represents its

rate of psec to nsec order. The S2 and Te values of the native and TFE states derived from the

NMR experiment are shown in Figure 5.4a and b, respectively. For comparison, B factors

obtained from the X-ray structure (Brownlow et al., 1997) are shown in the lower panel of

Figure 5.4a, The S2 values are also indicated in the schematic representation of the native and

TFE states by gradually changing the residue color from blue (S2 = 1) to red (S2 = O) (Figure

5.5).

      In the native state, S2 decreases at the N-terminal, C-terminal, loop and BD sheet

regions, while Te increases at the N-terminal, C-terminal, loop and especially Bc to PD strand

regions. The variations in Te are similar in general to those of S2: the regions with low S2 tend

to exhibit high Te. These profiles of dynarnic properties, in particular S2, is resembling those of

B-factors. However, the profile of S2 is somewhat spiky compared to that ofB-factor. The B-

factor is affected by both the arnplitude and the phase of the atom displacement as well as the
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heterogeneity of the atom position in each cell, while S2 includes only the contribution of the

averaged amplitude of the atomic motions. This discrepancy may partly explain the differences

between the S2 and B-factor.

      In the TFE state, as can be seen from difference in overal1 color of the schematic pictures

(Figure 5.5), the S2values decreased substantially compared with the native state, indicating the

global increase in flexibility. There are many residues with the T, values higher than 2oo psec,

consistent with a view that the TFE state is rather expanded and fragile compared to the native

state (Figure 5.4a). There is a tendency that S2are high at the persistent helical regions and there

seems to be a tendency that S2around the disulfide bonds are high. The Te values increase

sharply (> 500 psec) in several loop region, that is, between the persistent helical regions

(Figure 5.4b).

5.4. Discussion

5.4.1. Possible structure of the kinetic intermediate

      In the present study, the resonance frequencies of backbone nuclei of the recombinant

bovine B-LG in both the native and TFE state as well as the backbone dynarnics were analyzed.

The results confirmed the high helical propensities of this protein at the residue ievel. In

addtion, the results suggest a possible structure of the kinetic intermediate as will be discussed

below.

      Because TFE exaggerates the helical propensity of peptides and proteins, the TFE state

should not be considered to reproduce the kinetic intermediate trapped under aqueous conditions

(Hamada et at., 1996b). In fact, the helical content of the burst-phase intermediate observed

during the refolding kinetics in the absence of TFE is only 379o, much less than that of the TFE

state. Nevertheless, it would be useful to discuss the possible helical regions in the kinetic

intermediate on the basis of the persistent helicai regions in the TFE state.

      Secondary structure prediction indicates the regions of intrinsically high helical

preference. Predicted secondary stmctures using PHD method (Rost et al, 1994) were shown

in the upper strip in Figure 5.2b. There are six predicted helical regions which are also

candidates for the helical regions in the kinetic intermediate. We provisionally assumed that the
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Figure 5.4. (a) (upper) Order parameters (S2) and (center) effective correlation times (T,)

of Lipari-Szabo spectral density function obtained from model-free simulations using Ti,

T2 and NOE data of the native state in aqueous solution vs. residue number. (lower) B-

factors of backbone nitrogen vs. residue number. (e) and (-) indicate A and B subunit

of dimer in the X-ray coordinates, respectively. Secondary structures obtained by CSI

profile (Figure 5.2a) are also indicated by bars in the upper panel. Outside of the upper

panel, locations of the 50 residues (O) with the native peak and the 28 residues (e)

without the native peak in 2D i5N-HSQC spectrum in 159e TFE (v/v) at 250C are marked.

(b) (upper) S2 and (lower) T, of Lipari-Szabo spectral density function in 509o TFE (v/v)

vs. residue number. Secondary structures obtained by CSI (Figure 5.2b) are also indicated

by bars in the upperpaneL ,
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figure 5.5. (a) X-ray stmcture of P-lactoglobulin in the native state. (b) Sketch of a

structural model for the non-native ct-helical conformation in 509o TFE (vlv). The

relative arrangement of the helices should be regarded as on of the various possibilities.

