Biochemistry1996, 35, 96619666 9661

Backbone Dynamics of the C-Terminal Domainkdcherichia coli
Topoisomerase | in the Absence and Presence of Single-Stranded DNA

Liping Yu,* Chang-Xi Zhu$ Yuk-Ching Tse-Dintf and Stephen W. Fesik*

Pharmaceutical Disceery Division, D47G, AP10, Abbott Laboratories, Abbott Park, Illinois 60064, and
Department of Biochemistry and Molecular Biology, New York Medical College, Valhalla, New York 10595

Receied February 29, 1996; Résed Manuscript Recegéd May 13, 1998

ABSTRACT. The backbone dynamics of the C-terminal DNA-binding domain Estherichia coli
topoisomerase | has been characterized in the absence and presence of single-stranded DNA by NMR
spectroscopy.?®N spin—lattice relaxation times (i, spin—spin relaxation timesTg), and heteronuclear

NOEs were determined for the uniformiN-labeled protein. These data were analyzed by using the
model-free formalism to derive the model-free paramet&st{, andR.,) for each backbone NH bond

vector and the overall molecular rotational correlation timg).( The molecular rotational correlation

time ty, was determined to be 7.48 0.36 ns for the free and 124 1.07 ns for the complexed protein.
Several residues were found to be much more mobile than the average, including 11 residues at the
N-terminus, 2 residues at the C-terminus, and residues 25 an853Which are located in a region of the
protein that binds to DNA. The binding of ssDNA to the free protein causes a slight increase in the order
parameters¥) for a small number of residues and a slight decrease in the order parantdos the

majority of the residues. In particular, upon binding to ssDNA, the mobility of the dirgelix and the

two -sheets was slightly increased, and the mobility of a few specific residues in the loops/turns was
restricted. These results differ from the previous studies on the backbone dynamics of molecular complexes
in which reduced mobilities were typically observed upon ligand binding.

Dynamics can markedly influence the biological activity relax negatively supercoiled DNA under high salt conditions
and function of proteins. Knowledge of the changes in (Beran-Steed et al., 1989; Tse-Dinh, 1994). Here we report
protein dynamics that occur upon ligand binding is especially on the backbone dynamics of the C-terminal single-stranded
important for understanding the processes of molecular DNA-binding domain ofE. coli topoisomerase | in the
interactions. However, only a few studies have addressedabsence and presence of a 12-mer ssDNA that was previously
this issue. Earlier work on ligand-induced changes in protein shown to bind to this protein (Yu et al., 1995). The goals
dynamics includes NMRstudies of staphylococcal nuclease of this study were to determine whether any motional
in the presence and absence of a small inhibitor (pdTp) anddifferences exist between the two subdomaififfia),

Ca" (Nicholson et al., 1992), apo- and €doaded calbindin ~ which might be important for DNA binding, to identify those
(Akke et al., 1993), FK506 binding protein free and when regions of the protein that are inherently mobile or rigid,
bound to FK506 (Cheng et al., 1993, 1994), ribonuclease and, most importantly, to determine the effects on the
T1 in the presence and absence of a small inhibitGiveP motional properties of the protein upon complex formation
(Fushman et al., 1994), and the SH2 domain of PICin with ssDNA.

the presence and absence of a bound phosphopeptide (Farrow

et al., 1994). In the first four studies, an increase in the MATERIALS AND METHODS

order parameters corresponding to a stiffening of the .

structures was observed upon ligand binding. In contrast, NMR Sample PreparationThe 14 kDa fragment oE.
most of the amino acid residues of the SH2 domain that C0li DNA topoisomerase I (residues 74865) was cloned,
interact with the phosphopeptide became more flexible upon €xpressed, and purified as previously described (Zhu et al.,
ligand binding and exhibited reduced order parameters. ~ 1995). Uniformly *N-labeled protein was prepared from

