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Abstract

DF1 is a small, idealized model for carboxylate-bridged diiron proteins. This protein was designed to form
a dimeric four-helix bundle with a dimetal ion-binding site near the center of the structure, and its crystal
structure has confirmed that it adopts the intended conformation. However, the protein showed limited
solubility in aqueous buffer, and access to its active site was blocked by two hydrophobic side chains. The
sequence of DF1 has now been modified to provide a very soluble protein (DF2) that binds metal ions in
a rapid and reversible manner. Furthermore, the DF2 protein shows significant ferroxidase activity, sug-
gesting that its dimetal center is accessible to oxygen. The affinity of DF2 for various first-row divalent
cations deviates from the Irving—Willliams series, suggesting that its structure imparts significant geometric
preferences on the metal ion-binding site. Furthermore, in the absence of metal ions, the protein folds into
a dimer with concomitant binding of two protons. The uptake of two protons is expected if the structure of
the apo-protein is similar to that of the crystal structure of dizinc DF1. Thus, this result suggests that the

active site of DF2 is retained in the absence of metal ions.
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Proteins use a limited set of metal ions to mediate a variety
of processes. Often the same metal center can serve a num-
ber of roles; for example, binuclear iron centers engage in
reversible binding of oxygen, electron transfer, and the ca-
talysis of hydroxylation reactions (Feig and Lippard 1994;
Andersson and Gréslund 1995; Nordlund and Eklund 1995;
Waller and Lipscomb 1996; Lange and Que 1998). How a
protein is able to fine-tune the properties of a metal ion to
effect such different functions is an important question that
may now be addressed by de novo protein design (Regan
1995; Hellinga 1998). Metal-binding sites in proteins have
classically been assigned as serving either structural or
functional roles (da Silva and Williams 1993). Structural
sites generally stabilize or direct the folding of the protein
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and exhibit common, coordinately saturated geometries that
are well precedented in simple small-molecule/metal-ion
complexes. By contrast, functional metal-binding sites often
show fine-tuned ligation geometries, which allow rapid
electron transfer and/or binding of substrates.

Initial attempts at metalloprotein design focused on en-
gineering structural zinc-binding sites (Handel and De-
Grado 1990; Regan and Clarke 1990; Handel et al. 1993;
Pessi et al. 1993). These exercises met with considerable
success, leading to attempts to design functional metal-
binding sites. For example, models for rubredoxin, ferre-
doxin, and heme proteins have been reported (Choma et al.
1994; Robertson et al. 1994; Gibney et al. 1996; Rabanal et
al. 1996; Benson et al. 1998). In addition, a mononuclear
iron site has been introduced into thioredoxin, resulting in a
protein with superoxide dismutase activity (Pinto et al.
1997). Recently we described the design and structure de-
termination of Due Ferro 1 (DF1), a carboxylate-bridged
diiron protein that mimics the structures of the active sites
of methane monooxygenase, the R2 subunit of ribonucleo-
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tide reductase, stearoyl-ACP A°® desaturase, and the ferritins
(Lombardi et al. 2000).

DF1 is a homodimeric protein whose structure idealizes
the quasi-twofold symmetry observed in natural diiron pro-
teins. The dimer consists of two identical helix—loop—helix
motifs that assemble about a twofold axis directed through
the center of the metal-binding site. The crystal structure
(Fig. 1) contains two zinc ions in the active site, the struc-
ture of which is very close to that found in the diferrous and
dimanganous forms of naturally occurring proteins (Frolow
et al. 1994; Lindqvist et al. 1996; Andersson et al. 1999).
Each metal ion is 5-coordinate, with two Glu carboxylates,
each interacting with both zinc ions in a 1,3 syn—syn biden-
tate bridging interaction, and two Glu side chains, each
binding individual ions in a chelating manner. Two His
residues complete the ligation environment about the
dimetal site, by Ny atom coordination to individual ions.
The Zn>*—Zn>* distance is 3.9 A, close to the distance ob-
served between metal ions in the dimanganous and diferrous
forms of natural diiron proteins. The pentacoordinate ligand
arrangement with two 1,3 bridging carboxylates and two
chelating carboxylates is also nearly identical to that ob-
served in diferrous A’-ACP desaturase (Lindqvist et al.
1996) and di-Mn>* bacterioferritin (Frolow et al. 1994). The
ligands surround the metal ions except for a vacant pair of
sites along one face of the dimetal center. The vacant sites
are oriented trans to the His ligands, and are well oriented
for interaction with bridging ligands. If the diiron site of

Fig. 1. The crystal structure of DF1. Perpendicular views of the crystal
structure are shown. The protein is a homodimer; the monomers are shown
in different colors. The two spheres are zinc ions. The zinc ligands are
shown, and consist of one terminally chelating Glu residue from the first
helix of each monomer, and one bridging Glu and one His from the Glu—
X—X-His motif in the second helix of each monomer. In the right-hand
picture, the helices are clipped for an unobstructed view of the metal-
binding site. The two Leu 13 residues (position 14 in DF2) block access to
the dimetal site, and have been replaced in DF2 with Ala.

