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Abstract: We present the results of the first quantum chemical investigations of *H NMR hyperfine shifts
in the blue copper proteins (BCPs): amicyanin, azurin, pseudoazurin, plastocyanin, stellacyanin, and
rusticyanin. We find that very large structural models that incorporate extensive hydrogen bond networks,
as well as geometry optimization, are required to reproduce the experimental NMR hyperfine shift results,
the best theory vs experiment predictions having R?> = 0.94, a slope = 1.01, and a SD = 40.5 ppm (or
~4.7% of the overall ~860 ppm shift range). We also find interesting correlations between the hyperfine
shifts and the bond and ring critical point properties computed using atoms-in-molecules theory, in addition
to finding that hyperfine shifts can be well-predicted by using an empirical model, based on the geometry-
optimized structures, which in the future should be of use in structure refinement.

Introduction

The NMR shifts of paramagnetic metdabn-containing
systems can provide interesting information about structéire,

technique with which to probe the active site structures of these
and other copper-containing proteins. To date, there have been
no reports of the quantum chemical investigation of NMR

and NMR has been used for many years in investigating, in NyPerfine shifts in BCPs.

particular, the structures of paramagnetic metalloprofetfr

In general, hyperfine shifts (as well as chemical shifts) in

example, the iron centers in paramagnetic proteins (and modelProteins are difficult to compute accurately, since uncertainties

systems) have &5000 ppm range of3C NMR shift$¢ and
are well-correlated with electronic structur&Vhile *H NMR

in the X-ray coordinatéd are usually much larger than in small
molecule structures. In addition, féd NMR shifts, the atoms

shifts are typically smaller, recent studies on several blue copper©f interest (hydrogens) are not even “seen” in protein X-ray

proteins (BCPs), amicyanin (Anf)azurin (Az)? plastocyanin
(Pc)10 pseudoazurin (P&}, stellacyanin (Sty,and rusticyanin
(Rc) 1! revealed that the CysCPH, shifts are in the range of
~240-850 ppm?~11 since they are only three bonds removed
from the paramagnetic () center. Such a large shift range
strongly suggests thaitl NMR spectroscopy should be a useful
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structures, which obviously exacerbates the problem of predict-
ing their shifts. Here, we thus explore the question of how to
accurately predictH NMR hyperfine shifts in BCPs, using large
structural models. We find that these hyperfine shifts can be
quite accurately predicted and that there are numerous interesting
correlations between the hyperfine shifts (spin densities) and a
variety of geometric factors, as well as bond and ring critical
point properties, calculated by using atoms-in-molecules (AIM)
theoryl13.14

Computational Details

The experimentally observed NMR “chemical” shiffof) in-
cludes both a diamagnetic and an orbital contributioga)( from
paired electrons, and a hyperfine contributiahg)( from unpaired
electrons’t5-17
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Ogbs= Oqia T Ot 1

To investigate the effects of different structural units on the shift
calculations, we used eight sets of structural models. The minimal

and the hyperfine shift can be further broken down into Fermi contact structural model (Calcl) contained the strong equatorial ligands, His,

(drc) and pseudocontacd () terms:

Ot = Opc T Ope )
Thedrc of a given nucleus depends on the spin st8fef the system,
the spin density at the nucleug,f), and the temperaturd):”
Opc = M(S+ L)pes/ T 3)

wherem is a collection of physical constants and is equal to 235
10" ppm K au.” The dyc contribution is typically very small when
compared withdrc, as discussed previously® 17 so in generalpec
dominates the hyperfine shift.

To calculate the NMR hyperfine shifts in BCPs, we used the hybri
Hartree-Fock/density functional theory method, B3LY®Ptogether
with a Wachters' basis set (without tHefunctions) for Cut®2° a

6-311G* basis for all other heavy (C, N, O, and S) atoms and 6-31G*

for hydrogens, as implemented in Gaussiarf'OBhis is basically the

approach that we used previously to evaluate both solution and solid-
state NMR hyperfine shifts, as well as other hyperfine (ESR, ENDOR)

properties’6:1722Spin densities were converted to hyperfine shifts by
using the relation obtained previously:

O = 1.89x 10'(S+ 1)p, 4/ T — 3.2 (4)

The X-ray structure of each protein was used as a starting structure
from which we constructed various computational models, probing the
effects of different structural features on the hyperfine shift predictions.

The Protein Data Bank (PDB) structure file numbers and their ’ ) ) e . .
c bond positioned in the fifth coordination position (trans to the axial

corresponding crystallographic resolutions were as follows: 1AA
(1.31 A) for AmZ INWP (1.60 A) for Az24 1PLC (1.33 A) for P&
1BQK (1.35 A) for Pa2 1JER (1.60 A) for S& and 2CAK (1.27 A)

for Rc28 These are generally the highest resolution structures for these
proteins, except for Am and Az, where two new higher resolution

structures (i.e., 20V0, 0.75 &;2CCW, 1.13 A% respectively) were

recently deposited in the PDB and were also investigated for compari-

son. We also investigated 4AZU (1.90 3A¥or Az, to address the
possible effects of species differences on the NMR hyperfine shi
predictions. For Rc, IRC¥ (1.90 A) was also used to investigate an

alternative hydrogen-bonding pattern involving the His ligand, as
compared to that seen in the 2CAK structure. In each of the protein
X-ray structures used in the calculations, hydrogen positions were se

to standard values: &R = 1.09 A and Ry = 1.01 A.
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His, and Cys (common to each of the BCPs studied), and the X-ray
geometries were utilized without any optimization. This approach was
used in previous computational studies of ESR hyperfine couplings in
Az.33 However, in our calculations, complete amino acids were used,
rather than imidazole (for His) and SGkKfor Cys)23 In a second set

of calculations (Calc2), partial geometry optimization of Cu and the
Cys SCH moiety in the Calcl structures was performed. To evaluate
the effects on spin density from other structural units, including the
weak axial ligands and hydrogen-bonded partners, we carried out six
additional sets of calculations (Cale®alc8) using larger models,
incorporating each of the residues listed in Table S1 in the Supporting
Information. The Calc3 model used the experimental X-ray coordinates

d (as in the Calcl model); however, in addition to Cu and the three

equatorial ligands included in the Calcl and Calc2 models, we included
the axial ligand (Met/GIn) together with a conserved Asn (in Am, Az,
Pc, Pa, and St; Ser in Rc) residue (next to the N-terminal His), which
forms a H-bond with Cy$* This Calc3 model is basically of the same
size as the largest QM model used in recent ab initio calculations on
Pc3536in which the Asn residue was found to have significant influence
on spin densities. In the Calc3 model for Az, the Gly residue in the
fifth coordination position (trans to the axial Met ligand) was also
included because of its short distance to Cu. Overall, the Calc3 models
consist of=80 atoms. The Calc4 models differ from the Calc3 models
in that the Cys SCHmoiety was geometry optimized. In the Calc5
model, Cu was also included in the optimization. In the Calc6 model,
we also included the residue before the N-terminal His, for BCPs other
than Az (for Az, this residue was already included in the Calc3 model).
In Am, Pc, Pa, and St, this residue has a carbonyl oxygen of the peptide

