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Abstract

We previously reported the de novo design of combinatorial libraries of proteins targeted to fold into four-helix
bundles. The sequences of these proteins were designed using a binary code strategy in which each position in the
linear sequence is designated as either polar or nonpolar, but the exact identity of the amino acid at each position is
varied combinatorially. We subsequently reported that approximately half of these binary coded proteins were capable
of binding heme. These de novo heme-binding proteins showed CO binding characteristics similar to natural heme
proteins, and several were active as peroxidases. Here we analyze the midpoint reduction potentials and heme binding
stoichiometries of several of these de novo heme proteins. All the proteins bound heme with a 1:1 stoichiometry. The
reduction potentials ranged from 112 to —176 mV. We suggest that this represents an estimate of the default range
of potentials for heme proteins that have neither been prejudiced by rational design nor selected by evolution.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction the ‘hydrophobic bond’ is considered a major

contributor to the overall free energy stabilizing
The pioneering work of Walter Kauzmann laid the folded structures of globular proteins. The

the foundation for much of our current understand- importance of sequestering hydrophobic residues

ing of protein structure, stability and function. from water has also proven invaluable for the de

Kauzmann described the crucial role of the ‘hydro- novo design of proteins.

phobic bond’ in protein stability1,2]. While many We previously reported the design and construc-

forces are involved in specifying protein structure, tion of several combinatorial libraries of proteins
using a binary code strated$,4]. In this strategy,
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amino acids(Met, Leu, lle, Val and Phe are residue library. The second-generation sequences
encoded by the degenerate DNA codon NTN and are 102 amino acids long and were designed to
six polar amino acidgLys, His, Glu, GIn, Asp have helices approximately 50% longer than those
and Asp are encoded by the degenerate DNA in the original library. The elongated sequences
codon XAN (N represents any of the DNA bases were constructed using a first-generation sequence,
A, G, C or T, while X represents A, G or)J3]. #86, as the ‘parent’ sequence. Protein 86 was
The binary code strategy is based on the premisechosen becausdi) it was straightforward to
that the periodicity of polar and nonpolar amino express and purifytii) remains monomeric at high
acids in the linear sequence of a protein is suffi- concentrations, andii) binds heme. Protein 86—
cient to direct the formation of amphiphilic ele- like many of the proteins from the original
ments of secondary structure, such @delices library—formed a fluctional structure with prop-
and B-strands. These amphiphilic helices and erties reminiscent of molten-globule folding inter-
strands then self-assemble into globular folds that mediates. A major goal of the redesign was to
minimize exposure of the hydrophobic side chains devise a second-generation library of proteins with
to solvent. For the construction of de novo four- structures that were well-ordered rather than ‘mol-
helix bundles, the binary patterning of polar and ten’. Five proteins from the second-generation
nonpolar amino acids was designed to match the library were expressed and purified. Characteriza-
structural periodicity of 3.6 residues per turn found tion of these proteins demonstrated that four of
in a-helical secondary structure. For the construc- them were dramatically more stable and more
tion of B-sheet proteins, the binary patterning was native-like than those in the original 74-residue
designed to match the alternating periodicity found library (Wei et al., submitted for publication
in B-strand secondary structure. They denature cooperatively and show well-dis-
The sequences from the first binary code library persed NMR spectra, trademarks of well-folded
were targeted to fold into 74-residue four-helix native-like structures. All the sequences examined
bundles[3]. Characterization of> 50 proteins from  from this second library bind heme with microm-
the initial library demonstrated that virtually all of olar affinity.

them folded into compactx-helical structures The sequences from these two librariéhe
[3,5,8, and a few of them adopted structures with original and the second generatjonere designed
some native-like propertiels—7. to fold into four-helix bundle proteins. They were

