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Specific metal-binding sites have been found in not only proteins but also DNA and RNA molecules. Together
these metalloenzymes consist of a major portion of the enzyme family and can catalyze some of the most difficult
biological reactions. Designing these metalloenzymes can be both challenging and rewarding because it can provide
deeper insights into the structure and function of proteins and cheaper and more stable alternatives for biochemical
and biotechnological applications. Toward this goal, both rational and combinatorial approaches have been used.
The rational approach is good for designing metalloenzymes that are well characterized, such as heme proteins,
while the combinatorial approach is better at designing those whose structures are poorly understood, such as
metallo-DNA/RNAzymes. Among the rational approaches, de novo design is at its best when metal-binding sites
reside in a scaffold whose structure has been designed de novo (e.g., a-helical bundles). Otherwise, design using
native scaffolds can be equally effective, allowing more choices of scaffolds whose structural stability is often more
resistant to multiple mutations. In addition, computational and empirical designs have both enjoyed successes.
Because of the limitation in defining structural parameters for metal-binding sites, a computational approach is
restricted to mostly metal-binding sites that are well defined, such as mono- or homonuclear centers. An empirical
approach, even though it is less restrictive in the metal-binding sites to be designed, depends heavily on one’s
knowledge and choice of templates and targets. An emerging approach is a combination of both computational
and empirical approaches. The success of these approaches can be measured not only by three-dimensional
structural comparison between the designed and target enzymes but also by the total amount of insight obtained
from the design process and studies of the designed enzymes. One of the biggest advantages of designed
metalloenzymes is the potential of placing two different metal-binding sites in the same protein framework for
comparison. A final measure of success is how one can utilize the insight gained from the intellectual exercise to
design new metalloenzymes, including those with unprecedented structures and functions. Future challenges include
designing more complex metalloenzymes such as heteronuclear metal centers with strong nanomolar or better
affinities. A key to meeting this challenge is to focus on the design of not only primary but also secondary coordination
spheres using a combination of improved computer programs, experimental design, and high-resolution
crystallography.

Introduction activities that can carry out the most difficult biological
functions. It is no wonder that metalloproteins consist of
approximately one-third of structurally characterized proteins
and approximately half of all proteirtdn addition, advances
in biology in the past 20 years has shown that DNA and

It is hard to imagine a biomolecular world without metal
ions; they impart not only new colors and magnetic properties
to biomolecules but also highly tunable redox and catalytic
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RNA molecules are capable of catalyzing important biologi- approach to use, how to recognize a successful design, and
cal reactiong;® including protein synthesis.With fewer how to identify potential challenges. This Forum Article
numbers of building blocks (four bases instead of 20 natural attempts to provide recent examples, mostly from the author’s
amino acids), these catalytic DNA/RNA molecules (also own group, on how to choose a particular approach to tackle
called deoxyribozymes/ribozymes or DNA/RNAzymes) often a particular project goal, to distinguish the pros and cons of
require metal ions to expand and enhance their activities. each approach, and to address the issues important to
Therefore, the study of metallo-DNA/RNAzymes has become advancing the field. By illustrating a number of unique new
a new frontier for bioinorganic chemists. insights gained from the process, this Forum Article also
Fascinated by the complex, yet beautiful, structures of conveys how rewarding metalloenzyme design can be, even
these metalloenzymes, inorganic chemists and biochemistghough it is still a much underdeveloped field compared to
alike have been trying to design metalloenzymes with other areas of inorganic chemistry and biology, such as
predicted structures and functiofi$® In comparison to the  synthetic modeling of metalloproteins using small organic
nonmetalloenzyme design, the design of metalloenzymes hasnolecules.
been recognized as being much more difficult because extra
consideration is required for the different metal ions, their How to Design Metalloenzymes?
oxidation states, and their preferred geometry and ligand . . . S
donor set; methods that are highly successful in designing Rational Design or No.t? In theory., rational design is
nonmetalloenzymes are often not as successful in thealways preferred. In practice, the choice may not be as clear

metalloenzyme design. Despite these challenges, a numbePecause it depends on how much in-depth knowledge a

of approaches have been successfully developed. To begin-deSigner has on the structure and function of the target

ners of this exciting field, such as the graduate students tob!omolecule. A large number of successes in rational de-
the design of heme pro-

whom this Forum is targeted, it is difficult to decide which sign have occurred in
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teinsl7:20-22,26,28-30,32.3436 nartly hecause of the fact that heme
proteins are among the most well-understood metallopro-
teins®” On the other hand, little is known about metal-binding
sites in DNA/RNAzymes. Without knowledge, it is difficult

