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Abstract: The goal of this article is to gain a better understanding of the denatured state ensemble

(DSE) of proteins through an experimental and computational study of their denaturation by urea.
Proteins unfold to different extents in urea and the most hydrophobic proteins have the most

compact DSE and contain almost as much secondary structure as folded proteins. Proteins that

unfold to the greatest extent near pH 7 still contain substantial amounts of secondary structure. At
low pH, the DSE expands due to charge–charge interactions and when the net charge per residue

is high, most of the secondary structure is disrupted. The proteins in the DSE appear to contain

substantial amounts of polyproline II conformation at high urea concentrations. In all cases
considered, including staph nuclease, the extent of unfolding by urea can be accounted for using

the data and approach developed in the laboratory of Wayne Bolen (Auton et al., Proc Natl Acad

Sci 2007; 104:15317–15323).
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Introduction

Characterizing the denatured state ensemble (DSE)

is crucial for understanding protein stability and the

mechanism of protein folding,1–3 and progress is

being made using a variety of approaches.4–12 The

realization that many proteins are unfolded or have

regions of the polypeptide chain that are disordered

under physiological conditions has made this even

more important.13–15 These proteins are referred to

as intrinsically disordered proteins (IDPs) and the

number identified is now over 500. Some of the char-

acteristics, such as hydrophobicity and mean net

charge, that distinguish IDPs from proteins that fold

have been identified.6,13,16 One aim of this article is

to see if these characteristics are similar to those

that determine the extent of unfolding of proteins

in urea.

Protein chemists have used urea to unfold pro-

teins for many years.17 In 1974, it was shown that

an analysis of urea denaturation curves could be

used to estimate the stability of a protein.18 The

data are used to calculate the free energy of un-

folding, DG, as a function of urea concentration. It

was found that DG varies linearly with urea
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concentration and the data were fit to the following

equation:

DG ¼ DGðH2OÞ �m ðureaÞ (1)

where m is the slope of a plot of DG versus urea mo-

larity and DG(H2O) is the value of DG at 0M urea,

and, consequently, an estimate of the stability of the

protein in the absence of denaturant. This method is

called the linear extrapolation method (LEM), and it

is widely used to measure protein stability,19,20 gen-

erally giving stability estimates in good agreement

with those determined by analyzing thermal denatu-

ration curves.21,22 In this article, we focus our atten-

tion on m and we refer to it as the m value.

Tanford showed that m values depend on the

groups that are buried in the folded protein, but

exposed to solvent in the unfolded protein.23 Since

the groups buried in the folded protein can be esti-

mated,24 the m values can be used to reach conclu-

sions about the DSE. The current interest in m val-

ues and the DSE was stimulated by studies on staph

nuclease by the Shortle lab.25 They showed that sin-

gle change in the amino acid sequence could lead to

large changes in the m values and concluded, in

part, ‘‘. . . the denatured state of this protein under

many conditions is not a random coil – it has resid-

ual structure ��� this residual structure can be dra-

matically altered by single mutations ��� .’’25 Other

groups reached similar conclusions based on m val-

ues.26–31 Myers et al.32 showed that the GdnHCl and

urea m values correlate with the amount of protein

surface area newly exposed to solvent upon unfold-

ing, as does the heat capacity change. Several

groups have used different approaches and model

compound data to account for this observation:

Schellman,33 Timasheff,34 Record,35 and Bolen.36

To apply Tanford’s approach quantitatively, the

free energy of transfer, DGtr, of the constituent groups

of a protein from water to urea solutions must be

known. Some of these values were measured by

Tanford and Nozaki37 and others,38,39 but there was

considerable uncertainty in the value for the peptide

group. More recently, the Bolen group carefully meas-

ured transfer free energies for the side chains and

backbone units of a protein for urea and many pro-

tecting osmolytes.40 They showed that the interac-

tions of urea with the backbone groups of the protein

make the major contribution to the m value and were

able to predict m values in good agreement with ex-

perimental m values.36 This required a model for the

DSE of proteins. They chose a DSE model that was in-

termediate between two extreme models proposed by

the Rose Lab41 and used earlier by Schellman.33 This

model led to good agreement between the predicted

and experimental m values.

Despite the good overall agreement observed by

Myers et al.,32 Cannon et al.,35 and Auton et al.,36 it

has long been clear that proteins unfold to different

extents.18,22 One objective of this article is to see if

we can explain why proteins unfold to different

extents in urea. In addition, we report m values for

a small protein, villin head piece (VHP), with just 36

residues, and a very large protein, an outer surface

lipoprotein of Borrelia burgdorferi (VlsE), with 294

residues that extend the previous results.36

For several proteins, the m value measured at

pH 3 is twice as large as the m value measured at

pH 7.42–49 Originally, it was suggested that electro-

static repulsion among the many positive charges on

a protein at pH 3 caused the molecules in the DSE

to expand so that more favorable interactions with

urea were possible.42 Other explanations have been

proposed.50,51 The availability of more reliable DGtr

values and the evidence that it is mainly the back-

bone units and not the side chains that determine

the m values has made this question even more puz-

zling.35,36 To gain a better understanding, we have

prepared a series of charge variants of RNase Sa for

which the net charges varies from þ14 to �14

between pH 3 and 7 and measured m values as a

function of pH and salt concentration. These results

give us better insight into the dramatic shifts in the

m values with pH.

Results

Urea denaturation curves were determined for VHP,

RNase Sa, and VlsE and the results are shown in

Figure 1. These curves were analyzed to calculate

DG as a function of urea [Eq. (1)], and the results

are given in Table I. The m values for VHP and

VlsE are the average from three experiments. The m

value for RNase Sa was first reported in 199852 and

has since been measured by several graduate stu-

dents. Based on these results, the average m value

¼ 940 6 40 cal/mol/M. The m values for VHP and

Figure 1. Percent folded protein as a function of urea

concentration for VlsE (l), RNase Sa (n), and VHP (h) in 30

mM Mops, pH 7.0, 25�C.
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VlsE are the smallest and largest values that have

been measured for monomeric proteins. Note that

RNase Sa is more stable than VHP despite the fact

that they have similar (urea)1/2 values, and the stabil-

ities of RNase Sa and VlsE are similar despite the big

difference in the (urea)1/2 values (Table I). These are

reflections of the large differences in the m values.

