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Abstract

The solution structure of the 92-residue DNA-binding domain of the heat shock transcription factor from
Kluyveromyces lactis has been determined using multidimensional NMR methods. Three-dimensional (3D) triple
resonance, 'H-13C-13C-'H total correlation spectroscopy, and '*N-separated total correlation spectroscopy-
heteronuclear multiple quantum correlation experiments were used along with various 2D spectra to make nearly
complete assignments for the backbone and side-chain 'H, °N, and *C resonances. Five-hundred eighty-three
NOE constraints identified in 3D '*C- and '’N-separated NOE spectroscopy (NOESY)-heteronuclear multiple
quantum correlation spectra and a 4-dimensional '*C/'3C-edited NOESY spectrum, along with 35 ¢, 9 X, and
30 hydrogen bond constraints, were used to calculate 30 structures by a hybrid distance geometry/simulated an-
nealing protocol, of which 24 were used for structural comparison. The calculations revealed that a 3-helix bun-
dle packs against a small 4-stranded antiparallel 3-sheet. The backbone RMS deviation (RMSD) for the family
of structures was 1.03 + 0.19 A with respect to the average structure. The topology is analogous to that of the
C-terminal domain of the catabolite gene activator protein and appears to be in the helix-turn-helix family of DNA-
binding proteins. The overall fold determined by the NMR data is consistent with recent crystallographic work
on this domain (Harrison CJ, Bohm AA, Nelson HCM, 1994, Science 263:224) as evidenced by RMSD between
backbone atoms in the NMR and X-ray structures of 1,77 + 0.20 A. Several differences were identified some of
which may be due to protein-protein interactions in the crystal.
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When eukaryotic cells are exposed to elevated temperatures or
environmental stress, a new set of proteins is produced in the
“heat shock response.” The production of these proteins is reg-
ulated at the transcriptional level by the heat shock transcrip-
tion factor (for recent reviews see Craig et al., 1993; Lis & Wu,
1993; Morimoto, 1993). In yeast, HSF forms a trimer in solu-
tion and also binds DNA in this form (Sorger & Nelson, 1989).
HSF is constitutively bound to DNA and acts as a transcription
factor even under nonstressed conditions (Jakobsen & Pelham,
1988; Sorger & Pelham, 1988; Wiederrecht et al., 1988; Park &
Craig, 1989; Gross et al., 1990; Chen & Pederson, 1993; Gallo
et al., 1993). Heat shock conditions induce a higher level of tran-
scriptional activation mediated by HSF through mechanisms
that are not yet clear (Nieto-Sotelo et al., 1990; Sorger, 1990;
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Jakobsen & Pelham, 1991; Gallo et al., 1993). The DNA-binding
activity directs HSF to heat shock elements, defined as a series
of inverted repeats of the 5-base pair sequence nGAAn (Amin
et al., 1988; Xiao & Lis, 1988; Perisic et al., 1989; Boorstein &
Craig, 1990; Xiao et al., 1991). Most heat shock promoters con-
tain several HSEs of varying length and location.

The DNA-binding domain of HSF was mapped genetically to
a sequence of roughly 130 amino acids (Wiederrecht et al., 1988)
that was subsequently reduced to an 89-amino acid sequence in
yeast. This fragment was shown to be capable of binding HSE
sites sequence specifically (Flick et al., 1994). The sequence in
this region is highly conserved across all HSFs but does not show
obvious sequence homology to other known DNA-binding pro-
teins. The high degree of sequence conservation suggests that
this is an independently folded domain whose structure will have
wide-ranging implications for the DNA recognition of all HSFs.
The structure is of particular interest for 2 reasons. First, HSF
binds to DNA as a homotrimer, which is unusual among
sequence-specific DNA-binding proteins. Second, the sequence
cannot be classified into any of the known DNA-binding mo-
tifs based on secondary structure prediction programs. In the
present work, we describe the structure of this domain as defined
by heteronuclear multidimensional NMR studies and identify
the DNA-binding motif and likely DNA-contacting residues. In
addition, we compare the NMR structure of this DNA-binding
protein to the recently determined crystal structure of the same
domain (Harrison et al., 1994) and those of other DNA-binding
proteins. The eventual goal of this NMR study is to character-
ize interactions of HSF with DNA and the dynamics of the pro-
tein in the free and bound state.

Results

'H, ©*N, and 3C assignments

Using the methods described below, complete sequential assign-
ments were obtained for 85 of 89 backbone N-H signals in the
'H-'*N HSQC spectrum. This includes all N-H signals except
those of Ala-1, Gly-28, Asn-80, and Asp-81. Aside from Ala-1,
tentative assignments could be made for these residues although
not confirmed due to overlap (Asn-80, Asp-81) or lack of NOEs
(Gly-28). In addition, all the ¢N-H pairs of the 6 Arg and
1 eN-H pairs of the 4 Trp residues were assigned based on char-
acteristic Arg-"*N, (~85 ppm) and Trp-NH,, (~ 10 ppm) shifts.
Twelve pairs of signals expected from the 9 Asn and 3 Gln NH2
groups were also identified, although not assigned because
of severe overlap of their 'H, and 'Hj resonances. The com-
pleteness of the backbone N-H assignments (95%) was achieved
despite a significant number of degeneracies observed: 10 back-
bone amides within 0.3 ppm (**N) and 0.02 ppm (‘H) of an-
other resonance.

The 3D triple-resonance CBCANH (Grzesiek & Bax, 1992a)
and CBCA{CO)NH (Grzesick & Bax, 1992b) experiments were
used to sequentially assign the backbone '*N, NH, C,, and side-
chain Cj signals. This method has recently been successfully
applied to Acanthamoeba profilin-1 (Archer et al., 1993), hu-
man profilin (Metzler et al., 1993), and human macrophage in-
flammatory protein-13 (Lodi et al., 1994). As can be seen in
Figure 1, the CBCANH experiment correlates both the Cz and
C, frequencies of a residue with its own >N and NH frequen-
cies via the 1-bond 'J_ coupling (~12 Hz) and with the *N
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Fig. 1. Sequential strips for residues Ala-4 to Asn-14 extracted from 3D
triple-resonance CBCANH (left side of strip) and CBCA(CO)NH (right
side of strip) spectra that were used to make sequential assignments
of HSF. Residues are denoted by 1-letter amino acid code and residue
nimber. Intraresidue C, and Cg correlations (CBCANH) are labeled
with Greek letters. Arrows link intraresidue C, and Cy correlations
to the interresidue C, and Cg signals observed in both CBCANH and
CBCA(CO)NH strips for the following residue. Cross peaks rendered
with dashed lines are of opposite phase to those drawn with solid lines.

and 'H of the following residue via the 2-bond 2J¢_ y coupling
(~7 Hz). In contrast, the CBCA(CO)NH experiment correlates
the C; and C,, frequencies of a residue to only the N and 'H
of the following residue. Thus, through comparison of the 2
spectra, intra- and interresidue correlations can be identified and
used to define which residues are adjacent in the sequence. For
example, for Trp-10 the interresidue C, and C; correlations
identified from the CBCA(CO)NH spectrum (C,, 58.0 ppm, C;
41.7 ppm) correspond to the intraresidue C, and Cy correla-
tions for Leu-9 from the CBCANH spectrum, indicating that
these residues are adjacent in the sequence. Using this approach,
we were able to correlate C,,, Cz, '°N, and NH signals for 65
of the 89 residues identified in the triple-resonance spectra and
link fragments of sequential residues from 2 to 11 amino acids
in length.

Spin system identification

Through analysis of an N-separated TOCSY-HMQC spec-
trum, we were able to correlate '°N, HN, H,,, and Hg signals
for approximately 70% of the residues. These data, combined
with the intraresidue C, and C; chemical shifts for each resi-
due identified in the triple-resonance data, provided a convenient
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starting point for assignment of the side-chain 'H and 'C sig-
nals through analysis of a 3D HCCH-TOCSY spectrum (Bax
et al., 1990b; Clore et al., 1990) as described previously (Ikura
et al., 1991b; Pelton et al., 1991). Representative data are shown
in Figure 2. In Figure 2A, *C,-H, ("3*C, 55.9 ppm) to side-
chain 'H correlations for several residues including Ala-4, GIn-
69, Met-76, Leu-77, and Glu-89 are shown. Once the 'H spin
systems were identified using the 1>C, and '*Cj signals, the re-
maining side-chain '>C spin systems were assigned by search-
ing for the characteristic 'H chemical-shift pattern of a residue
in the appropriate '*C chemical-shift range (plane) of the 3D
spectrum. For example, in Figure 2B, the 'H correlations ob-
tained from several side-chain Val 13C -'H pairs are shown.
The BC,-'H,, signals in this plane were matched to ¥C_-'H,/
‘H 51gnals in the corresponding C, plane, thus assigning the
valine 13C, -'H, signals. The spin system assignments were used
to register many of the fragments of sequential residues identi-
fied in the CBCANH and CBCA(CO)NH data with the se-
quence of HSF. In addition, analysis of the HCCH-TOCSY
spectrum allowed us to identify Cg and C,, frequencies in cases
where these signals were weak or absent in the CBCANH/
CBCA(CO)NH data, ailowing for the extension of the frag-
ments. Moreover, by making use of type assignments and char-
acteristic '*C chemical shifts (Horvath & Lilley, 1978), complete
side-chain 'H and "*C assignments were made without use of
a 3D HCCH-COSY spectrum (Bax et al., 1990a). The CBCANH
and CBCA(CO)NH data again supplied useful complementary
information by eliminating ambiguities in distinguishing Hz-C,4
and H,-C, pairs in the HCCH-TOCSY spectrum because Cg
chemical shifts were already determined from the triple reso-
nance experiments.

