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ABSTRACT: A significant number of eukaryotic regulatory proteins are predicted to have disordered regions.
Many of these proteins bind DNA, which may serve as a template for protein folding. Similar behavior
is seen in the prokaryotic Lacl/GalR family of proteins that couple hinge-helix folding with DNA binding.
These hinge regions form sharthelices when bound to DNA but appear to be disordered in other states.
An intriguing question is whether and to what degree intrinsic helix propensity contributes to the function
of these proteins. In addition to its interaction with operator DNA, the Lacl hinge helix interacts with the
hinge helix of the homodimer partner as well as to the surface of the inducer-binding domain. To explore
the hierarchy of these interactions, we made a series of substitutions in the Lacl hinge helix at position
52, the only site in the helix that does not interact with DNA and/or the inducer-binding domain. The
substitutions at V52 have significant effects on operator binding affinity and specificity, and several
substitutions also impair functional communication with the inducer-binding domain. Results suggest
that helical propensity of amino acids in the hinge region alone does not dominate functior;hiditx
packing interactions appear to also contribute. Further, the data demonstrate that variation in operator
sequence can overcome side chain effects on hinge-helix folding and/orhimge interactions. Thus,

this system provides a direct example whereby an extrinsic interaction (DNA binding) guides internal
events that influence folding and functionality.

Protein folding has long been a fundamental issue in This 150 kDa homotetramer is a dimer of functionally
biological sciences. Beyond the general question of how aindependent dimers, with one operator binding site and two
polypeptide sequence adopts a three-dimensional structuresugar-binding sites per dimer (Figure 1A). Each monomer
coupled folding and binding have been identified as a key consists of distinct domains: a hetixurn—helix (HTH)
feature of partially unstructured proteins in multiple regula- N-terminal DNA-binding domain; a hinge-helix region; a
tory processes [e.g., transcription regulation, signal trans-core domain (including N- and C-subdomains), with the
duction, membrane transport, and signalig 9)]. Indeed, inducer-binding site sandwiched between the subdomains;
more and more intrinsically disordered proteins are found and a C-terminal tetramerization domai#{18). The hinge
to fold upon binding to their target partners, ligands, or even helix is the covalent connection between the two functional
small ions (0—13). In the case of transcription regulation, domains. This region (residues 588) is folded in the
mutual cooperative folding of both protein and DNA has presence of cognate operator DNA but has no electron
been observed( 11, 14, 15). In this paper, coupled folding  density in the X-ray structures of apo-Lacl or Lacl bound to
is explored in greater detail for the hinge helix of the lactose IPTG (14). In NMR structures of the truncated protein alone
repressor protein (Lach. or with nonspecific DNA the hinge is disordered but folded

Lacl is a premier model for the regulation of gene inthe presence of operator DNA—21). Thus, in addition
expression and allosteric transition in biological syste?h$ (  to its importance in high-affinity DNA binding and inducer

response, the hinge region may also be part of a switch
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Ficure 1: (A) Structure of the Lacl dimer bound to DNA (top, black ladder) and anti-inducer ONPF (middle, gray space-filling model).
One monomer is in dark gray; the other, light gray. The hinge-helix side chains of L56, which intercalate into the minor groove of DNA
(24), are shown as a gray ball and stick representation (top), and those of V52 are in a black ball and stick representation. W220 (middle,
space-filling model) is shown in black. The coordinates are from Protein Data Bank filelBefdlie protein is composed of the N-terminal
DNA-binding domain that includes the hinge helix, the core domain (each monomer comprising N- and C-subdomains with an inducer-
binding site between them), and the C-terminal tetramerization domain (not present in the dimeric structure shown). Below: Structure of
tetrameric Lacl bound to ®" DNA (shown as a black ladder on the top of each dimer), with the two monomers of the right-hand dimer
colored in black and light gray, respectively, and the two monomers in the left-hand dimer colored to correspond with the structural domains
described above. (B) Interactions between the hinge helix of a single monomer (hinge helix A) and other regions in-hdlAammplex.

The columns of numbers represent residues of the protein; DNA base paif$"adr® represented by columns of letters. Lines between

any pair of numbers/letters indicate that an interaction occurs between them. For clarity, the interactions of hinge helix A are separated onto
three networks, which were made using the structure of 1E8pand the program RESMARS, 68). The interactions between 55 and
117/118 are “long” hydrogen bonds, slightly above 3.5 A but below 3.6 and 3.7 A, respectively. The positions of V52 and the central base
pairs of GY™are indicated by asterisks. Note that position 52 is the only residue in the hinge helix that does not interact with DNA or the
core inducer-binding domain.