Urea denaturation curves for RNase Sa 7K (Ta-

ble II) at a series of pHs between 3 and 7 are shown

in Figure 2. At pH 7, the m value is 1.15, but at pH

3, it is doubled to 2.37 cal/mol/M (Table III). This

can be seen in the curves in Figure 2: the curves

become steeper as the pH decreases. Note also that

the m value at pH 3 is identical at 5 and 25�C. Simi-

lar studies were done on the charge variants of

RNase Sa shown in Table II, and the parameters

obtained by fitting the data to Eq. (1) are summar-

ized in Table III. In addition, m values were meas-

ured as a function of salt concentration for some of

the charge variants and the results are presented in

the ‘‘Discussion.’’ For the rest of the article, we will

refer to the wild type protein as either RNase Sa or

0K, and the other proteins by the name given in

Table II, e.g., 7K or 5REA.

Circular dichroism (CD) spectra for folded and

urea and thermally unfolded RNase Sa are shown in

Figure 3. Folded RNase Sa contains 15% a-helix and

20% b-sheet. The unusual positive CD band at 235

nm observed for folded RNase Sa has been discussed

previously.54 The CD spectrum of thermally dena-

tured RNase Sa differs substantially from that of

the urea denatured protein, as has been observed in

studies of other proteins.55 The CD spectrum of the

protein in 8.5M urea is consistent with the presence

of substantial amounts of polyproline II (PPII) con-

formation.56,57 The CD spectra of five of the charge

variants in Table II are shown in Figure 4. The spec-

tra in 4A suggest that the five proteins have similar

conformations in 8.5M urea at pH 7 and that the

molecules in the DSE contain similar amounts of the

PPII conformation. The spectra in 4B show that in

3.5M urea at pH 3 0K, 5K, and 7K have similar con-

formations with a reduced content of PPII in the

DSE. (These proteins are unfolded at 3.5M urea.)

When the urea concentration is increased to 8.5M,

the content of PPII is increased and is greater for

5K and 7K than it is for 0K, 3REA, and 5REA.

These results will be discussed further below.

Discussion

Urea m values correlate with DASA values

It was previously shown that there is a good correla-

tion between urea m values, GdnHCl m values, DCp

and DASA, the change in solvent-accessible surface

area when the protein unfolds.32 In this article, we

reconsider the urea m values. Previously, we used

urea m values for 32 proteins ranging in size from

56 to 270 residues.32 Here, we add urea m values for

a smaller protein, VHP, with 36 residues and a

larger protein, VlsE, with 338 residues (Table I).

Only 294 of the 338 residues in VlsE are visible in

the structure of VlsE.58 In addition, we include the

m values for RNases Sa, Sa2, and Sa3,52 the m

Table I. Predicted and Experimental m Values for VHP, RNase Sa, and VlsE

Protein Residues pdb DASA (upper) (Å2)a DASA (lower) (Å2)b mPred (cal/mol/M)c mExp (cal/mol/M)d

VHP 36 1YRI 2465 1894 424 435 6 20
RNase Sa 96 1RGG 7503 5992 1005 940 6 40
VlsE 338 1L8W 25725 21066 4216 3860 6 200

a DASA upper is based on the upper boundary model of Creamer et al.41 for the denatured state.
b DASA lower is based on the lower boundary model of Creamer et al.41 for the denatured state.
c The average of DASA upper and lower was used to calculate mPred as described by Auton et al.36

d mExp are the experimental m values for the proteins determined from urea denaturation experiments at 25�C, pH 7, 30
mM MOPS buffer. The [urea]1/2 values were 6.71 6 0.04M for VHP, 6.45 6 0.06M for RNase Sa, and 1.19 6 0.05M for
VlsE. The DG(H2O) values in kcal/mol are 2.9 for VHP, 6.1 for RNase Sa, and 4.6 for VlsE.

Table II. Variants of RNase Sa and Their Estimated pI Values and Net Charges at pH 3 and pH 7

Name Variant pIa Net charge pH 3 Net charge pH 7

7K D1KþD17KþE41KþD25KþE74KþD79KþS31K 9.75 14.4 (15.0, �0.6) 6.4 (13.4, �7.0)
6K D1KþD17KþE41KþD25KþE74KþD79K 9.60 13.4 (14.0, �0.6) 5.4 (12.4, �7.0)
5K D1KþD17KþE41KþD25KþE74K 9.20 12.3 (13.0, �0.7) 3.4 (11.4, �8.0)
3K D1KþD17KþE41K 6.50 10.1 (11.0, �0.9) �0.6 (9.4, �10.0)
0K Wild Type 4.20 6.8 (8.0, �1.2) �6.6 (6.4, �13.0)
1RE R40E 4.00 5.8 (6.0, �1.2) �8.6 (5.4, �14.0)
2RE R40EþR63E 3.75 4.7 (6.0, �1.3) �10.6 (4.4, �15.0)
3REA R40EþR63EþR65A 3.60 3.7 (5.0, �3.3) �11.6 (3.4, �15.0)
5REA R40EþR63EþR65AþR68AþR69A 3.40 1.7 (3.0, �1.3) �13.6 (1.4, �15.0)

a The pI and net charge values were calculated using the intrinsic pK values in 0.1M NaCl at 25�C: a-carboxyl ¼ 3.67, Asp
¼ 3.94, Glu ¼ 4.25, His ¼ 6.54, a-amino ¼ 8.00, Tyr ¼ 9.84, Lys ¼ 10.40, and Arg ¼ 12.3.53
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values for RNases H from three species,59–61 and the

m values for some proteins included in the analysis

by Hong et al.62 and by Auton et al.36 that were not

included previously.32 We used only monomeric pro-

teins whose folding approaches a two-state mecha-

nism. For the proteins that have disulfide bonds, the

DASA values are corrected by subtracting 900 (Å)2

per disulfide bond as described previously.32 For the

original list with 32 proteins, m ¼ (0.140 6 0.005)

(DASA) with a correlation coefficient of 0.90.32 For

the new list of 52 proteins, m ¼ (0.153 6 0.003)

(DASA) with a correlation coefficient of 0.94. These

results are shown in Figure 5A. In Figure 5B, we

show the same plot for the 39 m values from pro-

teins that do not contain disulfide bonds. In this

case, m ¼ (0.155 6 0.003) (DASA) with a correlation

coefficient of 0.95. The good agreement between the

results in 5A and 5B shows that the correction

applied for proteins containing disulfide bond is rea-

sonable. Recent studies by the Bolen group36 and

the Record group35 both conclude that the major

contribution to the urea m value is from the DASA

of the backbone peptide groups. Consequently, we

also plotted urea m values versus the DASA of the

backbone groups and found: m ¼ (0.55 6 0.01)

(DASA backbone groups) with a correlation coeffi-

cient of 0.95. The good correlation between the urea

m values and DASA shows that changes in urea m

values can be used to estimate changes in DASA.