Recently, we determined the three-dimensional structure Pacteria grown in a minimal medium containiftNH4Cl. _
of the C-terminal single-stranded DNA-binding domain of The protein was purified by phosphocellulose P11 ion
Escherichia colitopoisomerase | using NMR spectroscopy €xchange, ssDNA agarose affinity, and reverse-phase HPLC
(Yu et al., 1995). This domain is responsible for enhancing chromatography followed by refolding from 6 M urea at 4

the binding to DNA and improving the enzyme’s ability to  °C by dialysis against a solution containing 200 mM
potassium phosphate (pH 6.5) and 5 mM dithiothreitol. The

*To whom correspondence should be addressed. NMR sample of the free protein was prepared at a protein
;Qgevoﬁol}akb&?ég;% ollegs concentration of 3 mM in a buffer solution containing 5 mM
® Abstract published irAdrance ACS Abstractsuly 15, 1996. dithiothreitol-d;p and 200 mM potassium phosphate (pH 6.5).

1 Abbreviations: 1D, one dimensional; 2D, two dimensional; NMR, The only difference for the sample of the protein/DNA
nuclear magnetic resonance; NOE, nuclear Overhauser effect; HSQC,complex was the addition of a 5-fold excess of 12-mer

heteronuclear single-quantum coherence; TPPI, time-proportional phas ; _
incrementation; HPLC, high-pressure liquid chromatography; CPMG, SSDNA d(ACGACAGGCTAC) and the reduction of potas

CarrPurcell-Meiboom-Gill multipulse sequence; RMSD, root mean ~ SiUM phosphate to 10 mM in order to increase the binding
square deviation; kDa, kilodalton; ssDNA, single-stranded DNA. affinity (Yu et al., 1995).
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NMR Measurements All NMR experiments were re- 1 2
corded at 30C on a Bruker AMX 500 MHz spectrometer. T — 4 133(@n) + oy — wy) + 83wy + oy)] +
NMR spectra were processed and analyzed using in-house !

2

written software on Silicon Graphics computers. cJ(wy) (1)
15N T, andT, were recorded as previously described (Stone &

et al., 1992; Barbato et al., 1992J}°N NOE spectra were == §[4J(0) + 3J(wy) + Hwy — o) + 6)(wy) +

acquired with sensitivity enhancement by using gradients as 2
described by Farrow et al. (1994). All the experiments were
recorded with a sweep width of 8333 Hz in thedimension

with theH carrier set to the water signal and a sweep width

2
6)(wy + 0] + [43(0) + 3] + Ry ()

of 2083 Hz in theF; dimension. The spectra were acquired _ & vu _ _

in the phase-sensitive mode using the StalRP| methods NOE=1+ 4T1yN[6J(wH oy~ Jog — oyl G)
(Marion et al., 1989) for the quadrature detection in Eie

dimension. Water suppression in thdl T, and T, experi- in which d = (W27)(ud/4m)yHyn(r=2) andc = (1/3)wn(a

ments was achieved by using a high-power spin-locking — op). The symbols in these equations have their usual
purge pulse (Messerle et al., 1989). A total of 16 & meanings (Abragam, 1961; Stone et al., 1992; Farrow et al.,
2048 ;) complex points were recorded with 8 scans per 1994).

increment for botiT; andT, experiments. The heteronuclear  In the absence of any assumption about the form of the
NOE experiments were collected with 16 scans per incre- spectral density function, the three experimefits T, NOE)
ment. 1N decoupling during data acquisition was ac- do not provide enough information to enable direct deter-
complished using a WALTZ decoupling scheme (Shaka et mination of the spectral density function at all five frequen-
al., 1983). cies. Rather than performing additional relaxation measure-
ments as described by Peng and Wagner (1992a,b) to map

For theT,; and T, experiments, a recycle time of 3.3 s I i | densi ; d be th
was used between acquisitions to ensure sufficient recoverya five Isgectr.a bensny funct!onsl, one dm|a¥ e?cn el_t €
of the *H magnetization. For the NOE measurements, a spectral density by using a simpler model-iree formalism

