aa Journal of Biomolecular NMRL8: 43—-48, 2000.
BN KLUWER/ESCOM 43
© 2000KIluwer Academic Publishers. Printed in the Netherlands.

Random coil chemical shifts in acidic 8 M urea: Implementation of
random coil shift data in NMRView

Stephan Schwarzinger, Gerard J.A. Kroon, Ted R. Foss, Peter E. Wright* & H. Jane Dyson*
Department of Molecular Biology and Skaggs Institute for Chemical Biology, The Scripps Research Institute,
MB-2, 10550 North Torrey Pines Road, La Jolla, CA 92037, U.S.A.

Received 19 May 2000; Accepted 29 June 2000

Key words:chemical shift, CSl, denaturant, NMRView, peptide, random coil

Abstract

Studies of proteins unfolded in acid or chemical denaturant can help in unraveling events during the earliest phases
of protein folding. In order for meaningful comparisons to be made of residual structure in unfolded states, it is
necessary to use random coil chemical shifts that are valid for the experimental system under study. We present a
set of random coil chemical shifts obtained for model peptides under experimental conditions used in studies of
denatured proteins. This new set, together with previously published data sets, has been incorporated into a software
interface for NMRView, allowing selection of the random coil data set that fits the experimental conditions best.

Abbreviations:DMF, dimethylformamide; TFA, trifluoroacetic acid; Fmoc, 9-fluorenylmethoxycarbonyl; AcN,
acetonitrile, TFE; 2,2,2-trifluoroethanol; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt; CSlI, chemical
shift index.

Introduction In addition to amino acid-specific effects, the
chemical shifts of several backbone nuclei are strongly
Certain chemical shifts are sensitive indicators for sec- affected by the immediate local sequence and by
ondary structure elements (Gross and Kalbitzer, 1988; conditions such as temperature and pH. These nu-
Szilagyi and Jardetzky, 1989; Pastore and Saudek,clei include IHN, 1°N and 13C’, and the superior
1990; Spera and Bax, 1991). Since chemical shifts chemical shift dispersion of these nuclei in unfolded
are strongly dependent on the identity of the amino states of proteins makes them of particular use in the
acid residue (for example, tH€Cp resonance of Thr  assignment process for such states (Yao et al., 1997).
is usually~70 ppm, while that of Ala is~17 ppm), Secondary structures such as helix rgheet can
the observed chemical shifts are usually normalized by be readily identified in folded proteins fromotdHB,
subtraction of a standardized ‘random coil’ chemical Co and B chemical shifts. These values are stan-
shift that reflects the amino acid-specific component dardized by subtraction of the appropriate random coil
of the chemical shift. Over time a number of random shift, and the propensity for secondary structure at a
coil data sets based on either a database (Wishart et al.given position in the amino acid sequence is frequently
1991) or model peptides under a variety of experimen- assessed by calculating the chemical shift index (CSI)
tal conditions (Richarz and Withrich, 1978; Bundi which combines the data from these nuclei (Wishart
and Withrich, 1979; Jimenez et al., 1986; Braun et al., et al., 1992). For unfolded proteins, the difference be-
1994; Thanabal et al.,, 1994; Merutka et al., 1995; tween the observed and random coil shifts is generally
Wishart et al., 1995a; Plaxco et al., 1997) have been much smaller, and thus a meaningful assessment of
published. the presence and extent of residual secondary structure
in unfolded proteins requires accurate reference values
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centrated urea solutions at acidic pH have previously HSQC (Zhang et al., 1994) with water flip-back sol-
been used to investigate residual structure in unfolded vent suppression (Grzesiek and Bax, 1993) (SV&

proteins (Neri et al., 1992; Logan et al., 1994; Ar-
cus et al., 1995; Frank et al., 1995; Schwalbe et al.,
1997). At such extreme conditions, pH and hydro-
gen bonding from the co-solvent will contribute to

ppm*H, 1923 Hz!®N, center at 6.5 ppriH, 117 ppm

15N, 76.01 MHz, 1K times 64). DQF-COSY (Rance
et al., 1983) (SW= 15 ppm, 8264 Hz, center at
5.08 ppm, 4K times 128), TOCSY (Braunschweiler

changes of the chemical shifts observed. In order to and Ernst, 1983) (SW= 16 ppm, 8264 Hz, center
evaluate residual secondary structure in urea-unfoldedat 5.08 ppm, 4K times 256) and natural abundance

proteins we measuretfC, 1°N and'H random coil
chemical shift values for a series of model peptides
(Ac-GGXGG-NH) in 8 M urea at a pH of 2.3.

