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SUMMARY

Essentially complete assignments have been obtained for the 'H and protonated '*C NMR spectra of
the zinc finger peptide Xfin-31 in the presence and absence of zinc. The patterns observed for the 'H and '’C
chemical shifts of the peptide in the presence of zinc, relative to the shifts in the absence of zinc, reflect the
zinc-mediated folding of the unstructured peptide into a compact globular structure with distinct elements of
secondary structure. Chemical shifts calculated from the 3D solution structure of the peptide in the presence
of zinc and the observed shifts agree to within ca. 0.2 and 0.6 ppny for the backbone C*H and NH protons,
respectively. In addition, homologous zinc finger proteins exhibit similar correlations between their 'H
chemical shifts and secondary structure. '

INTRODUCTION

The zinc finger represents an important nucleic acid-binding motif in proteins that recognize
specific sequences of DNA and RNA. A number of classes of zinc-binding proteins that differ in
the nature of the zinc ligands has been identified. The roles of zinc and zinc finger domains in the
structure and function of transcriptional regulatory proteins have been reviewed (Klug and
Rhodes, 1987; Evans, 1988; Kaptein, 1991). In the TFIIIA class of zinc finger domains, zinc is
coordinated by two Cys and two His ligands (Cysa/Hisy) (Miller et al., 1985). Studies by circular
dichroism and NMR spectroscopy have been reported for zinc-complexed zinc finger peptides of
this type derived from TFIIIA (Frankel et al., 1987; Lee et al., 1989b), ADR1 (Parraga et al,,
1988.1990; Klevit et al., 1990; Xu et al., 1991), Xfin (Lee et al., 1989a.b.1990,1991; Palmer et al.,
1991), SWI5 (Neuhaus et al., 1990), ZFY (Weiss and Keutmann, 1990; Weiss et al., 1990:
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Kochoyanetal., 1991a.b), EBP-1 (Omichinski et al., 1990; Clore et al., 1991), and a synthetic con-
sensus peptide (Krizek et al., 1991). An investigation by NMR of mKr2 in the absence of zinc has
also been reported (Carr et al., 1990). A number of studies have shown that zinc is essential for
folding of zinc fingers and for binding to DNA (Frankel et al., 1987; Parraga et al., 1988; Lee et
al., 1989a,1991).

Protein structure determination by NMR spectroscopy is based largely on the interpretation of
nuclear Overhauser enhancement and scalar coupling constants in terms of distance and dihedral
angle constraints (Havel and Wiithrich, 1984; Wiithrich, 1986). While chemical shifts are extreme-
ly sensitive to protein conformation, interpretation of chemical shifts in terms of specific structu-
ral parameters is not straightforward (Osapay and Case, 1991). In the present work, assignments
are reported for 'H and the protonated '3C resonances of Xfin-31 in the presence and absence of
zinc and an analysis is presented of the 'H and '*C NMR secondary chemical shifts due to structu-
ral changes of the peptide upon binding of zinc. The zinc finger is a unique system in that complete
'H and '3C resonance assignments in both the folded and unfolded states can be obtained and
thereby the effects of secondary and tertiary structure on chemical shift can be measured directly.
The influence of both secondary and tertiary structure on the 'H chemical shifts of homologous
zinc finger proteins also is examined to seek further insights into the relationship between chemi-
cal shift and protein structure.

MATERIALS AND METHODS

The Xfin-31 (Ac-YKCGLCERSFVEKSALSRHQRVHKN-NH,) peptide, a 25-residue syn-
thetic zinc finger peptide of the TFIIIA class from the consensus sequence of the Xenopus laevis
protein Xfin (Altaba et al., 1987) was synthesized and purified as previously described (Lee et al.,
1991). The zinc complex of Xfin-31 was prepared as a 6.6 mM solution at pH 5.5 in 90% H.O/10%
D>0O and at pH 5.5 and 6.1 in D,O. The zinc-free Xfin-31 was prepared as a 4 mM solution in 90%
H>0/10% D-0O and 100% D>O at pH 5.5. The pH was measured with a glass electrode and was not
corrected for isotope effects. All the solvents used for the sample preparation were purged with ar-
gon gas and all manipulations were carried out under argon to prevent oxidation of the two
cysteines while preparing the samples for the NMR experiments.