to begin the rational design process. To complement the
rational design approach, a “nonrational” or combinatorial
approach called in vitro selecti#n*® has been used to
obtain, from a large random DNA or RNA library of up to
10 different molecules, small groups of DNA or RNA that
can bind specific metal ions [e.g., Pb(),*¢ Cu(ll),*"~*°
Zn(11),%951 and Co(lI?>%] or metal-containing prosthetic
groups (e.g., hemd for different biological functions (e.g.,
phosphodiester transfer or porphyrin metalation). The se-
guence and proposed secondary structure of some of the
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A B. structures or scaffolds and design of metal-binding sites. De
% + novo design encompasses both steps, represents the ultimate
3 NNNNNNYIRNNNNNNN 5 3r|\lr|\lll\ll|\lrilll\19erilll\lll\lll\llillillil 5' .deIS|gn goal, and is conS|dergd to be metalloprotein design
SNNNNNNR NNNNNNN S 5 NNNNN NT NNNNNNN 3 in its purest and most challenging fqrm. Tremendous progress
& G, AGC\\G g has been made in the de novo design of metalloproteins, and
s C,(‘ G et Te this progress has been summarized in other Forum Articles
Ccra c in this issue and elsewhet 22.26:32
€ D. Z An alternative and equally effective approach is the design
# g . of metal—binding siFes iqto native scaffolds that_ are s_table,
VN S 6 G easy to ob_tam in high yield, and well charaqteniéd‘hs
9o o3 (Inlul\ulwlwlq 5 ACTG Gp approach is based on a closer look at protein sequence apd
C\Ir\lmlmlr T T G structure databases. As of October 25, 2005, 196 277 protein
Ccs c® TgTe 6T sequences have been annotated in the UniProtKB/Swiss-Prot
GG TG data bank® As of November 1, 2005, 31 830 solved protein
Figure 1. Examples of metal-specific DNAzymes: (A) Migdependent structures have been deposited in the RCSB Protein Data
*10—23" DNAzyme with RNA nuclease activity, (B) Pb-dependent “& Bank (PDB) Despite the large number of sequences and

17" DNAzyme with RNA nuclease activity; (C) Ctrdependent DNAzyme ; ;
with ligase activity; (D) DNAzyme that catalyzes porphyrin metalation. structures, onIywlOOO unique folds have been discovered.

The letter “N” in the sequence represents any nucleotides capable of forming From these  statistics, we can conclude that, rather than
Watson-Crick base pairs. R Aor G; Y =CorT. choosing a unique scaffold for each protein, nature exploits
only a limited number of thermodynamically stable scaffolds
selected metallo-DNAzymes (Figure 1) strongly suggest that gnd uses them repeatedly to design many proteins with
it is possible to use combinatorial selection to obtain metal- gjyerse active-site structures and functions. For example, the
specific DNA/RNAzymes. Greek keyp-barrel fold has been used by600 different
This combinatorial approach may also answer some of the typesof proteins comprised of thousands of structures in the
questions that are very difficult to answer with rational PDB, with diverse functions such as immunoglobins, oxi-
design. For example, it is well-known that Zn(ll) and high- dases, reductases, amylases, and dismutases (Figure 3).
spin Co(ll) show a number of similarities, including identical Therefore, learning this “trick” from nature is an important
charges and ionic radii. Zn(ll) in proteins can often be part of metalloprotein design. For instance, type 1 blue
replaced by Co(ll) with few changes in the metal-binding copper proteins and Gecontaining proteins such as cyto-
site structure and enzymatic activity. It has been very difficult chromec oxidase (€0) and nitrous oxide reductaseDR)
to rationally design a metalloenzyme that has a strong share a similar Greek kgstbarrel scaffolc’-58 This structural
preference for Zn(ll) over Co(ll), or vice versa. By employ- homology has led to designs of the Csite into the type 1
ment of a combination of in vitro selection and a negative blue copper proteins amicyafhand azurif® using a
selection strategy to remove DNA sequences of low selectiv- technique called loop-directed mutagenesis (vide infra).
ity, two DNAzymes have been selected, one with selectivity  another reason for utilizing a native protein scaffold to
for Zn(Il) over Co(ll) and the other with opposite selectiv-  gesign metal-binding sites is the beneficial properties of
ity.® Interestingly, both of these DNAzymes share similar native scaffolds. Because protein folding remains a chal-
sequences and secondary structures, with only a four-basgenging problem, only a few scaffolds have been designed
difference (Figure 2). Further spectroscopic and structural ge novo; the most well-characterized scaffold isdHeelical
studies of these and other metallo-DNAzymes selected with pynd|e81.62|f one is interested in designing metalloproteins

the nonrational approach may establish a new paradigm foryith an a-helical bundle fold, the de novo design approach
bioinorganic chemistry in the nucleic acid wofd.

While a combinatorial approach is quite useful in obtaining (55) Bairoch, A.; Apweiler, R.; Wu, C. H.; Barker, W. C.; Boeckmann,
novel metalloenzymes, it is usually difficult to sample enough B., Ferro, S.; Gasteiger, E.; Huang, H.; Lopez, R.; Magrane, M.;

. . . . Martin, M. J.; Natale, D. A.; O’Donovan, C.; Redaschi, N.; Yeh, L.-
sequence variety (e.g., in vitro selection can sample up to S. L. Nucleic Acids Re2005 33, D154-D159.

only ~10'® different sequences out of a possibfé dr 10> (56) Berman, H. M.; Westbrook, J.; Feng, Z;; Gilliland, G.; Bhat, T. N.;
sequences for a typical DNA library with 40 randomized %?'S;E;thmdya'ov’ I. N.; Bourne, P. Bucleic Acids Re2000
nucleotides). In addition, it is often difficult to control the (57) Vila, A. J.; Feradez, C. O. IrHandbook on Metalloproteingertini,
outcome of the selection because it is sensitive to selection !;’13%85'6_“" Sigel, H., Eds.; Marcel Dekker: New York, 2001; pp
conditions. An effective strategy is to combine rational design (sg) Lu, Y. In Comprehensie Coordination Chemistry II: From Biology
with combinatorial design by using rational design to focus to Nanotecm}Ologthc(?lteverty, J-,LME?;er.Tgl-m ;'ﬁ If/f\iIS-;BVOEI-dE)_
on a particular region of a metalloenzyme and using combin- (E?;‘;‘;?g,ﬁd'gi‘f'g&%ozg'zgy'gﬁgg e P B S

atorial design to optimize the metal-binding affinity and (59) Dennison, C.; Vijgenboom, E.; de Vries, S.; van der Oost, J.; Canters,
reactivity G. W. FEBS Lett.1995 365 92-94.

