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Proton and Nitrogen NMR Sequence-Specific Assignments and Secondary
Structure Determination of the Bacillus subtilis SPO1-Encoded Transcription
Factor 17
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ABSTRACT: Sequence-specific 'H and 1N NMR! assignments are reported for the transcription factor 1
(TF1), a 22-kDa type 11 DNA-binding protein (DBPII) that consists of two 99-residue monomers. An
assignment strategy is employed that uses six complementary selectively deuterium-labeled TF1 variants
and an uniformly *N-labeled TF1 variant. Two-dimensional and three-dimensional homonuclear and
heteronuclear NMR correlated spectra are analyzed and yield nearly complete assignments for the 'H and
I5N resonances. Discrete protein secondary structure domains are also defined; in each monomer, three
a-helices, an antiparallel g-sheet, and an antiparallel S-ribbon are identified. Analyses of two dimers
formed from two distinct selectively deuteriated monomers serve to identify a number of interproton contacts
aseither intermonomeric or intramonomeric. Ananalysis of amide proton exchange revealsthat the carboxy-
terminal a-helix is less stable than the other two a-helices in each monomer. A previously proposed working
structural model of the TF1 dimer [Geiduschek et al. (1990) J. Struct. Biol. 104, 84-90], based on the
crystal structure of a highly homologous DBPII, the Bacillus stearothermophilus-encoded HU protein, is
generally supported by our results. Several departures from this model, however, are noted. Most notably,
the carboxy-terminal tail of TF1 adopts an a-helical conformation with a backbone distortion at Lys93.

The type II DNA-binding proteins (DBPII) are a family
of basic, dimeric proteins found in all bacteria (Pettijohn,
1988). E. coli encodes two such proteins, HU! (Kellenberger,
1988) and the integration host factor (IHF) (Craig & Nash,
1986), that exhibit vastly different DNA-binding character-
istics. The HU protein, a heterodimer of HU, and HUp
subunits, that can also exist as homodimer, exhibits no sequence
specificity in DNA-binding in any of its forms (Dri et al,,
1991). IHF exists as a heterodimer (Yang & Nash, 1989;
Flamm & Weisberg, 1985) that displays sequence specificity
in DNA binding (Friedman, 1988). The B. subtilis bacte-
riophage SPO1 also encodes a DBPII. This homodimeric
22-kDa protein, transcription factor 1 (TF1), binds prefer-
entially to DNA containing 5-(hydroxymethyl)-2’-deoxyuri-

f This work is supported by the National Institute of General Medical
Sciences (GM40635 to D.R.K. and GM39418 to E.P.G.) and the PICS
(141 CNRS-MAE, France; J.P.). We are grateful to the National
Institutes of Health (1S01-RR03342) and to the National Science
Foundation (BB586-12359) for providing resources for a 500-MHz NMR
instrument. One of us (J.M.R.) is indebted to the French Ministry of
Foreign Affairs for a research fellowship.

* To whom correspondence should be addressed.

§ Department of Chemistry.

# Current address: Department of Biochemistry and Biophysics,
Oregon State University, ALS 2011, Corvallis, OR 97331.

1 Department of Biology and Center for Molecular Genetics.

I Unité de Recherche Associée au CNRS, No. 1111, Faculté de
Pharmacie, Montpellier, France, and La Jolla Cancer Research Founda-
tion, La Jolla, CA 92037.

® Abstract published in Advance ACS Abstracts, July 1, 1994.

! Abbreviations: NMR, nuclear magnetic resonance; 2D, two-
dimensional; 3D, three-dimensional; Bst. HU, the B. stearothermophilus-
encoded HU protein; IHF, the E. coli-encoded integration host factor;
NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy; TF1, the
B. subtilis SPO1-encoded transcription factor 1; TOCSY, homonuclear
total correlation spectroscopy; HMQC, heteronuclear multiple-quantum
correlation; HSQC, heteronuclear single-quantum correlation, TPPI, time-
proportional phase incrementation; TSP-ds, 3-(trimethylsilyl)[2,2,3,3-
2H,]propionic acid.

dine (hmUra) in place of thymine and to spcific sites in the
hmUTra-containing SPO1 genome with high affinity (Greene
& Geiduschek, 1985).

A highly resolved structure is known for only one DBPII,
the B. stearothermophilus-encoded HU protein (Bst. HU)
(Whiteetal., 1989; Tanaka et al., 1984). Analysis of the Bst.
HU and the other DBPII primary sequences suggests that the
overall structural organization of Bst. HU may serve as a
reasonable model for all the DBPII (Geiduschek et al., 1990).
The Bst. HU crystal structure contains two concave S-ribbon
arms, which have been suggested to play a role in the
recognition of DNA by the DBPII. The DBPII, therefore,
may exemplify an interesting DN A-binding structural motif’
the S-ribbon motif (Kim, 1992). This motif has been proposed
to be one in which contacts are formed between the protein
and nucleic acid bases in the major groove (Somers & Phillips,
1992) or minor groove (Barry & Hawley, 1991; Nash &
Granston, 1991) of bound B-form DNA.

Of all the known DBPII, only TF1 and IHF exhibit sequence
specificity in DNA binding. This functional difference has
been explained by the presence of short carboxy-terminal
extensions (with respect to the 90-residue HU proteins) in
IHF and TF1. IHF, with monomers of 93 and 98 residues,
exhibits some sequence specificity in DNA binding (Yang &
Nash, 1989) while TF1, with 99-residue monomers, prefer-
entially binds to DNA containing hydroxymethyluracil
(hmUra) and to certain sites in hmUra-containing DNA
(Greene & Geiduschek, 1985). While the structure of the
TF1 nine-amino-acid tail is not known and cannot be
determined by analogy to the Bst. HU structure, its analysis
may be important to understanding the DNA-binding motif
employed by both TF1 and IHF. For this reason and to
establish whether the Bst. HU crystal structure serves as a
good model for TF1 in solution, we have used nuclear magnetic
resonance spectroscopy techniques to determine the structure
of TF1 in solution.
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Table 1: Isotopic Composition of Selectively Deuteriated TF1

protiation?
variant name? fully protiated residues partially protiated residues min % max %
FGIY Phe, Gly, lle, Tyr Ala, Glu, Gln, Ser, Asp, Asn, Val, Thr 16 58
FVSY Phe, Val, Ser, Tyr Ala, Gly, Glu, Gln, Asp, Asn, Thr, Ser 22 53
LAS Leu, Ala, Ser Gly, Glu, Gin, Asp, Asn, Thr, Tyr, Ser 25 50
VIFY Val, Ile, Phe, Tyr Ala, Gly, Glu, Gln, Asp, Asn, Tyr, Ser 23 51
Phe* Phe-H3,HS,H6 Ala, Gly, Glu, Gln, Asp, Asn, Tyr, Ser 2 30
TE* Thr, Glu, Gln, Asn Ala, Lys, Gly, Ser, Asp, Tyr 15 52
PRAG* Pro, Arg, Ala, Gln, Asn Gly, Glu, Asp, Ser, Tyr 28 35
KMP¢ Lys, Met, Pro, Gln, Asn Ala, Gly, Glu, Asp, Ser, Tyr 35 54

@ Values indicate percentages of the nonexchangeable protons in TF1, where min % is calculated from the total number of protons for the residues
in the second column and max % is from those in the second column plus the third column. ¢ The nomenclature is based on names of protiated residues.
¢ These proteins were produced in the auxotrophic E. coli strain, DL39(pTF1X).

