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Abstract

We previously reported the design of a library of de novo amino acid sequences targeted to fold into four-helix bundles.
The design of these sequences was based on a “binary code” strategy, in which the patterning of polar and nonpolar
amino acids is specified explicitly, but the exact identities of the side chains is varied extensively (Kamtekar S, Schiffer
IM, Xiong H, Babik JM, Hecht MH, 1993, Science 262:1680-1685). Because of this variability, the resulting collection
of amino acid sequences may include de novo proteins capable of binding biologically important cofactors. To probe
for such binding. the de novo sequences were screened for their ability to bind the heme cofactor. Among an initial
collection of 30 binary code sequences, 15 are shown to bind heme and form bright red complexes. Characterization of
several of these de novo heme proteins demonstrated that their absorption spectra and resonance Raman spectra
resemble those of natural cytochromes. Because the design of these sequences is based on global features of polar/
nonpolar patterning, the finding that half of them bind heme highlights the power of the binary code strategy, and
demonstraies that isolating de novo heme proteins does not require explicit design of the cofactor binding site. Because
bound heme plays a key role in the functions of many natural proteins, these results suggest that binary code sequences

may serve as initial prototypes for the development of large collections of functionally active de novo proteins.
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The two central goals of protein design are: (1) to devise novel
amino acid sequences that fold into particular target structures; and
(2) to obtain from such sequences proteins that perform specific
functions.

Our strategy for achieving the first goal employs binary pattern-
ing of pelar and nonpolar amino acids as the cornerstone for de-
signing target protein structures (Kamtekar et al., 1993). In this
strategy, the sequence locations of polar and nonpolar residues are
specified explicitly, but the precise identities of these residues are
not constrained. Thus, a binary pattern designed to fold into a
particular target structure is compatible with many different amino
acid sequences. We tested the utility of the binary code strategy by
designing a binary pattern for a four-helix bundle, constructing a
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combinatorial library of genes to encode this paitern, and then
expressing from these genes a collection of novel amino acid se-
quences that are compatible with this binary pattern (Kamtekar
et al,, 1993). Sequence diversity was generated in the library of
synthetic genes by using the degenerate DNA codon NAN (where
N represents a mixture of A, G, T, and C) at all positions destined
to encode polar amino acids (Lys, His, Glu, Gln, Asp, and Asn) and
NTN at all positions destined to encode nonpolar amino acids
(Met, Leu, Ile, Val, and Phe).

Purification and characterization of an initial collection of these
de novo proteins revealed that the majority of the sequences fold
into compact a-helical structures (Kamtekar et al., 1993). More
recent work has demonstrated that several of the proteins adopt
structures with native-like properties (Roy et al., 1997a, 1997b).

Although the binary code strategy appears well-suited for ex-
ploring the sequence requirements for designing particular struc-
tures, the combinatorial underpinnings of this strategy preclude the
explicit design of catalytic sites. Can the binary code strategy
nonetheless yield prototypes toward the eventual goal of producing
novel proteins that perform specific functions?

An appealing strategy for pursuing this second goal of protein
design is to achieve function by co-opting a cofactor. One cofactor
used frequently by nature is the heme group. Natural heme proteins
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perform a variety of biological functiens ranging from oxygen
binding to electron transport (Dolphin, 1979). In natural heme
proteins, the heme moiety is sometimes attached to the protein
covalently, but, in most cases, the cofactor is bound by noncova-
lent interactions. Thus, covalent attachment sites presumably are
not required for the successful design of functionally active de
novo heme proteins. Among the structures of natural heme pro-
teins, several are four-helix bundles (e.g.. cytochrome bsgs and
cytochrome ¢’; Mathews et al., 1979; Finzel et al., 1985; Hamada
et al., 1995). Thus, formation of a heme binding site is clearly
compatible with the architecture of our target structure.

De novo four-helix bundles capable of binding heme have been
constructed by DeGrado, Dutton, and coworkers. For example,
Choma et al. (1994) used computer modeling to guidé the rational
design of histidine side chains at key positions in the sequence of
their de novo four-helix bundle ;. Heme binding sites in de novo
proteins need not be limited to one heme per protein, and multi-
heme proteins have been designed by Dutton and coworkers as
“molecular maquettes” of the natural proteins involved in respira-
tion and photosynthesis (Robertson et al., 1994; Rabanal et al.,
1996; Gibney et al., 1997). The success of these initial forays into
the design of novel heme proteins prompted us to question whether
our binary code a-helical proteins might bind heme.