DF1 adopts a geometry similar to that of the di-Zn>* struc-
ture, it should be well suited for reaction with O,.

An important question for the design of metalloproteins is
the extent to which a protein structure influences the ligand
geometry, metal-binding specificity, and reactivity of a
metal-binding site. To address this question, we used a re-
combinant version of DF1 that additionally has several
changes in the sequence improving its water solubility and
the accessibility of oxygen to its dimetal site. We measured
the affinity of this new protein, DF2, for the series of first-
row divalent transition metal ions from Mn** to Zn**. Fur-
thermore, to determine the extent to which the metal ions
influence the stability of the structure, we examined the
folding of the protein in the absence of metal ions. In the
apo state the buried Glu ligands would be expected to de-
stabilize the folded dimer electrostatically, possibly result-
ing in protonation upon folding. If this were the case, one
would expect the free energy of dimerization to become
increasingly less favorable as the pH is increased over the
pK, of the Glu side chains in the unfolded monomers.
Therefore, we examined the pH dependence of the dimer-
ization of this peptide. Finally, we examined the reactivity
of the ferrous form of the protein toward O,.

Results

Design of DF2

Although the initial design of DF1 was successful in that it
adopted the intended structure and bound two metal ions,
certain limitations hindered future progress toward the de-
sign of catalytically active variants of DF1. One limitation
was that the water solubility of DF1 was poor, limiting its
concentration in aqueous solution (in the absence of organic
solvent) to approximately 10 wM. Upon reexamination of
the DF1 model, we decided that several hydrophobic resi-
dues at interfacial, partially solvent-exposed positions
would be amenable to mutation to more hydrophilic resi-
dues in order to increase its water solubility. Most changes
to the DF1 sequence were introduced for this purpose (Fig.
2), and, indeed, the new peptide, DF2, is more water-
soluble. Leu residues at positions 7, 11, 13, 21, 26, and 47
were changed to Tyr, Gln, Ala, Ser, Asp, and Asn, respec-
tively. These side chains were chosen to increase both the
hydrophilicity and also the sequence diversity for future
NMR studies. Lys 25 in the turn was changed to Gly to
stabilize an o; conformation, which was necessary for a
Schellman motif (Schellman 1980). The Q17L mutation
arose from an error in a PCR primer, but was retained when
it was found to stabilize the structure. Depending on the pH
used (DF2 solubility increases as pH is increased over the
range of 4.0-7.0), DF2 is soluble up to at least 0.5 mM.
An additional problem that has been addressed in DF2 is
that the metal-binding site of DF1 was relatively inacces-
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Fig. 2. Sequence changes in DF2 relative to DF1. Sequence changes are in boldface. Several changes were made to increase solubility.
A Met is the first residue in DF2 in order to express DF2 in Escherichia coli. Leu 13 in DF1 was replaced with Ala 14 in DF2 to
increase accessibility to the dimetal site. The Gln 16 to Leu 17 change was necessary for efficient protein expression. The turn residues
were replaced with —GlyAsp— in DF2 because these were found to be the most common amino acids at their respective positions in
a two-residue turn between two helices, as determined by a database search using the program WHATIF (Vriend 1990).

sible. Metal ions bound extremely slowly unless the protein
was first denatured and then refolded in the presence of
metal. Also, DF1 complexed with iron did not readily form
a diferric oxo-bridged species, contrary to results presented
here for DF2, suggesting that either oxygen could not access
the metal site or that the more hydrophobic site in DF1
disfavors oxidation states higher than Fe**. This is prohibi-
tive toward the goal of developing catalytically active ver-
sions of DF1. The crystal structure of DF1 clearly showed
that Leu 13 (position 14 in DF2) blocked access of the metal
center to oxygen or other substrates (Fig. 1). Therefore, this
residue has been replaced with Ala, creating a cavity adja-
cent to the dimetal site in the dimer. Finally, whereas DF1
had been chemically synthesized, DF2 has been expressed
in Escherichia coli (see Materials and Methods) to facilitate
the economic preparation of mutants as well as biosynthetic
labeling for NMR studies.

Oligomeric state of DF2

The primary concern arising from the many changes in DF2
relative to DF1 was whether the new molecule possessed
sufficient hydrophobic stabilization to maintain the de-
signed dimeric structure. Therefore, analytical ultracentri-
fugation was used to verify whether DF2 forms a stable
dimer, both in the absence and presence of metal ions. The
oligomeric state of apo-DF2 is pH-dependent (Fig. 3; Table
1). The data at pH 4.0, pH 6.0 (Fig. 3a), and pH 6.5 (Fig. 3b)
were analyzed using a model with a single molecular spe-
cies. This model fit the pH 4.0 data well, returning a mo-
lecular weight of 11,610, consistent with fully dimeric DF2
(theoretical weight 11,790). However, the data at both pH
6.0 and pH 6.5 yielded a molecular weight between that
expected for a dimer and a trimer. This finding suggested
that at near neutral pH in the absence of metal ions, DF2
formed higher-order aggregates. Therefore, curves express-
ing a cooperative monomer—trimer equilibrium and a mono-
mer—dimer—trimer equilibrium were fitted to the data. The
data were well described by a noncooperative monomer—
dimer—trimer equilibrium shown in Figure 3, a (pH 6.0) and
b (pH 6.5). As expected, the formation of the higher-order
aggregate is favored at higher peptide concentrations and at
higher pH. For example, at a relatively high concentration
of 100 wM, DF2 is essentially fully dimeric at pH 4.0.
However, at this protein concentration, as the pH is in-
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creased the population of oligomers increases until they
predominate at pH 6.5. Thus as the pH increases, the sta-
bility of the dimer decreases until it is comparable to the
alternately folded oligomers.

