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Abstract: Concanavalin A is a member of the plant hemeagglutinin (or plant lectin) family that contains
two metal binding sites; one, called S1, is occupied by Mn?* and the other, S2, by Ca?*. %*Mn electron—
nuclear double resonance (ENDOR) measurements were performed on a single crystal of concanavalin A
at W-band (95 GHz, ~3.5 T) to determine the 5*Mn nuclear quadrupole interaction in a protein binding site
and its relation to structural parameters. Such measurements are easier at a high field because of the high
sensitivity for size-limited samples and the reduction of second-order effects on the spectrum which simplifies
spectral analysis. The analysis of the *Mn ENDOR rotation patterns showed that two chemically inequivalent
Mn2* types are present at low temperatures, although the high-resolution X-ray structure reported only
one site. Their quadrupole coupling constants, €2Qqg/h, are significantly different; 10.7 4= 0.6 MHz for Mnf\+
and only —2.7 + 0.6 MHz for Mngf The ENDOR data also refined the hyperfine coupling determined
earlier by single-crystal EPR measurements, yielding a small but significant difference between the two:
—262.5 MHz for Mnz" and —263.5 MHz for Mn3". The principal z-axis for Mn" is not aligned with any of
the Mn-ligand directions, but is 25° off the Mn-asp10 direction, and its orientation is different than that of
the zero-field splitting (ZFS) interaction. Because of the small quadrupole interaction of Mné+ the
orientation dependence was very mild, leading to larger uncertainties in the asymmetry parameter.
Nonetheless, there too z is not along the Mn-ligand bonds and is rotated 90° with respect to Mna. These
results show, that similar to the ZFS, the quadrupolar interaction is highly sensitive to small differences in
the coordination sphere of the Mn?*, and the resolution of the two types is in agreement with the earlier
observation of a two-site conformational dynamic detected through the ZFS interaction, which is frozen
out at low temperatures and averaged at room temperature. To account for the structural origin of the
different e2Qq/h values, the electric field gradient tensor was calculated using the point-charge model. The
calculations showed that a relatively small displacement of the oxygen ligand of asp10 can lead to differences
on the order observed experimentally.

Introduction the Mr#t+ site in single crystals of the protein concanavalin A
Sinal | hiah-field q el | doubl to demonstrate the feasibility of the method. Concanavalin A
Ingle-crystal high-field EPR an h € ectt)rﬁnuchear oube is a member of the plant hemeagglutinin (or plant lectin) family;
res?nlanceh(END(g_R) spfectroscopy ave ee? [S) o(;/yn to_ € m_os& large and ubiquitous group of saccharide-binding profeins.
usetut in the _stu 1es 0 _paramagnet!c meta binding S't?s N The importance of these proteins is expressed in their ability to
Pro_te'“s’ partlcul?rly_ owing to the high sensitivity fo_r SIZ& hind saccharides; each member of the family has a unique

limited samples:” Single crystal measurements provide the =, haride specificityThe three-dimensional (3D) structure of

complete magnetic tensors, namely principal components andconcanavalin A has been determined at an exceptionally high
orientation, and thereby supply spatial and electronic structural resolution, 0.94 A, at low temperatuteThe crystal has an

information on the metal site. Recently, we have investigated orthorhombic symmetry (space groupyy), with unit cell

s WA Poluokor O G G . . parametersa = 89.2, b= 87.2, andc = 62.9 A. It forms a
) e vt o G & Croenen, E18 3007 aims &V tetramer of 100 kDa total molecular weight. Each monomer has

(2) Groenen, E. J. J,; Canters, G. W,; Nar, H.; Coremans, J. W. A.; Poluektov, two metal binding sites; one, called S1, is occupied by?-Mn
O. G.; Messerschmidt, A]l. Am. Chem. Sod.996 118 1214%12153. h h h . . h
(3) Manikandan, P.; Carmieli, R.; Shane, T.; Kalb (Gilboa), A. J.; Goldfarb, and the other, S2, by €5 as shown in Figure 1. The occupancy

D. J. Am. Chem. So@00Q 122, 3488-3494. i i i i indli +
(4) Carmieli, R.; Manikandan, P.; Kalb, A. J.; Goldfarb, D.Am. Chem. Soc. o.f both SlteS. IS ess?ntlal for saccharide bmd'u?wg’.he Mn.2
2001, 123 8378-8386. site has a slightly distorted octahedral geometry in which the

(5) Carmieli, R.; Manikandan, P.; Epel, B.; Kalb, A. J.; Schnegg, A.; Savitsky,
A.; Mobius, K.; Goldfarb, D.Biochemistry2003 42, 7863-7870.
(6) Hogbon, M.; Galander, M.; Andersson, M.; Kolberg, M.; Hofbauer, W.; (8) Kalb (Gilboa), A. J.; Habash, J; Hunter, N. S.; Price, H. J.; Raftery, J,

Lassmann, G.; Nordlund, P.; Lendzian, Froc. Nat. Acad. Sci. U.S.A. Helliwell, J. R. Metal lons in Biological Systemsigel, A., Sigel, H.,
2003 100, 3209-3214. Eds.: Marcel Dekker Inc.: New York, 2000; Vol. 37.

(7) Fittipaldi, M.; Steiner, R. A.; Matsushita, M.; Dijkstra, B. W.; Groenen, E. (9) Deacon, A.; Gleichmann, T.; Kalb (Gilboa), A.J. Chem. Soc., Dalton
J. J.; Huber, MBiophysical. 32003 4047-4054. Trans.1997 93, 4305-4312.
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The analysis ofMn2" ENDOR spectra at X-band frequen-

cies has been described in detail by Britt and co-workehs.

this analysis the isotropic hyperfine interaction and the nuclear

Zeeman interactions were considered, while the ZFS has been

neglected, although it has been suggested that it can lead to

line broadening. When the ZFS is substantial compared to the
_ Zeeman interaction, it introduces additional anisotropy into the

Mn+2 N , ; ENDOR spectra of high spin®dons!3-1° This is, however,

il \g410 significantly reduced at high field$.A recent report on pulsed
w413 . W411 D g ENDOR at 275 GHz on a single crystal of 0.2% ¥nin
W412 | .Ca™2 ZnGeR has clearly revealed the quadrupolar splitthign

contrast, W-band*Mn ENDOR spectra of a number of Mn
substituted aluminophosphate molecular sieves could resolve
different Mr?* types on the basis of their different hyperfine
couplings, but the quadrupole splittings could not be resolved
because the samples investigated were polycrystalline and the

