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ABSTRACT: In the family of acyl-coenzyme A binding proteins, a subset of 26 sequence sites are identical
in all eukaryotes and conserved throughout evolution of the eukaryotic kingdoms. In the context of the
bovine protein, the importance of these 26 sequence positions for structure, function, stability, and folding
has been analyzed using single-site mutations. A total of 28 mutant proteins were analyzed which covered
17 conserved sequence positions and three nonconserved positions. As a first step, the influence of the
mutations on the protein folding reaction has been probed, revealing a folding nucleus of eight hydrophobic
residues formed between the N- and C-terminal helices [Kragelund, B. B., et al. (1999)Nat. Struct. Biol.
(In press)]. To fully analyze the role of the conserved residues, the function and the stability have been
measured for the same set of mutant proteins. Effects on function were measured by the extent of binding
of the ligand dodecanoyl-CoA using isothermal titration calorimetry, and effects on protein stability were
measured with chemical denaturation followed by intrinsic tryptophan and tyrosine fluorescence. The
sequence sites that have been conserved for direct functional purposes have been identified. These are
Phe5, Tyr28, Tyr31, Lys32, Lys54, and Tyr73. Binding site residues are mainly polar or charged residues,
and together, four of these contribute approximately 8 kcal mol-1 of the total free energy of binding of
11 kcal mol-1. The sequence sites conserved for stability of the structure have likewise been identified
and are Phe5, Ala9, Val12, Leu15, Leu25, Tyr28, Lys32, Gln33, Tyr73, Val77, and Leu80. Essentially,
all of the conserved residues that maintain the stability are hydrophobic residues at the interface of the
helices. Only one conserved polar residue, Gln33, is involved in stability. The results indicate that
conservation of residues in homologous proteins may result from a summed optimization of an effective
folding reaction, a stable native protein, and a fully active binding site. This is important in protein design
strategies, where optimization of one of these parameters, typically function or stability, may influence
any of the others markedly.

The acyl-coenzyme A binding proteins (ACBPs)1 are
highly conserved proteins of typically 86 residues, which
are suggested to play an important role in intracellular acyl-
CoA transport and metabolism (1). ACBP has proven to be
an excellent model system for studies of both protein
dynamics (2, 3) and completely reversible protein folding
(4-6). The fully reversible folding processes of the bovine,
rat, and yeast proteins have all been shown to occur in

apparent two-state reactions without any observable inter-
mediate states (5).

Recently, the primary sequences of 24 eukaryote ACBP
sequences were compared, including those from species from
both fungi/plant and animal kingdoms. This comparison
showed that 26 positions encompassing both polar and
nonpolar amino acid types have been conserved throughout
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Asn; K32A, Lys32f Ala; K32E, Lys32f Glu; K32R, Lys32f Arg;
Q33A, Gln33f Ala; A34G, Ala34f Gly; T35A, Thr35f Ala; P44A,
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evolution (5, 6). The role of these residues for a fast and
efficient protein folding reaction was probed by mutagenesis
in the bovine ACBP sequence in combination with fast-
mixing spectroscopic techniques (6). The results showed that
out of 18 conserved sequence sites probed seven positions
were found to be important for fast folding and thus to
participate in the structure formed in the rate-limiting step
of the protein folding reaction (6). Additionally, a hydro-
phobic residue, Ile74 (homologous I/V), took part in this
structure. The reversible two-state protein folding mechanism
was not altered by any of the mutations introduced in the
bovine variants (6).

Ligand binding to proteins is known to have a wide range
of different effects on protein structure, function, and stability
(7-10) and on the protein folding reaction. In ACBP, ligand
binding is very tight and the preference for long chain acyl-
CoA is very high (11, 12). Ligand binding does not stabilize
the protein significantly against thermal denaturation (4);
however, an increase in the melting temperature,Tm,
measured with differential scanning calorimetry indicates that
ligand binding seems to stabilize the protein significantly
(B. W. Sigurskjold, personal communication). This situation
is also confirmed by both amide hydrogen exchange and15N
relaxation measurements (3, 4), where residues in the
immediate vicinity of the ligand show decreased dynamics
and thus an apparent stabilization by ligand binding. Only
minor structural changes are associated with binding, and
the protein topology is largely unaffected (13).

The structure of ACBP is a skew four-R-helix bundle (14,
15), and the atomic interactions between the ligand hexa-
decanoyl-CoA and bovine ACBP have been described in
great detail with the NMR structure of the complex (13).
Most of the ligand is sequestered within the protein where
the ω-end (C16-C12) of the acyl chain is anchored in a
hydrophobic cleft between helix A2 and helix A3. From here,
the acyl chain bends upward around Met24 and forms a
binding platform for the hydrophobic parts of the CoA head.
The specificity for ligand binding resides in theω-end of

the acyl chain together with strong electrostatic interactions
with the adenosine 3′-phosphate of the CoA. In a separate
study, it was shown that the 3′-phosphate is responsible for
almost 40% of the total binding energy (12). This phosphate
group of the ribose and the hydroxyl group are involved in
an intense network of electrostatic and polar interactions
where interactions with the polar parts of the side chains of
Tyr28, Lys32, and Lys54 are prominent (Figure 1). The large
adenine ring stacks with the aromatic ring of Tyr31, and
hydrogen bonds are formed between the hydroxyl of Tyr73
and acceptors of the adenine ring itself. The interactions
between theω-end of the acyl chain and ACBP are
hydrophobic and thus not as specific as the interactions found
between the CoA and ACBP.

