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Abstract: W-band (95 GHz) pulsed EPR and electroruclear double resonance spectroscopic techniques
were used to investigate the manganese S1 binding site of the protein concanavalin A in a frozen solution and
in a single crystal'H ENDOR spectra were collected by using the Davies ENDOR sequence, whereas Mims
ENDOR was applied to recoftH ENDOR spectra. Different EPR transitions were selected by performing the
ENDOR measurements at different magnetic fields within the EPR spectrum. This selection, combined with
the large thermal polarization achieved at magnetic fields# T at low temperatures, allowed the assignment

of ENDOR signals to their respectiws manifolds, thus providing the sign of the hyperfine couplings. The
exchangeable and nonexchangeable protons were differentiated by conipheng?H ENDOR spectra of

a solution of the protein prepared in® and of crystals soaked in,D. The two imidazole protons, located

on the carbons flanking the Mn-bound nitrogen, are magnetically equivalent, situated 3.56 A from2he Mn
and their hyperfine coupling is purely dipolar. The four protons of the two water ligands are all inequivalent,
and four values ofy, andA were determined. All possible combinations of these values yield distances in the
range of 2.67 to 3.24 A anas, between—1.13 and 1.37 MHz. By limitingxso to positive values, only four
distances remain, 2.67, 2.76, 2.99, and 3.24 A, corresponding to the fouHIykg, distances.

Introduction EPR transition at high fields reduces inhomogeneous broadening
in orientationally disordered samples leading to further improve-
ments in resolutio®:!! The line narrowing also enhances the
sensitivity in the corresponding ENDOR experimeltdn
addition, the large energy gap between the different EPR
transitions in the case of a dominant electron Zeeman interaction
leads to a large thermal polarization at low temperatures, thus
RaIIowing straightforward determination of the sign of the
hyperfine coupling? Finally, the large absolute sensitivity
facilitates considerably measurements of size limited samples
such as single crystals of protéirf In this work we describe
pulsed W-band EPR and ENDOR measurements on a frozen

Recent advances in high-field electron paramagnetic reso-
nance (EPR) and electremuclear double resonance (ENDOR)
spectroscopies offer new opportunities for the investigation of
paramagnetic metal ion sites of metalloproteins in frozen
solutions and single crystals® This is particularly important
for high-spin centers such as BIn(S = %,, | = 5,) due to
considerable improvements in the resolution of the central EP
transitions (—1/,,m0— |Y/,,m0) as a consequence of the reduced
intensities of the forbidden transitions,|—{/>,,m0 —
|Y2,m 4 100.°19The weaker orientation dependence of the central
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The high-resolution structure of concanavalin A makes it an
excellent candidate for quantitative determination of the relation
between the magnetic tensors of the coupled nuclei in th&Mn
site and the atomic coordinates. This can then be used as a
reference for M&" sites in systems with unknown structures
where M#" is often coordinated to histidine residues or water
molecules. This will not only serve for naturally occurring ¥n
sites but also in many instances where @Mion is used as a
probe, substituted for other metal ions such as#Mgn this
manuscript we report the hyperfine principal components of the
four protons of the two water ligands and the two protons of
the imidazole moiety from detailed ENDOR studies of frozen
solutions of concanavalin A. While the four water protons are
found to be magnetically inequivalent, the two nonexchangeable
imidazole protons are magnetically equivalent. In addition we
present preliminaryH ENDOR results from single crystals
where the signal assignment was carried out applying the
strategy developed for the frozen solutions.

Figure 1. The structure of the Mt and C&" sites of concanavalin

A 19 . .
. Experimental Section

The importance of these proteins is expressed in their ability to  gample Preparation and Crystal Growth. Concanavalin A con-
bind saccharides; each member of the family has a uniquetaining 20 mol % MA* was purchased from Sigma as a lyophilized
saccharide specificity. Concanavalin A was the first plant powder. The crystallization buffer (XTAL) was prepared as reported
haemagglutinin to be characterized crystallographi¢aiyd earlier'® A 1.6 mM (in monomer) solution of concanavalin A in 40%
its crystal structure was solved in 1972 at 2.0 A resolutfoH. glycerol in XTAL buffer was used for the frozen solution measurements.
The protein has two metal ion binding sites which are essential A similar solution was prepared in glycerd-and XTAL buffer in

for saccharide binding. The first site, referred to as the transition- 99-9% DO for the assignment of exchangeable protons. Approximately

metal-binding site, S1, can accommodate2¥nCo?t, Ni2* 2 ul of each solution were placed in a 0.9-mm-o.d. quartz tube, which

