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ABSTRACT. Solution structure of the region 4 of° subunit ofEscherichia colRNA polymerase, whose

4.2 subregion is involved in specific recognition of th&5 element of cognate promoters, has not been

yet studied. Using multinuclear NMR spectroscopy, we have assigned recently all the backbone and aliphatic
side-chain3C resonances for a recombinant gdiagged protein containing the whole region 4 and a part

of region 3.2 ofo™ in aqueous solution at pH 2.8 (PoZs&in J., Zhukov, I., Bolewska, K., and
Wierzchowski, K. L. (2001)). Biomol. NMR20, 181-2). The protein proved to be sufficiently soluble

and did not aggregate only in the protonated state. In this paper, the structure and dynamics of this state
at pH 2.8 have been extensively examined using CD and NMR spectroscopy. Both analysis of CD spectra
and NMR observables (secondary chemical shifts of#8e, 13CO, and'Ha nuclei and of vicinaPJunma

coupling constants) indicated that a significant amount of helical structure remained in the protonated
protein. The amount of this structure increased upon deprotonation of carboxylic amino acids, as shown
by pH titration CD experiments. 2,2,2-Trifluoroethanol induced an even more extensive build up of this
structure. Distribution along the protein sequence of the secondary shiftd@angdcouplings demonstrated
partition of the helical secondary structure into three helices located similarly as in the crystal structures
of the homologous region 4 of thé subunit of Thermus aquaticuBRNA polymerase (Campbell, E. A.,
Muzzin, O., Chlenov, M., Sun, J. L., Olson, A., Weinman, O., Trester-Zedlitz, M. L., and Darst, S. A.
(2002)Mol. Cell 9, 527-39) ando™ of the Thermus thermophiluBRNA polymerase (Vassylyev, D. G.,
Sekine, S., Laptenko, O., Lee, J., Vassylyeva, M. N., Borukhov, S., and Yokoyama, S. (2002

417, 712-9.). Spectral density analysis of NMR relaxation parametBisand R, and {*H}—5N
heteronuclear NOEs indicated that backbone fluctuations in the whole region embracing the three helices
and intervening nonhelical sequences are severely restricted on the nanosecond time scale as compared
with the N- and C-terminal protein segments. Inspection of the side-chain contacts stabilizing the crystal
structures well explains the observed folding and solution properties%fprotein in its protonated

state.

The primary sigma factar’® of Escherichia col(EC ¢79)! aliphatic side-chain resonances in the NMR spectra of this
RNA polymerase regulates the initiation of the transcription protein in acidic aqueous solutiorb)( Recently, crystal
of genes involved in the general metabolism of cells (  structures of corresponding regionsdnsubunits of RNA
When bound to the core of the RNA polymerase, (3, '), polymeraseso®, of Thermus aquaticug6) and ¢7% of
it helps to recognize the-35 and—10 regions of cognate  Thermus thermophilugef 7, abbreviated there as CD) have
promoters through specific interactions with the 4.2 and 2.4 been solved to a high resolution and shown to be consistent
subdomains, respectively. Some parts of the 4.2 subdomainwith earlier suggestions. In this paper, we report results of
have also been identified as binding sites for antisigma andour further heteronuclear NMR and CD studies on the
transcription activation factors2). Alignment of the 4.2 solution structure of thes’®; recombinant polypeptide.
subdomain sequence with the HTH consensus sequence (3N-Hiss-taggedo™® dissolves in water without aggregation
and subsequent homology modeling studi@s 4) have only below pH 3, where it is almost fully protonated.
suggested that the structure of this region is similar to that Preliminary chemical shift analysis suggested that the pro-
of a typical HTH DNA binding motif. On our part, we have tonated protein could retain locally the helical secondary
overexpressed the whole region 4 @P (called 6"%) and structure §). Therefore, a number of NMR parameters
assigned, sequence-specifical$il and**C backbone and  including secondary chemical shift&lnie coupling con-

stants{*H} —15N heteronuclear NOE, and longitudindd

* Corresponding authors. E-mail: (J.P.) jarek@ibb.waw.pl: (K.L.W.) and transverseRy) relaxat|_on rates, known tolbe sensmve
kiw@ibb.waw.pl. to the structure surrounding the corresponding nu@gi (

! Abbreviations: ECo’%, region 4 ofo" subunit of Escherichia were determined and used to evaluate the propensity of

coli RNA polymerase; TTo"%, region 4 ofo™® subunit of Thermus ; i i i
thermophilusRNA polymerasep?s. region 4 ofoA subunit ofThermus various backbone regions of the protonated protein to retain

aquaticusRNA polymerase; HLHTH, helixloop—helix—turn—helix locally a stable conformation. By all the criteria applied, in
motif; TFE, 2,2,2-trifluoroethanol. two subregions 067%, 4.1 and 4.2, three helices were found
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to be significantly populated, while the intervening residues buffer, pH 5.0 at 0.75 mg/mL protein concentration (1:500,
forming a putative loop and turn remained in an extended w/w ratio of thrombin to the fusion protein), and incubation
pB-conformation. Comparison of the conformational and time 20 h at room temperature. The yield of the reaction
dynamic properties of’% in solution with the crystal  was less than 50%. The cleavage product was separated from
structures ot (6) and TTo"% (7) has shown that the three  the remaining His-tagged protein using the?NNTA
helical regions forming this structure are partially retained agarose batch procedure under denaturing conditions in

in the ensemble of unfolded states. buffer B. The effluent containing denature®, was dialyzed
against 1 mM HCI, lyophilized, dissolved again in buffer B,
MATERIALS AND METHODS and mixed with HisBind resin (0.5 mL per 10 mg of protein)

for 1 h. After the removal of the beads by centrifugation,
the solution was dialyzed against 1 mM HCI. Protein
concentrations were determined according to Bradfo@é) (
Polyacrylamide gel electrophoresis of protein samples was
performed according to reffl.