More hydrophobic proteins have more compact
denatured states

Auton et al.36 showed that urea m values could be pre-

dicted using the DGtr values from water to 1M urea

measured for the backbone group and the side chains

of proteins. In their original analysis, 36 proteins were

included. We have analyzed the three proteins in Table

I in the same way, and the combined results for these

39 proteins are shown in Figure 6. There is a good cor-

relation between the measured and predicted m values:

m (exp) ¼ (0.96 6 0.03) (m (calc)) with a 0.92 correla-

tion coefficient. However, it is clear that some of the

measured m values deviate substantially from the pre-

dicted values. To predict the m values, it is necessary to

assume a model to calculate the ASA for the denatured

state. The model assumed was the average of the upper

and lower bound models suggested by Creamer et al.41

(These models will be discussed further below.) It

seems likely that the predicted m values that deviate

to the greatest extent do so because the proteins unfold

to a greater or lesser extent than the model. Using the

measured m values and those predicted for the upper

and lower bounds,36 we can estimate the extent of

unfolding for each of the 39 proteins. This approach

shows that apomyoglobin (12% unfolded) is the least

and staph nuclease (90% unfolded) the most unfolded

proteins. This difference in extent of unfolding is strik-

ing and will be discussed further.

Figure 2. Percent folded protein as a function of urea

concentration for RNase Sa 7K at pH 3, 25�C (l), pH 3,

5�C (*), pH 4.16, 25�C (n), pH 4.74, 25�C (^), and pH

7.00, 25�C (~).

Table III. Parameters Characterizing the Urea Denaturation of RNase Sa and Eight Charge Variantsa

pH 3b

DG(H2O)
(kcal mol�1)

pH 7b

RNase Sac
[Urea]1/2

(M)
m

(kcal mol�1 M�1) [Urea]1/2 (M)
m

(kcal mol�1 M�1)
DG(H2O)

(kcal mol�1)

7K 1.1 2.37 2.6 5.7 1.15 6.6
6K 1.2 2.25 2.7 6.9 1.03 7.1
5K 1.8 1.92 3.5 5.3 1.07 5.7
3K 1.7 1.95 3.3 4.0 0.93 3.7
0K 1.6 1.63 2.6 6.4 1.00 6.4
1RE 1.9 1.52 2.9 6.6 0.91 6.0
2RE 2.2 1.66 3.7 6.4 0.91 5.8
3REA 1.5 1.43 2.1 4.9 0.93 4.6
5REA 4.5 1.17 5.3 4.6 0.85 3.9

a The urea denaturation curves were analyzed using Eq. (1) as previously described.19

b The variants are described in Table II.
c The urea denaturation curves were determined at 25�C in 30 mM glycine buffer at pH 3 or 30 mM MOPS buffer at pH 7.
The [Urea]1/2 and m values are based on 3 to 7 urea denaturation curves and the errors are estimated to be 610% for the
values at pH 3 and about 62% for [Urea]1/2 and 6 5% for the m values at pH 7.
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In Table IV at the top, we list five proteins that

are on average 80% unfolded. We chose not to use a

fragment (Nank 4–7, 71% unfolded) of the full-

length notch ankyrin domain because it is partly

unfolded under native state conditions. At the bot-

tom, we list five proteins that are on average 34%

unfolded. We chose not to use apomyoglobin (12%

unfolded) because the native protein binds a heme

group; cytochrome c (21% unfolded) because of the

presence of the heme groups, and von Willebrand

factor A3 domain (26% unfolded) and ribonuclease A

(36% unfolded) because they both contain disulfide

bonds. The ten proteins in Table IV are all mono-

meric proteins without disulfide bonds that closely

approach a two-state folding mechanism. Their urea

m values were measured at pH 7 6 1.

Uversky et al.13 published one of the first papers

that attempted to predict whether a protein would

be ‘‘natively unfolded’’ under native state conditions.

(For the remainder of the paper, we will refer to

these as IDPs.) They showed that the key

Figure 4. Circular dichroism spectra of RNase Sa and

some charge variants (Table II). A: pH 7, 8.5M urea, 25�

and B: pH 3, 8.5M urea, 25�C (open symbols), and pH 3,

3.5M urea, 25�C (closed symbols).

Figure 3. Circular dichroism spectra of RNase Sa in 30

mM MOPS buffer at pH 7, 25� (l), in 30 mM MOPS buffer

at pH 7, 70� (n) and in 8.5M urea, at pH 7, 25� (h).

Figure 5. Experimental m values as a function of the

change in solvent-accessible surface area for protein

unfolding (DASA). A: This plot includes all 52 proteins given

in the list in the Supporting Information. For the proteins

that contain disulfide bonds, 900 (Å)2 was subtracted from

the DASA per disulfide bond.32 All of the proteins are

monomeric proteins with two-state folding mechanisms. B:

This plot includes only the 39 proteins from the table with

no disulfide bonds.

Nick Pace et al. PROTEIN SCIENCE VOL 19:929—943 933



characteristics were a low overall hydrophobicity

and a large net charge. For their sample of 91 IDPs,

the mean hydrophobicity was 0.39 6 0.05 and the

mean charge per residue was 0.12 6 0.09. For their

sample of 250 folded proteins, the mean hydrophobic-

ity was 0.48 6 0.03 and the mean charge per residue

was 0.04 6 0.04. In the extensions of these prediction

procedures,63 these have remained important param-

eters. They are also important in predictions of amy-

loid formation.64 We reasoned that these same two

characteristics might be important in determining

the extent of unfolding of proteins in urea.

