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ABSTRACT: We previously reported a combinatorial strategy for designidelical proteins by assigning

only the binary patterning of polar or nonpolar residues [Kamtekar, S., Schiffer, J. M., Xiong, H. Y.,
Babik, J. M., and Hecht, M. H. (1993cience 2621680-1685]. Here we describe the finding that
approximately half of the proteins in the original collection display some level of cooperativity in their
thermal denaturation profiles. Many are monomeric in solution, demonstrating that the observed
cooperativity is not merely a consequence of oligomerization. These findings demonstrate that although
the combinatorial nature of the design strategy precludes explicit design of side-chain packing, binary
patterning incorporates sufficient sequence information to generate de novo proteins with cooperatively
folded structures. As binary partitioning of polar and nonpolar amino acids is an intrinsic part of the
genetic code, these findings may bear on the early evolution of native proteins.

What are the minimal features of an amino acid sequencerepresents a specified mixture of the DNA nucleotides A,
that are required to specify a uniquely folded three- G, T, and C.) Initial characterization of three proteins from
dimensional structure? Attempts to answer this question havethe collection demonstrated that they were soluipteelical,
relied on four approaches: (i) Comparison of evolutionarily and moderately stablél?).

related amino acid sequencds; ((ii) mutagenesis of natural While it seems reasonable that binary patterning can direct
proteins 2—7); (iii) construction of de novo proteins the formation of amphiphiliax-helices that pack together
composed of simplified sequences §); and (iv) theoretical into a bundle, our initial experiments did not enable us to

studies using simplified model&@, 11). All four approaches  assess “which of our designed proteins possess flexible
have led to the realization that proteins are robust: Much of interiors, and which are nativelike1®). Indeed, since native
the information in a typical amino acid sequence is not protein structures typically maintain precisely packed inte-
essential, and many different sequences can fold into theriors, one might expect that combinatorial strategies, which
same structure. cannot design specific packing interactions, would not yield
To exploit the tolerance of protein structures to a wide cooperatively folded structures.
variety of different sequences, we developed a combinatorial Our initial attempts to probe this issue led to the
strategy for protein design that aims to produce libraries of characterization of a single protein (M60) from the original
de novo sequences compatible with a chosen target structuréinary code collection. Through a series of experiments, we
(12). Our strategy was based on the premise that appropriatedemonstrated that protein M60 possessed nativelike features
binary patterning of polar and nonpolar residues can drive aincluding (i) chemical shift dispersion in the NMR spectrum;
polypeptide chain to fold into amphiphilic elements of (ii) protection of amide protons from exchange with solvent;
secondary structure, which anneal together to form the (iii) minimal fluorescence in the presence of the hydrophobic
desired globular structure. Our initial application of the binary dye 1-anilinonaphthalene-8-sulfonate (ANS); (iv) formation
code strategy aimed to construct a library of four-helix bundle of crystals; and (v) cooperative thermal denaturativ8).(
proteins (2). In that earlier work, we designed a sequence However, M60 was only one protein from the original
pattern of polar and nonpolar residues compatible with the collection, and its properties may or may not be representa-
four-helix bundle motif and then constructed a library of tive of the binary code collection as a whole. The question
synthetic genes to encode this binary pattern. Residuesremained: Can binary patterning of polar and nonpolar
designed to be on the surface of the four-helix bundle were residues incorporate sufficient sequence information to
encoded by the degenerate DNA codon NAN, which encodesencode cooperatively folded protein structures?
the polar amino acids Lys, His, Glu, GIn, Asp, and Asn.  In the current report we demonstrate that M60 is not
Residues designed to be buried in the interior of the bundle unique. Over half the proteins in the original collection of
were encoded by the degenerate codon NTN, which encodeKamtekar et al. 12) form cooperatively folded structures.

the nonpolar amino acids Met, Leu, lle, Val, and Phe. (N
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Table 1: Thermodynamic and Solution Properties of the Binary 4.0 was a(_jded to the freezmaW_SUpematantS o a ﬁnal_
Code Proteirs concentration of 50 mM to precipitate the bulk of contami-
nating Escherichia coliproteins. Samples were kept on ice

protein Tm (°C) AH (kcal/mol) oligomeric state . . . o
Cooperative for 15 min and centrifuged at 69@0‘0r 1'5 min at 4°C.

| 61 29 M Supernatants were concentrated in Centricon 3 concentrators.

