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ABSTRACT. We propose a simple method to find an amino acid sequence that is foldable into a globular
protein with a desired structure based on a knowledge-based Blzompatibility function. An asymmetric
a-helical single-domain structure of sperm whale myoglobin consisting of 153 amino acid residues was
chosen for the design target. The optimal sequence to fit the main-chain framework has been searched by
recursive generation of the protein 3D profile. The heme-binding site was designed by fixing His64 and
His93 at the distal and proximal positions, respectively, and by penalizing residues that protrude into the
space with a repulsive function. The apparent bumps among side chains in the computer model of the
converged, self-consistent sequence were removed by replacing some of the bumping residues with smaller
ones according to the final 3D profile. The finally obtained sequence shares 26% of sequence with the
natural myoglobin. The designed globin-1 (DG1) with the artificial sequence was obtained by expression
of the synthetic gene iBscherichia coli Analyses using size-exclusion chromatography, circular dichroism
spectroscopy, and solution X-ray scattering showed that DG1 folds into a monomeric, compact, highly
helical, and globular form with an overall molecular shape similar to the target structure in an aqueous
solution. Furthermore, it binds a single heme per protein molecule, which exhibited well-defined
spectroscopic properties. The radius of gyration of DG1 was determined to be 20.6 A, slightly larger than
that of natural apoMb, and decreased to 19.5 A upon heme binding based on X-ray scattering analysis.
However, the heme-bound DG1 did not stably bind molecular oxygen as natural globins do, possibly due
to high conformational diversity of side-chain structures observed in the NMR and denaturation experiments.
These results give insight into the relationship between the sequence selection and the structural uniqueness
of natural proteins to achieve biological functions.

De novo protein design is now thought to be an essential in the early 1980s, at nearly the same time that the term
approach to elucidate the principles of protein architecture ‘protein engineering’ began to be used] 6). Since then,
and has potential applications to yield novel molecules for many efforts have been made to determine the structural
medical and industrial aims such as drug discovery (for recentfactors that govern the folding, stability, and functions of
reviews, see refsl—3). The novel paradigm to design artificial and native proteins using both experimental and
artificial sequences that fold into a desired three-dimensional theoretical approaches. The first successful design of a well-
(3D)* structure may originate from the conceptual proposal defined global fold was achieved on a four-helix-bundle
motif which is widely found in native protein structuress
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(15—20) and also in the entire sequence of/da protein In this paper, we propose a new algorithm with the
motif, a small structural unit found as a part of the whole compatibility function for finding the sequence that fits to a
protein R1). These achievements open a possibility of de given protein backbone structure. The globin fold of sperm
novo creation of artificial proteins with novel structures and whale Mb was chosen for the target structure to test the
functions. validity of the algorithm for protein design. The reasons for
The metal ions and other prosthetic groups have beenchoosing the globin fold were the following: (1) much
introduced into the protein design for the purposes of information about the native globins and their mutants is
probing/regulating the structure and dynamizg-<27) and available to compare with and evaluate the designed protein;
of addition of oxidation-reduction functions to produce (2) the globin fold is representative of single-domain globular
catalytically active proteins28—32). Heme or iron proto- proteins with independent structure and function; (3) the
porphyrin IX has been used mainly in the latter aspect and globins have am-helical structure, which is considered to
successfully introduced into designed four-helix bundB® ( be more tractable than/sheet-containing structure at the
34). The hemes are associated with the proteins by ligation first step of designing a sizable protein with asymmetric
of the two histidine residues and have shown visible structure; (4) the globins bind heme, which can be used for
absorption spectra typical of a six-coordinated state as seerspectroscopically probing the fold and microenvironments
in nativeb-type cytochromes. Such artificial heme proteins around the heme; (5) the globins have exquisite biological
exhibit well-defined spectroscopic and electrochemical prop- functions, which we set as the research goal of protein design.
erties, and they provide simplified models of complicated An artificial protein with the designed globin sequence was
native redox enzymes, which will enable specific functions obtained by expression of the synthetic gen&gcherichia
of the cofactors in natural redox proteins to be understood. coli. The structural properties of the designed globin were
Globins including myoglobin (Mb) and hemoglobin (Hb) extensively studied and compared to those of native Mbs.
are probably the most intensively studied proteins in all The relationships between the structural uniqueness and the
biochemical and biophysical aspects, including function, distinctive roles of hydrophobic residues in protein folding
structure, stability, folding, molecular evolution, and the are discussed with a view to designing functional proteins.
interrelationships between these (for reviews, see38fs
37). They bind hemes and are involved in storage and MATERIALS AND METHODS
transport of molecular oxygen in a wide variety of organisms.  Searching the SequencEhe 3D structure coordinates of
As globins show remarkable sequence diversity, with less sperm whale Mb, Protein Data Bank (PDB) code 1niif),(
than 20% identity, between evolutionally distant pairs that were used for the target backbone structure. An entire amino
have the common fold and functior88), only a small acid sequence to fold into the Mb structure was searched
number of well-conserved residues in globins would be for by making the 3D profile recursively as shown in Figure
required to maintain the fold and its stability and also for 1. In the first step, the 3D profile of the native Mb was
binding and functionalizing the heme. Two of these residues, constructed using pseudo-energy functions according to the
the so-called ‘proximal’ and ‘distal’ histidine residues (His93 procedure of Ota and Nishikawd5). In this profile (see
and His64, respectively, in sperm whale Mb), are involved Figure 2A), the best amino acid type to fit the structural
in coordination of the heme iron and in regulation of ligand- environment at each position is shown in the left side column
binding reactions, respectively. Mutagenesis experimentsof the profile table. Thus, the output sequence constituting
(e.g., refs39—42), as well as chemical modificatiod§) and these highest-scoring residues is a candidate for the optimal
module substitution44), have been extensively performed sequence and is used as the input sequence for the next
to gain insights into the mechanisms of ligand recognition calculation step as shown in Figure 1. The new structural
and heme autoxidation, the relationship between heme bind-environments were formed by mounting this sequence on
ing and protein stability, and the allosteric interactions in Hbs. the 3D structure, and the second output sequence was
We have developed knowledge-based potentials from theobtained by the reconstruction of the new 3D profile (not
protein structure database to evaluate the compatibility shown). These operations were iterated in the same way until
between protein tertiary structures and amino acid sequenceshe sequences become identical. Note that in the present
(45). The compatibility score function is composed of the calculation of a profile table, the structural environment for
following four terms: side-chain packing, hydration, hydro- a given residue implies not only purely structural features
gen bonding, and local conformation potentials, which are described with atomic coordinates but also sequence infor-
normalized referring to the random environmental state mation of surrounding residues, because pairwise (two-body)
equivalent to the virtual-denatured state. This new normaliza- potentials such as side chaiside chain interactions depend
tion scheme, Minus Average Operation (MAO), leads to on the amino acid type of counterparts as well as on the
transformation of the 3D profile table, that is, a 20N relative disposition of two residues (this is, however, not the
(sequence length) two-dimensional array representing thecase if only single-body potentials are used). In short, our
fithess of 20 amino acids to each structural site of a protein, 3D profile implicitly contains sequence information besides
into a score table of folding energAG) of every single- the structural features of a protein. This is why iaitial
point mutant. The function has been successfully utilized for sequence was set at the beginning and then iterative
structural stability analysis of mutant proteind6), the calculations were carried out to obtainideal sequence that
determination of structurally important sites in globidg)( best fits a given structure. When some solutions oscillate
and the search for sequences to fold into a target structurebetween two sequences (input and output sequences in Figure
among the natural sequence/structure databases, i.e., th#), a few mutations were introduced into the relevant sites
inverse-folding searchd@), as well as the tertiary structure in order to escape from the local minima. The two His
prediction @9). residues at positions 64 and 93, which play essential roles
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@ ’@ in the supernatant (see Results). This so_lutio_n was Ioa_ded
onto a Q Sepharose Fast Flow (Pharmacia Biotech) anion-
y ' exchange chromatography column equilibrated with a buffer
3D profile 4—@quence containing 20 mM Tris-HCI (pH 8.0) and 50 mM NacCl. It
1 was washed with the same buffer and was eluted with a
v buffer containing 20 mM Tris-HCI (pH 8.0) and 150 mM
Highest scoring sequence NaCl. The eluate was dialyzed against an agueous solution