In Table IV, we compare characteristics of the

proteins that unfold to the smallest extent with

those that unfold to the largest extent. The proteins

range in size from 56 to 159 residues, and size does

not appear to be an important factor. Similarly, Gly

and Pro contents do not appear to be an important

characteristic. None of the proteins that are the

most unfolded have a net charge per residue as large

as the average for the IDPs, and the averages for

the two groups of proteins are very similar. Thus,

the net charge per residue does not seem to be as

important here as it does in the case of IDPs.13 (It is

important at pH 3, as discussed below.) The two

groups of proteins differ significantly in their con-

tent of nonpolar residues, and there is a correspond-

ing change in their content of polar and charged res-

idues. We will focus on the nonpolar residues. The

average nonpolar residue content is 37% for the

most unfolded and 43% for the least unfolded pro-

teins. Two of the proteins stand out: Calbindin con-

tains only 33% nonpolar residues and CheY contains

49% nonpolar residues (Table IV). These results

encouraged us to examine the differences in hydro-

phobicity in more detail.

The results of Auton et al.36 show that when a

protein unfolds, 75% of the change in accessible sur-

face area, DASA, is due to the side chains and 25%

is due to the backbone groups. However, the urea m

values are dominated by the contribution of the

backbone groups (See Fig. 4 in Auton et al.36). Can-

non et al.35 reached a similar conclusion. So, to

explain the results in Table IV, we need to know

why peptide groups are much more accessible to

urea in the most unfolded proteins than in the least

unfolded proteins. The column giving the percent

nonpolar residues from Table IV is shown as the sec-

ond column in Table V. This is not the best measure

of a protein’s hydrophobicity because it does not take

into account the differences in hydrophobicity among

the amino acid side chains. Uversky et al.13 used the

Kyte and Doolittle scale (K-D)73 to calculate the

mean hydrophobicity of their sample of proteins.

Figure 6. Experimental m values as a function of

calculated m values for 39 proteins. The m values were

calculated as described by Auton et al.36 Three of the m

values are from Table I and the rest are from Ref. 36.

Table IV. Comparison of Properties of Least and Most Unfolded Proteins

Protein % Unfoldeda # Residues
% Nonpolar

residuesb
% Polar and

charged residuesc % Gly % Pro
Net charge

(pH 7)d
Net charge
per residue

Staph Nuc 90 149 36 53 7 4 10 0.07
Barnase 89 110 37 51 9 3 2 0.02
LDKE 82 93 40 53 7 1 �6 0.07
Calbindin 71 75 33 55 7 5 �7 0.09
FKBP 68 107 36 45 12 7 2 0.02
Average 80 107 37 51 8 4 0.05

DHFR 37 159 43 44 6 6 �8 0.05
RNase H 35 155 40 48 9 3 3 0.02
NTRPL9 35 56 41 48 9 2 6 0.11
Barstar 32 89 44 48 6 2 �6 0.07
Che Y 31 129 49 41 8 2 �4 0.03
Average 34 118 43 46 8 3 0.06

a % unfolded ¼ [experimental m value � calculated m value (lower bound)]/[calculated m value (upper bound) � calculated
m value (lower bound)], using the values for each protein given in Table SI-3 of the Supporting Information for Auton
et al.36.
b Ala, Val, Ile, Leu, Met, Cys, Phe, Tyr, and Trp.
c Thr, Ser, Gln, Asn, Asp, Glu, His, Lys, and Arg.
d Calculated as described in Table II.
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The K-D scale assigns each amino acid a hydropho-

bicity on a scale that ranges from �4.5 to þ4.5.

These values were normalized to a scale ranging

from 0 to 1 and used to calculate the total and mean

hydrophobicity of each protein. This calculation can

be done with the program PONDR that is available

at www.pondr.com.65 We used this program to calcu-

late the mean hydrophobicity of each of the proteins

in Table IV and the results are shown in the third

column in Table V. The least unfolded proteins are

6% more hydrophobic that the most unfolded pro-

teins, a difference that is considerable smaller than

the difference based on just the nonpolar amino acid

content (16% higher). If the nonpolar side chains are

important in determining the interaction of back-

bone groups from urea, the K-D scale is probably

not a good one to use. For example, it classes the

Tyr and Trp side chains as hydrophilic, in contrast

to most other scales. For this reason, we also calcu-

lated the mean side chain hydrophobicities using six

hydrophobicity scales determined in different ways.

The results are shown in Table V. For each of the six

scales, the least unfolded proteins are substantially

more hydrophobic than the most unfolded proteins.

As the units on the various scales differ, we have

calculated the % difference in mean hydrophobicity

based on each scale and these are shown at the bot-

tom of Table V. The % differences range from 10% to

17% with an average of 13%. Staph nuclease is the

least hydrophobic protein on all of the scales and

either CheY or barstar are the most hydrophobic.

It is hard to envision how this 13% greater

hydrophobicity can reduce the exposure of the back-

bone groups of a protein from 90% to 30%. However,

it is now clear that ‘‘ ��� hydrophobic interactions

remain strong even in 8M urea solution.’’12 If the

increased hydrophobicity of the side chains causes

pockets of structure to form, they would have to

remove 60% of the backbone groups from access to

solvent to explain these results. This seems unlikely.

This subject will be discussed further below.

The m values double at low pH because
charge–charge repulsion leads to

DSE expansion

We showed previously that the m values for RNase

A, RNase T1, Barnase, and RNase Sa increase

markedly when the pH is lowered from 7 to 3.42,43,46

This has also been observed with staph nuclease47

and other proteins.44,45,48,49 The original explanation

was that electrostatic repulsion among the positive

charges at low pH causes the molecules in the DSE

to expand so that they are able to interact more

extensively with urea. More recently, Whitten

et al.51 suggested that the m value is low at pH 7

due to the presence of intermediate states and

increases at lower pHs because the concentration of

the intermediates decreases. To investigate this fur-

ther, we prepared a series of variants of RNase Sa

that differ in charged group content (Table II) and

measured their m values at pH 3 and 7 (Table III).