We have employed both two-dimensional (2D) and three-
dimensional (3D) NMR techniques to approach the structure
determination of TF1. Because the resonance assignment of
TF1 in solution presents a number of experimental difficulities
(due primarily to the protein’s relatively high molecular
weight), a strategy of using a set of complementary selectively
deuteriated TF1 variants has been employed. This strategy,
absent the use of 3D NMR techniques, has proven quite
successful in providing the 'H NMR assignment of the zrp
repressor, a homodimeric protein with a molecular weight of
25 kDa (Arrowsmith et al., 1990). Our previous studies also
revealed that this strategy should yield similar success in the
analysis of TF1 (Reisman et al., 1991, 1993). In this paper
we present nearly complete 'H and SN NMR resonance
assignments for TF1 which are based upon NMR analyses of
six 2H-labeled TF1 variants and an uniformly *N-labeled
TF1 variant using 2D and 3D, homonuclear and heteronuclear
techniques. While a further use of the results presented will
be to make possible a high-resolution structure determination
of TF1, the present analyses yield information regarding the
dominant secondary structural features, the global structure,
and relative stability of the various structural domains of TF1
in solution.

MATERIALS AND METHODS

Protein Preparation. Eight selectively deuteriated TF1
variants were synthesized in either E. coli MG1655 or in the
auxotroph DL39. Both strains contained the pTF1X TF1-
overproducing plasmid (Sayre, 1989; Hérd et al., 1989b).
Table 1 lists and names these selectively deuteriated TF1
variants along with the amino acids expected to be fully
protiated or partially protiated in each variant. The Phe*
variant contained as its sole added protiated residue, [2,4-
2H,]phenylalanine, synthesized according to a procedure to
be discussed elsewhere (Dauzonne & Parello, in preparation).
Procedures for the purification of TF1 from MG1655(pTF1X),
have been described previously (Reisman et al., 1993; Hard
et al., 1989a). When similar procedures were used to obtain
protein from DL39(pTF1X), we used a medium described by
Muchmore et al. (1989), containing appropriate unlabeled
amino acids for growth and labeled amino acids for over
expression. An uniformly !’N-labeled TF1 sample was
prepared from MG1655(TF1X) as described above, using
15N-labeled amino acids as well as 1*N-labeled ammonium
chloride as nitrogen sources.

Protein concentrations were determined by UV absorbance,
using an extinction coefficient of 1200 M~! cm™! at 280 nm
(Sayre & Geiduschek, 1990). Light-scattering contributions
were eliminated by monitoring absorbance at 330 nm.

Between 20 and 25 mg of TF1 were obtained from 6 L of
MG1655/TF1X culture and 3 L of DL39/TF1X culture.

“Heterodimeric” TF1 samples were prepared by adding
two differently deuteriated TF1 variants in a 1:1 ratio and
then allowing the mixture to equilibrate at room temperature
for at least 24 hours.

NMR Spectroscopy. All 2D NMR spectra and one
heteronuclear 3D spectrum, H-1"N-NOESY-HMQC, were
acquired on a Bruker AMX-500 spectrometer equipped with
an X32 Aspect-3000 computer and either a fixed-frequency
TH probe (homonuclear experiments) or a two-channel NMR
interface and a double-resonance 'H/!’N reverse probe
(heteronuclear experiments). The homonuclear 3D spectrum,
'H-TOCSY-NOESY, was acquired on a Bruker AMX-600
spectrometer equipped with an X32 Aspect-3000 computer
and a fixed-frequency 'H probe. NMR samples consisted of
2.0-4.5 mM TF1 monomer in 400 mM NaCl/100 mM sodium
phosphate (pH 6.8). 2D spectra were acquired with samples
in 90% H,0/10% D,0O and in 99.99% D,O solutions. 3D
spectra were acquired with samples in 95% H>O0/5% D.O
solutions. All spectra were acquired at 30 °C.,

Two-dimensional NOESY spectra were acquired with
mixing times of 75, 100, 150, and 200 ms. Solvent suppression
for NOESY spectra acquired in H,O solutions was achieved
by using a jump-return observe pulse (Plateau & Gueron,
1982) combined with low-power presaturation during both
relaxation and mixing time delays.

For 2D TOCSY experiments (Bax et al., 1985), a spin-
locked mixing time of 40 ms and a radio frequency (rf) field
strength of 12 kHz were used. The residual H,O signal was
purged by high power trim pulses of 2.5 ms at the beginning
and end of each spin—lock pulse and by low-power presaturation
during the relaxation delay.

Two-dimensional 'H-1"N-HMQC experiments employed
a jump-return water suppression pulse sequence but no low-
power presaturation of the residual H,O signal (Sklenar &
Bax, 1987). Two-dimensional !H-1SN-HSQC experiments
(Tate et al., 1991), however, used low-power rf presaturation
during the relaxation delay. Both 2D heteronuclear experi-
ments employed signal aliasing in the 1N dimension (Archer
et al., 1992) and heteronuclear GARP decoupling (Shaka et
al., 1985). Each 2D spectrum was acquired as a 2048 X 500
(t2 X t1) time-domain matrix and then processed to yield a
1024 X 1024 real matrix in the frequency domain.

A homonuclear 3D 'H-TOCSY-NOESY experiment (Osh-
kinat et al., 1989) with a NOESY mixing time of 100 ms and
a TOCSY mixing time of 35 ms was used to analyze a fully
protiated TF1 sample (7.0 mM) in H,O. Time-domain data,
consistingofa 512 X 192 X 176 (13 X t2 X t1) complex matrix
in which each t2 X t1 vector was signal-averaged over eight
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scans, were used to generate the 512 X 256 X 256 real
frequency-domain spectrum.

A heteronuclear 3D TH-1SN-NOESY-HMQC experiment
(Kay et al., 1989) with a NOESY mixing time of 100 ms was
used to analyze 4.5 mM uniformly !N-labeled TF1 in a H,O
solution. Time-domain data, consisting of a 512('H) X 44-
(¥N) X 192(*H) (t3 X t2 X t1) matrix in which each t2 X
tl vector was signal-averaged over 32 scans, were used to
generate the 512 X 64 X 256 frequency-domain spectra. In
all 3D NMR experiments, presaturation was employed to
suppress the residual H,O resonance.

