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ABSTRACT. The solution structure of the hyperstable MYL mutant (R31M/E36Y/R40L) of the Arc repressor
of bacteriophage P22 was determined by NMR spectroscopy and compared to that of the wild-type Arc
repressor. A backbone rmsd versus the average of 0.37 A was obtained for the well-defined core region.
For both Arc-MYL and the wild-type Arc repressor, evidence for a fast equilibrium between a packed
(“in") conformation and an extended (“out”) conformation of the side chain of Phe 10 was found. In the
MYL mutant, the “out” conformation is more highly populated than in the wild-type Arc repressor. The
Phe 10 is situated in the DNA-bindingsheet of the Arc dimer. While its “in” conformation appears to

be the most stable, the “out” conformation is known to be present in the operator-bound form of Arc,
where the Phe 10 ring contacts the phosphate backbone [Raumann, B. E., et aINA®®d)367 754—

757]. As well as DNA binding, denaturation by urea and high temperatures induces the functionally active
“out” conformation. With a repacking of the hydrophobic core, this characterizes a premelting transition
of the Arc repressor. The dynamical properties of the Arc-MYL and the wild-type Arc repressor were
further characterized b¥?N relaxation and hydrogerdeuterium exchange experiments. The increased
main chain mobility at the DNA binding site compared to that of the core of the protein as well as the
reorientation of the side chain of Phe 10 is suggested to play an important role in specific DNA binding.

When DNA binding proteins bind to their target, structural ~ Several structural rearrangements in the DNA-binding site
alterations in the DNA binding site can often be identified. of the Arc dimer occur upon operator bindirgy §). First,
This is commonly referred to as an “induced fit" binding the N-terminal region (residues-T), which is disordered
mechanism. This study describes the dynamical processedn the free protein, becomes structured in the DNA complex,
in the DNA binding site of the dimeric Arc repressor of thereby interacting with the DNA backbone phosphates.
Salmonellabacteriophage P22 that provide insight into this Second, a significant structural difference between the free
induced fit mechanism. Together with the Mnt repressor, the and DNA-bound forms of the Arc repressor is observed in
Arc repressor is involved in the switch between the lysogenic the conformation of the side chain of Phe 10. In the unbound
and lytic pathways of the phage by regulating the transcrip- Arc dimer, the Phe 10 side chain is part of the hydrophobic
tion of the ant gene during lytic growth %, 2). Both the core (Figure 1a), whereas upon DNA binding, this side chain
structures of the free Arc repress@) @nd the protein in ~ SWings out to pack against the phosphate oxygens of the
complex with its operator4) have been determined. The DNA backbone (Figure 1b). Mutagenesis studies showed that
solution structure of the free Arc dimer shows that the two SuPstitution of the phenylalanine by a valine does not affect
53-residue peptide chains of Arc are highly intertwined, Fhe Stab'l_'ty .Of the prp_te_ln bl.Jt leads to a 12.0'f°|d reduc_tl_on
forming an intermonomeric antiparall@-sheet (residues n DNA binding specificity with a reduct_lon in Fhe aspeuflc
8—14) and closely packed-helices (residues 1629 and affinity of only a factor of 2 ¢). The nelghborlng.re5|dues.
34-46). In the complex with DNA, two Arc dimers are GIn 9, Asn 11, and Arg 13 are also known to be involved in

. . . recognition, establishing specific contacts with the DNA
bound to its partially symmetric 21 bp operator, where each . . R
) ) A : bases 7). The precise role of Phe 10 in recognition is less
dimer uses the antiparallgtsheet to bind into the successive

. clear however.
major grooves of the DNA. i
A close comparison of all currently known unbound Arc
wild-type (Arc-wt) and mutant structures reveals conforma-

\ TthT hils "‘(’jo”é)was .S‘”Fg.por;edsby ‘ht‘?f.'-i{s SCie”ﬁe(?\l\';\?O“)“?S“Q” ?fSBhSG tional differences in the DNA binding site, similar to those
etnerianas Organization 1or scientific researc rojec - PR . .
02.072). that occur upon DNA binding. As shown in Figure 1c, two
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solution structure of the Arc-MYL mutant was determined,
and the conformations that were accessible for the Phe 10
side chain were characterized by chemical shift, NQIad

J coupling data obtained at different temperatures. Both the
MYL mutant and Arc-wt repressor display a fast equilibrium
between the “in” and “out” conformations of Phe 10. How-
ever, the population of the “out” conformation was found to
be significantly higher for the MYL mutant. The “out”
conformation of Phe 10 that is induced by DNA binding
can be induced both by high temperatures and by urea. Thus,
the main features of the premelting of the Arc repressor
involve the reorientation of the aromatic ring of Phe 10 and
reorganization of neighboring core residues. The structural
studies reveal a dynamic character of fheheet region in

the Arc repressor, an observation that is supportedy
relaxation and hydrogerdeuterium exchange data.