In addition to the HCCH-TOCSY spectrum, 2D 'H DQF-
COSY and TOCSY spectra and a 3D >N-separated TOCSY-
HMQC spectrum were used to assign some spin systems using
standard methods (Wiithrich, 1986). For example, the Arg
spin systems were identified in the 3D '"N-separated TOCSY-
HMQC experiment by matching backbone NH and side-chain
NH, cross-peak patterns. Fifteen other residues were identified
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Fig. 2. Expansion of representative planes from the 3D HCCH-TOCSY
spectrum (A) showing TOCSY correlations from labeled 3C,-!
pairs ('3C = 55.9 ppm) and (B) valine '*C-"H pairs (1*C = 20.5 ppm).
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by looking for spin system patterns in 2D DQF-COSY and
TOCSY spectra and correlating them with the 3D 'N-sepa-
rated TOCSY-HMQC spectrum. Many of the remaining residues
were in the large class of AMX spin systems which, excluding
the distinctive serines, comprise 27 of the 89 spin systems ob-
servable in the ’N-separated 3D experiments (there are 3 pro-
lines in the sequence). Finally, the 4 Trp, 2 Tyr, and 4 of the 7
Phe aromatic spin systems were assigned through analysis of 2D
ct-HSQC and 2D ct-HCCH-TOCSY spectra (Ikura et al., 1991a)
that were optimized for aromatic spin systems. Subsequently,
sequential assignments were obtained through identification of
intraresidue NOEs between H; and both H, and H; and be-
tween Hs and HN in 3D *C-separated NOESY-HMQC and 3D
B N-separated NOESY-HMQC spectra, respectively. In total,
using the methods described, 95% of the backbone and 80% of
the side-chain 'H and '3C signals have been assigned. The as-
signments are summarized in Table 1.

Secondary structure

Upon completion of the resonance assignments, we undertook
analysis of 2D 'H NOESY and 3D '*N-separated and '*C-
separated NOESY-HMQC spectra and a 4D "*C/'3C-edited
NOESY spectrum to define the secondary structure of HSF.
Characteristic patterns of sequential, medium-range, and long-
range NOEs observed in these spectra can be used to identify
elements of regular secondary structure (Wiithrich, 1986). A
portion of a 3D **N-separated NOESY-HMQC spectrum of HSF
is shown in Figure 3, and a complete analysis of the sequential
and medium-range NOE:s is presented in Figure 4. In Figure 3,
the presence of strong NOEs between adjacent NH protons
(dnn NOEs) for residues Phe-56 to Tyr-63 (H3) indicate that
this segment adopts a helical structure. The identification of
dongii+3) and dagi, i3y NOEs, slowly exchanging amide pro-
tons, small *Jyy, coupling constants, and upfield-shifted "*C,
signals (Spera & Bax, 1991; Wishart et al., 1991) (Fig. 4) con-
firm that these residues form part of an «-helix. The segments
Ala-4-Asn-14 (H1) and Arg-36-Phe-48 (H2) also show a series
of dnyn NOE:s indicative of helical secondary structure. For seg-
ment H1 the expected patterns of d,ng; ;+3) and dag ;. ;43 NOEs
and upfield-shifted '*C,, signals confirm that this segment is
a-helical.

For segment H2, the first residues (Glu-37-Gin-41) show all
the evidence for a-helical conformation exhibited by segments
H1 and H3. However the segment surrounding Pro-45 (Gln-41-
Phe-48) is characterized by several weak intensity dgy NOEs
and far fewer don(;, /43y and dyg(;,i+3) NOEs (Fig. 4). Further-
more, unlike segments H1 and H3, where '3C,, shifts are con-
sistently upfield, several residues centered around Glu-42 show
small or no upfield shifts and, in addition, the *Jyu, coupling
constant of Val-43 is large (¢ = —120 + 60°), indicating a non-
helical backbone structure. These data suggest that the central
portion of helix H2 contains a distortion centered between res-
idues Gln-41 and Val-43.

Between segments H1 and Bl is a short segment (Lys-16-
Lys-20) that shows medium dyy and dgy NOEs, a number of
dyn, i+ and dangiis3) NOESs, a single d,g(;,;+3) NOE, and a
number of upfield-shifted '*C,, signals indicative of a helical/
turn structure.

In addition to the 3 helices, 4 segments characterized by strong
d.n~ and weak dyn NOEs were observed, indicating that these
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Table 1. Assignments at pH 3.4 and 25.0°C for HSF?
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Residue Amide Cce Cc? Other

Al

R2 120.9 (8.68) 54.6 (4.66) 30.1 (1.65,1.59) H" (1.68), H? (2.94), N© 83.2 (7.07)

P3 63.3 (4.50) 32.5(1.63, 2.57) C7Y 28.2 (2.17, 2.23), C?50.9 (3.46, 4.05)

A4 126.6 (8.79) 55.6 (4.16) 18.0 (1.51)

F5 116.6 (9.09) 62.6 (4.01) 39.9 (2.26, 3.36) H? (6.92)

V6 115.4 (6.75) 65.4 (3.25) 31.6 (1.89) C121.6 (0.90), C7223.0 (0.80)

N7 117.5 (1.73) 56.2 (4.47) 37.8 (2.74, 2.80)

K8 120.8 (7.97) 59.6 (3.94) 32.3(1.34,1.78) C7 25.5 (1.25 1.50), C%289 (1.46), C< 43.0 (3.21)

L9 120.5 (8.27) 58.0 (3.61) 41.7 (1.77, 0.75) CY 26.5 (0.89), 4229 (0.35), C%25.1 (0.09)

W10 117.7 (8.50) 61.4 (4.03) 28.8 (3.30, 3.33) C?' 126.2 (7.36), C*2 120.7 (7.68), CI? 121.9 (7.11)
C" 124.5 (7.23), C2114.5 (7.53), Nel 127.7 (10.23)

S11 110.6 (7.83) 61.0 (4.10Y 63.1 (4.00Y)

Mi12 119.3 (7.92) 58.8 (3.38) 33.2(1.01, 1.83) C7 30.0 (1.55', 1.66")

Vi3 115.7 (8.03) 65.0 (3.27) 31.3 (1.08) Cv121.1 (=0.41), C*?22.2 (0.13)

N14 114.2 (7.84) 53.5 (4.70) 38.5 (2.79, 2.85)

D15 118.6 (6.97) 53.14(4.70) 38.6 (2.98, 3.14)

K16 129.1 9.16) 59.3 (4.10) 31.9 (1.94 deg?) C7 24.8 (1.60, 1.63), C* 28.9 (1.78), C* 42.0 (3.09)

S17 114.1 (8.34) 61.2 (4.33) 62.7 (3.83, 3.95)

Ni8 117.0 (8.30) 53.1 (5.15) 39.2 (3.154, 3.02)

El19 120.6 (7.42) 59.7 (4.57) 28.3 (2.17, 2.25) C" 33.0 (2.60, 2.64)

K20 116.5 (8.48) 57.9 (3.91) 31.5 (1.00 deg) C7 24.8 (1.01), C%29.0 (1.46), C* 41.7 (2.86)

F21 114.4 (8.16) 56.4 (4.97) 42.3 (3.09, 3.23) C?131.3 (7.11)

122 117.8 (8.16) 60.0 (4.98) 37.7 (1.99) C2 14.1 (0.88), C*2 14.0 (0.30)

H23 116.6 (8.33) 53.8 (4.87) 30.4 (3.47, 3.65)

w24 120.8 (8.93) 56.5 (5.32) 31.3(3.16, 3.34) C?l128.7 (7.39), C 120.9 (7.70), cP 1217 (6.83)
Cm123.2 (6.18), Cf2113.9 (6.42), N<! 128.6 (9.91)

525 119.4 (9.05) 58.2 (4.87) 63.3 (3.94, 4.10)

T26 116.4 (8.55) 64.5 (4.19) 69.1 CY22.1(1.27)

S27 117.1 (8.58) (3.85Y

G28 101.9'(6.70") 45.6 (3.43, 4.07)

E29 116.7 (8.06) 56.4 (4.50) 29.1 (1.91, 2.27) C7 32.6 (2.36, 2.40)

S30 112.0 (8.24) 57.4 (5.83) 65.3 (3.94, 4.01)

131 122.3 (9.19) 60.9 (4.32) 41.8 (1.29) H” (0.20Y), c*?17.5 (0.34), Cc%212.6 (—0.38)

V32 125.3 (8.92) 60.9 (4.52) 34,2 (1.10) C! 20.5 (0.60), C*220.8 (0.74)

V33 127.0 (9.08) 58.7 (4.57) 33.52.27) C! 21.1 (0.76), C*? 20.2 (0.49)

P34 65.3 (4.13) (2.054, 2.50Y) CY 27.9 (1.80', 2.18Y), C? 50.8 (3.73, 3.49)

N35 111.35 (8.24) 52.4 (4.80) 40.3 (2.74, 2.76)

R36 131.3 (9.56) 60.7 (3.51) 29.6 (1.41, 1.70) C7 24.9 (0.82, —0.01), C%43.2 (2.32, 2.44), N 83.4 (6.97)

E37 118.4 (8.50) 59.8 (3.96) 27.2 (2.09, 2.21) C” 32.7 2.41)