. ; . f i icall li in (Lipari
recycle time of 4.0 s (approximately 5 times the londéit 1055832 bls cc):tlr:r%w; gl tlfggé; %Spfrgirgws.( ipari & Szabo,
T1) was used between scans to ensure the maximal develop- ” N )

ment of NOEs before acquisition. The final data sets 5 & (1—82)r

consisted of 1024t{) x 1024 ¢,) real data points after zero- Jw) == m 5+ 5 (4)

filling and Fourier transformation. 51+ (w7,)” 1+ (w7)
Determination of*®N T;, T,, and Heteronuclear NOEs

The longitudinal and transverse relaxation timBsand T, where 1# = 1/t + 1/te.

were obtained from a three- or two-parameter monoexpo-  The model-free approach characterizes both the rate and
nential nonlinear least squares fit to the cross peak hEightSamplitude of internal motions for individual \H vectors
versus relaxation delays in tiig andT; experiments (Stone iy terms of the generalized order parame}, (the overall

et al., 1992; Barbato et al., 1992). For the uncomplexed rotational correlation timer,), and the effective correlation
sample, the uncertainties in tiigandT, measurements were  time (r;). The values of the generalized order parame¥®r (
estimated by performing Monte Carlo simulations based upon may range from 0 (corresponding to completely isotropic
the estimated errors in the measured peak heights (Palmemotion) to 1 (completely restricted motion). The effective
etal, 1991). For the protein/DNA complex, duplicate data correlation time {.) describes the rate of motion for
sets were collected for both andT, and were used to report  fluctuation of the amide bond vector occurring on the time
their average values and standard deviations. scale faster than the overall rotation correlation timg).(

For both the free and complexed proteins, the steady-state>iNce transverse relaxation timek)(can also be affected
1H—15\ NOE of each residue was calculated for each data PY internal motions occurring on a slower time scale, such
set as the ratio of the peak height in the spectrum recorded®S those arising from chemical exchange, the exchange
with proton saturation to that in the spectrum recorded Proadening contributing factoRex, was introduced as a
without proton saturation during the NOE delay period. Two COITeCtion factor to thd relaxation rate (see eq 2) for the
duplicate data sets were collected for the NOE experimentsC@lculation of model-free parameters (Stone et al., 1992;

which were used to calculate their average values and':a(r)rOW e”t _aI.,t1994). lecular tumbling for the C-terminal
standard deviations. verall isotropic molecular tumbling for the C-termina

] ] ] domain ofE. colitopoisomerase | is assumed in the model-

Model-Free Calculations The spin relaxation of th&N free formalism approach. This assumption is quite reason-
nuclei is primarily caused by the dipolar interaction between gpje, since the correlation times,, calculated in the present
the N nucleus and the attached protons and the chemicalstudy for each individual backboA@N atom from theT,/T,
shift anisotropy. **N relaxation rates and NOEs are depend- ratios (excluding the N-terminal 11 residues and C-terminal
ent on the spectral density function describing the contribu- 2 residues) are similar, suggesting isotropic motion. More-
tions of five distinct frequencies (&, oy + wn, wh, wu over, on the basis of the recently determined NMR solution
— wn) to the motion of the individual amide bond vectors. structure of this protein (Yu et al., 1995), the ratios of the
For a two-spint®N—1H system, the relaxation timdg and three coordinate axes are calculated to be 1.00:0.94:0.74,
T, and the steady-state NOE can be expressed as (Abragansupporting the argument that this protein tumbles isotropi-
1961; Peng & Wagner, 1992a,b; Stone et al., 1992) cally in solution.
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Ficure 1: Plots of the typical®>N T; (A) and T, (B) relaxation
decay curves of the free form of the C-terminal domairEotoli )
topoisomerase I: Glu 21<X), Asn 41 (*), Ala 74 (), Val 113 Ficure 2: Plots of the mea_sureHN relaxation parameters and