8 59 41 M After the 20 mL volume was reduced to 4 mL, samples were

12 59 53 H subjected to cation-exchange chromatography on a HS

15 52 18 M POROS column in 50 mM sodium acetate/acetic acid buffer

i? ?g 'g'é‘ DM/D/H at pH 4.0 with 1.5 M NaCl in the elution buffer. Fractions

51 58 47 M/l containing a single band by Coomassie-stained-SBSGE

52 62 26 M/l were pooled and exchanged into a buffer containing 50 mM

M60 55 25 M/D/T sodium phosphate and 200 mM NaCl at pH 7.0.

63 NA NA M . . . .

76 52 12 M Circular Dichroism and Thermal Denaturatio@D spec-

83 59 31 M/ tra were measurechia 1 mmcuvette with an Aviv 62 DS

85 59 37 M/ spectropolarimeten-Helicity was characterized by double

86 42 13 M minima at 208 and 222 nm. For thermal denaturation
Noncooperative experiments, ellipticity was monitored at 222 nm and data

E ,'\\"A points were collected every 0.5 or°C from 0 to 100°C

G M after 1.5 min equilibration at each temperature.

N M Size-Exclusion Chromatography Superdex 75 gel-

3 "\\A";S filtration column (Pharmacia) was equilibrated with 50 mM

7 D sodium phosphate buffer (pH 7.0) and 200 mM NacCl.

10 M Purified samples were injected at concentrations identical

13 M/D to those in the thermal denaturation studies. Columns were

30 undetermined run at room temperature. Proteins that eluted between

g’g M/D aprotonin (MW 6500) and cytochrom®e, (MW 12 500)

“Kamtokar ot al(12) od 29 W Tt were classified as monomeric. Peaks eluting before cyto-
amtekar et a reporte sequences. We present data on - ; ; )

26 of these. Three proteins (K, 11, and 24) gave poor yields upon chrome bss; were classified as dimers or higher-order
purification; hence their properties are not reported. Sequence M60 isOI'gqmerS- depending on the elution time. Absorbance was
a modification of the original 60, in which a tyrosine has been inserted monitored at 235 nm. In some cases small amounts of
following the initiator methioning30). ® M = monomer; D= dimer; impurities with higher molecular weights could not be

T = tetramer; H= higher-order oligomer; I= impurity or higher-  distinguished from higher-order oligomers. These are indi-
order oligomer* The denaturation profiles for proteins 16 and 63 did cated in Table 1

not provide good fits to the GibbHelmholtz equation. Hence, the :
Tm and AH for these proteins were not calculated.

RESULTS
0.7 and 1. Cultures were induced with 18/mL IPTG for Twenty-six proteins from our original binary code library
3 h and cells were harvested by centrifugation at 6000 (12) were expressed iR. coliand purified. The amino acid

10 min at 4°C. Protein was released from the harvested cells sequences are shown in Figure 1. All 26 proteins were well-
by a modified version of the freezeghaw protocol described  behaved and water-soluble; none formed inclusion bodies.
by Johnson and Hech14). Harvested cells were subjected This observation is in marked contrast to proteins isolated
to three cycles of freezing (dry ice/ethanol bath) and thawing from randomly generated sequences, which frequently form
(10°C water bath) for 10 min each. Following the third cycle, insoluble aggregate9,(15. Secondary structure was probed
10 mL of elution buffer (100 mM MgG) was added. by circular dichroism spectroscop$6). Spectra for all 26
Samples were kept on icerfd h with gentle inversion to  proteins displayed the double minima at 208 and 222 nm,
resuspend cells. Samples were then centrifuged atggl@®0  characteristic ofa-helical secondary structure (data not
10 min at 4°C and the supernatant containing the desired shown).

protein was carefully decanted. These freetew super- Thermal denaturations of the proteins were monitored at
natants were then subjected to either anion-exchange orphysiological conditions (50 mM sodium phosphate and 200
cation-exchange chromatography. mM NacCl, pH 7.0). Under these conditions, all proteins were

Anion-Exchange Chromatographiroteins Y, 8, 12, 15,  readily soluble and the vast majority displayed reversible
16, 17, 51, 52, 63, 83 and 85 were purified by anion exchangedenaturation. The loss of secondary structure, as indicated
chromatography. The freez¢haw supernatants were ex- by ellipticity at 222 nm, is plotted as a function of
changed into 50 mM Tris-HCI buffer, pH 8, and concentrated temperature in Figure 2. Fourteen proteins display sigmoidal
to 4 mL in Centricon 3 concentrators (Amicon). Samples thermal denaturation profiles (Figure 2A,B), while twelve
were purified by anion-exchange chromatography on an HQ- proteins denature noncooperatively (Figure 2C). Thus we
POROS 20 column (PerSeptive Biosystems) in 50 mM Tris- observe some level of cooperativity in approximately half
HCI, pH 8, with 1.5 M NacCl in the elution buffer. of the binary code proteins.