. . CD SpectroscopyThe CD spectra were recorded using
G (C, 98%) were from Cambridge I_sotope La_boratones, an Aviv Model 202 spectropolarimeter equipped with a HP
Inc. All chemicals used were of the highest purity grade. 89100A temperature controller. All measurements were

Preparation of Recombinant’®, Protein. (1) Plasmid  carried out m a 1 mm path-length cell. The protein
Construction.The Xho I/Hind Il fragment of the rpoD gene,  concentration was determined spectrophotometrically at 274
corresponding to the C-terminal residues 5883 of o™%, nm assuming a molar extinction coefficient of 140®)
was first cloned into pAED4 plasmid, cut off from the latter cp spectra were deconvoluted into contributions from
using Xho | and BamH | restriction enzymes, and recloned \/arioys structural forms with the aid of the CDNN program
into pET-15b plasmid within a frame containing a sequence (13.
coding for the (Hisj—Tag and thrombin cleavage site. The ~ \ass Spectrometrass spectra for natural abundance,
sequence of the gene was confirmed by the dideoxy isy enriched, and3C, 15N double enriched proteins were
sequencing method. determined on an electrospray (E®NIS) quadrupole time-

(2) Gene Expression and Protein Purification. E. ails, of-flight (Q-Tof) Micromass spectrometer, with a resolution
strain BL21(DE3), were transformed with pET-15b plasmid of approximately 10 000. The spectrometer was calibrated
bearing thex’’, gene fragment. The transformed cells were with a bovine pancreatic trypsin inhibitor (BPTI) probe.
grown from overnight cultures at 3 in Luria broth (500 NMR SpectroscopyH, 13C, and?N chemical shifts of
mL) containing 10Q«g/mL ampicilin, induced at &y = 0.7 079 were determined fot*N, 13C doubly enriched protein
with 1 mM isopropyl-p-thiogalactopyranoside (IPTG) for  at 3 mM concentration in aqueous solution (pH 2.8)
1.5 h, and harvested by centrifugation. The overexpressedcontaining 10% BO, at 298 K. All 2-D and 3-D hetero-
protein was found accumulated in the form of inclusion nuclear spectra were processed with the aid of NMRPipe
bodies. The cells (ca. 2.0 g) were resuspended in 10 mL of (14) and analyzed using the XEASY.%) programs. Resolu-
buffer A (20 mM TrisHCI, pH 7.9/500 mM NaCl/'5 mM  tions in the indirect dimensions were increased by linear
imidazole), sonicated, and centrifuged &Gl The pelleted  prediction and/3 shifted squared sine-bell weight function
cells were washed with buffer A by centrifugation. The pellet muiltiplication followed by zero-filling.
was resuspended in 7 mL of buffer B (20 mM FHKI, pH Resonance Assignmenthe 1®N—H HSQC resonances
7.9/500 mM NaCl/5 mM imidazole/6 M urea) and incubated were assigned to a given type of residue using the C(CO)-
at room temperature fdl h and again centrifuged at°C. NH (16), HN(CO)CA (17), and CBCA(CO)NH {8) experi-

The supernatant was loaded a 1 mLcolumn containing  ments. Because of extensive overlap of the carbon signals,
His-Bind resin, but the column was washed first with 15 sequential assignment was done simultaneously by a com-
mL of buffer B and then with 7.5 mL of 25 mM imidazole  pjnation of the gradient versions of the CBCA(CO)NS8),
buffer B. The Hig-tagged protein was eluted with 4 mL of HNCACB (19), HNCO (20), and (HCA)CO(CA)NH 21)

0.5 M imidazole in buffer B. The yield was ca. 25 mg per experiments. kl resonances were assigned on the basis of
1 L of the cell culture. For NMR investigations, the protein the HA(CO)NH @2) experiment. Most of théH aliphatic

was uniformly labeled isotopicallyg], and the yields of the  side-chain resonances were assigned on the basis of a
*N-labeled and**N, *3C double-labeled protein were, combination of HCCO)NHZ2), SN—NOESY-HSQC @3)
respectively, 18 and 15 mg p& L of cell culture. All protein (tm = 150, 250 ms), anéC—!H HSQC spectra. To avoid
samples were found homogeneous in polyacrylamide gelerrors, each sequential assignment trace was followed using
electrophoresis and electrospray mass spectrometry. The lasta, CB, and CO resonances and verified by tHdl—
method and NMR sequencing indicated a lack of the NOESY-HSQC experiment.

