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SUMMARY 

The one-bond deuterium isotope shift effect for glycine Ca resonances exhibits a conformational depend- 
ence comparable to that of the corresponding ‘J,, scalar coupling in both magnitude (- 11 Hz at 14.1 T) and 
dihedral angle dependence. The similarity in the conformational dependence of the ‘J,c and deuterium 
isotope shift values suggests a common physical basis. Given the known distribution of (Q,v) main-chain 
dihedral angles for glycine residues, the deuterium isotope shifts and the ‘J,c scalar couplings can determine 
conformations in the left- and right-handed helical-to-bridge regions of the ($,v) plane to an accuracy of 
approximately 13”. In the absence of stereochemical assignments, the differential deuterium isotope shifts 
and the ‘J,, scalar couplings can be combined with limited independent structural information (e.g., the sign 
of $) to determine the chirality of the deuterium substitution. 

In the course of observing the *H-decoupled ‘H-13C correlation peaks of E. coli thioredoxin 
(LeMaster and Kushlan, 1993) and staphylococcal nuclease H124L, enriched with a mixture of 
chirally deuterated [2-‘3C]glycine samples, it became apparent that the 13C chemical shifts for the 
pro-R and pro-S resonances (arising from the 2H, and 2H, samples, respectively) of the same 
residue could vary as much as 70 ppb (11 Hz at 14.1 T). Such a differential isotope shift is 
illustrated in Fig. 1 for Gly*’ of staphylococcal nuclease in the Ca*‘* pTp inhibitor complex. 
Apparent as well is the variation in the ‘J uaCa values in this 13C-coupled spectrum. The conforma- 
tional dependence of ‘JHaCa for peptide groups was observed earlier (Egli and Von Philipsborn, 
1981). These authors interpreted their data in terms of an increased coupling resulting from the 
alignment of the H-C bond with the pz orbital of the attached nitrogen. Conversely, alignment of 
the H-C bond with the rr orbital of the carbonyl carbon results in a smaller coupling constant. 

*To whom correspondence should be addressed. 
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Fig. 1. *H-decoupled, “C-coupled HSQC spectrum of [2H,,2-‘3C]glycine + [‘H,,2-“Clglycine enriched staphylococcal 
nuclease H124L in the Ca” pTp ternary complex at 14.1 T. The cross peaks corresponding to Gly*O are illustrated. 
A 2 kHz ‘H decoupling field was used. 

More recently (Mierke et al., 1992; Vuister et al., 1992,1993), the anticipated trigonometric 
dependence of ‘JHaCa on the main-chain dihedral angles has been extensively verified experimen- 
tally using isotopically enriched protein samples. These studies have demonstrated that this 
conformational dependence of ‘J “ac0. can potentially serve as a useful constraint for protein 
structural analysis. In analogy, the present study analyzes the readily obtained differential isotope 
shifts for their corresponding utility as structural constraints. 

Due to stereochemical ambiguity of the glycine methylene resonances, the earlier analyses of 
‘JHaca values used only the methine C” positions in their correlations. To examine the similarity 
of the dihedral angle dependencies for the glycyl ‘J naCa values, [ZH,,2-13C]glycine and [‘H,,2- 
13C]glycine were incorp orated into E. cofi thioredoxin and staphylococcal nuclease H124L. In this 
case, since two separate ‘JHaCa values are available to characterize each glycine residue, the 
analyses were carried out in terms of both the individual ‘J, c a a values and their difference 
A’ JnaCa. The observed AIJnaCa values are given in Table 1, along with the corresponding (@,v) 
values from high-resolution X-ray structure determinations (Loll and Lattman, 1989; Katti et al., 
1990). The individual glycine ‘J HnCa were fit via singular value decomposition (Press et al., 1989) 
to the trigonometric function: 

‘JHaC” = 142.6 + 3.1 cos2@’ - 7.6 cos’w’ - 1.1 sin@’ - 3.0 sin\y’ (1) 

where $’ = $ + 30” and w’ = w - 30” for the pro-R hydrogen and Q’ = $ + 150” and w’ = w - 150” 
for the pro-S hydrogen. In terms of both the magnitude and relative contributions of the 4 and w 
dependencies, these glycine parameters agree quite closely with those reported by Bax and co- 
workers (Vuister et al., 1992) for the main-chain methine resonances. With the present data, the 
use of the sin+ term for the fifth empirical parameter gave equivalent results as compared to the 
use of a 12” phase shift of v proposed in this earlier study. The observed scalar couplings fit this 
empirical function with an rmsd of 1.7 Hz. Although this deviation is reasonably small compared 
to the full range of the AIJ,, values (? 15 Hz), as noted earlier (Vuister et al., 1993), it is 
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appreciably larger than the error in the coupling constant measurements, consistent with the 
presence of other minor contributions to the observed ‘Jnc values. 