For all experiments, TPPI was used for quadrature detection
in all indirectly detected dimensions (Marion & Wiithrich,
1983), and spectral widths of 6097.56 Hz and 2032.52 Hz
were observed in the 'H and !N dimensions, respectively. All
'H-NMR chemical shifts are reported downfield from external
TSP-d,. All ’N-NMR chemical shifts are referenced with
respect to an external 1 M NHCI standard and reported
relative to the liquid ammonia reference frequency (Srinivasan
& Lichter, 1977). AIINMR data were processed and analyzed
using Felix2.05 software (Biosym) on an SGI Indigo worksta-
tion.

The following procedure was followed to determine which
amide protons were in slow chemical exchange with solvent
deuterons: a 2D HMQC experiment was recorded in H,O
solution, and the NMR sample was then dried under a stream
of N and redissolved in 99.99% D,O. A 2D 'H-SNHMQC
spectrum was acquired 30 min after the sample was redissolved.
This time-domain spectrum, consisting of a 2048 ('H) X 100-
('*N) matrix and obtained over 65 min, was used to generate
a1024('H) X 512('*N) frequency-domain spectrum. Another
2D HMQC spectrum was acquired after the sample was
maintained at room temperature in DO for 5 days.

RESULTS

Identificationof the! H SpinSystems. Crosspeak intensities
insome multidimensional NMR experiments (i.e., COSY and
TOCSY) are proportional to the homonuclear scalar coupling,
and thus, these experiments are of only limited aid in
identifying amino acid spin systems in large biomolecules
(Arrowsmithet al., 1990). Identificationis especially difficult
in large biomolecules for those spin systems with three or
more J-coupled (Rosen et al., 1991) or weakly coupled proton
pairs. Therefore, although TOCSY spectra can often be used
for the identification of less complex side chains, a NOESY-
based approach to spin system identification is often favored
over the more traditional J-correlated experiments. In our
application of this approach, NOESY spectra of selectively
deuteriated protein variants were used to identify the 'H spin
systems and to obtain sequence-specific assignment. Fur-
thermore, because spin system identification requires a high
degree of internal confirmation from complementary sequence-
specific assignment procedures, analysis of 2D NOESY spectra
was combined with an analysis of 2D and 3D !H-15N correlated
spectra, as well as with an analysis of the 3D homonuclear
TOCSY-NOESY spectrum. Analysesofthe NOESY spectra
with mixing times of 150 ms, coupled with an analysis of the
two 3D spectra, proved to be very successful in obtaining the
complete assignment of the TF1 'H NMR spectrum.

Of the eight leucine spin systems in each TF1 monomer,
only seven could be readily identified in the NOESY spectrum
of the LAS variant. Intraresidue NOEs from the NH to two
or more side-chain protons and from the aH to other side-
chain protons allowed the facile identification of all the leucine
side chains except for Leu44. Only one intraresidue NOE
from Leud44-NH to its side-chain protons, Leu44-6CH3, was

Jia et al.

found. Thissignificant upfield shifted resonance (at 0.34 ppm)
was correlated to Leudd-yH and -SH, but correlations to
Leu44-aH were missing. ’

The eight threonine spin systems were identified by the
characteristically intense NOE correlation between each yCH;
resonance and both the «H and 8H resonances in the NOESY
spectrum of the TE variant. Differentiation of H and SH
required an analysis of TOCSY data, in which the yH-SH
crosspeak should be much more intense than the yYH-aoH
crosspeak, owing tothe stronger yCH;~SH J-coupling. While
spectral overlap between aH and 8H resonances complicated
the assignment of Thr4 and Thr17, NOEs between Thr4-oH,
-GH and Glu5-NH allowed the identification of the Thr4 spin
system. The Thr17-yH resonance was tentatively assigned
based on its strong NOESY correlation to both «H and SH
resonances, which form a strongly J-coupled proton pair with
chemical shifts typical for threonine «H and 8H (at 4.04 and
4.26 ppm, respectively).

Assignments of the 15 glutamic acid and glutamine residues
were made largely from an analysis of the TE variant even
though these residues were highly protiated in all the TF1
variants. The Glu29 spin system was the most difficult to
identify due to an unusually large downfield shift of its SH
while its YH was shifted upfield. The Glu29 assignments
were ultimately verified as part of a series of sequential NH,—
NH;+; and aH-NH;+; NOEs, which trace the protein
backbone from Val21-NH through Asp40-NH. Sequential
NOE:s correlating the Glu29 side-chain protons to Lys30-
NH and the Phe28 side-chain protons to Glu29-NH were also
clearly observed and served to verify the Glu29 assignments.

The five isoleucine residues in each TF1 monomer were
identified through analyses of the NOESY spectrum of the
FGIY variant. While overlap between Ile71-NH and Ile7-
NH resonances limited the utility of 2D techniques, the
heteronuclear 3D spectrum allowed these spin systems to be
distinguished easily via the differences in their !N chemical
shifts. This strategy was also used to identify one of the eight
valine residues (Vall9). For the remaining seven valine
residues, 2D analysis of the FVSY and VIFY variants proved
to be sufficient. The assignments for all isoleucine and valine
resonances were confirmed with 2D spectral anslysis of the
VIFY variant.

As there are only two arginine residues in each TF1
monomer, their identification in the NOESY spectrum of the
PRAG variant was straightforward. The 3D-TOCSY-
NOESY spectrum of fully protiated TF 1 served to verify these
assignments.

Both the PRAG and KMP variants were used to identify
the four proline spin systems. In the NOESY spectra, both
Pro52 and Pro73 displayed NOE correlations from é, 8H to
8, 8’H and v, v’'H. However, Pro81 offered only a weak and
incomplete NOE connectivity pattern, and Pro63 provided no
such pattern. Moreover, while strong NOE correlations were
observed between S3NH and 52aH, between 74NH and 73aH,
and between 82NH and 81aH, no clear evidence was found
for a similar correlation to Pro63. For all four prolines,
however, strong NOEs were observed from 6, 6’'H to the oH’s
of the preceding residues (Lys51-aH-Pro52-6, H, Asn62-
aH-Pro63-6,6'H, Ala72-aH-Pro73-4, 8’-H, and Lys80-aH-
Pro81-8,6’H). This notonly serves toconfirm the assignments
but also indicates that all four proline residues of TF1 are in
the trans conformation.