(x), and Val 118 ). The curves represent the best fits to the three- their uncertainties as a function of residue number for the free and

or two-parameter monoexponential functions. Peak heights are complexed protein. Panels#C are for the free protein, and panels
shown on an arbitrary scale. D—F are for the complexed protein. (A, D) Spifattice relaxation

time Ty. (B, E) Spin—spin relaxation timd>. (C, F) Heteronuclear

: NOE. Residues for which no results are shown correspond to either
The model-free parameter®(z., andRe,) were obtained proline residues or residues for which NH cross peaks could not

by substituting eq 4 into eqs-B and followed by minimiza-  gpserved or severely overlapped.

tion of a target function similar to the ones previously

described (Stone et al., 1992; Farrow et al., 1994; Zink et gverager; andT, values. The heteronuclear NOEs for most
al., 1994) by using the experimentally measufedT,, and  of the residues were found to be in the range of 6632
NOE values. Bothre and R« were included as fitting  (Figure 2C), indicating that internal motions on the fast
parameters, and their final values were determined by the (picosecond) time scale are restricted. Exceptions were
global search for the minimum of the target function for each found for nine of the residues at the N-terminus and two
backbone amide. The uncertainties of the model-free residues at the C-terminus in which the heteronuclear NOEs
parameters were estimated by performing Monte Carlo were found to be negative. In addition, the NOEs for
simulations based on the uncertainties in the measuredresidues 1615, 21-23, 25, 3135, 90-95, and 99-107

Residue Number

relaxation parameters (Palmer et al., 1991). were all significantly smaller than the average.
The overall rotational correlation time, was initially
RESULTS AND DISCUSSION estimated to be 7.54 0.37 ns from 44T,/T, ratios of

selected residues in the well-defined region of the structure

Backbone Dynamics of the Free Proteithe fragment using a previously described approach (Kay et al., 1989;
of topoisomerase used in this study contains 122 residuesClore et al., 1990) and subsequently optimized to be %49
Among the 110 backbone amide protons (excluding the 11 0.36 ns from the model-free analysis of the data. The value
prolines and N-terminal Met), the amides of Asn 2 and Ala obtained from the model-free analysis, which was subse-
33 were not observed, and five other residues were excludedjuently used for the determination of the internal dynamics
from the analysis due to resonance overlap or lack of signal parameters ¥, 7., and Re,) for all of the residues in the
intensity. Thus, quantitative measurements were made forprotein, is in good agreement with those reported previously
103 of the amide cross peaks. for proteins of similar size (Kay et al., 1989; Clore et al.,

Representative plots of the fits for th#N T, and T, data 1990; Stone et al., 1992; Cheng et al., 1993; Farrow et al.,
are shown in Figure 1. As shown in the plot, good quality 1994).
fits were obtained for thd; and T, data. Figure 2AC The model-free paramete, ., and R for the free
shows the relaxation parameters of the free protein. For mostprotein are shown in Figure 3AC. For most residues, the
residues, th@; values lie in the range of 0.43.53 s (Figure order parametersS) were in the range of 0.750.90,
2A), and theT, values ranged from 87 to 110 ms (Figure indicating that rapid motions on the fast (picosecond) time
2B). The average errors in the calculatBdand T, values scale were largely restricted. In contrast, for 11 residues at
were 5.0% and 2.4%, respectively. The 11 residues at thethe N-terminus and 2 residues at the C-terminus, much lower
N-terminus and 2 residues at the C-terminus of the protein order parametersX) were observed that decreased steadily
exhibit slow relaxation as evidenced by largerand T, toward their termini (Figure 3A). These results indicate that
values which increase toward the ends of the protein. these segments of the protein have considerable disorder and
Residues 3135 which are located in thg-turn between a high degree of motion on the picosecond to nanosecond
pB-strands 2 and 3 were also shown to have higher thantime scale. This region (which contains three proline
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Residue Number topoisomerase | which consists of eight-strands g1, 13-16;
Ficure 3: Plots of the optimized model-free parameters and their 82, 26-32; 83, 35-40; 4, 49-51; 85, 84-90; 86, 93-99; 47,
uncertainties as a function of residue number for the free and 108-113;48, 116-119) and twax—helices 1, 53-59; a2, 69~
complexed protein. Panels#C are for the free protein, and panels 73)._The mobilities of the backbone amides are color-coded on the
D—F are for the complexed protein. (A, D) The generalized order basis of the values of the order parame@r_sg < 0.5, magenta,
parametei?. (B, E) The effective correlation time.. (C, F) The 0.5< & = 0.7, pink; 0.7< & < 0.82, greenish yellows? > 0.82,
chemical exchange line widtR., The standard deviations are cyan. For Pro as well as some other residues whose relaxation
estimated from the Monte Carlo simulations. parameters were not determined, the backbone was then color-coded

by interpolation based on the order parameters of the neighboring

residues) may function as the linker region between tifg-zn ~ residues.