To fully analyze the role of the conserved residues in the
ACBP family, a total of 28 mutant variants of bovine ACBP
were constructed (Figure 2). The set of variants covers 20
sequence sites of both hydrophobic and polar/charged
residues at both conserved and nonconserved positions. The
method of single-site mutations has been the platform for
an investigation of the contribution of each amino acid
residue to ligand binding and to the stability of the native
protein against chemical denaturation. It is possible that one
specific residue can be evolutionally conserved for all three
purposes, structure and stability, function, and efficient
folding, and it may be possible from a gradual modification
of that residue to establish the role of the different parts of
the side chain. Two different techniques are applied. The
technique of ITC is used for thermodynamic characterization
of dodecanoyl-CoA binding to all variants. In the appropriate
binding ranges, this technique offers the potential to directly
determine the dissociation constantKd and the molar en-
thalpy,∆Hbind°, and thereby also the determination of∆Gbind°
and ∆Sbind° from single-titration experiments (16). The
stability of the apoproteins,∆GD-N, was determined from
chemical denaturation by guanidinium chloride (GuHCl) of
the mutant proteins using intrinsic tryptophan and tyrosine
fluorescence. The obtained parameters for the apo and holo

FIGURE 1: Hydrogen bonding network of ACBP and hexadecanoyl-CoA. The adenosine 3′-phosphate of the CoA head is shown as gray
spheres, and the side chains of Phe5, Tyr28, Tyr31, Lys32, Lys54, and Tyr73 are shown as black sticks. Hydrogen bonds are indicated by
bold dotted lines between atoms, and all atoms are also shown by their van der Waals surface.
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forms of bovine ACBP are analyzed and compared in relation
to the position of the mutation within the structures.

EXPERIMENTAL PROCEDURES

DNA Construction. Vectors for expression of ACBP
mutants were generated by site-directed mutagenesis of
pKK223ACBP expressing wild type bovine ACBP (17). Two
procedures were employed. Mutagenesis was carried out with
mutagenic primers and standard PCR techniques using a
Perkin-Elmer Cetus DNA Thermal Cycler. The wild type
gene was excised from pKK223 by treatment with restriction
endonucleases and replaced with the mutant gene. The new
plasmids were transformed intoEscherichia colistrain DH5R
that was used as an expression host. The constructions were
verified by DNA sequencing using the model 373A DNA
Sequencing System and the Taq DyeDeoxy Terminator Cycle
Sequencing Kit from Applied Biosystems, Inc. The remain-
ing mutants were generated according to the Eckstein
procedure using the Amersham oligonucleotide-directed in
vitro mutagenesis system following the recommendations
of the manufacturer. TheEcoRI-HindIII fragment of
pKK223ACBP (17) was subcloned into M13mp11. Single-
stranded templates were isolated according to standard
procedures and used for site-directed mutagenesis using
specific mutagenic oligonucleotides. Appropriate fragments
harboring the desired mutations were isolated and cloned
into pKK223ACBP∆1 for high-level expression. The se-
quences of all mutants were verified by the dideoxy chain
termination procedure using a Pharmacia T7 DNA poly-
merase kit.

Expression and Purification. The proteins were expressed
and purified as described previously (11, 17) with a few
modifications. After homogenization in the French press, 5%
(v/v) trichloroacetic acid was added, and the suspension was
stirred on ice for 30 min to precipitate ACBP. The heat
denaturation step was omitted. For purification on HPLC,
buffer A was substituted with 96% ethanol and 0.1%
trichloroethanol and buffer B with H2O and 0.1% trichloro-
ethanol. The purity and mass of each mutant were checked
by electrophoresis and electrospray mass spectrometry.

Synthesis of Ligands. Dodecanoyl-CoA was synthesized
and purified as previously described (11).

Isothermal Titration Calorimetry. Microcalorimetry was
performed on a Microcal Omega titration microcalorimeter
(Northampton, MA). Protein and ligand samples were
prepared in 25 mM ammonium acetate (pH 6.0) and degassed
under vacuum prior to analysis. Protein concentrations in

the sample cell (1.33 mL) were between 5 and 50µM
(typically 22 µM), and the temperature was 27°C. Ligand
concentrations in the injection syringe (100µL) were
approximately 20 times higher than the corresponding protein
concentrations. In a typical experiment, 25 aliquots of 4µL
of ligand were injected into a stirred (400 rpm) protein
solution for a duration of 16 s with 2.5 min between
injections. Data collection was achieved using the DSCITC
software (MicroCal Inc.). Data evaluation, integration,
analysis, and determination of binding parameters were
performed using the Origin scientific plotting software
(MicroCal Inc.) and the Calreg software (version 3.0), and
isotherms were analyzed as described previously (16, 18).
All experiments were repeated two to four times.