(output sequence)

containing 0.1% TFA and applied onto a C18 reversed-phase
preparative HPLC column (Vydac 218TP1022). DG1 was
purified to homogeneity with a gradient of 5F0% aceto-
nitrile in the presence of 0.1% TFA. The DG1-containing
fractions were collected, evaporated to remove acetonitrile,
and dialyzed against a buffer solution used in the following
experiments. The apparent molecular mass and the purity
were examined by SDSPAGE with 15% (w/v) polyacryl-
amide gel and C18 reversed-phase analytical HPLC with a
sequence Vydac 218TP54 column, respectively. The protein identity
¢ was verified by laser-desorption mass spectrometry (MALDI/
TOFMS) and N-terminal amino acid sequencing. DG1

concentrations were determined spectrophotometrically using

Are input and
output sequences
identical?

Self-consistent

€280 = 14.4 mMt cm™ based on 5.8 mNMt cm™ for Trp
and 1.4 mM?® cm ! for Tyr at pH 8.

SS”;?E;’?;?SS; Horse metMb was purchased from Sigma and used to
compare structural properties of DG1 with those of natural
JV Mb. ApoMb was prepared from the metMb as follows. The
Desgined sequence metMb was solubilized in deionized water at several milli-

. . . . molar and dialyzed overnight against an aqueous solution
Ficure 1: Flow diagram of the sequence design using the 3D _ .
profile. In the present study, the sperm whale Mb structure [PDB CONtaining 0.1% TFA. The resultant acid-denatured Mb was
code: 1mbd%0)] and the native sequence were used for the target concentrated by centrifugation with Centriprep-10 (Amicon)
structure and for the initial sequence, respectively. His64 and His93 and applied onto the C18 reversed-phase preparative HPLC
were fixed in the input sequences during the calculation. Residuescolumn. ApoMb was purified with a gradient of 480%
protruding into the space for the heme-binding site were penalized , e njtrile in the presence of 0.1% TFA to remove heme.
with a repulsive function in the 3D profiles (see Materials and L
Methods). The apoMb was collected, evaporated to remove acetonitrile,
and dialyzed against a buffer solution used in the following
in binding and functionalizing heme in the natural Mb, are experiments. Concentrations of metMb and apoMb were
fixed in the input sequences during the calculation. The spacedetermined spectrophotometrically usiage = 157 mM™?
for the heme insertion was reserved by penalizing residuescm* (51) andezgo = 14.4 mM ™ cm™
that protrude into the space with a repulsive functidB)( Introduction of Heme.Concentrated solutions of iron
Molecular model building and molecular mechanics protoporphyrin 1X (heme) were freshly prepared in the
calculation were performed using Insight Il (MSI) equipped solvent dimethyl sulfoxide at several millimolar. Heme
with the optional modules Biopolymer and Discover on the concentrations were determined spectrophotometrically using
basis of an extensible systematic force field with a minimiza- ezgs = 49 000 Mt cm™! in an aqueous solution at pH 8.0
tion algorithm of the steepest descent system. Bumps amongvith hemin concentrations between 1 andM. The heme
the residues were defined as van der Waals overlaps betweemwas introduced into DG1 by titrating the protein in 50 mM
the residue atoms of more than 10% of the sum of the van Tris-HCI (pH 8.0) and 200 mM NaCl with the hemin solution
der Waals radii of the atoms. in increments of 0.£0.2 to a small excess amount. After
Gene Construction, Cloning, and Expressi®he designed  each addition of heme, the mixed samples were incubated
globin-1 (DG1) gene was designed from the artificial amino for at least 5 min at room temperature. The solvent and
acid sequence obtained here (see Results) using.theli unbound hemin were removed by dilution with a buffer
optimal codons. Synthetic oligonucleotides for the gene solution and by concentration with Centriprep-10. The heme-
fragments were phosphorylated on théitesmini, annealed, = DG1 solution was centrifuged to remove insoluble aggre-
ligated, and cloned into a pRSET-C vector (Invitrogen). gates, and the resulting supernatant was used in the following
Clones were screened by restriction analysis, and the correcexperiment. The dissociation constaf)(of DG1 with heme
sequence was verified by DNA sequencing with a single was determined as follows. Hemin solubilized in 50 mM
primer extension/dye terminator method. The resultant full- Tris-HCI (pH 8.0) and 200 mM NacCl at several micromolar
length DG1 gene in the vector was expressed under thewas titrated with concentrated protein solutienl(mM) in
control of T7 promoter irE. coli strain BL21(DE3). the same buffer. After each addition of the protein solution,
Purification. The harvested recombinant cells suspended the mixture was incubated for 5 min at a room temperature,
in 10 mM Tris-HCI (pH 8.0) and 2 mM EDTA were treated and the U\~visible absorption spectra were measured. The
with 0.1 mg/mL lysozyme, lysed by sonication, and centri- increase in the Soret absorbance peak was plotted against
fuged at 160008 for 1 h to separate the soluble fraction the protein concentration and analyzed using a single-site
from insoluble materials. DG1 was found almost exclusively binding equation %2).
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Size-Exclusion Chromatographihe chromatography was (A) Original 3D profile of native myoglobin
performed on a Hitachi L-6200 HPLC system with an L-4200

