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ABSTRACT

Totally reduced and denatured bovine seminal ribo­

nuclease (seminal RNase) was regenerated from the reduced- 

denatured state with the glutathione redox system. The 

refolding kinetics were characterized according to redox 

state, temperature from 14 to 43°C, pH, and protein con­

centration. The maximal rate of regeneration occurred 

with 3mM reduced glutathione, 0.6mM oxidized glutathione, 

24 to 30°C, and at pH 8.2.

The products of the refolding process were charac­

terized by G-75 Sephadex gel filtration, SDS gel electro­

phoresis, enzymatic activity, circular dichroism, and 

amino acid analysis. The results indicate that the native 

dimeric form of the enzyme is not produced to any appre­

ciable extent during refolding, rather the major product 

is monomeric. The purified monomer exhibits twice the 

activity of the native dimer toward yeast RNA. Its cir­

cular dichroism spectrum in the far UV is quite similar 

to that of RNaseA and different from the native enzyme. 

Amino acid analysis of the monomer showed that two mole­

cules of glutathione are bound per chain indicating that 

cysteine 31 and 32 which normally form intermolecular 

disulfide bonds are blocked. The results are discussed 

in relation to other proteins and in particular RNaseA 

and IgG.
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One major difference between RNaseA and seminal RNase 

folding with the glutathione system is the temperature de­

pendence of the refolding kinetics. Although both pro­

cesses yield monomeric species at either moderate or high 

temperature, the yield of seminal RNase activity is much 

lower at high temperature than is RNaseA. It was found 

that modification of cysteine 31 and 32 with a variety of 

sulfhydryl reagents decreased this large temperature de­

pendence in seminal RNase. The results are compared with 

the rate of thermal denaturation of each enzyme and are 

discussed in relation to protein denaturation theory.

Since it was found that the regneration products of 

unmodified seminal RNase regeneration are not the native 

dimer, the effect of glutathione on the intermolecular 

disulfide bonds was studied. It was found that when na­

tive seminal RNase is incubated with 3mM reduced gluta­

thione , 0.6mM oxidized, glutathione, pH 8.2 at 30° C (con­

ditions found optimal for regeneration), partial reduction 

of the intermolecular disulfide bonds resulted. G-75 

gel filtration showed that approximately 30% of the enzyme 

dissociated to the monomer. The remaining dimer was shown 

by SDS gel electrophoresis to be covalent. The specific 

activity of the monomer is similar to that of the regene­

rated monomer. Further, amino acid composition and cir­

cular dichroism spectra of the monomeric and dimeric 

species from this reaction proved to be virtually identical
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to the refolded monomer and native dimer, respectively. 

Thus, the monomeric species is a form of the enzyme which 

is accessible from both directions (regeneration or se­

lective reduction).

In studying the products of refolding and selective 

reduction, a new affinity chromatography system for RNase 

was developed. The system is based upon the commercially 

available resin 5'UTP-Hexane-Agarose. Under the condi­

tions used very little nonbiospecific binding was seen. 

Biospecificity of RNase binding was demonstrated by se­

veral techniques including competitive elution of enzyme 

with a soluble inhibitor. These results are discussed 

in relation to noncompetitive binding.
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INTRODUCTION

The reversibility of protein denaturation is now a 

well accepted phenomenon; thus, primary structure deter­

mines tertiary structure in the protein’s physiological 

milieu. However, the mechanism by which the primary 

structure dictates tertiary structure remains elusive. 

The process by which primary structure is translated in­

to tertiary structure, protein folding, is the topic of 

the present dissertation.

Extensive reviews of the vast body of literature in 

support of protein folding have been published by several 

investigators in recent years (1-4); however, a discus­

sion is also warranted here to put the present work in the 

proper perspective. This review will emphasize the recent 

literature but will also discuss the very important early 

work.

I. Protein Stability

In order to understand protein folding, one must un­

derstand the forces involved in protein stability and un­

folding since the same forces which stabilize the protein 

should drive its folding. The problem of protein stabi­

lity and denaturation was best stated by Tanford (5):

(1) ...Can we account for the fact that the native 
state is thermodynamically stable under physio­
logical conditions?

(2) ...Can we further account quantitatively for 
the detailed course of transition from the 
native to the denatured state?

4



(3) Denaturants presumably do not act at long dis­
tances from the protein molecule. Can we iden­
tify the specific sites at which they act?

At that time he further stated that "the answers to 

these questions prove to be somewhat disappointing, and 

it is evident that the overall problem of protein dena­

turation is not solved." These statements were made in 

1970. Since that time little advance has been made to 

further describe the factors of protein stability and to 

quantitate denaturation. However, it is presently (and 

indeed was in 1970) possible to qualitatively describe 

these forces.

Protein structure is presumably maintained by a com­

plex balance of a number of forces including electrosta­

tic, hydrogen bonding (both with the solvent and inter­

nally) , and hydrophobic bonding (that is, the tendency 

of nonpolar groups to avoid water contact). It is gene­

rally accepted that the latter of these is most important 

in maintaining conformation (5); however, denaturation 

studies have indicated that ribonuclease A (RNaseA) and 

chymotrypsinogen are equally stabilized at their tempera­

ture of maximum stability by hydrogen bonding and hydro- 

phobic bonding (6-8).

Generally, the importance of each stabilizing force 

is evaluated by determining the AG
(transfer) of small

molecular weight model compounds between various solvents, 

but it is agreed that model compound studies can be 

misleading (9).
5



Briefly, it has been demonstrated that nonpolar 

groups have a favorable enthalpy of transfer from a hy­

drophobic medium to water; however, this is outweighed 

at moderate temperatures by a large unfavorable entropy 

of transfer (7,10). Presumably this is due to the en- 

tropically unfavored (but AH favored) formation of exten­

sive water structure (H-bonding) around nonpolar groups 

exposed to water (often called clathrate formation) (11). 

This leads to a large stabilizing entropy contribution 

in the folded protein where virtually all hydrophobic 

groups are folded inward away from the solvent.

Model studies for peptide backbone hydrogen bonding 

suggest that this contribution to protein stability is 

small, though estimates disagree quantitatively. Studies 

comparing urea dimerization, which serves as a model for 

peptide hydrogen bonding (H-bonding), to urea H-bonding 

with water, which serves as a model for random backbone 

H-bonding with solvent in the denatured state, indicate 

that the free energy of stabilization would be small or 

positive (12,13). On the other hand, helix to random 

coil transitions in homopolyamino acids indicate that 

peptide H-bond is stronger than that with water (5). 

These conflicting data indicate that the point is not 

completely clear. However, it has been pointed out that 

perhaps the most important factor determining the strength 

of the hydrogen bond is the environment. Thus, internal
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hydrogen bonding groups will certainly tend to be bonded 

in the nonpolar interior of the protein due to the large 

expenditure of free energy resulting from a lack of H- 

bonding (9). Indeed, it has been shown that 90% of in­

ternal polar groups are hydrogen bonded (14). Further, 

the cooperativity of a-helix hydrogen bonding also makes 

the small molecule a poor model (15).

Model compound studies of charged groups are rare, 

but protein ionic groups should behave like other charged 

moieties. Thus, water and salt interactions are favor­

able, and transfer of ionic groups to nonpolar environ­

ments is unfavorable (5). Further, virtually all charged 

protein groups are located at the surface of the folded 

molecule, so little change in environment or solvation 

will occur to these groups in the transition from dena­

tured to native protein. Those internal ionic groups 

that do occur in proteins generally form salt bridges but 

are rare compared to the extensive internal hydrophobic 

and hydrogen bonding. Thus, they are likely to contribute 

little to the ûGtransfer

Disulfide bonds are usually not discussed in protein 

stabilization models, but these structures are certainly 

a major stabilizing factor. The stability attributed to 

them results from a decrease in the entropy of the cross­

linked denatured species compared to the species lacking 

crosslinks (16-19). As will be shown in the following 
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section, it is precisely this entropy which is the major 

factor driving denaturation. It has been demonstrated 

that introduction of a specific crosslink into native 

lysozyme results in an increase in the thermal denatura­

tion temperature, which leads to a 5.2 kcal/mole increase 

in stabilization energy (19). This stabilization was 

shown to arise from a 20 E.U. decrease in the entropy 

of the denatured, crosslinked protein compared to that 

of the denatured unmodified protein. The crosslink 

caused virtually no change in AH. Similarly, protein sta­

bilization from disulfide bonds is observed when compar­

ing the denaturation of disulfide containing proteins in 

the presence and absence of reducing agents (to break the 

disulfides) (20,21).

In opposition to these stabilizing factors is the 

large conformational entropy of the denatured protein 

which accounts for the desire of each bond in the protein 

to randomize its conformation. This is the major de­

stabilizing factor (5,6,9,11).

Based on data similar to the above, Tanford has 

calculated that RNaseA and B-lactoglobulin should not be 

stable (5)! This of course is impossible, but it illus­

trates the important point that protein tertiary struc­

ture is only marginally stable. Indeed, AG of stabili­

zation for the several proteins studied is only approxi­

mately 10 kcal/mole (5).
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In general, it is likely that protein stability is 

controlled by the large entropy of hydrophobic bonding. 

Internal hydrogen bonds endow rigidity with fixed dis­

tances and angles between groups, and the charged groups 

(as well as their catalytic roles) endow solubility (9). 

11. Effect of Denaturants

A. Reversible vs. Irreversible Denaturation

As stated above, the reversibility of protein 

denaturation is now well accepted; however, a protein 

which undergoes a reversible transition under one set of 

conditions can undergo an irreversible transition under 

slightly different conditions. Irreversibility generally 

arises from aggregation of an otherwise reversibly dena­

tured protein (20) . In some cases there is direct evi­

dence of intermolecular disulfide crosslinking (23-27). 

Irreversibility is most often observed in thermal dena­

turation near neutral pH where disulfide exchange can 

occur readily, but it does occur with other denaturants 

and during thermal denaturation at acid pH. It has been 

found that myoglobin, which does not possess disulfides 

or thiols, undergoes a reversible transition at 40°C, 

pH 4.4, but at higher temperatures the process becomes 

irreversible (28). Thus, clearly irreversible denatura­

tion does not rely on intermolecular crosslinking. On 

the other hand, irreversible urea denaturation of oval­

bumin and irreversible thermal denaturation of bovine 

9



serum albumin have been directly linked to aggregation 

and the formation of intermolecular disulfides (23-25). 

Interes tingly, Steinhardt, et al. (26) have shown that acid 

denaturation of horse ferrihemoglobin is reversible at 

short denaturation times and irreversible at longer times. 

Clearly, the irreversible character of denaturation is a 

real problem, which will invalidate thermodynamic analysis 

of denaturation. Thus, discussion of denaturation will 

be limited to the reversible processes unless otherwise 

noted.

B. The Two State issue

Denaturation of proteins shows cooperativity in 

unfolding. That is, various probes of protein structure 

(for example : circular dichroism, fluorescence, ultra­

violet absorbance, and enzyme activity) generally indi­

cate that all parts of the molecule undergo the denatu­

ration transitions simultaneously. This has caused se­

veral authors to conclude that denaturation is a two 

state process from the native to the denatured state with 

no stable intermediates. However, this has been shown 

to be an oversimplification for several proteins (RNaseA, 

carbonic anhydrase, nuclease), and although the overall 

process is highly cooperative, intermediates are detected 

by various techniques (29-32). Thus, the precise course 

of the transition can not yet be described in detail; 

however, the general mode of action of denaturants is
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becoming clearer, and this may shed light on the pathway. 

C. Effect of Denaturants

1. Alcohols and Dioxane

The effect of these denaturants is said to be 

on the hydrophobic groups. This conclusion has come from 

both model compound and intact protein studies. Ethanol 

and dioxane increase the solubility of various hydrocar­

bon amino acid side chains in water which results from 

a -AG transfer from water to solute:water (33). Simi­

larly , long chain alcohols have been shown to be most 

effective while the glycols are the least effective de­

naturants for several proteins (chymotrypsinogen, myoglo­

bin, cytochrome G, g-lactoglobulin, bovine serum albumin 

(BSA) and RNaseA) (34,35). Further, the thermal dena­

turation temperature for RNaseA also decreases as the 

chain length of the alcohol increases ; that is, long 

chain alcohols are the most effective denaturants (35).

At the same time the peptide bond becomes less 

soluble with increasing alcohol concentration or carbon 

length (22); thus, secondary structure might be expected 

to be stabilized in these solvents. Indeed, there is 

considerable evidence which points to this exact effect 

(34,36,37). Jirgensons (36) has shown that proteins with 

little secondary structure in aqueous solvents are con­

verted to structures with extensive secondary structure 

(resembling a-helix) in solvents containing high alcohol 

11



concentrations.

The denaturation by these organic solutes ap­

pears to be at least a two step process. The proteins 

apparently first unfold (presumably by exposure of hydro­

phobic groups) and then reform conformations with high 

secondary structure as the concentration of solute is 

increased (34,38,39). Thus, there is a balance at any 

particular alcohol or dioxane concentration between in­

creased hydrophobic solvation and desolvation of peptide 

bonds which together lead to exposure of apolar moieties 

and enhanced internal hydrogen bonding. This is actually 

an oversimplification, because, although high concentra­

tions of ethanol do denature RNase A, low concentrations 

exhibit a rather large stabilizing force on the enzyme 

(8). Further, it has been pointed out that similar sta­

bilizations can be seen at low alcohol concentrations in 

the denaturation of other proteins (22). Model studies 

of hydrophobic solubility in water have shown that solu­

bility is decreased at low ethanol or dioxane concentra­

tion, while at higher concentrations the solubility is 

increased (40). Thus, this anomaly actually supports 

the proposed action of these solutes on hydrophobic in­

teractions , but it is not known why low concentrations 

decrease the solubility of these groups (8).

12



2. Detergents

The effect of detergents is likely similar to 

that of the alcohol and dioxane. They disrupt hydropho­

bic bonding and normal structure but subsequently enhance 

helicity (41). Indeed, Jirgensons has demonstrated that 

proteins of low helix in the native state (RNaseA and 

bovine pancreatic trypsin inhibitor (BPTI) ) are con­

verted to species with a high helical content in the de­

natured state (42). However, the low concentrations 

necessary for the denaturation of proteins with deter­

gents (<0.01M compared to several molar with alcohols) 

suggest very tight binding of the detergent to the pro­

tein (20,42). This has been verified by nuclear mag­

netic resonance (NMR) (43).

As stated above, it has been shown that alcohol 

effectiveness for denaturation increases with increasing 

chain length (34). Similarly, Jirgensons and colleagues 

have shown that alkyl sulfate detergent effectiveness 

increases logarithmically with chain length (44,45). 

These data also indicate similar mechanisms for alcohol 

and detergent mediated denaturation of proteins and that 

the hydrophobic moiety is important in both cases. How­

ever, it has been suggested that the ionic moiety may 

also be involved in detergent denaturation (46).

13



3. Urea and Guanidine Hydrochloride 

Although the vast majority of protein denatura­

tion studies make use of either urea or guanidine hydro­

chloride (GuHCl), the mechanism of denaturation by these 

presumably similar acting denaturants is in doubt. It 

is, however, well accepted that GuHCl is a better dena­

turant than urea (9,20,22).

Two basic mechanisms of denaturation by these 

solutes have been proposed. They are : 1) increased 

hydrophobic group solubility, and 2) decreased backbone 

hydrogen bonding. The salient features of each will be 

discussed; however, no attempt will be made to discuss 

all of the literature, much of which is conflicting (for 

example see reference 22).

Hydrogen bonding of urea and GuHCl to protein 

groups was proposed by Mirsky and Pauling (47) as the 

mechanism of denaturation. They pointed out that ”the 

reagents which cause denaturation are all substances 

which affect hydrogen bond formation.... they form hydro­

gen bonds with the protein side chains, which are thus 

prevented from combining with each other and holding the 

protein in its native configuration.” However, due to 

the overwhelming number of peptide hydrogen bonds to side 

group hydrogen bonds, it is now thought that any effect 

on hydrogen bonding by denaturants will be at these pep­

tide (backbone) bonds (5). Nonetheless, the general 
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effect of urea and GuHCl on hydrogen bonding still finds 

considerable support.

A negative AG is seen for the transfer of di­

glycine and triglycine (backbone models) from water to 

urea or GuHCl (5). Further, AG for transfer from water 

to GuHCl is larger than that for transfer to urea, which 

is in agreement with the result that GuHCl is a better 

denaturant (5).

Similarly, Robinson and Jencks (48) observed 

that urea and GuHCl increase the solubility of acetyl 

tetraglycine ethyl ester (another backbone model) in 

water solutions. They further pointed out that the in­

creased solubility in the presence of these denaturants 

was not due to increased hydrophobic group accommodation 

since alkyl derivaties of urea and GuHCl have less effect 

on the solubility than the parent compounds themselves. 

Very recently, Bonner et al. (49) concluded from heat 

capacity studies that relative hydrogen bond strengths 

with the peptide carbonyl follow the sequence -HH^ > 

OH2 > NH. Thus, they concluded that the -HH^ groups of 

urea and GuHCl could compete effectively with the peptide 

N-H and water for the peptide carbonyl hydrogen bonding.

These model studies are supported by protein 

denaturation data which indicate that destabilization of 

hydrophobic interactions can not be the sole contributor 

to urea and GuHCl denaturation. Jencks and collaborators
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(48,50) have found that BSA is denatured more effectively 

by unsubstituted urea and GuHCl than by alkyl substituted 

analogs.

On the other hand, there is good evidence which 

indicates that these reagents act by stabilizing hydro­

phobic groups in aqueous solution. This could either be 

a direct effect on the nonpolar group itself or a long 

range effect on water hydrogen bonding (5.22). In a now 

classical paper Wetlaufer, et al. (10) found that the 

solubilities of several hydrocarbon gases in water solu­

tion increased in the presence of urea and especially 

GuHCl. The reason for this solubility increase was seen 

to be a positive ^^>^^^fer ^or from water to water 

plus denaturant solutions. Similarly, it has been shown

that the leucyl, tryptophyl, phenylalanyl, methionyl, and 

histidyl side chains exhibit a negative AG
transfer from

water to aqueous urea solution (51). Furthermore, urea 

destabilizes detergent micelles (52). Thus, urea and

GuHCl stabilize the contact of apolar moieties with 

aqueous solutions, and effectively decrease the stability 

of the hydrophobic bond. This apparently arises from 

increased entropy of the solvated state in the presence 

of denaturant.

Brandts and Hunt (8) have noted that the tem­

perature dependence of both these models (hydrogen or 

hydrophobic bond disruption) is not in agreement with the 
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temperature dependence for RNaseA denaturation by urea. 

They and several other authors have suggested that the 

true mechanism probably involves the destruction of both 

structures (5,22,49). The present author is inclined 

to agree with this point of view, not as a compromise 

but since it most readily accommodates all of the data 

which are convincing on both sides.

It was stated above that the denatured protein 

in "hydrophobic" denaturants (alcohols, dioxane, deter­

gents) contains extensive secondary structure. In con­

trast, the completely denatured state in urea and GuHCl 

appears to be a random coil. Tanford and colleagues (53, 

54) have investigated the denaturation of insulin, RNase- 

A, hemoglobin,myoglobin, g-lactoglobulin, chymotrypsino­

gen, glyceraldehyde-3-phosphate dehydrogenase, pepsino­

gen, aldolase, and BSA with 6M GuHCl in the presence of 

reducing agents. Based upon viscosity, sedimentation, and 

optical rotation data the proteins were characterized as 

random coils. Indeed, when disulfide bonds were left 

intact (reducing agents omitted), denaturation by 6M 

GuHCl led to a product which was characterized by the 

above criteria as a crosslinked random coil. In dena­

tured RNaseA they also showed that the pK of all ti­

trable groups became equal to that respective group ex­

posed to the solvent (55). These data are for 6M GuHCl, 

and it is generally accepted that it is a better dena-
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turant than urea; however, RNaseA, lysozyme, a-chymo- 

trypsin, and g-lactoglobulin are also random coils in 

8M urea (56-59).

Thermal denaturation can not occur by binding of the 

"denaturant" to the protein as has been implicated in 

solute denaturation and is thus different from the pro­

cesses described above. However, the result is similar 

in that the transition is highly cooperative. Brandts 

and colleagues have shown that thermal denaturation of 

chymotrypsinogen and RNase A are consistent with an in­

crease in destabilizing conformational entropy without a 

similar increase in the stabilizing hydrophobic bonding 

energy (6-8). In this model the conformational entropy 

term is shown to increase linearly with temperature, while 

the hydrophobic bonding term increases more slowly and 

levels off at high temperature. Thus, at sufficiently 

high temperature the destabilizing conformational entropy 

contributes more to the △Gtotal than the stabilizing 

forces and the protein undergoes a thermal transition. 

This is in qualitative agreement with the temperature 

behavior of hydrophobic model compounds (10). It is found 

that the solubilities of methane, ethane, propane, butane, 

and neopentane in pure water over the range 5 to 45°C de­

crease with increasing temperature, but level off at the 

higher temperatures. Thus, this corresponds to the in­

creased stability of the hydrophobic bond at increased 
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temperatures, and the observation that the contribution 

levels off at the highest temperatures. Brandts and Hunt 

(8) have suggested that this stabilizing factor levels 

off at the high temperatures due to the "melting" of the 

clathrate structures which form around the apolar groups 

in water and drive•hydrophobic bonding. Thus, the in­

crease in conformational entropy and the destabilization 

of clathrates lead to better solvent accommodation of the 

hydrophobic groups, and denaturation.

Other evidence in support of this model can be found 

in the temperature of maximum stability for several pro­

teins (6,8,60-62). Below (as well as above) this tem­

perature , the protein is less stable ; thus, denaturation 

occurs below this temperature more easily than at it. 