Equilibrium Denaturation. Solutions of GuHCl and 0.02
M sodium acetate (pH 5.3) were prepared at increments of
0.1 or 0.2 M GuHCl from a 6 M stock solution. The final
concentrations were checked by refractive index. The
intrinsic fluorescence at 356 nm was measured on a Perkin-
Elmer LS50B apparatus from an excitation wavelength at
280 nm and slit widths of 5 nm; the protein concentration
was 1µM. The fluorescence emission intensity of the protein
solutions was followed until a stable signal was reached. All
measurements were performed at 278 K. The temperature
within the cuvette was checked manually using a thermo-
couple. The change in fluorescence intensity at 356 nm,fobs,
with concentration of denaturant was fitted to the following
equation wherefN and fD are the fluorescence of the native
and denatured state, respectively, in the absence of denatur-
ant:

wherem is the slope of the transition and [GuHCl]50% the
concentration of denaturant at the midpoint of the transition.
The effect of denaturant on the native and unfolded states
was accounted for in the applied fit, wherea1 anda2 are the
linear dependence of denaturant concentration on the native
and denatured states, respectively.R is the gas constant. The
difference in free energy between the native and the
denatured state,∆GD-N, was calculated from the midpoint
of transition, whereKeq ([GuHCl]50%) ) 1, as ∆GD-N )
m[GuHCl]50%. All experiments were repeated at least two
times.

FIGURE 2: Mapping of the mutated sites to the primary sequence of bovine ACBP. The different mutations are indicated by their alternatives,
and conserved residues are boxed. Residues with specific van der Waals interactions with the ligand as identified in the structure of the
complex of bovine ACBP and hexadecanoyl-CoA are shown in bold, and the fourR-helices are shown as boxes labeled A1-A4.

fobs) {(fN + a1[GuHCl]) +
[(fD + a2[GuHCl]) exp[(m([GuHCl] -

[GuHCl]50%))/RT]]}/{1 + exp[[m([GuHCl] -
[GuHCl]50%)]/RT]}
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Kinetic Refolding and Unfolding. Proteins were dissolved
to concentrations between 0.33 and 1.0 mg/mL. Refolding
and unfolding kinetics were measured as described previously
(5).

RESULTS

Design Strategy. The contribution of each of the conserved
residues in the ACBP family to the structure, function, and
stability was analyzed using single-site mutations (Figure 2).
The choice of mutations was as a first approach restricted
to alanine substitutions at the majority of the conserved
positions of the ACBP family. As ACBP is a predominantly
R-helical protein, and since alanine is the least helix-opposing
residue (19), these mutations were anticipated not to interfere
with the geometrical parameters of the structural scaffold.
Additionally, charge reversals or neutralizations of charges
were applied on a subset of the residues. These substitutions
were based on the knowledge of possible interactions
between the ligand and ACBP as judged from large
perturbations in chemical shifts in the NMR spectra of the
complex. These residues are Tyr28, Tyr31, Lys32, Thr35,
and Lys54. Furthermore, Asp21 was also chosen for sub-
stitutions since in the free protein, this side chain is suggested
to participate in a bifurcated salt bridge to Lys50 and Lys54
(14, 15), an interaction that is missing in the complex (13).
Some conserved sequence positions were not mutated; these
were the two tryptophans (Trp55 and Trp58), the three
glycines (Gly37, Gly45, and Gly67), and Ala69, Val36, and
Ser65.

The expression and purification of all mutant proteins
were successful, and all proteins were stable and existed in
a native folded form at room temperature. The purity of the
preparations was checked by mass spectrometry and N-
terminal sequencing and was in all cases better than
98%.

Protein Stability. The difference in free energy between
the denatured and the native state,∆GD-N, was measured
for each mutant with guanidinium chloride titrations. The
stability of the mutant proteins varied from a∆GD-N of 3.03
kcal mol-1 (Y73A) to a∆GD-N of 8.90 kcal mol-1 (K52M/
K54M) (Table 1). For all the mutant proteins, the reversibility
of the folding and unfolding processes was demonstrated by
comparison of the refolding and folding kinetics to the
equilibrium folding results (6). Most mutant proteins were
destabilized (∆∆GD-N(wt-mut) > 0) compared to the wild type
bovine protein with the destabilizing effect introduced by
the mutations [∆∆GD-N(wt-mut)] being typically within 1-2
kcal mol-1. A few mutations did stabilize the protein
significantly [∆∆GD-N(wt-mut) < 0], although the effects were
small. These mutations are D21A and the double mutant
K52M/K54M. A group of mutations showed a large and
significant effect on the stability [∆∆GD-N(wt-mut) > 1.5 kcal
mol-1]. These mutations are F5A, A9G, V12A, L15A, Y28A,
Y28N, K32A, K32R, Q33A, A34G, Y73A, V77A, and
L80A. The change in stability observed for the Y28F and
Y73F mutants was marginal, whereas the change in stability
of the Y28A, Y28N, and in particular Y73A mutants was
highly significant. This suggests that only the aromatic

