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Abstract

Our goal was to gain a better understanding of the contribution of hydrophobic interactions to
protein stability. We measured the change in conformational stability, A(AG), for hydrophobic
mutants of four proteins: villin head piece subdomain (VHP) with 36 residues, a surface protein
from Borrelia burgdorferi (VISE) with 341 residues, and two proteins previously studied in our
laboratory, ribonucleases Sa and T1. We compare our results with previous studies and reach the
following conclusions. 1. Hydrophobic interactions contribute less to the stability of a small
protein, VHP (0.6 £ 0.3 kcal/mole per —-CH,— group), than to the stability of a large protein, VISE
(1.6 = 0.3 kcal/mol per —CHy,— group). 2. Hydrophobic interactions make the major contribution to
the stability of VHP (40 kcal/mol) and the major contributors are (in kcal/mol): Phe 18 (3.9), Met
13 (3.1), Phe 7 (2.9), Phe 11 (2.7), and Leu 21 (2.7). 3. Based on A(AG) values for 148
hydrophobic mutants in 13 proteins, burying a -CHy— group on folding contributes, on average,
1.1 + 0.5 kcal/mol to protein stability. 4. The experimental A(AG) values for aliphatic side chains
(Ala, Val, lle, and Leu) are in good agreement with their AGy, values from water to cyclohexane.
5. For 22 proteins with 36 to 534 residues, hydrophobic interactions contribute 60 + 4% and
hydrogen bonds 40 + 4% to protein stability. 6. Conformational entropy contributes about 2.4
kcal/mol per residue to protein instability. The globular conformation of proteins is stabilized
predominately by hydrophobic interactions.
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Introduction

By the late 1930’s, the structure of globular proteins was beginning to be understood and
Bernal concluded: 1 “lonic bonds are plainly out of the question - the hydrophobe groups of
the proteins must hold it together. --- the protein molecule in solution must have its
hydrophobe groups out of contact with water, that is, in contact with each other, - In this

© 2011 Elsevier Ltd. All rights reserved.

Corresponding Author: C. Nick Pace, Department of Molecular and Cellular Medicine, 440 Reynolds Medical Building, College
Station, TX 77843-1114. Phone: 979-845-1788. FAX: 979-847-9481. nickpace@tamu.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pace et al.

Results
VISE

Page 2

way a force of association is provided which is not so much that of attraction between
hydrophobe groups, which is always weak, but that of repulsion of the groups out of the
water medium.” The importance of this suggestion was not widely appreciated until 1959
when Kauzmann’s influential review was published. 2 He presented convincing evidence
that: “The hydrophobic bond is probably one of the more important factors involved in
stabilizing the folded configuration in many native proteins.” This kindled Tanford’s long-
term interest in the hydrophobic effect and he used the limited model compound data
available in 1962 to show that: 3 “-.- the stability of the native conformation in water can be
explained - entirely on the basis of the hydrophobic interactions of the non-polar parts of
the molecule.” Tanford has written an interesting history of the hydrophobic effect. 4

In 1971, Tanford and Nozaki published the first hydrophobicity scale, using ethanol as a
model for the interior of the protein.> Other hydrophobicity scales followed using

octanol 8 7, N-methylacetamide,® and cyclohexane @ as models of the protein interior. The
applications and reliability of these scales have been discussed.10-13

In 1987, Yutani’s group was the first to gain a better understanding of the contribution of the
hydrophobic effect to protein stability, by studying hydrophobic mutants of tryptophan
synthase a subunit (Trp Syn a).24 This was followed by similar studies of other proteins:
barnase (Ba) 1°-17: staph nuclease (SN) 18 19: gene V protein?%; T4 lysozyme (T4

Lyso) 21-23; chymotrypsin inhibitor 2 (C12) 24; FK506-binding protein (FKBP);2° human
lysozyme (hLys0)2; fibronectin type 111 domains 27; ubiquitin 28; Sac7d and Sso7d 29; and
apoflavodoxin (ApoFlavo) 30. These studies showed that the contribution of a buried
nonpolar side chain to protein stability depends on two factors: first, the hydrophobicity of
the side chain and the amount of side chain surface area removed from contact with water
when the protein folds, and, second, the van der Waals interactions of the side chain when
the protein is folded and unfolded. The importance of hydrophobicity had long been
recognized 2 31, but it became clear only later that van der Waals interactions may make an

even larger contribution because of the tight packing in the interior of folded
proteins. 19 28,32, 33

It seems likely that the stabilizing and destabilizing forces that contribute to protein stability
will depend on protein size. As globular proteins become smaller, it will not be possible to
completely bury hydrophobic side chains, and the charged side chains will be closer together
and potentially in different environments than in a larger protein. In addition, the denatured
state ensembles might depend on the size of the protein and this could influence protein
stability.