UV —visible detector using a Bio-Silect SEC 125-5 gel Y L H S 112 zEK THZZ‘E?QZE%CMWIFL
filtration column (Bio-Rad). It was operated with amobile 5 [ 2 & 10 e A RE koD
phase of 20 mM Tris-HCI (pH 8.0) and 200 mM NacCl at a 3 s 1 e 2 DETPNGEKHACQRYMLVWIF
flow rate of 1 mL/min. The column was standardized using 4 E 1 a 2 PRIDSKQRATGNHVCYLMWIF
the following commercially available globular proteins: A g;ggg;;‘gigﬁgg;igggi
y-globulin (158 kDa), albumin (67.0 kDa), ovalbumin (43.0 7 W 3 a 4 EAOMMKDFLRTNHSVYICGP
kDa), carbonic anhydrase (29.0 kDa), triosephosphate 8 o 1 a 5 KEDABJRNTSGHMCPLYVWFT
isomerase (26.6 kDa), Mb (17.6 kDaj;lactalbumin (14.4 13 \L] g a i V;ﬁ iﬁ;‘;iggﬂ;giggg;
kDCf;l), ribo_npcl(eeagek[(jliij kDa), cytochrorng12.4 kDa), 11 . 4 : 6 EADQMTRNﬁVIYCSGHWFP
and aprotinin (6. a). 12 H 6 a 10 EADQRKLNMEICTVIWYFSGP

Small-Angle X-ray Scattering (SAXShe measurement 13 v 9 a i . L?Egii;?gggﬁgﬁgggg
of the SAXS pattern was done at RIKEN structural biology Y2 3 5 5 4  mroMornescmMonrcyyews
beamline | (BL45XU) of SPring-853, 54). The detailed I . .

description of SAXS optics will be given elsewhere (Fujisa-
wa et al., manuscript in preparation). The half size of focus
at BL45XU is 0.2 mm (verticalk 0.4 mm (horizontal). The  p) pina1 3D profile of SCS1 on the Mb backbone structure
wavelength of the X-ray was 1.0 A. The detector was an _
X-ray image intensifier with cooled CCD (XRII+CCD)

(55). For the SAXS experiments, samples were solubilized
in 10 mM Tris-HCI (pH 8.0), 50 mM NaCl, and 0.1% octyl
glucopyranoside at various concentrations. Mb did not show
any scattering change by radiation damage until 10 s. The
typical collection time was less than 2 s. Incident intensity
was scaled by the current of an ionization chamber installed
before the position of the sample. Prior to the measurements,
all samples were centrifuged at 15000 rpm to remove 7,
precipitates. Preliminary data processing was performed using 12
a FORTRAN program, iisgnapr, which takes the circular 13
average of sample and buffer images. Prior to the buffer %
subtraction, each image was subtracted by the dark current,
and then scaled by the ion-chamber current. Rheralue

was determined by the Guinier approximatiafS) = 1(0) Ficure 2: 3D profiles made from the sperm whale Mb structure

eXP(_4ﬂ2R92~_Q’2/3): where S and 1(0) are the momentum  [ppB code: 1mbdg0)] with the native sequence (A) and with the
transfer and intensity at the zero scattering angle, respectivelyconverged self-consistent sequence SCS1 (B). The tables for the

(56). Sis defined asS = 2 sin 6/4, where @ and/1 are the first 15 residue sites, which were excerpted from the complete tables
scattering angle and the X-ray wavelength, respectively. Theconsisting of the entire rows for the 153 residue sites of the Mb

P e = structure, are shown. The tables contain residue numbers (N), amino
S range used foRy determination satisfied the condition acids of the input and output sequences (I and O, respectively),

27SRy < 1.3. The detector-to-sample length was determined hydration classes (H), secondary structures (S), and ranks of the
by the meridian reflection of collagen (0.5 m). input amino acids (R) besides the 3D-profile tables. In the profile

SpectroscopyUV —visible spectra were recorded with a tables, the 20 amino acids denoted by their one-letter code are

; S ; arranged in order of the compatibility score from left to right at
Hitachi U-3000 spectrometer using quartz cuvettes of 1.0 each site. The amino acids of the input sequences are highlighted

cm in path length. Circular dichroism (CD) spectra Were jy pjack. For a more detailed description of the 3D profile, see ref
recorded at 20C with a JASCO J700 spectropolarimeter 45,

using rectangular quartz cuvettes of 0.2 cm in path length
with protein concentrations between 2 and 4@ under give a final protein concentration at /M. The mixed
conditions in which the spectrum of DG1 was not affected solutions were incubated to reach equilibrium for at least
by the protein concentrations. The resonance Raman spectrd20 min, and the CD or absorption spectra were measured
were measured with a single spectrophotometer (JASCO NR-at 20 °C. The denaturation data were analyzed with a
1800) equipped with a cooled CCD device (Princetone theoretical curve based ahGapp = —RT IN Kapp = AG°4pp
Instruments). The excitation sources were Kaser (406.7 + m[Gd-HCI] by assuming the two-state foldirginfolding
and 413.1 nm, Coherent). One-dimensional proton NMR transition with the equilibrium constaHt,, In this equation,
measurements were performed on a Bruker ARX400 spec-AGgp,andAG°qppare apparent free-energy changes from the
trometer. folded state to the unfolded state in the presence and absence
Denaturation.Quantitative disruption of protein structures of denaturant, respectively, antis the dependence &Gy,
with the denaturant guanidine hydrochloride (Gd-HCI) was on the denaturant concentration, which measures the coop-
monitored by measuring the CD signal intensity at 222 nm erativity of the two-state transition. We used ‘apparent (app)’
or by measuring the Soret absorbance peaks of heme-bounthere because neither intermediate nor heme dissociated from
proteins as a function of Gd-HCI concentration. Small unfolded protein in the equilibrium was considered for
volumes of a protein stock solution were added to 50 mM simplifying the calculation of thermodynamic parameters (see
Tris-HCI (pH 8.0) and 200 mM NacCl containing Gd-HCl to  refs 57, 58).

m
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Ficure 4: Designed globin sequences compared with the native
Ficure 3: Convergence of sequences selected for the globin sequence. The regions corresponding to helicesiAn the globin
structure during iteration of the 3D profile calculation starting from  structure are shown in the boxes. The underlined sites on the native
the native sequence. Trajectories of sequence identities to the nativesequence indicate the highly conserved residues in natural globins
sequence (lower trace) and to an input sequence (upper trace) ang38). The shaded sites indicate the sites conserved between the
of the average residue score are shown in panels A and B, respechative sequence and the artificial sequences.
tively. Dots in the upper part in panel A indicate the occurrence of
sequence oscillation and the perturbation of sequences.

