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Metalloprotein Conformation

Sliding Helix and Change of Coordination
Geometry in a Model Di-Mn" Protein**

William F. DeGrado, Luigi Di Costanzo,
Silvano Geremia,* Angela Lombardi, Vincenzo Pavone,
and Lucio Randaccio

In metalloenzymes, the protein matrix tunes the dynamic and
structural properties of their metal ion cofactors to catalyze a
wide range of reactions with remarkable catalytic efficien-
cies.l'l' As the reaction proceeds, the metal ions must cycle
between different ligation and sometimes also oxidation
states;? the protein plays an active role in stabilizing and
catalyzing the interconversion of these intermediates.’-]
Shifts of key carboxylate side chains and other localized
motions are often observed in response to changes in
oxidation state and the binding of exogenous ligands.[]
The de novo design of novel artificial proteins that have
predictable structures and functions is the most challenging
goal in protein design and mimicry. Creating functional
artificial metalloproteins requires a detailed understanding of
the protein-folding mechanism as well as of the coordination
chemistry of the metal centers. Herein we demonstrate a
sliding-helix mechanism for stabilizing a change in the ligand
environment of DF1, a model di-Mn!" protein.

Recently, we designed DF1 as a highly simplified model
for diiron/dimanganese proteins.’) This class of protein
includes a number of functionally diverse structures including
diiron proteins such as the radical-forming R2 subunit of
ribonucleotide reductasel'”’ and methane monooxygenase, ']
as well as dimanganese proteins!’? such as catalasel® and
arginase.l') DF1 is a dimer of helix-loop-helix motifs with a
dimetal site near the center of the four-helix-bundle structure.
As in natural diiron proteins, two Glu side chains bridge both
metal ions, while the other two carboxylates interact with a
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single metal ion in a bidentate, chelating interaction. Two His
residues form additional monodentate ligands. The minimal-
ist design of DF1 renders it an excellent candidate for
determining how the tertiary and quaternary structures
respond to changes in the ligation of dimetal centers. Direct
access to the dimetal site of DF1 is controlled by the nature of
the side chain at positions 13 and 13’ of equivalent monomers;
with Leu at these positions, the protein binds two Co", Zn", or
Mn"" ions without exogenous ligands.”) Reducing the bulk of
residue 13 and 13’ to Ala allows access of small molecules to
the active site, and the X-ray structure of the di-Mn' revealed
a bridging DMSO group, whose sulfoxide oxygen atom is in
direct contact with both manganous ions."”) Herein we report
the crystal structure of DF1-L13G-DF1, in which the active-
site cavity has been expanded by further reducing the bulk of
residue 13 to Gly.

The structure of di-Mn"-L13G-DF1 displays four crys-
tallographically independent dimers in the asymmetric unit.
The individual dimers are closely related to the structure of
di-Mn'-L13A-DF1, with the exception that the water-filled
access channel has been expanded in the expected manner.
The most striking feature found in di-Mn"-L13G-DF1 is the
presence of two different dimanganese coordination environ-
ments. In three of the four dimers (AB, CD, and EF) a solvent
molecule bridges the two metal ions (Figure 1a), while in the

a)

fourth dimer (GH) two terminal solvent molecules are
coordinated to the two manganese ions trans to the histidine
ligands (Figure 1b). The electron density of the four dimetal
centers is well-defined, and there is no evidence for a mixture
of binding modes within a given active site. Dimanganous
derivatives of analogues of DF1 are very resistant to air
oxidation in solution (unpublished data), and the observed
coordination geometries observed in the crystal structure are
consistent with the Mn!! oxidation state.

The bridging solvent molecules in AB, CD, and EF have
been tentatively assigned as water molecules, based on the
Mn-Mn and Mn-O distances, and in view of the pH value at
which the crystals were grown.['”) The solvent-bridged centers
show an intermetal distance of 3.59 A (mean value), which is
close to the value of 3.61 A observed in small-molecule
complexes for water-bridged di-Mn'' centers that are also
bridged by two 1,3-carboxylate groups.'l A significantly
shorter distance would be expected for higher oxidation states
of Mn ions in the presence of bridging exogenous anions.['3 In
di-Mn'-L13G-DF1 the Mn-O distances of the bridging
solvent ligand range from 2.3 to 2.5 A, which is somewhat
larger than the 2.2-A distance generally observed in analo-
gous small-molecule H,O-Mn}' complexes.'””! In the GH
dimer with two terminal solvent molecules, the intermetal
distance increases to 4.20 A. The two axial Mn-solvent

