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ABSTRACT:. The major cold-shock protein (CspA) froEscherichia colis a single-stranded nucleic acid-
binding protein that is produced in response to cold stress. We have previously reported its overall chain
fold as determined by NMR spectroscopy [Newkirk, K., Feng, W., Jiang, W., Tejero, R., Emerson, S. D.,
Inouye, M., and Montelione, G. T. (199®8yoc. Natl. Acad. Sci. U.S.A. 95114-5118]. Here we describe

the complete analysis éH, 13C, and!®N resonance assignments for CspA, together with a refined solution
NMR structure based on 699 conformational constraints and an analysis of backbone dynamics based on
15N relaxation rate measurements. An extensive set of triple-resonance NMR experiments for obtaining
the backbone and side chain resonance assignments were carried out on urii@rralyd>N-enriched

CspA. Using a subset of these triple-resonance experiments, the computer program AUTOASSIGN
provided automatic analysis of sequence-specific backbon& NG'CHV, H*, and side chain &resonance
assignments. The remainiftgl, 13C, and’®N resonance assignments for CspA were then obtained by
manual analysis of additional NMR spectra. Dihedral angle constraints and stereospecific metfylene H
resonance assignments were determined using a new conformational grid search program, HYPER, and
used together with longer-range constraints as input for three-dimensional structure calculations. The
resulting solution NMR structure of CspA is a well-defined five-stranfdzhrrel with surface-exposed
aromatic groups that form a single-stranded nucleic acid-binding site. Backbone dynamics of CspA have
also been characterized BN Ty, T,, and heteronucleaPN—'H NOE measurements and analyzed using

the extended LipariSzabo formalism. These dynamic measurements indicate a molecular rotational
correlation timery, of 4.884 0.04 ns and provide evidence for fast time scale{ 500 ps) dynamics in
surface loops and motions on the microsecond to millisecond time scale within the proposed nucleic
acid-binding epitope.

Many organisms have specific physiological mechanisms an environmental temperature downshift from 37 te-16
for acclimating to thermal stress. These include changes in°C results in a lag period in cell growth, during which “cold-
intracellular protein production and function in response to shock proteins” believed to provide cell-growth adaptation
both “heat shock” (for a review, see ré&fand “cold shock” under cold-stress conditions are induc@d4). The most
(for recent reviews, see refsand3). In Escherichia coli abundant of these, the major cold-shock protein C5jsA,
transiently produced. Expression of CspA peaks at more
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CspA E.coli MSGKMTGIVKWFNADKGRGEITPDDGSKDVEVHESATONDG: : : : YKSLDEGQKVSFTIESGAKGPAAGNVTSL 100%
CspB E.coli ~=N----L-—-————a o S-V--——— e e N::::-RT-F---—- T-S--==——--——- A--IITD 80%
CspC E.coli -:A-TK-Q----- ESzrmoiema— gt - - . Rt GN-::::F-T-A---N-E-E-QD-Q-~~-- V-~--ATI 69%
CspD E.coli ~E:-::-T-----NA~z==== C-EG-GE-I1-A~Y-T--M~--::::-RT-KA--S-Q-DVHQ-P--NH-SVIVPVEVEAAVA 49%
CspE E.coli -—-:-IK-N----- BESm—ais —m E---vmmoem ———— TN-::::F-T-A---R-E-E-TN-~-~-S-A~--TA- 70%
CspF E.coli --R--—---—-- T-DGKS-K-L~--S--RI--QL-¥--LNLRD: :: : AEEITT-LR~E-CRIN-LR--S-A--YLS 44%
CspG E.coli R e e = . o e R & siaals T-L-SNE::::FRT-N-N---E-S--Q-QR~~-~-A--VT- 71%
CspH E.coli ~—R-m——-— T-DGKS-K=-+1-S~-R-E=0~-=1--FTPRD::: :AEV-TP-LR-E-CRVN-LR--T~-A--YLS 47%
Cspl E.coli --N----L----- PE-=—-c—m e Koemmmmmmmie - m e SND::::F-T-T-N-E-E-G--N-P-----VH-VAL 69%
CspB  B.sub. -:::LE-K----- SE-===ao EVE:-QD-=r--sm e GE-::::F-T-E---A---E-VE-NR--Q-A---KEA 59%
Csp7 S.clav. -1t tA--T-—--—-E= ===« -AQ-G-GP-—-=== Y--~-NAT-::::FR-~-E~N-V-N-DVTH-E: ~~Q~-E~-SPA 54%
CbfR Rat IAT-VL-T-==~~- VRN=¥~==NRN-TKE -~~~ OT--KKNNPRKYLR-VGD-ET-E-DVVE-E--AE-A---GPG 43%
CbfM Mouse IAT-VL-T----- VRN=#Y === NRN-TKE~#=w~ OT--KKNNPRKYLR-VGD-ET-E-DVVE-E--AE-A---GPG 43%
CbfH Human IAT-VL-T----- VRN-Y == -NRN~TKE~ == == QT ~~-KKNNPRKYLR~-VGD-ET-E-DVVE-E--AE-A~--GPG 43%
DbpA Human LAT-VL-T----- VRN-Y~--NRN-TKE-—- -~ QT--KKNNPRKYLR-VGD-ET-E-DVVE-E--AE-A---GPD 43%
YblH Human IAT-VL-T-ww-- VRN=¥===-NRN-TKE-~ === QT-~-KKNNPRKYLR-VGD-ET-E-DVVE-E--AE~A~--GPG 43%
YblX Xenopus IAT-VL-T----- VRN-Y-=-NRN-TKE-==-—~— QT --KKNNPRKYLR-VGD-ET-E-DVVE-E--AE-A---GPE 43%
Yb2X Xenopus LATQVQ-T----- VRN«=Y~= -NRN-TKE---- - QT--KKNNPRKFLR-VGD-ET-E-DVVE~E-~AE~-A---GPG 41%
Yb3X Xenopus IAT-VL-T--~---— VRN=¥-«-NRN-TKE-=- =~ QT--KKNNPRKYLR-VGD-ET-E-DVVE-E-~AE-A-~-GPG 43%