binding domain and the C-terminal domain & coli . L . :
topoisomerase |. Ala 25 and residues—&6 which are 43, a residue that may form base stac_kmg interactions with
located in thes-turn linking f-strands 2 and 3 also have DNA and the loop linking the twar-helices (Figure 4).
significantly lower order parametersj (Figure 3A), No obv_|ous and mdependen_t motions between the_ tvx{o
indicating that these regions are more mobile than the overallSubdomains of the free protein were observed. This is
backbone. A significant difference in the order parameters €videnced by the following: (1) Both of the two central
between Ala 25 and its neighboring residues was observed ¢-helices and the loop which links them are fairly rigid (cyan
Such a motional difference between neighboring residues ha<color in Figure 4). (2) The averaged order paramet&is (
also been observed previously (Stone et al., 1992; Barbatofor the N-terminal subdomain (residues-i64) (0.85+ 0.08)
et al., 1992). and the C-terminal subdomain (residues-620) (0.84+

The effective correlation times for internal motions, 0.04) are not significantly diffe(ent, suggesting that they are
on the other hand, are generaty0 ps (Figure 3B), as in  tumbling together as a whole in solution.
the glucose permease IIA (Stone et al., 1992) and calmodulin  Backbone Dynamics of the Complexed Pratelne **N
(Barbato et al., 1992). Higher60 ps)z. values were only ~ and*H resonances of the backbone amides of the protein
found for the 11 residues at the N-terminus, 3 residues atcomplexed to the 12-mer ssDNA d(ACGACAGGCTAC)
the C-terminus, and residues 15725, 64, 91, 99, and 102. were assigned from a series of DNA titration experiments
This result is similar to the N-terminus in glucose permease by monitoring the'H/**N cross peaks in the HSQC spectra
IIA which showed higherr, values (Stone et al., 1992). as a function of added DNA. The free and complexed
Finally, the averagdRex exchange line widths for residues proteins were found to be in fast exchange on the NMR time
with Rex >0 are 0.5+ 0.4 Hz (Figure 3C), suggesting that scale. In addition to 11 Pro residues and 4 residues (Met 1,
motions on the millisecond to microsecond time scale which Asn 2, Gly 3, and Ala 33) whose amide cross peaks were
result in N line broadening, such as those arising from not observed, 16 overlapping amide cross peaks were
chemical or conformational exchange processes, are limitedexcluded in the analysis. Thus, quantitattld T, T, and
in the uncomplexed protein. NOE data were obtained for 91 backbone amides in the

The backbone dynamics of the free protein along the complexed protein.
peptide chain are summarized in Figure 4 by color-coding Figure 2D-F shows the relaxation parameters for the
the ribbon in the order of increasing mobility: cyan complexed protein. For most residues, tfd T;, T,, and
greenish yellow< pink < magenta. Clearly, the loop/turn  NOE lie in the ranges of 658850 ms, 56-70 ms, and 0.60
residues are generally more mobile than thkelices and 0.82 ms, respectively (Figure 2BF). The!®N T, is much
fB-sheets, and the N-termingll strand and the C-terminal longer andT; is much shorter than those in the free protein.
/38 strand are also more mobile than the rest ofatstrands. The average errors for the calculafeg T,, and NOE values
However, not all the loops are mobile. Exceptions include were 2.8%, 2.8%, and 4.5%, respectively. The 11 residues
the DNA binding loop (residues 4146) which contains Phe  at the N-terminus, 2 residues at the C-terminus, Ala 25, and
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Ficure 5: Plot of the differences between the order parameters