The fact that the geometric dependence of the ‘Jnc values for both the pro-R and pro-S protons 
can be well fit to the same parameterization indicates that all of the structurally useful informa- 
tion on (9,~) is contained in the differential ‘J,, values. The analogous four-parameter equation 
was used to fit the trigonometric dependence of the differential deuterium isotope shift data 
(A(‘A13C(*H)) in ppb). 

A(1A13C(2H))= 12 (cos*$‘~ - cos*&) - 43 (cos*w’, - cos’w’,) 
+ 17 (sin$‘, - sinqS) - 21 (sinvlr - siny’,) (2) 

The contour plot of this trigonometric fitting function is given in Fig. 2. The experimental 
differential isotope shifts fit this empirical function with an rmsd of 13 ppb (2.0 Hz at 14.1 T). 
Assuming independent, normally distributed errors, the standard deviations for the four coeffi- 
cients in Eq. 2 are 5.5, 4.0, 1.4 and 2.6, respectively. The true error values for the sin+ and sinv 
terms are likely underestimated, due to the presence of significant covariance with the cos2v and 
cos2Q terms, respectively. In Fig. 3 the regression plot of the experimental vs. the predicted 

TABLE 1 
DIFFERENTIAL ISOTOPE SHIFTS AND ‘JHc COUPLINGS FOR GLYCYL RESIDUES OF E. coli THIOREDOX- 
IN AND STAPHYLOCOCCAL NUCLEASE 

Residue $ (“) W(“) A(‘A”C(‘H)) A’J,aca 

E. coli thioredoxin 
Gly” 
Gly5’ 
Gly@ 
Gly” 
G~Y’~ 
Glys4 
Gly9’ 
Gly97 

Staphylococcal nuclease H124L 
Gly”’ 
Gly29 
GlySo 
GIY’~ 
Glya6 
Glya8 
Gly96 
Gly”’ 

-61 -54 71 11.2 
89 -21 41 4.4 

-82 -26 16 7.6 
68 30 -27 -10.1 

-150 167 -15 2.8 
81 10 18 -5.3 
98 160 41 0.4 

-64 -39 65 14.6 

-60 -34 41 14.5 
73 15 9 -0.6” 
97 -154 10 -1.7” 

-102 -145 -58 -4.6 
83 16 II -6.3 

-69 145 -19 11.3 
76 9 22 -1.9 
75 25 -30 -7.4 

Residues Gly” of E. coli thioredoxin and Glys5 and Gly14’ of staphylococcal nuclease are not included, due to ‘H-‘H 
geminal degeneracy (Wang et al., 1990). The differential isotope shift is defined as 6 (*Hs) - 6(2H,) (=@(‘H) - 8(‘H,)) - 
(S(‘H) - S(2Hs)) = A*H, - A2H,) (in ppb), consistent with the most common convention (Hansen, 1988). The differential 
coupling constants are defined as ‘JHRC - ]JHsc. 
aDenotes differential coupling constants obtained from the corresponding resonances of the apo-nuclease spectrum. 
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Fig. 2. Contour plot of Eq. 2, illustrating the predicted dihedral angle dependence of the differential one-bond deuterium 
isotope shift for the glycine C” resonances. The contour interval is 20 ppb, with the zero-level contour passing through the 
origin. Also plotted are the (Q,v) values for 498 glycine residues observed in 37 high-resolution X-ray structures. The 
diagonal lines illustrate the best fit (Eq. 3) to the 281 glycine residues found in the helix-to-bridge regions of the confonna- 
tional plane (i.e. -90” < w < 90”). 

differential isotope shifts is given, based on Eq. 2. A linear regression coefficient r2 = 0.85 is 
obtained. 

The differential isotope shift and coupling constant values bear considerable similarities in 
terms of both the opposite signs of the cos2$ and cos? dependencies and the approximate 
threefold dominance of the cos2w term. On the other hand, there is a clear contrast in the relative 
magnitude of the geometric dependence of the ‘J,c values and the isotope shift effects. As a 
function of ($,u/), the ‘J,c constants vary over a range of only 10% of the average ‘J,, value. In 
contrast, the relative variation in 1A13C(2H) is nearly 30% of the average ‘A’3C(2H) (0.25 ppm). 