Ultracentrifugation was also performed on DF2 in the
presence of metal ions (Fig. 3c) to determine whether they
would specifically stabilize the dimeric state. Importantly,
at pH 6.0, 100 uM apo-DF?2 in the presence of 100 pM Zn**
ions is entirely dimeric. Furthermore, DF2 (100 uM) was
reconstituted at pH 6.5 with 2 equivalents Fe**/dimer under
aerobic conditions (see below), and subjected to analytical
ultracentrifugation. The data were well described by a uni-
molecular species with an apparent molecular mass (10,540
D) in good agreement with that expected for the reconsti-
tuted dimer (11,902 D). Thus, the binding of metal ions
specifically stabilizes the desired dimer relative to alter-
nately folded states.

DF?2 stability is pH-dependent; two protons are added
to DF2 upon folding

The thermodynamic stability of DF2 in the absence of metal
is expected to be pH-dependent, as a number of the glutamic
acid metal ligands may become protonated upon folding.
Denaturation curves of DF2 measured at different pHs il-
lustrate that its stability is, indeed, pH-dependent (Fig. 4a).
Through the pH range measured (pH 4-7), DF2 is least
stable at pH 7 and its stability increases with decreasing pH.
The denaturation curves also depend on the concentration of
DF2, which indicates an equilibrium between unfolded
monomers and structured dimers (or higher-order oligomers
at high pH). The number of protons taken up by DF2 upon
folding are determined from these data using equation 1:

[MJ°[H']"
[DH",]

(1)

in which M is monomeric (unfolded) DF2, D is dimeric

(folded) DF2, and K is the dissociation constant including

the uptake of protons. At a given pH, an observed equilib-
rium constant, K ., could be expressed in the form:

DH",=2M +nH" AG°=-RT InK=-RT In

_IMP
~ [DH,]

log K =log K, /[H]"=log K, — n pH

2
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Fig. 3. Equilibrium analytical ultracentrifugation of DF2 at different pH values and in the presence and absence of metal ions.
Solutions of 100 wM DF2 in the appropriate buffer for each pH were centrifuged at 40,000 rpm. Absorption measurements were made
after sedimentation equilibrium was reached. Each panel shows data fitted to a monomer—dimer—trimer equilibrium scheme. In each
panel, residuals are shown on top and the species plot on the bottom. (a) DF2 at pH 6.0. (b) DF2 at pH 6.5. (¢) DF2 at pH 6.0 with

100 pM Zn.
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Table 1. Fractions of DF2 dimer and trimer DF2 from
analytical ultracentrifugation

Experiment Fraction dimer Fraction trimer
pH 4.0 0.81-0.96 —

pH 6.0 0.32-0.71 0.22-0.68
pH 6.5 0.07-0.22 0.68-0.92
pH 6.0 Zn 0.97-0.99 <0.003

allowing the proton uptake 7 to be determined from a plot of
log K, versus pH (Fig. 4b). Only data from pH 5.0-6.0
were used for this analysis to avoid potential complications
associated with the formation of trimers and higher-order
oligomers at higher pH. The resulting slope of —1.9 +0.2
indicates that two protons are taken up upon forming the
folded dimer.

The observation that two protons are required for DF2 to
fold, together with the crystallographic structure of DFI,
suggests a mechanism for oligomerization. In the structure
of dimeric DF1, four Glu and two His side chains are fully
or partially buried. This cluster may be expected to be pres-
ent in an ionization state that is overall neutral, as has been
observed in apo-bacterioferritin (Le Brun et al. 1996; Keech
et al. 1997) and inferred from the crystal structure of the
iron-free R2 subunit of ribonucleotide reductase, in which
short distances were observed between the buried carboxyl
groups (Aberg et al. 1993). Electrical neutrality is satisfied
when all four Glu residues are protonated and the two His
residues are deprotonated (or in other forms with equivalent
numbers of protons; e.g., with two Glu residues in a neutral
protonated form, two Glu residues negatively charged, and
two His residues in the positively charged, protonated
forms). These protonation states differ by approximately
two protons relative to the predominant protonation state of
two DF2 monomers between pH 4.5 and 6, in which the Glu
side chains would be largely deprotonated and the His resi-
dues would be protonated, explaining the net uptake of two
protons. Thus, the data were analyzed using scheme 1,
which describes the protonation of the monomer (in which
MH;*, MH,, MH", and M*" are the triply protonated
through the unprotonated forms of the liganding amino ac-
ids of the monomer, respectively), under the assumption
that only the neutral form, MH,, is able to dimerize. Fur-
thermore, because the oligomers are formed only at elevated
pH, this scheme assigns trimer formation to the negatively
charged species, MH™.

