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Abstract The EPR parameters of the manganese site in the
saccharide-binding protein concanavalin A have been stu-
died by density functional methods, with an emphasis on
metal (3*Mn) and ligand ('H and '70) hyperfine couplings,
in comparison with high-field EPR and ENDOR data. Results
for gradient-corrected and hybrid functionals with different
exact-exchange admixture have been compared with expe-
riment for the >>Mn and the 'H ligand hyperfine coupling
and have been predicted for |70 hyperfine coupling based on
comparison with experiment for the related [Mn(H20)6]2+.
Appreciable exact-exchange admixture in the hybrid functio-
nal is needed to obtain an adequate spin-density distribution
and thus near-quantitative agreement with experimental EPR
parameters. The common use of experimental proton hyper-
fine coupling tensors together with the point-dipole approxi-
mation for determination of bond lengths is evaluated by
explicit calculations.

Keywords Concanavalin A - Density functional theory -
Electron paramagnetic resonance - g-Tensor -
Hyperfine tensor - Manganese active site

1 Introduction

The saccharide-binding protein concanavalin A belongs to
the large and ubiquitous plant lectin family [1]. The impor-
tance of these proteins is the ability to bind saccharides. Each
member of the plant haemagglutinin has a unique saccharide
specificity. However, many details of the biological role of
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these proteins are still unclear [1]. The metalloprotein conca-
navalin A of the Jack bean was the first saccharide-binding
protein that has been characterized crystallographically
[2,3]. It exhibits two metal ion binding sites, a transition-
metal-binding site S1, which binds Mn?*, Co?*, Ni**, Zn**+
or Cd?T, and a calcium-binding site S2, coordinating Ca”**
or Cd** [4]. The metal ions are responsible for stabilizing
the binding site and for fixing the positions of amino acids
that interact with sugar ligands [5].

Recently, the crystal structure of concanavalin A (Mn?*
on S1, Ca®* on S2) and its bound water at 100 K was solved
to an ultrahigh resolution (0.94 A) based on synchrotron data
[6]. The Mn”* ion is surrounded by three carbonyl oxygen
atoms, one nitrogen atom of histidine, and two water mole-
cules in a slightly distorted octahedral coordination arran-
gement (Scheme 1). The Mn-O bond lengths in the plane
containing the coordinating atoms of Aspl, Glu, Asp2, and
H>O (4) are nearly equal, whereas the bond lengths to His
and H,O (5) are significantly longer.

The first EPR study (35GHz) on concanavalin A was
reported in 1974, in which the Mn?* spectrum of a single
crystal was interpreted in terms of a spin Hamiltonian with
an isotropic g-tensor (g = 2.0009), a nearly isotropic >>Mn
hyperfine tensor (A = 264.3MHz, A| = 256.2MHz), and
an axial zero-field splitting (ZFS) (D = 0.02 em~H [7,8].

Recently, Goldfarb et al. have investigated the frozen solu-
tion and the single crystal of concanavalin A by W-band
(95 GHz) pulsed EPR and I'{ electron-nuclear double reso-
nance spectroscopic techniques (ENDOR) [9]. HF-EPR and
"H HF-ENDOR offer new opportunities for the investigation
of paramagnetic transition metal complexes. In particular, for
Mn?* (S = 5/2, I = 1/2) it is better to measure the central
transition |—1/, m > — |12, m >, thereby obtaining better
resolution and a higher sensitivity. Contrary to X-ray crystal-
lography, which is by far the most established and effective
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Scheme 1 A model of the Mn”-binding site S1, truncated after the
first amino acid

method for determining the three-dimensional structure of
proteins, ENDOR measurements on single crystals can pro-
vide information on the location of protons, when the metal
center is paramagnetic [10,11]. Frozen solution results [9],
from which the water proton positions could not be assigned
uniquely, were refined in a single crystal study, and the ato-
mic coordinates of the protons were calculated (within the
point-dipole approximation) [11].

Our goal here is to confirm by quantum chemical cal-
culations this type of structure determination by ENDOR,
and to analyze the interrelations between electronic structure
and EPR/ENDOR parameters for an experimentally well-
investigated biological manganese site. To our knowledge,
no theoretical studies on concanavalin A exist. Moreover,
we use this well-defined biological system to evaluate the
dependence of electronic structure and EPR parameters on
a series of DFT exchange-correlation functionals. The yet
unknown 70 hyperfine couplings will be predicted. We want
to identify the most suitable DFT methods to be applied also
to computational studies on more complicated or less well-
characterized biological Mn sites.

