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Single crystals of the phosphorylated amino aci@-serine phosphate were X-irradiated and studied at 10

K and at 77 K using EPR, ENDOR, and EIE techniques. Two radicals, R1(10 K) and R1(77 K), were detected
and characterized as two different geometrical conformations of the protonated reduction prQdiiet

C(OH),. R1(10 K) is only observed after irradiation at 10 K, and upon heating to 40 K, R1(10 K) transforms
rapidly and irreversibly into R1(77 K). The transition from R1(10 K) to R1(77 K) strorigbreasesthe

isotropic hyperfine coupling of the ©©CHg coupling A = 32 MHz) and the major EOH; coupling A =

47 MHz), in sharp contrast to the their muducedanisotropic hyperfine couplings after the transition. An
umbrella-like inversion of the carboxylic acid center, accompanied by minor geometrical adjustments, explains
the changes of these observed isotropic and anisotropic couplings. DFT calculations were done on the reduced
and protonated-O-serine phosphate radical at the B3LYP/6-3Q(2df,p)//B3LYP/6-3%G(d) level of theory

in order to support the experimental observations. Two different conformations of the anion radical, related
by an inversion at the carboxylic center, could be found within the single molecule partial energy-optimization
scheme. These two conformations reproduce the experimental hyperfine couplings from radicals R1(10 K)
and R1(77 K) A third radical, radical R2, was observed experimentally at both 10 and 77 K and was shown

to be due to the decarboxylatedD-serine phosphate oxidation product, a conclusion fully supported from

the DFT calculations. Upon thermal annealing from 77 to 295 K, radicals R1(77 K) and R2 disappeared and
all three previously observed room-temperature radicals could be observed. No phosphate-centered radicals
could be observed at any temperatures, indicating that the phosfsiée bond break for one of the room-
temperature radicals does not occur by dissociative electron capture at the phosphate group.

1. Introduction given in the experimental work.n addition, Lipfert et al.
investigated mechanisms for the formation of these radicals and
Ipresented theoretical evidence for the model proposed by
Sanderud and Sagstukthat the third room-temperature species
could originate from a primary reduction product. In particular,
Lipfert et al® demonstrated the possible existence for a
phosphoranyl radical as an intermediate species in a phosphate
ester dissociative electron capture (DEC) process leading to the
third room-temperature radical.

Because most primary radicals are observable only at

The amino acid analogueO-serine phosphate (SP, Scheme
1) has been considered to be an appropriate model system fo
the study of radiation-induced processes leading to scission of
the phosphateester bond in the DNA backbone structure. The
reason is that SP has molecular and electronic properties
functionally similar to, for example, a nucleotide.

In particular, the phosphatesster group in SP models the
sugar-phosphate junction in DNA, whereas the carboxylic
group is known to behave as an effective electron scavenger .
much like the aromatic nucleotide bases in DNA. temperatures below room temperature, EPR/ENDOR experi-

A previous EPR/ENDOR-study on irradiated single crystals ments of single crystals of SP irradiated at low temperatures
of SP at room temperature was published by Sanderud andar® requweq n or(_jer to put the prop(_)sed m_eche_mlsn_]s to test,
Sagstuen These authors identified three different radical species tNuS establishing if a DEC process is feasible in this model
stable at room temperature. Two of these species were a side-SySte_m' ) ) ) )
chain H-abstraction radical at C3 and a deaminated reduction It is well-known that the primary amino acid reduction
product, both well-known secondary radicals in irradiated amino Preduct, usually a protonated carboxyl anion radical, is pyra-
acids? The third species was a carbon C3 centered radical Midal at the radical centérHowever, only one of the possible
formed by scission of the phosphatester bond on the amino pyra_lmldal conformations has been obse_rved in one given system.
acid side. Mechanisms for the formation of these three room- During the course of the present work, it was found that two of

temperature radicals were discussed by Sanderud and Sastuerfh€se conformations could be stabilized depending on the
Phosphate-centered radicals, formed from SP by ionizing temperature at which the system was irradiated. Thus, a detailed

radiation, have not been observed to date. experimental and DFT assisted analysis of the geometric,

In a recent paper, Lipfert et al. presented a detailed DFT study €/€ctronic, and energetic properties of the two conformations
on the structure of radicals formed iRO-serine phosphafe.  Were made.

The results provided conclusive support for the interpretations _ _
2. Experimental and Computational Methods
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SCHEME 1: Molecular Structure and Crystallographic Geometry of L-O-Serine Phosphate (SP)

o H1
-]

tion at 55°C (“normal” crystals). Partially deuterated crystals was employed. For technical reasons, the ENDOR rf field could
of SP with the polar protons exchanged with deuterons were not be swept above about 45 MHz. For the EPR and ENDOR
similarly prepared by crystallization from deuterium oxide (99%, measurements, three different orthogonal planes of rotation were

Cambridge Isotope Laboratories). recorded at Sintervals. A fourth plane skewed with respect to
Single crystals of SP are orthorhombic with space group the crystal axes was recorded at the 77 K experiment to solve
symmetryP2;2;2;, containing four molecules in the unit céll.  the Schonland ambiguify.