Materials and methods

13C-HSQC (Vuister and Bax, 1992) (SW 15 ppm

in 1H, 10204 Hz/13228 Hz i°C, center at 3 ppriH,
43/40 ppm!3C, 4K times 128) were used to resolve
ambiguities. The total time required to collect these six
experiments was typically less than 12 h per sample.
Spectra were processed using the program NMRPipe
(Delaglio et al., 1995) and analysis was carried out

The peptides were synthesized on an automatedusing the program NMRView (Johnson and Blevins,

synthesizer (Pioneer,
Fmoc-chemistry on a 0.1 mM scale on Fmoc-[5-
(4-Fmoc-aminomethyl-3,5-dimethoxyphenoxy)valeric
acid]-polyethyleneglycol-polystyrene (PAL-PEG-PS)
support. Piperidine (20% in DMF) was used for
deblocking, benzotriazole-1-yl-oxy-tris-pyrrolidino-
phosphoniumhexafluorophosphate (PyBOP) (0.5 M in
DMF) and diisopropylethylamine (DIPEA) (1 M in
DMF) were used as activators, and a mixture of 2.8%
acetic anhydride and 10% methylene chloride in DMF
was used for N-terminal capping. After washing, the
peptides were cleaved using a mixture of 2.5% of
triisopropylsilane and 2.5% water in TFA and precipi-
tated with chilled ether. The lyophilized peptides were
found to be sufficiently pure by mass spectrometry and
NMR analysis, and were used without further purifi-
cation. Typically 5 to 8 mg of solid was dissolved in
0.5 ml 8 M urea, pH 2.3, containing 10%,0 and

10 mM DSS as an internal reference, giving a pep-
tide concentration of~20 mM. The pH of the sample
was adjusted to 2.3H 0.05) with concentrated hy-
drochloric acid. The final chloride content was about
150 mM.

NMR experiments were carried out on a Bruker
DMX 750 Avance spectrometer equipped with a 5 mm
TXI-gradient probe. The probe temperature was cal-
ibrated to 293 K using neat methanol (Van Geet,
1970). Proton shifts were measured using a 1D WA-
TERGATE experiment (750.13 MHz, 14 ppm spectral
width, with the carrier placed on the water signal at
5.08 ppm, td= 8K), carbon shifts were extracted from
a 1D natural abundanééC experiment (188.62 MHz,
220 ppm spectral width, center frequency at 100 ppm,
td = 16K, typically 8K scans), nitrogen chemical
shifts were measured from a natural abundarte

PerSeptive) using standard1994).

Results and discussion

Examples of typical spectra are shown in Figure 1
(for IH and natural abundanééC) and Figure 2 (for
natural abundanc@N). Resonances were assigned by
comparison to previously published data. Ambiguous
assignments were resolved using the 2 dimensional
NMR methods mentioned above. All proton chemical
shifts were referenced to the DSS signal at 0 ppm,
while the carbon shifts were referenced to the DSS
signal at 22 ppm (calibrated to the DSS signal at 0 ppm
in a solvent-only sample and by indirect referencing
methods using a ratio of 0.25144953) (Wishart et al.,
1995b). Neither the"*C nor thelH chemical shift

of DSS is influenced by the presence of 8 M urea,
as demonstrated with a sample of DSS in 8 M urea
containing a capillary with DSS in water. Nitrogen
chemical shifts were referenced to DSS using a ratio
0f 0.10132912 (Wishart et al., 1995b).