Met/GIn ligand) and was found to have some effects on calculated
reduction potentiald’ The geometries of all first-coordination sphere
atoms were optimized in these Calc6é models. The largest models in
our work, Calc7 and Calc8, were designed to include all residues that
are hydrogen bonded to the Cu ligands including those with3€y3.
These Calc7 and Calc8 models are even larger than those reported
recently”*® since the hydrogen bond partners to His ligands are

ft included. The use of complete Cu ligands, their hydrogen bond partners,

geometry optimization of the Cys SGhhoiety plus Cu, and all its
coordinated atoms (the Calc7 models) was found to be necessary to
reproduce the experimental NMR hyperfine shifts. For purposes of

tcomparison, we also carried out a series of calculations (Calc 8) that

had the same size as the Calc7 models but where no geometry
optimizations were performed. The exact residues in each of the
structural models are listed in Table S1, with the largest models
including up to 10 residues. In the case of Rc, the only BCP studied
here that has two possible hydrogen-bonding patterns for the N-terminal
His ligand, a Calc9 model was also used, in which the whole His ligand
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Table 1. 'H NMR Hyperfine Shifts of Cys—CFfH, in BCPs (Unit, ppm)

(SthXm 6M|:a\c1 éhfcah:z 6mcalc3 émca\czt 6Mca\c5 6Mca\c6 6Mca\c7 éhfca\CB
St W2 447.4 670.2 900.0 514.8 557.2 598.6 574.2 550.6 519.5
Hpz2 372.6 654.2 505.4 595.8 620.3 578.9 532.7 405.6 377.3
Ha/ 410.0 662.7 702.7 555.3 579.8 588.8 553.5 478.1 448.4
Pa Hh? 507.2 739.8 801.6 642.8 538.5 508.6 561.9 530.5 599.0
Hpz2 386.9 690.3 475.3 644.7 601.2 588.5 527.6 506.7 580.9
Ha/P 447.1 715.1 638.5 643.8 569.9 548.6 544.8 518.6 590.0
Pc H:2 646.7 1106.1 887.3 1025.2 726.5 7915 756.0 711.3 843.5
Hp2 486.1 790.2 554.3 707.5 652.3 575.6 530.5 506.7 612.3
HaP 566.4 948.1 720.8 866.4 689.4 683.6 643.3 609.0 727.9
Az Hb:2 846.5 887.1 993.1 872.8 835.1 801.4 798.4 740.2 761.6
Hp22 797.1 733.1 650.5 634.2 634.2 621.9 638.2 592.4 590.3
HaP 821.8 810.6 821.8 753.5 734.7 711.7 718.3 666.3 676.0
Am Hfqa 789.7 293.3 400.2
Hb2 679.1 277.5 369.5
HaP 734.4 285.4 384.9
theory vs experiment correlation £
R 0.49 0.91 0.57 0.92 0.86 0.97 0.95 0.65
SD 134.1 39.1 135.4 37.9 47.9 24.6 34.0 113.3
P >0.05 >0.05 >0.05 >0.05 >0.05 <0.05 =0.05 >0.05
theory vs experiment correlation 5 Hf2)2
R 0.52 0.46 0.57 0.80 0.75 0.84 0.83 0.65
SD 138.4 191.8 146.3 61.6 75.3 62.7 67.4 116.1
P >0.05 >0.05 >0.05 <0.05 <0.05 <0.01 =0.01 >0.05

aExperimental shift assignment based on computed $Hifty is the average hyperfine shift for’H H%2. Note that only H, values are discussed in the
text (independent of assignment). However, the correlations in this table are for padls tell as for M., HP: (taken to be the predicted shifts closest to
experiment).

(up to @) and the NH atoms that are hydrogen bonded with the Cys In the latter case, one can further evaluate the total energy density,
ligand were also included in the geometry optimization as compared H(r), at the bond critical point:
to the Calc7 model. The basis set scheme used in the geometry
optimizations in the Calc2, Calc4, and Calc5 models was the same as H(r) = G(r) + V(r) (6)
that used for the NMR shift predictions, as described above. However,
because of the larger size of the models used in the Calc6 and Calc7A negative Hf) is termed partial covalence, while a positiver H(
(and Calc9 for Rc) investigations, the geometry optimization basis set indicates a purely closed-shell, electrostatic interacfiéh*The bond
was slightly smaller for the nonmetal heavy atoms: 6-311G* for the critical point described above is also called a {3l) critical point,
first coordination shell atoms and 6-31G* for the rest. For Am, only since it has three nonzero curvatureso@f), one of which is positive
the Calc3, Calc7, and Calc8 models were used, since the reportedand two of which are negative. This type of critical point is associated
experimental NMR hyperfine shift results-13 to 43 ppm) are for with every chemical bond. In contrast, a ring critical point or{3,)
protons other than the Cys’,. critical point, having two positive and one negative curvatures, can be

