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DNA binding of the 19.5 kDa protein HU from Bacillus steurothermophilus (HUBst) with several non-specific 
double-stranded DNA oligomers was studied using NMR techniques. Photochemically induced nuclear polarization 
(photo-CIDNP) measurements on a mutant HUBst (M69Y; V76Y) show that Y69 in the tip of the /I-hairpin arm 
is involved in DNA interaction. Changes in "N and 'HN chemical shifts upon titrating DNA are greatest for the 
residues in the &hairpin arm and for the residues in the second half of the third a-helix. The changes in the flexible 
arms can be interpreted as being due to the formation of more rigid secondary structure upon DNA binding. 
Backbone and side-chain dynamics of HUBst were investigated using heteronuclear 15N-'HN NOE, "N Ti and 
Tip data for free and complexed HUBst. These measurements show that the mobility of the flexible arms reduces 
in the protei*DNA complex. The results demonstrate that the /?-hairpin arms and the C-terminal a-helix of 
HUBst are involved in DNA binding. 
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INTR~DUCTION 

The type I1 DNA-binding proteins (DBP 11) are a 
family of homologous, dimeric and usually basic pro- 
teins found abundantly in all prokaryotes.'*2 The 
protein HU and other DBP I1 proteins bind to DNA 
without obvious sequence specificity. The only members 
of the DBP I1 family that exhibit sequence specificity in 
DNA binding are the integration host factor (IHF)3-6 
and transcription factor I (TF1) encoded by bacterio- 
phage SPOl.'** It has been demonstrated recently that 
HU can functionally replace IHF in site-specific recom- 
bination assays.' DBP I1 proteins have the ability to 
bend DNA and seem to prefer binding to curved or 
bent DNA structures with high affinity."-13 HU may 
be involved in organizing negative supercoils in pro- 
karyotic chromosomes into nucleosome-like structures, 
while its role in the overall packaging of bacterial DNA 
is obs~ure. '~  Furthermore, in oitro HU facilitates the 
formation of specific higher-order nucleoprotein com- 
plexes which regulate a variety of DNA trans- 
action~.'~-'' 

Several studies have been performed to understand 
the interaction of HU with DNA at the molecular level. 
The structure of the 19.5 kDa HU protein from Bacillus 
stearotherrnophilus (HUBst), consisting of 90 amino acid 
residues per monomer, has been determined by x-ray 
crystallography,20v21 and recently a high-resolution 

* Author to whom correspondence should be addressed. 

solution structure of the same protein has been deter- 
mined using NMR data.22 The structures of the core of 
HUBst are very similar with both techniques. The 
NMR data, however, revealed the nature of the 
extended flexible 8-hairpin arms (residues 53-76) pro- 
truding from the hydrophobic core of the dimer into the 
solvent. The 8-arms were proposed as the DNA-binding 
region of HUBst,20 and their flexibility would facilitate 
binding in one of the DNA grooves. Biochemical and 
biophysical data obtained for several HU proteins indi- 
cate the involvement in DNA binding of some residues 
in the 8-arms. By selective chemical modification of the 
hetero dimeric E. coli HU subunits, it was demonstrated 
that at least one arginine residue in the 8-arms is neces- 
sary for DNA binding.23 Further, photo-oxidation of 
His-54 resulted in the loss of the DNA-binding ability 
of E. coli HU.23 The involvement of His-54 in DNA 
interaction was supported by NMR studies, which 
showed a significant change in chemical shift of the 
His-54 C-2 proton upon DNA binding.24 Furthermore, 
from 13C relaxation data on HUBst it was demon- 
strated that the mobility of the backbone at Gly-60 is 
significantly reduced by DNA binding.25 Also for the 
homologous TF1 protein mutant (F61W), quenching of 
fluorescence of Trp-61 upon complexation with DNA 
demonstrates the involvement of the flexible arms in 
DNA interaction.26 

Here we studied the interaction of HUBst with DNA 
by a variety of methods. First, we applied photo- 
chemically induced nuclear polarization (photo- 
CIDNP)27 on a mutant of HUBst in which Met-69 in 
the tip and Val-76 in the stem of the &hairpin arm are 

CCC 0749-1581/96/SI0081-06 
0 1996 by John Wiley & Sons, Ltd. 

