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ABSTRACT. To probe for residual structure present in the urea-unfolded form of the small protein barstar,
to determine how salt might modulate such structure, and to determine how such structure might affect
the stability of the protein, mutant variants that disptaywalues different from that of the wild-type
protein have been studied. The mutant proteins were obtained by site-directed mutagenesis at residue
positions located on the surface of the folded protein. h&lue, which represents the preferential free
energy of interaction of urea with the unfolded form in comparison to that with the folded state, was
determined from equilibrium urea-induced unfolding curves. Mutant proteins for whiah ttadues were
significantly greater thamgt mutant forms), significantly smaller tham( mutant forms), or similar to

(mP mutant forms) then value determined for the wild-type protein were studied. The unfolded forms of

the m’, m"™ andm™ mutant proteins represent different components within the unfolded form ensemble,
which differ from each other in their solvent-exposed surface areas. HenaeMalee has been used as

a measure of residual structure in the unfolded form. To further understand the nature of structures present
in the unfolded form ensemble, the effects of the salt KCI on the stabilities of the wild-type and the
mutant proteins, as well as on the structures present in the unfolded form ensemble, were also studied. It
was found that then values of them®, m™ andm™ mutant proteins all converge to the wild-typevalue

in the presence of KCI. This result indicates that the salt modulates residual structure in the unfolded
form by screening electrostatic interactions that maintain compact and expanded components in the unfolded
protein ensemble. The use of free energy cycles has allowed the effect of salt on the structure and free
energy of the unfolded protein to be related to the stability of the protein.

To understand how a protein folds, it is important to unfolded forms are complex with size changing continuously
understand the nature of the unfolded form from which with a change in denaturant conditiobg], that the confor-
folding commences. For a long time, the unfolded form of mation of a residue in an unfolded protein is not always
a protein under extreme denaturing conditions, such as inindependent of neighboring residues as expected for true
the presencefd M urea, was considered to be a random random coils 19), and that much backbone surface in
coil, to be expanded, highly solvated, and unstructured, andunfolded proteins may be within local structu0). Both
to lack any side-chain interactior ). Recent data suggest, experimental and computational studies suggest that the
however, a different picture: the unfolded form not only unfolded form is an ensemble with differently structured and
comprises random coil-like states but also comprises compactunstructured component81) and that different components
states in which parts of the protein possess fluctuating may predominate under different conditions. Characterization

structures that are not fully accessible to the solvend). of residual structure in the unfolded form is expected to
Residual structures in unfolded forms of proteins have beenprovide insights on the mechanism of protein foldiry (
detected by small-angle X-ray scattering studgsf and, ~ 22-24), especially in cases where multiple pathways are

in a few cases, have been characterized at high resolutiomgyailable for folding 25—27).
by nuclear magnetic resonance spectroscapyr). Such
structures usually appear to be either hydrophobic clusters
(8—11) or fluctuating secondary structurek?( 13) and may

be stabilized by either native-likd4) or non-native interac-
tions (15), which could be hydrophobi@(9) or electrostatic

(16, 17) in origin. Experimental studies that indicate that
unfolded proteins possess residual structures have bee
complimented by computational studies that indicate that

A practical measure of structure in the unfolded form of
a protein is them value obtained from an equilibrium
unfolding study 28), which defines how the free energy of
unfolding changes as a function of denaturant concentration.
Themvalue has been correlated with the difference between

ccessible surface areas in the unfolded and folded states
28, 29), and it is expected to be proportional directly to the
change in accessible surface area upon unfolding; that is,
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the accessible surface area of the unfolded féxmndeed,
small changes in then value have been accounted for by
significant changes in the area exposed in the unfolded form Lvs 78
(31). Thus, an increase or decrease in thealue is taken Y s
to reflect a change in the compactness and, hence, structurt
of the unfolded form 21, 28). Arg 75
In the case ofn™ mutant proteins, then value exceeds
the wild-typem value; form™ mutant proteins, then value
is lower 32). Them" mutant proteins must reflect an increase
in AA upon unfolding, which could result either from an
increase in\y or a decrease iAy. Many m* mutant proteins %
are known to display greater than 30% increases innthe ! &KX Lys 21
value, suggesting a shift in the distribution of the mutant 3 '
unfolded form to less structured or more expanded compo- }, G
nents or both. Several wild-type proteins show increases in Glu 57 1"
the m value at low pH, which have been explained on the
basis of the residual structure in the unfolded form getting
disrupted by electrostatic repulsiorgs). On the other hand,
m~ mutant proteins must reflect a decreaseAA upon Ficure 1: Ribbon diagram of the solution structure of wild-type

unfolding, which can result either from a decreaséinor barstar. The sites of the various mutations studied here are shown.
- . - . h The drawing was generated from the Protein Data Bank file 1btb
an increase irAy. A decrease inAy is the more likely (40) using Rasmol. The main chain and side chain atoms of all