R38 116.8 (8.32) 58.8 (4.08) 30.0 (1.83, 1.92) C?42.8 (3.21, 3.26), N 83.4 (7.32)

F39 117.8 (7.82) 61.6 (4.00) 39.8 (3.20, 3.23) C%131.2 (6.96), C* 130.3 (6.11), C* 128.0 (6.10)

V40 121.8 (8.48) 66.1 (3.20) 31.3 (2.13) c121.6 (0.96), C"224.7 (1.11)

Q41 114.7 (7.83) 58.1 (3.99) 29.3 (1.95, 2.03) C7 33.5 (2.31, 2.53)

E42 110.5 (7.79) 56.5 (4.29) 29.6 (1.12, 1.59) C7 32.6 (2.11, 2.16)

V43 116.2 (7.40) 64.1 (4.05) 33.2 (1.65) Ccv123.0 (0.87), C7?23.5¢ (0.84)

L44 118.9 (6.79) 60.1 (3.73) 39.6 (1.65, 0.56) C7 26.3 (1.35), C¥25.4 (0.56), C%24.6 (0.48)

P45 64.9 (4.45) C%50.9 (2.82, 3.83)

K46 113.9 (7.36) 57.6 (3.80) 31.9(1.73, 1.31) CY 25.5 (1.08, 1.32), C%28.9 (1.63), C* 41.7 (2.92)

Y47 114.3 (7.26) 59.1 (4.02) 42.4 (2.22, 2.15) C%133.8 (6.96), C* 117.4 (6.68)

F48 117.6 (8.06) 55.8 (4.79) 40.3 (2.61, 3.12) C%132.8 (7.35), C¢ 130.6 (7.20), C* 129.3 (6.85)

K49 122.0 (8.45) 57.2 (4.07) 32.6 (1.48, 1.68) C7 24,8 (1.19, 1.26), C%28.9 (1.58), C< 41.7 (2.87)

H50 116.6 (8.89) 55.0 (4.62) 27.5 (3.22, 3.39)

S51 114.0 (8.02) 57.3 (4.65) 65.0 (3.65 deg)

N52 116.6 (8.31) 51.8 (4.69) 39.2 (3.01, 3.16)

F53 121.5 (9.41) 62.9 (4.03) 39.0 (2.85, 3.05) C%132.6 (6.92), C¢ 130.2 (6.76), C* 128.8 (6.42)

A54 119.2 (8.49) 55.1 (3.95) 20.3 (1.43)

SSsS 114.3 (8.33) 61.5 (4.08) 62.7 (3.90, 4.00)

F56 124.2 (7.81) 60.7 (4.05) 38.7 (2.90, 3.02) C?131.5 (6.62), C 130.6 (6.60), C¥ 128.3 (6.47)

V57 118.5 (8.23) 66.7 (2.85) 31.1 (1.84) cv21.6 (0.96), C"2239 0.27)

R58 120.0 (7.85) 59.7 (3.94) 29.8 (1.84 deg) HY (1.48, 1.73), Ct43.2 (3.21 deg), N 83.8 (7.25)

Q59 119.1 (7.67) 59.2 (3.66) 28.0 (0.60, 1.34) C7 34.5 (1.83, 2.07)

L60 118.9 (7.93) 58.8 (3.68) 39.9 (1.06, 1.53) CY 25.8 (0.50), C423.2 (—0.12), C%24.8 (—0.92)

(continued)
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Table 1. Continued
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Residue Amide Cc« (ol

N61 116.2 (8.06) 56.2 (4.46) 39.0 (2.87, 2.95)
Mé62 120.1 (7.79) 58.3 (4.00) 31.6 (1.77, 1.94)
Y63 115.4 (7.43) 58.2 (4.67) 38.0 (2.69, 3.76)
G64 105.5 (7.59) 45.8 (3.62, 4.17)

We6s 121.4 (8.39) 57.0 (4.84) 30.4 (2.66, 2.98)
H66 118.3 (8.91) 53.5(5.12) 31.5 (3.26, 3.36)
K67 125.6 (9.36) 56.9 (4.49) 33.2(1.72, 1.88)
V68 126.3 (8.48) 62.0 (4.15) 33.1(1.82)

Q69 125.4 (8.60) 55.5 (4.28) 29.4 (1.91, 2.00)
D70 122.0 (8.45) 52.8 (4.65Y) 38.6 (2.70', 2.80Y)
V7l 120.1 (8.14) 62.4 (4.08) 32.4 (2.01)

K72 123.9 (8.34) 56.6 (4.29) 32.6 (1.71, 1.80)
S73 115.5 (8.19) 58.3 (4.43) 63.8 (3.84, 3.88)
G74 110.6 (8.45) 45.6 (3.92, 4.01)

S75 115.2 (8.20) 58.2 (4.43) 63.8 (3.85, 3.93)
M76 121.6 (8.43) 55.8 (4.48) 31.9 (2.05, 2.11)
L77 121.7 (8.18) 55.0 (4.32) 42.0 (1.58, 1.63)
S78 115.0 (8.14) 58.3 (4.41) 63.7 (3.86, 3.93)
N79 120.2 (8.42) 53.2 (4.70) 38.5 (2.84%)

N80 118.6' (8.42Y

D81 118.9' (8.374)

S82 116.4 (8.20) 59.0 (4.55) 64.4 (4.00 deg)
R83 122.5 (7.93) 55.2 (4.85) 31.0(1.72, 1.80)
W84 127.3 (9.00) 56.6 (4.52) 31.5(2.93, 3.00)
E85 121.9 (8.51) 53.5(5.33) 31.0(1.80, 1.89)
F86 120.7 (9.29) 55.7 (5.52) 43.1 (2.80, 3.01)
E87 121.0 (9.38) 54.4 (5.33) 32.2(1.99, 2.02)
N88 123.9 (8.56) 52.1 (4.37) 37.6 (0.96', 1.90Y
E89 123.0 (8.50) 55.9 (4.35) 28.5 (1.91, 2.11)
R90 120.4 (8.19) 56.0 (4.22) 30.1 (1.71, 1.77)
H%1 119.6 (8.29) 54.8 (4.66) 28.8 (3.22, 3.25)
A92 128.3 (8.33) 52.5 (4.24) 19.1 (1.34)

Other

C” 31.3(2.17,2.24)
C? 133.9 (7.25), C* 117.6 (6.71)

C%' 126.1 (7.02), C* 119.5 (7.37), C3 121.9 (7.15)
C" 124.5' (7.31Y), C*? 114.5 (7.70), N¢' 128.8 (10.52)

Ce41.7 (2.12, 2.40)
CY 21.1 (0.87), H (0.87)
CY 33.8 (1.95, 2.24)

CY 21.2 (0.85), C” 20.2 (0.85)
CY 25.5 (1.40, 1.45), C®28.9 (1.68), C* 41.7 (2.96)

C” 31.9 (2.52, 2.61)
C7 27.1 (1.59), C%23.2 (0.85), C®25.1 (0.89)

H" (1.35, 1.50), C? 43.6 (3.12 deg), N* 84.4 (7.33)
C%' 125.6 (7.20), C*? 120.3 (7.50), C** 122.0 (7.33)
C" 124.6 (7.47), C*2 114.8 (7.67), N*' 129.6 (10.08)
C™ 33.4 (2.19, 2.36)

H? (6.92)

CY 32.6 (2.43, 2.46)

C" 32.6 (2.40, 2.42)
C?43.4 (3.18), N* 84.2 (7.18)

* Chemical shifts for '3C and 'H (in parentheses) are given in ppm.
b Both signals have the same chemical shift.
 Tentative assignment.

residues adopt an extended conformation. As shown in Fig-
ure 5, these segments form a 4-stranded antiparallel 8-sheet,
as evidenced by the long-range d,,n, dnn, and d,, NOEs ob-
served in 3D '°N- and '*C-separated NOESY-HMQC and a 4D
BC/1B3C-edited NOESY spectrum. Another segment consisting
of residues GIn-69-Ser-83 (L.1) also exhibited medium intensity
d,~n NOEs. However, no medium-range or long-range NOEs
were identified in the NOESY spectra. Furthermore, no pro-
tected amides were found, and the!*C, and *C; shifts for
these residues show relatively small shifts (Fig. 4). Together,
these data indicate that this region does not conform to a regu-
lar pattern of secondary structure.

Stereoassignments and x, angles

Stereoassignments and x, angles for 7 of the 9 valines, both iso-
leucines, and the single threonine were determined on the basis
of JNC and *J. , coupling constants (Table 2) (Grzesiek
etal., 1993 Vuister et al., 1993) For the valine residues, the rel-
atively large 3JNC7, and 3J. ‘.2 coupling constants and the

comparatively small 3JNC yand 3Jc. 1 coupling constants in-
dicate that each adopts the trans conflguratlon The JNC 5
coupling for Val-13 is slightly larger than for the other valmes,
which may reflect some conformational averaging or skewing
of x, toward the gauche-+ conformation. By comparison,
in peptides 3JC,C7 for valine typically falls in the range of
2-2.5 Hz, which is significantly different than the measured
values of *Jec > (3.4 Hz) and oo, (<1 Hz) for Val-13.

These data, together with a value of l 7 Hz for JNC 1> Show
that although there may be some averaging or skewmg toward
gauch-+, Val-13 exists predominantly as the trans rotamer. Sim-
ilar arguments were used to determine stereospecific assignments
and x, angles for Ile-22, Ile-31, and Thr-26. Where possible (in-
cluding Val-13) intraresidue dn.,m and d,,m NOEs were used to
confirm the x, determinations {Zuiderweg et al., 1985).

