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Solution structure of Dinl provides insight
into its mode of RecA inactivation

BENJAMIN E. RAMIREZ! OLEG N. VOLOSHIN? R. DANIEL CAMERINI-OTERO?

AND AD BAX 13

L aboratory of Chemical Physics, National Institutes of Diabetes and Digestive and Kidney Diseases,
National Institutes of Health, Bethesda, Maryland 20892-0520

2Genetics and Biochemistry Branch, National Institutes of Diabetes and Digestive and Kidney Diseases,
National Institutes of Health, Bethesda, Maryland 20892-0520

(ReceIvED May 30, 2000;FiNaL REvisioN August 15, 2000AccepTED August 24, 200D

Abstract

The Escherichia coliRecA protein triggers both DNA repair and mutagenesis in a process known as the SOS response.
The 81-residué. coliprotein Dinl inhibits activity of RecA in vivo. The solution structure of Dinl has been determined

by multidimensional triple resonance NMR spectroscopy, using restraints derived from two sets of residual dipolar
couplings, obtained in bicelle and phage media, supplemented with J couplings and a moderate number of NOE
restraints. Dinl has aw/B fold comprised of a three-strandgtsheet and twar-helices. TheB-sheet topology is
unusual: the central strand is flanked by a parallel and an antiparallel strand and the sheet is remarkably flat. The
structure of Dinl shows that six negatively charged Glu and Asp residues on Dinl’s kinked C-teantiebik form an
extended, negatively charged ridge. We propose that this ridge mimics the electrostatic character of the DNA phos-
podiester backbone, thereby enabling Dinl to compete with single-stranded DNA for RecA binding. Biochemical data
confirm that Dinl is able to displace ssDNA from RecA.
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Maintaining a stable genome is essential for the survival of ammediated autocleavageShinagawa et al., 1988 Clearly, the
organism. For this reason, it is critical that an organism possesse®protease activity of SSDNA—RecA cofilament plays a pivotal role
some mechanism that repairs DNA damage. DNA damage prevenis inducing DNA repair and mutagenesis.

replication by DNA polymerases, resulting in the formation of One of the SOS proteins synthesized upon inactivation of LexA
single-stranded DNAssDNA). In Escherichia colibinding of the  is a small 81-residue protein known as Dinl, which inhibits the
RecA protein to ssDNA induces a DNA repair process known ascoprotease activity of RecArasuda et al., 1998 When Dinl is

the SOS responsg@-riedberg et al., 1995 Once RecA binds to overexpressed, stimulation of the SOS response by mitomycin C
ssDNA, the ssDNA-RecA cofilament acts as a coprotease, promotnd autocleavage of LexA and UmuD are blunted in (iVasuda

ing the autocleavage of the LexA repressor. This cleavage evert al., 1998. The mechanism of how Dinl down regulates the SOS
inactivates LexA, resulting in the expression of the 30 or so protesponse was not determined. However, recent biochemical data
teins that are the constituents of the SOS response. Faithful repaindicate that Dinl can prevent ssDNA binding to RecA and can
that is, repair without introducing mutations, is a result of recom-even displace ssDNA from ssDNA—RecA cofilame(@sN. Volo-
binational repair mediated by RecA and other proteins in the SOShin, B.E. Ramirez, A. Bax, & R.D. Camerini-Otero, in prep.
respons&Cox, 2000. If these error free processes fail to repair the  We have determined the solution structure of Dinl in an effort to
damage, additional SOS proteins activate so-called translesion DNAnderstand the mechanism through which it inhibits RecA copro-
synthesis, which enables DNA replication to proceed even at dantease activity. Although conventional multidimensional NMR is
aged sitesWalker, 1998. This error-prone process is referred to as adequate to define the structure of a small protein such as Dinl at
SOS mutagenesis, because mutations arise by the incorporation afi adequate level of resolution, the present structure determination
random bases. SOS mutagenesis is also induced by the coproteaséed primarily on structural restraints derived from residual di-
activity of the ssDNA-RecA cofilament, because one of the pro-polar couplings, measured in two liquid crystalline media. Dipolar
teins involved in this process, UmuD, is active only after RecA- couplings have been shown to significantly improve the accuracy
of structures determined by NMR, as exemplified by an increase of
the number of residues that lie in the most-favored regions of the