The '"H NMR spectra were recorded at 278 K at pH 5.5 with the transmitter set to the frequency
of the 'H»O resonance. Two-dimensional NMR spectra were recorded in the phase-sensitive
mode with quadrature detection in the @, dimension using time-proportional phase incrementa-
tion (TPPI) (Bodenhausen et al.. 1980: Marion arbd Wiithrich, 1983). Double-quantum-filtered
COSY (2QF-COSY) spectra were acquired using the standard pulse sequence and phase cycling
(Rance et al.. 1983). Spectra were acquired with 64 scans per t, value and 512 t; values. Spectra
were Fourier transformed using a Lorentzian-to-Gaussian weighting function in the w, dimension
and a shifted sine bell weighting function for the o, dimension.

Natural abundance '3C heteronuclear NMR spectra of the zinc-complexed and zinc-free Xfin-
31 peptide in D,O solution were measured at 303 K and pH 6.1 and 5.5, respectively. Single-bond
heteronuclear correlation (HMQC) spectra were obtained using the standard pulse sequence and
phase cycling (Muller, 1979; Bax et al., 1983; Cavanagh and Keeler, 1988). Decoupling of '*C dur-
ing acquisition was performed using WALTZ-16 (Shaka et al., 1983). Separate spectra were ac-
quired of the aliphatic and aromatic '*C resonances to minimize the decoupling power required.



TABLE 1

'"H CHEMICAL SHIFTS FOR Xfin-31 AT 278 K AND pH 5.5
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Residue NH CeH CPH CrH CH C*H
Zinc-free Xfin-31
Tyr! 8.34 4.39 2.91.2.86 7.04 6.75
Lys* 8.28 4.19 1.68 1.24 1.56 2.87
Cys? 8.35 4.32 2.86
Gly* 8.61 390
Leu® 8.22 4.27 1.59,1.53 1.55 0.86.0.80
Cys® 8.49 4.39 2.85
Glw’ 8.54 4.19 1.99.1.89 2.21
Arg® 8.45 4.23 1.75.1.70 1.58.1.52 3.08
Ser’ 8.39 4.34 3.82.3.76
Phe!* 8.36 4.49 3.05 7.16 7.27
7.22(CH)
Val'! 8.04 3.86 1.91 0.87,0.84
Glu"? 8.41 4.11 1.98,1.91 227,222
Lys'" 8.51 4.14 1.77.1.73 1.42 1.60 2.89
Ser' 8.34 4.28 3.86.3.77
Ala'* 8.33 4.18 [.36
Leu'® 8.09 4.20 1.60.1.53 1.60 0.86.0.80
Ser'? 8.14 4.30 3.86.3.80
Argh 8.18 4.18 1.74.1.68 1.54,1.48 3.08
His" 8.34 4.57 3.19.3.08 7.16 8.27/8.21»
Gln 8.34 4.24 2.01,1.93 2.29
Arg?! 8.48 4.25 1.75.1.70 1.58,1.52 312
Val# 8.27 3.98 1.94 0.87.0.81
His? 8.69 4.59 3.12.3.05 . 7.16 8.27/8.21¢
Lys™ 8.52 4.21 1.71.1.65 1.33 1.60 2.89
Asn?* 8.69 4.59 2.78.2.69 '
Zinc-complexed Xfin-31°
Tyr! 8.85 444 2.98.2.74 7.03 6.84
Lys® 8.65 4.64 1.76,1.61 1.47,1.27 1.67.1.49 291
Cys® 8.90 4.29 3.40,2.76
Gly* 8.90 4.18.3.83
Leu® 9.25 4.40 0.83,0.68 1.37 0.69.0.65
Cys® 7.71 4.89 3.32.3.21
Gly’ 8.60 4.26 2.19.2.01 2.28.2.13
Arg® 8.42 196 1.30.1.23 1.77.1.48 3.08.2.89 7.14(NH)
Ser* 7.86 5.13 3.40.3.36
Phe' 8.60 4.65 3.36.2.64 7.22 6.79
6.08(C-H)
Val'! 8.87 4.01 2.19 1.04,0.99
Glu" 7.83 477 2.17.1.99 2.31
Lys!? 8.73 312 1.40.1.08 0.90,0.84 1.44,1.39 2,77
Ser!! 8.89 4.05 3.84
Alat? 6.97 4.01 1.63
Leu'® 7.04 317 1.97,1.29 1.48 1.00,0.90
Ser!? 8.13 4.20 3.85
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TABLE 1 (continued)
'H CHEMICAL SHIFTS FOR Xfin-31 AT 278 K AND pH 5.5