Zn?*. or C* ions, whereas the second site, S2. termed the was carefully sealed. The deuterium-exchanged samples were handled

S - . e 18 in a dry Argon atmosphere to prevent exchange with atmosphe@c H
calcium-binding site, binds Gaor C&* ions® Recently, the Single crystals of concanavalin A were grown as folld#& the

structure of concanavalin A, with Mh and C&" ions in S1 ¢5ncanavalin A powder was dissolved in a saturated NaCl solution,
and S2, re§pect|vely, has been determined at ultrahigh resolutiongently shaken at 313 K for 2 h, centrifuged briefly at room temperature
(0.94 A) with exceptional accuracy and precisifim the crystal to remove a small amount of insoluble material, and passed through a

(space group222,a = 89.6,b = 86.5,c = 62.1 A) the Millipore filter of 0.22 um pore size. Dialysis bags containing small
concanavalin A monomer associates as a dimer of dimers toportions (0.2 mL) of the above solution were immersed in vials
form a tetramer of approximately 100 KDa. The transition- containing XTAL buffer and incubated at 303 K for several days, until
metal-binding site is characterized by a slightly distorted Sizable crystals of regular morphology appeared in the dialysis bags.
octahedral symmetry involving the ligation of the central metal The shape of the crystals obtained from the crystallization protein

: . S solution depends on the experimental procedures and conditions used.
ngi:j%éhff d Ct?\;ct))c\):/(g:ecr)xg)?yzr:asr;sor;\i I;Il'tlrc())v%r?ri]nfrlgig]ufé hJ{Stldme The EPR/ENDOR studies require crystals with a moderate size and a

) . . well-defined morphology. The current crystallization proceéture
Concanavalin A has been studied in the past by EPR produces well-shaped crystals with one of the edges parallel to the

spectroscopy. The zero-field splitting (ZFS) tensor of théMn  crystallographicb-axis and the other two axes perpendicular to it.
ion was determined by single-crystal Q-band continuous wave Crystals of appropriate size were chosen and transferred into a XTAL/
(CW) EPR spectroscopy. The ligand environment of con-  MPD (2-methyl-2,4-pentanediol) (50:50%) solution, where MPD serves
canavalin A was investigated by three-pulse electron-spin echoas a cryoprotectant. The crystals were mounted with the aid of a
envelope modulation (ESEEM) experiments on a lyophilized polgrizing microscope intp O.9-mm-o.d..thin-walled quartz t}Jbes \(vith
powder and the frequencies observed were assigned to one ofheir crystallographid-axis, corresponding to the longest dimension
the 14N nuclei of His242° Later, additional ESEEM experiments, of the crystal, parallel to the long axis of th_e tube. The excess of liquid
carried out on a frozen solution of concanavalin A, assigned was carefully removed with the help of a filter paper, until the crystal

the modulations specifically to the directly bound nitroaen was barely wet and the tube was flame sealed at both ends. The exact
ulatl pecincally ! y bou Ir0gen,  ;rientation of the crystal was determined by brief X-ray diffraction

rather than to the remote ofeA lyophilized powder of 1 easurements. The approximate crystal size was @8t x 0.3 mm.
concanavalin A was also used to demonstrate that it is possible Spectroscopic Measurementssield-sweep (FS) echo-detected (ED)
to observe>Mn signals in X-band pulsed ENDOR experi- EPR and pulsed ENDOR spectra were recorded at4.@ K on a
ments?? The present study is the first investigation of the home-built spectrometer operating at 94.9 GHES-ED EPR spectra

hyperfine coupling of protons in the Mn site. were measured with the two-pulse echo sequem&-¢—sr—r—echo)
195G T Kaur H.W.. Kalb, A. J. Mol. Biol. 1970 48, 365 where the echo intensity is registered as a function of the magnetic
reer, J.; Kaufman, H. W.; Kalb, A. J. Mol. Biol. ) . : : ;
(16) Edelman, G. M.; Cunningham, B. A ; Reeke, G. N.; Becker, J. W., field. Typically, m'lcrov_vave (MW) pulse Iengthaw,)_of 0.05and 0.1
Jr. Proc. Natl. Acad. Sci.. U.S.A972 69, 2580. us were used withr = 0. 25 us. The magnetic field values were
(17) Hardman, K. D.; Ainsworth, C. FBiochemistry1972 11, 4910. calibrated by using the proton Larmor frequency, as determined by
(18) Shoham, M.; Kalb, A. J.; Pecht,J. Biol. Chem.1973 248 549. the ENDOR measurements. THd ENDOR spectra were measured

(19) Deacon, A.; Gleichmann, T.; Kalb (Gilboa), A. J.; Price, H.; Raftery, with the Davies ENDOR pulse sequence—T—n/2—t—a—7—echo
J.; Bradbrook, G.; Yariv, J.; Helliwell, Rl. Chem. Soc., Faraday Trans.

