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Sequence-specific ' HINMR resonance assignments and secondary
structure identification for 1- and 2-zinc finger constructs from SWI5

A hydrophobic core involving four invariant residues
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Complete HINMR resonance assignments are presented for the second of the three zinc fingers from SWIS as it appears in both 1- and 2-finger

constructs. Signals from finger 2 are unaffected by the presence or absence of finger 1, showing that the protein has a modular construction. The

structure of finger 2 comprises a helix running from N56 to Q67, and a region approximating to an anti-parallel f-sheet running from Y42 to
F53. These features combine to produce a hydrophobic core in the structure involving the invariant residues Y42, F53, L59 and H62.
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1. INTRODUCTION

Recently, the short sequence motif known as ‘zinc
finger’ has emerged as a new and widespread class of
DNA binding domain in transcription regulatory pro-
teins [1]. The first zinc finger protein to be identified,
TFIIIA from Xenopus laevis [2], is the archetype for
one class of zinc finger, the essential features of which
are 4 metal binding residues (2 Cys and 2 His) and 3 in-
variant hydrophobic residues (Hydr). These are arrang-
ed in the sequence Hydr-X-Cys-(X);-s-Cys-(X)12-His-
(X)2-4-His, with the other two hydrophobic residues
near positions 4 and 10 beyond the second Cys. Miller
et al. [2] proposed that the motif folds into one domain
around the zinc ion and a hydrophobic core comprising
the invariant residues, and Diakun et al. [3] showed by
EXAFS that the zinc ion was indeed ligated to the 4
ligands proposed. The first 3-dimensional model for
the zinc finger was put forward by Berg based on these
considerations and the structures of other metallopro-
teins [4]. He proposed that the key structural elements
are an a-helix near the C-terminus and an anti-parallel
(G-sheet near the N-terminus, which together bring the
3 conserved hydrophobic residues together to form a
cluster at the core of the structure. In the absence of
crystals of any zinc finger-containing protein, NMR
studies have been undertaken by several workers to
determine the 3-dimensional structure in solution, and
results for single fingers of the TFIIIA class from
ADRI1 [5] and Xfin [6,7] have appeared.
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One of the key structural questions that must be
answered before the protein-DNA binding interaction
can be understood is the relationship between suc-
cessive fingers in multiple-finger proteins, and to tackle
this problem we have begun a study of various con-
structs from the transcription factor SWIS. This pro-
tein was one of the first containing zinc fingers to be
studied in this laboratory; it is one of a cascade of
‘switch’ proteins involved in transcription regulation
leading to differentiation of mating type in yeast cells,
and it contains 3 zinc fingers of the TFIIIA class near
its C-terminus [8}. The complete 3-finger domain was
expressed as a fusion protein and purified from E. coli,
and it was shown that the re-folded 3-finger construct
binds specifically to a target sequence of DNA which is
part of the DNA-binding site in the HO gene recognised
by intact SWI5 [9]. This shows that the 3 fingers are
sufficient to direct the whole binding of SWIS to its
binding site.

For the NMR studies, we required the simplest con-
struct containing a linker sequence between two adja-
cent fingers. As in the previous system, large scale
preparation from E. coli proved difficult, since the re-
quired protein appeared in the insoluble fraction.
Various alternative systems were tried, and the T7
system was found suitable for producing 1-, 2- and
3-finger constructs all in the soluble fraction; these
maintained the specific DNA-binding at least in the 2-
and 3-finger cases. Experiments have shown that a 70
amino acid construct comprising the first two fingers
(fig.1) binds specifically to about two-thirds of the
DNA target mentioned earlier, albeit at a much higher
protein concentration than in the 3-finger case [10]. It
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Fig.1. Constructs used in this work. (B) and (D) are, respectively, the 2-finger and 1-finger constructs used for the bulk of the assignment work.

