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The solution structure of an active synthetic peptide
containing both the leucine zipper and the adjacent basic
domain of the yeast transcription factor GCN4 (residues
220-280) was determined by NMR. The two domains show
structurally distinct behaviours. In the ahsence of DNA, the
basic domain is, although very flexible, structured and fluc-
tuating around a helical conformation. The leucine zipper
region forms a long, uninterrupted helix. From a suitable set
of NMR distances the three-dimensional structure of the
leucine zipper monomeric sub-domain was calculated by
distance geometry algorithms. The structure of the
symmetrical parallel dimer was obtained by model building
using the NMR information. A smaller peptide with the
sequence of the isolated basic region (residues 1—35 of the
61 residue peptide) was also synthesized. Circular dichroism
studies showed 30—40% helicity. A flexible helix spans the
region between residues 8 and 21. The comparison of our
results with suggested models is discussed in detail.
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Introduction

A 60—70 residue DNA-binding domain occurs in some 25 known
proteins defined as transcriptional regulators, some of which also
show oncogenic potential (Landshutz er al., 1988; Vinson et al.,
1989). To bind specifically to a recognition site in DNA, the
domain must dimerize, and the best characterized binding sites
of these proteins are palindromic (Hope and Struhl, 1987; Mueller
et al., 1989; Risse er al., 1989).

The complete domain is characterized by two distinct regions.
The C-terminal region, termed ‘leucine zipper’, contains a repeat
of leucine every seven residues. It dimerizes and positions the
contiguous region to interact specifically with DNA. Landshutz
et al. (1988) proposed that dimerization occurred through inter-
digitating leucines in paired anti-parallel a-helices. This model
was revised by O’Shea et al. (1989a), who demonstrated that
a synthetic peptide encompassing the zipper of the GCN4 protein
dimerized with the N-termini in close proximity. From a recent
NMR study, this sub-domain was shown to be helical and inferred
to be arranged as a parallel dimer (Oas e al., 1990).

The N-terminal ‘basic region’ of the domain contains several
positively charged amino acid residues. It shows strong helical
propensity but lacks the hydrophobic residues which could allow
hydrophobic packing. In the most recent proposed structure for
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the domain, Vinson er al. (1989) suggested a model christened
the ‘scissors grip’. According to this model, the basic regions
each form two consecutive helices which track around the major
groove of DNA, being held in place by the dimerized zipper.
So far, no direct structural information about the basic region
has been presented.

Any analysis of the role of the zipper proteins in the regula-
tion of gene expression is complicated by the fact that in many
cases they form heterodimers (Kouzarides and Ziff, 1989;
Ransone et al., 1989; Schuermann et al., 1989; Turner and
Tjian, 1989). Because GCN4 has been shown to form stable
homodimers via its leucine zipper (Hinnebusch, 1985; Hope and
Struhl, 1987; Sellers and Struhl, 1989), it appeared to be an
excellent candidate for a high resolution structural analysis of
the DNA-binding domain, which would be relevant to all
members of the family.

In this paper we report a high resolution structure determina-
tion by NMR of a 61 residue synthetic peptide containing both
the basic region and the leucine zipper of the yeast transcrip-
tional activator GCN4 (BR-LZ peptide). We calculated the three-
dimensional structure of the leucine zipper sub-domain of BR-LZ
from NMR restraints and distance geometry calculations. A
smaller fragment containing the basic region (BR peptide) with
the amino acid sequence of the first N-terminal 35 residues was
also studied. In this fragment, peak overlap was reduced and the
results could be compared with the ‘scissors grip” model.