In this paper, we examine the contribution of hydrophobic interactions to the stability of a
small protein, villin headpiece subdomain (VHP) with 36 residues3# 35, and of a large
protein, Borrelia burgdorferi protein (VISE) with 341 residues.36: 37 The mutants studied are
superimposed on their structures in Fig. 1. In addition, we have studied the contribution of
hydrophobic interactions to the stability of two proteins previously studied in our laboratory,
ribonucleases Sa (RNase Sa) and T1 (RNase T1). Aided by previous results, these new data
allow us to gain an improved understanding of the contribution of hydrophobic interactions
to protein stability.

Jones and Wittung-Stafshede previously studied the denaturation of VISE by urea and
guanidine hydrochloride (GuHCI), and found it to be completely reversible, as do we for
urea denaturation. 37 They followed the unfolding with both fluorescence and circular
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dichroism and got identical results which is consistent with a two-state folding mechanism.
They also reported kinetic data that were consistent with a two-state mechanism. Based on
their results and conclusions, we have assumed a two-state folding mechanism for VISE for
the analysis of our results.3’

To study the contribution of the hydrophobic effect to the stability of VISE, we prepared five
Ile to Val mutants (Fig. 1b). All of these lle residues are completely buried, and the mutants
contain one less —-CHo— group than wild-type. Urea denaturation curves were determined by
measuring the circular dichroism at 220 nm as a function of urea concentration, and
analyzed using the linear extrapolation method. Typical results are shown in the
Supplementary Data. The unfolding curves for wild type VISE and the five mutants are
shown in Fig. 2 and the results are given in Table 1. The mutants are all less stable than wild
type and the decreases in stability range from 1.1 to 1.9 kcal/mol with an average = 1.6 + 0.3
kcal/mol.

McKnight et al. were the first to report studies of the thermal and GuHCI denaturation of the
VHP subdomain. 34 Since then, many studies of different aspects of the folding of VHP and
related variants have been published. (For recent examples, see Refs. 38 and 39). Our VHP
has an N-terminal Met and is identical to the protein designated HP-36 by McKnight et al.34
We also find the thermal, urea, and GuHCI denaturation to be completely reversible and our
Tm =74.4 °Cis in good agreement with their value of 72°C determined under different
conditions. They find a stability of 3.3 + 0.4 kcal/mol from GuHCI denaturation at 4°C and
we find 2.7 kcal/mol from both urea and GuUHCI denaturation at 25°C. 34

To study the contribution of the hydrophobic effect to the stability of VHP, we prepared the
following nine mutants: L2A, F7A, V10A, F11A, M13A, F18A, L21A, L29A, and L35A
(Fig. 1a). Urea denaturation curves were determined by measuring circular dichroism of
VHP at 222 nm as a function of urea concentration, and analyzed using the linear
extrapolation method. Typical results are shown in the Supplementary Data. The results
from studies of five mutants using urea denaturation are summarized in Table 2. The
stabilities of all nine mutants were measured using thermal denaturation and the results are
given in Table 3. The A(AG) values from urea and thermal denaturation curves are in
reasonable agreement and we use the average of the two for the mutants where both are
available.

We have previously used RNase Sa to study many different aspects of protein stability and
folding. 4045 To study the contribution of the hydrophobic effect to the stability of RNase
Sa, we prepared 5 lle to Val and 5 Leu to Ala mutants. Three thermal denaturation curves
were determined for each mutant and the average results are summarized in Table 4.

Like RNase Sa, RNase T1 is a member of the microbial ribonuclease family that we have
used in many previous studies. 4648 To investigate the contribution of the hydrophobic
effect to the stability of RNase T1, we prepared 2 lle to Val, 2 Val to Ala, and 1 Leu to Ala
mutants. Two urea denaturation curves were determined for each of the mutants and average
results are summarized in Table 5. Devos et al. 49 previously studied the V16A and V78A
mutants of RNase T1 and determined their structures. Our A(AG) values in Table 5 are in
excellent agreement with their values of 2.49 kcal/mol for V16A and 4.08 kcal/mol for
VV78A which were also obtained from an analysis of urea denaturation experiments. The
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thermodynamics of folding of these hydrophobic mutants of RNase T1 were also studied
using differential scanning calorimetry and the results are given in the Supplementary Data.

Other Proteins

We have also compiled A(AG) values for 138 hydrophobic mutants in 11 proteins and these
are available in the Supplementary Data. The compilation includes 331 — V, 39V — A, 26
| —» A, and 40 L — A mutants.

