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— variant 434 repressor DNA-binding domain devoid of hydroxyl groups; P22¢2(1-76) — N-terminal 76-residue
fragment of the phage P22 c2 repressor; SDS-PAGE — SDS polyacrylamide gel electrophoresis; COSY —
correlation spectroscopy; TOCSY - total correlation spectroscopy; NOE — nuclear Overhauser effect; RMSD —

root-mean-square deviation.

Biological context

The presently described cloning, expression and
NMR structure determination of variant 434 repressor
DNA-binding domains with residues 1-63, 434(1-63)
(Mondragon et al., 1989; Neri et al., 1992; Pervushin
et al., 1996), was initiated in the context of NMR stud-
ies on the location and dynamics of water molecules
in the surface hydration shell of proteins (Otting et al.,
1991; Wider, 1998). Since amino acid side chain hy-
droxyl groups interfere with such studies (Liepinsh
et al., 1992) we prepared a 434(1-63) devoid of all
serine and threonine residues. With the use of this
newly designed protein we investigated the feasibility
of identifying the complete layer of hydration waters
on the surface of globular proteins. In addition, this
new construct, dh434(0-63), unexpectedly turned out
to have significantly increased thermal stability. Here,
we describe a structure determination of dh434(0-63)
and investigate the basis of this increased stability.

Methods and results
The plasmid for the expression of dh434(0—63) was
derived from the expression vector for 434(1-63),
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Figure 1. Comparison of the amino acid sequences of the newly
designed protein dh434(0-63) and of its wild type analogue
434(1-63). dh434(0-63) is a hybrid containing the N-terminal de-
capeptide segment from the P22c2 repressor (in italics) and the seg-
ment 10-63 from 434(1-63) with all residues containing hydroxyl
groups replaced by inert residues (see text). For 434(1-63) (lower
line) only the variations relative to dh434(0-63) are indicated.

pT7-7/434A. Because the N-terminal nonapeptide of
434(1-63) has a high content of Ser residues, it
was genetically replaced with the corresponding se-
quence of P22¢2(1-76) which has a very similar three-
dimensional structure as 434(1-63) (Sevilla-Sierra
et al., 1994). Further amino acid replacements needed
to obtain dh434(0-63) (Figure 1) were introduced by
gene synthesis with the assembly polymerase chain
reaction. To improve the solubility of the resulting
new construct, Ala at position 50 was replaced by Arg
with site-directed mutagenesis. All the mutations were
confirmed by DNA sequencing. The plasmid was then
transfected into E. coli BL21(DE3) cells. The cells
were grown at 37°C in LB-medium until an ODggg
of 0.6 was reached, and then induced with IPTG (fi-
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Table 1. Characterization of the 20 energy-refined DYANA conformers represent-

ing the NMR structure of dh434(0-63)?

DYANA residual target function value (Az)b

AMBER energy (kcal/mol)

NOE violations > 0.1 A

angle violations > 2.5°

RMSD® (A): N, C%, and C'(1-63)
RMSD¢ (A): all heavy atoms (1-63)
RMSDY (A): dhd34 vs. 434(1-63)

0.57 £ 0.15 (0.33...0.82)
—2852 £ 22 (—2529...—-2333)

0.20 £ 0.40 (0...1)

0.35 £ 048 (0...1)

0.39 £ 0.06

0.83 & 0.06

0.62

4Average values =+ standard deviations for the group of 20 DYANA conformers
after energy minimization are given; the minimum and maximum values for the
individual conformers are given in parentheses.

bBefore energy minimization.

€ Averages are given of the pairwise RMSD values between each of the 20 energy-
refined DYANA conformers and the mean solution structure.

dCalculated for the mean positions of the backbone heavy atoms, N, C%, and C’ of
residues 1 to 63 relative to the mean structure of 434(1-63) (Pervushin et al., 1996).
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Figure 2. Fingerprint region of the 750 MHz phase-sensitive
['H,'H]-TOCSY spectrum of dh434(0—63) in 90% H,0/10% D5 0.
Resonance assignments are given by the one-letter amino acid code
and the sequence position.

nal concentration 0.5 mM) for 6 h. The cells were
harvested and lysed, and the extract was centrifuged
at 35,000 x g for 1 h. The supernatant was applied
to a SP-Sepharose column, which had been pre-
equilibrated with a solution of 50 mM sodium acetate
at pH 4.1, 1 mM EDTA, 1 mM B-mercaptoethanol,
1 mM Pefabloc SC and 10 mM NaCl. The dh434(0-
63) was eluted by a linear gradient from 10 mM
to 500 mM NaCl, and protein-containing fractions
were analyzed by SDS-PAGE. All relevant fractions
were pooled and dialyzed extensively against dis-
tilled water. The protein solution was diluted twice
with the starting buffer and loaded onto a cellulose

phosphate column (Whatman P11) which has been
pre-equilibrated with a buffer of 50 mM potassium
phosphate at pH 6.1, 1 mM B-mercaptoethanol and
30 mM NaCl. The protein was then eluted by a linear
gradient from 30 mM to 500 mM NaCl in the same
buffer. The fractions were analyzed by SDS-PAGE,
and those containing the pure protein were pooled for
further extensive dialysis against distilled water.

The complete amino acid sequence of the puri-
fied dh434(0-63) (Figure 1) was confirmed by Ed-
man degradation. Dynamic light scattering data of a
1.8 mM solution of dh434(0-63) in 25 mM potassium
phosphate at pH 5.3 indicated a mono-disperse pro-
tein preparation with an estimated molecular mass of
9 kDa. Surprisingly, dh434(0-63) was found to be
significantly more stable than 434(1-63) against high
temperature and chemical denaturants. While 434(1—
63) has a denaturation temperature of Ty, = 68°C,
Tm = 85°C for dh434(0-63). The midpoints of the
GdnHCI unfolding curves are at 1.7 and 2.1 M for
434(1-64) and dh434(0-63), respectively.