This "cold denaturation" results in a negative AS. This 

is virtually certain not to be due to increased ordering 

in the protein since the native protein is very likely 

characterized by "a nearly minimal degree of flexibility" 

(63). On the other hand, solubility of hydro carbons in­

creases with decreasing temperature (10); thus, it is 

likely that cold denaturation results from exposure of 

protein oily groups with only a small increase in con­

formational entropy. The denaturation temperature then 

occurs below the clathrate "melting point," and the in­

creased solvent ordering on hydrophobic exposure results 

in an overall negative entropy change (63).
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The thermal denatured protein does not appear to be 

a random coil in contrast to the urea and GuHCl dena­

tured protein. Rather, considerable evidence indicates 

that structure remains even in the low pH, thermally 

denatured species. Evidence in support of this conclu­

sion includes intrinsic viscosity (64), optical rotation 

(65), NMR (57,58,66) and side chain exposure (28). Very 

convincing support is seen in the GuHCl denaturation of 

heat denatured lysozyme (67). The thermally denatured 

enzyme shows an optical rotatory transition at around 

2 to 3M GuHCl. Similarly, the proton NMR spectrum of 

heat denatured RNaseA is not that of a random coil (57, 

58). However, the exact nature of this residual struc­

ture is not known.

The effect of denaturants (and denaturing conditions) 

appears to indicate that both hydrophobic and hydrogen 

bonding must be destroyed for complete denaturation. 

Thus, urea and GuHCl generate a random coil, while others 

(including neutral salts which appear to affect backbone 

hydrogen bonding (68,69)) lead to a less disordered chain. 

III. Protein Folding .

A. Thermodynamic Versus Kinetically Directed Folding 

Although protein folding is a process of free energy 

minimization, the final structure assumed need not repre­

sent the global thermo dynamic minimum free energy for the
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specific amino acid sequence. Rather, the structure may 

become trapped in a local energy minimum with too large 

an activation energy to allow the protein to reach the 

global minimum under physiological conditions. This is 

referred to as the kinetically directed folding model. 

The original hypothesis of protein folding, put forth by 

Anfinsen and his colleagues (2), is the "thermodynamic 

hypothesis," that is, the native protein in its physio­

logical environment is in its global free energy minimum 

conformation. The major evidence against the thermo­

dynamic hypothesis is that protein synthesis and folding 

in vivo is very rapid. The time for RNaseA and lysozyme 

biosynthesis have been estimated to be about two minutes 

(70-73) . Levinthal (74) pointed out that even in a small 

protein, a random search folding mechanism would be pro­

hibitive in this short biological time. Indeed, it has 

been calculated that for a protein of 100 amino acids, a 

random search would take on the order of 1085 seconds 

(75). Thus, several authors have proposed that early 

kinetic events in the folding process, known as nuclea­

tions, must occur which restrict the possible conforma­

tions available to the protein later in the process (29, 

74-76). Therefore, only the most rapidly forming confor­

mations are reached during free energy minimization.

These two folding mechanisms also have experiment­

ally testable predictive differences. The major 
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difference is in the number of intermediates formed during 

folding. The thermodynamic hypothesis predicts that all 

statistically possible intermediates will form during 

folding. On the other hand, the kinetic hypothesis pre­

dicts that relatively few of the possible intermediates 

will be formed since the folding pathway will be re­

stricted. The second predictive difference is the result 

of nucleation sites, regions of the protein chain that 

gain specific structure first or independently of the rest 

of the molecule and direct subsequent folding. It has 

been pointed out that nucleating events and the thermody­

namic hypothesis are mutually exclusive since formation 

of the former must limit the possible conformations form­

ing later in folding (1).

Wetlaufer (75) envisions nucleations as short amino 

acid sequences 8 to 18 residues in length since a chain 

8 residues in length can form a significant amount of 

structure and 18 residues can fold in biological time. 

However, it is conceivable that they could also be hydro- 

phobic areas which rapidly coalesce to avoid solvent 

(S. W. Schaffer, personal communication), though it seems 

that the latter mechanism would lead to intermolecular 

aggregation, especially at high protein concentration. 

Nonetheless, evidence for such initial structure formation 

would support the kinetic hypothesis. The predictions 

of each mechanism will be discussed further in relation
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to experimental evidence favoring each model.

B. Folding Simulations

It is well accepted that primary structure deter­

mines tertiary structure, and prediction of protein struc­

ture from the amino acid sequence is certainly the long 

term goal of all protein folding experiments. Thus, the 

derivation of schemes to simulate and predict the precise 

three dimensional structure of a protein is important. 

However, to say that the schemes have been "successful” 

is somewhat optimistic. As pointed out by Wetlaufer and 

Ristow (1): "A result of 80% correct prediction...is 

surely gratifying from one point of view, but to predict 

the three dimensional structure of a protein or polypep­

tide from its amino acid sequence, one has to be 99+% 

correct.”

A review of this topic has appeared very recently 

(77), and the reader is referred to it and references 

included therein. However, a few comments are warranted 

here. The popular schemes used presently employ simpli­

fied representations of the protein to be folded (78-83). 

These simplifications vary, but they include representa­

tion of each residue as a sphere of specified size and 

properties (polar, apolar, ionic, etc.), and allowing ro­

tation about tp and <p angles alone (assuming a planar, 

trans peptide bond). Success of the folding scheme is 

then often measured as root mean square (rms) deviation 
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from the crystal structure. Values of 4 to 8 S rms have 

been obtained, globularity of the "folded" protein as 

well as correct bends have also been observed (79,80). 

Thus, the similarity to the early x-ray diffraction stu­

dies is apparent. However, similar results have also 

been obtained by representing the entire protein (BPTI, 

a popular model) with alanine residues interspersed with 

glycines at positions normally occupied by glycine, as­

partate, or asparagine (known structure breakers) (83). 

Starting with the extended chain, as is normal in these 

studies, they obtained a globular folded product with rms 

deviation of 6.2 X and folds similar to the native pro­

tein. Thus, a sequence entirely different from the cor­

rect sequence gave results well within the error range 

found in simulations where each amino acid is represented 

uniquely. However, they pointed out that on close in­

spection, their resulting structure, and indeed those of 

the more extensive schemes, exhibit differences between 

the predicted and actual structures that are more signi­

ficant than the similarities.

Kuntz, et al., (80). are optimistic "that there is 

much to learn from low resolution models, but, unlike 

[low resolution] x-ray studies, there is no assurance 

that the model calculations can ever be refined to high 

accuracy." The present author is in agreement and would 

point out that more experimental evidence is needed on 
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the precise mechanism of protein folding. For example, 

( should the folding simulations involve a global energy 

minimization (79-83), or should nucleating structures be 

"forced" to form first and the remaining protein be al­

lowed to fold around them (84-86)? Clearly, the answer 

lies in the thermodynamic versus kinetic hypotheses, and 

more experimental evidence is required to decide this 

issue.

C. Regeneration Studies

1. Early Work

In an excellent series of papers before 1940 

Anson, Mirsky, and others clearly showed that under the 

proper conditions, usually acid pH, the denaturations 

of hemoglobin, trypsin, egg albumin, chymotrypsin, serum 

albumin, pepsin, carboxypeptidase, trypsinogen, chymo­

trypsinogen, and pepsinogen are either completely or 

partly reversible (87-93). Much of this work is reviewed 

by Anson (93).

• Specifically, acid or heat denatured hemoglobin 

was found to renature to 67% of initial when allowed to 

refold at room temperature and near neutral pH (87). The 

heat denaturation of trypsin in acid solution was com­

pletely reversible, and the presence of 10% "alcohol" 

decreased the denaturation temperature but had no effect 

on reversibility (89). Most interestingly, they also 

found that the denaturation of hemoglobin, trypsin, and 
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egg albumin followed by several criteria (solubility, 

absorbance spectrum, proteolytic digestibility, enzyme 

activity, or exposure of titratable thiol groups) showed 

the same transition point (91,92). Further, analysis 

showed that molecules in the transition zone were either 

completely native or completely denatured. They con­

cluded : "Protein denaturation is a definite chemical re­

action : different quantitative methods agree in estimates 

of the extent of denaturation,....A protein molecule is 

either native or denatured. The denaturation of some 

proteins can be reversed" (91). Aside from the implica­

tion that denaturation is a two state phenomenon, these 

conclusions have proven true.

2. Recent Studies

a. Regeneration Systems

The modern study of protein folding was initiated 

with the discovery that RNase A with its 4 disulfides 

reduced by thioglycolic acid in 8M urea could regain 

activity (94). (The earlier denaturations had been car­

ried out with disulfide bonds intact, and it could thus 

have been argued that the protein was not truly in a ran­

dom state.) In this first report the yield of activity 

was low, 12 to 19% after 68 hours. Later it was found 

that an impurity in the thioglycolate reacted with pro­

tein amine groups and was responsible for the poor 

activity regain (95). Thus, when the protein was reduced 
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with purified thioglycolate or 2-mercapto-ethanol (2-ME) 

in 8M urea, yields of up to 80% activity could be ob­

tained in 20 hours at room temperature, pH 8.0, by bub­

bling air through the solution to reoxidize the disul­

fides (95,96). The structure of the purified air oxi­

dized enzyme proved to be indistinguishable from the na­

tive enzyme by ion exchange chromatography, peptide map­

ping, optical rotatory dispersion, viscosity, ultraviolet 

absorbance spectrum, x-ray crystallography, and quanti­

tative immunoassay (97) . Thus, the reoxidation of re­

duced and denatured RNaseA led to native enzyme and not 

some other species, or combination of species, with bio­

logical activity. This clearly demonstrated that (for 

RNaseA at least) the amino acid sequence does determine 

the tertiary structure.

However, the rate of regeneration under the above 

conditions is slow and variable (98,99). Further, the 

reaction only proceeds to 30-35% activity at 37°C, phy­

siological temperature (98,99). Enzymatic regeneration 

of RNaseA, on the other hand, does proceed well at 37°C, 

pH 7.4, and exhibits a half time for activity regain of 

5 minutes under optimal conditions (100-102). This sys­

tem relies on an "enzyme" which has been found in micro­

somal fractions of rat and bovine liver; chicken, pigeon, 

and porcine pancreas ; bovine lymphatic gland, testis, 

liver, ovary, thyroid, lung, parotid gland, kidney, brain,
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heart, and spleen, as well as plant and microbial sources 

(100-104), though it has not been located in bovine pan­

creas, the source of RNaseA. The enzyme has been puri­

fied from bovine liver microsomes, has a molecular weight 

of 42,000 daltons (105), and, like those from the other 

sources, requires small amounts of low molecular weight 

thiols to keep the active site cysteine in its reduced 

and active form (105,106). Rather than acting to oxidize 

thiols to disulfides, its mode of catalysis is thought 

to be disulfide exchange; that is, the enzyme shuffles 

wrongly paired disulfides (106). This was clearly demon­

strated by its ability to reactivate RNaseA with randomly 

paired disulfides (produced by oxidizing reduced RNaseA 

in urea) (106).

There has been a recent report that two interchange 

enzymes are found in the microsomes (107). It was shown 

that one is located on the cytoplasmic side and the other 

on the luminal side of the endoplasmic reticulum. These 

authors suggested that one system could be responsible 

for folding extracellular proteins after they pass through 

the endoplasmic reticulum membrane, and the other is 

responsible for intracellular protein folding.

There is, however, some doubt about the physiological 

significance of the system. The enzyme will accelerate 

the reactivation of lysozyme but only in the absence of 

the low molecular weight factor which is important for
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RNaseA reactivation (108). If the factor is present, re­

activation of lysozyme is severely inhibited. Further, 

reactivation of reduced denatured rabbit IgG with 46 half 

cystines is not accelerated by the enzyme (102), while 

the reactivation of Bacillus subtilis a-amylase, which 

contains no disulfide bonds, is enhanced (109).

Recently other apparently unrelated proteins have 

been shown to accelerate reactivation of proteins. The 

disulfide interchange enzyme from porcine liver has been 

shown to be inactive in the presence of 3 mM reduced glu­

tathione , 0.25 mM cystamine, 0.25 mM reduced nicotin­

amide adenine dinucleotide phosphate (NADPH) , and gluta­

thione reductase (physiological concentrations); however, 

when a microsomal mixed function oxidase, which catalyzes 

the oxidation of low molecular weight thiols, was added, 

regeneration was accelerated (110,111). Further, this 

oxidase also accelerates the reactivation in the absence 

of disulfide interchange enzyme. They suggested that 

such a system would be preferred over the disulfide inter­

change enzyme in vivo which is inoperative in the presence 

of glutathione reductase.

Similarly Anderson and Tomasi (112) have noted that 

air oxidation of disulfide bonds is metal catalyzed 

(113) and investigated the effect of metal containing 

proteins on lysozyme reactivation. They showed that 

transferrin and lactoferrin accelerated the regeneration, 
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but the rate was not as rapid as with the disulfide inter­

change enzyme.

Nonetheless, enzyme or protein facilitated folding 

appears rather complex, and some of the acceleration may 

be simply due to physical interaction with the refolding 

protein (as in the action of the interchange enzyme on 

a-amylase). More investigation is required to clarify the 

issue.

A simpler system of reoxidation and disulfide ex­

change of regenerating proteins has been devised by Saxena 

and Wetlaufer (113). This system accomplishes oxidation 

of reduced protein and reduction of incorrect disulfide 

bonds by a mixture of reduced and oxidized glutathione 

(GSH and GSSG, respectively). The suggested mechanism is 

shown below (113).

"S-P'SH * GSSG-HS-P^ »GSH»HS-R^ 

s

where straight lines represent correct disulfide bonds 

and zigzag lines incorrect disulfide bonds.

Levels found optimal for GSH and GSSG, 3 mM GSH/
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0.03 to 0.6mM GSSG (99,113), are the concentrations found 

in vivo (114,115); thus, the system has physiological 

potential. The glutathione redox system was originally 

used for lysozyme where the half time for regain of acti­

vity at pH 8, 37°C was 5 minutes (113), comparable to that 

found with the disulfide interchange enzyme (108). The 

major fraction after ion exchange chromatography, which 

accounted for 67% of the total protein, was indistinguish­

able from native lysozyme. However, another fraction, 

accounting for 13% of the total protein, had 51% activity 

and eluted from the ion exchange column earlier than the 

native enzyme; presumably this (and an inactive fraction, 

also found) had wrongly paired disulfide bonds.

Since the original demonstration of this system, se­

veral other proteins have been reoxidized with it includ­

ing soybean protease inhibitor (116), human IgG (117), 

BPTI (118), BSA (119), trypsinogen (120), and RNaseA 

(99,121). The most significant of these to the present 

study is the regeneration of reduced, denatured RNaseA 

(99,122). The optimal regeneration was again found 

to occur under reducing, conditions, and, unlike air 

oxidation, it proceeds well at 37°C (98,99). The 

half time for this enzyme in tris-acetate buffer (the 

buffer most often used in regeneration studies) is 

75 minutes, far below the in vivo rate. However, with 

0.5 to IM phosphate present, the half time is less than 
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5 min at a protein concentration of 0.02 mg/ml (122). It 

is interesting that at high protein concentration the rate 

of return and yield of active enzyme decreases in phos­

phate (122), while no effect of protein concentration is 

seen in tris-acetate alone (99). This phenomenon has been 

attributed to aggregation in the presence of phosphate 

(S. W. Schaffer, personal communication), a good salting 

out electrolyte (22). One wonders if the acceleration due 

to phosphate is related to the increased intermolecular 

interactions in this solution and mechanistically similar 

to disulfide interchange enzyme catalyzed reactivation. 

The latter is strongly inhibited at high disulfide inter­

change enzyme levels (102,108,123).

The presence of disulfide bonds complicates the 

folding process. Thus, several investigators have chosen 

to study protein folding on proteins lacking disulfide 

bonds. Indeed, the rate of reactivation of enzymes with­

out disulfides, or without prior reduction of disulfides, 

is faster than those containing disulfide bonds (2,29,30, 

124). It has been suggested that either disulfide ex­

change or the conformational changes accompanying it is 

rate limiting for enzymes containing disulfides (2,113, 

120).

" b. The Role of Metals, Cofactors and 

Metabolites -

Several proteins have been found to fold most rapidly 
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and with the highest yield in the presence of some speci­

fic ion or metabolite. Takagi and Isemura (125) found 

that Aspergillus oryzae taka-amylase A requires Ca++ for 

its regeneration from the reduced, denatured state. The 

ion is tightly bound to the native enzyme and is required 

for structural stability. In the presence and absence of 

Ca , protein thiols were found to be oxidized at the same 

rate during air oxidation regeneration; however, in the 

absence of Ca++ the oxidation led to less than 5% activity 

after 20 hours of regeneration, while in the presence of 

equimolar Ca concentration, 70% reactivation was ob­

tained in 200 minutes. The inactive material produced 

in the absence of Ca'' had an optical rotatory dispersion 

spectrum considerably different from the native molecule 

but could be reactivated to native protein upon addition 

of Ca^ and 2-ME (to shuffle incorrect disulfides) (125, 

126) .

In a very interesting study, Bornmann, et al. (127) 

have found the renaturation of Saccharomyces carlsbergen- 

sis pyrvate kinase to be completely dependent upon L- 

valine and to a lesser extent Mn++ or Mg"^. The valine 

is tightly bound to the enzyme in the native form and dis­

sociates upon denaturation (128). In the absence of va­

line or Mn (or Mg ) regeneration does not occur. In 

the presence of 0.1 mM L-valine alone, the reactivation 

plateaus at 60% in less than 10 min, and with both L- 
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valine and Mn"^" (or Mg^) present the reactivation pro­

ceeds to 75%. Further, the action of L-valine is com­

pletely stereospecific ; D-valine is ineffective.

Reactivation of GuHCl, dithiothreitol (DTT) dena­

tured rabbit muscle phosphofructokinase was shown to be 

accelerated by the presence of adenosine triphosphate, but 

not fructose-6-phosphate, in the medium (129). In this 

case the half time for reactivation in the absence of ATP 

was found to be approximately 80 minutes and in the pre­

sence of 5 mN ATP was about 15 minutes.

Teipel and Koshland (124,130) have shown that co­

factors affect the refolding kinetics and yield of several 

enzymes from the reduced, GuHCl denatured state. Porcine 

heart fumarase was shown to be rapidly reactivated in the 

presence of L-malate, but not in its absence. Similarly, 

Mg and nicotinamide adenine dinucleotide (NAD) have a 

large effect on the reactivation of rabbit muscle enolase 

and glyceraldehyde-3-phosphate dehydrogenase (G3PDH), 

respectively. To a lesser extent, rabbit muscle aldolase, 

porcine heart lactate dehydrogenase (LDH), and malate de­

hydrogenase (MDH) reactivation can be accelerated by fruc- 

tose-1,6-bis phosphate (FBP), NAD, and oxalacetate plus 

reduced nicotinamide adenine dinucleotide (NADH), respec­

tively. These studies further indicate the presence of a 

rapidly forming intermediate in the refolding of G3PDH. 

NAD added to the reaction mixture at zero time has a large 
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acceleration effect on the reactivation, while NAD added 

less than one minute after regeneration has started has 

little or no effect although virtually no activity reforms 

at this early time (124).

The effect of Zn^ on the renaturation of bovine 

carbonic anhydrase shows,similar properties (131). This 

enzyme refolds in IM GuHCl in the.presence of Zn^ pro­

vided the ion is added at t=0; however, if it is added 

later to a Zn^ free reactivation, continued regneneration 

occurs at an extremely low rate (even after several weeks 

it is not complete) . These data suggest that Zn^ in carbo­

nic anhydrase and NAD in G3PDH bind to the protein very 

early in reactivation and direct subsequent folding, while 

in the absence of these factors there is a rapid formation 

of some intermediate which can not bind Zn++ or NAD and 

can not be readily converted to the native species. This 

is supported by the report that Zn++ is coordinated to the 

otherwise random coil form of bovine carbonic anhydrase 

in 6M GuHCl (132,133).

An interesting effect of substrate on reactivation 

has been demonstrated with acid denatured rabbit muscle 

aldolase (134). The addition of FBP at t=0 causes refold­

ing to abort and the enzyme to aggregate. However, if it 

is added at a time after the refolded monomer is formed 

(as determined by density gradient ultracentrifugation) 

the subunits associate to the native tetramer and become 
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completely active. These studies were done at pH 5.5, 

conditions where little subunit association occurs from 

the refolded monomer in the absence of FBP; however, at 

pH 7.0 rapid association and activation occurs. It is 

interesting that Tiepel and Koshland (124) found that the 

presence of FBP at zero time accelerates the reactivation 

of aldolase. This apparent discrepancy in results, how­

ever, may be explainable, because Teipel and Koshland 

examined the renaturation of GuHCl denatured enzyme while 

Vimard, et al., investigated the reactivation of acid de­

natured enzyme. These two denatured states are likely 

different and the mechanism of inactivation from each may 

also be different.

Perhaps a similar situation to acid denatured aldo­

lase exists in the reactivation of GuHCl denatured spinach 

leaf glyoxylic acid reductase where addition of substrate 

at t=0 leads to severe inhibition of renaturation (135). 

Addition at other times was not reported. Interestingly, 

however, NADH accelerates the reaction when added at t=0.

The effect of cofactors, etc., clearly demonstrates 

the importance of environmental conditions on regeneration 

and indicates the presence of intermediates in several 

cases. Further, it is apparent that in some cases the 

factor plays the role of initiation analogous to a nuclea­

tion site. It should be pointed out, however, that not 

all enzymes containing cofactors require them for rena- 
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turation. A notable example is staphylococcal nuclease, 

which requires Oa^ for activity. The refolding of this 

enzyme is little affected by the presence of Ca^ (136).

c. Multisubunit Proteins

In the previous section much was said about multi­

subunit enzymes, since many of the proteins requiring co­

factors during regeneration are multisubunit. However, 

these proteins constitute a special case since folding 

must lead to proper intersubunit interaction as well as 

intrachain interactions. The present dissertation deals 

with a multisubunit enzyme, and some insight into this 

problem may be gained by examining other oligomeric pro­

teins .