MATERIALS AND METHODS

Sample PreparationUniformly *N-labeled Arc-wt and
Arc-MYL were isolated fromEscherichia colistrain X90
containing plasmids pTA200 and pSA300, respectively, as
described previously2j. The'*N isotope was incorporated
by growing the cells on a minimal medium using 0.5 g/L
FicURE 1: Representation of the conformation of the side chain of - NH4Cl and 10 g/L glucose. The protein was dissolved in
Phe 10 in the NMR structure of the free Arc-wt protein (a) and in  95% HO/5% D;O (v/v) containing 50 mM KPand 150 mM
the X-ray structure of the Arc-wtDNA complex (b). The protein NaCl and buffered at pH 4.5. To avoid bacterial growth in
backbone is shown as a ribbon, and the nucleic acid and Phe 10the sample, 0.01% azide was added. Protein concentrations

side chains are shown as a ball-and-stick representations. (c) Best- .
fit superposition of the backbone atoms (residuesl®) of all of the various NMR samples were between 0.5 and 2.6 mM,

known Arc structures, displaying the backbone position of residues @ Measured by UV absorption.
e e, confomatr o v et MR Messuremer iR experiment were perormod
ch-mﬁ (light blue), the crystal strugture o’f Arc F)>/L8 (violet), the ?t 200 or 600 MH.Z on B.ruker AMX spectrometers .at 30
crystal structure of Arc-MYL (yellow), and the crystal structure of ~C» Unless otherwise indicated. The TOCSY experiments
Arc-wt in complex with DNA (red). Only heavy atoms are Were carried out using a clean-MLEV17 sequerids) ith
displayed; the positions of theoCatoms are denoted. mixing times ranging from 30 to 90 ms and NOESY spectra
(16) with NOE mixing times ranging from 75 to 175 ms. In
B. Raumann, R. Sauer, and C. Pabo, unpublished resultshddition, three-dimensional (3D) gradient-enhanced NOESY-
and the crystal structure of the hyperstable Arc-PL8 mutant (*H,15N)-HSQC and TOCSY{,!N)-HSQC spectra with
(8), the aromatic ring is packed in the core of the protein mixing times of 100 and 60 ms, respectively, were recorded.
with a gauche rotameric state); ~ 60°), while in the For the determination of thg; rotameric state of Phe 10,
hyperstable Arc-MYL mutant (R31M/E36Y/R40L9), Phe NOESY, TOCSY, and ROESYL{) experiments with short
10 adopts the trans conformatign ¢~ 18C°) similar to that mixing times were also carried out. The one-dimensional
in the cocrystal structure of Arc (Figure 1c). We refer to (1D) and two-dimensional (2D) spectra at different temper-
these two conformations as the “in” and “out” conformations, atures were calibrated on the HDO signal according to the
respectively. method of Cavanagh et all§). For the urea titration experi-
Previous NMR studies with the wild-type Arc repressor ments, 1D spectra were calibrated on the urea Biginal.

showed a strong temperature dependence of the chemical {14} —15N heteronuclear NOE relaxation experiments were
shifts of the aromatic protons of Phe 10 in a temperature recorded at 600 MHz and 3€ as described previousl§g,
range that is below the point at which the wild-type Arc 20). The hydrogendeuterium exchange rates were measured
repressor begins to denaturate, i.e., at approximateRC50 by dissolving the lyophilized protonated protein indand
(10-12). Optical studies of denaturant-induced unfolding recording a series of shortH,2*N)-HSQC spectra. Triton,
suggested a native-like dimeric folding intermediate of the NMRPipe @1), and Biosym Felix (Molecular Simulations
Arc repressor X3, 14). These findings strongly imply the  |nc.) software packages were used for NMR data processing,
existence of a premelting conformational transition and led and the Regine package was used for spectral bookkeeping
us to use NMR to further investigate structural alterations and distance restraints collection. Software developed in-