Table 1: Thermodynamic Parameters for Stability and Ligand Binding of ACBP and Mutants

mutant
∆GD-N

(kcal mol-1)
∆Gbind

(kcal mol-1)
∆Hbind

(kcal mol-1)
-T∆Sbind

(kcal mol-1) ln Kd (µM)
SASAapo

a

(Å2)
SASAholo

b

(Å2)
ligand

interactionc vdWd

WT 7.89( 0.15 -11.25( 0.27 -7.43( 0.11 -3.93( 0.34 -5.60( 0.32 - - - -
F5A 5.37( 0.34 -9.17( 0.31 -6.63( 0.10 -3.25( 0.13 -1.56( 0.15 0 0.5( 0.5 - D6, Y31, T35, A34, M70, Y73
A9G 6.08( 0.08 -10.90( 0.13 -7.53( 0.13 -3.37( 0.18 -4.42( 0.06 5.6( 4.1 7.5( 2.8 Ade Y31, Y73
V12A 6.20( 0.41 -10.63( 0.16 -7.16( 0.10 -3.48( 0.19 -4.02( 0.20 0 0 - L15, I27, V77, L80
L15A 4.79( 0.50 -10.82( 0.15 -11.48( 0.12 -0.66( 0.19 -4.34( 0.31 2( 2 0 - V12, P19, L80, Y84
P19A 6.82( 0.25 -10.41( 0.08 -5.66( 0.08 -4.74( 0.11 -3.47( 0.13 8.5( 4.2 0 - L15, M24, L80, Y84
D21Ae 8.31( 0.47 -11.9( 0.4 -6.07( 0.01 -5.8( 0.40 -5.88( 0.54 41( 19 41( 11 acyl (K50, L25, K54)e

D21He 7.33( 0.11 -10.4( 0.3 -8.4( 0.1 -2.0( 0.2 -3.51( 0.23 - - - -
L25A 6.87( 0.32 -10.10( 0.13 -6.47( 0.13 -3.62( 0.18 -2.92( 0.28 15( 5 40( 11 acyl A53, K54, A57
Y28A 5.42( 0.37 -8.91( 0.16 -4.57( 0.14 -4.34( 0.22 -1.11( 0.28 39( 7 2 ( 2 Ade K32, K54, W58
Y28F 6.83( 0.55 -8.7( 0.4 -6.64( 0.07 -2.1( 0.3 -0.60( 0.58 - - - -
Y28N 5.66( 0.52 -8.47( 0.03 -5.0( 0.4 -3.5( 0.5 -0.37( 0.04 - - Ade -
Y31Ne 6.37( 0.59 -9.1( 0.4 -3.8( 0.5 -5.3( 0.9 -1.27( 0.61 52( 7 31( 2 Ade F5, A9, K32, T35, Y73
K32A 6.87( 0.73 -7.98( 0.02 -6.90( 0.30 -1.10( 0.3 0.43( 0.03 42( 5 11( 4 Ade Y28, Y31, W58
K32R 6.06( 0.79 -9.51( 0.04 -6.8( 0.2 -2.7( 0.2 -2.12( 0.08 - - Ade -
K32E 6.21( 0.48 -7.83( 0.07 -8.9( 0.4 1.1( 0.3 -0.69( 0.12 - - - -
Q33A 4.23( 0.34 -10.79( 0.12 -10.34( 0.11 -0.42( 0.16 -4.14( 0.19 0 0 - W58, L61
A34G 6.32( 0.24 -11.38( 0.25 -6.86( 0.10 -4.52( 0.28 -4.96( 0.28 0 0 - F5, T35, A69, M70
T35A 6.80( 0.35 -10.8( 0.2 -6.5( 0.2 -4.30( 0.4 -4.14( 0.31 13( 1 16( 2 - F5, Y31, A34, V36
P44A 6.49( 0.31 -10.86( 0.22 -7.39( 0.12 -3.47( 0.26 -4.34( 0.31 31( 11 33( 12 - R43, G45, D48, G51, K52, W55
K52Me 8.07( 0.46 -10.08( 0.06 -10.1( 1.1 0.05( 1.07 -3.08( 0.65 57( 21 47( 17 - R43, P44, D48, F49, A53
K54A 7.03( 0.55 -9.46( 0.11 -7.82( 0.16 -1.64( 0.19 -2.00( 0.20 53( 10 9( 7 Ade -
K54M 8.16( 0.52 -9.85( 0.08 -9.7( 0.1 -0.11( 0.03 -2.69( 0.15 - - Ade -
E67A 7.53( 0.90 -11.03( 0.27 -6.94( 0.11 -4.09( 0.29 -4.51( 0.36 85( 19 81( 17 - K66, K71, S1, S65
Y73A 3.06( 0.27 -9.12( 0.05 -7.82( 0.19 -1.30( 0.19 -1.35( 0.08 1.4( 1.2 0 Ade F5, A8, A9, I27, H30, Y31
Y73F 8.16( 0.52 -9.56( 0.06 -6.8( 0.3 -2.8( 0.3 -2.25( 0.06 - - Ade -
V77A 6.75( 0.23 -10.56( 0.16 -5.59( 0.24 -4.98( 0.29 -3.82( 0.08 0 0 - A8, V12, I27, L80
L80A 4.19( 0.20 -10.78( 0.09 -7.85( 0.17 -2.93( 0.19 -4.27( 0.14 3.2( 2.4 0 - V12, L15, Q33, I27, Y84
K52M/