N-terminal methionine. The experimentally determined mass 33, Coupling ConstantsvValues ofJ.e Were evalu-

of the unlabeled proteiiv, = 12 033.3 was close to the  ated from a series aFmodulated HSQC experimental data
calculated average one of 12 032.5. Similar agreement was(24) according to the following relationV = V, exp(t/T5)
found between experimental and calculated masses of labele@os(27Jt), wheret is the evolution time (40, 50, 60, 70, 80,
proteins. 90, 100, 120, 160 ms), is the HN transverse relaxation

The His-tag from the recombinant protein was removed time, andV andV, are signal volumes measured taaind
by thrombin cleavage that, owing to solution properties of estimated (at= 0), respectively. Thé&lynme Vicinal coupling
the protein, had to be performed under acidic pH conditions constants®N relaxation parameters, afidH} —°N hetero-
that are far from optimal for this protease: 20 mM MES nuclear NOEs (see next) have been deposited in the Bio-

Materials. Restriction enzymes antl, DNA ligase were
purchased from Amersham. Plasmids pHTT@fand pAED4
were obtained from Drs. W. Werel and P. S. Kim, respec-
tively; plasmid pET-15b and His-Bind resin were purchased
from Novagen. Ammonium sulfaté®, 98%) ancb-glucose-
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MagResBank database (http://www.bmrb.wisc.edu) under the ec MGSSHHHHHH SSGLVPRGSH MLELPLDSAT 536

same accession number of 4870 at which chemical shift data c

. . TESLRAATHD VLAGLTAREA KVLRMRFGID MNTDYTLEEV 576

were deposited previouslyp) ieLx. = ¥: 1 REE REpih %y, sikRReE
Relaxation MeasurementRelaxation measurements were TAQ  SEELEKA--- -LSKLSEREA MVLKLRKGLI DGREHTLEEV 401
15 . . SEELEEKA--- -LSKLSEREA MVLELREGLI DGREHTLEEV 386

performed at 298 K for'>N uniformly labeled protein
dissolved in water (pH 2.8) at a single 11.4 T magnetic field Ec  GKQFDVTRER IRQTEAKALR KLRH-PSRSE VLRSFLDD 613
* ok kkkkk kkAkAkK Kkkk kky L *k kK

(500 I\/I_Hz.spectrometer).' Th'e pulse sequences, used forer R TR RN £ c iy KLEDFLE- 4389
determination of the longitudinaR{) and transverseRy) TT GAFFGVTRER TRQTENKALR KLKYHESRTR KLRDFLD- 423

relaxation rates, were analogous to those previously reporte
by I_:arrow et.aI.ZS). ForR, measuremepts, _a CafParceHT alignment with sequences of tife aquaticus(TAQ) ¢*4 (6) and
Meiboom-Gill (CPMG) 180 pulse train with a refocusing T, thermophilugTT) 0% domain of the cognate RNA polymerase
delay of 65Qus was used during evolution. Delays between o subunit {). The His-tag and thrombin cleavage sequence are in

protonz pulses, used for the suppression of cross-correlationita'igs- Inhthe ?Iignment,dsynlwbols I* N andt : indicatt? i?ergical

- residues, homologues, and polar replacements, respectively. Regions
_effects betweedH and ™N nuclei Q6.)’ were 5 and 10 ms 4.1 and 4.2 of Egﬂ% 1) ar% undeEIined and doubFI)e undeyrlineg,
in R, andR, measurements, respectively. The recycle delay regpectively. Helical regions in the crystal structuressdf and

was kept as long as 2.5 s. A total of 1024 and 128 complex TT ¢7% domains, named H1, H2, and H3, are marked by a gray
data points in time domains were collected in the hyper- background.
complex mode.’™N decoupling during acquisition was
performed as 3.2 kHz GARP pulse schen®¥)( The Tag (cf. Figure 1). The protein was purified by metal-ion
relaxation rates were measured using eight delays both foraffinity chromatography under denaturing conditions (6 M
R; (0.01, 0.05, 0.13, 0.25, 0.41, 0.61, 0.85, 1.13 s) and for urea), as described in the Materials and Methods. Attempts
R, (0.01, 0.03, 0.05, 0.09, 0.13, 0.17, 0.21, 0.25{ &1} — at its renaturation by stepwise removal of the denaturing
15N heteronuclear NOEs were measured according to theagent through dialysis against 50 mM Tris/HCI and acetate
dynamic-progressive saturation manner with seven delays buffers of pH from 4 to 8 failed because the protein
(0.00, 0.06, 0.18, 0.42, 0.90, 1.80, 3.30 s) using the standardprecipitated. Only dialysis against 1 mM HCI allowed the
pulse sequence (gNnoe) from the ProteinPack (Varian Inc.,protein to be retained in solution in a nonaggregated form
Palo Alto, CA) software. at a concentration up to ca. 5 mM. Under these pH
Data TransformationTo avoid problems with calibration ~ conditions, all basic amino acid residues and most of the
and to diminish experimental uncertainties, all relaxation acidic ones are protonated (calculatee®.79). Lyophilized
experiments were performed as the pseudo-3-D experimentg?rotein could be redissolved in water, but when the pH was
(28). The specific processing script for transforming such increased above 4, it started to aggregate, as indicated by
data under the NMRPipe prograri4] was used. Spectra the broadening and disappearance of signals fromie
were processed by applying a square cosine-bell weightingHSQC NMR spectrum. The aggregation could be reversed

dFIGURE 1: Sequence of the recombinddt coli (EC) 07% and its

function in both time dimensions followed by a zero-filling by the addition of HCl to pH~3. In acidic solution, the

procedure up to 2000 and 1000 complex points. The baselineProtein was found to be chemically stable for a prolonged

correction was applied during processing along the F2
dimension.

