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Abstract

The dynamics of the backbone NH bonds of protein HU frBatillus stearothermophilugHUBst) have been
characterized using measurements of cross-relaxation, longitudinal and transverse relaxatior (ldtes XR),

Rn(Nz) and Ry(Nx,y)) at 11.7,14.1 and 17.6 T. Linear regression of the valuggi¥Ry)—Rn(Nz) with the squared

Larmor frequencyn,z\l has revealed global exchange processes, which contributed on the order of 0.5t5.0 s

the transverse relaxation rate. Subsequently, the experimental val(ig |} were corrected for these exchange
contributions. A reduced spectral density mapping procedure has been employed with the experimental relaxation
rates and seven values of the spectral density functioh I3§ve been extracted. These spectral densities have
been fitted within the framework of the model-free approach. The densities agree well with an axially symmetric
rotational diffusion tensor with a diffusion anisotropy/D; of 1.15, indicating that the flexible arms of HUBst

do not significantly contribute to the rotational diffusion. The overall correlation timeid-®.6 ns/rad. The fast

internal motions of most of the NH bonds in the core display order parameters ranging between 0.74 and 0.83 and
internal correlation times between 1 and 20 ps. For the residues in the DNA-bfrdimgs, an extended version

of the model function has been used. The slow internal motions show correlation times of 1-2 ns. The concomitant
order parameters (0.3-0.6) are lower than those observed on the fast time scale, indicating that the flexibility of
the B-arms is mainly determined by the slower internal motions. A substantial decrease of the generalized order
parameters in thg-arms starting at residues A%jand Sef4, opposite on both strands of theribbon arms, has

been explained as a ‘hinge’ motion. A comparison of the order parameters for free and DNA-bound protein has
demonstrated that the slow hinge motions largely disappear when HU binds DNA.
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Introduction prefer binding to curved or bent DNA structures (for
reviews see Lavoie et al. (1996), Nash (1996) and Rice
(1997)). HU is possibly involved in organizing bacte-
of great importance for the function of biological rial DNA into nucleosomal particles (Pettijohn, 1988;
molecules. The measurement BN and 13C NMR Schmid, 1990), and in vitro HU facilitates the forma-
relaxation rates provides a means of probing the lo- tion of specific higher order nucleoprotein complexes
cal dynamics of°N-'H and3C-'H bonds in proteins  which regulate a variety of DNA transactions (Johnson
(Wagner, 1993). In general, three rates, in particu- et al., 1986; Funnel et al., 1987; Flashner and Gralla,
lar longitudinal, transverse and heteronuclear cross- 1988; Echols, 1990; Surette and Chaconas, 1992).
relaxation rates, are used to fit motional parameters  The structure of the core of HUBst has been deter-
using the model-free approach proposed by Lipari and mined by X-ray crystallography (Tanaka et al., 1984;
Szabo (1982a,b) for the form of the spectral density White et al., 1989). More recently, the character of
function (Kay et al., 1989; Clore et al., 1990a; Palmer the flexible DNA-binding arms has been analysed by
et al., 1991, Stone et al., 1992). More recently, Peng NMR spectroscopy (Vis et al., 1994,1995). For the
and Wagner (1992) have developed the spectral den-core of the protein (residues 2-54 and 75-89), the so-
sity mapping approach, in which values of the spectral lution structure (PDB entry: 1HUE) and the previous
density functions of thé®N-1H bonds are directly ~ X-ray structure are very similar. The protein is a sym-
sampled at several relevant frequencies (e.gv\, metric dimer. Three:-helices are found from residues
wH—wN, oy andwp+toy), independent of an inherent 4 to 14, 18 to 38 and 84 to 89, while a three-stranded
assumption of the form of the spectral density func- antiparalleB-sheetregionis found containing residues
tion. Drawbacks of this method reside in the fact that 41 to 45, 48 to 54 and 75 to 81. The helices and
three additional relaxation rates are required and that p-sheets form together a closely packed dimeric hy-
anomalous behaviour can be expected for the spec-drophobic core, from which two antiparalglhairpin
tral densities at the three highest frequencies (Pengarms (residues 55—74) protrude into the solvent. How-
and Wagner, 1992). Recently, a modified approach ever, the structure of these arms is highly disordered
was introduced, in which three spectral densities at with respect to the hydrophobic core and could only be
wH — oN, wHandwy+on were combined to give an  analysed using NMR datatH,2°N) NOE data showed
averaged spectral densityJ(whH)> (Farrow et al., that the disorder in th@-arms was due to flexibility
1995; Ishima and Nagayama, 1995; Lefévre et al., (Vis et al., 1995). Biochemical and biophysical data
1996); the method is termed ‘reduced spectral den- obtained for several DBP Il proteins indicate that the
sity mapping’ accordingly. For one NMR field, three p-arms are involved in DNA binding (Lammi et al.,
spectral densities are directly provided by this method 1984; Hard et al., 1989; Shindo et al., 1993), as pro-
using the three traditional relaxation rates and without posed initially by Tanaka et al. (1984). Recently, we
a priori knowledge of a specific motional model. have demonstrated froA?N relaxation data that the
The reduced spectral density mapping approach, flexibility of the f-arm of HUBst is substantially, but
following the procedure of Lefévre et al. (1996), has not completely, reduced in the complex with DNA
been applied to the 19.5 kDa dimeric protein HU from (Vis et al., 1996).
Bacillus stearothermophilugHUBst), which is com- Here we present a detailed analysistel relax-
posed of two identical subunits consisting of 90 amino ation rates of free HUBst performed at three different
acid residues. HUBst is a representative member of the NMR fields. The internal mobility of the backbone
homologous family of the type 1l DNA-binding pro- NH bonds of HUBst will be characterized in terms
teins (DBP II), which are small basic proteins found of model-free parameters (Lipari and Szabo, 1982a,b),