Tertiary structure

To study the tertiary structure of HSF, distance and dihedral
constraints determined from the NMR data were used in a hy-
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1811

brid DG/SA protocol (Nilges et al., 1988; Briinger, 1992). The
final structures were calculated on the basis of 175 structurally
significant intraresidue, 211 sequential, 93 medium-range, and
104 long-range distance constraints, 35 ¢ and 9 x; dihedral re-
straints, and 30 hydrogen bond constraints (15 hydrogen bonds).
The distribution of NOE constraints is shown in Figure 8A. The
H bond assignments accounted for 15 of the 34 most slowly ex-
changing amides. Four H bonds were assigned in the 3-sheet and
4 and 7 H bonds, respectively, were assigned in helices H1 and
H3. Because of the distortion identified in helix H2, which may
cause nonregular H bonding patterns, no H bonds were assigned
for this helix. Of the 30 structures calculated, 24 had acceptably
low energies and no large distance or torsion angle violations
(see Materials and methods). The best fit superposition of the
24 structures is shown in Figure 6. The RMSD relative to the
mean (RMSD) for the backbone positions of the protein core
(residues 4-14, 31-68, and 84-86) was 1.03 + 0.19 A (Fig. 6A).
This value should be compared to (RMSD)s of 0.4-0.5 A for
highly refined structures (Powers et al., 1993; Lodi et al., 1994).
The present resolution of these structures is sufficient, however,
to define the backbone coordinates of HSF (Fig. 7) and will
improve with the addition of further long-range NOEs, stereo-
assignment of the $-protons, and additional x; dihedral con-
straints. The protein topology is as follows: helix H1; a helical/
turn region (residues Lys-16-Lys-20); 8-strand B1, a short Q-loop
(residues Ser-25-Ser-30); S-strand B2; helix H2; helix H3;
B-strand B3; extended loop L1, and 8-strand B4. As can be seen
in Figure 7, the $S-sheet forms a platform against which the
C-termini of helices H1 and H3 and the N-terminus of helix H2
rest. The 3 amphipathic helices together form a 3-helix bundle
with the hydrophobic faces packing against one another and
against the hydrophobic face of the antiparallel 3-sheet. The
B-strand B3 is significantly rotated away from the plane formed

Table 2. 3Jnc and 3Joc coupling constants,® stereo assignments,® and x,; angles for valine, isoleucine,
(o) cc X1

and threonine residues of HSF

Cherpical Chemical X1 Cox

, shift UNe, e shift ne T NMR *  X-ray
Residue (ppm) (Hz) (Hz)  Residue (ppm) (Hz) (Hz)' (£20°)  (deg)
Véy1 21.6 (0.90) >1.6° <10 V6y2  23.0(0.80) <1.0 ~3¢ 180 180
Vi3yl  21.1(=0.41) 1.8+0.1 <1.0  VI3y2  22.2(0.13) 12+0.1 3.4+03 ~180° 74
Vi2yl  20.5 (0.60) 17£01  ~1.0 V3242  20.8 (0.74) <1.0 ~3¢ 180  —176
Vidyl  21.1(0.76) ~1.8¢ <10 V3342 20.2(0.49) <0.5 3.8+ 04 180 177
Va0yl  21.6 (0.96) nde <10 Va2 247 (1.11) <1.0 ~3.7¢ 180 165
Vaiyl  23.0 (0.87) ~1.6 <1.0 V4342 23.5(0.84) <1.0 ~3¢ 180 177
V5Tyl  21.6 (0.96) ~1.8¢ <1.0 V57492 23.9(0.27) nd 3.5+ 0.3 180 174
227, 14.1 (0.88) ~1.0f <1.0 180  —179
Bly,, 17.5 (0.34) 22401  <1.0 —60 —64
26y,  22.1(1.27) 1.6+£0.1  <1.0 —60 58

2 Coupling constants were determined from spin-echo difference ct-HSQC spectra of HSF (Grzesiek et al., 1993; Vuister
et al., 1993). The precision in the coupling constants was determined by calculating RMS differences in intensities of leucine
and isoleucine Cs methyl groups. The coupling constants have been corrected for a 5-7% (*Jcc) and 7-10% (3Jyc) underesti-
mate due to systematic errors inherent in the method by multiplication of the measured vatues by 1.06 (*J¢c) and 1.08 (3Jnc)-
Systematic errors increase linearly with the size of the coupling constant.

b Chemical shifts of 1*C and 'H (in parentheses) are referenced to TSP. Stereoassignments were not determined for Val-68

or Val-71 due to overlap.
¢ Estimate due to partial overlap

d Compared to the other valines, the larger than normal value for V13y2 3Jc suggests some degree of rotamer averaging.
This measurement was not included as a constraint in structure calculations.

¢ Not determined due to overlap.

f Estimate. Could not be integrated due to partial overlap with a #, streak.
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Fig. 4. Summary of sequential and intermediate-range NOE connectivities, amide hydrogen exchange rates, 3JNH,, coupling
constants, and deviations of '*C, and '’C4 chemical shifts from random coil values. The NOE correlations were determined
from 2D NOESY, 3D '’N- and '3C-separated NOESY-HMQC spectra, and a 4D '3C/"3C edited NOESY spectrum, all recorded
at 25 °C and pH 3.4. Sequential NOE intensities are denoted by bar height as strong, medium, or weak. Open boxes indicate
upper bounds on sequential NOEs in cases where overlap prevented accurate intensity determination. Lines indicate that no se-
quential NOE could be detected. For proline residues, NOE intensities to their Hs protons were substituted for NOE intensi-
ties to HN protons. For medium-range NOE connectivities, lines denote that an NOE was observed correlating the relevant protons.
Open and filled circles indicate residues with amide HN resonances that are not fully exchanged 370 min and several weeks af-
ter dissolution in D,O (25 °C, pH 2.75), respectively. Secondary structure deduced from the NOESY data are indicated below
the NOE data: helix by coils, 3-strands by arrows, and unstructured regions by jagged lines.

by 3-strands B1, B2, and B4. In addition, the loop L1 extends by a short segment such that the axis of the C-terminal portion
away from the outside face of the 3-sheet. of H2 lies almost perpendicular to the axis of H3. It is clear

Superpositions for the 3-helix bundle (RMSD) of 0.81 + from Figure 6B and C that the 3-helix bundle and the 3-sheet
0.15 A) and the 4-stranded antiparallel 3-sheet ((RMSD) of are well defined and that the Q-loop connecting strands B1 and
0.99 + 0.27 A) are shown in Figure 6B and C, respectively. B2 and the extended loop L1 connecting B3 and B4 are less well
The distortion in H2, identified previously, is clearly evident defined. This is confirmed by examining the (RMSD) of back-
near Gln-41. It can also be seen that H2 and H3 are connected bone coordinates and the ¢ angular order parameters (S(¢))



Solution structure of heat shock factor

1813

i ) 1 o ) B
- Sas_ N Has_ )j\ N —
A G i g
0 H\g H N H Fig. §. Schematic diagram of the
\J : / \ t R B-sheet topology of the DNA -binding
l;l l;i f"la o H domain of HSF. Arrows denote long-
N I3y N v _ — range dyn, don, and d,, NOEs.
\n/ \830 -~ \n/ \v:.,2 - ”YN P\" Dashed lines represent hydrogen
' ' o b bonds derived from the hydrogen
a

° i \
H/ N\ P
N N
\l;l“ ) /KW\n/ \Y“)l\ )
H (@] H

(Hyberts et al., 1992) as a function of sequence (Fig. 8B,C). The
N- and C-termini, the Qloop, and the extended loop (L 1) all show
(RMSD)s greater than 2 A and S(¢) values less than 0.6. These
regions were excluded from the overall superposition. Segments
that showed moderate (RMSD)s and small S(¢) values that were
included in the superposition were the helical/turn region be-
tween H1 and Bl (Lys-16-Lys-20) ((RMSD) of 1.12 + 0.19 A
and average S(¢) of 0.85 + 0.17), the turn between H2 and
H3 (Lys-49-Phe-53) ((RMSD) of 1.05 + 0.27 A and S(¢) of
0.73 + 0.27), and the distorted 3-strand B3 (Trp-65-Val-68),
which shows the largest (RMSD)s (1.88 + 0.60 A) and smallest
S(¢) (0.63 + 0.24). Indeed, when this strand is excluded from
the superposition of the 8-sheet backbone coordinates, the
(RMSD) is reduced from 0.99 + 0.27 A t0 0.54 + 0.11 A. This
region shows a greater range of conformations in the family of
structures (Fig. 6C) because there are fewer long-range NOE dis-
tance constraints between strand B3 and other regions of the
structure (Fig. 8A) as compared to the other 3-strands.

Discussion

Using a combination of 3D triple-resonance CBCANH and
CBCA(CO)NH (Grzesiek & Bax, 1992a, 1992b), double-
resonance HCCH-TOCSY (Bax et al., 1990b; Clore et al., 1990},
3D >N TOCSY-HMQC (Driscoll et al., 1990), and various 2D
experiments, we have assigned almost all of the 'H, '°N, and
13C signals of the 92-residue DNA-binding domain of HSF
from Kluyveromyces lactis (Table 1). The CBCANH, CBCA
(CO)NH, and HCCH-TOCSY experiments rely primarily on
strong 1- and 2-bond coupling constants, which allow for assign-
ment of the NMR signals without reference to the secondary
structure of the protein as in more traditional methods (Wiith-
rich, 1986). In addition, for HSF, this combination of experi-
ments provided for the relatively efficient assignment of the
NMR signals with a minimal use of spectrometer time (all of the
above-mentioned 3D experiments were collected in approxi-
mately 9 days).