'.'asnl4

L
L . ENDOR lines were too broat. X-band pulsed ENDOR
Figure 1. The structure of the MAt and C&" sites in concanavalin A as . P .
determined from X-ray crystallographic ddta. measurement on a series of vanadyl complexes in frozen

solutions provided the quadrupole coupling constaft\dfand
Mn2* is coordinated to the carboxyl groups of asp10, asp19, showed that it is sensitive to the ligand environment of the
glu8, the imidazole Nof his24, and two water molecules. The complexes® 2! This is aS= %/, system and therefore, the ZFS
role of the transition metal in this protein is structural, and the effects are of no concern and the need for high field is not so
Mn2*, together with the C& serve as stabilizers for the loops ~ crucial. Nonetheless, also {&= */», the second-order effects
that constitute the saccharide binding site. of the hyperfine and quadrupole interactions are substantially
The zero-field splitting (ZFS) of the M ion was first reduced at high field.
determined at room temperature by single-crystal Q-band In this manuscript, we first present a brief theoretical
continuous wave (CW) EPR spectroscapyrurther W-band background and give the expressions for the ENDOR frequen-
(95 GHz, ~3.5 T) EPR investigations showed that at room cies, addressing the contribution of the ZFS on the basis of third-
temperature the crystals contain one type of?NMrconsistent order perturbation theory, followed by the presentation of the
with the reported 3D structure, but at low temperatures two *Mn ENDOR results and their analysis. Similar to the EPR
Mn2* types were resolved and their ZFS tensors were deter- measurements, which revealed the presence of two different ZFS
mined® Temperature dependence experiments showed that atensors, the ENDOR spectra disclosed two?Mtypes with
two-site exchange process takes place. At room-temperature thiglifferent nuclear quadrupole interactions, showing that the
interconversion is fast on the EPR time scale and one averagecelectric field gradient (efg) at the Mnh site is also highly
site is observed. This dynamic process was attributed to asensitive to subtle changes in ligands conformation. Further
conformational equilibrium at the Mh site, most probably due  calculations of the efg, based on the point-charge model showed
to a local motion of one (or more) of its ligands. Low- that the differences between the two sites can be accounted for
temperature W-band single crystedl ENDOR measuremerfts by a change in the position and charge of the coordinated oxygen
provided the location of two protons of the imidazole ring and of the bridging carboxylate of asp10.
of the water ligands and the involvement of the latter in
hydrogen bonds with nearby residues. The observation of only
one type of protons for each water ligand and for the imidazole  Crystal Growth and Mounting . Crystals were grown and inserted
protons indicates that neither the water nor the histidine ligand into the W-band tubes as described eafftThe single crystals were
are involved in the conformational equilibria. mpunted in‘to thin_—walled quartz capillgry tubes (outer diameter‘0.7 mm)
In the present study, we have investigated5ﬁhm ENDOR with t_V\_/o orientations, one with thk}ams paralle_l to the tube axis, for
of single crystals of concanavalin A to further refine #ikin acquirng EPR a’_‘d ENDOR rotation patterns in dweplane, and the
" . . . _other with thec-axis parallel to the tube axis fab plane measurements.
hyperfine coupling obtained from the EPR measurements, which
was found to be the same for both Rintypes® and, more 12)
importantly to determine the#®Mn quadrupole tensors. The 1994 98, 12871-1283.
. . . . . (13) Vardi, R.; Bernardo, M.; Thomman, H.; Strohmaier, K. G.; Vaughan, D.
question that arises is whether ##%In quadrupole interaction E. W.. Goldfrab, D.J. Magn. Reson1997, 126 229-241.
)
)

Experimental

Sturgeon, B. E.; Bell, J. A.; Randall, D. W.; Britt, R. D. Phys. Chem.

can also resolve the two states sensed by the ZFS and whethefl4 Astashkln A. V.; Raitsimring, A. MJ. Chem. Phys2002 117, 6121

it can provide additional insight into the specific dynamic (15 Astashk.n A. V. Raitsimring, A. M.; Caravan, £.Phys. Chem. 2004
108, 1990-2001.
!Srslvolved. Moreover, to the best of our knowle_dge .the full 16) Goldfarb, D.; Strohmaier, K. G.; Vaughan, D. E. W.; Thomann H.;
Mn nuclear quadrupole has not been determined in a pro- Poluektov O. G.: Schmidt J. Am. Chem. Sod.996 118 4665-4671.
H indi i i (17) Blok, H.; Disselhorst, J. A. J. M.; van der Meer, H.; Orlinskii, S. B.;
tein binding site, and therefore the con.canavalln_A_resuIts Schmidt, JJ. Magn. Resorp005 173 49-53.
can serve as a reference for future studies orf"Mrinding (18) Arieli, D.; Prisner, T. F.; Hertel, M.; Goldfarb, hys. Chem. Chem. Phys.
sites 2004 6, 172-181.
' (19) Anzar, C. P.; Deligiannakis, Y.; Tolis, E. J.; Kabanos, T.; Brynda, M.;
Britt, R. D. J. Phys. Chem. 2004 108 4310-4321.
(10) Becker, J. W.; Reeke, G. N., Jr.; Wang, J. L.; Cunningham, B. A.; Edelman, (20) Grant, C. V.; Ball, J. A.; Hamstra, B. J.; Pecoraro, V. L.; Britt, R.JD.

G. M. J. Biol. Chem1975 250, 1513-1524. Phys. Chem. B998 102, 8145-8150.
(11) Meirovitch, E.; Luz, Z.; Kalb, A. JJ. Am. Chem. S0d.974 96, 7538~ (21) Grant, C. V.; Geiser-Bush, K. M.; Corman, C. R.; Britt, R.IBorg. Chem.
7541. 1999 38, 6285-6288.
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Figure 2. (a) The morphology of the concanavalin A crystal and the crystallographic axes directions-akieis along the longest growth direction;
c-axis is in the plane perpendicular to theaxis on the surface of the crystal. (b) Example FS-ED EPR spectra of concanavaliacAlene measured at
6 K. The notation angles are noted on the figure.