2 Theoretical formalism and computational details
The theoretical background of EPR parameters is covered

in detail in various text books [12—17]. Here we summarize
only the most relevant points.

2.1 g-Tensor calculations

The g-tensor will be provided as correction to the free-
electron value g. (in ppt, i.e. in units of 1073)

g =gl +Ag, (D
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with g¢ = 2.002319. Up to the level of second-order per-
turbation theory based on the Breit—Pauli Hamiltonian, the
g-shift Ag consists of three terms:

Ag = AgSO/OZ+ AgRMC + AgGC, )

of which the “paramagnetic” second-order spin-orbit/orbital
Zeeman cross term, Agso/ OZ dominates (except for extre-
mely small Ag values) [12]. The relativistic mass correction
term AgRMC and the one-electron part of the gauge correction
term AgGC are also included in our implementation [18,19]
(see also refs. [20,21] for related implementations).

2.2 Hyperfine tensor calculations

In the usual nonrelativistic first-order approximation, isotro-
pic hyperfine splittings Ajso(N) correspond to the Fermi-
contact term AFC:

47 _ _
Aiso(N) = ATC = == fefngesn (57) DN

X (@ 18 RN | y) - A3)

Here B is the Bohr magneton, SN the nuclear magne-
ton, gn is the g-value of nucleus N, (Sz) is the expectation
value of the z-component of the total electronic spin, P,‘f,_,)ﬂ
is the spin density matrix, and the summation runs over all
occupied molecular orbitals. The components Ajj dip (N) of
the anisotropic tensor are given by

. 1 _ _
AP (N) = Sfebrsesn (S2)7' D0 P
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where ry = r — Ry (Ry is the position vector of nucleus N).
In the rest of this section, we will refer to the metal hyperfine
interaction and omit subscript N. The second-order pertur-
bation treatment of Refs. [22,23] is used to compute spin-
orbit (SO) corrections to the hyperfine tensor (in this work,
the corrections are only relevant for the metal HFC). At the
coupled-perturbed Kohn—Sham level, the dominant SO cor-
rection term arises as a second-order cross term between the
one- and two-electron SO Hamiltonian H5° and the pertur-
bed Fock operator F’
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where « is the fine-structure constant, yx the gyromagnetic
ratio of the nucleus, hgo is explained below, F’ is the per-
turbed Fock operator, with F}, = (¢,/ r3) — %ao ZZ/z 21 K,
where (Ev / r3) is the paramagnetic nuclear-spin electron-
orbit (PSO) operator, K/ is a component of the response
exchange operator, and aq is the weight of HF exchange
depending on the specific hybrid functional used (see
Ref. [24] for a related simultaneous CPKS implementation,
and also Refs. [22,23] for references to earlier work). ¢
and &7 are spin-polarized Kohn—Sham orbitals and orbital
energies, respectively. GGA or LDA functionals lead to an
uncoupled DFT (UDFT) treatment for this second-order term

(ap = 0).
2.3 Computational details

Initial coordinates have been taken from the 0.94 A resolu-
tion synchrotron data, deposited in the Protein Data Bank
(PDB entry INLS; cf. Fig. 1) [6]. Keeping the heavy-atom
positions fixed, the hydrogen positions were then optimized,
except for those of the two water molecules, for which opti-
mized distances (0.976 A) and angles (106.5°) for a coordi-
nated water molecule in the [Mn(H20)6]2+ complex were
applied (Model “dist. X-ray”). The optimization was car-
ried out with the Turbomole 5.8 code [25] at B3LYP [26,27]
DFT level with SVP basis sets [28] using unrestricted Kohn—
Sham wavefunctions. Attempts of a full structure optimi-
zation resulted in a breakdown of the coordination sphere
(one ligand was expelled), indicating that constraints due to
the protein environment have to be taken into account (in
particular, there are bridges between different amino acids
that are probably structurally relevant but not included in the
computational model used for optimization). When keeping
the heavy-atom positions fixed, the smaller computational
model (Fig. 1) and a more extended model corresponding
to the atoms shown in Scheme 1 provided virtually identi-
cal spin-density distributions and EPR parameters. We will
therefore in the following concentrate on the smaller model.
In addition to the structure derived from the X-ray data, we
investigated also a model, in which the metal-ligand dis-
tances were adjusted to reproduce the Mn—H distances from
ENDOR data [9] (Model “dist. ENDOR”), while keeping
angles and bond lengths within the ligands fixed to the same
values as in the first model.