There are 13 lysine residues each TF1 monomer. Toidentify
their highly overlapped resonances, we relied on the 3D-
TOCSY-NOESY spectrum. Because the TOCSY crosspeaks
correlating Lys-6Hs to eHs in the 3D spectrum were strong
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FIGURE 1: Expanded regions from the NOESY spectra (7, = 150 ms) of two TF1 variants, (a) LAS and (b) KMP, in H;O buffer. Sequential
NH-NH,,; connectivities linking Ser84 to Lys93 are shown. In b, the connectivity from Leu92-NH to Lys93-NH is not seen. Intraresidue
connectivities from NH to side-chain protons are indicated with vertical lines; selected interresidue connectivities are also indicated by horizontal

lines.

and the characteristic chemical shift of Lys-eHs (at about
2.9-3.0 ppm) was readily identified, these crosspeaks were
used as initial indicators of the lysine spin systems. Spin
systems were then traced from ¢Hs to 6Hs and through oH
resonances in both TOCSY and NOESY planes of the 3D
spectrum. All lysines, except for Lys3, were assigned in this
manner, and the assignments were verified through an analysis
of the heteronuclear 3D spectrum and the 2D NOESY and
2D TOCSY spectra of the KMP variant. Met24, one of two
methionine residues in TF1, was also assigned through an
analysis of the NOESY spectrum of the KMP variant. No
resonances corresponding to the amino-terminal methionine
were identified. The inherent flexibility and mobility of the
amino terminus of TF1 may explain why Lys3 and Metl
resonances were not observed.

The protiated forms of the remainder of the amino acids
(Ala, Asp, Asn, Gly, and Ser) were observed, to some degree,
inevery TF1 variant. Identification of these spin systems was
based upon an analysis of all the 2D NOESY spectra. Each
resonance from these residues (with the exception of Asn2)
was assigned unambiguously; the assignments were verified
through a series of self-consistent, intra- and interresidue
NOESY crosspeak patterns. In the case of Asn2, three
medium-intensity NOESY crosspeaks that appeared in almost
every deuteriated variant NOESY spectrum correlated the
Gly46-aH resonance to resonances at 8.37, 3.53, and 2.98
ppm. When the spin system identification was nearly
complete, we assigned these resonances as Asn2-NH, «H,

and -SH, respectively. Because no independent sequential
connectivities can confirm this assignment, we consider this
a tentative assignment. For the remainder of the Ala, Asp,
and Asn spin systems, «H-8H TOCSY correlations were used
to further verify the assignments.

While the five aromatic spin systems have been assigned
previously (Reisman et al., 1993), the present assignment
reveals that the previously published assignments for Phe28
and Phe47 were transposed. The segment of residues from
21 to 40, including Phe28, displays a continuous set of
sequential NH-NH and «H-NH NOE connectivities, and
eachresidue within this segment was unambiguously assigned.
In contrast, the assignment for Phe47 was essentially derived
from long-range contacts. Complete sets of sequential NOE
connectivities were observed for Tyr94 and Phe96. The spin
system of Phe61 was readily identified by the characteristic
relaxation properties of its aromatic protons (Reisman et al.,,
1993).

Finally we need to mention that uncertainties among 83, v,
and § protons within one spin system, of some of the Leu, Arg,
Lys, Glu, Glin, and Pro residues, do exist in their assignments.
These uncertainties were caused by severe line broadening in
COSY spectra and using only one TOCSY mixing time. In
such situations, the assignments of these protons were based
on their typical chemical shift values in random coil.

Sequence-Specific Assignment of the ' H NMR Spectrum.
Our use of selectively deuteriated variants placed severe
limitations on our ability to identify sequential «H~NH;+,
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correlations. Although a number of aH resonances could be
seen for even the most highly deuteriated variants, the intensity
of resonances corresponding to the deuteriated residues was
often quite weak and exhibited no sequential crosspeaks. It
is well-known, however, that relatively strong NOEs can be
observed for NH,—NH;+; connectivities for residues in an
a-helical conformation (Wiithrich, 1986). For this reason,
we relied heavily on sequential NH,~NH,+, correlations in
regions we judged likely to be a-helical. For domains which
donotadopt an a-helical structure, werelied on a combination
of aH~NH;;, and NH~NH;4; correlations to produce a
sequential assignment of the protein backbone. While tracing
the backbone in this manner, we correlated the aliphatic spin
systems of each residue to its corresponding NH resonance.
Figure 1 provides examples of this assignment procedure as
applied to the a-helix 3 domain of TF1 for the LAS(a) and
KMP(b) variants. Sequential NH,—NH;.; connectivities for
residues 84-93 are shown in the NH-NH and in the NH~
aliphatic spectral regions; several intraaliphatic contacts (not
shown) also verify the proximity of each sequential pair of
residues.

Although its utility has not been emphasized in the literature,
the 'H homonuclear 3D NMR spectrum was quite useful in
our assignment of the TF1 'H NMR resonances. About 20%
of the 'H resonances were assigned from a single 3D TOCSY-
NOESY spectrum of fully protiated TF1, independent of
selectively deuteriated 2D spectra. Figure 2 shows how the
sequence-specific assignments were traced from residue 97 to
residue 94 in the homonuclear 3D spectrum. The left panels
of Figure 2 present w3 cross-sections for the NH resonance
of residues Asp96, Glu95, and Tyr94. The peaks on the
“diagonals” (wl=w?2) represent single-transfer NOE correla-
tions to the NH and, when spectral over-lap is not too severe,
indicate clear through-space contacts between proximate
residues. For example, correlations can be traced from 96-
NH to 96-aH, 3, ’H, 95-NH, and 95-8, 8'H in the 3 cross-
sectionof 96-NH. Inthe same panel, single-transfer TOCSY
correlations from 96-NH to 96-aH and from 96-aH to 96-
BH are identified by horizontal lines. The right panels of
Figure 2 present w3 cross-sections for the « proton resonances
of the same residues. The largely redundant information
obtained from these cross-sectional spectra were used to
confirm earlier assignments and, in some cases, to extend
assignments to other protons in amino acid side chains.
Analyses could proceed from the other correlated cross-
sectional resonances (i.e., BH, vyH, etc.) as well. Analysis of
this 3D spectrum, along with analysis of the much better
resolved 2D spectra, allowed us to trace the TF1 backbone
from Glu5 through Aspl3, from Ser20 through Lys41, and
from Gly82 through the carboxy-terminal Lys99.

Tracing the backbone from Val42 through Pro81, however,
proved to be less straightforward. Yielding fewer sequential
NOE:s and more complex long-range NOESY interconnec-
tivity patterns than the remainder of the protein, analysis of
this segment required a more piecemeal approach. Spin
systems were linked with as few as two sequential NOEs and
occasionally without any «H,~NH;+; correlation.