in the DNA binding region of the Arc repressor based on house was used to analyze the relaxation an@Hxchange
the structure of the MYL mutant in solution under different  data @0). The{H} —5N heteronuclear NOE data are given

denaturating conditions. The Arc-MYL mutant allows the

use of a wide range of temperatures due to its increased © Abbreviat S—— onal 3D, threei el NOE
HH H H H H il reviations: y O-aimensional; , three-dimensional; ,

Stablll'[y, which is established by replacmg the wild type nuclear Overhauser effect; NOESY, NOE spectroscopy; TOCSY, total

intramonomeric salt bridge and hydrogen-bonded network correlated spectroscopy; HSQC, heteronuclear single-quantum coher-
in the core of the protein by hydrophobic packirg).(The ence; rmsd, root-mean-square deviation.
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Ficure 2: (*H,1N)-HSQC spectra of Arc-wt (left) and Arc-MYL
(right) at 600 MHz. The assignments of the nitroggmoton pairs
(backbone amide, Arg-N, and GIn/Asn-NH side chain groups)
are denoted. Asterisks denote theNHe resonances of arginines
that are folded (once) in th®N dimension, and horizontal lines
connect the amino protons of glutamine and asparagine residuesgigure 3: Backbone superposition (residues4s) of the ensemble
Note that as a consequence of the mutations, the Arg 31 and Argof 14 calculated structures of Arc-MYL with a rmsd from the

40 Ne—He signals are missing in the spectrum of the MYL mutant. average of 0.37 A. Note that the second helix appears to be present

The resonances that exhibit large differences in chemical shift upon stil| beyond residue 43, but is far more disordered than the rest of
amino acid substitution are depicted in red in both spectra. the backbone of the core.

asn — 1, wheren denotes the nuclear Overhauser enhance- ysoc spectrum of Arc-MYL as well as that of Arc-wt.

ment. Evidently, several large changes of the chemical shifts of

Structure Determination and AnalysiBor the structure e nitrogen and nitrogen-attached proton resonances occur
determination of Arc-MYL, distance restraints were obtained upon mutation of residues 31, 36, and 40 in the core of the

from NOESY and 3D NOESY?H,'*N)-HSQC spectrawith  rotein. The largest differences between the nitrogen and
amixing time of 100 ms, recorded at 30. Using secondary  proton backbone chemical shifts of the wild-type Arc

structure elements for calibration, peak intensities were repressor and the MYL mutant are observed for residues 13
converted into distances by tme® relation. The distances 26, 27, 29, 31, 32, 35, 36, 3812, 45, 46, and 48. Except ’

were increased by 10% to compensate for spin diffusion. ¢or residues 13, 46, and 48, the backbone protons of all these
Pseudoatom corrections were added to the upper distancgqgiques can be found in close vicinity, i.&6 A, of the
restraint limit for both the methylene and aromatic groups, mytated side chains. It will be shown that other structural
according to the method of Whrich (22), while 0.3 Awas gifferences in the-sheet and C-terminus of Arc-wt and Arc-
added for the methyl group89). All lower distance restraint  njy| exist that can account for the large difference in the
limits were set to 1.8 A. Hydrogen bonds were implemented chemical shift for residues 13, 46, and 48.
by using an upper limit distance restraint of_2.3 A between Arc-MYL Solution Structuré=or Arc-MYL, a total of 1722
the co_rrespondmg carbonyl oxygen and amide proton ar_1d aNOEs per dimer were collected, 1566 of which were
restraint of 3.3 A between the carboxyl oxygen and amide intramonomeric and 156 intermonomeric. For the dimeric
nitrogen. _ __protein, the intra- and intermonomeric NOEs were distin-
From random coordinates, structures were generated withyished by exploiting the similarity between the structures
a simulated annealing protocol using a consistent valencegs orc-MYL and Arc-wt ). In addition to the NOE distance
force field (Cvff) with the program Discover (Molecular restraints, 54 hydrogen bonds were used for the regions
Simulations Inc.). From this ensemble of structures, a yjith 5 well-defined secondary structure based upon hydregen
selection was made, on the basis of low total energy and ageyterium exchange data (see below). Using a simulated
low number of NOE violations. The final structures were annealing protocol, 40 structures were generated, 14 of which
analyzed using Insightll (Molecular Simulations Inc.) and \ere selected on the basis of low total energy and the absence
PROCHECK g4). The coordinates of the ensemble of ot NOE violations of>0.5 A. Figure 3 depicts the backbone
structures as well as the NMR restraints have been depositednerposition of the final ensemble. The refined structures
in the Protein Data Bank under file name 1b28 and r1b28mr, pave a very well-defined core region (residues48) with