The crystallographic configuration of the SP molecule is shown  The experiments will give four different hyperfine/quadru-
in Scheme 1. The phosphate group is singly protonated and thuspolar tensors for each coupling atom due to the four SP
carries one formal negative charge, counterbalanced by amolecules in the orthorhombic crystal unit cell. All tensors given
protonated amino group. The carboxyl group is formally neutral. in the tables represent thg,z2) molecule in the crystal céll
All polar protons and oxygen atoms except for O1 and O6 and the choice of the correct tensor for tixg/,¢) molecule is
in the SP molecule are participating in external hydrogen based on the discussion of the radical structure and the DFT
bonding. Consequently, the ED5—H5 carboxyl fragment, the  calculations.
amino group, and the phosphate group are all firmly anchored The proton and phosphorus hyperfine coupling (HCF) tensors
in the crystalline environment. No internal hydrogen bonds are were obtained from the experimental data using the MAGRES
reportec® program’ The'“N hyperfine and nuclear quadrupolar coupling
Identification of the crystal axes was made using a Weis- (NQC) tensors were obtained using the NQENDFIT prog?dm.
senberg X-ray diffraction camera, and aided by the diffraction These programs assume an isotropic g tensor, which proved to
pictures the rotation axis was aligned withihwith one of the be a good approximation for this study of SP. Spectrum
crystal axes. The crystals were subsequently transferred tosimulations were made using the program KVASAT as de-
copper sample holders without loss of alignment. The orthogonal scribed previously?11
Cartesian reference system in this work corresponds to the The DFT calculations were performed using the GAUS-
crystal axis systenia,b,cll SIANO3 program packag®.The fully or partially optimized
The sample holder was fitted to an Air Products HeliTran radical geometries were obtained using the B3LYP hybrid
LT3 cryostat, which was cooled by liquid nitrogen/helium. The functionat3~%> and the 6-33G(d) basis set The subsequent
cryostat was inserted into a telescoping vacuum shield holding single-point calculations of the hyperfine tensors on these
a TMo11 EPR/ENDOR cylindrical cavity and with the crystal geometries were done with the B3LYP hybrid functional and
irradiation cabinet situated immediately above the cavity roof. the 6-313-G(2df,p) basis sé€ The B3LYP functional together
A Philips chromium target tube operated at 50 kV/40 mA was with these Pople basis sets have been applied successfully to a
used for X irradiation of the crystals at sample temperatures of number of biological radicals.
about 10 K (liquid helium cryogen) and 77 K (liquid nitrogen An ONIOM calculation using standard semiemperical meth-
cryogen) to a total dose of about 40 kGy. After irradiation, the ods such as AM1 or PM3 cannot describe the hypervalent
crystals were lowered from the irradiation cabinet into the cavity phosphate in SP proper§ and a full cluster approach was not
for EPR/ENDOR/EIE measurements. This setup secures tem-feasible with our available computers. Hence, all calculations
perature stability between the irradiation and the measurementwere performed on a single molecule at 0 K. The effects of the
phase. A calibrated Oxford Instruments ITC 503 module with crystalline environment can to some extent be incorporated
a thermocouple mounted to the base of the sample holderindirectly either by freezing some of the atomic coordinates
controlled the sample temperature during irradiation and mea- during a geometry optimization or manually changing some of
surements. the atomic coordinates after a geometry optimization, thus
X-band EPR, ENDOR, and EIE spectra were obtained using simulating hydrogen bonding and various steric interactions. The
a BRUKER EleXsyS 560 SuperX X-band spectrometer con- single molecule approached with constrained optimization has
nected to a Linux workstation running BRUKER Xepr software. been adopted previously by Vanhaelewyn et al. in order to
For ENDOR/EIE, the system was set to generate a square-wavedetermine radical conformatiod®.In combination with the
frequency modulation of the rf field at 10 kHz with a modulation NoSymnoption of GAUSSIANO3, the eigenvectors (principal
depth of typically 150 kHz. A 200-W 3200L ENI rf-amplifier  directions) of the calculated dipolar coupling principal values
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Figure 1. First-derivative EPR spectra (centeredgat= 2.0023) of
X-irradiatedL-O-serine phosphate single crystals. (a) X irradiation and
measurements at 10 K with nondeuterated (normal) crystals, (b) X
irradiation and measurements at 10 K with deuterated crystals, (c) X

irradiation and measurements at 77 K with normal crystal, and (d) X
irradiation and measurements at 77 K with deuterated crystals. In e,

I T
340 345

both of the above nondeuterated spectra a and c are shown at 10x8
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ing central EPR-resonance, and the hyperfine coupling tensors
(nos. A—D) were obtained with the magnetic field position
locked to one of the weak flanking EPR-resonance lines. Figure
2a and b shows the ENDOR spectra obtained with the external
magnetic field directed along thaCaxis at these two different
magnetic field position settings. The phosphorus resonance no.
5 and the nitrogen resonance no. E could not be followed
through three orthogonal planes of rotation; hence, no coupling
tensors from these two resonances could be established.
Experiments with X irradiation and measurements at 10 K
using partially deuterated crystals clearly show that proton
coupling nos. 2 and 3 are exchangeable, whereas proton coupling
no. 1 is nonexchangeable. It was not possible to uniquely decide
whether the proton couplings (nos.—) originate from
exchangeable protons due to the low signal-to-noise ratio when
the magnetic field was locked to the weak flank resonance lines
of the EPR spectrum. Also, the Schonland ambigtittye sign-
ambiguity of the nondiagonal elements in the coupling tensor,
was not resolved by direct experiments at 10 K but was resolved
indirectly by comparisons of the most probable radical geometry,
the crystallographic directions and the DFT calculated tensors.
3.3. ENDOR Results at 77 K.After X irradiation and
measurements at 77 K, five new hyperfine coupling tensors were
stablished from the ENDOR data (nosM in Figure 2c, for

amplification (central part omitted) illustrating that the resonances NO- lll see below) and are reported in Table 2. The magnetic
flanking the central resonance are identical. All spectra are measuredfield was locked at the center of the central EPR-resonance

with the external magnetic field along thalaxis.

are directly comparable with the experimental results. The
atomic spin densities were obtained using natural population
analysis?®

3. Experimental Results and Analysis

3.1. EPR ResultsEPR spectra with the external magnetic
field directed along théaJaxis from experiments at 10 and at
77 K are shown in Figure 1. In both cases using normal crystals,
a dominating 1:2:1 type triplet resonance due to two nearly equal
proton interactions is apparent in the center of the spectrum
together with weaker and more complex resonances on eac
side of the triplet. The 77 K triplet resonance is much wider at
all orientations of the external magnetic field as compared to

the 10 K triplet resonance. The weak and complex resonances,
on each side of the triplets remain unchanged between the two

experiments as shown in Figure le.

(Figure 1c). The hyperfine coupling tensors were ascribed to
four proton interactions (nos—1V) and one nitrogen interaction
(no. V). The nitrogen nuclear quadrupolar tensor was also
established. Figure 2c shows the ENDOR spectra obtained at
77 K with the magnetic field directed along th&axis. X
irradiation and measurements at 77 K using partially deuterated
crystals showed that the proton coupling tensors nedMlare

due to exchangeable protons, whereas coupling nos. | and V
are clearly nonexchangeable. Because it was not possible to
distinguish the no. Il resonance line from other resonances in
the crowded distant proton region (27 MHz) of the ENDOR
spectra throughout théHaxis rotation plane, coupling no. llI

pvas assumed to be isotropic in this plane. The Schonland

ambiguity of coupling tensors nos. I, II, IV, and V was
completely resolved in a separate experiment using a skewed
axis of rotation; the polar angles of the rotation axis were
30°,¢p = 0°.

