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ABSTRACT. C&" controls biological processes by interacting with proteins with different affinities, which
are largely influenced by the electrostatic interaction from the local negatively charged ligand residues in
the coordination sphere. We have developed a general strategy for rationally designing stabn@a
Ln3*"-binding proteins that retain the native folding of the host protein. Domain 1 of cluster differentiation

2 (CD2) is the host for the two designed proteins in this study. We investigate the effect of local charge
on C&"-binding affinity based on the folding properties and metal-binding affinities of the two proteins
that have similarly located C&binding sites with two shared ligand positions. While mutation antt Ca
binding do not alter the native structure of the proteind'Gainding specifically induced changes around

the designed Ca-binding site. The designed protein with-é&b charge at the binding sphere displays a
14-, 20-, and 12-fold increase in the binding affinity for’€arb®*, and L&*, respectively, compared to

the designed protein with &3 charge, which suggests that higher local charges are preferred for both
Ca&* and Lr?™ binding. The localized charged residues significantly decrease the thermal stability of the
designed protein with a5 charge, which has &, of 41 °C. Wild-type CD2 has d, of 61 °C, which

is similar to the designed protein with-a3 charge. This decrease is partially restored by @énding.

The effect on the protein stability is modulated by the environment and the secondary structure locations
of the charged mutations. Our study demonstrates the capability and power of protein design in unveiling
key determinants to Ca-binding affinity without the complexities of the global conformational changes,
cooperativity, and multibinding process found in most natur@™@anding proteins.

C&"-binding proteins are involved in numerous biological been implicated in diseased stat@s§). Understanding the

processes, both intra- and extracelluladyZ). C&* binding rules governing the Ca-binding affinity not only facilitates
contributes to the folding and stability of proteins (e.g., in studying C&"-regulated biological processes and related
o-lactalbumin, thermitase, and thermolysiB).(In the C&"- diseases but also €amediated protein stability.
dependent signal pathways, Zainding usually causes a In proteins, C&" predominantly uses oxygen atoms from

large conformational change and leads proteins to interactthe side chains of Asp, Glu, and Asn, the main chain, and
with downstream partners or other target molecules. Becausesolvent water as ligands (refers to the atom or residue
C&" concentrations vary more than “fold in different chelating the CH throughout the paper). Several factors have
cellular compartments and extracellular environment8-Ca  been shown to be important in the binding o?Casuch as
triggered proteins usually have €affinities corresponding  the number of charged ligand residues, the binding geometry,
to the C&" concentrations of their functional locations. In and the protein environmen®{13). The number of acidic
addition, a large number of €abinding proteins play  residues directly involved in binding has been proposed to
important roles in maintaining proper temporal and spatial be one of the most important factors contributing t¢'Ca
distribution of the cellular Cd concentration, preventing  binding affinity and protein stability because of the electro-
cells from C&" overload and apoptosig)( A number of static nature of Cd binding. Sequence analysis of 165 EF-
transmembrane-spanning ainding proteins (e.g., cad- hand C&" loops has shown that 6, 65, and 27% have net
herins and integrins) support the structural integrity of cells charges of—5, —4, and —3, respectively 14). Previous
and tissues and contribute to the transduction of sigials ( studies on the effect of primary coordination net charges on
6). Both stronger and weaker affinities hamper the protein C&* affinity have shown inconsistent results depending upon
functions by trapping them in either inactive or active states. the protein used. Falke's group has shown that crowded
Furthermore, mutations in €abinding sites of proteins have  negative ligands do not favor €abinding in the galactose-
binding protein. Its original single C&hinding site with a
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Ficure 1: NMR structure of CD2.6D15 (A, 1T6W) and the model structure of CD2.7E15 (B). TRei€ahown in green, and the ligand
residues are in red. The residues are labeled in black, and giands are labeled in yellow. The pictures are generated using PyMol
(DeLano Scientific LLC).