Materials and methods

The BR-LZ peptide amino acid sequence (residues 221 —281 of
the GCN4 protein) was:

10 20 30 40 50 60
VPESSDPAALKRARNTEAARRSRARKLORMKQLEDKVEELLSKNYHLENEVARLKKLVGER

The BR fragment includes the first 35 N-terminal residues.
Peptide synthesis

The peptides were synthesized on 1% cross-linked polystyrene
resin by automated peptide synthesis under continuous flow
conditions (Frank and Gausepohl, 1988). The raw products were
purified to homogeneity by preparative HPLC and the identity
of the peptide assessed by Edman degradation. To allow
renaturation before use in experimentation, the BR-LZ peptide
was dissolved in water and the sample placed in a beaker of water
at 348 K (75°C) under nitrogen. The beaker was then left to cool
down to room temperature. A similar treatment was also applied
to the BR peptide.

DNA-binding assays

The oligonucleotides were synthesized on an Applied Biosystems
Synthesizer (model 380B) using proprietary chemistry. We used
Bluescribe vectors and confirmed the results by sequencing. The
oligonucleotide sequences were:

GCN4ral- 5 AATTCCACCTAGCGGATGACTCATTTTTTTTCTTAGCGA-3'
GCN4gm= 5°-AATTCCACCTAGCGGAAGGCTCATTTTTTTTCTTAGCGA-Y
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Gel retardation experiments were carried out as described by
Hope and Struhl (1987). Increasing amounts of the peptide were
incubated with either 10 fmol of EcoRI— HindIll cleaved, end-
labelled, palindromic binding site (GCN4”; Figure 1, lanes
1—4) or with the mutated version (GCN4™; Figure 1, lanes
5—8). Complex formation is strongly enhanced by increasing
the peptide concentration. No complex formation could be
observed under the same conditions with the mutated binding
site (GCN,™9.

CD measurements

The CD spectra were recorded on a JASCO J-500A spec-
trophotometer using a 1 mm pathlength cell.

NMR samples

The NMR samples were dissolved in 90% H,0/10% D,0 or
D,O containing 0.05 mol/l acetic acid. The concentration was
varied between 2 and 8 mmol/l. Over this range the NMR spectra
did not change significantly. The pH was adjusted with NaOH
from 3.0 to 6.2, the temperature was varied between 280 and
320 K. Conditions for optimal resolution were 310 K and pH 3.2
for BR-LZ and 300 K pH 3.5 for BR. All NMR experiments
were performed on a Bruker AMS500 spectrometer. HOHAHA
experiments were carried out using mixing times of between 10
and 120 ms. The ROESY experiments used radio-frequency field
strengths of between 5 and 7 kHz with mixing times of 50 —500
ms.

Distance geometry calculations on BR-LZ

For some of the residues, ¢ angles could be estimated from the
coupling constants between HN and Ha resonances. Inter-
hydrogen distances were obtained from the NOEs measured with
mixing times in the range of 100 —400 ms. Hydrogen bonds were
inferred from the temperature dependence of the HN resonances
and their stability towards exchange with H,O at pH values up
to 6.2. The NOE cross-peaks were classified as strong, medium
and weak, and upper bounds were assigned as 3.0, 3.5 and 4.0
A for backbone-backbone NOEs and 3.0, 3.5 and 4.5 A for
backbone —side chain and side chain—side chain NOEs.
Hydrogen bonds were not explicitly included in the list of
restraints for the distance geometry calculations. A standard
protocol was used for DISMAN, where the initial structures were
either generated completely at random or, in the final calcula-

”m

Fig. 1. Gel retardation assays were used to demonstrate DNA-binding
properties of the BR-LZ peptide. Lanes 1-4 show the binding to a DNA
fragment contaiming the GCN4 binding site at mncreasing concentrations of
the peptide. The specificity was proved by using a double-point mutated
DNA sequence. Lanes 5—8 show that no complex formation 1s observed
with this fragment
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Table I. Chemical shift assignment of the H resonances of the zipper peptide