respectively. Additional structure calculations were per- 5 ymsd from the average of 0.370.07 A for the backbone
formed using distance restraints obtained from 2D NOE ioms and 0.83: 0.06 A for all heavy atoms. The high
spectra {mix = 100 ms) at 20 and 5€C, respectively. disorder observed for residues 8 and 44-52 is due to high
RESULTS mobility as demonstrated by backbotf relaxation data
(see below). In the Ramachandran plot for the well-defined
Arc-MYL NMR AssignmentShe assignments of the NMR  region, 95.5% of the non-glycine and non-proline residues
resonances of Arc-wtl(l, 25) were used as a basis for the were found in the most-favored regions, 4.5% in the
assignments of the resonances of the Arc-MYL mutant. A additionally allowed regions, and none in the disallowed or
virtually complete assignment was obtained using TOCSY generously allowed regions.
and 3D TOCSY-H,®™N)-HSQC spectra for spin system As compared to that of the NMR structure of the wild-
analysis and a 3D NOESYH,!5N)-HSQC spectrum for  type Arc repressor3), an average rmsd of 0.88 A for the
sequential analysis. Figure 2 shows the assigridg>\N)- backbone atoms and an average rmsd of 0.93 A for all atoms
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FIGURE 4: Histograms showing (a) the backbofid} —15N NOE of Arc-wt (dark gray bars) and Arc-MYL (light gray bars), where the
horizontal dashed line denotes the average NOE of the core of the Arc-MYL protein (residddy & —0.24 to clearly point out the

residues that experience increased flexibility, and (b) the rmsd of the backbone atoms in the ensemble of calculated structures of Arc-wt
(dark gray bars) and Arc-MYL (light gray bars). The amide protons that showed hydrogerterium exchange rates that were slower than

1 x 103 s ! at a protein concentration of 2.6 mM and at pH 4.5 and®@are denoted by black circles at the top of the figure.