Analysis of 2D NOESY, 3D '*N- and '3C-separated NOESY-
HMQC spectra, a 4D 3C/!'3C-edited NOESY spectrum, and

exchange and NOE data. Thick ar-

rows indicate the direction and loca-

tion of the 4 strands of antiparallel

B-sheet. H, and H, indicate amides

that were still present after dissolu-

! tion in D,O for 2 weeks and 370
min, respectively.

D,0 exchange spectra, yielded a total of 583 NOE distance
constraints and 15 H bonds (30 H bond constraints) that were
used to characterize the secondary and tertiary structure of HSF.
Analysis of HMQC-J (Kay & Bax, 1990) and sp’--echo differ-
ence ct-HSQC spectra (Grzesiek et al., 1993; Vuister et al., 1993)
also provided important ¢ and x,; torsion angle restraints as
well as stereospecific assignments for many of the C, methyl
groups. Together, the distance and dihedral constraints were suf-
ficient to define the conformation of HSF using a hybrid
DG/SA protocol (Briinger, 1992).

Unlike other DNA-binding proteins characterized to date
which typically bind as monomers or dimers, HSF binds to DNA
as a homotrimer. Specifically, a C-terminal triple-stranded
coiled coil (Sorger & Nelson, 1989; Peteranderl & Nelson, 1992)
directs 3 N-terminal DNA-binding units consisting of approxi-
mately 90 residues (Flick et al., 1994) to a series of 5 base pair-
inverted repeats of the form nGAAn (Amin et al., 1988; Xiao
& Lis, 1988). Most of the residues that are conserved among all
known HSFs (Harrison et al., 1994) are located in helices H2
and H3 (Kinemage 1) and include all of the surface side chains
of helix H3. The high degree of conservation of the residues in
these helices combined with their arrangement in the structure
(Figs. 6B, 7) lead us to conclude that these helices constitute a
DNA-binding region and that HSF is a member of the HTH
family of DNA-binding proteins. Similar suggestions have been
made based on the location of secondary structure elements in
Drosophila melanogaster HSF (Vuister et al., 1994) and a crys-
tal structure of K. /lactis HSF (Harrison et al., 1994). Moreover,
our NMR data show that the secondary structure and topology
(x1-81-82-a2-a3-33-34) of HSF and CAP are almost identical.
Except for an additional 3-strand (B1), this structure also resem-
bles that of the HTH eukaryotic transcription factor hepatocyte
nuclear factor/forkhead (HNF-3.) (Clark et al., 1993) as sug-
gested previously (Harrison et al., 1994; Vuister et al., 1994).

Unusual structural features of HSF

Although the HTH is a familiar DNA-binding motif, 2 novel
features were found in HSF that add to the considerable vari-



ations of the HTH observed in other proteins (Harrison &
Aggarwal, 1990; Steitz, 1990; Brennan, 1993; Feng et al., 1994).
One such feature of HSF is the irregular structure in the cen-
tral portion of helix H2 as evidenced by BJNH(X coupling con-
stants, '3C, chemical shifts, and NOE data (Fig. 4), and the
presence of a conserved proline (Pro-45) toward the C-terminus
of H2. The structure calculations show a discontinuity in helix
H2 between residues Glu-42 and Pro-45 (Fig. 7). Typically, the
presence of a proline residue in the central portion of a helix pro-
duces a slight bend but does not significantly distort the ¢/ an-
gles of residues on either side of the bend (Barlow & Thornton,
1988). The distortion observed in HSF appears to be atypical
with distortions on either side of the proline, although a detailed
study will require further refinement of the data. Another un-
usual feature is the ill-defined loop (L1) between residues Gln-
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Fig. 6. A: Stereo view of the superposed C, co-
ordinates for 24 accepted structures of HSF. Shown
are the C, coordinates for residues 4-68 and 83-
87, along with a tube indicating the position of the
C, atoms of the poorly defined loop (L1) for 1 of
the 24 structures. For the alignment, only back-
bone coordinates of residues in well-defined seg-
ments of structure (4-25, 31-68, 84-86) were used.
RMSD for these backbone coordinates is 1.03 +
0.19 A. Ala-4 and Glu-87 are labeled to indicate
the termini of the chain trace. B: Stereo view of the
superimposed C, coordinates of the 3-helix bun-
dle for the 24 accepted structures. For the align-
ment, the backbone coordinates of the residues in
the 3 helices and the turn between helices H2 and
H3 (residues 4-14, 36-62) were used. RMSD of
these backbone atoms relative to those of the mean
structure was 0.81 + 0.15 A. The helices are labeled
as defined in Figure 4. The N- and C-termini and
Gln-41 are labeled by residue number. The central
bulge is visible in helix H2 near Gln-41. C: Stereo
view of the superimposed C, coordinates of the
B-sheet and connecting loops for the 24 accepted
structures. Structures were aligned with the mean
structure using backbone coordinates for the 4
strands (residues 22-24, 31-34, 65-68, and 84-86)
(RMSD for these coordinates is 0.99 + 0.27 A).
The Q-loop connecting $-strands Bl and B2 is
clearly somewhat ill-defined and the extended loop
connecting S-strands B3 and B4 is highly unde-
fined. The N- and C-terminal amino acids of the
4 termini are labeled.

69 and Lys-83 that connects 8-strands 3 and 4 (Fig. 7). This
region, lacking in CAP, is reminiscent of loop L1 that connects
B-strands 2 and 3 in HNF-3, (Clark et al., 1993), which makes
important contacts to DNA in the HNF-3, -DNA complex.

An interesting feature of HSF is that helix H3 terminates with
a Shellman-like CAP sequence (Shellman, 1980; Aurora et al.,
1994) (C3[Leu-60]-C2-C1-Ccap-C’-C”-C” [Trp-65]) except that
the C1 position is occupied by an apolar residue (Met-62). This
termination sequence is characterized by an apolar side-chain
contact between C3 and C” (confirmed by side-chain NOEs be-
tween Leu-60 and Leu-65), 2 H bonds from C1 to C’ and C2
to C” (confirmed by slowed amide proton exchange of Gly-64
[fully exchanged in just under 370 min} and Trp-65), and posi-
tive ¢ angle for the Gly (average ¢ in NMR family of +88°, S(¢)
of 0.8).
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Fig. 7. Ribbon diagram of HSF showing the relative orientations of the
3 helices and the 4-stranded antiparallel 3-sheet. The structure with the
the lowest target function energy at the end of the last X-PLOR refine-
ment is represented. The helices and sheets and 2 loops are labeled as
defined in Figure 4. The N- and C-termini are also labeled. The figure
was created with MOLSCRIPT software (Kraulis, 1991).

Hydrophobic packing

Side chains whose packing is crucial to preserving the overall
fold of HSF should correspond to conserved hydrophobic resi-
dues in the sequence. The interior face of the 3-sheet is made up
of hydrophobic residues, most of which are conserved, whereas
the exterior face is hydrophilic and poorly conserved. The ori-
entation of H3 with respect to the 8-sheet is defined by the con-
tacts between their hydrophobic surfaces. This arrangement
must be crucial to the functioning of the domain judging from
the high degree of sequence conservation at the interface. The
N-terminus of helix H1, whose axis is at right angles to that of
H3, makes numerous contacts with 3-strand B1 and to a lesser
extent with 3-strand B2. Helix H1 also makes many contacts to
the other 2 helices. The orientation of helix H2 is determined
primarily by side-chain contacts with H3 across the turn region
of the HTH and a number of contacts to H1 and B4.

Proposed residues that interact with DNA

Considering the DNA contacts seen in other HTH proteins com-
plexed with DNA,, it is very likely that the majority of DNA con-
tacts in the HSF-DNA complex will be made by the exposed
residues of helix H3 (the recognition helix) such as Ala-54,
Ser-55, Arg-58, GIn-59, Asn-61, and Met-62. The positions of
several conserved positively charged residues in the solution
structure suggest that the side chains of Lys-8, Lys-46, and Lys-
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Fig. 8. A: Distribution of NOE constraints for HSF. The height of each
bar represents the total number of NOEs used for that residue in the
structure calculations. Shaded bars represent long-range NOEs. For each
constraint, the originating and destination residues were each counted
once. B: The angular order parameter S*"¢'¢ for ¢ dihedral angles as a
function of residue for the 24 accepted structures. An S value of 0.9 cor-
responds to a standard deviation in the ¢ angle of +24° (Hyberts et al.,
1992). C: RMS differences of backbone (N, CA, C, O) coordinates for
the family of 24 accepted structures relative to the average structure. The
superposition included residue Ala-4-Ser-25, Ile-31-Val-68, and Trp-84-
Phe-86. The Q-loop (Ser-25-Ser-30) and the L1-loop (Val-68-Trp-84)
show large deviations and are poorly defined by the NMR constraints.
The B-strand B3 (residues Trp-65-Val-68) also shows larger deviations
than other regions of secondary structure. D: RMS differences of back-
bone coordinates for the family of 24 structures relative to the 1.8-A
X-ray structure. Superposition as for Figure 8C.

49 located above the N-terminus of H3 and Lys-67 below the
C-terminus of H3 are important to the functioning of the do-
main. Because they are highly conserved, positively charged, and
located so close to the recognition helix (H3), it is likely that
these side chains make important contacts to the phosphate
backbone.