Determination of Relaxation ParameteRelaxation analy-
sis was performed for 94 out of the 102 backbone amide

time.

Untaggedo™, (calculated pl= 8) exhibited a stronger
tendency for aggregation relative to its tagged form under
similar pH and concentration conditions. Therefore, the

groups characterized by nonoverlapping cross-peaks in thetagged form, called’, further in the text, was selected for

IH—1N HSQC spectrum, using the method of spectral
density mapping49). This method provides values 3(0),
J(wn), andJ(0.87wy) from Ry, Ry, and the{*H} —15N cross
relaxation rates.

Computational MethodsSequential alignment ef*, and
0’% domains was conducted using version 1.8 of the
CLUSTAL-W program 80) and the Blosum303(1) scoring
matrix. Structural analysis was performed with the help of
the MolMol program 82).

Statistical TreatmentFor more precise analysis of the
distribution of NMR observables (CSI af#.) along the
sequence, a moving average smoothid® procedure was
applied with a five residue window roughly corresponding
to the length of one helical turn.

RESULTS

Properties of the HisTaggedo™, in Solution. The re-
combinant 107 residue protein contained the C-terminal
fragment ofo™, residues from 528 to 613 (comprising the
whole region 4 and a part of region 3.2), and a 21 residue
sequence carrying the thrombin cleavage site antHNg—

CD and NMR investigations.

CD InvestigationsCD spectra o6’% recorded at a number
of pH values are shown in Figure 2. The spectra were
deconvolutedX3), and contributions from different confor-
mational forms thus obtained were plotted as a function of
pH in the inset to Figure 2. It is evident from these plots
that at pH 2.7 the dominant contributions to the spectrum
come from extende@ (ca. 0.38) and random coil (0.31)
conformations, while those due geturn (0.2) andx-helical
(0.11) secondary structures are much smaller. PrevioGsly (
the content of the latter form was overestimated. Upon
increasing the pH up to 4.7, the content of théelical form
grows at the cost of the extendgebnes, whereas contribu-
tions from the other two remain practically invariant. This
observation indicates the occurrence of a simple pH-
dependent two-state conformational equilibrium between
some extende anda-helical forms. The transition between
these two states manifests itself in the spectra by the presence
of an isoeliptic point at 204 nm. Therefore, from these plots,
the corresponding two-state equilibrium constamtyps =
3.94 (£0.13), was estimated. The value dffns Suggests
that this transition is controlled by protonation/deprotonation
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FicURE 2: CD spectra o6"% in aqueous solution at indicated pH values 25 In the inset, the estimated populations of different secondary
structure elements contributing to the observed spectra are plotted as a function of pH (solid lines drawn through the data points correspond
to the two-state transition withKyans = 3.94).
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Ficure 3: TFE-induced changes in the CD spectras@; at pH 2.69 (open symbols) and 4.55 (filled symbols); the content of TFE (%,
v/v) is indicated in the script window. In the inset, the estimated populationshalical and extendef-secondary structure elements are
plotted as a function of TFE content (practically invariant contributions from random coifaach forms omitted).

equilibria involving carboxylic groups of Glu and Asp and context-dependent formation of nativelike secondary struc-
the C-terminal carboxyl present in the protein. tures in polypeptides3(). The spectra recorded at pH 2.69
The CD spectrum of the protonated formadf, was only and 4.55 in solutions containing-@0% (v/v) of TFE form
slightly sensitive to temperature: between 5 and@bonly a family with an isoeliptic point at 203 nm indicative of the
a general decrease in optical activity, accompanied by a smalloccurrence of a conformational transition induced by TFE.
blue shift of the minimum at 200 nm, was observed (not Indeed, systematic changes in the calculated contributions
shown). to the experimental spectra frooxhelical andg-extended
The presented data allow us to conclude that protonatedforms (contributions from the random coil afeturn form
0% in aqueous solution is partially unfolded and retains some proved practically invariant), plotted as a function of TFE
residual a-helical structure since CD is sensitive only to content (cf. inset to Figure 3), clearly demonstrate that they
ordered secondary structures. This conclusion is stronglyare mainly due to the build-up @f-helical structures up to
supported by changes induced in the CD spectra Qf(cf. 45%, almost at the sole cost of the extengeldrms. TFE
Figure 3) on the stepwise addition of TFE. Owing to specific induced also large systematic changes in the chemical shift
solvation of peptide group$4, 35), TFE induces the closure  patterns of*SN—'H HSQC NMR spectra (not shown), the
of individual hydrogen bonds3g) and thus propagates structural interpretation of which was not yet attempted.
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NMR Investigations Detailed insight into the structure of 3
partially folded and unfolded proteins can be obtained with
the help of high-resolution NMR experiments providing
information on the distribution of the, v dihedral angles
and backbone dynamic8)( In particular, the deviations of
the chemical shifts of*Ca, 13CO, and'Ha nuclei from
random coil values, termed secondary chemical shifts, and
the vicinal®Junne coupling constants, both primarily deter-
mined by the backbone, v dihedral angles, are used for
the estimation of local secondary structure propensities in -1
unfolded or partially folded proteins. Analysis of measured
15N longitudinal ;) and transverseRp) magnetization
relaxation rates, as well as the heteronuclgéi} —1°N
steady-state NOEs, provides clues to backbone dynamics.
Some connectivity patterns, inferred from NOESY experi-
ments, can also be useful. We applied all these approache:
to further characterize secondary structures contributing to
the CD spectra of protonated?,.