Similarly, sequential assignments for residues Thr14—Val19
were difficult to establish. This difficulty arose because the
NH resonances of these residues all cluster near 8.0 ppm (with
the exception of GIn18-NH). Only a careful analysis of the
2D spectra and, in some cases, the use of resolution enhance-
ment techniques such as the application of sharp apodization
functions to the time-domain data, zero-filling, or linear
prediction in the t2 dimension prior to Fourier transformation,
led to the assignments presented in Table 2. In sum, the 'H
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FiGURE 2: Two-dimensional cross-sections in w3 from the homo-
nuclear 3D TOCSY-NOESY spectrum of fully protiated TF1 in
H,O buffer. Cross-sections at the NH (left) and at the «H (right)
resonance frequencies for Asp96, Glu95, and Tyr94 are shown.
Intraresidue TOCSY connectivities (within individual panels) are
linked by horizontal and vertical lines with sequential NOE
connectivities (between adjacent panels) are traced with arrows. NOE
connectivities alsoappearalong the diagonals of the individual panels.

assignment of TF1 was largely based on analysis of the
homonuclear 2D and 3D spectra. In only a select few cases
was the heteronuclear 3D HMQC-NOESY required to
establisha !H assignment. A complete list of proton chemical
shift assignments is presented in Table 2.

Sequence-Specific Assignment of the '°N Spectrum. We
encountered difficulties in attempting to distinguish inter-
residue from intraresidue '"H NOESY crosspeaks in analysis
of the heteronuclear 3D NOESY-HMQC spectrum. For this
reason, the °N assignments may be viewed as being determined
from the previously assigned !H resonances. We were also
able to use this spectrum as an aid in verifying 'H NMR
assignments.

Figure 3 contains a typical 'H-!’N HSQC spectrum of
TF1in which 92 of 94 expected backbone NH resonances (99
residues less four proline residues and the amino-terminal
residue) are correlated to 1°N resonances. Only correlations
that correspond to Lys3 and to Gly60 are not observed. Several
side-chain NH; residues from glutamine and asparagine are
also observed near w(!°N) = 116 ppm in the HSQC spectrum.
The two most upfield-shifted SN resonances (indicated by
boxes in Figure 3) are “aliased” into the displayed spectrum.
Their actual >N chemical shifts, 89.80 and 89.36 ppm, have
been assigned to Lys87-eNH, and Lys93-eNH; side-chain
nitrogens. While most of the backbone !N assignments were
determined from the 3D NOESY-HMQC spectrum, a few of
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Table 2: 15N and !H Chemical Shifts (ppm) of Transcription Factor 14

BN NH aH 8,8H ~,¥YH §,&H other protons 5N NH eH 6,H v,vH §,8H other protons
Metl & Pro52 - - 509 117 1.84 3.58
Asn2¢ 122.27 8.37 3.53 298 1.56 190 3.72
Lys3 b Val53 120.12 8.37 449 190 0.73
Thr4 118.36 7.92 3.85 424 1.26 0.80
Glu5 12530 8.32 393 198 229 Ala54 130.88 8.64 4.47 1.23
2.53 Arg55 12692 9.10 458 1.72 149 3.05
Leu6 127.55 8.59 4.35 2.05 154 0.86 1.54
1.00 GIn56 114.54 8.48 443 190 2.06 7.57/6.93 (CONHy)
Ile7 123.69 8.49 345 193 092 0.70 0.89 (yCH;) 1.96 2.15
1.85 Ala57 127.68 8.39 4.16 127
Lys8 121.67 7.49 384 186 1.55 1.66 2.91(e¢H) Arg58 122.93 8.35 4.56 1.69 149 3.11
Ala9 12593 828 416 1.57 .77 154
Ile10 124.22 8.97 395 191 097 064 0.78 (yCH;) Lys59 124.61 8.47 463 1.83 139 156 294 (eH)
Alall 129.82 8.61 3.83 1.46 1.67
GInl2 119.62 8.10 4.04 2.09 242 7.57/6.84 (CONH2) Gly60 b 7.69 3.91 4.17 (o)
2,16 252 Phe61 124.64 8.46 489 281 7.04 (H2,6), 7.25 (H3,5),
Aspl3 12148 7.86 4.41 2.78 7.18 (H4)
Thr14 123.96 8.02 3.94 4.03 1.28 Asp62 128.44 8.45 489 252 7.56/7.18 (CONH>)
Glul5 121.55 8.07 3.64 2.00 2.48 3.06
2.07 Pro63 - - b 203 1.82 3.70
Leulé 120.48 7.99 4.09 b 1.63 0.76 190 3.78
0.87 Gln64 120.45 8.22 4.25 213 237
Thr17 12526 7.97 4.04 4.26 1.28¢ Thr65 111.98 7.34 429 433 1.08
GInl8 123.04 838 4.17 2.00 245 7.57/6.89 (CONH2) Gln66 121.08 8.27 3.81 222 224 7.44/6.75 (CONHy)
2.18 Glu67 122.27 7.60 433 177 222
Vall9 121.54 7.97 3.82 197 094 1.94
1.05 Ala68 125.01 8.00 4.45 1.39
Ser20 122.66 7.79 4.04 3.80 Leu69 124.58 8.07 4.66 1.37 153 0.83
Val2l 126.39 8.07 3.78 2.09 0.87 0.91
1.03 Glu70 125.78 8.42 444 187 2.06
Ser22 11895 8.72 4.04 3.98 1.94 215
Lys23 12527 8.03 404 1.80 144 1.65 2.92(eH) Ile71 129.40 8.50 4.09 1.70 1.32 0.78 0.86 (vCHj3)
Met24 123.92 8.24 3.83 224 b Ala72 133.36 8.21 447 132
2.31 Pro73 - - 425 1.68 128 344
Leu25 12441 878 4.01 144 1.69 0.58 1,70 1.33  3.67
1.58 0.65 Ser74 119.76 8.66 4.83 3.87
Ala26 126.62 8.09 4.12 1.43 3.93
Ser27 118.99 7.80 4.02 3.81 Val75 130.25 8.76 4.57 191 0.49
3.90 0.76
Phe28 124.58 8.93 4.17 3.23 7.02 (H2,6), 6.97 (H3.5), Gly76 122.04 8.58 3.50 4.54 (ae)
3.42 6.84 (H4) Val77 129.07 8.60 440 1.61 062
Glu29 12445 7.70 4.10 1.58 2.78 0.73
Lys30 123.23 7.97 382 1.80 145 1.64 2.94(eH) Ser78 130.58 8.97 4.60 3.63
1.88 Val79 117.31 8.79 4.97 1.80 061
Ile31 122.53 9.36 3.69 170 1.31 0.66 0.74(yCHj) Lys80 130.10 8.58 4.97 179 135 1.65 294 (cH)
1.42 1.50
Thr32 123.65 8.25 3.72 4.05 1.08 Pro81 - - 461 209 1.78 3.76
Thr33 119.12 7.96 3.59 421 1.16 211 185 395
Glu34 12398 8.41 392 150 230 Gly82 111.98 7.92 3.24 4.34 (o)
2.49 Glu83 122.27 891 386 201 2.27
Thr35 126.99 8.00 3.78 4.10 1.11 208 235
Val36 126.66 7.88 4.15 193 0.65 Ser84 117.44 8.86 4.24 392
0.90 Leu85 125.37 7.12 425 1.54 163 0.76
Ala37 124.08 7.99 420 1.52 1.76 0.90
Lys38 118.95 7.29 437 201 152 1.61 2.94(eH) Lys86 120.72 8.12 377 1.81 137 1.60 292 (eH)
1.67 141 171
Gly39 113.40 8.64 3.63 4.42 (o) Lys87 121.54 8.02 404 188 1.69 146 2.96(eH)
Aspd0 126.33 7.79 5.00 2.53 Ala88 125.07 7.37 4.10 1.55
2.75 Ala89 119.76 7.11 4.09 1.11
Lys4l 117.48 8.18 5.04 190 143 159 291 (eH) Glu90 121.01 7.53 4.11 205 237
Vald2 124.84 9.09 456 194 0.86 212 248
1.04 Gly91 109.33 7.98 3.78 4.10 ()
GIn43 124,72 8.52 494 198 212 7.43/6.83 (CONH,) Leu92 125.07 7.41 443 142 163 076
210 222 1.82 0.88
Leudd 125.13 8.11 b 1.06 067 034 Lys93 125.21 8.91 454 186 144 1.71 3.04 (H)
0.39 1.92 1.56
Thr45 112.23 8.07 428 465 1.40 Tyr94 130.55 8.96 3.80 2.80 7.01 (H2,6), 6.67 (H3,5)
Glyd6 124.58 8.92 4.27 5.51 (&) 2.90
Phe47 125.23 8.82 512 2.80 7.13 (H2,6), 6.85 (H3,5), Glu95 119.93 9.54 3.85 196 230
2.93 6.34 (H4) 2.03 2.35
Leud48 128.87 8.63 4.78 191 1.67 094 Asp96 121,28 7.54 4.44 235
2.12 1.01 2.78
Asnd9 123.82 8.05 532 266 7.14/6.60 (CONH,) Phe97 121.11 7.62 4.38 249 7.29 (H2,6), 7.41 (H3,5),
Ile50 12596 9.00 470 195 145 0.63 0.70 (vCHj) 3.13 7.31 (H4)
Lys51 127.28 9.03 5.11 1.78 1.20 1.58 2.83(eH) Ala98 128.83 7.49 4.07 0.86
1.42 Lys99 129.49 7.65 4.15 1.81 1.35 1.65 2.96 (¢H)

