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Context-Dependent Nature of Destabilizing Mutations on the Stability of FKBP12
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ABSTRACT. The context-dependent nature in which mutations affect protein stability was investigated using
the FK506-binding protein, FKBP12. Thirty-four mutations were made at sites throughout the protein,
including residues located in the hydrophobic core ftsheet, and the solvent-exposed face oftHeelix.
Urea-induced denaturation experiments were used to measure the change in stability of the mutants relative
to that of the wild type AAGy—F). The results clearly show that the extent of destabilization, or
stabilization, is highly context-dependent. Correlations were sought in order ta @ _¢ to various
structural parameters. The strongest correlation found was betw&&n_r andN, the number of methyl-

(ene) groups withi a 6 Aradius of the group(s) deleted. For mutations of buried hydrophobic residues,
a correlation coefficient of 0.7h(= 16,wheren is the number of points) was obtained. This increased

to 0.81 6= 24) on inclusion of mutations of partially buried hydrophobic residues. These data could be
superimposed on data obtained for other proteins for which similarly detailed studies have been performed.
Thus, the contribution to stability from hydrophobic side chains, independent of the extent to which a
side chain is buried, can be estimated quantitatively ubingrhis correlation appears to be a general
feature of all globular proteinsThe effect on stability of mutating polar and charged residues in the
o-helix andg-sheet was also found to be highly context-dependent. Previous experimental and statistical
studies have shown that specific side chains can stabilize the N-cagseadites in proteins. Substitutions

of lle56 to Thr and Asp at the N-cap of thehelix of FKBP12, however, were found to be highly
destabilizing. Thus, the intrinsic propensities of an amino acid for a particular element of secondary
structure can easily be outweighed by tertiary packing factors. This study highlights the importance of
packing density in determining the contribution of a residue to protein stability. This is the most important
factor that should be taken into consideration in protein design.

To design novel proteins, or rationally alter existing ones, (-sheets 14, 15) and a-helices 8, 16—18) have tried to
a quantitative understanding of the factors that affect the establish similar correlations and, in some cases, establish
stability of the native state is required. For proteins without the intrinsic propensities for each amino acid toward an
disulfide bonds, noncovalent interactiersuch as hydro-  element of secondary structure. In contrast with the hydro-
phobic interactions, hydrogen bonds, and electrostatic phobic core mutants discussed above, no correlations were
interactions-determine protein stabilitylj. Protein engi- observed for3-sheet mutantsld) and a-helix mutants (L.
neering studies have provided an abundance of informationS. Itzhaki and A. R. Fersht, personal communication) in CI2,
on the relationship between protein structure and stability. although a correlation betweexAGy_F and the change in
Studies on hydrophobic group2-13) have shown thatthe  solvent accessible hydrophobic surface area was found for
packing of nonpolar groups and burial of hydrophobic surface a-helix mutants in barnasé®). It is clear from these studies
area are the dominant forces in the stabilization of proteins. that the effects of mutations are highly context-dependent.
Studies on both fully and partially buried hydrophobic In this paper, we investigate the context-dependent nature
residues in barnase, CI2, and staphylococcal nuclease havef a wide range of mutations in the FK506-binding protein,
shown correlations between the change in protein stability FKBP12.
upon mutation AAGy-g) and both the packing density FKBP12 is a monomer of 107 residues and, under equi-
[number of methyl(ene) groups within a certain radius of librium conditions, reversibly unfolds in a simple two-state
the nonpolar groups removedi, (8, 11, 12) and the manner {9). It has no disulfide bridges, and its structure
difference in solvent accessible surface area that is buriedhas been solved by both X-ray crystallography and NMR
on folding between wild-type and mutant side cha®sl(, spectroscopyd0, 21). In addition, there is little evidence
12). Studies on T4 lysozymes) also found a correlation  for significant residual structure in the denatured stag. (
betweenAAGy ¢ and the size of the cavity created on Residual structure in denatured states can lead to difficulties
truncation of the hydrophobic side chain. Other studies on in the interpretation of protein engineering experiments as
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suppértéd by a BBSRC studentship. K.F.F. is supported 'by.ar.1 Elmore native states33). Using urea-induced denaturation and
Scholarship (Gonville & Caius College, Cambridge, U.K.). fluorescence spectroscopy, we have measured the changes
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type FKBP12. Correlations between the difference in the to the concentration of that denatura@?,(28):

change in the free energy of unfolding between the wild-

type and mutant proteinAAGy-¢) and various structural AG,_° = AG,_"° —m[D] (1)
parameters were then assessed. On the basis of previous

studies 24, 25), two mutations were also made at the N-cap whereAGy_¢P is the free energy of unfolding at a particular
of the a-helix to stabilize the protein. Even these mutations denaturant concentratiodGy_£™° is the free energy of

were found to be destabilizing. unfolding in water,m is a constant that is proportional to
the increase in degree of exposure of the protein on
EXPERIMENTAL PROCEDURES denaturation, and [D] is the concentration of denaturant. From

Materials eq 1, we can derive eq 2:

Chemicals. The buffer used in the denaturation experi- F=
ments was Trizma-HCI purchased from Sigma. Ultragrade (¢ AnIDD) + [(oy + BylD]) expl[m([D] — [Dlses)lll/ RT
urea was purchased from Fisher Scientific U.K. Ltd. Water 1+ exp[m([D] — [D]see))/RT
was purified to 15 M2 resistance by an Elgastat system. (2)
The enzymes T4 polynucleotide kinase and PFU DNA
polymerase and their buffers were purchased from Strat-WhereF is the measured fluorescenagy and oy are the
agene. T4 DNA ligase and buffer were purchased from New intercepts angy and3y are the slopes of the fluorescence
England Biolabs. All other chemicals were purchased from baselines at low (N) and high (U) denaturant concentrations,
Sigma. respectively, [Djoy is the concentration of denaturant at
Mutagenesis. Site-directed mutagenesis was carried out Which the protein is 50% denatured, amds the constant
using inverse PCR techniques on pGST-FKBP12, a high- from eq 1. Data were fitted to eq 2 by nonlinear regression
level Escherichia coliexpression vecto2). Mutants were  analysis using the general curve fit option in teleida-
identified by direct sequencing of the plasmids. Plasmids graphprogram (Abelbeck Software, version 3.0). This gives

containing the correct mutation were transformed Bitaoli the values form and [DJoy With calculated standard er-

BL21 cells for expression. rors. For a more detailed description of the data analysis,
see refll

Methods (i) Calculation of AAGy_r. The value ofAAGy_gPlsox,

the difference in free energy between wild-type and mutant

Expression and Purification of the Wild Type and Mutants. proteins, is calculated using

Both wild-type and mutant FKBP12 were expressed and
purified using the protocol described elsewhe26)( The
identity and purity of the mutant proteins was confirmed by
SDS-PAGE and electrospray mass spectrometry.
Spectroscopy. The intrinsic fluorescence of FKBP12
increases on denaturation and can be used to probe the stal
of folding of the protein. The change in the fluorescence

has been shown to correspond to a global denaturation Ofreproducibly to within 0.05 M. We have used a value of

the prqtel_n 9. AT ext;;}tat;ogSVé/avelength of 2(?0 Rmpankq (] obtained from measurements of 33 mutant proteins and
an emission wavelengin o nm were used. ETKIN- \ild type, of 1.59+ 0.02 kcal mot* M~ The use of a

Elmer Luminescence LS50B spectrometer was used for the
urea denaturation studies, with a band-pass of 10 nm.
Chemical Denaturation Experimentsirea solutions were
prepared gravimetrically in volumetric flasks. These solu-
tions were flash-frozen in 30 mL aliquots and stored-a0
°C. Each aliquot, once thawed, was split and diluted into a
large number of 80@L aliquots of different urea concentra-
tions using a Hamilton Microlab apparatus. For each data
point in the denaturation curve, 100 of a FKBP12 stock
solution [18uM FKBP12, 450 mM Tris-HCI, and 9 mM
DTT (pH 7.5)] was added to 80@L of the appropriate

AAGU*F[D] %% = INLA[D] 500, 3)

where A[D]soy is the difference in the [B}y, of the wild-
type and mutant protein aridnis the average value oh.

alues of [Dkoy Were found to be relatively insensitive to
other variables such as sloping baselines and can be measured

meanm value allowsAAGy_gPlsow to be calculated with
minimum error. Values cAAGy_£°, the difference in free
energy between the wild-type and mutant proteins in water,
can also be calculated using individual values. These
were found to be within experimental error of the values
obtained using eq 3; however, the associated errors were
significantly larger. The results presented here were calcu-
lated using eq 3.

Calculation of the Selent Accessible Surface Aredhe
solvent accessible surface area of side and main chain groups

d h in/d luti of wild-type and mutant FKBP12 were calculated using the
enaturant. The protein/denaturant solutions were pre'programXplor (version 3.1). The percentage of solvent

equilibrated at 23C for app&quart]ely 1h. SgeCtrOSCOE'C] gelccessible surface area in the native state relative to that in
measurements were carried in a thermostated cuvette holdef, o \htolded state was calculated using solvent accessible

at 25°C, and the temperature was monitored throughout the
experiment. Urea-induced denaturation of FKBP12 has been
shown to be completely reversibl&9).

surface areas of model tripeptide2d).

Structure of FKBP12.The major secondary structural
features of FKBP12 are a large, amphiphilic, five-stranded
antiparallel-sheet with at+-3, +1, —3, —1 topology and a
small, amphiphilico-helix. Thea-helix,! from Arg 57 to

(i) Calculation of m and [Do It has been found Val 63, packs against the hydrophobic face of flisheet
experimentally that the free energy of unfolding of proteins to form the main hydrophobic core of the protein. The
in the presence of a chemical denaturant is linearly related 5-sheet compriseg-strand 1 (Val 2-Ser 8),3-strand 4 (Arg

Data Analysis
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71-lle 76), 5-strand 5 (Leu 9%Leu 106),3-strand 2 (Thr
21-Leu 30), ang3-strand 3, which splits into two (Lys 35
Ser 38 and Phe 46Viet 49).

Description of Mutations. Mutations were made to (i)
buried hydrophobic residues (Figure 1A,B), (ii) residues on
the solvent-exposed face of thehelix (Figure 1C), and (iii)
residues in thgg-sheet that only interact with oth@rsheet
residues (Figure 1D). The mutations introduced were mainly
“non-disruptive deletions”, i.e., mutations that truncated side
chains thereby removing interactions without introducing any
new ones.

