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Since their first observation in 1998ndirect electron-mediated
interactions between nuclear spins across hydrogen bonds in
biomolecules have become an important tool for the structural
characterization of biological macromolecules (see reference 2
for a review). These couplings have also become the focus of
guantum-chemical investigatiofis. Recently, experimental three-

Figure 1. (a) Model of Gly15 together with Mg[P£CH)] as used for

bond3"J(31P—15N) (3hJpy) and two-bondhJ(31P—1H) (?"Jpy) scalar
couplings across NH---"O—P hydrogen bonds of protein
nucleotide complexes were reported by Mishima étahd by

calculations of"Jpy and2'Jpy couplings in the residues Gly13, Gly15,
Lys16, and Serl7. The FO—H arrangement, which departs from
linearity, in the N-H---~O—P fragment is shown. (b) Model of Alal8
together with [PQCHz),]~ as used for DFT calculations of geometrical

Lohr gt al? In the former work, a strong glependence of these dependence 6Jsy and2'Jey couplings in GDP-Ras p21 complex. The
couplings on the hydrogen-bond geometry in the complex betweennearly linear P-O—H arrangement in the NH--=~O—P fragment is

GDP nucleotide and Ras p21 protein was foéind.
We present calculations 8fJpy and?"Jpy couplings for this

shown.

protein—nucleotide complex using the DFT-based methodology X-ray structure (PDB entry 1Q21. Coordinates were also

of Malkin et al.}® which is well-suited to study spinspin

couplings in sizable systers!? and compare the results with

experimentally determined couplings by Mishima et &.An

extracted for Alal8, which is hydrogen-bonded to the phosphorus
of GDP3% Each residue was truncated at its N terminus with
an acetyl group and at its C terminus withlanethylamino group

analytical pe.lrarr]et.rization of calculated couplings is derived that with atoms placed at the positions of atoms of the neighboring
reflects their distinct dependence on the hydrogen-bonding residues in the crystal structuf&To speed up calculations,
geometry and which facilitates the structural interpretation of these simplified models for the phosphorus-containing fragments of

new types of NMR parameters.

GDP were used. The-phosphorus of GDP and its covalently

DFT calculations were applied to coordinate sets of model bonded neighbor atoms were modeled as magnesium methyl
compounds, which were generated as follows. Coordinates of phosphate (Mg[P§CHs)], see Figure 1a), while thé-phosphorus
amino acid residues Gly13, Gly15, Lys16, and Serl7 of Ras p21 of GDP and its environment were represented as dimethylester
(including side-chain atoms) that form hydrogen bonds with the of phosphoric acid anion ([PAICHs),] -, Figure 1b).

phosphorus of GDP were extracted from the 2.2 A resolution
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procedure that was successfully applied to biomolecular systems.
The Perdew and Wahgsemilocal exchange functional and the
correlation functional of Perdéfwere employed. The PSO term
was calculated with the Loc.1 approximation of SOS-DFPT
using a grid consisting of 32 points of radial quadrature. In the
FC calculations, a grid with 64 radial points and the perturbation
of 0.001 at the position of phosphorus nucleus were applied. The
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treated with the small effective-core potential valence basis of
ref 21.
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Table 1: Hydrogen Bond Lengths and Angles of Ras
p21—Nucleotide Complex Together witfJpy and?"Jpy Coupling
Values

residue rno [A] opon[deg] aonn[deg] MJpn[Hz]2P  20Jpy[HZ]2D

Glyl3 276 108 171  —0.24 (<0.27) —0.90 (<0.52) ~
Glyls 2.74 110 162 —0.07 (<0.53) —0.88 (<0.92) T
Lysl6 2.77 116 165 +0.37 (<0.35) —0.38 (<0.98) =
Serl7  3.05 119 157 +0.31 (<0.29) +0.18 (<0.26) z
Alal8  2.85 175 149 —4.00 —-3.26 =
(4.62+£0.01) (3.36+ 0.09) 5

a Calculated couplings together with experimental couplings in
parentheses. Signs of experimentdhJpy and?"Jp data have not been
determined.

295
2.85

rather weak spifrspin couplings (below 1 Hz) between acceptor Opon [deg] 145 ‘ r [A]

groups of GDP and amidi¢Hl and!5N) nuclei of Gly13, Gly15, 130 265 NO

Lys16, and Serl?.This is confirmed by our DFT calculations Figure 2. 3"Jpy couplings in the model of Ala18 as a function of the

of the Corr?3p0nd|ng model structures where compitig ?-nd distance and thewon angle. The surface shows the data fitted to the
*MJpn couplings do not exceed 0.37 Hz an@.90 Hz, respectively.  DFT values (using@1 ) represented as stems. An analogous figure for
The situation differs for Alal8 for which sizabfJpy and2"Jpy the2"Jp; coupling together with Tables of calculated couplings are given