bases through side chains of Asn50, Ala53, GIn54, Leu56, 52, and their influence on Lacl function was examined in
and Ala57 (Figure 1B)Z5). Asn50 anchors the helix to the the context of variant operator sequences. Surprisingly,
DNA backbone, and Leu56 intercalates between the centralfunctional effects do not always correlate with the helix
base pair step (Figure 1A}%, 17, 24). Insertion of the Leu56 ~ propensities of the substituted amino acids: Hinge-helix
side chains forces the operator to bend away from the minorhinge-helix interactions and extrinsic proteioperator in-
groove by~45°. Besides its interactions with DNA, the two  teractions appear to dominate. Moreover, several substitutions
hinge helices of a dimer participate in protejprotein that impair allostery, presumably through impeding the
interactions (Figure 1B)15, 17, 24). Contacts between requisite hinge region alterations, were identified.
Val52, Ala53, GIn 55, and Leu56 comprise a helhelix
interface with V52 being the point of closest approath, ( MATERIALS AND METHODS
17, 24). Asn50 and Asn51 contact the N-subdomain of the
partner monomer, and GIn55 interacts with the core N- Materials.Unless otherwise SpeCified, all chemicals were
subdomain of the same monomer (Figure 1B). All of these Purchased from Sigma Chemical Co. (St. Louis, MO), except
interfaces are interrupted by the conformational change for IPTG from RPI (Troy, NY), urea from Fluka (Milwaukee,
triggered by IPTG binding to the core domaitb( 17). WiI), and polynucleotide kinase from NEB (Beverly, MA).
Both protein-DNA and hinge-hinge interactions appear Plasmids and Mutagenesidlutations in thdac repressor
to be important to the stability of the hinge helix. Thus, at gene were generated in the pJC1 plasmid using site-specific
least three elements are required for complex formation: mutagenesis (QuickChange; Stratagene, La Jolla, @8)) (
helix formation, proteir-protein contacts, and proteiDNA 27). Oligonucleotides (TACATTCCCAACCGEXX GCA-
interactions. To begin parsing the various contributions to CAACAACTGG, whereXXX was specific to each substitu-
this complex, we focused on the side chain at position 52, tion) were used as primers to mutate tael gene from the
which does not contact DNA or the inducer-binding domain wild-type version. PCR was executed using the following
(15, 17, 24, 25) (Figure 1B). Our expectation was that temperature steps: 9% for 30 s, 55°C for 1 min, and 68
mutations at this site would allow assessment of the relative °C for 12 min; this cycle was repeated 18 times. The PCR
importance of helix propensity to coupled folding and product was digested witbpnl to degrade template DNA
binding. Thirteen substitutions were introduced at position and used to transform XL1-blue or Dkl5cells to amplify
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Promoter-proximal Promoter-distal buffer (70 mM Tris-HCI, 10 mM MgCJ, 5 mM DTT, pH

half-site half-site 7.6), the dsDNA was labeled wit#2PJATP using poly-
5/ 31 nucleotide kinase. A Nick column (Amersham Biosciences,
Bt snc e s st Uppsala, Sweden) was used to purify labeled DNA from free
3/ - - i 5 nucleotide. In affinity assays, operator concentration was

o™  TGTTGTGTGGAATTGTGAGC GCTCACAATTTCACACAGG generally set at least 10-fold below tKg, whereas protein
ACAACACACCITAACACTCG CGAGTGTTAAAGTGTGTCC concentration was varied. A Fuji phosphorimager was then
used to quantify the radioactively labeled complex retained
o2  TGTTGTGTGGAATYGITALC AG GATAACAATITCACACGG on the nitrocellulose filters (Schleicher and Schuell, Keene,

ACAACACACCTTAACAATAG TC CTATTGTTAAAGTGTGCC

NH). If present, inducer (IPTG) concentration was 1 mM.

gisc TGTTGTGTGGRATTCTTATC CG GATAACAATTTCACACGG The program Igor PrO (WaVGmetrlCS, .¢m[_as Used to flt
o ACAACACACCTTAACRATAG GC CTATTGTTAAAGTGTGCC data for affinity assays using the equation:

binding studies. The 40 base pair sequences are shown. The region Yops = =)
of the O operator protected by Lacl from DNase footprinting is obs M 4+ [Lacl]"
highlighted in bold and outlined letter83). Symmetric sites within

each operator are underlined and are shown in the sequences ifyhereY,,is the radioactivity retained at a specific protein

print similar to that of the ® sequence. The two half-sites are : : : o
labeled as proximal and distal based on the natural operator, O concentratlonymax is the measured ra_dloactlwty_\_/vh_en all
of the DNA is bound to repressoKy is the equilibrium

the mutated p|asmids_ The entiasel| gene of each mutant dissociation constant, arais the background radioactivity
produced was sequenced by Seqwright Inc. (Houston, TX). in the absence of protein. The value of the Hill coefficient,
Protein Purification. Protein was expressed in BLIM N, was either fixed at 1 or allowed to float, in which case
bacterial cells 28). Growth was in % YT media overnight  the values are found to bel.
at 37°C with constant shaking. After centrifugation, the cell ~ In operator release experiments, constant concentrations
pellet was resuspended in breaking buffer [0.2 M Tris-HCI, of protein (at~80% saturation for operator binding in the
pH 7.6, 0.2 M KCI, 0.01 M Mg(OAc), 0.3 mM DTT, 5% absence of inducer; see figure legends) were incubated with
glucose] with a small amount of lysozyme added and frozen ~2 x 1072 M operator to form the LaetDNA complex;
at —20 °C (27, 29, 30). To initiate purification, cells were  then IPTG (varied from-107° to 10~* M) was added to the
thawed on ice, and DNase was added to digest genomicreaction to release operato8Q( 31, 38, 39). Again, the
DNA. PMSF (~7 mg/100 mL) was added to inhibit protease retained operator was quantified using a Fuji phosphorimager.
activity. Following centrifugation, the crude supernatant was The resulting data were fit with the program Igor Pro
brought to 35% saturated ammonium sulfate. After centrifu- (Wavemetrics, CAto the equation:
gation, the ammonium sulfate precipitate was resuspended, [IPTG]"
dialyzed against 0.09 M KP buffer (0.09 M potassium Yops= Yoax — | Yima
phosphate, 5% glucose, 0.3 mM dithiothreitol, pH 7.5), and 1PTG],, " + [IPTG]"
loaded on a phosphocellulose colun®?,(29, 30). Protein ) ) ) )
was eluted from the phosphocellulose column by a gradient Equation 2 is derived from eq 1 to allow decreasing values
composed of equal volumes of 0.12 M KP buffer (0.12 M for DNA binding as a function of inducer bindindops is
potassium phosphate, 5% glucose, 0.3 mM dithiothreitol, pH the opserved rad!oact|V|ty ata sp_ecmc I.PTG_c_oncentratmn,
7.5) and 0.3 M KP buffer (0.3 M potassium phosphate, 5% Ymax iS the maximum change in radioactivity between
glucose, 0.3 mM dithiothreitol, pH 7.5). Purified protein was conditions of zero and saturating inducer,is the Hill
stored in elution buffer¢0.18 M potassium phosphate, 5% Coéfficient, [IPTG}.q4 is the concentration of IPTG where
glucose, 0.3 mM dithiothreitol, pH 7.5). SBAGE was 50% operator is bound, ardis the background value.