Received 1 July 1996 
Accepted (revised) 7 October 1996 



S82 H. VIS ET AL. 

replaced by tyrosines. For HUBst(M69Y; V76Y), a 
photo-CIDNP effect is observed for Tyr-69 in the tip of 
the j3-hairpin arm, which is quenched upon DNA 
binding. Both these photo-CIDNP results and changes 
in chemical shifts indicate that the phenol ring of Tyr-69 
is involved in DNA interactions. Finally, we studied the 
chemical shift perturbations and relaxation behavior of ' 5N-labeled wild-type HUBst protein. The effects 
observed on the ''N and 'HN chemical shifts of back- 
bone and side-chain amide groups upon addition of 
DNA confirm the involvement of the fl-hairpin arms of 
HUBst in DNA binding. In agreement with that, ' 'N-'HN heteronuclear relaxation data reveal that for 
free HUBst the DNA-binding arms are highly mobile, 
whereas in DNA-complexed HUBst the arms are more 
rigid. 

EXPERIMENTAL 

Sample preparation 

Cloning of the HUBst gene, overproduction and purifi- 
cation of the protein and the DNA-binding assay were 
described by Padas et aL2' Using this recombination 
procedure native HUBst, a mutant HUBst(M69Y; 
V76Y) in which Met-69 and Val-76 were replaced by 
tyrosines, and "N-labeled HUBst protein were pre- 
pared, the latter by using "NH4C1 in a minimal 
medium. The proteins were purified employing affinity 
chromatography of heparin-Sepharose and Mono-S 
FPLC. The purity was >95% as judged by sodium 
dodecyl sulfate pol yacrylamide gel electrophoresis 
(SDS-PAGE) and silver staining. Recombinant proteins 
were as active as the protein purified from B. stearother- 
mophilus with respect to its DNA-binding properties. 
Oligomeric d(TCAAGGCCTTGA), DNA, 
d(CAGACGTCTG), DNA and 
d(CAGGCTTGCAAGCCTG)2 DNA were used to form 
protein-DNA complexes with the mutant 
HUBst(M69Y; V76Y) and "N-labeled HUBst, respec- 
tively. 

NMR spectroscopy 

NMR experiments were performed with 1.0 mM protein 
samples at 311 K, containing 50 mM KP, buffer at pH 
4.6 and 200 mM KCl. One- and two-dimensional (1D 
and 2D) NMR spectra were recorded on Bruker 
AMXSOO and AMX/2 600 NMR spectrometers both 
equipped with three r.f. channels and a triple-resonance 
HCN probe with a shielded gradient coil and a 10 A 
gradient amplifier (Bruker BGU- 10). 

2D NOE29*30 and TOCSY spectra3' were acquired 
in a phase-sensitive mode using state~-TPPI.~' 2D 
NOE spectra were recorded with mixing times of 75 
and 150 ms and TOCSY spectra were recorded with a 
MLEV-17 spin-lock of 70 ms. 2D NOE and TOCSY 
spectra were recorded, both in 95% 'H20-5% 'H,O 
and in 'H,O, for native HUBst and for the free and the 
DNA-bound mutant HUBst(M69Y; V76Y) with 225 
complex t ,  and 1024 complex t ,  increments with typical 
measuring times of 18 h. Spectral widths in both proton 
directions were 11.1 ppm, with the carrier positioned at 

4.75 ppm. The t ,  and t ,  data were apodized with a ~ 1 4 -  
shifted sine-bell function and the t ,  data were zero-filled 
to 1K points. Photo-CIDNP spectra were obtained as 
described in the legend of Fig. 1. 