3.4. Radical R1(10 K) Characterization.EIE was used to

Figure 1b and 1d shows spectra corresponding to those inassign the ENDOR resonance lines in Figure 2b to Radical R1-

Figure 1a and 1c but using partially deuterated crystals. It is
evident that the dominating triplets in both cases change into

(10 K). As shown in Table 1, tensor nos—2 can be
characterized ag-proton tensors because of their prominent

doublets. Clearly, one of the interactions contributing to the axial symmetry and moderately anisotropic eigenvalues. Tensor
triplet resonances is due to an exchangeable proton. Similarly,N0S- 4 and 5 were characterized as very distant phosphorus atom
the weaker flanking lines are also reduced in total width and hyperfine coupling tensors because the corresponding resonance

complexity.

The resonances exhibit only very small g-factor variations
and were assumed isotropic for the further analysis of coupling
tensors.

3.2. ENDOR Results at 10 K.After X irradiation and

lines are centered at the free phosphorus frequency:(6.03
MHz), and the tensors exhibit small isotropic values and small
anisotropic axially symmetric eigenvalues.

In sharp contrast to the nonexchangeable proton tensor no.
1, the exchangeable proton tensor nos. 2 and 3 exhibit

measurements at 10 K, eight hyperfine coupling tensors (denotedsignificantly larger anisotropic eigenvalues, which is typical for

nos. 1, 2, 3, 4, A, B, C, and D) were established from the

B-OH couplings. The3-OH anisotropy is larger in magnitude

ENDOR data and are reported in Tables 1 and 3. Thesethan normal carbon bondegiprotons because thhydroxyl
hyperfine interactions could be ascribed to seven protons andProtons are closer to the radical center because of the shorter

one phosphorus atom. As illustrated in Figure 2, the magnetic
field was locked at two distinctly different positions in the EPR
spectrum (Figure 1a) in order to obtain all of the corresponding
resonance lines. The hyperfine coupling tensors (no4) Were
obtained with the magnetic field position locked to the dominat-

bonding lengths.

It follows that the only possible location for the majority of
the unpaired spin must be at C1. A radical center on C1 will
not give rise to any observabteproton coupling, whereas one
major nonexchangeabfeproton coupling would be expected.
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TABLE 1: Experimental Hyperfine Coupling Tensors for Radical R1(10 K) in Single Crystals of L-O-Serine Phosphate
X-Irradiated and Measured at 10 K and the DFT Computed Hyperfine Coupling Tensors for Model A?

principal values anisotropic values isotropic value eigenvectors
tensor (MHz) (MHz) (MHz) @0 O e

53.71(3) 10.96 —0.098(1) 0.892(2) —0.441(2)

BH (no. 1) 39.75(2) -3.00 42.75 0.803(1) —0.191(2) —0.565(1)

exp 34.80(2) -7.95 0.588(1) 0.409(2) 0.697(2)
54.10 11.23 —0.022 0.860 —0.511

H4 37.38 —5.49 42.87 0.794 —0.295 —0.532

DFT 37.13 —5.74 0.608 0.417 0.676
51.14(3) 20.11 —0.436(0) 0.801(7) —0.411(1)

BH (no. 2) 22.31(3) -8.72 31.03 —0.166(0) 0.377(4) 0.911(3)

exp 19.62(3) —11.40 0.885(1) 0.465(0) -0.032(7)
56.94 20.63 —0.440 0.731 —0.522

H9 27.75 —8.56 36.31 —0.283 0.438 0.853

DFT 24.24 —12.07 0.852 0.523 0.014
10.25(4) 15.84 0.220(2) 0.967(5) 0.130(2)

BH (no. 3) —11.49(3) —5.90 —5.59 0.918(2) —0.160(2) —0.363(1)

exp —15.53(3) -9.94 0.330(4) —0.120(2) 0.923(2)
17.95 22.93 0.137 0.950 —0.279

H5 —14.29 —9.31 —4.98 0.936 —0.216 —-0.277

DFT ~18.60 ~13.62 0.323 0.224 0.920

3.79(3) 0.85 —0.950(5) 0.052(682) 0.306(636)

P (no. 4) 2.53(5) -0.41 2.94 0.031(32) 0.997(130)  —0.074()

exp 2.49(4) -0.45 0.309(15) 0.066Y) 0.949(158)
—0.47 0.63 —0.891 0.224 0.395

P —1.38 —0.28 —1.10 0.383 0.838 0.389

DFT —1.45 —0.35 0.244 —0.498 0.832

P (no. 5) b b ~ £1¢

exp

aUncertainties are given at the 95% confidence level in the last digit(s) of the quoted VaAugsotropy could not be properly resolved.
¢ Isotropic eigenvalue estimated from ENDOR spectra with the external magnetic field aligned along the crystal axis.

The two observed@-hydroxyl protons can be ascribed to H5 3.5. Radical R1(77 K) Characterization.EIE was used in
and H9, where the latter is added to O6 after electron captureorder to assign the ENDOR resonance lines in Figure 2c to
at the carboxylic group. Radical R1(77 K). Tensor nos—lIl can be characterized as
As shown in Table 4, the deviation of the eigenvector protonf tensors. The interaction yielding tensor no. IV is also
corresponding to the maximum anisotropic coupling of tensor a proton hyperfine coupling, but the magnitude of the anisotropic
no. 1 with the crystallographic vector between C1 and H4 is eigenvalue indicates a coupling to a nucleus more distant from
only 6° (10° if calculated using an eigenvector from a different the radical center.
tensor alternative that corresponds better to the DFT calculated a5 shown in Table 4, the eigenvectors corresponding to the
tensor), whereas the corresponding deviation for tensor n0. 3maximum anisotropic coupling of tensor nos. I and 1 (R1(10
(a§S|gned to a coupling with H5) with the €HS direction is K)) exhibit considerable similarity; this may also be the case
24°. The discrepancy for tensor no. 3 is most likely caused by {o the eigenvectors corresponding to maximum anisotropic
a small amount of unpaired spin at O5, which is well known to coupling of tensor nos. 11l and 3 (R1(10 K)). Tensor nos. | and
occur in various carboxylic anions, especially when hydroxyl 4 (RL(10 K)) also share the property of being due to nonex-
proton H5 is situated near the nodal surface of the unpaired o angeapie protons, whereas tensor nos. Il and 3 (R1(10 K))
spin at C1, as in the present c&$€: The hydrogen bonds ©5  py416'the property of being due to exchangeable protons. The