(1)

FiGURe 2: Sequence of the variant operators used for the DNA- ( [Lacl]” )

(2)

employed to determine protein purity a95%. The activity IPTG Binding. IPTG binding was quantified from the
of purified protein, generally=90%, was determined by fluorescence emission intensity decrease above 340 nm that
stoichiometric DNA-binding assay8¢—33). is coincident with IPTG binding40—42). Protein concentra-

Magnetic Circular Dichroism Measurementslagnetic tion was set at 1.5¢< 10-" M monomer, with the IPTG
circular dichroism (MCD) spectropolarimetery was used to concentration varied. The experiments were performed in

determine the extinction coefficient of V52W due to an 10 MM Tris-HCI, pH 7.4, and 0.15 M KCl using an SLM-
additional tryptophan residue in this mutarg4), From Aminco AB2 spectrofluorometer with an excitation wave-

absorbance of the protein sample at 280 nm and thelength of 285 mn. The emission spectra from 300 to 380

concentration of tryptophan in the protein calculated from "M were recorded. For IPTG binding in the presence of

MCD, the extinction coefficient of V52W was determined ©OPerator DNA, the protein concentration was<510"" M
to be 1.3 £0.08) x 10° M~ cmr%, about 1.5-fold that for monomer, and the operator concentration was 106 M.
the wild-type tetramer, which has two tryptophan residues Values for total fluorescence between 340 and 380 nm were

per monomer. fit to eq 2 with [IPTG}q substituted by the equilibrium

DNA Binding/Operator Releas&or DNA-binding and dissociation qonstad}(d and Y and c values representing
operator release experiments, the nitrocellulose filter binding fluorescence intensities.
assay was employed®Z, 33, 35). Multiple operator DNA RESULTS
sequences (O O™ OB and G's9 were used in these
experiments (Figure 2)36, 37) (Biosource International, Generation of V52 Mutants and Protein Purificatic@n
Camarillo, CA). After hybridization in polynucleotide kinase the basis of genetic analysid3, 44) and the properties of
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Ficure 3: Operator @binding and inducibility of wild-type Lacl and V52 mutants. Experiments were performed in buffer containing 0.01

M Tris-HCI, pH 7.4, 0.15 M KCI, 0.3 mM DTT, 0.1 mM EDTA, and 5% DMSO in the absence (closed circles) or presence (open circles)
of IPTG. The experiments were conducted as described in Materials and Methods with operator concentration bela@ £5/ for

V52A and V52H and below 1.5 1012 M for other proteins. The IPTG concentration was 1 mM. Data shown are for single determinations
(triplicate points), and the results from multiple determinations are summarized in Tables 1 and 2. Note that V52A, V52H, V52S, and
V52W retain significant affinity in the presence of inducer.

amino acids, 13 substitutions, V52A, V52D, V52E, V52F, Table 1: Operator &Binding Properties of V52 Variarits

V562G, V52H, V52L, V52P, V52Q, V52R, V52S, V52T, and Kq side chain

V52W, were generated to explore the role of the side chain (M x 1010 mutant/WT effect phenotype
at position 52 in hinge-helix function. Functional effects of \wTiacI 15+0.4 +
V52C were previously reported by Falcon and Matthe2® ( V52A 0.20+0.03 0.13+0.15 smaller +s

37). The entire gene of each Lacl variant was sequenced V52C-red 0.34+0.12 0.23-0.08 smaller/polar  +s
fully to confirm that no other mutation was present. Mutant ~1000 ~1000 charged ND

. ) e V52E NBD >1000 charged -+

repressors were expressedbacherichia coliand purified V52F 41+ 2 27409  bulkier +
by phosphocellulose column chromatography. All mutant vs52G 9.0+20 6.0+£1.6 helixbreaking + —
proteins purified in a manner similar to that of the tetrameric V52H 0.30+£0.2 0.2+£0.09 charged +s
wild-type protein. The purification process is sensitive to Y22k 29+02  1.9£05  bulkier Tws

li ization state(7, 45—47), and not surprisingly, gel Vesr 32£07 21+£08  helxbreakng  +

oligomerizatio : : irprisingly, g V52Q 7.0£02  47+12  polar +
filtration confirmed that all mutant proteins exhibit the v52R 37+ 7 25+ 6.6 charged -+
molecular mass anticipated for the tetramet50 kDa (data V528 0.9+0.2  0.6+03  polar +ws
not shown) V52T 18+ 8 12+ 3.2 polar ND
' V52W 2141 1.44+0.6  bulkier N>

Operator G Binding of V52 Mutant€Operator @ binding : —
affinity of individual V52 mutant proteins was determined Values shown represent a minimum of three measurements and

