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ABSTRACT A small globular protein, the third repeat of
the c-Myb DNA-binding domain, which is composed of 54
amino acid residues, was engineered so as to understand the
structural uniqueness of native proteins. This small protein
has three a-helices that form a helix-turn-helix structure,
which is maintained by the hydrophobic core with three Ile
residues. One of the mutant proteins, with two of the buried
Ile (Ile-155 and Ile-181) substituted with Leu residues, showed
multiple conformations, as monitored by heteronuclear mag-
netic resonance spectroscopy for 13C- and 15N-labeled pro-
teins. The increase in the side-chain conformational entropy,
caused by changing the Ile to a Leu residue on an a-helix,
could engender the lack of structural uniqueness. In native
proteins, the conformations of not only the b-branched side
chains, but also those of the neighboring bulky side chains, can
be greatly restricted, depending upon the local backbone
structure.

Considerable efforts of de novo protein design have been made
so as to invent a new amino acid sequence that will fold into
a desired tertiary structure. These exercises of design and
synthesis have shown that a unique structure is very difficult to
attain. Most synthesized proteins in aqueous solutions are
stable and globular, with a pronounced amount of secondary
structure as designed, but they usually lack definite organiza-
tion of the side chains (1, 2). These features are similar to those
in the molten globule state of native proteins (3). Structured
peptides from random sequence libraries also show similar
features (4). However, Dill et al. (5) discriminate these states
that exist only in the artificial peptides as the ‘‘gemisch’’ states,
as compared with those of the molten globules, because a
peptide in the gemisch state has multiple ground-state con-
formations without any uniquely folded structure, which can
always be attained by a native protein in an appropriate
environment.
What determines structural uniqueness in native proteins?

There are two different aspects of the determinants of struc-
tural uniqueness: (i) positive factors and (ii) negative factors in
the folded structure. The positive contributions to the folded
structure are the formation of specific combinations of side
chains in the hydrophobic core (5–8), hydrogen bonds (9), and
disulfide bonds (10) between specific residues. A negative
factor for the determination of unique structure is the negative
role of the hydrogen bonds, so that a protein folds to avoid
leaving any uncoupled hydrogen bond donor or acceptor in its
interior, due to the significant electrostatic self-energy (11–13).
In this paper, we propose another negative factor, namely,

the decrease in the side-chain conformational entropy, which
can suppress the structural diversity and can destabilize the
intermediate folding state. The side-chain conformational
entropy has been analyzed empirically and theoretically (14–
16), and it is understood to have important thermodynamic

roles in protein folding (17). Moreover, it is well known that
b-branched amino acids can have only restricted side-chain
conformations in a-helices, because of steric effects (18), and
thus oppose a-helix formation, due to the reduced conforma-
tional entropy (14). However, in the folded native protein, the
orientations of most side-chains in the hydrophobic core are
well fixed, independent of their backbone structure, and the
conformational entropy is small enough. Therefore, the
b-branched amino acids on an a-helix could contribute to
suppressing the structural diversity, rather than to destabilizing
the folded structure. In fact, Ile and Val residues are frequently
observed in the helical sequences of native proteins, although
Leu residues are found more frequently than Ile or Val (18).
The function of this negative factor has been suggested and was
used in the actual de novo design of helices (1, 19), but it has
never been shown that an engineered protein exhibited novel
structural diversity when a b-branched amino acid on the
hydrophobic side of an a-helix was substituted with Leu.
The DNA-binding domain of the c-Myb protooncogene

product consists of three repeats (R1, R2, and R3) of 51 or 52
amino acid residues. The tertiary structures of the individual
free repeats and the complex structure of R2R3 with bound
DNA were determined by the NMR-distance geometry
method (20, 21). The most stable third repeat, R3 (residues
142-193; ref. 22), has three helices (residues 149-162, 166-172,
and 178-187), forming a helix-turn-helix structure maintained
by the hydrophobic core, which includes three Ile residues,
Ile-155, Ile-169, and Ile-181, on the three different helices,
respectively. In the present study, these Ile residues were
changed to Leu residues, to focus on the role of a b-branched
amino acid in an a-helix in causing structural uniqueness.