K54M
8.90( 0.90 -9.65( 0.11 -10.5( 0.2 0.90( 0.06 -2.35( 0.06 - - Ade -

a SASAapo is the solvent accessible surface area calculated for apo-ACBP (2abd) using the program NACCESS (20). b SASAholo is the solvent
accessible surface area calculated for holo-ACBP (1aca) using the program NACCESS (20). c Ligand interactions calculated using the program
XPLOR 3.0 (21) for holo-ACBP (1aca). Ade is the adenosine 3′-phosphate group, and acyl is an acyl chain.d Consistent van der Waals contacts
between side chains in apo-ACBP (2abd) calculated using the program X-PLOR 3.0 (20). e Nonconserved residue.
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groups and not the hydroxyls play a role in providing stability
to the ACBP proteins.

Binding Affinity and Energy. Binding of the ligand
dodecanoyl-CoA to ACBP and its variants is mostly enthal-
pically driven, but with favorable entropy contributions (12).
In this study, the ligand dodecanoyl-CoA was used which is
shorter by four methylene groups than the ligand hexa-
decanoyl-CoA used in determining the NMR structure of
the complex. This of course has an influence on probing
residues which are important for acyl binding as the binding
affinity is known to increase dramatically for longer acyl
chains (11). Most likely, the residues important for acyl
affinity will not be probed by the ligand dodecanoyl-CoA.
The reason for choosing the dodecanoyl-CoA as a ligand in
these studies is that hexadecanoyl-CoA binds to ACBP with
a much higher affinity (Kd ≈ 10 nM). Unfortunately, this is
outside the window of accurate measurements with ITC.

All mutant proteins were able to bind the ligand with a
high affinity, and the thermodynamic parameters could be
measured readily (Table 1 and Figure 3). Typically, the
binding affinity was decreased as a result of mutation (Figure
4). The most severe changes were observed for K32A [∆ln
Kd(wt-mut) ) -6.03] and K32E [∆ln Kd(wt-mut) ) -4.91]. The
free energy of binding dodecanoyl-CoA (∆Gbind) varied from
-11.9 ( 0.4 (D21A) to-7.83 ( 0.07 kcal mol-1 (K32E)
(Table 1). The change in binding energy [∆∆Gbind(wt-mut)]
as a result of a mutation was most pronounced for mutations
involving neutralization of charges or charge reversals. Also,
one of the nonpolar residues which were truncated, F5A,
showed a large decrease in binding energy. The largest
effects [∆∆Gbind(wt-mut) < -1.5 kcal mol-1, and∆ln Kd(wt-mut)

< -2.5] were observed for mutations F5A, L25A, Y28A,
Y28F, Y28N, Y31N, K32R, K52M, K54A, Y73A, Y73F,
and K52M/K54M (Figure 4).

Enthalpy and Entropy of Ligand Binding. The changes in
the parameters of enthalpy (∆Hbind) and entropy (∆Sbind)
contributing to ligand binding energy were typically larger
than the change in∆Gbind (Table 1). These changes divided
the mutant proteins into three groups (Figure 5 and Table
2). The first group consists of mutations that result in no
apparent change in either the binding energy or the enthalpy
or the entropy contributions. These mutations concern A9G,
V12A, L25A, A34G, T35A, P44A, E67A, and L80A. The
second group of mutations shows no or little change in the
binding affinity and energy, but large compensatory changes
in enthalpy and entropy [∆∆Gbind < 1.5 kcal mol-1,
|∆∆Hbind| ≈ |∆(-T∆S)bind|]. These compensatory changes
were seen as more favorable enthalpy combined with less
favorable entropy (L15A, D21H, Q33A, and K52M) or as
less favorable enthalpy combined with more favorable
entropy (P19A, D21A, and V77A). The third and last group
consists of mutations that caused a large change in binding
energy (∆∆Gbind < 1.5 kcal mol-1) but with noncompensa-
tory changes in enthalpy and entropy. Again, there is a
subdivision of the mutations. Either both the enthalpy and
the entropy contributions were less favorable compared to
those of the wild type (F5A, Y28F, Y28N, K32A, K32R,
and Y73F), or they changed opposite (Y28A and Y31N, less
favorable enthalpy and more favorable entropy; K32E,
K54A, K54M, Y73A, and K52M/K54M, more favorable
enthalpy and less favorable entropy). The grouping of

FIGURE 3: Isothermal titration and equilibrium denaturation of wild
type bovine ACBP and Y73A and Y73F mutants. (A, top three
panels) Binding isotherms for the titration of wild type bovine
ACBP, Y73F, and Y73A with dodecanoyl-CoA. A 20µM solution
of ACBP was titrated with 25 aliquots of 4µL injections of 0.5
mM dodecanoyl-CoA. The area under each injection was integrated
and plotted in the bottom panel of each of the figures. The solid
lines represent a nonlinear least-squares fit of the heat of each
injection with the assumption of a single binding site. (B, bottom
panel) The denaturation by GuHCl as described in the legend of
Figure 3A: (b) Y73A and (O) wild type bovine ACBP and ([)
Y73F.
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mutations according to these changes in binding energy,
enthalpy, and entropy is listed in Table 2.

