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Enzymes that evolved from thermophiles and hyperthermo- \f N \g\/
philes, organisms that thrive at temperatures above 60 and 80 (@ A__"_bM»
°C, respectively, have attracted enormous attention because they ‘/ o o N
serve as paradigms for delineating factors responsible for protein .,/Iary Q =
stability as well as exhibit considerable potential for a number L fi‘g N B\,
of biotechnological applications. This paper describde a0 / T\ -/c \
designed protein that exhibits key features that characterize . = .

natural hyperthermophilic proteins (HYP). The hydrophobic Figyre 1. Helical projections of the three unique slices of trenao
interior of the synthetic protein was designed using a new designed protein. Charged residues were positioned to maximize
computer program called CORE. Demonstrated successfulinterhelical electrostatic interactions: lysing)(at positions “f* and
design and synthesis of proteins that are stable at elevatedg” and glutamate £) at positions “b” and “c”. The identity of
temperatures lays the ground work for the development of hydrophobic core residues, at positions “a” and “d” were determined
artificial enzymes that function at temperatures approaching 100using the computer program CORE (see text).

°C.

Despite limited data, it is clear that HYPs are stabilized at Protein® As a result of the pioneering work of several groups,
high temperature by a unique combination of a number of construction of four-helical peptides has become almost
optimized structural properties that include high rigidity, rout|_n_ef‘ Despite this, syntheS|s_ of proteins with n_anvg-hke
increased hydrophobic interactions, enhanced packing efficiency,Stability does not meet with consistent success and is still largely
larger number of H-bonds and salt-bridges, decreased confor-an unrealized goal. Our design incorporates two peptide chains,
mational strain, and lower entropy of unfolding relative to their A @nd B, linked by a disulfide bond between a C-terminal
mesophilic analogs. In an effort to design an artificial Hyp ~ CySteine on chain A and an N-terminal cysteine on chain B.
from scratch, we have developed a computer program (CORE)Tms_anUparaIIe_l helix-link-helix unit is o_IeS|gned to dimerize
that optimizes the hydrophobic-packing efficiency and side chain forming an antiparallel four-helix protein. Exterior charged
rigidity of core residued. Despite the potential importance of ~ esidues (glutamate and lysine) were positioned to assure optimal
other stabilizing forces, efficient hydrophobic packing, and electrostatic interactions foIIowmg_W_eII-estabhshed rufes.
increased rigidity alone lead to enhanced thermal stability in CORE was then employed to optimize the sequence of the
natural thermophilic proteins. remaining 24 (2 sets of 12) hydrophoblc.core (eS|dues.. The

We have chosen the backbone structure of the ubiquitousresunmg sequenée is depicted as two-dimensional helical

antiparallel four-helix bundle as the basic motif for our synthetic projections shown in Figure 1. o ,
The three unique slices highlight hydrophobic interactions

(1) (8) Cavagnero, S.; Zhou, Z. H.; Adams, M. W. W.; Chan, S. I. (determined by CORE) and potential charged interactions as

Biochemistry1995 34, 9865-73. (b) Adams, M. W. W.Annu Rev. . - . . . ;
Microbiol. 1393 457’ 627-58. (c) Br(a&ey’ E. A Stewart, D, E.: Adams, well as the disulfide bond ¢SS in slice 1) that links chains A

M. W. W.; Wampler, J. EProtein Sci 1993 2, 650-65. (d) Chen, C.-H.; and B. None of the slices contain only leucine residues, the

(R‘;t{‘/. L’iIG':CMazCCf”' RJ-: g?fnS,dD- BS_BI?PhhyS IClngg 139‘;853(} 93013—21- traditional core residues exploited die nao designed four-

e) Viellle, C.; Zelkus, J. Glrends Biotechno 3 . H H P H : « »
(2) CORE utilizes a previously published program (Shenkin, P. S.; Farid, hellc_al proteins. .EaCh slice Com‘?"”s two Ieuc[nes bglar.lceq

H.; Fetrow, J. SProteins: Struct Funct, Genet 1996 26, 323-52) that by either two valines or one valine and one isoleucine; this

accurately determines side chain conformations. Building on this program, arrangement (two leucines balanced by smaller hydrophobic