(i) Buried Hydrophobic Residuedrifteen residues were
mutated, with the mutations fitting into one of the following
three categories: (i) lle> Val mutations which remove one
methyl group, (ii) Val— Ala mutations which remove two
methyl groups, and (iii) lle~ Ala or Leu— Ala mutations
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obtained from the urea denaturation of FKBP12 mutants can
be used to measure, with a high degree of accuracy, the effect
on stability of cavity-creating mutations. The results allow
one to estimate the energetic cost of deleting one-tle

Val or Ala— Gly), two (Val — Ala), or three (Leu— Ala)
methyl(ene) groups from within the core of a protein. Table
4 shows that the results obtained for FKBP12 are within the
experimentally determined distributions found for other
proteins.

Correlations between the Local Emonment of the
Mutated Residue and Stabilitytt is clear from the standard
deviations in Table 4 that, although there is a correlation
between the number of methyl(ene) groups deleted on
mutation andAAGy_gPlsow, there is extensive scatter about
the mean. Furthermore, Table 2 shows that identical
mutations at different positions in the protein yield different

which remove three methylene groups. At residues 76 a”dAAGU,F values. These variations must result from the

91, both lle— Val and lle— Ala mutants were made.

(i) o-Helix andp-Sheet In most cases, multiple substitu-
tions were made at a single position. Residues irthelix
were mutated to Ala and Gly, while residues in fheheet
were mutated to Ser, Val, and Ala (except for lle 7 where a
single mutation of lle—~ Val was made). In addition, two
further mutations were introduced at the N-cap ofdHeelix
in an attempt to stabilize the--helix. Tables 1 and 2
summarize the mutants and the physical environment aroun
the site of mutation in the native, wild-type structure.

RESULTS

Urea-Induced Denaturation

Wild-type and mutant FKBP12 proteins all follow a two-
state unfolding transition under equilibrium conditions.
Typical normalized urea-induced denaturation curves of the
hydrophobic mutantsy-helix mutants, an@-sheet mutants
are shown in panels AC of Figure 2, respectively. Data
from the transition curves were fitted to eq 2 to yield values
for [ureakos, andm. The results are summarized in Table
3. A meanm value, [in[] of 1.59 4+ 0.02 kcal mott M1
(standard error) was used to calcul&t&Gy_¢Pls» using
eq 3. It is clear from these data that [urga]can be
determined to within 0.03 M. Those mutants with higher
errors, lle— Ala 76 and lle— Asp 56, are found to be highly
destabilized. Although a range ofvalues is observed for
the mutants studied, all values are within experimental error.
Similar variations have been observed for other protens (
11). Of the 34 mutants studied, 19 are substitutions of buried
hydrophobic residues, 6 are on the solvent-exposed face o
the a-helix, and 9 make interactions exclusively within the
f-sheet. These three groups are considered individually.

Buried Hydrophobic Residues

Effect of Caity-Creating Mutations on the Stability of
FKBP12 and Comparison with Other Protein¥he results

1 A certain ambiguity was found to exist when defining the N- and
C-caps of thex-helix, due to different definitions ai-helix boundaries.
For example, if one use® andy angles, then the N-cap would be
Arg 57 with Val 63 as the C-cap. However, if one uses the definition
of Richardson and RichardsoB1), the N-cap (or C-cap) is the first
(or last) residue whose-carbon lies approximately in the cylinder
formed by the helix backbone and approximately along the helical spiral
path, in which case the N-cap is lle 56 and the C-cap is Val 63.

specific environment surrounding the mutated residue. As
in previous studies4 8, 11), correlations were sought
between theAAGy_f values and various structural param-
eters that describe the environment surrounding the mutated
residue.

The strongest correlation was found betweexG,_¢ and
N, the number of methyl(ene) side chain groups within a
adius 6 6 A of the group deleted on mutation. Several
igh-resolution structures for FKBP12 are available: the
crystal structure in the presenc2l] and absence3() of
the ligand rapamycin and an NMR solution structu2é)(
Values ofN from the different structures were found to yield
similar correlation coefficients; therefore, the highest-resolu-
tion structure 21) was used in the subsequent analysis. A
correlation betwee”AAGy_r andN has also been observed
for barnase and CIZ(11). The correlation coefficient for
FKBP12 is 0.731§ = 16) compared with 0.90(= 20) for
barnase and 0.8 (= 10) for CI2, wheren is the number
of data points. Despite the poorer correlation, the results
for FKBP12 can be superimposed on those obtained for CI2
and barnase (Figure 3A), suggesting that this is a general
feature of the hydrophobic core of globular proteins. When
the data for FKBP12, CI2, and barnase are combined, a
correlation coefficient of 0.83n(= 46) is obtained. For
barnase and ClI2, there is also a correlation, although
somewhat weaker, betwee®AGy_r and Asasa, the dif-
ference in the side chain solvent accessible surface area
buried on folding between the wild type and mutant
[correlation coefficients of 0.79n(= 10) and 0.831f =

0) for barnase8) and CI2 (1), respectively]. In com-
parison, little correlation is observed betweAAGy_¢
andAsasa for FKBP12 [correlation coefficient of 0.4b=€
12)].