(i 'N, 'H)-HSQC experiments were recorded essen- 
tially as described by Bax et "N T,, Tlp and het- 
eronuclear "N-'HN NOE data sets were recorded as 
described essentially by Dayie and Wagner,34 using for 
T,, experiments a spin-lock field of about 2.5 kHz. The 
HSQC, T,, Tlp and NOE pulse sequences were 
extended by a pulse scheme for sensitivity enhance- 
ment.35*36 "N-'H correlated data sets were acquired 
generally as 64 hypercomplex t ,  points and 512 
complex t2  points and processed into spectra of 
512 x 2048 real data points. The spectral widths were 
33.1 and 11.1 ppm in the t ,  and t ,  directions, respec- 
tively, with the "N and 'H carrier frequencies at 119.1 
and 4.75 ppm, respectively. Experiments were per- 
formed with protein samples in 95% 'H,O-5% 'H20. 

A series of ("N, 'H)-HSQC experiments were record- 
ed at 500 MHz, with 32 scans per t ,  increment, for "N- 
labeled HUBst in the presence of increasing amounts of 
DNA. ("N, 'H)-HSQC experiments were also recorded 
at 600 MHz for the initial and final sample, with 256 
scans per t ,  increment. For both free and DNA-bound 
HUBst "N T,, TIP and heteronuclear "N-'HN NOE 
experiments were recorded at 600 MHz with 48,96 and 
144 scans per t ,  increment, respectively. I5N 7" and TlP 
relaxation times were obtained by employing nine dif- 
ferent relaxation delays ranging from 48 to 2000 and 
from 6 to 200 ms, respectively. 

Both T, and TlP data sets were recorded and pro- 
cessed in such a way that the cross-peak volumes in the 
2D spectra, as a function of the relaxation delay, would 
decay to zero. Relaxation times were obtained using the 
Levenburg-Marquardt algorithm for non-linear least- 
square minimization of the X2-error function,37 using as 
a model function a two-parameter monoexponential 
decay. Heteronuclear Overhauser enhancement factors, 
q = (I,,, - Zo)/Zo, were calculated from the normalized 
difference of the cross-peak volumes in the presence 
(Zsal) and absence (lo) of 'H saturation. All 2D spectra 
were processed using our NMR program package 
TRITON and analysed using the NMR analysis 
program ALISON on a Silicon Graphics Indy work- 
station. 

RESULTS AND DISCUSSION 

Interaction of mutant HUBst(M69Y; V76Y) with DNA 

The interaction of HUBst(M69Y; V76Y) with 12 base 
pair DNA is characterized using the photo-CIDNP 
method, in which nuclear spin polarization is created 
through the interaction of a photo-excited dye with the 
substrate. Enhanced absorbtion or emission is observed 
for a number of amino acids (His, Tyr, Trp, Met) if they 
are accessible to the dye.27*38 Figure l(a) shows the aro- 
matic 1D 'H NMR spectrum of HUBst(M69Y; V76Y) 
recorded at 360 MHz. In the photo-CIDNP difference 
spectrum of free HUBst(M69Y; V76Y), as shown in Fig. 
l(b), an enhanced emission signal is observed for the He 
protons of Tyr-69. However, no photo-CIDNP effect 
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Figure 1. (a) Aromatic region of a one-dimensional 'H  NMR 
spectrum of a 0.2 mM (dimer) solution of HUBst(M69Y; V76Y), 
pH 6.3 at 31 1 K, in D,O containing 50 mM phosphate, 200 mM KCI 
and 0.4 mM flavin I (dye). (b-d) Photo-CIDNP difference spectra 
of HUBst(M69Y; V76Y), (b) without DNA, (c) in the presence of 
0.24 mM d(TCAAGGCClTGA), DNA and (d) with the same 
amount of DNA in 1.5 mM KCI. Photo-CIDNP spectra were 
recorded on a Bruker WM-360 spectrometer at 360 MHz as 
described p r e v i o u ~ l y , ~ ~ ~ ~ ~  using a light pulse of 0.5 s and 4 W laser 
power. A line broadening of 4 Hz was applied for all spectra. 
Chemical shifts are refered to a flavin signal at 7.98 ppm. 