DISCUSSION

ConserVed Residues and Their Role in BoVine ACBP. The
mutations introduced in the sequence of bovine ACBP result
in changes of both the thermodynamics of ligand binding
and protein stability. The relative changes observed in protein
stability, the binding affinity and energy, and in the
contributing parameters of enthalpy and entropy divide the
mutations into distinct groups (Table 2). From the changes
observed as a result of the mutations, it is recognized that
some mutations affect one of the parameters more than others
and that one conserved residue may be important in fulfilling
more than one distinct role. In the following, the mutated
sites are described structurally and the effects of mutation
on binding and stability are analyzed within this context.
For this purpose, the solvent accessible surface areas of the
individual side chains (SASA) and consistent van der Waals
contact (vdW) with other side chains have been calculated
for both apo-ACBP and holo-ACBP and listed in Table 1.

ConserVed Residues and Protein Stability. The difference
in free energy between the folded, native ACBP structure,
which is capable of ligand binding, and the denatured,

unfolded peptide chain is only marginal, and the residues
contributing to favorable interactions are therefore highly
important. In a set of homologous protein sequences, the
fundamental residues that provide this favorable interaction
energy may be identified among the set of conserved
sequence positions. For the mutations introduced in the
bovine ACBP sequence which to a large extent cover the
conserved sequence sites, only a subset of the mutations
showed a large and significant effect on the stability
[∆∆GD-N(wt-mut) > 1.5 kcal mol-1]. The sequence sites
involved are Phe5, Ala9, Val12, Leu15, Tyr28, Lys32,
Gln33, Ala34, Tyr73, Val77, and Leu80. The positions of
these residues are highlighted in the structure of bovine
ACBP (Figure 6).

In the structures of ACBP, the conserved residues for
which mutations cause a large destabilization effect are
highly interconnected. These residues are localized at helix-
helix interfaces, forming a pronounced hydrophobic interac-
tion network between helix A1, helix A2, and helix A4 and
between helix A2 and helix A3. Strong interactions are seen
between Phe5, Ala9, Ala34, and Tyr73 and between Val12,
Leu15, Val77, and Leu80. Likewise, strong interactions are
seen between Tyr28, Lys32, and Gln33. For Tyr28, there
are vdW interactions with Lys32, Lys54, and Trp58. Lys32
and Lys54 have been mutated in such a way that the effect
of removing the entire hydrophobic side chain can be
evaluated. However, only K32A and not K54A destabilized
the structure significantly. It is possible that mutations of
Trp58 may destabilize ACBP to the same extent as the
mutations introduced at Tyr28. This residue is seen in Figure
7, and its position suggests that it may indeed constitute one
of the helix-helix interface residues between helix A2 and
helix A3 together with Tyr28, Lys32, and Gln33. Attempts
to produce the W58A mutant protein have been unsuccessful,
so milder mutations to a phenylalanine may be needed to
confirm its involvement in providing stability at the interface
between helix A2 and helix A3.

It is also interesting that all the sites for which mutations
cause a large decrease in stability are all conserved. None
of the mutations performed at nonconserved positions, D21A,
D21H, Y31N, and K52M, showed a large destabilizing effect.
More interesting, the conserved residues providing structural
stability to ACBP are mostly hydrophobic. For Lys32, only
removal of the large hydrophobic part of its side chain results
in a destabilization of the protein; not even charge reversal
(i.e., K32E) destabilized ACBP significantly. Only one polar
residue, Gln33, is important for stability. Its polar side chain
is completely inaccessible to solvent, and it is involved in
an intense network of complex hydrogen bonds, which
compensates for this unfavorable burial (Figure 7). It forms

FIGURE 4: Relative changes in the dissociation constant for dodecanoyl-CoA. The changes in dissociation constant of the mutated variants
are compared to those of wild type bovine ACBP [∆ln Kd(wt-mut)].

FIGURE 5: Correlation between the relative changes in enthalpy
and in entropy by mutations. The mutations are shown as four
individual groups with each of their marks. Binding site residues,
where mutations cause large changes in binding energy (∆∆Gbind
> 1.5 kcal mol-1), are shown as black circles, and a linear
regression of these data gives a correlation coefficientR of 0.94
(solid line). Mutations of residues causing no effect on binding are
shown as white diamonds, and mutations of residues resulting in
compensatory changes in enthalpy and entropy and no large effect
on binding energy are shown as white squares (hydrophobic
changes) and stars (polar changes). For grouping of mutant proteins,
refer to Table 2. Dotted lines indicating no change are drawn to
guide the eye.
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hydrogen bonds with the main chain amide of Thr64, with
the main chain carbonyl of Gly37, and with the side chain
of Asp38.

