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Abstract: We have obtained the carbon-13 nuclear magnetic resonance spectra of a series of tryptophan-
containing peptides and model systems, together with their X-ray crystallographic structures, and used
quantum chemical methods to predict the 3C NMR shifts (or shieldings) of all nonprotonated aromatic
carbons (C7, C?%, and C<). Overall, there is generally good accord between theory and experiment. The
chemical shifts of Trp C” in several proteins, hen egg white lysozyme, horse myoglobin, horse heart
cytochrome ¢, and four carbonmonoxyhemoglobins, are also well predicted. The overall Trp C” shift range
seen in the peptides and proteins is 11.4 ppm, and individual shifts (or shieldings) are predicted with an
rms error of ~1.4 ppm (R value = 0.86). Unlike C* and N" chemical shifts, which are primarily a function
of the backbone ¢,y torsion angles, the Trp C” shifts are shown to be correlated with the side-chain torsion
angles y: and y» and appear to arise, at least in part, from y-gauche interactions with the backbone C" and
NH atoms. This work helps solve the problem of the chemical shift nonequivalences of nonprotonated
aromatic carbons in proteins first identified over 30 years ago and opens up the possibility of using aromatic

carbon chemical shift information in structure determination.

Introduction

field perturbatiof) had been successful in predicting all other

Folding a protein into its native conformation results in large chemical shifts, the origins qu their poor performance in
ranges of nuclear magnetic resonance (NMR) chemical shift Predicting, in particular, the Trp’Cchemical shifts, had been

nonequivalence: about 3 ppm i, 10 ppm for'3C, 35 ppm
for 15N, and~20 ppm for the probe nucleddF.1? For most
nuclei (aliphatic and®C' carbons!°N, and°F), the origins of
such folding-induced chemical shifts are now relatively well
understood. For backbone carbons and nitrogéng, torsion
angles dominatéfor 13C', hydrogen bond geometry effects play
a major rolé, while for 1°F, electrostatic field effects dominate
the shielding response. However, for aromatic carbons, such
as Trp C, the origins of the large chemical shift range first
seen over 30 years ago have been undéarln earlier

puzzling, but it seemed likely that the experimental chemical

shift range being investigated was simply too small. However,
other problems, such as the presence of molecular motion,
solvation, and crystal/solution structural differences, might also
play a role with the proteins. We have thus synthesized a larger
series of Trp-containing model compounds and obtained their
solid-state’3C NMR spectra to remove any dynamical and

solvation uncertainties, as well as to (potentially) increase the
overall shift range, and to provide a series of highly resolved
structures. Then, we employ a variety of quantum chemical

unpublished work, we attempted to predict the observed Methods to predict thé’C NMR shifts, utilizing the high-
chemical shifts in hen egg white lysozyme and in a small series "esolution X-ray crystallographic structures obtained on the same
of model Trp-containing peptides and other model systems usingSa@mples used to record th€ NMR spectra. This approach is
both Hartree-Fock and density functional theory methods, but Shown to enable the first predictions of t& NMR chemical
with little success. Since these same methods (including chargeshifts of the nonprotonated aromatic carbors €2 and C:
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in Trp model systems. The same methods are then applied to
Trp © chemical shifts in proteins, using homology modeling
predicted structures when the corresponding crystallographic
structures are not available. Overall, our results show that, in
particular, Trp C shifts are strongly related to side-chain

2 torsion angles (due tg-gauche interactions with’@nd NY),

but not to backbone,y torsion angles. These results can be
expected to be of general interest in the context of protein
structure prediction and refinement and may also be applicable
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NH5* NH*Cl NH5*CI Table 1. Crystallographic Results
{ NH O { O/ { O/\ 1 TrpVal 2 L-Trp-OMe-Cl 4 Ac-L-Trp 11 lleTrp
(e} : (0) N Y formula GeH25N30s5 Cle]_sClNzOz C13H14N203 Cy7H27N305
N 0 N H mol wt 339.39 254.71 246.26 353.42
1 2 3 cryst syst orthorhombic triclinic monoclinic  orthorhombic
space group P2;2:2; P1 Pc P21212;
a(A) 5.7598(15)  5.262(3) 23.418(10) 5.6470(16)
o:( o:( b (A) 15.998(4)  8.923(4) 14.0129(13) 8.581(3)
NH NH3*Cl NH c(A) 18.496(5)  14.004(7) 8.384(4)  36.343(11)
/ o (deg) 90 77.801(8) 90 90
N g \ 7 M- S &° 5 (deg) ) 89.771(8)  94.702(9) 90
N N N y (deg) 90 80.186(8) 90 90
H H H V (A3) 1704.48)  632.9(5) 1203.8(9) 1761.2(9)
4 5 6 z 4 2 4 4
pealcd(g cNT3) 1.323 1.336 1.359 1.333
NHZ T(K) 193(2) 193(2) 193(2) 193(2)
u (mmY) 0.099 0.294 0.098 0.098
N R1 (all data) 0.0310 0.0346 0.1008 0.0712
CEG N/\( WR2 (all data) 0.0722 0.0800 0.1560 0.0917
D o > o N
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Figure 1. Structures of the 12 Trp-contalnlng peptldes and model ki‘l <t ‘O e ¢
compounds investigated.
1 2
to interpreting chemical shifts in other aromatic species in =
proteins, such as some drug molecules, as well as in interpreting™ § <
the3C NMR chemical shifts of the other aromatic amino acids. I &~ £
5 :
Experimental Section ‘EA W < L" \lfﬂ:li ‘:-L ¢
~ b C (e
Crystallographic Aspects.We crystallized 12 Trp-containing spe- = ‘:" L “k [ A
st oo " % . I S
cies (1—12) whose structures are shown in Figurell7—9, 11, and g - \o —
12 were obtained from Bachem (King of Prussia, PA), wiitet were g ¢ cg._ (L R
from Sigma-Aldrich (St. Louis, MO)10was synthesized by a standard X s -«
peptide coupling reactichAll compounds were crystallized from water, ~ qJ’ .« & 11
except for 3, 5, and 6, which were crystallized from methanol. w.-"i-- s
Diffraction data for all 12 compounds were collected at 193 K on a ) o
Bruker SMART CCD system. Data reduction and integration were F* —
performed with the software package SAINTand absorption cor- b WO
rections were applied by using the program SADABShe positions e
of the non-hydrogen atoms were found by direct methods using the 4 ST