explanation: even in the most pronounged mutant form  sjtes mutated in this study are shown as ball-and-stick drawings
of staphylococcal nuclease, no significant changes in theand each mutation site is labeled. In the native protein, the side
accessible surface area in the native stat (ere seen in  chain of any of the six mutated residues is at lea8t6 nm away

a high-resolution structure. The most conclusive evidence Tom any other charged side chain. The carbonyl oxygen of the

in suoport ofm value effects being the consequence of pepglde bond and _the oxygen atoms in th(_e side chain (ofglut_amate)
ppor gt = are in red; the amide nitrogen of the peptide bond and the nitrogen

changes in the unfolded form and not in the native state hasatoms in the side chains (of arginine and lysine) are in blue.

come from a study of the hydrogen exchange kinetics of the
of wild-type and mutant forms of staphylococcal nuclease Table 1: Mutation Sites in Barstar and Their Structural Features
(35). These studies have demonstrated clearly that the

“Lys 22

nonpolar polar total

unfolded form of anm™ mutant protein is more expanded side-chain side-chain side-chain
— in i mutation secondary residue(s) accessibility accessibility accessibility
and that the unfoldeq form of an™ mutant protein is more ste  structure mutated to (%) %) @)
compact than the wild-type unfolded form. vl heixz Amand Gl 76 — 249
. . ys ellx a an n . . .
The small protein barstar has been used extensively as a 755  hejix2  Gin 67 92.9 3.4
model protein for protein folding studie%—27, 36—38). Glus57  helix3 Lys 38.9 96 6.8
Very little is known, however, about the nature of its /llysgg Eell_iXE LGlu ang léelu é;ﬂ 6703-§ 528-3
; ; rg elix eu an n . .
unfolded form. Although electrostatic repulsion can unfold Lys78 helix4 AlaandGhn 345 47 376

barstar, either partially or completely, at extreme values of
pH (36, 37), the role of electrostatic interactions in determin-
ing residual structure of the unfolded form at neutral pH is
not known. Salts do not alter tmevalue for the equilibrium
unfolding of wild-type barstardg). Thus, if residual structure ~ Not expected to have any effect on the native-state structure.
stabilized by favorable electrostatic interactions or residual Since their side-chains are mobile and largely solvent-
structure destabilized by unfavorable electrostatic interactions€xposed 39), the positions occupied by these residues were
is present in the unfolded form ensemble, it must be expected to easily tolerate substitutions. Exposed charged
populated so sparsely that its disruption by addition of salt residues of helices 2, 3, and 4 of barst)(were mutated

has no measurable effect on the accessible surface area dfFigure 1, Table 1). Those in the barnase-binding site were
the unfolded form. However, different salts do stabilize, not mutated because that would affect the activity of the
differentially, different structural components of the early Protein. The strategy used here was that of either charge
folding intermediate ensemble; (38). It was therefore of ~ reversal or charge neutralization. In this way, a set of mutant
considerable interest to identify the presence of electrostati-forms of barstar were generated.

cally stabilized compact residual structure, as well as To determine whether these mutant proteinsafr@®r m-,
electrostatically destabilized expanded residual structure, inas well as to determine their stabilities, equilibrium urea-
the unfolded ensemble, and to determine whether salt caninduced unfolding studies were carried out. Tiie m~, and
stabilize, similarly, such structures. To perturb structurally n® mutant forms could be identified, indicating that the
the unfolded form of barstar to preferentially populate these unfolded form of wild-type barstar contains both compact
otherwise sparsely present structures, residue positionsand expanded components that are normally too sparse to
corresponding to the surface of the folded protein were be detected, in addition to the predominant unfolded com-
mutated. Figure 1 shows the positions of the mutated resi- ponent. To determine whether these sparsely populated
dues. The charged surface residues that were chosen fomembers of the unfolded ensemble are compact and ex-
mutation did not appear to be involved in any stabilizing panded because of stabilizing electrostatic interactions and
interactions in the native state; hence, mutating them wasdestabilizing electrostatic repulsions, respectively, the effects