In addition to these QM shift calculations, we used Bader’'s AIM found in the inner area of a ring structure, and as discussed below, we
theory to help analyze some of the results. For convenience, we giveﬁnd interesting correlations between these ring critical points and
here a very brief overview of this approach. According to AIM theory, hyperfine shifts in the proteins of interédt*All critical point properties
each nucleus in a molecule is surrounded by a region called an atomicWWere calculated by using the AIM2000 progré&m.
basin, which is bounded by a zero-flux surfacevip, the gradient of
the charge density, that defines an atomic boundary. When two atoms
share some portion of their surfaces, a line of maximum electronic ~ Hyperfine Shift Calculations. We first investigated results
charge density is formed between the nuclei, and at the point where for Az, Pc, Pa, St, and Am obtained by using the Cal€hlc8
the shared surfaces intersect, the atomic interaction line, there is a saddlenodels, since these proteins have Cu ligands in the active site
point in the charge density(r), called a bond critical point. At this  that are clearly hydrogen bonded. In the Calcl models, there
point, p(r) is at a minimum along this atomic interaction line and ata  are only three strongly interacting equatorial ligands: two His
maximum in the plane perpendicular to this line. In this manner, AIM - and one Cys. A simplified model based on this motif previously
theor_y |dent|f_|es a unique line of_ commun_lcatlon _between_two chemi- enabled good predictions of the EPR g-tensor, as well as the
cally mteract_mg nuclei and provm_les a unique point at wh_lch to probe hyperfine tensors of the His nitrogens in AzHowever, as
or characterize the nature of the interaction. Every chemical bond has . . .

shown in Table 1, the theory vs experiment correlation coef-

a bond critical point at which the first derivative of the charge density, * . f .
o(r), is zero!314 The p(r) topology is described by a real, symmetric, ficient R for the large hyperfine shifts of the Cys’ @rotons

second-rank Hessian-pfr) tensor, and the tensor trace is related to (th€ average shifts for M and H?) observed in Az, Pc, Pa,
the bond interaction energy by a local expression of the virial theorem: and St is only about 0.5, using the X-ray structures, CaRis.
improved upon a partial geometry optimization in which Cu
Tr(Hessian)= v2o(r) = [2G(r) + V(r)](4m/k) (5) and the Cys SChHmoiety are optimized, Calc2. However, in
both cases, the statistigal/alues are>0.05, indicating no useful
wherev?p(r) is the Laplacian op(r) and G¢) and V() are electronic correlations from such calculations (even given the “most
kinetic and electronic potential energy densities, respectively. Negative -
(44) Arnold, W. D.; Oldfield, EJ. Am. Chem. So@00Q 122 12835-12841.

and positivev?p(r) values are associated with shared-electron (covalent) (45) Biegler-Kanig, F. AIM200Q Version 2.0; University of Applied Science:
interactions and closed-shell (electrostatic) interactions, respectively. Bielefeld, Germany, 2002.

Results and Discussion

3816 J. AM. CHEM. SOC. = VOL. 130, NO. 12, 2008
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Table 2. Geometric Parameters in Copper Centers of BCPs? calculations of NMR (and other spectroscopic) properties
X-ray Calcd Calcs Calcé Calc? facilitated protein structure refinemefit?”-50 We thus next
Az Cu—SO¥s 213 217 215 216 216  began to use geometry optimization to see to what extent the
Cu—SMet 2.95 3.05 3.02 2.99 shift predictions might be improved. Of course, as alluded to
Cu—NFHisC 1.94 1.96 1.96 1.96 above, the specific assignments dfldnd H-2 are not known
Cu—NHisN 1.96 2.00 2.00 1.99

experimentally, and individual CysfGproton shifts can have

Cu—0b 3.20 3.14 3.15 3.18
HA—C—S—Cu  72.1 70.9 70.5 70.4 71.6 errors of ca£50—100 ppm as a result of the extremely broad
Hﬁz—SCC—S—Cu —481 —476 —483 484 473 (up to~1.2 MHz) line widths seen in the experimental solution
Pc  Cu-Sts 2.07 2.13 2.13 2.13 2.14 —-11 i B
U et e 583 55 588 NMR spectr:ag. So, we l:se here thel, a\I/erage §h|ft é;HH 2 e
Cu—NMisC 2.06 1.99 1.97 1.98 to a;sess t e accuracy of a given ca cu at|pn, since this value is
Cu—NHisN 1.91 1.97 1.98 1.97 obviously independent of the specific assignment.
Cu—0b 3.89 3.89 3.85 3.84 TMizing i ;
HhCoS—Cu 668 64.2 672 082 678 . gy opltlmlzm_g just the CysfSCthmmety (Calc4 model)éwe
HA—C—S—Cu -50.3 -56.3 —532 —524 —529 ind a large improvement for the average €¥&CH Ons
Pa Cu-S°s 2.13 2.17 2.15 2.15 2.15 predictions, with the SD (in Az, Pc, Pa, and St) dropping from
CU—S"CEC 271 271 2.77 2.78 135.4 to 37.9 ppm (Table 1). The biggest improvemer2q0
gﬂ:HHisN i'gg i'g; 1'82 1'82 ppm) is with Pc, where as can be seen in Table 2, the €%
Cu—0P 304 394 391 3.90 bond length undergoes the largest (0.06 A) change. A com-
Hzl—c—s—(:u 72.0 68.3 68.2 69.7 68.9 parison of all of the experimental shifts with the results of the
Hf-—C—S—Cu —480 —-51.3 —-51.7 -50.3 -51.0 Ic4 m | predictions shows th h | imoroves from
St Cusoe 518 518 597 517 217 Calc4 model predictions s 0 s that the slope improves fro
Cu—0oin 291 294 294 299 1.20 (Calc3) to 1.11 (Calc4R? improves marginally, from 0.94
Cu—NHisC 2.04 2.02 1.98 1.97 (Calc3) to 0.95 (Calc4), and the SD decreases, from 51.8 (Calc3)
Cu—NFHisN 1.96 2.01 2.00 2.00  to 41.9 ppm (Calc4). Each successive model (Calcilc7)
Cu—0 3.97 3.97 399 4.02 included more structural units or extended the size of the
HA—C—-S-Cu  65.1 66.7 68.3 68.7 73.6 oo .
Hf—C—S—Cu -519 -525 -51.0 -50.8 —46.0 geometry optimization (Table S1). As shown in Table 2, the

calculated bond lengths for all three strong coordination
2 The bond length is in A; the HC—S—Cu torsion angle is in degrees.  ponds: Cu-S°¥s, Cu—NHisN (the N-terminal His ligand), and
" The carbonyl O s in the fifth coordination position. Cu—NHisC (the C-terminal His ligand), all basically converge

favorable” H:#: shift assignments). This suggests that the range t0 Within 0.01 A of each other at Calc5, as shown, for example,
of NMR hyperfine shifts observed experimentally may be N Figure 1, for CwSCYS..Convergence for the bond length of
influenced by the presence of additional groups that interact the weak CeS"'bond is ca. 0.05 A, the same as the-Gbi -
with the Cu(ll) center. We thus next utilized larger models and distance (the carbonyl O in the peptide bond located in the fifth
six different sets of QM calculations. The key bond lengths and coordination position, trans to the axial Met/Gln ligand). The
angles used in these models are listed in Table 2. The computedlinédral angles (HC—S—Cu) also generally converge to within
NMR shifts for the Cys €protons from all calculations (Calel ~1° at CalcS, as again shown in Table 2.