The crystals had a regular morphology, and the relation between theincludes the ZFS to evaluate its contribution to the ENDOR
morphology and the crystallographic axis, as determined by X-ray frequencies. Earlier X-band ENDOR measurementS&e-

diffraction measurements on a single-crystal diffractometer, is shown (1) in zeolites showed that when the hyperfine coupling and
in Figure 2. The regular morphology considerably facilitated mounting e 7Fg are significant with respect to the electron Zeeman
the crystals with the desired orientation in the tube. Typical crystal interaction, the ENDOR frequencies contain a contribution from

sizes were (0.40.7) x 0.4 x 0.3 mn?# 1413 .
Pulsed-EPR and ENDOR Measurementsw-band pulsed experi- the ZFS*13The effect of the ZFS on the nuclear modulation

ments (94.9 GHz) were carried out on a home-built spectrometer at 6 Tequencies at X-band frequencies for high spin Gd(lll) has been
K.22 The field-swept echo-detected (FS-ED) EPR spectra were obtainednoted as well? The third-order expressions for the ENDOR
using the two-pulse echo sequeneg2(-r—x—7—echo) with pulses  frequencies, including the nuclear Zeeman interaction in the
of 30 and 60 nsy = 250 ns, and a repetition time of 3 ms. The ENDOR  high-order terms, neglected previoudlyare given in the

rotation patterns were collected on the lowest figlln hyperfine Supporting Information. Takingiso = —265 MHz, D = 970
component corresponding to the-Y/z, —%:0— |+, —%;0EPR MHz, andE/D = 0.15, which are the values obtained for Mn
transition. The Davies ENDOR sequenae-(T—x/2—7—z—7—echo), in concanavalin A at low temperaturesse calculated the orien-

with a RF pulse applied during the tinTe was used withr and /2
MW (microwave) pulse lengths of 60 and 30 ns, respectively. The RF

pulse lengthtzr was 15us, the repetition time equal to 5 ms, and . 1 1 . .
equal to 30ths The magnetic field was calibrated using #heLarmor levels, given by.(*/2) andAv("/), respectively (see Supporting

frequency obtained from Mims or DavietH ENDOR spectra. Information). It shows that the shifts expected are of the order
Whenever the individual hyperfine components of the differentmn  Of 0.1 MHz, which is within the line width, and therefore the
sites were resolved in the EPR spectrum, ENDOR spectra were recordeceffect of the ZFS can be neglected. Third-order corrections due
setting the field to each of the resolved features. to the hyperfine interaction are also small and negligible.

Simulations. The5*Mn ENDOR rotation patterns of thds = +/, The 55Mn ENDOR spectra of concanavalin A, however, do
manifolds were simulated using an in house Matlab program based on g it 4 significant orientation dependence (see below) which
the equations presented in the next section. . . . .

must arise from the nuclear quadrupole interaction. The spin-

DFT Calculations. Single point DFT (density functional theory) . . . . .
calculations were performed with ORCA using four functionals Hamiltonian considered for calculating the ENDOR frequencies

(B3LYP, B86, BLP, B3PW91¥ The basis sets employed were the Was the following:

accurate triply polarized basis set CP(PPP) with an appropriate 1

integration grid for Mr2* triple-¢ quality basis set (TZV) from o _ 4

Ahlrichs?® for the Ca and the atoms of the first coordination sphere of H=veS — vl +agSl,+ 23‘5°[S+|‘ +S LI+
both metals, and the SV basis set for all other atoms. The charges were
obtained from natural population analysis using an algorithm imple-
mented in the NBO 5.0 prograffi.The four different functionals
produced similar charge distribution.

tation dependence of the third-order contributions to the sums
and differences of the ENDOR frequencies of Mg = +1/,

F

|§—%|(| + 1)] + G, + 1]+
G_[I_L+ LI ]+ K2+ K12 (1)

Theory wherev, andy, are the electron and nucleus Larmor frequencies,
Initially we obtained expressions for ENDOR frequencies respectively, and

derived from third-order perturbation theory, using a Hamilto-

nian which does not include the quadrupole interaction but F=p %(3 codf — 1)+ %77 sinf6 cos ¥

(22) Gromov, I.; Krymov, V.; Manikandan, P.; Arieli, D.; Goldfarb, D.Magn.
Reson.1999 139 8-17.
(23) Neese FORCA — an ab Initio, Density Functional and Semiempirical (26) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E,;

Program Packageversion 2.5; University of Bonn: Bonn, Germany, 2006. Bohmann, J. A.; Morales, C. M.; Weinhold RBO 5.0 Theoretical
(24) Neese, Flnorg. Chim. Acta2002 337C 181-192. Chemistry Institute, University of Wisconsin: Madison, WI, 2001; http://
(25) Schaefer, A.; Horn, H.; Ahlrichs, R. Chem. Physl992 97, 2571-2577. www.chem.wisc.edu/nbo5.
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G.= P/4[—sin 20 + %17 sin 20 cos2 + i%ﬂ sin @ sin 2¢]

K:E
P/4[sin29 + %n(co§6 +1)cos 2 + i:%n cosf sin 245] 2)

Ineq 2,P = ¥,P;; Py = (€2Qgh21(2l — 1)), n = (Pxx —
Py)/P2, andPy, Pyy and Py, are the principal components of
the quadrupole tensoP, The angle® and¢ define polar and
azimuthal angles of the magnetic field with respect to the
principal axis system ofP. To first order, the ENDOR
frequencies of thdls = 4/, manifolds are

1
v(il)( ¥ %aiso + v, — F(@M, — 1)

> ©)

The expressions fakv(Y/,, M)) up to second-order corrections
in both hyperfine and quadrupole interactions are

The observed frequencies are always positive and therefore for

the case of strong coupling/.aiso] > ||, as found irPMn at
W-band, the sum ENDOR frequencyy, and the frequency
splitting between the ENDOR transition&y, for a givenMs
value are

v, (IM)® = 2Mga.,,  Av(IMg))™D = 2, 4

2
15 _ 1 3 _ 178,
AV(Z,Z) = AV(Z, 2) =on FeF+ 5
2568,B. 32C.C_
Y Y
13 _ 1 1 _
Av(é, E) = Av(z, 2) — 20, F4F +
1785, 32B.B_ N 40C,C_
2v, Y, v,
1722, 1283.B. 64C.C_
Av(:—L,l = oy, 4 —ds0 ZEEE | D 7)
22 2v, v, Y
Further measurements of the differences
15 1 3
Av(z, 2) AV(Z, 2) = 16F
13 1 1)
Av(é, E) Av(é, E) =8F ®)