The ['H,'H]-TOCSY spectrum of Figure 2 illus-
trates the high quality of the NMR data obtained for
dh434(0-63). NMR spectra were measured with a
5 mM solution at pH 4.8 of unlabeled dh434(0-63)
in 90% H,0/10% D>0 containing 25 mM potassium
phosphate. All spectra were recorded at 750 MHz at
13°C. Sequence-specific assignments were obtained
using sequential NOEs and 'H-'H scalar couplings
(Wiithrich, 1986). Vicinal spin—spin coupling con-
stants 3Jpyng were measured in a [PN,'H]-COSY
spectrum by inverse Fourier transformation (Szyper-
ski et al., 1992) and 3Ju5 data were extracted from a
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Figure 3. The NMR structure of dh434(0-63) shown with stereoviews. (A) Polypeptide backbone of 20 energy-minimized NMR conformers
with superposition for best fit of the backbone atoms N, C* and C’. (B) Same superposition as in (a) showing also the side-chain heavy atoms.
The backbone, the ‘best-defined’ side-chains (i.e., side-chains for which the global displacements are smaller than 0.8 A), and the remaining
side-chain are colored in green, blue, and red, respectively. (C) Stereoview of the superposition for best fit of the backbone atoms N, C* and C’
of residues 1 to 63 of the mean structures of dh434(0-63) (green), 434(1-63) (yellow). This figure was prepared with the program MOLMOL

(Koradi et al., 1995).

[1H,1H]-E. COSY spectrum (Griesinger et al., 1985).
Amide proton exchange rates were measured using
a lyophilized protein sample obtained from a 1 mM
solution of ’N-labeled dh434(0-63)in H,O at pH 4.8
containing 25 mM potassium phosphate. The pro-
tein was redissolved in D,O and a series of 2D
[N, 'H]-COSY spectra were recorded at 13 °C. The

complete 'H assignments have been deposited in the
BioMagResBank (accession code BMRB-6084).

The NMR solution structure of dh434(0-63) was
calculated from a total of 1026 NOE distance con-
straints, including 560 long-range, 94 medium-range,
78 sequential and 294 intra-residual NOEs. In ad-
dition, 135 dihedral angle constraints were obtained
from scalar coupling constants and local NOEs using
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the program HABAS (Giintert et al., 1991), which
together with the program GLOMSA (Giintert et al.,
1991) also provided a number of stereospecific assign-
ments for p-methylene protons. For the input of the
DYANA calculations no explicit constraints for hy-
drogen bonds were included (Giintert and Wiithrich,
1991; Giintert et al., 1997). The final calculation was
started with 50 random structures and used a standard
DYANA annealing protocol. The 20 best DYANA con-
formers were subjected to energy-minimization in a
water bath using the program OPAL (Luginbiihl et al.,
1996) (Table 1).

The NMR structure (Figure 3A) reveals that
dh434(0-63) consists of five helices with residues 2 to
13 (helix 1), 17 to 24 (helix II), 28 to 36 (helix III), 45
to 52 (helix I'V), and 56 to 61 (helix V). The molecular
architecture of dh434(0-63) is essentially identical to
that of 434(1-63) (Figure 3C). The RMSD of 0.6 A
between 434(1-63) and dh434(0-63) (Table 1) indic-
ates that there is no significant deviation between the
backbone conformations (Figure 3C), in spite of the 16
amino acid replacements which make the protein sig-
nificantly more stable against denaturation. The amide
proton exchange data of dh434(0-63) show slow ex-
change rates for the five helices and throughout the
exchange rates for dh434(0-63) are slower than the
corresponding data for 434(1-63), which is in line
with the aforementioned increase of Ty, from 68 °C
for 434(1-63) to 85 °C for dh434(0-63) (Wagner and
Wiithrich, 1978). The NMR structure of dh434(0-
63) could be obtained with higher precision, which
suggests a more compact structure than for 434(1-
63). The atom coordinates have been deposited in the
protein data bank (submission code PDB-1SQS).

Discussion and conclusions

The newly designed protein dh434(0—63) has a nearly
identical backbone conformation to that of the nat-
ural protein, 434(1-63). The most striking differ-
ence is the significantly higher stability of dh434(0—
63) against thermal and chemical denaturation. In
the three-dimensional structure of dh434(0-63) (Fig-
ure 3B), a larger number of both hydrophobic contacts
and hydrogen bonds were observed when compared to
434(1-63). These features are reminiscent of observa-
tions made in the three- dimensional structures of ther-
mophilic proteins, and these additional non-bonding
contacts may be the main reason for the hypersta-
bility of dh434(0-63) (Chan et al., 1995; Goldman,
1995; Korolev, 1995). The introduction of a num-
ber of additional hydrophobic side chains of valine

and alanine into 434(1-63) (Figure 1) increases the
internal van der Waals contact area, and overall the
hydrophobic core of dh434(0-63) is thus more tightly
packed. Among the additional hydrogen bonds, the
side-chain of Arg9 (Lys9 in 434(1-63)) forms novel
hydrogen bonds with the backbone oxygen atoms of
either Leu52, Gly53 or Leu52 and Gly53 in individual
ones of the 20 NMR conformers. These hydrogen
bonds connect the two sub-domains of dh434(0-63)
and may thus make a particularly large contribution to
the observed increased protein stability.

The use of the structure of dh434(0-63) for a de-
tailed characterization of the surface hydration which
will be published elsewhere.
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