: . . (60) Hay, M.; Richards, J. H.; Lu, YProc. Natl. Acad. Sci. U.S.A.996
De Novo Design or Not?If one chooses the rational 93, 461464,

design approach, he or she may face a question of whethex61) DD%G)riggé\AzlAg';6V2V§S§§éman’ Z.R.; Lear, JSbience (Washington,
to design de novo, i.e., from scratch. Metalloprotein design (62) Kamtekar, S.. Schiffer, J. M. Xiong, H. Babik, J. M.; Hecht, M. H.

can be divided conceptually into two steps: design of overall Science (Washington, D.CLP93 262, 1680-1685.
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Figure 2. Two DNAzymes with different selectivity: Zt selective (clone 18) and €oselective (clone 11). Predicted secondary structures of clone 18
(A) and clone 11 (B) and detailed sequence alignment in the sequence where it was randomized during the selection process (C).

design of metal-binding sites into proteins, and exciting
results have been obtain&#® 7* However, because param-
eters or force fields used in defining a specific metal-binding
site with a particular oxidation state, ligand, and geometric
preference are highly variable and often ill-defined in general,
current computer programs deal mostly with mononuclear
metal-binding sites only, without much metal ion distinction,
such as between Cu(ll) and Zn(Il). Few programs can design
metal-binding sites with unusual geometry, such as the type
1 blue copper sit&7% or complex metalloenzymes with
heteronuclear metal assemblies, such as the hema@ga-
nese site in MnP, the hemeopper site in hemecopper
oxidases (HCOs), and the hemgon-heme iron site in nitric
Figure 3. Greek keyp-barrel scaffold utilized by at least 600 different _OXIde reductas&. While _these programs WIH undOUbt_edly
typesof proteins with diverse active-site structures and functions. improve, a more empirical approach is needed in the
) ) ) . meantime that relies on sequence or structural homology of
is extremely effective, as evidenced by much success in theproteins to guide the design efforts. The principles gained
design of heme proteins and dinuclear iron protéin82°%% o0 the empirical approach can be used to improve these

However, if one is interested in designing metalloproteins nrograms. Progress iboth approaches is required for
with folds that have not been designed de novo, such as theygyancement of the metalloenzyme design field.

Greek keyp-barrel fold mentioned above, choosing a protein
with a similar scaffold is an excellent alternative. Further-
more, because of many years of evolution, native scaffolds ¢.4¢01d75 Both MnP and @P are in the peroxidase family

are generally more stable or less vulnerable to amino acu_:l and share the same overall structure, despite the low sequence
residue changes and, thus, are more tolerant to dramatic

changes in its structure in order to create new metal-binding (67) Clarke, N. D.; Yuan, S.-MProteins: Struct., Funct., Genet995
sites. For example, in the design of a manganese peroxidase 23 256-263. _ _

(MnP) using yeast cytochronmeperoxidase (CP), a stable (68) E;E‘SSJal’laIS, J. R.; Clarke, N. @urr. Opin. Struct. Biol1998 8, 471—
and active enzyme was obtained even after 11 amino acid(69) Robertson, D. E.; Farid, R. S.; Moser, C. C.; Urbauer, J. L.

A representative example of empirical design based on
structural homology is the design of MnP usingRCas the

i i i i Mulholland, S. E.; Pidikiti, R.; Lear, J. D.; Wand, A. J.; DeGrado,
mutations aF different Iocatllc')ns n the. prgtéfn. . W. F.; Dutton, P. L.Nature (London)}1994 368 425-432.
Computational or Empirical Design? To rational- (70) Klemba, M.; Gardner, K. H.; Marino, S.; Clarke, N. D.; Regan, L.

ly design metalloproteins, computer programs such as Nat. Struct. Biol.1995 2, 368-373.

66 768 . sy (71) Rojas, N. R. L.; Kamtekar, S.; Simons, C. T.; McLean, J. E.; Vogel,
Dezymef>andMetal Search 8 are available to aid in the K. M.. Spiro, T. G.: Farid, R. S.; Hecht. M. HProtein Sci.1997 6,

2512-2524.
(63) Summa, C. M.; Lombardi, A.; Lewis, M.; DeGrado, W.Gurr. Opin. (72) Pinto, A. L.; Hellinga, H. W.; Caradonna, J.®oc. Natl. Acad. Sci.
Struct. Biol.1999 9, 500-508. U.S.A.1997, 94, 5562-5567.
(64) Pfister, T. D.; Gengenbach, A. J.; Syn, S.; LuBfochemistry2001, (73) Dieckmann, G. R.; McRorie, D. K.; Tierney, D. L.; Utschig, L. M.;
40, 14942-14951. Singer, C. P.; O’Halloran, T. V.; Penner-Hahn, J. E.; DeGrado, W.
(65) Hellinga, H. W.; Richards, F. Ml. Mol. Biol. 1991, 222, 763-785. F.; Pecoraro, V. LJ. Am. Chem. S0d.997, 119, 6195-6196.
(66) Hellinga, H. W.Curr. Opin. Biotechnol1996 7, 437—441. (74) Klemba, M. W.; Munson, M.; Regan, [Proteins1998 313-353.
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Figure 4. Similarities between €P and MnP in the overall structure (A) and in the active-site structure (B) and differences betwee taadOMnP
active-site structure (C) and the Mn(ll)-binding site (D). The pink ball in part A represents Mn(ll), while the blue ball in part A represents Ca(ll).