parvalbumins from—4 to —5 in the coordination sphere these two proteins have similar native structures, they exhibit
increases C4 affinity (17). Such diversified results are likely more than 10-fold differences in metal-binding affinities.
due to the fact that the charged residues in these proteinsAlthough the native folding and conformation are not altered
contribute not only to the Ca binding but also to the by the introduction of five negatively charged ligand residues
conformation and stability of the proteins in addition to the at the C&"™-binding site, the thermal stability of the protein
cooperative interaction of multiple €abinding sites. Fur- is significantly decreased in the absence of metal ions and
thermore, using peptide models to dissect charge contributionpartially restored by metal binding. Therefore, this system
to the C&" affinity often suffers from the lack of well-defined  allows us to understand the role of local charge interactions
conformations in solutionsl@—21). Therefore, to date, the to C&" affinity and protein stability without the complexity
quantitative description of electrostatic effects in the primary of metal-induced conformational change observed in natural
coordinations to the Céa-binding affinity remains to be  C&"-binding proteins.
established. A model system with minimized conformational
change is advantageous in dissecting the contributions of MATERIALS AND METHODS
differ_ent key factors that contribute to calcium-binding Rational Design of C#-Binding Sites.A computer
proteins. algorithm was used to design isolatec?Ghinding sites in

Our lab has developed a design approach to create a singley scaffold protein as previously describé, (23, 24). Glu
metal-binding site in a host protein, which surpasses the or Asp was used as the bidentate anchor, and three or four
difficulties in multisite systems21—-23). We have shown  additional ligands were included for CD2.6D15 or CD2.7E15
that the majority of natural C&-binding sites in proteins design, respectively.
share common pentagonal bipyramid geometry. In this study, protein EngineeringThe cloning and purification of the
two designed proteins termed CD2.6D15 and CD2.7E15 in proteins used classical methods described eadigr33).
the host protein domain 1 of cluster differentiation 2 (CD2) Al solutions were treated with Chelex-100 resin (BioRad)
were used to investigate the effect of local charges on theto remove trace metal ions. Metal-free protein samples
Ca*-binding affinity. We have reported that CD2.6D15 contain 1 mM ethylene glycol bis(2-aminoethyl ether)-
[termed Ca.CD2 in previous literatur2 23)] exhibits C&* N,N,N',N'-tetraacetic acid (EGTA), except for the metal
binding and metal selectivity. It also retains the native tjtrations.
structure and cell-adhesion function of the host protein. The  conformational AnalysisThe conformation of the protein
structural studies have shown thafChinds to the proposed  \yas investigated by circular dichroism (CD), fluorescence,
location and binding ligands. Moreover, no significant anq nuclear magnetic resonance (NMR) using the established
conformational changes were induced by?Cainding methods 21, 23). The samples for CD and Trp fluorescence
(Figure 1A), validating our design strategg2( 23). are in 10 mM Tris at pH 7.4. The samples for 3Th

In this study, we demonstrate the success of applying thefluorescence resonance energy transfer (FRET) and NMR
established approach to create proteins with simil&*Ca  are in 20 mM piperazine-1,4-bis(2-ethanesulfonic acid)
binding environments differing in primary coordination (PIPES) and 10 mM KCI at pH 6.8 to avoid precipitation.
charges and ligand types to dissect their contributions on  Thermal Stability. Thermal stability was measured by
the C&*-binding affinity. We first report folding and metal-  monitoring the CD signal change of the proteins in 10 mM
binding studies of two designed €abinding proteins. While Tris and 10 mM KCl at pH 7.5 from 5 to 95C. The signal
changes (225 nm for CD2.7E15 and 230 nm for CD2.6D15)