a Solvent accessibility was determined using the program Access
(39) with the PDB file 1btb.
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of salt onm values as well as on stability were studied. In refractive index using an Abbe 3L refractometer from Milton
the presence of 0.5 M KCI, which screens all electrostatic Roy. For studies in the presence of 0.5 or 1.0 M KCI
interactions, the compact and expanded components are ngminimum 99% from SIGMA), the salt was present in the
longer detected: thm values of them™ and them™ mutant refolding as well as unfolding buffer. All buffers and
proteins become the same as that of the wild-type protein, solutions were filtered through 0.48m filters before use.
indicating that the accessible surface areas of all unfolded Spectroscopic CharacterizatioRluorescence spectra were
forms are identical. Upon a further increase in KCI concen- collected on a SPEX DM 3000 spectrofluorimeter. The
tration from 0.5 to 1 M, the only effect is the further excitation wavelength was 280 nm, and the emission was
strengthening of hydrophobic interactions. No further change monitored between 300 and 400 nm with a bandwidth of
in m values is observed for any of the mutant proteins, 0.37 nm for excitation and 10 nm for emission. Each spec-
indicating that hydrophobic interactions have little role to trum was an average of three scans. The protein concentration
play in stabilizing the structures apparent in the unfolded was typically 2-4 uM, and the path length of the cuvette
forms of the mutant proteins in the absence of salt. The used was 1 cm.

effects of salt, at both concentrations, on the stabilities of Equilibrium Unfolding StudiesProtein stability at equi-
the wild-type and mutant proteins can be rationalized in terms librium was determined from urea-induced unfolding studies

of the effects on then values. using fluorescence emission at 320 nm as the probe, as
described above. Prior to fluorescence measurements, the
EXPERIMENTAL PROCEDURES samples were equilibrated for at least 4 h. Identical results

were obtained if the time of incubation was 24 h.

Data Analysis.The change in free energAGun, that
occurs upon unfolding of a protein in the presence of urea
and salt can be expressed as a function of urea and salt
concentration as follows:

Bacterial Strain and Plasmid and Protein Purification. E.
coli strain MM294 was used for protein expression. The
expression plasmid for wild-type barstar was pMT316. The
method used to purify barstar has been described in detail
(36). Protein concentrations were calculated using an extinc-

tion coefficient of 23 000 M* cm™™. AGyy AGyy

The mutant proteins were generated by site-directed dAGyy = (S[Tea]d[ure ]+ o[salf d[salt]
mutagenesisAl). The mutant proteins K21A, K21Q, K22Q,
K60E, K60L, R75L, R75Q, K78A, and K78Q were purified = m,,, dlurea]+ mg" d[salt] 1)

from the soluble fraction of the cell lysat86). Only E57K

had to be purified from inclusion bodies. The inclusion body Mun or the m value = (6AGun/d[urea])ar is the change

pellet was washed twice with Triton-X 100 to remove in free energy associated with the preferential interaction of

membrane proteins and other soluble proteins, followed by the denaturant with unfolded proteimg" = (SAGuw/

solubilization in lysis buffer (50 mM Tris HCI, 1 mM EDTA,  d[salt])weais the change in free energy associated with the

100 mM NaCl, 0.1 mM PMSF (added frest§ M urea preferential interaction of the salt with the folded protein.

(deionized), pH 8.5) After ultrafiltration, the solubilized It follows from eq 1, as the condition for an exact

inclusion bodies were subjected to gel exclusion chroma- differential, that

tography using a G-75 Sephadex column. The appropriate ) UN

fractions were collected and subjected to ion exchange omyy o 0°AGyy - omg >

chromatography using DEAE Sephadex. It was essential for d[salt] o[ureaP[salt] S[urea] (2)

the pH to be kept at 9.2 during every step; visible aggregates

appeared below a pH of 9. The eluted fraction was subjectedHence the dependence win on salt concentration is the

to ultrafiltration; ammoniated water at pH 9.2 was used for same as that ofr§"' on urea concentration. For the wt

six cycles of ultrafiltration. After a 10dilution was achieved,  protein, as well as form? mutant proteins at all salt

the solution was lyophilized. concentrations, and for th&" and m~ mutant proteins at
Mass spectroscopy using a Micromass Q-TOF Ultima KCl concentrations greater than 0.5 M, this cross-derivative

showed all proteins to be pure. The measured massedS found to be zero. For the wt proteinGuy has already

(10 300.33 Da for R75L, 10 315.01 Da for R75Q, 10 285.11 been shown to be dependent linearly on both urea and salt

Da for K21A, 10 342.20 Da for K22Q, 10 342.24 Da for concentration38). On the other hand, the cross-derivative

K21Q, 10 285.54 Da for K78A, 10 341.84 Da for E57K, IS found here to be positive fan™ mutant proteins and

10 343.65 Da for K60E, 10327.89 Da for K60L, and negative form* mutant proteins at low salt concentration.

