9674 J. Am. Chem. Soc. 1992, 114, 9674-9675

Scheme I°
0 Br COR
J e @ COR Gy
+ J Do —_—

/( COR COR

o)

3, R=H 5, R=Me

ii @iv)
(U)Cd.R=Me <6,R=H

9(i) hv, Ph,CO, MeCN, then Na,CO; (aqueous), then HCI (aque-
ous) (68%); (ii) CH,N,, Et,0 (91%); (iii) DBU, CHCl; (100%); (iv)
LiOH, THF-H,0 (72%).

Scheme I°
o B
y Br T cOMe R
(i) (i) jo_/
R
7, R=H 9 10, R = CO,Me

oC 8, R =COMe w(

(i) NaH, (Me0),CO, CsH, (86%); (ii) Br,, Et,0; (iii)) NaOMe,
MeOH (37% from 8); (iv) DIBALH-n-BulLi, hexane-THF, -78 °C —
room temperature (62%).
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2(i) DCC, DMAP, DMAP-HC|, CHCI;, A, 20 h (51%); (ii) hw,
CH,Cl,, 4 h (63%); (iii) toluene, A, 2 h (100%); (iv) LiOH, H,0—-di-
oxane; (v) KMnO,, then HCI (aqueous) (37% from 17).

to give the more stable cis isomer 1. The synthetic material was
identical with a sample of natural byssochlamic acid by comparison
of IR, 'H and '3C NMR, and mass spectra.
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Determination of the solution structure of a protein by NMR
relies primarily on the analysis of a large number of 'H-'H NOE
interactions, supplemented by dihedral angle information derived
from vicinal '"H~'H J couplings. Three-bond couplings are com-
monly interpreted in terms of dihedral angles using the well-known
Karplus relationship and can provide information on the backbone
angle ¢ and the side-chain torsion angles x,. In principle, *Jy.n
couplings can be used to extract information about the backbone
angle ¥, but in practice the variation in 3Jy,n as a function of
¥ is too small for this purpose.! The correlation between the
magnitude of 'Jc ., and the backbone angles ¢ and y has been
investigated previously both by MO calculations and by experi-
mental measurements on conformationally constrained cyclic
peptides.?2 From this work, it was concluded that the magnitude
of ¢, is influenced primarily by the interaction between the
H-C, bonding orbital and the p, orbital of the lone pair N
electrons; i.e., \Jcau, Was expected to depend primarily on ¢.°
Here we present experimental results that indicate that 'Jo,u,
is determined primarily by ¢ and to a lesser extent by ¢.

1Jcana couplings have been measured for the proteins basic
pancreatic trypsin inhibitor (BPTI), staphylococcal nuclease
(SNase), and calmodulin (CaM). Previous NMR studies have
indicated that the solution structures of these proteins for residues
3-56 (BPTI), 8—42 and 55-140 (SNase), and 6~76 and 83-146
(CaM) are in good agreement with the crystal structures.*® In
the present work, we correlate the magnitude of 'Jc,y, With
dihedral angles obtained from the X-ray crystal structures.”™®
YcaHa values were measured from the F; splittings in the purged!©
HMQC spectrum of natural abundance BPTI (11 mM, p’H 5.8)
and from the antiphase F, splittings in the 3D CT-HCACO!! and
HCCH-COSY! spectra of uniformly (>95%) '*C-enriched SNase
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Figure 1. (a) Contour plot of eq 2. The average backbone angles for
residues in a-helical and parallel and antiparallel S-sheets are marked
as a, 8;, and B,, respectively. The second and third residues in a type
X turn (X =L I, I1, or IT) are marked X, and X,. (b) 'Jc,u, couplings
calculated from the crystal structures of BPTI, SNase, and CaM using
eq 2 versus the values observed in the previously assigned NMR spec-
tra.!¢"1® Residues with 'Jc . < 134 Hz are marked (B: BPTL; S:
SNase).

(1.5 mM, p’H 6.5) and CaM (1.0 mM, p?H 6.8); all were recorded
without *C decoupling during data acquisition. In addition, for
SNase and CaM J¢,y, values were also measured from pseu-
do-3D, J-resolved experiments to be described elsewhere. Both
CaM and SNase were enriched uniformly with '3C and *N. All
spectra were recorded at 600.14 MHz ('H frequency) on a Bruker
AMXG600 operating at 35 °C. Glycines and prolines were excluded
from the database. Typical data are shown in the supplementary
material. Precise measurements of 'Jc,y, were made for 162
residues, and these data, together with the crystallographically
determined backbone angles ¢ and y, are reported in the sup-
plementary material.

Theoretical considerations suggest a positive contribution to
et Originating from the adjacent p, nitrogen orbital and a
negative contribution due to the antibonding = orbital of the
carbonyl group. An equation describing the 'J¢,y, dependence
on ¢,¥ of the form

J=A+ Bcos 2(y + 150°) + Ccos 2(¢ + 30°) (1)

was suggested previously.>* However, best fit procedures using
singular-value decomposition indicated that this equation did not
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yield an adequate fit. Indeed, it may be expected that interaction
between the carbonyl = orbital and the C,~H,, bonding orbital
is not invariant to 180° y rotations, and an additional term, sin
(¥ + 150°), is needed to account for this asymmetry. Statistical
analysis of the best fit with this extended form of eq 1 indicates
that the fit is not satisfactory, and an additional —12° empirical
“phase shift” is needed to properly account for the ¢, dependence
of the measured data.!> A good description of the experimental
data is then obtained with

Ucahe = 140.3 + 1.4 sin (Y + 138°) —
4.1 cos 2(y + 138°) + 2.0 cos 2(¢ + 30°) (2)

Inclusion of additional trigonometric terms in eq 2 did not yield
statistically significantly better fits. Figure 1a shows a contour
map of eq 2 as a function of ¢ and . Figure 1b shows the
comparison of the couplings calculated using eq 2 with the ob-
served NMR values, showing good agreement with an RMS
difference of 2.0 Hz. This residual is significantly larger than
the estimated error (~1 Hz)!* in our measurement of 'Jc ..
However, our analysis does not account for different substituents
at the C; position, which possibly could have a significant effect
on 'Je, .. Also, one-bond J couplings are known to be influenced
by electric fields.'* The present protein J coupling data, together
with the high-resolution crystal structure, permit a detailed re-
investigation of the importance of these effects.

Residues in an extended 8-sheet conformation on average have
relatively small 'J¢,y, values (140.5 + 1.8 Hz), whereas signif-
icantly larger values (146.5 = 1.8 Hz) are found for a-helical
residues. In this respect it is interesting to note that the four
residues, Asp78—Ser 81, in the middle of the “central helix” of
calmodulin have 'J.y, couplings (142.7, 141.8, 143.4, and 142.9
Hz) close to their random coil values and significantly smaller
than the values that would be expected on the basis of the ¢,y
angles of the crystal structure. This confirms conclusions from
a recent '°N relaxation study that indicated high flexibility for
these residues in solution.

All four non-glycine residues with positive ¢ angles in our
database exhibit unusually small values (<134 Hz) and have been
marked in Figure 1b. The only other residue with Jc,u, < 134
Hz is Lys15 in BPTI (., = 131.8 Hz), which has a value that
is 4 Hz smaller than that expected on the basis of eq 2. Iden-
tification of residues with positive ¢ angles can sometimes be
difficult, and !Je 4y, may serve as a useful additional marker for
identifying such residues.
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