Table 1: Amino Acid Compositions of Natural (Sperm Whale) and
Designed Globins with Their Calculated Molecular Masses,

RESULTS Isoelectric Points, and Sequence Identities to the Native Sequence
Sequence DesigiThe self-consistent sequence-1 (SCS1) amino acid native SCs1 DG1
for the sperm whale Mb structure was computationally  Ala 17 2 4
obtained by the recursive generation of an artificial sequence  Cys 0 1 0
and its 3D profile for the structure as described under élSLE) 11 %g éé
Materials and Methods. The initial and final 3D profiles with Phe 6 7 6
the native sequence and SCS1 as the input sequences are Gly 11 6 6
shown in Figure 2A,B, respectively. In the initial 3D profile His 12 5 5
(Figure 2A), the fitness rank position of the input sequence :_'e 9 1 1
) ) o ys 19 24 26
is about sixth on average, which is better than the random g, 18 27 34
level (10.5th) although there still appears to be room for  Met 2 9 8
optimizing. Thus, the best scoring amino acids on the left ~ Asn 1 1 2
side of the profile table were defined as the output sequence grlg ;' 22 122
of this profile and were then used as the input sequence for Arg 4 8 6
the next step of the profile calculation as shown in Figure 1.  Ser 6 1 1
After iterative calculation, the output sequences became Thr 5 0 0
identical with the total compatibility score minimized (see \T/f" g 1% g
Figure 3), and the final 3D profile was obtained (Figure 2B). Ty'? 3 > >
Note that all of the input amino acids are ranked as best in
the 3D profile of SCSE, and the input and output sequences Mr, kDa 1;'52 16962 1585

are the same except for the distal and proximal His positions Pl
at 64 and 93, which were fixed in all the input sequences __identity to native, % 100 26.1 26.1

and SCS1 to create the heme-binding site in the artificial

globin. The space for the heme insertion was made by into the region surrounding the deep minima in the sequence
penalizing residues that protrude into the space in the iterativespace at the first step, and the 80 steps were needed to reach
calculation with a repulsive functior). the convergent point.

As shown in Figure 3A, the trajectory of identity of output The designed sequence SCS1 was compared with the
and input sequences at each iteration step (Figure 3A) startedhative sequence of sperm whale Mb and was found to share
from 23%, increased to 57% by the second step, and then26% of the sequence as shown in Figure 4 and Table 1. Many
continued to increase gradually, reaching 99% or SCS1 atidentical amino acids are found in the region from helices C
the 80th step; whereas that of the output and the nativeto E, whereas helices A and G show rather low matches.
sequences started from 23%, remained with slight fluctua- The differences in amino acid composition (see Table 1)
tions at around 25%, and finally reached the convergent show significant increases in the contents of Gl (), Leu
point. On the other hand, the progress of optimizing was (+9), Pro (-8), Trp (+8), and Met {7) and decreases in
monitored by the trajectory of the compatibility scores shown Ala (—15), lle (—8), Val (—8), and His (7). The preference
in Figure 3B, which indicates oscillation but continuous for bulky amino acids in SCS1 is attributed to the score
decrease in the averaged residue energy. It decreasedunctions used here, which do not explicitly involve the side
drastically in the first step from-0.45 to—0.85 kcal/mol of chain structures4b). The negative shift in the calculated
residue, gradually thereafter, and finally reacheld16 kcal/ value of p from 9.5 to 6.0 is mainly due to the increase in
mol of residue. This indicates that the trajectory dropped the content of Glu, which has a higlxhelical propensity.
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Native Designed

Ficure 5: 3D model of DG1 compared with the crystal structure of sperm whale Mb (1mbd). The distributions of hydrophilic (blue),
neutral (white), and hydrophobic (red) residues are shown in the CPK rendering. The sequences are divided into three regions: modules
I, I+, and 1V (59), which are displayed separately on each model for clarity. The backbone structures are shown by yellow ribbons.
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- s FIGURE 7: Size-exclusion chromatography of DG1. (A) Chromato-

gram monitored with absorbance at 280 nm. 2D®f 5 uM protein

in 50 mM Tris-HCI (pH 8.0) and 200 mM NaCl was loaded on the
column. Elution times for the void volumé/§), bovine serum
albumin (BSA), horse Mb, and cytochrorngCyt c) are indicated

at the top. (B) Correlation between molecular mass and elution
volume {/¢/Vy) in the chromatography of DG1 (open circle) and
natural globular proteins (closed circles) with varidlisand shapes.
‘Natural globular proteins areglobulin (1), bovine serum albumin

Ficure 6: SDS-polyacrylamide gel electrophoresis showing the
expression and purification of DG1. Lanes 2 and 3 show cell
extracts of control and transformast coli cells, respectively, into
which the vector pRSET-C with (lane 3) and without (lane 2) the
DG1 gene was introduced. Lane 4 shows purified DG1 after
preparative reversed-phase HPLC (see Materials and Methods)

Lanes 1 and 5 are molecular size markers: phosphorpl¢84.0 (2), ovalbumin (3), carbonic anhydrase (4), triosephosphate isomerase

kDa), albumin (67.0 kDa), ovalbumin (43.0 kDa), carbonic anhy- _ ! )
drase (30.0 kDa), trypsin inhibitor (20.1 kDa), amelactalbumin gs()g)h oarﬁg Zﬁré?i)n%nl?itoa)l_bumm (7). ribonuclease (8), cytochrome

(14.4 kDa) in lane 1; and triosephosphate isomerase (26.6 kDa),

ine Mb (17.0 kDa)p-lactalbumin (14.4 kDa), and tini .
?gg'i%a) in(lane 5 A)elactaloumnin ( ). and aprotinin estimated by SDSPAGE than the calculated value (18.6

kDa) is due to its negative net charges (theoretitat 5.8)