Chemical ShiftsUsing the experimental chemical shift
values of3Cq, 13CO, andHa from the NMR spectra of
0% in aqueous solution at pH 2.8 and respective reference
values for random-coil chemical shift8§—42) (corrected
for sequence-dependent contributiod8)f, corresponding
secondary chemical shift&dd(i), were calculated. Plots of
the Ad(i) values for'®Ca, 13CO, and*Ha nuclei as a function
of residue number in the”% sequence shown in Figure 4
indicate that in some regions of the 4.1 and 4.2 subregions,
13CO and*Ca resonances form a consistent pattern of
downfield shifts, whereadHa are shifted upfield; all the
three descriptors are thus indicative of a high propensity of
these backbone regions to populate the helical conformation
(8). These regions are helically folded in the crystal state of
the homolgous domains @f. aquaticug6) and T. thermo-
philus (7).

The population of those helically folded regions in the 0.4
protonated’% was evaluated from the measured distribution d
of the residual secondary chemical shift valuexi) (Figure
4) based on the concept of the chemical shift index (CSI) 5
(39). Assuming for thex-helical structure average values of =
secondary chemical shift&d(i) for *Ca, 3CO, and'Ha 02
equal to 2.8, 2.3, and-0.4 ppm, respectivelydd, 42), the
population of theith residue in this conformation can be 0.1
expressed apy(i) = Ad(i)/Ady(i). The data obtained were
smoothed by a moving average meth@&8)(with a five
residue window, using the expression:

o

Ad(Car) |ppm]

A(CO) [ppm]

0.1

[IX

Ad(Her) [ppm]

-,

0.3

T
e
e

Esig ———

G508

HS5133
§ 5184
R523
L5284
D533
A543
L5484
F5633

FREE
() FiIcUrRe 4: Secondary chemical shift@\d(i), corrected for the
o sequence-dependent contributioA8)( for (a) 3Ca, (b) *CO, and

(c) *Ho nuclei as a function of residue number in protonatéd

: : N Aiatriig it at pH 2.8 and 25C. (d) Population ofx-helical regions ino"%
In view of the consistency of thAd(i) distribution pattern estimated as the residue-dependent geometric mean AB(G).

for 13C_0L, 3CO, and*Ha (cf. Figure 4a-c), population  As5(CO), and Ad(Ha) descriptors averaged over five residue
analysis of local structural propensities could be done windows; black bars identify helical regions, and outlined ones
simultaneously for the three structure descriptors in the form correspond to the N-terminal part of% preceding the proper

1
P (i) = ma>(0-—

[j—17<3

of their geometric average: domain 4 sequence; helical regions found in the crystal structure
of TT 07% (7) are indicated by gray vertical strips.
8 (i) = s 5 (i respectively, and a much less populated third region of
Po(l) = cQElmpa() T572—E575, corresponding to the H2 helix in the crystal

A structure. The average partition of helical structure in
The calculated values of th& (i) function, plotted in Figure  protonateds’% estimated in this way was found to be equal
4d, clearly identified ino”% the two most populated helical to 0.11, in perfect agreement with the population of this
regions embracing the L55MM561 and F586-A594 se- structure obtained from the analysis of the CD spectra (see
guences, corresponding to the H1 and H3 crystal state helicesinfra).
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Ficure 5: Vicinal coupling constant&ynn, Of protonateds™, at pH 2.8 and 25C. Coupling constants averaged over the five residue
windows are depicted as solid curves over the bars. Black bars identify helical regions, and outlined ones correspond to the N-terminal part
of 07% preceding the proper domain 4 sequence; gray vertical strips mark helical regions found in the crystal structus&o{7).T

Comparison of the three helical regions in the solution tapje 1. Structural Crosspeaks frdfiN Edited NOESY Spectrum
structure of protonated™, and in the crystal structure of (250 ms Mixing Time) ofo™% at pH 2.8

TT 0'% (cf. gray strips in Figure 4d) indicates that the H1
and H3 helices are located similarly. In the protonaté&d,

NOE between atoms

the ends of helix H1 are considerably frayed, as indicated L 548 HN A 546 HA
by the distribution 0P,(i) values; the longer H3 helix seems G 550 HN L 548 QQD
to be more compact than helix H1 and does not extend up ? ggg :,’:} ||§ ggg gg
to P601 toward the C-end, as observed in the crystal T 552 HN E 555 QG
structures, and propagates back into the turn 581DVT region; R 554 HN T 552 HB
the third H2 helix is less populated and much shorter. A 556 HN L 551 QQD
However, both location and extension of the loop region F 563 HN ! 565 QG2
G 564 HN R 562 HA
between the H1 and the H2 helices in the solution structure g 564 HN M 567 0B
are similar to that seen in the crystal structures. The backbone | 565 HN F 563 QB
conformation of the loop in solution seems to be generally ! 565 HN F 563 HA
similar, as suggested by negative value\é{Ca) in this '\D" g% :“ I' gg’g Séz
region (cf. Figure 4a), compatible with ftype structure. T 572 HN E 575 QG
3JunHe Coupling ConstantsThe measured values of vicinal L 573 HN D 581 HA
3JunHe coupling constants for protonated®, at pH 2.8 are E 574 HN D 581 HA
; ; P G 577 HN E 575 HA
presented in the form of a histogram in Figure 5 (some of 0 579 HN G 577 oA
the couplings could not be determined owing to the signal's p 581 HN G 577 QA