MH;* = MH, = MH™ = M*~

[

Scheme 1.
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We wished to determine the pH range over which the
presence of oligomer is sufficiently small that the associa-
tion may be approximated as a simplified form of scheme 1,
that would not allow the formation of the trimeric species,
T, or other higher-order aggregates. Therefore, curves rep-
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Fig. 4. pH-dependent denaturation of DF2. (a) Stability of DF2 as a func-
tion of pH was determined by guanidine denaturation curves measured by
CD. Open symbols designate a DF2 concentration of 10.7 wM, and filled
symbols are for a DF2 concentration of 33.3 wM. (open diamond) pH 7.0,
(closed circle) pH 6.5, (open triangle, point down) pH 6.0, (open square)
pH 5.5, (open and closed triangles, point up) pH 5.0, (open circle) pH 4.0.
Curves were determined using pH 4.0, pH 5.0, and pH 5.5 data assuming
two-state denaturation from dimer to monomer, because trimer concentra-
tion at these pH values is small. Dashed line curves are theoretical curves
for pH 6.0, pH 6.5, and pH 7.0 predicted from the lower pH data. The
calculated curve for pH 6.0 deviates slightly from the experimental data,
and the deviation between the curves and the data becomes progressively
larger as the pH is raised. (b) DF2 takes up two protons upon folding. The
negative of the slope of the plot (Eq. 2 in Results) is the proton uptake,
equal to 1.9 £ 0.2. Observed equilibrium constants were determined from
curves in a. Higher pH data were not used because of the significant trimer
population, and pH 4.0 data were not used because Glu residues would be
expected to be protonated in the unfolded state.
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resenting a monomer—dimer equilibrium, with the proton
uptake fixed to exactly two protons (Fig. 4a), were fitted
only to data between pH 4.0 and pH 5.5, where the concen-
tration of trimers would be negligible as assessed by sedi-
mentation equilibrium. The curves fit extremely well to the
data in this range of pH, providing strong support for
the scheme, as well as for the assumption that two protons
are bound upon dimerization. The parameters were then
used to create theoretical curves for the data at pH 6.0, pH
6.5, and pH 7.0 (the dashed lines in Fig. 4a). Therefore,
deviations of these lines from the data may be associated
with the presence of oligomers. The data at pH 6.0 are well
described by this scheme, and the deviation is close to that
expected from experimental error. However, the fit of the
curves to the data becomes increasingly poor as the pH is
increased. We therefore chose pH 6.0 as a convenient con-
dition to measure binding of metal ions. At this pH the
solubility of divalent transition metals is good, and the pro-
tein is predominantly dimeric at relatively low peptide
concentration.

Two metal ions bind to and stabilize DF2

Although DF2 is marginally stable at pH 6.0 in the apo
state, it should be stabilized upon specifically binding diva-
lent cations. We measured guanidine denaturation curves
for 2-3 wM DF2 at pH 6.0 with varying metal ion concen-
trations (in excess of protein) to determine the stoichiometry
and overall binding affinity. Because the denaturation curve
of 11 uM DF2 at pH 6.0 is reasonably well fit by a mono-
mer—dimer equilibrium (Fig. 4a), the lower DF2 concentra-
tion in the metal binding experiments indicates that any
residual contribution of oligomers would be further mini-
mized. Addition of Zn** ions to DF2 at pH 6.0 is greatly
stabilizing (Fig. 5). Analogous to the determination of num-
ber of protons bound, the number of metal ions bound was
determined from a plot of the logarithm of the dimerization
constant versus the logarithm of the metal ion concentration
(data not shown). The slope of —1.8 indicates that DF2 binds
two zinc ions per dimer.

The binding stoichiometry was confirmed by a direct
titration experiment with Co®*. In aqueous solution, Co**
is octahedrally coordinated, and hence shows very weak
d—d electronic transitions. However, upon binding in a
pentacoordinate geometry to DF2, one would expect a
large increase in its extinction coefficient (Bertini and
Luchinat 1984). Indeed, the spectrum of Co®* in the pres-
ence of stoichiometric amounts of DF2 is virtually in-
distinguishable from Co**-reconstituted bacterioferritin
(Fig. 6a; Keech et al. 1997). The coordination geometry
in the di-Mn**-substituted form of bacterioferritin is penta-
coordinate and virtually identical to that of di-Zn**-sub-
stituted DF1 (Frolow et al. 1994). The large increase in

extinction coefficient can be used to quantify the extent of
binding in titration experiments. The titration of 70 pM
DF2 with Co®* shows that the curve abruptly levels off at a
stoichiometry of two Co?* per dimer (Fig. 6b). There-
fore, two Co>" ions are bound to DF2, in agreement with
the Zn**-binding experiment as well as the crystal struc-
ture of DF1. The sharpness of the transition indicates that
the average dissociation constant is more favorable than
~20 wM.