The second order correction terms for the ENDOR frequencies y|e|d a convenient, first-order dependence on the quadrupo|ar

for eachM, value are

2
15@ 8, 1286,G_ 16K, K_
V(:|:2,2) = arEg == 5
2
130 2 16G,G_ 20K, K_
V(:l:i’ E) = 4—1/0(17 +2) " + m
1 1\@ 1731'230 64G,G_ 32K, K_
22 v, " ,
2
1 3@ _ s 16G,G_ 20K, K_
v(:l:z, 2) = aTF2) -
2
1 5@ &y 128G,G_  16K,K_
v(:i:z, 2) A R . (5)

In the above equations, terms proportional R&/v, were

neglected because they are extremely small. Neglecting the

second-order contribution of the quadrupole interaction, the
expression fow(+1/;) becomes

1) _
-

According to eq 6, any deviation @dv from 2v, indicates that
higher order hyperfine terms are important and/or that the
nuclear quadrupole interaction is significant.

1785,
4y,

az
S0
+ —|::l:4—vO (M, — 1) (6)

14

:F%aiso+ v+
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coupling, which was used to determine th&/ (I = 7/,)
guadrupolar splitting in a number of vanadyl compleXes.
v+(Y2, M)) has no contribution from the quadrupole interaction
and therefores,(Y/,, 1/2) should be used to determimg,.

In the single crystal measurements, we used the following
reference frame3ithe principal axis system of the magnetic
tensor,M(x, y, 2), the crystal frame(c, a, b), the sample tube
frame T(X, ¥y, Z), whereZ is parallel to the tube axis, the
goniometer framé&(x, y, 2), and the lab fram8(X, Y, Z), where
Z || B. The transformation between these axis systems is done
using the appropriate Euler angles and the corresponding Wigner
rotation matricesR(c!’, ', y'). For our experimental setup the
transformations are

$p90,0

.0, 0,00,
LT =G

M 222 o

©)

The rotation patterns are acquired by measuring the spectrum
as a function of the rotation angle of the goniomeigr,The
relation between the above sets of angles and the afigiesl

¢ usedineq?2is

R(—¢, =0, 0)=
R(¢r, 90, 0)R(0, 0,¢9) R(¢#", 6", ¥) R(et, , ) (10)

All angles in eq 10, except fax, § andy, are defined by the
experimental conditions.

There are four MA™ centers per unit cell in the crystals of
concanavalin A and, according to th&, space group, their
o, 5, andy are related as described in Table 1. To display the
orientation of the ZFS, determined relative to t@é, a, b)
axis system, in the atomic coordinate systeen If, a) an
additional transformation dR(—90, —90, 90) was carried out.
We chose to adhere to ti@c, a, b) axis system for consistency
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Table 1. The Euler Angles Relating the Principal Axis System of |m >
the Magnetic Tensors with the Crystallographic Axis System for I
the Four Different Mn2?* Sites of Concanavalin A [5/2>

site | o p y = |[+3/2>

site Il o p y + 180 2

site 11l 180+ o 180- 8 180— y H1/2>

site IV 180+ a 180—p -y = |-1/2>

|-3/2>
with the earlier single-crystal Q-band and W-band studies -5/2>
reported previouslyl->
Results
Single crystals of concanavalin A with a well-defined

morphology (see Figure 2a) were oriented with Haxis or -5/2>
c-axis parallel to the sample tube axis (perpendicular to the |-3/2>
direction of the external magnetic field), and filSMn EPR — |-1/2>
spectra were recorded as a function of the tube orientation in — 172>
theac andab planes, respectively. According to the, space — [+3/2>
group, for each type of M1 there are four symmetry-related [+5/2>
sites and therefore at an arbitrary field orientation signals from Figure 3. Energy level diagram of M ion (S= | = %) showing only

four Mn?t are expected. When the magnetic field is in any of
the crystallographic planes, only two of the four sites are
resolved since two pairs exhibit the same signals. When the
field is along a crystallographic axis then all four become

the Ms = 41/, manifolds. The allowed EPR and ENDOR transitions are
shown as dotted and solid arrows, respectively. For explanation dd the
andb notations see text.

The explicit contribution of the quadrupole interaction can

identical and only one signal is observed. The spectra obtainedbe obtained from the difference of the appropriategiven in

were the same as those reported earbed a few typical FS-
ED EPR spectra in thac plane are shown in Figure 2b. The
EPR spectra show the si®Mn hyperfine components of the
central| =5, M0 |%», M|EPR transition, often with a fine
structure resolving different M sites, superimposed on a

eq 8. Hence, we obtained for this orientatiorF16 4.4 MHz.
Moreover, fromv(Yy, 1,) andv(—=1/>, 1/,), appearing at 169.8
and 92.8 MHz, respectivelyy+ = aso = —262.5 MHz is
obtained. This value is slightly lower than the one obtained from
the EPR spectra;-266 MHz> The different resolution of the

broad background attributed to the other EPR transitions. The ENDOR lines in theMs = =+, manifolds is due to the

latter are not resolved because of distribution in ZFS, often

contribution of both the hyperfine and quadrupole terms to the

referred to as strain. The EPR spectra showed more signals thaM, dependence. While the formerNs dependent, the latter is

expected from th&,, symmetry described above, thus revealing
two types on MA".5

Recording thé®Mn ENDOR spectrum with the field set to
any of the centralM, transitions, should, in principle have
contributions from the other EPR transitions as well. These,
however, appear at much higher frequen@esd are outside
the range of our RF amplifier. The ENDOR spectra were
collected with the magnetic field set to the lowest fi€f¥in
hyperfine componenty, —5/,. At this field, the ENDOR

not (see eq 6), resulting in different splittings and allowing a
determination of the sign df. ForF > 0 theMs = =/, lines
should exhibit larger splitting, while foF < 0 the Ms = 1/,
have larger splittings. For the orientation shown in Figure 4
the Ms = 1/, lines are resolved and therefdre< 0.
Example>Mn ENDOR spectra recorded in thee and ab
planes and measured at the lowest field hyperfine component
(M, = —5/,), tracking the different Mf" sites when resolution
allows, are shown in Figures 5 and 6. These clearly show that