We subsequently reported that approximately not explicitly designed to bind heme. While histi-
half the proteins in the four-helix bundle library dine and methionine, known heme-ligating resi-
were capable of binding heme with micromolar dues in natural heme proteins, were incorporated
affinity [8]. When ligating heme, these solutions into the combinatorial mix, no attempts were made
displayed the typical red color associated with to build a heme-binding pocket into the proteins.
natural heme proteins. Moreover, the designed Moreover, the sequences were not subjected to any
heme-binding proteins displayed the typical selection, either in vivo or in vitro, for heme
UV-Vis spectra associated with natural heme pro- binding or heme-based functionality. Therefore,
teins. The de novo heme proteins have Soretthese sequences provide a unique opportunity for
absorbance maxima at412 and~426 nm in the an unbiased assessment of the functional potential
oxidized and reduced states, respectively. The of heme proteins that have neither been prejudiced
reduced heme proteins also show the characteristicby rational design nor selected by evolution.
Q-band absorbances at530 and~560 nm[8]. The functions of natural heme proteins can be

A second-generation library of four-helix bundle grouped into three general categorié3:catalysis,
proteins was recently designed and characterized(ii) binding of small molecule¢e.g. Q , CO, CN
[27]. This second-generation library was prepared and NO and (iii) electron transfer. Each of these
as an iterative redesign of the first library with the functions can be assessed for the de novo proteins
aim of producing proteins that are more stable and from our binary code libraries. We have already
more native-like than those in the original 74- established the catalytic potential of the novel
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Fig. 1. Schematic diagram of the 1-cm quartz cuvette used for the redox titrations.

heme proteins by demonstrating that several of Incorporation of heme into the purified proteins
them have significant peroxidase activity, including was accomplished using a freshly prepared stock
one heme protein with a catalytic turnover rate solution of 1-2 M hemin chloridéSigma in 0.1
only ~3.5-fold slower than that of horseradish M NaOH. Aliquots of this stock solution were
peroxidase[9]. We have also studied the carbon added to the protein samples until a light red
monoxide binding characteristics of several of the solution was observed. Typical heme protein solu-
heme proteins and shown that the CO binding tions were 10-15.M, with Soret peaks between
kinetics and resonance Raman spectral features ar@.8 and 1.6 absorbance units. Protein concentra-
similar to those of natural heme proteifis0]. In tions were estimated to be approximately 10-fold
the current study, we assess the reduction potentialsgreater than total heme concentration, thereby min-
and heme binding stoichiometries for several pro- imizing the amount of unbound heme. Typical
teins .from our binary pattered libraries @fhelical preparation of a heme protein was as follows: 10
proteins. mg of hemin chloride(Sigma was dissolved in
10 ml of 0.1 M NaOH. Thirty microliters of this
stock heme solution was added to 8@0 of
concentrated protein in 50 mM Tris, 50 mM NacCl
(pH 8.0 buffer. The resulting solution was always
Proteins were overexpressed B coli strain lightly red. The solution was then diluted with Tris
X90(DE3) grown in 2xYT as described previously Puffer to a final volume of 3.5 ml. ,
[3]. The proteins were extracted from cells using ~ The heme protein sample was placed in a
a freeze—thaw protocdll1] and then solubilized ~ SPecially designed bulbous 1 cm path length quartz
in 100 mM MgC} [5-7]. Cellular contaminants ~ cuvette(Fig. 1). The cuvette had a large septum
were removed by acid precipitation in 50 mM through which a platinum AGAgCI combination
sodium acetate buffe(pH 4.0). The resulting electrode (Accumed with an attached Accumet
supernatant was loaded onto a POROS HS cationAB15 digital display was placed for measuring the
exchange column(PerSeptive Biosystems and solution potential. The cuvette was constructed
eluted using a gradient of NaCl from 0 to 1.5 M. with two glass side arms for introducing inert gas
Purified proteins were concentrated, and buffer (N, or Ar) over the sample. The reducing agent
exchanged to 50 mM Tris, 50 mM NaCl, pH 8.0 (Na,S, O, and the redox mediatof§able 1) were
using Centricon Plus-20 filter&Millipore). also introduced to the sample through the side

2. Materials and methods

2.1. Redox titrations
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Table 1 A stock solution of saturated sodium hydrosulfite
Midpoint potentials of the mediators used for redox titrations in water was used as the reducing agent. Aliquots
of sodium hydrosulfite less than (il were added