Acid Precipitation and Cation-Exchange Chromatography.  According to the van't Hoff equation [d(IK)/d(T) = AH/
Proteins B, F, G, I, N, U, Z, 10, 13, 30, 49, M60, 76, 86, RT?, the more cooperative a thermal transition, the larger
and 90 were purified by cation-exchange chromatography. the AH of unfolding. SinceAHnsihingmeasures the disruption
A solution d 1 M sodium acetate/acetic acid buffer at pH of enthalpically favorable interactions in the folded state, a
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MGeeososssssessssse tttneeessessssssessectttneceossssssssssectttnesssssssssssessR

MGEVQEVFEKELEQLLKGPDSGELNKMFEKVNNLFKGPSGGKLEHVMEDFNDMVEGPRSGKLKEFIQEMOHLLOR I
MGEFNEMLEKEEMHHFLEGPDSGOFENVFNDMOQKVLEGPSGGEKELKQOMMDEIHQOMLOGPRSGQIHQLMNHFNQVLER 8
MGKVEELFEEIEEIMEGPDSGEVODLFEQLHHFMLGPSGGKMDHIMKOLOKLLEGPRSGHLNKLFQKIEQLVKR 12
MGEMEKFMEKMEEMIEGPDSGDIHHVVKKMEDMFDGPSGGKIDKLMEKVHEILNGPRSGOFKEVFNQVHEILNR 15
MGDVEEVFEKMQEVFHGPDSGQVQQVLKKVNHMMKGPSGGKLEELLEELNNMIHGPRSGOLKQLLKDFDOMFQR 16
MGELDOQLLOOVEDLLKGPDSGEKFHOQLLEEMKELLNGPSGGELEHLMQOFEHLLNGPRSGOQFKDMLKQLOQELMER 17
MGEIDOVVOEMHEVLDGPDSGHLKNSMDOIONIIOGPSGGNMENLLEQLEEIFKGPRSGDLOKIVHDFDKEMLNR 51
MGNLDELFEELKQMLEGPDSGHIKDLMENLKQMLOQGPSGGELEELFKEIEDLIKGPRSGKLHQILQEIEDLFNR 52
MYGEVENILKQLKELVEGPDSGNLEKDLINQLEKQLIEGPSGGELDHFLKQLKELLHGPRSGOQVKQIVHHIQHLFQR M60
MGEMDNILDELDOMMEGPDSGQINEFVHHLNEMFEGPSGGEIKQIIDEMDOLLEGPRSGQIEHLIQKFEHLIHR 63
MGEFQEMLKEMEDLFHGPDSGELEQLFEHIQEFFNGPSGGKLDOLLEEVNDILTGPRSGOLHELLQDMHHLVQOR 76
MGDLEDMLEHMOQNLLQGPDSGHMEQLLDKFQEVFEGPSGGDMQKLLNDVKEILNGPRSGDFQONLLHQIHNVLDR 83
MGKLEKLMHOFQOLVOGPDSGDIKHLMNEMKHLVNGPSGGELHNFLHNLEHLLHGPRSGNVOKLVODVOHLFNR &85
MGKLNDLLEDLOEVLEGPDSGHLONVIEDIHDFMOGPSGGKLOEMMKEFQOVLDGPRSGNIKEIFHHLEELVHR 86
MGeesosoossessssecttinecsseesessssssctttnecesessessessessectttnoeocsesescsssssesr