10 342.73 Da for K78Q) were consistent with the N-terminal _ Since the free energy of unfolding of barstar is dependent

methionine residue remaining uncleaved during synthesis.lin€arly on urea concentratios42), the equilibrium data

Purity was also checked by gel electrophoresis (16% SDS (in the absence and presence of KCI) for the unfolding of N

PAGE), and all proteins showed95% purity. as a function of urea concentration were fit to a two-state U
Buffers and Solutiongs mixture of 30 mM Tris-HCI (pH ~ — |V model according to the equation:

8) (ultrapure, 99.9% from GibcoBRL), 250M EDTA Y. =

(disodium salt, dihydrate, 996 from SIGMA), and 25Q:M _

DTT (ultrapure from GibcoBRL) constituted the native buffer ~ Yn + mylurea]+ (Y, + my[urea]) e (AGutmunlureal/&D

used for all equilibrium and kinetic experiments. Native 1 4+ g (AGuntmunlureal)/RT)

buffer containing 9-10 M urea (ultrapure, 99.9% from USB) 3)

constituted the unfolding buffer. The concentrations of stock

solutions of urea were determined by measurement of thewhere Yo is the value of the spectroscopic property being
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Table 2: Thermodynamic Parameters from Urea-Induced Equilibrium Unfolding Studies of Wild-Type and Mutant Forms of Barstar in the
Presence of 0.5 and 1.0 M KTl

0 M KCI 0.5 M KCI 1.0 M KCI AAGun

AGun MuN AGun MuN AGyn MuN AAGSEOE M) AAGS)NELO M)
protein  (kcal molfl)  (kcalmoF*M~1)  (kcalmol?t)  (kcalmoFtM-1)  (kcal molt) (kcalmoFtM~-1)  (kcal mol?) (kcal mol1)
wt 4.8 —1.16 5.8 —-1.12 6.9 —-1.19 1.0 1.1
R75L 55 —-1.13 6.5 —-1.13 7.6 —-1.15 1.0 1.1
R75Q 4.5 —-1.17 54 —-1.15 6.5 -1.17 0.9 1.1
K78Q 5.2 —-1.14 6.1 —-1.14 7.2 —-1.14 0.9 1.1
K21A 34 —1.02 5.0 —1.10 6.1 -1.11 1.6 1.1
K78A 4.4 —1.02 6.0 —1.18 7.0 —1.16 1.6 1.0
K21Q 4.1 —-1.32 4.6 —1.18 5.7 —-1.12 0.5 1.1
K22Q 4.3 —-1.22 4.7 —-1.12 5.8 —-1.14 0.4 1.1
E57K 4.4 —-1.25 4.9 —-1.14 6.0 —1.16 0.5 1.1
K60E 4.2 —1.44 4.5 —-1.19 5.5 —1.13 0.3 1.0
K60L 5.8 —1.30 6.2 -1.17 7.3 —-1.16 0.4 1.1

a All data were obtained at 25C, pH 8.0 in 30 mM Tris-HCI, 25cM EDTA, 250 uM DTT. The m* mutant proteins are shown in bold, and
the m™ mutant proteins are shown in italics.

measured as a function of urea concentratigp.and Yy to be eithem™ or m*. Accordingly, mutant proteins witm
represent the intercepts amay and my the slopes of the  values between-1.11 and—1.21 kcal mof* M1 were
native protein and unfolded protein baselines, respectively. classified asr’, those withm values<|—1.1Q kcal mol*
Thus, fits of denaturant-induced equilibrium unfolding data M~! were classified asm~, and those withm values
(in the absence and presence of KCI) to eq 3 yield values >|—1.22 kcal mol't M~* were termedn®. In the detailed
for AGyn and myy. study done on staphylococcal nuclease varié8fs the error
Raw equilibrium unfolding data dfl as a function of urea  in the determination of the value wast2%. In that study,
concentration were also analyzed in an alternative Way, ( those mutant proteins for which thm value exceeded the
They were first converted to plots of fraction unfolddg) ( wild-type m value by a factor of 1.05 were designated as

versus urea concentration, using eq 4: m* mutant proteins, those for which value was lower than
the wild-typem value by a factor of 0.95 were designated
Yo — (Yy + my[ureal) asm-, and those withm values between 0.96 and 1.04 were

fu= (Y, + m,[urea]) — (Y, + my[urea]) ) labeledm® mutant proteins. It is evident that the criteria used
here for the classification of the barstar variantsras m-,
The fy values were then fit to eq 5: or nP are very similar to those used previously in the case
of staphylococcal nuclease.

(5) Table 2 shows the values of the thermodynamic parameters
obtained for the variants of barstar from the two-state
analysis. Mutant proteins R75L, R75Q, and K78Q have

In eq 5,fy is related toAGyy by a transformation of the  values similar to that of wild-type barstar and belong to the

Gibbs—Helmholtz equation in which the equilibrium constant n? class of mutant proteins. K21A and K78A show decreases

o (AGuvHmuurea])IRT)

UT ]} o @Gutmalureal RD

for unfolding in the transition zon&yy, is given byKyy = in mvalues relative to the wild-type and fall in the class,

ful(1 — fy) for a two-state transition. and K21Q, K22Q, E57K, K60E, and K60L show enhanced
m values and belong to then" class of mutant proteins.