. . . - . up to six measurementsOperator binding experiments were performed
using nitrocellulose filter binding (Figure 3 and Table 32,( in buffer containing 0.01 M Tris-HCI, pH 7.4, 0.15 M KCl, 0.3 mM
35). Wide-ranging differences were found for the V52 variant DTT, 0.1 mM EDTA, and 5% DMSO. Operator:®NA concentration
proteins. Notably, V52G binds @perator~6-fold weaker, was below 1.5« 10713 M for V52A and V52H proteins and below 1.5
and V52P has Ooperator binding affinity only~2-fold ~ x 107 M for oihel proteins” Data fiom Suckow et alda:
lower than wild type, effects that are less than anticipated rz‘;_mi_sfigf_’ regréssioﬁii?{ngl? b phen gtybe (iﬁsr:rﬁ’;ﬁisvs;o?o
for helix-breaking residues. In contrast, both positively and ingycer); ws, weakeiphenotyped Reduced V52C; data are from Falcon
negatively charged residues have profound effects &n O and Matthews37). ¢ ND: not determined'NBD: no binding detected.
operator binding. Although glutamate has been suggested

to form a ring via a special structure with ity €arbon 48), Inducibility of V52 MutantsBesides its important role in
abolition of G DNA binding was also observed for V52D. high-affinity operator binding, the hinge region is crucial for
Similarly, O' operator binding affinity is decreased25- allostery in Lacl. For wild-type Lacl, ©binding is dimin-

fold in V52R. Neutralization of negative charge at thg C ished >4 orders of magnitude in the presence of inducer
carbon of glutamate by the amide group in glutamine largely (30). However, four mutants (V52A, V52H, V52S, and
restores @operator binding affinity. The observed operator V52W) retain high affinity for operator ODNA in the
binding behavior is very consistent with the phenotype presence of a saturating inducer (Figure 3 and Table 2),
previously for each of these substitutions (Table 43)( consistent with theslphenotype observed for V52A, V52H,
Since no or very weak operator binding was observed for and V52S (Table 1)43). To further examine the effects of
V52D, V52E, and V52R, few additional experiments were substitutions on the allosteric transition of this protein,
possible for these three mutants. operator release experiments were conducted. Nitrocellulose
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Table 2: Operator (Oand GY™ Binding Properties and Inducibility of V52 Variants

ol Qsym

Ka(M x 10°1)  +IPTG*(M x 10°1)  +IPTG/-IPTG  K¢(M x 1001)¢  +IPTG (M x 10°1)  +IPTG/~IPTG
WTLacl 1.5+ 04 >10000 >1000 0.18+ 0.06 >10000 >1000
V52A 0.20£ 0.03 6.2+ 3.5 31+ 4.7 0.22+£0.12 0.5£ 0.09 2.3£1.3
V52C-red 0.34+0.02 >10000 >1000 0.43+ 0.1 47+ 10 1100+ 305
V52F 41+£2 >10000 >1000 0.32+ 0.03 32+ 2 100+ 9.4
V52G 9.0+ 2.0 >10000 >1000 1.0+ 0.25 >10000 >1000
V52H 0.30+ 0.2 18+ 5 60+ 40 0.17£ 0.06 1.8+ 0.90 10.6+ 3.8
V52L 29+0.2 >10000 >1000 0.34+ 0.06 33+ 7 97+ 17
V52P 3.2£0.7 >10000 >1000 1.1+ 0.13 >10000 >1000
V52Q 7.0£0.2 >10000 >1000 0.66+ 0.12 >10000 >1000
V52S 0.9£0.2 76+ 8 84+18.8 0.19+ 0.03 3.2£0.90 17+ 2.7
V52T 18+ 8 >10000 >1000 29+1.2 >10000 >1000
V52W 21+1 400+ 140 190+ 91 0.23+ 0.06 22+ 8 96+ 25

aValues shown represent a minimum of three measurements and up to six measurements. Notice that three mutants (V52A, V52H, and V52P)
bind O¥™ comparably to @  Operator binding experiments were performed in buffer containing 0.01 M Tris-HCI, pH 7.4, 0.15 M KCI, 0.3 mM
DTT, 0.1 mM EDTA, and 5% DMSO¢ For O binding in the presence of IPTG, operator concentration was below 112 M. 9 Operator @™
concentration was below 16 10713 M. ¢ Operator @™ concentration was below 1.6 10-** M for V52A protein and below 1.5 10712 M for
other proteins’ From Falcon and Matthews7).

Table 3: Inducer-Binding Properties of V52 Mutahts (o . 32112-Xype Lacl| 1
o
[IPTGlmia (M x 10F) r S\W A V52F

operator releage  Kgy (M x 10°)°  [IPTG]mia/Krn o8 \ 0e
WTLacl 2.9+ 0.6 1.2+0.1 24+0.3 02l 02
V52A 20+0.3 1.4+ 0.6 1.4+ 0.6 L
V52D ND* 1.340.2 T e s«
V52E NDA 1.1+ 0.2 2
V52F 1.7+0.2 1.0+ 0.3 1.7£05 3"
V52G 2.6+0.3 1.3+0.2 2.0+ 0.3 <
V52H# 6.9+ 2.0 1.3+ 0.2 5.3+ 0.9 Z 08
V52L 3.0£0.1 1.1+ 04 2.7+£1.0 e
V52P 2.2+0.3 1.0+ 0.2 2.2+ 0.5 So2
V52Q 1.9+ 0.1 1.1+ 0.2 1.7£0.3 El
V52R 2.1+0.3 1.3+ 04 1.6+ 0.5 =
V52S 45+0.2 1.1+0.2 4.1+0.3 o
V52T 2.6+ 0.5 1.1+ 0.2 2.4+ 0.5
V52W 4.24+0.7 1.3+ 04 3.2+1.0 o5

@Values shown represent a minimum of three measurements and

up to six measurementsOperator release experiments were performed 02 .
in buffer containing 0.01 M Tris-HCI, pH 7.4, 0.15 M KCI, 0.3 mM )
DTT, 0.1 mM EDTA, and 5% DMSO. Protein concentration was as 7 B 5 -4 7 6 5 4
follows: wild type, 2.4x 10710 M; V52A, 1 x 10711 M; V52R, 5 x log[IPTG]

107° M; V52Q, 5 x 1071° M; V52G, 3.5 x 107° M; V52H, 2.1 x
1071 M; V52L, 2.1 x 1070 M; V52F, 2.4 x 107 M; V52P, 1.5x
10719 M; V528, 2.4x 10719 M; V52T, 3.5 x 10° M; V52W, 2.4 x
1071 M. ¢IPTG binding experiments were conducted in buffer
containing 0.01 M Tris-HCI, pH 7.4, and 0.15 M KCIND: not
determined (insufficient DNA-binding affinity Mutants with dif-
ferential behavior are highlighted in boldface.