overlap). They exhibit relatively low variability along the
protein sequence in the range of 3%&5 Hz. To make this
distribution pattern more meaningful, measured values of
coupling constants were averaged over the five residuesome gaps in théJynn,. data, the two most populated
window (cf. solid boundaries over the bars in Figure 5), o-helical regions, H1 and H3, proposed on the basis of the
which roughly corresponds to one helical turn. secondary chemical shifts, could be easily recognized in the
Interpretation of the vicinal coupling data can be performed regions of consistently lowédynn, values between 3.5 and
with a reference to the meaidynn, Values predicted for 5 Hz. The elevated values of the coupling const&hiyxa
a-helical andg-strand conformations from the population > 5 Hz, in the 1565-E574 region corresponding to a putative
of torsion angles in a database of 85 high-resolution protein loop between the two helices indicate a larger contribution
structures 44) equal to 5.2 Hz (with residues at the termini  from extended conformations.
of helical structures included in calculations) and 8.5 Hz, NOESY Data Analysis of the ®™N—NOESY—HSQC
respectively. The calculated coupling constants for a majority spectra allowed us to assign per residue more than three
of residues found in the random coil state in the databasesequential cross-peaks. In the HLH region, 20 relatively
are in the range of 7-17.7 Hz. In unfolded protein states in  strong HN; 1 correlations were found. However, in the H3
solution, conformational averaging would result in intermedi- region, the existence of an efficient HMN, magnetization

a|n bold, those that do not agree withiretd A limit with the crystal
structure of TTo™% (7).

ate values of the observédnu, couplings. transfer could be neither confirmed nor falsified. Addition-
The 3Junhe Values determined far’% at pH 2.8 are well ally, a total number of 20 structural cross-peaks was found

below those expected for residues in the random coil stateand unequivocally assigned (cf. Table 1). Unfortunately,

and thus point to a significant population of the heligaly because of very low dispersion ofaHand amide HN

dihedral angles in the ensemble of unfolded states. Despiteresonances and the presence of slow conformational ex-
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FiIGURE 6: (a) Longitudinal Ry) relaxation rates, (b) transversBy) relaxation rates, and (c) heteronuclgaiH}—15N NOEs (in inset,
magnified central fragment) for the amide backbone nitrogens in aquébyist pH 2.8 and 25C, and corresponding calculated spectral
density values of(w) function sampled at (d) O, (e) 50, and (f) 465 MHz. The horizontal dotted lines in panéklshow the mean values
of 0.67, 0.26, and 0.028 ns raid respectively. Filled and open circles correspond-oelical and extendefl-structures, respectively; gray
vertical strips mark helical regions found in the crystal structure ofoT% (7).

change, the,i + 3 connectivity pattern that would support with a possible contribution from chemical exchange pro-
the postulated helical structures could not be discerned. cesses on the micro- to millisecond time scale. Large negative

Inspection of the assigned structural cross-peaks showsvalues of{*H} —'°N NOE and distinctly lowerR; and R,
that they locate mainly at the termini of putative helices, values for N- and C-terminal sequences indicate increased
and in particular, in the I565E574 loop region. This  flexibility of the polypeptide chain in these regiorks). Only
observation will be discussed later in connection with the the His-tag fragment seems to be somewhat more restricted
crystal structure of TTo7%. motionally.