FicurRe 1: Sequence alignments for members of the CspA family, together with the “cold-shock domains” from eukaryotic Y-box proteins.
Identical residues are denoted by dashed lings énd proposed gaps in the sequence alignments are indicated with colons (:). The RNP1

and RNP2 sequence motifs are underlined in the CspA sequence, and the corresponding residues are shaded for all the sequences. Nine
highly conserved aromatic residues are indicated with asterisks (*). The locations of six residues with the slowest-exchanging amides are
labeled with open circles. Fivg-strands are denoted by arrows.

than 10% of total cellular protein production during the first proteins (8, 19). These structural features first suggested
hour following the temperature downshift and then dimin- that CspA may function as a single-stranded DNA and/or
ishes to basal levels as the cells acclimate to growth at theRNA binding protein 9, 10, 14). This hypothesis has been
lower temperatures). The gene encoding the 70-amino acid verified by chemical shift perturbation analysis of complexes
CspA protein was the first of the so-called cold-shock protein between CspA and ssDNAS), ssRNA-binding gel-shift
gene family to be identified irE. coli (5); recently, eight assays12, 13), Trp fluorescence quenching studi@g); and
other members of thespAgene family have been foung,( site-directed mutagenesis of the ssDNA-binding function of
6). TheseE. coli proteins (Figure 1) CspB, -C, -D, -E, -F, E. coli CspA 0) andB. subtilisCspB (1).