NH aH SH vH &6H eH Others
I Valt na 420 238 113103
I Valec na 411 252 0.97
2 Prot 452 233200 208198 377 363
2Proc 442 247208 218 341 345
3 Glu 847 435 215203 253
4 Ser 829 445 385383
5 Ser 826 448 393385
6Aspt 825 493 292277
6Aspc na 472 307 2.63
7 Pro 1 433 237203 208 387
7Proc na 243182 222 358 368
8 Ala 815 420 142
9 Ala 783 418 143
10 Leu 771 4.23 171 163 090 085
11 Lys 78 410 18 165 141 148 299 750
12 Arg 784 425 185162 163 322 718
13 Ala 806 417 1 46
14 Arg 818 425 183 162 164 3 717
15 Asn 834 475 292 2.88 742 679
16 Thr 813 437 425 127
17 Glu 8.29 422 211 250
18 Ala 817 417 141
19 Ala 802 418 1 46
20 Arg 807 422 180 178 165 322 730
21 Arg 818 425 183174 164 322 730
22 Ser 814 4135 3.97 389
23 Arg 8§18 425 183174 164 321 730
24 Ala 808 418 142
25 Arg 8§29 445 184 178 166 321 730
26 Lys 824 417 181 1.77 146 1 66 300 740
27 Leu 8§11 440 171 1.60 123 090 085
28 Gin 785 443 2.5 217298 742 678
29 Arg 798 423 175180 1.68 324 73 6 67
30 Met 8.37 4.05 235236 2581253 207
31 Lys na 407 198 155 169 303
32 Gin 798 411 215228 254 242 742 678
33 Leu 822 4.18 182 177 140
M Gl 842 396 228212 264243
35 Asp  B46 445 303288
36 Lys 805 418 207 157 159 295
37 val 8.37 343 2.30 105 0.88
38 Glu 784 404 230225 267260
39 Glu 825 417 232224 268
40 Leu 868 403 212189 127 093 083
41 Leu 888 403 193 177 149 0.91 083
42 Ser 772 435 409
43 Lys 828 420 185195 1.70 147 300
44 Asn 8.79 na 272324 na 749 6 30
45 Tyr 832 437 3.18 328 708 683
46 His 803 4.38 347 738 867
47 Leu 873 406 218191 185 099 089
48 Glu 8.82 397 227210 250
49 Asn 778 445 263282 616 728
50 Glu 8.03 4.17 220 2.45
51 Val 8.59 341 2.15 1 0t 0.84
52 Ala 7.75 4.02 i 50
53 Arg 7.80 403 1.95 177 155 325319 733 6.67
54 Leu 843 4.04 1 80 i 1.01 0.83
55 Lys 879 384 18 L.76 162 1.60 391283
56 Lys 7.32 4.12 198194 160 1 8t 300
57 Leu 7.61 421 1.98 1 82 1.63 094 0.9
58 Val 7.88 3.94 218 102094
59 Gly 7.85 410392
60 Ghu 831 422 215 200 257
61 Arg 807 422 192 177 1.68 in 719 667

na not assigned
Values refer to DSS

tions, within specified regions of the conformational space
(a-helical region +30°). Five hundred cycles of steepest descent
minimization of the target function were then performed. The



range of the distance and the van der Waals constraints included
in the target function were changed in a step of one residue up
to level five. Steps of 10 were used afterwards, since no distances
involving residues more than four residues apart were observed.

For the model of the dimeric structure, the ¢ and y values
were taken from Parry and Suzuki (1969) and McLachlan (1978)
whereas the x angles were chosen to be consistent to McGregor
et al. (1987) and with the NMR data. The interface leucine side
chains are in the x; = —60, x, = 180 conformation.
Molecular graphics was carried out using a program of Lesk and
Hardman (1982) and the INSIGHT (Dayringer er al., 1986)
graphics programs running on a PS390 system. The list of
distance restrains used in the structure determination is available
from the authors.

Results

DNA-binding properties of the BR-LZ peptide

The BR-LZ peptide was tested for its ability to bind sequence
specifically to DNA using gel retardation and competition assays
(Hope and Struhl, 1987). The peptide binds to a DNA fragment
containing the palindromic GCN4 binding site of the
Saccharomyces cerevisiae HIS3 promoter, increasing amounts
of complex being observed at higher peptide concentrations
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(Figure 1, lanes 1~4). To show that the DNA binding is site-
specific, a similar DNA fragment with a double point mutation
was used as a negative control. When the same experiment was
carried out with the mutated binding site, no complex formation
could be observed under the same conditions, even at high peptide
concentration (Figure 1, lanes 5—8).