If one considers the data obtained for the deletion of both
buried and patrtially buried hydrophobic groups, one ob-
tains an even stronger correlation for FKBP12 [correlation
coefficient of 0.81 § = 24)]. This has also been found
for CI2 [correlation coefficient of 0.86n(= 47)] (12).
Again, the data sets for FKBP12 and CI2 can be superim-
posed (Figure 3B) and, when combined, yield an overall
correlation coefficient of 0.83n(= 71). Two mutations,
lle — Ala 91 and lle— Val 91, were not included in the
analysis as this residue is in a flexible, disordered region in
the native state20).
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Val 101

Ficure 1: Structure of FKBP12, showing the side chains that were mutated in this study: (A and B) buried hydrophobic residues, (C)
a-helix residues, and (Dj}-sheet residues. The diagram was produced using the prdgaS8cript (37).

o-Helix which is the N-cap residue as defined by Richardson and

lle 56 Stabilizing Structures.Two mutations were de- Richardson §1), was mu_tated t_o Asp and Thr. However,
signed in an attempt to stabilize thehelix by either () ~ €ven though these amino acids have been shown to be
introducing hydrogen bonding partners for those main chain favored at the N-cap af-helices @4, 25), both mutants were
groups at the N terminus of the helix that have unsatisfied Significantly destabilizedXAGy-¢ = 3.16 kcal mot* for
hydrogen bonds or (i) introducing groups which can interact lle — Asp 56 and 1.81 kcal mot for lle — Thr 56). This
favorably with theo-helix dipole. The side chain of lle 56, suggests that favorable interactions that may have been
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Table 1: Interactions Lost upon Mutation and the Solvent Accessible Surface Area of Buried Hydrophobic Mutants

% solvent accessible

surface area atoms removed no. of methyl(ene)
residue mutation main chain  side chain on mutation  groups within 6 A side chains within 4.5 A
Val 2 Val— Ala 63 3 c1 11 Glu 61 (@)
Cy2 13 Leu 74 (@, Cy, C9), lle 76 (C/1)
Val 4 Val— Ala 74 4 o1 11 GlIn 70 (N2), Ala 72 (@), Met 66 (G), Leu 74
(Co1)
Cy2 12 GIn 65 (@, Oel, Cy, Ne2), Leu 74 (G)
Val23  Val—Ala 0 5 C1 14 Leu 104 (©1), Pro 45 (@), Lys 47 (G, Ce)
Cy2 14 Lys 105 (@, Cy, CJ), Glu 107 (&, Cy, Oel,
Oe€2), Lys 47 (G, C9, Ce)
val24  Val—Ala 0 0 ol 17 Leu 103 (©1), Val 101 (G'1), Cys 22 (@)
Cy2 18 Phe 46 (@), Val 101 (C/1), Trp 59 (&3), Tyr 26
(Co1), Phe 46 (©2)
Phe 36 Phe~ Ala 75 10 G 8 lle 91 (G1)
Col 8 Asp 37 (@), lle 90 (Cy2), lle 91 (G31)
Co2 9 Leu 30 (@, C82), lle 91 (&1)
Cel 12 Asp 37 (@), lle 91 (1), Phe 99 (€2, C%)
Ce2 15 Leu 30 (©2), lle 91 (1), Leu 97 (®2)
C¢ 15 lle 91 (1), Leu 97 (@2), Phe 99 (€1, Ce2,
Co)
Leu50 Leu—Ala 0 0 Cy 12 Glu 60 (Q1)
Col 13 Phe 48 (€2, C;), Glu 60 (C:1)
Co2 8 Pro 16 (@), Ala 64 (G5)
Val 55 Val— Ala 6 9 Cyl 18 Phe 46 (€2, C7), Phe 48 (@, Cy, C52), Glu 56
(Ch)
Cy2 20 Phe 48 (€, C62, Ce2, CG), Trp 59 (@3), Glu 60
(Cy, Co, Oel)
lle 56 lle— Thr 16 10 g1 14 Trp 59 (@, Cy, Co1)
lle — Asp Cy2 8 Tyr 82 (@1, Cel, Ce2, CE)
lle — Ala Col 22 Trp 59 (@1), lle 76 (&1), Phe 99 (€1), Leu 97
(Co1), Ala 81 (@)
Val63. Val— Ala 0 0 Cr1 18 Pro 16 (@), Cys 22 (@, Sy), Phe 48 (€1, C;)
Cy2 23 Met 66 (9), Val 101 (C/1), Phe 48 (), Trp 59
(Ce3, GH2)
lle 76 lle— Val and 0 0 g1 14 Leu 74 (@), Val 2 (C3, Cy2), Gly 58 (Qv)
lle — Ala Cy2 12 Gly 58 (@), Tyr 80 (@), Ala 81 (Ca, CS)
Col 22 Leu 74 (@), Trp 59 (&1, Nel), Phe 99 (@1,
Cel), lle 56 (1), Gly 58 (Qn)
lle 91 lle— Val and 12 1 c1 20 Tyr 82 (G2, C52), His 87 (), lle 90 (G, Cy2;
lle — Ala both conformations)
Cy2 13 Leu 97 (©2), Leu 30 (©2), Ala 95 (@3), Pro 92
(Co), Tyr 82 (@3, C2)
Col 18 Phe 36 (¢, Co1, G52, Cel, Ce2, C7), Leu 97
(Co2), Leu 30 (@2), lle 90 (C/2)
Leu97 Leu—Ala 0 0 Cy 18 Phe 99 (€1), Ala 81 (@)
Col 22 Phe 99 (€1, C;), lle 56 (Y1), Tyr 82 (G2,
Ce2), Ala 81 (@)
Co2 17 Phe 36 (€2, C;), Leu 30 (®2), lle 91 (G2,
Cd1), Ala 95 (@B)
val98  Val— Ala 1 8 Crl 11 Thr 75 (G1), Met 29 (9, Cy, Ce)
Cy2 7 Met 29 (9, Cy, Ce), Lys 73 (C/, Ce, N§), NB
(two conformations)
Val101 Val— Ala 0 0 Cyl 17 Val 24 (B, Cy1, Cy2), Val 63 (G2), Met 66
(S9), Trp 59 (G;2)
Cy2 21 Tyr 26 (@), Trp 59 (G2, Cz2, Ch2), Phe 99
(CB), Leu 74 (&1, C52)
Leu 106 Leu— Ala 52 6 (e 14 Val 68 (G2), GIn 20 (N2, Oel)
Col 11 Thr 14 (¢'2), Val 68 (C/2), GIn 20 (N2, C9,
O€l)
Co2 11 Leu 103 (©1), Pro 16 (¢, Ca, CS), GIn 20