-G, -H, and -I have sequences-480% identical to that of The precise role of CspA’s single-stranded nucleic acid-
CspA but are not all produced in response to cold stress.binding function in the cell biology of the cold-shock
Interestingly, these cold-shock proteins also are significantly response is still not fully understood (for reviews, see Pefs
homologous with nucleic acid-binding domains of eukaryotic and3). Most efforts to understand its cellular function in
Y-box proteins ¢, 8) that are involved in transcriptional  vivo focus on its now well-characterized in vitro sSRNA-
regulation and RNA packaging. Indeed, this “cold-shock binding activities 8, 12, 13). The wide-spread occurrence
domain” is one of the most highly conserved protein of this nucleic acid recognition module in a variety of genes
sequences in nature, exhibiting greater than 43% sequencérom many species suggests that it is a fundamental structural
identity in homologues ranging from bacteria to humans motif and makes CspA a good target for detailed biophysical

(Figure 1). studies aimed at better characterizing and understanding the
CspA is a Greek-keys3-barrel protein that appears to atomic basis for its molecular recognition properties.
function as a single-stranded nucleic acid-binding protin ( As part of our ongoing efforts to better understand the

13). Key clues to this biochemical function have come from mechanisms of nucleic acid recognition in this system, we
structural analysis. The low-resolution solution NMR struc- have undertaken a detailed NMR study of the structure and

ture @) and a 2.0 A X-ray crystal structurd@ of E. coli dynamics of CspA in the absence of nucleic acid ligands. In
CspA have been described. Similar chain folds have alsothis paper, we present nearly complét¢, *C, and'*N
been described for the cold-shock protein CspB fiawillus resonance assignments far coli CspA together with the

subtilis (14, 15). These CspA and CspB structures belong refined solution NMR structure. Relative to our initial
to the “OB-fold family” (16, 17) that also includes several description of the overall chain fold of CspA)( these
oligonucleotide- and/or oligosaccharide-binding proteins. The refined coordinates provide a better characterization of the
structural analysis also revealed putative RNP1 and RNP23-sheet core, of the backbone structure of the interstrand
sequence motifs that are commonly found in sSRNA-binding polypeptide loops, and of many side chain conformations in
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the solution structure. In additio®®N relaxation measure-

ments reveal that portions of the interstrand loops of CspA mM NaCl at pH 6.0 and room temperature.

Biochemistry, Vol. 37, No. 31, 19980883

association state of the protein in 50 mMRQO, and 200
In these

are mobile on the sub-nanosecond time scale. Relaxationchromatograms, CspA exhibits a single peak with an apparent
measurements also provide evidence for conformational molecular mass of-7 kDa, demonstrating that under the
dynamics on the millisecond to microsecond time scale of solution conditions used for these NMR studies the protein

atoms that contribute to the nucleic acid-binding epitope.

MATERIALS AND METHODS

Protein Purification. Recombinant CspA was expressed
in E. coliand purified using an optimized protocol based on
a previously described purification procedugd)( E. coli
strain BL21(DE3) cells containing the gene for T7 RNA
polymerase under control of the isopropithiogalactopy-
ranoside (IPTG) induciblé&acZ promoter were transformed
with plasmid pET11-CspA, in which the expression of the
cspA gene was controlled by the T7 RNA polymerase
promoter 22). A single colony from these transformed cells
was then isolated and used to inoculate 200 mL of M9
casamino acid media28). The cell culture was grown
overnight at 37C and then diluted it 4 L of M9 casamino
acid media and grown at 37C for abou 2 h to theearly
logarithmic phase (i.e., Qg of 0.4—0.6). Overexpression
of CspA was then induced by 1 mM IPTG, and the cells
were grown at 37C for another +1.5 h. The cells were
then centrifuged at 45@0or 30 min, washed with~5 mL

exists as a monomer. Laser desorption mass spectroscopic
analysis showed molecular ions with masses corresponding
to both the whole 70-amino acid protein and the protein
lacking its N-terminal methionine residue, in ratios-etf.:

4. The corresponding masses were 7400 and 7269, 7485
and 7353, and 7816 and 7679 Da for unenrich®dl}{, and

[*C '°N]CspA, respectively; the corresponding percentages
of isotopic enrichment were-90 and~98% for [*N]- and
[*3C>N]CspA, respectively. Amino acid composition analy-
sis of unenriched CspA samples demonstrated molar ratios
for each amino acid that match values expected from the
primary sequence, except that for Met which was consistently
lower than expected. A molar extinction coefficient, of