Relaxation Analysid.ongitudinal ;) and transversd=}) The model-free approactd®) is not applicable for the
magnetization relaxation rates for ami$l nuclei and the description of backbone dynamics of unfolded proteins
heteronucleaf*H} —*5N steady-state NOEs were measured because of their nonisotropic tumbling in solutigfy{49).
at a single 11.4 T magnetic field for 94 out of 102 backbone In such a case, quantitative interpretation of'fiNerelaxation
amide!®N nuclei observed in th&H—5N HSQC spectrum  data can be performed by direct analysis of the spectral
of uniformly *N-labeledo™®. TheR; andR; relaxation rates  density functionJ(w) using spectral density mappingQ).
and{*H}—>N NOEs thus obtained exhibit a characteristic Such analysis has been successfully applied in investigations
variation along thes’% sequence (Figure 6&), indicative on the conformational dynamics of a number of unfolded
of greatly differentiated dynamics of the protein backbone proteins 8, 51—53). Following this approach, the spectral
in the acid-unfolded state. The patterns of distribution of the densities)(0), J(wn), andJ(0.87wy), sampled at frequencies
relaxation parameters across the whole region embracing0, wy = 50, and 0.8#4 = 465 MHz, respectively, were
residues T5521.598 are similar to each other and character- calculated from the measuré¢éH} —'>N NOEs andR; and
ized by the presence of three maxima corresponding to R; relaxation rates. They are plotted as a function of residue
relatively slower backbone motions. Location of the three number in panels €f of Figure 6.
maxima coincides closely with the three HH3 helical J(0) is more sensitive td&,; therefore, increased values
regions deduced from th&d and3Juwn, data (cf. Figures 4 of this function reflect the occurrence of slower motions on
and 5). Residues exhibiting weakly positive NOEs (cf. inset the nanosecond time scale with possible contribution from
in Figure 6¢) and elevatelg; values in these subregions of chemical exchange processes on the micro- to millisecond
the T552-1L598 sequence are motionally restricted on a time scale, while low values point to a dominant contribution
subnanosecond time scale; simultaneously, they are characfrom rapid pico- to nanosecond internal motions. Indeed, the
terized by the larged®, values indicative of slower motions  distribution pattern of the calculate0) values (Figure 6d)
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closely matches that d®; (Figure 6a). The whole fragment
embracing the HXHS3 three helical subregions and a part
of the intervening loop between H1 and H2 helices, ap-
proximately F563-Y571, exhibits significantly elevate#{0)
values over the average value D) = 0.67 ns/rad. The
maxima of theJ(0) function at the middle part of the H1
and H3 helical sequences reflect a slow conformational
exchange of the residues in the interface region. However,
most of the F563 Y571 loop sequence is characterized by
the lowestJ(0) values in the whole region in question. Also,
there is an evident minimum in th#0) plot between H2
and H3 helical regions. The flanking sequences are characrgre 7: sausage model of %, based on the crystal structure of
terized by distinctly lowed(0) values, compatible with the 7T 479, (7). The radius of the tube following theoCtrace of the
dominance of fast pico- to nanosecond motions. Al§oy) backbone is proportional to X0), taken as a rough measurement

values are distinctly larger in this region and similarly of the backbone conformational mobility. The three helical regions

P : ; determined from NMR secondary chemical shifts and confirmed
distributed as in the case .QT(O) (cf. F_Igure 6d). The by relaxation data for the acid-unfolded protein are marked in blue;
J(0.87wy) values most sensitive to fast pico- to nanosecond \jnstryctured regions in solution are in green.

internal motions proved to be the smallest, exhibiting an

inverted distribution over this region (Figure 6f), as compared coincident with middle segments of the helical regions,

with the distribution 0fJ(0) andJ(wn) (cf. panels d and e of  provide evidence for slow conformational exchange pro-

Figure 6). In other words, contribution of these motions to cesses involving cooperative formation/dissociation of the

the backbone dynamics is minimal in those sequence regionshelices and hydrophobic contacts between their interfaces.
in which the contribution from slow motions becomes the The relaxation data thus strongly suggest that in the acid-

largest. unfolded state o67%, the two, H1 and H3, helices tend to
The slow backbone dynamics of the whole fragment be similarly oriented and remain in close contact with one
embracing 4.1 and 4.2 subregions of protonaté® in another, as in the crystal structures. Therefore, results of this

solution, and in particular, of the three identified helical analysis were included in a sausage model (shown in Figure
fragments, strongly supports the notion that the helical 7), based on the crystal structure of ™4, where the radius
secondary structures become formed cooperatively andof the tube following the @ trace is proportional to the low-
exhibit a high propensity to fold into a relatively stable frequencyJ(0) correlation time. This model illustrates in
tertiary structure similar to that of the HLHTH DNA binding  Which sequence regions the ensemble-averaged structure of
motif seen in the crystal structures of homologouis acid-unfolded ¢7% largely retains the HLHTH-like fold

domains. characteristic for the neutral form of the protein. The two
helices crossing each other, H1 and H3, marked blue form
DISCUSSION a universal framework for the spatial organization of the

] HLHTH DNA binding motif. The N- and C-terminal regions,
The presented results of CD and NMR experiments and helical in the crystal state, are unstructured in solution.

their analysis demonstrated that the ensemble of acid- The sequences of the”®, domains ofE. coli and T.