1997, 93, 4305. (22) Sturgeon, B. E.; Ball, J. A.; Randall, D. W.; Britt, R. D. Phys.
(20) LoBrutto, R.; Smithers, G. W.; Reed, G. H.; Orme-Johnson, W. Chem.1994 98, 12871.
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with an RF pulse applied during the time intervBl.?®> The Mims
ENDOR sequencen(2—t—na/2—T—n/2—t—echo with an RF pulse
applied during the tim@&) was used in théH ENDOR measurements.
The experimental conditions wetgw = 0.2, 0.1, 0.24s,7 = 0.4 us,

tre = 25 us in the Davies ENDOR experiments, atwg, = 0.1, 0.1,
0.1us,7 = 0.25us,tre = 40 us for the Mims ENDOR measurements.
The intensity and frequency scales of fite spectra were multiplied
by —1 andy"/yP ( = 6.5144), respectively, to allow a convenient
comparison with théH ENDOR spectra. The frequency scale in the
H and °H ENDOR spectra is given with respect to the Larmor
frequency,y = vrr — v1. X-band FS-ED spectra were recorded at 4.2
K on a home-built spectrometer at 9.323 GHz described elsevthere.
In these measurementigy = 0.02, 0.04us andr = 0. 3 us.

Theory. A brief summary of the spectral characteristics &= %,
system coupled to nuclei with=1/,, | = 1, or| = %, is presented
below. A schematic energy level diagram foSa= %, | = Y/, under
the conditions of a dominant isotropic electron Zeeman interaction is
shown in Figure 2. There are totally five allowed EPR transitions, the
splittings of which depend on the ZFS parametBrandE. While the
central,|—Y,,mO— |, M0 EPR transitions frequencies are only weakly
dependent on the orientation of the external magnetic fi)dyith
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Figure 2. Schematic energy level diagram foiSa= /5, | = 1/, spin

system with a dominating electron Zeeman interaction and the ENDOR
spectra for each EPR transition for weak coupling 2 A). The dotted

respect to the principal axis system of the ZFS, all other EPR transitions arrows represent allowed EPR transitions and the other arrows label

are highly orientation dependent. Hence, the spectrum of an orienta-

tionally disordered system exhibits a narrow central lineg at 2,

ENDOR transitions.

due to the central transitions, superimposed on a broad backgroundTable 1. Calculated Relative Populations for the Different

corresponding to all other EPR transitidt?§.There are six ENDOR

transitions whose frequencies are giver’§9
iy = [(MA = 0)* = MSBT™ )

where v is the nuclear Larmor frequenc, = Tr(3 cog 6 — 1) +

aso, B = 3Ty sin 0 cosO, andd is the angle between the direction of
the unique axis of the hyperfine interaction @endais, is the isotropic

hyperfine constant. In eq 1 the hyperfine interaction is assumed to be

axially symmetric. When the point-dipole approximation applies, T
= (ggBBn)/(hr3) wherer is the internuclear distance and the unique
axis is alongr. At the canonical orientations, the hyperfine splittings
are A(Ms) = Mg(2Th + aiso) and An(Ms) = Ms(aiso — To).

The frequency separation of the various EPR transitions is signifi-
cantly larger than the MW pulse bandwidth even for a sample with a
smallD value. Therefore, only one EPR transition is selected for each

spin packet during a pulse experiment. However, due to the inhomo-

Electronic Spin Manifolds of Mt at 94.9 GHz and 4.4 K

=5, =3, -y, 1, 3,
1.0 035 0.12 0.04

energy level
relative population

5/2

0.015 0.005

Whenl = 1, there are two ENDOR transitions for edddg manifold,

given to first order b§*32
Vi) = o O 3PJ2 )
whereP is the angle-dependent quadrupole-splitting.