(residues 9-43) were found. In solution, the wild-type Arc  regions and Trp 14 of thg-sheet exhibited exchange rates
repressor and the MYL mutant have essentially the samethat were slower than approximately £&* (Figure 4). In
tertiary structure, similar to what has been observed by contrast to that in Arc-wt, slow exchange was not observed
crystallography 9). The packing of the hydrophobic side for the amide proton of Phe 45 at the end of the second helix
chains of Met 31, Tyr 36, and Leu 40 in the NMR structure in Arc-MYL. This suggests that it is not involved in a stable
of the MYL mutant resembles the one in the Arc-MYL hydrogen bond within the helix structure and confirms the
crystal structure. A detailed comparison of the Arc-MYL and structural results that revealed a shortened second helix in
Arc-wt NMR structures, however, reveals a few important the MYL mutant.
differences. The secondary structure elements as defined by Heteronucleaf 'H} —**N NOE of the backbone amides
Kabsch and Sandegg) differ for the second helix; in the  of both Arc-MYL and Arc-wt also yields very similar results
wild-type Arc repressor, the second helix runs from residues (Figure 4a). Low backbone mobility is observed for the core
34 to 46, whereas in MYL, it starts at residue 33 and ends of both proteins (residues-33), confirming the close
at residue 43/44 (Figure 3). These results are supported bypacking of thes-sheet andx-helices. The relaxation data
5N relaxation and amide hydrogedeuterium exchange data reveal a good correlation with the backbone rmsd of the
(see below). The shorter second helix in the MYL mutant calculated ensemble of Arc-MYL structures presented here
can explain the significant differences between Arc-MYL and the Arc-wt ensemble published by Bonvin et &l7)(
and Arc-wt in the chemical shifts of the backbone nitrogens (Figure 4b). The structural disorder that was observed for
and protons of residues 46 and 48. parts of the NMR structures of both Arc-wt and Arc-MYL
Comparing the orientation of the side chain of Phe 10 and can be ascribed to high backbone flexibility. Increased
its environment in the solution structure of the MYL mutant backbone mobility as manifested{ifH} —'°N NOEs below
with that in other Arc structures, we found that, similar to the average value 6f0.24 (residues-943) for both the Arc-
the crystal structure, in all calculated Arc-MYL solution MYL and Arc-wt protein is observed for several regions.
structures this side chain points toward the solvent and theFor the C-terminus, the increased flexibility of the backbone
[-sheet backbone is slightly moved outward. This contrasts is more pronounced in Arc-MYL than in Arc-wt. This is in
with the Arc-wt structures, which all have the “in” confor- agreement with the backbone rmsd in the structural en-
mation. Temperature dependence studies show that the twasembles and the amide hydrogen exchange data. Correspond-
distinct states interconvert, where the MYL mutant has a ingly, in contrast to those of Arc-wt, C-terminal residues 52
stronger tendency toward the “out” conformation (see below). and 53 were highly disordered in the crystal structure of Arc-
Backbone Dynamic#mide hydrogen exchange rates of MYL (9). The loop between the two helices shows a slightly
the MYL mutant were similar to those obtained previously increased flexibility, in line with an increase in the backbone
for the wild-type Arc repressor2f). Only the a-helical rmsd of the ensemble of structures of both Arc-MYL and
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FIGURE 5: (@) Aromatic region of théH spectrum of Arc-MYL at 1.0 mM and pD 5.0 inJD at different temperatures. The assignments

of the Phe 10 aromatic residues are denoted. (b) Temperature dependence of the chemical shift pfobentof Phe 10 of Arc-wtl()

and Arc-MYL (@) under the same conditions. The error bars represent the uncertainties in the chemical shift reading that is higher in case
of overlap (see panel a) or line broadening due to chemical exchange. Similar changes in chemical shift are observed upon addition of urea
(see the text and Figure 6).

Arc-wt. Residues Asn 29 and Arg 31 which are situated in tures as compared to Arc-wt before global unfolding sets
this region are involved in cooperative contacts between two in. For both proteins, high temperature causes downfield
Arc dimers upon DNA binding4, 28). The heteronuclear  shifts for the resonances of Phe 10, but a significant offset
NOE data of both Arc-MYL and Arc-wt also show increased of 0.05-0.11 ppm occurs between the;lhemical shifts
flexibility for residues that are directly involved in direct of Arc-wt and Arc-MYL at 5-55 °C, indicating different
DNA contacts. N-Terminal residues-Y that interact with behaviors of the temperature-dependent conformational
the DNA phosphates in the complex are highly mobile for changes. Finally, the observation of a single signal for the
the free protein. Also, residues—24 in the recognition Phe 10 H proton in all 1D spectra (Figure 5a) implies that
[-sheet have significantly increased flexibility as compared the conformational transition is fast on the NMR time scale
to the core of the protein. The relatively high deuterium (i.e., faster than Z 10° st under all conditions, based on
exchange rates of the amides in the antipar@isheet are  a 0.7 ppm chemical shift difference).
consistent with this observation. Urea Dependence of Chemical ShifSimilar to the
Temperature Dependence of Phe 10 Chemical Shifis. thermally induced chemical shift changes (Figure 5), up to
MYL mutant of Arc exhibits a temperature dependence for abou 3 M urea only significant changes are observed in the
the chemical shifts of the aromatic protons of Phe 10 similar 1D *H NMR spectrum of Arc-MYL for the Phe 10 aromatic
to that observed previously for Arc-wi@). Figure 5a depicts  signals and some resonances of protons close to the Phe 10
the aromatic region of the 1D proton spectrum of Arc-MYL ring (Figure 6). These include the methyl groups of Leu 12
at different temperatures that do not exceed melting condi- and 19, which are visible as the upfield isolated signals in
tions. A strong temperature dependence of the position ofthe 1D'H spectrum. When higher urea concentrations are
the Phe 10 resonances can be observed with chemical shifteached, global unfolding is initiated as a second transition.
changes of up to 0.2 and 0.7 ppm for the&hd H; protons, All transitions were found to be fully reversible. The kinetics
respectively, as measured over the interval from 5 t6@®0 of the second transition are slower than those of the
In addition to the Phe 10 aromatic signals, other signals in premelting transition since the spectra show intermediate
the 1D {H)- and {H,'>N)-HSQC spectra of Arc-MYL that  exchange on the NMR time scale as demonstrated by the
changed their chemical shifts with temperature could all be broadened signals measured betweend3&M urea (Figure
assigned to atoms in the vicinity near the Phe 10 side chain.6). As the urea concentration approaches 8 M, the'HD
This indicates the presence of a temperature-dependenspectrum exhibits chemical shifts typical of a denatured
conformational change involving the Phe 10 aromatic ring. protein (see, for example, the methyl proton signal around
Figure 5b shows the Hproton chemical shift of both Arc- 1 ppm). These results are in agreement with independent
MYL and Arc-wt as a function of temperature (Figure 5b). equilibrium unfolding studies of Arc-MYL using optical
Note that due to the relatively higher stability and therefore spectroscopy, showing the disruption of secondary and
the increased melting temperature, the Phe 10 resonancetertiary structure above 3 M ure&)( For Arc-wt, similar
of the MYL mutant can be followed up to higher tempera- results for the urea-dependent changes in chemical shifts of
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concentrations of urea {8 M). The indicated assignments 3
correspond to the & proton of Phe 10 and the protons of one 1 |
methyl group of Leu 12 and Leu 19, respectively. 113 *{ \II;_-.C-___
Phe 10 were obtained. Consistent with optical studies that el
show faster folding kinetics for the MYL mutant than for A