Bruker SHELXTL software packagé.Crystal data and structure
refinement information fol, 2, 4, and11 (which have not been reported
previously) are shown in Table 1, and more detailed descriptions of
these structures (coordinates, geometries, and B factors) are providectrystallographically to ensure that the actual species isolated were as
in the Supporting Information. The actual structures are shown in Figure expected. All sixy1, y2 side-chain combinations possible for Tip &

2. The structures of the eight other compounds have been reported18C, 60°, —60°; y» = +90°) were represented in these 12 structures,
previously*~16 but we redetermined the structures of each compound resulting in a very large (11.4 ppm) range in Trp €emical shifts.
NMR Spectroscopy. Carbon-13 NMR spectra were obtained by

Figure 2. Crystal structures of compounds?2, 4, and11

(9) Sheehan, J. Q. Am. Chem. Sod.955 77, 1067-1068.

(10) (a)SAINT, Bruker AXS, Inc.: Madison, WI, 2001. (b) SADABS; Bruker
AXS, Inc.: Madison, WI, 2001. (cBHELXTL. Bruker AXS, Inc.: Madison,
WI, 2001.
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Janjua, K.; Macaluso, M.; Robertson, L. L.; Stiglic, T. J.; Volovik, Y.;
Georgiadis, M. M Acta Crystallogr., Sect. @00Q 56, E469-E471.

(12) Souhassou, M.; Aubry, A.; Lecomte, Bcta Crystallogr., Sect. @990

using the cross-polarization magic-angle sample-spinning techfigue
with either full proton decoupling or interrupted decouplirf§ (using

a dipolar dephasing time of 126¥) for selection of the nonprotonated
Trp aromatic carbons (C C’, C%). Spectra were typically recorded

(16) Takigawa, T.; Ashida, T.; Sasada,Bull. Chem. Soc. Jpri966 39, 2369

46, 1303-05. 2378.
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J. Chem. Phys1995 103 6951-6958.
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using a 5 srecycle time. ThéH and'3C 90° pulse widths were both
2.75us. Chemical shifts were referred to external glycine, setting the A
o carbon to 43.6 ppm downfield from tetramethylsilane (TMS). All
spectra were obtained by using a Varian (Palo Alto, CA) Infinityplus
500 MHz (H) NMR spectrometer.

Computational Aspects.We used both HartreeFock and density
functional theory methods as embodied in the Gaussian 98 prégram \\
to evaluate the Trp chemical shieldings. Most calculations were
performed using the continuous set of gauge transformations (CSGT)
method??23 Two sets of structures were used. In the first, we used the
model system, N-formyl tryptophan amide (FTA):

134.4
128.2

104.1
v

OHC

C
basically as described previously for amino aci#i, €/ chemical J
shielding calculationd! Also, consistent with our previous studies, we i
employed an average Trp geometry, in this case based on an average M © 10
of the 12 structures determined crystallographically. The actual bond v r
lengths and three atom bond angles are given in the Supporting -
Information and are very close to those found in standard force fields, D
for example, 0.004 A and 1°3ms deviations from Amber force-field

values®® Use of this “average” geometry had little effect on the

computed shifts or shieldings in the model compounds, but is essential J

to predict Trp chemical shifts in proteins where, of course, the Trp T T T w T T T T \

bond lengths and angles cannot be determined so accurately from 180 160 140 120 100 80 60 40 20 (ppm)

protein diffraction results. In a second set of calculations on the model Figure 3. 125 MHz 3C MAS NMR spectra (spin speed is 12 kHz) bf
compounds 1—12), we incorporated the effects of charge field andl12 (A) 1, fully decoupled and (B) with interrupted decoupling. (C)
perturbation, basically as described previodhin all cases, we used ~ 12 fully decoupled and (D) with interrupted decoupling. The Trp C
a uniform (6-31%#+G (2d,2p)) basis set. We also carried out a series chemical shift range is 11.4 ppm.