Calc8) are shown in Table 1. The predicted hyperfine shifts of ~ Further improvements in average shift predictions were
all experimentally observed protons are shown in Table 3, for obtained with the larger, optimized Calc6 and Calc7 models,
the Calc3 (an X-ray structure model) and Calc7 (the largest With the Calc7 model correctly reproducing the order of the
geometry optimized model) investigations. The coordinates of experimental average hyperfine shifts of the CyspZotons

all of the larger structures used in the calculations (Calc3 (Table 1). This clearly indicates the importance of bonding
Calc7) are listed in Tables S25. effects from the residue in the fifth ligand position (included in

When the axial Met/GIn and the hydrogen-bonded Asn Calc6 and Calc7), together with the effects of other residues

residues were included in the calculations (Calc3 models), aH-bonded to the first coordination shell, including those
generally good theory vs experiment shift correlation was found, hydrogen-bonded to His ligands. The Calc7 predictions for all
with R2 = 0.93 and SDB= 71.2 ppm or 8.0% of the whole 887.2 46 experimental shifts (using only the average shifts for the
ppm range for all 53 experimentally observed shifts (and taking Nonstereospecifically assigned protons) are now very gé8d:
the Hb, HP2 shift assignments to be those in closest accord with = 0.96, slope= 0.98 (to be compared with the ideal value of
the calculations). When the averagéi,H+: values are used  1.00), and a SB= 31.4 ppm, or 3.6% of the whole 862.5 ppm
for the nonassigned protons, the statistics improve slightly to shift range seen experimentally. Comparisons with the results
R2 = 0.94 and SD= 51.8 ppm or 6.0% of the whole 862.5 from Calc8 models, which have the same size as the Calc7
ppm range for the 46 experimental shifts (Table 3). However, models, but without geometry optimization (Table 1), clearly
the slope is 1.20 (to be compared with an ideal value of 1.00) indicate that geometry optimization is still important for good
in both cases, and sondg; predictions for Cys-C# hydrogen predictions of NMR hyperfine shifts in BCPs, even when very
atoms have |arge errors (e_g_, in Pc), as shown in Table 1. Iarge structural units are used in the calculations, sincé&Rthe
Because using eq 4 previously enabled accurate predictions ofvalue degrades to 0.65 for Calc8. This is consistent with the
experimental shifts over a 6000 ppm rahgégth R2 = 0.99
and slope= 1.05, the errors here may be (at least partly) (47) ['\)A_(;:'\f:mr_l'sl\_/;l'Ja;vfijne,DFisz_;Ab?d%igcidgggt,&mfgﬁéﬁ@?&‘&&éé%’é& D.

associated with the uncertainties in the X-ray geometries of these  4784-4797.

incA6 i i ; initin  (48) Zhang, Y.; Oldfield, EJ. Am. Chem. So@004 126, 4470-4471.
proteinsi® and indeed, in previous work, we found that ab initio (49) Zhang. Y. Oldfield. EJ. Am. Chem. S0@004 126 94949495,

(50) Mao, J. H.; Mukherjee, S.; Zhang, Y.; Cao, R.; Sanders, J. M.; Song, Y.

(46) http://www.rcsb.org/pdb/static.do2general_information/about_pdb/ C.; Zhang, Y. H.; Meints, G. A,; Gao, Y. G.; Mukkamala, D.; Hudock, M.
nature_of_3d_structural_data.html. P.; Oldfield, E.J. Am. Chem. So006 128 14485-14497.
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Table 3. Solution 'TH NMR Chemical Shifts in BCPs (Unit, ppm)

St Pa Pc Az Am Re?

a éthXP' émcalcs 6Mca\c7 6mexpl 6mcalci 6hfca\c7 5Mexpl 6h‘ca\ci 6M|:a\c7 6mexpl 6h‘ca\c3 éhfcah:? 6hfexpt 6hfca\c3 6mcalc7 émexpt (3Mcalc9
CysH —126 147 —-41 -51 -22 -134 -118 -22 —-128 —-103 -9.3 9.6 6.1 —0.4 —10.9

Hf  372.6 514.8 4056 507.2 644.7 5305 646.7 1025.2 711.3 846.5 872.8 761.6 789.7 293.3 293.7 625.1

Hf. 447.4 5958 550.6 386.9 642.8 506.7 486.1 707.5 506.7 797.1 6342 590.3 679.1 2775 236.8 304.2
HisN H* -1.3 -13 35 1.6 132 1.6 0.6 10.1 10.1 -04 -04 1.6

HA —11.7 -10.7 -80 -89 —-43 -89 -89 -42 -73 —-127 -79 -41 —8.0

HP. —2.3 1.5 —22 -03 -0.3 2.5 -42 -32 —-49 -04 -04 16.9

He 224 194 222 245 263 234 284 187 225 272 172 131 21.0 52 29.6 7.3

He 159 109 138 125 101 120 19.7 9.2 9.2 154 8.0 9.0 141 2.4 5.2
H% 409 204 260 393 215 225 395 120 168 432 19.2 213 356 +a.1 423 20.7

HisCH: 336 232 288 248 215 253 279 149 215 399 345 356 200 145 233 236
He2 26.0 26.9 244 244 82 139 153 182 182 17.2 9.8 10.8 8.3
Ho% 48.0 251 279 465 291 320 446 120 158 471 213 223 426 135 80 514 198
Met H”: 73 —22 218 —-32 3.2 —22 22 9.3 42 —-04 —2.2
Hr2 196 —-22 108 —-22 -51 —42 52 86 —-32 -—-32 —6.1
He 113 —-42 —42 —42 —42 -32 -32 -3.2 -32 73 -3.2
AsnHN -255 -57.8 —64.4 —24.6 —451 —-58.4 —29.2 —-60.3 —-56.5 —40.7 —39.9 —42.0 —40.4 —34.8 —30.6 —31.9
He 124 232 203 125 177 206 128 177 139 152 152 152 15.4 70 145 7.3

aTentative assignments offHH? and H1/H»2 are made to let them have the same order as reported in experiiidt.Asn residue in other BCPs
corresponds to Ser in Rc. The experimental Hisi dhift was reassigned to HisCetshift due to a tentative structure with the imidazolate HisN.