(A) and (C) were both obtained fortuitously from attempts to prepare a 2-finger construct beginning at M7. Presumably, they result from

proteolysis by endogenous proteases. All sequences are numbered using the first residue of construct (A) or (B) as a starting point. The thick

vertical bars indicate the conserved metal-binding residues, and the thin vertical bars indicate the conserved hydrophobic residues. The zinc finger

motifs are also marked, the linker between them being taken as the region between the last histidine of finger 1 and the invariant tyrosine of
finger 2 (see text).

is therefore presumably folded in its natural conforma-
tion. As shown below, NMR spectra of the second
finger alone are closely analogous to the signals observ-
ed for the second finger within the 2-finger construct,
showing that this single finger has the same fold as in
the 2-finger construct which binds specifically to DNA.

In this paper we give a preliminary account of our
NMR study, giving resonance assignments and secon-
dary structure identifications for the second finger as it
appears in both the 1- and 2-finger constructs.
Although work on the 3-dimensional structure is still in
progress, we are able to show that the fingers of SWIS
are modular in nature, and to present results additional
to those of Lee et al. [6,7], in particular concerning in-
teractions amongst the residues of the hydrophobic
core.

2. MATERIALS AND METHODS

2.1. Sample preparation

SWIS5 polypeptides were expressed in E. coli [10] under the control
of the T7 gene 10 promoter [11]. BL21{DE3) was used for the host
cell. The protein synthesis was induced with 0.2 mM isopropyl-5-D-
thiogalactopyranoside when the culture reached an optical density of
0.6 at 600 nm. SWIS peptides were purified by carboxymethyl
Sepharose followed by Sephadex G50 column chromatography. For
the NMR experiments, approx. 5 mM (1-finger) or 2-3 mM
(2-finger) solutions were prepared at pH 6.5 in either 2H,O or 85%
'H,0/15% 2H,0, containing 40 mM pyrophosphate and 50—500 xM
ZnSOs.

2.2. NMR measurements

All NMR measurements were carried out using a Bruker AM500
spectrometer equipped with digital phase shifting hardware and an
ASPECT 3000 computer. Two-dimensional NMR spectra were ac-
quired using time-proportional phase incrementation (TPPI) in ¢, to
achieve F; quadrature detection [12,13]. Experiments yielding in-
phase signals (NOESY and TOCSY) were optimised before execution
to achieve a flat baseline by adjusting the absolute receiver reference
phase [14] and the delay between receiver gate opening and the first
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acquisition point [15]. For all experiments except 2Q, the spectral
width in both dimensions was 8 kHz, the filter width was 12 kHz,
and the data size was 2K x 512 increments (time domain), 4K x 1K
(frequency domain). For 2Q spectra the spectral width in F; was
16 kHz. Water suppression was achieved using presaturation (1.5 s)
during the relaxation delay (and mixing time in the case of NOESY),
using an irradiation field of the same frequency as and phase
coherent with the hard pulses [16]. During data processing, time-
domain data were multiplied in both dimensions by a sine-bell win-
dow shifted through 7/2 radians, and the phase of the 2D spectrum
was adjusted to double absorption. For in-phase spectra (NOESY
and TOCSY), F; baseline offset errors were corrected by subtracting
from every F; cross-section a one-dimensional trace constructed by
adding 16 F, cross-sections free from cross peaks and diagonal peaks
[17]. In a few cases a similar correction was required for F, baseline
offset errors. No other baseline correction was used.

NOESY spectra were acquired using mixing times of 30, 60, 90,
120, and 200 ms. TOCSY experiments employed the DIPSI-2 mixing
sequence to achieve minimum phase distortion [18], with two z-filters
flanking the spin-locking period [19]. Mixing times between 50 and
100 ms were used with a spin-locking field strength of 5 kHz. In
order to limit the total length of TOCSY experiments, variation of
the z-filter delays was carried out in parallel, and was also combined
with the CYCLOPS phase cycle on all the hard pulses and the spin-
lock. For NOESY experiments, CYCLOPS was only carried out on
the third pulse. Spectra of the single finger were run using 32 or 64
transients/increment, and those of the 2-finger construct were run us-
ing up to 128 transients/increment.