Discussion

Previous studies have shown that the A(AG) values for hydrophobic mutants are determined
mainly by two factors: first, a constant term that depends on the difference in hydrophobicity
between the wild-type and mutant side chains and, second, a variable term that depends on
the difference in van der Waals interactions of the side chains. It is the second term that
leads to the range of values (See Table 7 below) that are observed for mutants of the same
type in different proteins and at different sites in the same protein. It is determined by the
distance to neighboring atoms and their polarizability, so the local environment is

important. 19 28. 32,33 |n mutants of known structure, a cavity is generally observed in the
mutant and Matthew’s group showed that larger cavities result in larger A(AG) values
because the loss of van der Waals interactions is greater. 2223 A similar observation was
made by Bowie’s group for the membrane protein bacterial rhodopsin (b Rhod).59 These
studies and others suggest that the van der Waals interactions of the nonpolar side chains can
make a larger contribution to the A(AG) values than the differences in

hydrophobicity. 19: 28,32, 33 \When the A(AG) values from these two studies are extrapolated
to zero cavity volume, the A(AG) values for the T4 lysozyme are greater than for
rhodopsin.?2: 23.50 This probably results because the rhodopsin side chains are in a more
nonpolar environment in the unfolded protein so the difference in hydrophobicity is smaller
than for T4 lysozyme. We will make use of these ideas below in interpreting our results.

Hydrophobic interactions contribute more to the stability of a large protein than a small

protein

The results for VISE, VHP, RNase Sa, and RNase T1 from Tables 1 to 5 are combined and
summarized in Table 6. For VHP, none of the side chains are 100% buried, but we studied
all of the hydrophaobic side chains that are over 70% buried. In contrast, over 40% of the
aliphatic side chains are 100% buried in VISE because of its larger size. The hydrophobicity
term discussed above depends on the accessible hydrophobic surface area that is removed
from contact with water.2 23 Consequently, this term will be reduced for side chains that are
not completely buried in the folded protein. An approximate correction can be made by
dividing the observed A(AG) values by the fraction buried for the side chain, so that the
A(AG) values are compared at the same accessibility, 100% buried.?1: 52 The observed and
corrected A(AG) values are given in Table 6. This correction will have no effect on the van
der Waals term that also contributes to the A(AG) values. The same correction was made for
all of the mutations analyzed in Table 7 when the wild type side chain was less than 100%
buried. The average corrected A(AG) values are never over 6% greater than the observed
values so the corrections will not change any of the conclusions we reach.

One goal of our studies was to see if the burial of nonpolar groups makes the same
contribution to the stability of a small protein, VHP (36 residues) as it does to the stability of
a large protein, VISE (341 residues). To consider this, we analyzed the results of previous
studies of the contribution of hydrophobic interactions to protein stability. For the mutants
considered, a larger aliphatic side chain is replaced by a smaller to minimize steric effects.
The proteins ranged in size from 64 residues (chymotrypsin inhibitor 2) to 168 residues
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(apoflavodoxin). (Table 3 in the Supplementary Data gives the proteins and the mutations
used in the analysis, and Tables 4 to 7 list the results for individual proteins for 33 lle to Val,
39 Val to Ala, 26 lle to Ala, and 40 Leu to Ala variants. Only side chains that were at least
70% buried in the wild type protein were included. The results for RNases Sa and T1
reported here were included in the analysis.) The analysis included 138 mutations that
removed a total of 309 —CHo— groups in 11 proteins. The range and average of the A(AG)
values for each type of mutation are given in Table 7. In addition, the differences in side-
chain size are given along with the A(AG) values expected when octanol or cyclohexane are
used to model the interior of the protein.

The range of A(AG) values is large, and this gives rise to a large standard deviations from
the average values. This shows that individual side chains are in quite different
environments in folded proteins. The average experimental A(AG) values are in good
agreement with the A(AG) values based on cyclohexane. We will make use of this
observation below. For the four types of mutants in Table 7, the A(AG) values per -CH,—
group are similar suggesting that the average of the van der Waals contacts lost are similar
even though the potential differences in volume between the side chains is large.

The results for VHP and VISE are compared with the other proteins in Table 8. The average
A(AG) value for VHP is lower than that for any other protein. This was expected. None of
the hydrophobic side chains in VHP are completely buried so they will have less favorable
van der Waals interactions than a completely buried side chain. Since VHP is small, it
should be possible for theoreticians to use these results to achieve a better understanding of
the contribution of the van der Waals interactions of the hydrophobic side chains to the
stability of globular proteins.