[6],,, (kdeg cm?dmol™)

T T T 1

[GdnHCI] (M)

[6],,, (kdeg cm? dmol ™)

2
[GdnHCI] (M)

Fig. 5. The effect of M>* ions on DF2 stability. (a) Solutions of 2.8 uM
DF2 at pH 6.0 in varying amounts of GdnHCI were incubated overnight
with different amounts of ZnCl,. (closed circle) 20 uM, (closed square) 50
wM, (closed triangle, point up) 100 wM, (closed triangle, point down) 200
M. Dashed line fit is for DF2 with no metal. (b) Solutions of 2.5 uM DF2
at pH 6.0 in varying amounts of GdnHCI were incubated overnight with
different amounts of MnCl,. (closed triangle, point up) 100 uM, (closed
triangle, point down) 200 uM, (closed circle) 400 wM, (closed square)
1000 wM. Dashed line fit is for DF2 with no metal.
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Fig. 6. (a) The visible absorption spectrum of Co** when bound to DF2.
Peaks occur at 520, 550, and 600 nm. Both DF2 and Co?* concentrations
are 70 WM. The extinction coefficient (Y axis) is per Co** ion. (b) Titration
of DF2 with Co** monitored by visible absorption at 550 nm. DF2 con-
centration was 70 wM. No further increase in absorption is observed after
two equivalents of Co®* per DF2 are added, indicating that two Co?* ions
bind per DF2 dimer. The line is a curve of best fit generated with a
dissociation constant of 0.6 wM.

Transition metal binding to DF2 shows deviations
from the Irving—Williams series

Binding constants for DF2 with Mn>*, Co**, Ni**, and Cu®*
were determined similarly to that for Zn>* (Table 2). Similar
relative affinities of bacterioferritins for Zn>*, Co>*, and

Table 2. Metal ion association constants

Metal ion PKinet
Zn 6.73
Co 4.81
Mn 4.08
Cu 5.79
Fe 4.75

964 Protein Science, vol. 10

Fe®* have been reported (Le Brun et al. 1996; Yang et al.
2000). Data for Mn**, the most weakly binding ion, are also
shown in Figure 5b. Denaturation of DF2 in the presence of
Cu?* shows that DF2 binds to and is stabilized by Cu** at
very low Cu®* concentrations (Fig. 7). However, further
increases in the Cu®* concentration have a destabilizing
effect, suggesting that there are a number of lower-affinity
Cu?* binding sites in the unfolded protein. The coordination
in the unfolded state may involve backbone amide groups,
which are known to coordinate Cu?* (Hay et al. 1993; Brit-
tain et al. 1998; Torrado et al. 1998; Stemmler and Burrows
1999). Of the first-row transition metal ions tested, Ni** was
the only one that did not stabilize DF2 at any concentration
ranging from 20 to 2000 uM (not shown).

Formation constants for first-row transition metal com-
plexes with small ligands generally follow the Irving—Willi-
ams series (da Silva and Williams  1993):
Mn?* < Fe?* < Co** < Ni** < Cu** > Zn**.  Thus, Cu**
complexes are generally the most stable, and Ni** com-
plexes are also relatively tight. This order is contrary to
what we observe in DF2 (Table 2), where formation con-
stants for transition metal binding to DF2 do not follow the
Irving—Williams series, as Cu®* binds less tightly than Zn**,
and Ni** binds the weakest of all the transition metals mea-
sured, orders of magnitude weaker than expected. Such de-
viations from the Irving—Williams series indicate that in its
folded state, the metal-binding site of DF2 has limited flex-
ibility, and imparts geometric specificity to the arrangement
of the ligands. Nickel and copper often form complexes of

[6],,, (kdeg cm? dmol™)

[GdnHZCI] (M)

Fig. 7. The effect of Cu®* ions on DF2 stability. Data are shown for
(closed square) 20 uM Cu?* and (closed triangle) 40 WM Cu?*, along with
their fit to the model discussed in Materials and Methods. Data are also
shown for 200 uM Cu?* (open triangles) and 400 uM Cu** (open circles).
These data show that Cu?*, although stabilizing at low concentrations,
becomes destabilizing at the higher concentrations. The leftmost curve is
the fit for no metal.
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square planar geometry (Huheey et al. 1993). The observa-
tion that these metals bind to DF2 more weakly than ex-
pected from the Irving—Williams series implies that the ac-
tive site of DF2 is not sufficiently flexible to accommodate
the preferred square planar geometry.