of DFT calculations on the FTA model systems, using the B3LYP he full d led af while Ei 3B
functional?’2% For several heme proteins, diffraction results were not (1€ fully proton-decoupled spectrum 4f while Figure

available, and therefore homology models were used, employing the SNOWSs the spectrum dfobtained with interrupted decoupling,
SWISS-MODEL protein modeling progra#h. which results in the rapid dephasing and loss of signal from all

of the rigid, protonated carbons. In our previous solution NMR
studies of proteins (e.g., refs 5 and 7) essentially the same

Results and Discussion

Experimental Results.We show in Figure 3 thé3C MAS
NMR spectra ofL (TrpVal) and12 (AlaTrp). Figure 3A shows

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(22) Keith, T. A.; Bader, R. F. WChem. Phys. Lettl992 194, 1-2.

(23) Cheeseman, J. R.; Frisch, M. J.; Trucks, G. W.; Keith, TJAChem.
Phys.1996 104, 5497-5509.

(24) Sun, H.; Sanders, L. K.; Oldfield, B. Am. Chem. So2002 124, 5486-
5495,

(25) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.;
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P.
A. J. Am. Chem. S0d.995 117, 5179-5197.

(26) de Dios, A. C.; Laws, D. D.; Oldfield, El. Am. Chem. S0d.994 116,
7784-7786.

(27) Becke, A. DJ. Chem. Phys1993 98, 5648-5652.

(28) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(29) (a) Schwede, T.; Kopp, J.; Guex, N.; Peitsch, M. Nucleic Acids
Res. 2003 31, 3381-3385. (b) Swiss Model Home Page. http:/
swissmodel.expasy.org/.
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dephasing effect was accomplished by use of weak, noise-
modulated off-resonance proton decoupRRghe features of
primary interest in Figure 3 are the chemical shifts of the Trp
C7, C%, and G- carbons, which are found to resonate at 104.1,
128.2, and 134.4 ppm downfield from TMS in TrpVvdl)@nd

at 115.5, 129.6, and 135.3 ppm in AlaTrp2. The chemical
shift of C in TrpVal (1) (at 104.2 ppm) is of particular interest
since this is the most upfield or shielded value found to date
for Trp, either in a protein or in a Trp-containing model
compound. On the other hand, in AlaTd®), the results shown

in Figure 3C,D clearly show that in this system, the Trpi€
highly deshielded, having an isotropic chemical shiff ©f
115.5 ppm. This is further downfield than any previously
reported Trp @ chemical shift. For the 10 other compounds
(2—112), the Trp C chemical shifts occur within the 11.4 ppm
chemical shift range described by these two model compounds.
The actual chemical shifts for each of the 12 peptides and model
systems are shown in Table 2 and, graphically, in Figure 4A.
These model compound shifts are to be compared with those

(30) Wenkert, E.; Clouse, A. O.; Cochran, D. W.; Doddrell, DAm. Chem.
Soc.1969 91, 6879-6880.
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Table 2. Experimental Chemical Shifts and Computed Chemical
Shieldings for Nonprotonated Aromatic Carbons in Tryptophan
Model Compounds and Proteins

Ccr Co2 Ce
compd expt? caled® calcd® expt® caled® calcd® expt? caled® calcde
1 104.1 82.1 90.8 128.2 60.6 625 1344 51.3 525
2 105.4 93 128.7 60.5 137.2 49.7
3 105.5 90.2 127.7 60.5 137 49.9
4 106.9 819 82.8 1258 62.1 64.6 136.3 505 504
5 107.4 78.6 129 59.5 135.3 50.2
6 108.7 76.8 82.8 1265 63.4 63.3 136.8 49.8 495
7 109.4 75.7 84.8 126.8 625 66.1 138.2 49.8 484
8 109.7 77.0 74.0 1265 63.1 61.3 1343 50.7 51
9 110 78.0 84.6 1288 60.4 628 1375 498 48
10 1104 77.0 80.9 1269 629 61 136.9 49.6 49.1
11 112.8 73.7 729 128.8 625 59.1 1359 494 50.6
12 1155 74.0 69.9 129.6 61.4 57.6 1353 50.1 498
284 108.7 75.8 127.1 64.0 138.3 49.1
627 110.8 75.2 127.1 63.0 137.7 49.6
63 1103 76.2 127.7 63.3 138.8 49.6
108 1126 73.8 129.6 61.0 136.3 49.9
1119 108.7 79.5 1285 61.6 137.9 50.0
123 1119 754 127.1 63.9 137.9 49.0
5%¢ 1103 75.1 63.7 49.1

a Experimental shift values in ppm from TMS, from CP-MAS spectra
(1-12) and refs 5 and 3 HF/CSGT computed shieldings using the FTA
model and the chloride-free crystallographic structures obtained in this work,
together with PDB files 1BWI (hen egg white lysozyme) and 1HRC (horse
heart cytochrome). ¢ Computed tryptophan derivativé{12) shieldings
obtained by using charge field perturbation. A uniform 6-8%#1G (2d,2p)
basis was used for the central molecule, while neighboring molecules were

represented by point charges, obtained from separate ab initio calculations.

dTrp residues in 1BWI (hen egg white lysozyme)rp residue in 1HRC
(horse heart cytochroms).