220 — T T T T (R? = 0.91) with the experimental NMR results than do those
1 . . obtained by using INWPRE = 0.99). The Calc7 results from
217 / - . = St - using even higher resolution structure 2CCW are essentially the
- S Ne—"1 :1:: same as from using INWP. In addition, the Calc7-optimized
5_ 214 / ___=pc- geometry for Am here is also close to that of a higher resolution
1" Va - structure (20V(® deposited very recently (Table S27). These
132,11- _ results further support the use of current Calc7 models.
Although the key factor in choosing the Calc7 models was
2,08 _ i based on the predictions of the large Cy% @oton NMR
| hyperfine shifts, the methods also offer a good explanation for
205 . . . . . the relatively smaller shifts seen with other protons. For instance,
X-ray Calc4 Calc5 Calcé Calc7 as shown in Table 3, for the conserved Asn residue in Az, Pc,
Method Pa, St, and Am, the amide proton and the @roton were
Figure 1. Cu—S®shond lengths from experiment and calculations in Az consistently predicted to have negative and positive hyperfine
(red), Pa (blue), Pc (green), and St (cyan). shifts, respectively, as observed experimentall. The Cys

] ) o ] C« protons in these proteins were predicted to have a negative
results of previous investigatiod3}*> showing that QM Lynerfine shift, due to their proximity to the large positive spin
refinement of protein X-ray structures is generally needed to yensities of the Cys Cprotonst? Hyperfine shift predictions
provide.thf'e bes.,t property predictions, at least in the case of {5, His protons are generally good, except for th& frotons,
metal-binding sites. where the hyperfine shift range is small, as it is with many other

We also investigated other factors, which might be expected residues, and in some cases, assignments are unceftairp:
to have an effect on the NMR hyperfine shift predictions. For The large Cys € proton shift range should thus be a more
Pa and St, the X-ray structures were of the same species aseliable structural probe. In fact, as shown in Table 3, the Cys
used in the NMR experiments, but for Am, Az, and Pc, the C# proton NMR hyperfine shifts have large differences between
X-ray/NMR results were on proteins from different species. This the small Calc3 and large Calc7 models, while the other proton
was because the X-ray structures from the same species as useshifts between these two models are generally not very different.
in the NMR experiments were of lower resolution than those  The above results indicate that all of the active site residues
used here. For example, the 4AZUstructure of Az from included in the calculations have some effects on the NMR
Pseudomonas aeruginoses a resolution of 1.90 A, 0.3 A hyperfine shifts predictions, with the axial ligands, residues
lower than the 1.60 A resolution of the INWPsgudomonas hydrogen-bonded to Cys, and the carbonyl oxygen located in
putida) structure used in our calculations. However, even though the fifth coordination positiot 4352523 being of particular
the proteins are from different species, the sequences of theimportance. However, the results shown here also indicate that
residues included in the Calc7 models (for Am and Pc) are the residues hydrogen-bonded to His are important and need to be
same as those that are present in the proteins used for the NMRaken into account to reproduce the experimental shifts. As
experiments. We also investigated another recently publishedshown in Table 1, for Am, there is a large difference (349.5
Az structure, ZCCV\?P that has even hlgher resolution (113 ppm) between the calculated average Cfsmbton NMR
A) but again is from another specieschromobacter xylosoxi-

i ith (51) Sato, K.; Dennison, Biochemistry2002 41, 120-130.
dang. For comparison, we used the same Calc7 models with (22) Garner. D. K : Vaughan. M. D Hwang, H. .- Savelieff, M. G.: Berry, S,

these three different starting structures (4AZU, 1INWP, and M.; Honek, J. F.; Lu, Y.J. Am. Chem. So@006 128 15608-15617.

; (53) George, S. D.; Basumallick, L.; Szilagyi, R. K.; Randall, D. W.; Hill, M.
2CCW) for Az. As shown in Table S26, the calculated NMR G.; Nersissian, A. M.; Valentine, J. S.; Hedman, B.; Hodgson, K. O.;

hyperfine shifts from using 4AZU have an inferior correlation Solomon, E. I.J. Am. Chem. So@003 125 11314-11328.
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Figure 2. (A) Spin densities from Calc7 model calculations (contour vatug-0.004 au) for (A) Az, (B) Pa, (C) Pc, (D) St, (E) Am, and (F) Rc (Calc9
model). Atom color scheme: Cu, green; C, cyan; N, blue; O, red; S, yellow; and H, gray.

hyperfine shifts ¥6p2 from the smaller (Calc3) model and  density distributions. As shown in Figure 2/, the general
the larger (Calc8) model, even when using the same basicfeatures of the spin density distribution in other BCPs (Az, Pa,
geometry. This difference is much larger than the differences Pc, and St) are the same, as found with smaller m&débs,
(53.8-138.5 ppm) seen with Az, Pc, Pa, and St. One likely and consist primarily of densities in a @G-y, orbital, a Cys
origin of the major difference between the Am and other BCP sulfur p orbital, as well as some His nitrogen orbitals. However,
results appears to originate in the nature of the hydrogen bondin Am, there are also large spin densities in the H-bonded Glu
partner to the N-terminal His ligand. It is a negatively charged residue (Figure 2E). In addition, for Pa and Pc, the only
Glu residue in Am, but in Az, Pc, Pa, and St, it is a neutral difference between Calc6 and Calc7 models is the inclusion of
residue or a water molecule. A calculation of a modified Calc8 the N—His hydrogen-bonding partners in the Calc7 models,
model for Am that only removed this Glu, but kept all other which again results in significant improvement in the NMR
residues, yielded a®dncacvalue of 687.4 ppm. Clearly, then,  hyperfine shift predictions (Table 1), due to incorporation of
this Glu residue is a major contributor to the large difference the His hydrogen-bonded partners.

between thé'o,cac of 384.9 (with Glu) and 687.4 ppm (without
Glu) and accounts for 87% of the total difference between the (54) Sugimori, K.; Shuku, T.; Sugiyama, A.; Nagao, H.; Sakurai, T.; Nishikawa,