8600 M* cm™* was calculated on the basis of quantitative
amino acid analysis.

Trace proteolytic or enzymatic contamination in CspA
samples produced with an earlier version of the purification
protocol @1) resulted in the slow appearance of new
resonances in the NMR spectra collected at°@0 This
chemical instability of some CspA samples was monitored
in two ways. In freshly prepared samples, the single Trp-

of 20 mM sodium phosphate buffer at pH 7.0, and ruptured 11 jnqole proton gives rise to a well-resolved peak in the
by French press at 14 000 psi. The resulting suspension wag,ne_dimensional (1D) spectrum at10.4 ppm, and peaks

then centrifuged at 15@3or 10 min; the pellet was removed,
and the supernatant was centrifuged at 1093002.5 h at

4 °C. The resulting supernatant was collected, and solid

appearing at-10.0 ppm provide a means of monitoring the
time-dependent changes in the sample homogeneity. In
addition, this chemical heterogeneity can be observed by

ammonium sulfate was slowly added while the mixture was g,,eqex 75 gel-filtration chromatography with detection at
stirred until 90% saturation. This suspension was then 544 at room temperature. Degradation of CspA results

centrifuged at 1600pfor 20 min, the pellet dissolved 20
mL of 10 mM Bis-Tris buffer at pH 7.0, and the resulting
solution dialyzed against 2 4 L of the same buffer. This
protein solution was next diluted to a concentratiom&
mg/mL for further purification by FPLC using Pharmacia

Q-Sepharose and Mono-S column chromatography. The
solution was first applied to a Q-Sepharose column (2.5 cm

x 13.8 cm) equilibrated in 10 mM Bis-Tris (pH 7.0) and

then eluted at 1 mL/min using a 400 mL gradient of 0 to
300 mM NaCl. The CspA-containing fractions were pooled,
dialyzed against % 4 L of 50 mM succinic acid at pH 4.0,

and then loaded onto a Mono-S FPLC column equilibrated

with 50 mM succinic acid at pH 4.0 and eluted at 2 mL/min
using a 400 mL gradient of 0 to 500 mM NaCl. The major

protein fractions were pooled and prepared for NMR studies

as described below.
Uniformly *5N- and*®N-,**C-enriched CspA samples were

in species with both shorter and longer gel-filtration elution
times compared with those of native CspA. The improved
purification scheme described above produces CspA samples
that exhibit good chemical stability in these assays.

NMR Sample PreparationPooled column fractions of
purified CspA were prepared for NMR analysis by dialysis
against a buffer containing 50 mM potassium phosphate and
1 mM NaN; at pH 6.0, and then ultrafiltration to protein
concentrations of +4 mM using Centricon-3 devices. After
the protein solution was concentrated, the appropriate
amounts of a stock EDTA solution arft,O were added.
The pH was checked and, if necessary, readjusted to 6.0.
The final NMR sample contained 50 mM potassium phos-
phate, 1 mM Nal and 0.1 mM EDTA in 90%3H,0/10%
°H,0 at pH 6.0+ 0.1. ?H,0 samples were prepared similarly
by first dialyzing the protein against distilled water to remove
salts, lyophilizing the protein twice frofH,O solvent, and

produced using the same procedure with M9 minimal media then dissolving it ir?H,O buffer containing 50 mM potas-
without casamino acids. The only sources of nitrogen and sjum phosphate, 1 mM NaNand 0.1 mM EDTA at pH*

carbon in this case were®NJammonium chloride and
unenriched or [U¥C]glucose. Each liter of M9 media
containg 1 g of 5NH,Cl and 4 g ofunenriched glucose or
2 g of [U-**C]glucose. The final yield of purified isotope-
enriched protein was approximately 8 mg per liter of cell
culture.

Protein Characterization. These purified CspA samples
exhibited a single band>99%) on SDS-polyacrylamide
gel electrophoresis. In addition, Superdex 75 gel filtration

6.0. Volumes of~250uL were then transferred into 5 mm
susceptibility-matched Shigemi NMR tubes (Shigemi Co.,
Ltd) for NMR measurements.