In the case of M#" there is an additional splitting due to tRRMn
hyperfine interaction. This interaction does not affect the ENDOR
frequencies ofH or 2H coupled nuclei. The structure of the ENDOR
spectrum ofMn has been described in detail by Sturgeon &t Ebr
each EPR transition the ENDOR spectrum consists of a doublet centered
at Av with a splitting of Av, given by the first-order perturbation

geneous nature of the EPR spectrum, the selection of a particularcorrected expressions:

magnetic field results in the excitation of a number of overlapping EPR
transitions arising from different spin packets (molecules). Figure 2

presents the schematic ENDOR spectrum obtained for each EPR

transition. Only that corresponding to |a-%,,m0— |Y,,m0JEPR

transition appears symmetric about the nuclear Larmor frequency. At

~3.3 T @ = 2) and low temperatures, the EPR transitions become
highly thermally polarized (see Table 1) and the contributions of the
|Y2,mO— |3/2,mOand |3,,mO— |%,,mJEPR transitions to the ENDOR

2
&iso

Av=2u+ XSS+ 1) - M3)
0
~ ai50|aiSOM |
Av = |aig M| — =75 °=(2m £ 1) (3)
0

spectrum become very small. In principle, the ENDOR spectrum should where 4, is the spectrometer frequency.

exhibit strong signals from thils = —%,, —%, manifolds but due to

their larger anisotropies in orientationally disordered samples they are Results

significantly broader than those of ti\ds = +%, manifolds and are
therefore harder to detect.

(25) Davies, E. RPhys. Lett.1974 47A 1.

(26) Mims, W. B.Proc. R. Soc. London, Ser. ¥965 283 452.

(27) Shane, J. J.; Gromov, |.; Vega, S.; GoldfarbHav. Sci. Instrum.
1998 69, 3357.

(28) Gaffney, B. J.; Silverstone, H. J. Biological Magnetic Resonance
Berliner, L. J., Reuben, J., Eds.; Plenum Press: New York, 1993; Vol. 13,

p 1-57.

(29) Tan, X.; Bernardo, M.; Thomann, H.; Scholes, CJRChem. Phys.
1993 98, 5147.

(30) Kurreck, H.; Kirste, B.; Lubitz, W. Electron Nuclear Double
Resonance Spectroscopy of Radicals in Solution Application to Organic
and Biological Chemistry. VCH Publishers: New York, 1988.

(31) Hoffmann, B. M.; DeRose, V. J.; Doan, P. E.; Gurbiel, R. J.;
Houseman, A. L. P.; Telser, J. Biological Magnetic ResonangBerliner,

L. J., Reuben, J., Eds.; Plenum Press: New York, 1993; Vol. 13, pp 151
218.
(32) Gemperle, C.; Schweiger, £hem. Re. 1991 91, 1481.

Frozen Solutions.The FS-ED EPR spectrum of a frozen
solution of concanavalin A is shown in the inset of Figure 3. It
consists of a well-resolved sextet superimposed on a broad
asymmetric background with a total width of about 1000 G.
The six narrow peaks correspond to ¥#en (I = /) hyperfine
components of the-1/,,m> — |1/,,mCEPR transitions centered
atg = 2. The background is due to a superposition of the powder
patterns of all other EPR transitions with intensities in the
following order: |—=5,,m0— |=3/,,mO> |=3/,,m0— |—Y,,mO
> Yo, mO— |3o,mO> [3/,,mO0— |%/,,mOdue to the Boltzmann
distribution (see Table 1). The frequencies of these transitions
exhibit a first-order dependence on the ZFS, resulting in powder
patterns in orientationally disordered systems where the hyper-
fine structure is unresolved. In contrast, the€/>,mO— |Yo,mO
transition frequencies are affected by the ZFS only to second
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I splitting is ~0.3 MHz3334 The IH and 2H spectra can be
0 conveniently compared by expanding the frequency scale of the
2H spectrum by the factgrt/yP. When the hyperfine coupling
\ is significantly larger than the quadrupole interaction a good
T correspondence in line positions is expected, except for small
Magnetic Field, T symmetrical shifts due to the quadrupole interaction which at
this scale amounts to a maximum-ef..0 MHz. Accordingly,
the powder pattern in Figure 3c corresponds rather well to the
outer wings of théH spectrum shown in Figure 3b as outlined
by the guiding lines. The outmost shoulders infHespectrum
are outside the range of thel spectrum and are attributed to
quadrupolar splittings. Comparison of the spectra shown in
Figure 3 lead to the identification of the signals of the imidazole
protons and water protons, marked by asterisks and triangles,
respectively, in Figure 3a,b. This shows that the water protons,
unlike the imidazole protons, are magnetically inequivalent. The
specific assignment of the water singularities (marked by the
triangles) requires field-dependent measurements as described
: , below. While the large number of features corresponding to the
A S S ST R SRV R water protons show that their hyperfine interactions are different,