The average A(AG) values for RNase T1 and VISE are considerably higher than for any of
the other proteins. The results for VISE are interesting and allow us to draw some
conclusions. In 2000, Fleming and Richards examined the packing density in a large sample
of proteins and concluded: 23 “One would expect increased overall packing in large proteins,
proteins with a high percentage of helix and proteins with a high percentage of aromatic and
small residues and a low percentage of aliphatic residues.” They also found that some
proteins had packing densities that differed significantly from the average. In contrast, Liang
and Dill examined the packing density in the interiors of globular proteins, and concluded,
in part,>4 “We find that larger proteins are packed more loosely than smaller proteins. And
we find that the enthalpies of folding (per amino acid) are independent of the packing
density of a protein, indicating that van der Waals interactions are not a dominant
component of the folding forces.” Both of these studies and others have pointed out that the
packing of protein interiors is heterogeneous and this is one of the reasons for the
differences between proteins seen in Table 8. °5-57 VISE was not included in these analyses,
but our results suggest that it may be more tightly packed than the other proteins that have
been studied, all of which are considerably smaller than VISE.

It seemed possible that the denatured state ensembles (DSE) of larger proteins might have
more structure under physiological conditions than those of smaller proteins because the
percentage of nonpolar residues increases with size.8 If so, the hydrophobic effect might
make a smaller contribution to the stability of proteins as they become larger. The results
with VISE suggest that this is not the case. The results for RNase T1 are interesting. The
average A(AG) is larger than for any other protein. This suggests that the cavities left in the
RNase T1 mutants might be larger than in the other proteins. This is supported by the results
of De Vos et al.*° who determined the structures of the V16A and V78A mutants and
concluded: “Little or no adaptation of the immediately surrounding residues is observed that
reduces the volume of the induced cavity ---” The atomic temperature factors of the wild-
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type protein also suggest that the mutations are in a rigid part of the molecule. This might
result because this protein has two disulfide bonds so that it is more difficult for the structure
to relax and fill the cavity. However, this is not consistent with the results for human
lysozyme. After VHP, human lysozyme has the lowest average A(AG) per —CHy— group.
This suggests that this protein does not have large cavities in the mutants, despite the fact
that this protein has four disulfide bonds, more than any of the other proteins in Table 8.

Forces contributing to protein stability

The average observed A(AG) values in Table 7 are in good agreement with the values
predicted from model compound studies using cyclohexane (CH) as a model for the protein
interior. This agreement probably results because, on average, CH is more polarizable than
the interior of the protein but is not as tightly packed and the two effects compensate.?: 52
This suggests that the AG;; values from water to CH can be used to estimate the average
contribution of the hydrophobic effect to protein stability. The aliphatic residues and the —
CHo— groups from the polar and charged side chains make the largest contribution to the
hydrophobic effect, ranging from 78% for VHP to 96% for VISE with an average of 86 +
5%. For the nonpolar side chains that can also form hydrogen bonds, Trp, Tyr and Cys, it is
preferable to use the AGy, values for octanol so that hydrogen bonding does not
contribute.® 52 In Table 9, we estimate the contribution of the hydrophobic effect to the
stability of 22 proteins with the number of residues ranging from 36 to 534. These are all
single-domain proteins and one, bacterial rhodopsin, is a membrane protein. 0. 59. 60 The
details of how these calculations are done and the AGy, values used are given in the
footnotes to Table 9.

The hydrophobic interaction contribution depends on how many nonpolar groups are buried
on folding and this depends on the model used for the denatured state ensemble (DSE).
Table 9 gives results for two different DSE models. For the least accessible DSE, the lower
boundary model of Creamer et al.%1 is used which models the DSE using 17 residue
fragments of the proteins with the same conformation they have in the folded proteins. This
gives hydrophobic interaction contributions of 34 kcal/mol for VHP and 569 kcal/mol for
CR lipase (Column 7). These estimates are probably too low. For our analysis, we will use
the upper bound model of Creamer et al.1 which models the proteins in an extended p-sheet
conformation. Now the contribution of hydrophobic interactions varies from 45 for VHP to
741 for CR lipase (Column 8). For the individual proteins, the contribution of hydrophobic
interactions per residue is lowest for RNase T1 at 1.0 kcal/mol and highest for barstar at 1.7
kcal/mol with an average of 1.4 + 0.2 kcal/mol per residue (Column 9). In comparison, the
average is 1.1 + 0.1 for the lower bound model. The upper bound model gives the estimate
expected if the unfolded protein is completely accessible to water. More likely, the correct
extent of exposure is intermediate between the upper and lower bound models. 62 63