An artificial-globin 3D model was constructed by mount- under the experimental conditions. The product was purified
ing the designed sequence SCS1 onto the target backboné& homogeneity as described under Materials and Methods
structure. The distribution of hydrophobic and hydrophilic with more than 95% purity judged by analytical reversed-
residues in the model with SCS1 was consistent with the phase HPLC, and the correct identity of the protein was
3D structural topology, i.e., hydrophilic outside and hydro- confirmed using mass spectroscopy and also by chemical
phobic inside. However, bumps among many residue pairssequencing of several N-terminal amino acids. DG1 appar-
were found in the 3D model. This is easily expected from ently binds heme in the cells as judged by the reduced CO
the calculated molecular mass of 19.2 kDa, which is larger minus oxidized difference absorption spectrum of the
than the natural Mb by 2.0 kDa or 12%. These bumps are supernatant from cell lysis (data not shown). However, the
removable within 0.12 A of rms deviation of the backbone heme was dissociated from the protein during purification
atoms from the target structure by replacement of severalwith reversed-phase chromatography (see Materials and
amino acids with smaller ones according to the 3D profile Methods). Purified DG1 or apoDG1l was used in the
of SCS1 (Figure 2B). The finally obtained designed globin-1 following experiments. DG1 was associated with heme in
(DG1) sequence has an average compatibility scorelod3 1:1 stoichiometry by the addition of heme in vitro (see
kcal/mol of residue, slightly larger than1.12 kcal/mol of below).
residue of SCS1. These artificial sequences and their Ouwerall Molecular Shape.The elution volume of a
compositions are compared with those of sperm whale Mb globular protein in size-exclusion chromatography depends
in Figure 3 and Table 1. Bumps were removed by replacing on both the size and molecular shape. In this chromatography,
bulky residues such as Trp with Leu or other smaller residues DG1 was eluted at almost the same volume as that of native
at hydrophobic sites; consequently, the molecular mass ofMb (Figure 7). The ratio of the elution volum¥d) of DG1
DG1 decreased slightly to 18.6 kDa, and the Leu content to the void volume Y,) of the column was plotted against
increased to nearly 2 times that of natural Mb (Table 1). the molecular mass, and the correlation betwegk, and
DG1 has 88% and 26% sequence identities with SCS1 andM, was compared with those of natural globular proteins with
Mb, respectively. The 3D model of DG1 is displayed with a variety of sizes and shapes in Figure 7B, and was well
the crystal structure of the natural Mb for comparison in consistent with that of Mb. This indicates that DG1 is
Figure 5. In this model of DG1, there are no bumps between monomeric and that the average overall shape of the DG1
any nonbonded atoms as mentioned above, and intramo-monomer is similar to that of natural Mb under the
lecular hydrogen bonds are detected more than those in theexperimental conditions and agrees with the results of
native Mb structure (270 vs 253). solution X-ray scattering analysis mentioned below.

Synthesis and PurificatiorA full-length DNA for DG1 Solution X-ray scattering analysis provides the best
was constructed from synthetic oligonucleotides, cloned, andquantitative measure of the overall structural dimensions of
expressed IinE. coli. The recombinant cells efficiently a globular proteing6). Native, molten globule, and unfolded
synthesized the gene product, which is almost exclusively conformations of natural Mbs have been extensively studied
found in the soluble fraction, without formation of inclusion using small-angle X-ray scattering (SAXS) measurements
bodies (Figure 6). It has an apparent molecular mass of 17(60—62). Analysis of DG1 showed that the aggregation
kDa in SDS-PAGE analysis, and the smalléd, value effects are very small at concentrations less than 3 mg/mL,
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Table 2: Experimental Structural Parameters of Natural and Designed Globins

apo-form holo-form
helical conterit(%) R (A) 1(0)/Ce helical conterit (%) R (A) 1(0)/Ce
DG1 60.8 20.6+ 0.6 331+ 8 60 19.5+ 0.5 332+ 10
Mb
native 61.6 199 - 78.4 17.4+ 0.7 282+ 8
molten globule 44 23.1 - — — —
unfolded 0 35.8 - - - -

aThe values were determined by CD signal intensity at 222 %Radius of gyration determined by small-angle X-ray scattering analysis.
¢ Arbitrary unit. ¢ Data were taken from ref1, in which the molten globule apoMb was formed and stabilized by trichloroacetate at pH 2, and the
unfolded apoMb was formed by Gd-HCI.
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C A ; ; o Ficure 9: Association of heme with DG1. (A) Binding titrations
Ficure 8: Circular dichroism spectra of DG1 (solid line), apoMb I -
(dotted line), and holoMb (dasphed line) recogded at"@())in Fio of hemin with DG1 (closed circles) and a DG1(H93L) mutant (open
mM Tris-HCI (pH 8.0) and 200 mM NaCl. The spectrum of heme- Clrl\(jlles).genslr; SSOIKAD'“ZM t”': 5t0 énM.t-L”S'Hd (th8.tO)dand ,[200
DG1 (not shown) is almost the same as that of DG1. Protein TV Natl at 4.oul was ltrated with a concentrated protein
concentrations were 5M as determined spectrophotometrically.  Solution in the same buffer. After each addition of the protein
solution, the mixture was incubated for 5 min at room temperature,

and the absorption spectrum was measured. The increase in the

where monomeric physical parameters were determined bySoret absorbance peak was plotted against the DG1 concentration.
extrapolating to infinite dilute. The forward-scattering in- The theoretical binding curve for DG1 was drawn based on a single-