To achieve heme binding, a de novo sequence must include
residues, such as histidine and methionine, that can coordinate the
central iron. However, the mere occurrence of these residues is not
sufficient. Many natural sequences arc rich in histidine and me-
thionine, but nevertheless fail to bind heme. Thus, the sequence
locations and spatial orientations of these residues are clearly im-
portant. Histidine and methionine are well-represented in our li-
brary of binary code sequences (Kamtekar ct al., 1993), but neither
the number nor the locations of these residues were specified a
priori. Because the binary code relies on combinatorial methods, a
heme binding site could not be designed explicitly. We now ask
whether such explicit design is essential. Can the binary code yield
proteins that bind heme?

Here we describe a screcn of the binary code proteins and dem-
onstrate, surprisingly, that approximately half of the scquences
bind heme. Upon addition of hemin chloride, these proteins yicld
bright red solutions and the absorption spectra of thesc heme/
protein complexes resemble those of natural heme proteins. Fur-
ther biophysical characterization demonstrates that several of the
de novo heme proteins display resonance Raman spectra and bind-
ing affinities resembling those of natural cytochromes.

Results

Screening for heme binding

A convenient screen for heme proteins relies on their bright red color.
This color is associated with a characteristic absorption spectrum in
the visible region, which includes a large Soret peak between
410 nm and 430 nm, as well as weaker absorbances at approxi-
mately 550 nm (Antonini & Brunori, 1971; Moore & Pettigrew,
1990). In contrast, hemin chloride in neutral aqueous solution is
greenish-brown, and displays a broad absorption with a maximum
between 360 nm and 365 nm. The visually striking and spectro-
scopically quantifiable red color of heme proteins was used to screen
our library of de novo sequences for their ability to bind heme.
To rapidly screen a collection of proteins, we developed an
assay that does not require chromatographic purification of each
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Fig. 1. Coomassie-stained SDS-polyacrylamide gel of semi-pure samples
used for the screen. Arrow points 10 the protein of interest. Sequences of
proteins 86. F. and B are shown in Figure 3. *! indicates a control sample
in which the third codon of the gene is a nonsense codon.

protein in the collection. We had demonstrated previously that
overexpressed proteins can be liberated from Escherichia coli cells
by a freeze—thaw procedure (Johnson & Hecht, 1994; Roy et al.,
1997a). The resulting “semi-pure” samples contain relatively lim-
ited amounts of bacterial contaminants. Acidifying the samples to
pH 4 precipitates most of the remaining contaminants. These rap-
idly prepared samples were dialyzed into an appropriate buffer,
and shown to be sufficiently pure for our screen. The SDS-PAGE
profile of a typical set of samples is shown in Figure 1. The main
component of cach sample is the de novo protein.

Screening these samples demonstrated that many of the proteins
in our collection bind heme and yield the familiar red color
(Figs. 2, 3). Moreover, the absorption spectra of these de novo
heme-binding proteins arc similar to those of natural heme pro-
teins, and include both the Soret peak at 412-414 nm and the

Fig. 2. Red color associaled with formation of a heme—protein complex.
All samples contain ~55 uM hemin chleride. Left wo right: No protein (- );
protein 86; negative control from cells expressing a nonsense mutant (*1);
protein F; protein B.
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Fig. 3. Amino acid sequences of the 30 proteins screened for heme binding. Histidine and methionine residues are highlighted. [Note:
The original collection published by Kamtekar et al. (1993) contained 29 sequences. The sequence of protein #21 has since been
verified and is now included]. A: Fifteen sequences that bind heme (average number of His residues per protein is 4.3, and average
number of Met residues is 4.9). B: Fifteen sequences that fail to bind heme {average number of His residues per protein is 3.5, and

average number of Met residues is 4.8),

broad band at around 550 nm (Fig. 4A). Conversely, the spectra of
proteins that fail to bind heme show no evidence of either the sharp
Soret peak or the broad band at around 550 nm (Fig. 4B). The
spectrum of the residual E. coli proteins present in these semi-pure
samples is similar to the spectrum of pure heme, demonstrating
that the background of bacterial contaminants do not bind heme
(Fig. 4C}. Based on spectral data of the type shown in Figure 4 and
visual inspection of the red color (Fig. 2), we determined that 15
of the 30 binary code proteins in our original collection bind the
heme cofactor (Fig. 3). Because both the color screen and the
spectroscopic assay depend on ligation of the heme iron, the ob-
served binding must include such ligation. Spurious nenspecific
“stickiness” between the protein and the nonpolar heme moiety
would not suffice to yield the cbserved results.