Until 1990, the prevailing idea was that intramolecular hydrogen bonds were necessary for
maintaining the structure of a protein but made only a small contribution to protein
stability.54 65 More recent evidence shows that hydrogen bonds make a large contribution to
protein stability.41: 46. 60. 66-71 Eor 35 Tyr to Phe mutations with the Tyr —OH group
hydrogen bonded, A(AG) = —1.4 + 0.9 kcal/mol, and for 17 mutations with the —OH group
not hydrogen bonded, A(AG) = — 0.2 + 0.4 kcal/mol.#1: 68 Bowie has shown that the
difference between these two A(AG) values, — 1.2 kcal/mol, is similar to the contribution of
a hydrogen bond to protein stability determined by double mutant cycle analyses.’? A
similar analysis of Thr to Val mutations leads to an estimate of 0.9 kcal/mol per hydrogen
bond.%8 A study of Asn to Ala mutants in which the Asn amide group is hydrogen bonded to
a peptide group gives an estimate of 1.1 + 0.6 kcal/mol per hydrogen bond. 69: 70.73. 74
Finally, studies of amide to ester mutations of backbone peptide groups suggest that these
hydrogen bonds contribute 1.1 + 1.6 kcal/mol per hydrogen bond to protein stability. These
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results cover hydrogen bonds between side chains, between backbone groups, and side chain
— backbone hydrogen bonds. Consequently, we will make the conservative assumption that
each intramolecular hydrogen bond in a folded protein contributes 1 kcal/mol to the
stability.

In Table 9, the number of hydrogen bonds formed by each protein is shown and this
provides an estimate of the amount they contribute to the stability. The contribution from
hydrogen bonds ranges from 28 kcal/mol for VHP to 548 for CR lipase. When the hydrogen
bond contribution per residue is considered, they range from 0.8 kcal/mol for barstar to 1.2
kcal/mol for T4 lysozyme. The average number of hydrogen bonds formed in these proteins
is 0.95 + 0.10 per residue, with 65% between peptide groups, 23% between peptide groups
and side chains, and 12% between side chains. In a larger sample of proteins, the Rose group
found an average of 1.1 hydrogen bonds per residue.

The total stability is the sum of the contribution of disulfide bonds, hydrogen bonds, and
hydrophobic interactions (Column 10). It ranges from 83 kcal/mol for VHP to 1456 kcal/
mol for the CR lipase. There is a good correlation between the stability estimates and the
number of residues: HB = 0.98 + 0.02 (#Residues) with a correlation coefficient of 0.989;
H® =1.72 + 0.02 (#Residues) with a correlation coefficient of 0.994; and Total Stability =
2.41 + 0.02 (#Residues) with a correlation coefficient of 0.997. (These plots are shown in
Figure 2 in the Supplementary Data.) This analysis suggests that both hydrogen bonds and
hydrophobic interactions make large contributions to the conformational stability of globular
proteins.

In a previous study, a different approach suggested that polar group burial contributes more
to protein stability than nonpolar group burial.”* This was based, in part, on a paper by
Harpaz et al.”® that analyzed the completely buried surface in a sample of 108 proteins.
They showed that the total volume of the buried residues was 298,100 A3, Of this, 123,653
A3 came from 9 nonpolar side chains (Table 9), and 14,242 A3 from the -CH,— groups of
the polar and charged side chains, for a total of 137,895 A3, (Peptide groups contribute
92,000 A3.) Based on the data available at that time, the contribution of hydrophobic group
burial was estimated using 49 cal/mol per A3 of nonpolar volume buried. Using the more
recent data presented here, the contribution is 44 + 3 cal/mol per A3, and this leads to
(137,895 A3 x 044 kcal/mol/A3) = 6067 kcal/mol as the contribution of the hydrophobic
effect to the stability of these proteins. If the approach used in Table 9 is applied to the same
data, it leads to a 5954 kcal/mol estimate of the contribution the hydrophobic effect. It is
reassuring that these two estimates differ by less than 2%. In the same paper, we estimated
that burying the 92,000 A3 of peptide groups contributed 7200 kcal/mol to the stability.

The major destabilizing force in protein folding is conformational entropy. Studies by the
Freire’” and Record’® groups suggested that 1.7 kcal/mol per residue can be used to estimate
the contribution of conformational entropy to protein stability. However, this estimate is too
small to compensate for the total stabilities shown in Table 9. This suggests either that these
conformational entropy estimates are too low, or that our estimates of the stabilizing forces
are too large, or that there are other forces that make a major contribution to protein
instability. We consider these topics next.

Forces contributing to protein instability

When the prevailing thought was that hydrogen bonds make only a small contribution to
stability, it was assumed that polar groups that were not hydrogen bonded would make a
large unfavorable contribution to the stability because they would form hydrogen bonds to
water when the protein unfolds. This was first analyzed in a paper from Finney’s group. /°
They showed for a large sample of proteins that there is an excellent correlation (0.99)

J Mol Biol. Author manuscript; available in PMC 2012 May 6.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pace et al.

Page 8

between “lost hydrogen bonds” and three stabilizing forces: hydrophobic effect, disulfide
bonds, and ion pairs. (The hydrophobic effect contributed over 95% to their stabilizing
forces.) They found that over 90% of the polar atoms form intramolecular hydrogen bonds
or hydrogen bonds to water molecules. However, about 24% of the carbonyl oxygen atoms
and 6% of the amide hydrogens of the peptide bonds in proteins do not form hydrogen
bonds, and this is the major source of the lost hydrogen bonds.