Unrestricted Kohn—Sham single-point calculations were
performed with Gaussian03 [29] using a 9s7p4d basis set for
manganese (specifically designed for hyperfine calculations
[27,28,30,31]) and flexible IGLO-III [32,33] basis sets for
the ligand atoms. The following DFT exchange-correlation
functionals were compared: the GGA functionals (a) BP86
[34,35] and (b) BLYP [26,27], the hybrid functionals (c)
B3LYP [26,27] with 20% exact exchange and (d) BHLYP
[26,36] with 50% exact exchange, as well as the user-defined

Fig. 1 Structure and atom labels of concanavalin A

hybrid functionals (e) B6OLYP with 60% exact exchange
(40% Ee and 40% AEP3 and EXYP) and (f) BTOLYP
with 70% exact exchange (30% E3°" and 30% A EE8 and
ELYP),

The unrestricted Kohn—Sham orbitals were transferred to
the MAG-Respect property package [37] by suitable inter-
face routines. The atomic mean-field approximation (AMFI)
[38,39] has been used to compute the matrix elements of
the spin-orbit (SO) operator. In g-tensor calculations, a com-
mon gauge at the metal center was employed. Differences
between calculations with the IGLO-III basis and IGLO-II-
based results are very small for 'H HFC (<0.1 MHz), sug-
gesting that the ligand basis set is essentially converged.
The Fermi-contact contributions to the > Mn HFC change
by 2MHz, suggesting that there is a very slight shift of
spin density. We will exclusively report the IGLO-III-based
results.

The dielectric constant of a protein is not very high
(¢ &~ 4). Therefore, solvent effects were evaluated by Kohn—
Sham single point calculations using the polarizable conti-
nuum model (PCM) and the BHLYP functional in chloro-
form (¢ = 4.9). The 'H HFC differs only slightly between
gas phase and solvent calculations (<0.1 MHz). A small
influence is observed for the Fermi-contact term AFC for the
>SMn HFC (gas phase: —196.0 MHz, CHCl3: —199.8 MHz).
In the following only the gas phase calculations will be
discussed.
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Table 1 Mulliken atomic spin

densities and (S2) expectation Mn o) 02 0(3) ¢(C)) 0(5) N(D)
values in the concanavalin A
model BP86 4.901 0.014 —0.006 —0.003 —0.027 —-0.019 —0.035
BLYP 4.786 0.031 0.006 0.012 —0.020 —0.009 —-0.017
B3LYP 4.905 0.014 0.003 0.002 —0.007 —0.005 —0.015
BHLYP 4.929 0.009 0.004 0.002 —0.001 0.000 —0.008
B-60LYP 4.930 0.009 0.005 0.003 0.000 0.001 —0.006
B-70LYP 4.920 0.012 0.006 0.002 0.002 0.003 —0.002
H(1) H(?2) H(3) H#) H(5) H(6) (s?)
BP86 0.043 0.034 0.022 0.016 —0.001 0.001 8.758
BLYP 0.055 0.047 0.026 0.017 0.000 0.001 8.760
B3LYP 0.018 0.015 0.012 0.009 0.000 0.001 8.754
BHLYP 0.009 0.007 0.006 0.005 0.000 0.000 8.753
B-60LYP 0.007 0.006 0.005 0.004 0.000 0.000 8.753
B-70LYP 0.006 0.005 0.005 0.004 0.000 0.000 8.753

Fig. 2 Spin-density
distribution. Isosurfaces
+0.0005 a.u

=

BP86

3 Results and discussion

Goldfarb et al. have carried out several W-band (95 GHz)
pulsed EPR and electron-nuclear double resonance
(ENDOR) studies on concanavalin A in frozen solution and
in a single crystal [9,11,40-42]. 'H ENDOR indicated all
protons to have axially symmetric hyperfine tensors. The two
imidazole protons, located 3.56 A from Mn2+, are magneti-
cally equivalent, but the four water protons are magnetically
inequivalent, located at distances between 2.67 and 3.24 A.