The pI, net charge, and estimated content of positive

and negative charges on the proteins at pH 3 and 7

are shown in Table II. For all of these variants, the

number of residues and the hydrophobic residue con-

tent is identical.

Table V. Estimating the Average Hydrophobicity of the Least and Most Unfolded Proteins Shown in Table IV

Protein % Nonpolar residuesa PONDRb Octanolc Cyclohexaned Rosemane W-C-Wf K-M-Hg C-Wh

Staph Nuc 36 0.40 0.57 1.07 0.47 0.74 5.76 0.40
Barnase 37 0.43 0.67 1.11 0.56 0.86 6.94 0.44
LDKE 40 0.45 0.74 1.34 0.58 0.91 7.17 0.51
Caldbindin 33 0.43 0.69 1.33 0.57 0.86 7.35 0.52
FKBP 36 0.45 0.67 1.21 0.53 0.83 6.69 0.47
Average 37.5 0.43 0.67 1.21 0.54 0.82 6.78 0.47

DHFR 43 0.47 0.80 1.41 0.60 0.98 7.85 0.54
RNase H 40 0.43 0.67 1.22 0.52 0.85 6.73 0.45
NTRPL9 41 0.43 0.66 1.34 0.54 0.85 6.79 0.49
Barstar 44 0.47 0.85 1.51 0.65 1.02 8.33 0.58
Che Y 49 0.50 0.81 1.62 0.64 1.03 8.22 0.59
Average 43.4 0.46 0.76 1.42 0.59 0.94 7.58 0.53

% Greater 16 6 13 17 10 12 12 13

a Ala, Val, Ile, Leu, Met, Cys, Phe, Tyr, and Trp. The side-chains of these residues were used to calculate the average
hydrophobicity in the following columns.
b Calculated using the program PONDR65 (www.pondr.com) as described in the text.
c Calculated using DGtr values from n-octanol to water determined by Fauchere and Pliska66 and given in Pace.67

d Calculated using DGtr values from cyclohexane to water determined by Radzika and Wolfenden68 and given in Pace.67

e Calculated using the hydropathy values in column 4 of Table 1 in Roseman.69

f Calculated using the solvation free energy values given in column 4 of Table 2 in Wimley et al.70

g Calculated using the hydrophobicity coefficients given in column 5 (pH 7, no salt) of Table III as determined in Kovacs
et al.71

h Calculated using the ProtScale Tool (http://ca.expasy.org/tools/pscale) which is based on the hydrophobicity scale deter-
mined in Cowan and Whittaker.72

Nick Pace et al. PROTEIN SCIENCE VOL 19:929—943 935

http://www.pondr.com.
http://www.pondr.com
http://ca.expasy.org/tools/pscale


At pH 3, there is a steep increase in the m value

as the net positive charge on the molecule increases

(Fig. 7). The amino acid substitutions are all on the

surface of RNase Sa, so it is not surprising that the

folded CD spectra of the variants are similar and

they all have RNase activity (data not shown). In

addition, the structure of 5K has been determined

and the results are presented in the Supporting In-

formation. The structure (PDB ID code 3A5E) is

very similar to RNase Sa (1RGG). Consequently, the

folded conformations of the variants do not differ

significantly from that of RNase Sa. The difference

between the m values at pH 7 and 3 increases as

the net charge goes up, and for 3K, 6K and 7K, the

m value more than doubles. The equation describing

the line shown on the figure is m ¼ 0.082 (net

charge) þ 1.10 with a correlation coefficient of 0.96.

It seems unlikely that this pH dependence would be

observed if it resulted from a decrease in the concen-

tration of a folding intermediate. It is more consist-

ent with an expansion of the molecules in the dena-

tured state ensemble as the positive charge on the

molecules increases. This expansion of the DSE at

low pH is supported by electrostatic effect calcula-

tions on the unfolded state of staph nuclease by Fitz-

kee and Garcia-Moreno.74

At pH 7, the dependence of the m value on net

charge is much smaller (Fig. 7). The equation

describing the results at pH 7 is m ¼ 0.011 (net

charge) þ 1.02 with a correlation coefficient of 0.87.

To aid in understanding these results, Table II

shows the net charge and the contribution from posi-

tive and negative charges for each of the variants.

For wild type RNase Sa (0K), for example, at pH 3

the net charge is 6.8 due to 1.2 (�) and 8.0 (þ)

charges, but at pH 7 it is �6.6 due to 13 (�) and 6.4

(þ) charges. Despite the similarity in the net

charges, the m value is much higher at pH 3 (1.6)

than it is at pH 7 (0.95). This probably results, in

part, because the number of charges is a more bal-

anced at pH 7 and there are both favorable and re-

pulsive electrostatic interactions among the charges

at pH 7 and this makes the molecules in the DSE

more compact. There is now considerable evidence

showing that electrostatic interactions in the DSE

can affect both the stability and kinetics of folding of

proteins.75,76

Another observation is interesting. It is clear

that an excess of positive charges on the molecules

causes a much larger increase in the m value than

an excess of negative charges. For example, 7K has

a net charge of þ 14.4 at pH 3 and the m value is

2.4, but 5REA has a net charge of �13.6 at pH 7

and the m value is 0.9 (Tables II and III). Conse-

quently, in the DSE, there may be greater repulsion

among positive charges than among an equivalent

number of negative charges. We have also observed

a difference in the effect of positive and negative

charges on the solubility of RNase Sa. Adding nega-

tive charges to the protein surface always increases

the solubility, but adding positive charges may

either increase or decrease the solubility.77 This may

have to do with the extent of hydration of charged

groups on proteins. As Collins78 has pointed out: ‘‘ ���
the negative charges on proteins (carboxylates) are

strongly hydrated, whereas the positive charges on

proteins (derivatives of ammonium) are weakly

hydrated.’’

For three of the proteins, the m values were

measured in the presence of 1M NaCl at pH 3 and

7, and the results are shown in Table VI. At pH 3,

the m values are always lower at the higher salt

concentration and the decrease depends on the net

charge on the molecule. These results are consistent

with the higher salt concentration reducing the elec-

trostatic interactions among the positive charges at

pH 3 so that the molecules in the DSE are more

compact. At pH 7, the m values do not differ signifi-

cantly with salt concentration, suggesting that both

repulsive and attractive electrostatic interactions

are present so the effect of higher salt concentration

is smaller.