More recently, analyses by Fleming and Rose 80 led them to conclude: “Unsatisfied
backbone polar groups are energetically expensive, to the degree that they almost never
occur.” For Tyr to Phe mutations discussed above, A(AG) = — 0.2 + 0.4 kcal/mol for the Tyr
residues that were not hydrogen bonded.®® This suggests that side chains that are not
hydrogen bonded do not make a large unfavorable contribution to the stability. Even for 40
Val to Thr mutations, A(AG) = 1.8 + 1.1 kcal/mol,*: 68 showing that when a polar -OH
group is placed at a site designed for a —CHs group, the penalty is far less than the cost of 5
to 6 kcal/mol proposed by Fleming and Rose.8% Consequently, we doubt that non hydrogen
bonded polar groups make a large contribution to protein instability.

Another interesting suggestion was made by Kajander et al.58 They analyzed the structures
of a large sample of proteins of different molecular weights and showed that 65% more
charged groups are buried in proteins containing 700 amino acids than in proteins containing
100 amino acids. From this they concluded: “Nature may use charge burial to reduce protein
stability; not all buried charges are fully stabilized by a prearranged protein environment.” If
so, removing them may be a way of increasing the stability of proteins. The Garcia-Moreno
group has shown that burying a charge in a nonpolar environment in staph nuclease can
decrease the stability by over 5 kcal/mol,81 and we have observed that removing a naturally
occurring buried charge in RNase Sa can increase the stability by over 3 kcal/mol.42
However, if buried charged groups are hydrogen bonded, they can make a large favorable
contribution to protein stability.82

Kajander et al.?8 included the backbone atoms in their analysis so that the peptide C = O and
NH groups were classed as polar uncharged and the a-carbon was classed as aliphatic. For a
different perspective, we have analyzed the proteins in Table 9 and considered just the side
chains. The fraction burial of nonpolar side chains (Ala, Val, lle, Leu, Met, Phe, Tyr, Trp,
Cys), polar uncharged side chains (Asn, Gln, Ser, Thr, His) and polar charged side chains
(Asp, Glu, Lys, Arg) was determined as a function of the number of residues. (The plots are
shown in Figure 3 in the Supplementary Data.) For each group, the fraction of buried side
chains increases linearly with the number of residues: for nonpolar, fraction buried = (#
residues) (0.363 £ 0.007) with a correlation coefficient of 0.99; for polar uncharged, fraction
buried = (# residues) (0.155 + 0.009) with a correlation coefficient of 0.93; and for polar
charged, fraction buried = (# residues) (0.117 £ .005) with a correlation coefficient of 0.95.
For the polar charged side chains, if we consider only the O atoms for Asp and Glu, the N
for Lys, and the two outermost N for Arg, the fraction buried is similar: fraction buried =
0.112 + 0.004 (# residues) with a correlation coefficient of 0.95. The % of the charged
groups that are buried is lowest for barstar (22%) and greatest for glucose amylase (70%).
For the small and large proteins studied here, 28% of the charged groups are buried in VHP,
and 50% are buried in VISE. So, we see a trend similar to that observed by Kajander.58 This
subject deserves further study.

The destabilizing force of most interest is conformational entropy. As noted above, two
different approaches suggest that the entropic cost of folding a protein is about 1.7 kcal/mol
per residue.””: 78 We have used this estimate in previous papers. 40 8 We now think this
estimate is too low. The estimates of the conformational entropy needed to balance the total
stability for each protein are given in Table 9. The smallest estimate is 2.0 kcal/mol per
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residue for RNase T1 and the largest estimates are 2.7 for T4 lysozyme and rhodopsin. A
value of 2.41 £ 0.02 kcal/mol per residue gives the best fit for all 22 proteins. Using this
value gives the destabilizing estimates (Column 12) shown in Table 9. In only two cases do
the stabilizing and destabilizing estimates differ by over 12%. The predicted stabilities are
17% too low for RNase T1 and 14% too low for VHP. This reflects the fact that the
contribution of hydrophobic interactions is exceptionally low for RNase T1, and the
contribution of hydrogen bonds is exceptionally low for VHP. For Rhodopsin, the predicted
stability is 11% too high. This is expected since rhodopsin is a membrane protein. The
measured values for the contribution of hydrogen bonds and hydrophaobic interactions to
rhodopsin are both lower than the values found with soluble proteins. 20 €0 This results
because the unfolded protein will be in a more nonpolar environment and this will tend to
lower the contribution that both hydrogen bonds and hydrophobic interactions make to the
stability. The stability estimates used in Table 9 are based on nonmembrane proteins and
they are expected to lead to an overestimate of the stability of a membrane protein like
rhodopsin.