Residue NH C'H CPH C'H CH C*H
Arg!¥ 7.80 3.94 1.77.1.76 1.76.1.47 322,311 7.27(NH)
His® 7.57 4.26 3.08.2.78 6.98 7.86

14.92(HN¥)
Gln¥ 7.94 3.58 2.18 2.82.2.65
Arg?! 7.18 398 1.81 1.67 3.16 7.23(NH)
Val® 7.73 3.87 1.91 0.66,0.42
His®? 7.17 4.69 3.20,3.01 6.41 7.91
14.77(HN?)
Lys™ 7.81 4.23 1.84,1.74 1.37 1.62 291
Asn*® 8.50 3 2.80,2.72

Shown are the 'H chemical shifts of the zinc-free and zinc-complexed Xfin-31 at a temperature of 278 K and pH 5.5. The

chemical shifts are referenced to H.O at 4.96 ppm and are generally accurate to + 0.01 ppm (+ 0.03 ppm for geminal pro-

tons separated by < 0.1 ppm).

*The C:H of His' and His™ for zinc-free Xfin-31 have not been assigned sequence specifically due to overlap of the C°H
protons as well as lack of NOEs to the CtH protons.

" Assignments and chemical shifts from Lee et al.. 1989b: note that the chemical shifts reported earlier contained several
typographical errors which are corrected in the present table (underlined).

Typically, 128-256 scans were acquired for each of 100450 t, values. For all spectra, 2K points
‘were acquired in each quadrature channel during t.. Typically, the spectral width in w, was 5000
Hz and the spectral width in ©, was 7142 Hz for spectra of aliphatic regions and 2778 Hz for
spectra of aromatic regions; the 'H transmitter frequency was set to the frequency of the residual
HDO resonance. The '*C transmitter frequency was placed at 37.9 ppm for spectra of the aliphat-
ic region and 115 ppm for spectra of the aromatic region. Spectra were recorded in the phase-sen-
sitive mode with quadrature detection in the », dimension achieved using TPPI. Spectra were
Fourier transformed using a Lorentzian-to-Gaussian weighting function in the > dimension and

TABLE 2
“C CHEMICAL SHIFTS FOR Xfin-31 AT 303 K and pH 5.5(ZINC-FREE) AND 6.1 (ZINC-COMPLEXED)