spectrum consists of only two lines, corresponding to the nuclearthe spectra recorded with the magnetic field set to EPR signals

| —5/,0< | —3/,0transition within theMs = £/, manifolds, as
illustrated for the EPR transition labeled a in Figure 3. Similarly,
selecting the highest fiekRfMn hyperfine component results in
the appearance of thd, |30« [3/,00ENDOR transitions of
theseMs manifolds. In contrast, selecting any of the other
hyperfine components leads to the excitation of two ENDOR
transitions for each of thiels = £/, manifolds, as exemplified
by the transition labeled b in Figure'3This is well illustrated

in Figure 4 which presents the ENDOR spectra recorded for a
crystal orientation o€||B. In this crystal orientation, the signals
of the two types of MA" are not resolved. The spectra
corresponding to th#s = %/, manifold are well resolved, and
as expected, selection of the-1/,, £5/,03> |1/,, &3 [transitions
produced only one ENDOR peak per manifold, while for the
others®Mn components, two resolved lines appedredhis
splitting arises from the second-order contribution of the
hyperfine interaction and of the quadrupole interaction, both
exhibiting anM, dependence (see eq 6).

of different sites are different. The orientation dependence of
the Ms = +%,, andM, = =5, — —%/, ENDOR frequencies in
theacandab planes are presented in the rotation patterns shown
in Figure 7. These show that at some orientations, mainly in
the region of thea axis (noted by a dashed line in Figure 7)
there are more signals than expected for just one tyeMut:
namely, for eachMs manifold two signals for orientations in
the crystallographic planes and one signal when the magnetic
field is along the crystallographic axis. The deviations are
significantly larger than would be expected from a small
misalignment of the crystal. These additional signals are
attributed to the presence of two types of Mnwhich have
different nuclear quadrupole tensors as well. To determine the
qguadrupole tensor and refingsaAv, andv. were calculated
and their orientation dependence is presented in Figure 7 as
well. The assignment of the ENDOR lines to their respective
pairs was derived from the change in their relative intensities
upon shifting the field from one resolved feature in the EPR
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Figure 4. 55Mn ENDOR spectra (6 K) of a concanavalin A single crystat:|ai§ measured at magnetic fields corresponding to all&un hyperfine
components. The dotted vertical lines are drawn to emphasize the relative positions of the signals. The solid arrow marks the increasingttidiidn of
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Figure 5. 55Mn Davies ENDOR of concanavalin A for a few selected angular orientations indipéane, recorded with the field set to the lowest field
55Mn hyperfine componentM;, = —5/,) and 6 K. The notatiom andb corresponds to resolved EPR features of the different sites.

spectrum to the next, as indicated in Figures 6 and 5 for pairs the points in the/; rotation pattern, confirms that the hyperfine
of spectra noted witla andb. Moreover, eq 6 shows that the interaction is indeed isotropic, and if anisotropy exists it does
quadrupole interaction causes a related shift (inward or outward)not exceed 1 MHz. The rotation patterns of #Mrcould be

of each individual doublet component with respect to the center easily tracked, and they were simulated using the parameters
of the doublet, thus predicting which lines belong to a particular listed in Table 2 and shown as solid lines in Figure 7.
pair. This argument holds as long as the shift due to the Considering the rather broad-line width and the S/N of some
quadrupole interaction is larger than that caused by the hyperfineof the ENDOR spectra, the agreement between the calculated

interaction. rotation patterns and the experimental points fOIiMiB good.
The rotation patterns were simulated by first considerimg The same nuclear Larmor frequency was taken for all orienta-
initially using eq 7 forM; = —%.. Initally, a manual best fit  tions. This is justified because the orientation dependence of

process was carried out to determine the range of the quadrupolehe individual EPR lines span a maximum of 20 G, which
tensor parameters, and these were then refined by a best-fitamounts to a variation of 0.02 MHz . This is well within
computer program applied to the ENDOR frequencies them- the experimental error, in agreement with tH¢ ENDOR
selves. This also refined the value gf,aThe distribution of measurements.
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Figure 6. 5Mn Davies ENDOR (6 K) of concanavalin A for a few selected angular orientations ialiipdane, recorded with the field set to the lowest
field 55Mn hyperfine component\; = —5%/,). The notatiora andb corresponds to resolved EPR features of the different sites. The feature marked with
corresponds to the second harmonic of khe= 1/, ENDOR signals and is an instrumental artifact.

The rotation pattern of théls = —/, manifold of theab the symmetry properties of the crystal there are four possibilities
plane shows also experimental points situated away from theto orient the quadrupole tensor with respect to the 3D crystal
rotation pattern of MJ" that form a line with a very small  structure. None of the four possibilities for Khshows a clear
orientation dependence. These signals, especially those appeawrientation of one of the principal axes along a Migand
ing in the 96-16(C° range are clear and resolved. The other direction. This is somewhat surprising because the deviation
rotation patterns reveal similar experimental points, showing from local octahedral symmetry, in terms of bond lengths and
little orientation dependence in botit andab planes. These  orientations, is small, although the asymmetry can be attributed
experimental points are attributed to ﬁ?[n Simulations based  to different charges. Four of the MO distances, forming an
on these set of points yield a small and negative quadrupole equatorial plane (see Figure 2) are rather close (2.15 A for asp10,
coupling constant and a slightly largegcavalue. The dotted 2,18 A for Wyy5 2.17 A for glu8, and 2.19 A for asp19) while
rotation patterns in Figure 7 represent ﬂmnd its best fit the Mn—N and Mn-O4, are longer (2.23 and 2.26 A,
parameters are listed in Table 2. Because of the small anisotropyrespectively). In addition, liganeMn—ligand angles show a
and the rather broad lineg,and the Euler angles could not maximum deviation of 5 from 90 except for Q.3—Mn—asp19
be uniquely determined as for Mpand several options, all  \yhich is 81.2.° Asp19 is a bridging ligand with the €asite,
with a small negative’Qq/h gave a fit similar to that shown in  \hich may be the reason for the larger distortion. From all four
Figure 7. The experimental points in thi = '/, rotation pattern  hoqgibilities, thez principal axis of MA" in site 4 (see Table
of the ab plane noted with a circle, correspond to a weak 1) was found to be Z50f the Mn—asp10 direction, as shown
shoulder and are significantly off the calculated pattern and are . in Figure 8. In contrast to that of ,\&ﬁ the small quadrupole
therefore probably noise. Taking a larger and positi@gh, coupling constant of M@T resulted in a small anisotropy
0.55 MHz, gives a better fit in the 4650 region of theab hich could not be well resolved because of the ex erimeﬁtal
rotation pattern, but all the points around thexis in both the whic . . P