The regenerations of oligomeric proteins appear to 

exhibit one characteristic common to all. Intrachain fold­

ing precedes subunit association. This is a nontrivial 

conclusion, especially in the case of proteins with dif­

ferent subunits. The necessity of subunit interactions 

during chain folding would render the folding process more 

complex by increasing the number of conformations and in­

teractions to be searched. An excellent example of chain 

folding preceding subunit association is the regneration 

of IgG which has both intrachain and interchain disulfide 

bonds. • The regeneration of completely reduced and dena­

tured rabbit IgG was first demonstrated by Freedman and 

Sela (137). However, due to the extreme insolubility of 
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the reduced, denatured protein in aqueous solution, it was 

necessary to attach polyalanine chains to many of the pro­

tein amino groups to increase the solubility. The undena­

tured, modified protein retained most of it antigenic 

and antibody properties (138). Optimal regeneration was 

found to occur when heavy (H) and light (L) chains were 

first allowed to reoxidize separately and then incubated 

together to form interchain disulfide bonds. This sug­

gested to the authors that each chain normally folds 

before association and intermolecular disulfide formation.

The order of intermolecular disulfide formation was 

demonstrated by Petersen and Dorrington (117) using sodium 

dodecylsulfate polyacrylamide gel electrophoresis (SDS- 

PAGE) to observe the disulfide intermediates. The results 

suggest that the preferred pathway of covalent association 

is as follows :

L + H L - H h - H2 L2H2

The evidence in support of this is that the major 

intermediates are L-H and LH2, and LH2 forms as LH dis­

appears . These results have recently been supported and 

extended by Beychok and colleagues (139,140). They also 

found that LH and LH2 were major intermediates ; however, 

they pointed out that the probability of LH formation is 

only twice that of H2 formation. The data indicate a non­

random cooperative mechanism, but do not fit any obliga­

tory scheme (140).
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Subunit folding also appears to precede association 

of skeletal and heart muscle LDH. Using an ingenious 

quenching and electrophoretic technique to trap and se­

parate intermediates, Tenenbaum-Bayer and Levitzki (141) 

showed that from the acid denatured state, the major 

intermediates in both enzymes were folded monomer, dimer 

and native tetramer. Very little trimer was found in 

either case. Kinetic data also support a similar me­

chanism (142).

Similarly, the regenerations of Saccharomyces carls- 

bergensis pyruvate kinase, rabbit muscle aldolase, and 

Bacillus megaterium glucose dehydrogenase indicate that 

subunit folding is followed by association (127,134,143).

d. Detection of Intermediates

As stated above, the effects of cofactors on the re­

generation of several proteins have inferred intermediates 

in the refolding process ; thus, the strict two state be­

havior of protein folding is discounted. Similarly, 

Treipel and Koshland (130) observed the regeneration of a 

number of oligomeric enzymes by increases in intrinsic 

fluorescence upon dilution from GuHCl. They noted that 

the initial rate of fluorescence intensity increase was 

very rapid, and the half time of less than 30 seconds for 

this process was much faster than activity return. It 

was suggested that this indicated rapid gross structure 

formation followed by a slower adjustment to yield active 
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enzyme. A similar burst of structure formation, followed 

by a slower reactivation, has been observed for lysozyme 

(113), RNaseA (29), carbonic anhydrase (30), and staphylo­

coccal nuclease (31).

A transient intermediate apparently observed in the 

high temperature refolding of lysozyme is the native 

enzyme (144). Regeneration of this enzyme at 60 to 90°C 

with the glutathione redox system shows a maximum of acti­

vity followed by subsequent decline. This inactivation 

is reversible when the temperature is returned to 37°C. 

The native enzyme under the same conditions is not thermo­

dynamically stable; thus, the authors pointed out that 

this was in support of kinetic control of lysozyme folding 

at high temperature.

Disulfide intermediate trapping has also proven a 

very useful tool for observing the pathway of folding. 

Creighton (118,145-148) has thoroughly mapped the pathway 

of folding for BPTI, a single chain protein with 3 disul­

fide bonds making it a good model system. Covalent in­

termediates were trapped with iodoacetate or iodoaceta­

mide, the chain was cleaved, and peptides were isolated 

and characterized to determine their disulfide pairing 

throughout the course of refolding. The results (shown 

below) clearly indicate a limited search mechanism with 

relatively few of the possible disulfide intermediates 

forming along the route.
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The numbers in parentheses represent paired disul­

fides in one molecule; thus, (^33) means that there is an 

intermediate with 2 disulfides formed between residues 

30 and 51, and 14 and 38. Interestingly, modification of 

residues 38 and 14 with iodoacetate blocks the formation 

of ( 5.55) during refolding, and modification of either 

residue 38 or 14 individually allows (^3-33) to form but 

at one tenth the normal rate. Thus, it was concluded 

that a "wrong" two disulfide intermediate and/

or (^5.33)] must form before the correct two disulfide 

intermediate can form (as shown in the scheme). Clearly, 

the pathway cannot be random.

Lysozyme contains 8 half cystines compared to 6 in 

BPTI. Thus, the disulfide pattern in the former is more 

complex. However, trapping experiments have led to a 

characterization of the early disulfide intermediates
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along the pathway (149,150). The results show that a 

limited search mechanism is used, and that the early di­

sulfide bonds are formed in one section of the chain, the 

linear sequence 62 through 96. Though it is possible that 

this represents a nucleating segment, it is certainly not 

proof thereof. The authors pointed out that nucleation 

could occur in a segment with no disulfide bonds (150). 

Nonetheless, it does indicate that this section of the 

protein obtains structure before the entire molecule.

Trapping experiments with RNaseA have indicated that 

the early stage of disulfide bond formation is random 

(121). Peptide mapping studies yielded no disulfide pep­

tides after 5 minutes of regeneration when an average of 

3 protein disulfides were formed. This result is ex­

pected for random disulfide pairing since all statisti­

cally possible disulfide peptides will be present at low 

concentrations; thus, none will be detectable. After 17 

minutes it was found that the major disulfide peptides 

present were those of the native protein. Although the 

early steps clearly appear random, it is not clear if the 

later disulfide bonds, which are largely native, form 

randomly or are directed by kinetic steps. A conforma­

tional change detected by tyrosine fluorescence was ob­

served to occur during refolding at a time intermediate 

between the observed random disulfide pairing and native 

disulfide pairing. One wonders if this conformational 
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change directs subsequent folding and disulfide pairing. 

Further characterization of this phenomenon would be of 

interest.

3. Folding within Domains

. The ability of separate sections, or domains, of a 

protein molecule to fold independently of the remaining 

molecule would decrease structure searching time by 

shortening the effective chain length in any one domain. 

Several proteins have been shown to fold in this way. 

BSA appears to be composed of three domains (151,152), 

and Teale and Benjamin (119,153,154) have clearly demon­

strated that each domain folds separately. When native 

structure was judged by recovery of antigenic determi­

nants present in the native protein and not present in the 

unfolded protein, the results show that each domain ob­

tains native structure at a different rate. Further, each 

domain folds independently of the others as demonstrated 

by cleaving the molecule between domains. Moreover, eaTch 

fragment was shown to regain its antigenicity at rates 

faster than in the intact molecule (154). Thus, the do­

mains do fold independently, but some interdomain inter­

actions would appear to occur in the native molecule 

which decrease the rate of folding. Interestingly, the 

carboxy terminal 1/3 of each domain regains structure 

faster than the amino terminal 2/3 (154).
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The B-chain of Escherichia coli tryptophan synthetase 

appears to fold as 2 separate domains (155). The enzyme 

can be cleaved between these domains and the fragments 

separated in 6M urea. When denaturant is removed each 

fragment appears to assume the conformation it had in 

the "nicked" protein; thus, the sum of the circular di­

chroism (CD) spectra of the separated, refolded fragments 

is virtually the same as the spectrum of the "nicked" 

native protein.

Chavez and Scheraga (156) have shown that the car­

boxy terminal 1/3 of RNaseA obtains native antigenic de­

terminants before the amino terminal 2/3. These authors 

suggested that the rapidly folding region may be an inde­

pendently forming nucleation region. The validity of this 

hypothesis remains to be proven. However, it is interest­

ing that removal of a 20 amino acid peptide from the amino 

terminal end of RNaseA allows the return of a small amount 

of enzyme activity from the reduced denatured fragment 

(157), but reoxidation of fragment 1-120 (minus a 4 amino 

acid peptide from the carboxy terminal end of the intact 

enzyme) causes the chain to assume a random structure 

(158). Further, electron spin resonance (ESR) spin label 

studies indicate that the amino terminal end of the enzyme 

has a lower thermal unfolding temperature than does the 

carboxy terminal end (159).
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Similarly lysozyme would appear to possess an inde­

pendently folding region. A fragment of this enzyme, 

13-105, with a 12 amino acid peptide removed from the 

amino terminal end and a 24 amino acid peptide removed 

from the carboxy terminal end has the ability to attain 

native structure as judged by inhibitor binding, antigenic 

determinant return, and correct disulfide pairing (160). 

Further, this fragment possesses two of the four disul­

fides of the native protein, and these are the same resi­

dues involved in the early disulfide pairing of the intact 

molecule (150). Thus, a fragment of lysozyme which folds 

independent of the rest of the chain, possesses a segment 

which obtains structure early in the folding scheme of 

the intact molecule.

Clearly, protein folding studies have progressed 

considerably over the past twenty years since Anfinsen’s 

group first demonstrated the ability of the protein amino 

acid sequence to determine the three dimensional structure. 

Presently the emphasis in this field is on how this struc­

ture is determined from the sequence. The above discus­

sion has introduced several techniques that have been 

adopted in this monumental problem. In the present study, 

a slightly different approach has been taken. We have 

"recognized some of the structural similarities and dif­

ferences between two RNases, RNaseA and seminal RNase, 

and hope to gain some insight into their folding mechan- 
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isms by comparing and contrasting their folding kinetics 

and products.

IV. Choice of Proteins

RNaseA is synthesized in the pancreas (where it is 

isolated) and secreted into the intestines as a digestive 

enzyme. This protein possesses one polypeptide chain of 

124 amino acids with well characterized sequence and 

crystal structure (161). As discussed above, much is 

known about its refolding process.

Bovine seminal RNase is synthesized in the seminal 

vesicles and secreted into the semen where it is isolated 

(162,163). However, the physiological role of this pro­

tein remains elusive (163). This protein is composed of 

two identical polypeptide chains of 124 amino acids each 

and with an amino acid sequence entirely homologous with 

RNaseA (80% of the amino acids are conserved) (164,165). 

The individual subunits are held together by two inter- 

molecular disulfide bonds. The residues responsible for 

these interchain bonds are 31 and 32, which are lysine and 

serine, respectively, in RNaseA (161,164). The remaining 

eight half cystines of the seminal RNase subunits are in 

the same positions and form the same intrachain disulfide 

bonds as those in RNaseA (161,165). Thus, seminal RNase 

has ten half cystines per chain compared to eight in 

RNaseA, which leads to more potential random disulfides 

in seminal RNase per chain than RNase A, 945 compared to
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105. If folding is completely random, and a process de­

pendent upon disulfide exchange is rate limiting, as has 

been suggested (2,113), then the hair time for seminal 

RNase regeneration should be 9 times as slow as RNaseA!

Other differences between the seminal RNase and 

RNaseA chains are 14 lysine residues in the former and 

10 in the latter, 5 prolines in the former and 4 in the 

latter, and 4 tyrosines in the former with 5 in the latter 

(161,165). Interestingly, hydrophobicity is virtually 

identical between the two proteins, and the largest 

changes are seen in the hydrogen bonding groups (161,165).

The mechanism of catalysis of each protein is similar 

and all active site residues are conserved (161,163,165). 

However, seminal RNase is a more basic protein than 

RNaseA, having an isoelectric pH of 10.3 compared to 

9.5 for RNaseA (163). This presumably plays an important 

role in its ability to degrade double stranded RNA and 

RNA:DNA hybrids while RNaseA can not (166-169).

Thus, the many similarities between the two proteins 

and the obvious differences make the comparison of the 

regenerations of these two proteins quite instructive.

This enzyme was mainly attractive for the above 

reasons; however, this is also the first enzymatic pro­

tein with intermolecular disulfide bonds to be shown to 

refold. The only other protein with intermolecular di­

sulfide bonds shown to refold was IgG (137). As dis-
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cussed above, IgG required as many as 800 alanine 

residues attached to the protein before regeneration was 

accomplished, and this is clearly not a physiological 

condition.

As mentioned earlier, there are three systems avail­

able for the regeneration of disulfide containing pro­

teins : air oxidation, enzymatic regeneration, and the 

glutathione redox system (98,106,113). We have chosen 

the latter of these, the glutathione system, for our re­

generation studies for several reasons. First, it is the 

simplest system that gives rapid and reliable kinetics. 

Second, it uses glutathione concentrations normally 

found in cells. Third, Dr. S. W. Schaffer has thoroughly 

characterized RNaseA folding with this system (9,122, 

170); thus, a direct comparison can be made.

The immediate goal of this work was fourfold: 

(1) to determine optimal conditions for glutathione re­

generation of seminal RNase; (2) to determine if the 

monomer folds before subunit association takes place; 

(3) to characterize the products of regeneration under 

optimal conditions ; and (4) to compare and contrast this 

regeneration with RNaseA. These goals have all been 

realized.
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Materials : .

Bovine seminal RNase was prepared by the method of 

D*Alessio, et al. (163). Bovine pancreatic RNaseA (5X 

crystallized) type 1-A (Lot No. 115C-008) was purchased 

from Sigma Chemical Co., St. Louis, Missouri. Crystal­

line catalase was a product of Mann Research Laboratories, 

New York, N.Y. (Lot No. A6715). Hemoglobin substrate 

powder was purchased from Worthington Biochemical Corp., 

Freehold, N.J. Yeast RNA was purchased from Boehringer 

Mannheim (control No. 7305317), thoroughly dialized 

against 0.1M NH^-^O and lyophilized.

5’-Uridinetriphosphate-hexane-agarose (5’-UTP- 

agarose) was purchased from P. L. Biochemicals, Milwaukee, 

Wisconsin (Lot. No. 455131), and stored at -20°C in 50% 

glycerol until used. In this form it was stable for 

months. However, stability was less than one month at 

4°C, pH 5.3. The suppliers have informed us that alka­

line pH causes hydrolysis of the 5'-UTP-hexane linkage, 

and the present results tend to agree with this.

2-Mercaptoethanol, iodoacetic acid, iodacetamide, 

N-ethylmaleimide, dithiothreitol, reduced and oxidized 

glutathione were purchased from Sigma Chemical Co., St. 

Louis, Missouri. Electrophoresis reagents were products 

of Bio Rad Laboratories, Rockville Centre, N.Y. Ethylene­

imine was a product of Columbia Organic Chemicals, Inc., 

49



Columbia, S.C. Piperazine was purchased from Aldrich 

Chemical Co., Metuchen, N.J. Ultra pure tris(hydroxy­

methyl) aminomethane and urea were gifts of Chemzymes, 

Inc.

Ali Sephadex gels were purchased from Pharmacia 

Fine Chemicals, Inc., Piscataway, N.J. Cellex-P ion 

exchange resin was purchased from Bio Rad Laboratories, 

Rockville Centre, N.Y.

Maleimides M-1, M-2, and M-3 in Figure 4 were gene­

rous gifts of Dr. D. B. Wetlaufer.
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Methods

I• Purification of Bovine Seminal Ribonuclease

The seminal RNase purification procedure, with minor 

modifications, was according to D'Alessio, et al. (163). 

A typical procedure went as follows : frozen bull semen 

was thawed and the cells removed by centrifugation at 

11,000 RPM for 20 minutes. The seminal plasma was then 

freeze dried and subsequently dissolved to 50 mg/ml by 

weight in water. The pH was adjusted to 3.5 with IM 

H2S04, and a precipitate formed. The solution was stored 

at -2°C over night, after which the precipitate was re­

moved by centrifugation at 11,000 RPM for 20 minutes. 

All subsequent centrifugations used the same conditions.

' The next step in the purification procedure was 

heat treatment. The solution was separated into two 

equal parts and swirled in Erlenmeyer flasks (3:1 ratio 

of Erlenmeyer size to solution volume) at 60°C for 2 

minutes. The solutions were then moved to a 100°C water 

bath where they were swirled for 5 minutes. A precipi­

tate was formed during these two heating steps and in­

creased when the pH was adjusted to 5.0 with IM NaOH. 

The precipitate was discarded following centrifugation.

Ammonium sulfate fractionation was the third step. 

Solid ammonium sulfate (390 g/1) was added to the super­

natant from above and stirred at 4°C for 1.5 hours. A 

precipitate which formed was centrifuged out. The super-
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Figure 1. SP Sephadex chromatography of seminal RNase. 
Crude seminal RNase (80 mg) was added to the 
(60 x 1.5 cm) column in 20 ml of 5mM tris-Cl, 
50mM NaCl, pH 8.0 and eluted with the same 
buffer at 4 C. Where indicated by arrows, the 
buffer was changed to 5mM tris-Cl containing 
0.2M NaCl or 0.5M NaCl, respectively. The 
active fractions eluting after addition of 0.2M 
NaCl and 0.5M NaCl were labeled RNase BS-2 
and seminal RNase, respectively, and pooled 
as shown by black bars. Flow rate was 1 drop/ 
12 seconds, and 3 ml fractions were collected. 
Elution was followed by A97Q (------- ) and
RNase activity (-------). °
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natant was saved and the precipitate was redissolved to 

the original volume in water. Solid Ammonium sulfate 

(390 g/1) was added to the redissolved precipitate and 

stirred for 1.5 hours. The precipitate was centrifuged 

out and discarded. The two ammonium sulfate supernatants 

were combined, 230 g/1 of ammonium sulfate added, and 

stirred overnight. The resulting precipitate was re­

covered by centrifugation, and the supernatant was dis­

carded . The precipitate was dissolved in a small volume 

of water, dialized against several changes of distilled 

water, and freeze dried.

The initial column chromatography step employed 

discontinuous ion exchange chromatography on SP-Sephadex. 

Crude enzyme was dissolved in a small volume of 5mM tris, 

0.05 M NaCl, pH 8.0 and added to a column (1.5 x 60 cm) 

of SP-Sephadex C-50 equilibrated with the same buffer. 

Approximately 60 fractions of 3 ml each were collected 

at a rate of 13 sec/drop. The elution buffer was switched 

to 5mM tris, 0.2M NaCl, pH 8.0, and another 60 fractions 

were collected. Finally, the elution buffer was switched 

to 5mM tris, 0.5M NaCl, pH 8.0, and about 100 fractions 

were collected. Figure 1 shows the Sephadex elution 

pattern. The major peak of RNase activity was pooled 

as shown and dialyzed against several changes of dis­

tilled water. The solution was then freeze dried.
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Figure 2. Cellex-P chromatography of seminal RNase. 
Partially purified seminal RNase was added 
to the (20 x 1.3 cm) Cellex-P column in 18 ml 
of 0.3M ammonium formate, pH 6.5. The column 
elution was begun with a linear gradient of 
0.3 to IM ammonium formate, pH 6.5 at 4°C. At 

, the arrow, 1M ammonium formate was added to 
finish elution. Enzyme was pooled as shown 
by black bar. Flow rate was 1 drop/7 seconds, 
and 2 ml fractions were collected.
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The final purification step employed Cellex-P chro­

matography. The enzyme was dissolved in water, and dia­

lyzed against 0.3M ammonium formate, pH 6.4. The result­

ing solution was then added to a Cellex-P column in the 

sodium form (20 x 1.5 cm), equilibrated with the same 

buffer, and eluted with a linear gradient of 0.3 to IM 

ammonium formate, pH 6.4 (100 ml of each solution). 2 ml

fractions were collected. When the gradient had finished 

an additional 100 ml of 1.0M ammonium formate was eluted 

through the column. Elution pattern is shown in Figure 2. 

The active fractions were pooled as shown, dialyzed 

against several changes of water, and freeze dried. The 

yield was typically 0.5 to 0.75 mg seminal RNase per ml 

of semen.

The enzyme was used without further handling unless 

otherwise stated.

II. Assays

A. Ribonuclease Assay. RNase activity was deter­

mined using a modification of the continuously recording 

method of Fletcher and Hash (171). It was carried out 

at 30°C in a thermostatted Perkin-Elmer Hitachi 

200 UV-Vis spectrophotometer. The assay was typically 

run by adding 0.020 ml of RNase solution to 3 ml of 

0.075 mg/ml RNA in 0.1M sodium acetate buffer, pH 5.0, 

in a quartz spectrophotometer cell. The change in ab­

sorbance at 260 nm as a function of time was recorded
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Figure 3. Difference spectra for yeast RNA and hydrolysis 
products. RNA (0.075 mg/ml) in 0.1M sodium 
acetate was placed in reference and samples 
cells of Perkin-Elmer Hitachi 200 UV-Vis Spec­
trometer at 30 C; the resultant UV spectrum

• served as the baseline, A. RNAseA (0.020 ml 
of 0.1 mg/ml) was added to the sample cell, 
and spectra were observed at 10 minutes, B;
1 hour, C; and 3.5 hours, D.
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with full scale at 0.05 and chart speed at 20 sec./cm; 

a difference spectrum for RNA and products of hydrolysis 

is shown in Figure 3. 260 nm was chosen as a compromise

between a large increase in absorbance on hydrolysis and 

a small background absorbance. The reaction rate employed 

was the initial velocity. Arbitrary units were calcula­

ted as

1 unit = 5 x lO’^AA/20 sec.