84 6 4 2 0 2 4 6 8 the low resolution of théH spectrum does not allow one to
VeV MHZ draw any conclusions concerning their quadrupolar couplings.
Figure 3. 'H Davies ENDOR spectra (measured at 3.365 T) of 1.6 ~ The symmetric appearance of the spectra shown in Figure 3
mM concanavalin A in (a) 40% glycerak in XTAL(D 20); (b) 40% indicates that they originate primarily from j-/o,m0—

glycerol in XTAL(H0); (c) 2H Mims ENDOR spectra of the protein |1/, mOEPR transition. However, considering the FS-ED spec-
in 40% glyceroles; in XTAL(D 20). The inset shows the FS-ED EPR  {\ym and the field at which the spectra were measured,
spectrum of the kD solution. The asterisks and triangles mark the contributions from the—5/,,m0— |—3/,,mOand |—3/,,m0—

Him and H, signals, respectively. The dotted lines mark the cor- = ; o
respondence between the outer edges oftthend?H ENDOR spectra |—/2mUEPR transitions are expected as We.”' A. close I(.)Ok at
the low-frequency end of the spectra shown in Figure 3 indeed

(see tex). reveals signals from thds = —3/, manifold. This is particularly
Table 2. Assignment of the ENDOR Lines of the Imidazole evident in Figure 3a where a peak-a2.8 MHz appears while
Protons, iy to the DifferentMs Manifolds there is practically no intensity at 2.8 MHz. The signals of the
Ms v (£0.04), MHz 1 (£0.05), MHz Ms = —3%/, manifold seem significantly weaker than those of
3, o8 505 the Ms = 4/, manifolds due to their larger anisotropy (see eq
-1, ~0.86 1.77 1). TheMs = —3, signals become more prominent when the
Y, 0.86 -1.77 ENDOR spectrum is recorded at field positions where the central
3, 2.8 —5.25 EPR transitions are not excited. Such experiments enable the
assignment of the ENDOR signals to the varidds mani-
order and therefore appear as intense sharp lines with resolvecIc’lds'zg'35

Figure 4 shows théH ENDOR spectra of concanavalin A
in the DO solution recorded at three resonant fields, marked
with a, b, and c in the inset of the figure. The spectra measured
at fields a and c are highly asymmetric and through comparison
with the spectrum recorded at position b the canonical singu-
Sarities of theMs = —%/, powder pattern of k1 2, originating
from the |—3/,,mO— |—,mOEPR transition, were identified
atvn = —0.860.04) andy, = 1.77&0.05) MHz. Using eq 1
with the frequencies of the various singularities in the asym-
metric spectra and taking into account the relative intensities
of the vg and ¢ singularities in powder patterns arising from
isotropic distributions, all spectral features were assigned as
marked on Figure 4 and listed in Table 2. This yiells =
—1.72(@0.08) MHz, A, = 3.54(+0.1) MHz, aiso = 0.0(%-0.08),
and Tp = 1.75@0.1) MHz. While the spectrum recorded at

55Mn hyperfine splitting?11

ThelH ENDOR spectrum, recorded at the low-field hyperfine
component of the central EPR transition, marked by an arrow
in the inset, is shown in Figure 3b. It consists of a number of
superimposed powder patterns, symmetrically situated about th
1H Larmor frequencypy. The ENDOR signals of the nonex-
changeable imidazole protons;+#dand Hn2, were identified
by exchanging the water protons with deuterium using,® D
solution. The!H ENDOR spectrum of this solution, shown in
Figure 3a, is considerably simpler than that of th©tsolution
(Figure 3b). It exhibits two powder patterns, the first, wiigh|
< 0.8 MHz, is attributed to distant, weakly coupled protons
and will no longer be discussed. The second, is axially
symmetric with|A| = 3.540.1) MHz and|Aq| = 1.72(0.08)
MHz, assigned to the magnetically equivalent,Hand Hm2 - . . T3 o
protons. A clear additional peak situated asymmetrically 28 Frg?;li(tjignz Itiems?)lggrjﬁmméggure/é, rg? pos! tioéz’::n?alic?Zhows
MHz appears as well and its assignment is discussed below (Se%NDOR si,gnals fromMs = Y, and¥, manifolds. The relative
Table 2). o ) intensities of these signals, compared to those ofthe= —/,

The ?H ENDOR spectrum of the £ solution is shown in 504 —3/, manifolds, are higher than expected by the mere