Internal mobility and U.K. flexibility of proteins are

in bacteria (Drlica and Rouviere-Yaniv, 1987; Nash,
1996). The protein HU and other DBP Il proteins bind
as dimers to DNA in a non-specific manner, with the
exception of two members: the integration host fac-
tor (IHF) (Friedman, 1988; Goodman et al., 1990;
Mengeritsky et al., 1993) and transcription factor |

and the effect of anisotropy of rotational diffusion will
be analysed (Schurr et al., 1994; Bruschweiler et al.,
1995; Tjandra et al., 1995, 1996; Lee et al., 1997). In
addition, model-free parameters are compared for free
and DNA-bound HUBst using®N relaxation data at
one magnetic field.

(TF1) encoded by bacteriophage SPO1 (Green and
Geiduschek, 1985; Geiduschek et al., 1990). DBP
Il proteins have the ability to bend DNA and they



Materials and methods

Sample preparation
Cloning of the HUBst gene, overproduction and pu-
rification of the protein and the DNA-binding assay

were described by Padas et al. (1992). Using this re-

combination proceduret®N-labelled HUBst protein
was prepared by usingNH4Cl in a minimal medium
and purified by employing affinity chromatography
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IH carrier frequencies at 119.1 ppm and 4.75 ppm,
respectivelyl®N relaxation data sets were recorded at
11.7, 14.1 and 17.6 for free HUBst and at 11.7 T for
HUBSst in the protein—DNA complex.

The number of scans PN Ty, T2 and heteronu-
clear 15N-THN NOE experiments at all fields was
approximately 64 pentincrement. For HUBst bound
to DNA, the number of scans was 128 for the het-
eronuclear NOE experiment. A relaxation times series

on heparin-sepharose and Mono-S FPLC. The purity typically consisted of 8-10 different relaxation delays
was over 95% as judged by SDS-PAGE and silver ranging from 48 to 1800 ms foriTand from 6 to

staining. RecombinadPN-labelled HUBst was as ac-
tive as the protein purified frof. stearothermophilus
with respect to its DNA-binding properties. For the
protein—DNA complex, a 16 bp DNA fragment with
the sequence d(CAGGCTTGCAAGCCTG) was used.

NMR spectroscopy
NMR experiments were performed at 311 K with
1.0 mM protein samples in 95%8@ / 5% D,O, con-
taining 30 mM KR buffer at pH 4.6 and 100 mM KCI.
NMR spectra were recorded on Varian Unity Plus 500
and 750 and Bruker AMX/2 600 NMR spectrometers
which were all equipped with triple-resonance HCN
probes with a shielded gradient coil.

15N longitudinal relaxation and heteronucléaN-

200 ms for . The recording time of a complete
relaxation data set at one magnetic field, including
T1, T2 and NOE, was 5-6 days. All 2D spectra were
processed using our NMR program package TRITON
and analysed using the NMR analysis program AL-
ISON on a Silicon Graphics Indy workstation. Non-
linear regression of thejTand T, relaxation data and
fitting of spectral densities to various models was done
using in-house developed software. Additional analy-
sis of the anisotropic diffusion properties was done
using the programs R2R1 and Quadric (Lee et al.,
1997).