Reprint requests to: Ad Bax, NIH, Building 5, Rm. 126, Bethesda, Mary- Ramachandran plotTjandra et al., 19977 improved agreement
land 20892; e-mail: bax@nih.gov. with structure-predicted chemical shift chan¢@stiger et al., 199y,
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and closer agreement with crystal structures in cases where these 50

are availabléClore et al., 1999 Residual dipolar couplings result A —

from the weak alignment with the magnetic field of a protein 404 |

dissolved in an aqueous, dilute liquid crystalliiesC) medium. _ 304 _

Such LC media consist of large, magnetically oriented particles § | 5 I

(Tjandra & Bax, 1997a Dipolar couplings are a function of the 20 1 | | 1

orientation of the internuclear vector relative to the molecular align- BE

ment tensor, and hence, provide structural information that is dis- 104 . ﬂ '

tinctly different from other NMR data such as nuclear Overhauser 0 -I | ‘ F—L

effects(NOES9, coupling constants, or chemical shifts. 20 ’ 0 ' 20
A single alignment tensor restricts the internuclear vector ori- Hz

entation to one of two cones that are related by inversion symme- 25

try. This degeneracy can be greatly reduced by measuring dipolar B T

couplings for a second alignment tensor orientatiBamirez & 20+ B

Bax, 1998. With two independent alignment tensors, the number — 15 |

of possible internuclear orientations are limited to the points where § o m

the corresponding cones intersect. The most commonly used LC 10 4 {

media in biomolecular NMR are either planar phospholipid mi- |

celle disks, commonly known as bicell€Sanders & Schwonek, 5 1 . ‘

1992; Tjandra & Bax, 1997a; Vold et al., 199and filamentous 0 iF : '

phage(Clore et al., 1998b; Hansen et al., 1998 the medium -20

containing nearly neutral bicelles, protein alignment is dominated
by steric interactions. Instead, in the strongly negatively charged
filamentous phage medium electrostatic interactions frequently donrig. 1. Histogram of Dy, Deatiar 2Dern, Do, and De,er residual
inate (Zweckstetter & Bax, 2000 Consequently, proteins will ~dipolar couplings. ThéDcata, “Detiny 'Den, @nd™Deac couplings were
align differently in bicelle and phage LC media, yielding indepen- normalized to match those of thByy couplings, using scaling factors of

. - 0.50, 3.2, 8.2, and 5.0, respectivéttiger & Bax, 1998h. A: Residual
dent alignment tensor&Clore et al., 1998p The Dinl structure dipolar couplings obtained in a LC solution consisting of 5% bicelle LC

was calculated from these combined sets of dipolar couplings0:10:1 DTPC:DHPC:CTABand 100 mM NaCl.B: Residual dipolar
measured in bicelle and phage media, supplemented by a moderateuplings obtained in a LC solution consisting-e8 mg/mL Pfl phage

number of NOE and J-coupling derived torsion angle restraints. and 150 mM NaCl. For the Pf1 sample, only i, *Dcatta, and'Deac
couplings were measured for reasons discussed in the text.

normalized residual dipolar couplings

Results and discussion

The structure of Dinl was determined from heteronuclear multi- doh di din Fi itial val
dimensional NMR data acquired from uniformly label&iN and LC, and phage LC media are compared in Figure 2. Initial values

13C/15N samples. At 1 mM, the average backbone amidé for the D, and R were again determined from the normalized
transverse relaxation tinig eduals~85 ms, considerably shorter distribution of these observed residual dipolar coupliffgg. 1B),
than the~150 ms expected for a monomeric 9 kD globular pro- Y1€!ding Da = 21.0 Hz andR = 0.19. Subsequent refinement of

tein. Adding salt markedly decreasgs, which is further reduced the_sg \(/)f;lueﬁ by l(.:onducting a griddsearch.yiec;E!gd:hZZ.% Hz ang d
by decreasing the protein concentration. As a compromise, aff = 0.09. The alignment tensors determined in the phage LC an

experiments were performed at 0.6 mM Dinl and 100 mM NaCIEiCelle LCl:Dare qui_t:ja dilffs_renlt, as jUd?ed by;he Iac(l; .Of ct?rrelation
(T, = ~130 ms, unless specified otherwise. A sample at pH 6.6 °€Ween Dyw residual dipolar couplings observed in these two

and a temperature of 28 yielded the best dispersion and most media(Fig. 3. . ) )
uniform peak intensity in th&°N-1H heteronuclear single quantum _A total of 1’786 expenm_ental NMR res_tralnts were used in a
coherencéHSQO) spectrum. At 35C, a number of resonances in simulated annealing algorithm to determine the 3D structure of
the *>N-HSQC spectrum broadened significantly.

Dnn, Dners 2Derbing Deatia, andDe, e residual dipolar cou-
plings were measured for Dinl dissolved in bicelle LC media.
Approximate values for the axi@dD,) and rhombic(D,) compo-
nents of Dinl’s alignment tensor in the bicelle medium were de- z
termined from the normalized distribution of all the observed residual @
dipolar couplings(Fig. 1A) (Clore et al., 1998a Initial values +
wereD, = —10.5 Hz(normalized for'Dyy) andR = 0.38(R = =
D,/D,). D, andR were subsequently refined by conducting a grid 1003
search to find values that yield the lowest energy structures. Final " L A7 e A9 20 o
values wereD, = —10.0 Hz andR = 0.28.