() of the free and complexed C-terminal domain Bf coli

topoisomerase |. Only the backbone amides whose relaxation ”

parameters were determined in both free and complexed proteins -

were shown. f

Gly 32 clearly exhibit much longer, relaxation times and

smaller heteronuclear NOEs than average.
Th I I lation ti for th I Ficure 6: Ribbon plot depicting the differential backbone dynamics
€ molecular correlation liméy for the compiex was of the free vs complexed C-terminal domain Bf coli topo-

initially estimated fromT./T ratios (as in the free protein)  jsomerase I. The ribbon was color-coded as folloW? = (See

to be 13.2+ 1.06 ns and subsequently optimized to be 12.7 — Scompiey, for AS < —0.04, greenish yellow; for-0.04 < AS

+ 1.07 ns in the model-free analysis. This value was used = 0.04, cyan; foAS > 0.04, pink. For Pro as well as those residues
to determine the model-free paramet&fste, and Rex for whose relaxation parameters were not determined in either free or
all of the residues. The small spread in the measured complexed protein, the backbone was then color-coded in cyan.
values as well as the independencergfvalues on the
orientations of the N‘H bond vectors suggests that the
motion of the complexed protein is effectively isotropic. The
Tm Value of 12.7 ns at 30C for the complexed protein with
a total mass of-~18 kDa (assuming a 1:1 complex) is in
good agreement with those reported previously of similar motions upon binding to SSDNA.

size [~16 .kDa ribonuclease H, 10.4 ns at 26 (POV_V”S et A small number of amides including residues 10, 11, 32,
al., 1992);~19 kDa human granulocyte colony-stimulating 91-93, 105, 107, and 120 in the complexed protein,

factpr, 13 ns at 27C (Zink et al., 1994)]. however, had increased order parameters or became more
Figure 3D-F shows the model-free parameters of the restrictive as exhibited by negative values (Figure 5). These
complexed protein. The 11 residues at the N-terminus, 2 residues are located in either a loop g-turn on the DNA-
residues at the C-terminus, and Ala 25 and Gly 32 had muchpjnding face of the molecule (colored in greenish yellow in
lower order parameter§¥) than average, indicating thatthese Figure 6). Furthermore, the exchange broadening factors
segments of the protein are more mobile than the overall (Rex) were significantly larger in the complexed (221.7
backbone. The effective gorrelation tim@g>5q ps) were Hz) vs the free protein (0.5 0.4 Hz) (Figure 3, panels F
found for a number of reSIdu.eS located elthel’.ln |00p$ or at and C), Suggesting that there are Signiﬁcant amounts of slow
the ends ofi-strands. In particular, the N-terminal residues motions present in the protein/ssDNA complex which result
1-10, the C-terminal residues 12122, and the loop  jn 15N |ine broadening. Such motions could arise from
residues 9492 and 102 exhibited motions on a much slower Chemica| and/or Conformationa' exchange processes_
time scale (0.20.6 ns). Slower motions aof, on the time The increased mobilities upon binding to ssSDNA were
scale of 0.4-4 ns have also been reported previously for a ynexpected on the basis of the results from the previous
number of residues in interleukingIClore et al., 1990) and  studies. For staphylococcal nuclease, it was shown that the
human typea transforming growth factor (Li & Montelione, mean-squared order parameters of the-C> bond axis
1995). increased exclusively in those regions within 10 A of the
Comparison of the Backbone Dynamics in the Presenceinhibitor pdTp and the ligand G&a (Nicholson et al., 1992).
and Absence of ssDNAThe binding of ssDNA to the free  Similarly, only increased order parameters were observed
protein caused significant perturbations in the order param-for the second ion-binding loop in calbindin upon binding
eters for many residues as shown in Figures 5 and 6. Theof C#" (Akke et al., 1993), for the ligand-binding loop
differences between the order paramet& for the free (residues 8287) in the FK506 binding protein upon binding
and complexed protein clearly indicate tilaé majority of of FK506 (Cheng et al., 1993, 1994), and for the ligand-
the residues affected by the binding of sSDNA exhibit reducedbinding loop in ribonuclease T1 upon binding to its inhibitor
order parameters or increased mobility as indicated by the 2GMP (Fushman et al.,, 1994). On the basis of these
positive values (Figure 5). These residues were found to previous studies, one would expect to find that the residues
be located mainly in they-helix and twoS-sheets (colored  involved in interaction with ssDNA in topoisomerase would
in pink in Figure 6). These results are also reflected in the all exhibit increased order parameters upon binding to
reduced average order paramet&3 for the a-helices (0.83 ssDNA. However, our results indicate this to be true only
+ 0.03 vs 0.8&+ 0.03) ands-sheets (0.8 0.05 vs 0.84 for a smaller number of residues, while most residues showed