This assay was chosen for its relative simplicity, 

sensitivity, and the small amount of enzyme required as 

compared to the precipitation assay of Kalnitsky, et al. 

(172). The useful range for RNaseA and seminal RNase 

were found to be 0.005 to 0.065 and 0.015 to 0.29 mg/ml, 

respectively.

Protein concentration was determined spreetrophoto- 

metrically at 278 nm, = 4.65 (163) .

B. Sulfhydryl Content. Free sulfhydryls were 

assayed according to the method of ElIman (173) using 

5,5*-dithiobis-(2-nitrobenzoic acid) (NBs^), E^^ = 

1.36 x 10 M ^Cm \ NBS2 was dissolved in 0.05M sodium 

acetate buffer, pH 5.0, at 1 mg/ml; 0.2 ml of this solu­

tion was added to 3.8 ml 0.2M tris-Cl, 10M urea, pH 8.6. 

To this solution 1 ml of enzyme solution was added, and 

after 10 minutes at room temperature, A^^ was read.
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c. Catalase Assay-. This activity was determined 

spectrophotometrically by following the disappearance of 

H2O2 at 240 nm, pH 7.0, 30°C (174). 

III. Regeneration Studies

A. RNase Reduction. Reduction of seminal RNase 

and RNaseA were carried out by a modification of the me­

thod of Anfinsen, et al. (96), in which 2 to 3 mg of 

native enzyme were incubated in 2.0 ml of 8.0M urea, 

0.01M tris-Cl, 0.01M EDTA, and 500 fold excess of 2- 

mercaptoethanol (2ME), pH 8.5. The reduction was allowed 

to proceed for 3.5 hrs. and was stopped by decreasing 

the pH to approximately 3.5 with 0.1M acetic acid. The 

reduced, denatured protein was desalted on a G-25 Se­

phadex column (40 to 60 x 1.5 cm) which was preequili­

brated with 0.1M acetic acid. Following elution, RNaseA 

was freeze dried and stored at -20°C for up to 6 months 

with no loss of thiols. Seminal RNase, on the other 

hand, was used immediately or freeze dried and used the 

next day ; longer periods of storage at -20°C resulted 

in loss of thiol content and led to altered regeneration 

kinetics. -

B. RNase Regeneration. The regeneration was a 

modification of the method of Ahmed, et al. (99). Ap­

proximately 0.5 to 3 mg reduced RNase were dissolved in 

3.0 to 10.0 ml of distilled water and the concentration 

determined spectrophotometrically. The regeneration 
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began by pipetting 1.5 ml of the reduced protein into 

3.5 ml of 0.1M tris-acetate, 0.001M EDTA (except in the 

air oxidation experiments where the EDTA was omitted), 

pH 8.2 buffer containing the desired concentration of 

reduced and oxidized glutathione and equilibrated at the 

desired temperature. Glutathione was always added just 

prior to the addition of the protein to the reaction 

mixture. The regeneration kinetics were followed by re­

moving 0.020 mi aliquots at the desired times for assay 

as described above.

C. Preparative Reduction-Regeneration . A typical 

preparation went as follows : 5 to 15 mg of native

RNase were reduced-denatured in 2 to 5 ml of 0.1M tris- 

C1, 8M urea, 1 mH EDTA and a 500 fold excess of 2-Me, 

pH 8.5 as described above. The reduced protein was de­

salted on G-25 Sephadex, 0.1M acetic acid. For regene­

ration tris and EDTA were added to the desalted protein 

to give a final concentration of 0.1M and ImM, respec­

tively, and the pH was adjusted to 8.2 with IM NaOH. 

(In the air regenerations, EDTA was omitted.) Regenera­

tion began with addition of solid glutathione. The pro­

tein concentration varied from 0.1 to 0.3 mg/ml. The 

reaction was allowed to proceed overnight (15 to 20 hrs.). 

Preparative air regeneration was performed in a .

10 x 1.4 cm test tube at 25°C for 24 to 30 hrs.
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IV. Affinity Chromatography on 5'-UTP-agarose

A. General Methods. Column sizes varied from 

1x0.5 to 3x0.5 cm. A typical experiment, modified 

from the method of Stewart and Stevenson (175), is des­

cribed as follows : a few mg of RNaseA and/or catalase in 

3 to 10 ml of 0.025M piperazine-HCl, pH 5.3, were applied 

to the column equilibrated with the same buffer at 4°C. 

Following application of the sample, 10 to 20 ml of the 

piperazine buffer solution were passed through to remove 

any unbound material. Finally, RNase was eluted from 

the column with 0.25M sodium phosphate buffer at pH 

3.0 or 5.45. 1 ml fractions were collected, and elution

was followed by protein absorbance and enzymatic acti­

vity.

B. Competitive Elution Experiments on 5'-UTP- 

Agarose. In these experiments, 0.7 mg of RNaseA in 

0.050 ml of 0.025M piperazine-HCl, pH 5.3, were added 

to a 4.9 x 0.5 cm 51-UTP-agarose column equilibrated with 

an identical buffer containing varying concentrations 

of 2*(31)uridine monophosphate (2’(3’)-UMP). The enzyme 

was eluted with the piperazine-HCl buffer containing 

UMP at 4°C and collected in 0.45 ml (10 drops) fractions 

at a rate of 13 drops per min.
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V. Reformation of Intermolecular Disulfide Bonds from 

Regenerated and Selectively Reduced Monomers

Either affinity chromatography pure regenerated or 

selectively reduced monomer was incubated for 24 hours in 

0.1M tris-acetate, ImM EDTA, pH 8.2, containing various 

concentrations of reduced and oxidized glutathione. At 

specified times, the reaction was stopped with a ten fold 

excess of either iodoacetamide or N-ethyImaieimide (NEM). 

The products were analyzed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) in the 

absence of 2-ME.

VI. Selective Reduction of Native Seminal RNAse with 

Glutathione

Native seminal RNase, at a concentration of 0.1 

mg/ml, was incubated for 24 hours in 0.1M tris-acetate, 

ImM EDTA, pH 8.2 buffer containing the desired gluta­

thione concentrations at 30°C. The modified enzyme was 

concentrated in 0.1M acetic acid or 0.05M tris-Cl, ImM 

EDTA, pH 7.2 on a YM-10 Amicon diaflow membrane, and 

applied to a Sephadex G-75 column (85 to 120 x 1.5 cm), 

which was equilibrated with the same buffer. Protein 

elution was followed by absorbance at 225 nm and enzyma­

tic activity. The protein peaks were pooled and recon­

centrated on the YM-10 diaflow membrane. .
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VII. Product Characterization.

A. Gel Filtration. The reaction mixtures were con­

centrated on a UM-10 or YM-10 diaflow membrane and passed 

through a Sephadex G-75 column (85 to 120 x 1.5 cm). 

Elution from the column was followed by absorbance at 

225 nm and enzymatic activity; void volume was estab­

lished with blue dextran. Two mi fractions were col­

lected. The first protein peak was pooled and stored in 

either the freeze dried state or at 4°C. The second 

peak, following concentration by ultrafiltration, was 

routinely stored at 4°C to avoid formation of protein 

aggregates during the freeze drying step.

B. SDS Polyacrylamide Electrophoresis. SDS-PÀGE 

was performed by a modification of the method of Weber 

and Osborn (176). Free thiols were blocked with a 10 

fold excess of NEM (over total thiol concentration) at 

25°C for 15 minutes in the pH range 7.0 to 8.2. If 

glutathione was previously removed, blocking was omitted. 

The protein was denatured by mixing 0.10 ml of 0.05 to 

1 mg/ml protein with 0.10 ml of SDS dialysis buffer, 

which contained 0.01M sodium phosphate, 0.1% SDS at 

pH 7.0. This solution was incubated for approximately 

2 hours at 37°C. Fifty to one hundred microliters of 

the solution were then added to 0.005 ml tracking dye 

(0.05% bromphenol blue in water), 1 drop of glycerol, 

and 0.050 ml of dialysis buffer. 2-ME was omitted from 
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the denaturation medium to prevent reduction of the in- 

termolecular disulfide bonds.

Ten percent SDS-polyacrylamide gel solution was pre­

pared by mixing 13.5 ml of acrylamide solution (22.2% 

acrylamide and 0.6% methylene bis acrylamide in water), 

15 ml gel buffer (7.8 gm Na^PO^-HgO, 20.5 gm Na2HP04> 

and 2 gm SDS per liter), 1.5 ml ammonium persulfate so­

lution (15 mg/ml prepared fresh), and 0.050 ml TEMED 

(N,N,N1,N1-tetramethyl ethylenediamine) . This solution 

was added to each of 12 gel tubes, which were closed 

off at the bottom with rubber stoppers, to within 1 cm 

of the top, and covered with a thin layer of water. 

Polymerization at room temperature required about 1 hour, 

after which the rubber stoppers were removed and the 

water was pipetted'off.

The upper and lower electrophoresis chambers were 

filled with 1:2 dilution of the gel buffer. Ten to one 

hundred microliters of the SDS denatured protein were 

layered on top of the gels through the top chamber buffer. 

Electrodes were connected to each chamber, anode in the 

lower, and a current of 8 ma/gel was applied. Electro­

phoresis was carried out until bromphenol blue band was 

approximately 1 cm from the gel bottom, usually requir­

ing 3 to 4 hours.

After removal from the tubes, the gels were stained 

in 10 ml of coomassie blue stain (1.25 gm coomassie blue, 
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454 ml of 50% methanol, and 46 ml of glacial acetic 

acid) for 2 hours. Destaining was carried out in a solu­

tion containing 7.5% acetic acid, 5.0% methanol, and 

87.5% water.

Densitometer scans of the destained gels were car­

ried out on an ISCO densitometer. Integration of the 

peaks was performed by cutting out the peaks and weigh­

ing them.

C. Reisfeld Polyacrylamide Gel Electrophoresis. 

Polyacrylamide gel electrophoresis of basic proteins was 

performed by a modification of the method of Reisfeld et 

al. (177). To 0.1 ml of protein solution (0.1 mg/ml) 

was added 0.005 ml tracking dye (0.4% solution of me­

thylene blue in water) and one drop of glycerol.

Gel tubes were filled with 7.5% acrylamide gel solu­

tion containing 2.5 ml of solution A (48 ml IM KOH, 

17.2 ml glacial acetic acid, 4.0 ml TEMED, adjusted to 

100 ml with water) 2.5 ml solution B (60 gm acrylamide, 

0.4 gm methylene bisacrylamide, adjusted to 100 ml with 

water), 5 ml water, 10 ml ammonium persulfate solution 

(0.28% in water). The gels polymerized in approximately 

1 hour.

Electrophoresis buffer (31.2 gm 8-alanine, 8.0 ml 

glacial acetic acid, and water to 1000 ml) was added to 

upper and lower chambers. The protein solution (0.01 

to 0.1 ml) prepared above was layered onto the gels 
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through the upper chamber buffer. Electrodes were con­

nected to each chamber, cathode in lower, and a 2 ma/gel 

curren^ was applied. After 5 minutes this was increased 

to 6 ma/gel. Electrophoresis was carried out until the 

methylene blue band was within 1 cm of the gel bottom, 

usually 1-1.5 hours.

Staining and destaining were as described under SDS- 

PAGE.

D. Amino Acid Analysis. Hydrolysis was carried out 

on affinity chromatography pure protein by the method 

of Moore and Stein (178). 0.6 to 1.6 mg of protein were

either desalted on G-25 Sephadex equilibrated with 0.1M 

acetic acid or by several ultrafiltration washings with 

water, and freeze dried in a 25 ml drying ampule. One 

ml of 6 N HC1 was added to the freeze drying ampule to 

dissolve the protein. The solution was frozen with li­

quid Ng, evacuated to 50 microns, thawed under vacuum 

slowly to allow Og to bubble out, and then reevacuated 

to 50 microns. The tube was sealed with a propane 

torch and placed in a 110°C ± 1°C oven for 24 hours. 

The tube was broken open and the HC1 pulled off at 

40 C with a water aspirator. Hydrolysis products were 

dissolved in 0.5 ml water, and 0.5 ml of 0.2M sodium 

phosphate, pH 6.5 was added to oxidize cysteine to 

cystine. The solution was allowed to stand for 4 hours 

at room temperature. Thirty microliters of I N HC1 were 
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added to decrease the pH, and finally, enough pH 2.2, 

0.1 N citric acid-HCl, 0.5% thiodiglycol was added to 

bring the final volume to 3 ml. Alternatively, the hy­

drolysis products were dissolved directly in the analyzer 

buffer. No difference in results was noted between the 

two procedures.

Amino acid analysis was performed according to 

Spackman (179) on a Beckman model 120 amino acid analy­

zer. Only the long column amino acids were examined. 

Integration of peaks was accomplished by the following 

technique.

1. Baseline of the peak was determined.

2. The height of the peak was determined at 

its center.

3. The baseline was subtracted from the peak 

height (yielding the net height).

4. The net height was divided by two and the 

result was added back to the baseline to give the half 

height.

5. All the black dots above the half height, 

except the first, were counted, and the result was 

multiplied by 4.

6. The red dots between the half height and 

first and last black dots were counted, and the distance 

between the half height and the first and last red dots 

was estimated as tenths. The result, added to the result 
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of #5, was taken as the peak width.

7. The peak area was determined by multi­

plying net height times width.

8. When two peaks overlapped, only the half 

that reached the baseline was used to count the dots, 

and the results was multiplied by two.

9. The expected number of amino acids per 

chain was divided by the area. The average of all 

"amino acids per chain divided by area,” excluding those 

that were clearly out of the average, was determined. 

The average times the area, including those not used 

in the average, was then taken as the number of each 

amino acid found per chain.

E. Circular Dichroism. The regeneration and selec­

tive reduction products were fractionated by G-75 Sepha­

dex as described above. The separate protein peaks were 

then purified of inactive material by 5’ UTP agarose 

affinity chromatography. The purified RNase was then 

washed several times on a UM or YM-10 diaflow membrane 

with water and once with 0.05M KCIO^, pH 3.9. The native 

enzyme was also subjected to affinity chromatography 

prior to analysis to ensure homogeneity.

Circular dichroism (CD) measurements were performed 

on a Durrum-Jasco J-10 circular dichrometer which was 

calibrated according to Cassim and Yang (180). The 

measurements were routinely taken at an instrument 
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sensitivity of 2 x 10 AA/cm and a path length of 0.05 

or 0.1 cm. Molar elipticities were calculated according 

to the equation (42):

[8] = 2.303 (4500/ir)Ae = 3300 Ae 

where Ae = the difference in the molar absorptivities 

of the left and right circularly polarized light. If 9 

is determined on the basis of mean residue weight, which 

in this case is 118, and the instrument constants are 

included, the working equation becomes:

rei = 3300(118 gm/mole)(2 x IQ^AA/cm) (X) (94/99)

L JA (Protein cone., mg/ml)(path length,cm) 3.3 

where "X" is the instrument deflection (in cm) at each 

wavelength, and 94/99 and 3.3 are instrument constants. 

VIII. Modification of Cysteines 31 and 32

A. Selective Reduction with Dithiothreitol. Seminal 

RNase was selectively reduced with dithiothreitol (DTT) 

at cysteine 31 and 32 according to the method of D'Ales­

sio, et al. (181). Seven mg of seminal RNase were dis­

solved in 1 ml of 0.1M tris-Cl, 2.5mM DTT, pH 8.5 and 

allowed to react for 15 minutes at room temperature.

B. Modification with Maleimides, lodacetate, or 

lodacetamide. After selective reduction with DTT, the 

pH of the reaction was adjusted to 7.0 with IM HC1.

Modification of the free cysteine 31 and 32 with the 

maleimides was performed with a 10 fold excess of reagent 

over total thiol. However, the iodoacetamide and iodo-
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Figure 4. Thiol modifying agents and products of reac­
tion. A, iodoacetate; B, iodoacetamide ; C, 
N-ethyImaieimide (NEM) ; D, M-1; E, M-2; F, 
M-3; G, ethyleneimine.
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acetic acid modifications were carried out in the pre­

sence of 5mM 21(31) UMP to protect the active site 

histidines and with a 5 fold excess of modifying reagent. 

In all cases the reaction was allowed to proceed for 

5 to 10 minutes. Typically, the products were then de­

salted on G-25 Sephadex (40 x 1.5 cm) in 0.1M acetic 

acid and freeze dried. Subsequently, the typical re­

duction-denaturation and regeneration procedures were 

followed. However, in the case of reagents of M-2 and 

M-3 (see Figure 4), the protein precipitated upon addi­

tion of the reagent. Thus, 0.005 ml of 2-ME were added 

and allowed to react with the excess modification re­

agent for 5 minutes, then solid urea was added to achieve 

a final concentration of 8M to solubilize the protein. 

Two ml of the typical reduction-denaturation medium 

were then added. The modified protein was reduced and 

denatured as described above, and was then used for re­

generation studies.

C. Modification with Ethyleneimine. The modifica­

tion method used was according to Parente, et al. (182). 

Native enzyme (1.5 ml of 0.25mM) was selectively reduced 

with a 10 fold molar excess of DTT as described above; 

however, the buffer for the reduction was changed to 2.5M 

tris-Cl, pH 8.6. At the end of 15 minutes, 0.005 ml of 

ethyleneimine was added and allowed to react for 10 

minutes. The ethyleneimine was added and incubated three 
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more times, and the products were desalted on a G-25 

Sephadex column (40 x 1.5 cm) equilibrated with 0.1M 

tris-acetate, pH 8.2. (This high pH is necessary to 

prevent methionine modification (183,184)). If the enzyme 

was to be used for degeneration studies, it was incubated 

in 3M urea for 2 hours to ensure dissociation (182), 

and the urea was then dialyzed out against 0.1M sodium­

acetate , pH 5.0. If it was used for regeneration stu­

dies , the tris-acetate (G-25 Sephadex) buffer was dia­

lyzed out against water, and the enzyme was freeze dried. 

Denaturation with 8M urea and 2 ME was as described 

above.

When using the modified RNase, protein concentration 

was determined by the method of Lowry (185) since several 

of the modifying reagents had a significant absorbance 

at 278 nm. None of them were found to interfere with the 

Lowry assay.

IX. Degeneration Studies

Degeneration of native and ethyleneimine modified 

seminal RNase were performed at approximately 0.1 mg/ml, 

and the degeneration of RNaseA was performed at approxi­

mately 0.05 mg/ml. The enzyme was dissolved in 0.1M 

tris-acetate, ImM EDTA. (In the case of modified seminal 

RNase solid tris and EDTA were added to the solution of 

0.1M sodium acetate after dialysis and the volume was 

adjusted with 0.1M tris-acetate, ImM EDTA.) GSH and
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GSSG were added to give final concentrations of 3mM and 

0.3mM, respectively. Final pH was always adjusted to 

8.2. Ten ml of solution was typically used and the re­

action was performed in a 20 x 2.5 cm test tube. N2 was 

bubbled through the solution at room temperature for 15 

to 30 minutes through a Pasteur pipette attached to the 

N2 tank. Then the pipette was taken out of the solution 

(to avoid bubble denaturation), secured above the latter, 

and Ng passed over it at 42°C. The apparatus is shown 

below.

stopper

pipette

solution

capillary

test tube

Ng was allowed to escape through a (2mm ID) capillary 

tube; thus, the reaction could be carried out at I atmos­

phere. (If the escape tube was blocked off, a 1 psi 

pressure increase changed the results toward more de­

natured. ) Under the above condition only about 10 to 15% 

of initial thiols were oxidized; thus, the GSSG concen­

tration did not rise above 0.6mM, well within the optimal 

regeneration range (see results, page 104).
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At desired times the stopper was removed and 0.020 

ml of reaction mixture was assayed as usual. 

X. Determination if Dimer is Purification Artifact

Ten ml of seminal plasma was adjusted to pH 6.5 and 

solid NEM was added to a final concentration of 0.1M. 

The solution was allowed to react at room temperature for 

15 minutes and at 4°C for 15 minutes. The solution was 

desalted at 4°C on G-25 Sephadex (70 x 1.5 cm) equili­

brated with 0.05M sodium phosphate, 0.85% NaCl, ImM EDTA, 

pH 7.4. The pH of the eluting protein fraction was ad­

justed to 3.5 with IM ^SO^, and subsequently seminal 

RNase was purified as described above except for one 

minor change. All solutions prior to the SP-Sephadex 

chromatography step contained ImM EDTA. 

XI. Search for Dimerization Factor in Vivo

A. In Seminal Plasma. Sperm cells were removed 

from 2 ml of semen by centrifugation. The seminal plasma 

was mixed with 2 ml of 1 mg/ml refolded monomer and incu­

bated at room temperature for 1 hour. The solution was 

then chromatographed on a G-75 Sephadex column (85 x 1.5 

cm), which was equilibrated with 0.05M tris-Cl at 4°C.

B. In Crude Seminal Vesicle Microsomes. Four se­

minal vesicles were removed from two steers (not bulls) 

within 1/2 hour after killing. It was not completely 

certain that seminal vesicles had been found. The ve­

sicles and ducts were attached directly to the urinary 
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bladder under membranous tissue. The vesicles were ex­

cised and kept for approximately 2 hours on ice in 0.01M 

tris-Cl, 0.25M sucrose, pH 8.0. Preparation of the mi­

crosomes was according to the liver preparation of Gold­

berger , et al. (100). Fat and connective tissue were 

removed and the free vesicles (which looked like convo­

luted tubules) were minced with scissors. The minced 

vesicles were then homogenized for 3 to 5 minutes (in 30 

second periods since there was heating during the homo­

genization) in tris-Cl sucrose, 150 ml total volume with 

a Waring blender. The resulting homogenate was centri­

fuged 20 minutes at 1,500 RPM and the precipitate dis­

carded. The supernatant was then centrifuged at 17,000 

X G for 20 minutes, and the precipitate discarded. The 

supernatant was used in the experiment without further 

handling.