Residue Ce C*P Cr Ce Ct Cs

Zinc-free Xfin-31

Tyr! 56.3 36.8 1313 116.3

Lys? 539 31.2 27.0 227 39.9
y

Cys® 56.5 259

Gy 433

Leus 53.5 40.3 25.1 21.5,229

Cys® 56.6 259

Glu’ 55.0 28.2 343

Arg 54.4 89 5.1

Ser® 56.7 61.6

Phe' 56.3 375 130.0 129.6 128.0

Valt! 60.8 30.9 19.1.19.1
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BC CHEMICAL SHIFTS FOR Xfin-31 AT 303 K and pH 5.5 (ZINC-FREE) AND 6.1 (ZINC-COMPLEXED)
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Residue Ce C8 Cr (& Cr C-
Glu"? 55.0 28.2 34.3
Lys'? 55.1 30.7 27.0 227 39.9
Ser'* 56.7 61.6
Ala'" 51.2 16.9
Leu't 53.5 40.3 25.1 21.5.229
Ser!? 56.7 61.6
Arg't 54.4 28.9 25.1
His" 53.9 27.8 118.0 135.1/135.3¢
Gln® 54.2 27.6 31.8
Arg? 54.4 28.9 25.1
Val? 60.2 30.9 18.6,19.1
His? 534 27.8 118.0 135.1 135.3¢
Lys* 53.9 31.2 27.0 22.7 399
Asn’* 51.0 37.0

Zinc-complexed Xfin-31
Tyr! 55.8 37.6 131.3 116.0
Lys? 53.5 325 22.7 26.9 40.0
Cys' 58.6 27.6
Gly? 442
Leu* 53.5 40.7 253 20.9.23.2
Cys® 56.5 28.6
Glu’ 55.5 26.7 342
Arg® 55.4 294 26.0 41.0
Ser? 54.6 63.6
Phe'? 55.2 41.6 130.3 128.6 126.6
Val" 62.3 304 19.4.19.2
Glu'? 52.5 30.2 34.0
Lys'"? 57.8 29.8 229 27.0 39.8
Ser'* 58.8 59.6
Ala's 525 16.9
Leu'® 55.8 38.0 254 21.0.24.4
Ser!? 59.7 60.3
Arg't 57.4 28.3 259 41.4
His®™ 56.5 26.5 125.6 137.4
Gln¥ 57.0 26.1 329
Arg?! 56.6 28.0 25.2 41.4
Val® 61.8 29.1 17.6.18.1
His* 53.2 27.0 125.6 137.8
Lys™ 54.7 30.8 227 26.9 40.0
Asn® 511 37.0

Shown are *C chemical shifts of the zinc-free and zinc-complexed Xfin-31 at a temperature of 303 K and pH 5.5 and 6.1,
respectively. The '*C chemical-shift frequency scale was referenced indirectly from the 'H resonance frequency of the resi-
dual HDO (Live et al., 1984; Bax and Subramanian, 1986).
*The C* of His' and His* have not been assigned because the corresponding protons could not be assigned sequence spe-
cifically. The Cys CP resonances at 25.9 ppm provide strong evidence that the two sulfhydryls are reduced in the zinc-free
peptide. Minor unidentified resonances at 38.0 ppm may be attributable to an oxidized species (Jung et al.. 1970).
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a Kaiser function in the w, dimension. The '*C chemical shifts were indirectly referenced to TMS
using the frequency of the residual HDO resonance (Live et al., 1984; Bax and Subramanian.
1986). Heteronuclear relay correlation spectra were acquired using 20-ms free-precession COSY
(Briihweiler and Wagner, [986a) or 40-ms TOCSY mixing periods (Lerner and Bax, 1986; Otting
and ‘Wiithrich, 1988). WALTZ-16 was used for isotropic mixing. Free-precession relay spectra
were processed with a trapezoidal window function in w, (Brithweiler and Wagner, 1986a). Other
experimental parameters were similar to those used for HMQC spectra.

All experiments were performed on a Bruker AMS500 spectrometer. All data processing was
performed on CONVEX C120 and C240 computers using a modified version of FTNMR (Hare
Research. Inc.).