Mediators E,, (pH 7.00 Concentration e )
(mV) used to the sample per injection. The sample was stirred

>-Hydroxy L4 naphthoguinone— 152 25 and the system was allowed to equilibrate for
Pyocyanine a4 20 1M seve_ral minutes. Both the UV-Vis spectrum and
Duroquinone 5 7QuM solution potential were recorded after each injec-
Phenazine ethosulfate 55 204 tion of hydrosulfite. The titration continued until
Phenazine methosulfate 80 o the sample solution was maximally reduced by the
Quinhydrone 280 Saturated hydrosulfite (= —400 mV vs. SHE.

2Not added to the sample. Used to calibrate the electrode  Data were analyzed using Kaleidagraph, and
for each fitration. titration curves were fit to the Nernst equation:
arms of the cuvette. A small magnetic stirring bar 1

was placed at the bottom of the cuvette to mix the %R = 10En—Em/RT/nF) 4 1 x100
reagents.

The heme protein sample and magnetic stir bar
were placed in the cuvette. The electrode was
calibrated before sealing it into the cuvette. The
electrode was calibrated by placing it into a satu-
rated solution of quinhydrone in 1.0 M phosphate
buffer pH 7.0. The resulting potential should be
280 mV relative to the standard hydrogen electrode
(SHE). The difference between 280 and the meas-
urement taken from the quinhydrone-saturated ¥ =m7+{m2/10"((m0—m1)/(59.15%)+ 1)}
sample is the amount added to each measurement
throughout the titration. For example, if the quin- This is the equation for a single electron reaction
hydrone-immersed electrode showed a solution Wheren=1. ThemOQ term represents the values for
potential of 80 mV, every measurement would the X-axis. Them7 term represents the 100%
require an additional 200 mV added to the reading Oxidized signal at the bottom of the pl6t-0.015
to be standardized against SHE. in Fig. 3). The m2 term represents the total

The glass side arms were sealed with rubber amplitude of the plot(0.065 absorbance units in
septa. Syringe needles were inserted into the sideFig. 3. The m1 term is the midpoint reduction
arm septa and the system was deoxygenated for atootential of the heme protein.
leag 1 h with either N or Ar. A series of mediators
were added through the septum-covered side arm2.2. Heme binding stoichiometry
(Table 1. These mediators are electron buffering
agents helping to stabilize the potential of the  Two stock solutions were prepared: the first
solution. The reduction potential of each mediator solution contained 1M protein in 50 mM Tris,
is listed in Table 1. Stock solutions of each 50 mM NacCl, pH 8.0. The second solution was an
mediator were prepared in DMSO. All the media- equivalent concentratiofl7 wM) heme solution
tors were purchased from Sigma except Pyocyanin, in Tris buffer. Different ratios of the two solutions
which was prepared by the photoactivation of were mixed, but the total volume of the combined
phenazine methosulfate in watgr2]. samples was held constant at 500. UV-Vis

After fully deoxygenating the sample, a UV—Vis spectra were recorded for each mixed sample. The
spectrum of the initial sample was recorded using amount of hemgprotein complex was measured
a Hewlett Packard 1042 diode array spectropho- by recording the Soret peak at 412 nm, and
tometer. The background for the spectra was air. subtracting away the absorbance at 356 nm, which

where %R is the percentage of reduced metallo-
protein, E,, is the solution potentialE,, is the
midpoint reduction potential of the heme, amds
the number of electrons involved in the reaction
(n=1). The equation was entered into Kaleida-
graph as:
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Fig. 2. UV-Vis spectra of oxidize(filled circles) and reducedopen squaresheme protein S-824nset: Magnification of the Q-
band region of the oxidized and reduced heme protein S-824.