3.1 Spin density analysis
As the computed EPR/ENDOR parameters depend decisi-

vely on the quality of the spin-density distribution, Table 1
provides Mulliken atomic spin densities (atomic spin
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B3LYP BHLYP

densities from natural population analyses are very similar)
obtained with different functionals. Spin-density isosurface
plots with a subset of three functionals are shown in Fig. 2.
Spin contamination of the Kohn—Sham wavefunction is
small, even with large exact-exchange admixtures (cf. (52)
expectation values in Table 1). In fact, the spin contamination
decreases even somewhat with more exact exchange, which is
probably indirectly due to the enhanced ionicity of the metal—
ligand bonds. Exact-exchange admixture has usually three
effects on the spin-density distribution in transition-metal
complexes [30,31,43]: (a) the metal-ligand bond becomes
more ionic (self-interaction errors tend to render the bonds
too covalent at LDA or GGA level) [19,31,43-46], (b)
valence-shell spin polarization across covalent bonds is
enhanced, leading often to larger spin contamination [31],
and (c) core-shell spin polarization at the metal center is also
enhanced (improved). While the latter effect is important
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for the metal hyperfine coupling [31] (see below), the two
former trends may counteract each other [45,47]: the increa-
sed ionicity may actually decrease the tendency towards
valence-shell spin polarization. This seems to be the case
here. The enhanced bond ionicity is reflected in an increase
of spin density at the metal center and less spin density on
the ligand atoms (Table 1, Fig. 2).

Independent of the functional and of details of the spin-
density distribution, an assignment to an electronic structure
of a high-spin Mn”*(d>) system is obtained at all compu-
tational levels. The manganese spin density is close to the
formally expected five unpaired spins (Table 1). The coordi-
nated histidine nitrogen atom exhibits negative spin density
due to spin polarization. At BP86 level, negative spin density
is found also for four oxygen atoms in the first coordination
sphere. This is reduced to just one oxygen atom at BHLYP
level (Table 1). Above 50% exact exchange, only the negative
spin density on nitrogen remains. Thus, in contrast to many
other cases [30,31,45], obviously spin polarization becomes
less important here with more exact exchange, due to less
delocalization of spin density upon the ligands. Delocalized
positive spin density is found particularly at the water and
imidazole protons.

3.2 The g-tensor

An isotropic g-tensor with gijs, = 2.0009 £ 0.0004 (the
uncertainty may also be considered as an upper limit for the
g-anisotropy) was measured (EPR study at 35 GHz) [8]. This
is the expected situation for a high spin d>Mn”* complex.
Our calculations (Table 2) confirm the very small g-shifts and
extremely small anisotropy. Larger exact-exchange admix-
ture reduces gis, somewhat and thereby improves agreement
with experiment.

3.3 3>Mn hyperfine coupling constant

Isotropic >>Mn hyperfine data are available from Q- and
W-band EPR studies [8,9] and are compared to our
computations in Table 3 (HFC anisotropy is available from
Q-band single-crystal measurements [7,8]). The isotropic
coupling constant Ajs, in such systems depends apprecia-
bly on exact-exchange admixture, due to an enhancement of
(overall negative) core—shell spin polarization contributions
to the spin density at the nucleus [31,48] (and due to generally
more spin density on manganese, see above). This renders
the couplings more negative and improves agreement with
the experimental data [8,9] (Table 3). The negative sign of
Ajso has been confirmed experimentally [42,49]. The extre-
mely small HFC anisotropy found [7,8] is also confirmed by
the calculations. It reflects the rather isotropic spin-density
distribution in a high-spin Mn?* system.