Backbone longitudinal and transverdeN spin
relaxation rates, R(Nz) and Ry(Nxy), were ob-
tained by curve fitting of a two-parameter mono-

14N NOE data sets were recorded as described essen€xponential function through the peak intensities using

tially by Dayie and Wagner (1994), using a train of
proton 180 pulses during the Trelaxation delay to
remove effects of cross-correlatiof’N T data sets

the Levenburg—Marquardt algorithm to minimizg
for each residue n (Marquardt, 1963; Press et al.,
1992). The uncertainties of peak intensitieswere

were recorded in such a way that the signal intensity set equal to the average baseline noise in the spectra.
decayed to zero as a function of the relaxation de- The root-mean-square deviations between the calcu-
lay, allowing a two-parameter exponential fit. In the lated and experimental intensities,,/x3, were used
NOE experiments] protons were saturated during 3.5 sto assess the uncertainties in the relaxation parame-
prior to the pulse sequence in order to achieve steady-ters in a Monte-Carlo analysis with 500 simulated
state intensitiest>N transverse relaxation experiments data sets (Palmer et al.,, 1991; Press et al., 1992).
were recorded by employing a Carr-Purcell-Meiboom- Steady-state heteronuclear Overhauser enhancements

Gill (CPMG) pulse train (Meiboom and Gill, 1958) aren = (Isat — lo)/lo, in which I and b are
consisting of cycles of four 180'°N pulses and a  Cross-peak intensities with and withdid saturation,

centred 180 1H pulse, each cycle with 3.4 ms of respectively. The average valuesodnd standard de-
duration and the spin-echo perigdbeing approxi- viations were determined from two independent mea-
mately 0.4 ms. All {°N,1H)-correlated inversion re- ~ surements. Cross-relaxation rates betwdhand its
covery pulse sequences utilized pulsed-field gradients attached amide proton\RHz<>N), were calculated
for coherence selection and were extended by a pulseusingn = (v+/yn) x Rn(Hz<>Nz)/Rn(Nz), whereyy
scheme for sensitivity enhancement (Cavanagh et al.,and yn are the gyromagnetic ratios féH and *°N
1991; Kay et al., 1992). Two-dimensional data sets nuclei. Uncertainties in RHzxNz) were obtained
were acquired as 64 (96 at 750 MHz) hypercompfext straightforwardly using error propagation equations.
points and 512 complex tpoints and processed into

spectra of 512 2048 real data points. Roughly, the

spectral widths were 33.0 ppm and 11.0 ppm in the

f1 and % directions, respectively, with th&®N and
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Results and Discussion The presence of chemical exchange in the fast-
exchange regime, where only orléN,*H) correlation
Areduced spectral density mapping approach (Lefevre is observed per NH bond, produces an additional
et al., 1996) was employed to obtain for each indepen- transverse relaxation termegRto the experimental
dent NMR field three spectral densities, J(0)pnN) value Ry(Nx.y). This exchange contribution,el de-
and <J(wn)>, from three experimentally determined pends on theoy Larmor frequency and can be written
rate constants, I)yNz), Rn(Nx.y) and Ry(Hz<>Ny). as Ry = cbu),z\, (Peng and Wagner, 1995). The factor
The averaged spectral densiyd(wp)> in this ap- ® is dependent on the intrinsic rate constant of the ex-
proach is a combination of three spectral densities, change process,, on the chemical shift differences
JH + oN), JwH), and JpH — wn), and samples  between and population of participating sites, and on
J(w) effectively at a frequency of 0.8¥ (Farrow et the applied°N spin-echo period in the CPMG pulse
al., 1995). The following matrix equation expresses train. Ry is essentially independent §fif £>>1ex
the relationship between the spectral densities andand becomes negligible only §<<tex (Meiboom,
relaxation rates (Lefevre et al., 1996): 1961; Deverell et al., 1970; Palmer et al., 1991). The
30) presence of chemical exchange for a residue may be
noted by a transverse relaxation rate that is high com-
pared to that of the neighbouring residues. The depen-
dence of Ry on u),z\, predicts that such exchange would
contribute more at a highgield. To account fot°N
conformational exchange, an additional tergy Ban
IT?’E Rn(Ny) be added to Equation 1 (Stone et al., 1992; Mandel
et al.,, 1995). However, if the same NH bond vec-
0 sz|§ % Ry (Nx.y) (1) tor experiences both fast local motions, which reduce
the value of R(Nxy), and slow conformational ex-
0 0 % Rn(Hz <> Ny) tchange, the interference of two oppositg con_tribu'tions
i ) o0 the Ry(Nx,y) value may hamper the identification
where F= 3Cpp + 42C32A' ZW'(;[h the dipolar cou-  of possible exchange processes. Alternatively, with re-
pling constant €p = vyyy7°/rRy and the constant  |5xation data sets available from more than one field,
Ccsa = Aw}/3 representing relaxation contribu- R . can be obtained from the effective values of J(0)
tions from the interaction of thé>N chemical shift — gser employing Equation 1 (Farrow et al., 1995; Peng
anisotropy with the B field. # is Planck’s constant 59 Wagner, 1995). Similarly, the value @@x.y)—

d@vided by 2t and Ry is the internuclear N-H bond Rn(N;) (Habazettl and Wagner, 1995), includingR
distance, taken as 1.02 A (Keiter, 1986). Tt depends linearly om? following

chemical shift anisotropp = o] —o ., whereo and

o, are the parallel aé]éj perpendicular components of ~ 2Rn(Nxy) _SRN(NZ) = A2

the axially symmetric°N chemical shift tensor, and 2 4A° 2

A is taken here to be constant at —160 ppm (Hiyama et CoplJ(O) + ZJ(wH)] +1 9 IO + 201y (3)