couplings of 4.62 and 3.36 Hz were measured. They are nearlyin the Supporting Information.
guantitatively reproduced by the calculations (Table 1). It should
be noted that both Alal8 couplings are computed to be negative,
while experimentally the sign of the two couplings was found to For the®"Jpy couplings i = 3, X = N) the optimal parameters
be the same, but the absolute sign could not be deterrfiined. area, = —9628.6 Hz,a; = 2.7232 K1 a, = 2.4761,00fcet =
There are distinct differences in the contributions of FC, PSO, 3.1853 rad, while for thé"Jpy couplings 6 = 2, X = H) they
and DSO terms to th&Jpy and?'Jpy couplings in Alal8. The areay = —28446 Hz,a; = 3.1969 A1, a, = 1.9133, a1t =
PSO and DSO terms both have positive signs whereas the FC3.1068 rad. For the 25 computétpy and ?"Jpy couplings the
terms is always negativé’Jpy couplings are dominated by the  sum of squared differences between DFT and eqy? #s 0.125
FC term: for all structures investigated, the sum of PSO and DSO Hz? andy? = 0.476 HZ, respectively, with maximum deviation
contributions amounts to less than 3% of the FC value. In contrast, of only 0.18 and 0.19 Hz, respectively.
PSO and DSO terms contribute on average about one-third of The3hJ,y and2'Jpy; couplings sensitively probe the hydrogen-
the total®"Jp,s value. In the case of Ala18 the FC, PSO, and DSO pond angle and distance in a way that is well captured by eq 1.
terms are-4.54 Hz,+1.03 Hz, and+0.25 Hz, respectively, which  They exponentially decrease with increasing NO distance, which
illustrates the importance of noncontact terms for the accuratejs consistent with previous experimerdtabnd theoreticaP?
prediction of this coupling (experimental value in the Ras(Q61L)  findings for3"Jyc trans-hydrogen bond couplings in proteins and
GDP complex is £) 3.36+ 0.09 Hz9). 23y couplings in nucleic acids* The combined application of
Mishima et aF et al. noticed that the large variation in the the parametrizations of eq 1 to experimentaloy and 2'Jpy
$Jpy and 2'Jpy couplings between Alal8 and Glyl13, Glyl5, couplings, in a way analogous to the widely used Karplus-type
Lys16, and Serl7 does not correlate with changes in hydrogen-relationships, provides useful constraints for the determination
bond lengths: according to the crystal structtitee NO distance  of the structures of proteinucleotide complexes in solution.
for Alal8 is shorter than for Serl7 but longer than for Gly13,
Gly15, and Lys16 (Table 1). As judged from backboiil Acknowledgment. We thank Drs. J.-C. Hus and J. J. Prompers for
relaxation measurements, this difference also cannot be attributedechnical assistance. The initial stage of this project has been sponsored
to effects of fast dynamic¥:??> Their conclusiof that the by the Grant Agency of the Academy of Sciences of the Czech Republic
approximately linear hydrogen-bonding arrangement as expressedhrough the Grant 14/96K (reg. c. K2055603). Time allocation in the
by the POH angle (and not by the OHN angle, which remains Czech Academic Supercomputer Centre is gratefully acknowledged. This
fairly constant for all five residues, see Table 1) is a prerequisite Work was supported by NSF Grant MCB-9904875.
for the presence of largéJpy and ?"Jpy couplings is fully
supported by the present calculations. A dramatic increa®diq Su_pporting Information Available: T_hree tables and one figure
and2hJp, values is observed by setting the POH angle toid5 cont_amlng calculated@Jpy and2Jpy couplings betwe'en phosphate_ and
the complexes involving Gly13 and Gly15 (which is the value of glyc[ljr_les (Table S1) art]d Al;l,%l,? ('I_;_Erl]l?les Stz Q”Id.S?" F'%“éle Sf4) for S'ﬁﬁre”t
this angle for Alal8 in the X-ray structure), while keeping the vgntrlgglnatlgﬁ]l%zrpﬁ?t S_//( ubs)écs |§rma enal s avafiable free of charge
NO distance fixed at 2.76 and 2.74 A, respectively (see Table P-//pubs.acs.org.
S1). JA011618R
Two-dimensional surfaces of tR&py and2"Jp couplings were

calculated for the Alal8 model as a function of the NO distance _(%/ﬁ)jt'(t)oyY Y_~2K\;3V";iasgk_i,Y'é-l;(cl)vggg]agaél;Lgif:dg, B-:_ wgrclm /'\\/I-:_ %Tirggtzau'
and the POH angle (Figure 2) and parametrized by an eXpressiont  Nishimura, S.: Miyazawa, TBiochemistry1997 36, 9109-9119. '

that factorizes radial and angular parts: (23) Cornilescu, G.; Hu, J.-S.; Bax, A. Am. Chem. S0@999 121, 2949~
2950

nh _ —ayr _ a2 (24) Arnold, W. D.; Oldfield E.J. Am. Chem. So200Q 122, 12835~
Joxl"no Opor) = € T M{ COSOpoy — Ogfrsedt (1) 12841.