+ 0.04) in the complexed vs free protein. The central helix
(al) is located in the center of the two subdomains and
beneath the DNA-binding face. The observed increase in
the mobility of this helix upon binding to ssDNA suggests

that the two subdomains may have greater interdomain
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the opposite trend (Figures 5 and 6). Our observations arepresents many modes for the binding (to ssDNA) which
more consistent with those from the recent study of the results in a heterogeneous complex which may contribute
PLCy1C SH2 domain (Farrow et al., 1994), where decreasedto the increased flexibility within the complex.

order parameters were observed upon binding to a phospho-

The changes in order parameters upon ligand b'.nd'ng COUldAbragam, A. (1961pPrinciples of Nuclear Magnetisn€larendon
be influenced by many factors. In this study, the ligand used  press, Oxford.
(12-mer ssDNA) is much bigger than some of those Akke, M., Skelton, N. J., Kordel, J., Palmer, A. G., llI, & Chazin,
employed in the previous studies [e.g., small inhibitors and ~ W. J. (1993)Biochemistry 329832-9844.
ions (Nicholson et al., 1992; Akke et al., 1993; Fushman et Bag?at% %-’_'t':“rgvlg{'éégf‘%’é';é'z-v Pastor, R. W., & Bax, A. (1992)
al., 1994) and FK506 (Cheng et al., 1993, 1994)]. Therefore, Ber;?ﬁs?eesg, R K., & Tse-Dinh, Y.-C. (198B)oteins: Struct.,
the binding of the ligand to the protein is expected to affect ~ gnct. Genet. 6249-258.
more residues than the smaller ligands. Furthermore, thecheng, J.-W., Lepre, C. A., Chambers, S. P., Fulghum, J. R.,
12-mer ssDNA binds with &p of ~4 uM (Yu et al., 1995). Thomson, J. A., & Moore, J. M. (199Biochemistry 329000~
This interaction is nonspecific and not dependent on the 9010.

i ; Hia i :«+ Cheng, J.-W., Lepre, C. A., & Moore, J. M. (199B)ochemistry
specific nucleotides. Thus, it is likely that many modes exist 33, 4093-4100.

for binding which may be accommodateq by sliding (_)f the Clore, G. M., Driscoll, P. C., Windfield, P. T., & Gronenborn, A.
ssDNA along the binding face of the protein. Such abinding M. (1990) Biochemistry 297387-7401.

process is consistent with the larger exchange broadeningrFarrow, N. A., Muhandiram, R., Singer, A. U., Pascal, S. M., Kay,
factors Rey) observed in the complexed protein. No cor-  C. M., Gish, G., Shoelson, S. E., Pawson, T., Forman-Kay, J.
relation was observed between the changesRgfand D., & Kay, L. E. (1994)Biochemistry 335984-6003.

chemical shifts of the backbone amides upon binding to F”\?hg}gmoﬁ)"h‘\’,\\/ﬂe&sjg‘f_“?éR" Thuring, H., & Ruterjans, H. (1994)
ssDNA. The complexed and free proteins are in fast ,y | E. Torchia, D. A., & Bax, A. (1989Biochemistry 28,
exchange on the NMR time scale, which complicates the §972-8979.
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