2 £0.04 ppm, at 30 °C, 400 mM sodium chloride/100 mM sodium phosphate buffer, pH 6.8. Uncertainties among 8, v, and é protons within one
spin system, of some of the Leu, Arg, Lys, Glu, Gln, and Pro residues, do exist in their assignments (see text).  Unassigned. ¢ Tentative assignment.
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FIGURE 3: An HSQC spectrum (lower panel) and a 2D cross-section
in w2 from the heteronuclear 3D NOESY-HMQC spectrum (upper
panel) of uniformly SN-labeled TF1 in H,O buffer. The vertical
lines indicate intraresidue and interresidue NOE connectivities while
the horizontal lines indicate NOE connectivities from Lys93-NH to
Leu92 side-chain protons. The two boxed peaks in the HSQC
spectrum are aliased in the !N dimension.

the assignments (those corresponding to Leu16, Gln18, Gly46,
Phed7, Lys59, and Glu70) were based on a comparison of
NH chemical shifts in the 2D HSQC and in the 2D NOESY
spectra. The "N chemical shift assignments are listed along
with the 'H assignments in Table 2.

Differentiation of Intermonomeric and Intramonomeric
NOESY Correlations. Because TF1 is a homodimer, only
one monomer is represented by the NMR spectrum. While
the 2-fold symmetry proved advantageous in many aspects of
the spectral analysis, making the spectra far less complex
than that of a nonsymmetric 22-kDa protein, it did complicate
our attempts to distinguish between those NOESY crosspeaks
that represent intermonomeric contacts and those that
represent intramonomeric contacts. Therefore, we used the
selectively deuterated heterodimer method (Arrowsmith et
al., 1990) to reliably differentiate intermonomeric and
intramonomeric corrlations. Inourapplication of this strategy,
two “heterodimeric” TF1 variants, Phe*-LLAS and VIFY-TE,
were examined. By comparing NOESY crosspeak intensities
observed in spectra of the selectively deuterated homodimers
to the intensities observed in spectra of the selectivity
deuteriated heterodimers, we were able to distinguish between
intermonomeric NOE contacts and intramonomeric NOE
contacts. Because TF1 establishes a rapid monomer—dimer
equilibrium in the absence of a suitable DNA ligand (Andera
etal., 1994), we treated each hybridized sample as a mixture
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FIGURE 4: One-dimensional slices of NOESY spectra in D,O buffer.
(a) Slices at wl = A37-aH (top, Phe*; middle, LAS; and bottom,
mixed Phe*-LAS) are shown. (b) Slices at wl = F97-H2,6 (top,
VIFY; middle, TE; and bottom, mixed VIFY-TE) areshown. Vertical
lines indicate positions at which NOE correlations with the specified
resonances would be detected.

of the two homodimers and the heterodimer in a 1:1:2 molar
ratio. Two examples of our analyses are shown in Figure 4.

In Figure 4a, w2 cross-sections at the Ala37-aH resonance
for three TF1 variants (Phe*, LAS, and Phe*-LAS) are shown;
each spectrum exhibits an NOE correlation between the Ala37-
aH and Ala37-8H resonances. Because of the higher level
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FIGURE 5: A summary of sequential NOE correlations for TF1. Noinformation regarding the relative intensities of the correlations is provided.
Those NH resonances that could be detected after exchange (a.e.) for 1 h and for 5 days in D,O buffer are marked with asterisks.

of amino acid-specific deuteriation in the Phe* variant, this
crosspeak has a lower absolute intensity in the Phe* cross-
section. However, because we are concerned with interresidue
correlations involving Ala37-aH, the three cross-sections are
normalized against the intensity of this intraresidue crosspeak.
In the LAS cross-section, representative of a protein in which
all Ala and Leu side chains are protiated, the two upfield
crosspeaks have been assigned as NOEs correlating Ala37-
aH to Leu92-6H and §’H. For the hybridized Phe*-LAS,
these two crosspeaks exhibit dramatically reduced intensities.
On the basis of the 1:1:2 molar ratio of LAS, Phe*, and Phe*-
LAS dimers, a 0.25:1 intensity ratio between the crosspeaks
in the Phe*-LAS and LAS would be expected if the Ala37-
Leu92 contact were intermonomeric, while a 0.75:1 intensity
ratio would be expected if the contact were intramonomeric.
Integration of these crosspeaks showed a strong agreement to
the predicted intensity ratio for an intermonomeric contact,
indicating that the Ala37 residue from each monomer is
proximate to the Leu92 residue from its paired monomer.