3. RESULTS

Complete sequence-specific assignments for the
single-finger construct D at pH 6.5 and 283 K are given
in table 1. The dispersion both of the NH signals
(9.55-6.80 ppm) and of the C°H signals
(4.98-3.46 ppm) is clearly consistent with a folded
structure, and facilitated the assignment process.
Following the normal procedure, coupling connec-
tivities within the spin-systems were first established us-
ing 2QF-COSY, TOCSY, RELAY, and 2Q spectra
[21]. Data were acquired at two temperatures, 283 K
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Table 1
Chemical shift assignments for SWI5 single finger construct D at pH 6.5 and 283 K
NH C*H CfH C™H C’H Others NH CH CfH CH C°H Others
Met36 - 4.12 2.08-2.24 2.52-2.69 CH; 2.12 Val 54 8,995 4.24 2,275 1.15, 1.20
Leu37 8.82 4.37 1.52-1.75 Arg 55 8.015 4.82 1.70-1.81 1.74, 2.00 3.25-3.38 N°‘H 7.69
(deg. x 3) 0.90, 0.935 Asns56 9.05 3.68 1.79, 2.46 N°’H 6.655,
Glu 38 8.695 4.24 1.92, 2.01 2.20-2.30 7.49
Asp39 8.52 4.48 2.56-2.67 His 57 9.55 4.06 2.99, 3.24 7.135 CH 8.34
Arg40 8.15 4.565 1.50—1.63 1.34, 1.51 2.92-3.04 NH 7.185 Asp58 6.80 4.31 2.64, 2.87
Pro4l - 4.28 1.22, 2.07 1.68, 1.85 3.625, 3.805 Leu59 7.00 3.46 1.43,2.23 1.57 1.13, 1.22
Tyr 42 7.88 4.98 2.87, 3.10 7.05 CH 6.94 Ile 608.24 3.47 1.72  1.14, 1.52, 0.72
Ser 43 8.59 4.91* 3.83-3.96 0.85
Cys 44 8.73 4.265 2.83, 3.32 Arg6l 7.36 3.92 1.70-1.84 1.54, 1.65 3.11-3.26 N°H 7.47
Aspd45 8.44 4.81 2.72,3.07 His 62 7.75 4.26 2.97, 3.17 7.155 CH 7.895
His 46 9.48 4.52 2.58-2.76 6.745 CH 8.135 Lys 63 8.85 3.65 1.90-2.04 1.80—1.90 1.87, 1.89 C°‘H 3.12,
Prod47 - 4,18 1.75,2.17 1.82, 2.34 3.65-3.72 3.26
Gly 48 8.98 3.71, Lys 64 7.24 4.08 1.79-1.95 1.41-1.53 1.60-1.78 C*‘H, 2.93
4.19 Ser 65 7.81 4.18 3.74, 3.83
Cys 49 8.225 4.58 2.80, 3.40 His 66 7.125 4.62 2.62, 2.96 6.40 C‘H 7.955
Asp S0 8.51 4.90* 2.63, 2.87 Gln 67 7.745 4.36 2.07, 2.20 2.39-2.48 N°H 7.00,
Lys 51 8.34 4.04 1.21, 1.41 1.29, 1.29 1.44, 1.54 CH, 3.02 7.69
Ala 52 7.65 4.93* 1.20 Glu 68 8.52 4.25 1.98, 2.07 2.28-2.40
Phe 53 8.58 4.81 2.71, 3.675 7.37 CH 6.975 Lys 69 8.53 4.35 1.79, 1.90 1.43-1.55 1.63-1.78 C‘H; 3.02
C‘H 6.53 Ala 70 8.19 4.15 1.37

* Observed at 300 K

and 300 K, to allow resolution of accidental degenera-
tions of NH signals with one another and of C°H
signals with the water signal. In this way, complete
spin-system assignments were obtained, with the excep-
tion of the backbone NH proton of H57 and all non-
amide exchangeable protons other than NHe of the 3
arginine residues. H57 NH was later found during
analysis of the NOESY spectrum, and has low intensity
(~20% under our conditions) due to more rapid solvent
exchange than for other amide protons. When 1-1 ex-
citation was used in place of presaturation to achieve
water suppression, H57 NH was restored to full intensi-
ty in the one-dimensional spectrum.