NMR Spectroscopy.All of the NMR data sets were
collected at 30°C (except where noted) on a Varian Unity
500 spectrometer equipped with three channels and a fourth
frequency synthesizer for carbonyl decoupling. Schematic
diagrams of the 3D NMR pulse sequences used in this work
(Figures St-9 in the Supporting Information) are available.

column chromatography was carried out to examine the All multidimensional NMR experiments for obtainingt,
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13C, and!®N assignments were collected using pulsed-field data sets: 2D NOESY3{) and 3D **N-edited NOESY-
gradients, constant-time evolution éfC and *N, and HSQC @8) spectra recorded with a mixing timg, of 60
sensitivity enhancement. In some of the 3D experiments, ms of a CspA sample dissolved in 90%®110%2H,0 and
“C—H"- and “C—C"-type tunings were incorporated to a 2D NOESY spectrum recorded with a mixing timg of
obtain phase information useful for spin-system-type iden- 50 ms of a sample dissolved in 10044,0. The intensity
tification (24—26). The number of complex data points, loss due to differential relaxation during the HSQC period
spectral widths, number of scans per increment in the indirect of the NOESY-HSQC experiment was corrected by intro-
dimensions, additional phase labeling delays or mixing times, ducing correction factors (CF) for ea&tN—'HN cross-peak;
and corresponding literature references are described for allCF is defined as the individual peak intensity divided by
of the data sets used in this study in Table S1 in the the maximum intensity of a well-resolved peak in an HSQC
Supporting Information. Carrier positions in all of the spectrum I/lnay. In cases of overlapping NOESY cross-
experiments were set to 116.9 ppm 18K, 174.3 ppm for peaks, CF values of 1.0 were assigned as the most conserva-
13CO, 54.7 ppm fo3C*, 39.0 ppm fort3C%/*3C#, and 8.62 tive correction. Each NOESY cross-peak intensity in the
ppm for *HN, Backbone!™N and narrow-band3C' decou- 3D NOESY-HSQC spectrum was then corrected by dividing
pling was achieved using GARP-27) and SINC wave- its intensity by the CF value of the correspondifiy—tHN
forms, respectively. In all of the experiments, quadrature HSQC correlation peak. The resulting cross-peak intensities
detection in the indirectly detected dimensions was carried were then converted into interproton distance constraints
out by combining N- and P-type spectra selected with pulsed- using appropriate distance calibrations. NOE intensities in
field gradients 28, 29). H.,O spectra were calibrated using the sequentighHN,;

All of the spectra were processed with VNMR (Varian NOEs and intraresidued+HN, NOEs inj3-sheets of CspA,
Associates) processing software. The FIDs were zero-filled which for ideal 5-sheet conformations correspond to dis-
to 512, 256, and 1024 complex points in thet,, andts tances of 2.2 and 2.9 A, respectively. These calibrations
dimensions, respectively, and multiplied with appropriately made in HO NOESY spectra were then transferredtigO
shifted Gaussian window functions. The resulting Fourier- NOESY spectra by comparing intensities of 16 well-resolved
transformed frequency domain data sets were imported intoNOEs between aliphatic protons. Distance constraints
the NMRCompass program (Molecular Simulations, Inc.) for between M, H%, and H atoms were derived from this
peak picking. The threshold for automatic peak picking with calibration method, while all other NOESY-derived distance
NMRCompass was set so that the total number of the pickedconstraints were assigned upper-bound values of 5.0 A.
peaks in each spectrum was about 10% greater than the Vicinal Coupling Constant MeasurementRelative values
expected numbers. Each 3D plane was then examinedof methyleneJ(H*—H?) coupling constants were determined
manually on a graphics display and edited to remove obviousfrom the relative intensities of H-H? cross-peaks in a
spectral artifacts (e.g., sinc wiggles). No additional ma- TOCSY spectrum recorded with a mixing time of 36 ms.
nipulations of the peak lists were done prior to automated Vicinal 3J(HN—H®) coupling constants were estimated using
analysis. Proton chemical shifts were referenced to internal a series of 2B°N—'HN HSQC-J experiments0, 40). The
2,2-dimethyl-2-silapentane-5-sulfonic acid*C and N values of defocusing delayswere set to 23, 25, 28, 31, 36,
chemical shifts were referenced indirectly using appropriate 42, 50, 62.5, and 83 ms, corresponding to nulls in the transfer
ratios of °C:*H and**N:'H gyromagnetic ratios30). function for 3J(HN—H%) coupling constants of 11, 10, 9, 8,

Automated Analysis of Resonance Assignments Using7, 6, 5, 4, and 3 Hz, respectively.