Arc-wt, the global unfold_lng transition is in slow chemical FiIGUrRe 7: Long-range NOE interactions of the Phe 10 aromatic
exchange on the NMR time scale for Arc-wt. protons in Arc-MYL. Panels a and b show a part of the NOESY
Temperature Dependence of NOEsdhing Phe 10 spectra in HO at 20 (a) and 50C (b) demonstrating the different
Structural insight into the premelting conformational changes interproton distances. The assignments of the long-range NOEs of
due to temperature or urea was obtained by analyzing theg]s?eﬁgfs (112n%rtg”(‘)sg‘ﬁlagptgtngoeggw‘aggr?t%% g‘hgolt&;%%cgg The
NOEs of the I_D_he 10 ring and its environment under different Tyr 36 Ho protons and at 56C between the Phe 10and Phe
thermal conditions. NOESY experiments were performed at 45 Hz protons. Note that at higher temperatures the signals are
20 and 50°C with a mixing time of 100 ms to characterize  sharper than at lower temperatures. Panel ¢ depicts the spacial
two extreme states in the conformational transition as judgedenvironment of the Phe 10 side chain in the “in” (black) and “out”
from Figure 5b. Below 20C, the NOE analysis would be ~ conformations (red). The significant altered NOEs that were found
t 20 and 50°C are denoted by arrows. The coordinates for the

hampered by severe broadening of the NMR signals. Panels‘?}n,, and “out” conformations are taken from the NMR structure

a and b of Figure 7 show part of the 2D NOE spectra at 20 of arc.wt and the crystal structure of the Arc-wbDNA complex,
and 50°C, respectively, demonstrating the difference in NOE respectively.

patterns of the Phe 10 aromatic ring protons at these two . _ . —
temperatures. Most of the long-range NOEs that involve Phe On the basis of chemical shift data, no significant structural
10 or residues in its vicinity could be unambiguously Changes appear to take place from 20 to°80other than
assigned. The NOEs with Leu 12 could be assigned to eitherth0Se involving or near Phe 10. Hence, a second set of
intra- or intermonomeric NOEs after initial modeling using Calculations was set up where all long-range NOE distance
unambiguously assigned NOEs. While at’ZDNOEs could restraints excluding those involving the side chain protons

be identified between the Phe 1@ King proton and the B of Phe 10 and residues in its environment were taken from
methylene protons of Trp 14the prime indicates the residue ~the complete NOE restraint list at 3€. For Phe 10, per
from the other monomer), these NOEs vanish aPG0At dimer, 28 long-range distance restraints in théG0estraint