The results for urea and GdnHCl m values are

quite different. For the same three proteins shown

in Table VI, the GdnHCl m values decrease from an

average value of 2.6 6 0.1 kcal/mol/M at pH 7 to

2.3 6 0.1 at pH 3 (Richard Thurlkill, unpublished

results). The GdnHCl m values for RNase A were

identical within error at pH 7 and 3, but for RNase

T1, the GdnHCl m value is slightly higher at pH 3

than it is at pH 7.42 Thus, the pH dependence of the

GdnHCl m values is quite different from that of the

urea m values. Lim et al.79 have suggested that urea

but not GdnHCl destabilizes proteins by hydrogen

bonding to the peptide group. They suggest that ‘‘���
stacking rather than H-bonding is the most likely

Figure 7. Experimental m values as a function of net

charge for the charge variants of RNase Sa (Table II) at

pH 7 (l) and pH 3 (h).
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mode for guanidinium interaction with the peptide

group.’’ This, plus the fact that GdnHCl is a salt,

screening charge–charge interactions, may contrib-

ute to the differences observed.

All experimental m values can be accounted for
using the approach of Auton et al.36

Auton et al.36 measured DGtr values from water to

1M urea for all of the amino acid side chains and

the backbone units in a polypeptide chain. These

data and an approach developed by Tanford23 were

used to predict the m values shown in Figure 3. We

will use the equations shown below and the data

used previously36 to calculate m values.

mcalc ¼ DG1M
tr;D � DG1M

tr;N

¼
Xsidechains

i¼AA type

ni � GTFE�
i � Dasc

i þ GTFEbb

�
XBackbone

i¼AA type

ni � Dabb
i (2)

where DG1M
tr;D � DG1M

tr;N is the free energy difference

between native (N) and denatured (D) protein when

transferred from dilute buffer to 1M urea, GTFE*i is

the corrected transfer free energy values for the

side-chains, GTFEbb is the transfer free energy for

the backbone groups, ni is the number of residues of

type i in the protein, and Dasc
i and Dabb

i are the side

chain and backbone group average fractional change

in solvent accessibility of residue i for the N!D

reaction (SI Appendix of Ref. 36).

Dabb or sc
i ¼

"Xni
j¼1

ðASAi;j;D � ASAi;j;NÞ

#
=ni ASAijD (3)

where ASAi,j,N and ASAi,j,D are the native and dena-

tured solvent accessible surface areas of residues in

the native and denatured states calculated as

described in Auton et al.36 In the denominator, we

use the ASA for the side chains and backbone

groups in the fully extended chain—the upper bound

of Creamer et al.41—rather than the ASA based on

Gly-X-Gly tripeptides used by Auton et al.36 The

Gly-X-Gly model overestimates the exposure of the

side chains in denatured proteins.41 In addition, we

used DGtr ¼ �43 cal/mol for the backbone group

rather than the value of 39 cal/mol used by Auton

et al.36 The more negative value is based on model

peptides which should be a better model for an

unfolded protein than the cyclic diglycine which was

used to obtain the other value. We predicted m val-

ues for seven proteins using the lower and upper

bounds described by Creamer et al.41 The results are

shown in Table VII.

For their upper bound model, Creamer et al.41

calculated the ASA using an extended conformation

Table VI. Effect of NaCl on the m values of RNase Sa (0K) and the 3K and 5K Charge Reversal Variants at pH 3
and pH 7

Variant

pH 3 pH 7

Net
chargea

m 0M NaCl
(kcal mol�1M�1)

m 1M NaCl
(kcal mol�1M�1) % D

Net
chargea

m 0M
NaCl (kcal mol�1M�1)

m 1M NaCl
(kcal mol�1M�1) % D

0K 6.8 1.63 1.44 ; 11.7 �6.6 1.00 0.97 ; 3.0
5K 12.3 1.92 1.48 ; 22.9 3.4 1.07 1.09 ; 1.8
7K 14.4 2.37 1.61 ; 32.1 6.4 1.15 1.17 ; 1.7

a Calculated as described in Table II.

Table VII. Comparing the Experimental and Calculated m Values (cal mol�1 M�1) for Seven Proteins

Protein
Experimental
m value pH 7

Calculated m
value (lower bound)a

Net charge per
residue pH 7b

Experimental m
value pH 3

Calculated m value
(upper bound)a

Net charge per
residue pH 3b

Staph Nuc 2380c 900 0.07 4200d 3510 0.21
Barnase 1940e 1035 0.02 3015e 2875 0.15
7K 1150f 510 0.07 2370f 1910 0.15
5K 1070f 510 0.04 1920f 1910 0.13
0K 940g 515 �0.07 1630f 1980 0.07
Barstar 1250h 1145 �0.07 N/A 2630 0.18
Che Y 1600i 1520 �0.03 N/A 3755 0.11

a Calculated using Eq. (3) as described in the text.
b Calculated as described in Table II.
c From Ref. 80.
d From Ref. 47. The pH was actually 3.7.
e From Ref. 43.
f From Table VI.
g From Table I.
h From Ref. 81.
i From Ref. 82.
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of the protein with the backbone dihedral angles set

to / ¼ �120� and W ¼ þ120� and side chain torsion

angles set to 180�. This is the same approach used

by Spolar et al.,83 but Creamer et al.41 use the aver-

age of results from 43 proteins. When applied to

individual proteins, the results are generally in rea-

sonable agreement, but, for example, for staph nu-

clease, the DASA from Creamer et al.41 is 15%

higher than the value from Hong et al.62 Unfolded

proteins are not expected to be as unfolded as this

upper bound model.

For their lower bound model, the average ASA val-

ues of 17 residue fragments from 43 proteins with the

same conformation they have in folded proteins were

used.41 The fragments retain the secondary structure

they have in the folded proteins, but there will be no

long-range interactions. Unfolded proteins are not

expected to be as compact as this lower bound model.