L Abbreviations: CD, circular dichroism; CD2, domain 1 of cluster Were fitted using the equatiolAS = ASya/(1 + e )
differentiation 2; FRET, fluorescence resonance energy transfer. to obtain the thermal transition point, whef& and ASyax
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are the signal changes at each data point and final pbint, RESULTS
and T are the transition temperature and experimental ) S ) ) ) )
temperature, respectively, ardis a transition rate that Design of C&'-Binding Proteins with Different Ligand
defines how fast the temperature-induced change occurs Charge NumberdVe have analyzed 44 representativé Ca
which is represented by the slope of the transition phase inPinding proteins from different families out of the 515%Ca
the fitting curve. A smallek results in a sharper transition.  Pinding proteins in the Protein Data Bank (PDB). These
Metal Binding.The metal-binding properties were inves- deta|le_d sftruc_tural analyses_ have reve_aled thgt the average
tigated by fluorescence and NMR as described earfigr ( Ca2+—b|nd|ng ligand r_lumber is 6.5, and it often includes one
23). The TB*-binding affinity was measured using aromatic © WO I'gf”ds supplied by the solvergq). Therefore, two
residue-Th* FRET by monitoring the fluorescence increase "ovel C&"-binding sites have been designed in CD2 with a
at 545 nm versus the Fhconcentration. The [%-binding total protein ligand number of either 6 or 5 as well as one
affinity was derived using the competitive binding of3Tb or tW(_) possible solvent ligands. CD2.7E15 contains .three
and L&*. The protein concentrations for the htitrations mutations (N15E, L58D, and K64D) and two natural residues
were~2 and~3 uM for 7E15 and 6D15, respectively, and 25 ligands (E56 and D62). CD2.6D15 contains two mutations
the final TB* concentrations were-3 uM for CD2.7E15 (N15D and N17D) and two natural residues as ligands (N60
and ~120 uM for CD2.6D15. For the L& competition and D62). E15 or D15 was proposed to serve as the bidentate
study, L&" was gradually added to the proteifib®* mixture ligand, respectively (Figure 1). CD2.7E15 and CD2.6D15
with ~2 and~4 uM of 7E15 and 6D15, respectively, and share two ligand positions (15 and 62) and a similar protein
~2 uM (for CD2.7E15) and>20 uM (fc;r CD2.6D15)’of environment. The solvent accessibility of the ligand residues
Th*". The L&" concentrations of the final points are25 has only small differences revealed by GetArea (http://
uM (for CD2.7E15) and>75uM (for CD2.6D15). The data www.scsh.utmb.edu/cgi-bin/get_a_form.tcl) for the two pro-

fit well using Specfit/32 (Spectrum Software Associates). €ins. The solvent accessibility of the bound’Cis greater
Because of the significantly weaker affinity for €athan in CD2.6D15 than that in CD2.7E15 because the site in

for Th*, the C&'-binding affinity cannot be obtained CD2.6D15 has one less ligand residue and uses D/N as