homology of <15% (Figure 4A)® They also share very

similar metal-binding site structures, including the heme and

proximal/distal His ligands (Figure 4B). Even some of the

hydrogen-bonding patterns are conserved between the two

peroxidases. The major difference is the presence of a

Mn(11)-binding site in MnP and Phe instead of Trp around
the heme-binding site (Figure 4C). Whilecl oxidizes
cytochromec, MnP oxidizes Mn(ll), which is then used to
oxidatively degrade both lignin, the second most abundant
biopolymer on earth, and aromatic pollutants. Biodegradation
of lignin is a key step in the petroleum-making process from
trees, while bioremediation of aromatic pollutants under
physiological conditions can play an important role in
environmental engineering.Therefore, it is interesting to
design a Mn(ll)-binding site with MnP activity intocP, an

Figure 5. Structural comparison of the Co(ll) derivative of a designed
metal-binding site in €P (blue) and the Mn(ll) center in MnP (red).

abundant enzyme from baker’s yeast. To achieve the goal,Co(ll) derivative of a @P variant containing the designed
a structural-based comparison revealed that all of the ligandsMn(ll) site suggests that the designed site is similar to that

to the Mn(l)-binding site in MnP either are missing or are
occupied by another residue incE (Figure 4D). Those
ligands have been introduced intef resulting in a new
protein with a Mn(ll)-binding site and new MnP activity in
CcP.8-80 preliminary crystal structure characterization of a

(75) Gengenbach, A.; Wang, X.; Lu, Y. Fundamentals and Catalysis of
Oxidative Delignification Processe#\rgyropoulos, D. S., Ed.; ACS
Symposium Series 785; American Chemical Society: Washington,
DC, 2001; Vol. 785, pp 487500.

(76) Sundaramoorthy, M.; Kishi, K.; Gold, M. H.; Poulos, T. L. Biol.
Chem.1994 269, 32759-32767.

(77) Gold, M. H.; Youngs, H. L.; Gelpke, M. D. 34et. lons Biol. Syst.
200Q 37, 559-586.

(78) Yeung, B. K.; Wang, X.; Sigman, J. A;; Petillo, P. A.; Lu, €hem.
Biol. 1997, 4, 215-221.

(79) Wilcox, S. K.; Putnam, C. D.; Sastry, M.; Blankenship, J.; Chazin,
W. J.; McRee, D. E.; Goodin, D. BBiochemistry1998 37, 16853~
16862.

(80) Wang, X.; Lu, Y.Biochemistryl999 38, 9146-9157.
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of MnP (Figure 5).

Further analysis also indicated thatFC contains two
tryptophans (Trp 191 and Trp51) while MnP has phenyla-
lanines at the corresponding positions (Figure 4C). Additional
mutations of the two Trp residues to the corresponding Phe
in MnP conferred even greater MnP activity! However,
the two mutations do not contribute equally to increased
activity. The Trp51Phe mutation resulted in a much larger
increase because, in comparison to Trp191, Tpr51 is more
capable of stabilizing compound II, an active species in the
catalytic reaction of MnP.

The above example shows a relatively clear one-to-one
correspondence between the starting templat®)@nd the

(81) Gengenbach, A.; Syn, S.; Wang, X.; Lu, Biochemistry1999 38,
11425-11432.
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Figure 6. Schematic illustration of engineering the LCcenter into azurin through loop-directed mutagenesis.

A - B
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Figure 7. (A) Type 1 blue copper and replacement of Cys and Met with unnatural amino acids. (B) Type 2 copper protein CuZnSOD.

target (MnP) protein. Sometimes such a correspondence mayhomology may not be apparent or nonexistent. These cases
not be obvious. Designing a &wenter into type 1 blue  may demand even deeper knowledge of the metal-binding
copper proteins is a good example. Type 1 blue copper sites in both the starting template protein and the final target
centers are classic electron-transfer (ET) centers whoseprotein. Type 1 blue copper centers contain a copper thiolate

structure and function have been well establistedCu, center in a distorted tetrahedral geometry not normally seen
centers, found in @ and NOR, are a new type of Cu center  in Cu complexes (Figure 7A). To learn how to design a type
and the first to contain a metametal bond in b|0log)§.7’58 1 copper protein' Coppezinc Superoxide dismutase (CuZn-

A strgcture-baseq sequence alignment indicates that' bothSOD), a normal type 2 copper protein, was used as a template
proteins share a similar Greﬁkbarre_l scaﬁol_d and the major  protein to covert it into a type 1 copper protein. Even though
difference between the two proteins lies in a loop between ¢,7nS0OD has a Greek ke8tbarrel fold similar to that of
two f strands in the C terminus (Figure 6). However, there type 1 copper proteins, the metal-binding sites are located

Is no clear one-to-one correspondence between the residueg, oyirely different positions in the proteins; no one-to-one
in the loop of the two proteins that could serve as ligands

for the two Cu centers. For instance, the number of residues
in the two loops (10 and 12 for the blue copper and, Cu
loop, respectively) and the number of metal ions (mono- and
dinuclear for the blue copper and Caoenter, respectively)
are different for the two proteins (Figure 6). If one were to
make mutations one at a time, it would be very difficult to

residue or loop correspondence can be found. Because the
type 2 Cu center in CuZnSOD lacks the conserved Cys in
type 1 copper proteins, a Cys was introduced into the metal-
binding site of CuzZnSOD (Figure 7B) with very different
results, depending on the mutat®&nWhen a Cys was
introduced into the Cu site of CuZnSOD by replacing one

determine which mutations and what combination of muta- of the H|S_I|gands ina tetragona! ge%metry, a normal type 2
tions to make. Instead, replacement of the entire loop copper thiolate center was obtairféd” On the other hand,

sequence (i.e., loop-directed mutagenesis) of the blue coppef€P!Iacing one of the His ligands in the distorted tetrahedral
center with the corresponding loop sequence of thg Cu ZNn Site of CuZnSOD with Cys and replacing Zn with Cu

center was carried out, resulting in new axCeenter in  resulted in a type 1 copper thiolate cerftef® This result

amicyanif® and azurif®82that closely mimics those in native
(83) Lu, Y.; Roe, J. A.; Gralla, E. B.; Valentine, J. S. Bioinorganic
CcO and MOR.' . . Chemistry of CopperKarlin, K. D., Tyeklar, Z., Eds.; Chapman &
Metalloprotein design based on structural homology is a Hall: New York, 1993; pp 6477.