RESULTS Force-fitting the urea-induced unfolding curves for the

Urea-Induced Unfolding Studies of Barstar Variarifee ~ andm- mutant proteins using the wild-type value did not
urea-induced equilibrium unfolding of the barstar variants Yield satisfactory fits. Figure 2 shows representath@yy
was monitored using fluorescence. Data were analyzedVersus urea concentration plots of” and m- mutant
according to the two-state N= U model, which has been ~ Proteins. The slope of the linear fit ylelds thne value.
validated §2) for describing the unfolding of barstar (see Overall, the effect of a surface mutation &Gyy ranges
Data Analysis in the Experimental Procedures section). The from —1.3 to+1.0 kcal mof*, which is of the magnitude
values determined foAGyuy andmyy for wild-type barstar expected for mutations on the surface of a protdid).(
(Table 2) agree well with values reported earlier. The urea- Effect of KCl on m Valuedrigure 3 shows the effect of
induced unfolding of wild-type barstar in the absence of salt salt on them values of representativer™ and m~ mutant
was repeated many times, and the standard deviation of theproteins. Tham® mutant proteins have a wild-typa value,
mvalue was determined. The averagealue for wild-type which is not affected in the presence of salt, as seen in Figure
barstar was—1.16 kcal mof! M1, and the standard 3a for a representative® mutant protein, R75L. Fom"
deviation determined was 0.015 kcal mbM ™1, or 1.3%. mutant proteins, the slope of the unfolding transititgG(n
Barstar variants were classified basedowalue deviations.  vs urea concentration plot) is higher than that for the wild-
Any deviation beyond 3 standard deviations of the wild- type protein in the absence of any salt and becomes wild-
type m value was considered to be significant. Mutant type-like in the presence of 0.5 M KCI, as shown in Figure
proteins that hadh values within+3 standard deviations of ~ 3b for a representativer™ mutant protein, K60OE. Similarly,
the wild-typem value were classified as’, those withm the slope of the urea-induced unfolding transitiodG{;y vs
values outside the-3 standard deviation range were taken urea concentration plot) is less for- mutant proteins than
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S LN R e positive for them™ mutant proteins, and zero for the’
mutant proteins, when the KCI concentration<€.5 M.
Thus, them values of them™ and m~ mutant proteins
converge to then value ofm® mutant proteins upon addition
1 of 0.5 M KCI. At higher KCI concentrations (0-51L M), the
value ofdmyn/o[salt] (eq 2) appears to be zero for all mutant
proteins. Thus, upon further addition of KCI, at 1 M
concentration, no further changes are seen fonth@lues

- for any of the mutant proteins:nil M KCI, the m values
for all the mutant proteins are like those of the wild-type
L protein. Except in the case of K21A, the effect of KCI on
“0 1 2 3 4 5 8 7 the m value is seen in 0.5 M KCl itself.

[Urea] (M) Effect of KCl onAG Values.Upon increase of the KCI

Ficure 2: Dependence of stability on urea concentration. Linear concentration from 87%058'5 M, the difference in free energy
fits of AGyy versus urea concentration for some representative of unfolding, AAG(UN M for wild-type barstar is ap-
m~, andnmP mutant proteins, as well as wild-type barstar, are shown. proximately 1.0 kcal mott, which is the same as that seen
The representative proteins are as follows:mutant proteins, wild- ; (0—0.5M) +
type (red), R75L (brown), and K78Q (cyamji™ mutant proteins, for all nP mu'tant.protelns (Table 12y3AGUN _ for m
KBOE (blue) and K21Q (greenjy- mutant proteins, K21A (blacky ~ mutant proteins is<0.5 kcal mof* and for m™ mutant
and K78A (purple). The slope of the linear fit in each case gives proteins is>1.6 kcal mot? (Table 2). Upon increase of the

them_value for the_ urea—indu_ced unfolding of the respective mutant KC| concentration from 0.5 to 1.0 M, the difference in free
protein, and thg-intercept yieldsAGyy. energy of unfolding, AAGST ™™, for all the mutant

AGy, (kcal mol™)

8 1T proteins is essentially the same and is wild-type-like,
6k N a] approximately 1.1 kcal mot (Table 2). Upon increase of

NN ] the KCI concentration from 0.5 to 1 M, the primary effect
IENIAN 5 is stabilization of the native state of the mutant and wild-
,L SR ] type proteins, which occurs to the same extent, due to

I D ] preferential hydration of the protein, and there seems to be
o \\ . no further effect on the compactness of their unfolded states.
P R N Effect of KCI on the Spectral Properties of the Natand

Unfolded Forms of the Mutant Protein§he wavelength of

. maximum fluorescence emissiothay, Of the native state as

6 . well as of the unfolded form of the wild-type protein and of

y the mutant proteins in the absence of KCl and in the presence
of 0.5 and 1.0 M KCl was determined. There was essentially
7 no difference in thelmay either for the N state or for the U
form, for the different mutant proteins. Similarly, there was
no difference in the fluorescence intensity, either for the N

AG,, (kcal mol™)

a— state or for the U form. Moreover, these parameters did not

L A e e change upon addition of salt (data not shown).