The interaction of the peptide with DNA was further
characterized by methylation interference analysis (Siebenlist and
Gilbert, 1980), and orthophenanthroline copper footprinting
(Kuwabara and Sigman, 1987), showing that the BR-LZ
specifically interacts with the GCN4 cognate binding site (data
not shown).

CD measurements

Preliminary CD measurements were carried out on both peptides.
The spectra on BR-LZ confirmed previous studies on the leucine
zipper region alone demonstrating a high percentage of helical
conformation (O’Shea er al., 1989b). Various concentrations
(107*~107° M), temperatures (283 —318 K) and pH conditions
(3—9) were checked. The helicity decreased with dilution and
temperature and increased with pH.

Similar studies on the BR peptide showed 40 —25% of helicity
at the highest concentration (107* M) and temperature
278-300 K.

Fig. 2. Duagonal region of a NOESY spectrum of the BR-LZ pepude in H,O at 310 K and mixing time 200 ms showing the sequential cross-peaks between
the amide hydrogens typical of a helical conformation. The numbers indicate the residues involved.



V.Saudek ef al.

Monitoring renaturation by one-dimensional NMR on BR-1Z

Preliminary one-dimensional spectra of BR-LZ showed proton
resonances much broader than expected for peptides of this size,
even though dimeric. The temperature was then increased to
343 K until sharper resonances and a small chemical shift disper-
sion was observed. Under these conditions the protein should
unfold completely. The temperature was then decreased to 310 K.
Although the chemical shift spreading was now similar to the
original spectrum, much sharper lines were observed. This effect
was especially clear on isolated resonances such as the aromatic
protons of Y45 and H46. Other resonances, such as the methy!
group of the methionine, continued to show line width
broadening. No variation of the line width was observed on
dilution.

All subsequent experimentation utilized annealed samples (see
Materials and methods).

Proton NMR assignment of BR-LZ

The interpretation of the spectra was complicated by the presence
of several amino acid types and by the lack of dispersion of the
chemical shifts in some of the relevant regions. Nonetheless,
almost complete sequence-specific assignment of the resonances
was achieved using the procedures described by Wuethrich
(1986), as well as the main chain directed method (Englander
and Wand, 1987). Inter- and intra-residue NOE connectivity
patterns characteristic of secondary structure units were analysed
first. The NOESY spectrum in H,O revealed a large number of
strong dyy_yy connectivities that were used as starting points
for the sequential assignment. These connectivities, together with
sequential dy,_pyy and dyg_ gy, led to recognition of stretches
of adjacent residues. To locate these short regions in the sequence,
unique residues (e.g. Met, Tyr and His) were recognized easily
and used as starting points to trace the sequential assignment.

The spin systems of the individual amino acid residues were
then identified in D;O solution using NOESY (Kumar ez al.,
1981), DQF COSY (Nagayama er al., 1980) and HOHAHA
(Branschweiler and Ernst, 1983; Bax and Davis, 1985)
experiments at different mixing times. Nearly all the C3 protons
could be observed as well as most of the Cy protons. Although
the spin system of Arg20, Arg21 and Arg61 could be observed,
the attribution of these three residues in the sequence was
prevented by the overlap of the signals. The typical NOE pattern
and ROESY exchange cross peaks (Bothner-By er al., 1984)
showed that both prolines were present in equilibrium between
cis and trans conformations.

The full list of assignments is given in Table I. As an example,
the amide proton resonance region of a NOESY experiment of
BR-LZ with the main chain connectivities indicated is shown in
Figure 2.