. . ! site binding equation witliKq = 80 nM. (B) Absorption spectra of
tensity, 1(0)/C, of DG1, wherel(0) andC are the intensity ¢ boundgheqme in ferricd(solid Iine)? f)errous IL()dottedpline), and
of zero scattering and the protein weight concentration, ferrous-CO (dashed line) forms recorded in 50 mM Tris-HCI (pH
respectively, is comparable to that of metMb, which ensures 8.0) and 200 mM NaCl at protein concentrations qiM. Inset:
the monomeric state of DG1 (Table 2). TRg values of The ferrous— ferric difference spectrum of heme-DG1.
DG1 were determined to be 1945 0.5 and 20.6+ 0.6 A
with and without heme, respectively, whereas Ryevalue Heme Bindingln the sequence design, His64 and His93
of metMb was determined as 17440.7 A (Table 2). The  were fixed during the calculation, and DG1 has these residues
estimatedR; values of DG1 are similar to thBy value of which play essential roles in binding and functionalizing
apoMb (19.6 A) and much smaller than that of a molten heme in natural globins. Then, we examined the binding of
globule state (23.1 A) and unfolded states 3B A) heme to DG1. Heme was successfully introduced into DG1
previously reported by Kataoka et &1j. These results show  as shown in Figure 9. The titration data (Figure 9A) are well
that DG1 folds into a monomeric globular protein with fitted by a theoretical curve using a single-site binding
overall structural dimensions close to those of apoMb and equation, indicating strictly stoichiometric binding of one
that the dimensions decrease upon the binding of heme. heme per DG1 molecule. The dissociation constant was
Secondary Structurdhe secondary structure of a globular approximately estimated at 80 nM, which is comparable to
protein is readily probed by a far-UV circular dichroism (CD) Ky = 5—200 nM estimated for higher-affinity binding sites
measurement. The CD spectrum of DG1 shows its highly of designed four-helix bundle heme protei38,(34) and to
helical nature and is almost indistinguishable from that of Kq = 90 nM for natural apocytochromewith noncovalent
apoMb (Figure 8). The mean residue ellipticities of DG1 Fe(ll) heme 64). A DG1 mutant (H93L) in which His93
and apoMb were determined to bel9 500 and—19 700 was replaced by Leu showed much lower affinity to heme
deg cni dmol™ at 222 nm, respectively. From these values, and indeterminable binding stoichiometry as shown in Figure
the helical contents of DG1 and apoMb under the experi- 9A. These results indicate that His93 coordinates the heme
mental conditions are estimated at 60.8 and 61.6%, respeciron in DG1 as designed.
tively, based on the ellipticity of-32 000 deg crhdmol! Heme SpectraHeme-associated DG1 (heme-DG1) ex-
for 100% helicity 63) (see also Table 2). This indicates that hibited well-defined U\ visible absorption spectra as shown
DG1 preserves ther-helical content to almost the same in Figure 9B. The ferric form showed visible absorption
degree as that of native apoMb. In the present measurementsnaxima at 413 and 535 nm, and the ferrous form at 425,
however, no change in the helical contents of DG1 was 529, and 558 nm. The absorption peaks observed in the
detected upon addition of heme, in contrast with the case offerrous and ferric forms are characteristic of low-spin bis-
natural Mb in which the helical contents significantly increase His-coordinated heme iron, whereas the rather low absorption
upon addition of heme (Table 2). intensity of the Soret peak (425 nm) with the apparent
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Ficure 10: (A) Resonance Raman spectra of (a) ferric and (b)
ferrous forms of heme-DG1 in the region 1260700 cnt! by

406.7 nm excitation. The spectra were measured in 50 mM Tris-

HCI (pH 8.0) and 200 mM NacCl at protein concentrations of 50
uM. The Raman cell was spun and kept below°@by flushing

with cold N, gas. (B) Resonance Raman spectra of the CO-bound

form of heme-DGL1 in the regions 2600 and 19062100 cntl.
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FicUrRe 11: Denaturation curves of DG1. The proteins were
quantitatively denatured by titration with Gd-HCI in 10 mM Tris-
HCI (pH 8.0) and 200 mM NacCl at protein concentrations of 5
uM. Secondary structures of DG1 (open circles) and heme-DG1
(open triangles) were monitored with CD signal intensity at 222
nm. The association of heme in heme-DG1 (closed circles) was
monitored with the Soret absorption peak at 412 nm.

at 1506 cm?. This frequency of the’; band indicates that
the ferric heme iron of heme-DG1 is in a six-coordinated
low-spin state. On the other hand, in the case of the ferrous
form, two v3 bands were observed, one at 1471 érand

the other at 1494 cmt. The 1471-cm! band, which is the
same frequency as thg band of deoxy-Mb, indicates that
the heme iron is in a five-coordinated high-spin state, while
the 1494-cm® band corresponds to a six-coordinated low-
spin state. Thus, in the ferrous form of heme-DG1, there is
coexistence of both five- and six-coordinated hemes, which

Other conditions were the same as those in (A). (C) Correlation is consistent with the inference from the UVisible

between the'r.co andvco frequencies of heme-DG1 (closed circle)

and natural wild-type and mutant Mbs (open circles). The data of

Mbs were taken from ref68—70.

absorption spectra (Figure 9B).
Figure 10B shows the resonance Raman spectra of the CO-
bound form of heme-DGL1 in the regions of 26600 and

shoulder at around 430 nm (see Figure 9B, inset) in the 1900-2100 cnt®. An Fe—CO stretchingre-co) frequency

ferrous form is indicative in the presence of high-spin five-

band was observed at 491 chhwhich is lower thanvee_co

coordinated heme iron under the equilibrium between the = 507 cn? of the CO-bound Mb. On the other hand, a0
five- and six-coordinated states. Reaction of ferrous heme- stretching {co) frequency band was observed at 1966 &m

DG1 with molecular oxygen resulted in rapid oxidation of

It is known that thevre-co andvco frequencies of the CO

the heme iron, and the spectrum of a putative oxy form was adducts of heme proteins vary greatly according to the
not detected under the experimental conditions with a mixing environments of heme pockets. Since these Raman bands
time of several seconds. On the other hand, upon the additionof the CO-bound heme-DGL1 are clearly single bands, it is
of CO, ferrous heme-DG1 immediately formed a stable CO considered that the heme pocket forms a single environment
complex with absorption maxima at 345, 421, 539, and 568 in the CO-bound form of heme-DG1. The relationship

nm, which are strikingly similar to those of the CO complex
of natural globins%1) and are 3-4 nm larger than those of

between the’re_co andvco frequencies of CO-bound heme
proteins is called an inverse relationship which was first

the CO-bound form of a designed four-helix bundle heme demonstrated by Yu et al7{). The vee—co value of heme-

protein ©5). Furthermore, the extinction coefficients of these

DG1 was plotted against theo in Figure 10C, where data

peaks are similar to those of natural globins and are from sperm whale Mb and its mutants were also plotted.
significantly larger than those of the designed four-helix The heme-DG1 data hold the same inverse relationship as
bundle protein §5). These properties of heme-DG1 are was observed for the Mb mutants. The inverse relationship
analogous to those of the natural Mb H64V/V68H double betweenve.co andvco categorizes heme compounds into
mutant @2); the mutant has a low-spin six-coordinated heme three groups by trans ligands: a weak trans ligand group,
iron with bis-His axial ligands in both the ferric and ferrous imidazole as the trans ligand (for example, mutant Mbs in
forms, and the ferrous Mb mutant is rapidly oxidized by O Figure 10C), and a strong trans ligand group (for example,
and easily forms a stable complex with CO. P-45Q.m). Therefore, the trans ligand of CO-bound heme-
Resonance Raman spectroscopy has been used for detef2G1 can be attributed to imidazole of histidine, which agrees
mination of the redox state, spin state, and coordination with the visible absorption data.
structure of the heme66, 67). Figure 10A shows the Stability. The quantitative disruption of the secondary
resonance Raman spectra of the ferric (a) and ferrous (b)structure of DG1 with the denaturant guanidine hydrochloride
forms of heme-DG1 in the 12601700 cn1? region. Thev; (Gd-HCIl) was measured by monitoring the CD signal
band, which is the marker band representing the coordinationintensity at 222 nm to estimate the thermodynamic stability
state and the size of heme, of the ferric form was observed(Figure 11). The dependence of the mean residue ellipticity
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(Figures 1-3). This operation was automatically performed