powerful approach and has produced a number of newly (84) 1L5’§2Y'i ﬁraslgoléi-gggz%e, J. A;; Valentine, J. 5.Am. Chem. Soc.

designed metalloproteins. Sometimes, however, such a(85) Lu, Y.; Rbe, J. A.,; Bender, C. J.; Peisach, J.; Banci, L.; Bertini, I.;

Gralla, E. B.; Valentine, J. Snorg. Chem.1996 35, 1692-1700.

(82) Hay, M. T.; Ang, M. C.; Gamelin, D. R.; Solomon, E. I.; Antholine,  (86) Lu, Y.; LaCroix, L. B.; Lowery, M. D.; Solomon, E. |.; Bender, C. J.;
W. E.; Ralle, M.; Blackburn, N. J.; Massey, P. D.; Wang, X.; Kwon, Peisach, J.; Roe, J. A.; Gralla, E. B.; Valentine, JJ.SAm. Chem.
A. H.; Lu, Y. Inorg. Chem.1998 37, 191—198. So0c.1993 115 59075918.
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Figure 8. (A) Overlay of the crystal structure of WTMb (thin) and a structural model ofNllu based on computer modeling and energy minimization
(thick). (B) Overlay of the crystal structure of the hermpper center in 8D (thin) and the same structural model ofg®b (thick) as that in part A.

indicated that both the Cys ligand and the distorted tetrahe-similar to that in €O, the heme centers of the Mb and@
dral geometry are required to form the type 1 Cu center. crystal structures were first overlaid on top of each other
Interestingly, the type 1 Cu center was also designed usingand the Cy center in €O was used as a guide to locate
a computational approaéh®® The programDezymerwas sites to introduce the ligands (three His’s) necessary to create
used to search for sites in thioredoxin, where a type 1 Cu a Cus; center in Mb. After careful rotation and movement of
center can be created with similar geometry and ligand donorthe structures on the computer, the distal His of Mb was
set. On the basis of the program design, a series of fouridentified as one of the His ligands that overlay closely with
primary designs and 32 variants were carried®&tThe one of the His ligands in € (Figure 8A). From there,
most successful variant of the designed thioredoxin was ablecandidate residues for the two remaining His ligands for the
to mimic the type 1.5 Cu center after a strong, exogenous new Cuy center were evaluated first by visual inspection,
ligand, azide, was introduced axially into the designed center.and Leu29 and Phe43 were chosen based on how closely
The above example showed that the same protein can behey occupy a space similar to that of the corresponding His
designed by either a computational or an empirical approach,ligands in @O. After replacement of the two residues with
and each approach has its own strengths and weaknesseslis ligands and insertion of a Cu ion on the computer, the
While a computational approach can be used broadly to structure was minimized using a computer program. The final
search almost any protein to design target metal sites, theminimized metal-binding site structure [Mb(Leu29His/
empirical approach is restricted to a limited number of Phe43His), called GMb] resembles that of the Gicenter
proteins that contain metal-binding sites with some relation- in CcO (Figure 8B). This design, which involved an
ship to the target site (e.g., ligand or geometry). On the other empirical comparison of two heme proteins based on
hand, because parameters or force fields in defining the typeknowledge and then computational modeling, was later
1 Cu center are not complete, designing a type 1 Cu centerconfirmed experimentally by a variety of spectroscopic
using a computer program still remains an elusive goal techniques. The same strategy was also successfully dem-
because no design of Cu-containing exogenous ligand-freeonstrated in designing a g@eenter into €P 8°
type 1 copper proteins has been successfully demonstrated
gepspite apnpumtr))er of computational and expgrimental stud-HOW to Measure Success?
ies8587.88|n the meantime, the design of a type 1 Cu center  One clear measure of success is how closely the designed
using an empirical approach remains the only successfulmetalloenzymes resemble the target native enzymes. For
example®*88 Further study of both native and empirically example, a high-resolution crystal structure of the designed
designed type 1 copper proteins may shed new light on how Cua center in azurin showed that the active-site structure of
to design type 1 copper proteins and help improve a the designed Gucenter is almost identical to that of the
program'’s chance for success. Cua center in native €0, including not only the Ci{Scys)2
Because both computational and empirical approachescore structure but also the secondary coordination sphere such
have their own strengths and weaknesses, it is desirable tcas the interactions with Met and the peptide bond carbonyl
combine both approaches. An example of such a combinationO atoms that are perpendicular to the:(Sgy). plane (Figure
is the design of a Gycenter into either €P%° or myoglobin 9). This measure, however, is not the only one, and not
(Mb)% to mimic the hemecopper center in €. CcP and necessarily the best one, because it depends on the starting
Mb contain a heme center as i@ but lack the Cp center point. A design with the same final structure from a totally
present in €O. To design a Guicenter into Mb at a location  de novo peptide, although not yet achieved for Center,
is arguably more impressive than a design with a protein

(88) Hellinga, H. W.J. Am. Chem. Sod.998 120, 10055-10066. Another, and perhaps more important measure of success

(89) Sigman, J. A.; Kwok, B. C.; Gengenbach, A.; Lu, .Am. Chem. is how much the design process or study of the designed
S0c.1999 121, 8949-8950. g

(90) Sigman, J. A Kwok, B. C. Lu, YJ. Am. Chem. So@00Q 122 metalloenzymes can offer new or deeper insights that are
8192-8196. otherwise difficult to obtain by studying native enzymes.
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Figure 9. Crystal structures of the Gusite in azurin and €0 as viewed from the G{Sy¢)- plane (A) and perpendicular to the plane (B).