Secondary chemical shifts, Ab. for alpha proton, amide proton, and alpha carbon resonances
were determined as the differences between the observed shifts for zinc-complexed Xfin-31 and
zinc-free Xfin-31. To quantify the influences of the four aromatic residues and the two primary
elements of secondary structure in the zinc-complexed Xfin-31, conformation-dependent secon-
dary shifts of the alpha and amide protons were calculated for 13 refined structures of the peptide
using a parameterized model that includes the effects of aromatic ring currents, the anisotropy of
the peptide group and side-chain electrostatic interactions (Osapay and Case, 1991). The struc-
tures were calculated as previously described (Lee et al., 1989a) with additional y, angles, hydro-
gen bonds. B-methylene stereospecific assignments, and NOE constraints (manuscript in prepara-
tion).

RESULTS AND DISCUSSION

Sequence-specific 'H resonance assignments of the zinc-complexed and zinc-free Xfin-31 pep-
tide were obtained by standard methods, as previously described (Lee et al., 1989b,1991). The as-
signments of the '3C resonances in the HMQC spectra were based on the 'H proton assignments
at 278 K and were confirmed using heteronuclear correlated relay spectra. The sequence-specific
'H and "*C resonance assignments for the zinc-complexed and zinc-free Xfin-31 are listed in Ta-
bles 1 and 2. The fingerprint regions of the DQF-COSY spectrum of the zinc-complexed and zinc-
free Xfin-31 peptides are shown in Fig. 1 and the '*C*'H* regions of the HMQC spectra of both
peptides are shown in Fig. 2.

As can be seen, the dispersions of the backbone resonances in the 'H and '*C NMR spectra of
Xfin-31 are substantially increased upon binding of zinc. In the zinc-complexed peptide. the
chemical shifts span more than 2 ppm for the NH psotons and just under 2 ppm for the C*H pro-
tons; in the zinc-free peptide, the dispersion of both the NH and C“H protons is under | ppm. The
ranges of '*C chemical shifts spanned by the C* carbons are similar in the two peptides: however,
the dispersion of particular amino acids. such as the three Ser residues, is greatly increased in the
zinc-complexed peptide. Notable changes are also observed in the positions of the methyl reso-
nances and the His and Phe aromatic-ring resonances. The large dispersion of the chemical shifts
of the zinc-complexed Xfin-31 is typical of folded proteins with stable tertiary conformations that
exhibit unique local environments for individual residues. In contrast, the narrow distribution of
chemical shifts observed for the zinc-free peptide (Lee et al., 1991) relative to the random-coil
shifts (Richarz and Wiithrich, 1978; Bundi and Wiithrich, 1979) is typical of predominantly un-
structured polypeptides.
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Fig. I. Fingerprint regions of the 'H NMR DQF-COSY spectra of (A) the zinc-free and (B) the zinc-complexed Xfin-31

peptide at pH 5.5 and 278 K.
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The anisotropic magnetic fields generated by aromatic residues are one cause of the chemical-
shift dispersions of protons in folded proteins; in addition, previous reports have demonstrated a
relationship between elements of secondary structure and the chemical shifts for main-chain pro-
tons, relative to the random coil chemical shifts, in which downfield shifts are observed for B-
sheets and upfield shifts for a-helices (Veitch et al., 1988; Williams, 1989; Williamson, 1990;
Wishart et al., 1991). Although results from solid-state NMR had suggested a correlation between
conformation and '3C chemical shifts (for a review see Saito. 1986), the effects of secondary struc-
ture on '*C chemical shifts in proteins in solution have not been as extensively documented be-
cause the '’C assignments of fewer proteins have been reported (Briihweiler and Wagner, 1986b;
Nirmala and Wagner, 1988; Clore et al., 1990; Tkura et al., 1990; Robertson et al., 1990; Wang et
al., 1990). Recent studies of the correlation between secondary structure backbone ¢ and y angles
from X-ray structures and '*C chemical shifts (Spera and Bax. 1991) concluded that the resonan-
ces of alpha carbons are shifted downfield in helices and upfield in B-sheet.