A
12 11 10 987 6 54 32 1
T T T T T T T
116 114 112 110 108 106 104
|
T T T T T
116 114 112 110 108 106 104

Chemical Shift (ppm)

Figure 4. Schematic illustrating the Trp*@hemical shift nonequivalences
observed in (A) model system&<12) and (B) in proteins. Data points for
hen egg white lysozyme, horse heart myoglobin, four hemoglobins, horse
heart cytochrome, and a dihydrofolate reductase (frdn faeciup®-7:31

found in proteins, as for example shown in Figure 4B, which
includes results for the TrpCin hen egg white lysozyme
(HEWL), cytochromec, human adult carbonmonoxyhemo-
globin, human fetal carbonmonoxyhemoglobin, bovine fetal
carbonmonoxyhemoglobin, chicken All carbonmonoxyhemo-
globin, horse carbonmonoxymyoglobin, and the dihydrofolate
reductase (DHFR) isozyme 2 froBtreptococcus faeciupn’3t

The model compound shift results are of interest since they

considerably extend the known Trp’ €hemical shift range

50 72

60
76
704

80
80-{

90

60

84

140

49
61

Chemical Shielding (ppm)

62 50+

63

514

64

126 125 140 138 136 134

Chemical Shift (ppm)

Figure 5. Correlations between experimental chemical shifts and HF/CSGT
computed shieldings using FTA models for, C%, and Gz (nonprotonated
aromatic carbon) sites for nine tryptophan derivativ@ énd seven
tryptophan residue<) in proteins®31(A) All nonprotonated carbons, (B)
C7, (C) C, (D) Ce

130 129 128 127

Table 3. Statistical Results for Correlations between Experimental
Chemical Shifts and Chemical Shieldings for Nonprotonated
Aromatic Carbons in Tryptophan Species

atom type method R slope SD (ppm)
Cra FTA2 —0.89 —0.82 1.5
FTA-all’ —0.85 —0.86 1.4
CFP —0.82 -1.7 4.1
Co2 FTA2 —0.64 —0.52 0.88
FTA-allP —0.65 —0.63 0.91
CFP —0.66 -1.4 2.1
Ce FTA2 —0.70 —0.32 0.46
FTA-allP —-0.74 —-0.31 0.41
CFF —0.87 —-0.72 0.54

aHF/CSGT method on nine model compounds (without chloride ions):
FTA model.? HF/CSGT method on nine model compounds (without
chloride ions) together with seven Trp residues in proteins (Table 2): FTA
model.¢ HF/CSGT CFP results for the 12 model compounds-12)
including charge field perturbation.

found in proteins (the assignment of the most deshielded protein
Trp C shift is not certainf, from 6.8 to 11.4 ppm, which can

be expected to facilitate testing our ability to predict Trp C
shifts using quantum chemical methods.

Computational Results.To begin with, we first consider the
results of our chemical shielding calculations using the N-
formyltryptophan amide model compound, an approach which
we have used successfully in the past to predict (primarify) C
chemical shifts (or shieldings) in amino acids and pro-
teins12426.32\We focus on the shifts of 'C C%, and G, the
nonprotonated aromatic carbons selected in the interrupted
decoupling, and previous noise off-resonance proton decoupling
experiments, where assignments can be readily made. As may
be seen in Figure 5A and Table 2, there is a good overall
correlation between the experimental shifts and the calculated
shieldings when using the HartreBock/CSGT method on the
chloride free model compounds, with &walue of—0.96 and
an overall rms deviation from the fitted line of 1.9 ppm. For
the C© carbons alone, the correlation between theory and
experiment is also good, as shown in Table 3, witfRaralue

(31) Oldfield, E.; Allerhand, AProc. Natl. Acad. Sci. U.S.A973 70, 3531~
3535.

(32) de Dios, A. C.; Pearson, J. G.; Oldfield, E.Am. Chem. S0od.993 115,
9768-9773.
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of —0.89, a slope 0f-0.82 (to be compared with ideal values
of —1.0) and an rms error of 1.45 ppm over the entire 11.4

ppm chemical shift range. We next used the same approach to

predict the nonprotonated aromatic carBé@ NMR chemical
shifts in HEWL and cytochrome, and these results are also
shown in Figure 5 (open circles) and in Table 2. Addition of

these protein chemical shifts has essentially no effect on thes

ng (ppm)