Because the designed proteins are often smaller, more stablestrongly indicate that Guand the C-terminal His may play
less complex (e.g., free from interfering chromophores as an important role in proton-coupled ET incG.

in CcO), or more amenable to spectroscopic and X-ray  Similarly, a study of the designed gMb clearly showed
crystallographic studies, they offer considerable opportunities that Cu,20-%5%heme-typé? and proton- or hydrogen-bonding

to provide newer or deeper insights. For example, a kinetic network$8 all play significant roles in @0 activity. For
study of Cu(ll) incorporation into the metal-free apoprotein example, spectroelectrochemical titrations ok&b dem-

of the designed Cuazurin showed that formation of the onstrated that the presence of a metal ion in the designed
mixed-valence form [Cufl.5)--Cu(+1.5)] is fast and Cus center has a significant effect on the reduction potential
spontaneous and goes through a tetragonal intermediatef heme-iron only when the two metal centers are coupled,
preferred by the Cu(ll) ion. In addition, the process requires indicating that spin coupling plays an important role in
an external reductant, without which sacrificial oxidation of reduction potential regulatiofd. In addition, the lower
free Cys ligands in the apoprotein may occur, reducing the oxidation state of Cu(l) in the Gwcenter resulted in a much
yield 8! Furthermore, metal ion substitutions of the native smaller increase (16 mV) in the heme reduction potential
Cu ions with other metal ions suggest that they @anter than the higher oxidation state metal ion (e.g., Zn(ll), 118
has a strong preference for an MEHM(I) state?293Finally, mV). Therefore, the heme reduction potential must be
a pH-dependent study of azurin provided a rare example lowered after the first ET to reduce heme®*FeCus?' to

of a reversible pH-dependent transition between delocalizedFe**—Cus™. To raise the heme reduction potential to make
and trapped mixed-valence states of a dinuclear Cu centerthe second ET (i.e., reduction of FeCug* to FE-Cug™)

in inorganic chemistry* Further studies identified the favorable, most likely a proton or decoupling of the heme
C-terminal His as the site of protonation and demonstrated copper center is needed in the henwepper site. These

a dramatic increase in the reduction potential when the Cu findings provide a strong argument for a thermodynamic
center was transformed from a delocalized to a trappeddriving force basis for redox-regulated proton transfer in
valance state through protonation. The.Center is known HCOs.

to be the electron entry site incO. However, its role in One of the biggest advantages of designed metalloenzymes
proton-coupled ET has not been clearly defined. Becauseis the potential of placing two different metal-binding sites
the corresponding C-terminal His incO is located along a  in the same protein framework for comparison. For example,
major ET pathway from Cuto hemea and because both blue copper and Guare ET centers. It has been difficult
protonation can result in an increased reduction potential thatto evaluate which one is a more efficient ET center because
could prevent ET flow from Cuto hemea, the above results  they reside in different protein matrixes and ET rate

(91) Wang, X.; Ang, M. C.; Lu, YJ. Am. Chem. S0d.999 121, 2947 (95) Zhao, X.; Yeung, N.; Wang, Z.; Guo, Z.; Lu, Biochemistry2005
2948. 44, 1210-1214.

(92) Hay, M. T.; Milberg, R. M.; Lu, Y.J. Am. Chem. Sod 99§ 118 (96) Zhao, X.; Nilges, M. J.; Lu, YBiochemistry2005 44, 6559-6564.
11976-11977. (97) Wang, N.; Zhao, X.; Lu, YJ. Am. Chem. So@005 127, 16541

(93) Hay, M. T.; Lu, Y.J. Biol. Inorg. Chem200Q 5, 699-712. 16547.

(94) Hwang, H. J.; Lu, YProc. Natl. Acad. Sci. U.S.2004 101, 12842~ (98) Sigman, J. A.; Kim, H. K.; Zhao, X.; Carey, J. R.; Lu, Rroc. Natl.
12847. Acad. Sci. U.S.A2003 100, 3629-3634.
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Figure 10. (A) Overlay of backbone structures of type 1 blue copper azurin and designe@Zbun. (B) Effects of Met mutations on the reduction
potential of the metal site in Guazurin and type 1 blue copper azurin.