X i : . K. Polyhedron2005 24, 2671-2675.
Calc3 and the Calc8 models. This effect is reflected in the spin (55) Solomon, E. linorg. Chem2006 45, 8012-8025.
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Table 4. *H NMR Hyperfine Shifts of Cys—CPH. in Rc (Unit, ppm)
6hfexpt 6Mca\c3 éhfca\m 6mcalc5 6h‘ca\c6 6Mca\c7 éhfcalce 6mcalc9
1RCY
Hfa  297.3 778.3 7605 777.7 788.2 740.0 706.5
Hf2  236.8 7142 7499 679.1 667.6 6749 634.7
HaP 267.1 746.3 7552 7284 7279 7075 670.6
2CAK
HAi2  297.3 869.3 951.7 660.5 565.7 625.1
Hfa  236.8 677.8 607.9 358.8 414.4 304.2
HaP 267.1 7736 779.8 509.7 490.1 464.7

aExperimental shift assignment based on computed $Hift, is the

950 T— T T T — average hyperfine shift for/f H%.. Note that only H, values are discussed
// 1 in the text (independent of assignment).
| Az
‘g‘m e 1 Table 5. NMR Hyperfine Shifts and Structural Parameters?
a -
u—-& 5504 - | avémexpt RCu—SCyS ACu a\/émpred
2. F':, “Pc protein (ppm) A (G ¢ () o(’) (ppm)
=] "
& a0 m 1 Az 821.8 2.16 0.19 79.6 13.9 849.7
,// st Pc 566.4 2.14 0.33 79.1 24.0 569.4
Re B | Pa 4471 2.15 033 765 237 4634
15“150/ Py pass _ 250 St 410.0 2.17 0.30 83.1 21.4 374.6
avaexpt (ppm Am 2.19 0.25 80.5 17.7 331.2
we  (PPM) Rc 267.1 2.19 030 803 217 2752

Figure 3. (A) QM calculated vs experimental NMR hyperfine shifts in
BCPs. (B) Predicted NMR hyperfine shifts using eq 8 vs experimental data
in BCPs.

aResults are from Calc7 models for Az, Pc, Pa, St, Am, and Calc9 models
for Rc. ACu is the displacement of Cu from thé'SCuNis plane.¢ is the
angle between NSCuN™s and $YsCus¥ef(QCIn) planes.a is the angle
) . formed by the NiSCuN™is and Cu-S®s vector.2dpfPeddata are calculated
As compared with the BCPs discussed above, Rc has severalising eq's.

unusual features, including the highest redox potential (680 mV)
among BCP$2 and the smallest Cys’®roton NMR hyperfine
shifts!? (Table 3). All eight X-ray structures (PDB #: 1RCY,
2CAK, 1A8Z, 1A3Z, 2CAL, 1E30, 1GY2, and 1GY1) for wild-

geometry optimization in this unusual case (Calc9 model), the

result improved further, to 464.7 ppm (Table 4). This supports

a tentative assignment of a very strongly hydrogen-bonded

' (Asn80) NH---N¢ (His85), in which the interaction between

:ﬁpeNotr mgtatlelt_j'_ RCH?'hBosW tt:latttﬁ\snSO 'St hydroggg;bc;)ndedq to the Cu center and the His ligand is strengthened, resulting in a
€ N-terminal His (His85), but there are two possible bonding longer Cu-S*¥sbond (Table 5) and a small hyperfine shift. This

modes. This is different to the situations found with other BCPs . . .
. ' effect of a negatively charged nfof the N-terminal His ligand
where there are unambiguous H-bond patterns. In two structures gafively ged Inf ' s ligand)

. . on structure and hyperfine shift is similar to that of a negatively
(IRCY and 1A3Z), the Asn80 side chain’s=O group forms . . X . o .
an H-bond with His85, but in six other structures (including charged Glu (H-bonded to again, an N-terminal His ligand) in

. . . ”  Am, where a longer CuS®¥sbond and a smaller hyperfine shift
the highest resolution structure 2CAK), the Asn80 side chain -
is flipped, and thus, it is the Asn80 side chain's Ngroup were also found (Table 5). The coordinates of all Rc structures

forming the H-bond with His85, as shown in Figure 2F, a mode used in the calculations are listed in Tables S386. As shown

not seen in other BCPs. These structures suggested the posl-n Figure 3A, with these geometry-optimized large models of

sibility that this interaction might be sufficiently strong to Az, Pc, Pa, St, Am, and Rc, the predictions of all 53
glerllgate an irlnidlazolatel Iiganlig(mn similIJarI tlo th)é Cu(ll)g experimental shifts (using only the average shifts for the
Im~ motif seen with oxidized CuZnSOD (SOD, superoxide nonstereospecifically assigned protons) have a very good

di tase§® Certainly, th hiah red tential I correlation with experimentR?2 = 0.94, slope= 1.01 (to be
Ismutasey= Lerainy, the very high redox potential as we compared with the ideal value of 1.00), and a SP10.5 ppm
as the very small hyperfine shifts indicate a very unusual

. . R . or 4.7% of the whole 862.5 ppm shift range seen experimentally.
:‘gtre;za;t'f?gai\ave ;Zu:r:g\i}r:ni\r/]e?g%?éef tge gj d?;esérgsgrf r:oézlesl These results also fit the same correlation line (Figure S1) seen
o ro,ton h gerfine shift from a Caic3 I?nodel of 746 3g my previously with heme proteins and model systérmgicating
b P SOpr deviation f th . tal val ’ fp2p67.1 the good overall accuracy of the methods employed.

abouta pprrr: EV'%'OIH rom d el ex;:]grlr:]win a VI? Eedo ’ On the basis of the largest models investigated here, the large
Egnmdelc_:ivg)e;rt\lfllvtlatrs ;[/vifh aﬁ (c:): trf?eo Ci’ Ii\(j:]Vallflijs t?\sé 2rrorng)s?2?il-l differences in geometries seen in the X-ray structures of different
large (440 ppm), much larger than those fOL;nd with other BCPs BCPs in the|r.o>§|d|zed forms are S|.gn|f|cantly decreqsed_m the

h ’ ) geometry optimized structures. This suggested that it might be
using the same Calc7 models: 42.6 ppm for Pc, 68.1 ppm for possible to use these optimized geometric properties to predict
St, 71.5 ppm for Pa, and 155.5 ppm for Az. Inclusion of Asn80