The frequent occurrence of heme ligation in our collection led
us to question whether the mere presence of histidines and methi-

onines in a de novo sequence might be sufficient for heme binding.
This is clearly not the case. Many sequences in the collection con-
tain several His and Met residues, but fail to bind heme (Fig. 3). For
example, sequence 49 has 10 His and 8 Met residues, but the spec-
trum of this protein shows no detectable Soret peak. Overall, the num-
ber of His and Met residues, and the ability of a sequence to bind
heme are not correlated. Although residues capable of coordinating
the heme iron are clearly important for heme binding, their mere in-
clusion into a de novo sequence is not sufficient. The locations of
the His and/or Met side chains and the overall structure of the pro-
tein must play key roles in forming a binding site.

Spectroscopic characterization of de novo heme proteins

Several of the proteins that showed strong Soret absorbance in the
screen were purified for further characterization. The absorption
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Fig. 4. Examples of absorption spectra from the heme binding screen.
A: Protein 86. B: Protein B. C: Negative control (from cells expressing a
nonsense mutant).
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spectra of three purified proteins (86, F, and G) in both the oxi-
dized and reduced forms are shown in Figure 5. These spectra are
very similar to those of natural heme proteins. Comparison of the
peaks in the spectra of both the reduced and the oxidized forms of
the de novo proteins indicates that they are similar to b-type cy-
tochromes (Table 1). For example, in the spectra of both the de
novo proteins and the b-type cytochromes, the Soret band is shifted
to higher wavelength following reduction of the heme (Table 1).
Reduction also causes the broad absorbance near 550 nm to re-
solve into two distinct bands at 530 nm and 560 nm. This band
splitting is typical of cytochromes and suggests that the reduced
heme complexes of the de novo proteins contain low spin Fe(II)
and are six-coordinate (Moore & Pettigrew, 1990).

In b-type cytochromes, the heme iron is typically ligated either
by two His residues (e.g., cytochrome bs) or by a His/Met com-
bination (e.g., cytochrome bs¢;). In cases where a Met is involved,
the spectrum of the oxidized form of the protein typically includes
a very weak band at 695 nm, which is due to sulfur-to-iron charge
transfer (Dickerson & Timkovitch, 1975; Moore & Pettigrew, 1990).
For our de novo proteins, the spectra of the oxidized forms show
no evidence of a peak at 695 nm. However, because the absorbance
due to sulfur-to-iron charge transfer is inherently weak (eqg5 can be
>100-fold lower than es,,; Moore & Pettigrew, 1990), these ex-
periments do not rule out coordination by methionine.

Resonance Raman spectroscopy

The coordination and spin state of the heme iron was also analyzed
by resonance Raman spectroscopy. Spectra were measured for pro-
teins F and 86 in both the oxidized form (Fig. 6A) and the reduced
form (Fig. 6B). In both oxidation states, the spectra of the de novo
proteins resemble those of natural heme proteins (Table 2).

The most prominent feature in the spectra of the oxidized pro-
teins is the v, band at 1,376 cm . This band is characteristic of a
ferric heme species and is readily observed in the spectra of natural
heme proteins (Table 2A). In addition to this prominent band, three
smaller porphyrin marker bands are also observed. These bands,
vs, v, and v, are sensitive to the spin state of the heme iron. For
example, low spin adducts yield v, frequencies above 1,500 cm ™',
whereas high spin adducts yield v; frequencies at or below
1,500 cm ™~} (Table 2A). For proteins F and 86, »; occurs at
1,507 cm ™', suggesting that the iron in these de novo proteins
is 6-coordinate and low spin. Likewise, the frequencies of the v,
and v, bands in the spectra of F and 86 demonstrate that these
proteins form heme complexes that are 6-coordinate and low spin
(Table 2A).

The resonance Raman spectra of proteins F and 86 in the re-
duced form are also informative (Fig. 6B). Reduction of the com-
plex shifts the prominent v, band to lower frequencies, exactly as
seen for the natural heme proteins (Fig. 6; Table 2). The »; band
is split into two bands in the spectra of the reduced proteins
(Fig. 6B). Although these bands are weak and somewhat diffi-
cult to characterize, the splitting suggests the presence of both
6-coordinate, low spin, and 5-coordinate, high spin complexes
{Table 2B). A likely explanation for this result would be laser-
induced photolability of one of the axial ligands. Although such
photolability is unusual in resonance Raman studies of heme pro-
teins, it is not unprecedented and has been observed for cyto-
chrome ¢ peroxidase (Smulevich et al., 1989) and for guanylyl
cyclase (Yu et al., 1994).
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The »;; bands for proteins F and 86 occur at 1,558 and
1,554 cm ™!, respectively. These frequencies are similar to the
value of 1,551 cm ™! seen for Met/His ligation in cytochrome c,
and different from the values below 1,540 cm ™' typically seen for
bis-His ligation (Table 2B). The locations of the v, and v,y bands
in the spectra of the reduced de novo proteins are also consistent
with the Met/His ligation seen in cytochrome ¢ (Table 2B).