As compared to the more commonly used 3J values, the obvious practical weakness of ‘JHacu 
analysis in structural studies is the dependence of a single parameter on two independent dihedral 
angles. Since the differential isotope shifts exhibit a quite similar conformational dependence, 
they will not significantly enhance the ability to define the two-dimensional information needed 
to define an arbitrary position in the (9,~) plane. This would appear to be a particularly signifi- 
cant limitation in the case of glycine residues, for which the standard dipeptide conformational 
analysis (Ramachandran and Sasisekharan, 1968) suggests that nearly the entire (0,~) plane is 
potentially accessible. 

In practice, the observed glycine dihedral angle distribution shows considerably more cluster- 
ing than is anticipated from the prediction of permissible conformations based on the simple 
hard-sphere model, as illustrated in Fig. 2 for 498 glycine residues, drawn from 37 high-resolution 
X-ray structures (Bernstein et al., 1977) having refinement parameters of at least approximately 
1.7 A resolution, with an R-factor of 17%. In particular, almost 60% of all glycine residues have 
(o,r+f) dihedral angles lying in the o-helical-to-bridge regions (here operationally defined as 
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Fig. 3. Linear regression analysis of the experimental differential isotope shifts (i.e., A(‘A”C(*H))) of Table I vs. those 
calculated using the trigonometric fit function of Eq. 2, relating these data (in ppb) to the corresponding (o,t+r) dihedral 
angles of the high-resolution X-ray structures. A linear regression coefficient rz = 0.85 is obtained. 

-90” c w c 90’) of either the left- or right-handed conformations (i.e. $ > 0 or 0 < 0). A least- 
squares analysis of the elongated distributions in these two regions yields a linear fit of the form: 

(I = -0.94~ f 87” (3) 

for the 41 > 0 and @ c 0 regions, respectively. The rmsd for the fit to these 281 glycine residues in 
the ($,v) plane is 11.3”. 

The relevance to this research of an efficient linear approximation of the ($,t@ distribution for 
this set of glycine residues stems from the fact that this linear fit function lies approximately 
parallel to the gradients of the trigonometric fit functions for both the ‘JHaCa (Vuister et al., 1992) 
and the differential isotope shifts (Fig. 2). Hence, if independent structural information can 
discriminate between a glycine conformation in the extended regions vs. the helix-to-bridge 
regions, the combination of the ‘J uaca and A(‘A”C(*H)) data should provide a useful estimate of 
the best choice along the curve of Eq. 3. Assignment of a residue to the left- vs. right-handed 
helix-to-bridge region is carried out as discussed below in the section on determination of stereo- 
chemistry. 

A least-squares analysis of the observed differential ‘J,, and A(‘A13C(*H)) values for the 11 
glycine residues of these conformational regions for which complete data is available yields the 
following fit for 4 c 0 (A(‘A13C(*H)) in ppb and A’J,c in Hz): 

41 = 0.18 A(‘A13C(*H)) + 0.38 AIJ,, - 81 (44 

w = -0.37 A(‘A13C(*H)) - 0.78 A’Jno - 12 (4b) 
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while for @ > 0, the signs of the constant terms are reversed. Using these equations one can 
determine for each individual glycine residue how well the observed A’J,c and A(‘A13C(2H)) 
values reproduce the best choice along the $I = -0.94~ + 87” parametric fit for the observed (Q,@ 
X-ray values at that residue. For the 11 glycine residues, the rmsd is 6.5”. 

Using these rmsd values, an estimate can be made for the quality of the determination of ($,w) 
based on the A’J,c and A(1A13C(2H)) values. The rmsd for the perpendicular distance between the 
observed ($,v) values and the $I = -0.94~ f 87” parametric fit is 11.3”, while the estimated error 
of 6.5” resulting from using the A’J,, and A(1A’3C(2H)) values to place an estimate along the ($,w) 
parametric fit is orthogonal. Assuming the independence of these errors, an overall rmsd error of 
13” is obtained for the determination of ($,v) in these conformational regions based on experi- 
mental couplings and isotope shifts. 

The accuracy of this error estimate is dependent on two distinct factors. The parameters of the 
best fit line are population statistics, determined from a large number of the best quality X-ray 
structures available and hence are surely comparatively reliable. On the other hand, the estimate 
of how well a given pair of AIJHc and A(1A13C(2H)) values determines a position along that best fit 
line is dependent on several factors. First, this estimation depends on the accuracy of the X-ray 
determination of the particular glycine residues considered, although it may be noted that for 
these two proteins the X-ray temperature factors for the glycine residues of the helix-to-bridge 
regions do not deviate substantially from the bulk of the main-chain atoms. In addition, the 22 
A*J,c and A(1A’3C(2H)) values for these glycines, used to derive the two independent parameters 
of Eq. 4, are in turn being used to estimate the reliability of those parameters and thus the error 
assessment is not strictly independent. 