comparison is often complicated by difficulties in defining metalloenzymes, including those with unprecedented struc-
the coupling factor between the donor and acceptor. By tures and function:19%192Even though native metalloen-
placement of the two centers in the same protein framework zymes have the most diverse structures and functions among
of azurin, the difference in coupling factor can be minimized, biomolecules, a close look indicates that they use only a
if not eliminated (Figure 10A), and a direct comparison can limited number of natural amino acids or nucleotides (as
be carried out, which showed that the zenter is a more  ligands) and physiologically available metal ions and metal-
efficient ET center, most likely because of a smaller containing cofactors. Introducing unnatural amino acids into
reorganization energ¥.In addition, a study also found that metalloproteins such as azurin has allowed fine-tuning of
the same set of mutations on the conserved Met resulted intheir functional properties, such as the reduction potential,
much less influence on the reduction potential in @ Genter linearly at almost an atomic level (Figure 7&%.1% Such
than in a blue copper center (Figure 108)These findings  changes allow control of a single factor, such as hydropho-
have shed new light on the structure and function of the two bicity, without changing other factors, such as sterics. On
ET centers. Blue copper centers have been used widely inthe other hand, introducing nonnative metal-containing
biology to perform a variety of functions, ranging from cofactors such as MnSal¢f1% and metallocene (e.g.,
photosynthesis to denitrification, with each redox partner ferrocené®) into proteins has resulted in new biocatalysts
having a very different reduction potential. To couple the and ET proteins that are soluble and stable in water, with
ET function with those redox partners, the reduction poten- controllable functional properties. For example, by placing
tials of blue copper centers should be widely varied to match ferrocene into the protein scaffold of azurin through bio-
those of their redox partners. A convenient way to tune such conjugation with the conserved Cys (Figure 11A), the
a potential is through variation in the axial ligand, from Met reduction potential of ferrocene increased from 402 mV
in azurin (304 mV) to GlIn in stellacyanin (180 mV) or Phe outside the protein to 579 mV inside the protein. This
in laccase (790 mV vs NHE). On the other hand, Centers dramatic increase in the reduction potential strongly suggests
are part of terminal oxidases such as3Zand the reduction  that the hydrophobic encapsulation of the ferrocene induces
potential difference between its redox partners is very small destabilization of the higher oxidation state of the ferroce-
(~50 mV). Large variations in the reduction potentials can nium ion, resulting in a higher reduction potential. Further
result in reverse electron flow and loss of function. Therefore, support of this conclusion comes from a study of the
the Cuy(Scys)> diamond-core structure is made to be more - - -
resistant to axial ligand variation. Despite this low reduction *°%) %’lDébg?fg’llcijM'; Haring, D.; Distefano, M. Bhem. Re. 2001
potential difference in Guand its partners, Gustill needs (102) Thomas, C. M.; Ward, T. RChem. Soc. Re 2005 34, 337—346.
to transfer electrons fast and is built to be a more efficient (103) E_;era; '7 ¥ 'Xl.';A(rfqlfef:et:gqnih's'\élé(?d;zl\ylzgfsz'o'\élﬁé;o\égh der Donk, W.
ET center. Therefore, by placing two different metal-binding (104) Berry, S. M.; Ralle, M.; Low, D. W.; Blackburn, N. J.; Lu, Y.
sites into the same protein, metalloprotein design can provide Am. Chem. So003 125 8760-8768.

. L . sor - (105) Ralle, M.; Berry, S. M.; Nilges, M. J.; Gieselman, M. D.; Van der
unique insights that are otherwise difficult to obtain by Donk, W. A.- Lu, Y.: Blackburn, N. JJ. Am. Chem. So@004

studying the native proteins or synthetic model compounds( | 12ha 7ﬁ44—7256. A

; ; ; 106) Ohashi, M.; Koshiyama, T.; Ueno, T.; Yanase, M.; Fujii, H.;
usmg. organic molecules as Ilgqnds. . Watanabe, YAngew. Chem., Int. ER003 42, 1005-1008.

A final measure of success is how one can utilize the (107) Carey, J. R.; Ma, S. K.; Pfister, T. D.; Garner, D. K.; Kim, H. K_;
i ; ; ; ; Abramite, J. A.; Wang, Z.; Guo, Z.; Lu, YJ. Am. Chem. So@004
insight gained from the intellectual exercise to design new 126 1081210813,

(108) Ueno, T.; Koshiyama, T.; Ohashi, M.; Kondo, K.; Kono, M.; Suzuki,

(99) Farver, O.; Lu, Y.; Ang, M. C.; Pecht,Proc. Natl. Acad. Sci. U.S.A. A.; Yamane, T.; Watanabe, Y. Am. Chem. So2005 127, 6556~
1999 96, 899-902. 6562.
(100) Hwang, H. J.; Berry, S. M.; Nilges, M. J.; Lu, ¥. Am. Chem. Soc. (109) Hwang, H. J.; Carey, J. R.; Brower, E. T.; Gengenbach, A. J,;
2005 127, 7274-7275. Abramite, J. A.; Lu, Y.J. Am. Chem. So@005 127, 15356-15357.
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What Challenges are Ahead?

The examples given in this Forum Article and in others
from this issue have clearly demonstrated that metalloenzyme
design is quite fruitful and extremely rewarding. Like any
young and emerging field, however, it has its own challenges.
Most successes are in the design of relatively straightforward
mono- or homonuclear metal-binding sites, with affinity often
in the micromolar range for dissociation constants. To design
more complex metalloenzymes with stronger affinities, one
needs to focus on the design of not only the primary
coordination sphere (i.e., ligands that directly coordinate to
the metal ions) but also the secondary coordination sphere
(i.e., residues around the ligands). Without consideration of

Figure 11. Designed artificial organometalloproteins: (A) blue copper the secondary coordination sphere, the metal-binding sites

azurin containing a covalently attached ferrocene; (B) Phe15Cys/Cys112Gly/ may not even form or may not have the desired functional

f’\g(ra:c}czelr?el?/ variant of the blue copper azurin containing a covalently attached properties. For example, in the design of a cytochrome P450
using @P as a template, replacement of the proximal His