(Oel), Cys 22 (@, CB, Sy)

introduced on mutation are more than outweighed by the can be used, however, to obtain values AkGy_¢ for a
loss of favorable interactions, resulting in a net destabilization “hypothetical” mutation from Ala— Gly at each position.
of the protein. Values forAAGy_¢ are 1.47, 0.71, and 1.64 kcal mbffor

Arg 57, Glu 60, and Glu 61.The mutations of Arg 57, positions 57, 60, and 61, respectively. Itis clear that removal
Glu 60, and Glu 61 to Ala and Gly remove numerous of a methyl group at each position in thehelix destabilizes
interactions, such as salt bridges, hydrogen bonds, and manyhe protein significantly and the amount of destabilization
favorable van der Waals contacts. It is therefore difficult to is context-dependent. This highlights the importance to
interpret the results of these mutations directly. These dataca-helix stability of burying hydrophobic surface area and
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Table 2: Interactions Lost upon Mutation and the Solvent Accessible Surface Are&lelix and3-Sheet Mutants

% solvent accessible

surface area atoms removedno. of methyl(ene)
residue  mutation  main chain side chain on mutation  groups within 6 A side chains within 4.5 A
a-Helix
Arg57 Arg— Ala 14 63 (B = 19%) o} 12 Tyr 80 (G, C62)
Arg — Gly Cy Glu 61 (G, Oe2), Tyr 80 (G, CH2, Ce2)
cs Tyr 80 (Cy, Co1, C52, Cel, Ce2, CF)
Ne Glu 61 (Q:2), Glu 61 (G, Oel, Oc2), Tyr 80
(Co2, Cel, Ce2, CZ, On)
(o' Tyr 80 (Cel, Ce2, CZ, On), Glu 61 (G:2)
N7yl Tyr 80 (Ge1, CZ, On)
N2 Glu 61 (@, Oe2), Tyr 80 (CZ, On)
Glu60 Glu— Ala 3 14 (@B = 17%) (0] 7 Val 55 (Cy2)
Glu—Gly Cy Val 55 (Cy2)
Co Phe 48 (02, C¢2), Leu 50 (@1, Cy2), Val 55
(Cy2), Met 49 (O), Gly 51 (N)
Oel Gly 51 (N, O), Lys 52 (N), GIn 53 (N), Glu 54
(N)
Oe2 GIn 53 (@, Cy)
Glu6l Glu—Ala 6 48 (@8 = 4%) (o} 8 val 2 (Cy1)
Glu— Gly Cy Tyr 80 (Ce2), Arg 57 (C/, N2, Ne)
(o) Tyr 80 (G52, Ce2, CE, Oy 3.77)
Oel Arg 57 (Ne 4.27)
Oe2 Tyr 80 (Ge2), Arg 57 (G, C3, Ne, Nij2, CZ)
f-Sheet
lle7 lle—val 80 41 o] 8 Arg 71 (@3, Cy, Co)
Cyl 4 Lys 73 (@)
Cy2 10 Arg 71 (G, Co, Ne)
cs1 Arg 71 (G, Ne)
Asp 100 (G, 0d1)
Lys 73 (G9)
Thr21 Thr— Ser 0 17 (@1 =29% o1 6 Glu 107 (O), GIn 20 (O), Met 49 (T Ce)
Thr— Val and G2 = 12%) G2 10 Glu 107 (@, Oel), Lys 47 (@3, Cy, Cd); no
Thr— Ala hydrogen-bonding partners within4.0 A
Thr27 Thr— Ser 1 28 (@1=23% (e%} 9 Tyr 26 (O), Arg 40 (©), Ser 38 (@, Oy)
Thr— Val and G2 = 31%) G2 8 Lys 35 (@, Co, Ce); possible hydrogen bonds to
Thr— Ala Tyr 26 (O) (3.36 A) and Ser 38 (© (3.05 A)
Thr75 Thr— Vval 5 18 (O/1= 6% Oyl 12 Glu'5 (@1), Lys 73 (&, Cy, Ce, NE), Leu 74
Thr— Ala and G2 = 25%) (0), val 98 (C1)
Cy2 10 Val 98 (G'1), Glu 31 (G2), Thr 96 (G/2);
possible hydrogen bonds to Leu 74 (O) (3.90 A)
again illustrates the dependencedGy_r on the environ- of AAGy-r obtained for mutants with similaksasa values.
ment that surrounds the point of mutation. Thg @eth- No correlation is observed if the points are not averaged.
ylene group of Arg 57 makes interactions within tadelix, The values ofAAGy-r obtained for Ala— Gly mutations