In summary, the resonance Raman spectroscopy, like the ab-
sorption spectroscopy, demonstrates that the de novo proteins
form complexes with the heme cofactor in which the central
iron is low spin and 6-coordinate. In addition, the resonance
Raman studies suggest that the two axial ligands are methionine
and histidine.

N.R.L. Rojas et al.
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Fig. 5. Examples of oxidized and reduced spectra of the heme complexes
of pure proteins from the library. For each spectrum. the protein is in excess
of the concentration of heme, which is indicated in parentheses. A: Protein
86 (4 uM). B: Protein F (4 uM). C: Protein G (35 uM).

Heme affinity

Heme-binding titration curves were measured for several of the de
novo proteins. To obtain apparent dissociation constants (K,,,)
from these titration curves, two assumptions were made. First, we
neglected the tendency of heme to aggregate (White, 1978), and
assumed that all heme exists in one of two states: either bound by
protein or free in selution. A consequence of this assumption is that
the true affinity of the proteins for heme should be greater than the
measured affinity. The second assumption is that heme and protein
form 1:1 complexes.

Of the proteins studied thus far, protein 86 has the greatest
affinity for heme, with a K,,, of 7 X 107" M (Fig. 7A). The
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Table 1. Comparison of the visible absorption bands (nm) of the heme complexes of the de novo proteins
with several natural heme proteins
Reduced Oxidized

Protein Ligation Soret B o Soret B a 695
Protein 86 ? 426 530 560 412 ~530
Protein F ? 424 530 560 412 ~530
Protein G ? 424 530 560 414 ~530
a-Type cytochromes® 439-443 Absent 592-604 414-431 ~600
h-Type cytochromes® 408-449 526-546 555-567 400-419 520-530

eyt bega® His/Met 427 5315 562 418 ~530 695

bs microsome*® His/His 423 527 555 410 ~530

bs mitochond? His/His 423 525 556 412 ~530
¢-Type cytochromes?® 415-423 521-527 550-558 390-415 520-530

Horse heart cyt ¢™* His/Met 415 521 550 411 ~530 695
Myoglobin® His 434 556

Mb (O;) His/O, 418 543 581

Mb (CO) His/CO 423 542 579

Mb ™ (H.O) His/H,O 409.5 505 635
Hemoglobin® His 430 555

Hb (0,) His/O, 415 541 577

Hb (CO) His/CO 419 540 569

Hb ™ (H,0) His/H->0 405 500 631

Hb ' (imidazole) His/imidazole 411 534 560

4Data for the classes of cytochromes are taken from Lemberg and Barrett (1973); Kirchenbaum (1974); Dickerson and Timkovitch (1975); Moore and

Pettigrew (1990); and Yamanaka (1992).
chmberg and Barrett (1973).
“Beck von Bodman et al. (1986).
dRivera ct al. (1992).
“Pettigrew and Moore (1987).

¢Antonini and Brunori (1971). Data are for sperm whale myoglobin. reduced human hemoglobin, and oxidized horse hemoglobin.

binding curve obtained at higher concentrations supports a 1:1
binding stoichiometry (Fig. 7B). For protein G, the K,,, is 2 X
10-° M (Fig. 7C). For protein F, the titration curve can be fit to a
K., of 1 X 107° M (Fig. 7D), but titrations done at higher
concentrations of heme yield different values and the curves do not
reach saturation, indicating the presence of additional weak heme
binding sites.

Effect of heme binding on protein structure and stability

Size-exclusion chromatography using Superdex 75 (Pharmacia)
demonstrates that the apo forms of proteins F, G, and 86 are
monomeric (S. Roy & M.H. Hecht, unpubl.). The apo form of
protein F has also been shown tc be monomeric by equilibrium
ultracentrifugation (Kamtekar, 1995). Sizing studies of the heme-
bound proteins have proved difficult because (1) high-resolution
gel filtration resins (e.g., Superdex 75) strip heme from noncova-
lent protein complexes; and (2) ultracentrifugation studies are com-
plicated by background absorbance due to free or aggregated heme
(Kamtekar, 1995).

The heme-bound forms of the proteins were compared to the
apo forms by size-exclusion chromatography using Sephadex G-50.
This resin does not provide as high a level of resolution as Super-
dex 75, but was used nonetheless because it does not strip heme as
extensively. However, because some stripping does occur, the data

are difficult to interpret. For protein 86, which has the highest
heme affinity of the proteins studied thus far, the heme-bound form
elutes slightly earlier than the apo form. Thus, heme binding clearly
does not promote large-scale aggregation. The slightly earlier elu-
tion time of the heme-bound form suggests either that the protein
expands upon binding, or that binding induces dimerization. The
latter interpretation is less likely because (1) the molecular weight
estimated for the heme-bound form is less than double that of the
apo form (Simons, 1996); and (2) the stoichiometry of binding for
protein 86 is 1:1 (see above and Fig. 7B). In the overall collection
of binary code heme proteins, we expect to observe a range of
behaviors. Some sequences will forms dimers upon heme binding
(via His/His or His/Met ligation from two chains), whereas others
will bind heme as monomeric proteins.