MATERIALS AND METHODS

Plasmids and Site-Directed Mutagenesis. A DNA fragment
encompassing the third repeat in the DNA-binding domain of
c-Myb was amplified by PCR, using pact-c-myb (23) as the
template and two synthetic primers, to generate an NcoI site
and a BamHI site at the 59 and 39 ends of the amplified
fragment, respectively. After digestion with NcoI and BamHI,
the DNA fragment was cloned into pAR2156NcoI (24) to yield
the expression plasmid, pRP3. An additional Met-Glu- se-
quence was introduced at the N terminus of R3. Site-directed
mutagenesis was performed by two-step PCR, as described by
Higuchi (25).
Protein Expression and Purification. The wild type or

mutant plasmid was introduced with pLysS into Escherichia
coli BL21(DE3) (26). Freshly precultivated cells were inocu-
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lated into growth medium containing 100 mg of ampicillin per
ml and 20 mg of chloramphenicol per ml and were grown at
378C. M9ZB (26) was used as the medium for the expression
of nonlabeled proteins. M9 medium containing [15N]NH4Cl
andyor [13C]glucose was used for the expression of uniformly
15N- andyor 13C-labeled proteins. When the culture reached an
OD600 of '0.6, isopropyl b-D-thiogalactopyranoside was
added to a final concentration of 2.0 mM. The cells were
cultured at 228C for another 12 h. The harvested cells were
suspended in 150 mM phosphate buffer (pH 6.85) and were
lysed by sonication at 48C. After the cell debris was removed
by centrifugation, ammonium sulfate was added to the super-
natant to 60% saturation. After an incubation at 48C for 1 h,
the supernatant was dialyzed against 150mMphosphate buffer
containing 100 mM NaCl (pH 6.85) and was then applied to a
P11 phosphocellulose column. The fractions that eluted with
150 mM phosphate buffer containing 0.8 M NaCl (pH 6.85)
were combined and then applied to a Sephadex G-50 column.
The protein concentrations were determined from UV

absorption at 280 nm in 150 mM phosphate buffer (pH 6.85)
and were calculated by using the molar absorption coefficients
of 1.703 104 M21, 1.573 104 M21, 1.433 104 M21, and 1.523
104 M21 for the wild type, I155L, I155LyI181L, and I155Ly
I181V proteins, respectively, on the basis of an amino acid
analysis of each purified protein. Here, I155L designates the
R3 mutant protein, in which Ile at position 155 is replaced by
Leu, and other mutant proteins are abbreviated in the same
manner. A slash indicates the combination of the simultaneous
mutations.
The purity of the mutant R3s was confirmed in the HPLC

profiles, as shown in Fig. 1.
CD and NMRMeasurements. CD spectra were measured at

108C in 5 mM sodium acetate buffer (pH 5.0) with a Jasco
(Tokyo) spectropolarimeter (model J-600). The protein con-
centration was 0.1 mgyml in a 0.2-cm optical path length cell.
All NMR spectra were measured on a Bruker (Tsukuba,

Ibaraki) AMX-600 spectrometer (600.13 MHz for 1H, 60.82
MHz for 15N, and 150.91 MHz for 13C) with a probe temper-
ature of 108C. The proteins were dissolved to a final concen-
tration of '3 mM in 90% H2Oy10% 2H2O (50 mM
C2H3COONay0.4mMNaN3, pH 5.0) for NMRmeasurements.
Assignments of the chemical shifts were performed using

the following methods: double quantum filtered correlated
spectroscopy (DQF-COSY; ref. 27), total correlated spectros-
copy (TOCSY) (28), and nuclear Overhauser enhancement
spectroscopy (NOESY; ref. 27), three-dimensional (3D)

TOCSY-heteronuclear multiple quantum coherence spectros-
copy (HMQC; ref. 29), 3D NOESY-HMQC (29, 30), 3D
HNCA (31), and 3D HNCOCA (32).
The H2H exchange experiment at 108C was performed as