Two ml of the seminal vesicle extract was mixed with 

2 ml of 1 mg/ml refolded monomer and incubated at room 

temperature for 60 min. The resulting product was then 

passed through a G-75 Sephadex column (85 x 1.5 cm) as 

described previously for the seminal plasma preparation.
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Results :

I. Enzyme Purification

Purification of seminal RNase was carried out using 

a slight modification of the procedure of D’Alessio, et 

al. (163). Figures 1 and 2 show the purification pro­

file of seminal RNase on SP-Sephadex and Cellex-p, 

respectively. The major active peak in Figure 1 was 

labeled seminal RNase. As can be seen in Figure 2, all 

of the activity did not elute from Cellex-p with the li­

near gradient; thus, it was necessary to flush the column 

with IM ammonium formate. Further, it was necessary to 

dialyze the pooled enzyme after Cellex-p against water 

before freeze drying could be accomplished. Other than 

these two modifications, the literature procedure was 

followed. The preparation gave an enzyme which was homo­

geneous on SDS gel electrophoresis and had an activity 

approximately 25% of that of RNaseA (Sigma 5 X crystal­

lized) . The activity varied approximately 10% over 

several preparations including those given to us by G. 

D’Alessio, University of Naples, Italy.

II. Affinity Chromatography

A. Biospecificity. The characterization of refold­

ing and selective reduction products (described later), 

necessitated the removal of any inactive enzyme compo­

nents . For this purpose a new affinity chromatography 

system for RNase was devised using the commercially
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available resin material 5'-UTP-agarose. Due to the li­

mited availability of seminal RNase and its relative 

expense compared to RNaseA, the latter was chosen to 

characterize the affinity system. This substitution is 

valid since the two proteins are entirely homologous and 

possess identical active sites (161,165).

Elimination of nonspecific binding in affinity 

chromatography is critical for good purification; thus, 

it was important to optimize our system in this respect. 

It has been shown that the buffer used to bind and elute 

the specific enzyme is important to ensure biospecifi­

city of adsorption and complete elution (186). Thus, 

several buffers, most of which were suggested in earlier 

affinity chromatography articles, were tested to maximize 

biospecificity. These included 0.025M sodium acetate, 

0.2M ammonium acetate, and 0.025M piperazine-HCl, pH 5.3 

to bind the enzyme and 0.2M acetic acid or 0.25M sodium 

phosphate at pH 3 or 5.45 to elute the enzyme (175,187, 

188). Of the buffers tested, 0.025M piperazine-HCl, 

pH 5.3, binding buffer and 0.25M sodium phosphate, pH 

5.45, eluting buffer were found to be optimal for binding 

specificity and complete elution.

The 0.025M sodium acetate buffer originally used 

by Wilchek and Gorecki (187) showed significant non­

specific adsorption of cationic proteins, such as cata­

lase and hemoglobin; however, the nonspecific binding 
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Figure 5. Reduction of non-biospecific protein binding 
to 5' UTP-agarose with 0.025M, pH 5.3 pipera- 
zine-HCl buffer : 3 ml of a 2 mg/ml solution 
of hemoglobin in 0.025M, pH 5.3 sodium acetate 
buffer were added to the column and eluted 
initially with acetate buffer followed at the 
arrow by 0.025M, pH 5.3 piperazine-HGl buffer.
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could be largely eliminated with 0.025M piperazine-HCl. 

This is shown for hemoglobin in Figure 5 ; clearly a sig­

nificant fraction of the nonspecific protein, still bound 

to the column after washing with sodium acetate, could be 

removed with the piperazine buffer. Chaiken and Taylor 

(188) have shown that the higher ionic strength buffer, 

0.2M ammonium acetate, decreased nonspecific binding of 

RNaseA on another RNase affinity column. However, it was 

found in the present study that this buffer decreased 

RNaseA binding to the 5’-UTP-agarose column by approxi­

mately 20%; thus, the piperazine-HCl system was chosen.

Acetic acid, often used to elute the specific en­

zyme in affinity chromatography, was found to incomplete­

ly elute RNaseA in agreement with earlier studies in 

which other resins were employed (175,186,187). How­

ever, this problem did not occur with 0.25M sodium 

phosphate, pH 3.0 or 5.45, where typically 95 to 99% 

of the enzyme was recovered.

Stewart and Stevenson (175) suggested that the low 

pH and high ionic strength of pH 3.0 sodium phosphate 

buffer, as well as acetic acid, induced distortions in 

RNase which aided in the elution of the enzyme from 

Sepharose-5’(4-aminophenylphosphoryl)uridine 2'(31) 

phosphate (Sepharose-aPhpUp), another RNaseA affinity 

column. However, in the case of 5’-UTP-agarose, pH 

5.45 sodium phosphate buffer eluted the enzyme slightly 
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Figure 6. Effect of pH on RNaseA elution from 5' UTP- 
agarose: 3 ml of a 0.32 mg/ml RNase solution 
in 0.025M, pH 5.3 piperazine-HCl buffer were 
applied to the column and eluted at the arrow 
with either pH 5.45 (■) or pH 3.0 (A), 
0.25M sodium phosphate buffer. -
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Figure 7. Purification of Sigma 5X crystallized RNaseA 
by affinity chromatography on 5* UTP-agarose: 
(--0--0—), c, (XXX), RNase activity.
The enzyme was added to the column in 3 ml of 
0.025M, pH 5.3 piperazine-HCl buffer and eluted 
as indicated by the arrow with 0.25M, pH 3.0 
phosphate buffer.
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Figure 8. Separation of catalase contamination from 
RNaseA on 5* UTP-agarose: (--0—0--) , A9-7 
(—-—-) , catalase activity; (XXX), RNase' 
activity. 5.2 ml of enzyme solution were added 
to and eluted from the column as in Figure 7.
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more efficiently than the low pH phosphate buffer (Figure 

6). This phenomenon is likely due to the stronger com­

petitive binding of phosphate at pH 5.5 where it binds 

tightest (Kj = 4.26mM) (189) and supports the view that 

the 5*-UTP-agarose column functions principally as an 

affinity system.

Further evidence for the biospecific nature of 

RNase binding to this column when using the piperazine/ 

phosphate buffers can be seen in Figures 7 and 8. Fi­

gure 7 shows the purification of Sigma 5 X crystallized 

RNaseA on 5*-UTP-agarose. Although nearly all the en­

zymatic activity was retained by the column, an inactive 

component eluted with the piperazine wash. In Figure 8 

it is seen that essentially all of the RNase bound to the 

column, although catalase did not.

Recently it has been shown that the best proof of 

biospecific adsorption is the use of competitive elution 

experiments (188,190). In these studies, the enzyme 

is eluted from the column with varying concentrations 

of a competitive inhibitor. For biospecific adsorption, 

the elution volume will, increase with decreasing inhi­

bitor concentration according to equation 1 (190):

v = KIM/Vo[IM] + t^IM/V^IM]!^ (1)

o

where V is the volume required to elute half the bio- 

specifically retained protein, VQ the volume to elute
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Figure 9. Competitive elution of RNaseA from 5* UTP- 
agarose with 2'(3’) UMP: 0.7 mg of RNaseA 
was added to the column and eluted with 5.0 
x 10-"M,48.3 x 10-%a; 3.5 x lO-5^1 (3*) UMP 
in 0.025M, pH 5.3 piperazine-HCl as described 
in the Methods. Bed volume was 0.96 ml, and 
0.45 ml fractions were collected.
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Figure 10. Plot of 1/(V-V ) vs. competitive inhibitor 
concentration ror the determination of KT and 
ktm: 1/(V-V ) was calculated from Figured 
(profiles f§r 1.66 and 2.49 x 10"2'(3') 
UMP were not shown). From the intercept and 
slope of this line K, and K?» can then be 
calculated according'to equation 1.
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half the unretained protein, the dissociation con­

stant for the immobilized ligand, [IM] the effective

concentration of immobilized ligand sites, Kj the

dissociation constant for the soluble ligand, and [I]

the soluble ligand concentration. [IM] was found to 

be 0.70mM by determining the maximal amount of RNaseA 

that would bind to the column.

These experiments were performed in 0.025M pipera- 

zine-HCl, pH 5.3, and elution was effected with the com­

petitive inhibitor 2'(3’)UMP in the same buffer. The 

elution of RNaseA from 5’-UTP-agarose with varying con­

centrations of 2’(3’)UMP is shown in Figure 9. It is 

apparent that the volume to elute half the enzyme acti­

vity increased with decreasing inhibitor concentration. 

Equation 1 predicts a linear plot for 1/(V - V ) versus 

soluble inhibitor concentration for biospecific adsorp­

tion and elution. The data from Figure 9, when plotted 

in this manner, were linear (Figure 10) . The Kj and 

at pH 5.3 were calculated to be 75 and 130 pM, respec­

tively. The value for calculated here is in excellent 

agreement with the reported for 2’(3')UMP obtained 

by difference spectra (189).

Since the column was intended for characterization 

of refolded RNase, it was necessary to determine if in­

active RNase would bind under the conditions used. Thus, 

the binding characteristics of air oxidized, refolded
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Figure 11. Removal of inactive RNase from air oxidized, 
reduced, denatured RNaseA on 5 * UTP-agarose : 
(--0—0--), A277 c; (XXX), RNase activity. 
7.4 ml of enzyme’solution were added to and 
eluted from column as in Figure 7.
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RNaseA were investigated. Completely reduced-denatured 

RNaseA was regenerated for 29 hours at 25°C in 0.1M tris­

acetate at pH 8.2 and a protein concentration of 0.1 

mg/ml. Final activity of the regenerated protein was 

approximately 50% of the native enzyme. Following ultra­

filtration and washing with piperazine-HCl, the enzyme 

was applied to the 5'-UTP-agarose column. Figure 11 

shows quite clearly that the inactive enzyme was not re­

tained by the column while essentially all of the active 

RNase was. The RNase which eluted with the phosphate had 

a specific activity equal to the native enzyme indicating 

that the fraction was pure.

B. Binding of Seminal RNase Monomer and Dimer. Both 

native seminal RNase and the seminal RNase monomer (whose 

production will be discussed later) bind tightly to the 

column and elute with phosphate. Interestingly, twice 

as much dimer (by weight) will bind as will monomer. 

This indicates that only one site on the dimer is used 

to bind the affinity column.

C. BS-2 RNase Purification. This column was also 

used to effect a further purification of the minor ri­

bonuclease fraction from SP-Sephadex (Figure 1). The 

peak was pooled, dialyzed against water, freeze dried, 

and dissolved in piperazine-HCl. This solution was then 

bound to and eluted from 5'-UTP-agarose. Very little 

protein was recovered since the pooled peak from SP-
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Figure ,12. SDS-PAGE of affinity chromatography purified 
RNase BS-2. D, mobility of seminal RNase dimer ; 
M, mobility of seminal RNase monomer. Electro­
phoresis was performed as described in Methods 
in the absence of 2-ME.
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Sephadex was small. However, sufficient quantity was 

available to perform SDS-PAGE in the absence of 2-ME. 

The results are shown in Figure 12. Two bands were 

evident ; one had a mobility of the native seminal RNase 

dimer and the other migrated like the monomer. Thus, 

the results suggest that the minor ribonuclease peak from 

SP-Sephadex contains a mixture of molecules. No further 

characterization was possible.

III. Regeneration Studies

A. Characteristics of the Reduced, Denatured 

Protein. Seminal RNase was reduced and denatured at 

room temperature, desalted on G-25 Sephadex (equilibrated 

with 0.IM acetic acid), and freeze dried. The reduced 

protein was very labile, and, unlike RNaseA, which can 

be stored for months, reduced seminal RNase can only be 

stored in a desiccator at -20°C for 1 or 2 days. Longer 

storage leads to insolubility, irreproducible and incom­

plete regenerations. It is assumed that cysteines 31 and 

32 are responsible for the lability since they are the 

only thiol differences between the two proteins. The 

number of thiols per reduced dimer quickly drops from 

20 to 15 during storage. Thus, the protein was always 

used within a day.

B. Kinetics. The regeneration of seminal RNase 

was followed by activity measurements. 0.020 mi ali­

quots were removed and immediately assayed for activity 
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. Figure 13. Effect of glutathione concentration and re­
dox state on regeneration of seminal RNase. 
Seminal RNase (0.051 mg/ml) was regenerated . 
in 0.07M tris-acetate, 0.7mM EDTA, pH 8.2 
buffer containing: o, 3. OmM GSH, 0.6mM GSSG; 
V, 3.OmM GSH, 0.3mM GSSG; △, 3.OmM GSH, 3.OmM 
GSSG;O, 0.3mM GSH, 3.OmM GSSG; e, 3.OmM GSH, 
10.OmM GSSG;O, 30.OmM GSH, 3.OmM GSSG at 
30°C.
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at pH 5.0. Previous studies have shown that disul­

fide interchange is slow at this pH (113). By employing 

these conditions, the regeneration could be essentially 

stopped and activity assayed at the same time.

It was found that over the times used in these re­

generation studies bubbling Ng through the solution be­

fore starting the regeneration to prevent air oxidation 

was unnecessary. The presence of ImM EDTA was sufficient.

Regeneration was maximized according to its rate 

and final activity as a function of several factors : 

glutathione concentration and redox state, protein con­

centration, temperature, and pH. The kinetics and final 

activity were found to be dependent upon several of these 

factors. The optimal regeneration in tris-acetate buffer 

was found to occur at 25 to 30°C, pH 8.2, in 3mM GSH/0.6 

mN GSSG. Variation from these conditions caused reduced 

rates of regeneration and recovery of enzymatic activity.

The effect of glutathione upon regeneration is shown 

in Figure 13. The optimal regeneration was found to 

occur under reducing conditions over a narrow range of 

GSH and GSSG concentration. It can be seen that more 

reducing or oxidizing conditions greatly alter the re­

generation kinetics. These results are in agreement with 

the effect of glutathione on the regeneration of RNaseA 

and other proteins (99,113). It can also be seen in 

Figure 13 that the regeneration under optimal conditions 
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. Figure 14. Effect of protein concentration on regeneration 
of seminal RNase under optimal and nonoptimal 
glutathione conditions. Regenerations were - 
performed in tris-acetate, pH 8.2, 30°C buffer 
medium containing either 3.OmM GSH/0.6 GSSG 
(upper curve) or 3.OmM GSH/3.OmM GSSG (lower 
curve) and a reduced seminal RNase concentra­
tion as follows: O , 0.293; e, 0.140;0, 0.137 ; 
V, 0.070; ■ , 0.060; o, 0.035, A, 0.030; ▼, 
0.029; □ , 0.018 mg/ml.

105



4

FIGURE 14

A1IAI13V %

lo
u
rs

106



Figure 15. Effect of temperature on seminal RNase re­
generation. Regenerations were carried out in 
a medium containing 0.091 mg/ml reduced seminal 
RNase and 3.OmM GSH and 0.6 mg GSSG and at a 
temperature of A, 24°C; v, 30eC; □ , 14°C; 
o, 36°C; and O, 42.7°C.
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proceeded to over 100% activity; this phenomenon was 

observed in all experiments when optimal conditions were 

used and will be discussed later.

The regeneration exhibited no dependence on reduced 

seminal RNase concentration over a ten fold range using 

the optimal and more oxidizing conditions. Higher pro­

tein concentrations, up to 0.31 mg/ml, were used in some 

of the optimal regeneration product characterizations 

(see page 117 ), and no dependence could be detected even 

at these higher concentrations. The effect of protein 

concentration on the regeneration is shown in Figure 14. 

A similar lack of protein concentration dependence was 

noted in the glutathione regeneration of RNaseA (99).

The effect of temperature on seminal RNase regenera­

tion is shown in Figure 15. The optimal temperature 

for regeneration occurred in the range 25 to 30°C. At 

lower temperatures the kinetics were slower, though the 

final products had activity similar to the optimal tem­

perature regeneration. However, above 30°C, and most 

obviously above 36°C, regenerations were characterized 

by decreases in rate and extent of enzymatic activity 

recovery. When the regenerations were allowed to proceed 

for 24 hours (completion), the products obtained from 

experiments performed at 14 to 30, 36 and 43°C exhibited 

110 to 125, 90, and 33% activity, respectively. This 

sharp temperature dependence above physiological
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Figure 16. Effect of pH on regeneration: Regenerations 
were performed in tris-acetate, 30°C buffer 
containing 3mM GSH/0.6mM GSSG. . Protein concen­
tration was either 0.12 or 0.17 mg/ml. Time 
points were determined at (•), 60 min; (D), 
120 min; and (A), 180 min.
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Figure 17. Effect of pH on regeneration at 42°C. Re­
. generations were performed in tris-acetate 

buffer, 42.3°C containing 3mM GSH/0.6mM GSSG. 
Protein concentration was 0.1 mg/ml. Solution 
pH’s were as follows : (□), 8.2; (v), 7.5;
(A), 7.1; (o), 6.5.
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temperatures was not observed in the glutathione regene­

ration of RNaseA (99) and will be examined later. In­

terestingly, this temperature dependence at 43°C was 

largely reversed (activity returned) when the temperature 

of the regeneration solution was dropped to 25°C after 

24 hours of 43°C incubation and allowed to stand for 

96 hours.

The rate of regeneration at 30°C was found to be 

highly dependent upon pH over the range pH 6.8 to 8.0 and 

independent of pH above pH 8.0. This is shown in Figure 

16. The results suggest that a group with a pK of appro­

ximately 7.5 controls the rate of regeneration over this 

range; however, this type of experiment is inadequate 

for the identification of the group. Similar pH depen­

dence was observed in the glutathione and air regenera­

tions of RNaseA but not in the regeneration with the 

disulfide interchange enzyme (98,99,106). Activity of 

the final products was not affected by pH since the 

regeneration at pH 6.8 reached 120% after 24 hours. Thus, 

unlike high temperature, low pH does not halt the re­

generation, it merely slows it.

A similar dependence of regeneration rate upon pH 

was also noted at 43°C (Figure 17). However, the final 

products contained approximately 35% activity at all pH 

conditions. Thus, the high temperature effect could not 

be reversed by low pH, and although rate of regeneration 
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Figure 18. Sephadex G-75 elution pattern of both native 
and optimally regenerated seminal RNase. The 
regeneration was performed in 0.1M tris-ace­
tate, 1.OmM EDTA, pH 8.2 buffer containing 
3.OmM GSH/0.6mM GSSG and 0.15 mg/ml of reduced 
seminal RNase. Following the 24 hour incuba­
tion at 30°C the protein was concentrated and 
applied to an 89 x 1.5 cm Sephadex G-75 column 
and eluted with 0.IM acetic acid at room 
temperature. Flow rate was 1 drop/3 seconds. 
and 2 ml fractions were collected.

Inset : SDS-PAGE of native seminal RNase and regenera­
tion products. Electrophoresis of the native 
enzyme (A), G-75 Sephadex monomer peak (B), 
and G-75 Sephadex dimer (C) was carried out 
in the absence of g-mercaptoethanol.
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became dependent upon pH, the final products were solely 

dependent upon temperature. If the temperature was 

dropped to 25°C after 24 hours at 43°C, the percent 

activity rose to 100% within 96 hours.

C. Characterization of Regeneration Products. 

Figure 18 shows the Sephadex G-75 elution pattern of 

regnerated seminal RNase, prepared by refolding 0.1 to 

0.3 mg/ml reduced protein under optimal conditions (pH 

8.2, 3mM GSH, 0.6mM GSSG, ImM EDTA, 0.1M tris-acetate, 

30°C), and that of the native enzyme. It can be seen 

that the major product of the reaction does not elute with 

the native enzyme. Rather, the major peak corresponds to 

the seminal RNase monomer. The pooled dimer peak contains 

primarily noncovalent dimer since most of it dissociates 

to the monomer on SDS-PAGE carried out in the absence of 

2-ME (Figure 18, inset). The small percent of covalent 

dimer present in the G-75 peak fractionates in the SDS 

gel into two species with slightly different mobilities. 

However, due to their low concentration in the regenera­

tion mixture, it was not possible to establish if one of 

them corresponded to the native enzyme.

Attempts were made to increase the yield of native 

covalent dimer by increasing the concentration of GSSG 

in the regeneration medium. A two fold increase in GSSG 

concentration to 1.2mM, while maintaining GSH concentra­

tion at 3mM, had no effect upon the final percent activity
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Figure 19. Sephadex G-75 elution pattern of native and 
nonoptimally regenerated seminal RNase. Re­
generation was performed at 30°C in 0.1M 
tris-acetate, ImM EDTA, pH 8.2 containing 3mM 
GSH/3mM GSSG, and 0.14 mg/ml reduced enzyme. 
After 17 hours the protein was concentrated 
and applied to G-75 Sephadex as in Figure 18%

Inset : SDS-PAGE of native seminal RNase and regene­
rated dimer. Electrophoresis of native (A), 
and regenerated (B) enzyme was carried out in 
the absence of 2-ME.
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or the distribution of products. However, a further in­

crease of GSSG concentration to 3mM drastically reduced 

the amount of regenerated monomer. Figure 19 shows the 

Sephadex G-75 chromatographic pattern of the products 

from a 24 hour regeneration in the presence of 3mM GSH 

and 3mM GSSG. It can be seen that the products are di­

meric. In other experiments some monomer was observed, 

but the dimer was always dominant. Although these re­

sults suggest that a considerable amount of covalent dimer 

was formed in the regeneration, this interpretation was 

not substantiated by SDS-PAGE. Figure 19 (inset) shows 

that the dimer from G-75, which exhibits approximately 

50% activity, is largely noncovalent.