Hg-_--OZ* and OS-f-HG*_—hl\é* shown lin Fligure 3, Whgril* latter property is also shared by tensor nos. Il and 2 (R1(10 K))
indicates atoms of neighboring molecules, are probably an o'\l ac by tensor no. IV.

important factor for the stabilization of the H®5-C1 . - .
fragment during the electron capture and subsequent protonation  0UPling nos. Il and i exhibip-hydroxyl properties because
of the carboxylic group. of thelr_ large anisotropy as compared to coupling no. I, even if
Tensor no. 2 is necessarily due to an interaction with a the anisotropy is §|gn|f|cantly smaller as compared to that of
covalently bonded proton at OB, a proton that is incoming from t€nsor no. 2 of radical R1(10 K) (to be discussed further below).
a neighboring molecule. The closest polar group is shown in Thus, the exchangeability and nature of the major couplings
Figure 3 and is the most probable proton donor of H9. This unequivocally p|r_1p0|nt the radical center pf radical R1(77 K)
polar proton transfer is justified by the prospect of attaining © Pe C1, that is, the same as for radical R1(10 K). The
charge balance at the carboxylic group after electron capture.conclusion must be that radical R1(77 K) is also a protonated
Similar proton transfers are well-established for a variety of carboxyl anion.
carboxylic anion compoundd:25 Tensor no. IV is probably a coupling to an amino proton
Tensor no. 4 is a weak interaction with a phosphorus atom. (H6*, Figure 3) at a neighboring molecule in the crystalline
As shown in Table 4, the eigenvector corresponding to the environment because the direction of the &46* contact and
maximum anisotropic coupling is almost parallel to the crystal- the eigenvector of tensor no. IV corresponding to maximum
lographic Ct--P direction. anisotropic coupling are nearly parallel, as shown in Table 5.
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TABLE 2: Experimental Hyperfine Coupling Tensors and N Quadrupolar Coupling Tensor for Radical R1(77 K) in Single
Crystals of X-Irradiated and Measured L-O-Serine Phosphate at 77 K and the DFT Computed Hyperfine Coupling Tensors for
Model B2

eigenvectors

principal values anisotropic values isotropic value
tensor (MHz) (MHz) (MHz) (all O e
81.72(4) 6.75 —0.031(2) 0.888(7) —0.460(3)
BH (no. 1) 73.02(2) —-1.95 74.97 —0.362(0) 0.419(2) 0.833(5)
exp 70.18(2) —4.79 0.932(1) 0.192(2) 0.308(6)
74.14 8.08 0.067 0.868 —0.492
H4 63.22 —2.84 66.06 —0.511 0.453 0.730
DFT 60.82 —5.24 0.857 0.202 0.474
91.49(2) 13.74 0.824(1) —0.452(1) —0.343(1)
SH (no. 1) 73.00(2) —4.75 77.75 0.454(1) 0.887(1) —0.078(2)
exp 68.75(2) —9.00 0.340(0) —0.092(2) 0.936(0)
85.65 10.40 0.885 —0.385 —0.261
H9 71.63 —3.62 75.25 0.448 0.855 0.262
DFT 68.47 —6.78 0.123 —0.349 0.929
27.36(03) 18.48 0.115(2) 0.979(9) 0.167(11)
AH (no. 1) 0.52(10) —8.36 8.88 0.783(0) 0.014(3) —0.622(2)
exp —1.25(10) —10.13 0.611(2) —0.203(11) 0.765(9)
22.86 18.38 —0.287 0.945 0.154
H5 —-3.91 —8.39 4.48 0.456 0.277 —0.846
DFT —5.52 —10.00 0.843 0.173 0.510
9.12(4) 9.69 0.240(3) 0.201(436) 0.950(14)
H (no. IV) —5.26(3) —4.69 —0.57 0.031(4) —0.979(9) 0.199(441)
exp —5.56(5) —4.99 0.970(1) —0.018(111) —0.242(88)
8.78(1) 1.14 —0.504(8) 0.755(7) 0.420(6)
BN (no. V) 7.54(1) —0.10 7.64 —0.606(10) —0.656(8) 0.450(12)
exp hfc 6.60(1) —1.04 0.615(8) —0.027(11) 0.788(6)
10.08 0.69 0.158 0.937 0.313
N 9.06 —0.33 9.39 —0.381 —0.235 0.895
DFT hfc 9.03 —0.36 0.911 —0.260 0.319
0.447(4) 0.447 0.301(7) 0.466(5) 0.832(4)
AN (no. V) —0.036(4) —0.036 0.725(7) 0.454(9) —0.517(7)
exp nqc —0.411(4) -0.411 —0.619(8) 0.759(6) —0.201(7)

aUncertainties are given at the 95% confidence level in the last digit(s) of the quoted values.

None of the intra-atomic contacts to exchangeable protons (H6, Because both radicals R1(10 K) and R1(77 K) have been

H7, and H8) exhibit similar agreement. identified as protonated carboxylic anions, it would for sto-
It is noted that the crystallographic torsion angle between ichiometric reasons be expected that the second radical R2
the carboxyl group plane and the €C2—N plane is only 8. should be an oxidation product. Primary cationic radicals of