Table 2 g-Shift components (in ppt) and absolute g-values of the
concanavalin A model

Agiso Agn Ag» Ag33
BP86 0.1 0.0 0.0 0.2
(2.0024) (2.0023) (2.0023) (2.0025)
BLYP 0.1 —0.1 0.0 0.3
(2.0024) (2.0022) (2.0023) (2.0026)
B3LYP —-0.2 —-0.3 —-0.2 —-0.2
(2.0021) (2.0020)  (2.0021)  (2.0021)
BHLYP —04 —0.5 —0.4 —0.4
(2.0019) (2.0018)  (2.0019)  (2.0019)
B-60LYP —-0.5 —0.5 —0.5 —0.4
(2.0018) (2.0018)  (2.0018)  (2.0019)
B-70LYP —-0.5 —-0.5 —-0.5 —04
(2.0018) (2.0018)  (2.0018)  (2.0019)
Exp.? 14+04
(2.0009 £ 0.0004)

Absolute g-values in parentheses
? From 35GHz EPR measurements on a single crystal of Mn?t,
Ca®*t-concanavalin A [8]

Table 3 Computed and experimental >>Mn HFC tensors (in MHz)

First-order ASO  Total A-tensor

di di di
ATC A Ay A AT A ()

BPS6 —1402 —-12 —03 15 —3.1 —1433 8758
BLYP —1220 —-21 00 22 3.1 —1251 8.760
B3LYP  —1556 —05 —02 07 —27 —1583 8754
BHLYP —1960 -06 00 06 —22 —1982 8753
B-60LYP —208.1 —07 0.0 06 —2.0 -210.1 8753
B-70LYP —2246 —09 0.1 07 —1.8 —2263 8753
Exp.® —27 =27 54 —258.9

Exp. —262.5

2 From 35 GHz EPR measurements on a single crystal of Mn?t,
Ca®*t-concanavalin A [8]
® From 95 GHz ENDOR [42]

Table 3 also provides SO corrections to the hyperfine ten-
sor. SO contributions have previously been found to be very
important already for 3d metals [23,24,47]. Here they are
rather small compared to the nonrelativistic Ajso (FC), again
in agreement with the d° configuration (for an O, symmetri-
cal high-spin d° system with ®A; ¢ ground state, SO effects
would vanish exactly).

3.4 'H hyperfine coupling constants
The '"H HFCs were computed for two different structures
(Table 4): (a) after DFT optimization of the hydrogen posi-