A second set of'Dyy, Deata, @nd De,c residual dipolar  Fig. 2. Small sections taken from the 30HA)CA(CO)NH spectra for

couplings was recorded for Dinl dissolved in the Pfl fiIamentousg?sécljl:e;ignlgczc'-eznltéf:r?(“’vg)?gg:g;'g"r:&d?;#?féscci)”nst[‘;ti?ﬁgﬁf)‘g}zv

i 13 a_flya H _ - - X _
phage _LC medium:>Ce-{ H } doublets obtalned. from the three (CO)NH spectra for residues A17-A22. These residues form the beginning
dimensional3D) constant timéHA)CA(CO)NH triple resonance  of Dinl's first a-helix, and the residual dipolar couplings exhibit the peri-

experiment for a helical segment of Dinl in the isotropic, bicelle odicity characteristic of a regular-helix.
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Fig. 3. Correlation between théDyy residual dipolar couplings recorded

in bicelle and phage LC media. The lack of correlation illustrates the
different orientations of the alignment tensor in the phage LC. In the bicelle
alignment tensor frame, the phage alignment tensor is characterized by
Euler anglesx = 115’; B = 89%; y = 20°.

Dinl. These restraints included 333 residual dipolar couplitigg,
Dnes Deriansy Deatia, andDe,cr) obtained from the bicelle LC
sample and 192 residual dipolar coupling®ny, Deatie, and
1Dc.c') obtained from the phage LC sample. There are 1,114 NOE
restraints, including 59 ambiguous NOEs, and only 140 of the
unique restraints are long range. No extensive effort was made to
collect long-range NOE restraints. Rather, we relied on the dipolagig 4. Backbone superposition of the final 15 Dinl structures calculated
restraints to provide both accuracy and precision. Nevertheless, wg simulated annealing.

also measuredlcc, 3Inc, for all the lle, Thr, Val, and aromatic

residues to ensure selection of the correct side-chain conformation.

These experiments are relatively rapid and are also straightforward

to interpret. Uniquey, angles were found for all residues, except \_terminal strand is flanked by both an antiparallel and a parallel
T6, Y31, H39, and V79, which exhibitlcc, and Jnc, values  gyand, and is remarkably flat. The central, N-terminal strand is
indicative of y; averaging.Jcc, values for F33 could not be  onnected to the firsi-helix via a segment that contains the se-

determined because it is followed by a Pro residue, but its very, ence SPLP, The number of dipolar restraints per residue in this
small Jnc, coupling rules out &, = 180" rotamer. region is much smaller because most of the backbone dipolar

A superposition of the 15 final simulated annealing structures ist:oupling measurements rely on detection of tHédignal, which
shown in Figure 4. Although the precision of the backbone is veryis ahsent for Pro residues. Therefore, more careful analysis of

high (root-mean-square deviati¢RMSD) = 0.17 A) the RMSD  NOEs in this region was essential for ensuring the correct local
is considerably higher when all non-H atoms are inclu@84 A). geometry in this region. StrongH, — Prq-H? NOEs for all three

It is well known that the precision at which an NMR structure is prolyl residues in Dinl indicatetrans peptide bonds. This infor-
determined frequently is considerably higher than its accuracymation can be difficult to extract unambiguously from dipolar
However, we believe the quality of the Dinl structure to be quite regiraints, particularly in view of the fact that the number of mea-

good as it yields favorable scores when cross-validated usingy,rahje hackbone dipolar couplings for Pro residues is much reduced.
Q-factor analysigsee below. Moreover, when evaluated by the Strand 81 is followed by a longa-helix (A17-A32) that is

program PROCHECKLaskowski et al., 1993the overall quality  canned by F33. Most of the F33 phenyl ring is exposed to solvent,
indicators also score relatively high. For example, even if theyiihoyugh it also shows some long-range NOES to residues such as
potential for driving backbone torsion angles to the regions mosk,1 and 163. The connection between thishelix and strangB2
populated in the Protein Data BarlPDB) (Kuszewski et al., (y40_v44) is well defined, with no evidence of conformational
1997 is turned off, about 90% of the residues have backbongychange contributions. The outside strands of the three-stranded
torsion angles in the most favored region of the Ramachandral -sheet are connected by a three-alanine linker, A45-A46—-A47.
map, with no residues in the generously allowed or disallowedre amide of A46 is not observable in tHN-1H HSQC spectrum
regions. Table 1 provides a summary of the structural statistics. 4q 4 result of conformational exchange. The tiirstrand(N48—

153) is well-defined and rigid, and is connected to the C-terminal
helix (K57—F78 by a short three-residue sequence: G54—-A55—
T56. The amide of G54 is not observed in thN-1H HSQC

Dinl possesses am-g fold (Fig. 5), where twoa-helices(residues  spectrum, also as a result of conformational exchange.