AUTOASSIGN AUTOASSIGN is an expert system provid- Stereospecific &H, Methylene Proton Assignments Using
ing automated analysis of backbone and @sonance  HYPER Stereospecific assignments of methylerfs tere
assignments from triple-resonance spectr&oef and*°N- made by analysis of local NOE and vicinal coupling constant
enriched proteins3Y, 32). The input for AUTOASSIGN data using the program HYPERL). HYPER is a confor-
includes peak lists from 2BPN—HN HSQC and 3D HNCO  mational grid search program used for determining ste-
spectra along with peak lists from three intraresidue (CANH, reospecific @H, methylene proton assignments and for
CBCANH, and HCANH) and three interresidue [CA(CO)- defining the ranges of dihedral angl¢sy, andy?! that are
NH, CBCA(CO)NH, and HCA(CO)NH] experiments which  consistent with the local experimental NMR data for each
correlate the € CP, and H resonances of residuesndi amino acid in the polypeptide. The program compares
— 1, respectively, with the backbone amidéN—1HN experimental NMR data with analytical functions describing
resonances of residue Details of the AUTOASSIGN  the ¢, v, andy® dihedral angle dependence of interproton
software used here have been described elsewB2yeThe distances and Karplus relationships of homo- and hetero-
program outputs a list of sequence-specific backiBehéC, nuclear coupling constants. HYPER determines the allowed
15N, and side chaif®C’ resonance assignments. conformational spaces from the intersection of dihedral angle

Manual Analysis of Side Chain Resonance Assignments.ranges evaluated from each of the available intraresidue and
Side chain resonance assignments were obtained using PFGequential constraints. Randamzy, andy! values gener-
HCCNH-TOCSY and PFG HCC(CO)NHTOCSY 24, ated within this “allowed conformational space” are then used
33—35) and homonuclear TOCSY experiments recorded with as the starting conformations for subsequent structure
multiple mixing times of 22, 36, 45, 54, 71, and 90 8§)( generation calculations. HYPER also provides stereospecific
Side chain proton and carbon resonance assignments werassignments of some methylené kesonances. First, it
easily identified from these spectra once the backbone assigns the upfield fas H? and downfield M as H?3. Under
resonance assignments were obtained with AUTOASSIGN. this assumption, HYPER evaluates the consistency of all the

Calibration of NOE Intensities. Interatomic distance local constraints available for a given amino acid residue.
constraints were derived from the following three NOESY Next, it inverts the assumption, assigning upfieldas H?
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and downfield M as H2. Stereospecific assignments are (1) =1, — (I, — 1) exp(~Ryt) 1)
made if only one of these two assumptions results in
conformational space(s) that satisfies all of the constraints. and theT, measurements were fit to two parameteésatd

Amide HydrogenrDeuterium Exchange Rate Measure- Ro = 1/Ty)

ments. Samples oft®N-enriched CspA were prepared for — =
amideH—2H exchange rate measurements by first dialyzing © = lo expCRyY) )
against HO and then lyophilizing. Seven 2BPN—'HY Uncertainties in thék; andR, curve fits were derived from

HSQC spectra were then collected immediately after dis- \onte Carlo simulations using baseline noise values as an
solving the sample. The resulting protein sample contained gstimate of uncertainties in peak intensitié®)( In each of
50 mM potiSS|um zphosphate, 1 mM Nghand 0.1 MM theT, andT, spectra, the rms noise of intensity measurements
EDTA at pH* 6.0 in*H,0. Each spectrum was acquired in a5 estimated from random baseline regions ofisitraces.