error, and therefore the orientation of the tensor could
ac and ab plans are too far from the calculated values and . .
not be determined very precisely. Nonetheless, for all four

therefore we dismissed this option. L o .
Since we know from the analysis of the rotation patterns of possibilities the principat-axis was not found close to any of
the Mn—ligand directions. Interestingly, for site 4 tzeaxis of

the EPR spectra which particular Rnsite contributes to the o . -
Mng" makes an angle of 3@ith Mn—asp19, exhibiting a 0

ENDOR signals at each observer field, the specifig 2FS, ) k

and quadrupolar parameters belonging to the same site werdotation as _compgred to Mr(see_ Figure 8). A;pl(_) and asp19

determined. These are all listed in Table 2. are the amino acids that also binds theCavhich is close to
the sugar-binding site. This rotation of th@xis is in line with

Discussion our earlier suggestions that the conformational equilibria

The single crystaf®n W-band ENDOR measurements involves a carboxylate from asp10 or aspl9nfortunately, it
showed that at a low temperature there are two inequivalent is not possible to carry out pulse ENDOR measurements at room
types of M#* in the crystals of concanavalin A, each exhibiting temperatures, and therefore the average quadrupole tensor could
the orientation dependence behavior expected frgmsym- not be determined to further confirm the presence of the
metry. The two types exhibit considerably different quadrupole conformational equilibrium. Moreover, we did not find any
coupling constants, 10.6 versu®.7 MHz, and slightly different carboxylate with a larger thermal atomic displacement ellipsoid
aiso Values,—262.5 and—263.5 MHz, respectively. The latter  in the X-ray diffraction data that could be correlated with the
is a small difference but significant because it improves the fit change in the size of the principal components of the quadrupole
of the ENDOR frequencies of Mnsignificantly. Because of  tensor®
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Table 2. The Best Fit Hyperfine and Quadrupole Parameters of the *Mn ENDOR Spectra as Obtained from the Simulations along with the
D and E/D Values Obtained from the EPR Analysiss @

Mn sites €2Qq/h MHz i o B y s, MHz D, MHz® EID?
Man 10.7+£ 0.6 0.15+ 0.05 130+ 5 105+5 155+ 10 —262.5+ 0.2 789 0.24
MnBJr —2.7+£0.6 0.0+£0.3 b 35+ 10 85+ 10 —263.5+ 0.2 970 0.145

aThe angles are with respect to the 4, b) crystal system (in degf.For = 0, o can be any angle.

Y glus x. W412~

Figure 8. One of the four possibilities of the orientations of the quadrupole tens&ivof2" and5MnZ" with respect to the crystal structtite.

Information about the quadrupole coupling constant of Mn?™ has been doped. In these cases, the atomic coordinates
55Mn2t and the tensor orientation with respect to the atomic are obtained from the pure crystal because the distortions
coordinates of the ligands is rather scarce, and most of theintroduced by the doping cannot be determined by X-ray
reports concern highly symmetric inorganic crystals, into which diffraction. Thee?Qg/h values of*®Mn for the two sites of MA"™
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in LapMgs (NOg)12-24H,0 are 2.56 and 1.49 MHZ.The value
obtained for MA* doped in FeBris a little higher and amounts
to 3 MHz28 These values are close to that of §inbut
considerably smaller than that of ﬁn Considerably higher
values, 35.5 and 41.4 MHz, were obtained for two;Bingle-
molecule magnet®. Mn ENDOR measurements carried out

Calculations of the efg Tensor.To account for the structural
origin of the differente’qQY/h values of M, and Mrg (factor
of 4) we applied a simple point charge model (PCM) used to
calculate the efg tensors of metal ions in ionic softd¥ The
atom positions were taken from the crystal structure of the
protein, which we considered as some average of the two sites.
at X-band on isolated M ions in a bulk ZnGepcrystal gave ~ Because of the simplicity of the model we do not attempt to
€Qq/h = 12.4 MHz2° No information was given regarding the ~ apply it for the determination of the geometry of the two
orientation of the tensor. The effect of the quadrupole interaction different sites by fitting the magnitude and orientation of the
on the X-band CW ENDOR spectrum was also noted for CdS/ tensors, but rather to explore the sensitivity of the efg principal
Mn(ll) nanocrystals from which a quadrupole constant of 1 MHz Value to minor charge variations and small displacements of a

was derived! Randall et aP? reported for a Mn(ll)Mn(I1V)
complex rather large quadrupole couplings26.7 and—60

particular ligand. This, in turn, provides insight to the amplitude
of the variations required to induce the relative differences

MHz, respectively. Since the latter was determined from a frozen Observed experimentally ieqQ/h.

solution there is no information regarding the orientation of the
tensor.

It is interesting to compare the ZFS and the quadrupole
tensors, although their origins are different. The nuclear quad-

rupole interaction is primarily determined by the charge
distribution in the MA* site, namely the position and character
of the ligand atoms. The ZFS, in turn, is determined by the

According to the PCM, the quadrupole tensor is giveePby

__ eQ

~ h21(21 - 1) (11)

(1-7.)eq

where eq represents the contributions to the efg from the lattice
andy. is the Sternheimer antishielding facf§it accounts for
distortions induced in the core electrons by the external-field

orbitals occupied by the unpaired electrons and includes alsogradients. The elements ofj@re given by

contributions of excited states via the spiorbit coupling33

We have found no close correlation between the tensors
orientations, although in both cases they are not along any of

the Mn—ligand axes. Moreover, while Mnhas the larger
€Qqg/h value, it exhibits the loweb value (see Table 2). There

e nswrw%w
Z

eqg, = 12
) X (12)

is also no correlation between the asymmetry parameters of thewhere the index refers to thé’'th atom around the M&T, Z; is

two tensors, while the quadrupole tengpmwas found to be
rather small for the two sites, for the ZFS splitting it is
substantial, considering thaE® = 7. The lack of correlation
between the ZFS an®Mn quadrupolar parameters was noted
for Mn2* in LaoMg3(NO3)12-24H,0 as well?”