CD spectroscopy was used to determine the effect of heme
binding on the secondary structure of the de novo proteins. The CD
spectra of proteins 86 and G are shown in Figure 8. Both in the
absence and in the presence of heme, these proteins are predom-
inantly a-helical, displaying characteristic minima at 208 nm and
222 nm. Formation of the heme complex does not affect the a-helical
content of either protein appreciably.

The thermal stabilities of proteins 86 and G were measured in
the presence and absence of heme (Fig. 9). The thermal denatur-
ation of protein 86 is cooperative and sigmoidal (Fig. 9A). This
suggests that the folded structure of this protein may possess native-
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Fig. 6. Mid-frequency resonance Raman spectra of the complexes of proteins 86 and F with mesoporphyrin IX. A: Oxidized.

B: Reduced.

like properties both in the absence (S. Roy & M.H. Hecht, unpubl.)
and in the presence of heme. Conversely, the thermal denaturation
of protein G is not cooperative, suggesting that this protein is less
native-like. These results suggest that in some of the de novo
proteins, the heme binding site may be pre-organized, whereas in
others it probably is not.

Binding of the heme cofactor enhances the thermal stabilities of
both proteins (Fig. 9). For the cooperative sigmoidal denaturation
of protein 86, the addition of heme increases the melting temper-
ature by 8°C.

The a-helical CD spectra of the heme complexes, coupled with
the observation that heme enhances the stability of the structure
responsible for these CD spectra, indicates that heme binds to the
folded a-helical conformations of these de novo proteins.

Discussion

Binding studies previously performed on libraries of proteins have
been limited to either short peptides (Scott & Smith, 1990) or
naturally occurring proteins with sections of randomized sequence
(Raberts et al., 1992). Thus, although cofactor binding studies on
libraries of RNA molecules have begun to reveal possible mech-
anisms of evolution in the RNA world (Sassanfar & Szostak, 1993;
Lorsch & Szostak, 1994), our picture of the early evolution of
proteins is much less detailed. For example, it would be interesting
to determine what fraction of a pool of “foldable” sequences can

also bind cofactors such as heme. The results reported here rep-
resent an initial attempt to answer such questions.

In our screen, we found that 15 of the 30 sequences in our binary
code collection exhibit some degree of heme binding. This high
frequency is rather surprising. Earlier attempts to devise de novo
heme proteins have been based on the explicit design of the bind-
ing site (Choma et al., 1994; Robertson et al., 1994; Rabanal et al.,
1996; Gibney et al., 1997). In contrast, the binary code sequences
described here are based on global design strategies, and were not
designed explicitly to bind heme. Nonetheless, half the binary code
sequences bind heme. Moreover, protein 86 binds with the same
dissociation constant (K,,, = 7 X 107 M) as that reported by
Choma et al. (1994) for their rationally designed heme protein,
VAVH,5(8-3). These findings highlight the power of the combi-
natorial binary code strategy, and demonstrate that isolating de
novo heme proteins need not require explicit design of the cofactor
binding site.

Ouwr finding that sequences not designed explicitly to bind heme
may nonetheless do so is not unprecedented—Choma et al. (1994)
found that a control peptide displayed heme binding properties that
were superior to those of a peptide explicitly designed to bind
heme. The control peptide (called “retro” because it had been
synthesized with the reverse sequence) bound heme more tightly
and yielded a pinker color (compared to yellow-pink) than the
designed peptide. Furthermore, like natural cytochromes, although
in contrast to the designed peptide, the retro peptide gave rise to
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Table 2. Comparison of the resonance Raman frequencies for porphvrin skeletal modes
for the de novo proteins F and 86 and several heme models?
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A. Oxidized form

Sample Ligation vy V3 v Vo Reference

Protein F (MPIX) ? 1,376 1,507 1,595 1,639 This work

Protein 86 (MPIX) ? 376 1.507 1.595 1,639 This work

6-Coordinate, low spin

MPIX (Im); His/His 1,375 1,505 1.599 1,640 Spiro and Burke (1976)

PPIX(Im), His/His 1,373 1,502 1.57% 1,640 Choi et al. (1982)

Cyt by His/His 1,374 1,505 1.579 1.640 Desbois et al. (1989)