Table 3: Thermodynamic Parameters for Gd-HCI Denaturation ) . o
without any bias such as composition constraif2—<74).

apo-form holo-form The converged sequence thus obtained is self-consistent; i.e.,
kA(|3 w oo 7(1k§,|a7|1 kA(|3 w ”:ff&all the amino acids at every site are positioned first in its 3D
(kcal mol™) mo ) (kcalmol™) mo ) profile (Figure 2B). The self-consistent sequence (SCS1)
DG heli 98401 0574001 34t01 0.63L0.02 gives a molecular mass 12% larger than that of the target
aehetix coxbl b : PO ' natural Mb, and therefore many atomic bumps among
bound heme 09+01 14+01 . . .
27402 0.77+0.07 residues are observed in the 3D model. Since these bumps
Mb apparently impede the folding into the target structure, they
a-helix 30+£03 30+03  71+03 46+02 were removed by replacing bumped bulky residues into
bound heme — - 6.9+05 45+0.3

smaller ones according to the 3D profile of SCS1. The 3D
model with the “trimmed” DG1 sequence shows no atomic
) ) bumps within the molecule, a reasonable distribution of
on the Gd-HCI concentration yielded a rather broad dena- hydrophilic and hydrophobic residues, and more hydrogen
turation curve with a higher transition midpoir@{ = 4.9 bonds than those detected in the target Mb (Figure 5). The
M) compared with that of native apoMiC{ = 1.0 M). overpacking observed in the model of SCS1 is due to a
AGap, the apparent free energy change from the folded statepreference of the compatibility functions for larger residues,
to the unfolded state in the absence of denaturant, wasyhich may be overcome by introduction of the volume
estimated as 2.8 kcal/mol with an, the dependence of the  constraint in sequence selectid®(75) and/or development
free energy on the denaturant concentration, of 0.57 kcal/ of novel functions specified for the sequence design in the
mol by assuming a simple two-state foldingnfolding following design rounds.
transition. The association with heme slightly increased in  gcs1 and the DG1 sequence preserve the amino acid
resistance to the denaturation, and the heme-bound formresiques that are highly conserved in the natural globin family
showed aAG’4pp Of 3.1 keal/mol with anm of 0.63 keall 4t several sites (Figure 4), and both have 26% sequence
mol. These values are compared with those for horse Mb, jgentity with the native Mb (Table 1). Weak similarity of
which were determined under the same experimental condi-the artificial sequences was detected with many natural
tions, in Table 3. ThAG®appvalues for DG1 are comparable  gjohins besides the sperm whale Mb, among which the
with those for Mb whereas the values for DG1 are much  squirrel monkey Mb has the highest sequence identity (29%)
smaller than those for Mb, indicating that the unfolding  \jth DG1. The DG1 sequence also shows significant
folding transition of DG1 is less cooperative. This agrees compatibility with many natural globin and phycocyaniity
with NMR spectra of DG1 with and without heme (data not  stryctures when it was threaded through these structures
shown), which showed broader lines, poor chemical shift (yesyits not shown). De novo self-consistent sequences have
dispersion, and thus lower structural specificity than that of peen obtained from the artificial initial sequences predeter-
native Mbs (see Discussion). mined by the “first minimalist principles”, i.e., helices
The denaturation of heme-DG1 was also measured by comprised of binary patterns of Lys, Glu, and Leu along the
monitoring the Soret absorption peak at 412 nm as a functionsequence, and loops of all Gly, and also by a nonpairwise,
of Gd-HCI concentration (Figure 11, Table 3). Atleast two gne-body function consisting of local-conformation and
phases were detected in the denaturation curve. The firsthygration potentials using random sequences as the initial

denaturation phaseA(°ap, = 0.95 kcal/mol andn = 1.4 sequence. These self-consistent sequences (not shown) also
intact, and the second phas®Q’ap, = 2.7 kcal/mol,m = globins and show more than 60% sequence identity to each

0.77 keal/mol) approximately agrees with the denaturation other and to the DG1 sequence. Thus, the residues important
curve of the secondary structure. In the spectral changes foffor the target fold were not determined by the starting
the first phase, the absorbance intensity decreased over thgequence but by the target structure. The experimental
whole wavelength range without clear isosbestic points (dataylidation of new methodologies without using any natural
not shown). This indicates that the heme is still associated sequences is the next essential subject to our research goal.
with the protein and that the associated state was disturbed The synthetic gene encoding the DG1 sequence has been
by the denaturant with the helices preserved. On the othereficiently expressed iEscherichia coliand the protein was
hand, the spectral change in the second phase clearly showgenerated in the soluble fraction of recombinant cells (Figure
the transition from bound heme into a free form. Such gy Hydrodynamic analysis of purified DG1 with size-
inconsistency between the disruption of the secondary exclusion chromatography (Figure 7) and analytical ultra-
structure and heme binding is in contrast with the good centrifugation (data not shown) showed that DG1 was
agreement observed in native Mbs (e.g., 58f see also  sojubilized in the monomeric form and that the overall
Discussion). molecular shape of DG1 resembles that of natural Mb. The
helical contents of DG1 with and without heme were
DISCUSSION estimated at about 60%, which are almost the same as that
The main purpose of this study was to validate the-3D  of natural apoMb, based on CD spectroscopy. These results
1D compatibility function for de novo design of sizable agree well with the quantitative estimation of the molecular
globular proteins in the simple algorithm presented here. We shape of DG1 by SAXS analysis.
computationally made a convergent artificial sequence start- In the experiments of solution X-ray scattering, the
ing from the native sequence of sperm whale Mb to find the aggregation state is crucial to the final interpretation of data
best fit amino acids at each site for the backbone 3D structureand can be monitored with the forward scattering intensity,