as well as interacting with other elements of structure such in the o-helix of FKBP12 correlate well witiN (see Figure
as loops and turns. Both sets of interactions will contribute 3B), and this appears to be a more accurate method for

to the observed\AGy_¢ for the Ala— Gly 57 mutation. determiningAAGy-r than Asasa withina-helices. From
The @3 methylene groups of Glu 60 and Glu 61, however, studies of helix-coil transitions in isolated peptides, it has
interact almost exclusively with residues within théelix. been estimated that the difference in the change in confor-

In these cases, the contributionAAGy_r is largely a result mational entropy between Ala and Gly on formation of an
of changes in the stability of the-helix and not tertiary o-helix is approximately 1 kcal mot (32, 33). As a result,
packing interactions. one would expect an additional contributionAAGy_¢ of
The far-UV circular dichroism spectra of all thehelix 1 kcal mol? for Ala — Gly substitutions. It is interesting
mutants were found to be identical to those of wild-type to note that, despite this additional contribution, the values
FKBP12 (data not shown). Thus, there are no significant for AAGy—¢ still correlate well withN.
structural changes to the protein on mutation of residues in
the a-helix to either Ala or Gly. p-Sheet
Serrano et al.18) established that for barnase (i) Gly is The side chain of lle 7 is partially buried and interacts
more favorable than Ala at the N- and C-capsusiielices only with other residues in th8-sheet (Table 2). Deletion
but unfavorable within the helix and (ii) there is a strong of the G methyl group (lle— Val 7) causes a destabilization
correlation betweemAAGy—r and Asasa, the change on of 0.92 kcal mot?, which is within the range observed for
mutation in solvent accessible hydrophobic surface areaother proteins 12). The data fit very well to the general
buried on folding. We also find that Ala> Gly mutations correlation observed betweeRAGy—¢ and N, for buried
are destabilizing in the middle of the helix, yet we find no hydrophobic residues (see Figure 3B).
correlation betweem\AGy-r and Asasa. The correlation Thr 21 and Thr 27 have similar environments in the native
observed for barnase results from the averaging of valuesstructure; the main chain is completely buried, and the side
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Table 3: Changes in the Free Energies upon Mutation As
Determined by Reversible Urea Denaturation Experiments
- mvalueét(kcal  [ureako® ~ AAGy-_glredbond
3 mutant mol-tM~1) (M) (kcal mol?)
L wild type 1.43+0.05 3.87£0.02 N/A
5 Buried Hydrophobic Residues
c Val — Ala 2 1.54+ 0.09 2.34+0.03 2.43+0.12
.g Val — Ala 4 1.794+0.12 2.12+0.03 2.78:0.10
e Val — Ala 23 1.63+ 0.09 2.00+0.03 2.97+0.10
o Val — Ala 24 1.42+ 0.08 1.86£0.04 3.19+-0.11
Phe— Ala 36 1.78+0.18 1.64+0.08 3.54+0.15
Leu— Ala 50 1.62+ 0.09 2.25+0.04 257+0.11
Val — Ala 55 1.62+0.13 2,53+ 0.05 2.13+0.13
lle — Ala 56 1.704+0.19 2.31+0.05 2.48+0.12
lle — Asp 56 1.56+ 0.22 1.88+0.11 3.16+0.20
lle— Thr 56 1.35+ 0.12 255+ 0.06 1.81+0.13
Val — Ala 63 1.69+ 0.10 2.00+0.03 2.97+0.10
lle—Val 76 1.66+ 0.10 3.39+£0.03 0.76+0.12
lle — Ala 76 1.79+ 0.25 1.47+0.10 3.81+0.18
lle — Ala 91 1.52+ 0.04 2,90+ 0.02 1.54+0.10
lle —Val 91 1.57+ 0.06 3.63+£0.02 0.38+0.11
- Leu— Ala 97 1.89+ 0.13 1.63+0.04 3.56+0.11
g Val — Ala 98 1.48+0.17 251+ 0.06 2.16+0.13
3B Val— Aal 101  1.63+0.04 214+ 0.02 2.75+0.10
c Leu—Ala106 1.53+0.09 241+ 0.03 2.32£0.11
2 .
P o-Helix
o Arg — Ala 57 1.56+ 0.07 3.36+£0.02 0.81+0.11
° Arg — Gly 57 1.664 0.08 2.43+0.02 2.29+0.10
g Glu— Ala 60 1.68+ 0.10 2.53+0.03 2.13+0.11
w Glu— Gly 60 1.50+0.120 2.08:£0.05 2.84+0.12
Glu— Ala 6l 1.47+0.05 3.34+£0.02 0.84+0.11
Glu— Gly 61 1.57+ 0.06 2.30+£0.02 2.49+0.10
B-Sheet
lle—Val7 1.41+ 0.07 3.29+0.02 0.92+0.11
Thr— Ser 21 1.64+ 0.07 2.96+0.02 1.44+0.11
Thr— Val 21 1.44+ 0.07 4.03+0.04 —0.86+0.13
Thr— Ala 21 1.63+0.10 2.86+0.03 1.60+0.11
Thr— Ser 27 1.6A0.11 2.93+:0.03 1.49+0.11
Thr— Val 27 1.61+ 0.06 4.01+£0.02 -0.23+0.12
i) Thr— Ala 27 1.55+ 0.23 2.63:0.09 1.97+0.17
3 Thr—Val 75 1.47+0.15 3.36+£0.05 0.81+0.13
:§ Thr— Ala 75 1.66+ 0.12 2.20+£0.04 2.65+0.11
5 aCalculated by fitting urea-induced denaturation data to eq 2.
g b Calculated using eq 3. All errors are calculated from the best of the
5 data and not standard deviations from repetitive runs, unless otherwise
© stated.
T
lost on mutation are either weak, as is the case for Thr 21,
or can be replaced with a solvent molecule, as may be the