Creamer et al.41 analyzed the accessible surface

area (ASA) of five proteins with from 110 to 275

residues (See their Table II). For these proteins, the

ASA is �30% greater for the upper bound model than

for the lower bound model. (For comparison, the ASA of

the Gly-X-Gly tripepetide model is �22% higher than

the upper bound model.) The % difference in ASA

between the upper and lower bounds is greater for the

backbone groups than for the side chains. For staph

nuclease, for example, the ASA for the upper bound

model is 73% higher for the backbone groups, but only

a 19% increase for the side chains. This is expected

based on the model used for the lower bound where the

native a-helices and b-turns will be retained, but lon-

ger-range tertiary interaction will not.

The m values for the two proteins that unfold to

the smallest extent, barstar and CheY, are close to

the m values calculated using the lower bound

model; the experimental m values are only 5 and 9%

higher (Table VII). This suggests that the proteins

with the most compact denatured states approach the

lower bound model of the DSE. For the two proteins

than unfold to the greatest extent, barnase and staph

nuclease, the measured m values are intermediate

between the lower and upper bound models. This sug-

gests that at pH 7 they contain substantial structure,

but considerably less than barstar and CheY.

For the two proteins that unfold to the greatest

extent, barnase and staph nuclease, and for 0K, 5K,

and 7K, experimental m values have been measured

at pH 3 where the m values are much higher than

at pH 7 (Table VII). It is of interest to compare these

m values with those predicted using the upper

bound model. For barnase and 5K, the experimental

m values are in reasonable agreement with the m

values calculated using the upper bound model. For

RNase Sa (0K), the calculated m value is greater

than the experimental value. We think this result

because the net charge per residue is much less for

0K than for barnase and 5K (Table VII). This sug-

gests that barnase and 5K approach the upper

bound model which has no structure, but that 0K,

because of the lower net charge per residue, retains

some structure at pH 3.

For staph nuclease, the measured urea m value

increases from 2380 at pH 7, to 3100 at pH 4, to

�4200 at pH 3.7.47 The m value cannot be measured

at lower pHs because the native state is not stable

and the value at pH 3.7 is less certain because only

part of the urea denaturation curve can be meas-

ured. The urea m value at pH 3 for staph nuclease

will clearly be much greater than the predicted m

value of 3510 (Table VII).

There is no evidence in Figure 7 that the m val-

ues at pH 3 for the charge variants of RNase Sa are

leveling off as the net charge on the molecules

increases. The largest measured m value at pH 3 is

2370 for 7K (Table III), but the predicted value is

only about 1910 (Table VII). (The structure of 7K

has not been determined, but this variant should

have a structure similar to RNase Sa and 5K and,

consequently, a similar predicted m value. The struc-

ture of 5K is reported here. The details are given in

the Supporting Information, and the pdb ID is 3A5E.)

The fact that the m values predicted using the upper

bound model are less than the measured m values at

pH 3 for 7K and staph nuclease is puzzling. The upper

bound model is a fully extended chain and should give

the maximum possible m value for a given protein.

There are only a few possibilities to account for this

and they are discussed next.

The presence of intermediates would lower the

m value so this need not be considered. Another pos-

sibility is the effect of an increase in the PPII con-

tent, as observed in the CD spectra. Urea promotes

the formation of PPII,56 and we observe this with

the RNase Sa charge variants. For 0K, 5K, and 7K,

the content of PPII increases substantially when the

urea concentration is raised from 3.5 to 8.5M [Fig.

4(B)]. The increase is greatest for 5K and 7K, which

have the highest m values. This suggests that when

the net charge per residue is high, the DSE contains

more PPII than when it is lower. Since the net

charge per residue is higher for staph nuclease than

any of the other proteins, it may well have an even

higher content of PPII. This is a possible explana-

tion for why the m value calculated using the upper

bound is less than the measured m value for staph

nuclease. Related to this, the DGtr value for a pep-

tide group might be higher if the peptides used for

the measurements were in a PPII conformation. The

DGtr values were determined in 1M urea and this

might not be high enough to induce a PPII confor-

mation in the peptides. A decrease from �43 kcal/

mol to �50 kcal/mol would account for the measured

m values of 7K and staph nuclease. Auton et al.36

point out that if the transfer free energies of the

glycine peptides are corrected for the dipolar ion
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contribution, the value obtained is �56 cal/mol per

backbone unit, and the Pettit group (personal com-

munication) has computed a value of �54 cal/mol so

a decrease to 50 cal/mol is a reasonable possibility.

In summary, for the two proteins that unfold to

the smallest extent, barstar and CheY, the m values

predicted by the lower bound model are in reasona-

ble agreement with the measured m values. For the

proteins that unfold to the greatest extent at pH 3,

the m values predicted by the upper bound model

can account for m values for 0K, 5K, and barnase,

and only a moderate increase in the DGtr for the

backbone group is needed to account for the m val-

ues for 7K and staph nuclease. This is encouraging.

It suggests that the wide range of measured m val-

ues can be accounted for using the approach of

Auton et al.36 and that some of the more complicated

explanations that have been suggested may not be

necessary.51

The DSE of proteins at pH 7 must contain

substantial amounts of secondary structure

Studies by the Bolen and Record labs suggest that

urea m values are determined mainly by the back-

bone groups of a protein that are exposed to solvent

when the protein unfolds.35,36 Thus, the large differ-

ence between the least and most unfolded proteins

in Table IV must result from differences in the

extent of burial of backbone groups in the DSE. This

suggests that the proteins that unfold to the small-

est extent contain more structure that reduces their

interactions with urea. This would most likely be

a-helices, b-sheets, and b-turns. It has been shown

that proteins with more compact DSEs contain more

secondary structure.12,84 The results from the previ-

ous section suggest that for the least unfolded pro-

teins the content of secondary structure in the DSE

is not much less than observed in folded proteins. It

seems unlikely that pockets of structure of the type

observed in several proteins could account for these

results, although in some cases they may play an

important role.85–87 There is little evidence from the

CD spectra for the presence of a-helices in the

unfolded proteins (Fig. 4), perhaps because the heli-

ces form transiently in the DSE and will generally

be shorter than the helices in folded proteins. How-

ever, there is abundant evidence from NMR studies

that the denatured states of proteins contain native

and nonnative a-helices and other structures that

could inhibit the interactions with urea.11,88,89 Our

results indicate that these structures occur to a

greater extent in more nonpolar proteins.