Even when the C1 radical center becomes pyramidal upon amino acids are well known to undergo immediate decarboxy-
radical formation, only a small isotropic coupling to the amino lation after the initial oxidation evertLipfert et al? did show
nitrogen would therefore be expected. The signs of the qua- that decarboxylation from the pristine SP cation proceeds
drupolar coupling tensor elements (no. V) are assigned in without any activation energy. This decarboxylated radical will
analogy with a comparable radical inRO-serine phosphate at ~have the majority of its unpaired spin located at C2, creating a
room temperature (radical Il in ref 1). It appears that the Ia'rge number of resplvable proton interactions in accordance
direction for the maximum quadrupolar coupling deviates only With the observed wide EPR-spectra (Scheme 3).
9.3 from the crystallographic G2N direction. For radical Il Tensor no. A can be characterized as due to a proton
in ref 1, the corresponding angle was 10.8 is difficult to a-coupling, and tensor nos.-B can be characterized as due
extract further useful structural information from the nitrogen to protong couplings. The complete nitrogen hyperfine coupling
hyperfine and quadrupolar coupling tensor no. V. This is tensor no. E could not be established because the corresponding
basically due to the high sensitivity of the amino nitrogen resonance positions could only be observed with the external
hyperfine and nuclear quadrupolar coupling tensors for the magnetic field aligned along the crystal axes.
unpaired spin in the nitrogem bondst After decarboxylation, the axis of a highly spin populated
3.6. Radical R2 Characterization.No EIE spectra of good ~ 2p(C2) orbital is anticipated to be close to the brokebond
quality could be obtained when the external magnetic field was between C1 and C2. The amino and phosphate groups are firmly
locked at the flanking EPR resonance lines depicted in Figure anchored through external hydrogen bonding; thus, they con-
le. Regardless of this, however, tensor nosEAcan only be tribute to stabilization of the radical in a conformation close to
assigned to one radical, designated radical R2. This follows from crystallographic structure.
the EPR spectrum simulations to be described below because Assuming that the unpaired spin is mainly located at C2,
all of these tensors are required for R2 to reproduce the tensor no. A must be due to an interaction with H4. As shown
experimental spectra satisfactorily. Also, regardless where thein Table 6, the deviation between the eigenvector of the
external magnetic field is positioned at the broad flanking EPR intermediate principal value of tensor no. A and the crystal-
resonances, the same ENDOR resonance lines are observed.lographic C2-C1 direction is 8. The angle between the
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TABLE 3: Hyperfine Coupling Tensors for Radical R2 in Single Crystals of X-Irradiated L-O-Serine Phosphate and Measured
at 10 K and the DFT Computed Hyperfine Coupling Tensors for Model G

principal values anisotropic values isotropic value eigenvectors
tensor (MHz) (MHz) (MHz) @0 O el
—104.66(6) —38.60 0.831(1) 0.239(2) 0.503(1)
oH (no. A) —63.19(23) —2.87 —66.06 —0.249(1) 0.967(0) —0.048(2)
exp —30.33(7) 35.73 —0.498(1) —0.086(1) 0.863(0)
—97.31 —39.04 0.803 0.301 0.514
H4 —59.63 —1.36 —58.27 —0.206 0.950 —0.234
DFT —17.87 40.40 —0.559 0.082 0.825
49.48(3) 11.64 0.039(1) 0.044(2) 0.998(27)
BH (no. B) 32.56(4) —5.28 37.84 0.998(2) 0.039(27)  —0.041(2)
exp 31.49(5) -6.35 0.040(0) —0.998(1) 0.043(2)
42.33 11.37 0.111 0.286 0.952
H6 25.70 —5.26 30.96 0.703 —0.700 0.129
DFT 24.85 —6.11 0.703 0.655 —-0.278
101.83(4) 10.03 0.157(1) 0.809(3) 0.566(2)
BH (no. C) 89.67(2) —2.13 91.80 0.587(1) —0.537(2) 0.605(2)
exp 83.89(2) -7.91 0.794(2) 0.237(2) —0.560(3)
109.34 9.74 0.337 0.736 0.588
H8 95.59 —4.01 99.60 0.388 -0.677 0.625
DFT 93.87 —5.73 0.858 0.017 —-0.514
22.38(3) 10.73 0.858(1) 0.213(20) 0.467(2)
BH (no. D) 6.61(4) —5.04 11.65 0.028(1) 0.888(2) —0.458(35)
exp 5.96(3) ~5.69 —0.513(1) 0.406(30) 0.756(18)
26.22 11.41 0.795 0.286 0.534
H7 9.75 —5.06 14.81 0.041 0.854 —0.518
DFT 8.46 —6.35 —0.605 0.434 0.668
23.91 9.64 0.869 0.233 0.437
H3 9.88 —4.39 14.27 0.130 0.745 —0.654
DFT 9.03 —-5.24 —0.478 0.625 0.617
oN (no. E) b b + (6...10§
exp
—6.53 0.59 0.176 0.933 0.313
N —7.28 —0.16 —-7.12 0.476 —0.359 0.803
DFT —7.55 —0.43 0.862 0.008 —0.508
167.33 8.60 0.844 —0.532 0.069
H2 155.63 —-3.10 158.73 0.533 0.846 —0.009
DFT 153.23 —5.50 —0.053 0.044 0.998

aUncertainties are given at the 95% confidence level in the last digit(s) of the quoted \alrésotropy could not be properly resolved.
¢ Isotropic eigenvalue estimated from ENDOR spectra with the external magnetic field aligned along the crystal axis.

eigenvector of the largest principal value of tensor no. A and direction are about 60 Consequently, the isotropic eigenvalue
the C2-H4 direction is 12. The C2 center, $phybridized for H6, H7, and H3 should be small. The isotropic value of
before oxidation, would be expected to rehybridize to a more tensor no. B is 37.8 MHz, and Table 7 shows that the
planar sp structure after decarboxylation. The McConnell crystallographic C2-H6 direction is close to the eigenvector
relatior?® with Q = —73.4 MHZ" and the experimental isotropic ~ of tensor no. B corresponding to maximum dipolar coupling,
eigenvalue of tensor no. A indicates 0.90 spin density at C2. the C2-H7 and C2-H3 directions cosines on the other hand
Using the anisotropic eigenvalues of the hyperfine coupling show no such correspondence.

tensor no. A, the GordyBernhard relatiof?2° with Q, = Tensor no. C exhibits a large isotropic value of 91.8 MHz,
38.7 MHz indicates 0.93 spin density at C2. This small which implies a dihedral angle close td.0his excludes thg
difference suggests that the C2 center is nearly completély sp protons H3, H6, and H7 as discussed above. The directiors C2

rehybridized®° H2 and N-H8 both have dihedral angles to the-a12 direction
The isotropics-proton coupling is described by the Helter close to O, but as shown in Table 7 only the €218 direction
McConnell relatiod! is in accordance with the eigenvector for the maximum dipolar
coupling of tensor no. C.
3so(CHp) = (B, + B, cog6)o” Q) Tensor no. D exhibits a small isotropic value of 11.7 MHz,

and as discussed aboyk protons H6, H7, and H3 are all
whereBy and B, are constants typically close to 0 MHz and possible candidates for the proton responsible for coupling tensor
126 MHZ, respectively, for a planar CGHadical?? and for a no. D. From Table 7, both H3 and H7 remain as candidates.
planar CNH fragment about-4 and 118 MHz, respectivef. H3 and H7 could, in principle, be distinguished by an experi-