unfolded states 06" in aqueous solution retains some of  thermophilusin the helical regions differ one with another
the secondary structural features shown to be present in thebmy by a few homologous amino acid replacements (cf.
crystal structuresg 7). Characteristic for this structure, the Figure 1). In the crystal structures, these amino acids have
HLHTH folding pattern is clearly reflected in sequential fy|ly solvent-exposed side chains. Thus, their replacement
diStribution Of Secondary Chemical ShiftS and ViCinaI Coupling by hom0|ogous amino acids Shou'd not disturb the backbone
constants, both indicative of preferential population of the organization. This observation justified the construction of
a-region of thep, y space. Two of the three helical regions, the sausage model on the basis of thesT% Co. backbone
corresponding to the H1 (L55IM561) and H3 (F586 trace.
A594) helices, are particularly highly populated30—40%). By a similar token, the interactions responsible for
The third one between T572 and V575, corresponding to stabilizing the helical motifs retained in the acid unfolded
the H2 helix, is less populated-(0%), reduced to one initial  structure of ECo™, should be generally similar to those
helical turn and followed by a short turn sequence GKQ. petween the helices forming the HLHTH fold in the crystal
The H3 helix is elongated toward the N-terminus by one stryctures. Inspection of interhelical side chain contacts
turn, into an interhelical putative turn region (DVT), and (defined by interatomic distances in the range of-553)
shortened at its C-terminal end. in these structures indicated that the main characteristic
The whole fragment, embracing the H1, H2, and H3 feature of these contacts are interspersed hydrophobic clusters
helices and the intervening loop/turn sequences, is displayedand salt bridges, particularly numerous at the H1/H3
by significantly higher than the average values of the spectralinterface. The helical structures of the two 4 regions are also
density functions)(0) andJ(wN) and by smaller than the locally stabilized by a number of putative + 3 salt bridges.
average values af0.87wH), indicating a reduced backbone The pattern of interactions involved in stabilization of the
flexibility on the pico- to nanosecond time scale and large crystal structures helps to rationalize the conformational and
contributions from slow motional processes on the micro- solution properties o67% in its acid-unfolded state. In this
to millisecond time scale in the helical regions. The greatly state, deprotonation of carboxylic groups, involved in salt
increased values of thd(0) function, with the maxima  bridging, can be expected to increase the electrostatic
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stabilization of the secondary and tertiary structures’®f 568 location. We are thus tempted to conclude that the lack
The growing contribution from helical structures to the CD of sequence conservation in the L loop region, and hence
spectra ot'% on an increase of the pH of the solution, above its conformational flexibility, is important for functional
the value corresponding toKpans = 3.94, is surely a  interactions of ther, domain with the3-subunit flap-tip helix
manifestation of this process. On the other hand, the in RNA polymerase holoenzym&4, 55) and with different
significant partition of the extendggtstructures at pH< 4, transcription regulation factors mapped in the binding
accompanied by a dramatic decrease in the protein solubility hydrophobic cleft of this domair2f. This notion is supported
at its higher concentration, strongly suggest a possibility of by the most recent model of the specific binding of e
formation of an extensive network of intermolecular/intramo- anti-o factor (AsiA) by this domain, formed by the C-
lecular salt bridges and local hydrophobic clusters facilitating terminal helices of the 4.1 and 4.2 subregions, according to
protein aggregation and precipitation, observed under suchwhich upon binding AsiA must disrupt the interactionaf
conditions. The expected structure of fully foldet, helps with the RNA polymerasg-subunit flap domaing6).
also in understanding the greatly increased content of helical Finally, we would like to relate the results of this work
forms in its unfolded form in the presence of TFE in solution. with those of the most extensive studies thus far on
It is well-known that solvation by TFE of partlally unfolded mu|tiphase acid-induced unfo|ding of apomyogk)bin (Bef
proteins in mixed aqueous solutions helps to stabilize their and references cited). Structural and dynamic NMR studies
residual nativelike, hydrogen-bonded folds by decreasing the have provided strong evidence that (i) in the molten globule
solute-water interactions involving H-bonding, charge in- intermediate at pH 45(7), three highly populated helices are
teraCtionS, and polarizability effects. Hence, the folded motifs retained, forming a Compact r|g|d core of nativelike t0p0|ogy
become more compact owing to an increased number ofand (ji) in the fully protonated state of apomyoglobin at pH
intramolecular H-bonds. Usua”y, maximal stabilization of 2.3, two of these helices, a|th0ugh not exacﬂy similar, still
the conformational ensemble is attained at 30% of TB8L(  have appreciable helical content and exhibit restricted
and a further increase in its content does not influence the hgckbone motions@). Kinetic unfolding experiments at pH
observed partition. One can thus expect that partial replace-2. 7 59) and refolding experiments at neutral pd( have
ment of water by TFE in the solvation sphereo8t, should  syggested a strong similarity between the acid unfolding and
drive the equilibrium between unfolded and HLHTH-folded  the refolding pathways. Moreover, in a recent fully atomistic
forms in favor of the latter. It is thus highly probable that sjmulation of acid-induced unfolding of apomyoglobéi),
the buildup ofa-helical structures up to 45% content at pH  cooperativity in secondary and tertiary structure formation
4.55 in 30% aqueous TFE solution of%, deduced from  \as observed. These findings provide strong support to the
analysis of the respective CD spectrum (Figure 3), reflects presented interpretation of the experimental data for acid-
a large shift in this equilibrium. unfolded 0% in terms of a residual nativelike average

The scanty structural NOESY data (Table 1) deserve astructure of the HLHTH motif, stabilized by concomitant
comment in connection with the conclusion drawn from the formation of the secondary helical structure and tertiary
interpretation of the spectral density functions. Most of the hydrophobic/hydrogen bonded polar contacts between the
unambiguously assigned 20 structural cross-peaks are localhelices, undergoing a transition to a more nativelike form
ized in the regions terminating the adjacent helices. This on the deprotonation of carboxylates and/or replacement in
seems to indicate the occurrence of dynamic and spatialthe solvation layer of the high-dielectric aqueous environment
constraints imposed on the corresponding pairs of residuespy a more low-dielectric TFE environment, strengthening
by interaction of adjacent helices, H1/H2 and H2/H3, leading the network of H-bonds responsible for stabilizing the
to the stabilization of the whole HLHTH fold. This region Secondary structures.
is less rigid than the helices themselves, allowing spatial
organization of the H1LH2 motif. Several cross-peaks lying ACKNOWLEDGMENT
in the F563-D570 putative extended loop region cannot be
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