Design and Synthesis of a Globin Fold Biochemistry, Vol. 38, No. 23, 1999441

1(0)/C, which is proportional to molecular mad¢0)/C = 10B,C). On the other hand, the heme in DG1 is quickly
330 for DG1 was larger thalf0)/C = 280 for horse metMb  oxidized by Q, and the oxy form cannot be detected under
by 18% (Table 2). Since thd, value of apoDG1 (18.6 kDa) the experimental conditions. This is in contrast with natural
is larger than the value of metMb (17.6 kDa) by 5.7%, the globins in which the heme iron forms a stable complex with
net difference in(0)/C was 12%. The difference in surface O,. The failure to realize this biologically essential function
judging fromRy, (20.6/17.43, was approximately 40%, which  in DG1 is not surprising because the heme-binding pocket
could cause further hydration. Thus, the increasg@yC of DG1 was designed by just making a space for heme inside
is due to the increase in hydration accompanying the increasehe protein using the repulsive function. Also, this failure
in Ry. Therefore, the obtained data indicate that DG1 is in a may originate from the higher conformational diversity of
monomeric state under the experimental conditions. The side-chain structures compared with those of native globins
SAXS analysis of DG1 also showed that tRgvalues are (see below). It should be partly due to the same reasons that
19.5 and 20.6 A with and without heme, respectively, which the dissociation constants for heme-DG1 (80 nM) and also
are close to the value of 19.7 A for apoMb and larger than for designed four-helix bundle heme proteir®8,(34, 79)
the value of 17.4 A for holoMb (Table 2). ApoMb is known are at least 10larger than those of native Mb&§).
to preserve an almost intact holoMb backbone structure In the denaturation experiments with Gd-HCI, the second-
except for the disturbed region around the F helix based onary structure of DG1 with and without heme was much more
NMR analyses {7), which should be responsible for the tolerant to the denaturant and exhibited a lower cooperativity
largerRy value observed in SAXS analyses. The estimations in the folding—unfolding transition than that of natural Mbs
of theR, values of DG1 are roughly consistent with its helix (Figure 11, Table 3). The heme binding is less stable than
content, 61%, which is almost the same as that of apoMb, the secondary structure in DG1, whereas they are quite
according to the linear relationship betwdgyand the helix coincident in natural Mbs. These results shed light on the
contents observed in various conformational states of naturalgeneral relationship between structures and functions of
Mb (61). Interestingly, however, the heme binding of DG1 natural proteins; i.e., both the secondary and tertiary struc-
induced a reduction in the dimensionsbA with the helical tures of natural proteins form just to maintain their functions
content almost unchanged. Thus, a rearrangement of the helixuring molecular evolution, whereas DG1 displays an excess
position rather than a change in secondary structure occurredstability of the structures. The low cooperativity in the
with the heme binding in DGL1. In conclusion, DG1 folds denaturation transition of DG1 agrees with thé NMR
into a monomeric, Mb-like structure with a slightly expanded measurements; the NMR spectra (not shown) showed
shape and has the ability to spatially rearrange helices tocharacteristic features a@f-helical proteins; i.e., the range
form a more compact structure upon the binding of heme. of the amide proton chemical shifts was between 6 and 9
Almost all natural globins preserve the two histidine ppm and the absence o€ H resonances at5 ppm, with
residues, the so-called proximal (E7) and distal (F8) His in broader lines and poor chemical shift dispersion. Thus, DG1
the E and F helices, respectively, which play essential rolesadopts many different thermally accessible conformations
in binding and functionalizing heme (e.g., r8f7). Our that slowly interconvert on the proton chemical shift time
previous analysis of natural globins using the -3ID scale, while it preserves the overall shape andotelical
compatibility method 47) showed that, in contrast with the content that are similar to those of the target structure (Table
other highly conserved residues, these two His residues are2). These properties of DG1 are homologous to those of
poorly suited to the sites. Thus, we concluded that they areartificial proteins previously designed4, 26, 34, 79), and
not conserved by requirements for maintaining the globin they are characteristic of a “gemisch state”, which is similar
folds but by those for the heme-related functions. In our to, but distinguishable from, a molten globule state of natural
sequence design, these two histidine residues were fixedproteins 80).
during the calculation along with preservation of a space for The lower structural specificity of DG1 at the high-
heme insertion using a repulsive functiof5) since the resolution aspect is apparently caused by the significant
designed globin was intended to bind heme and hopefully preference of Leu in the sequence selection for hydrophobic
to be functional. Synthesized DG1 successfully binds a single sites in the present design. A total of 34 Leu residues were
heme per protein molecule, and the heme-bound form showsselected in the DG1 sequence, whereas only 18 Leu residues
well-defined spectroscopic features (Figures 9 and 10). Theare in the sperm whale Mb. In the X-ray crystallographic
visible optical absorption and resonance Raman spectra ofstructures of nine natural globins examined (1ash, leca, 1hlb,
the ferric form are characteristic of low-spin six-coordinated 1mbd, 1pbx, 2fal, 2gdm, 2hbg, 3sdh), lle and Val residues
heme iron with two His residues as the axial ligands, and (nine lle and eight VVal in 1mbd) are distributed dispersively
the spectra of the ferrous form suggest a mixture of a high- in the hydrophobic region and constitute the core in
spin five-coordinated state and a low-spin six-coordinated combination with Leu and other hydrophobic residues. On
state. The mutagenesis experiment (Figure 9A) confirmed the other hand, DG1 has only a single lle and no Val (Table
that His93 coordinates to the heme iron as one of the axial 1), and most of the hydrophobic core is composed of Leu in
ligands, which is consistent with the conclusion that DG1 the 3D model. In a hydrophobic core that contains too many
folds into globin-like tertiary structure. His64 is probably leucines, residues may not be distinguishable from each other
another axial ligand because this site is closest to, butand may not be able to find their own specific positions as
sufficiently separated from, position 94 on the sequence for one can imagine in the analogous situation of a jigsaw puzzle
heme ligation (see ref8). The ferrous heme in DG1 forms  with many pieces of identical shape. Furthermore, recent
a stable complex with CO, which gives optical absorption analyses of natural and mutant globular protei®s 82)
and resonance Raman spectra that are consistent with thoskave shown that i-helices thes-branched side chains of
of the heme-CO complex in natural Mbs (Figures 9B and lle and Val contribute to the structural uniqueness by
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decreasing residue conformational entropy cooperatively with 26.
neighboring bulky side chains of Trp, Phe, and Tyr. Thus,
the redesign of DG1 will be based on the working hypothesis
of the roles of the hydrophobic residues with different side
chain shapes on protein folding; proper arrangements of these g
hydrophobic residues by considering the explicit side chain

conformations are required to achieve the structural specific- 29.
ity and, ultimately, the functions with native-like qualities.

27.
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