Secondary structure assignment of BR-LZ

Direct evidence for the presence of helical secondary structure
was given by the presence of the dyy_ ya(i,i+1), dyo— (i i+3)
and dpg_pypi,i+3) connectivities. Interruptions in observed
connectivities exist where peaks were occluded by overlap. No
Ha —HN(,i+4) distances could be observed. This is not unusual,
however, because these peaks are weak and even small distortions
from the «a-helical conformation can prevent this observation.

According to the information inferred from these NMR
parameters most of the peptide is helical. However, there are
three clearly distinct structural regions. The first seven residues
in the sequence are disordered. Residues 8 —31 (the basic region)
show only a small number of inter-residue interactions, indicating
high flexibility. All the observable NMR parameters are consis-
tent with a helical conformation. HN —HN connectivities could
be followed in ROESY and NOESY experiments with longer
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Fig. 3. Pnmary sequence of the leucine zipper sub-domain with the summary of the experimental data used for the sequenual assignment of the main chan
resonances. Sequential connectivities dyy_ oo dyn- g @ dyy_ gy are classified into three categories according to their intensities and indicated by the height

of the bars. Crosses indicate the positton of the slowly exchanging HN hydrogens.
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mixing times in the range 8 —20. The region between residues
32 and 59 (the leucine zipper sub-domain) forms a long, uninter-
rupted helix in agreement with previous results on the isolated
sub-domain (Oas er al., 1990).

The structures of the two sub-domains are reflected in the
spectra quite differently. The difference 1s most probably caused
by the very different mobilities of the two sub-domains. Residues
in rigid regions of a protein cross relax with many neighbours
and relax quickly, giving rise to many cross relaxation effects
but very poorly resolved J-coupling effects. The converse is true
for mobile regions (Jardetzky and Roberts, 1981).

The NOESY spectra of LZ-BR contain mainly the signals from
the residues of the leucine zipper region. For instance, there is
no trace at all of the leucines from the leucine zipper sub-domain
in the HOHAHA spectra, whereas they dominate the NOESY
spectra. A similar behaviour is also shown by the side chains
of the leucine zipper arginines, lysines and by the e¢ methyl of
M30, groups usually not readily observed in the NOESY spectra
of proteins (Wuethrich, 1986, p.143). Most of the side chains
of residues in the basic region are clearly observable only in the
J-correlated spectroscopy (HOHAHA, DQF-COSY).

Experiments involving hydrogen exchange elucidated the nature
of the interaction between monomers. Some amide hydrogens
were preferentially stable against exchange in deuterated solvent,
l.e. V37, 140, L41, AS52, L54, K55, K56, L57, V58 and G59
(Figure 3). Because these residues are predominantly on the
hydrophobic side of the helix, their inertia against exchange
cannot be explained solely by increased stability due to the
hydrogen bonding pattern, typical of helices. This part of the
structure must therefore be the contact surface of the dimer,
protected from access to the solvent.

The next question was the arrangement of the two monomers
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in the dimer. This point has been already discussed by Oas er al.
(1990), with the conclusion that the lack of perceived distances
between residues more than four units apart must imply the
presence of a parallel symmetrical arrangement. Our results
extend this conclusion to the complete DNA-binding domain. The
observation of an unbroken helix over the whole leucine zipper
sub-domain and the lack of head —tail distances definitely exclude
any possibility other than a parallel symmetrical arrangement of
the helices. Of the two models presented by Oas et al. for the
parallel dimer, interdigitation of the leucine side chains can also
be excluded a priori because the side chains would break well-
known packing rules (Chothia er al., 1981).

Distance geometry calculations and model building

Calculations were performed using the variable target function
program DISMAN (Braun and Go, 1985). Not enough NOEs
could be observed to allow calculations on the basic region. We
restricted the calculations to the well-defined region only, which
includes the leucine zipper and seven adjoining residues (24 —30)
from the contiguous region. A total of 305 upper distance
restraints could be extracted in this region. A survey of the short-
range connectivities dyy_ iy, duv—pg and dyy_pyy observed is
shown in Figure 3. Seventy-seven distances were between protons
belonging to contiguous residues, 58 between protons belonging
to residues more than one residue apart.