Figure 3c. The only exchangeable deuterons with a significant honyjation differences (see Table 1). This apparent discrepancy
hyperfine coupling that contribute to this spectrum are the water

deuterons,?Hy. The 2H(I = 1) ENDOR spectrum is more (33) Weissmann, MJ. Phys. Cheml966 44, 422.
complicated than the correspondittjspectrum since each line Sl(i‘;)ofp'ess' H. W.; Garrett, B. B.; Sheline, R. X.Phys. Chem1969

splits into a doublet due to the nuclear quadrupole interaction ~"3s) vardi, R.: Bernardo, M.; Thomann, H.; Strohmaier, K. G.: Vaughan,
(see eq 2). FofH in an OD bond the maximum quadrupolar D. E. W.; Goldfarb, D.J. Magn. Reson1997, 126, 229-241.
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Figure 4. H Davies ENDOR spectra of a frozen solution of 1.6 mM  Figure 5. 'H Davies ENDOR spectra of a frozen solution of 1.6 mM

concanavalin A in 40% glycerals in XTAL(D 20) measured at (a) concanavalin A in 40% glycerol _in XTAL(KD) measured at (a) 3.352,
3.342, (b) 3.365, and (c) 3.434 T. The inset shows the FS-ED EPR (b) 3.366, and (c) 3.428 T. The inset shows the FS-ED EPR spectrum.

spectrum. Table 3. Assignment of the ENDOR Lines of the Water Protons,

Hw to the DifferentMs Manifolds

is due to the powder line shape of the corresponding EPR Ms vo (£0.04), MHz ui (£0.05), MHz
transitions. If position c is close to the perpendicular singularity —3%, —3.3, —4.56, —5.68, —6.25 not detected

of the |Y,mO— |3, m0powder patterns and the parallel —%> —1.06, —1.44, —1.86, —2.06 3.00, 4.17, 243, 3.77
singularity of the|—3/,,mC— |—1/,,mCpatterns, then the relative /2 1.06, 144, 186, 206-3.00, —4.17, —2.43, —3.77
intensity of the former will be enhanced compared to the

Boltzmann distribution. In contrast, if position a is close to the

perpendicular singularity of thg-3/,,m0— |—Y,,mOpatterns

and the parallel singularity of thg/,,m— |3/,,mOpatterns, a

very weak contribution of the latter to the ENDOR spectrum is

expected. These differences in the relative intensities ofge

= —3%/, and?¥, ENDOR signals measured at positions a and ¢ 20°
provide indirectly the EPR line shape of the various EPR

transitions indicating that the sign &f is positive.

The'H ENDOR spectra of a frozen solution of concanavalin
A'in H,O recorded at three different fields are shown in Figure 30°
5. The signals corresponding ta.hl> are marked by asterisks.
The water ENDOR signals, identified by using the approach
described above, show that the four water protons have four
distinct hyperfine couplings. The ENDOR frequencies of the 140°
variousMs manifolds at the canonical orientations are indicated
in Figure 5c and listed in Table 3.

Single Crystals.A single crystal of concanavalin A with a

regular morphology was oriented with lbsaxis parallel to the 180°
tube axis and the static magnetic field lying in the crystal- S S
lographicac plane. W-band FS-ED EPR spectra recorded for 325 33 335 340 345 350 355

. . . . Magnetic Field, T
several orientations of the crystal relative Boare shown in 9

Figure 6. The spectra exhibit two well-resolved sets of sharp Figure 6. W-band FS-ED EPR spectra of a single crystal of
sextets of the—/,,m— [Y,,mEPR transitions, corresponding concanavalin A with _the magn_e_tlc field in ttee plane. The angles

to two spectroscopically distinct sites of the Nrin this plane. correspond to an arbitrary gosition.

The centers of the sextets vary with orientation and when the |ow resolution of these transitions has been attributed to a mosaic
magnetic field direction is along the-axis, the two sextets  spread of ZFS parametel.

coincidel® At this orientation, the weak forbidden transitions, The high resolution of the central transitions allows straight-
(Ams= %1, Am (>*Mn) = +1) situated between the sextet lines, forward identification of the spectroscopically distinct sites of
become evident. The signals corresponding to the “other” EPR Mn?2*. This facilitates significantly the collection of ENDOR
transitions are very broad and théivin hyperfine splitting is rotation patterns where the EPR signal of a particular site has
not resolved, although it exhibits some angular dependence. Theto be tracked. For comparison we present in Fégdra series
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Figure 7. X-band FS-ED EPR spectra (4.2 K) of a single crystal of
concanavalin A with the magnetic field in an arbitrary plane.
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Figure 9. ENDOR spectra of a single crystal of concanavalin A
oriented with the magnetic field along the crystallograptiexis. (a)
IH Davies ENDOR of concanavalin AgD), recorded at a resonant
magnetic field indicated by a in the ins@&y(= 3.4124 T). (b) Similar
to (a) for concanavalin A(ED). (c)?H Mims ENDOR of concanavalin
A recorded position a. (dH Davies ENDOR of concanavalin A¢D),
recorded at a resonant magnetic field indicated by b in the iBget (
3.4126 T). Signals marked with w and i indicate water and imidazole
protons, respectively.