CORE is designed to output protein sequences based on an inputted,,qi i ; ; i
backbone structure via Metropolis-driven simulated-annealing and Monte rg3|dues) appea.r.s to optimize hydro.phObIC packing anq n.“mmlze
Carlo runs. A typical simulated-annealing run produces a single sequenceSide chain mobility of the core residuds.Although a similar

near or at the global minimum with respect to maximal hydrophobic packing conclusion was reached in systematic studies involving both

and minimal side chain motion. A subsequent low-temperature Monte Carlo the redesigning of a natural four-helix protéilnd thede nao
search, initiated with the simulated-annealing sequence, generates a col-

lection of proteins (typically between 2 and 15) all within the global Synthesis of a fou_r-hell)_( peptld@,posmor_ung of Leu and a
minimum well. The lowest energy sequence is then predicted to exhibit smaller hydrophobic residue (Val or Ala) in the heptad “a” and
enhanced thermal stability. CORE successfully regenerates the native core
residue sequence of several native hyperthermophilic proteins with no prior ~ (5) (a) Monera, O. D.; Kay, C. M.; Hodges, R. Brotein Sci 1994 3,
knowledge of the native core sequence (Pistor, E.; Farid, H.; Farid, R. S. 1984-91. (b) Fairman, R.; Chao, H.-G.; Lavoie, T. B.; Villafranca, J. J.;
Manuscript in preparation). Matsueda, G. R.; Novotny, Biochemistryl996 35, 2824-9.

(3) The prototypical backbone structure of the naturally occurring DNA- (6) (a) Peptide A is NHKEEEILKKVEYLKKAVEELKKKVEEGC-
binding protein Rop was used as a template. The Rop structure is an C(O)NH, and peptide B is NRHCGELKKKLEEVKKKLEEVKKKL-
antiparallel dimer of a helix-turn-helix unit consisting of 63 amino acids. WEKK-C(O)NH,. (b) The two-dimensional representation of the protein

(4) (@) Bryson, J. W,; Betz, S. F.; Lu, H. S.; Suich, D. J.; Zhou, H. X.; in Figure 1 does not highlight interslice hydrophobic interactions. For

O'Neil, K. T.; DeGrado, W. FSciencel995 270 935-41. (b) Betz, S. example, in the model, Leu at position “a” in slice 2 (helix B) forms
F.; DeGrado, W. FBiochemistry1996 35, 6955-62. (c) Hill, C. P.; favorable hydrophobic interactions with Val at position “a” in slice 3 (helix
Andersong, D. H.; Wesson, L.; DeGrado, W. G.; EisenbergSEience A

).
199Q 249 543-6. (d) DeGrado, W. F.; Wasserman, Z. R.; Lear, J. D. (7) (@) Munson, M.; O'Brien, R.; Sturtevant, J. M.; Regan,Rrotein
Sciencel989 243 622-8. (e) Betz, S. F.; Raleigh, D. P.; DeGrado, W.  Sci 1994 3, 2015-22. (b) Munson, M.; Balasubramanian, S.; Fleming,
F. Curr. Opin. Struct Biol. 1993 3, 601-10. (f) Robertson, D. E.; Farid, K. G.; Nagi, A. D.; O'Brien, R.; Sturtevant, J. M.; Regan, Rrotein Sci
R. S.; Moser, C. C.; Urbauer, J. L.; Mulholland, S. E.; Pidikiti, R.; Lear, J. 1996 5, 1584-93.

D.; Wand, A. J.; DeGrado, W. F.; Dutton, P. Nature 1994 368 425— (8) Peptides were synthesized by FMOC chemistry and purified by
32. (g) Ghadiri, M. R.; Soares, C.; Choi, C.Am Chem Soc 1992 114, reversed-phase HPLC, yielding pure material as assessed by analytical HPLC
4000-2. (h) Desjarlais, J. R.; Handel, T. Murr. Opin. Biotechnol 1995 and ion spray mass spectrometry.