The free regenerated monomer contains no free thiols 

and is a mixed disulfide with 2 molecules of glutathione, 

as will be shown later. Thus, the thiols which normally 

form the intermolecular disulfide bonds are blocked. A 

preparative regeneration was run under more reducing 

conditions in an attempt to reduce the blocking disul­

fides and allow formation of the intermolecular disul­

fide bonds. However, the regeneration carried out with 

3mM GSH and 0.06mM GSSG produced little or no dimer and 

essentially all monomer. *

Air Regeneration of Seminal RNase. It has been 

reported that completely reduced, denatured seminal 

RNase regenerates to a covalent dimeric species under 
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Figure 20. Sephadex G-75 elution pattern of native and 
air oxidation regenerated seminal RNase. Re­
generation was performed at room temperature 
in 0.1M tris-acetate, pH 8.2 containing 
0.31 mg/ml reduced enzyme. After 29 hours the 
protein was added directly to G-75 Sephadex 
and eluted as in Figure 18.
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air oxidation conditions (D’Alessio personal communica­

tion) . Considering the glutathione regeneration results, 

in which only active monomer was formed under optimal 

conditions, it seemed important to verify the air oxi­

dation results. Thus, a regeneration of seminal RNase 

in air was undertaken. The buffer used was 0.1M tris­

acetate, pH 8.2 at 25°C, in which EDTA and glutathione 

were omitted. Regeneration was performed at a protein 

concentration of 0.3 mg/ml and allowed to proceed for 

29 hours. Final activity yield was 65%. Sephadex G-75 

elution pattern of the products is shown in Figure 20. 

Essentially no monomer is apparent and the major product 

elutes with the native enzyme. Furthermore, SDS-PAGE 

showed very little monomer and greater than 90% covalent 

dimer.

D. Characterization of Refolded Monomer. The re­

generated monomer eluting from G-75 Sephadex had a spe­

cific activity approximately 1.5 times that of the native 

enzyme. Purification of this monomer by affinity chroma­

tography on 5’-UTP-agarose gave a preparation with 199 

± 7% activity, twice that of the native enzyme. The 

monomer appeared homogeneous upon gel electrophoresis 

carried out in the presence and absence of SDS (176,177).

Thiol assay of the monomer with NBS2 showed that 

the species contains 0.005 to .018 free thiols per 14,500 

daltons which indicates that cysteines 31 and 32 are not 
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TABLE I

Partial amino acid composition of native seminal 

ribonuclease and the refolded monomer.—

acids from the long column are included.

Amino Acid
Native 
Protein

Refolded 
Monomer

Alanine 8 8.1?

Aspartate 11 11.0

Glutamate 11

Glycine 6 2^

Isoleucine 3 2.92

Leucine 2 2.12

Phenylalanine 3 2.96

^Compositions are expressed as moles of

residues per moles of subunits. Only stable amino
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Figure 21. SDS-PAGE of attempted dimerization of re­
generated monomer. Regenerated monomer (0.1 
mg/ml) was incubated for 19 hours at 30°C in 
pH 8.2 tris-acetate buffer containing: A, 
3mM GSSG; B, 3mM GSH/0.6mM GSSG; C, 0.3mM

. GSH/3mM GSSG; D, no additions (air oxidation); 
E, SDS-PAGE of native and monomeric seminal 
RNase is also included. Electrophoresis was 
performed in the absence of 2-ME.
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Figure 22. Circular dichroism of native seminal RNase 
and regenerated monomer. Circular dichroism 
spectra were carried out at pH 3.9 and 0.05M 
KCIO4 on a Durrum-Jasco J-10 circular dichro­
meter. The concentration of the monomer and 
the dimer were 0.774 mg/ml and 0.643 mg/ml, 
respectively. [6] represents the mean residue 
molar ellipticity.
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free. Furthermore, partial amino acid analysis of the 

regenerated monomer (Table 1) showed that two moles of 

glutathione were incorporated into the monomer, which 

suggests that two mixed disulfides were formed with 

glutathione.

The 200% active glutathione refolded monomer proved 

to be very resistant to dimerization. Attempts to cause 

significant covalent dimerization all failed. To test 

its stability the monomer was incubated with each of the 

following: 3mM GSH/0.6mM GSSG; 0.3 to lOmM GSSG, 3mM 

GSSG/0.3mM GSH; or 0.OmM glutathione (air oxidation) for 

1 hour or overnight. The reaction was stopped with a 

ten fold excess of iodoacetamide (over total thiol), and 

SDS-PAGE was performed on the products. The results are 

shown in Figure 21. It can be seen that dimerization 

only occurred in the presence of 3mM GSH/0.6mM GSSG and 

under air oxidation conditions. In both cases only very 

small amounts of dimerization did occur.

' The presence of substrate (0.5 mg/ml RNA) or a 

salting out agent (0.5M phosphate) did not alter the 

extent of dimerization.

Circular dichroism spectra of native seminal RNase 

and regenerated monomer, both purified by affinity 

chromatography, are shown in Figure 22. It is apparent 

that the spectra are different indicating structural 

differences between the two forms. The major differences 
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Figure 23. Regeneration of RNaseA (△) and seminal RNase' 
(□) at 42 C. Both enzymes were regenerated 
in 0.1M tris-acetate. RNaseA regeneration 
contained 3mM GSH/0.3mM GSSG and 0.02 mg/ml 
reduced RNaseA; seminal RNase regeneration 
contained 3mM GSH/0.6mM GSSG and 0.1 mg/ml 
reduced seminal RNase.

130



FIGURE 23

-1---------------i---------------------- !_______________I_o o o o
o co <0 t

A1IAI10V %

T
IM

E
 (M

in
ut

es
)

131



are a blue shifted trough ([61 ) and blue shifted

crossover ([8]=0) for the monomer compared to the native 

enzyme. Particularly noteworthy are the similarities 

between the CD spectra of the regenerated seminal RNase 

monomer and RNaseA (native or regenerated) (170). The 

data suggest that the tertiary structure of the native 

molecule is affected by its quarternary structure. When 

the subunits refold the monomer assumes a conformation 

similar to RNaseA.

E. Mechanistic Studies of the High Temperature 

Regeneration. It is apparent from the results presented 

above that the regeneration of seminal RNase is very 

similar to that of RNaseA under similar conditions, and 

the products have similar properties. However, as men­

tioned earlier, one major difference between them is the 

temperature dependence of the two regenerations, as shown 

in Figure 23. This difference indicates different mole­

cular mechanisms for the two regenerations. It would be 

of importance to the present studies to discern the 

chemical basis for the difference; thus, studies were 

undertaken for this purpose.

One major structural difference between seminal 

RNase and RNaseA is the presence of two extra half 

cystines per chain in the former, which form intermolecu- 

lar disulfide bonds in the native enzyme. It was rea­

soned that the sharp temperature dependence could be due 
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to the formation of incorrectly paired intermolecular 

disulfide bonds at higher temperatures where more colli­

sions would be possible. To test this, SDS-PAGE was 

performed on the products of the 43°C regeneration after 

stopping the reaction with a 10 fold excess of NEM. The 

results were quite similar to those of Figure 18 (inset) 

where little covalent dimer was found. Thus, formation 

of irreversible intermolecular disulfide bonds could not 

be responsible for the differences. However, this does 

not eliminate cysteines 31 and 32 from the high tempera­

ture mechanism since they could also be involved in 

wrongly paired intramolecular disulfide bonds.

The intermolecular disulfide bonds of native seminal 

RNase can be selectively reduced and modified while 

the remaining disulfide bonds stay intact. The result­

ing product is a free monomer and has an activity greater 

than that of the native protein (181,182). Thus, it 

became of interest to determine the effect of blocking 

these two thiols upon the regeneration of seminal RNase 

at moderate and high temperatures.

Native seminal RNa.se at a concentration of 0.25mM 

was selectively reduced with 2.5mM DTT (10 fold molar 

excess), blocked with either a maleimide, iodoacetate, 

iodoacetamide, or ethyleneimine, and then totally re­

duced with a 500 fold excess of 2-ME in 8M urea. Effect 

of modifying group charge on the regeneration was deter- 
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Figure 24. Regeneration of modified seminal RNase.
Fille^ symbols represent experiments performed 
at 42 C and open symbols represent experiments 
carried out at 25 to 30°C. V, iodoacetate;
o, M-2 ; □ , iodoacetamide;O, M-l; A, NEM; and 
O, ethyleneimine modified seminal RNase. 
Regenerations were performed in 0.1M tris­

' acetate buffer containing ImM EDTA, 3mM GSH/
O.ômM GSSG, and 0.05-0.1 mg/ml reduced modi­
fied seminal RNase (see Figure 4 for modifica­
tion reagent structures).
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mined by testing 2 neutral, 3 negative, and 2 positive 

charged blocking reagents.

The modification reagents used and expected product 

upon reaction with cysteine are shown in Figure 4. It 

can be seen that NEM and iodoacetamide lead to neutral, 

iodoacetate, M-2, and M-3 lead to negatively charged, 

and M-1 and ethyleneimine result,in positively charged 

products. Previous work with ethyleneimine, iodoacetate, 

and iodoacetamide has shown that the procedure yields 

complete modification of cysteine 31 and 32 and no modi­

fication of other amino acid residues (181,182).

As a control, each regeneration was run at 25 to 

30°C as well as 43°C to be certain that the modification 

did not affect optimal refolding. The regenerations 

were performed under the optimal glutathione conditions 

in pH 8.2, 0.1M tris-acetate buffer containing ImM EDTA. 

Figure 24 shows the effect of the various modification 

reagents (excluding M-3) on the regeneration at 43 and 

25 to 30°C. The modifications had no large effect upon 

the regenerations at the moderate temperatures ; however, 

in every case the sharp temperature dependence at 43°C 

in the regeneration of the native enzyme is at least 

partially reversed. Moreover, the neutral and positively 

charged modifications mimic the high temperature re­

generation of RNaseA more closely than that of the 

negatively charged modifications. This result is in
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Figure 25. Regeneration of M-3 modified seminal RNase.
Filled symbols represent experiment performed 
at 42°C, and open symbols represent experiment 
performed at 25°C. Regenerations were performed 
as in Figure 24 at a protein concentration 
of 0.1 mg/ml.
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agreement with the fact, that RNaseA contains a lysine 

(positive) and a serine (neutral) at residues 31 and 32, 

respectively, while seminal RNase has two negatively 

charged cysteines at these positions (161,165). Thus, 

the temperature dependence in the regeneration of seminal 

RNase is largely due to cysteines 31 and 32.

One modification, that of M-3, did not give good 

regenerations and was not included in the interpretation. 

This is shown in Figure 25. It can be seen that even 

the moderate temperature regeneration was poor; thus, 

this modification altered the basic regeneration mechanism 

and cannot be used in a comparison with the native state. 

This modification reagent was the least soluble in a­

queous solution of all the reagents used. Thus, it is 

assumed that the reagent endowed the modified cysteines 

with hydrophobic character and caused them to form in­

ternal hydrophobic bonds or induced protein aggregation.

If the high temperature regenerations were allowed 

to proceed for longer periods of time, the percent re­

generation steadily decreased to approximately 25, 50 

or 65% after 48 hours with NEM, M-1, or iodoacetamide, 

respectively. However, little change was noted for the 

iodoacetate or ethyleneimine blocked experiments up to 

48 hours.
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Figure 26. Degeneration of RNaseA (o), seminal RNase (□), 
and ethyleneimine modified seminal RNase (A,A). 
Native enzyme was incubated at 42°C in pH 
8.2 tris-acetate containing 3mM GSH/0.3mM 
GSSG under a nitrogen barrier. Protein concen­
trations were 0.04 mg/ml for RNaseA and 0.085 
mg/ml for native and modified seminal RNase. 
At the arrow, the temperature was decreased 
to 25°C.
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F. High Temperature Degeneration Studies. The 

effect of these modifications on the regeneration of 

seminal RNase apparently arises from increased thermal 

stability of the modified protein. The effect of incu­

bating native RNaseA, native seminal RNase, or ethylene­

imine modified seminal RNase in 3mM GSH/0.3mM GSSG, 

0.IM tris-acetate, ImM EDTA, pH 8.2 at 42°C is shown in 

Figure 26. Clearly RNaseA maintains 100% of its initial 

activity while native seminal RNase loses its activity. 

After two days the temperature was decreased to 25°C, 

and some seminal RNase activity returned; however, since 

the return of activity leveled at 60% rather than over 

100% the process is partly irreversible. If the 42°C 

incubation exceeded two days, activity continued to de­

crease, and the process became more irreversible. On 

the other hand, it can be seen that ethyleneimine modi­

fied seminal RNase loses less activity under the same 

conditions. The activity loss was variable and the ex­

tent of irreversible denaturation increased with increased 

loss, but it was consistently found that the modified 

protein retained more activity than the unmodified pro­

tein.

The irreversible nature of the reaction does not 

allow the use of thermodynamics ; thus, it is not clear 

where the stabilization arises. However, it is apparent 

that the modification does impart the enzyme with
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Figure 27. SDS-PAGE of selective reduction with GSH. 
Native enzyme (0.1 mg/ml) was incubated for 
14 hours at 30°C in 0.1M tris-acetate, ImM . 
EDTA, pH 8.2 containing : A, 60mM GSH; B, 60mM 
GSH/3mM GSSG; C, 60mM GSH/12mM GSSG; D, 3mM 
GSH; E, 3mM GSH/3mM GSSG; F, 3mM GSH/12mM 
GSSG; G, 0.3mM GSH; H, 0.3mM GSH/3mM GSSG;
1, 0.3mM GSH/12mM GSSG. Electrophoresis was 
performed on the trapped products in the 
absence of 2-ME.
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increased thermal stability.

IV. Reductive Cleavage of Intermolecular Disulfide Bonds 

A. Reaction Conditions and Products. It was stated 

above that cysteine 31 and 32, which form the intermole­

cular disulfide bonds, can be selectively reduced with 

DTT (181). Since the glutathione regeneration of re­

duced-denatured seminal RNase also results in an active 

monomer, it seemed important to determine the suscepti­

bility of the intermolecular disulfide bonds to low le­

vels of GSH used in the regeneration. If these bonds 

were cleaved under conditions used in the optimal gluta­

thione regenerations, then it would not be possible to 

reform native dimer under the conditions we used in the 

regeneration studies.

To determine the susceptibility of these bonds to 

GSH reduction, native enzyme at a protein concentration 

of 0.1 mg/ml was incubated with several glutathione con­

centrations and redox states for 9-24 hours at 30°C. 

The reaction was stopped with a 10 fold excess of NEM 

(over total thiol concentration), and SDS-PAGE was per­

formed on the products. Figure 27 shows the results 

with 60mM GSH/0-12mM GSSG, 3mM GSH/0-12mM GSSG, 0.3mM 

GSH/0-12mM GSSG. All conditions caused some reduction 

of intermolecular disulfide bonds. Three mN GSH produced 

about 30% monomer. Higher and lower GSH concentration 

produced more and less monomer, respectively. Interest-
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Figure 28. G-75 Sephadex elution pattern of native and 
selectively reduced seminal RNase. Native 
seminal RNase (0.1 mg/ml) was incubated at 30°C 
in 0.1M tris-acetate, ImM EDTA, pH 8.2 con­
taining 3mM GSH/0.6mM GSSG. After 19 hours 
the protein was concentrated and applied to 
a G-75 Sephadex column (80 x 1.5 cm) as in 
Figure 18.

Inset: SDS-PAGE of native seminal RNase and reduction
products. Electrophoresis of native enzyme (A), 
selective reduction monomer (B), and dimer (G) 
was performed in the absence of 2-ME.
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ingly, there was very little effect of GSSG concentration 

from 0 ot 12mM.

However, the technique employed did not permit one 

to determine if the free monomer was formed upon reduc­

tion or if the product remained as a noncovalent dimer. 

To obtain this information, 5 to 10 mg of native seminal 

RNase were incubated for 19 hours with 3mM GSH/0.6mM 

GSSG at a protein concentration of 0.1 mg/ml. The pro­

ducts, which possessed an activity of 120 to 150% of 

the native enzyme, were passed through a Sephadex G-75 

column after concentration by ultrafiltration. The co­

lumn was equilibrated with either 0.1M acetic acid ; 

0.1M, pH 5.0 sodium acetate; or 0.05M tris-Cl, ImM EDTA, 

pH 7.2. The results were independent of the buffer em­

ployed. The elution pattern is shown in Figure 28. It 

can be seen that approximately 30% of the enzyme disso­

ciated to a free monomer while the remaining enzyme 

stayed in the dimeric form. SDS gel electrophoresis 

of the products, shown in Figure 28 inset, revealed that 

the slow moving peak from G-75 was essentially nonco­

valent while the more rapidly moving peak was essentially 

covalent dimer.

To verify that the slower peak from G-75 was indeed 

a monomer and not a noncovalent dimer, crosslinking 

experiments were performed. The protein in the two G-75 

peaks was crosslinked with dimethylsuberimidate (DMS), 
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Figure 29. SDS-PAGE of selective reduction products 
crosslinked with dimethylsuberimidate. Puri­
fied selective reduction monomer (0.1 mg/ml) 
(A) and dimer (0.13 mg/ml) (B), and hemoglobin 
(0.2 mg/ml) (C) were crosslinked at room 
temperature in 0.1M phosphate buffer at pH 
9.0 containing 1 mg/ml dimethylsuberimidate. 
After 2 hours protein was denatured with SDS 
in the presence of 0.25M 2-ME. Electrophoresis 
was performed as described by Weber and Osborn 
(176) in the presence of 2-ME.
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Figure 30. SDS-PAGE of selective reduction products as 
a function of time. Native enzyme was incu­
bated at 30°C in 0.1M tris-acetate, ImM EDTA, 
pH 8.2 containing 3mM GSH/0.6mM GSSG for 5 
minutes (A), 15 minutes (B), 30 minutes (0), 
1 hour (D), and 22 hours (E), and the reaction 
was stopped with 30mM NEM. Electrophoresis 
was performed on the trapped products in the 
absence of 2-ME.
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Figure 31. Kinetics of selective reduction. SDS-PAGE 
gels from Figure 30 (Plus gels for 2, 10, 20, 
and 45 minutes not shown in Figure 30) were 
scanned with an ISCO densitometer. Peaks were 
integrated by cutting out and weighing each. 
All points represent an average of 4 integra­
tions .

Inset : Densitometer scan of 22 hour gel.
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reduced with 2-ME, and subjected to SDS-PAGE (191,192). 

Hemoglobin served as a control. The results are shown 

in Figure 29. It can be seen that all four hemoglobin 

bands are clearly visible, and the covalent dimer ex­

hibits two bands as expected; however, only one band is 

present for the second peak from G-75 which confirms that 

it is a free monomer.

To further characterize this reduction, the reaction 

rate was determined. Native enzyme was incubated at 30°C 

in 0.1M tris-acetate, ImM EDTA, 3mM GSH/0.6mM GSSG, pH 

8.2 at a protein concentration of 0.1 mg/ml. Aliquots 

of 0.05 ml were removed at predetermined times and 

quenched with a 10 fold excess of NEM over total thiol. 

SDS-PAGE was performed on the products. The results 

at 5, 15, 30, 60, and 1320 minutes are shown in Figure 

30. Each gel was scanned with an ISCO densitometer, and 

the peaks were integrated by cutting out and weighing 

four replicates of each scan. The rate of the reduction 

was plotted in terms of percent monomer and is shown in 

Figure 31. The inset shows the scan of the 1320 minute 

gel. It can be seen that at least one hour was required 

for completion; this is in contrast to the selective 

reduction with DTT, which was complete in less than ten 

minutes (181).

Since this selective reduction only proceeded to 

30% monomer, it was necessary to determine if there was 
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Figure 32. SDS-PAGE of selectively reduced monomer 
attempted dimerization. Purified selectively 
reduced monomer was incubated at 30°C in 0.IM 
tris-acetate, ImM EDTA, pH 8.2 containing 
3mM GSH/0.6mM GSSG. After 5 minutes (A), 
30 minutes (B), 1 hour (C), 5 hours (D), and 
24 hours (E) the reaction was stopped with 30mM 
NEM. Electrophoresis was performed on the 
trapped products in the absence of 2-ME.
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TABLE II

Partial amino acid composition of selective 

reduction dimer and monomer.—

Amino Acid Native 
Protien

Reduction products

Dimer Monomer

Alanine 8 8.22 8.01

Aspartate 11 11.1 11.3

Glutamate 11 11.1 12.8

Glycine 6 6.08

Isoleucine 3 2.54 3.10

Leucine 2 2.0 5 2.29

Phenylalanine 3 2.84 3.11

^Compositions are expresses as residues per 

subunit. Only stable amino acids from the long 

column are included.
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a 70:30 equilibrium between the selectively reduced 

monomer and dimer. Selectively reduced monomer purified 

by G-75 Sephadex chromatography was incubated at a pro­

tein concentration of 0.1 mg/ml in 0.1M tris-acetate, 

ImM EDTA, 3mM GSH/0.6mM GSSG, pH 8.2 at 30°C. Aliquots 

were removed at predetermined times and quenched with a 

ten fold excess of NEM over total thiol. SDS-PAGE was 

performed on the products, and points from 5 minutes, 30 

minutes, 1 hour, 5 hours and 24 hours are shown in 

Figure 32. The results show that the selectively re­

duced monomer is not in equilibrium with the dimer at a 

70:30 ratio under these conditions. Thus, the reduction 

is irreversible in the presence of glutathione. The 

apparent failure of this irreversible reaction to proceed 

to 100% monomer, as expected, is discussed later.

B. Characterization of Selectively Reduced Monomer. 

Affinity chromatographic purification of the selectively 

reduced monomer and the remaining covalent dimer, yields 

species with 180 and 90% activity, respectively. Each 

shows a single band on PAGE in the presence or absence 

of SDS when the leading half of the dimer or trailing 

half of the monomer peaks are pooled.