N ¢
° DN _ DISCUSSION
4 i -

NG ] Point mutations in a protein can cause unpredictable
2 . changes to overall stability and very often cause unpredict-
ol N ] able changes in apparemtvalue @4). Pronouncean value

N effects were reported first for mutant forms of staphylococcal
01234 5'6’7‘8‘9 nuclease 32), and such effects have also been studied in
the case of T4 lysozymel®), dihydrofolate reductasel§),
[Urea] (M) T1 RNase 47), gene V protein of f1 phaget8), apomyo-
FiGurE 3: Salt e_ffecf‘s omm values. I__‘;gear Iits OfdAG‘iN versus globin @9), calbindin £0), cytochromet (51), and the amino
g;g?eiﬁg?ﬁetﬂgaéﬁgengg g?pégﬁ?tgﬁéséng SO M Krrétl{t(a};t terminal fragment ofl repressor §2). The one consistent
and presence of 1.0 M KCH — —) are shown: (a)r® mutant trend that has emerged from these data is that there is almost
protein R75L; (b)m" mutant protein K60E; (cjn~ mutant protein always a decrease in them value when a protein is
K78A. constrained by covalent cross-links, suggesting that the
unfolded forms of those mutant proteins are more compact
for the wild-type protein and converges to the wild-type  than the unfolded form of the corresponding wild-type
value in the presence of 0.5 M KCI, as is shown for the proteins 28). While the effects of mutations on stability are
representativen” mutant protein, K78A, in Figure 3c. Table explained generally in terms of changes in the native state
2 shows the thermodynamic parameters for urea-inducedinteractions, their effects om values can only be explained
unfolding of all the mutant proteins in the absence of salt on the basis of major changes in the physical interactions
and in the presence of 0.5 and 1.0 M KCI. The value of stabilizing the unfolded form. So far, it has usually been
omyn/d[salt] (eq 2) is negative for then™ mutant proteins, difficult to rationalize changes im values with changes in
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stability. In this studym value effects seen upon mutation Zem salt U OSM KCl 1.0M KCl
of barstar have been correlated with changes in the surface AG ; @
area exposed in the unfolded form and also with changes
observed in protein stability.
Effects of Mutations on Stability and the Malue. AGun AGu"? AG™ a
Mutations at exposed sites on the protein surface do not
usually affect the stability and function of the protein. Thus,
for example, residues on the surface of T4 lysozy®® ( Ny is! Ny
could be replaced routinely with very little change in stability

and structure. Similarly, mutations involving the solvent-
exposed residues afrepressor did not show any measurable  Zero salt 0.5M KCI

changes inT,, (54), and over 100 multiple substitutions " @ s\ @

within an eight-residue segment df repressor retained JIT

repressor activity®5). For a few proteins, surface mutations

_have been_obser\{gd to increase stabib<59), but. drastic AGu™ AG "M AGyy' M b

increases in stability have been observed only in very few

cases 0, 61). Table 2 indicates that the surface mutations AGs AGs

of barstar that are reported here do not have major effects & ——— N «——— &N

on stability: the changes in the free energy of unfolding

depend on the site of the mutation and range frefin3 to

1.0 kcal mof?in the absence of salt. As in the case of other  zero salt . 05MKCI 1.0M KCl

proteins, the effects of surface mutations on the stability of :

barstar are difficult to rationalize because it is not possible @ N @ @

to predict whether the mutations also perturb interactions

that stabilize the unfolded form, in addition to perturbing AG™ 05 oM

interactions that stabilize the native state. For the same UN AGun AGun c

reason, it is difficult to rationalize the effects of the mutations .

onmyvalues. In this study, the purpose has been to correlate . AGs . AGSM -

the effects of the mutat)ilons OFI)’] tﬁe stability and on tine o % D HS o

value to use these effects to identify and describe compactricure 4: Free energy cycles correlating the effect of salt on

and expanded components in the unfolded form ensemble stability for (a) m? mutant proteins, (bjn- mutant proteins, and
Effect of Salt on Structure in the Unfolded Form and on (€) m" mutant proteins. The free energy of unfoldingrof, m-,