Several preliminary runs were performed to check the internal
consistency of the data. First, no restrictions were imposed on
the dihedral angles of backbone atoms to test whether the distance
restraints were enough to fold the peptide. Having established
this, we then used the Jyy_g, information to add additional
restraints on the ¢ angles. The next problem was how to
distinguish between intra- and inter-molecular effects. In prin-

Fig. 4. (a) Superposition of the eight structures with the lowest number of violations of the leucine zipper domain of the BR-LZ peptide derived from distance
geometry calculations. The structures are superposed for minimum RMS deviation between backbone N, C,, C and O atoms. (b) A stereo representation of
the leucine zipper domain showing the side chains of residues with amide hydrogens preferentially stable against exchange in deuterated solvent (see text). The
backbone is shown as a cyan ribbon, leucines are magenta and the other side chains white. Two stable regions are separated by a less stable region containing
N44 in the interface. (¢) The structure of the dimer modelled according to the observed NMR restraints in space-filled representation, showing only the
backbone and the interface side chains. One monomer is represented in magenta for the backbone and green side chains, the other with cyan backbone and

white side chains.
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ciple, because of the intrinsic symmetry of the parallel arrange-
ment of the dimer, each distance involving residues in the
interface could be a sum of the two effects (Breg er al., 1989).
Experimental solutions require asymmetric isotopic labelling
(Weiss, 1990), which might be possible in the future. From
previous experience on another dimeric protein, ROP (W.Eberle,
A Pastore, C.Sander and P.Roesch, submitted), we observed that
inter-molecular distances are usually rather weakly discriminated
and often observable only with very long mixing times. In
addition, since the main interaction is determined by side chain
packing, inter-molecular effects are observed mainly between side
chains.

From these assumptions, we repeated two sets of calculations.
In the first we included only distances from NOESY experiments
with the shortest mixing time. In the second we excluded distances
involving side chains. The results were then compared and the
backbone conformation shown to be the same in both cases.

Twenty final structures using the complete set of restraints were
calculated. Figure 4(a) shows a representive set of the eight final
structures with the lowest number of violations clearly folded
in helical conformation. For these structures, the maximum viola-
tion of the upper bound distance restraints ranged between 0.45
and 0.68 A, whereas the sum of violations was 6.1—9.1 A. The

final average root mean square (RMS) deviation between structure
pairs for the backbone atoms was 2.87 A.

We note a slight distortion of the helix axis accommodating
the hydrophobic interface. Ten additional structures were also
calculated including distances dy,_yy (,i+3) and dyg_py
(i,i+3) where they could be unobservable because of other
overlapping cross peaks. These distances were all included as
medium restraints (3.5 A). The result of this calculation shows
a more regular helix.

The extension of these calculations to the dimer structure is
precluded by the intrinsic symmetry of the molecule. We used
instead a modelling approach to investigate the compatibility of
our experimental observations with the coiled-coil model for
paired a-helices. Starting from standard values for ¢ and ¢ angles
(Parry and Suzuki, 1969; McLachlan, 1978), we built a model
of an idealized coiled-coil helix. In our sequence, position 2 of
the coiled-coil heptad repeat would correspond to A23 so that
the residues in the interface would correspond to M30, L33, V37,
LA40, N44, 147, V51, L54 and V57, in agreement with the
experimental data. The conformation of the side chains in the
interface was consistent with the statistically allowed values
(McGregor et al., 1987). When more than one rotamer was
possible (leucines, methionine), the conformation was chosen

Fig. 5. Diagonal regron of a NOESY spectrum of the BR fragment in H,O at 300 K and muxing ume 300 ms showing the sequential cross-peaks between the
amide hydrogens typical of a helical conformation The numbers indicate the residues involved.
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which matched the NMR data. Two copies of the monomer were
then docked together with graphic support (Dayringer et al.,
1986) as a symmetrical parallel dimer.