Analysis of secondary chemical-shift differences based on published random coil chemical shifts
is subject to systematic errors arising from the dependence of the random-coil shifts on the local
amino acid sequence and from differences in experimental conditions. In the present instance,
these uncertainties can be avoided by analysis of the conformation-dependent chemical-shift
differences, Ad, between zinc-complexed and zinc-free Xfin-31. Graphs of both A8 and the calcu-
lated average conformation-dependent shifts are shown in Fig. 3 for the NH and €“H protons
and Ad for C® carbons in Fig. 4, respectively. The root-mean-square (rms) deviations between the
experimental and calculated secondary chemical shifts are 0.62 and 0.24 for the NH and C“H pro-
tons, respectively. The level of agreement between calculated and observed shifts is similar to that
observed previously (Osapay and Case, 1991).

In the 3D structure of the zinc-complexed Xfin-31, a B-sheet that encompasses a hairpin turn
extends from residues 1-10, and a helix extends from residues 13-23. The mean values of Ad of res-
idues 1-10 and 13-23 are given in Table 3 for the NH protons, C*H protons, and C® carbons. The
rms deviations between experimental and calculated secondary chemical shifts of residues 1-10
and 13-23 are also given in Table 3 for the NH and C“H protons.

To examine the effects of secondary structure on chemical shifts, the observed 'H A§ values
have been corrected for ring-current effects by subtracting the calculated chemical shifts attribut-
able to aromatic groups in Xfin-31. The corrected Ad shifts and the calculated average conforma-
tion-dependent shifts excluding ring-current effects are shown in Fig. 3. Comparison of the experi-
mental and the calculated chemical shifts in Figs. 3A and B shows large ring-current effects that
are predicted for protons in proximity to the aromatic rings in the folded structure, such as the
amide and alpha protons of Lys'? and the alpha proton of Leu'®.

With the exception of NH protons, the chemical shifts of which are likely to be influenced by
hydrogen-bonding both to carbonyl groups and solvent, the backbone nuclei show strong correla-
tions between the secondary chemical shifts and the backbone dihedral angles. ¢ and y. The pop-
ulated regions of the ¢, y map for each residue calculated from 13 refined NMR structures are
denoted a and B for helix and B-sheet, respectively in Fig. 3. Residues without a or B demarcations
had ¢ and/or y angles with greater than 20% uncertainty and/or were located outside of the classi-
cally allowed regions of the ¢, y map. Except for the N-terminal tyrosine, the residues denoted «
all show upfield shifts of the C®H resonance while residues with B symbol show downfield shifts
corresponding to helical and B-sheet regions, respectively (Fig. 3B, hatched bars). The chemical
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zinc-complexed Xfin-31. The standard deviations (not shown) range from < 5% in the helical region to > 100% in the N-
terminal and loop regions for 4 backbone protons (the large uncertainty may well be due to the fact that the calculated to-
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shifts of C” carbons are somewhat more sensitive to the dihedral angles than are the proton shifts
(Fig. 4). The experimental upfield and downfield shifts of C* carbons (Fig. 4) mirror the « and B
symbols in Fig. 3 (a's for residues 11, 13, 14, 15, 16, 17, 18, 19, 20, 21 and 22 show downfield shift;
B's for residues 1. 2, 9. 10 and 12 show upfield shift) and clearly indicate the B-sheet and helical re-
gions in Xfin-31.

In Xfin-31, the helical region extends from residues 12-24, as shown by the presence of medium-
range NOEs (Lee et al., 1989a.b,1990). However, the dihedral angles place residue 12 in the B-
sheet region of the ¢, y map and accordingly. the alpha carbons and alpha protons show upfield
and downfield shifts, respectively. The presence of medium-range NOEs indicative of helix start-
ing from this residue may well be due to the presence of the turn leading from the B-sheet into the
helix in this region of the peptide. Thus, in this case. the chemical shifts appear to be more sensi-
tive to the ¢ and y dihedral angles of the residue than are the NOEs.