accurately using the Ph FRET competitive binding assay. ligands instead of E/Q Wlt.h longer side chains. CD2.7E15
Therefore, the Ga-binding affinity was measured usingN- has a net charge 65, while CD2.6D15 has a net charge
1H heteronuclear single-quantum coherence (HSQC) spectrslf —3 in the metal-binding pockets. They are located on the
by titrating C&" into the protein samples (156M) with BED surfa_ce of C_D2, which is on the opposite face fr_om
40-50 uM EGTA at the initial point. The CH was the CD48-interaction GFCC'" face. The_ BED surface is
gradually added, and the concentration of the final titration €SS charged than the GFQI face €9) with only one and
point is 13.1 mM. The dissociation constant was derived by _three charged _resldues on this surface not directly involved
monitoring the chemical-shift changes of several resonances the metal binding for CD2.7E15 (K66) and CD2.6D15
versus the C& concentrations. Ca binding resulted in the ~ (E56, K64, and KE6), respectively.
resonance changes around the designéd-Biading pocket Two Designed Cd-Binding Proteins Retain the Nat
in CD2.7E15, such as G61, D58, and Q22, in a fast phaseStructure.The introduction of C# ligands in CD2 has not
with a Ky of 100 & 50 uM. The Ky is the average of the disturbed the protein structure as revealed by far-Uv CD,
results from several resonances, and the uncertainty reprefluorescence, and NMR. A single negative maximum at 216
sents the different responses of these resonances to the Canm was observed in CD spectra for both proteins (Figure
binding. A slower change with &4 of more than 1 mM 2A), indicating well-foldeds-strand secondary structures.
was observed for other residues such as E99 and L98 at thel he fluorescence spectra showed an emission maximum at
C terminus. This binding process is likely due to nonspecific 327 nm (Figure 2B), which arises from the buried Trp-32 in
binding because the residues that showed large chemicalthe hydrophobic environment. In addition, 11 NMR
shift changes at high Ga concentrations are not geo- Spectra of CD2.7E15 and CD2.6D15 are very similar to that
metrically clustered. On the other hand, residues of CD2.6D150f CD2 with widely dispersed resonances. These results
that exhibit chemical-shift changes are clustered around theindicated that CD2.7E15 has similar secondary structure and
Ca*-binding site, although they have a weak affinity with ~tertiary packing to that of CD2.6D15 and CD2X( 23). The
aKy of 1.4 mM. Therefore, both CD2.7E15 and CD2.6D15 addition of C&" and Lr#* ions induced negligible differences
contain a single C4-binding site. in the CD and fluorescence spectra as well as the overall
Electrostatic Potential CalculationsThe electrostatic ~ NMR spectra. However, several resonances around the metal-
potentials were calculated using DelPH25{27). The binding pockets such as Gly-61 underwent relatively large
calculation for CD2.7E15 and its variants is based on the shifts upon the addition of Ca (Figure 3), suggesting that
model structures generated from the CD2 structure 1HNG. only local conformational changes occur upon metal binding.
The calculation for CD2.6D15 is based on the solution Metal-Binding AffinitiesThe metal-binding properties of
structure 1T6W. The hydrogen atoms were built using CD2.6D15 and CD2.7E15 have been investigated using
SYBYL. The potentials in the presence and absence &f Ca aromatic residueTb®*" FRET and NMR (Figure 3). TH
are calculated by adding or removing the?Céns in the shares coordination properties similar to?Cand is often
structure files without altering the coordinations of other used to probe the Gabinding proteins 0, 31). With the
atoms. The interior and exterior dielectric constants of 2 and addition of CD2.6D15 or CD2.7E15 into Thsolutions, the
80, respectively, were used in DelPl5-27). The salt fluorescent signal at 545 nm dramatically increase@Q-
concentration was 0.01 M, and the linear solution of the fold), while the addition of CD2 resulted in an insignificant
Poissor-Boltzmann equation was imposed until convergence change, suggesting that the enhancement of Eignal
was reached. originates from the binding to the designed proteins. Figure
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Ficure 2: Far-UV CD (A) and Trp fluorescence spectra (B) of
CD2.7E15 4 andA), CD2.6D15 @ andO), and CD2 & and)
in the presence of 10 mM €a(a, B, and®) or 1 mM EGTA (a,
O, and O). (C) One-dimensional NMR of CD2.7E15 with the
sequential addition of different metal ions (from bottom to top).
The final concentrations are 0.05 mM for EGTA, 130 mM fof,K
10 mM for Mg?t, 5 mM for C&*, and 1 mM for L&". The arrows
indicate the C&#-induced change.

3B shows that L& competes with the T binding to reduce
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is 1400+ 400uM, derived from the chemical-shift changes
of the residues proximate to the metal-binding posit@8).(
Figure 3C shows th&H->N HSQC spectra of CD2.7E15 at
different C&" concentrations. CGa binding specifically
results in changes of the chemical shifts of the resonances
around the designed €abinding pocket such as G61 and
D58 as well as Q22. A dissociation constant of 00

uM was obtained using the residues around the designed
C&"-binding pocket. The dissociation constants for &
Mg?" are estimated to be greater than 10 mM for both
proteins.

Thermal Stability.The effects of clustered charges on
protein folding and stability have been investigated using
far-UV CD. The spectra of both proteins at 25 or 85
overlap with that of CD2 32), suggesting that they have
similar native and thermally unfolded states. As shown in
Figure 4, the changes of the CD signal versus the temperature
consist of a two-state transition model. The melting point
(Ty) of CD2.6D15 is~63 °C both in the presence of 1 mM
EGTA or 10 mM C&", which is similar to that of CD2 (61
+ 1°C) (32). TheTy, of CD2.7E15 is 4T°C in the presence
of 1 MM EGTA and 51°C in the presence of 10 mM €a