Cyt bs His/His 1.372 n.a. 1.585 1,639 Kitagawa et al. (1976)

Cytc¢ Met/His 1.371 1,501 1.585 1.635 Hu et al. (1993)

Metg(Cys Cyt ¢ Cys/His 1.376 1,503 1.589 1.636 Smulevich et al. (1994)

6-Coordinate, high spin

Hb(F ) His/F 1.373 1.482 1.555 1,608 Spiro and Strekas (1974)

5-Coordinate. high spin

MPIX(F ) F 1,374 1,495 1.572 1,632 Spiro and Burke (1976)

HRP His 1.375 1.500 1.575 1,630 Rakshit and Spiro (1974)
B. Reduced form

Sample Ligation vy vy vy ¥ Vo Reference

Protein F (MPIX) 7 1.357 1.472/1.497 1.558 1,592 1,631 This work

Protein 86 (MPIX) ? 1.361 1,465/1.492 1.554 1.594 1,623 This work

6-Coordinate, low spin

MPIX(Im), His/His 1.358 1,490 1.537 1.600 1.620 Spiro and Burke (1976)

PPIX(Im), His/His 1,359 1.493 1.539 1,584 1.617 Choi et al. (1982)

Cyt b, His/His 1,361 1.493 1.537 1.580 1,620 Desbois et al. (1989)

Cyt bs His/His 1.362 1,493 n.a. 1,585 1.617 Kitagawa et al. (1976)

Cyt ¢ Met/His 1,364 1,496 1.551 1.596 1.626 Hu et al. (1993)

Met80Cys Cyt ¢ Cys/His 1.360 1.494 1.537 1.592 1.625 Smulevich et al. (1994)

5-Coordinate, high spin

Deoxy Hb His 1,358 1.473 1.546 1.557 1.607 Spiro and Strekas (1974)

HRP His 1,358 1.472 n.a. 1.553 1.605 Spiro and Burke (1976)

PPIX(2-Melm) 2-Melm 1,357 1471 1.547 1.562 1.604 Choi et al. (1982)

*Frequencies are in em '. MPIX, mesoporphyrin IX: PPIX. protoporphyrin 1X; Im. imidazole: Cyt bs. flavocytochrome b,; Hb, hemoglobin; HRP,

horseradish peroxidase: 2-Melm. 2-methylimidazole.

pronounced splitting of the a/B peaks in the visible spectrum
(Choma et al., 1994).

Among the proteins we have purified and examined thus far, we
observe a range of binding profiles. Diversity in the properties of
these proteins is to be expected; it reflects the enormous diversity
in the sequences generated by the combinatorial methods of the
binary code strategy. Some of the de novo sequences exhibit com-
plex binding curves (e.g., protein 13; data not shown). However,
several sequences, such as 86 and G, appear to bind heme stoi-
chiometrically. In these cases, the apparent dissociation constants
are on the order of 107°-10"7 M, close to the K, = 0.9 x 1077
M estimated for the noncovalent complex of Fe(Il) heme with
apocytochrome ¢ (Dumont et al., 1994).

The three-dimensional structures of our proteins have not been
determined. Therefore, we cannot assess whether our proteins in-
deed contain the appropriate number and orientation of helices that
define a four-helix bundle. Nor, in the absence of such structures,
can we determine the precise extent to which heme binding may

change the fold of our proteins. Nevertheless, a model of protein
86 (which has the highest heme affinity of the sequences examined
thus far) shows that heme binding in our library can occur within
a four-helix bundle in a manner consistent with the experimental
data. When protein 86 i1s modeled as a four-helix bundle, one
His/His pair and six possible His/Met pairs can occur in the same
layer of the bundle (Fig. 10A). However, a head-on view of the
four-helix bundle (Fig. 10B,C) shows that, for all but one of these
pairs, the ligating atoms (S of Met and Ne of His) are too far apart
to ligate the iron. The only His/His or His/Met pair close enough
to ligate the iron is Hiss  /Mety, (Fig. 10C). (Although Hiss, /Met,
makes a contact in Fig. 10B, this pair was excluded by the analysis
in Fig. 10A.) Binding to iron by Hiss, and Mety, is consistent with
the resonance Raman data, which suggests His/Met ligation.