Although analysis of the chemical-shift dispersions of the Xfin-31 peptides demonstrates that
the zinc-free peptide is less structured than the zinc-complexed peptide and is. more similar to ran-
dom-coil peptides. the chemical-shift evidence does not preclude the possibility that the free pep-
tide dynamically samples an ensemble of ordered and disordered conformational states that dif-
fers from that sampled by a random-coil peptide. Small populations of partially-ordered
conformers can be more sensitively detected by observation of medium-range NOE connectivities
(Dyson et al.. 1988; Wright et al., 1988; Wathlo et al., 1989). Observation of such NOEs for zinc-
free Xfin-31 indicates the presence of minor populations of helical and turn-like conformations
that are not detectable by analysis of the chemical shifts alone (Lee et al., 1991).
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TABLE3
AVERAGE SECONDARY CHEMICAL SHIFTS FOR Xfin-31

NH CH Ce
[ Zinc-complexed] — [ Zine-free | Xfin-31
Residues 1-10
Ad (ppm) 0.17 £ 0.53 0.19 + 0.30 0.0+1.2
rms (ppm) 0.58 0.28
Residues 13-23
Ad (ppm) —0.60 + 0.68 —0.37 +0.37 21+ 1.0
rms (ppm) 0.61 0.21 -
[ Zinc-complexed Xfin-31] — [random coil |
Residues 1-10
Ad (ppm) 0.27 + 0.48 0.10 £ 0.29 00+13
Residues 13-23
AS (ppm) —0.63 + 0.63 —-0.53 + 040 2.1+ 1.1
[ Zinc-complexed Xfin-31] — [averaged shifts ]
Residues 1-10
Ab (ppm) 0.27 £ 0.53 0.05 + 0.33 —-06+1.6
Residues 13-23
AS (ppm) —0.50 £ 0.63 —0.45 £ 0.39 1.6+ 1.1

Shown are the means and the sample deviations of the chemical-shift differences between zinc-complexed Xfin-31 and
zinc-free Xfin-31, zinc-complexed Xfin-31 and random-coil shifts (Richarz and Wiithrich, 1978; Bundi and Wiithrich.
1979), and zinc-complexed Xfin-31 and averaged chemical shifts (Wishart et al.. [1991), A8, for residues 1-10 and residues
13-23 which, respectively, encompass the B-sheet and the helix in zinc-complexed Xfin-31. Also reported are the rms differ-
ences between the observed and calculated secondary chemical shifts (Osapay and Case, 1991) for zinc-complexed Xfin-31.

The relationship between secondary and tertiary structure is exemplified further for other Cys,/
His; zinc fingers. The Cys./His, zinc fingers represent the largest group of structurally homolo-
gous proteins for which 'H chemical-shift data are available. The amino acid sequences of 7 of
these Cys,/His, zinc fingers are shown in Table 4. The '"H NMR chemical shifts for 7 of these fin-
gers have been published (Xfin-31, Lee et al., 1989b; SWI-5, Neuhaus et al., 1990; EBP-I,
Omichinski et al., 1990; ZFY-6T and ZFY-switch,)Kochoyan et al., 1991a,b; Adrla and T1421
Adrla mutant, Xu et al., 1991). Even under different experimental conditions, with few excep-
tions, the NH and C“H chemical-shift differences between the above zinc-complexed peptide and
the random coil chemical shifts (Bundi and Wiithrich, 1979) show remarkable similarities between
the fingers (Fig. 5). In general, aside from the invariant ligands that bind zinc and the highly con-
served hydrophobic residues, the zinc fingers display little sequence homology. The similarities in
the pattern of the chemical shifts are thus not sequence but structure related.