bl

65

95

70
75
80+
85
90+

statistics (Table 3). There is thus a generally good correlation E !
between the experimental shifts and the predicted chemical® C| 48!
shieldings, especially for'Cthus, these results indicate that it
is now possible to predict Trp'Cchemical shifts in proteins
with quite good accuracy. However, in the absence of the new G ¢,
solid-state NMR results on model compounds, which almost
double the experimental'@hemical shift range, the correlation
would be less convincing. For’€and Gz, the presence of only
an~4—5 ppm range in isotropic chemical shift illustrates this
problem, as shown in Figure 5C,D, where we now fif
values of only~0.6—0.7 and poorer slopes (Table 3). The use
of density functional theory (DFT) methods offers no improve-
ments, with the HF and DFT/B3LYP results being highly
correlated R = —0.96, with a standard deviation of 0.4 ppm).
Thus, both HartreeFock and DFT methods may be used to
predict Trp chemical shifts, with the best results being found 14 pegin with, we consider how the isotropic chemical shifts
for C7, which has the largest range in isotropic chemical shift. , shieldings vary with structure. The nine model compound
These results raise the question as to the actual origins ofand seven protein systems we have investigated thus far all
the chemical shifts for G C%, and Cz can they be correlated  originate from structures which occupy one of the six allowed
with any obvious structural parameters? For example, it might 4, x> regions of conformational space, as shown in Figure 7A.
be that the large experimental chemical shift range for C The least populated regions, based on known conformer
originates from essentially a conformational effect, sin¢éesC libraries233%occur fory; ~ 60°, y» ~ 90° andy; ~ 60°, 2 ~
obviously closer to the backbone®*@han are @ and Cz; —90°. As shown in Figure 7, these species have the highest
therefore, perhaps,y or y1,x2 effects might dominate shielding.  energies (in our model N-formyl tryptophan amide calculations)
However, for G, it might be that electrostatic field effects would ~ for both helical or sheet backbone geometries (Figure 7B,C),
be important, due to its proximity toN and the omission of ~ as can also be seen from the average energy results shown in
electrostatic field effects might be the cause of the very small Figure 7D (in which the lowest energy helical or sheet
slopes seen for € (Table 3). We thus next investigated the conformers were assigned energies of O kcal). The most
effects of such electrostatic field effects on the computed populated region seen in Figure 7 (= —60°, 2 ~ 90°) has
shieldings by using the charge field perturbation method used an energy~1—2 kcal higher than the lowest value found in the
previously to model electrostatic interactions in model sys- model calculations, suggesting either a small deficiency in the
temsl8.26 calculations or the importance of interresidue interactions in real
We show in Figure 6 the results of such GFESGT systems or both. In any case, the two high-energy conformers

calculations. The overall correlation is quite good (Figure 6A), h?ve%lt.: 6t0°. NtOV\t/hfrftm OErG%I‘:emliaggohlﬁ p;arspectlv% 'L'S
but clearly the slope for C(~1.7) is much worse than that ' ergf ing o n(I) € ha hﬁ_t X2 = dcct)n t(;]rmer,vz 'E. ded
found in the absence of CFP-Q.89), although use of the CFP IS quite rare, aiso happens 1o correspond fo the Most shielde

. .. Trp C chemical shift, as shown in the experimental results in
method does enable us to include results for the three chloride_. . . .
. - . Figure 8A, the helical and sheet FTA model shift calculation
salts @, 3, andb) in the correlation (Figure 6). Also, the slope

for C2 improves, from—0.31 to —0.72, as does it® value, results shown in Figure 8B,C, and the “averaged” (helix, sheet)

. ) e . chemical shift results shown in Figure 8D. For convenience,
suggesting the importance of electrostatic field effects for this .
site we have converted here the computed shieldings to computed

. o shifts by using a value of 189.0 ppm, the calculated shielding
Structural Correlations and Shielding Tensors.The results we find for TMS (using the HF/CSGT method and a
we have described above show that the large (11.4 ppm) Trpe-311++G(2d,2p) basis set). The experimental result shown
C” chemical shift range seen in peptides and proteins can nowin Figure 8A fory, = 60°, o = 90° is for compoundl, having
be described by use of quantum chemical calculations and thata Trp & shift of 104.1 ppm. Such shifts are only infrequently
these large Trp Cshifts (or shieldings) are those which canbe seen in proteins, consistent with the high energy of this
the most precisely predicted, in termsRfalues and slopes.  conformer (Figure 7D). A peak at 105.6 ppm was reported for
We thus next raise the questions: how do the TrgiEmical one of the four Trp residues in §. faeciumDHFRE and
shieldings change as a function of geometry? Can we makealthough this peak was not unambiguously assigned, it is of
simple correlations between the observed shifts (or computed
shieldings) and structure? Can we predict Trpc@emical shifts
in other proteins, where crystallographic structures are unknown?

49
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53
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Figure 6. Correlations between experimental chemical shifts and HF/CSGT/
CFP computed shieldings for’0C%, and Gz in model system&—12. (A)

All nonprotonated carbons, (B),”C(C) C%, (D) C Symbols: @), no
chloride present;@), chloride present.

And how do the shielding tensor magnitudes and orientations
change with structure?