was observed for the HE protons of Tyr-76, indicating 
that the OH group of Tyr-76 is not accessible to the dye 
in the free protein and may be involved in an intramole- 
cular hydrogen bond. Figure l(c) and (d) show that in 
the presence of DNA with respect to the protein the 
enhanced signal of the HE protons of Tyr-69 is 
quenched, but that it is partially recovered after addi- 
tion of 1.5 M KC1. The quenching of the photo-CIDNP 
effect in the presence of DNA indicates that Tyr-69 is 
involved in DNA binding and not accessible for the 
flavin dye in the protein-DNA complex. At high salt 
concentrations electrostatic interactions between 
protein and DNA are reduced, which resulted in partial 
release of the protein from the oligonucleotide. 

Previously, complete I5N, I3C and 'H assignments 
have been reported for wild-type HUBS~.~'  The two 
aromatic tyrosine Ha and He proton resonances of the 
mutant HUBst(M69Y; V76Y) were easily identified 
from the 'H NMR spectrum and from the 2D NOE 
and TOCSY spectra. Although some of the 'H chemical 
shifts of residues near the tyrosines have changed, most 
of the chemical shifts and NOE connectivities are the 
same for HUBst(M69Y; V76Y) and for native HUBst. 
This implies that the tertiary folding of the dimeric 
protein HUBst is not influenced by mutagenesis of two 

tyrosine residues at positions 69 and 76 in the fl-arm 
region~of each monomer of the protein. 

The mutant HUBst(M69Y; V76Y) was titrated with a 
12 base pair DNA fragment. Figure 2 shows how the 
aromatic 'H NMR spectrum of the HUBst mutant is 
affected by the addition of DNA. Chemical shifts of 
both Ha and He protons of Tyr-69 move upfield by 0.1 
ppm, whereas the aromatic 'H chemical shifts of Tyr-76 
and of the four phenylalanine amino acid residues are 
not changed upon addition of DNA. The changes in the 
aromatic 'H chemical shifts of Tyr-69 support our 
results of the photo-CIDNP experiment described 
above. Furthermore, a comparison of 2D NOE spectra 
of the free and DNA-bound HUBst(M69Y; V76Y) 
reveals that most NOE connectivities are preserved, 
indicating that no substantial changes in the conforma- 
tion of the core of the protein occur upon binding to 
DNA. Unfortunately, no protein-DNA NOES could be 
observed, possibly due to the non-specific binding char- 
acter of HUBst. 

Titration of "N-labeled HUBst with double-stranded 
DNA 

"N-labeled HUBst was titrated both with 10 and 16 
base pair (bp) DNA fragments, the latter containing one 
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Figure 2. Aromatic region of the 500 MHz 'H  NMR spectrum of 
the mutant HUBst(M69Y; V76Y) at different molar DNA to 
protein ratios: (a) 0%. (b) 30%, (c) 60% and (d) 100%. In this 
experiment DNA was added to the protein. 
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Figure 3. Titration curves of some backbone 16N and 'HN chemical shifts of HUBst upon adding d(CAGACGTCTG), DNA. Chemical shifts 
were obtained from ("N, 'H)-HSQC spectra recorded at 500 MHz. The differences in the chemical shifts are displayed relative to the 
chemical shift for the protein without DNA (u~,..). Open and filled data points correspond to 16N and 'HN chemical shifts, respectively. 

of the prefered binding sequences of HU in bacterio- 
phage Mu DNA, as characterized by nuclease cleavage 
data.41 Figure 3 shows the titration curves of some I5N 
and 'HN chemical shifts, for which large shifts were 
measured from (I5N, 'H)-HSQC spectra in the presence 
of increasing amounts of the 10 bp DNA fragment. 
Similar results were obtained for the 16 bp fragment 
(data not shown). The curves have all reached a station- 
ary value in the situation where all DNA was added, 
which demonstrates that virtually all of the protein is 
bound to DNA. 