For the proteins that unfold to the greatest

extent, considerable structure must be present in

the DSE at pH 7, but it is clearly less than the

amount present in the proteins that unfold to a

smaller extent. The results in the previous section

suggest that for the proteins with the largest net

charge per residue the structure is disrupted by

repulsive charge–charge interactions at pH 3. So, the

importance of net charge per residue seen in IDPs can

also be seen in proteins denatured by urea.

Staph nuclease, an enigma?

Studies by Tanford’s group in the 1960’s led many of

us to a too simple view of protein denatured states.90

This ended 20 years later when the Shortle lab began

their studies of staph nuclease. In 1986, Shortle and

Meeker80 observed large differences between the m

values of staph nuclease mutants that differed only

slightly in amino acid sequence and suggested: ‘‘One

plausible explanation for these altered patterns of

denaturation is that chain–chain or chain–solvent

interactions in the denatured state have been modi-

fied—interactions which appear to involve hydropho-

bic groups.’’ In the 20 years that followed, the folding

and DSE of staph nuclease were studied in more detail

than for any other protein but, despite this, many

questions remain.89,91–94 In 2003, Schellman con-

cluded33: ‘‘Staphylococcal nuclease, as usual, is atypi-

cal in essentially all respects. The m values of this pro-

tein vary considerably as a result of single point

mutation in sequence, indicating large differences in

exposed surface area ���. This suggests a structure in

the unfolded form that is more detailed and specific

than the generic polymer effects normally associated

with unfolded proteins.’’ For staph nuclease, there is

good evidence that intermediates are present for some

mutants under some conditions33,51,84 and that the

DSE is more compact at low urea concentrations

where the m value is measured and expands as the

urea concentration increases.95 These two topics were

not considered here, because they would be important

in explaining low m values and m� mutants, but not

the high m value observed with staph nuclease. Our

results show that you can account for the exception-

ally high m value observed for staph nuclease at low

pH, and, as discussed above, the exceptionally low

m values observed with other proteins using the

approach of Auton et al.36 Nevertheless, Staph nucle-

ase does seem exceptional and it is important that we

gain an understanding of its interesting DSE under

all conditions. We conclude by extending the thoughts

of Shortle and Meeker. The most plausible explanation

for the differences in the extent of unfolding of pro-

teins in urea is that chain–chain and chain–solvent

interactions in the denatured state differ and appear

to involve hydrophobic groups.

Materials and Methods

All buffers and chemicals were of reagent grade.

Urea was from Amresco or Nacalai Tesque (Kyoto,

Japan) and GdmCl was from MP Biomedicals or

ICN Biomedicals. Both were used without further

purification. The plasmids for RNase Sa and the var-

iants were derived from the pEH100 plasmid
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previously described.96 The plasmids for VHP and

VlsE were derived from pET vectors (Novagen), and

their constructions are described in detail in Fu.97

Expression hosts were either E. coli strains RY1988

(MQ), DS2000, or C41(DE3). Oligonucleotide primers

for mutagenesis were from Integrated DNA Technol-

ogies (Coralville, IA). Site directed mutagenesis was

performed with a QuikChangeTM Site-Directed

Mutagenesis Kit from Stratagene (La Jolla, CA). Mu-

tant plasmids were sequenced by the Gene Technolo-

gies Lab, Texas A&M University, and the integrity of

each gene was confirmed through the sequence.

RNase Sa, and the 3K and 5K variants were

expressed and purified as described previously.98 For

the 5K, 6K, and 7K variants, the host strains were

grown for 6 h after induction before harvesting, and

the postharvest supernatant was applied to a cation-

exchange column equilibrated in 15 mM Tris, 3mM

EDTA pH 7.8, then eluted with a 0–0.6M NaCl gra-

dient. Size-exclusion chromatography was performed

in 50 mM formic acid. For the 3REA and 5REA var-

iants, an anion exchange column equilibrated in 50

mM sodium succinate pH 5.35 was used, and the

proteins were eluted with a 0–1.0M NaCl gradient.

VHP was expressed and purified as described in

Fu.97 VlsE was expressed according to the Studier

auto-induction procedure.99 Briefly, C41 E. coli cells

were transformed with the His-tag free VlsE294 vec-

tor (V3nL) onto LB agar plate with 50 lg/mL ampi-

cillin. A single colony was picked the next day and

grown to a saturated solution in 2 mL LB. This was

then inoculated into 2 L of ZYM 5052 medium con-

taining 50 lg/mL ampicillin, and grown over night

at 30 �C. The cells were harvested and resuspended

in TE buffer (15 mM Tris/3 mM EDTA/pH 7.4), then

lysed using a French Press. NaOAc was added into

the lysate to 50 mM and the pH was adjusted to 5

by adding concentrated HCl with stirring. This sus-

pension was centrifuged at 10,000g for 20 min. The

supernatant was loaded onto a Sephadex C-25 col-

umn equilibrated with NE buffer (50 mM NaOAc/2

mM EDTA/pH 5). Elution was with a 0–0.6M salt

gradient in NE buffer after a 10 column volume

wash. The fractions containing VlsE were pooled

and diluted tenfold with PE buffer (20 mM phos-

phate/2 mM EDTA/pH11.3) before loading onto a 100

mL sepharose Q column equilibrated with PE buffer.

The protein was then eluted by 0–0.7M salt gradient

in PE buffer after 10 column volume wash. Fractions

containing VlsE were pooled, desalted, freeze dried,

and frozen in �20 �C freezer. The purity of all pro-

teins was confirmed by SDS PAGE and MALDI-TOF

mass spectrometry.

Urea denaturation curves were determined

using either an AVIV 62DS or 202SF spectropo-

larimeter (Aviv Instruments, Lakewood, NJ) to fol-

low unfolding. The method for RNase Sa and the

variants has been described previously.52 For VHP,

circular dichroism measurements were made at 222

nm at �7lM protein concentration. For VlsE, circu-

lar dichroism measurements were made at 220 nm

at �1 lM protein concentration.100 The analysis of

urea denaturation curves assumed a two-state

unfolding model and was performed as described

elsewhere.101
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