Chemical shifts for zinc-complexed TS-xfin-31 (Xfin-31 with a 5-residue linker, TGERP, at the
N-terminus) show a similar pattern to the zinc fingers described above (Fig. 5). The only notable
chemical-shift differences observed between this peptide and Xfin-31 are for the 'H resonances of
Tyr! and the fingertip region (residues 10-13), against which the Tyr' side chain is packed (Lee et
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TABLE4
SEQUENCES OF Cys;/His: TYPE OF ZINC FINGERS

I 3 6 19 23
Xfin-31 YKC.CERSFVEKSALSRH ... HKN
ZFY-switch ~.YQC .CEYRSADSSNLKTH .. HSK.
ZFY-6T .YQC .. CEYRSADSSNLKTH..HSK.
Adrla .YPC.CNRCFTRRDLLIRH..HSG.
T1421(Adrla) .YPC. . CNRCFIRRDLLIRH..HSG.
EBP-1 ~YHC _.CNFSFKTKGNLTKH... HS K.
SWI-5 ~YSC..CDKAFVRNHDLIRH .. HNE .

Shown are 7 zinc finger peptides of the Cys,/His; class for which "H NMR chemical shifts have been reported. Additional
terminal and loop residues are indicated with a *."; such residues have not been included in the analysis.

al., 1989a). The large difference in the backbone chemical shifts of Tyr' is a direct result of the
presence and the absence of an additional peptide bond for T5-xfin-31 and Xfin-31, respectively.
The absence of medium- and long-range NOEs and the values of chemical shifts indicate that the
S linker residues are unstructured. Although these unstructured linker amino acids do not alter
detectably the global fold of Xfin-31 (the NOEs that define the conformation of the peptide re-
main unchanged), small changes in backbone chemical shift occur for amino acids in the fingertip,
more than 10 residues from the site of coupling of the linker but in close proximity within the
folded structure. This emphasizes the extreme sensitivity of chemical shifts to subtie environmen-
tal effects. However, these perturbations are second-order effects that do not outweigh the pri-
mary contributions to chemical shifts from the secondary and tertiary structure of the zinc finger
motif.

CONCLUSION

Essentially complete assignments of the 'H and protonated '3C NMR spectra of the single zinc
finger peptide Xfin-31 in the presence and absence of zinc have been determined by 2D 'H and
natural abundance '*C NMR spectroscopy. Comparison of the tertiary structure of zinc-com-
plexed Xfin-31 (Lee et al., 1989a) with the chemical-shift differences between zinc-complexed and
zinc-free Xfin-31 indicates that the location of the helix in the folded structure of the zinc-com-
plexed Xfin-31 is strongly reflected in the secondary chemical-shifts of the backbone amide pro-
tons, alpha protons, and alpha carbons. A weaker correlation is observed between the secondary
chemical shifts and the location of the B-sheet, perhaps due to perturbations introduced by the
tight turn. Additional resonance shifts are observed for the alpha and the amide protons that are
proximal to the aromatic residues in the folded structure. Although other potential contributions
to the observed chemical-shift dispersions, such as electrostatic effects of the zinc atomn, have not
been evaluated, the calculated secondary chemical shifts of the protons are in good agreement
with the observed secondary shifts.

The chemical-shift differences between zinc-complexed and zinc-free zinc finger peptides due to
structural differences between the two species provide useful diagnostics of the conformational
state of the peptides and are useful for investigations of dynamics, folding and stability in these
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Fig. 5. '"H NMR chemical-shift differences A8 of zinc-complexed peptide minus the tabulated random-coil values of (A)
the NH protons and (B) the C*H protons. The columns represent zinc finger peptides in the following order: Xfin-31. T5-
xfin-31. ZFY-switch. ZFY-6T, Adrla. T1421(Adrla). EBP-1, and SWI-5 reported at 278 K and pH 5.5. 278 K and pH 5.5.
298 K and pH 6.0. 298 K and pH 6.5. 298 K and pH 5.45. 298 K and pH 5.45. 279 K and pH 5.8. and 283 K and pH 6.5.
respectively.

peptides. In addition, the conservation of the chemical shifts for a large number of zinc finger
peptides indicates a strong correlation with the common global fold for the Cys,/His. type of zinc
fingers.
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