low temperatures, strong NOEs can be observed betweerist were removed and two restraint lists corresponding to
the protons of the aromatic ring of Phe 10 and those of both the low- and high-temperature conformations were generated
methyl groups of Leu 19These NOEs significantly decrease by adding 46 and 26 restraints, respectively. Additionally,
in intensity at 50°C. Furthermore, at 56C, the H and H; per dimer 12 NOE distance restraints between Leu 12 and
protons exhibit NOEs to one of the methyl groups of Val Trp 14 in the 30°C restraint list were substituted by 14
33 that are weak or missing at lower temperatures. The different distance restraints for the 20 and°&temperature
difference in the intensity of the NOE cross-peaks to Leu set. With both the 20 and SC sets of restraints, an ensemble
12 or Leu 12 at both temperatures is also consistent with a of 20 structures was generated, applying the same protocol
difference in the conformation under both conditions. A large that was used for the structure calculations described above.
increase in the NOEs between the Trp 141HHZ2, and For the low-temperature case, all 20 calculated structures
H#»n2 protons and the #1and methyl protons of Leu 12 is  of Arc-MYL revealed the aromatic ring packed in the core
observed between the 20 and 8D NOE spectra, respec- of the protein. They, dihedral angle was identified as
tively. gauche (60°), characteristic of the Phe 10 “in” conformation.



Premelting Conformational Changes of the Arc Repressor Biochemistry, Vol. 38, No. 19, 199%041

In contrast, throughout the whole ensemble of structures, thechain movements in th@-sheet are detected for Leu 12. The
conformational state of Phe 10 at 50 shows g; dihedral backbone carbonyl of Leu 15 involved in an intermono-
angle corresponding to a trans rotameric state, or “out” meric hydrogen bond to the backbone amide proton of Phe
conformation. Intraresidual NOEs adetoupling constants 10 whose side chain is involved in the equilibrium between
between the Phe 10 NH arfdmethylene protons that also the “in” and “out” conformations. In addition, the side chain
provide information about the rotameric state of ghéorsion of Leu 12 is involved in the structural reorientation of the
angle are in agreement with these results. At°20) the core domain associated with the change in the rotameric state
J-coupling data are consistent with a preferred gauche of the Phe 10 side chain. Phe 10 as well as the amino terminal
rotameric state for the; torsion angle, whereas at 3C, residues is involved in a large number of important phosphate
the data suggest an increased population of the transbackbone contacts with the operator DNA 5), and they
rotameric state. In addition to thg rotameric state of Phe  all contribute to the specificity of the recognition process as
10, the position of the Leu 12 side chain differs significantly determined by mutagenesis studi€sZ9). The mixture of
between the structures at low and high temperatures. Wheninterconverting states at Phe 10 and the highly dynamical
the Phe 10 ring is directed outward, the side chain of Leu properties of the N-terminal residues as well as the increased
12 partly occupies the area that is left by the Phe 10 ring flexibility of the S-sheet can provide the repressor with a
by packing against Trp 14hat initially interacted with Phe  mechanism for exploring the DNA sequence of its operator
10 more efficiently for finding the specific complementary fit.
The conformations at low and high temperatures resemble  The aromatic proton chemical shifts of Phe 10 can be used
the distinct Phe 10 “in” and “out” conformations as they @as a monitor of the equilibrium involving the side chain

appear in the free wild-type Arc repressor and the-Arc ~ orientation in Arc-wt and Arc mutants (Figure 5b), provided
DNA complex structure, respectively (Figure 7c). Most that no other structural changes relative to Arc-wt occur that

crucial short distances for both conformations could be can influence the chemical shifts of Phe 10. It can be assumed
identified as unambiguous NOEs in the spectra of Arc-MYL that the mutated side chains in MYL do not directly affect
at low and high temperatures and are denoted in Figure 7c.the Phe 10 chemical shifts. Therefore, the significant
The Phe 10 “in” conformation allows interactions of the Phe downfield shift of the H resonance in Arc-MYL as