tions (except for the water protons, for which standard water
structure parameters were used; see Sect. 2), and (b) after
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Table 4 Computed and experimental 'H HFC tensors (in MHz) Table 4 continued
b A AAY A a Mo A AWM Al a
H(1) BHLYP -0.1 —01 —39/-35 74 74
dist. X-ray® 2.89 A B-60LYP —-0.1 —0.1 —39/-35 74
BP86 37 3.7 —32/-3.1 6.3 B-70LYP —-0.1 —0.1 —3.9/-35 74
BLYP 44 44  —-32/-32 63 Exp.d 0.0 —3.75 7.5
B3LYP 24 24  —33/-32 64 Exp.© 0.4 -39 7.8
BHLYP 1.6 1.6 —33/-3.1 65 6.4 H#)
B-60LYP 15 15  —33/-31 65 dist. X-ray® 2.93A
B-70LYP 1.4 1.4 -33/-31 65 BP86 1.5 L5 -3.1/=-3.0 6.0
dist. ENDORS® 2.67 A BLYP 1.7 1.7 —-3.1/-29 6.0
BP86 16 16 —40-38 179 B3LYP 1.2 1.2 —32/-30 62
BLYP 1.7 1.7 —4.1/-38 78 BHLYP 0.9 0.9 —3.2/-3.0 6.2 6.3
B3LYP 09 09 —42/-39 8.0 B-60LYP 0.9 0.9 —32/-30 62
BHLYP 05 05 —42/-39 8.1 8.1 B-70LYP 0.8 0.8 -3.2/-30 62
B-60LYP 04 04  —42/-39 8.1 dist. ENDOR® 3.24 A
B-70LYP 04 04  —42/-39 8.1 BP86 24 24 —2.3/-22 45
Exp.d 0.1 ) 82 BLYP 2.7 2.7 —23/-22 46
Exp. 0.1 —40 3.0 B3LYP 2.0 2.0 —24/-23 47
H(2) BHLYP 1.6 1.6 —24/-23 47 46
dist. X-ray® 2.85A B-60LYP 1.5 1.5 —24/-23 4.7
BP86 23 23 —33/—=33 6.6 B-70LYP 1.5 1.5 —24/-23 4.7
BLYP 27 27 —33/-33 66 Exp.! 0.6 =27 54
B3LYP 17 17 —34/-33 6.7 Exp.© 0.4 -2.5 5.0
BHLYP 1.2 1.2 —3.5/-33 68 6.8 H()
B-60LYP 11 11 —35-33 68 dist. X-ray® 3.39A
B-70LYP 1.0 1.0 —35/-33 6.8 BP86 0.2 0.2 -2.0/—-19 3.8
dist. ENDOR® 2.99 A BLYP 0.2 0.2 —2.0/—-1.8 3.8
BP86 50 5.0 —3.0/—2.8 5.8 B3LYP 0.1 0.1 -2.0/-19 3.9
BLYP 55 5.5 —3.0/—29 58 BHLYP 0.1 0.1 -2.0/-19 3.9 4.1
B3LYP 34 34 =30/-29 59 B-60LYP 0.1 0.1 -2.0/-1.9 4.0
BHLYP 26 26  —=3.0/-29 59 59 B-70LYP 0.1 0.1 —2.0/-1.9 4.0
B-60LYP 24 24 =30/-29 59 dist. ENDOR® 3.56 A
B-70LYP 23 23 =30/-29 59 BP86 0.1 0.1 -1.7/-1.6 33
Exp.d 0.1 -3.0 6.0 BLYP 0.1 0.1 -1.7/-16 33
Exp. 0.8 -35 7.0 B3LYP 0.1 0.1 —1.7/-1.7 34
HG3) BHLYP 0.0 0.0 —1.8/—1.7 34 35
dist. X-ray® 2.97 A B-60LYP 0.0 0.0 —1.8/—1.7 34
BPS6 22 22 _3.0/—29 59 B-70LYP 0.0 0.0 —1.8/—1.7 34
BLYP 25 25 —3.0/-29 59 Exp.¢ 0.0 =175 3.6
B3LYP 1.6 1.6  —30/-29 6.0 Exp.® 0.1 —1.94 3.9
BHLYP 1.2 1.2 -3.1/-29 60 59 H(6)
B-60LYP 11 11 —=3.1/-29 60 dist. X-ray® 3.39A
B-70LYP 1.0 1.0 —=3.1/-29 6.0 BP86 0.0 0.0 —2.0/—1.8 3.8
dist. ENDORE 2.76 A BLYP 0.0 0.0 —-1.9/-1.8 3.8
BP86 02 02 —38/—34 72 B3LYP 0.0 0.0 -2.0/-19 3.9
BLYP 02 02  —38/-34 71 BHLYP 0.0 0.0 —2.0/—-19 39 4.1
B3LYP 0.1 0.1 ~-39/—35 173 B-60LYP 0.0 0.0 -2.0/-19 3.9
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Table 4 continued

Mo A AN Al
B-70LYP —-01 —01 —20/-19 39
dist. ENDOR® 3.56 A

BP86 0.0 0.0 -17/-16 33
BLYP 0.0 0.0 -17/-16 33
B3LYP 0.0 0.0 —17/-17 34
BHLYP 0.0 0.0 -17/-17 34 35
B-60LYP 0.0 0.0 —17/-17 34
B-70LYP 0.0 0.0 -17/-17 34
Exp.d 0.0 —1.75 3.6
Exp.¢ 0.1 —1.99 4.0

2 Anisotropic term A’ derived from the point-dipole approximation:
A = W}O(?’ cos28 — 1) [MHz], where g. and gn are the
electron and nuclear g-values, p is the spin density at the manganese
atom, § is the angle between the applied field and the direction of the
hydrogen bond, and r is the distance Mn—H in A

b H-Mn distance with optmized imidazole proton positions (see
Sect. 2)

¢ Mn-L bond lengths adjusted to reproduce ENDOR Mn-H distances
(see Sect. 2)

4 From 95 GHz ENDOR; accuracy +0.1 MHz [9]

¢ From 95 GHz ENDOR; accuracy +0.04 MHz [11]

elongation of the Mn-L distances to reproduce hydrogen
positions deduced from ENDOR spectra [9] (cf. see Sect. 2).
Experiments indicate approximately axial symmetry for the
proton HFC tensors. This is confirmed by the calculations.
SO corrections are negligible for the proton HFC tensors and
are thus not provided in the table.