ConserVed Residues and Ligand Binding Affinity and
Energy. In this study, the ligand dodecanoyl-CoA (C12-CoA)
was used to probe the binding profile of bovine ACBP and
28 mutant proteins. From the structure of the complex
between bovine ACBP and hexadecanoyl-CoA (C16-CoA),
it is evident that four methylene groups in theω-end of the
chain are making specific hydrophobic interactions with the
protein. The affinity for the ligand dodecanoyl-CoA (C12-
CoA) resides therefore mostly in the electrostatic interactions
between the CoA head and ACBP, especially with the 3′-
phosphate group which has been shown to be responsible
for around 40% of the binding energy (12). The affinity for
the acyl chain, which resides mostly in theω-end, is not
probed by this ligand.

Seven residues for which mutations affected ligand binding
affinity and energy dramatically have been identified. These
residues are Phe5, Leu25, Tyr28, Tyr31, Lys32, Lys54, and
Tyr73. Six of these seven residues are involved directly in

binding of the adenosine 3′-phosphate part of the CoA, and
can be seen in Figure 1, where they are highlighted in the
structure of the complex of bovine ACBP and hexadecanoyl-
CoA. Direct interactions are clearly present between 3′-
phosphate and the adenine ring and residues Tyr28, Tyr31,
Lys32, Lys54, and Tyr73. Phe5 is not making direct
interactions with the CoA head. For Phe5, there are large
interaction areas to especially two residues, Tyr31 and Tyr73.
The decreased binding affinity and energy for the F5A
mutant may result from a structural rearrangement of Tyr31
and Tyr73 as removal of the phenyl group of Phe5 most
likely collapses the aromatic lock formed by these three
residues and thus weakens the interactions with the adenine
ring. Leu25 is interacting with residues Ala53, Lys54, and
Ala57, forming interactions with theω-end of the ligand. It
is shielded from solvent in apo-ACBP by Glu22, and in the
complex Glu22 changes its position, such that the solvent
accessibility of the side chain of Leu25 changes from 15 to
40%. Leu25 can be viewed as the bottom of the hydrophobic
cave between helix A2 and helix A3, stabilizing the
hydrophobic cleft. The mutation of the side chain to an
alanine seems to have a long-range effect that propagates to
affect also binding of a medium-length acyl-CoA such as
dodecanoyl-CoA. It may be anticipated that the change
observed in binding affinity for the L25A mutant protein
would be even larger when hexadecanoyl-CoA is the ligand.
All the residues for which mutations cause a decrease in

Table 2: Grouping of Bovine ACBP Mutant Proteins According to Effects on Ligand Binding Energy, Enthalpy, and Entropy

effect no effects on binding compensatory changes large effects on binding

limits ∆∆Gbind < 1.5 kcal mol-1 ∆∆Gbind < 1.5 kcal mol-1 ∆∆Gbind > 1.5 kcal mol-1

∆∆Hbind < 1 kcal mol-1 |∆∆Hbind| ≈ |∆(-T∆Sbind)| ∆∆Hbind > 1 kcal mol-1

∆(-T∆Sbind) < 1 kcal mol-1 ∆(-T∆Sbind) > 1 kcal mol-1

∆∆Hbind
a - v V V V v

∆(-T∆Sbind)a - V v V v V
mutant A9G L15A P19A F5A Y28A K54A

V12A D21H D21A Y28F Y31N K54M
L25A Q33A V77A Y28N Y73A
A34G K52M K32A K52M+K54M
T35A K32R
P44A Y73F
E67A
L80A

a (v) Increased effect of mutation; (V) decreased effect of mutation.

FIGURE 6: Mapping stability to the structure of apo-ACBP. The
conserved residues for which mutations affect protein stability
significantly [∆∆GD-N(wt-mut) > 1.5 kcal mol-1] are shown as gray
space filling atoms and labeled with their residue number. Their
position at the interfaces between the four helices is clear. The four
helices are shown as solid rods, and a smooth ribbon drawn through
the protein backbone atoms is shown in light gray. Trp58 is shown
in black lines.

FIGURE 7: Local environment of Gln33 in the structure of bovine
ACBP. The massive network of hydrogen bonds is clearly visible.
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binding affinity and energy are highly conserved in the set
of homologous ACBPs, and many of these contain both a
polar functional group and a large hydrophobic part. Tyr31
is not strictly conserved but is found only as a tyrosine or
phenylalanine which represents a conservative change that
still enables the aromatic stacking with the adenine ring of
the CoA head. It is interesting to notice that the changes in
binding affinity and energy for mutations involving Tyr28
and Tyr73 are confined to the removal of the hydroxyl
groups, suggesting that the aromatic and hydrophobic
interactions are not important for ligand binding but more
so for protein stability.