Figure 4(A) and (B) show the backbone "N and 'HN 
chemical shift differences between bound and free 
HUBst, respectively, as a function of the residue 
number. Large backbone "N shifts (>0.2 ppm) and 
'HN shifts (>0.05 ppm) are observed for many residues 
present in the B-hairpin arm of HUBst, such as Glu-54, 
Ala-56, Arg-58, Lys-59, Gly-60, Asn-62, Thr-65, Met-69 
and Val-76. Significant changes in the 15N and 'HN 
chemical shifts are also observed for residues in the 
three-stranded anti-parallel B-sheet, located at the same 
site of HUBst as the two B-hairpin arms, such as 
Asp-40, Val-42, Leu-44, Ile-45, Gly-46 and Phe-79. 
These results again demonstrate the involvement of the 
/?-arms in DNA interaction. Additionally, large changes 
of 15N and/or 'HN chemical shifts are observed for 
Asp-87, Val-89 and Lys-90, indicating that, besides the 
B-arm region, also the second half of the third a-helix of 
HUBst may be involved in DNA binding. Likewise, the 
C-terminal amino acids of the related IHF a- and B- 
subunits and of the homodimer TF1 were also proposed 
to interact with DNA.42-44 The changes in the side- 

chain I5N and 'HN chemical shifts of HUBst in the 
presence of DNA are presented in Table 1. Large 
chemical shift differences were observed for Nd of 
Asn-62, for N& of Arg-37 and Arg-55 and for HZ of 
Arg-37, Arg-55, Arg-58 and Arg-61. Except for Arg-37, 
these residues are all present in the B-arm region of 
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Figure 4. Differences between (A) backbone "N and (B) back- 
bone 'HN chemical shifts of HUBst bound to d(CAGACGTCTG), 
DNA (uqound) and free in solution (uf,..) as a function of the 
amino acid residue number. Chemical shifts (in ppm) were mea- 
sured from (16N, 'H)-HSQC spectra recorded at 600 MHz. 
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Table 1. Differences between side-chain I5N and 'HN chemical 
shifts of HUBst bound to d(CAGACGTCTG), DNA 
and free in solution 

%.o"nd-~+l...a (PPm) 
l H d 2  1 12 / H  1 11 / H  '."/1S" Residue 

Asn-2 
Asn-8 
Arg-37 
Gln-43 
Asn-49 
Arg-53 
Arg-55 
Arg-58 
Arg-61 
Asn-62 
Gln-64 

0.1 0 
0.02 

-0.1 7 
-0.07 
-0.07 

0.1 0 
-0.29 

0.04 
-0.04 
-0.1 9 
-0.04 

0.05 
0.01 
0.1 1 
0.05 
0.05 
0.03 
0.1 0 
0.1 0 
0.1 4 
0.01 
-0.03 

-0.01 
0.02 

0.02 
0.02 

- 

- 
- 
- 
- 

-0.05 
-0.03 

rl 
-1.0 - 

(A) 
-1.5 

0 10 20 30 40 50 60 70 80 40 

0.0 

-0.5 

rl 'Chemical shifts were measured from (16N, 'H)-HSQC spectra 
recorded at 600 M Hz. 

-1.0 1 I 
HUBst. Less significant are the changes of one of the 
side-chain NH, protons of Asn-2, Gln-43, Asn-49 and 
Asn-62. 