described below. The lyophilized, uniformly 15N-labeled pro-
tein was dissolved in precooled (108C) 99.6% 2H2O (50 mM
C2H3COONay0.4 mMNaN3, pH 5.0) at a concentration of'3
mM. The first spectrum was recorded 30 min after the
dissolution of the protein. Two-dimensional 1H-15N HMQC
data were acquired utilizing 1024 complex data points over
8196 Hz in the 1H dimension and 128 increments over 1824 Hz
in the 15N dimension. The total acquisition time for one
spectrum was 50 min. The spectra were zero-filled to 1024 3
512 real points and were processed with a mild squared-sine-
bell window function in both dimensions. The volume integrals
of the cross-peaks were calculated for each spectrum using the
Bruker program UXNMR, and the decays were fitted to a single
exponential. The total data points were 24 until 72 h after the
dissolution for I155L and 20 until 36 h after the dissolution for
I155LyI181L and I155LyI181V, respectively. The protection
factors of the amide protons were calculated as the ratio of
exchange rates determined experimentally to that for the
unfolded structure, reported by Bai et al. (33).

RESULTS

R3 was specifically expressed in E. coli, and three Ile residues,
Ile-155, Ile-169, and Ile-181, were individually or simulta-
neously replaced with Leu via site-directed mutagenesis. The
Ile-181 residue was also replaced by Val simultaneously with
the substitution of Ile-155 by Leu. Of the resulting eight
mutants’ R3s, I169L, I181L, I169LyI181L, and I155LyI169Ly
I181L showed a low level of expression in E. coli cells, and poor
solubilities in aqueous solutions. Therefore, no further phys-
icochemical analyses of these four mutants were performed.
The far-UV CD spectrum of I155L was almost identical to

that of the wild type at 108C. The mutants I155LyI169L,
I155LyI181L, and I155LyI181V showed helical contents of
87%, 75%, and 90% of the wild type’s, respectively, assuming
that the helical content is proportional to the far-UV CD value
at 222 nm. The heat stability of each mutant was investigated
by monitoring the far-UV CD with increasing temperature at
pH 5.0, and reversible unfolding was observed with melting
temperatures (Tm) of 59.68C, 52.18C, 49.08C, and 37.68C for the
mutants I155L, I155LyI169L, I155LyI181L, and I155LyI181V,
respectively. The Tm of the wild type under the same conditions
was 55.98C, slightly lower than that of I155L.
The tertiary structure of the mutant I155L was determined

by the NMR-distance geometry method, using 440 distance
restraints and 47 dihedral angle restraints interpreted from the
cross-peak intensities of the NOESY spectra and the 3JHNa

coupling constants, using the procedure described previously
(21). An averaged structure of the final 20 structures without
any violation to the experimental restraints is shown in Fig. 2.
The root mean square deviations (rmsd) of the distance and
dihedral angle restraints are 0.0089 6 0.0007 Å and 0.1918 6
0.0568, respectively, for the 20 structures. The rmsd between
the individual structures and the mean coordinates are 0.54 6
0.10 Å for the backbone atoms and 1.17 6 0.09 Å for all the
heavy atoms, respectively, for the residues from Trp-147 to
Trp-185.
The backbone structure is very similar to the wild type, as

shown in Fig. 2. In fact, the rmsd between the individual
mutant structures and the wild-type structure (Protein Data
Bank accession no. 1MBJ; ref. 21) are 1.00 6 0.12 Å for the
backbone atoms and 1.85 6 0.13 Å for all heavy atoms,
respectively, from Trp-147 to Trp-185, except for residue 155.
Although the overall structure of I155L is very similar to that
of the wild type, both the indole ring of Trp-147 and the
imidazole ring of His-184 tilt'308 from those of the wild type.

FIG. 1. HPLC elution profiles of purified mutant R3s. Purified
I155L (a), I155LyI181L (b), and I155LyI181V (c) were applied to a
Cosmosil 5C4-300 column (Nacalai Tesque, Kyoto) and equilibrated
with 0.1% trif luoroacetic acid. The proteins were eluted with a linear
gradient of acetonitrile (0–60%) in 0.1% trif luoroacetic acid.
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This is due to the absence of the d-methyl group in the side
chain of the residue at position 155 of I155L, which directly
contacts the indole ring of Trp-147 in the wild-type protein, as
indicated in Fig. 2.
Fig. 3 shows the sequential and short-range nuclear Over-