17-32 and 57-78pack against a three-strand@esheet(residues The C-terminalke-helix displays a pronounced kink ef70° at

1-8, 40—44, 48-53 The B-sheet is unusual in that the central, residues E72-S73-A74, which is the position where it crosses over

Description of the structure



2164 B.E. Ramirez et al.
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Table 1. Structural statistic®

RMSDs from experimental distance restraitdg®

All (1114 0.056+ 0.001
Intraresidug(592) 0.063+ 0.001
Interresidue sequentidli — j| = 1) (279 0.038+ 0.002
Interresidue short rangd < |i — j| < 5) (104) 0.061+ 0.002
Interresidue long rangéi — j| > 5) (140 0.051+ 0.003

RMSDs from experimental dihedral restraints
(deg (148° 0.65+ 0.03
RMSDs from residual dipolar couplind$iz)

Dy (bicelle) (69) 1.14+0.01

Deate (bicelle) (70) 1.99+ 0.02

Dy (bicelle) (69) 0.46+ 0.01

Dy (bicelle) (61) 0.32+0.01

Do (bicelle) (64) 0.89+ 0.01

Dy (phage (59 1.28+0.01

Deane (phage (65) 2.55+ 0.04

De.c (phage (69) 0.97+0.01

Deviations from idealized covalent geometry

Bonds(A) 0.004+ 0.0001

Angles (deg 0.93+0.01

Impropers(deg 0.68+0.01

E.; (kcal/mol)® —-355+75
Coordinate precisioid)?
Backbone nonhydrogen atoms 040.03
All nonhydrogen atoms 0.84 0.06

PROCHECK quality indicators
Residues in most-favored region of Ramachandran plot/8%%°
No. of bad contacts 2

aStatistics are for the final 15 simulated annealing structures. The num-
ber of terms for the various restraints is given in parentheses. The final
values for the force constants of the various terms in the simulated anneal-
ing target function are as follows: 1,000 kcal mblA =2 for bond lengths,
500 kcal mol rad™2 for angles and improper torsiorfg/hich serve to
maintain planarity and chiralily4 kcal mol™* A=# for the quartic Van der
Waals repulsion ternfwith the van der Waals radii set to 0.8 times their
value in CHARMM PARAM 1920 parametebs 30 kcal mol* A=2 for
experimental distance restraintisiterproton distances 100 kcal mot?
rad™? for torsion angle restraints, 1.0 kcal mélHz 2 for the bicelle
derived Dy dipolar coupling restraints, 0.25 kcal mal Hz 2 for the
Deane dipolar coupling restraints, 2.5 kcal mdl Hz=2 for the Deucr
dipolar coupling restraints, 6.4 kcal mdl Hz 2 for the Dy dipolar
coupling restraints, 1.8 kcal mol Hz 2 for the 2Dy dipolar coupling
restraints. These force constants were divided by two for dipolar coupling
restraints measured in phage, to account for the stronger alignment.

bNone of the structures exhibited interproton distance violations greater
than 0.5 A or dihedral angle violations greater th&n Forsion angle
restraints included 7@, 51 ¢, and 21y; angles.

°The Lennard—Jones van der Waals energy was calculated with the
CHARMM PARAM 19/20 parameters and was not included in the simu-
lated annealing target function.

dDefined as the average RMS differengesidues 2—78between the  Fig. 5. A: Backbone ribbon diagram of Dinl, with helices colored blue,
final 15 simulated annealing structures and the mean coordinates. B-strands red, and loops, turns and the flexible C-terminus in gi@en.