Partial amino acid analysis (Table 2) of the se­

lectively reduced monomer indicates incorporation of two 

moles of glutathione per chain. Thus, the selectively 

reduced monomer, like the regenerated monomer, is a
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glutathione mixed disulfide. In contrast, the remaining 

dimer showed no evidence of glutathione incorporation 

(Table 2). This is in agreement with the SDS-PAGE re­

sults of the dimer, which show that it is covalent.

Circular dichroism spectra of the selective reduc­

tion monomer and dimer (each purified by affinity chroma­

tography) were virtually identical to the spectra for the 

regenerated monomer and native dimer, respectively. 

Thus, selective reduction of seminal RNase with gluta­

thione to yield an active monomer causes the same C.D. 

changes as between native enzyme and refolded monomer. 

In summary, the structure assumed by the refolded monomer 

appears to be identical to the enzyme state formed when 

native enzyme is incubated with the optimal regeneration 

system.

V. Ivestigation into the In Vivo Form of Seminal RNase.

It is shown above that the intermolecular disulfide 

bonds of seminal RNase are reduced by glutathione levels 

normally found in cells (114,115). Thus, it became of 

interest to determine if the dimeric form of the enzyme 

was the native form found in vivo or if it was an arti­

fact of purification. To determine this, the enzyme 

was purified according to the usual procedure; however, 

all thiols in the semen were blocked with NEM prior to 

the purification.
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Ten ml of semen were incubated at pH 6.5 with lOOmM 

NEM at room temperature for 15 minutes ; at this pH all 

free thiols react within the first few minutes while 

lysine residues are not modified (193). Following the 

reaction the plasma was desalted on G-25 Sephadex at 

4°C in the presence of EDTA; the EDTA drastically reduces 

any disulfide exchange (99). Following these preliminary 

steps, the original purification procedure was followed; 

however, until the SP-Sephadex step ImM EDTA was main­

tained in the solutions to prevent disulfide interchange.

If the enzyme occurred in vivo as the dimer no 

change in the purified enzyme should have been seen. 

However, if the enzyme existed as a monomer with the 

free thiol at 31 and 32, the purified enzyme should have 

also remained monomeric. However, if the enzyme occurred 

in vivo as the glutathione mixed disulfide, NEM could not 

block disulfide exchange, and intermolecular disulfide 

formation could still occur after the NEM was removed 

by G-25. Thus, EDTA was included to effectively elimi­

nate air oxidation, particularly during the heating step 

where disulfide exchange would be most likely to occur 

(194). Further, the mixed disulfide species is quite 

stable and resists dimerization as shown above. Thus, 

the glutathione mixed disulfide species should remain 

intact throughout the purification procedure.
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Column chromatography with SP-Sephadex and Cellex-P 

gave typical elution patterns, except the minor active 

peak from SP-Sephadex seemed to be reduced in size. 

From the original 10 ml of seminal plasma, 6.5 mg of 

seminal RNase were recovered, a good yield. Thus, a 

large percentage of the enzyme was not modified by the 

NEM treatment and lost during purification. Characteri­

zation of the enzyme showed that it eluted from G-75 

with the native enzyme, migrated on SDS gel electrophore­

sis identical to the native enzyme, had activity equal 

to the native enzyme, and regenerated identical to the 

native enzyme. Thus, although the mixed disulfide 

species can not be completely ruled out, it appears as 

though seminal RNase occurs in vivo as the covalent dimer. 

VI. Attempts to Induce Dimerization of the Regenerated 

Monomer with Seminal Vesicle and Seminal Plasma 

Extracts 

Based on the above results the native form of the 

enzyme appears to be dimeric ; however, regeneration of 

reduced-denatured seminal RNase with glutathione leads 

to the formation of an active monomer. Thus, it is of 

interest to determine if there is some factor in 

seminal vesicles or seminal plasma which allows the 

formation of this dimer. Preliminary experiments to 

this end have not been successful.
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Figure 33. G-75 Sephadex of attempted monomer dimeriza­
tion with a seminal vesicle extract. Reaction 
products were applied to a (80 x 1.5 cm) G-75 
Sephadex column equilibrated with 0.05M phos­
phate buffer containing 0.85% NaCl at 4°C, 
pH 7.5. Elution was followed by A278 (-•—•-) 
and RNase activity (-A—&-) . Flow rate was 
1 drop/3 seconds, and 2.5 ml fractions were 
collected.
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Seminal vesicles from two steers were removed and 

homogenized according to Goldberger, et al. (100). 1h^ 

17,000 X G supernatant was used for the dimerization 

experiments. RNase activity in the homogenate was very 

low and not in agreement with data from Farina, et al. on 

bull seminal vesicles (162). Two ml of the seminal 

vesicle extract at pH 8.0 were incubated with 2 ml of 

regenerated monomer (mixed disulfide species) in 0.05M 

tris-Cl, pH 8.0. Activity decreased from 155 to 95% in 

50 minutes and was constant for the next 10 minutes. 

After 60 minutes of incubation the products were eluted 

through G-75 Sephadex at 4°C. Figure 33 shows the elu­

tion pattern. It can be seen that virtually all of the 

activity eluted in the high molecular weight fraction; 

thus, it was not possible to determine if the monomer 

had been converted to the dimer. Since it was not cer­

tain that seminal vesicles had been obtained (only ten­

tative identification could be made); the RNase activity 

was low; and steer (rather than bull) seminal vesicles, 

which may have not been actively synthesizing, were used, 

the experiments were discontinued.

Similar experiments were also performed with 

seminal plasma. The seminal plasma had more activity 

than the monomer added; thus, it was not possible to 

follow activity accurately. However, no significant 

activity change was observed over 55 minutes at 30°C.
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Figure 34. A: G-75 Sephadex of attempted monomer di­
merization with seminal plasma. Reaction 
products were applied to and eluted from a 
(80 x 1.5 cm) G-75 column as in Figure 33. 
Reaction was performed as described in text. 
B: Rechromatography of high molecular weight 
fraction after incubation with DNasel. High 
molecular weight fraction from Figure 34A was 
pooled as indicated by black bar and incubated 
with DNasel as described in text. Products 
were then reapplied to the same G-75 Sephadex 
column and eluted as in Figure 33.
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The products were eluted from G-75 Sephadex, and the re­

sults are shown in Figure 34A. They indicate that most 

of the activity bound to the high molecular weight frac­

tion analogous to the seminal vesicle experiment, and a 

small fraction eluted at the dimer position.

It has been shown that RNaseH type of RNases 

(RNases which specifically cleave double stranded RNA) 

bind tightly to DNA (195). Thus, it was thought that the 

enzyme may have bound to high molecular weight DNA. To 

determine if this was the case, the high molecular weight 

fraction from Figure 34A was pooled and incubated with 

2 mg of DNasel and a few mg of MgC^ at 30°C for 30 

minutes. The products were then passed through G-75 

Sephadex again as shown in Figure 34B. The results show 

that some RNase was liberated from the high molecular 

weight fraction and was likely bound to DNA. It is 

interesting that the liberated enzyme eluted later than 

the free enzyme in 34A. Thus, the enzyme was likely in 

the monomeric form and had not dimerized in the semen.

Considerable work remains to be done with the re­

generation of this enzyme. The most important problem 

to be answered is how the dimer is formed in vivo. It 

would also be of interest to determine if the rat liver 

disulfide interchange enzyme will accelerate the regene­

ration rate and cause dimerization.
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Further characterization of the thermal stability 

differences of RNaseA, seminal RNase, and its modified 

analogues would also be important. Such a characteriza­

tion may lead to a better understanding of the factors 

involved in protein stability.
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DISCUSSION

I. Affinity Chromatography

Affinity chromatography makes use of an immobilized 

competitive inhibitor for a specific enzyme (in this case 

RNase) to retain that active enzyme on a solid support 

while excluding inactive enzyme and other proteins. Thus, 

affinity chromatography is the best technique for puri­

fication of refolding products since it will not bind 

inactive enzyme.

Previous studies have generally utilized one affi­

nity material, the commercially available Sepharose 

coupled 5’-(4-amino-phenylphosphoryl)uridine 2'(3’)- 

phosphate (Sepharos e-aPhpUp) for RNase affinity chroma­

tography (175,187,188,196,197). The present study was 

undertaken to characterize 5* UTP agarose, another 

affinity material. The results clearly indicate the 

biospecificity of RNase binding to 5* UTP-agarose under 

the conditions employed.

■ The buffer system used most commonly for RNase 

affinity chromatography employs low ionic strength, pH 

5.2, acetate buffer to bind the enzyme to the column 

and higher ionic strength acetic acid, a deforming 

buffer, to elute it from the column. However, it has 

been shown that this sytem exhibits considerable non­

specific adsorption of other proteins (175). Two other
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buffer systems have been shown to reduce nonspecific 

binding to Sepharose-aPhpUp. These alternatives employ 

either a higher ionic strength acetate buffer or a low 

ionic strength buffer of the heterocyclic cation pi­

perazine to bind the enzyme (175,188). Both systems 

decrease nonbiospecific ionic interactions. The pipera­

zine buffer, which was chosen here, was originally em­

ployed by Stewart and Stevenson (175) to bioadsorb bison­

bison pancreatic RNase to Sepharose-aPhpUp. They sug­

gested that nonspecific binding to that matrix was due 

to ionic interactions (175,188,198) and more specifically 

to anionic, probably carboxyl groups on the agarose sup­

port (198). They postulated that piperazine competed 

for these anionic groups more efficiently than the sodium 

ions derived from the sodium acetate buffer (187). The 

results presented here are in direct agreement with this 

hypothesis since it was found that piperazine-HCl eluted 

nonbiospecific proteins carrying a positive charge at 

pH 5.3 more efficiently than the sodium acetate buffer 

(Figures 5,8).

Elution from RNase, affinity columns is usually 

accomplished with a "deforming buffer," that is, a buffer 

which distorts the enzyme active site to reverse binding 

(186). The most commonly used deforming buffers are 

acetic acid or low pH phosphate buffer (175). However, 

neither system is required to remove RNase from 5* UTP- 

171



agarose since greater than 95% recovery is possible with 

pH 5.45 phosphate buffer. Indeed most efficient elution 

occurred at pH 5.45. This type of elution is preferable 

to protect the enzyme from acid denaturation.

Biospecific binding to and elution of RNaseA from 

5'-UTP-agarose was clearly demonstrated in the competi­

tive elution experiments. The competitive inhibitor 

2'(3') UMP not only eluted the enzyme, but a plot of 

1/(V-V@) versus soluble inhibitor concentration was 

linear as predicted by equation (1) for competitive elu­

tion (page 90). Conversely, if the insoluble ligand had 

been a noncompetitive inhibitor of RNase and bound some­

where other than the active site, 1/V-VQ versus soluble 

inhibitor would not have been linear and would have 

obeyed equation (2) (see appendix for derivation): 

_1_ :__________ K' , I zK*
VQ [IM] + [I](VO) [IMJ/zK + Vo [IM]zK + [I]VQ[IM] 

(2) 

where K = the dissociation constant for (RNase-soluble 

inhibitor) complex, K* = the dissociation constant for 

(RNase-insoluble inhibitor) complex, and z = K"/K* where 

K" is the dissociation constant for binding of (RNase- 

soluble inhibitor) to the insoluble inhibitor. All other 

terms are identical to those defined for equation (1). 

Clearly this equation predicts nonlinear asymptotic 

elution curves when z is greater or less than 1, and 

that elution is independent of I when z=l.
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The competitive elution experiments are also sup­

ported by the excellent agreement between the Kj calcu­

lated here for 2*(31) UMP and the literature value cal­

culated from difference spectra (189).

Evidence for biospecific binding of seminal RNase 

was given for binding of native and monomeric forms. 

Twice as much dimer as monomer binds to the column by 

weight. There are two possible explanations for this 

phenomenon. The enzyme could be exhibiting half-of- 

the-sites binding in the dimer, as has been suggested 

for the binding of this enzyme to small molecular weight 

inhibitors at this pH (199). Alternatively, the 5* UTP 

could be bound to the matrix such that when one active 

site binds, the second site is spacially prevented from 

binding another 51 UTP moiety. Both of the alternatives 

will lead to twice as much dimer (by weight) on the co­

lumn as monomer. Further, both explanations require 

bio-specific binding.

' Similarly, RNase BS-2 purification by 5’ UTP-agarose 

supports biospecific binding. Only 2 bands were found 

on SDS-PAGE after the enzyme was passed through the 

affinity column, and these bands were coincident with the 

mobility of the seminal RNase monomer and dimer.

Since the column did not bind extraneous proteins 

or inactive RNase but did bind RNaseA, seminal RNase 

monomer, and dimer tightly, it effected good purifications 
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in the refolding experiments. Further, since this is a 

previously unrecognized RNase affinity material, it 

should prove quite useful in conjunction with other re­

sins , for RNase ligand binding studies.

II. Regeneration Studies

It is clear that the kinetics and extent of seminal 

RNase regeneration are dependent upon the regeneration 

conditions used, in good agreement with the results from 

a variety of proteins (99,113,122). In particular, the 

similarities to the regeneration of RNaseA are quite 

striking. Both processes were affected by the glutathione 

concentration and redox state, and the temperature of 

regeneration (99). Maximal regeneration occurred under 

reducing conditions and at moderate temperatures. In 

similarity to other enzymes the rate and extent of re­

generation decreased when reduced glutathione concen­

tration was increased to 30mM or decreased to 0.3mM 

(113). Changes in oxidized glutathione had less of an 

effect since the yield of products was similar when GSH 

was fixed at 3mM and GSSG was varied from 0.03 to 1.2mM; 

however, in agreement with other proteins, when the GSSG 

concentration was 3mM or greater, rates and extent of 

regeneration decreased (99,113).

The occurrence of optimal regeneration under re­

ducing conditions is in good agreement with the redox 

conditions found in vivo. It has been shown that
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GSH/GSSG ratio in rat Liver is approximately 3mM/0.06mM 

(114). Further, several authors have shown that the 

protein synthetic apparatus is protected by thiols (200); 

thus, if proteins fold on or near the ribosomes, they 

must fold in a reducing environment. Lastly, the effect 

of glutathione on regeneration is in good agreement with 

the proposed mechanism of glutathione enhanced regenera­

tion. The first disulfides to form in RNaseA are thought 

to be at least partially random (121). Thus, these 

wrong disulfide bonds must be reduced again before for­

mation of correct disulfides can occur. Reducing condi­

tions facilitate this reduction and increase the rate of 

folding.

The regeneration of seminal RNase was found to be 

independent of protein concentration indicating that any 

slow step must be unimolecular. This was not the case 

in air regeneration of either seminal RNase or RNaseA 

where a dramatic effect of protein concentration was 

seen and inferred some intermolecular slow step (98,201).

The regeneration of seminal RNase was expected to 

be highly dependent upon protein concentration (reduced 

seminal RNase) since the monomeric species exhibits 

twice the activity of the dimer toward yeast RNA. At 

higher concentration it was reasoned that dimer formation 

would be favored and that recovery of enzymatic activity 

would be less than at lower protein concentrations where 
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the monomer would be favored. This was not the case. 

Indeed, seminal RNase refolding kinetics did not show 

any effect of protein concentration when regeneration 

proceeded in a solution containing 3mM GSH and 3mM GSSG 

(Figure 14). Under these conditions refolding led to 

extensive noncovalent association (Figure 19). Thus, 

although subunit association clearly did occur under 

these more oxidizing conditions, intramolecular folding 

must have proceeded first, rather than a concerted in- 

termolecular subunit folding-association. This is shown 

schematically below (Scheme II). 

Scheme II

Mechanism 2 would be expected to have a clear protein 

concentration effect. The concerted folding step would 

require intermolecular interactions which would be less 

frequent at lower protein concentration. Thus, the 

regeneration would be slower at lower concentration. 

This is in good agreement with results obtained under 

optimal, more reducing conditions where subunit folding 

occurred without association. It is not possible to
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determine which step in mechanism I is rate limiting 

under oxidizing conditions since the activity of the mo­

nomer folded under these conditions is not known. (It 

cannot be assumed that it has the same activity as the 

optimally folded monomer.) In contrast, it is clear that 

under more reducing conditions, subunit association is 

rate limiting and indeed precluded.

A mechanism involving first subunit folding followed 

by association is in good agreement with results from 

other multisubunit proteins. Pig heart or muscle lactate 

dehydrogenase, rabbit muscle aldolase, Saccharomyces 

carlsbergensis pyruvate kinase, and rabbit IgG have all 

been shown to fold within the individual subunits before 

association occurs (127,134,137,141-143). The rate 

limiting step in these proteins is different in each 

case and depends upon protein concentration, Lactate 

dehydrogenase (heart and muscle) refolding has been shown 

to have a slow association step (142). However, at 

higher concentrations, it has been shown that the rate 

determining step is unimolecular (141). At these high 

concentrations Tenenbaum-Bayer and Levitski found 100% 

regeneration of activity (141), but Rudolph, et al. have 

shown that poor regenerations occurred (presumably due 

to aggregation) (142). Aldolase folding also depends 

upon protein concentration. Association is slow at low 

concentration and proceeds spontaneously at high
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concentrations (202). The rate limiting step of S. 

carlsbergensis pyruvate kinase appears to be unimole- 

cular based upon first order refolding kinetics (127). 

The rate limiting step in IgG folding has not as yet been 

reported; however, it is clear that subunit folding pre­

cedes association, and the latter occurs smoothly fol­

lowing intramolecular folding (117,137,139).

The effect of protein concentration upon the folding 

of other multimeric proteins suggests that there is a 

critical concentration above which association proceeds 

spontaneously and below which association is slowed. It 

could be argued that the reason for the poor association 

with seminal RNase is because the studies have been done 

below this concentration. However, it is clear that air 

oxidative refolding (Figure 20) does proceed to a co­

valent dimer at concentrations used in some of the gluta­

thione refolding experiments. Thus, the reason for poor 

dimerization is unlikely related to protein concentration. 

‘ The effect of pH upon regeneration also agrees with 

that of RNaseA and other proteins (99,113). It suggests 

a systematic titration of similar group(s) in all cases. 

In this study the pK of this group appears to be about 

7.5. Positive identification of the group is not 

possible; however, protein thiol groups are likely can­

didates (pK approximately 8.3). Enzyme cysteines, rather 

than the GSH cysteine, are likely responsible since the 
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effect was also seen in air oxidation of RNaseA (98).

The effect of pH is clearly an effect on the re­

action kinetics. At pH 6.85 where the reaction is very 

slow, the product eventually reaches the same activity 

as. the products of the pH 8.2 reaction. Thus, titra­

tion of this group does not cause the enzyme to reach 

any wrong conformation by breaking some critical salt 

bridge, rather the search for the correct conformation 

is merely slowed. This is in agreement with the view 

that the titrated group is a thiol. Incorrect disulfide 

bonds must be formed and broken during the structure 

search, and this disulfide exchange is slowed when the 

sulfhydryl is protonated (113).

The products of regeneration of seminal RNase and 

RNaseA are also quite similar. Both processes proceed 

to a monomeric product which exhibits similar structural 

properties as characterized by circular dichroism. 

The spectra have similar general shapes, troughs, cross­

over wavelengths, and maximum ellipticities (170). In 

contrast, the spectra are different from that of the 

native seminal RNase. Thus, the refolded enzyme has a 

slightly different structure from the native enzyme but 

is similar to RNaseA.

Disulfide bonds exhibit significant negative ellip­

ticities in the far UV (203). Thus, it could be argued 

that the difference between the circular dichroism spectra 
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of native and refolded seminal RNase arises from breaking 

the intermolecular disulfide bonds and replacing them 

with the mixed disulfide of glutathione. However, the 

similarities between the spectra of the seminal RNase 

monomer and RNaseA argues against this. Further, di­

sulfide contributions to the spectra would be small (203). 

Indeed, Bewley (204) has found no difference between the 

far UV circular dichroism of human pituitary growth 

hormone (a protein whose secondary structure remains 

intact upon reduction of its two disulfides) and that of 

the reduced or reduced, alkylated protein hormone. 

Thus, the disulfide bond contribution to the far UV CD 

is negligible in a protein molecule compared to the over­

all peptide bond ellipticities. Similarly, the CD 

differences between the refolded seminal RNase monomer 

and dimer are likely due to secondary structural 

differences.

The above discussion suggests similarities in the 

folding mechanism of seminal RNase and RNaseA. There 

are, however, clear differences between the two rege­

nerations . First, total yield of the major product in 

seminal RNase folding is lower than in RNaseA folding 

(99). RNaseA refolding yields greater than 90% native 

activity while seminal RNase regeneration yields approxi­

mately 65% of the 200% active monomer. Second, based 

upon recovery of 130% final activity (65% recovery of
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active monomer) in seminal RNase, the t-^ for seminal 

RNase refolding is approximately 90 minutes while t-. /9 

for RNaseA refolding equals 75 minutes (99). In addi­

tion, seminal RNase kinetics do not fit a simple first 

order plot while RNaseA kinetics do (99). Third, both 

enzymes exhibit maximal rates of regeneration in the 

range 25 to 30°C, and both processes are similarly 

slowed at lower temperatures (14°C) (99). However, the 

effect of high temperature is larger on seminal RNase 

than RNaseA. The latter reaches 75% activity recovery 

at 42°C in 240 minutes while the former never rises 

above 33% of the native activity under similar conditions. 

These differences suggest slightly different molecular 

folding mechanism.

The difference in the folding mechanisms at high 

temperatures lies in the different thermal stabilities 

of the two enzymes. RNaseAmaintains 100% activity upon 

incubation at 42°C while seminal RNase loses activity, 

and the loss is only partially reversible. This indi­

cates that one of the several differences between the 

sequences of RNaseA and seminal RNase must cause a rather 

large difference in the thermal stabilities of the two 

enzymes.