DISCUSSION

Using Designed Proteins To Dissect the Contribution of
the Charge Effect for Ca Binding and StabilityExtensive
studies have been carried out to determine the contribution
of different factors to C#-binding properties and protein
stability (9, 10, 12, 13, 33—35). However, the contributions
are difficult to dissect in natural proteins because of
conformational change and multiple binding processes. For
example, cooperative binding of two or four dons in
calmodulin results in a global secondary-structure reorienta-
tion (36, 37). The residues that are located either at th& Ca
ligand, in the EF loop, or at distal locations all have
differential effects on CH binding and conformational
entropy in addition to the cooperative interaction of coupled
metal-binding sites38—40). The modification of the residues
at one domain alters the metal-binding properties in the other
domain and vice versdQ, 11, 41, 42). Although C&" buffer
proteins, such as parvalbumin and calbindin do not
exhibit large C&"-induced conformational changes, elegant
studies carried out previously have shown that there is strong
communication between coupled EF-hand motifs. The S55D
mutation of parvalbumin not only increases théGhainding
affinity of the N-terminal C&"-binding motif that it belongs
to but also increases the affinity of the C-terminal mdtif)(

In calbindimg, NMR studies have shown that the initialTa

the fluorescence intensity. In contrast, excess concentrationdinding at either site induces the local conformations of both

of K* (130 mM) and Mg" (10 mM) have only minor effects.
Similarly, C&" and L& in the presence of high concentra-

Ca&*-binding motifs to be the Ca-bound forms, although
no global conformational change occuds), Peptide frag-

tions of Mg* and K* are able to induce specific resonance Ments encompassing €abinding motifs and single Ca-
changes in the NMR spectra (Figure 2C). The results suggesplndlng proteins, such aslactalbumin, are usually unfolded

that CD2.6D15 and CD2.7E15 selectively bind to thé'Ca
and Lr#™ over the excess physiological cations Mand
K.

The metal-binding affinities for TH and L&" are 8+ 2
and 6+ 3 uM for CD2.6D15 and 0.4 0.2 and 0.5+ 0.1
uM for CD2.7E15, respectively, using direct htitration
into the protein and the B4 titration into the TB*—protein
complex, respectively. The €abinding affinity of CD2.6D15

or partially unfolded in a molten-globule state in the absence
of Ca* (44, 45). Understanding key determinants for weaker
C&"-binding proteins such as C2 domain and cadherin with
Kgs between 0.05 and 1.5 mM is even more challenging
because several €abinding sites are clustered together with
shared ligand residues and high cooperativi§{49).

We have shown that the &abinding to two designed
proteins CD2.6D15 and CD2.7E15 does not change the
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Ficure 3: (A) Fluorescence intensity at 545 nm increases with the addition ¥f ifito CD2.7E15 that gives thi§y of Th** (inset). (B)
Signal decreases with the addition offtanto the CD2.7E15 Th®" mixture that derives th&q of La®" (inset). (C) HSQC of CD2.7E15

at different C&" concentrations. The arrows indicate the shift directions with the,Gand several residues are labeled. (D¥'Catfinity

has been obtained by monitoring the chemical-shift changes versusthed@eentrations. The changes of two resonances corresponding
to G61 @) and Q22 &) are shown, and the binding affinity is the average of results from multiple resonances.
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Ficure 4: Thermal denaturation of CD2.6D1® (and O) and

CD2.7E15 @ and ) monitored at 230 and 225 nm by far-UVv

is similar as revealed by several spectroscopic methods
(Figures 2 and 3). Furthermore, the addition of excess Ca
or Ln3" did not induce global conformational changes. Our
NMR studies of CD2.6D15 have shown that the small
conformational and dynamic changes are localized around
the C&*"-binding residues mainly at the loop regions, while
residues not involved in metal binding at thetrands have
negligible changes2@). Assuming the backbone entropy
change induced by Gabinding is small, which is indicated

by the dynamic study of CD2.6D12%, 23), the contribution

of the binding energy is mainly provided by the metidjand
interactions. Therefore, the effects of local factors such as
charge ligand residues on theainding can be directly
revealed without the complication of the naturally occurring
C&*-binding proteins.