On the basis of experimental data, Makhatadze and Privalov have pointed out why previous
conformational entropy estimates are too low and suggest an average value of 3.6 kcal/mol
per residue.84 Using an extended all-atom simulation of the folding of a three-helix bundle
protein, Boczko and Brooks®® estimated a conformational entropy cost of 2.6 kcal/mol per
residue. These articles and others were reviewed by Brady and Sharp® who suggested that
the conformational entropy cost would be between 2.4 and 3.7 kcal/mol per residue. Thus,
our estimate of 2.41 kcal/mol per residue is in line with other experimental and theoretical
estimates.

Our estimates of the total stability of the proteins given in Table 9 should be considered a
lower limit for the following reasons. First, the AG;, values for CH used to calculate the
contribution of the burial of the nine nonpolar side chains and the —CH,— groups to protein
stability are more likely too small than too large. Second, the contribution of individual
hydrogen bonds to stability is more likely to be greater than 1 kcal/mol than less. 87 Third,
other forces that contribute to protein stability such as charge — charge interactions, ion
pairs, and 7 — cation interactions will generally make a small favorable contribution.87 88 |f
the estimates of the total stability were higher, the estimates for the contribution of
conformational entropy would also be higher, but they would still be in the range suggested
by Brady and Sharp.86

Stability of VHP

Because of its small size, the thermodynamics and kinetics of folding of VHP are currently
being studied by a variety of experimental3® 3989 and theoretical 092 approaches.
Consequently, there is considerable interest in determining which residues make important
contributions to the stability and the mechanism of folding of VHP. In 2002, Frank et al.®3
replaced Met 13 and the three Phe residues with Leu and were able to conclude that Phel8
makes the largest contribution to the stability. Our results support this conclusion. Raleigh’s
group has shown that the double mutant with Ala at position 28 and Met at residue 30 raises
the Ty, by over 20°C.38 They have also shown that a @ - cation interaction between Phe 7
and Arg 15 contributes to the stability.3® The Kelly lab has studied five backbone and two
side chain hydrogen bonds in VHP. 39 They estimate that the backbone hydrogen bonds
contribute 1.5 kcal/mol per hydrogen bond and the two side chain hydrogen bonds
contribute about 1 kcal/mol per hydrogen bond. The nine VHP mutants studied here (Table
6) have not been studied previously. We next consider what these mutants reveal about the
stability of VHP.
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The results in Table 6 show that the aromatic rings of Phe 7, 11, and 18 contribute 2.3, 2.1,
and 3.3 kcal/mol for a total contribution of 7.7 kcal/mol to the stability of VHP. In addition,
the 14 —CH,— group equivalents removed by the 5 aliphatic mutations contribute 5.9 kcal/
mol and —CH,—S—CHs group of Met 13 contributes 2.8 kcal/mol. This amounts to 16.4 kcal/
mol of stability based on our measured A(AG) values. As we did in Table 9, we can estimate
the contribution of the other six nonpolar side chains (Ala 9, 17, 19, Leu 23, Trp 24, and Phe
36) that are only partially buried as 5 kcal/mol. In addition, another 34 —CH,— groups are
buried when the protein folds, and using 0.6 kcal/mol per —-CH,— group, these would
contribute another 20 kcal/mol to the stability. These are from the polar and charged side
chains and from the groups not removed in the mutants in Table 8. Based on this, we
estimate that the burial of nonpolar groups contributes about 41 kcal/mol to the stability of
VHP. This compares with an estimate of 45 kcal/mol in Table 9 which is higher because 1
kcal/mol was used for the contribution of the —.CHy— groups rather than the observed value
for VHP of 0.6 kcal/mol. In comparison, VHP forms 28 hydrogen bonds on folding: 23
between peptide groups, 4 between peptide groups and side chains, and only one between
two side chains. If we assign 1 kcal/mol per hydrogen bond, then hydrogen bonds contribute
considerably less to the stability than hydrophobic interactions. But if we use 1.5 kcal/mol
per peptide hydrogen bond, as found for five of the 23 backbone hydrogen bonds, 39 then
hydrogen bonds (40 kcal/mol) and hydrophobic interactions (41 kcal/mol) make about the
same contribution to the stability. Thus, even for a small protein where the nonpolar side
chains cannot be completely buried, hydrophobic interactions contributes more to the
stability than hydrogen bonds.