By using His;; and Mety,, to ligate the heme iron, a binding site
was modeled between the second and third helices of the bundle.
These two helices were superimposed onto the first and fourth
helices of cytochrome bsq> (which ligates its heme iron via Mets
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Fig. 7. Titration curves. A: Protein 86 into 5.1 4M heme. Solid line shows the fit at K,,,, = 7.4 £ 0.4 X 10”7 M assuming 1:] binding.
B: Protein 86 into 40 uM heme; 1.1 proteins/heme from the breakpoint of the curve. C: Protein G into 5.1 M heme. Solid line shows

the fit at K,

app = 2.0 £ 0.1 X 107% M assuming 1:1 binding. D: Protein F into 9.7 #M heme. Solid line shows the fit for K,,, = 1.2

+ 0.02 X 1073 M assuming 1:1 binding. A titration using a higher concentration of heme (40 uM) yields K, = 4.5 X 107° M,
but also does not reach saturation (even at a 5.5 molar excess of protein over heme). Therefore. the extinction coefficient of the heme

protein complex was estimated from curve fitting.

and His;gp). The remaining helices were then placed in positions
mimicking the four-helix bundle structure of cytochrome bsq, (Ha-
mada et al., 1995). The resulting model (Fig. 11) demonstrates
that, although the binary code places methionine residues on the
nonpolar face and histidine residues on the polar face of the heli-
ces, a His/Met pair at the helix—helix interface can participate in
heme binding.

The 30 proteins screened thus far represent an extremely small
fraction of the total number of sequences that can be encoded by

the binary patterning used for this structural motif. (24 buried and
32 surface positions, chosen from five nonpolar and six polar res-
idues, respectively, can yield 5% X 6% = 5 X 10*' possible se-
quences; Kamtekar et al., 1993). Because, among these few proteins,
we have observed several that bind with moderate affinities, it seerns
likely that the far larger set of binary code sequences that adopt this
fold probably contains many proteins with high affinities for heme.

Natural heme proteins presumably evolved from simpler pre-
cursors, which at some point in evolution developed the ability to
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A: Protein 86. B: Protein G.

bind heme and use it as a functional cofactor. The binary code
approach, in some measure, mimics this approach on the labora-
tory time scale. Indeed, the existence of the binary code distribu-
tion within the genetic code suggests a possible mechanism for the
early evolution of proteins. Thus, our results indicate that obtain-
ing sequences capable of folding into globular structures and bind-
ing specific cofactors may be considerably easier than expected.

Such a conclusion also has implications for de novo protein
design. For the eventual design of functionally active de novo
proteins, the binding of catalytically relevant cofactors represents
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an appealing first step. Our finding that half the sequences in our
initial collection are capable of binding the heme cofactor suggests
that this first step is not a difficult one. It remains to be seen
whether any of the proteins in this collection are catalytically
active. However, we anticipate that, among the enormous number
of heme binding proteins that are likely to occur in larger collec-
tions of binary code sequences, it is not unlikely that some will
possess catalytic activity.
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B: Protein G.
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Materials and methods

Screening for heme binding

Proteins were expressed in E. coli strain X90(DE3) in 250 mL
2XYT medium and harvested as described previously (Kamtekar
et al., 1993). Proteins were extracted from the cells using a freeze—
thaw protocol (Johnson & Hecht, 1994) and resuspended in S mL
of 100 mM MgCl; (Roy et al., 1997a). The freeze—thaw exiracts
were partially purified by acid precipitation of contaminants at
pH 4.0 in 50 mM sodium acetate buffer. {Proteins 17, 21, and 49
were not acidified because of their low solubility at low pH.) The
supernatant was dialyzed into 50 mM sodium phosphate, 200 mM
NaCl at pH 7.0 and congentrated (Centricon, Pharmacia) to a final
volume of 100 uL. Total protein concentration was estimated using
the Bio-Rad Protein Assay with BSA as a standard. The fraction of
designed protein was approximated by Coomassie-stained SDS-
PAGE gels analyzed using NTH Image 1.60.

These semi-pure samples were screened for heme binding by
titrating concentrated protein solution into solutions of 5-30 uM
bovine hemin chloride (Sigma) in 50 mM sodium phosphate,
200 mM NaCl, pH 7.0. Titrations were carried to an endpoint at
which protein was estimated to be in excess of heme by at least
threefold. Solutions were equilibrated for 5 min after each addition
of protein, and the spectrum from 230 to 800 nm was then mea-
sured on an HP 8452A diode array spectrophotometer using a
cuvette with a 1-cm pathlength.

Protein purification

Chromatographic purification was accomplished by methods sim-
ilar to those described previously (Kamtekar et al., 1993; John-
son & Hecht, 1994; Roy et al.,, 1997a). Supernatants from the
acid precipitation (see above) were loaded onto an S-sepharose
column (Sigma) in 50 mM sodium acetate, pH 4.0, and protein
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A

Fig. 11. Top and side view of a molecular model of the heme compiex of
protein 86. The protein backbone is shown with polar residues in blue.
nonpolar residucs in yellow, loop regions in gray, and the heme group in
red. Hisy,, Mety,, and heme are shown in ball and stick representation. The
sequence of protein 86 is MGKLNDLLEDLQEVLKGPDSGHLQN
VIEDIHDFMQGPSGGKILQEMMKEFQQVLDGPRSGNIKEIF
HHLEELVHR.
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was eluted by a linear gradient of NaCl (0-2 M). Final purifi-
cation was achieved by size-exclusion chromatography (Super-
dex 73, Pharmacia). Protein concentrations were determined by
amino acid analysis.