. . shifts, using the empirical approach described previotistye
a_nd__lrrr V\.”th the 2CAK_ geometry yielded, howevgr, a properties of interest are the displacement of Cu from thg-N
significant improvement (509.7 ppm) as compared with the

iofi ; - CuNs plane ACu)?” the angle between the"CuN’s and
Calc7 prediction using 1RCY (with IPn707.5 ppm), and when y ot/ ~GIn 5859
this whole InT ligand (up to @) and the NH atoms that are SYECUII(OO) planes §), and the angle formed by the

) . . ; NHisCuNMis plane and CuS®s vector (). As observed previ-
hydrogen-bonded with the Cys ligand were also included in the ouslyl the average experimental Cyé oton hyperfine shift

is not correlated with B,-s®s, ACu, ¢, or o. alone. However,
the following relationship using a combination 0§ Rs®Ys and

(56) Holm, R. H.; Kennepohl, P.; Solomon, EGhem. Re. 1996 96, 2239
2314.
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Table 6. Bond Critical Point Properties in BCPs2
protein bond R(R) p(r) (au) G(r) (au) V(r) (au) V2p(r) (au) H(r) (au)
Az Cu—S°ys 2.16 0.09404 0.09779 —0.12092 0.2986 —0.02313
Cu—NHisN 1.96 0.08727 0.11972 —0.13144 0.4320 —0.01172
Cu—NHisC 1.99 0.09314 0.12983 —0.14382 0.4634 —0.01399
Cu—SMet 2.99 0.01932 0.01284 —0.01572 0.03983 —0.00288
Pc Cu-Soys 2.14 0.09784 0.10411 —0.12901 0.3169 —0.02490
Cu—NHisN 1.98 0.09121 0.12798 —0.14116 0.4592 —0.01318
Cu—NHisC 1.97 0.08796 0.12200 —0.13364 0.4414 —0.01164
Cu—SMet 2.88 0.02478 0.01641 —0.02140 0.04569 —0.00499
Pa Cu-Soys 2.15 0.09523 0.09847 —0.12225 0.2987 —0.02378
Cu—NHisN 1.96 0.08918 0.12421 —0.13648 0.4477 —0.01227
Cu—NHisC 1.98 0.09334 0.12872 —0.14274 0.4588 —0.01402
Cu—SMet 2.78 0.02926 0.02016 —0.02657 0.05500 —0.00641
St Cu—SCys 2.17 0.09152 0.09399 —0.11611 0.2875 —0.02212
Cu—NHisN 1.97 0.08483 0.11662 —0.12703 0.4248 —0.01041
Cu—NHisC 2.00 0.09249 0.12632 —0.14008 0.4502 —0.01376
Cu—Q¢in 2.22 0.04492 0.05401 —0.05544 0.2103 —0.00143
Am Cu—S°ys 2.19 0.08850 0.08876 —0.10863 0.2664 —0.01987
Cu—NHisN 1.98 0.08757 0.12193 —0.13353 0.4413 —0.01160
Cu—NHisC 2.01 0.08110 0.11127 —0.12041 0.4085 —0.00914
Cu—SMet 3.02 0.01815 0.01219 —0.01472 0.03868 —0.00253
Rc Cu-SPrs 2.19 0.08751 0.08763 —0.10800 0.2690 —0.02037
Cu—NHisN 1.96 0.09601 0.12551 —0.14149 0.4381 —0.01598
Cu—NHisC 2.05 0.07584 0.09829 —0.10593 0.3626 —0.00764
Cu—SMet 2.88 0.02387 0.01586 —0.02048 0.04493 —0.00462

aFrom Calc7 results for Az, Pc, Pa, St, Am, and Calc9 results for Rc.

o was recently found to give good predictions of f&,xPt

datail

1P = aRe, s °+ btga+ ¢

wherea, b, andc are fitting parameters. Using the data from
the large geometry-optimized models (Table 5), we find that
this relationship gives good prediction&? = 0.82 (for Az,

Table 7. Ring Critical Point Properties in Cu---H Interactions in
BCPs?

p(r) G(r) V() V2p(r) H(r) dogex G
protein (au) (au) (au) (au) (au) A& A

Az 0.00293 0.00168 —0.00119 0.00870 0.00049 2.92 1.42
Pc  0.00322 0.00238—-0.00166 0.01237 0.00072 2.88 1.36
Pa  0.00559 0.00410—0.00301 0.02070 0.00109 2.88 1.38
St 0.00781 0.00641-0.00520 0.03047 0.00121 2.08 1.40
Am 0.00335 0.00195 —0.00139 0.01007 0.00056 3.03 1.66

Pc, Pa, and St) and 0.99 (for Az, Pc, Pa, St, and Rc). However, Rc  0.00563 0.00359—-0.00266 0.01812 0.00093 2.27 1.60

the projection of the major spin densities in the @iy, orbital
(Figure 2) onto the CuS®Ys vector (the major source of the

aResults are from Calc7 models for Az, Pc, Pa, St, Am, and Calc9 models
for Rc. X is the ring critical point.

spin densities of Cys/Oprotons) may be better described by a jisted in Table 6. The Laplacian results for the three strong

cosa term than the tgx term in eq 7. Indeed, including a cos

a term:

1P, = aRg, < °+ bcosa + ¢

gives even better fittingsR2 = 0.99 (for Az, Pc, Pa, and St)

equatorial coordination bonds (E&°Ys, Cu—NMisN and Cu-
NHisC) as well as the axial GuSVet (in Az, Pc, Pa, Am, Rc)/
Cu—0€" (in St) bonds were all positive, indicating that (in AIM
terminology) they are of an electrostatic nature. However, all
of the total energy densities, H( were negative, suggesting
“partial covalence™* Nevertheless, the bond critical point

and 0.99 (for Az, Pc, Pa, St, and Rc). The fitting parameters properties of the axial bonds were smaller than those of the

werea = 0.0457 AL ppmL, b = 0.02612 ppm?, andc =
0.07218 ppm?, and the predicted hyperfine shiféé§,Pe9 have

three equatorial coordination bonds, consistent with the fact that
the axial coordination bonds are relatively weak. It is interesting

a SD of 24.3 ppm or only 4.4% for an experimental range of to note that for Az, Pc, Pa, and St, which have neutral His

554.7 ppm, as shown in Figure 3B. Using eq 8, afdged for

ligands and H-bonded residues, the sum of the charge densities

Am is 331.2 ppm, very close to the Calc7 prediction, 285.4 (1) at the bond critical points in the three equatorial and one

ppm (Table 1).