Comparison of Affinities for CD2.6D1&ersus CD2.7E15
to Different Metals.Although CD2.7E15 and CD2.6D15

CD, respectively, as a function of the temperature in the presenceexhibit similar structures and share two’Chigand positions,

of 10 mM C&* (O andO) and 1 mM EGTA @ andm).

they possess R0-fold differences in metal-binding af-
finities. This difference arises mainly from the different

structure of the host protein, thus overcoming the limitation charges, ligand types, ligand numbers, and binding coordina-

of natural C&"-binding proteins. The NMR structures of

CD2.6D15 have a root-mean-square deviation (rnysd)1

A to that of CD2 (1HNG) 23). The structure of CD2.7E15

tion geometries. Although two proteins were designed using
the same ideal binding geometry, the actual geometries in
the engineered proteins may vary. In addition, CD2.6D15
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Table 1: Metal-Binding Affinity and Thermal Stability of the Designed Proteins

K (uM) Tm (°C)

protein charges at binding site €a Th3+ Las* EGTA car
CD2 61+1 61+1
CD2.6D15 -3 1400+ 400 8+ 2 6+3 63+ 2 63+ 2
CD2.7E15 -5 100+ 50 0.4+ 0.2 0.5+ 0.1 41+ 2 51+ 2

utilizes four ligands from Asp or Asn, while CD2.7E15 (Table 1). The decreased thermal transitibn value of
utilizes five ligands including two Glu residues. The ad- CD2.7E15 is possibly a result from the destabilization of
ditional methylene group in Glu may provide more freedom the native state and/or the stabilization of the unfolded state
for the C&*-binding geometry. Without systematic studies, of the protein. The destabilization of the native state because
the effects from these factors cannot be excluded. Neverthe-of the electrostatic repulsion among charged ligand residues
less, our finding that higher charged sites retain strongér Ca is supported by the calculation of the protein energy change
and TB* binding is similar to the finding in parvalbumin  based on the PoisseiBoltzmann relationship using DelPhi
that the introduction of a fifth negative ligand at either EF- (25, 27) (Figure 5). The three negative mutations result in a
hand motif increased its €aaffinity more than 10-fold17). large free-energy change for CD2.7E15206 kcal/mol),

It is important to carry out a systematic dissection of charge while the change of the calculated free energy of CD2.6D15
effects on C#& -binding affinity using designed proteins as compared to CD2 is very smal-4 kcal/mol in the absence
the templates. of C&"). The calculated free-energy change for the residues

We have also shown that ¥hand L&" have binding 14~18 and 55-65 (including all of the ligands in CD2.6D15
affinities about 106-200-fold stronger than that of €ain and CD2.7E15 and their neighbors) is almost the same as
both proteins, which correlates to a binding energy difference that of the intact protein. Although the calculation can only
of 3—5 kcal/mol. L#* binding to metal-binding sites receives be considered as semiquantitative, a free-energy enhancement
enhanced interests because of the use off Lions in of 296 kcal/mol strongly implies that the decrease of the
spectroscopic and crystallographic studies of biomolecules.protein stability in CD2.7E15 is due to introduced charge
It is particularly useful for C&-binding proteins because repulsion. We have further examined the effect of single
of the spectroscopic silence of €aand the similarity of mutations by restoring the three native residues individually
the binding properties between €aand Lr#" ions. In in the model structure of CD2.7E15. The calculation results
CD2.6D15 and CD2.7E15, the &abinding sites are located show that each mutation contributes significantly to the
at the protein surface and the ligands are not tightly restricted electrostatic repulsion and the clustering of negative charges
by their surroundings, which provide the required freedom
for the geometric coordinations of the metal ions with A
different radii. Assuming the metaligand distance is
optimized for the metal binding, Dudev et al. have shown,
using small molecule models, that higher negative charge
numbers favor the L3 substitution of C&" binding in a
less exposed environmerd). Ca*-binding sites on the
protein surface usually have a dielectric constant of 20
because of partial shielding by the carbon atoms next to the
ligand oxygen atoms. Predicted energy differences because
of La®* substitution of C&" with a —3 charge are 2.2 and
13.4 kcal/mol for dielectric constants of 10 and 20, respec-
tively (50), which are consistent with the results reported
here.