Optical spectra, binding stoichiometry, and determination
of dissociation constant

Dissociation constants were determined by titrating protcin into
heme solutions containing 50 mM Tris, 50 mM NaCi, pH 8.0.
Under these conditions, aggregation of heme is decreased (Har-
grove et al., 1996). Absorbance was monitored at the Soret max-
imum (412 or 414 nm) and fitted to the equation for the dissociation
constant assuming 1:1 binding using Kaleidagraph 3.0 for the Mac-
intosh. Binding stoichiometry was derived from similar experi-
ments at high heme concentrations, such that the breakpoint of the
curve determines the ratio of heme o protein in the complex.

Visible spectra were measured at the end of similar titrations.
Spectra of reduced samples were measured following addition of a
minimum volume of an aqueous solution of sodium dithionite into
deoxygenated solutions of the heme protein complex. All spectra
were laken on an HP8452A diode array spectrophotometer using a
cuvette with a 1-cm pathlength.

Heme concentration was determined spectrophotometrically
by forming the reduced CO-complex of an aliquot of the hemin
chloride stock solution and using an extinction coefficient of
147 mM ' cm ! at 407 nm (Hargrove et al., 1996),

The extinction coefficient for the Soret band of protein 86 in the
oxidized form was cstimated from the data in Figure 7B as ap-
proximately 75 mM ' cm~'. For compatison, the extinction co-
cificient for eytochrome bsqxis 117 mM ' cm ™! (ltagaki & Hager,
1966).

Resonance Raman spectroscopy

Resonance Raman spectra were measured using both hemin and
iron mesoporphyrin IX (a derivative in which the heme vinyl groups
arc replaced by ethyl groups). The two porphyrin derivatives yielded
similar results. Spectra from the mesoporphyrin experiments are
shown because peak assignments arc easier lo interpret in the
absence of the »(C=C) due 1o the hemin viny] groups. Solutions
contained 25 uM protein in 50 mM sodium phosphate, 200 mM
NaCl, pH 6.8. The reduced form of the heme protein was prepared
by adding a minimum volume of an aqueous solution of sodium
dithionite into deoxygenated solutions of protein. Samples were
excited using the 406.7 nm line of a Kr' laser (Coherent Radia-
tion). Back scattered light was focused onto the sample in a spin-
ning NMR tube using a cylindrical lens to minimize photo-
decomposition. The light was dispersed with a Spex triplemate
monochrometer grating {2,400 grooves/mm} and collected with an
optical muttichannel analyzer (Princeton Instruments). All spectra
were calibrated with indene as a standard. The frequencies are
accurate to =1 em ' for isolated bands. Spectra were imported
into and processed with Labcale software (Galactic Industries Corp).

Protein secondary structure and stability

CD spectra were measured on an Aviv 62DS CD spectropo-
larimeter. Proteins were dissolved in 50 mM sodium phosphate,
200 mM NaCl, pH 7.0. Samples were in a 0.1-cm cuvetie. Spectra
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were recorded at 20 °C from 280 nm to 195 nm, and the signal was
averaged over 5 s for steps of 1 nm.

Thermal denaturation curves were obtained by monitoring the
ellipticity at 222 nm at 1°C increments from 0 to 95 °C. Temper-
ature equilibration time was 2 min and the signal was averaged
over an additional minute. Reversibility was demonstrated by cool-
ing the samples to 20 °C and recording their CD spectra.

Molecular modeling

Molecular models were generated using Sybyl (Tripos, Inc.). To
construct the model in Figure 11, helical regions (¢ = ~58°, ¢ =
—47°, @ = 180°) were first generated for the binary code se-
quences. Helices II and III were then docked to accommodate
heme binding by setting the His;; Ne-Fe bond distance as 2.0 +
0.1 A, the Mety, S-Fe bond distance as 2.4 + 0.1 A, and the
N-Fe-S bond angle as 180 £ 5°. These helices were superimposed
onto helices 1 and 4 of cytochrome bsq, (which provide the heme-
binding axial ligands, Met; and His;(;) and the remaining helices
were placed in positions mimicking the four-helix bundle structure
of cyt bsg, (Hamada et al., 1995). The resulting model was energy
minimized using the Tripos Force Field with Pullman charges.
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