Eighty percent of the residues from RNaseA are con­

served in seminal RNase. The most obvious changes be­

tween them are four extra lysines, two extra cysteines, 
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and one extra proline in seminal RNase (per chain). 

It is especially interesting that 35% of the potential 

hydrogen bond forming amino acids in RNaseA are either 

replaced by non hydrogen bonding groups or inserted into 

different places in the seminal RNase monomer. On the 

other hand, hydrophobicity is largely conserved in se­

minal RNase. The only change of a hydrophobic group 

occurs in gin 28 in RNaseA, which becomes leu 28 in 

seminal RNase. The stability and folding differences 

may be caused by one of these differences.

Dimerization does not occur during the regeneration 

of seminal RNase at either moderate or high temperatures ; 

thus, one can modify cysteines 31 and 32 to investigate 

their role in the mechanism of folding. If either re­

folding kinetics or yield of the modified enzyme are 

different from that of the unmodified enzyme under a 

given set of conditions, it seems reasonable to assume 

that the residues are important in the folding mechanism. 

Clearly, this appears to be the case for the high tem­

perature regeneration of seminal RNase since modification 

of cysteine 31 and 32 reverses much of the temperature 

dependence. Thus, the conversion of lysine 31 and serine 

32 of RNaseA to cysteine 31 and 32 of seminal RNase 

causes a significant change in the temperature dependence 

of regeneration. Since it is clear that these residues 

do not change the regeneration by forming intermolecular 
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disulfide bonds, because the unmodified product was mono­

meric, the change must occur intramolecularly. Further, 

the percent yield and kinetics of regeneration at mode­

rate temperatures do not change significantly; thus, the 

modification of cysteine 31 and 32 do not cause an ob­

servable change in the optimal regeneration mechanism.

The change in regeneration upon modification ap­

parently arises from the increased thermal stability of 

modified enzyme. RNaseA maintains 100% activity upon 

incubation with glutathione for two days at 42°C while 

the native seminal RNase loses greater than 75% of its 

activity. Conversion of the cysteine residues 31 and 32 

to aminoethylcysteine (with ethyleneimine) decreases this 

activity loss ; however, the mechanism of this increased 

stability is unclear. The problem, in part, arises from 

the irreversible character of the denaturation. If the 

temperature is decreased to 25°C after 24 hours of native 

enzyme regeneration at 42°C, over 100% native activity 

is recovered; however, a similar decrease in temperature 

after 48 hours of degeneration at 42°C results in the 

recovery of only 60% activity. Longer degeneration times 

result in less activity return upon lowering the tempera­

ture. Clearly, there is more than one process occurring 

which results in reversibility under some conditions and 

irreversibility under others (apparently longer time). 

Thus, one cannot apply denaturation thermodynamics to
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the process since it requires complete reversibility 

(6-8).

The partial reversibility of this thermal inactiva­

tion has been noted in the high temperature glutathione 

facilitated regeneration of lysozyme (144). However, 

temperatures above 60°C were required to achieve the poor 

regenerations. Although this temperature stopped the 

regeneration, a subsequent temperature decrease caused 

activity to return. Lysozyme recovered most of its acti­

vity in one hour at 37°C while seminal RNase required 

over 24 hours to recover its activity at 25°C. As pointed 

out by those authors (144), the spontaneous regenera­

tion upon a temperature decrease proves that high tempera­

ture inactivation does not have to depend upon irrever­

sible changes in the protein.

Rather, the high temperature species must be a high 

entropy stabilized species in equilibrium with other re­

folding intermediates. When the heat necessary to main­

tain the species is removed, it decays to the native 

enzyme which is more stable at lower temperatures. This 

equilibrium is further suggested by the smooth (though 

large) temperature dependence of the regeneration kine­

tics . At 36°C (lower temperature) the equilibrium is 

shifted toward the native species and more activity is 

recovered in the regeneration (approximately 90%).
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Irreversible inactivation likely occurs from aggre­

gation of this species or some other intermediate, simi­

lar to irreversible denaturation of other proteins (23­

27).

The modification results allow us to say something 

about the molecular mechanism of folding. Creighton 

(118,145-148) has pointed out that there is a required 

folding mechanism for bovine pancreatic trypsin inhibitor 

(BPTI). This protein possesses three native disulfide 

bonds and will refold to its native structure following 

reduction and denaturation. Further, the disulfide bond 

formation scheme has been determined. The last disul­

fide bond to form along the pathway is between cysteine 

14 and 38. However, one of these residues must first 

form a wrong disulfide intermediate with one other half 

cystine before folding can proceed correctly (see scheme 

1, page 41 ). Modification of residues 14 and 38 with 

iodoacetamide or iodoacetic acid prevents formation of 

the two disulfide intermediates which would normally lead 

to native protein. Clearly, cysteine 31 and 32 in 

seminal RNase are not involved in any such mechanism. 

The enzyme with cysteine 31 and 32 modified exhibits 

optimal regeneration kinetics (moderate temperature) 

identical to the unmodified enzyme. Thus, if there is a 

required folding mechanism for seminal RNase at moderate 

temperatures, cysteine 31 and 32 are not involved. Only 
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the half cystines conserved from RNaseA can be involved; 

this supports the similarities observed in the kinetics 

and product characterization of seminal RNase and RNaseA, 

and the statement that the mechanisms therefore appear to 

be similar.

Conversely, cysteine 31 and 32 are involved in the 

folding of seminal RNase at higher temperatures. The 

folding mechanism at 42°C appears to change when cysteine 

31 and 32 are modified and takes on characteristics si­

milar to RNaseA folding. In support of the high tempera­

ture mechanistic similarities between RNaseA and modified 

seminal RNase is the effect of modifier group charge. It 

was seen that although all modifying groups gave better 

refolding at 42°C, the positive and neutral groups gave 

results more similar to RNaseA while the negatively 

charged groups showed kinetic profiles between both ; 

RNases. This difference is likely due to the fact that 

RNaseA possesses a lysine and serine at residues 31 and 

32, respectively, and, thus, a positive charge. On the 

other hand, seminal RNase has cysteines at these posi­

tions which would be negatively charged at pH 8.2. One 

might speculate that unmodified seminal RNase and se­

minal RNase modified with a negatively charged group could 

form some internal salt with some positively charged 

group of the protein. The neutral and positively charged 

modifying groups could not form such a salt bridge and 
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would likely behave like lysine on RNaseA.

The regenerations with the negatively charged 

groups were not identical to native seminal RNase folding 

at 42°C. This implies that the formation of this hypo­

thetical salt bridge can not be the sole cause of the 

high temperature effect. This is also reflected in the 

thermal degeneration of RNaseA and seminal RNase. Al­

though the modification reversed much of the thermal de­

naturation of seminal RNase, they did not cause the 

stability to be as great as RNaseA at 42°C. Thus, there 

are other factors besides cysteine 31 and 32 which are 

involved in the thermal stability difference between the 

two enzymes.

Thermal denaturation studies of RNaseA with its 

disulfide bonds intact have been performed (8). The 

results are consistent with a mechanism involving in­

creased conformational entropy and solvent clathrate 

melting, leading to hydrophobic bond disruption. How­

ever , it has been shown that RNaseA assumes random 

structure when its disulfide bonds are reduced and alky­

lated (205); thus, these crosslinks are also important 

in maintaining native structure. If these two stabi­

lizing factors are all that maintain RNaseA structure, 

a change in thermal stability would not be expected if 

internal hydrogen bonds are lost while hydrophobic and 

disulfide bonds are maintained.
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Aminoethyl seminal RNase and RNaseA have identical 

disulfide bonds and half cystines, and they have very 

similar hydrophobic bonding; however, the two proteins 

have different hydrogen bonding capacities. The above 

theory implies that they should have similar thermal 

stabilities. Although regenerations at 42°C are similar, 

thermal stabilities appear different. RNaseA maintains 

its activity at 42°C while aminoethyl seminal RNase loses 

some of its activity.

One wonders if the different thermal stabilities 

arise from the hydrogen bonding changes. If this is the 

case, thermal stability and denaturation is not ade­

quately described by the above theory.

There are also a number of other individual changes 

between the two enzymes such as 5 prolines per chain in 

seminal RNase and 4 in RNaseA (161,165). One of these 

changes may also play a role in the thermal stability 

differences. Thus, the above discussion is not meant 

as proof for or against any thermal stability models. 

Rather, it was meant to point out what appear, on the 

surface at least, to be discrepancies with the popular 

theory.

It was noted in the high temperature regenerations 

of both maleimide and iodoacetamide modified seminal 

RNase that the regenerated activity was not stable at 

42°C. This, however, was not seen in the iodoacetic 
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acid or ethyleneimine blocked species. It is likely the 

reason for this is the hydrolysis of the succinimide 

product of maleimide modification and of the carboxamido­

me thy I product of iodoacetamide modification to the cor­

responding carboxylic acids. This is shown in scheme 3 

a and b, respectively: 

Scheme 3 :

(Succinimide)

P-S-CH2CONH2 * P-S-CH2C00- <b> 

(Carboxamidome thy1)

There is considerable evidence for these reactions and the 

kinetics of activity loss are consistent with kinetics 

of hydrolysis (206,209). If indeed this did occur, loss 

of activity could then be traced directly to the forma­

tion of negatively charged carboxyls, which would be 

similar to regeneration of seminal RNase modified with 

the other negatively charged groups. This reaction would 

also explain results found by Anderson (210) with lyso­

zyme. In his studies Anderson found a loss of ^C-NEM 
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from modified lysozyme as a function of time. Since the 

14 .
C label is on the #1 - C ethyl group from commercial 

sources, this reaction would indeed lead to a loss of 

the label.

These reagents (maleimides and iodoacetamide) were 

not used for the thermal denaturation studies since they 

are hydrolyzed to other groups. It is seen in Figure 26 

that seminal RNase thermal denaturation at 42°C is slow. 

A significant effect was not seen for 24 hours, and by 

this time considerable hydrolysis should occur.

A reaction leading to loss of the aminoethyl or 

carboxymethyl labels of the ethyleneimine or iodoacetate 

modified seminal RNase, respectively, would not be ex­

pected to occur since these modifications are stable to 

protein hydrolysis in strong acid (193). Thus, the amino- 

ethyl modified seminal RNase could be used for the slow 

degeneration experiments.

In conclusion, it has been shown that the regenera­

tions of RNaseA and seminal RNase are similar. The major 

difference in their regenerations was found to be in the 

temperature dependence.. This difference was qualitative­

ly explained by decreased thermal stability of seminal 

RNase arising, in part, from the conversion of lysine 

31, serine 32 in RNaseA to cysteine 31 and 32 in the 

seminal enzyme.
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Further, product characterizations indicate that the 

structure of the refolded seminal RNase monomer is simi­

lar to RNaseA and different from native seminal RNase. 

The results suggest a structural change when seminal 

RNase associates. 

Ill. Selective Reduction

The accumulation of glutathione mixed disulfides 

during regeneration of proteins under optimal conditions 

is rare. Indeed, such accumulation obviously will not 

allow formation of correct protein disulfide bonds and 

preclude native structure formation. However, it is 

clear that two mixed disulfide bonds with glutathione 

do in fact form in seminal RNase during regeneration, 

and reactivation only occurs because the individual 

subunits are active.

The mixed disulfides proved to be very stable and 

indeed the mixed disulfide protein was purified and 

thoroughly characterized. Based upon this characteri­

zation it is concluded that cysteines 31 and 32, which 

normally form the intermolecular disulfide bonds, are 

involved in the mixed disulfides. Only peptide mapping 

experiments could verify this conclusion completely, 

but several pieces of indirect evidence strongly support 

the conclusion. First, the monomer has twice the acti­

vity of the native dimer. Second, the circular dichro­

ism spectra of the refolded monomer, selectively reduced 
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monomer, and RNaseA are all quite similar. Thus, the 

active site is intact, and the secondary structure is as 

expected when compared to RNaseA. On the other hand, if 

the thiols normally involved in intramolecular disulfide 

bonds were involved in the mixed disulfides, severe ac­

tive site distortion and inactivity would be expected. 

Further, the circular dichroism spectrum of RNaseA with 

wrongly paired disulfide bonds is quite different from 

the native enzyme (211).

The glutathione mixed disulfides prevent formation 

of the native intermolecular disulfide bonds. This is 

indicated by the lack of significant dimerization under 

either more reducing or oxidizing conditions while air 

oxidative regeneration at the same protein concentra­

tion (s) readily produces covalent dimer (although the 

activity and stability of the air regenerated dimer were 

low suggesting that it was not native). D'Alessio has 

found that at lower protein concentrations (0.1 mg/ml 

and below), the percent of dimer formed during air re­

generation is decreased; however, at concentrations as 

low as 0.020 mg/ml greater than 50% covalent dimer is 

produced (personal communication).

Two facts suggest that dimerization cannot occur in 

the presence of glutathione : first, the lack of covalent 

dimerization under the optimal conditions of regeneration 

and, second, formation of the stable mixed disulfide. To
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verify this hypothesis the susceptibility of the inter- 

molecular disulfide bonds in the native enzyme to reduced 

glutathione was investigated. The results clearly in­

dicate that the intermolecular disulfide bonds are se­

lectively reduced under regeneration conditions. Thus, 

it is impossible to accomplish 100% dimerization under 

the conditions employed in the regenerations. Although 

more oxidizing conditions were shown to prevent reduction 

of the intermolecular disulfides (Figure 27), poor re­

generations occur under these conditions and cannot be 

used to produce regenerated dimer.

It could be argued that although selective reduc­

tion occurs, dissociation is a pH phenomenon and only 

occurs at pH 3.0 where most gel filtration studies were 

performed. Such results have been seen with IgG. Below 

pH 4.8, molecules selectively reduced and alkylated at 

the intermolecular disulfide bonds readily dissociate to 

the free subunits. However, when the pH is increased 

above pH 4.8 they reassociate (212,213). This is clear­

ly not the case with seminal RNase, since gel filtration 

studies at pH 3.0, 5.0, and 7.2 yield a 70:30 mixture.

By all of our criteria (circular dichroism, acti­

vity, amino acid analysis, SDS-PAGE, Reisfeld-PAGE, and 

G-75 gel filtration) the regenerated and selectively 

reduced monomers are identical. Thus, it is evident that 

part of the reason for poor regeneration of native enzyme 
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is selective reduction of intermolecular disulfide bonds 

under optimal regeneration conditions. However, DTT 

also causes selective reduction of these bonds to yield 

the active monomer (181), but the products reoxidize to 

a covalent dimer when DTT is removed (D1Alessio, personal 

communication). The difference between these two re­

ducing agents is that DTT yields the free thiol while 

the GSH reaction proceeds to the glutathione mixed 

disulfide. Thus, the mixed disulfide must prevent re­

association-oxidation.

The production of the mixed disulfide monomer must 

be irreversible since neither the selectively reduced 

nor regenerated monomers will reform covalent dimer. The 

basis for this preferential production of monomer during 

regeneration and irreversible reduction of native enzyme 

becomes apparent upon examination of the reactions in­

volved in the conversion of the mixed disulfide monomers 

to the native covalent dimer. This is shown in scheme 4: 

Scheme 4:

PSSG + % Pgg + 2 GSSG (1)

2 PSH + 2 GSSG ? PggP + 2 GSH (2)

In this scheme Pggg, Pgy, and PggP represent mixed di­

sulfide monomer, free thiol monomer, and native enzyme. 

The striking feature of these reactions is the complex 

dependence upon glutathione redox state. In reaction (1)

194



GSH will reduce p||$ to p|®, and formation of P^P from 

SH
^SH require GSSG as can be seen in reaction (2). 

Thus, the redox potential of the two protein disulfide 

species (Pggg and PggP) will control the direction of 

the overall reaction provided the protein concentration 

is high enough to allow association. Several lines of

evidence indicate that P??p is the favored species, 
that

reaction (1) favors its formation under the optimal re­

generation conditions, and that once it is formed the 

bulky glutathione groups prevent even noncovalent di­

merization. First, attempts to dimerize P^ in the pre­

sence of reduced and/or oxidized glutathione all failed; 

however, dimerization readily occurs from seminal RNase 

monomers with the free thiol at cysteine 31 and 32. Se­

cond, the intermolecular disulfide bonds are selective­

ly reduced at the same glutathione redox state used in
• gap

the regenerations. Third, Pggg accumulates during re­

generation or selective reduction. These data suggest 

that PggP is more easily reduced than Pggg. Thus, in 

a more reducing environment adequate to reduce Pggg to

Sh ss
?SH’ PgS? would also be reduced. Under less reducing 

conditions found optimal for regeneration, P§cn is 
uuv .

favored.

It is interesting that the selective reduction only 

proceeds to 30% monomer and yet the reaction is irre­

versible. This is an apparent dichotomy since all 
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irreversible reactions .proceed to completion. However, 

the conflict is easily resolved. Native seminal RNase 

gives two bands on Reisfeld-PAGE. D*Alessio has shown 

that the more anionic component is an amide hydrolysis 

product of the cationic component (manuscript in pre­

paration) . In our hands this anionic component comprises 

approximately 30% of the total native enzyme. Further, 

the selective reduction dimer does not contain this 

anionic component. Likewise, the monomers (regenerated 

and selectively reduced) are homogeneous to Reisfeld- 

PAGE suggesting that they do not contain a mixture of 

deamidated and amidated components. Thus, it is likely 

that the selective reduction stops at 30% because the 

reaction only proceeds with the anionic component. This 

is also supported by work of D'Alessio, et al. (181) who 

found that only 30% of the DTT selectively reduced se­

minal RNase dissociates to the free monomer although 

virtually 100% of the intermolecular disulfide bonds 

are cleaved. The results suggest that the amide hydro­

lysis causes the protein to dissociate more readily. 

Further, it appears that the reduction, denaturation 

process causes all the protein to be converted to the 

component produced in selective reduction. However, 

more work is required to clarify this issue.

IgG is the only other protein with intermolecular 

disulfide bonds to be regenerated with the glutathione 
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system (117). The intermolecular disulfide bonds rea­

dily reform from the dissociated monomers with either 

air oxidation or the glutathione redox system, while 

intermolecular disulfide bonds of seminal RNase will 

only reform under air oxidation conditions. This sug­

gests a difference between the intermolecular forces in 

the two proteins and is supported by the following data. 

Selective reduction with DTT (which yield free thiols) 

causes partial dissociation of seminal RNase subunits 

but not IgG subunits (117,181). Seminal RNase monomers 

alkylated at cysteine 31 and 32 do not associate while 

alkylated IgG H and L chains do (D’Alessio, personal 

communication,214). It follows from these data that the 

intermolecular forces maintaining seminal RNase nonco- 

valent dimer are weaker than those maintaining the IgG 

subunits.

In conclusion, it has been shown that seminal RNase 

can be selectively reduced. The products are a free 

monomer and covalent dimer, which are identical to the 

regenerated monomer and native enzyme, respectively. 

Thus, regeneration leads to a structure which is available 

to the native enzyme.

The difference in the circular dichroism spectra 

between the native dimeric and monomeric species of 

seminal RNase suggest that structural adjustments during 

refolding are not finished until intermolecular events
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are complete. Thus, in summary, the overall folding 

scheme would appear to be:

Scheme 5 :

where / is the reduced, denatured monomer,Q is the ac­

tive monomer, and OO is the native enzyme. This is sup­

ported by the large activity difference between monomer 

and dimer. All monomeric species (modified or free 

thiol at cysteine 31 and 32) have more activity than the 

dimer. This structural adjustment upon association 

likely accounts for the decreased activity of the dimer. 

This scheme is also supported by different proteolytic 

susceptibilities of the monomer and dimer (215) and a 

higher molar absorptivity for the monomer compared to the 

dimer (182) suggesting structural changes on dissocia­

tion. The scheme is especially attractive since it has 

been postulated that the individual subunits exchange 

N-terminal ends upon association (D*Alessio, personal 

communication).
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APPENDIX

Derivation of Affinity Chromatography Equations :

Dunn and Chaiken (190) have derived a similar equa­

tion for competitive elution of an enzyme; these deri­

vations are quite analogous.

Noncompetitive Elution.

If the immobilized protein binds to both the bare 

enzyme and the enzyme-substrate complex then :

E + I = EI 

E + ÏM =' ElM 

EI + ÏM =" EIÏM

where E = soluble enzyme, I = competitive inhibitor, and 

IM = immobilized protein.

Now if K' + K", then K" - K’(z) where z = constant, and

K = (E)(1)/(EI) and K' = (E)(ÏM)/(EÏM)

= (EI)(ÏM) /z (EIÏM)

Now, if a nonporous gel is used such that when the pro­

tein does not interact with the matrix V = V , where 
o p’

VQ = void volume and Vp = volume to elute half the enzyme, 

then the elution of E will be described by

Vp - VOD + Vo

where D = the distribution coefficient for interaction 

with the matrix. Thus, if there is no interaction with

the matrix then D = 0 and V = VA. 
P 0 D is numerically the

ratio of E interacting with the matrix divided by that not 
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interacting with it. Thus,

D = (EIÏM) + (EIM))/(E) + (EI)) 

dividing through by (E):

= (EIIM) /(E) + (EIM)/(E) 
1 + (EI)/(E)

substituting for EIIM and EIM

D = (KI)(IM)/zK'(E) + (IM)(E)/K*(E) 
r+ (EI)/(E)

simplifying

Now, since Vp = VQD + VQ, then

and

Vo

K'
V (ÏM) + W™ 
° ---zK—

______ IK'z_________

VQ (ÎM) zK + I VO(IM)

This assumes (IM) >> (E) and (I) >> (E).

Now if z=l as is often assumed :

", ■ •„

and

(IM) 
T1- o

K' 
VO(IM)
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