A similar increase in TH binding observed for the
designed proteins by increasing the net charge at the metal-
binding pocket has also been observed in the galactose-
binding protein. The replacement of Q142 (position 9 of the
EF-hand motif) with E or D increased the trivalent binding
affinity 6- or 13-fold, respectively; however, the Taffinity
of the galactose-binding protein is decreased more than 300-
and 17-fold, respectively. Such a significant difference is
likely due to the fact that the metal-binding site in the

galactose-binding protein is largely restricted by the protein o oo = o\ tace potential of CD2.6D15 (A), CD2.7E15 (B), and
context based on the observation that its selectivity iS cp2 (c) calculated by DelPhi. Negative potentials are red, and
dependent upon the ionic radb1—53). positive potentials are blue. (D) Free-energy change of CD2.6D15,
Implication of Charged Ligand Residues on Protein CD2.7E15, and CD2.7E15 variants compared to CD2 provided by
Stability. The clustering of five negatively charged residues the DelPhi calculation. The K64, L58, and N15 are CD2.7E15

. o . variants restoring the corresponding native residues while maintain-
in CD2.7E15 significantly decreases the thermal transi- ing the other mutations in the model structures. The gray bars

tion Tr, value, while that of CD2.6D15 is not significantly  represent the Ga-loaded form, and the black bars represent the
affected by the clustering of three negatively charged residuesCa**-free form.

AG (kcatimol)
- £ g
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at the designed Ca-binding site has a cumulative destabi- similar binding location. The proteins specifically bind to
lization effect. Ca&* and its analogues Fhand L&*. Because both proteins
The degree of protein destabilization because of the retain native structures and do not exhibit?Ganduced

introduction of charged ligand residues depends upon theconformational change, the contribution of local arrangement
protein environment. For example, the extent of interference ©n the metal-binding affinity and protein stability can be
in native electrostatic interactions, the flexibility of the directly revealed in a controlled manner without the com-
residues introduced, and the secondary structure of the charg@lication of global conformational changes and cooperativity
location may generate diverse effects on protein stabigy (  observed in natural C&-binding proteins. We have shown
The removal of the native attraction of K6562 and K64 that CD2.7E15 with five negatively charged ligands has a
E56 by the mutation K64D, to form the &abinding site ~ 10—20-fold greater affinity for both C& and Lr#*, respec-

of CD2.7E15, also likely contributes to the larger free-energy tively, than CD2.6D15 with three negatively charged ligands.
change. In contrast, the creation of the’Ghinding site of  Both proteins exhibit 109200-fold greater affinity for T
CD2.6D15 does not significantly alter the surrounding native and L&" than that of C&". The introduction of negatively
charge-charge interactions. In addition, the bounc?Cin charged residues in CD2.7E15 significantly decreases the
CD2.6D15 has a greater solvent accessibility than that in thermal stability. The effect of clustered charge residues on
CD2.7E15 because the site in CD2.6D15 has one less ligandhe protein stability is modulated by the environment and
residue and uses D/N as ligands instead of E/Q with longerthe secondary-structure locations. Both CD2.6D15 and
side chains. Further, two of the three negatively charged CD2.7E15 are excellent model proteins for further systematic

ligand residues in CD2.6D15 are in the flexible loop region,
which enables the charged residues to adjust the local
conformations that decrease the repulsion among them in
the absence of Ca These cumulative effects are likely the
reasons for an insignificant changelip of CD2.6D15 upon
C&" binding. In contrast, two charged mutations, T79D and
A92E, atf-strand locations largely destabilize the thermal
stability of CD2.6D79, a designed &abinding protein with

two negative residues at the binding pocketTitslecreases

to 47 °C in the absence of €a (Jones et al., unpublished
data). The rigid backbone of tifesheet limits the conforma-
tion adjustment for lessening the charge repulsion. It is
noteworthy that four charged residues (E15, D58, D64, an
E56) of CD2.7E15 are located at testrands with limited
flexibility, which has an even stronger destabilization effect
that results in &, of 41 °C. The metal partially neutralized
the negative potentials in the binding pocket of CD2.7E15,
which significantly restored its thermal stability by 1Q.
C&" binding did not completely regain protein stability
because the charge repulsion was only partially neutralized.

investigation of key factors involved in the determination
of Ca*-hinding affinity and protein stability that are currently
underway. The principles obtained from such studies will
provide insights not only into the diseases related to the
malfunction of C&" binding but also toward understanding
C&" signaling and designing €adependent functional
proteins and thermally stable biomaterials. Furthermore, the
preference for binding of L1 and other paramagnetic metal
ions by designed proteins has implications for structural
determination of large protein complexes using docking
protocols based on residual dipolar couplings.
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