al., 1988). Using these constants, the dipolar constantThis last approach was followed here. The frequency-
Cop is 541 x 10° (rad/s§ and the constant & is independent term in Equation 3 comprises the dipo-
0.87, 1.25 and 95 x 10° (rad/s} at 11.7, 14.1and  [ar relaxation, while the coefficient ab? is deter-
17.6 T, respectively. The linearity of Equation 1 allows mined by both CSA relaxation and chemical exchange
one to assess the propagated uncertainties of the samprocesses, represented by the constangd ®, re-
pled spectral density values], simply by a weighted  spectively. The rate constants @Rl y) — Rn(N;) at
sum, in quadrature, of the errors determined for the different B fields are calculated by linear regression

J(wN) =

< JwR) >

Tio

experimental relaxation ratég;, using Equation 3. The value of J(0) is obtained from
3 the intercept, assuming that the value @fJ) is neg-
01% =) cr(R)? 2 ligible relative to J(0) which is well justified by the
i=1 data shown in Figure 2. Subsequently, the vadue

in which the weights % are the squares of the cor- is obtained from the slope coefficient by substitution
|

responding matrix elements in Equation 1 (Peng and ©f the obtained value of J(0), assuming thats the
Wagner, 1992). same (160 ppm) for all residues. Characterization of
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the time scale of chemical exchange processes can beconcentration applied (0.1 M KCI), the whole confor-

obtained as well at a singleyBield by performingt°N

mation of the HUBst dimer may be subjected to some

nuclear magnetic relaxation measurements in the pres-folding/unfolding transitions which occur on the time

ence of a variable radio frequency (rf) field (Deverell
et al., 1970; Szypersky et al., 1993; Nicholson et al.,

scale of the CPMG delay.
The uncertainties in the values®f as indicated in

1995; Akke and Palmer, 1996), but such methods have Figure 1, are rather high and corrections of the trans-

not yet been applied to HUBst.

Relaxation rates and chemical exchange
The average values of the backbol® relaxation

verse relaxation rates by subtraction of the exchange
contribution consequently provide more accurate, but
less precise, valuesNRNy,y). Previously, Peng and

Wagner (1995) had reported global exchange contri-

rates and the average uncertainties are given in Table 1.butions, obtained in a similar way for eglin c, ranging
Separate values were calculated for the residues inbetween approximately 0.04 and 0:%s

the relatively rigid core and in the more flexible parts
of HUBst. Residues not included in further analysis
are Ly$®, val?® Leu* and Phé&’, which showed

Spectral density values for backbone NH bonds
After removing the term B from Ry(Ny.y), the mea-

severely overlapped signals in the spectra. The high surements at three independent figlds resulted in

Rn(Hz<>Nz) and low Ry(Nx.y) values for residues in
the B-arms with respect to the residues in the core
indicate larger contributions to the spectral density
function at high frequencies in tiffearms (see below).
Rn(Nz) at 11.7 T for the core is higher than for the

seven spectral densitiesw)(for each backbone NH
bond. The mapping of spectral densities has been ob-
tained without any assumption for the motional model
of the spectral density function. Figure 2 shows plots
of J(w) versus the residue number sampled at 0, 51, 61,

flexible parts, whereas the opposite is observed for 76, 435, 522 and 653 MHz, respectively. It is clearly

the values at 14.1 T, indicating that the isobestic fre-
guency, where the contribution ofw))is independent

of the internal mobility, has a value between 50 and
60 MHz. Furthermore, it is apparent that the relax-
ation rates vary systematically with they Btrength,
originating from the functional dependence of both
J(w) and the CSA relaxation contribution, viac€a

in Equation 1, for R(Nz) and Ry(Ny,y). However, the
substantial increase of\gNx y) with Bo, as observed
for many residues both in the core and in pharms of
HUBSst, cannot be fully accounted for by such a con-
tribution alone and is most likely due to the presence

seen in Figure 2 that high values ofvy{) for flexi-

ble residues in the-hairpin arms (residues 55-74) are
compensated by a reduced value of J(0) with respect to
the rigid part of the protein (residues 2-54 and 75-89),
which ascertains a constant integral ab)or each

NH bond. The value J(0) is the average of three indi-
vidual J(0) values obtained at 11.7, 14.1 and 17.6 T.
The rather large uncertainties of J(0) for several NH
bonds are caused by the imprecise valuesQfuRed

to correct the experimental transverse relaxation rates.
Both values XpN) and J(y) decrease for almost all
residues with increasing frequenciey and wy, re-

of chemical exchange processes in the fast-exchangespectively. Adequate fits ofdj are therefore expected

regime. The exchange contributions tQ([Rlx.y) were

using the well-known model-free formalism proposed

calculated using Equation 3 and Figure 1 shows the by Lipari and Szabo (1982a,b):

values of® versus the sequence of HUBst based on
the relaxation data for three values @f. For al-
most all backbone NH bonds, significant exchange
contributions are observed witle ranging approxi-
mately between @5 x 10717 s and 25 x 10717 s,
which corresponds to exchange contributiong,(R
dw?) of approximately 0.5-5.078. The exchange
contribution observed in th@-arms is on average
only slightly lower than for the core. The nature of