hauser enhancement (NOE) connectivities in the I155L,
I155LyI169L, I155LyI181L, and I155LyI181V mutants, ob-
served at 108C. The profiles of I155L (Fig. 3a) and I155Ly
I169L (Fig. 3b) are almost identical to that of the wild type
(21). The intense dNN(i, i11), daN(i, i13), daN(i, i14), and
dab(i, i13) NOE signals, specific to a helical structure, were
observed in residues 149-162, 166-172, and 178-187. When Ile
was additionally replaced with Leu at position 181, however,
the characteristic NOEs of the helical structure disappeared,
especially in the carboxyl half of helix-3 (Fig. 3c). Since the
analysis of structural diversity is our current purpose, position
181 in the mutant proteins is hereafter focused upon, specif-
ically in the mutant I155L. As shown in Fig. 3d, no such
disappearance of the sequential connectivity was observed in
I155LyI181V.
The two-dimensional 1H-15N HMQC spectra of the mutant

R3s at 108C are indicated in Fig. 4 a–c. Many minor peaks
appeared in the spectrum of I155LyI181L (Fig. 4b). In con-
trast, the R3s that have a b-branched amino acid at position
181 (Fig. 4 a and c) lacked these minor peaks. With the aid of
the 3D-NMR technique using I155LyI181L doubly labeled by
13C and 15N, the minor peaks were also assigned. Most of them
were the backbone atoms of helix-3, and the traces of the major
and minor species are indicated in Fig. 4d. The results clearly
indicate that I155LyI181L has multiple conformations.
Fig. 5 shows the protection factors of I155L, I155LyI181L,

and I155LyI181V from the H2H-exchange experiments. In the

regions corresponding to helices, I155L showed high protec-
tion factors that were comparable to those of the wild type.
I155LyI181L showed relatively low protection factors in heli-
ces-1 and -2, and the protection almost disappeared in helix-3
(red). The protection factors of the I155LyI181V mutant were
relatively low as compared with those of I155L and the wild
type, but the amide protons in helix-3 are still protected as well
as in helices-1 and -2 (blue).

DISCUSSION

The motivation of this study is to investigate the origin of the
structural uniqueness of native proteins. For this purpose, R3
of the c-Myb DNA-binding domain is a good, stable candidate
with one hydrophobic core and without any disulfide bridges.
Among the created mutant proteins, I155LyI181L shows sig-
nificant evidence of multiple conformations. The minor peaks

FIG. 2. The refined average structure of the 20 I155L mutant
structures determined by NMR-distance geometry method. The back-
bone is shown in green. Side-chain atoms of Trp and His residues are
shown in purple and dark blue, respectively. Side-chains of Leu-155,
Ile-169, and Ile-181 are shown in red. The backbone of the superim-
posed wild-type structure (21) is shown in yellow, and side chains of
Ile, Trp and His are shown in orange, pink, and light blue, respectively.
The characters N and C indicate the N and C termini, respectively, and
several residue numbers are indicated. The figure was drawn with the
program RASTER3D (34). The coordinates for the average and the 20
I155L mutant structures were submitted to the Protein Data Bank.

FIG. 3. Diagram of the sequential and short-range NOEs and the
chemical shift indexes (36) observed for the mutant R3s from positions
145 to 190: I155L (a), I155LyI169L (b), I155LyI181L (c), and I155Ly
I181V (d). The abbreviations NN1, aN1, aN2, aN3, aN4, and ab3
represent dNN(i, i11), daN(i, i11), daN(i, i12), daN(i, i13), daN(i,
i14), and dab(i, i13), respectively. The thick, medium, and thin bars
correspond to strong, medium, and weak NOEs, respectively. The
downfield shifted 1Ha chemical shifts (negative DHa) and the upfield-
shifted 13Ca chemical shifts (positive DCa) from the corresponding
chemical shifts of a random coil are indicative of helical regions (35,
36). Helical regions in the amino acid sequence of I155L from the
tertiary structure are boxed. Position 155 is indicated by an open
triangle. Other substituted residues in the mutant R3s are indicated by
filled triangles.
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shown in Fig. 4 b and d reveal the remarkable absence of
structural uniqueness. Gel-filtration chromatography con-
firmed the uniform peptide length of I155LyI181L and sedi-
mentation equilibrium experiments revealed that I155Ly
I181L, as well as the other R3s, existed in a monomeric state
at the high protein concentration used in the current NMR
experiments (data not shown).
In the H2H-exchange experiment of I155LyI181L, the major