Although the evolutionary link between bacteria and yeast is
very distant, it is interesting to note that the putative HTH of
the Escherichia coli alternative o factor for heat shock (0-32)
shows 40% sequence identity (65% sequence similarity) with the
HTH region of HSF (based on BESTFIT alignment [GCG ver-
sion 7.3; Devereux et al., 1984] of residues 253-272 of E. coli
0-32 with residues 36-62 of K. lactis HSF). Comparing HSF se-
quences reported recently for several organisms (Harrison et al.,
1994) using the same alignment gives an average of 32% se-
quence identity/50% sequence similarity. Moreover, the —35



1816

promoter consensus of ¢-32, TNtCNcCTTGAA (Cowing et al.,
1985), contains the sequence GAA, and genetic evidence derived
from ¢-70 (a homolog of ¢-32) implicate Arg-268 and Ala-264
in the putative recognition helix of 0-32 as making contacts with
the G and the last A, respectively, of the GAA sequence
(Gardella et al., 1989; Siegele et al., 1989; Dombroski et al.,
1992). The 2 homologous residues in HSF, Arg-58 and Ala-54
are on the exposed face of the recognition helix H3 and may
make sequence-specific contacts to the GAA sequences within
the HSEs in a fashion analogous to that proposed for ¢-32. Con-
firmation of this hypothesis must await further genetic and bio-
physical characterization of the HSF-DNA complex.

Comparison to other structural studies of HSF

After the signal assignments for HSF had been completed and
the secondary structure had been defined, a 1.8-A X-ray-derived
model of the protein was solved and made available (Harrison
et al., 1994). We note that, through the use of the heteronuclear
experiments described herein, it was possible to make assign-
ments and determine the overall fold of the protein without ref-
erence to the crystal structure. The topology of the X-ray model
is similar to the model derived from the NMR data. Both struc-
tures contain a 4-stranded antiparallel 3-sheet and a 3-helix bun-
dle. An irregular segment defined as an «-helical bulge was
identified in helix H2 and is consistent with the NMR results.
The loop (L1) with ill-defined structure connecting 3-strands B3
and B4 (Fig. 6C) is consistent with the results of the X-ray
model, which shows larger B-factors in this region than in the
rest of the structure, and absence of electron density for resi-
dues 76-79 (Harrison et al., 1994).

Recently, the assignments and secondary structure of HSF
from D. melanogaster were reported (Vuister et al., 1994). The
secondary structure from Drosophila contains 3 helices similar
to our NMR and X-ray (Harrison et al., 1994) results on HSF
from K. lactis. A significant difference, however, is the iden-
tification of a 3-stranded rather than 4-stranded antiparallel
B-sheet. The segment corresponding to B3 in K. /actis HSF is
reported to be in an extended conformation in D. melanogas-
ter. A more detailed comparison must await further analysis of
the NMR data for both proteins.

RMSD comparison to X-ray model

At the current stage of refinement, it is appropriate to compare
the overall fold of the family of NMR structures with the X-ray
structure and to compare in more detail the distance constraints
used in the X-PLOR calculations with those predicted from the
crystal structure. Superposition of the backbone coordinates for
all residues except the Q-loop (26-30), the loop L1 (69-83), and
the first 3 and last 6 residues onto the X-ray model reveals good
overall agreement with an RMSD of 1.77 + 0.19 A (Fig. 8D; Ki-
nemage 2). Comparison of the 3-sheet coordinates reveals sim-
ilarly good agreement (RMSD of 1.65 + 0.24 A). If B-strand B3
is excluded (residues 65-68), the agreement is significantly bet-
ter (RMSD of 0.85 + 0.14 A), indicating that the orientation of
B3 deviates from the X-ray model. As stated previously, this
B-strand is not precisely defined due to the small number of
cross-strand constraints connecting it to the rest of the structure
(Fig. 8A). The 3-helix bundle also shows good agreement with
the crystal structure with an RMSD of 1.50 + 0.18 A for back-
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bone coordinates. The similarity of the NMR and X-ray results
is significant given that the solvent content of the crystals used
in the X-ray analysis was unusually low (~30%).

Backbone NOE comparison to X-ray model

To identify possible differences between the solution and crys-
tal structures, we compared the backbone distances derived from
NOEs and ¢ angles derived from 3JHNHQ coupling constants
with the corresponding distances and angles in the X-ray model.
The comparison revealed that the constraints derived from the
majority of backbone NOEs and all of the measured ¢ dihedral
constraints were in agreement with the X-ray model. A few dif-
ferences in measured and predicted backbone NOE intensities
were noted, which could be grouped into 2 classes: those where
the observed NOE was weaker than expected compared to the
crystal structure, and those where the NOE was stronger than
expected. In the first class we found S examples; d, n(5,6),
d,n(9,10), d, n(40,41), d, N(42,43), and dyn(15,16). For the
4 d,n NOEs, a weak NOE was observed although a medium
intensity NOE was expected (3.4-3.5 A in the X-ray model),
whereas for dyn(15,16) no NOE was observed, although a
weak NOE was expected (4.3 A in the X-ray model). There are
many reasons why an NOE might be weaker, including exchange
broadening or H,, saturation. In the present cases, the differ-
ences could not be explained by these reasons because other
NOE:s to these amide protons were observed and because these
a-protons all resonate far from H,O (4.77 ppm). Hence, the
data suggest true structural differences. In the second class, 2
differences were observed, namely d;zn(13,14) and dyn(66,67).
In both cases, the observed NOE is of medium intensity but was
predicted to be weak based on the X-ray coordinates (4.1 A, and
4.3 A). These disagreements between the NMR data and X-ray
results may reflect differences in the 2 structures, although spin
diffusion cannot be ruled out. Taken together, the differences
observed for the backbone are relatively small, although it is in-
teresting to note that the locations of the “perturbed” sequen-
tial NOEs correspond roughly to locations of protein-protein
contacts in the crystal. Asn-7 is involved in such contacts, as are
Asn-14, GIn-41, Glu-42, and His-66. We have also observed sev-
eral side-chain NOEs with altered intensities involving residues
in these regions of HSF. These will be analyzed in detail at a later
stage of refinement.

x; Angle comparison to X-ray model

Of the 10 measured x; angles (Table 2), 2 show significant dif-
ferences with those observed in the X-ray structure. The NMR
data for Val-13 and Thr-26 indicate x; values of 180° (with
evidence for some rotamer averaging near 180°) and —60°, re-
spectively, whereas in the X-ray structure, the measured angles
were 74° (Val-13) and 58° (Thr-26). Val-13 is located at the
C-terminus of H1. The methyl groups point toward the interior
of the protein and show NOEs to residues in 8-strands B1 and
B2. We have also noted several differences between side-chain
NMR distance constraints that involve Val-13 and residues close
to it. One previously mentioned is the sequential side-chain-
backbone NOE dgy(13,14), which the X-ray structure predicts
to be weak but shows a medium-intensity NOE. This result is
consistent with the change in the side-chain conformation of Val-
13 in solution, placing Val-13 H; closer to Asn-14 Hy than pre-
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dicted from the x; angle observed in the X-ray structure. The
structural difference in this region is probably related to differ-
ences in side-chain packing rather than global backbone confor-
mation, as evidenced by the close agreement of the backbone
coordinates for the family of NMR structures with the crystal
structure. Further refinement is needed to characterize these
differences in detail. Thr-26 is located in the Q-loop (Ser-25-
Ser-30), which is on the surface of the structure. This region
shows no long-range NOE:s to other parts of the structure ex-
cept for the 2 terminal residues of the Q-loop (Ser-25 and Ser-30),
which show NOE:s to the neighboring 8-strands. Consequently,
it appears less well defined in the NMR family of structures
(Fig. 6B). In the crystal structure on the other hand, the Q-loop
is involved in extensive protein-protein interactions and has
B-factors that are similar to the rest of the structure. It is pos-
sible that Thr-26 prefers 1 rotamer state in the solution struc-
ture due to local packing of its v methyl group with other atoms
in the Q-loop or hydrogen bond interactions with the side-chain
hydroxyl group and that this interaction is perturbed in the crys-
tal by protein-protein contacts.

Summary

In conclusion, the backbone geometry of the X-ray structure is
very similar to the solution structure (Kinemage 2), although
subtle differences appear to exist, some of which probably
relate to protein-protein contacts in the crystal. These differ-
ences are located at the end of helix H1 (d,n(5,6), d,n(9,10),
dgn(13,14), and dyn(15,16) NOEs, and Val-13 x,), in the
Q-loop (Thr-26 x,), at the distortion of helix H2 (d,n(40,41)
and d,n(42,43)), and in the §-strand B3 dyn(66,67). To make
a more detailed comparison and characterize the nature of these
changes, particularly with respect to side-chain packing and
distortions in the DNA-binding surface if they exist, a high-
resolution solution structure will be needed that includes stereo-
assignments of the 3-protons and a greater number of distance
and x; constraints.

The NMR signal assignments and the solution structure of
HSF presented here provide the basis for the design of new bio-
chemical and biophysical experiments necessary for an under-
standing of HSF-DNA and HSF-HSF interactions and the
effects of crystal packing on the protein structure. For exam-
ple, the heteronuclear '*N and *C assignments can be used to
probe the dynamics of this DNA-binding domain and should
also aid studies of larger HSF-DNA complexes through the use
of 3D and 4D NMR experiments. The solution structure and,
in particular, the identification of an HTH motif should also
help direct mutagenesis studies aimed at the identification of
residues important for complex formation. Moreover, further
refinement of the solution structure should allow for the iden-
tification of any structural changes that occur in HSF upon
DNA binding.