Starting with the anisotropic parts of the six 'H HFC ten-
sors studied, we see very little dependence on the functional
and rather good agreement with experiment, including the
trends for the different H>O proton locations. This suggests
that the anisotropic tensor components are dominated by the
direct dipolar interaction with the metal-centered spin den-
sity. Then the point-dipolar approximation should work well,
as does seem to be the case (see Table 4). Indeed, agreement
between ENDOR-derived and computed Mn-H distances is
essentially perfect for water protons H(1)-H(3), whereas esti-
mates based on ENDOR appear to overestimate the remai-
ning distances by about 0.2 A.

Turning to the more difficult A, of the water protons, we
see that the diminishing spin delocalization onto the ligands
with increasing exact-exchange admixture reduces the isotro-
pic hyperfine couplings and thereby brings the computations
into better agreement with experiment. Changes above 50%
exact exchange tend to be small. For H(4), use of the larger
ENDOR-derived Mn-H distance would interestingly lead to
a much larger Ajs, (Mulliken spin densities on H(4) are also
consistently about twice the value for the optimized structure,
for all functionals). It is clear, however, that in this case the

Table 5 Computed and experimental 'O HFC tensors (in MHz) of
[Mn(H0)6]*"

Ao AT AT AP/ASY AR + AT
BPS6 —10.9 —109 —2.0 03/1.7 1.0
BLYP —125 —125 =21 03/19 1.1
B3LYP  —10.8 —10.8 —22 0.5/17 1.1
BHLYP —10.1 —10.1 22 0.6/16 1.1
B-60LYP —9.8 —98 23 0.7/16 1.2
B-70LYP —-9.6 —9.6 —23 0.7/16 1.2
B-8OLYP —-9.5 —95 23 0.7/16 1.2
B-90LYP —93 -93 —23 07/16 1.2
B-95LYP -93 —93 23 0.7/16 1.2
Neese*  —11.3 —11.3 22 05/17 1.1
Exp.P -75 -75 -20 10/10 1.0

4 DFT calculations with ORCA (B3LYP, [CP(PPP)] for Mn, EPR-I1
for ligand atoms) [50]
b Frozen solution 95 GHz ENDOR study of Ref. [50]

shorter, optimized distance and the lower Ajy, values are to
be preferred. The optimized distance agrees also better with
2D ENDOR measurements on a concanavalin A preparation
with deuterated ligands (d(Mn-D)=3.08 A) [9].

The two histidine protons H(5) and H(6) exhibit an almost
purely dipolar tensor [9], as is confirmed by the computations
(so is the magnetic equivalence of the two protons). Here the
dipolar tensor depends very slightly more on the functional
than for H(1)-H(4). The optimized Mn-H(5) and Mn-H(6)
distances agree much better with crystallographic data [11]
(Mn-H(5) = 3.41 A, Mn-H(6) = 3.44 A) than with the larger
ENDOR-derived values.

3.5 70 hyperfine coupling constants

To predict the '7O hyperfine interaction of the water ligands
and the coordinated amino acids, different DFT methods
were first validated on the Mn?T hexaquo complex, for which
high-field ENDOR data are available (Table 5) [50]. The sign
of the experimentally determined 170 Aiso could be confir-
med, but the calculations show a notable deviation from axia-
lity. The isotropic coupling is slightly overestimated in the
DFT calculations and shows the best agreement with expe-
riment at relatively large exact exchange-admixture (>50%).
The anisotropic part does not depend much on the functional
and is exactly reproduced with the GGA functional BP86.
Following these results for [Mn(H>0)]*", Table 6 com-
pares the 70 HFCs for the two different Concanavalin A
structures (cf. Sect. 2) for the BP86 and B-60LYP functio-
nals. As already observed for the Mn>* aquo complex, there
is not much variation for the different components of the
hyperfine coupling tensor of the oxygen atoms of the amino
acid ligands O(1), O(2) and O(3) with different functionals,
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Table 6 Computed and