peaks that correspond to the amide protons in the carboxyl half
of helix-3 and the minor peaks were completely decayed at the
first spectrum, indicating that the exchange of these protons to
deuterons was complete within 30 min. A few amide protons
in helix-3 remained to be exchanged in the major species.
Helix-3 in the major species seems to have some tight structure
and does not appear to have completely collapsed by the
substitution of Leu for Ile-181. The chemical shift differences
of the major backbone signals of I155LyI181L, DHa, and DCa,
from those in the random coil (35, 36) are indicated in Fig. 3c.
They show the tendency of helix-3 to adopt an a-helical
structure in the major species. Since the chemical shift differ-
ences of the minor species did not differ much from the major
ones, as shown in Fig. 4d, the backbone of the minor species
is not thought to be very different from the major conformation.
When the temperature was gradually increased to 208C,

most of the minor peaks in Fig. 4b became broad, without any
significant chemical shift change. Since we have not detected
cross-peaks corresponding to the exchange process from the
minor species to either the major or the minor species in

HMQC-NOESY experiments with a 250-ms mixing time, the
structural exchange among the multiple conformations must
be very slow. The current results strongly suggest that I155Ly
I181L has several different conformations with similar low
energies, which was predicted by Dill et al. (5) as the gemisch
state.
We propose that one of the origins of the structural unique-

ness of native proteins is the reduction of the conformational

FIG. 4. Expanded 1H-15N HMQC spectra in backbone amide regions of the uniformly 15N-labeled mutant R3s at 108C in 50 mM
C2H3COONay0.4 mMNaN3, pH 5.0 (10% 2H2O): I155L (a), I155LyI181L (b), and I155LyI181V (c). The assigned amides are indicated by one-letter
amino acid codes and residue numbers. The amides of Asn andGln side chains are indicated by bars in the figures. An expanded 3DHNCA spectrum
in the backbone region of the 13C- and 15N-labeled I155LyI181L at 108C, pH 5.0 is shown in d. The traces of sequential assignment for the major
and minor species are indicated by blue and red lines, respectively.

FIG. 5. The protection factors of the mutant R3s from the H2H-
exchange experiments at pH 5.0, 108C. Black-, red-, and blue-filled
circles indicate those of I155L, I155LyI181L, and I155LyI181V, re-
spectively, with error bars. When the resonance signal of an amide
proton decayed too quick to obtain the exchange rate, the protection
factor is assumed to be one. In the case of I155L, several amide protons
did not exchange under the current experimental condition. Helical
regions of I155L are also indicated.
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entropy of the side chains in the intermediate folding state,
where only a few local backbone structures are constructed, if
not tightly. The entropy decrease may also destabilize the
putative gemisch state. In the case of an a-helix, b-branched
amino acids could decrease the conformational entropy. The
I155L and I155LyI181V proteins do not show any character-
istics of multiple conformations, although the helical structure
of the latter mutant is destabilized. In fact, the protection
factors of I155LyI181V were relatively low, as compared with
those of I155L and the wild type, as shown in Fig. 5. Since Tm
of I155LyI181V is 228 lower than that of I155L, the increase in
the exchange rate is well explained by the decrease of the
overall structural stability. However, the amide protons in
helix-3 are still protected to the same extent as those of
helices-1 and -2, in contrast to those of I155LyI181L.
The question arises as to why a Leu residue at position 181

yields multiple conformations, but Leu residues at positions
155 and 169 do not. To understand the reason, the confor-
mational entropies of the side chains of the three helices were
taken into account, as follows.
The side-chain conformational entropy is defined as the

Boltzmann sampling of states: S 5 2RSspslnps, where ps is the
probability of the combination of the side chains being in state
s (16). Several methods have been proposed to compute ps by
Monte Carlo sampling (14) and by mean-field theory (37).
Here, we made an exhaustive search of the side-chain confor-
mations for short helices with the fixed backbone structures,
using the small-size rotamer library developed by Tanimura et
al. (38), which is similar to that of Ponder and Richards (39).
The conformational entropy was then obtained from the
following equation at T 5 300 K, accounting for the partition
function Z for all combinations of rotamer states with the
energy {Us}, as the sum of the interaction energies given by the
all-atom parameters of the AMBER force field (40), excluding
the nonbonded electrostatic interactions.