Cooperative Sequences

MGeeoesssessssssesee tttneecesssessssssssesctttnecessssssssssesctttneoceosssssssssessR
MGDLENLLEKFEQLIKGPDSGKLNHVVQELQELVOGPSGGKLKNLLNDFEDLINGPRSGNVQOLLKKLOQOMIOR
MGEIEDLLOKLQELMEGPDSGKIQKIIEKVNELMOGPSGGDLHNLINKLDDVMOGPRSGKMHDLIDDLHHLLNR
MGDLEKLMDKVNMIMEGPDSGKFNHILKELKQIMNGPSGGKLDHFMEEMNKFLKGPRSGELHDVLHKLHHVMDR
MGELEEVFQKFEDLLKGPDSGNIQONLVHEIHHFFNGPSGGNFHEVVKELNKLMNGPRSGKVKQFMNQFOQOMFKR
MGEMENMIQELEQLLDGPDSGHFQOLLNELHDIFNGPSGGDLDKFLKELEELLKGPRSGOVQOLLOOLKNLIER
MGELKQLLQELKEMVDGPDSGELKNIMNQFQELLEGPSGGQLKHLIEQLQQLLQGPRSGEVQNLVEQLONILHR
MGOIQOOMLENLKELLKGPDSGHLEHLFEELQKIMHGPSGGKFQOFFQOLEKFMEGPRSGDFKKFLEKNIDQIINR
MGNMDKEMLEQLOKILOGPDSGEVHHLLEEFQELFEGPSGGHVENLLKEMKKLVKGPRSGDVONLLOQIEHVVQR 10
MGEFHEFVENMQHLLKGPDSGNIQHFLHKIQQVLHGPSGGELDKVLHELKENLLEGPRSGHMNQFLKQFEQVLQR 13
MGOLNOMLOOVHOQLLEGPDSGKLONLMOQVOQOMLEGPSGGKLEELMEKLOKLLHGPRSGOQFONLFHQLKQIMER 30
MGDLOHIIHKIHQLVKEGPDSGHVOQHIMHHMNHLFOGPSGGOMDEVLOEMONMMEGPRSGHVENVFEEMONLIHR 49
MGHLEEILNEMQEMLDGPDSGOVKKILNELNQMLEGPSGGHMONIFKNLHKFLOGPRSGQVHQIFEKLHKFFHR 90
MGeessssssesssessCttitnecssesssssscsesesectttnececsessessssseesectttnecesesessseesssssr

Non-Cooperative Sequences

NRCO=EOMmW

Ficure 1: Amino acid sequenced?) of cooperative and noncooperative proteins. The binary pattern of polar and nonpolar residues (in
single-letter code) is indicated with polar residues in red and nonpolar residues in teal. In the first and last lines t, n, and c indicate turn,
N-cap, and C-cap residues, respectively.

larger AHunrolding SUggests a folded structure stabilized by code proteins display enthalpies of unfolding that are
energetically favorable interactions in the hydrophobic core. comparable and in some cases higher than those reported
Therefore, cooperativity in thermal denaturation profiles is for several other de novo protein83-25).
often regarded as an indication of nativelike packing. Indeed While cooperative thermal denaturation curves can be
the cooperativity of the thermal denaturation is sometimes regarded as an indication of nativelike structurés, (18,
used as a diagnostid{, 1§ for distinguishing between  similar curves might also be expected for thermally induced
native structures, which are well packed, and molten disruption of oligomeric structures associated into large
globules, which sample an ensemble of related struct®s (  cooperative units. Therefore it is important to ascertain
20) and hence are not stabilized by enthalpically favorable whether the binary code proteins form oligomers.
interactions in the hydrophobic core. By this criterion, the  The oligomeric states of the 26 proteins were evaluated
binary code proteins shown in Figure 2C appear molten either by sedimentation equilibrium ultracentrifugation or by
globule-like, whereas those shown in Figure 2A,B appear size-exclusion chromatography. Using sedimentation equi-
more nativelike. librium, protein F was characterized to be monomeric, protein
For the cooperatively folded proteins (Figure 2A,B), B was characterized to be in a monomeimer equilibrium
AHunroiding Was estimated by fitting the thermal denaturation (26), and protein M60 was found to exist in an equilibrium

data to a modification of the integrated GibHdelmholtz between monomer, dimer, and tetranE3)( The remaining
equation R1). The calculatedAHunfoding @and the midpoint 23 proteins were analyzed by gel-filtration chromatography
of the transition Tr,) are shown in Table 1. The lowest, under conditions identical to the thermal denaturation experi-

(42 °C) was observed for protein 86, and the highest (62 ments. The concentration of each protein was kept constant
°C) for protein 52. A range of enthalpies was observed, with for the thermal denaturation and gel-filtration studies,
protein 76 having the lowest value of 12 kcal/mol and protein although absolute concentrations varied from protein to
17 having the highest value of 56 kcal/mol. Proteins 8, 12, protein. Table 1 shows the oligomeric state of each protein.
17, and 51 all have values afH above 40 kcal/mol. These  Twelve proteins are fully monomeric (B, F, G, I, N, 8, 10,
values of AH are comparable to those reported for small 15, 63, 76, 86, 90). Another 10 proteins contain mixtures of
natural proteins such as the B1 and B2 domains of strepto-monomers and dimers (or higher-order oligomers) with the
coccal protein G, which denature at pH 5.4 witf ynfolding monomeric form accounting for 50% of the sample (U,