22 min. The peak intensitiei¢t) for each observed amide — Heteronuclear NOEs (HNOEs) were calculated from the
were fit using the Kaleidagraph program (Abelbeck Software) ratios of cross-peak intensities in two spectra collected with
to a single-exponential decaly;= a + b exp(—kf), wherek (Isa) and without (eq) broad-band amide proton saturation
is the pseudo-first-order exchange rate constant. for a period 6 5 s using GARP-1%7)

DIANA Calculations. Structure generation calculations
were carried out with the DIANA progrand®, 43), version HNOE = Is_at 3)

2.8 (TRIPOS, Inc.), using R8000 processors of a Silicon I

Graphics Onyx workstation. The program generates protein

conformations by minimizing a variable target function. A total recycle delay of 15 s was used in the HNOE

Contributions to this target function include upper- and measurements to ensure complete relaxation of water mag-

lower-bound NOE-derived distance constraints, dihedral netization at the beginning of each sca&%)( The uncer-

angle constraints, and hydrogen bond constraints identifiedtainty of the HNOE valuegi, measured for each residue

from amide 'H—2H exchange measurements. For these was computed by propagation of the baseline white noise in

DIANA calculations, the NOE-derived distances calibrated HNOE spectra recorded witli,{sa) or without (b, eq) proton

as described above were rounded up to the nearest 0.5 Asaturation 48).

and when stereospecific assignments were not available,

pseudoatom correctiongl4) were applied. The resulting o = \/(Iljl_saj2+ ('b,i,eq)2
I

eq

(4)

distances were then used as upper-bound distance constraints [ 0
for DIANA calculations. Starting conformations were

generated randomly within thg v, andy! ranges defined Analysis of Internal Motions.The relaxation properties
by the HYPER program. The minimization protocol con- of an amide®N nuclear spin in a diamagnetic protein are
sisted of three parts. First, relative weighting factors for generally dominated by dipolar interactions with the directly
upper-bound, explicit lower-bound, steric lower-bound, and bonded amide proton spin and contributions due to chemical
dihedral angle constraints were set to 1.0, 1.0, 0.2, and 10.0shift anisotropy. With this assumption, relaxation parameters
units, respectively. Sixteen minimization steps with increas- Ri, R, and HNOE can be expressed as linear combinations
ing residue ranges ¢ j) from 0 to 10 were applied using  Of the spectral density functiorkw)

500 iteratior)s for ea(_:h_ step. Second, the same protocol was )

repeated using 36 minimization steps-@00 iterations each R == [3(w,, — w,) + 3)(wy) + 6wy, + wy)] +

with residue ranges ¢ j) from 0 to 70. Finally, the relative 4

weighting factor for the steric constraints was increased from (wy) (5)

0.2 to 1.0 units, and 10 sets 500 iterations of minimiza-

tion were executed using all constraints. This last cycle of d?

the protocol was repeated four times to effectively minimize R,= 5[43(0) + oy — wy) + 3 wy) + 6)(wy) +

the residual constraint violations.

i,sat i,eq

2
Backbone'®N Relaxation Measurementddeasurements 6J(wy + wy)] + Cg["fJ(O) + 3J(wy)] + Rex (6)
of backboné®N T; andT, relaxation times and steady-state
heteronucleat>N—'HN NOEs (HNOEs) were carried out & \[74
using 2D proton-detected heteronuclear NMR spectroscopy HNOE=1 + I [6J(wy + wy) — Hwy — op)]
on uniformly!®N-enriched CspA at a spectrometer frequency Y \VN 7)

of 500 MHz, as described previouslys, 46) except that

pulsed-field gradients were used in all of the experiments in which

for heteronuclear coherence selection and solvent suppres- h

sion. Recycle delays of 1.4 s were employed in bathnd q="0 VNyHBLD
T, experiments. Twelv&; experiments were recorded with 87? Ly,
delaysT of 20, 50, 100 (two times), 200, 300 (two times),

400, 500 (two times), 700, and 900 ms, while t&n Wy

experiments used delayof 15, 29, 44, 73, 102 (two times), c= 75(% —0p)