Jrnod(w) —

2 sz'fm (e sz)'fef
5 2 2 (4)
S\1+ (wtm)* 1+ (wtef)

In Equation 4 the motion of the NH bond vec-
tor is subdivided into an overall isotropic molecular
tumbling contribution with a time constang,, and a
contribution accounting for fast internal fluctuations,
characterized by the order parametéra@d the time

the conformational exchange processes can, howeverconstant;, with tgfl =114 tf*l_ The order parame-
not be elucidated from these data. Nonetheless, theter § is a measure of the degree of spatial restriction
global exchange processes observed for HUBst may of the fast internal motion of the NH bond; isotropic

be related to the packing stability of the dimer, which
is salt-dependent (Welfle et al., 1992). With the salt

internal dynamics gives?S: 0, whereas lack of in-
ternal motion gives $= 1. Itis further assumed that
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Figure 1. Exchange paramet@ versus protein sequence. Tievalues are obtained by linear regression using Equation 3 as pointed out in
the text. Blank slots indicate prolines or NH bonds which were excluded from the analysis due to severely overlapping NMR signals.

the time scales of the overall and internal motions dif-
fer by several orders of magnitude, i®,>>1. For
NH bond dynamics which are unsatisfactorily parame-
trized using Equation 4, an additional slower internal
motion is incorporated in the model with a correlation
time 15 intermediate to the time scales of the fast lo-
cal motions and of the global molecular tumbling, i.e.
11<ts<Tm (Clore et al., 1990b). The extended form of
Equation 4 then becomes:

j“Od(w) —
2 ( SSm (1-SHref  SP(1— D)tes c
5\ T+ wm? T It (w? T I+ (@re? ) O

with the effective internal correlation times defined
throughtgd = 1t 4151 The generalised order para-
meter $, defined as the producf<, is a measure of
the total amplitude of the internal motions’ 8nd $

are the partial order parameters for the internal mo-
tions on the fast and slow time scales, respectively.
Note that 3 equals $ in Equation 4. A physical in-
terpretation of the correlation times characterizing the
internal dynamics requires a theoretical model of mo-
tion, such as the wobbling in a cone (Woessner, 1962;
Kinoshitaetal., 1977; Richarz et al., 1980) or the jump
approach (Tropp, 1980).

Order parameters and internal correlation times

The combination of relaxation data sets from three
different magnetic fields has resulted in seven inde-
pendent values of the spectral density function per NH
bond, while a maximum of only four parameters us-
ing Equation 5 is required to modelwdf. Therefore,

meaningful and no simplification of Equation 4 and
especially of Equation 5 will be introduced by as-
suming thatty — 0, which is sometimes done when
relaxation data are available from one NMR field. In
such a case, the lower number of degrees of free-
dom prohibits obtaining more than three model-free
parameters to characterize the internal dynamics.
Good starting values for model-free motional para-
meters from the experimental spectral densitf&&nJ
(w) of NH bond n were provided by a coarse and
a fine grid search. Subsequently, an iterative non-
linear least-squares algorithm (Press et al., 1992) was
employed to further minimize the error functioqf,
which is formulated as
Y=

2M+1

> (AP0 — FO%wi)}/8dn)?

i=1
wheredJ,; is defined in Equation 2. The summation
runs over 2M4+ 1 spectral densities, sampled at fre-
guencywi, where M is the number of NMR fields
from which relaxation rates are obtained. First, all data
were fitted using Equation 4, keeping the three model-
free parameterstfy)n, (sz)n and )n variable. The
overall molecular correlation timg, was obtained by
averaging the optimized values for all residues which
were well parametrized (low 2) by Equation 4 and
showed order parameters higher than 0.70. Thereafter,
local model-free parameters were optimized by fix-
ing the optimized valuay, using either Equation 4
or Equation 5. Root-mean-square deviations between
the predicted and experimental spectral densities were

(6)

all optimized model-free parameters are considered asused in a Monte-Carlo procedure to estimate uncer-
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Figure 2. Plots of the spectral density values of backbone NH bonds versus protein sequence. The values (A) J(0), (B) J(51), (C) J(61), (D)
J(76), (E) J(435), (F) J(522) and (G) J(653), respectively, are obtained by application of Equation 1 in the text to three exp]ecmnental
relaxation rates measured at three differegfiBlds. J(0) is the average of the results obtained at these thy&el@s. The values d(y) and

J(wn) both decrease with increasing frequengyor almost all residues. Uncertainties are indicated by the black vertical bars for each value.
The differences of 4) values in theg-arm region (54—75) with respect to the rest of the molecule are indicative of enhanced internal mobility.