From the spectra in Figure 4b, a similar analysis for the
hybridized variant VIFY-TE led to the conclusion that the
correlations between Phe97-H2,6 and Val75-v, ¥'H are also
intermonomeric. Other NOESY crosspeaks were determined
as arising from either intermonomeric or intramonomeric
contacts in this manner, and these contacts are listed in Table
3. However, because it would be quite costly and time
consuming to conduct a similar analysis for every NOE
correlation that we have observed, we have limited our analysis
to those correlations which we believe to lie at or near the
dimericinterface and to those correlations involving resonances
that are not severely overlapped with other resonances. While
our choice of correlations is based on earlier modeling studies
of TF1 (Geiduschek et al., 1990), these experiments do provide
independent methods to determine whether specific secondary
structure domains of one monomer interact with a specific
domain of the paired monomer.

Analysis of TF1 Secondary Structure. A summary of
sequential NH-NH and «H-NH NOE correlations and the

Table 3: Summary of Inter- and Intramonomeric NOEs from
NMR Experiments

hybridized inter/intramonomeric
variants NOESY crosspeaks NOEs
Phe*-LAS  Ala37-aH-Leu92-5,6’'H inter
Phe28-H3,5-Phe47-H2,6 inter
Ala57-8--Ala72-aH intra
Phed47-aH-Leu85-4,6’'H intra
Leu44-6H-Phed47-aH intra
VIFY-TE Thr33-aH-Ala88-vyH inter
Tyr94-H2,6-Val75-yH inter
Phe97-H2,6-Val75-y,v'H inter
Phe97-H3,5-Val75-v,v'H inter
Val53-v,y"H-Ser78-8H intra

slowly exchanging amide protons of TF1 is shown in Figure
5. For the segments spanning residues 4—13 and 2140, these
correlations are quite evident, and the amide protons in these
segments also exhibit slow exchange with solvent deuterons
indicating well-structured a-helicaldomains. Forthesegment
spanning residues 84-99, most of backbone amide protons
exhibit relatively rapid exchange with solvent deuterons,
although the NH-NH connectivity patterns indicate a similar
structure to that observed in segments 4-13 and 21-40. In
the domain spanning residues 41-83, nosequential aH~NH;43
NOEs indicative of an a-helical structure were found.
Furthermore, the number of slowly exchanging amide protons
in this region is far less than the number seen in the a-helical
segments.

Three a-helical domains (Figure 5) are evident in the TF1
structure. All of them are characterized by a well-defined
pattern of sequential NOEs and in addition, helices 1 and 2
exhibit slow backbone amide proton exchange. Helix 3 begins
at Leu85 and appears to continue through the carboxy-
terminus of the protein, Lys99. If the sequential NOEs
between oH; and NH;+3 are analyzed (Wiithrich, 1986),
however, a distortion, or “kink™, can be detected between Leu92
and Lys93. This was initially indicated by the presence of a
relatively weak Leu92-NH to Lys93-NH NOE. Furthermore,
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FIGURE6: Proposed topology for the 8-sheet domain and the 8-ribbon
domain of TFI.

the absence of sequential NOEs correlating Gly91-aH to
Tyr94-NH, Leu92-aH to Glu95-NH, and Lys93-aH to
Glu96-NH confirmed that this region of the protein does not
adopt a standard a-helical structure. Analysis of backbone
amide proton exchange over 1 h also serves to divide helix 3
into two characteristic segments. In the Leu85-Glu90 seg-
ment, amide proton exchange occur over a period of hours
and in the other segment (Gly91-Lys99), amide proton
exchange occurs over a period of minutes.

The segment from Lys41 through Gly82 is characterized
by weak aH~NH;4+, and NH,~NH;+; NOE correlations and
by relatively strong long-range NH-aH and aH-«H NOE
correlations. These correlation patterns are indicative of
antiparallel 3-sheet or 8-ribbon secondary structural units.
The experimentally-derived topology of this segment is shown
in Figure 6. The lines connecting each residue to others
represent crosspeaks observed in 2D NOESY spectra. The
conclusion that this region adopts a series of 3 structures was
also confirmed by an analysis of the chemical shift values of
the oH resonances. Wishart and co-workers (1991) have
demonstrated that the «H resonances for domains that adopt
Bstructures are typically shifted downfield from their “random
coil” chemical shifts by approximately 0.4 ppm.

The largest looped region in TF1 is located from Glul$
through Vall9, the protein segment that joins helix 1 to helix
2. The absence of sequential NOEs linking the residues in
this region further suggested that it does not adopt a standard
secondary structure. Also, no assignments were obtained for
resonances of either Metl or Lys3 and only a tentative
assignment was made for Asn2. While thisresult maysuggest
that the amino terminus of TF1 is poorly structured (yielding
no interresidue correlation to the remainder of the molecule),
long-range NOE correlations between Asn2 and Gly46 side
chains suggest that the amino terminus may be anchored
against the body of the protein. Further study of this region
is required to make a definitive statement in regard to the
conformational stability or the structure of this region.

The chemical shift values of the aHs were analyzed
according to the observations of Wishart and co-workers
(1991). The resulting distribution of chemical shifts relative
to each residue’s “random coil” chemical shift, Ad indicated
that, in TF1, the Aé values for the vast majority of residues
corresponded to upfield shifted resonances for the a-helices
and downfield shifted resonances for the 8-sheet and 8-ribbon
regions, a phenomenon consistent with previous studies
(Wishart et al., 1991). Of special interest, however, are the
Ad values of Lys93-aH, located on helix 3, and of GIn66-aH,
located near the apex of the S-ribbon domain. The Lys93-
aH resonance is not shifted upfield of its “random coil” value,
consistent with the location of Lys93 in an a-helical domain,
but nearly 0.3 ppm downfield. In contrast, the Gln66-cH
resonance is displaced upfield from its random coil value,
although GIn66 appears to be part of the 8-ribbon. These
chemical shift effects may be indicative of unusual backbone
conformations.

The TF1 Global Fold. A set of interresidue NOE
correlations for TF1 is presented below the diagonal in Figure
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HU residuc # (1-90)

TF1 residue # (1-99)

FIGURE 7: Through-space correlations between any two residues of
TF1 (below diagonal; observed NOE contacts) and of the Bst. HU-
based model (above diagonal; interproton distances of less than 4.0
A). a-Helical characteristics (i to i+3 contacts) are seen for both
TF1 and the model over residues 4-40 and 84-90. An extended
B-ribbon is seen for both at residues 50-84. Intramonomer and
intermonomer contacts are represented by squares and triangles,
respectively.