Figure 1. Stereoview of 2Fo-Fc electron-density maps (contour levels are 1.50) of the dinuclear metal-binding site of di-Mn—L13G-DF1 in the AB
dimer (a) and in the GH dimer (b). These figures were generated with Bobscript.
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Figure 2. a) Crystallographically independent dimers of di-Mn-L13G—

DF1, AB (left) and GH (right), viewed along the x axis of a common or-

thogonal reference system. The arrows in the GH dimer indicate the
shifts of N-terminal helices and metal ions with respect to the other
dimers. This figure was generated with Insightll (BIOSYM, San Diego,
CA). b) Superimposition of helices 1 and 1 (left) and helices 2 and 2’
(right) of the four crystallographically independent dimers of di-Mn'—
L13G-DF1. Note the movement of helices 1 and 1’ of the GH pair
(red) relative to the remaining helices (AB blue; CD green; EF cyan).
The Figure was generated with Rasmol.E

distances are 2.0 and 2.1 A, which are
significantly shorter than the corresponding
distances found in simpler dinuclear man-

Angewandte

in more acute carboxylate plane angles ranging from 32 to
40°. A more deep-seated change in quaternary structure was
discovered when the bundles were examined in a common
Cartesian coordinate system in which the central axis of the
bundle is aligned along the z axis and the approximate C, axis
of symmetry of the metal-binding site is aligned along the
x axis (Figure 2). The C-terminal helices (2 and 2'), which
contain the His-Xxx-Xxx-Glu liganding site, are virtually
invariant among the structures (Table 1 and Figure 2). In
contrast, the N-terminal helices (1 and 1’), each of which
contains only a single liganding Glu side chain, occupy
different positions in the GH dimer relative to the other
structures. In GH the two copies of helix 1 undergo a shift in
opposite directions (approximately 0.7 A) along the Z axis,
away from the metal-binding site (Table 1 and Figure 2).
Indeed, this shift accompanies the lengthening of the metal—
metal distance observed in the GH dimer.

In summary, this analysis has revealed a novel, sliding-
helix mechanism by which metalloproteins can accommodate
changes in their coordination environment. Although similar
mechanisms have been shown to be important for signal
transduction,?>%! such motions have not been observed in the
dimetal class of metalloenzymes. Instead, previous studies of
catalytically active metalloproteins have focused on more
localized carboxylate shifts and changes to isolated regions of
the backbone.l! Indeed, the idealized structure of DF1 has
facilitated this analysis, which might have been more difficult
to observe in a complex, large protein. Our data show that
more collective motions provide an attractive mechanism for
dynamic conformational tuning in designed metalloproteins.
It will be interesting to determine whether this mechanism
contributes to the catalytic activities of natural metallopro-
teins as well.

Chemie

Table 1: Angles formed by each axis of helices for the four dimers of Mn'"-L13G-DF1 with the axes of the
reference system, together with the coordinates of the center of mass of the individual helices. The only
significant deviation between the equivalent helices of GH relative to the other dimers lies within helix 1
of G and H (bold values).

ganese aqua complexes (ca. 2.3 A).20211 We

also observe a close approach of the two el . A”gles s " Centrerf mass A
terminal solvent molecules (2.7 A), which x[] vl z[] *[Al VAl A

suggests that the pair of solvent molecules HEL 1-A —97 —78 —166 4.52 5.41 0.13
might actually be a more tightly chelated HELT1-C —102 —78 —163 4.52 5.07 —0.13
H.O.- 6 HEL 1-E —102 -78 —163 459 5.14 —0.07
R . HEL1-G —97 ~77 ~165 4.62 5.32 0.68