10 ring with residues in the core of the molecule, such as compared to Arc-wt reflects a relatively higher population
Leu 12, Trp 14, and Leu 19 The extended Phe 10 “out” ©of the Phe 10 “out” conformation in Arc-MYL. The
conformation lacks close contacts to Trp bat appears to  difference in the preference of either of the Phe 10

be close to Leu 12 and Val 33 conformations is also apparent in the crystal structures of
Arc-MYL and Arc-wt, where the most favorable conforma-
DISCUSSION tion is frozen in the crystal lattice. The substantially altered

folding properties as revealed in optical studies were sug-

These studies describe a premelting transition of the Arc gested to involve a lowering of the energetic barrier of the
repressor in structural terms. Itis shown that it mainly entails transition between the partially folded dimer and the native
a conformational change at Phe 10 and repacking of thedimer in Arc-MYL (12—14) and may explain these results.
hydrophobic core. The existence of native-like dimeric  The correlation between the chemical shifts of the Phe 10
folding intermediates was previously suggested from the ureaagromatic protons of Arc and the equilibrium state of the
and viscosity dependence of refolding kinetics of At8,(  position of the side chain can be applied to the Arc-PL8
14) In more recent Optical StUdieS, the premelting transition mutant as well. This mutant forms an antiparaﬂfegheet
could be monitored by a red shift of fluorescence emission extended by two additional hydrogen bonds, which are
upon increasing the urea concentration aBtM for Arc- introduced by substitution of Pro 8 with a leucir).(The
wt and several Arc mutants (C. Robinson, personal com- highly upfield shifted resonances of the Phe 10 aromatic
munication). This change in fluorescence is consistent with protons in PL8 80) can be used to predict that the
a change in the environment of the single tryptophan, Trp equilibrium between the two distinct Phe 10 side chain
14, upon displacement of the Phe 10 side chain (Figure 7¢).conformations is largely shifted to the “in” conformation.
By fluorescence, no premelting transition was observed for |ndeed, in the crystal structure of the PL8 mutant, the Phe
the FV10 mutant, which confirms the key role of Phe 10 in 10 side chain has a clear “in” conformatic).(Furthermore,
the transition. Next to the displacement of the Phe 10 ring, the lack of temperature dependence of the Phe 10 chemical
the premelting transition likely also involves small structural shifts suggests that in the PL8 mutant the transition that
adjustments of thg-sheet (Figure 1c) that may destabilize reorients the Phe 10 side chain does not occur. The
the backbone to backbone intermonomeric hydrogen bonds significantly decreased specific DNA binding affinity of Arc-
This may contribute to the relatively fast exchange observed pL.g (by a factor of 200) was previously attributed to the

for the amide protons of thg-sheet in both Arc-wt Z5) extendegb-sheet that hinders the N-terminal residues to adopt

and Arc-MYL as compared to that of the amides of the the right conformation§, 8). However, the absence of the

helical regions. premelting transition that directs the Phe 10 conformation
Both the hydrogendeuterium exchange afdH} —N outward may be the main cause of the lower DNA binding

NOE data support the instability of the antiparajfesheet affinity and the loss of specificity. This emphasizes the
that forms between residues 8 and 14 of each monomer. Thismportance of the ability to orientate the Phe 10 ring and of
flexibility in the backbone of the DNA binding-sheet allows the flexibility of the DNA-binding site that is likely also more
the structure to adapt during the DNA binding process and restricted in the PL8 mutant.

might help position the side chains of residues 9, 11, and 13 In summary, the results as described in this paper provide
to make the direct DNA base contac§.(The largest main  a clear picture of dynamical behavior on the nano- to
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millisecond time scale of the Arc repressor in solution. The
two distinct conformations that can be identified in the three-
dimensional structures of free wild-type Arc repressor and
the Arc—-DNA complex (Figure 1) coexist and readily
exchange. At and below room temperature, the “in” confor-
mation is more stable than the “out” conformation both in
Arc-wt and in Arc-MYL. The “in” conformation is, however,
not the functionally active state of the Arc dimer. In the less
stable but functionally active form, the aromatic ring of Phe
10 is exposed to the solvent and the burial of the apolar
surface of the side chain of Phe 10 may have significant
implications in the thermodynamics of the DNA binding
process. A high population of the functionally active dimeric
state of the unbound Arc can be induced by DNA binding
as well as by high temperatures and by urea. The confor-
mational changes that accompany the premelting transition
and main chain mobility in the DNA binding site can speed
the target DNA recognition and provide the mechanism for
induced fit binding of the Arc repressor.
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