Table 1. Average experimentalPN relaxation rates and uncertainties & for the core and thg-arms (including N- and
C-termini) of HUBstat 11.7, 14.1and 17.6 T

Rate Core (3-54, 75-89) B-Arms (2, 55-74, 90)

11.7T 1417 176T 11.7T 14.1T 176T
RN(NzZ) 146 +0.03 120 +0.03 085 +0.02 1424+0.03 127+0.02 107+0.02
RN (Nx.y) 1120 +051 1229 +0.72 1497 +0.35 621+0.16 675+0.36 843+0.12

RN(Hz<>Nz) 0.041+ 0.004 Q035+ 0.003 Q018+ 0.003 Q12+0.01 010+£0.01 007+0.01
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Figure 3. Examples of spectral density functions of residues’Plaed GIrf4. Pheé® fits well the model-free formalism of Lipari and Szabo as
expressed in Equation 4 (solid curves), wherea$$iits much better the extended model-free formalism as expressed in Equation 5 (dashed
curves). The sampled spectral density values are indicated as open circles.

tainties in the order parameters and internal correlation icantly lower in thef-arm region than in the core.
times (Palmer et al., 1991). However, the largest contributions to the low values of
For HUBst, the mean with standard deviation of the generalized order parametéraBe due to the low
the overall isotropic correlation timeg, thus obtained,  values of the order parameters for the slow motitﬁns S
using individual values of 54 residues, i9& 0.6 ns. The fast internal correlation times for the core
After fixing tm, the internal dynamics of most back- residues fluctuate within a range of 1 and 20 ps, with
bone NH bonds are satisfactorily parametrized using an average value of 16 ps. The residues?AsBiu®,
Equation 4. However, for the-arms (residues 55-75)  Glul2, Asp?0, Ala24, Thre3 Asp'O, Ile*5, Ala®* and
and for the residues LY& Gly39, Gly*®, Glu°! and Asp?’, which are all contained in the solvent-exposed
Lys®°, major improvements of2 were obtained using  parts of the core, show the slowest motions in the
Equation 5. Figure 3 shows two examples of the opti- core on the fast time scale. Interestingly, the large
mized spectral density functions for Pfén the core amplitude motions of the flexiblg-arms, which move
and GIrf4 in the tip of theg-arm. The improvementof  freely in solution, have substantially longer internal
the curve fitting using the extended model function is correlation times than the motions of the core residues
strikingly visualized for GIR%. (see Figure 4C). Apparently, a correlation exists be-
Figure 4 shows the generalized order parameterstween larger conical angles, indicated by low-order
S? and the fast-motion order parameters and inter- parameters, and longer motional correlation times.
nal correlation times, ﬁand 15, as a function of In Figure 4A, the lowest order parametef (S
the residue number. In addition, the fitted model-free 0.14) is observed for GR{, which is just outside the
parameterss and 3 for the residues in th@-arm tip of the B-arm (residues 63-66). Since thaibbon
are presented in Figure 5. Most residues in the core arm and especially the turn involving residues ®ro
show $ values ranging between 0.74 and 0.83, but to Gly%® seem to be structured internally (Vis et al.,
in the firstp-strand (residues 41-44), which is most 1995), the drop in Sfor the p-arm region starting
accessible to the solvent, slightly lowef Salues of  suddenly at residues Atgand Sef* in the stem of
0.68-0.71 are observed that indicate increased mobil-the arm suggests a hinge bending motion about these
ity. Gly3? in the turn between-helix 2 andp-strand  two residues.
1is apparently more mobile than its adjacent residues.
Order parameters for the fast motion% &e signif-
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Figure 4. Bar graphs of (A) the generalized order parame?er(B) the fast-motion order paramet% &d (C) the fast internal correlation time

15 versus protein sequence. Values are obtained by fitting spectral densities to Equation 4 or Equ%ls'vmsﬁ:eﬁculated as the produzﬁi,

where the slow-motion order parametérisobtained for residues of which the NH bond dynamics are better characterized by Equation 5. For
residues that are well characterized by Equation 4, a véue Bis assumed. A discussion of the values is given in the text.