Ficure 4: Operator release by IPTG of the wild-type protein and
V52 variants. The buffer was 0.01 M Tris-HCI, pH 7.4, 0.15 M
KCI, 0.3 mM DTT, 0.1 mM EDTA, and 5% DMSO, and various
concentrations of IPTG were added. In the experiments shown, the
operator concentration was 1:510-12 M, and protein concentra-
tions were as follows: wild-type, 2.4 1071°M; V52A, 1 x 10711

M; V52F, 2.4 x 10710 M; V52R, 5 x 107° M; V52G, 3.5x 107°

M; V52H, 2.1 x 1011 M; V52L, 2.1 x 10719 M; V52P, 1.5x

filter binding was used to monitor decreased levels of bound 10 '° M; V52Q, 5 1071 M; V52S, 2.4x 10719 M; V52T, 3.5

. ) . x 107° M; V52W, 2.4 x 10710 M. Data for a single experiment
DNA as a function of inducer concentratids() 31, 38, 39). ._are shown (triplicate points), and the results from multiple measure-

Results are presented in Table 3 and Figure 4. Operator isments are summarized in Table 3. Dotted lines correspond to the
released at higher IPTG concentration for V52H and V52S wild-type data and are provided for comparison.

and, perhaps, for V52W. The remaining mutants release

operator at an inducer concentration near that for wild-type IPTG binding is W220, which exhibits a shift of the spectrum

Lacl. to lower wavelength upon Lacl binding to inducdf42),
IPTG Binding of V52 MutantsThe operator release a situation presented even in V52W. All Lacl variants exhibit

experiment involves inducer binding as well as the confor- IPTG binding affinity comparable to that of the wild-type

mational change that diminishes operator affinidy, (49, protein (Table 3), consistent with the anticipation that the

50). Therefore, the change of [IPTg could derive from conformation of the inducer-binding pocket is unchanged in

either changed inducer binding or altered allosteric transition. these V52 mutantsl@d—16).

To distinguish these two processes for V52 mutants, IPTG One way to monitor the allosteric transition is the ratio

binding affinity was measured for V52 mutants by monitor- between [IPTG];q for the release experiment and tkefor

ing changes in tryptophan fluorescence as a function of IPTG IPTG binding affinity. In wild-type repressor and many other

concentration 40). The major fluorophore monitored for variants, this value is-2 (30, 49). The ratio decreases slightly




Substitutions in the Lacl Hinge Helix

Biochemistry, Vol. 45, No. 18, 2006901

1.0+ wild-type

Lacl

1.04
0.84
0.6
0.4+

0.2+

log[Protein] —

109 V52T ) )

0.8

0.6

0.4

0.2

0.0 T T T
12 -10 8

Log|[Protein]

12 -10 -8
Log[Protein]

Ficure 5: O™ binding and inducibility of wild-type Lacl and V52 mutants. The buffer was 0.01 M Tris-HCI, pH 7.4, 0.15 M KCI, 0.3

mM DTT, 0.1 mM EDTA, and 5% DMSO in the absence (closed circles) or presence (open circles) of IPTG. The experiments were
conducted as described in Materials and Methods with tH& Encentration below 1.5 10713 M in the absence of inducer. In the
presence of 1 mM IPTG, the operator concentration was below L6713 M for V52A and below 1.5x 10712 M for other proteins. Data

are shown for single determinations (triplicate points), and the results from multiple determinations are summarized in Table 2. Note that
V52A, V52F, V52H, V52L, V52S, and V52W show high-affinityS® binding in the presence of a saturating inducer.

in V52A, V52F, V52Q, and V52R, whereas this value is
increased in V52H, V52S, and V52W. The remaining

significantly lower “allosteric ratio” (binding in the presence/
absence of IPTG) for @ than G (see Table 2). Interest-

mutants have allosteric ratios comparable to wild type. Theseingly, V52A decreases this ratio to onty2-fold, reminiscent
results indicate that the allosteric transition may be partially of the operator binding properties of oxidized disulfide-linked

impeded in V52H, V52S, and V52W.
O%¥MBinding of V52 MutantsPrevious studies show that

V52C (29, 37) and suggesting nearly total loss of allosteric
communication between the operator and inducer-binding

varying the operator sequence can affect several aspects oites.

Lacl DNA-binding function 61—53). Falcon and Matthews

09sB and OfsC Binding of V52 MutantsPrevious work

combined varied operator sequences with mutations in theindicated that wild-type Lacl can bind with high affinity to

hinge helix (V52C oxidized, Q60G, and a series of glycine
insertion mutants) and found differential effects on affinity
and allostery 29, 36, 37, 39). Thus, to explore effects on

an operator with distal site symmetry but with increased
spacing between the half-site37( 55, 56). Thus, OB, a
symmetric promoter distal site sequence with A-G in the

substitutions at V52, three additional operator sequencescenter, and @¢, a symmetric promoter distal site sequence

(O™, OB and OFsC) with different half-site sequences and
central spacing were used (Figure 2).

with C-G in the center (Figure 2), were employed to further
examine the effects of operator sequence variation on

O%™ contains a symmetric sequence that is derived from functions of V52 mutants. Among the 10 proteins examined,
the promoter proximal half-site and has no central base pair®Nly V52Q and V52S exhibited measurable binding f6FO

(Figure 2) 64). This “optimized” operator binds wild-type
Lacl with ~8-fold higher affinity than @. As shown in
Figure 5 and Table 2, most V52 variants bin@®with
increased affinities compared to' @nd with similar mag-
nitude to wild-type Lacl. However, V52A and V52H, which
have enhanced binding, do not show enhanced binding
with O™, V52P binds to @™ with an affinity comparable
to wild-type Lacl binding to @ effectively decreasing ®"
binding affinity ~6-fold relative to the wild-type protein
(Table 2). The effects of glycine substitution are similar for
both operator sequences.