DF2-catalyzed oxidation of Fe**

Many diiron proteins catalyze the reaction of O, with fer-
rous ions to provide oxo-bridged diferric protein. To deter-
mine the reactivity of the diferrous center in DF2, we used
assay conditions that have been extensively employed to
measure the reactivity of the ferritins and bacterioferritins
(Yang et al. 1998, 2000). Fe** was added to protein under
aerobic conditions, and the extent of oxidation was mea-
sured by monitoring the appearance of a charge transfer
band associated with the oxo-bridged diferric species. Simi-

larly, the addition of Fe** to DF2 under aerobic conditions
results in a time-dependent formation of a UV-visible spec-
trum that is identical to the spectrum previously reported for
the oxo-bridged diferric form of bacterioferritin (Fig. 8a).
The addition of DF2 results in a substantial increase in
the rate of iron oxidation, relative to the background reac-
tion. Figure 8, b and c, illustrates the effect of varying the
concentration of protein and Fe** on the initial rate of iron
oxidation. The reaction is first order in both iron and pro-
tein. Furthermore, experiments in which protein was incu-
bated for long times with Fe** indicate that the resulting
Fe(II) species is stable and remains associated with DF2 for
several hours. To determine the extinction coefficient for
the oxidized iron species, the protein was allowed to react
with 3.0 equivalents of Fe** per dimer for 1 h, and then
chromatographed through a size exclusion column. A major
peak was observed at the position expected for the dimer,
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Fig. 8. The time dependence of the increase in absorbance following incubation of Fe?* with DF2 (83 uM protein concentration; 015
M NaCl, 0.15 M MES at pH 6.5, 25°C). Panel « illustrates stacked spectra taken at various times (6 min, 11 min, 16 min, 21 min, 26
min, and 31 min). Panel b illustrates the variation in rate with respect to protein concentration (constant Fe>* = 83 wM). Panel ¢
illustrates the variation in rate with respect to Fe®* concentration (constant protein concentration = 83 wM).
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and quantification of the iron and protein content indicated
2.0 equivalents metal ion per dimer. The extinction coeffi-
cient for the diiron center at 300 nm, 3240 M~! cm™ (on a
per iron basis) was in excellent agreement with the value of
3380 M~' cm™ previously reported for the ferroxidase site
of bacterioferritin (Yang et al. 2000), and comparable to the
extinction coefficients for human H-chain ferritin, 2990
M~' em™, and horse spleen ferritin, 3540 M~' cm™ (Yang
et al. 1998). The extinction coefficient for the DF2 diiron
center at 325 nm, 2400 M~' cm™!, compares with that of
other diiron proteins: ribonucleotide reductase, 4700 M~
cm™" (Bollinger et al. 1991) and stearoyl-ACP A’p-desatu-
rase, 2080 M~! cm™! (Fox et al. 1994); as well as with a
carboxylate/oxo-bridged model complex, 3400 M~ cm™
(Tolman et al. 1991).

The rate of oxidation of Fe** in the presence of DF2 is
approximately three orders of magnitude slower than that
for bacterioferritin. To determine whether the chemical step
is rate-determining, we preincubated DF2 with a stoichio-
metric amount of Fe®* under anaerobic conditions for 45
min. The resulting complex was then diluted twofold with
aerated buffer, which resulted in the quantitative oxidation
of the Fe®* center within 30 sec as assessed by a rapid
increase in absorbance of the ligand-to-metal charge trans-
fer band. Therefore, the oxidation step is not rate-determin-
ing; rather, the initial binding of Fe** or a subsequent con-
formational change appears to limit the rate of reaction
with O,.

Discussion

In this paper we describe an important step in the de novo
design of metalloproteins. The design of proteins with pre-
cisely predetermined substrate-binding pockets, capable of
binding substrates proximal to a redox-active cofactor, has
been a difficult undertaking. By modifying the sequence of
DF1, we have now shown that it is possible to accomplish
this objective. DF2 binds metal ions rapidly, and also dis-
plays ferroxidase activity, strongly suggesting that the ac-
tive site is accessible to oxygen. The rate of oxidation of
iron by DF2 is within two to three orders of that observed in
ferritins and bacterioferritin (Yang et al. 2000), and it will
be of considerable interest to determine how additional
modifications to the sequence modulate the rate.

Another major issue explored in this paper is the interplay
between protein folding and metal-ligand interactions in
defining the detailed geometry of the active site of DF2. The
affinities of DF2 for various first-row divalent cations de-
viates from the Irving—Williams series, indicating that its
structure imparts significant geometric preferences on the
metal ion-binding site. Similar results have been described
for three single-iron-binding sites designed on a thioredoxin
scaffold, in which no nickel binding was observed (Benson
et al. 2000). Furthermore, in the absence of metal ions, the
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protein folds into a dimer with concomitant binding of two
protons. The uptake of two protons is to be expected if the
structure of the apo-protein is similar to that of the crystal
structure of di-zinc DF1. This result therefore suggests that
the active site of DF2 is retained in the absence of metal
ions. Interestingly, as the pH is increased the energetic cost
of protonating the Glu side chains in the active site becomes
increasingly unfavorable, until the protein aggregates near
neutral pH. In this respect, DF2 is not as highly evolved as
naturally occurring diiron proteins, whose apo forms are
generally stable at neutral pH. However, for many applica-
tions this should not be a problem, because DF2 forms the
desired dimer when it binds its dimetal ion cofactor. Thus,
DF2 provides an attractive platform for examining the re-
lationship between amino acid sequence and cofactor reac-
tivity in diiron proteins.