experimental "*N and 70 HFC L d(Mn-L) Aiso AFC AP a5 A5T
tensors (in MHz) in the
concanavalin A model o(l) dist. X-ray? BP86 —8.7 —8.7 -3.3 1.3 2.0
2.15A B-60LYP —8.8 —-8.8 -2.7 1.1 1.6
dist. ENDOR BP86 -7.8 -7.8 -3.7 1.4 23
2.15A B-60LYP —-8.0 —8.0 -2.6 1.1 1.5
02) dist. X-ray? BP86 -9.2 -9.2 -2.5 1.0 15
2.17A B-60LYP -9.3 -9.3 -2.6 1.2 1.4
dist. ENDORY BP86 —8.7 —8.7 -2.5 1.0 15
217A B-60LYP -89 -89 -2.6 1.2 1.4
0@3) dist. X-ray? BP86 -7.5 -7.5 -1.8 0.4 1.4
2.19A B-60LYP -7.9 -7.9 -2.1 0.7 13
dist. ENDORP BP86 —6.1 —6.1 —-1.6 0.3 13
2.15A B-60LYP -7.1 -7.1 -1.9 0.6 13
0o4) dist. X-ray? BP86 -22.8 -22.8 —1.1 0.0 1.0
2.18A B-60LYP —12.5 —12.5 -2.0 0.6 1.4
dist. ENDOR BP86 —21.2 —21.2 —-1.0 0.0 1.1
2.16A B-60LYP —11.7 —11.7 -2.0 0.6 1.4
0(5) dist. X-ray? BP86 —14.7 —14.7 —1.4 0.3 1.1
226A B-60LYP —10.3 —10.3 -2.0 0.7 13
dist. ENDORP BP86 —11.6 —11.6 —1.4 0.5 0.9
241A B-60LYP -7.9 -7.9 -1.8 0.7 1.1
*H-Mn distance with optmized dist. X-ray® BP86 40 40 —0.7 ~0.6 14
imidazole proton positions (see .
Sect. 2) 2.23A B-60LYP 3.9 3.9 —0.7 —0.6 13
®Mn-L bond lengths adjusted dist. ENDOR BP86 4.1 4.1 -0.7 —0.6 13
to_reproduce ENDOR  Mn-H 2444 B-60LYP 3.6 3.6 —0.6 -0.5 1.1

distances (see Sect. 2)

even though the Mulliken spin densities have different signs
for O(2) and O(3) for the different functionals (negative for
BP86, positive for B-60LYP, see Table 1). The choice of
the model (X-ray vs. ENDOR-based distances, cf. above)
also affects the hyperfine couplings of the amino-acid oxy-
gen atoms very little.

In contrast to O(1)-0(3), the exchange-correlation func-
tional influences the HFCs much more for the water oxygen
atoms O(4) and O(5), in particular for the isotropic value.
Here the substantial differences between the X-ray- and
ENDOR-derived Mn-O distances also lead to appreciable
variations in the computed HFC tensors.

Table 6 also provides results for nitrogen atom N(1) of
the imidazole ligand. In spite of a strong influence of exact-
exchange admixture on the Mulliken spin density
(cf. Table 1), even the isotropic nitrogen hyperfine coupling
constant is affected very little.

4 Conclusions

We have used the structurally and EPR/ENDOR-spectro-
scopically well-characterized manganese site in the

@ Springer

saccharide-binding protein concanavalin A to evaluate (a) the
performance of different DFT exchange-correlation poten-
tials for the calculation of spin-density distribution and metal/
ligand hyperfine parameters in biological manganese sites,
and (b) the validity of the point-dipole approximation in esti-
mating proton positions on coordinated protein residues and
water molecules from ENDOR data.

Isotropic hyperfine couplings on both metal and the ligand
protons are best reproduced when the hybrid functional exhi-
bits about 50% or more exact-exchange admixture. This is
consistent with previous results for both very early 3d metal
centers (e.g. vV complexes [51,52]) and very late metals
(e.g. for Cull systems [47]). Notably, spin contamination is
no problem with larger exact-exchange admixture but even
diminishes, due to decreased metal-ligand covalency. Spin-
orbit contributions to the metal hyperfine tensor have been
found to be small, consistent with the high-spin d°> electronic
characteristics.

Anisotropic '"H HFCs are relatively insensitive to the
exact-exchange admixture, demonstrating that they are domi-
nated by the large metal-centered spin density. This helps
to justify the point-dipole approximation used to estimate
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hydrogen-atom positions from dipolar HFCs determined in
ENDOR spectra. The ENDOR-derived distances agree well
with optimized Mn—H distances for water protons H(1)-H(3)
but overestimate the experimental and computed values by
about 0.2 A for the remaining protons. The 7O HFCs for
the oxygen atoms directly bonded to the manganese cen-
ter in concanavalin A were predicted based on prior method
validation for the [Mn(H57O)6]2Jr complex.
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