The random coil chemical shifts for the 20 natu-
rally occurring amino acids in 8 M urea at pH 2.3
and 20°C are summarized in Table 1. A comparison
of the values with those obtained by Wishart et al.
(1995a) on Ac-GGXAGG-NHK hexapeptides in 1 M
urea shows systematic deviations, which are attributed
in part to the difference in the sequence (Ala or Pro
instead of Gly following residue X) and in part to the
difference in the solution conditions (concentration of
cosolvent, pH). The biggest deviations are found for
nuclei involved in hydrogen bonding (HN, C Only
small deviations were found for those nuclei that are
little affected by the sequence or by hydrogen bonding
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Figure 1. Spectra obtained for the peptide Ac-G-G-V-G-G-NHa) 1D1H spectrum with resonance assignments marked. Insets show the
Ha and HN regions. (b) 1B3C spectrum with assignments marked. Individual glyciner€onances have not been assigned due to overlap.
Unmarked resonances belong to DSS. The inset showsee region of the spectrum. Figures were generated by the program MestRe-C
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Table 1. Random Coil Chemical shifts (in ppm) for the 20 common amino acids
in acidic 8 M urea

Residue KW H* HP1T HP2 nNH c b

Ala 835 435 142 125.0 528 19.3 1785
Cys-ox 854 476 329 3.02 1187 556 412 1755
Cys-red 844 459 298 298 1188 58.6 28.3 1753

Asp 856 482 298 291 1191 53.0 383 1759
Glu 8.40 442 218 201 1202 561 299 176.8
Phe 831 465 319 3.04 120.7 581 39.8 176.6
Gly 8.41 4.02 107.5 454 174.9

His 856 479 335 319 1181 554 291 1751
lle 8.17 421 189 1204 616 389 177.1
Lys 836 436 189 177 1216 56.7 332 1774
Leu 828 438 167 162 1224 555 425 1782
Met 842 452 215 203 1203 558 329 1771
Asn 851 479 288 281 1190 533 391 176.1
Pro-trans 445 229 1.99 63.7 322 1778
Pro-cis 460 239 218 63.0 348 nd.

Gin 8.44 438 217 201 1205 56.2 295 176.8
Arg 839 438 191 179 121.2 565 309 1771
Ser 843 451 395 390 1155 58.7 641 1754
Thr 8.25 443 4.33 112.0 620 70.0 175.6
Val 8.16 4.16 211 119.3 626 31.8 177.0
Trp 822 470 334 325 1221 576 298 1771
Tyr 826 458 3.09 297 1209 583 38.9 176.7

(Ha, HB, Ca, CB). However, because of the signifi-

cantly smaller differences between the chemical shifts Table 2. Comparison oBJ(HVHY) coupling
in unfolded proteins, compared with those of folded constants measured in 8 M urea at pH 2.3
proteins, these small variations have to be consid- and in 6 M GdmHCl at pH 5.0 (Plaxco etal.,
ered in order to avoid systematic errors in chemical 1997)
shift calculations of unfolded proteins, leading to the Residue 33nHo (H2)
over- or under-estimation of the population of residual Urea GdmHCl
secondary structure.

In addition, an estimate of the random-cailin Ho Ala 5.8 6.1
coupling constant was made for a total of 13 amino Cys-red 4 3
acids for which the NH region of the 1D spectrum Asp s 8
was sufficiently well-resolved for the measurement to Eihse 77 72 77 ':
be made by inspection. A comparison of these values lle 7:2 7.'1
with those previously obtained in GdmHCI (Plaxco Lys 6.8 70
et al., 1997) is shown in Table 2. The differences Leu 6.5 6.8
in 3Jun Ho are negligible between the two denaturing Asn 76 77
solvents. Gin 7.4 71

The random coil chemical shift data set for the Arg 6.7 6.9
amino acids in 8 M urea at pH 2.3 was incorporated, Thr 7.8 7.9
together with previously published data sets, into a Val 7.3 7.2

new tool for NMRView (Johnson and Blevins, 1994).
The purpose of this is to allow the user to choose the
random coil data set closest to the experimental condi-
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NH, | 105 as part of the TSRI contribution for NMRView
. b (http://garbanzo.scripps.edu/nmrgrp/wisdom/pipe/tips
Y 108 _scripts.html).
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Figure 2. Natural abundanctN-1H HSQC spectrum obtained for
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