(33) Ponder, J. W.; Richards, F. M. Mol. Biol. 1987 193 775-791.
(34) Lovell, S. C.; Word, M.; Richardson, J. S.; Richardson, DP@teins:
Struct., Funct., Gene200Q 40, 389-408.
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Figure 7. (A) Regions ofy1, x2 space occupied by Trp residues in model systems, HEWL, and cytochro(B¢ Calculated (HF/CSGT) energies for
helical FTA models. (C) Calculated energies for sheet FTA residues. The lowest energies are set to zero. (D) Average energy differengggg.due to
effects.
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Figure 8. Experimental and computed Trp' €hemical shifts as a function gf andyz. (A) Experimental chemical shifts fdr—12 and the seven Trp’C
chemical shifts in HEWL and cytochronee (B) Computed (HF/CSGT) chemical shifts for helical FTA species. (C) Computed chemical shifts for sheet
FTA species. (D) Averaged helical, sheet chemical shifts, as a functipraoidy,. The averaging is done here to facilitate comparison with the experimental
results, which cover both helix and sheet geometries.

interest to note that at least two of the four Trps in DHFRs result is again reflected in the computed shifts, shown for

having known crystallographic structures haye= 60°, y» = example in Figure 8D. Likewise, the four most deshielded values
90°.35 found experimentally are in generally good (but not exact)

In the experimental results shown in Figure 8A, the next most 5q) g0 3 1. Fiiman, D. J.; Matthews, D. A.; Hamlin, R. C.; Kraut,J.
shielded values are found fgi = 180, y, = —90°, and this Biol. Chem.1982 257, 13650-13662.
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agreement with the average shift predictions shown in Figure
8D. The Trp C chemical shifts show no obvious dependence
on the backbonep,y torsion angles (Figure 8B,C), but are
strongly dependent on the side-chginy, torsion angles (Figure
8A,D), which implies that such correlations could have utility
in structure determination or refinement. But what are the
structural origins of these effects? Can they be related to well-
known effects of structure on shielding?

One of the most well-known empirical correlations between
structure and shielding is the so-callegi-dauche” effect,
discovered some 40 years ago by Grant and Lippthaain
which the presence gf-gauche steric effects, the presence of
large groups gamma to the site of interest and having torsion
angles of+£60°, contribute to increased shielding:

cY ct ct
NH c c H H NH
H H H H H H
H NH c
106.3 £ 2.6 108.0+ 1.3 111.6+2.1
a b c

In the case of tryphtophaty;gauche effects are expected with
the heavy atoms 'Gand N, but not with ay-H. For the most
shielded residues,a torsion angle of 6Dcorresponds to é;
torsion angle (€¢—CP—C*—NH) of 60°, and it follows from
symmetry that the other torsion angig,(C’—CF—C*—C") will
be—60°. The average chemical shift for the residues investigated
having these twg/-gauche interactions is 1068 2.6 ppm,
and these twg-gauche interactions are shown schematically
above ina. For the next most shielded set of residu@s=
x1= 180, and by symmetry), = 60°, with the C group being

in the gauche position, as shownlirabove. For these residues,
we find thato; = 108.0 + 1.3 ppm. And finally, for the
remaining 12 residue#; = y1 = —60°, 6, = 18C°, andJ;
111.64+ 2.1 ppm. In this case, it is thefN\yroup which is gauche
to C, again as shown above m These results suggest that
much of the chemical shift nonequivalence seen with TtisC
due to the presence pfgauche interactions. The most shielded
residues have twg-gauche interactions (with'CN"), and the
next most shielded has' @ the y-gauche position. However,

these effects make up only about 40% of the observed chemical

shift range and obviously ignore the effects pf (which
correspond to a 180indole ring flip). The presence of a
significanty effect on shielding is of interest since this effect
will be absent for Phe and Tyr, which may help explain their
smaller C chemical shift range in proteir§,although the
increased mobility of these smaller residues may also be a factor
Next, we consider the potential use of homology modeling,
combined with quantum chemistry, to predict Trp &emical
shifts. In early work/, we reported the Trp Cshifts of a series
of carbonmonoxyheme proteins:
(HbCOA), human fetal hemoglobin (HbCOF), chicken All

g
2 80
_E’ 14 (15)
K=
© 78
2 d
n
©
2
E 786 rid
o 130
=
0 T T T T
108 110 112 114 116
Chemical shift (ppm)
Figure 9. Homology modeling approach to Trp”Cchemical shift

prediction. (A) Chicken All hemoglobin homology modé&showing Trps

36, 153, 378, and 13@. (B) Experimental shifts versus computed (HF/
CSGT; FTA model) shieldings for the 15 Trp”Gites in the carbon-
monoxyheme proteins discussed in the text. The “outliers” are thought to
arise from the two terminal Trps (T¥n chicken, Trg in myoglobin) which
appear at about the “random coil” shift value.

comparisons of the chemical shifts of these five proteins. For
example, the Cof Trp residues 37, 37y, 373, and 3@ in
HbCOA, HbCOF, cHbCOAIl, and bHbCOF resonated at 107.8,
108.0, 108.1, and 107.8 ppm, while Trp 130, seen only in the
HbCOFy chains and chicken Al chains, resonated at 114.3
and 114.6 ppm, respectively, enabling their specific assign-
ments’