Analysis of heteronuclear NOES and of Tl and Tip 
relaxation times 

The proposed DNA-binding model for HUBst, in which 
the highly flexible 8-hairpin arms wrap around the 
DNA, suggests that the mobility of this DNA-binding 
region reduces in the protein-DNA complex. A very 
sensitive probe for the internal dynamics of the amide 
nitrogen-proton vectors is the 15N-'HN heteronuclear 
NOE.4s Figure 5(A) and (B) show plots of the backbone 
"N-'HN heteronuclear NOE at a "N frequency of 
60.9 MHz as a function of the amino acid sequence of 
HUBst free in solution and bound to DNA, respec- 
tively. For free HUBst the values of 1 close to - 1, 
associated with several residues in the tip of the j3-arms, 
indicate that the 8-arms are highly flexible. In the 
protein-DNA complex, the value 1 increases signifi- 
cantly for the residues in the j3-arms, indicating that the 
mobility is reduced upon binding. However, we note 
that the high-frequency flexibility, as represented by the 
heteronuclear NOE, partly remains. This cannot be due 
to incomplete binding, since the binding experiments 
indicate that most of HU was bound to the DNA (see 
above). Apparently, flexibility of the DNA-binding arms 
of HU is still present in the complex. Similar observ- 
ations have been made in a complex of lac repressor 
headpiece (1-56) with DNA?6 

Another probe for the dynamics of the protein back- 
bone is the 15N TIP relaxation time, which is more sen- 
sitive to lower frequency motions of the N-H bonds. 
Figure qA) and (B) show the backbone lSN TIP values 
of HUBst as a function of the amino acid sequence for 
the protein free in solution and in the protein-DNA 
complex. In the complex the TIP values for the residues 
in the tip of the 8-hairpin arm have changed substan- 
tially with respect to the free protein to values that are 
only slightly higher than those observed for residues in 
the core of the protein. These changes are consistent 
with those observed for the heteronuclear NOE and 
confirm that the mobility of the 8-arms of HUBst 

- 1 . 5 4  ' ' ' ' ' ' . ' J 

0 10 20 30 40 50 60 70 80 90 

Residue 
Figure 5. Backbone heteronuclear lsN-'HN NOE as a function of 
the amino acid residue number for HUBst (A) free in solution and 
(B) bound to DNA. The enhancement factor r )  was calculated as 
(I,,, -/o)//o, where I,,, and I, are the cross-peak volumes in the 
presence and absence of proton saturation, respectively. Cross- 
peak volumes were extracted from spectra recorded at 600 MHz. 
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Figure 6. Bar graphs of the backbone 16N T,, relaxation time as a 
function of the amino acid sequence for HUBst (A) free in solution 
and (B) bound to DNA, measured at 600 MHz and 38°C. Blank 
slots indicate prolines or severely overlapped residues. 
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reduces when the protein binds to DNA. 15N Tl relax- 
ation times were measured likewise for the backbone of 
HUBst in its free and bound form. For residues 60-69 
in the tip of the B-arms the average Tl relaxation time 
changes from 743 ms for free protein to 899 ms for 
protein in the complex, which also indicates a reduction 
of the mobility of these arms. For the residues in the 
hydrophobic core of the protein dimer the average 15N 
7" value changes from 819 ms for the free protein to 
1272 ms in the protein-DNA complex. The average 15N 
Tlp value changes from 70 to 53 ms in the complex. This 
corresponds to an increase of the overall rotational 
correlation time from 10.6 f 0.9 ns for the free protein 
to 15.6 f 2.2 ns for the protein-DNA complex, under 
the assumption that for these residues the effect of inter- 
nal motions can be negle~ted.~' A quantitative analysis 
of the mobility of the backbone of HUBst using relax- 
ation data at different magnetic field strengths is cur- 
rently in progress. 

In summary, a variety of NMR experiments have 
indicated quenching of surface accessibility for the 
solvent, changes of the electronic environment and of 
the dynamics of the B-hairpin arm region and of parts 

of the three-stranded anti-parallel B-sheet region of 
HUBst when it binds to DNA. Additionally, evidence 
was found that the few last residues of the protein 
located in the third a-helix may be important for 
binding to DNA. These results confirm the previously 
proposed DNA-binding model for HU in which the 
DNA binds into the B-sheet region after which the flex- 
ible arms wrap around the DNA. While the longer C- 
terminal a-helices in IHF and TF1 had been implicated 
to be involved in DNA binding, this had not been noted 
for HU proteins, where this a-helix is considerably 
shorter. A model-building study (unpublished results) 
suggests that simultaneous binding of the j-ribbon arms 
and the C-terminal a-helices of the HU dimer is only 
possible when DNA is bent. 
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