To investigate the structural consequen-
ces of the different modes of binding, we g 1.8 99 102 15 453 _533 003
analyzed crystal packing, local shifts in side- HEL 1-D 101 104 18 4.33 ~5.16 0.17
chain conformations, as well as global shifts HEL 1"-F 99 101 14 435 -5.16 0.15
in tertiary structure. The analysis of the HEL1-H 97 103 14 4.56 —5.40 —0.78

differences in crystal-lattice packing among
the four-helix bundles (see Supporting In- HEL 2-A 82 78 -15 435 585 2.08
f . led Jonifi lati HEL 2-C 76 76 —20 —4.40 5.95 1.93
ormatlon) reveale n(? signi 1f:ant relation-  |,p 5 77 78 18 447 5.89 2.06
ship between the packing environment and g 2. 31 77 _16 457 6.00 212

the different structural behavior of these
molecules. In GH, the carboxylate planes HEL 2'-B —-80 —-102 164 —4.45 —5.91 —2.18
are rotated with respect to each other by an  HEL 2-D —79 —102 163 —4.48 —5.81 —1.91
angle of 20°; in the other dimers small HEL 2-F -80 —101 165 —4.65 —3.85 —2.10
HEL 2"-H —82 —103 164 —4.59 —5.93 —2.03

changes in the Glu side-chain torsions result

Angew. Chem. 2003, 115, Nr. 4
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Experimental Section

Crystallization and data collection: Single crystals of the complex di-
Mn"-L13G-DF1 were grown at 277 K using the hanging-drop vapor-
diffusion method. The protein was solubilized as described previous-
ly,5) and drops were prepared by adding 2 pL of protein (10 mgmL~")
to 2uL of reservoir solution containing PEG 400 (34%),
Mn(CH;COO), (0.03Mm), Tris-HCI (0.1m of pH 7.5). Diamond-shaped
crystals of di-Mn''-L13G-DF1 (0.3x0.3x0.2mm?) grew within
10 days at 277 K. X-ray diffraction data were collected at the Elettra
Synchrotron (Trieste, Italy) using a monochromatic radiation (4=
1.200 A) and a MAR Research 345-mm imaging plate as detector.
The crystal used in the collection data was harvested into mother
liquor with a small loop of fine rayon fiber and flash-frozen in a
stream of N, at 100 K. The data were collected at a resolution of
191 A, fixing the crystal-detector distance at 180 cm. The crystal
belongs to the space group P2,2,2; with unit-cell parameters of a=
38.22, b =89.27, ¢ =146.29 A. The determination of unit-cell param-
eters, integration of reflection intensities, and data scaling were
performed using MOSFLM and SCALA from the CCP4 program
suite.?) The data set consists of 94932 measured reflections and
provides a unique data set of 38634 {eﬂections with an Ryeree = 0.125
and an overall completeness to 1.91 A of 0.966. R ¢ in the 2.01-1.91
resolution shell is 0.463.

Structure determination: the V), values suggested the presence of
32 or 40 monomer chains in the unit cell and 8 or 10 monomers in the
asymmetric unit. The structure of the complex di-Mn-L13G-DF1 was
solved by molecular replacement with the program AMORE®! using
the coordinates of one dimer of the crystal structure of di-Mn'-
L13A-DF15 as the starting model. Four rotation/translation solu-
tions were found for the independent dimers, compatible with the
complete crystal packing. The first rigid body refinement of the four
dimers gave an R factor of 0.420. The structure was refined with the
REFMAC program®! using 36674 unique reflections following a
process of manual model building by using the program Ol (5% of
the data set was selected for the calculation of the Rp..). The final R
factor was 0.201 and R;.. = 0.244.

Structure analysis: each four-helix bundle was positioned in a
common orthogonal coordinate system using the following algorithm:
1) The regression line passing through the midpoints of pseudoequi-
valent C, pairs of the N-terminal helices (residues 1-22) and of C-
terminal helices (residues 27-48) defines the direction of the x axis,
which coincides with the approximate, noncrystallographic twofold
axis of the dimer. 2) The regression line passing through the
midpoints of pseudoequivalent C, pairs of diagonally opposing
helices (the N-terminal helix of one monomer with the C-terminal
helix of the other monomer) projected on the plane orthogonal to the
x direction defines the z axis, which coincides with the super-helix
axis. 3) The equation of the best line passing through the point of
origin?®l of one helix in this reference system describes the position of
the single helices (Table 1). Crystallographic data have been depos-
ited in the Protein Data Bank, access number 1 LT1.
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