We submitted the structures of HbCOF, cHbCOAIl, and
bHbCOF to the SWISS-MODEL websit®and a representative
homology model prediction (for chicken All hemoglobifi,
chain) is shown in Figure 9A. We then used known X-ray
structure®4° together with these homology model structures
and the CSGT method on the FTA model to predict each of

the 15 Trp C chemical shieldings. The results obtained are

shown in Table 4 and graphically in Figure 9B. The results are
interesting in that all but two of the 15 points fall on the line
shown, in which the most shielded residues hgve~ 60°,

human adult hemoglobin y» ~ 90°, while those residues having ~ 18, y» ~ —90°

(Trp'* o, Trp* B chain) have intermediate shieldings, as

hemoglobin (cHbCOAII), bovine fetal hemoglobin (bBHbCOF), expected based on the results shown in Figure 8. There are,
and horse myoglobin (hMbCO). There were a total of 15 Trp however, two points which obviously fall off of the trend. These
C7 shifts observed, and these were all assigned based orhavey; ~ —60°, y» ~ 90° and might be expected to be highly

(36) Lippmaa, E. P.; Past, Eesti. NSV Tead. Akad. Toim. Fuus. MB967, (39) Chu, K.; Vojtchovsky, J.; McMahon, B. H.; Sweet, R. M.; Berendzen, J.;
16, 345

Schlichting, I.Nature200Q 403 921-923.

(37) Cheney, B. V.; Grant, D. M. Am. Chem. Sod.967, 89, 5319-5327.
(38) Allerhand, A.; Norton, R. S.; Childers, R. B. Biol. Chem.1977, 252,
1786-1794.

4732 J. AM. CHEM. SOC. = VOL. 126, NO. 14, 2004

(40) Park, S. Y.; Tame, J. R. H. Crystal Structure of Human Carbonmonoxy-
Haemoglobin at 1.25 A Resolution. PDB ID: 1IRD. Metalloprotein
Database and Browser. http://metallo.scripps.edu/ (2001).
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Table 4. Experimental Chemical Shifts and Computed Chemical
Shieldings for 15 Trp C7 Sites in Heme Proteins as a Function of
Structure 82 - | | | [ | |
i (exptl) o (calcd)®
protein residue  (ppm) (ppm) Ay 1 ¢ y° i |
HbCOA 140 111.1 795 —174.1 —99.5 —59.4 —-36.9 80 - i |||
156 111.1 79.5 —163.7 —102.1 —61.9 —29.6 | ” I | |||
378 107.8 80.6 64.3 86.1-59.5 —24.1 "E“‘ I
HbCOF 141 111.3 78.4 —174.6 —106.7 —72.9 —28.8 a
158 110.5 785 —177.6 —103.8 —69.0 —30.6 &
37 1080 799 639  91.8-66.0 —24.5 o 787 | |
130y 114.3 76.2 —66.2 99.9 —97.2 —28.3 D“"
cHbCOAIl 38 1095 764 —64.8 101.2 —94.5 109.1 Il |I |
156 110.4 79.0 —179.5 —101.7 —58.4 —37.1 ,
376 1081 80.4 634  87.9-58.8 —251 oy I I|||
138 1146 760 —659  98.8 —77.5 —37.2 I I | I
bHbCOF 14 1114 785 —164.3 —107.7 —64.7 —29.1 ) L |
366 107.8 80.2 53.3 92.0-58.9 —23.3
MbCO 7 109.7 756 —83.4 120.2 —67.5 —36.9 741 | |
14 1111 787 —160.5 —106.0 —64.5 —26.7 [ [ ||
afFrom ref 7. Computed using the HF/CSGT method with the FTA 20 -6 12 8 4 72 76 80 84 163168
model.¢ Torsion angle information obtained from X-ray structures (PDB
Files 1DWR39(Mng) and 1IRB° (HbCOA)) or from hon¥ology modeli(ng Sh (Ppm) 622 (ppm) O3 (ppm)

(HbCOF, cHbCOAIL, bHBCOF). In degrees. Figure 10. Trp C’ chemical shielding tensor element magnitudes for model

compounds and proteins, calculated by using the HF/CSGT method with

deshielded (as with the Trp 138y sites). While there might 1A models.

be more than one explanation for these results, we note that
the actual chemical shifts observedl(09.3 ppm) are those seen
for Trp C’ in denatured or random coil proteihglus, the
residues of interest are T¥m cHbCOAIl and Trg in hMbCO.
These two observations suggest the possibility that these
residues, located near the N termini, may undergo enhanced
motional averaging, and indeed as can be seen in Figure 9A,
Trpd is in an unstructured region, suggesting the likelihood of
enhanced mobility (in solution), resulting in substantial chemical
shift averaging.

Finally, we consider the Cshielding tensor magnitudes and
orientations. We used the FTA Trp model compound to compute
the Q@ shielding tensor elements for the 9 model compounds
plus 23 Trp residues in 7 proteins (HEWL, cytochrome
hMbCO, and the four hemoglobins, excluding the two outliers
shown in Figure 9) using the CSGT method. The results are become much more deshielded, as may be seen in Figure 10.
shown in Table 5. As may be seen there, the shielding Some typical tensor orientations are illustrated in Figure 11 for
component changes by only a small amounr (ppm) aso; the FTA models of compoundsand12. In both cases, which
becomes more deshielded, but in sharp cont@stand o2, represent the most- and least-shielded TrpsCvalues,oss is

Figure 11. Tensor orientations for FTA models of compourid§?) and
12 (B), calculated by using the HF/CSGT method.