0 is the dihedral angle between the-83 or N—Hz bond and ment using a deuterated crystal of SP, but because of the poor
the axis of the 2p(C) orbital with spin densipy. signal-to-noise ratio, this was not achieved. The anisotropic
From the crystallographic datahe dihedral angles between elements of nos. BD are all quite similar and almost identical

the N—H6, N—H7, and C3-H3 directions and the C2C1 to those of the amino proton couplings of the structurally similar
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#E+/-

#P+ #(+3— #A+ #B+

b)
#1- #5- #5+
#V+/-
c)
HIV. Figure 3. lllustration of the hydrogen bonds ©%i5---O2* and
#IV+ . 05--+H6*—N*, and the neighboring amino group, which is most likely
bttt ——]| the donor of the incoming proton at O6 after electron capture. Hydrogen
10 20 30 40 bond lengths and the HI06 distances are given in angstre. Color

ENDOR Frequency (MHz) coding: C, magenta; H, grey; O, red; N, blue.
Figure 2. First derivative ENDOR spectra of X-irradiateeO-serine TABLE 5: C1—-H6, C1-H6* C1—-H7, and C1-H8
phosphate single crystals with the external magnetic alongithexis. Crystallographic Directions of L-O-Serine Phosphate

(a and b) X irradiation and measurements at 10 K. In a, the magnetic Compared with the Experimental Eigenvector

field is locked to a resonance line at the outer flank in the EPR spectrum Corresponding to the Maximum Anisotropic Coupling of
of Figure 1a, whereas in b the field is locked to the central line. (c) X T€nsor no. IV of the R1(77 K) Radicaf

irradiation and measurements at 77 K. The magnetic field is locked to  experimental crystallographic directions
the central resonance line of the EPR spectrum in Figure 1c. The

assignment oft or — to each ENDOR line indicates whether the no. IV Ci-H8 Cl-H7 Cl-H6 Cl-H6*
corresponding nuclear transition belongs to the= +%, or theme= @0 0.240 —0.058 —0.443 0.042 0.23
—1/, energy level manifold. b0 0.201 -0.976 —0.841 —0.770 0.30
[eO 0.950 0.212 —-0.312 —0.637 0.93
TABLE 4: C1—H4, C1—H5, and C1—-P Crystallographic ) ) ) ) )
Directions of L-O-Serine Phosphate Compared with Selected #H6* belongs to a neighboring molecule in the crystalline environ-
ment.

Experimental Eigenvectors Corresponding to the Maximum
Anisotropic Coupling of the Tensors from the R1(10 K) and
R1(77 K) Radicals

crystallographic
directions

SCHEME 2: Chemical Structures of Radicals R1(10 K)
and R1(77 K)

experimental angular deviation H

4 yah
Cl1-H4 no. 1 no. | no. 1 no. | 8 H 6 1)
@0 0.056 +/—0.098 -+/—0.031 H |
b0 0.852 0.892 0.888 BL0°  4°/6° AN 2 o 5
@]  —0.520 —0.441  —0.460 7 H—/N+ C—<13 O\
- H |
C1-H5 no. 3 no. Il no. 3 no. Il 8" o Ca H 3 H
@O 0.083 0.220 0.115 | 5
B0 0.859 0.967 0.979 24 21°
@0 0.505 0.130 0.167 o1
cl1-p no. 4 no. 4 l 4
@0 —0.944 ~0.950 8 20=—=P—0
(b0 0.187 0.052 |
0 0.272 0.306 o H

major room-temperature radical in glycfend the R2 radical
in alanine33 In the latter case, the isotropic couplings are also (10 K) radical. To understand the geometrical differences

similar in magnitude to those of nos—®. Thus, it is tentatively
suggested that all these three proton interactions in.ie

serine phosphate radical R2 are due to the amino protons.

3.7. Configuration of Radical R1(10 K) and Radical R1-

between R1(10 K) and R1(77 K), the similarities and differences
between the hyperfine coupling tensor nos.31from radical
R1(10 K) and hyperfine coupling tensor nos.Ill from radical
R1(77 K) must be examined.

(77 K). As discussed in earlier sections, the radicals R1(10 K)  The differences between the eigenvectors corresponding to
and R1(77 K) are both assigned to a protonated carboxylic the maximum anisotropic eigenvalue of tensor nos. 1 and | due
reduction product (anion) with the major part of the unpaired to H4, and between tensor nos. 3 and Il due to H5 are small.
spin located at C1. Upon thermal annealing from 10 K, radical This suggests that proton H4 and the fragme@5—H5 do
R1(10 K) is observed to transform irreversibly at 40 K to radical not move to any large extent between the two radicals. For H5,
R1(77 K). This shows that R1(10 K) is the primary reduction this can be understood in terms of the two hydrogen bonds in
product and second, that the R1(77 K) radical, which has the which the fragment-O5—H5 participates (see Figure 3). H4
same radical center on C1, is a geometrically different and is stabilized indirectly by extensive hydrogen bonding to the
presumably energetically more stable conformation of the R1- environment at the amino and the phosphate groups. However,
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SCHEME 3: Chemical Structure of Radical R2 4 major spin lobe
4
6 H H;N H9
" | RI10K) T~ Cla /
AN 2 0 \06
7 H—N——Ce s
ya R minor spin lobe O3

H9

minor spin lobe g

|\ e D\
. 05— H5

2 H‘ R major spin lobe
L . Figure 4. Schematic illustration of the carboxylic group configurations
TABLE 6: C2—H4 and C2-C1 Crystallographic Directions for radicals R1(10 K) and R1(77 K). The major and minor spin lobes
of L-O-Serine Phosphate Compared with the Experimental switch sides upon the transition from radical R1(10 K) to radical R1-
Eigenvector Corresponding to the Maximum Anisotropic (77 K).
Coupling, A(max), of Tensor no. A of Radical R2 and the
Intermediate Anisotropic Coupling, A(int), of Tensor no. A spin lob h idal fi . K .
from Radical R2 pin lobe). Suc pyramidal configurations are known to exist
. fro_m a number of previous studies of carboxylic acid and amino
experimental crystallographic detlar\]/?el;tion acid anions:
A j proton located on the same side (here designated as a
no. A(max) Cz-ha cis conformation) as the major spin lobe gives larger anisotropic
@0 —0.498 —0.442 couplings than if thes proton is located on the opposite side
b0 —0.086 —0.276 1r (trans conformation) due to smaller distance between the proton
(e0] 0.863 0.853 and the average unpaired spin (see Figure 4 for an illustration).
no. A(int) C2-Cl It is also known that the isotropic value is reduced wheh a
@0 —0.249 ~0.188 proton is in a cis conformation as compared to the trans
O 0.967 0.965 3 conformatior contrary to the behavior of the anisotropic
el —0.048 —0.183 coupling. For protonated carboxylic acid anions, the isotropic