Anisotropic molecular tumbling for HUBst efficients O and B,. Assuming that the diffusion
From the ensemble of NMR structures of HUBst (Vis tensor of HUBst is axially symmetric (D= Dy =
etal., 1995), the calculated relative ratio of the princi- D1 =(611)7%; D, = D} = (6v))7%), the geometric
pal components of the inertia tensor is 1.0:0.71:0.55 dependence on the orientation of the NH bond vec-
and for the core residues only it is 1.0:0.86:0.72. tor is considerably simplified. The adapte8°Yw)
The anisotropic shape of the symmetric HUBst dimer, in Equation 4 (Tjandra et al., 1995), accounting for
which is clearly demonstrated from this ratio, may in- anisotropic molecular tumbling, is then given by
fluence the relaxation behaviour of the NH bonds. The od

diffusional motion of the protein around the symmetry I w) =

axis (z-axis), corresponding to the largest component 3 >

of the diffusion tensor B is expected to be faster Srzz Aktk (1_ S tef @)
than the diffusion around the x- or y-axis, with co- — 1+ (wtk)2 14 (wTef)?
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Figure 5. Plots of the slow internal correlation timess and
slow-motion order parameterg Sersus the residue number. Values
were obtained by fitting spectral densities to Equation 5. The values
1s are rather constant. Value§ Svere shown to be significantly
lower than for the core (see Figure 3), but even lower values are
shown for § in the B-arms of HUBSt, and contribute most to the

generalized order parametezr’.s

where A = (1.5coga — 0.5), Ay = 3sirf acos a,

Az = 0.75 sirf a, with « the angle between the NH
bond vector and the z-axis, calculated from the mole-
cular structure, and the time constants afe= t,
= GTJ_/'C”/(TJ_ + 517”) andtz = 3t TH/(ZTJ_ + ‘EH).
The fast internal correlation time is still contained

in tef, but Ty is substituted by an overall anisotropic
tumbling timetp = (6D)~! = 3t /(. + 27)), D
being defined as 1/3 the trace of the diffusion tensor,
D = 1/3(Dx + Dy + D). Note that, sincé_A;j =1,
replacing botht | andt; with Ty, simplifies Equation 6
into the isotropic model-free formalism, Equation 4.

From the ratio of the components of the inertia
tensor, assuming axial symmetry, the predicted value
of Dy/D_ is 1.60 = 0.05 including all residues and
1.27+ 0.01 for the core; the difference in the error re-
flects the structural disorder of tiehairpin arms. By
means of a grid search using Equation 7, the optimal
overall time constantp and the ratio /D were de-
termined by minimization of the sum ovgf with the
same 54 residues used to determipe Fortp = tm
the ratio j/D_ was optimized to a value of 1.16 and
the improvement of 2 was 5%. A maximum improve-
ment of 16% could be achieved withh = 8.6 ns and
D/Dy = 1.15, and the corresponding time constants
T andt are 7.8 and 9.0 ns, respectively.

Analysis of the anisotropic diffusion properties
of HUBst through direct fitting of the /T, ratios
(Tjandra et al., 1995) or through analysis of local
diffusion coefficients (Brischweiler et al., 1995; Lee
et al., 1996) gave similar results. For all three dif-
ferent fields the relaxation data of the core of HU

(residues 2-54, 76—89) agree well with an axially sym-
metric rotational diffusion tensor with|[l[D, = 1.30
and tp 8.5 ns. No significant improvement, as
judged from F-statistics, is obtained with a complete
anisotropic diffusion model. Similar results are ob-
tained when the relaxation data remain uncorrected for
chemical exchange:[ID, = 1.26 andtp = 10.1 ns.
The relaxation data at 17.6 T gave significantly lower
x2 values (up to 50%) when thenRNxy) values
were first corrected for exchange contributions. In all
cases the values of D, (1.15-1.30) fit well with
the inertia tensor of the core of HUBst with the long
principal axis aligned parallel with the symmetry axis
of the dimer. The value of PD_ of 1.60, as calcu-
lated for a rigid HU molecule including if$-arms, is
substantially larger than the experimental values. Ap-
parently, the flexibl@-arms do not significantly affect
the rotational motion of the molecule.

The approach of directly fitting™%w) as de-
scribed above, which represents all relaxation data,
using an axial symmetric rotational diffusion model
showed only a modest deviation of the ratig/D
from 1. Therefore, no further analysis of the experi-
mentall®N relaxation rates has been pursued using a
fully anisotropic tumbling model. It should be noted
that studies by Tjandra et al. (1995,1996) have shown
that the anisotropy of molecular reorientations has rel-
atively little effect on the order parameters derived
from relaxation data.

Comparison of model-free parameters of free and
DNA-bound protein
The average experimental®N relaxation rates
RN(Nz), Rn(Nxy) and Ry(Hz<>Nz) measured at
11.7 T for backbone NH bonds of HUBst bound to
a 16 bp DNA fragment are. 12+ 0.08 s°1, 149+ 1.9
s 1 and 003 + 0.01 s1, respectively, for the core
and 125+ 0.06 s'1, 114+ 0.8 s and 008+ 0.01
s 1, respectively, for thep-arms. Relaxation rates
were transformed into three spectral densities J(0),
J(51) and J(435) using Equation 1 without taking into
account chemical exchange contributions for the val-
ues Ri(Nxy). Model-free parameters were obtained
by fitting the spectral densities with Equation 4, as
described above. Exactly the same procedure was fol-
lowed for the free protein using only the relaxation
rates measured at 11.7 T in order to investigate the
changes of model-free parameters upon DNA binding.
The overall correlation timesy, of free and DNA-
bound HUBst are 10 £ 0.6 ns and 138 + 1.7 ns,
respectively, using 60 and 49 core residues with order
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Figure 6. Bar graph of fast-motion order parametefsvﬁrsus protein sequence. Values were obtained using Equation 4 for HUBst both free
in solution (A) and in complex with DNA (B). The smaller error bars in (A) with respect to (B) originate from lower experimental uncertainties
due to better quality of the spectra recorded for the free protein. Blank slots indicate prolines or NH bonds which were excluded from the

analysis due to severely overlapping NMR signals.