7. Strong sets of long-range correlations link the Thr4-Asp13
segment to the Ser20-Asp40 segment, Thr35-Asp40to Asp40-
I1e50, Ile50-Asp62 to Pro63-Ser78, Thr35-Val42 to Leu85-
Leu92, and Val53-Ser78 to Lys87-Ala98. Figure 7 also
presents, above the diagonal, those interresidue, interproton
distances of less than 4.0 A that appear in our earlier model
based on the crystal structure of the Bst. HU protein, which
has only 90 amino acid residues per monomer. While it is
clear that the global folding pattern of TF1 resembles that of
Bst. HU, differences do exist. In particular, the relative
orientations of helix 2 and the 8-sheet domain near Leud8
seem to differ, as do the intramonomeric interactions between
helices 1 and2 at Val21 and Leu25. Furthermore,and perhaps
more importantly, the TF1 helix 3 domain exhibits a number
of interactions that are not seen in the Bst. HU. We find a
number of intermonomeric contacts that link helix 3 to the
B-ribbon arm and to the carboxy-terminal region of helix 2
of the paired monomer.

DISCUSSION

The structure determination for relatively large proteins
(with molecular weights in excess of 20 kDa) by NMR
techniques is often quite challenging (Wagner, 1993). How-
ever, the use of NMR techniques is nonetheless attractive if
the structure cannot be determined by crystallographic
techniques, as has been the case for TF1. Multidimensional
NMR techniques coupled with !N and/or 13C labeling have
proven quite promising and productive (Clore & Gronenborn,
1991; Bax & Grzesiek, 1993), and techniques that rely on
deuterium labeling do offer significant advantages (LeMaster
& Richards, 1988; Arrowsmith et al., 1990). In our current
study, selective deuterium labeling proved to be an effective
approach to the problem of assigning the proton NMR
spectrum of this 22-kDa protein. We have assigned the proton
resonances by analyzing six deuteriated TF1 variants (the
VIFY and Phe* variants were used exclusively to differentiate
intramonomeric from intermonomeric contacts) with a com-
bination of 2D and 3D, homonuclear and heteronuclear NMR
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techniques. We were also able to obtain 1’N assignments for
92 of the 94 backbone amide protons, relying primarily on the
proton assignment and 3D heteronuclear techniques. Thus,
the limitations introduced by spectral overlap and spin diffusion
were overcome with anintegrated analysis of several selectively
2H-labeled variants.

It should, however, be pointed out that biosynthetic ?H
labeling did present an undesired effect: in each variant, more
residues were protiated than would be predicted if it were
assumed that only the protiated residues supplied to the system
would be protiated in the purified TF1. Generally, this means
that the experimental percent protiation tended to reflect the
tabulated “max %” values more than they reflected the “min
%> values (Table 1), indicating that there was a high degree
of biosynthetic interconversion of protiated amino acids, even
in the auxotroph DL39(pTF1X). While this effect could
potentially undermine the analytic value of *H-labeling
schemes in the study of relatively large proteins, it did not
severely hamper our analysis of TF1, and in some cases it
actually facilitated the sequential assignment of the protein
backbone.

Previously, we proposed a model for TF1 that was based
largely on the crystal structure of the Bst. HU protein
(Geiduschek et al., 1990; Reismanet al., 1993). Inthis model,
helices 1 and 2 from both monomers form a rigid “scaffold”
for the dimeric core which is, in turn, covered by two separate
three-stranded B-sheets. From each of these B-sheets, a
B-ribbon extends out from the core. The present study suggests
that TF1 adopts a folding pattern similar to that of the HU-
based model of TF1. In particular, the existence of large
segments of helices 1 and 2 from that model is evidenced by
the oH~NH;+; NOE connectivity patterns in TF1 (Figure
5). Furthermore, the short-distance NOE connectivities in
both the 8-sheet and the 8-ribbon domains indicate that these
domains adopt the specific antiparallel 8-structures predicted
by the Bst. Hu-based model of TF1 (Figure 6).

On close examination, however, the NMR data reveal details
of the TF1 structure that are not consistent with the earlier
model. On the basis of the NMR data, a-helix 1 appears to
be shorter by two residues and the three amino-terminal
residues (Metl, Asn2, and Lys3) appear not to adopt a helical
conformation. Helices 1 and 2 comprise the most rigid
domains of the protein, while the 8-sheet domain is less stable,
asindicated by its predominantly rapidly exchanging backbone
NH protons (Figure 5) and its unusually weak sequential
NOEs. The domain that exhibits the fewest and least intense
NOESY connectivities and the most rapidly exchanging
backbone NHs is the §-ribbon; these observations suggest
that this is the most flexible structural domain in TF1. This
domain also exhibited that highest R values in the Bst. HU
crystal structure (White et al., 1989; Tanaka et al., 1984).

Most interestingly, this study confirms that the nine-amino-
acid tail of TF1 adopts an a-helical conformation, as had
been previously suggested (Geiduschek et al., 1990). This
helix (labeled helix 3), however, displays NMR features
different from those observed for a-helices 1 and 2 in the
dimeric core. Primarily, the backbone of helix 3 is less stable
than those of the other helices, as evidenced by its relatively
rapid NH exchange (Figure 5). Secondly, thenumerous NOE
contacts observed between helix 3 and the 8-ribbon arm domain
suggest that helix 3 cannot adopt a standard a-helical
conformation and represent a continuation of the carboxy-
terminal a-helix observed in the Bst. HU crystal structure.
Thirdly, this observation is supported by the unusual chemical
shift of Lys93-aH, which suggests that the protein backbone
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near this residue may be “kinked” as observed in helix D of
Parvalbumin (Padilla et al., 1988). The distortion in TF1
may be required to promote contacts between helix 3 and the
B-ribbonarm. Furthermore,a number of studies have revealed
that helix 3 is, in fact, essential for DNA binding (Sayre &
Geiduschek, 1988; Andera & Geiduschek, 1994). The unusual
structural characteristics of helix 3, along with its essential
biological role, make it an ideal focus for further more detailed
structural studies.

The 3-ribbon domain, long proposed to function as a DNA-
binding arm for the DBPII (Tanaka et al., 1984; White et al.,
1989), is and will be the most difficult region of TF1 in which
to assign a specific structure. While this difficulty may be
a result of inherent flexibility, the analysis will ultimately be
limited by the domain’s relatively few interresidue NOE
contacts. We have, however, uncovered several important
structural features for this region of the protein. We have
determined that the prolyl amide bond of Pro63 adopts an
trans conformation, a structural feature that could not be
determined from analogy to the Bst. HU crystal structure
(White et al., 1989). Also, because the Gin66-aH resonance
is shifted upfield by 0.5 ppm from its “random-coil” value
(Wishart et al., 1991), we propose that a sharp backbone
distortion may exist at this residue and that this residue may
lie at the extreme of the B-ribbon arm, a region that was
unresolved in the Bst. HU crystal structure.

From the NMR data that are presented here, we have
obtained over 1200 NOE-derived interproton distance con-
straints, 37 hydrogen-bonding constraints, and 51 dihedral
angle constraints for each monomer. These data, along with
the further analyses of intermonomeric NOESY contacts
through the double half-filter technique (Otting & Wiithrich,
1989), will provide the basis for a series of restrained molecular
dynamics calculations and for the determination of a more
refined structure for TF1 in solution. That work will be
presented in a forthcoming paper.
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