ConserVed Residues and Ligand Binding Enthalpy and
Entropy. The free energy for binding of dodecanoyl-CoA to
wild type bovine ACBP is-11.25( 0.27 kcal mol-1 (Table
1). This amount of energy results from the sum of contribu-
tions arising from stabilization of the protein in the holo form
compared to the apo form, from the energy difference
between the solvated and the bound ligand, and from energies
for interaction between the ligand and ACBP. A difference
in the binding energy between wild type ACBP and a mutant
protein will reflect changes in any of these three energy
origins. It is possible that the three individual terms will make
opposite contributions, which in that case will lead to no
change in binding energy. This, however, may seldom be
the case.

The mutations introduced in the sequence of bovine ACBP
which result in an effect on the thermodynamics of ligand
binding can be grouped according to their changes in binding
energy. One group of mutations comprises those with major
changes in binding affinity and energy. This group of seven
residues has already been described. The individual effects
on the enthalpy and entropy of binding on the other hand
reflect the type of interactions that are important for ligand
binding and which have been abolished by the mutation. For
these seven residues, there are different dominating effects
dependent on the degree of mutations. For F5A, Y28F,
Y28N, K32A, K32R, and Y73F, there is a concomitant
change in both enthalpy and entropy, suggesting that both
polar and hydrophobic interactions are lost by the mutations.
For Y28A and Y31N, there are an increase in enthalpy and
a decrease in entropy, showing that the loss of hydrophobic
interactions is dominant, whereas for K32E, K54A, K54M,
Y73A, and K52M/K54M, the opposite is the case and loss
of polar interactions dominates. These conclusions are in
accordance with the structural arrangement of the ligand and
the participating binding residues (Figure 1). The loss of
electrostatic interactions with the 3′-phosphate may result
in loosening of the hydrophobic interactions between on one
hand the adenine ring and the aromatic rings of ACBP and
on the other hand between the aromatic rings of ACBP
themselves. Using the same arguments, it is also clear that
Lys54 does not contribute with any significant hydrophobic
interaction to ligand binding.

Another group of mutations consists of those for which
compensatory changes in enthalpy and entropy result in little
or no change in binding energy. These changes reflect
changes in the protein structure, which again result from
compensatory changes arising from structural rearrangements
or from removal of important protein-protein interactions.
Pro19 and Val77 are interacting with the residues at the

interface between helix A1 and helix A4, and truncation of
these two residues does not affect binding energy. Rather,
the mutations destabilize the protein, both in the apo and in
the holo forms. The side chain of Lys52 is hydrogen bonded
to backbone carbonyls of either Met46 or Pro44, and the
removal of this interaction is reflected in the increase in
enthalpy and decrease in entropy. The side chain of Gln33
is completely buried and hydrogen bonded and its interaction
network described under the subsection of protein stability.
Asp21 is not a conserved residue, and is seen as Asp, Asn,
and Thr. It forms specific interactions with theω-end of the
ligand, which for dodecanoyl-CoA may be less interesting.
Substitutions with Ala and with His have opposite effects
on the enthalpy and entropy. This suggests that compared
to wild type bovine ACBP, more hydrophobic surface is
exposed in the D21A mutant protein and more polar surface
is exposed in the D21H mutant protein. Mutation L15A is
interesting in that removal of the leucine side chain, which
has strong interactions at the helix-helix interface between
the N- and C-terminal helices, would be expected to result
in loss of hydrophobic interaction. Instead, the changes in
enthalpy and entropy observed point to a loss of more polar
than nonpolar interactions. One explanation may be a
destabilization of the helix-helix interface, preventing
formation of a double salt bridge between side chains of
Lys76, Lys81, and Glu11.

ConserVation of Residues in Homologous Proteins. In the
family of 24 highly homologous ACBP sequences, there are
26 sequence sites which have been conserved throughout
evolution of the eukaryotic kingdoms. These sites include
both polar and nonpolar residues and are spread throughout
the sequence with a contiguous stretch of six residues from
Lys32 to Gly37. The evolutionary pressure exerted on the
structure, function, stability, and folding ability of the ACBP
family of proteins has involved an interconnected optimiza-
tion process in which each conserved residue may play a
specific role. The roles of the conserved sites have been
probed by single-site mutations. Initially, the role of the
conserved residues for an efficient protein folding reaction
was established in an earlier study (6). Eight hydrophobic
conserved residues, Phe5, Ala9, Val12, Leu15, Tyr73, Ile74,
Val77, and Leu80, form the interaction interface between
N- and C-terminal helices A1 and A4 in the folding rate-
limiting structure. In this study, it is found that typically,
loss of binding affinity and energy is only associated with a
small change in stability, whereas a large change in stability
is only associated with a small change in binding energy.
For a few residues, mutations could introduce a large change
in both parameters, but in these cases, removal of a shorter
piece of the side chain alone would cause the change in
binding energy. Therefore, conserved residues in the ACBP
family may have been evolutionally conserved for fulfilling
more than one role. Tyr73 is one such example. The results
also indicate that conservation of residues in homologous
proteins may result from optimization of a set of parameters,
which is an effective folding reaction, a stable native protein,
and a fully active binding site. This is important in protein
design strategies, where optimization of one of these physical
parameters, typically function or stability, may influence any
of the others markedly.
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