Concluding Remarks

For the 22 proteins in Table 9, the average contribution of hydrophobic interactions to the
stability is 60 £ 4 %. The contribution is smallest for RNase T1 (54%) and greatest for
Barstar (73%). The average contribution of hydrogen bonds to the stability is 40 + 4%. The
contribution is smallest for Barstar (27%) and largest for RNase T1 (43%). The largest
contribution of disulfide bonds to the stability is for RNase A (5%). This analysis suggests
that hydrophobic interactions make the dominant contribution to protein stability, always
greater than 50%. Hydrogen bonds also make a large contribution to stability, but always
less than hydrophobic interactions even for the smallest globular proteins. The loss in
conformational entropy when a protein folds is the major destabilizing force, but the burial
of non hydrogen bonded polar or charged groups may also contribute instability in fine-
tuning protein stability.

Materials and Methods

All buffers and chemicals were of reagent grade. Urea was from Amresco or Nacalai Tesque
(Kyoto, Japan), and was used without further purification. The plasmids for VHP, VIsE, and
their variants were derived from pET vectors (Novagen) and have been described
previously.?* The plasmids for RNase Sa, RNase T1, and their variants were derived from
the pEH100 plasmid as described previously.40: 9 The expression hosts for all proteins and
variants were either E. coli strains RY1988 (MQ), DS2000, or C41(DE3).94 9
Oligonucleotide primers for mutagenesis were from Integrated DNA Technologies
(Coralville, 1A). Site-directed mutagenesis was performed using a QuikChange Site-
Directed Mutagenesis Kit from Stratagene (La Jolla, CA). Mutant plasmids were sequenced
by the Gene Technologies Laboratory, Texas A&M University.

VHP, VIsE, and their variants were expressed and purified as described previously.63 94
RNases Sa, T1, and their variants were expressed and purified as described
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previously.82 9596 The purity of all proteins was confirmed by SDS PAGE and MALDI-
TOF mass spectrometry.

Urea and thermal denaturation curves were determined using either an AVIV 62DS or
202SF spectropolarimeter (Aviv Instruments, Lakewood, NJ) to follow unfolding. The
methods for VHP and VISE have been described previously.®3 The methods for RNases Sa,
T1, and their variants have been previously described. 97- 98 The analysis of urea and
thermal denaturation curves assumed a two-state unfolding model and was done as
described.%7. 98

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(2)

L21

Fig. 1.

Ribbon diagrams of the VHP (a) and VISE (b) structures showing the mutated residues. The
figures were generated using the YASARA program93 and the crystal structures of VHP
(PDB code: 1YRI) 3° and VISE (PDB code: 1L8W) 37,
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Percent folded protein as a function of urea concentration for WT VISE (a) and the
hydrophobic variants 1128V (), 1306V (m), 1154V (o), 1210V (e), and 1214V (2), in 5 mM

Sodium Phosphate, pH 7.0, 25 °C.
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Table 4
Parameters characterizing the thermal unfolding of RNase Sa and hydrophobic variants in 30 mM MOPS, pH
7.0¢@
Variant  AHuP (keal mol™) A S, (cal mol™ K™) AT, (°C)  A(AG) € (kcal mol )
wT 92 286 - -
L8A 89 283 - 5.0 - 1.34
L11A 78 252 - 11.9 - 3.08
L19A 73 236 - 13.8 - 3.65
L21A 85 265 -16 — 0.41
122v 74 234 -57 - 1.48
158V 89 217 0.11 0.00
170V 87 274 - 34 - .94
171V 80 249 -03 -0.13
L91A 91 288 - 32 - 0.84
192v 84 266 -39 - 1.00

aLI'he thermal denaturation curves were analyzed as described. 98 The data in the table is the average value of three experiments.

bEnthalpy of unfolding at Tm. The error is + 5 kcal mol L.

CA Hm/Tm. The error is + 15 cal mol~1 k1,

9\ T = T (variant) — T (WT). The Trm for WT is 48.4 °C.40

eA(AG) = ATm x the average A Sm value of WT and the variants (264 cal mol~1 K_l).
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Table 8

Number of Residues and average A(AG) values per —-CHo— group for 148 mutations in 13 proteins

Protein (# Mutations)  # Residues@  A(AG) (kcal/mol) b

VISE (5) 341 1.6+03
ApoFlavo (14) 168 09+04
T4 Lyso (25) 164 1.0+0.4
SN (28) 141 12405
hLyso (11) 130 0.7+03
Ba (15) 110 1.2+04
FKBP (15) 107 1.2+03
RNase T1 (5) 104 1.7+05
RNase Sa (7) 96 1.0+05
AcCoABP (5) 86 0.9+05
Ubiquitin (4) 76 1.3+04
CI2(9) 64 11+0.7
VHP (5) 36 0.6+0.3
Average 125 1.1+£05

aThis is the number of residues in the protein.

b A . .
These are the average A(AG) values for all of the aliphatic mutants studied for these proteins.

The individual A(AG) values for all of the proteins are given in the Supplementary Data.
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