Stability. Salts can affect the stabilities, solubilities, and and m" mutant proteins is given bAGun, AG(y, and AG[,

biological activities of proteinss@). They are known to affect ~ respectively, in the absence of saliGyy" and AGy" represent

native states of protein§2, 63), molten globule formsg4), the free energy of unfolding in the presence of 0.5 and 1.0 M KCl,

equilibrium intermediates6), and kinetic intermediates on respectively, for all the three classes of mutant proteins, and their
quilibrium | : ' Inetic | : values vary from one protein to the nemGg is the free energy

folding and unfolding pathways3g, 66, 67). At low o transfer of the N state from 0 to 0.5 M KCI or from 0.5 to 1.0
concentrations, salts stabilize proteins through nonspecific M KCI, and is assumed to have the same value fomfien—, and

electrostatic interactions, which depend only on the ionic m* mutant proteins (see DiscussioMGy is the free energy of
strength of the mediun6g). These nonspecific interactions  transfer of the U form from 0.5 to 1.0 M KCI, and it is assumed to
are brought about by either Debye screening of electrostatichave the same value for tm#, m~, andm" mutant proteins (see
interactions in the proteir6@) or weak binding of the ions D's;l;ss'on)' Itis als.o tfhe freg en%r%yl\jf EZTZE{,P? thiufform of
to. the protein_'(O). D.ebye theory Cann.Ot ac count fqr the large 22ergyn2#t32:1£‘2)rt?)lfnth[aom for:r? of am- mutant i?:)rolfeia (feroﬁr? %
d!fferences n sa_ltlng-out and _saltlng-ln effectlvenes_s of to 0.5 M KCl, andAGg+ is the free energy of transfer of the U
different salts at hlgh concentrations. At high concentrations, ¢qrm of anm* mutant protein from 0 to 0.5 M KCl.
salts exert a specific effect on proteins, referred to as the
Hofmeister effect71), which arises from an increase in the surface area of the native state (see above) because there is
strength of hydrophobic interactions on account of weak no evidence for any specific ion binding sites on the surface
interactions of the protein with the salfd). The surface  of folded barstar38) and because there is no evidence that
tension of water is increased due to a change in its hydrogenthe surface area of the N state changes upon addition of salt,
bonding properties7@), and the Hofmeister effect is specific  for any of the mutant proteins, it has been assumed that (1)
in that it depends not only on the concentration but also on the free energy of transfer of the native state of any mutant
the nature of the salt. The effect of salt on the structure of protein from 0 to 0.5 M KCI has the same value as the free
the unfolded form, as reflected in how it changesrtivalue, energy of transfer from 0.5 to 1.0 M KCl and (2) this transfer
as well as on the stability of barstar can be explained by free energy AGY) has the same value for all proteins. Since
invoking Debye screening of electrostatic interactions at low the exposed surface area of the unfolded form of afly
salt concentrations and by invoking the Hofmeister effect at protein is not affected by the presence of KClI, as reflected
high salt concentration. in the m value being essentially independent of KCI
To bring out the correlation betweemvalue changes and  concentration (Table 2), and because there is no evidence
changes in stability upon addition of KClI, free energy cycles for specific ion binding sites on the unfolded form, the value
were constructed as shown in Figure 4. Since the mutationsof the free energy of transfer of the unfolded form ofreh
are not expected to have any significant effect on the exposedorotein from 0 to 0.5 M KCl is expected to be the same as
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that for transfer from 0.5 to 1.0 M KCI. It is also expected by salt of anm™ mutant protein is lower than that of unfolded
to be the same as the value of the free energy of transfer ofform of an m® mutant protein: a stabilizing interaction
the unfolded form of am™ or m~ protein from 0.5to 1 M present in the unfolded form of th@~ mutant protein is
KCI because thenvalues of then™ andm™ mutant proteins ~ responsible for the relative compactness seen (fronmthe
are the same in 0.5 dril M KCI and are the same as the value) in the structure of the unfolded form. It is likely that
values of ther® proteins. Since the exposed surface area of the favorable contribution to the free energy of the unfolded
the unfolded form is altered in tiat andm™ mutant proteins ~ form arises from an attractive long-range electrostatic
when no salt is present, the value of the free energy of interaction that brings different segments of the chain
transfer of the unfolded form of an™ andm™ mutant protein together in the unfolded form of the~ mutant protein and
from 0 to 0.5 M KCl is expected to depend on the class of makes it more compact than the unfolded form of the wild-
mutation, whethem®™ or m~. The values oAGyy, AG&ﬁM, type protein. In 0.5 M KCI, the electrostatic interaction is
and AGJL'”?‘M are different from one protein to another, as screened fU”y by the mobile Charges, and the unfolded form
expected, (Tab|e 2)7 and the free energy Cyc|es h|gh||ght the of them™ mutant protein expands to the size of the unfolded

reason the values CmAG(SN%l'OM) are virtually identical form of the wild-type protein, as seen from the change in
(1—-1.1 kcal mot?) for all proteins and they are nearly the m value. Once the unfolded form of th@~ mutant