its charge, and., 8 = x, y, zare its coordinates. The contribution
from valence electrons, gf has been neglected in eq 12. While
this may be valid for ions with closed shell such ag'GR it
may not be for MA"™ with a half-filled shell. The principal
components are the eigenvalues ¢f and the eigenvectors

The structure of concanavalin A with the bound saccharide Provide the relative orientation with respect to the crystal-
shows a close contact of the saccharide, through a hydrogeriographic frame of reference. Multiplication of the principal
bond, with the nitrogen of asn14, where the adjacent carbonyl Values by €Qh21(2l — 1))(1 — y.) yields Px, Py, and Pz,

is the C&" ligand opposite the asp10 ligaftiHence, one can

When the efg is given in atomic units and the nuclear quadrupole

envision a relay between the saccharide binding and a possiblenoment s in barn= 1026 m?), a conversion factor of 234.96
displacement of the carboxylate of aspl0. It was therefore Yields €qQ/h in MHz.3¥ The calculated Sternheimer factor of

suggested that the motion observed manifests some residuaMn®" is —11.4%and this value was employed in the calculation

freedom, which exists to facilitate the binding of the sacchéride.

of the quadrupole coupling constant of Rnin MgOA!

This, then suggests that upon the saccharide binding only one'nere the point-charge model was applied, neglecting, end

site will predominate at low temperatures. To verify this
hypothesis we grew cubic crystals of concanavalin A bound
with o-D-methyl glucopyranoside, but unfortunately our attempts

to flash freeze the crystals using a variety of cryo-protectants

that do not dissolve the crystals and retain its integrity upon
freezing failed.
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a good agreement between calculation and experiment was
obtained.

Equation 12 shows that the efg is affected both by the
positions and charges of the Kneighboring atoms. Two of
the carboxylate ligands, asp10 and aspl19, are bridging ligands
(see Figure 1). One oxygen is coordinated to theévand the
other to the C&", hence a possible competition between the
two metal cations on the negative charges can be envisioned,
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Table 3. The Z; Values Used in the efg Calculations metry parametery, is most sensitive to variations in the
atom charge atom charge atom charge orientation. We also verified the effect on the angle between
Mn 1.627 the z-axis and the Mr-O(asp10) direction, which for the crystal
glug(Q.) —0.84  glug(Qy) —0.61  glug(Q) 0.77 structure is 10 Here an abrupt change to about®°9®as
aspl0(Q@;) —0.78  asplO(®) —0.87  asplO(&) 0.79 observed, while changes in the orientation of the bond span a
f]‘isspzlﬂr%\gl) :8:?‘15 ﬁisspzlﬁé?) :8:386 ﬁisspzléﬁ(é)) 8:% wide range of angles (not shown). The same calculations were
Ouwa12 -1 Huarz 0525 H 0.22 carried out for asp19 and the results are also shown in Figure
Owa13 -1 Huwa12 0525 H 0.26 9. Here the effects on gare significantly milder, buy changes

considerably. Whew is close to 1, the choice of theandx is
leading to two conformations, relatively close in energy, actually. arbitrary, and this is the reason for the abrupt change
differing in their Mn—O distances, orientations, and the charges °f the sign of eg.

on the oxygen ligands. This hypothesis is further supported by ~ The experimental results show a difference of a factor of 4
the direction of the-axis of the Mn, tensor which is pointing ~ and a sign change for gqThis large change requires the
close to the Ma-O(asp10) direction, and a reductiefgQh variation of more than a single parameter. Accordingly, we
should involve asp10. Recent 15 K neutron diffraction measure- searched for the maximum and minimum,£eg4{max), and
ments on concanavalin A reported high disorder for one of the |eg4min)|, within the range ofo + 0.2 A, 6 = 0-30° (¢ =
water ligand$? 'H ENDOR measurements, however, showed 0—360°) and aZo range of —0.5 to —1. The results are
that Mm2+ and Mr‘B2+ have the same spectra, thus exc|uding summarized in Table 4. leltln@r to £0.1 did not generate
the involvement of the water and histidine ligands in the @small negative eg The values in Table 4 show that for asp10

dynamics. Accordingly, in the calculations we limited the the difference between gfmax) andjeg{min)| span a larger
changes to asp10 and asp19. relative range than obtained experimentally. In addition, we

The charge distribution in a protein metal site is not as found that there is a relatively broad range of small variations
obvious as in an ionic crystal, and therefore the charges on thefrom the crystal structure for which gg= 4leg{min)| andn
various atoms are the formal usual charges. Therefore they were= 0.15 + 0.05 that can be attributed to Mnin contrast, a
obtained from a single point DFT calculation using the crystal- negative small egmin) for Mng, could be obtained by a very
structure coordinates. The calculations were carried out on anarrow range of parameters, with a significantly larger deviation
cluster of 89 atoms, including protons, considering all ligands from the crystal structure. Moreover, for these the calculated
of Mn2+ and C&*, truncated at th@ carbon (for asn14 the is significantly overestimated, even after considering the large
carbon), which was terminated with a methyl group, and protons €xperimental error. A similar behavior is obtained for asp19,
were added. The multiplicity was 6 and the total charge of the but the range of geometrical changes that reproduce the relative
cluster was 2 (Ca= 2+, Mn= 2+, one negative charge on magnitudes of the ggvalues is significantly narrower than for
each of the three carboxylates of glu8, asp19, and asp10, ancasp10. Therefore, involvement of asp10 in the conformational
one positive charge on asni14). dynamic is more likely. Interestingly, the structural variations