Like O, O¥M binding is dramatically diminished when
wild-type Lacl binds the inducer. However, in addition to
the four mutants (V52A, V52H, V52S, and V52W) that
exhibit decreased response to inducer binding fart®o
more mutants, V52L and V52F, retain high affinity fo®
binding in the presence of IPTG (Figure 5 and Table 2). In
addition, V52A, V52F, V52H, V52L, and V52S have a

(Table 4), and this binding remained inducer-sensitive. In
contrast, when wild-type and V52 variant proteins were
assayed with the ©5°€ operator, high-affinity operator binding
was observed for multiple variants (Figure 6 and Table 4).
Interestingly, V52P exhibited enhanced*©binding com-
pared to wild-type Lacl, and even the weak binder df O
and GOY™ V52T, bound @sC with detectable affinity. With
OdisC, all variants that clearly bind are fully inducible (Figure

6 and Table 4), though V52C-red has been shown to be
compromised [perhaps due to a residual amount of disulfide
formation @6)]. The generally higher affinity for €¥C
compared to @8 for V52 Lacl variants may result from
enhanced flexibility of the central C-G step and its ability
to adopt greater positive rolls in%ef (36, 57, 58).

DISCUSSION

The Lactoperator complex has two features now known
to be common in proteinDNA interactions: protein folding
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Table 4: Operator (€% and 0= Binding Properties and d_om_inate, Lacl function in terms of high-affinity operator
Inducibility of Variant V52 Mutanta® binding. o . . _
OB (M x 10°19) O (M x 10-19) ~ For s_everal substitutions, we can _ratlona_llze alternatl_ve
Ky PTG K] PTG interactions that appear to counter high hellgal_p_ropens_lty.
V52D and V52E substitutions should not diminish helix
\\l/vstlfd 21888 2888 fgii % . 2888 formation substantially, but DNA binding is abolished. We
VE2C-red  >1000 ~1000 0354011 20+ 10 surmise that the negative charge so close to the phosphate
V52F >1000 >1000 >1000 >1000 backbone and within the hingéninge interface negatively
V52G >1000 >1000  >1000 >1000 influences interactions requisite for function. Interestingly,
V52H >1000 >1000  5.0+15 >1000 V52R also results in substantial loss in operator affinity,
xgglﬁ 21888 2888 Igliog 2888 presumably due to charge repulsion in the required hinge
V520Q ~270+ 70"  >1000 280+ 65 >1000 hinge interface but perhaps also to lower helix propensity.
V52S ~2304+ 120 >1000 1741 >1000 Correlation between operator binding affinity and other
V52T >1000 >1000 5004+ 40 >1000 properties (e.g., hydropathy and molar volume) of amino
V52W >1000 >1000 210+ 40 >1000

acids was also examined. Charged and polar amino acids
2Values shown represent a minimum of three measurements andhgve lower hydropathy, whereas molar volume is related to

up to four measurementdOperator binding experiments were per- ; ; ; ; ;
formed in buffer containing 0.01 M Tris-HC, pH 7.4. 0.15 M KCI, the size of amino acids and might reflect trends of steric

0.3mM DTT, 0.1 mM EDTA, and 5% DMSO. Operator{e or Ofise) hindrance 74, 75). As shown in Figure 7, the relationship
concentration was below 15 102 M. ¢ From Falcon and Matthews ~ between @O¥™ operator binding affinities and these proper-

(37). 4Values for mutants with differential behavior are highlighted in  ties (hydropathy and molar volume) shows that the only
boldface. consistent observation is that the charged residues are ex-
treme outliers. About one-half of the substitutions may show

coupled with DNA binding and altered (non-B-form) DNA ~ correlation between binding affinity and molar volume, sug-
structure. Both of these elements have been observed in @esting contributions from changed hetielix packing. For
number of other systems, suggesting that they may bethe other half of the variants, other factors must determine
important characteristics of genetic regulation (e.g., #dfs ~ DNA-binding affinity of Lacl variants at position 52.

36, 37, and59-65). In Lacl and its homologues, the hinge ~ When the variants are grouped by their ovefafictional
helix is responsible for both of these features. properties, patterns do emerge that can be correlated with

probable structural effects (Table 5). The first group of
substitutions (A, H, S, and C-red) generally exhibit increased
DNA-binding affinity and decreased inducibility for the DNA
sequences examined. These substitutions may enhance helix
formation as well as contributing to the stability of the
r]1inge—hinge interface. The histidine imidazole may ring
stack, and the hydroxyl of serine may form hydrogen bonds
in this apolar interface76). Note that, for histidine, we
expect that the g, would be lowered to avoid the presumed
charge repulsion seen with arginine.