€Eighty-nine percent for a separate series of calculations without incluMap of the electrostatic surface potential. The electrostatic potential is
sion of the Ramachandran term in the structure calculation. There wereolored from rednegative chargeo blue(positive charge These figures
no ¢/ angles in the generously allowed or disallowed region of the were generated using the programs MOLMoradi et al., 1995 and
Ramachandran plot. GRASP(Nicholls et al., 1991

the firsta-helix. The presence of this kink is supported not only by to cluster in a narrow range. Residues 75-78 have a characteristic
secondary € shifts and3J,nn. couplings, but also by théDyy 1Dy coupling that differs significantly from théDyy values of
couplings: because all the N—H bonds in a helix point approxi-residues 57-71. Short-range NOEs confirm the helical character
mately in the same directioADyy values for a straight helix tend  for residues 75-78, and long-range NOEs between/ W78 and
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residues A17, A20, and L21 in the firathelix confirm the ori-  protein is slightly more structured, i.€3C* chemical shifts for
entation of this helical section. Backbone amides just prior to theseverala-helical residuesA17, A20, Q68, and A7#shifted fur-

kink region (T70—E72 are strongly attenuated by intermediate ther downfield, and small upfield shifts were observed for several
rate conformational exchange, and consequently, only exhibit ver-sheet*C* resonance€T6, R43, and N48 The largest chemical
weak NOEs and decreased accuracy for the dipolar couplings, ishift changes occur for residues L67-D75 that include the kink in
particular forDyer, Dernn, and D, The dipolar couplings  the C-terminala-helix. This suggests that these chemical shift
tightly define the orientation of the C-terminal helical segmentchanges are caused by DHPC binding to Dinl. This was confirmed
(residues 74-78 however. No long-range NOEs are observed for by titrating a Dinl sample with DHPC. At a DHPC concentration
the V79 methyl groups, in agreement with jtg averaging noted  of 4 mM, the *®N-HSQC spectrum was superimposable with the
above, and the backbofeN T, of the C-terminal residues S80 and SN-HSQC spectrum recorded in the aligned bicelle medium. In-
E81 indicates extensive internal dynamics for these terminal twderestingly, this concentration provides yet another, independent
residues. measure for the concentration of free DHPC in a bicelle LC solu-
tion, previously inferred from very different types of dd@itiger

& Bax, 1998a; Struppe & Vold, 1998The DHPC titration exper-
iments indicated a very weaKy of ~2 mM. Titration of CT
Using the DALI progran{Holm & Sander, 1998 we searched the 3C-HSQC spectra with DHPC allowed mapping of the resonances
PDB for proteins with folds similar to Dinl. High similarity scores previously assigned in the bicelle-free medium. The assignment of
were found for segments of only two proteir(4) residues P1- the N and H' resonances in the aligned state was also confirmed
L102 of 5 carboxymethyl hydroxy muconate isomerélatg,Z = by the C* and C chemical shifts, measured in the 3tH-

5.3, RMSD= 2.6 A, 6% identity (Subramanya et al., 1986 coupledF1) (H)CA(CO)NH and 3D *3C*-coupled(F1) HNCO
However, compared to Dinl, the order of the strand and helicalexperiments, respectively, which were needed for derivin®thg,.,
segments is not identical2) The P2-S98 region of the cytokine andDc ¢, couplings. Although small changes in chemical shifts
d-dopachrome tautomeragkdpt,Z = 5.0, RMSD= 2.8 A, 17%  were evident for a number of these resonancésafd C reso-
identity) (Sugimoto et al., 1999 In contrast to Dinl, neither pro- nances generally were much less affected than amide resonances.
tein is active in any processes involving DNA metabolism. Their The residues of Dinl most affected by the presence of DHPC
remote structural similarity to Dinl therefore is believed to be were delineated by calculating the average chemical shift change
coincidental. that occurred in the presence of 10 mM DHREig. 6). The
structure of Dinl indicates the presence of two primarily hydro-
phobic pockets where DHPC may bind. The indole ring of W71
acts a barrier, separating the two pockets; L13, L21, W77, and F78
Significant changes in th&H-15N HSQC spectrum were observed line the inside of one of the pockets, while V5, 17, L50, and L67
between samples without and with bicelles. In fact, several resoline the other one. Weak NOEs between DHPC and side chains of
nances sharpened in the presence of bicédes, A15, L67, T70, L13, 118, L21, W71, and W77 of Dinl are present in NOE spec-
and E72 but there was no evidence of a second set of resonancdasoscopy(NOESY) spectra, recorded in the presence of 10 mM
nor that the protein had denatured. To the contrary, the secondaHPC. The low intensity of the intermolecular NOEs and the
C« shifts of the protein in the bicelle medium indicated that the weak binding constant suggest that binding of DHPC to Dinl is