In the efg calculations a total of 20 atoms (eq 12) around the in the range tested also result in a reorientation ofzthgis as
Mn2* were taken into account, including the two oxygens and observed for Ma and Mns,
the carbon of the three carboxylates, the coordinated nitrogen, The eq, and# values obtained for the crystal coordinates
the two closest histidine carbons, their protons, and the waterwithout any distortion are listed in Table 4 as well. Using the
atoms, the charges of which are listed in Table 3. The chargesSternheimer factor and@ value of 0.4 barn for M#", e2qQ/h
are similar to those obtained by Spiegel et’dbr Mn catalase was calculated (see Table 4) and compared to the value obtained
and the denovo protein DF1, which features a binuclear Mn(ll) from the single point DFT calculations. The PCM value is
with charges close te-0.7 on the carboxylates and the glutamate overestimated by a factor of about 2. In addition, there is a large
and+1.62 on the Mn. With the use of the charges in Table 3 difference in the value ofy, from almost axial symmetry for
and the coordinates of the atoms, the efg was computed,PCM to very high rhombicity for the DFT. The high rhombicity
exploring particularly the dependence ofgun the charge and  also introduces an ambiguity in the sign because small changes
position of the MiA* coordinated oxygen atoms of asp10 and |ead to an exchange of andz. The magnitude of the DFT
aspl9. €2qQ/h is closer to the experimental value for Mrwhile 7 is

The effect of the Mr-O(asp10) distance variation in the range  highly overestimated. The overestimatipof €2qQ/h produced
ro &= Ar, Ar £ 0.2, holding all other parameters constant, on by the PCM is pronounced also for the maximum and minimum
egandy is presented in Figure 9a. It shows a change of about 2qQ/h (see Table 4) with respect to the experimental values.
50% in eq; and a similar change is produced by the charge One possibility for the discrepancy can be an overestimated
variation (Figure 9b). Here the total charge of the two asp10 For example, a recent report of the experimental determination
oxygen atoms was kept constant. Variations of the—@n of y., of C&" showed that the calculated value was overesti-
orientation over a cone (with constagj of & = 20° about the mated by a factor of 3t
original Mn—0O direction, as a function of the azimuthal angle  s5 quadruople coupling of Mn(IV)/Mn(lll) model com-
¢ within the cone can increase £y about 70% (Figure 9c). pounds were calculated by DFT. The sign Rf, was well
All these changes show that variation of a single parameter canyeproduced for both Mn(ll) and Mn(1V), and its magnitude was
lead to a maximum change of 70% which is well below the -4, the order of the experimental values, with deviations reaching
experimental observation. Figure 9 also shows that the asym-,, 1o 100%. The values obtained, however, were significantly
(43) Spiegel, K.; De Grado, W. F.; Klein, M. LProteins: Struct., Funct., larger than ?n our cas®. It is i_mereSting to compare the €q

Bioinfo. 200§ 65, 317-330. values obtained from the point-charge calculation with that
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Figure 9. The dependence of the calculaféiin?* eq,;andy for variations in (a) distance, (b) charge, and (c) orientation of the coordinated oxygen atoms
for 6 = 20° of asp10 and asp19.

Table 4. The Parameters of the Mn—O Bond of asp10 and
aspl9 That Yield a Maximum and Minimum |e2qQ/h| and the
Associated 7 Value

such as DFT. Nonetheless, the SPM calculations support the
hypothesis that the difference betweenAémd Mrp originates
from two conformations of the bridging ligands, more specif-

tal 10 10 19 19 i T .

s equma)  eqmin)  equ(max) ed.(min) ically, asp10. They also show the limitation when applied to
Z 10 10 10 —o072 metal ions in proteins anpl show th_e.necessr[y for elaborate and
Ar, A 0 -02 -02 -02 -0.2 systematic DFT calculations providing the dependence of the
Z 8 i(lf’o) ;2} (2507 gg"@ ig’@ quadrupole coupling constant, asymmetry parameter, and ori-
g au 0.023(0.153) 00435 0.005{0.006) 004 —0.01 entation on small geometric changes in these ligands,
7 0.06 (0.8 0.82  0.78(0.94) 0.7 0.95 along with the energetics involved, which are known experi-
eqQh, MHz 26.8 14.4f 507 5.8¢7.0) 466 —117 mentally5

aThe charges are given in TableBThe values in parenthesis represents  Conclusions

parameters that yield a the minimugfqQ/h| for negative valuest The

values obtained from single-point DFT calculations using B3LYP. It was shown for concanavalin A that the MnZFS does

not introduce anisotropy into the W-band ENDOR frequencies,
calculated from the DFT for the same structure on the basis of and the observed orientation dependence oftitet ENDOR
the crystal structure. Neglecting the contributions from the signals is due to the nuclear quadrupole interaction. The two

charge distribution of the Mi itself and of electron density

types of Mt sites, Mi{" and Mrf", resolved earlier in the

shared between the metal and the ligand, the DFT calculationEPR spectra, were found to have significantly different quad-

produced eg = 0.055 au and; = 0.39 to be compared with
eq, = 0.023 au and; = 0.06 from the PCM. Here the point
charge approximation underestimates,eq

rupole coupling constants, 10.6 ar®.7 MHz, respectively.
In addition, a small difference, of 1 MHz, was also detected in
their hyperfine couplings. The principalaxis of Mrﬁ+ is not

In addition to the approximation of using a simple ionic aligned with any of the Mrrligand directions, but was tilted
model, our calculations have additional limitations: the move- 25° degrees away from MnrO(asp10), and its orientation is
ment of the single atom was decoupled from the other atoms different than that of the corresponding ZE&xis. A similar
on the residue, which, although the displacement was small, observation was found for I\@ﬁ, with the z-axis pointing 30
could lead to nonrealistic bond angles and distances for its away from the Ma-O(asp19) direction, rotated about°d@om
neighbors. For example, small movement of one of the that of Mn,z;’. These results show, that similar to the ZFS, the
carboxylate oxygens should change the position of the secondquadrupolar interaction is highly sensitive to small differences
oxygen; however, because this oxygen is more distant from thein the coordination spheres of the & This was not detected
Mn?2*, this effect on the efg should be small. More important is by the high-resolution X-ray crystallography and is in agreement
the correlation between the position of a coordinated oxygen with the earlier observation of a conformational dynamic
and the charge distribution, which we did not account for. These detected through the ZFS interactions, which is frozen out at
can be obtained by more sophisticated types of calculations,low temperatures and averaged at room temperature.
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Calculations of the quadrupole tensor using the point-charge Bonn) regarding the DFT calculations is greatly appreciated and
model suggest that a relatively small displacement of the oxygenso is the help of Alexey Potapov (Weizman Institute) and Samir
ligand of asp10 can lead to differences of the order observedZein (University of Bonn).

experimentally.
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