splitting of 79.8 MHz is larger thani2, which at this field
should be 71.9 MHz. This deviation is due to higher order terms
of the hyperfine coupling? Using eq 3 and theus, value
obtained from the FS-ED EPR spectrum we obtain for the

S doublet splitingAv = 78.0 MHz and for its centerAv =
80 100 vaHz 140 160 180 129.8 MHz, which is in good agreement with experimental
. ) R ) results. The sharp lines near 145 MHz are due to protons and
Figure 8. >Mn Davies ENDOR spectrum of a single crystal of  other broad peaks are due to baseline problems.
concanavalin A oriented with the magnetic field along the crystal-  Tha14 ENDOR spectrum recorded with the field along the
lographic c-axis. Experimental conditionstww = 0.07, 0.035, 0.07 c-axis is shown in Figure 9a. The peaks-e2.87 and-+2.40

#8,7 = 03548, trr = 6 45, By = 3413 T. MHz are assigned to thils = +/, manifolds of two of the

of FS-ED EPR spectra recorded at X-band for an arbitrary Water protons since these frequencies are outside the range of
crystallographic plane. The crystal used for the X-band mea- the powder pattern of i ». The assignment of the other lines
surements had to be larger than those used for the W-bandVa@s don_e through exch_ange of the water protons with deuterium
measurements and it had an ill-defined morphology, which made PY S0aking the crystal in f0. Henceforth we refer to the D
its alignment and the identification of the crystallographic axes Soaked crystal as concanavalin A as opposed to con-
difficult. The sextet of the central transition is not well resolved c@navalin A(HO). This crystal was mounted like the con-
in many orientations and the different Ktnsites cannot be ca_navalml A(HO)Z crystal with itsb-axis parallel to the tube
identified, thus making the collection of ENDOR rotation @Xis, and'H and?H ENDOR spectra were recorded Bt|| ¢
patterns rather difficult in terms of the choice of the resonant ©fientation to allow comparison of thél spectra of the two
magnetic field. In contrast, the four M sites in a crystal ~ crystals. The spectra shown in Figure 9a,b are very similar,
oriented in an arbitrary plane are well resolved at W-band (not except for the collapse of the two resolved signalstat4s
shown). and+1.78 MHz and a smaller splitting between #&.87 and

The crystal was rotated around bisaxis until the magnetic ~ +2.40 MHz peaks in the spectrum of the concanavalin A{P
field was collinear with the crystallographieaxis and all four crystal due to a small difference in the cr){stal orientation. The
symmetry related Mn(ll) sites in the tetramer are magnetically @Ppearance of all the concanavalin A@j *H ENDOR lines
equivalent (see Figure 6, the3@ace). From the sextet splitting 1N the spectrum of concanavalin A{D) indicates that in
aso (Mn) = 266 MHz was obtained. Th&Mn ENDOR contrast to the BO exchange in solution, which is f&%&and
spectrum recorded at this orientation and the field set to the therefore complete, the water protons in the crystal were only
highest field hyperfine component is shown in Figure 8. It shows Partially exchanged even after 24 h, possibly due to slow
a doublet, arising from théls = +%/, manifolds, centered at  diffusion of water in the crystal. The water protons were

Av = 132.4 MHz with a splitting,Av, of 79.8 MHz. The (36) Meirovitch, E.; Kalb, AJ. Biochim. Biophys. Act4973 258.
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Table 4. Assignment of the ENDOR Frequencies (in MHz) of a Single Crystal of Concanavalin A with the Magnetic Field Along the
Crystallographiac-Axes

Ms vim1 (£0.02) vimz2 (£0.02) vw (£0.02) vw2 (£0.02) vw3 (£0.02) vwa (£0.02)

=3/, —2.7 4.8 —3.0 —4.8

=1 —0.85 1.6 -1.0 1.6 —2.6 —2.95
Y, 0.85 —-1.6 1.0 —-16 2.6 2.95

Table 5. All Possible Combinations ofy, and A for the Water

assigned by using théd Mims ENDOR spectrum of con- Protons and the Correspondiag, (MHz), Tp, andr Values

canavalin A(DO) shown in Figure 9c. Three sets of doublets,
positioned symmetrically about the Larmor frequency, have been Ad(£0.1), A, (’\%3.08), 8o '(\Ai|_?.08), To lsﬂio-l)' r (i2.04),
identified as marked on the spectrum. Since the doublets with z z z