Phe15Cys/Cys112Gly/Met121Gly variant of azurin in which in CcP with Cys as in P450, the key difference between the
ferrocene was incorporated in the same way. This variant WO proteins, was not enough because Cys was oxidized
was constructed to place ferrocene even deeper into theapidly to cysteric acid:* It was then recognized that a
protein pocket by replacing the original Cys112 to Gly, conserved Phe is present next to the Cys in P450 while a
creating a new Cys bioconjugation point through the GlU is at the same position incB. Phe in P450 can help
Phe15Cys mutation, and creating more room through the Stabilize Cys, while the negatively charged Glu icFdmay
Met121Gly mutation (Figure 11B). Under identical condi- Nave destabilized the Cys in the designed prot&imo
tions, the reduction potential of this new organometallopro- ©Vercome this limitation, the Glu was replaced by Leu, an
tein increased even further to 610 mV, demonstrating the amino acid that is similar in structure to Glu but can provide
power of using the protein itself to control the functional @& hydrophobic environment similar to that of Phe. This
properties of metal centers. These artificial metalloenzymes change in the secondary coordination sphere resulted in a
are welcome additions to the metalloenzyme family and may stablg hemethiolate not only in the rest?ng ferric state but
find a number of potential biochemical and biotechnological @lS0 in the reduced ferrous state and in the presence of a
applications. strong trans ligand such as CR#2113

In almost all of the cases mentioned above, knowledge Another important element in the secondary coordination

gained from the study and design of other metalloenzymesSPhere is the presence of water and hydrogen-bonding
has helped the design process. For example, to design hemBetworks. A number of biochemical and biophysical ;tudles
enzymes, nature has utilized different strategies such ash@ve demonstrated that water and hydrogen-bonding net-
noncovalent (Mb), single covalent attachment (selected works play a critical role in tuning the enzyme activity from

cytochromec), and dual covalent attachment (majority of ©ON€ type, such as P450, to another type, such as heme

cytochromec’s). Similar strategies have been implemented ©Xygenase (HO)* This factor has to be considered in
in the successful design of MnSalen into ;108 metalloprotein design, such as the design of a hecopper
dpenter in Mb. Despite the fact that a &eenter was designed

into the distal pocket of Mb that is similar to that ircQ,*°
the designed protein (i.e., @Mb) did not display oxidase

The above examples showed that rational design base
on native scaffolds can be powerful in designing new

metalloenzymes. However, it has its own limitations. Because activity when the oxy form of the enzyme was reduced by

this rational design strategy starts with a native protein rather - .

gns 9w pro reductant$® HO activity (conversion of heme to verdoheme)
than a de novo designed one, structural features embedded . . :
. . ; . was shown instead. A number of control experiments carried
in the starting template protein that help the formation of

the new target metal-binding site may not be obvious to the outin th_e presence of catalase ruled ou_t poor prote|_n stability
. . . . or protein dynamics of the model protein as the main reason
designer. For example, in the design of ax@enter into a

. . . . ._for the difference in reactivity because the heme was stable
type 1 copper protein azurin using loop-directed mutagenesis, . . : .
S . . ~~“"and nonreactive when the reaction was carried out in the
the work highlights the importance of the ligand loop in

defining the Cu centert®8 However, additional structural absence of Cu, in the presence of either redox inactive Zn(ll)

features m_ azurin may have h_elpe_dACformatlon, such as (111) Choudhury, K.; Sundaramoorthy, M.; Hickman, A.; Yonetani, T,
electrostatic or hydrogen-bonding interactitfighat cannot Woehl, E.; Dunn, M. F.; Poulos, T. L1. Biol. Chem.1994 269,

be identified with confidence. To reveal these features, one 20239-20249. . ,
. . . (112) Sigman, J. A.; Pond, A. E.; Dawson, J. H.; LuBiochemistry1999
may need to use a template protein that is different from 38, 11122-11129.
type 1 copper proteins. (113) Perera, R.; Sono, M.; Sigman, J. A.; Pfister, T. D.; Lu, Y.; Dawson,
J. H.Proc. Natl. Acad. Sci. U.S./2003 100, 3641-3646.
(114) Fujii, H.; Zhang, X.; Tomita, T.; Ikeda-Saito, M.; Yoshida JTAm.
(110) Hwang, H. J.; Nagraj, N.; Lu, ¥norg. Chem200§ 45, 102—107. Chem. Soc2001, 123 6475-6484.
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or Ag(l), or in the presence of Cu and wild-type Mbin including electrostatic, hydrophobicity, and hydrogen-bond-
addition, the use of pD,, an oxidant with an equivalent ing forces. This also demands clever empirical designs based
number of electrons as;@vith two extra electrons and two  on in-depth knowledge that can take all of these elements
extra protons, resulted in a ferryl species, a key intermediateinto consideration. Critical to success is detailed structural
in oxidase but not HO reactivit}. These results strongly  characterizations of designed proteins, particularly high-
suggest that the presence of extra protons or a hydrogenyesolution, three-dimensional crystal or NMR structures,
bonding network is important for oxidase-like activity. ltwas  pecause they will not only confirm how successful the design
proposed that the hydroxyl group of anda-type hemes s put also reveal surprises that can enrich our knowledge
may play a role in providing the hydrogen-bonding net- 4.4 give us information that can be applied to modeling
work>11°Replacement of the-type heme in Mb with an  ,4rams for the next generation of design. Given the
o-type heme mimic containing the extra hydroxyl group 1, oathtaking advances in molecular, computational, and
resulted in a significant (19-fold) reduction of verdoheme structural biology, it should be possible in the near future to

o7 .
formation?®” This yvork demonstrated the |mporFance _of the make “designer metalloenzymes” that can be custom-made
secondary coordination sphere to metalloprotein design. We X .

to bear desirable structures and functions.

will see many more such examples in further metalloprotein
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