case for both Thr 21 and 27. Thr Ala 21 destabilizes the
[Urea] (M) protein by 1.60 kcal mof and Thr— Ala 27 by 1.78 kcal

FiGure 2: Typical urea-induced denaturation curves of wild-type mol™t. The values are somewhat lower than might be

(®) and mutant FKBP12 in 50 mM Tris-HCl and 1 mM DTT at  expected, indicating that solvent molecules may access the

pH 7.5 and 25°C: (A) buried hydrophobic residues (IV7@&; site of mutation and replace the lost hydrogen bondin
LA97, O: VAL01,01; and LA106.<), (B) o-helix residues (EAB1, P ydrog 9

O; EG61, A; EAB0, O; and EG60,a), and (C)j-sheet residues partners. .
(IV7, O; TS21,a; and TV27,A). From these results, values fAAGy ¢ for the composite

mutations Ser~ Ala and Val— Ala at positions 21 and 27
chains are partially solvent-exposed. Mutation to Ser can be calculated AAGy_¢ = 0.16 kcal mot? for Ser—
removes a single, partially solvent-exposed methyl group, Ala 21 and 0.29 kcal mof for Ser — Ala 27, clearly
and these mutations were therefore classified as hydrophobicshowing the small contribution that the hydroxyl group
deletions and included in the previous analysiSAGy—r makes to protein stability. In comparison, the values of
correlates well withN for these mutations. In both cases, AAGy_f for Val — Ala 21 and Val— Ala 27 are 1.85 and
mutation to Val results in a net stabilization of the protein 2.00 kcal mot?, respectively. Thus, deleting two methyl
(0.86 and 0.23 kcal mot for Thr 21 and 27, respectively).  groups significantly destabilizes the protein even when they
Thus, the unfavorable loss of the hydrogen bonds made byare partially exposed to solvent.
the Oy group of the Thr side chain is outweighed by the  The environment around the side chain of Thr 75 is
gain in favorable van der Waals contacts introduced on significantly different from that of Thr 21 or Thr 27; both
mutation. This suggests that the hydrogen bonds that areits main chain and side chain hydroxyl group are buried,
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Table 4: Average Change in Free Energy of Unfolding upon MutatiohGy-(Plsow)

lle — Val or Ala—

Val — Ala (£SD)

Leu— Alaor lle— average change iNAGy_gper

protein Gly (£SD) (kcal mot™) (kcal molt) Ala (£SD) (kcal motl) methyl(ene) group (kcal mol) reference
FKBP12 1.20+ 0.62 2.74+£ 0.35 2.72+ 0.56 1.02+ 0.3 N/A
barnase, staphylococcal 1.52+0.58 2.76+ 0.48 4.38+ 1.39 1.45+0.78 4,5,8
nuclease, gene V protein
Cl2 1.18+ 0.09 3.42+1.47 3.64+ 0.60 1.33+ 0.45 11

aMutations at lle 91 were not used (see the Discussion). Only mutants classified as nondisruptive deletions were used in this analysis.
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Ficure 3: (A) Correlation between the number of side chain

methyl(ene) groups within a radiug 6 A of the group deleted

and the free energy of unfolding for mutations of buried hydro-

phobic residues in FKBP12®), CI2 (O), and barnased). The

solid line shows the best fit of the combined data to a linear

equation. For FKBP12 (intercept 1.34, slope= 0.04,R = 0.72,
and number of points: 16), CI2 (intercept= —0.70, slope= 0.10,

R = 0.84, and number of points 10), barnase (intercept 0.13,
slope= 0.07,R=0.90, and number of points 20), and combined
(intercept= 0.29, slope= 0.07,R = 0.83, and the number of points