Substitutions of the second group (F, L, and W) are most
like wild-type Lacl, with only slightly diminished (if at all)
DNA-binding affinity. Unlike wild-type Lacl, these variants

21). In the hinge region, residues 50 and 51 contact DNA f S s ! ;
2 . requently exhibit diminished response to inducer. The side
and the N-subdomain; residues at 53, 56, and 57 are highlyo i for these residues all have increased molar volume,

conserved among the Lacl/GalR family and are required for ... : Lo

S g . ch may influence the structure of the hingginge
DNA binding and specificity; residues 53 and 56 are also interface in the presence of DNA. V52A, V52H, V525, and
involved in hinge-hinge contacts; residue 54 contacts DNA; V52W do not respond to inducer when bound ’tb((])abie
and_residue_55 contact.s the core N-subdomain (Figure 1B)'2 and Figure 3), whereas all group 1 and 2 variants exhibit
Residue 52 is involved in the hingéiinge interface but does s hehavior for @™ (Table 2 and Figure 5). However, note
not interact with DNA or the inducer-binding domain (Figure o+ giminished response to inducer doesalways correlate

lB). Subgtitution z_ﬂ this site provides opportunity to parse \,ih enhanced DNA binding (V52SA8, V52H/O™, \/52L/
helix-folding contributions from other factors. O™ V52W/C¥™, and V52W/O). This observation suggests
To that end, the correlation between helical propensity of that the functions of allostery and DNA binding can be
the hinge region and Lacl function was examined. V52 “uncoupled”.
occupies the third position of the hinge helix (N3). Residue A third group (G and P) exhibits decreased DNA-binding
and position-specific helical propensities are available for affinity for both O' and GY™ that may be ascribed to
this position and are plotted verskigfor O and G (Figure decreased helix propensity. However, as noted earlier, this
7) (69—73). Higher propensity order numbers indicate decrease is not as dramatic as might be expected for “helix
decreased likelihood to form am-helix. As shown by the breakers”.
line in Figure 7, a weak correlation is suggested for a few  Group 4 includes Q and T substitutions, which have some
substitutions, but D, E, T, Q, P, W, and C-reduced do not similarities to group 3 behaviors, with DNA-binding affinity
follow this correlation. Thus, helical propensity at this further decreased and normal response to inducer. However,
position of the hinge region may contribute to, but does not threonine at V52 is singular in its effects on DNA binding.

The hinge region is the only covalent connection between
the effector binding core domain and N-terminal DNA-
binding domain. For Lacl and PurR, the hinge folds into a
helix only upon cognate operator binding, whereas this region
remains unstructured in other states, apparently even whe
bound to nonspecific DNA14, 15, 19—21, 23, 24, 66, 67).
The hinge helix participates in multiple interfaces (Figure
1B): between the partner hinge helices within the dimer,
between the hinge helix and the top surfaces of the core
N-subdomains, and between the minor groove of DNA and
side chains in the hinge heli2%, 68). Alterations in each
of these interactions may affect hinge functidd,(15, 19,
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FiGURE 6: OHisC binding and inducibility of wild-type Lacl and V52 mutants. The buffer was 0.01 M Tris-HCI, pH 7.4, 0.15 M KCI, 0.3
mM DTT, 0.1 mM EDTA, and 5% DMSO in the absence (closed circles) or presence (open circles) of IPTG!sFloei@entration was

below 1.5x 10712 M. When present, the IPTG concentration was 1 mM. Data are shown for single determinations (triplicate points), and
the results from multiple determinations are summarized in Table 4.

)
3

Together, these data indicate that helix propensity may
contribute to DNA-binding affinity, but only if no other
features impact the hingéhinge interface (e.g., polarity,
charge repulsion, steric influence). In group 1 and 2 variants,
which appear to either enhance hindenge stability or alter
hinge—hinge interaction, inducer response for operator
binding is diminished. Thus, helix propensity and hirge
hinge interaction appear to contribute to inducibility. How-
ever, the observation that L and F substitutions at position
52 exhibit decreased inducibility fors®, but not for G,
suggests that DNA sequences also play an important role in
determining the functional properties of these V52 variants.

In fact, the effects of altered operator sequence on the
binding properties of V52 mutants are seen in several
instances (Table 6). These patterns do not always fall neatly
into the groups of Table 5. More mutants exhibit decreased
inducibility for O™ than for G, but all substitutions capable
T of binding GfisC appear inducible (see Table 4). The ratio of
operator binding affinities between different operator se-
quences (@m0, O%sE/OL, and O'sYQY) illuminates the
effects of operator variants on different V52 mutant proteins
(Table 6). The tighter binding proteins for' @v52A and
V52H) bind GY™with affinities comparable to ® whereas
most mutants and wild-type Lacl bind t&¥® > 5-fold tighter
than to O. In contrast, V52Q, which has lower affinity for
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FiIGURE 7: Correlation between DNA-binding affinities {quares;
O™ bowties) of V52 mutants and N3 helical propensity order (top) ! ! _ c
(69—73), hydropathy (middle) 75), and molar volume (bottom) =~ O, O¥Y™ and O'sC, was able to bind €¥8, for which only

(74). For helical propensity versus, a trend is noted with aline  one other mutant (V52S) exhibited detectable affinity. For
but has many obvious outliers. No trend is seen for hydropathy qdisyot \/52A \/52C-red. V52H. V52P. and perhaps V52S
versusKy, but data suggest a correlation between affinity and molar retain tf;eir Stat,us of tighte,r bindin’g relative to wild-type Lacl

volume for about one-half of the substitutions. We predict that this LS . .
may reflect enhanced hingéinge packing interactions. whereas V52W exhibits a large decrease in operator binding
affinity.