Materials and methods

DF2 gene construction and DF2 expression
and purification

A synthetic gene for DF2 was constructed using PCR from four
oligonucleotides as described by Dillon and Rosen (1993). The
sequence of the full gene is: atggactacctgcgtgaactgtacaaac
tggaacagcaggcgatgaaactgtaccgtgaagcettetgaacgtgttggtgacceggttetgg
ctaaaatcctggaagacgaagaaaaacacatcgaatggetggaaactatcaacggt. The
DNA sequence design included a few more bases on either side of
the gene containing restriction sites for enzymes Ncol and BamHI.
Following digestion with these enzymes, the gene and the pET-15b
(Novagen) plasmid were ligated together. The pET-15b vector
containing the DF2 gene was then transformed into BL21-De3
cells for expression. Protein expression was induced with 1 mM
IPTG when cell growth in LB media reached ODg,, = 0.6. Maxi-
mum expression occurred within 1 h following induction. Cells
were pelleted and sonicated in cold 10 mM Tris at pH 7.5. After
centrifugation, the crude cell lysate was heated to 80°C for 10 min,
and denatured proteins were pelleted. Most of the DF2 remained
soluble, and thus the heating step served as the initial purification.
DF2 was further purified by reverse-phase HPLC on a C4 column.
The protein molecular weight was determined with MALDI mass
spectroscopy, which indicated that the Met N terminus was intact.

Analytical ultracentrifugation

Sedimentation equilibrium experiments were performed at 25°C
using a Beckman XL-I analytical ultracentrifuge (Furst 1997). The
peptide monomer molecular mass, partial specific volume, and
molar extinction coefficient were calculated using the program
SEDINTERP (Laue et al. 1992), modified to include the amino
acid residue partial specific volumes reported by Kharazov
(Kharakoz 1997). These values were fixed to be constants in fitting
the radial concentration profiles to different equilibrium associa-
tion models. The samples (100 pM DF2 monomer in 50 mM
NaAc/100 mM NaCl at pH 4.0, and 50 mM MES/100 mM NaCl
at pH 6.0 and pH 6.5) were centrifuged to equilibrium at 45,000
rpm in an An50Ti rotor employing three-compartment carbon-
epoxy centerpieces with quartz windows. Data obtained by UV
absorption at 290 nm were analyzed by nonlinear least squares
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curve fitting of radial concentration profiles using the Marquardt—
Levenberg algorithm implemented in Igor Pro (Wavemetrics).
Each data set was fitted to a monomer—dimer—trimer reversible
equilibrium model with logarithmic dissociation constants as fit-
ting parameters. Baselines and signal values at the meniscus were
allowed to vary in fitting. After fitting, the contributions of each
species to the signal were calculated as a function of the concen-
tration as measured from the baseline-corrected UV absorbance
signal. The upper and lower limits of the peptide fraction of each
species were calculated and tabulated along with the fitted values
of the negative logarithm (pK) of the dissociation constants for
each experiment (Table 1).

Guanidine denaturation curves

The stability of DF2 was evaluated as a function of pH, peptide
concentration, and various metal ion concentrations, by monitoring
the CD signal at 222 nm versus the concentration of guanidine.
Solutions of 2-33 M DF2 in 50 mM NaAc (for pH 4.0, pH 5.5),
MES (for pH 6.0, pH 6.5), or MOPS (for pH 7.0) with 100 mM
NaCl and GdnHCI varying from 0 M to 5 M, were prepared and
allowed to equilibrate overnight because the folding/unfolding was
observed to be slow, before measuring the CD signal at 222 nm.

Binding constants of divalent transition metal ions to DF2 were
measurable by guanidine denaturation, because metals stabilize
DF2 in a concentration-dependent manner. Solutions were left to
equilibrate overnight. As complexes of Ni** are often slow to
exchange, the Ni** solutions were measured a second time after
five days. With all metals, the DF2 concentration was 2-3 wM. For
each metal except iron, curves of typically eight guanidine con-
centrations were measured at four different metal concentrations
ranging from 20 uM to 2000 wM, depending on the metal. In the
iron experiment, five data points at only one iron concentration,
200 wM, were measured. Solutions were deoxygenated with argon
and left overnight in a glovebox before mixing protein/guanidine
and iron solutions, after which they were left again overnight,
along with the cuvets, to equilibrate. The following morning the
solutions (in sealed cuvets) were removed from the glovebox, and
their CD signals were promptly measured.

The data were analyzed assuming that the measured signal of
each solution was the sum of contributions from the unfolded
monomer, [0],, and from the folded, [6], helical dimers, trimers,
and metal-bound dimers, with no distinction made among the
folded dimeric and trimeric species. Baselines representing signals
from pure unfolded and folded species were assumed to be linear
functions of guanidine concentration and were included as fitting
parameters. The function used to fit the data was:

[0]=1.[0],+ (1 - ,)[O]; A3)
[0],=[01],° (1 - m1[GdnHCI]) 4)
[0]=[0],° (1 - m2[GdnHCI]) (5)

with f,,, the fraction of monomer, computed from the equilibrium
relationships discussed below.