the largest splitting account for two protons, the three doublets ~ —2.12 4.86 0.21 2.37 3.24
give a total of four protons as expected. Table 4 lists allthe :2'12 154 11 3.22 2.90
. . 212 6.0 0.59 2.70 3.08
ENDOR peaks of the.concanavahn AD) c.rystall and their —212 8.33 137 3.48 282
assignments. The assignment to the spebifiananifolds was —2.88 4.86 -0.3 2.51 3.12
done as in the frozen solutions. THe spectrum recorded at —2.88 7.54 0.59 3.47 2.83
position b (see inset of Figure 9) is shown in Figure 9d. The  —2-88 6.0 0.08 2.96 2.99
. . S . —2.88 8.33 0.86 3.74 2.76
spectrum is asymmetric and shows contributions mainly from  _3'75 4.86 —0.86 286 302
the Ms = —1/, and —3/, manifolds. -3.72 7.54 0.03 3.75 2.76
—-3.72 6.0 —0.48 3.24 291
; ; —3.72 8.33 0.29 4.01 2.67
Discussion ~413 4.86 ~1.13 3.0 2.97
From the frozen solution measurements it was possible to :2:%3 2:84 :8:3? g:g? g:;g
determ_int_a the magnitude and sign of the principal components 413 8.33 0.03 4.15 267
of the imidazole protons: the values ake = —1.72(0.08) - : -
MHz, A, = 3.54&0.1) MHz. These values yields, = 0.0- single crystal of concanavalin A at 298 % nuclear density
(40.1), To = 1.75@0.1) MHz, and a distance of 3.56 A between corresponding to the four deuterium atoms of the two Mn-bound
the imidazole proton and the Mhion. The X-ray structuré water molecules was detected and the individual +\dn

of concanavalin A predicts a MrH, distance of 3.5 A, which distances were determined to be 2.63, 2.77, 2.87, and 3.08 A,
is in good agreement with the ENDOR results. Although the in good agreement with the values found in the present ENDOR
two protons are chemically inequivalent, they have the same study at 4.4 K.
hyperfine coupling due to the purely dipolar nature of the  The experiments carried out on a frozen solution are useful
interaction and their equal distance from the Mn ion. The for assignment of the signals in single crystal measurements as
negligible isotropic hyperfine coupling of these protons supports they provide the limits of the hyperfine splitting of the various
the assignment of the directly bound nitrogen, rather than the protons. Detailed single crystal measurements designed to
remote nitrogen, as the one responsible for the ESEEM observeddetermine the full hyperfine tensors of the water and imidazole
at X-band?! The orientation of the MaHy, directions with protons are currently under way.
respect to thes-axis can be obtained from the single-crystal
ENDOR measurements for tliBel| ¢ orientation by using eq 1.
Taking the Hy1.2 frequencies listed in Table 4 and the value of ~ W-band pulsed ENDOR experiments were performed on
T given above angles of 2(I6F) and 84(96°) were obtained. fr_ozen solutions of 'Fhe protein conce!navalin A. Sele_ction of
The analysis of the ENDOR frequencies of the water protons different EPR transitions together with exchange witbOD
is more complicated since the four protons were found to be &llowed the assignment of the imidazole and water protons and
magnetically inequivalent. Although four different valuestgf the determination of the magnitude and sign of the principal
andAo were determined from the frozen solution measurements, omponents of the hyperfine interaction. The two imidazole
the specific pairs that belong to the individual protons cannot Protons are magnetically equivalent, situated 3.56 A from the
be determined from the available data and require complete MN*" in the transition-metal-binding site, S1, and their hyperfine
single-crystal measurements. Here we consider all 16 possiblecPupling is purely dipolar. The protons of the two water ligands
combinations, as listed in Table 5. For each combinatigg, are all mequwalept, charagter!zed by four distinct vgluesqpf
Tn, andr were calculated (Table 5) and all distances were found @NdAc. The possible combinations of these values yield-¥h
to be between 2.67 and 3.24 A. Similar ENDOR measurementsdistances in the range 2.63.24 A. o
on Mn(H0)e2* in a frozen solution gavéy = 7.64(0.1) MHz Slnglt_a-crystal measurements show that_the individual crystal-
andA; = —2.77(:0.08) MHz, yieldingaiso = 0.7(0.08) MHz, lographic sites of M#" are _weII .resolved in the FS-ED EPR
To = 3.48(0.1) MHz, andr = 2.8(:0.04) A, in agreement  SPectra at W-band, facilitating smgle-c_rystal ENDOR measure-
with earlier X-band ENDOR resulf. If we assume that the ~ Ments where the same strategy for signal assignment used for
mechanism leading to the isotropic hyperfine coupling of the the frozen solution is applied.
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