Sequential assignment was achieved in the normal
way by analysis of the NOESY spectrum [21]. Fig.2"
shows a summary of the sequential and other
enhancements used to make the assignments. A
somewhat greater number of cross peaks were observed
in the NOESY spectra recorded at 283 K than in those
recorded at 300 K, albeit at the cost of some line-
broadening at the lower temperature. Otherwise, the
_spectra were not strongly perturbed by changing the
temperature, demonstrating that the structure is
probably stable over this range. A sequence of NOESY
spectra with increasing mixing times (30, 60, 90, and
120 ms) was also recorded at 283 K to help quantitate
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Fig.2. NOE enhancements used to make the sequence-specific resonance assignments for construct D. The height of the hatched blocks shown

for the dwn, dan, and dgn connectivities represent very approximately the strength of the corresponding enhancement in the NOESY spectrum

(7 = 200 ms, T = 283 K), as do the letters w (weak), m (medium), and s (strong) for the d.~(i,/ + 3) connectivities. The d,~ enhancements marked
* were observed in a NOESY spectrum recorded at 300 K (r = 200 ms).
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the distance constraints needed for calculation of the
3-dimensional structure, at present in progress. These
spectra showed that most of the enhancements used in
the assignments were appreciable at short mixing times,
and thus unlikely to be due to spin-diffusion.

A similar overall procedure was followed to obtain
sequential assignments for the 2-finger construct B, ex-
cept that the lower protein concentrations available in
this case made it necessary to acquire spectra from
samples in 2H,O as well as those in 85% 'H,0/15%
?H,0. NOESY, TOCSY, and 2QF-COSY spectra of
samples in 2H,0 at 300 K were used in addition to those
previously mentioned for the single finger during the
spin-system assignment procedure. Assignments are
still lacking for some 3 or 4 residues in finger 1 of B,
but complete assignments were obtained for the linker
region and all of finger 2.

Most of the samples studied during this work under-
went spontaneous degradation over a period of days,
resulting in a quite different spectrum, assumed to be
that of the de-metallated species. This showed much
reduced signal dispersion, significantly sharper lines,
and no NOE enhancements transmitted over more than
two residues in the sequence, all of which is consistent
with a largely unfolded structure. This is in contrast to
the findings of Carr et al. [20] for the case of a different
zinc finger sequence, mkr2, at lower pH, but the oxida-
tion state of the cysteines in the SWI5 case is not yet
established and may differ from that in the metal-free
mkr2. Sequential assignments have been obtained for
about three-quarters of the 1-finger construct D in the
unfolded state, and work is progressing to complete
these.

4. DISCUSSION

The full assignments for the 2-finger construct will be
described in a subsequent paper, but the key point to
make here is that all the signals and NOE enhancements
involving residues R40—A70 are essentially identical in
spectra of the 2-finger construct B and of the single-
finger construct D (fig.1). This clearly indicates that the
2-finger structure is modular in nature, and that the 2
fingers within it interact only weakly with one another
in the free protein. Consistent with this, we have so far
found no NOE enhancements between the 2-finger do-
mains, and only intra-residue and sequential
enhancements in the short linker region. To establish
that no circular arguments were involved in
demonstrating the coincidence of signals from finger 2
in constructs B and D mentioned above, we point out
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that almost all the assignments for the 2-finger con-
struct were already made before work on the single
finger was begun. The only use made of data from the
single finger when making assignments in the 2-finger
spectra was to make the relative sequential assignments
of D45 and H46, to locate some protons beyond C’H
within long side-chains (Lys, Arg, Pro), and to locate
the backbone NH signals of N56, H57, and E68. Fig.3
illustrates the relationship between spectra of a 2-finger
construct (B) and a 1-finger construct (D).

In addition to the comparison of finger 2 as it occurs
in constructs B and D, we have also measured spectra
of constructs A and C (fig.1). Although assignments
for these species have not been obtained independently,
it is clear from comparison of the spectra that, again,
the signals and enhancements from residues R40-A70
are essentially identical to those seen for constructs B
and D.