The presence of glutamic acid and histidine residues in the
peptide, together with the pH dependence of the ultracentrifuge
data, suggested the following equilibrium scheme:

M[H"
MH =M +H K, = ]
[MH]
MH J[H*
MH, = MH + H" - MH ]
[MH,]
MH,][H*
MH," = MH, +H" K= IMHLIIH ]
ST IMH,
2
2MH, =D _MH,]
d [D]
-3
3MH =T _[MH]
! [T]
nmet 2

where M~ is the monomer with two deprotonated Glu and one
deprotonated His residue; MH™ is the monomer with two depro-
tonated Glu and one protonated His residue; MH, is the monomer
with one deprotonated Glu, one protonated Glu, and one proto-
nated His residue; MH;™ is the fully protonated monomer; D is the
dimer formed from two MH, monomers; T is the trimer formed
from three MH™ monomers; X is a metal ion; C is the complex
formed by nmet metal ions and the dimer; and the K’s are defined
equilibrium constants.

The choice of the MH™ species as the trimerization-competent
monomer is suggested by the analytical ultracentrifugation data,
which showed trimerization to be more extensive at pH 6.5 than at
pH 6.0, indicating that the trimer is formed from a more negatively
charged species.

The equilibrium equations were solved for the fraction of total
peptide that is present at equilibrium as a monomer (f;,) by using
the material balance condition to solve for one of the species (here,
MH,):

e +1+ X, }[MHZ]

2[MH,]*  2[X]™ [MH,]*™" 3(K,,[MH,])*
+ + +
I<d Kmeth Kt[H+]3

[KK K, [H']
= —

Dividing through by Pt and collecting terms gives:

2Pt Z2 . [X]nmet
+ K, + X

met

KiKe Ko [H]
1=[ T +E+ K, +1] v
.\ 3P(Kp2)°
Kt[H+]3

This equation was solved for z, the fraction of total peptide present
as MH, monomer, using an iterative root-finding algorithm in
IgorPro (Wavemetrics). Finally, f,,, the total monomer fraction,
was calculated by adding the fractions for M=, MH™, and MH>*.

K4 and K, were assumed to vary linearly with guanidine hydro-
chloride (GdnHCI) concentration according to the following ex-
pressions:

K, = exp{(AG4 — m[GdnHCI])/RT}

K, =exp{(AG, — 1.5m[GdnHCI])/RT}
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In these equations it is assumed that m is proportional to the
solvent-accessible surface area and therefore that the trimer has 1.5
times the value of the monomer.

The parameters describing the dependence of the monomer and
dimer ellipticities and the dimer thermodynamic stability on the
GdnHCI concentration were determined by curve fitting. These
parameters were assumed to be independent of pH and of metal ion
concentration (were a global fitting parameter for datasets of dif-
ferent pH values and for datasets of different metal ion concen-
trations), but were allowed to differ for each type of metal ion. The
use of the equations above resulted in a reasonable fit to the data
up to pH 6.0, and produced a value for the dimerization constant
K,0f2.4 x 107" M~ In subsequent experiments, the contribution
from the trimeric species was eliminated by fixing K, to a very
high value, to determine the pH range over which more a simple,
pH-dependent monomer—dimer equilibrium adequately described
the data. In fitting curves to the metal-binding data, the dimeriza-
tion constant was fixed at 2.4 x 10~'" M™'. After determining the
number of metal ions bound to be 2, this parameter was fixed for
the determination of the metal-binding constants.

Oxidation of Fe**-reconstituted DF2

Kinetic experiments were performed under aerobic conditions at
pH 6.5 (0.15 M MES/0.15 M NaCl). To each DF2 solution (70
pM) was added varying amounts of a solution of 1 mM ferrous
ammonium sulfate/0.01% sulfuric acid. For samples with varying
protein concentration, the ferrous ion concentration was held at 70
wM. The sample was mixed for 30 sec, and spectra were measured
on a Hewlett Packard diode array spectrophotometer. Spectra were
collected each in 0.5-1.0 min increments for 15 min. The initial
rate was measured at 320 nm from points at which less than 10%
of the Fe®* had been consumed (generally less than 4 min). At
longer times, small amounts of light-scattering material began to
form and precluded accurate kinetic measurements.

To determine the stoichiometry of bound iron following the
oxidation reaction, 100 wM DF2 was incubated with excess Fe**
(3.0 equivalents per dimer using the same procedure as for the
kinetic measurements), for 1 h. The resulting solution was chro-
matographed through a Pharmacia FPLC Peptide column, under
aerobic conditions at pH 7.0 (5§ mM MOPS/0.15M NaCl, 1.25
mL/min). A single major peak was observed with a retention time
corresponding to that expected for a dimer. The concentration of
DF2 in the fraction corresponding to the peak was determined by
a calibrated reverse phase HPLC assay (Vydak C, analytical col-
umn eluted with a gradient of 9%-72% acetonitrile containing
0.1% TFA), and the concentration of iron was determined using
the ferrozine assay (Carter 1971). Guanidine HC1 (6 M) was in-
cluded in the ferrozine assay to denature DF2, because the standard
trichloroacetic acid precipitation step did not provide reproducible
results with this protein. The extinction coefficient at 300 nm was
calculated by subtracting the spectrum of the apo from the diiron
forms of the protein.
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