of 62 and 57 kcal/mol, respectivel23). Overall, these binary Y, 13, 17, 49, 51, 52, M60, 83, 85). Only two proteins are
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As expected for a combinatorial library of diverse se-
guences, the data in Table 1 reveal a range of behaviors.
Some of the cooperatively folded proteins exist as monomers
in equilibrium with dimers or higher-order oligomers. For
these proteins, fitting the data to a model for the unfolding
of a monomeric protein is an oversimplification, and the
observed cooperativity may include contributions from the
disruption of a multimeric cooperative unit. However, several
of the cooperative proteins (I, 8, 15, 63, 76, 86) are fully
monomeric at the concentrations used for thermal denatur-
ation experiments. For these sequences, the observed coop-
erativity does not require oligomerization and presumably
results from favorable packing interactions in these mono-
meric structures.

DISCUSSION

The binary patterning designed into our initial library of
74-residuen-helical proteins allowed five nonpolar residues
at 24 buried positions and six polar residues at 32 exposed
positions (the interhelical turns were not combinatorially
varied, but were held constant). This patterning is consistent
with a hypothetical library containing & 10* (i.e., 4 x
6%?) different sequences. In contrast, if an alternative library
had been constructed without any elements of rational design,
and all 74 residues had been chosen at random, then 2
10% (i.e., 20% sequences would have been possible. By
constraining the library to sequences satisfying the binary
code, we reduced the theoretical sequence spaceSay
orders of magnitude2(). In return for this reduction of
diversity, what has been gained?

To address this question it is interesting to compare the
properties observed for the 26 proteins from our designed
library to the properties expected for sequences chosen
entirely at random. De novo sequences isolated from random
combinatorial libraries are typically insoluble in native
buffers and must be characterized in the presence of urea or
guanidine hydrochlorided( 15 28). In contrast, our binary
code sequences are expressed as soluble proteins and fold
into a-helical structures in native buffers. Moreover, as
shown in Figure 2, thermal denaturations performed in native
buffer frequently yield cooperative profiles. Thus, a sub-
stantial amount of folding information is encoded by polar/
nonpolar patterning.

The diverse sequences displayed in Figure 1 display a
similarly diverse range of properties. Some are cooperative
monomers, while others are cooperative oligomers. For the
monomers, it seems reasonable to correlate cooperativity with
some degree of nativelike packing. However, for those
sequences that exist as mixtures of monomers and dimers,
the situation is more complex. For some of the multimeric
proteins, cooperativity may be due solely to the disruption

FiGurRe 2: (A, B) Fourteen proteins displaying cooperative thermal . o
denaturation profiles. (C) Twelve proteins displaying noncooperative Of & large cooperative unit into unfolded monomers. In such
thermal denaturation profiles. Ellipticity at 222 nm was monitored cases, the thermodynamic analysis used to determiie
as a function of temperature for proteins dissolved in native buffer would be an oversimplification. In other cases, however, the
s v n cotpraic ey DSEIVed cooperatiiy of a sampe containing a mixture o
and B). the fit to & modified GibbsHelmholtz equationZl) is  monomers and dimers may indeed reflect the inherent
shown as points-). cooperativity of the monomeric unit. For example, detailed
characterization of protein M6A8) showed that cooperat-
ivity was not diminished by reducing protein concentration
primarily dimeric (Z and 16), and only one (12) formed to a range that favored monomers. Thus, even for some of
mostly higher-order oligomers. the proteins that contain a mixture of monomers and dimers
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(Table 1), the observed cooperativity may reflect features

of nativelike packing.

Which features in the sequences of these proteins cause 3
some of them, but not others, to denature cooperatively? We
have found no obvious differences in sequence composition
between the different classes of proteins. For the monomeric
proteins in our collection (Table 1) we presume that the
cooperativity of the thermal denaturation correlates with the
ability of a sequence to form nativelike tertiary interactions.
Although this correlation cannot be confirmed in the absence
of high-resolution structures, the data presented above
suggest that binary code libraries can yield proteins with

some level of nativelike interactions.

Can the binary code strategy be extended to applications 9.
beyond the folding oéi-helical proteins? Might it be possible
to generate functional proteins? We have demonstrated 10.

previously that among the collection ofhelical proteins,
many bind the heme cofacto29), and recently we have

heme and catalyze reactior29( Moffet et al., manuscript

in preparation). These results indicate that sequences capable
of recapitulating key properties of natural proteins are not
unusual among binary code libraries. Moreover, since the
binary distribution of polar and nonpolar amino acids is

inherent in the organization of the genetic code, these results
suggest that binary patterning may have played a significant 27,

role in the early evolution of natural proteins.
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