AIM Theory Results. To investigate the structural effects

axial coordination bonds has an excellent correlation with both
the experimental and the computed average NMR hyperfine

on NMR hyperfine shifts in more depth, we next employed AIM - shifts (of the Cys € protons), withR2 = 0.97 and 0.95,

theory'314to see if electronic effects from weakly interacting

respectively, using an exponential decay fit. Its relation with

groups might correlate with the hyperfine shifts. For each of the experimental shifts is illustrated in Figure 4A. In addition,

the four Cu coordination bonds, a bond critical point was the sums of Q() and V() in these four bonds correlate with
identified and the calculated bond critical point properties are avy ext iy the same manner, having2 = 0.88 and 0.92,

(57) Lu, Y.; LaCroix, L. B.; Lowery, M. D.; Solomon, E. |.; Bender, C. J.;
Peisach, J.; Roe, J. A.; Gralla, E. B.; Valentine, JJ.SAm. Chem. Soc.

1993 115 5907-5918.

(58) LaCroix, L. B.; Randall, D. W.; Nersissian, A. M.; Hoitink, C. W. G.;
Canters, G. W.; Valentine, J. S.; Solomon, EJ.IAmM. Chem. S0d.998

120, 9621-9631.

(59) Pierloot, K.; De Kerpel, J. O. A.; Ryde, U.; Olsson, M. H. M.; Roos, B. O.

J. Am. Chem. S0d.998 120, 13156-13166.

respectively. However, if only the three strong equatorial
coordination bonds are consider&(r) is not correlated with
a9yt This provides further evidence that weak ligands play an
important role in affecting the overall spin density (or hyperfine
shift) variations in the different proteins, as suggested in Figure
S2. We also found excellent correlations betw@@pe**t and
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Figure 4. (A) Plot of the sum ofo(r) at bond critical points of the four typical coordination bond$¢s*"t of the Cys € protons for Az, Pc, Pa, and St.
(B) A ring critical point (purple sphere) in Az. (C) Plot ofr) at the ring critical points involving Gu-H(—CF, Cys) vs0n&*Pt of the Cys & protons for
Az, Pc, Pa, and St. (D) Plot 6foPred calculated with eq 9 using &Y of bond critical points and ring critical point \&SyexPt

the p(r), G(r), V(r), and Vzp(r) properties at the axial bond Table 8. Predictions of Cys Cf Proton Hyperfine Shifts Using AIM

o . . P ies?

critical points R2 = 0.96, 0.98, 0.98, and 0.98, respectively). roperties - - :

However, results for Am and Rc (which have either a negatively . "oy "ot one o

charged His or a negatively charged H-bond partner) do not """ (ppm) (ppm) (ppm) (ppm)

follow these correlations, indicating a more significant role of é‘é 8526%-51 2633;2 Z%t 76%%‘;

these charged groups on the electronic properties than that of  p, 4471 4373 470.6 459.7

axial ligands, as also observed with the NMR hyperfine shift St 410.0 404.4 383.7 398.5

properties discussed above. In addition to the bond critical point ~ Am 450.8 402.7 3435
Rc 267.1 267.2 268.5 265.2

results, we also detected a ring critical point in the region
surrounded by Cu, the Cys SgHand ¥'€YQC/n in each system,
as illustrated in Figure 4B for Az. The AIM properties at the
ring critical points are very well-correlated with the (average)
experimental NMR hyperfine shifts of the Cys® @rotons,
9Pt For charge densities (Figure 4C), the correlation
coefficient (for an exponential decay fit) B> = 0.9998, and
the correlation coefficients for @), V(r), v2o(r), and H¢) are

all in the range 0.9920.997. Again, these correlations are for chain conformation might be expected to influence tieiC
BCPs with neutral His ligands and H-bonded residues (Az, Pc, hyperfine shifts. Using a Pc model system with the X-ray
Pa, and St), consistent with the results seen with the bond criticalgeometry (Figure S3A), we varied the+€’—S—Cu torsion
point properties. However, when bond critical point (bcp) angle, finding a Karplus type relationsh#° betweendn (or
properties and ring critical point (rcp) properties were used Pop) andd (the H-CP—S—Cu torsion angle), as shown in Figure

together, thé“on Pt results for all BCPs can be predicted using S3B and Table S38. In the future, it may be possible to use
the following equation: these relationships, together with those discussed above, to help

refine structure, particularly in the solid state, where Curie
(9) relaxation is absent.

Conclusion
with R2 = 0.93, 0.97, and 0.94 fop(r), G(r), and |V(r)|, The results that we have described above are of interest for
respectively. The fitting parameters are listed in Table S37, and a number of reasons. First, we report the results of a broad range

aavg, predl avg, pred2 gndavy,Preddresults are calculated using eq 9 with
parameters for G{, [V(r)|, andp(r) in Table S37.

in Table 8. This correlation is illustrated by the results for)G(

shown in Figure 4D, indicating that excellent theepxperiment

correlations can be made, based on the critical point properties.
Finally, we investigated how changes in the cysteine side-

In 0, =a InZ(bcp)Jr b In(rcp) + ¢

the predicted average Cy$ @roton NMR hyperfine shifts from
eq 9, using bcp and rcp data fefr), G(r), and|V(r)|, are shown
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of quantum chemical calculations of the proton NMR hyperfine and ring critical points in the active site with the proton
shifts in several BCPs: Am, Az, Pa, Pc, Sc, and Rc. The best hyperfine shifts. Overall, these results are of general interest
results have a theory vs experiment correlai3r= 0.94, with since they represent the first detailed quantum chemical
a close-to-ideal slopes 1.01 and SD= 40.5 ppm, or 4.7% of investigations oftH NMR hyperfine shifts in BCPs that, when

the total experimental range of 862.5 ppm. Second, the combined with other spectroscopic results, should be of use in
computational results indicate that large structural models strycture refinement.

containing all weak axial ligands together with all hydrogen-
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Fifth, we carried out an AIM theory investigation, finding good
correlations R?2 = 0.93-0.97) between AIM properties at bond  JA075978B
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