is due to any residual free heme remaining in hydrosulfite (Na,S, Q). The extent of heme-pro-
solution. This difference was then plotted against tein reduction for each sample was monitored
the molar percentage of heme in the sam(ia. spectroscopically. As shown in Fig. 2, the reduced
4). and oxidized states of the heme proteins are
Heme solutions were prepared fresh daily. The spectroscopically different, presenting an easy
heme concentration was determined by measuringmeans for quantifying the relative populations of
the UV-Vis spectra of the solutiofesss nm=58.4  each species during a titration. As shown in the
mM~*cm™%). The protein concentrations were jnset of Fig. 2, an absorbance maximum at 558

d(re]terminled using stan?ard ‘?jmtino hacid analysii. nm and a minimum at 544 nm exist for the reduced
The analyses were performed by the W.M. Keck oo orotein. The reduced heme protein also

Foundation Biotechnology Resource Laboratory of shows a large absorbance maximum at 422 nm

Yale University. while the oxidized species has a maximum at 414
nm. Any of these spectral differences could be
used to monitor the change in population from the
oxidized (Fe**+) to the reducedFe*) state. The
Soret absorbancé414 nm for the oxidized and
The midpoint reduction potentialE.) is the 422 nm for the reducedwas not used because
solution potential at which the concentration of several of the mediators absorb in this region.
oxidized heme protein equals the concentration of Therefore, the Q-bandéabsorbance maxima at
reduced heme protein. The midpoint potentials of ~530 and~560 nm), which do not overlap with
our heme proteins were determined by redox titra- the mediators, were used to monitor the titrations.
tions [13]. Samples of heme protein were reduced Fig. 3 shows the redox titration for protein S-824.
gradually using the electron donating agent sodium Table 2 lists the midpoint reduction potentials for

3. Results

3.1. Midpoint reduction potentials
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eight of the binary code heme proteins. The mid- Table 2

point potentials ranged from-112 to —176 mV. Midpoint reduction potentials and heme:protein binding stoi-
) chiometries for several designed heme-binding proteins

3.2. Heme binding stoichiometry Protein En vs. SHE Heme:protein
(mV)

To determine the heme to protein stoichiometries g ~130 11
for the designed proteins, we used the continuous G —-161 ND
variation methodalso called Job plo}s[14]. Two 76 —-176 11
solutions of equal concentration were prepared. gg jég ﬂ
The first solution contains the protein in a non- o553 132 11
intrusive buffer. The second solution contains the s.2g5 _154 11
ligand of interest, heme in these studies. The s-824 —174 1:1

SOIUt'_onS were mixed in vanoug ratios, while Proteins with an ‘S’ are second generation library sequences
keeping the total volume of the mixtures constant, nhaving elongated helices.

to vary the relative mole fractions of the protein

and the ligand.

For each hemgprotein mixture a UV-Vis spec- a function of the mole fraction of hem@ig. 4).
trum was recorded. In these spectra, the absorbancélhis difference achieves its maximal value at the
at 412 nm measures the concentration of the hememolar ratio of heme to protein that produces the
protein, while the absorbance at 356 mm measuresmost heme protein and the least free heme. The
the concentration of free heme. The difference Job plot shown in Fig. 4 shows that for protein S-
between these valud#\,,,— A 359 was plotted as 285, the value of 4,— A 3sspeaks when the mole
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Fig. 3. Redox titration curve for heme protein S-824. Line represents a best fit to the Nernst equation for a single electron reaction.
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Table 3
0.4 T I 1 T T Midpoint reduction potentials of several designed four-helix
. bundle heme-binding proteins
02 . Protein E, (MV) Reference
[ ]
MOP 2 —110/-170 23
g ole i H10A24 —170/—265 [24)
< H11A24 —166 [24]
"o VAVH 55 —170 24
< o2l i Retrd S-9 —220 [25]
Haehnel's 400 sequences —150 to —90 [15
F —130 This work
04 L ] G -161 This work
76 —-176 This work
86 —-112 This work
06 Lt , ) , , * 90 —165 This work
R 20 40 60 80 100 S-213 —-132 This work
S-285 —154 This work
Molar Percent Heme S-824 —174 This work

Fig. 4. Job plot used to determine the stoichiometry of heme  °Binds 2 hemes per protein.
binding to protein S-285.