For both structures, the S2 values are indicated by gradual change in color from blue (S2

= 1) to red (S2 = O), The residues of which S2 are not available are colored black. The

1ocations of disulfide bonds are indicated. The diagrams were produced using

MOLMOL (Koradi et al,, 1996). The native structure was constmcted with the PDB

coodinate file IBEB (Brownlow et al., 1997).
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residues in both the persistent helices in TFE and the predicted helices are the helical residues in

the kinetic intermediate. Such regions are the residues 4 to 30, 42 to 45, 66 to 75, 98 to 102

and 135 to 141, and total helical content is 32.79o, in agreement with that of the kinetic

intermediate (Hamada et al., 1996b). These regions are indicated in the native structure (Figure

5.6). A joint prediction method by Nishikawa and Noguchi (1991) also indicated the high

helical propensity of these regions. It is noted that, except the C-terminal helix, the highly

helical regions are 1ocated in the N-terminal half of the molecule, including the N-terminal loop,

the first and second short helices, PA, PB, and PD•

      In order to clarify the structure of the kinetic intermediate, further studies with various

NMR methods will be necessary. At the present stage of our research, it should be added that

the NMR spectra at the midpoint of the B . ct transition suggest the validity of a model as

shown in Figure 5.6. Although the TFE induced P -• ct transition measured by CD is highly

cooperative (Shiraki et al., 1995), this was not true at the atomic level measured by the

heteronuclear NMR. The 2D i5N-HSQC spectra of P-LG was measured at 159o TFE at

various temperatures between 5 and 450C. At 150C, the spectmm was close to that of the native

state, while, at 450C, it was close to that of the TFE state (data not shown). Intriguingly at

250C, the midpoint of the TFE-induced transition, the spectmm was not a simple combination

of those of the native state and TFE states, but only 48 peaks arising from the native state and

30 peaks from the TFE state were clearly observed. This suggests the presence of an

intermediate for the ct -. P transition, in which a part of the molecule remains native and

others are helical. The 1ocations of48 native peaks and 30 peaks arising from the TFE state are

indicated on the native secondary structures (the upper panel of Figure 5.4a, pp. 82). As can be

seen, many of the native peaks are on the P-strands located on the C-terminal half of the

molecule, i.e., PE, BF, BG and SH, whereas the peaks arising from the TFE state are 1ocated on

the N-terminal half of the molecule, i.e., PA, PB, Bc, PD, Si and the C-teminal helix. These

results implicate that the N-terminal half of the intermediate is helical and the C-terminal half

remains native-like.

      Taken together, a following model for the refolding process of P-LG under aqueous

conditions was constructed. During the early stage of refolding, the formation of native-like
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Figure 5.6. Schematic representation of the possible helical regions in

the kinetic intermediate of P-lactoglobulin. The highly helical regions

indicated from both the persistent helices in the TFE state and the

secondary prediction by a PHD method are colored red. The helical

regions observed in the TFE state but not in a PD prediction are

colored magenta. The diagram was produced using MOLMOL (Koradi

et al., 1996).
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BE, BF, BG and PH sheets occurs by hydrophobic interactions, while in the N-terTninal half of

the molecule and in the C-terminal helix region, several helices are formed due to the high

helical preference. Subsequently, PA, fiB, Bc,and PD sheets are `induced' through the

interaction with the preexisting P sheets. Another indirect evidence for this mechanism is that

the regions with high B-sheet preference precisely correspond to PE, PF and PH sheets, while

considerable inconsistencies exist in the N-terminal half of the molecule. Because there is

almost no P-sheet preference for PA, PB, Pc and 3D (Hamada et al., 1996b), this

intramolecular induction process might be a rate-limiting step in the refolding reaction.
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