Similarity to other structures

Interaction between Dinl and the liquid crystal

0.26
v

Icua
0

ppm

Fig. 6. (A) Worm and(B) space-filling models of Dinl, color-coded to indicate chemical shift differences for each residue upon
addition of 20 mM DHPC. Blue indicates residues with little to no change in chemical shifts while red denotes residues with the largest
changes in chemical shifts. All assigned chemical shifts were used to calculate the chemical shift difference. The chemical shift changes
AS of different nuclei were normalized and averaged on a per-residue (Gzissiek et al., 1997 Specifically, the average chemical

shift difference for a given residue is calculated &5(A8;)%/N1Y?, where the summation extends over all N nuclr which shifts

were measured in a given residue, @i and *3C Ag; were scaled down by factors of 5 and 2, respectively, prior to calculating
[2i(A8)%/N]V2,
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nonspecific, and therefore, no further effort was made to characfitted to the structure calculated using bicelle dipolar couplings, in
terize the Dinl-DHPC complex in more detail. Nevertheless, it isaddition to the NOE and torsion restraints. The high correlation
conceivable that the pockets where DHPC binds are important focoefficient(R = 0.97) and the absence of any areas in the protein
other, yet unknown intermolecular interactions with other proteinswith more pronounced differences between predicted and observed
or small molecules, which may modulate Dinl-RecA affinity. dipolar couplings confirm that DHPC binding does not signifi-

The relatively small magnitude of the chemical shift changescantly alter the Dinl structure. Conversely, these data indicate that
suggests that the Dinl structure remains largely unchanged in thBinl’s electrostatic interaction with the phage does not distort its
presence of DHPC. This is confirmed by residual dipolar couplingsstructure.
measured in the phage LC medium. No significant chemical shift
changes relative to the isotropic sample are observed for Dinl ingiycture validation
the presence of Pfl. Alignment of Dinl in the phage medium is
dominated by electrostatic interactions, but no significant bindingThe quality of the Dinl NMR structure can be assessed by a quality
of Dinl to the phage appears to take place. If such binding were t®' Q-factor based on residual dipolar coupliri@®milescu et al.,
occur, the proteit®N T, in the bound state would be extremely 1998; Clore & Garrett, 1999; Drohat et al., 199%he Q-factor, a
short, and exchange with the free state would result in a shortening'€asure of the agreement between dipolar couplings predicted by
of the time-averagedSN relaxation rate. However, th&N T, the NMR structure and the measured dipolar couplings, is defined
values are unchanged relative to those observed in isotropic solutiodS (Cornilescu et al., 1998; Drohat et al., 1999

At a phage concentration of 8 migiL and 150 mM NacCl, Dinl
is aligned stronger than desirable. This overalignment poses sev- Q = rmS(Dpeas— Dpred)/rMS(Dmead-
eral problems{1) measurement of residual dipolar couplings be-

comes less accurate because of the additional splittings that arigg,e Q-factor is somewhat analogous to the crystallographic free
from *H-*H dipolar couplings and concomitant lower signal to R factor (Briinger, 1992 Cross-validation using residual dipolar
noise, (2) the transfer efficiency during INEPT segments of the coupling Q-factors was done as follows: A subset of residual di-
NMR pulse sequences is diminished for residues whBfg, and polar couplings either in the same cldssg., 1Dyy) or a mixture
Deate @pproachyy and Jeanq, and (3) the presence of un-  from the various classes is chosen randomly. This subset is gen-
resolved dipolar couplings to remote nuclei results in resonanc@ra|ly ~10% of the total number of observed residual dipolar
broadening. These problems precluded the reliable measuremegyplings. If for a selected coupling both phage and bicelle values
of 'Den and?Dewn couplings in the phage medium. At Pf1 con- are available, the subset includes both entries. Structures are cal-
centrations below 8 mgnL and using 150 mM NaCl, phase sep- cylated with all the experimental restraints, but excluding the di-
aration occurs over a period of several days, which disappeargoar restraints of the subset. From the resulting structures, dipolar
upon thorough mixing. So, in the presence of 150 mM NaCl, acouplings are predicted for those in the subset. The average Q-factor
phage concentration of 8 mL is near the lower limit where @  for the Dinl NMR structure, calculated from five different ran-
stable, aligned phase can be maintained. The electrostatic nature@)(f)m|y selected subsets of residual dipolar couplings, is 18%. This
Dinl alignment by Pfl phage was confirmed by titrating a 12 s gjightly better than, for example, the agreement between the
mg/mL Pf1 sample containing 0.6 mM Dinl with NaCl. The de- 1.8 A X-ray crystal structure of ubiquititiVijay-Kumar et al.,
gree of Dinl alignment decreases30% when increasinfNacl] 1987) and its dipolar couplingéOttiger & Bax, 1998h, but not as
from 150 to 375 mM. high as what can be obtained by exhaustive analysis of all NOEs,
The structure calculated using only the bicelle dipolar couplingssjge-chain dipolar and J couplingdL. Marquardt, unpubl. obs.
is found to be in very good agreement with the dipolar couplingsinterestingly, the Q-factor increases several percent when the term
measured in the phage medium. Figure 7 shows a correlation bejriving backbone angles to the most populated regions of the Ra-
tween the'Dc,n, couplings measured in phage and those besinachandran mapKuszewski et al., 1997is excluded from the
X-PLOR target function, indicating that this term actually im-
proves the quality of the structure, and is not merely cosmetic.