Although V52T remains inducible, operator affinity is Different operator sequences thus appear to play distinct
diminished for all sequences examined, comparable for O roles in operator binding. This behavior was previously noted
to V52R. This result is interesting in that threonine is most for other Lacl hinge mutant2@, 36, 37, 39). The first of
isosteric to valine and might therefore be anticipated to have these proteins had a cysteine substitution position 52, so that
the least impact. However, the introduction of the hydrophilic a disulfide bond could be formed between the hinge helices.
hydroxyl into the hydrophobic environment of the hirge A second series of variants introduced one to three glycine

hinge interface must be highly disruptive, paralleling the
introduction of positive charge at this site. The glutamine
substitution is less disruptive but exhibits similar effects.
DNA-binding affinity is dramatically decreased in group 5
(D, E, and R), presumably due to the chargbarge
repulsion with DNA (D and E) and within the hingéinge
interface (R), as mentioned previously.

insertions after the hinge helix but before the rest of the Lacl
core domain. In both cases, when the operator DNA sequence
was varied, allosteric response was altered in the repressor
variant. Although these original substitutions cause rather
drastic changes to protein structure, the current data for V52
substitutions show the same behavior with even conservative
point mutations.
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Table 5: Overall Binding Effects and Caudes

variant DNA-binding observations compared to wild-type Lacl

group DNA ot osym QdisC most likely effects of substitution
1 A tWT affinity ~WT affinity WT affinity enhanced helix propensity and enhanced hirtgage stability
Winducibility Winducibility ~inducibility
H tWT affinity ~WT affinity tWT affinity enhanced helix propensity and enhanced hirtgage stability
linducibility Winducibility ~inducibility
S tWT affinity ~WT affinity ~WT affinity enhanced hingehinge interaction
linducibility Winducibility ~inducibility
C-red tWT affinity WT affinity MWT affinity enhanced hingehinge interaction; may have some spontaneous
~inducibility linducibility Winducibility disulfide bond formation
2 F ~WT affinity ~WT affinity no binding increased molecular volume, altered hingmge interaction
~inducibility Vinducibility
L ~WT affinity ~WT affinity no binding increased molecular volume and hydropathy, decreased hinge stability,
~inducibility Vinducibility altered hinge-hinge interaction
W ~WT affinity ~WT affinity IWT affinity increased molecular volume, altered hirdenge interaction
linducibility linducibility ~inducibility
3 G WWT affinity IWT affinity no binding decreased helix stability
~inducibility ~inducibility
WWT affinity IWT affinity tWT affinity decreased helix stability
~inducibility ~inducibility ~inducibility
4 Q WWT affinity WWT affinity no binding polarity affects hingehinge interaction
~inducibility ~inducibility
WWT affinity WWT affinity WWT affinity polarity affects hinge-hinge interaction
~inducibility ~inducibility ~inducibility
5 D,E  WWWT affinity not measured not measured abolished hinge folding and/or -himigge interaction due to
charge repulsion
R WWT affinity not measured not measured abolished hinge folding and/or-himgge interaction due to

charge repulsion
a1, increased over:, comparable}, diminished<10-fold; i}, 10—100-fold decreased\!, 100—1000-fold decreasedi¥, > 1000-fold decreased.

Table 6: Operator Binding Affinity Ratids Fions Ltjs'in% ;mall-gngle ):hr?ﬁ/ sgatteringftoucortrelate changes
oMol O e in protein dimensions wi e degree of allosteric response.
Among the different members of the Lacl/GalR family,
%TZ'-A""C' g-iz 725?0 residues at position 52 vary widely, with a slight preference
V52C-red 13 10 for hydr_ophobic residues’). An intriguing possibility _is
V52F 0.08 that variantlac operator sequences that are bound uniquely
V52G 0.11 by V52 variants may mimic the different operator sequences
$5§E g-g 170 recognized by various members of the Lacl/GalR family.
ngp 0.34 59 Indeed, many transcription factors regulate multiple operons
V52Q 0.09 390 400 (or the. eqkaryqtic equivale.nts) wh?ch usually have ya}ried
V52S 0.21 2600 190 DNA-binding sites. Thus, in addition to altered affinity,
V52T 0.16 280 different DNA-binding sites may alter allosteric regulation
V52W 0.11 1000

of the protein, resulting in different levels of transcription
@ Note that operator variants affect operator binding affinities of V52 for each gene.

substitutions differently. Values are shown where binding affinity was ; ; ; ;
within the range of the assay. Overall®®binds tighter to mutants Protein-DNA interactions have been the subject of

(except V52A, V52H, and V52P) than'Owhereas @8 and OsC are significant study over the past several Qecades (e.g.36efs
generally weaker. Two tighter binders of Q/52A and V52H) lose 37,62, and78—82). However, most of this work has focused
their status as tighter binders for™® and 8 and regain tighter on the role of the protein, with DNA usually considered to
binding for O'sC, Notably, V52Q and V52S (which bind*®uch more be a passive partner in these interactic3&).(We show here

weakly and about the same as wild type, respectively) are the only : :
two variants that bind €8, which suggests that DNA properties can that, for Lacl, DNA sequence plays an active role in complex

functionally dominate features of protein structur€rom Falconand ~ formation 9, 29, 36, 37, 39, 55, 78). These findings are
Matthews 87). consistent with the hypotheses of Kalodimos and colleagues,

who suggested that the DNA sequence may shift and
Structurally, the current and published data suggest thatredistribute the equilibrium population of the protein con-
interactions between DNA, hinge helices, the N-terminal formational substated§, 21, 22). The studies reported herein
DNA-binding domains, and the core domains are interde- Confirm that the operator sequence may exert a dominant
pendent 86, 37, 55, 77, 79). In particular, &8 binding by influence in the character of proteNA interactions, even
V52Q and V52S suggests that operatprotein interactions influencing how protein function is allosterically regulated.
can even override intrin.sic helix propensity anq helnelix ACKNOWLEDGMENT
interactions. Changes in DNA structure may influence the
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