; ; 1 (0-0.5M) protein has expanded to the size of the unfolded form of the
identical to the values~(1 kcal mof) of AAGyy for mP protein, further stabilization of the™ mutant protein upon
increasing KCI concentration from 0.5 to 1 M occurs by
preferential hydration and is the same as that affprotein,
as expected.

m™ Mutant Proteins Upon addition of 0.5 M KCI, the
values ofAAGY,>*™ for them* mutant proteins fall in the

the m? mutant proteins.

m° Mutant Proteins.Upon addition of 0.5 M KCI, the
increase in the free energy change\GOy, ", of all the
mP mutant proteins is similar in value (04 kcal mol?) to
the AAGS, %™ of the wild-type protein (Table 2). The

same holds good.when(gllgrel.oK'\%I concentration 'ls mcreasedrange of 0.3-0.5 kcal mot?! and are less than the values of
fLorr; 0510 1.0 M'IA.AGU.N ~ r::-lf k”cal _mo’r .I F_romh. AAGS),]O'SM) for the wild-type orm® mutant proteins, by
the free energy cycle in Figure 4-a,t e following relationships 54 7 kcal mot* (Table 2). Upon an increase in the KCI
emerge for therf mutant forms: concentration from 0.5 to 1.0 M, the free energy change,
AGYSM — AG,, = AGY — AGY ~ 1 kcal mol™* (i) AAGSNH'OM), is similar to that seen for the wild-type
protein or them® mutant proteins (1:81.1 kcal mot™?). It is
AGY — AGY represents the stabilization of the N state by remarkable that these valuesmAG( " are so similar
preferential hydration. Also, for them™ andn? proteins when the individual values A&f
GoMandAG" vary so much from one protein to another
AGGM — AGM = AGY — AGE ~ 1.1 kcal moT " (i) (Table 2). From the free energy cycle shown in Figure 4c,
the following relationships emerge for th& mutant forms:
This value is nearly identical to that ®GJ3" — AGuyn,
which is expected because the free energy of unfolding, AGYM — AGT, = AGY — AGY" ~ 0.5 kcal mol* (v)
AGyn, has a linear dependence on the concentration of KClI
(39). AGHM — AGHM = AGY — AGY ~ 1.0 kcal moT* (vi)
m~ Mutant ProteinsFor them™ mutant proteins, the value
of AAGS,**™ is ~1.6 kcal mot?, which is greater than  Thus,
the value of AAG% %" of the wild-type ornP mutant
proteins (Table 2). Upon an increase in the KCI concentration AGLSJ — A(_?,g+ ~ —0.5 kcal molt
from 0.5 to 1.0 M, the free energy changeAGO> " ~
1.1 kcal mot?, is similar to that seen for the wild-type or  Thus, the unfolded form of any one of the mutant proteins
the P mutant proteins, even when the individual values of studied here is destabilized relative to the unfolded form of
AGHM and AGLM vary so much from one protein to  the wild-type ornf protein by~0.5 kcal mot™. The free
another (Table 2). In Figure 4b, the following relationships energy of the stabilization of the unfolded form of ar
emerge from the free energy cycle for time mutant mutant protein is higher than that of the unfolded form of
proteins: annmP mutant protein because the unfolded form of the former
is destabilized compared to the latter, probably because of
AGHM — AGT, = AGY — AGY ~ 1.6 kcal mol* (iii) the presence of a repulsive long-range electrostatic interac-
tion. This destabilizing electrostatic interaction is screened
AGb‘,ﬂM — AGE,ﬁM = AGQ — AGg ~ 1.0 kcal mol'* (iv) in 0.5 M KCI. The m value measurements show that the
unfolded form of anm' mutant protein in the absence of
Thus, salt has greater exposure of nonpolar surface than does the
unfolded form of am® mutant protein but that upon addition
AGg — AGSL’* ~ 0.6 kcal mol*! of 0.5 M KClI, the degree of exposure of nonpolar surface
becomes similar. Thus, upon addition of salt, the unfolded
Thus, the unfolded form of any one of the mutant proteins ~ form of anm™ protein contracts to the size of the unfolded
studied here is stabilized relative to the unfolded form of form of anm? protein, and the stabilization of an™ mutant
the wild-type orm® protein by ~0.6 kcal mot! on the protein by preferential hydration is the same as that of the
average. The free energy of stabilization of the unfolded form unfolded form of anm® protein.
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The effect of 0.5 M KCI on the energetics of unfolding of proteins. The increase in stabilization upon increasing the
the various mutant proteins can therefore be explained onKCI concentration from 0.5 to 1.0 M is accounted for by

the basis of electrostatic interactions in the unfolded form the
of anm* or m™ mutant protein. Upon addition of 0.5 M KClI,

Hofmeister effect.

these electrostatic interactions are screened by the mobillACKNOWLEDGMENT
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