Materials and methods

Sample preparation

The HSF DNA-binding domain from K. lactis (residues 194-
282) was expressed in E. coli using a T7 expression system
(Studier et al., 1990). The amino acid sequence encoded by
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the plasmid construct includes an N-terminal Met and the
C-terminal sequence Arg-His-Ala. Samples labeled with N
and *C/'°N were prepared by growing bacteria on minimal
media containing “NH,Cl or >’NH,Cl/"3C¢-glucose as the sole
nitrogen and carbon sources, respectively. The protein over-
expression and purification protocol have been described else-
where (Harrison, 1994). Approximately 20 mg of purified
protein was obtained from each liter of cell growth. Purity was
determined to be greater than 99% for all samples as determined
by electrospray ionization mass spectrometry. The molecular
weights obtained indicated the absence of the N-terminal Met
as well as complete incorporation of the isotopic labels (C.J.
Harrison & D. King, unpubl. results).

NMR samples in H,O were prepared by dissolving the lyoph-
ilized protein in 450 4L H,O and 50 uL. D,O. NMR samples in
D,O were prepared by dissolving protein in 500 uL of 99.96%
D,0, relyophilizing the protein, and redissolving it again in
99.96% D,0. All samples were buffered to pH 3.4 using 10 mM
potassium phosphate buffer. Typical protein concentrations
were 2 to 4 mM. Samples were stored in NMR tubes at 4 °C,

NMR spectroscopy

NMR experiments were performed on a Bruker AMX 600 spec-
trometer equipped with a 3-channel interface, external 50-W
linear amplifier (ENI, Rochester, New York) for **C frequen-
cies, triple-resonance ('H, '°N, 3C) carbon-optimized probe,
and UXNMR software version 930301. All experiments were
conducted at 25 °C. Presaturation was accomplished using rf
field strengths of 35 Hz for samples in D,O and 140 Hz for
samples in H,O with the carrier placed on the water resonance
(4.77 ppm). All NMR data were processed using the FELIX pro-
gram (version 2.0) distributed by Biosym Technologies (San
Diego, California). All linear prediction was implemented using
FELIX (version 2.0). DG and SA calculations were performed
using the X-PLOR program version 3.0 (Briinger, 1992). All cal-
culations were performed on SGI workstations (Silicon Graph-
ics, Mountain View, California).

'H-'"H 2D NMR

Two-dimensional 'H-'H spectra were collected with 512 ¢, and
1,024 complex #, points using time proportional phase incre-
mentation (Marion & Wiithrich, 1983) for quadrature detection
in #; and with solvent presaturation. Spectral widths were 14.12
ppm in both dimensions. NOESY (Macura et al., 1981), DQF-
COSY (Rance et al., 1983), and clean-TOCSY experiments
(Griesinger et al., 1988) were performed in both H,O and D,0.
Two-dimensional NOESY spectra were recorded with a mixing
time of 100 ms, during which the solvent was irradiated. Two-
dimensional clean-TOCSY spectra (Griesinger et al., 1988) were
acquired with a 100-ms MLEV17 (Bax & Davis, 1985) mixing
sequence. The ratio of clean-TOCSY delay A, to the spinlock
90° pulse length 74y, was 2.5, with an average rf power for the
spinlock of 7.5 kHz. All 'H-'H 2D spectra were 0 filled to 1K
by 1K points. In some cases, linear prediction was applied in the
second dimension as implemented in FELIX version 2.0. Data
were apodized in both dimensions using shifted sine-bell win-
dow functions with phase shifts ranging from 45° to 90° for dif-
ferent data sets.
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Heteronuclear 2D NMR

Quadrature detection for all heteronuclear 2D NMR experiments
was accomplished using States-TPPI (Marion et al., 1989b).
Unless otherwise stated, in all heteronuclear 2D experiments,
WALTZ16 modulation (Shaka et al., 1983) was used for '°N
decoupling and GARP (Shaka et al., 1985) was used for '*C
decoupling. Two-dimensional 'H-!>N HSQC spectra (Boden-
hausen & Ruben, 1980; Bax et al., 1990c) and 2D 'H-'* N HMQC
spectra (Mueller, 1979; Bax et al., 1990¢) were acquired on uni-
formly *N- or '*C/*N-labeled HSF in 90% H,0/10% D,0.
The water signal was suppressed using presaturation in the
HMQC experiments and both presaturation and a 1.8-ms spin-
lock pulse (Messerle et al., 1989) were used in HSQC experi-
ments. Typically the data were collected with spectral widths of
29.78 ppm in ¢, (512 complex points) and 14.12 ppm in ¢, (1,024
complex points).

Amide exchange rates were probed by lyophilizing the pro-
tein from H,O and redissolving the protein in D,O (pH 2.75,
uncorrected for *H isotope effects) and acquiring a series of 2D
'H-""N HMQC spectra at 13.1, 37.7, 76.8, 156, and 370 min
after addition of D,0. Very slowly exchanging amide signals
were observed in spectra obtained from a sample dissolved in
D,O0 for several weeks. Spectra were 0 filled to 1K by 1K points
and apodized using 60° skewed sine-bell window functions.

Two-dimensional 'H-'3C ct-HSQC spectra of the aliphatic
region of HSF uniformly labeled with '*C/'*N were recorded
as described (Vuister & Bax, 1992). Solvent suppression was
achieved using presaturation and a 1-ms spinlock pulse (Mes-
serle et al., 1989). Carbon decoupling during detection was ac-
complished using GARP (Shaka et al., 1985) modulation of a
4.2-kHz rf field. A constant time delay of 26.6 ms was used that
resulted in oppositely phased signals for carbons attached to an
even or odd number of *C neighbors. The data were collected
with spectral widths of 33.13 ppm (*C) in ¢, (128 complex
points) and 14.12 ppm (‘H) in £, (512 complex points). Spectra
were processed as described (Vuister & Bax, 1992) except that lin-
ear prediction as implemented in FELIX (version 2.0) was used.

Two-dimensional 'H-'3C ¢t-HSQC and ct-HCCH-TOCSY
spectra (Ikura et al., 1991a) optimized for detection of aromatic
resonances were collected with the '*C carrier set to 125 ppm
and INEPT transfer delays set to 1.3 ms. The spectra were col-
lected with spectral widths of 26.29 ppm (>C) in ¢, (56 complex
points) and 11.73 ppm ('H) in ¢, (512 complex points). The
constant time delay was tuned to '*C-3C couplings of 70 Hz
(14.3 ms) and no carbonyl pulses were applied. The '3C mixing
time in the ct-HCCH-TOCSY experiment was accomplished
using a 14.34 ms DIPSI-2 sequence (Shaka et al., 1988) with a
7.6-kHz spinlock field. Both data sets were apodized with a 15°
skewed sine-bell in 1, and a 35° skewed sine-bell in #,. Linear
prediction as implemented in FELIX (version 2.0) was applied
in the ¢, time domain. The final data sets were 1,024 x 1,024
real points in size.

3JNH“ coupling constants were measured semiquantitatively
(either less than 6 Hz or greater than 8 Hz) from an "N HMQC-
J spectrum (Kay & Bax, 1990) in which 650 complex points
(f1max = 214 ms) were collected. Exponential line broadening
(7 Hz) and exponential line narrowing (—2 Hz) were applied in
the '"H and '*N dimensions, respectively. After O filling, the fi-
nal digital resolution was 4 Hz (‘H) and 2 Hz ('’N). These data
were used to estimate ¢ torsion angles for 36 residues.
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*Jne, and *Jcc, coupling constants for Val, lle, and Thr
residues were determined from 2D SN and '3C spin-echo dif-
ference ct-HSQC experiments as described (Grzesiek et al., 1993;
Vuister et al., 1993) using a constant time period of 28.6 ms.
These data were used to determine x, torsion angle constraints
for 7 of 9 Val, both Ile, and the single Thr residue, and to
stereospecifically assign the '*C, signals for 7 of the 9 Val
residues.

BN-Separated 3D NMR

Three-dimensional '*N-separated TOCSY-HMQC (Driscoll
et al., 1990) and 3D !’N-separated NOESY-HMQC experi-
ments (Kay et al., 1989; Marion et al., 1989¢) were acquired on
uniformly '*N-labeled samples of HSF in 90% H,0/10% D,O.
Quadrature detection in the indirectly detected dimensions was
accomplished using TPPI (Marion & Wiithrich, 1983). In both
experiments, GARP modulation (Shaka et al., 1985) was used
to decouple '’N. Solvent suppression was implemented using
presaturation. The TOCSY-HMQC experiment was performed
using a 100-ms clean TOCSY MLEV17 mixing sequence (Bax
& Davis, 1985; Griesinger et al., 1988). The ratio of the clean
TOCSY delay, A, to the spinlock 90° pulse length, 745, was
equal to 2.5 with an average spin-lock field strength of 6.7 kHz.
The 3D-'’N-separated NOESY-HMQC experiment was per-
formed using a 100-ms mixing time. Both the TOCSY and
NOESY experiments were acquired with spectral widths of
14.12 ppm, 60.0 ppm, and 14.12 ppm in F1 (*H), F2 (**N), and
F3 ('H), respectively, and with 200 real points in f,, 62 real
points in ¢,, and 1,024 real points in #;. A total of 16 scans were
signal averaged for each real ¢,, ¢, pair. Shifted sine-bell win-
dow functions were applied in all 3 dimensions and linear pre-
diction (FELIX program, version 2.0) and O filling in ¢, and ¢,
resulted in a final matrix for both experiments of 512 ('H) x
512 ("H) x 64 ('*N) points.