. Interaction with RecA

n©r ' The Dinl-RecA interaction inhibits the recombinase and copro-

S50 . e S tease activities of RecA, resulting in the termination of recombi-

§ e : national DNA repair and translesion DNA replication by the SOS
“1825 B W .‘ response. Dinl was shown to be a downregulator of the SOS re-
Sol . sponse, preventing the ssDNA—RecA cofilament’s promotion of

o e, the autocleavage of LexA and Umy®Masuda et al., 1998Recent
-25 | ....:::. biochemical studies indicate that Dinl can displace ssDNA from
;ﬁ: ¢ RecA (O.N. Voloshin, B.E. Ramirez, A. Bax, & R.D. Camerini-

50 - | | | | ; [ Otero, in prep. Examination of the electrostatic potential surface
Hz -50 -25 0 25 50 75 of Dinl indicates the presence of an extended, negatively charged
1DCochx(’T‘eaS) ridge that is formed by residues located in the C-terminal helix of

Fig. 7. Correlation betwee®¢,, values measured in phage medium and Dini, specifically: E65, £69, E72, D75, and D76ig. 5B). The
. . C(XHEY . . . . . .
predicted by the structure calculated with bicelkit no phagg dipolar distribution of negative charges on this helix resembles the ar-

coupling restraints, together with all other experimental restraints. Thd@ngement of negative charges in a single strand of DNA. We
correlation coefficienR equals 97%. propose that the C-terminal helix of Dinl is designed to mimic the
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phosphodiester backbone of DNA, allowing Dinl to compete with elsewherg¢O.N. Voloshin, B.E. Ramirez, A. Bax, & R.D. Camerini-
ssDNA for the RecA binding site. The absence of a structure ofOtero, in prep. Samples for NMR consisted of 0.6 mM Dinl,
Dinl complexed to RecA precludes a direct assessment of th@0 mM phosphate, 100 mM NacCl, 0.1% azide, and pH(©@%%
functional significance of the kink in the C-terminal helix in the H,0/5% D,O or 99.9% DBO), in a 250uL Shigemi microcell.
proposed binding model. However, because the spatial arrange-

ment of the negative charges along this ridge is influenced bYNMR spectroscopy

this kink, we expect it to be an essential feature for enhancing th_%\” NMR experiments were performed at 2, except where

complementarity between Dinl and RecA. Moreover, mutagenesis_ .
data confirm the importance of E72, located in the kink, for Dinl’s Indicated. Data were collected on Bruker DMX500, DMX600, and

o . . S . DRX800 spectrometers equipped with self-shielded three-axis gra-
ability to inactivate RecA in vivdO.N. Voloshin, unpubl. obs. dient, triple-resonance probes. All NMR data were processed with
the NMRPipe package and analyzed with NMRDréelaglio
Conclusions et al., 1995 and PIPRGarrett et al., 1991 Sequential backbone
The structure of Dinl in combination with numerous biochemical @SSignments were determined from the following 3D experiments:
experiments(O.N. Voloshin, B.E. Ramirez, A. Bax, & R.D. CBCA(CONH, HNCACB, HNHA, **N-separated total correla-
Camerini-Otero, in prepsuggests that regulation of RecA by Dinl tion SPECUOSCOW_TOC_S\% and 1fN-s_eparate_d NOESYBax &
occurs through the ability of Dinl to compete with ssDNA for Grzesiek, 1998 Aliphatic *C and”H side-chain resonances were
RecA binding. The importance of the C-terminal helix of Dinl in detérmined from a 30H)CCH-COSY experimentFesik et al.,
this process is highlighted by experiments that show that this heliX990; Kay et al., 1990; Gehring & Ekiel, 199&romatic protons
alone is able to compete with ssDNA for binding to a peptide'Weré assigned from 2D homonuclear COSY, TOC&8.5 ms
fragment derived from the ssDNA-binding L2 loop of Re@N. ~ Mixing time), and NOESY(100 ms mixing timg experiments,
Voloshin, B.E. Ramirez, A. Bax, & R.D. Camerini-Otero, in piep. écorded on a ur)lformlys labeled®N sample in 99% RO at
The distribution of negative charges on the surface of DinI's800 MHz. In addition to JHNHasmeasuregwent_for obtaining
C-terminal kinked helix mimics the electrostatic character of aconstraintgVuister & Bax, 1993, Jc'cy andInc, in aromatic and
ssDNA phosphodiester backbone. We, therefore, believe that this’-Mmethyl carrying residues were measured by quantitative J cor-
distribution of negative charge is the primary factor that caused@lation spectroscopy for obtaining angles(Grzesiek et al., 1993;
Dinl to compete with ssDNA for the binding site on RecA. Thus Vuister et al., 1993; Hu et al., 1997nterproton distance restraints
Dinl appears to be yet another example of a protein that acts by/€ré obtained from a 3|j_5N-separla31ted NOE100 ms mixing
mimicry of DNA. In a recent report, Liu et al. found that tMme) and a 3D constant-timéCT) ““C-separated NOECT =
dTAF(11)230 can bind to TATA-box binding proteifTBP) through 28 MS; mixing time= 100 m3 experiment. Interproton distance
a surface area that mimics the widened major groove of the TATAlEstraints involving aromatic protons were obtained from the 2D
box found in the TBP—DNA complefLiu et al., 1998. In another ~homonuclear NOESY spectrum, recorded at 800 MHz. )
example, Selmer et al. report on a protein that mimics tRS#mer Residual dipolar couplings were obtained from the difference in
et al., 1999. In both these cases, the similarity lies more in theJ SPlittings measured in spectra of aligned and isotrpigvater
shape than in the electrostatic properties, however. Because Red 25°C) samples. Both bicelle and filamentous phage were used
interacts primarily with the backbone phosphate groups of DNA,2S @lignment media. The bicelle medium contained 50'mig
the charge distribution of Dinl is the primary feature that enablediPids in the molar ratio of DTPC:DHPC:CTAB: 30:10:1(DTPC
it to mimic DNA. ditridecanoylphosphocholine; DHPC, dihexanoylphosphocholine;