= 46). (B) Correlation between the number of side chain methyl-

(ene) groups within a radiusf & A of the group deleted and the

free energy of unfolding for mutations of all hydrophobic deletions

in FKBP12 @) and CI2 Q). The solid line show the best fit of the
combined data to a linear equation. For FKBP12 (intereet08,
slope= 0.04,R = 0.81, and number of points 24), CI2 (intercept
= 0.16, slope= 0.05,R = 0.86, and number of points 48), and
combined (intercept 0.53, slope= 0.05,R = 0.81, and number
of points= 72).

whereas the methyl group of the side chain is partially
exposed. Mutation of Thr 75 to Val and Ala results in a

destabilization of 0.80 and 2.64 kcal mglrespectively. In
this case, the loss of the hydrogen bond between thefO

substantially destabilized. The composite VYalAla muta-
tion destabilizes the protein by 1.84 kcal mbl

For all three positions, the values &fAGy-¢ for the
mutation of Thr— Ser and Val— Ala correlate extremely
well with N (see Figure 3B).

DISCUSSION

In this study, we have analyzed 34 mutants of FKBP12
and compared the destabilization enetyAGy-r, measured
by urea-induced denaturation, with various structural pa-
rameters which relate to the environment of the mutated
residue in the native state. Of the 34 mutants studied, 19
are substitutions of buried hydrophobic residues, 6 are on
the solvent-exposed face of the-helix, and 9 make
interactions exclusively within the5-sheet. Mutations
involving deletions of buried, or partially buried, hydrophobic
groups, whether these residues are in the hydrophobic core,
the a-helix, or the f-sheet, can be considered together.
Mutations of polar or charged side chains need to be
considered separately.

All the mutations of buried hydrophobic residues were
found to destabilize the protein significantly. The average
destabilization energy for the deletion of one methyl(ene)
group was found to be 18 0.3 kcal mot?. This is within
the range of values observed for other globular protedns (
5,8, 11). ltis clear from this value, and by comparing values
of AAGy-—r for equivalent mutations at different positions
within the protein, that the exact effect of a mutation on
stability is highly context-dependent. Correlations between
AAGy-¢ and various structural parameters were sought in a
manner similar to previous studied, 8, 11) so we could
predict with a high degree of accuracy the effect of mutation
on stability.

The most significant correlation found was between
AAGy—r andN, the number of methyl(ene) side chain groups
within a radius 66 A of the group deleted on mutation. For
buried hydrophobic residues, the correlation coefficient for
FKBP12 is 0.731 = 16) and the results can be superimposed
on those obtained for CI2L{) and barnase8] (see Figure
3A). If one considers partially buried hydrophobic side
chains in addition to buried hydrophobic side chains, the
correlation betweemMAGy—r andN is even stronger [cor-
relation coefficient of 0.81(= 24), Figure 3B]. Again the
data could be superimposed on similar data for CI2 (see
Figure 3B). When the data for FKBP12, CI2, and barnase
were combined, a correlation coefficient of 0.88=€ 46)
was obtained for completely buried hydrophobic residues and
a correlation coefficient of 0.8h(= 71) was obtained for
all hydrophobic residues mutated, including partially buried
residues. These results strongly suggest that the loss of

Thr 75 and the backbone of Leu 74 is significant as solvent stability on deletion of any hydrophobic group can be
cannot access the site of mutation. The protein is, therefore,adequately explained by the packing parameterand



Stability of the FK506-Binding Protein, FKBP12

therefore the loss of van der Waals contacts. Such results
strongly suggest that this correlation will hold for all globular
proteins.

For mutations involving deletion of a hydrophobic group,
AAGy_¢ can be predicted solely on the basisMf For
mutations involving removal of a polar or charged group,
AAGy_¢ can be estimated from a knowledge of the solvent
accessibility of the site of mutation. The energy contributed
to stability by hydrogen bonds is highly variable. Buried
hydrogen bonds, when lost, have the greatest destabilizing
effect, as no surrogate bonding partner such as a water
molecule can replace the lost interaction. Surface hydrogen
bonds, on the other hand, have little or no effect on stability.
Our results suggest that the loss of a buried hydrogen bond
destabilizes FKBP12 by approximately +.0.5 kcal mot?,
which is in agreement with studies on other proteig4, (
35).

It is clear from the mutations at lle 56, the N-cap of the
a-helix, that it is difficult to predict the energetic conse-
guence of a substitution on the basis of the propensity of an
amino acid for a secondary structural element alone. In this
case, tertiary interactions are more important than the
interactions within the element of secondary structure as has
been noted elsewhergg).

CONCLUSIONS

From the analysis presented here and in other studies, it
is clear that the energetic cost of removing either a nonpolar,
polar, or charged group from a protein is highly context-
dependent. By far the most important factor contributing
to protein stability is the burial of hydrophobic surface area
and the concomitant formation of strong van der Waals
interactions. This is true not only within the hydrophobic
core of a protein, illustrating the importance of hydrophobic
interactions in stabilizing tertiary structure, but also in
a-helices angB-sheets, illustrating the importance of hydro-
phobic interactions in stabilizing secondary structure. We
find a strong correlation between the contribution of hydro-
phobic groups to protein stability and their local environment
by using the packing paramet®. This correlation is
independent of both the position of the residue within the
tertiary structure and the degree of burial of the residue. Such
findings mirror results discovered recently for other proteins
(12). The burial of nonpolar surface area should therefore
be the prime consideration in the design of novel proteins
with stable folds.
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