A space-filled picture of the dimer model is shown in Figure
4(c).

NMR studies on the BR peptide

Peak overlap and higher flexibility prevented a detailed
observation of the structure of the basic region in BR-LZ. We
thought of using the BR peptide, a fragment from the complete
synthesis, to study this region more specifically. However, we
were expecting the sub-domain, already flexible in BR-LZ, to
be completely disordered when isolated. To the contrary, the
NMR spectrum of BR is very similar to the corresponding
resonances in BR-LZ. Relatively longer mixing times in NOESY
experiments were necessary (between 300 and 800 ms), but very
clear HN —HN connectivities could be observed between residues
8 and 21 (see Figure 5). In this range some of the other cross-
peaks typical of helices could also be observed. The structural
independence of the basic region from the leucine zipper sub-
domain confirms previous studies on domain swapping (Sellers
and Struhl, 1989). Further studies on this peptide are now in
progress and a more detailed comparison between the 61 residue
peptide and this fragment will be reported elsewhere (V.Saudek,
H.Pasley, T.Gibson, H.Gausepohl, R.Frank and A.Pastore, in

preparation).

Discussion
Structure elucidation of synthetic peptides
The 61 residue BR-LZ peptide is the largest synthetic peptide
yet reported to yield a high quality two-dimensional NMR dataset.
This work shows that relatively large synthetic peptides
corresponding to known protein domains are suitable for struc-
tural studies using NMR techniques. It is much quicker to
synthesize a peptide of 50 or 60 residues in milligram quantities
than to prepare sufficient quantities by expression in vivo. The
synthesis and the purification were completed in 2 weeks.
One of the concerns with synthetic peptides is whether they
can fold into the native structure. Temperature-induced denatura-
tion and renaturation of the GCN4 peptide were followed by one-
dimensional NMR. Furthermore, a functional assay demonstrated
the structural integrity of the peptide. Correct folding does in
fact appear to be realizable with synthetic peptides, since in
another example the structure of a functional 99 residue synthetic
retroviral protease has been determined by X-ray crystallography
(Wlodawer et al., 1989). Thus, no fundamental barriers appear
to exist to the structural elucidation, piece by piece, of the
numerous multi-domain proteins of eukaryotes (of which the
transcription factors are only a subset) by in vitro synthesis and
analysis of each domain separately.

Structure of the GCN4 DNA-binding domain in solution and
comparison with models
In solution, the BR-LZ peptide is essentially a single continuous
helix, dimerized through the leucine zipper sub-domain. The basic
region shows none of the side chain packing interactions necessary
to stabilize a helix and fluctuates about the helical conformation.
The amino acid sequence of this region lacks in fact sufficient
hydrophobic residues to form an interface with its counterpart
or any other part of the peptide. In the absence of packing interac-
tions, helices are unstable (Chothia et al., 1981).

In the ‘scissors grip’ model, the basic region is suggested to

NMR structure of a leucine zipper DNA-binding peptide

form two consecutive helices, broken at the conserved N15,
which track around the major groove of the target site (Vinson
et al., 1989). However, N15 is definitely helical in the BR peptide
(see Figure 5), though this information was hidden by peak
overlap in BR-LZ. The connection between the leucine zipper
and the basic region (residues 23 —32) is also clearly helical in
BR-LZ with continuous i-i +3 connectivity. Breaks in the helicity
upon binding DNA cannot be excluded but are not supported
by the solution data.

Other reasons for the conservation of N15 can be envisaged.
In particular, the basic region must at some point come close
to the sugar-phosphate backbone whence the amide group, with
its partial positive charge, makes asparagine the ideal small side
chain to interact with a phosphate. Despite the curvature of the
major groove, a single helix in the basic region would be quite
adequate to interact specifically with 3 bp as required for the
GCN4 half-site. Indeed, a high resolution structure of a bacterial
repressor/DNA complex shows that the recognition helix can
interact with up to 5 bp (Aggarwal et al., 1988).
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