Very few homologs of Dinl have been identified so far, and noneCTAB cetyltrimethylammonium bromideAll NMR experiments
have been reported in eukaryotes. However, it is conceivable th4tn the bicelle sample were recorded at'@&ecause 23 was
the type of charge mimicry found in Dinl also occurs in other found to be too close to the temperature where the liquid crystal is
proteins that regulate activities of nonspecific nucleic acid binding© longer stable. The phage LC sample contained gmtgPfl

proteins, both in prokaryotes and in eukaryotes. phage. All NMR experiments on the phage LC sample were also
recorded at 28C to slightly reduce the degree of alignment and

improve protein linewidthDyy residual dipolar couplings were

Materials and methods obtained fromtH-coupled(F1) IPAP{>N,'H}-HSQC experiments
(Ottiger et al., 1998 'Dyc and?Dey residual dipolar couplings
Sample preparation were obtained fromH,*3C’-coupled(F1) IPAP {*°N,*H}-HSQC

experiments(Wang et al., 1998 D¢,n. residual dipolar cou-

The DNA encoding Dinl was cloned into the pET21a vector using _;. ; !
standard molecular biology techniques. The protein was expressé)clmgS were obtained from 3D ClH)CA(CONH experiments

e S . ; )
from the pET21a construct in the coli BL21(DEJ) strain. Start- Without *H-decoupling in the Fdimension(Tjandra & Bax, 1997

. . D¢, residual dipolar couplings were obtained from 3BC*-
ing from a single colony taken from a freshly streaked agar platetoupled HNCO experiments. Because €’ linewidth is dom-
a 25 mL minimal medium starter culture containiftN-NH,CI ;

and 13C-glucose as the sole sources of nitrogen and carbon, re'pated by chemical shift anisotropy, these HNCO spectra were

. L . recorded at the lowest field strengB00 MHz *H frequency,
spectively, was grown until it appeared slightly turidDsoo yielding narrower linewidths but, nevertheless, adequate resolution
1.0), and then refrigerated overnight. The following day a 500 mL ' ’ '

minimal medium containing®N-NH,CI and *3C-glucose culture
was inoculated with 5 mL of the starter culture. The culture was
grown at 37C to an Oy of ~0.8, at which point protein ex- Distance calibration of the interproton distance constraints ob-
pression was induced with 1 mM IPTG. The cells were harvestedained from the 30-*N-separated NOESY experiment was done as
after 4 h. Details regarding the purification procedure are describetbllows: All non-Gly residues in the allowed negative region

Structure calculations
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have H' ;-H¢ distances of 2.9- 0.2 A. Other interproton distances dipolar restraints, together with NOE and experimental dihedral
were scaled relative to this average 2.9 A distance using an enangle restraints.

pirical 1/r4 dependence of the intensity, which in a very approx- Data have been deposited in the PRBcession number 1FQA
imate manner accounts for the effects of spin diffusi@tintert

et al., 199]. Distance ranges were set t925% of the target

distance, except for degenerate peaks. For degenerate peaks, Aeknowledgments

) 6 .
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