parametersSarger than 0.7, respectively. The higher
tm value for the free protein at 11.7 T with respect

Figure 6 shows for both free and bound HUBst
the order parameterszS)f fast internal motions of

to the value obtained using data from three magnetic the NH bonds versus the protein sequence. With few

fields is mainly due to not considering chemical ex-
change effects. Furthermore, the increaseppfipon
DNA binding reflects the larger molecular size of the
protein—DNA complex with respect to free protein.
The overall correlation time of DNA-bound HUBSst is
slightly lower than expected for a complex of 30 kDa,
which may be the result of averaging of the relax-
ation rates due to weak binding of HU to DNA (Vis
et al., 1996). With fixedt, the spectral densities of
the bound protein could all be fitted satisfactorily with
Equation 4, yielding lowy 2 values for both core and
g-arm residues. Also for the core of the free protein,
similar low x2 values were obtained. However, for
most residues in thg-arms of the free protein, fitting
with Equation 4 yielded about a factor 10 highef

exceptions, the core residues display order parame-
ters ranging approximately between 0.7 and 0.9 that
are not significantly affected by DNA binding. On
the other hand, substantial increases of the order pa-
rameters for residues in tifearms occur upon DNA
binding. The fast internal correlation timeg(data not
shown) have similar values for both free and bound
protein, withts reaching 60 and 250 ps for the core
and theB-arms, respectively. However, the uncertain-
ties of most values of; are very poor, with the relative
errors larger than 100%. The results of this compari-
son demonstrate that the slow sub-nanosecond hinge
motions in theB-arms, which dominate the values of
the generalized order parameters for the free protein
(see Figure 4A), are almost absent when HUBst binds

values compared with the values obtained for the core. DNA.

The poor fits argue for the use of an extended model
for the spectral density function and indicate the pres-

ence of additional slower motions in thearms of the
free protein, which have been analysed above.
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Conclusions

In summary, we have measurédN longitudinal,
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Clore, G.M., Szabo, A., Bax, A., Kay, L.E., Driscoll, P.C. and

Gronenborn, A.M. (1990h). Am. Chem. Sacl12, 4989-4991.

transverse and heteronuclear NOE relaxation data atpayie k.T. and Wagner, G. (1994) Magn. ResonA111, 121—

three different NMR fields in order to character-
ize the NH bond mobility along the backbone of

HUBst. Global chemical exchange processes have
been elicited and accounted for in the transverse relax-

126.

Deverell, C., Morgan, R.E. and Strange, J.H. (19V0). Phys, 18,
553-559.

Drlica, K. and Rouviere-Yaniv, J. (198RJicrobiol. Rev, 51, 301—-
319.

ation rate values. Seven discrete values of the spectralEchols, H. (1990). Biol. Chem.265, 14697-14700.

density function have been determined by means of
a reduced spectral density mapping transformation of

Farrow, N.A., Zhang, O., Szabo, A., Torchia, D.A. and Kay, L.E.
(1995)J. Biomol. NMR6, 153-162.
Flashner, Y. and Gralla, J.D. (1988kll, 54, 713-721.

the relaxation rates, and the model-free approach hasgriedman, D.1. (1988ell, 55, 545-554.
been applied to these values. The molecule tumbles Funnel, B., Baker, T. and Kornberg, A. (198%)Biol. Chem. 262,

with an overall correlation time of.8 + 0.6 ns. From
the order parameters and internal correlation times of

10327-10334.

Geiduschek, E.P., Schneider, G.J. and Sayre, M.H. (18%Xyuct.
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the NH bonds, we have demonstrated that the flexi- Goodman, S., Yang, C., Nash, H., Sarai, A. and Jernigan, R. (1990)

bility of the DNA-binding p-hairpin arms is mostly
governed by the slower internal motions in the sub-
nanosecond time scale. Finally, a substantial decreas
of the generalized order parameters at®Rmnd Sef*

has been interpreted as a hinge motion offtkeems
originating from both residues. This sub-nanosecond
hinge motion largely disappears when HU binds DNA,
which is in agreement with the view that the func-
tional role of the flexibility of the DNA-binding arms
of HU is to facilitate interactions of thg-arms with
double-stranded DNA.
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