The work on the unfolded species mentioned earlier
is not yet complete, but it is already possible to draw
some tentative conclusions as to the ‘boundaries’ of the
region which is structured by the presence of zinc.
Residues E68—A70 show particularly sharp signals, and
have exactly the same pattern of shifts and
enhancements in the folded as in the unfolded single-
finger material, suggesting strongly that they are un-
folded in both. In contrast, the signals and
enhancements for Q67 are quite different in the two
cases, placing the C-terminal ‘boundary’ between Q67
and E68. The identity of signals and enhancements
from residues R40—A70 in the folded 1- and 2-finger
constructs mentioned earlier further suggests that the
first residue of the structured region (for finger 2) is
R40. The further characterisation of the linker is one of
the main remaining goals of this work, and will be
tackled by comparing the patterns of shifts and
enhancements for these residues and their neighbours
as observed in folded constructs of finger 1, finger 2,
fingers 1+ 2, and unfolded material.

Certain features of the secondary structure of finger
2 are apparent from the spectra of both the 1- and
2-finger constructs. There are many enhancements in-
dicating that the side chains of all 3 ‘hydrophobic core’
residues Y42, F53, and L59 are in contact, and that the
side chain of H62 also forms part of this core region,
in agreement with the general model for zinc fingers of
the TFIIIA class proposed by Berg [4]. Fig.4 shows the
enhancements found involving protons in these
residues. This provides a clear structural basis for in-
cluding the first hydrophobic residue within the zinc
finger domain, a conclusion not able to be drawn from

Fig.3. Part of the NOESY spectrum (r = 200 ms, 7 = 283 K) of (A) the 2-finger construct B and (B) the 1-finger construct D. Conditions were
identical for the two spectra, except that the protein concentration in (B) was approx. 2—3 times that in (A), and the measurement time in (A)
was twice that in (B). Also, there was a minor difference in pH. A short stretch of sequential d.,n connectivities is shown in both (A) and (B)
to emphasise the commonality between the signals due to finger 2 in each spectrum. Boxed cross peaks correspond to intraresidue NH, C°H
interactions, and are labelled according to residue type and sequence position; cross peaks within ellipses correspond to sequential d.~ interactions.
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Fig.4. NOE enhancements observed between protons of residues in
the hydrophobic core of finger 2 in construct D (Y42, F53, L59,
H62).

the results of Lee et al. [6,7]. A pattern of strong dnn
connectivities and d.n(i,i + 3) connectivities indicates a
stretch of helix running from N56 to Q67. The location
of this helix is similar to that found in Xfin-31 by Lee
et al. [6,7], but it is significantly longer than that found
by Parraga et al. in ADR1a {5], or that proposed by
Berg [4]. Several other features are broadly similar to
the results of Lee et al. [6,7] but show differences of
detail. The pattern of strong d.n connectivities
(Y42-543-C44-D45, C49-D50, and K51-A52-F53) and
large (NH, C*H) coupling constants (Y42, D50, F53,
R55) suggest a region of probably irregular anti-parallel
B-sheets extending roughly from Y42 to F53, centered
on a turn at P47-G48. Consistent with this, we find
enhancements between K51 NH and both C’H protons
of C44, in addition to the many enhancements between
protons of Y42 and F53 referred to earlier. The detailed
pattern of enhancements is somewhat different from
that found by Lee et al. [6,7], as would be expected on-
ly on the grounds that SWI5 has 4 residues between the
metal-binding cysteines, whereas Xfin-31 has 2.
While the characterisation of finger 1 in the 2-finger
construct is so far less complete than that of finger 2,
it is possible to say that it shares the same key structural
features, namely the helix, the pattern of strong d.n
connectivities within the anti-parallel #-sheet, and con-
tacts within the hydrophobic core (enhancements bet-
ween residues F12, F23, 129, and H32). Since the side
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chains of F12 in finger 1 and Y42 in finger 2 are both
involved in their respective hydrophobic clusters, we
can generalise the conclusion that the first conserved
hydrophobic residue should be included within the zinc
finger domain.
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