TABLE 7: Various C2 —H Crystallographic Directions of coupling value for a carbon bondgdgroton has been described

L-O-Serine Phosphate Compared with the Experimental by a modified version of the HelletMcConnell relatioA
Eigenvector Corresponding to the Maximum Anisotropic
Coupling of Tensor nos. B-D of the R2 Radical aiso(CH,B) =B, cog0 (2)
experimental crystallographic directions
no.B_ no.C no.D C2H2 C2—H3 C2—H6 C2—H7 C2—H8 with By in the range of 7892 MHz for the trans configuration

and 36-46 MHz for the cis configuration, whereas for a
300% DL 0% a0 BRT a0 012 0% Hydionlc proton he corresponding relaton i
(¢ —0.998 —0.566 0.467 0.111 0.370—0.969 —0.561 —0.501
ao(OHy) = —4 + B, coso (3)

a difference exists between the eigenvectors corresponding to
the maximum anisotropic eigenvalue of tensor nos. 2 and Il with B, = 61 MHz for a trans configurations and 43 MHz for
due to H9. The atom O6, which is covalently bonded to H9 a cis configuration. The dihedral angle between theH) or
after protonation, does not participate in any strong hydrogen C—Hg bond and the axis of the spin populated spbital at
bond® and consequently the geometry of the fragmef6— the radical center is given bf.
H9 should be less geometrically stable then the fragm&b— The experimental isotropic eigenvalues of the tensor nos. 1
H5. Nevertheless, from crystallographic data the donating amino (R1(10 K)) and | (R1(77 K)) due to H4 are 42.8 and 75.0 MHz,
group is situated very much out the carboxylic plane and before respectively. Using the normal vector to the crystallographic
protonation the dihedral angle ©&81-06—H9 is 55 (Figure carboxyl plane as an approximation to the axis of the spin lobe,
3). It therefore seems reasonable to assume that after radicathe crystallographic dihedral angle between the-62 bond
formation and protonation of O6, H9 is situated out of the-O5  and the axis of the spin lobe is 2%Considering eq 2 with this
C1-06 plane to a large extent in both R1(10 K) and R1(77 K) dihedral angle together with an inversion of the carboxylic group
and furthermore situated on the same side of the carboxylic from a cis to a trans pyramidal conformation, the changes in
group as H4 (Figure 4). the isotropic eigenvalues from 10 to 77 K can readily be

Tensor nos. | and Il have considerably smaller anisotropic understood. This will also be consistent with the anisotropic
couplings and much larger (almost by a factor of 2) isotropic eigenvalue of no. 1 being larger than the anisotropic eigenvalue
values, as compared to tensor nos. 1 and 2. Tensor no. lllof no. I, 11.0 and 6.8 MHz, respectively.
compared to tensor no. 3, however, shows the opposite trend, The experimental isotropic values of tensor nos. 2 (R1(10
but to a much smaller extent. K)) and Il (R1(77 K)) due to H4 are 31.0 and 77.8 MHz, and

These features of the couplings can be understood by realizingthe maximum anisotropic eigenvalues of tensor nos. 2 and Il
that the carboxylic group of the protonated anion in fact is are 20.1 and 13.7 MHz, respectively. These eigenvalues exhibit
pyramidal, and that the majority of the unpaired spin resides in the same trend when going from R1(10 K) to R1(77 K) as
a sp hybrid orbital on C1. This implies that the spin density is discussed for the tensors due to H4. There is no well-defined
larger on one side of the plane of the carboxylic group (the crystallographic dihedral angle for the incoming proton H9, but
major spin lobe) and smaller on the opposite side (the minor eq 3 indicates a large overlap between the-®8 bond and
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Figure 5. Model A (left) and model B (right) are mimicking the molecular conformations of the R1(10 K) and R1(77 K) radicals, respectively,
formed by X irradiating.-O-serine phosphate crystals at 10 and 77 K. The transparent shade of blue color is the calculated positive spin density
isosurface at the 0.0054 au contour. The geometries are viewed along#@2CGibnd. Color coding: C, magenta; H, grey; O, red; N, blue; P,
yellow.

the major/minor spin lobe in R1(10 K)/R1(77 K), respectively. Figure 6 has the major spin lobe on the same side as H4, which
This is also consistent with the out-of-carboxylic plane position is also the case for radical R1(10 K); and the structure on the
of the proton-donating amino group as discussed earlier. right in Figure 6 has the major spin lobe on the opposite side
The second hydroxyl proton H5, responsible for hyperfine of H4, which is the case for radical R1(77 K). These two
coupling tensor nos. 3 (R1(10 K)) and Il (R1(77 K)), exhibits structures represent the basis for models A and B (Figure 5),
the opposite trend concerning isotropic and anisotropic values,which in turn yield the calculated hyperfine coupling tensors
as compared to the tensors for the H4 and H9 protons. Thisfor radical R1(10 K) included in Table 1 and for radical R1(77
can be understood by the fact that H5 prior to electron capture K) included in Table 2. To proceed from the left and right
is close to the carboxylic plane 6&€1—-05, participating in a structures in Figure 6 to models A and B in Figure 5, the
hydrogen bond (Figure 3). Because the isotropic values of tensorphosphate group was put back onto the molecule as close to
nos. 3 and Il are small, H5 must remain close to the-Ga— the crystallographic structure as possible. Next, the carboxylic
O5 plane and thereby to the spin nodal surface in both aniongroup is rotated actively around the €C2 bond until a
radicals. Consequently, there can be no major changes in thesatisfactorily isotropic eigenvalue for H4 is achieved, as
unpaired spin distribution near H5 as compared to the H4 and compared with experimental data. Similarly, the positions for
H9 protons and no genuine cis or trans configuration can be hydroxyl protons H5 and H9 are changed actively, by modifying
assigned to H5 in R1(10 K) and R1(77 K). Hence, an inversion the dihedral angles H505—-C1-C2 and H9-06—C1-C2,
will not alter the eigenvalues of tensor nos. 3 and Il signifi- until satisfactorily isotropic eigenvalues are achieved.
cantly. Taking other small geometrical changes between the Between the iterations these dihedral angles were sometimes
radicals R1(10 K) and R1(77 K) into account, the differences frozen followed by a partial optimization of the molecular
between tensor nos. 3 and Il do not appear unreasonable. geometry. Usually the numerical computation of isotropic
hyperfine coupling constants have lower accuracy than the
anisotropic coupling constantdhowever, the isotropic hyper-
fine couplings of theg protons considered here are much more
sensitive to these dihedral changes, thus making it easy to
evaluate the different geometries. Also in combination with the
procedures above, minimizing the Frobenius matrix norm of
the difference between the experimental tensor and the calcu-
lated tensor was used as a tool for finding a good match for the
entire tensor, not only the isotropic eigenvalue. The Frobenius
matrix norm is defined as