reduction potentials of natural heme proteins span
percent of heme is 50%. Formation of the complex & range of~800 mV (Fig. 5). The potential of a
is maximized when protein and heme are present protein-bound heme is influenced by several fac-
in a 1 to 1ratio. The results of Job plots for the tors including the electronic nature of the substit-
de novo protein& summarized in Table 2, indicate uents attached to the heme, the identities of the
that the proteins characterized in this study bind amino acids ligating the heme, the solvent acces-

heme with a 1:1 stoichiometry. sibility of the heme, and the electrostatic interac-
tions with residues surrounding the heme. These
4. Discussion factors have been analyzed and discussed both for
natural, and for designed heme protejfi§—19.
The midpoint reduction potentials for the In recent years, several of these factors have

designed heme-binding proteins range frem 12 bgen gltered in. studies aimed gt engineering the
to —176 mV. This 64 mV range was found in a midpoint potential of heme proteins. For example,
very small sampling of this librarycompared to Dutton_and coworkers used several _compleme_zntary
the theoretical diversity of- 10" sequences in the strategies to _modulate the potential _of th_elr de
initial library [3]). This range of midpoint poten- nove four-helix bundle H10A2420]: (i) using
tials can be compared with the values measured different heme groups with different ring substit-
for other designed four-helix bundle heme proteins,

as shown in Table 3. Those proteins, designed t0 .o 50 20 00 o 00 20 300 40 my
ligate heme between two histidine residues, have +———d——d————~—— 1L
midpoint reduction potentials ranging from 90 ‘
to —220 mV. Included in Table 3 are the nearly ¢
400 four-helix bundle proteins constructed by

Cyt#y,
Cyt 4
Cyt by
Myoglobin
Cyt by,
Cyt¢y
Cytc
Cyta
Cyta
Cyt bysy

Haehnel and coworkers, which had midpoint exsogn=yg
potentials that ranged from-90 to —150 mV & 23
[ 1 5] Binary code proteins

Heme alone has a reduction potential of approx- Fig. 5. Midpoint reduction potentials of heme and various

im_ately _2?0 mV. Binding to a protein can Shift heme-binding proteingl 8,20,21,2f Potentials are under stan-
this potential considerably. Thus, the midpoint dard conditions at pH 7.0.
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uents, they produced a range of potentials spanningto genetic selectiongeither in vivo or in vitrg

300 mV. (ii) By altering the pH, and thereby for heme binding. Therefore, these libraries of de

protonating a nearby glutamate, they produced a novo proteins provide an unusual opportunity for

range of 160 mV.(iii) Finally, by incorporating  an unbiased assessment of the default reduction
charged residues into the heme pocket they pro- potential of heme proteins that have neither been
duced a range of 120 mV. By combining all three prejudiced by rational design nor selected by

factors, Dutton and coworkers were able to con- evolution. Characterization of these proteins shows
struct a family of de novo heme proteins with that the reduction potentials span a much narrower

midpoint reduction potentials spanning 435 mV.
Recently, McLendon and coworkers explored
the range of potentials that can be achieved by
modifying one or two amino acids surrounding the
heme pocket of a naturally evolved four-helix
bundle[21,23. By constructing a library of muta-
tions in cytochromebsg,, they showed that even

range of valued —112 to —176 m\) than that
observed for natural heme proteifBig. 5). We
propose that this narrower range be considered as
a ‘default’ range for reduction potentials for-
helical heme proteins. Natural proteins with poten-
tials that deviate significantly from these default
values were likely selected by evolution for spe-

modest changes in residues surrounding the hemecific biological properties. Likewise, future designs

significantly alter the reduction potential. Through

of de novo heme proteins with desired properties

several generations of mutagenesis, McLendon andthat differ from these default values presumably

coworkers lowered the reduction potential of cyto-
chromebsg, by 160 mV[22]. With one exception,
all the mutants in their libraries had lower poten-
tials than wild type cytochroméss, (which has a
midpoint potential of+167 mV). The large drop
in reduction potential for variants in these libraries
was achieved while keeping the heme ligafidss
and Me) and the solution conditions constant.

will require optimization by explicit design arid
or evolution in vitro.
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