S 5 R ln Z 1
1
T O

s

Usexp~2UsyRT!

Z
. [1]

The side-chain conformational entropies were calculated for
the individual three helices of both the wild-type and the
engineered R3 sequences with Leu. Here, all the residues with
relative accessibilities .60% in the folded structure were first
replaced with Ala residues for simplicity (15). The probability
of the ith side-chain taking the rth rotamer pir was calculated
as follows:

pir 5 O
s~i; r!

exp (2UsyRT)yZ. [2]

Here, (s(i; r) means the summation of only the states s, where
residue has the ith rotamer. Then, the apparent residual
entropy, Siapp 5 2RSrpirlnpir, was also calculated for each ith
residue. Using the conformational entropy values in the un-
folded state SiU, estimated by Pickett and Sternberg (15), the
entropy differences between the helical backbone structures
and the unfolded states, DSiapp 5 SiU 2 Siapp, were calculated,
and are shown in Fig. 6a. The differences of DSiapp between the
wild-type and the Leu mutants for the three helices are shown
in Fig. 6b.
It is evident that the conformational entropy difference of

helix-3 is the largest among the three, when each inner Ile
residue is replaced with Leu. Each Ile residue greatly contrib-
utes to a decrease in the conformational entropy of the
associated helix, because an Ile residue in an a-helix has only
one allowed rotamer on its x1 angle (2608; ref. 18). Moreover,
the conformational entropies of His-159 and Trp-185, which
are four residues apart from positions 155 and 181, respec-
tively, are significantly decreased because of the strong steric

interaction in the helix (41). Since Siapp neglects the cooper-
ativity among residues, SiSiapp should be larger than the correct
entropy calculated by eq. [1]. In fact, in the Leu-substituted
helix-1 and helix-3, SiSiapp are 6.9 and 9.0 calymol per degree,
whereas the correct S values from Eq. 1 are 6.5 and 7.6 calymol
per degree, respectively. In helix-2, no such cooperativity was
observed, and it retained the same value, 4.6 calymol per
degree. The reason why the S value in the Leu-substituted
helix-1 is smaller than that in helix-3 is mainly due to the fact
that the Leu-155 side chain in helix-1 is more restricted than
that of Leu-181. It is because position 155 is in the middle of
the helix, and position 181 is at the N terminus of the helix.
Consequently, the conformation of the bulky side chain in

helix-3 is fixed through the restricted conformation of the
spacially neighboring b-branched amino acid, depending upon
the local backbone structure. This provides a new insight into
the importance of the side-chain conformational entropy in
protein folding, because bulky side chains often have a key role
in the unique packing of the hydrophobic core (7, 42). In fact,
in the case of R3, Trp-185 is essential to core formation (43).
If the conformations of such bulky side chains are determined
by the local backbone structure, if not very precisely, the
process to find the correct side-chain rotamers becomes much
more rapid than that with the nonrestricted side-chain con-
formations that are independent of the local backbone struc-
ture. Since the rate-determining step in protein folding is
considered to be finding the correct side-chain rotamers (6),
the importance of the side-chain conformational entropy must
be recognized. We are not quite sure at the moment whether
this mechanism of fixing the side chains by dependence upon
the local backbone structure is a general phenomenon in the
protein folding process. However, we can point out that the
b-branched amino acids, Val and Ile, participate in most of the
experimentally observed local secondary structures formed at
the beginning of the refolding process, as shown for cyto-
chrome c (44), ribonuclease A (45), barnase (46), hen lysozyme
(47), ubiquitin (48), T4-lysozyme (49), apomyoglobin (50), and
chymotrypsin inhibitor 2 (51).

FIG. 6. Differences of the apparent residual entropy between the
helical backbone structures and the unfolded states (15) at T 5 300 K
in the three individual helices of R3 with Ile residues (open bars) and
Leu residues (solid bars) (a). Differences between the values in a for
Ile and Leu are shown in b.
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In conclusion, the results of this investigation provide evi-
dence that a b-branched amino acid plays an important role in
the formation of a unique protein structure. When we attempt
to create an artificial protein that has a unique structure, like
a native protein, it is essential to consider the side-chain
conformational entropy, which depends upon the local back-
bone structure and the neighboring residues in space.
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