6, 460-6. (9) See Supporting Information.
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Figure 3. Downfield region of théH NMR spectrum of HYP-1 at 22
| | g °Cin 10% DO, 10 mM sodium phosphate, pH 7. The marked peaks
20 40 60 80 100 correspond to aromatic side chain protons of Tyr and Trp. The
Temperature (°C) remaining peaks ranging from 7.1 to 8.6 ppm are assigned to the
Figure 2. Temperature dependence of the far-UV CD signal at 222 backbone amide protons.
nm of HYP-1 at 1quM in 20 mM phosphate buffer, pH,2 M NaCl.
Inset: CD spectrum of the protein under the same conditions. The analysis of the data gives/&H,, of 41 & 3 kcal mol! at pH
CD spectra at pH 2 and 7 are superimposable. 2 and 654 9 kcal mol! at pH 4. The fits are somewhat
insensitive to the value oAC, (heat capacity change upon
“d” positions was done without explicit consideration of unfolding); however, the overallC, at pH 2 can be fit to &
interslice interactions; Leu was placed exclusively in position 3 cal moit K=1 res?, a value typical of native proteins with
“d” and Val or Ala in position “a”. In the present CORE- Ty =< 80 °CA¢ The AC, at pH 4 could not be determined
designed protein, Leu is found in both “a” and “d” positions. accurately due to lack of data near the end of the thermal melt.
Peptides A and B were synthesig&ohd mixed in equimolar In order to determine th&, and AH, of the protein at pH 7,
amounts at pH 8.8 for 12 h vyielding three disulfide-linked differential scanning calorimetry was employ€d.These ex-
peptides, AA, AB, and BB, in a 1:2:1 ratfb.The designed periments revealed &, of 116 °C, a AHc, of 95 kcal moi?,
peptide, AB, was isolated from the homodimers via HPLC, and and aAC, near G2 at a protein concentration of 19M.
its identity reconfirmed by MS. Size exclusion chromatography  The amide region of thtH NMR spectrum of HYP-1 (Figure
confirmed that AB dimerizes to form a four-helix structure, 3) shows good dispersion of chemical shifts for @elical
HYP-1. The 2D TOCSY spectrum of HYP-1 in,D (not structure with substantial “sequence symmetry”. The peaks are
shown) shows a single set of crosspeaks for the two aromaticsharp and well-resolved, suggesting that the protein is not
residues (Tyr and Trp), confirming a symmetrical dimeric fluctional on the millisecond time scale.
structure. The chemical shifts of the side chain protons for these  The fluorescent probe ANS binds to hydrophobic sites that
residues are consistent with solvent exposed residues, asare somewhat solvent exposed and has been used to characterize
expected by the design (Figure 1). the structure of synthetit and native protein¥® Rubredoxin
The CD spectrum of HYP-1 at pH 7 (not shown) is typical jsolated from the hyperthermophiRyrococcus furiosusioes
of four-helix bundles and indicates that the protein ist900% not bind ANS at pH 7; while at pH 2 ah1 M NaCl, ANS
a-helical (92% o-helix is predicted from the sequence). pinds weakly Kg = 37 4M).12 Since it has been demonstrated
Remarkably, at pH 2 and high ionic strengthQ.5 M NaCl), that rubredoxin retains its neutral pH structure even under this
the CD spectrum (Figure 2) is nearly identical to the pH 7 extreme pH condition, it is clear that the hydrophobic core of
spectrum, indicating little change in the secondary structure uponthis protein is only slightly more exposed to solvent. This
neutralization of the glutamate residues. This may indicate that phenomena appears to be duplicated in the present protein.
the designed strong hydrophobic interactions are sufficient to HyP-1 does not bind ANS at pH 7 under typical conditibns
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define the structure and stability of HYP-1. . and weakly binds ANS at pH,2 M NaCl with aKg of 40 +
Urea and GdmCl denaturation of the protein are highly 10.M,° a value remarkably similar to that of rubredoxin.
cooperative wittmvalues of 2.1 0.1 and 3.3t 0.3 kcal mof This first generation of synthetic proteins, designed by the

M1, respectively’. Fitting the data to a two-state model reveals computer program CORE to yield a rigid protein with optimal

an averiage free energy of unfoldinG,, of +13 kcal (mol of hydrophobic packing efficiency, exhibits characteristic features
dimer)™ (1 M standard state) at 298 K.Since it has been  f natural hyperthermophilic proteins. High thermal stability

shown that AGu.veblue_s are similar for thermophilic and i, Hyp-1 appears to originate mainly from hydrophobic
mesophilic protein! this rather large value oAGu may not  geapilization since at low pH the protein is still folded with a

be significant; however, then values, a measure of the T _ of nearly 80°C. Variants of HYP-1 are currently being
cooperativity of melting, indicate a high degree of order in the designed that will test this hypothesis. In addition to probing

protein3a10 . the origin of hyperthermophilicity, we are implementing CORE
The temperature dependence of the far-UV CD signal was {5 construct highly stable enzymes since the program can be

measured at several pH values. At pH 7, the protein is yijlized to design proteins that bind substrates in addition to
approximately 10% denatured at 98.° At pH 2 and 4, a transition state structures.

cooperative thermal-unfolding transition is observed with,a
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at around 100C (see ref 9b; Makhatadze, G. I.; Kim, K.-S.; Woodward, and fits to GdmCI, urea and temperature CD melts, and ANS binding
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