Table 5. Computed Trp C” Chemical Shielding Tensor Element Magnitudes for Peptides and Proteins

compd on? 02" 03" Oise® Oise” compd on? 03" o3° Oise® Oise®

1 —-8.3 85.9 168.6 82.1 104.1 10 —12.2 76 167.1 77 110.4
4 -5.6 84.6 166.8 81.9 106.9 Jii) -9.9 80.1 166.9 79.0 110.4
3644 —-11.1 81.4 170.1 80.2 107.8 A5 —10.6 79.5 166.8 78.5 110.5
37p¢° —10.5 82.5 169.8 80.6 107.8 '52 —14.0 75.1 167.6 76.2 110.8
37 —-11.3 81 169.9 79.9 108.0 iz -9 80.8 166.7 79.5 1111
37p9 —10.7 81.9 170 80.4 108.1 £S —-8.4 80.5 166.3 79.5 1111
28" —13.8 73.7 167.6 75.8 108.7 14 —15.5 775 166.6 78.7 111.1
111 —13.9 84.6 168 79.5 108.7 i —10.6 79.4 166.6 78.4 111.3
6 —12.7 75.3 167.6 76.8 108.7 as —10.1 79.6 166.1 78.5 1114
7 —-12.2 76 167.1 75.7 109.4 123 —14.3 73.6 166.8 75.4 111.9
34 —12.8 745 167.5 76.4 109.5 108 —17.2 72.6 166.1 73.8 112.6
8 -11.7 75.8 166.9 77 109.7 11 —18.2 74.5 164.8 73.7 112.8
7 —13.9 75.4 165.3 75.6 109.7 180 —13.6 75 167.3 76.2 114.3
9 —10.7 77 167.9 78 110 139 —13.6 74.3 167.4 76.0 114.6
59 —13.9 72.6 166.6 75.1 110.3 12 -19 75 165.9 74 115.5
63" —15.7 73.3 168.2 75.3 110.3

a Shielding tensor element computed by using the HF/CSGT method on an FTA model. If jsptnopic shielding computed by using the HF/CSGT
method on an FTA modef.Experimental chemical shift (in ppm from TMS) obtained in this work (Table 2) or from refs&nd 319 Residue in homology
model of bHbCOF¢ Residue of HoCOA (PDB file 1IRES). f Residue in homology model of HoCOFResidue in homology model of HoCOAM.Residue
in hen egg white lysozyme (PDB file 1BWI)Residue in bMbCO (PDB file 1DWHR). | Residue in horse heart cytochromgPDB file 1HRC).
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oriented perpendicular to the indole plane, whilg is ap-
proximately along the G-C%: bond vector and is of course
orthogonal tooss and o2,. Interestingly, even though the;
and o,, tensor magnitudes change considerably (bothtiy

C<, incorporation of CFP again yields quite good correlations
with experiment. Fourth, we investigated the relationships
between the observed chemical shifts and structure. FoaC
clear correlation is seen witpy, y2 backbone torsion angles,

ppm) when all sites are investigated, there is virtually no change an effect which is due at least in part to the presengegduche
in their orientations between different structures. While this effects (with C and N), which contribute to shielding. The

might at first appear somewhat surprising, we noted previétisly
that the @ tensor orientations in most amino acids were
essentially independent of the backbg@ne torsion angles, even
though the orientations of the*@ensors were strongly depend-
ent ong,y. Thus, major changes in tensor orientations with
structure appear to be observed primarily with @hich are
attached to two peptide groups), but not with side-cHa

importance ofz in Trp C shielding may help explain the larger
shift range seen experimentally with Trp vs Phe and gy
shifts. Fifth, we used homology modeling to enable the
prediction of Trp C shifts in several proteins which lack crystal
structures. Sixth, we investigated computationally thesideld-

ing tensor element magnitudes and orientations. The changes
in isotropic shift or shielding were found to be due to changes

sites. The same trends are also seen in the CFP results for thén o1; and 0,,, not o33, and the tensor orientations were not
12 model systems (Supporting Information). The results shown found to change appreciably with structure, basically as noted

in Figure 11 also clearly illustrate thg effects on shielding
described above. In the model fb(Figure 11A), both Cand
NH adopt the y-gauche conformation with respect to”,C
corresponding to the most shielded @sonance observed to
date. On the other hand, in the FTA model i&(Figure 11B),
the onlyy-gauche interaction is with thetN\yroup, which again

previously for @ in most amino acids (as a function ¢f v).
Overall, the results we have described above give the first
insights into the origins of the chemical shift nonequivalences
of the nonprotonated aromatic carbons of tryptophan residues
in proteins due to folding. Unlike €or CF shifts, which depend
primarily on ¢, vy, the large Trp € shifts are correlated with

as discussed above, we find results in the smallest shieldingya, y» effects. It should now be possible to extend this work to

observed. Evidently, the largest effect o €hielding arises
from the proximity of the Ccarbonyl group. Iri, the carbonyl
oxygen is only~3.2 A from the Trp C, suggesting the
possibility of az orbital overlap between the indole and CO

investigating the chemical shifts of other aromatic amino acids
in proteins, including their use in structure determination.
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