4. Density Functional Theory (DFT) Calculations

4.1. Optimization Procedure and Hyperfine Tensor Cal-
culations of Radical R1(10 K) and R1(77 K).The partially
optimized radical geometries A and B in Figure 5, mimicking
the molecular conformations of radicals R1(10 K) and R1(77
K) respectively, were obtained through multiple steps. The
computationally demanding phosphate group was removed from
a SP molecule and replaced with hydrogen. After electron
addition, a proton (H9) was covalently bonded to O6 making
the net charge of the radicatl, analogous to a doubly
protonated alanine anion. This molecule was then fully opti-
mized with slightly different initial values for the torsion angle
of the planar carboxylic group. As shown in Figure 6, this
resulted in three major structures distinguished by the pyrimi-
dalization of the carboxylic group. The structure on the left in for a symmetricain-dimensional matrixA.

Al =
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Figure 6. Three different optimized conformations of the doubly protonated alanine anion with respect to the pyrimidalization of the carboxylic
group. The x atom is the hydrogen that has replaced the phosphate group. The geometries are viewed aler@2hm@il Color coding: C,
magenta; H, grey; O, red; N, blue.

The calculated hyperfine couplings for nos. 1, I, 2, and Il of
models A and B show the same magnitude relations between
the anisotropic and the isotropic values as the experimentally
values from radicals R1(10 K) and R1(77 K), as a consequence

computed eigenvectors for nos. 1, I, 2, and Il tensors exhibit
acceptable similarity with the eigenvectors of the experimental
tensors. However, the calculated anisotropic couplings for nos.
3 and Il (H5) do not follow this trend as closely. As discussed
earlier, the hydroxyl proton H5 is positioned close to the nodal
surface of the unpaired spin and will therefore be influenced
by an inversion of the carboxylic group to lesser extent. The rigyre 7. Optimizing the structure to the left gives model C to the
DFT calculation confirms this assumption as the changes in right, which is used to calculate the hyperfine coupling tensors for
anisotropic couplings between nos. 3 and Ill are far smaller than radical R2 formed by X-irradiating-O-serine phosphate single crystals
those between nos. 2 and Il, which also is due to a hydroxyl at 10 or 77 K. The x atom is the hydrogen that has replaced the
proton. The calculated spin density at C1 was 0.75 for both Phosphate group. Color coding: C, magenta; H, grey; N, blue.
model A and model B.

As can be seen directly from Figure 5, model A (R1(10 K)) cation of SP. The calculated spin density at C2 is 0.95, which
exhibits an eclipsed conformation. Because of this, larger is in good agreement with the McConnell and Gordernhard
columbic repulsion due to torsional strain is expected. Model relations discussed earlier (0.90/0.93).

B (R1(77 K)), however, exhibits a staggered conformation, just  From the discussion above (Section 3.6), tensor no. D could
as all the fully optimized structures in Figure 6. This may not uniquely be assigned to either H3 or H7. The DFT
provide an explanation for why the initially formed radical R1- calculations do not provide any new clues for distinguishing
(10 K) is irreversibly transformed to radical R1(77 K) upon between these two alternatives. Only a successfull ENDOR

slight warming. experiment using partially deuterated crystals can resolve this
4.2. Optimization Procedure and Hyperfine Tensor Cal- problem.
culations of Radical R2.The optimization procedure for model 4.3. EPR Spectrum Simulations.The hyperfine coupling

C, mimicking the molecular conformation of radical R2, is done tensors presented in Tables3 were used for the EPR spectrum
on an SP molecule at the crystallographic structure but without simulations of the 10 K experimental data. Furthermore, two
the carboxyl group. Similar to above, the computationally additional coupling tensors, which were not experimentally
demanding phosphate group has been replaced with hydrogenobserved from R2 were needed for a satisfactory simulation of
Furthermore, one electron is removed from the system making the EPR spectrum. The twbprotons H2 and H7 or H3, which
it an oxidation product. An optimization without any geometrical presumably should give resolvable resonances in the EPR
restrictions or modifications is used for model C. As can be spectra, were not detected in the present ENDOR experiments.
seen from Figure 7, the major difference between the unopti- As discussed above, either H7 or H3 could be associated with
mized structure (left) and the optimized structure is the degree observed tensor no. D. To reproduce the EPR axis-spectra, one
of pyrimidalization at the C2 center. additional tensor identical to no. D was used. The second
The phosphate group was not reinserted in model C as with unobserved coupling due to H2 was empirically adjusted to
models A and B above because by doing this some spin densityvalues giving the simulated spectra the correct overall width as
appeared on the phosphorus atom yielding an isotropic couplingcompared to experimental spectra. These values were 134, 139,
value of —24 MHz, which was not observed experimentally. and 115 MHz for the external magnetic field along the crystal
There is very good agreement between the experimentalaxes@l]br]andldl]respectively, in reasonable agreement with
hyperfine coupling tensors and the corresponding calculatedthe corresponding values from the DFT calculations (Table 3).
tensors included in Table 3. Evidently, the absence of the These large coupling values explain why this coupling was not
phosphate group is not essential for the major results and itobserved in the present ENDOR experiments due to the limited
appears that Radical R2 most probably is the decarboxylatedrange (+45 MHz) of the rf field scans.
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Figure 8. Simulated EPR spectra (red) compared with the experimental EPR spectra (black) from single cnystateahe phosphate X-irradiated
and measured at 10 K. The external magnetic field was directed along the three crystallographic axes, as indicated.
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