Triple resonance NMR

CBCANH (Grzesiek & Bax, 1992a) and CBCA(CO)NH (Grzesiek
& Bax, 1992b) triple resonance experiments were performed as
described on uniformly '3C/'*N-labeled samples in 90% H,0O/
10% D,O. Presaturation and a 1.8-ms spinlock pulse (Messerle
et al., 1989) were used to suppress the solvent in the CBCANH
experiment, whereas only the 1.8-ms spinlock pulse was retained
for solvent suppression in the CBCA(CO)NH experiment. Both
the CBCANH and CBCA(CO)NH spectra were acquired with
spectral widths of 56.0, 24.9, and 14.12 ppm for F1 (!3C; 52
complex points), F2 (**N; 32 complex points), and F3 ('H; 512
complex points), respectively, and with 32 scans per complex
t,, t, pair. The carriers were placed at 43.0 ppm, 117.9 ppm,
and 4.77 ppm for the '>C, ’N, and 'H channels, respectively.
>N decoupling during acquisition was accomplished using
WALTZ16 (Shaka et al., 1983) modulation of a 1.6-kHz rf field.
'H decoupling during the '*C evolution period was achieved
using DIPSI-2 modulation (Shaka et al., 1988) of a 5.4-kHz rf
field. Time domain convolution (Marion et al., 1989a) was used
to eliminate the residual solvent signal in both experiments and
a 50° skewed sine-bell window function was applied in the #; di-
mension. Linear prediction (FELIX version 2.0) was applied in
t, and t, followed by multiplication by unshifted cosine-
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squared window functions. Both matrices were 512 ('H) x 256
(**C) x 64 (**N) real points.

BC.separated 3D experiments

3D-HCCH-TOCSY (Bax et al., 1990b; Clore et al., 1990) and
3D-3C-separated NOESY-HMQC spectra (Ikura et al., 1990)
were recorded using uniformly '*C/13N-labeled HSF samples
in 99.96% D,O. Quadrature detection was achieved using the
States-TPPI method (Marion et al., 1989b). In both experiments
the '*C carrier was set to 43 ppm and '3C decoupling during ac-
quisition was accomplished using GARP modulation (Shaka
et al., 1985) of a 4.1-kHz field. Solvent suppression was achieved
in the HCCH-TOCSY experiment using presaturation and a
1.8-ms spinlock pulse. In the '*C-separated NOESY-HMQC
spectrum, 0.5-ms and 1.8-ms spinlock pulses were used for
solvent suppression (Messerle et al., 1989). Mixing in the '*C
HCCH-TOCSY experiment was accomplished using a DIPSI-2
sequence (Shaka et al., 1988) with a mixing time of 22.6 ms and
a spinlock field of 5.4 kHz. The mixing time in the '*C-separated
NOESY-HMQC experiment was 100 ms. Both experiments were
collected with 128 complex points in ¢, (*H), 32 complex points
in £, ('3C), and 256 complex points in #; (\H), and with 32 scans
per complex ?,, ¢, pair. Spectral widths for the HCCH-TOCSY
spectrum were 8.01, 23.8, and 8.01 ppm in F1 (‘H), F2 (**C),
and F3 ('H), respectively, and for the '3C-separated NOESY-
HMQC spectrum they were 10.93, 23.8, and 13.44 ppm in F1
('H), F2 (13C), and F3 ('H), respectively. The HCCH-TOCSY
data were multiplied by 50°-shifted sine-bell window functions
in all 3 dimensions and linear prediction (FELIX version 2.0)
was applied in #,, resulting in a final matrix size of 512 (‘H) x
128 ('H) x 64 ('*C) points. The '*C-separated NOESY data
were O filled and then apodized with a 90° skewed sine-bell
squared window function in #;. Data in the ¢, and ¢, dimensions
were multiplied by a skewed sine-bell window function and lin-
ear prediction was applied in ¢, to arrive at a final matrix size
of 256 ('H) x 128 (‘H) x 64 ('*C) real points.

4D C/3C-edited NOESY spectrum

A 4D 3C/!3C-edited NOESY spectrum was recorded as de-
scribed (Clore et al., 1991) on a '*C/’N-labeled sample of HSF
dissolved in 99.96% D,0 with a mixing time of 100 ms. The
acquired data matrix consisted of 8 (¢;, '*C) x 64 (t,, 'H) x
8 (45, 13C) x 256 (¢,, 'H) complex points with spectral widths
of 23.8 ppm in both *C dimensions and 9.15 ppm in both 'H
dimensions. The '>C carrier was centered at 43 ppm during la-
beling of carbon magnetization and the 'H carrier was posi-
tioned at 3.5 ppm except for solvent presaturation, which was
accomplished at 4.77 ppm. Data were processed as described
(Clore et al., 1991) except that linear prediction as implemented
in FELIX (version 2.0) was used to extend each 3C dimension
from 8 to 12 points followed by 0 filling to 32 complex points.
The final data matrix consisted of 32 (F1) x 128 (F2) x 32 (F3) x
256 (F4) real points.

Chemical-shift referencing

Chemical shifts were directly referenced to 3-(2,2,3,3-2H,) tri-
methylsilyl propionate (' H) and indirectly referenced to liquid
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ammonia (*N) (Live et al., 1984) and TSP ('3C) (Bax & Sub-
ramanian, 1986).

Structure calculations

NOE:s were classified qualitatively as strong (1.8-2.7 A), medium
(1.8-3.5 A), and weak (1.8-5.0 A) (Williamson et al., 1985;
Clore et al., 1986). A correction was added to the upper limit
for constraints involving methyl protons and nonstereospecifi-
cally assigned protons (Wiithrich et al., 1983; Clore et al., 1986).
¢ Torsion angles were constrained to —60° + 30° for 3JNHQ
values that were less than 6 Hz, and to —120° = 40° for *Jyy_
values that were greater than 8 Hz (Pardi et al., 1984). x; An-
gles were constrained to within £20° of the measured values
(Kraulis et al., 1989). Hydrogen bonds were identified on the ba-
sis of NOEs identified in regular secondary structures and low
amide proton exchange rates (still present after 370 min of ex-
change). Constraints were applied between N and O atoms (2.8-
3.3 A) and between Hy and O atoms (1.8-2.3 A) (Clore et al.,
1990).

Structures were calculated using a hybrid DG/SA method
(Nilges et al., 1988) as contained in the X-PLOR program 3.0
(Briinger, 1992). Random starting structures were calculated
using the X-PLOR routine generate-template. A subset of at-
oms from this extended conformation was used for embedding
using the distance and torsion angle constraint matrix with the
dg_subembed routine. The hybrid DG/SA routine dgsa was
applied to the full structure as described (Briinger, 1992). Final
refinement was applied using the routine refine.

The initial set of structures calculated on the basis of approx-
imately 300 NOE and 24 hydrogen bond constraints (12
H-bonds) was used to resolve ambiguities in NOE assignments,
allowing new NOE constraints to be added in further rounds of
refinement. Thirty final structures were calculated and the 24
best were chosen for structural comparison. The chosen 24 struc-
tures had no distance violations greater than 0.5 A and no tor-
sion angle violations greater than 5°. The average total target
function energy for the family of structures at the end of
X-PLOR refinement was 150.9 + 13.4 kcal/mol. The average
NOE and dihedral violation energies were 25.9 + 5.4 kcal/mol
and 0.96 + 1.6 kcal/mol, respectively, using force constants of
50 kcal/mol A? and 200 kcal/mol rad®. The (RMSD)s between
the distance constraints and calculated structures for the fam-
ily of 24 structures was 0.028 + 0.003 A and the (RMSD) be-
tween the dihedral constraints and calculated structures was
0.35 + 0.13°. The coordinates for these 24 structures have been
deposited with the Brookhaven Protein Data Bank (file 2HSF).
Superpositions and analysis of the structures was accomplished
using X-PLOR and Insight II software.

Acknowledgments

This work was supported through NIH grant GM 44086 and an award
from the PEW Scholars Program in Biomedical Sciences (to H.C.M.N.)
and by the Director, Office of Energy Research, Office of Biological
& Environmental Research, General Life Science Division of the US De-
partment of Energy under Contract No. DE-AC03-76F00098 and
through instrumentation grants from the US Department of Energy, DE-
FGO05-86ER75281, and the National Science Foundation, DMB 86-09305
and BBS 87-20134 (to D.E.W.).

We thank Eva Grotkopp for help with protein expression; Dr. David
King for performing electrospray-ionization mass spectrometry and a



1820

critical reading of the manuscript, Drs. Sharon Archer and Stephan
Grzesiek for advice on CBCANH and CBCA(CO)NH experiments, and
Biosym for $-test versions of the program FELIX.

Supplementary material on Diskette Appendix

A complete list of the restraints used to calculate the structures
appears on the Diskette Appendix (file Dambergr.NMR,
SUPLEMNT directory). Two kinemages (file Dambergr.kin,
KINEMAGE directory) are also provided. Kinemage 1 shows
the C, coordinates of HSF with the conserved regions high-
lighted, along with the ill-defined regions, and HTH. The lo-
cation of GIn-41 is also indicated near the distortion in helix H2.
Kinemage 2 shows a superposition of the C, coordinates of one
of the NMR structures with the 1.8-A X-ray structure minimiz-
ing the RMSD between the 2 structures for the backbone coor-
dinates in regions of regular secondary structure.
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