However, although the estimate of a 6.5” rmsd may somewhat overstate the accuracy to which 
the differential isotope shifts and coupling constants can determine a position along the best fit 
line to the glycine conformational population, the analysis strongly suggests that this source of 
error is significantly smaller than that introduced by the initial assumption of the projection of the 
(+,v) values onto the best fit line (i.e. 11.3”). Hence, the estimate of an overall rmsd of 13” is 
unlikely to be substantially modified by the limitations discussed above. 

Since the magnitudes of the differential isotope shifts in ppb are four- to fivefold larger than the 
range of AIJHc in Hz, for the fit described above in Eq. 4 the isotope shifts provide an approxi- 
mately twofold larger contribution to the estimation of $ and w than do the scalar coupling data. 
However, it should be noted that these estimates are robust with respect to the relative weighting 
of the A’J,, and A(1A13C(2H)) values. 

The analyses given above all presuppose the known stereochemical assignment of the deuteri- 
urn labeling. It is of considerable practical interest to reverse this question to ask how useful is the 
combination of AIJ,, and A(1A’3C(2H)) values in the determination of stereochemistry. For all of 
the 16 glycine residues listed in Table 1, a determination of chirality can be readily obtained using 
only the additional constraint that the sign of $ is known. A simple protocol can be given as 
follows: 

(1) If 1 AIJHc 1 is greater than 6 Hz, the pro-R hydrogen has the larger coupling for Q < 0 and the 
smaller coupling for Q, > 0. 

(2) Otherwise, the pro-R hydrogen is the most upfield shifted resonance for $ < 0 and most 
downfield shifted for Q > 0. 
Although the glycine residues of the two proteins considered represent only a modest subset of the 
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observed glycine conformations illustrated in Fig. 2, these results suggest that reliable stereo- 
chemical assignments can be obtained from the isotope shift and scalar coupling data with only 
fairly limited additional structural information, without recourse to more involved chiral labeling 
techniques. 

In order to consider what generality this approach offers for conformational analysis at meth- 
ylene sites, a brief discussion of the physical basis of isotope shifts is warranted. The role of 
hyperconjugation in isotope shift effects remains controversial (Hansen, 1988; Berger, 1990). 
These reviews discuss the argument that explaining isotope shift effects via hyperconjugation 
effects implies a breakdown of the Born-Oppenheimer approximation. This concern does not 
appear valid for the one-bond isotope shift data presented herein. Both theoretical and experi- 
mental studies (e.g. DeFrees et al., 1979; Wiberg et al., 1984; Farnham et al., 1985; Rathna and 
Chandrasekhar, 1991) have demonstrated bond length variations as a function of the orientation 
of adjacent lone pair and n orbitals. These geometrically dependent bond length variations are 
correlated with corresponding variations in the vibrational frequencies (Thomas et al., 1994). As 
the isotope shift arises from the difference in the zero-point vibrational frequencies for the proton 
and deuteron, conformationally dependent changes in the vibrational manifold will give rise to 
differential isotope shifts. As the two geminal glycine H-C bonds in general occupy two different 
orientations with respect to the adjacent rt orbitals, the differential 13C shifts result. Such ab initio 
results have often been heuristically interpreted in terms of a hyperconjugation interaction 
between the o-o* orbitals of the H-C bond and an adjacent lone pair or n: orbital. Other heuristic 
models, such as variation in hybridization state, appear substantially less compelling. Earlier 
correlations (Wesener et al., 1985) of one-bond isotope shifts with fractional s-character indicate 
a change of 43 ppb on going from sp to sp3, a change which is only 60% of the range in differential 
isotope shifts demonstrated here. 

In this context it is worthwhile to note that such one-bond differential isotope shifts are not 
limited to hyperconjugation with IC systems. Saturated hydrocarbons have also been argued to 
exhibit comparable effects, resulting from the periplanar alignment of vicinal H-C bonds (Gunth- 
er and Aydin, 1981; Williams, 1986). We note that differential isotope shifts can be observed for 
various methylene types in protein side chains (LeMaster, D.M. and Kushlan, D.M., manuscript 
in preparation). 
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