146, 219, 292, and 365 ms. The cross-peak intenditigs

in the T; measurements were fit to three parametérslg, where uo is the permeability of free spacé, is Plank’s

andR, = 1/Ty) constant,yy andyy are the gyromagnetic ratios &fl and
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Table 1: Expressions of Spectral Density Functions for the Five 'H (ppm)
Models 105 G199 )
1 G26/T6
optimized ] o 5 cug? Qeca
model spectral density functions parameters 110 4 540 Nao+ Wil Q49*
1 Jw) = Y[ ST (1 + w?Tr?)] g ] Ga8, o Nl.";*t—z“ st*e e
2 Jo) =S/l + 0%nd) + (1 — Dol 2 7o s ] ss2 ve o P 4
(1+ w?1e?)] ] R Dl‘%‘gﬁs Godue N
3 J(w) =[Sl (1 + w?ti?)] ] vio seod 18/1(4? %29 9'1‘139 Lase | °N (ppm)
Ro(obs)= Re + Rex &, Rex 120 0 oTes IS YDH 90

1210 0Fi2 g “8D40 Oy,

4 J(w) = A[Srrl(1 + 0?1 + (1 — D)o/

OM5g Fag
o0 A6 G700

1+ 0] 125 4 DA aea, A5 @ Ova
Raobs)= Re + Rex &, Te, Rex ] T229 ‘: ,,KSO Ki3q
5 Jw) = A/l + 0?red) + SH(1— S/ S S Te ] el 0
1+ w?s?)] 130 - 6 W11 indole au 0 ouo

are = ‘L’mTe/(Tm + Te)- b Ts = TmTJ(Tm + TS); g = 32852'

135
4 QK10

15N, respectively, the NH bond IengthrNH is 1.02 A,wH .10.5 100 95 90 85 80 75 70 65 60

qnd wy are the Larm_or freq_uenc_ies &f and N, respec- FiGURE 2: 2D N—1HN HSQC spectrum of CspA at pH 6.0 and
tively, and the chemical shift anisotropy, — on = —160 30°C. Backbone amid®N—HN correlation peaks are labeled using
ppm @9). Using an extended LipariSzabo formalismF0— the one-letter amino acid code followed by the sequence position

; ; number. Side chain amid®N—!HN correlation peak pairs are
59), the spectral density functiod(w) can be modeled connected with solid lines and indicated with an asterisk (*). The

assgming motions on different time s_cales. The generalizedgjge chain indolé5Ne—!HN correlation of Trp-11 is also labeled.
motional parameters af® (the generalized order parameter),
7m (the overall rotational correlation timeg, (the effective indicated in Materials and Methods, the majority of CspA
correlation time), andRex (the chemical exchange term). protein is expressed without the N-terminal methionine, and
Using the program MODELFREE, 53), data were fit to therefore, CspA contains 69 amino acids, including two
the five models summarized in Table 1 with the following prolines. Under these conditions of pH and temperature,
adjustable parameters®? (model 1);$ and . (model 2); there are 58 well-resolved backbdfie—*HN peaks and four
< andRex (Model 3); 2, 7., andRex (Model 4); ands?, S, partially overlapping®N—HN peaks subsequently assigned
andz, (model 5). MODELFREE calculates LiparSzabo to residues Lys-4/lle-8, Thr-6/Gly-26, Asp-15/Asp-25, and
motional parameters and their uncertainties ffShh relax- Glu-47/lle-55 in the 2D'™N—HN correlation spectrum.
ation parameter®;, R,, and HNOE and the corresponding **N—'HN cross-peaks were observed for residues Lys-4
experimental uncertainties. The global rotational correlation Leu-70 (excluding prolines) in all of the spectra, while the
time, 7, was initially estimated from the average ratio of backbonéSN—HN cross-peaks for residues Ser-2 and Gly-3
R./Ry. Using this fixedr, value, the MODELFREE program  were not always observed. In the course of this work, an
minimizes the target function of sum-squared error (SSE) optimized strategy was developed that uses a specific set of
for all five models. The SSE value (eq 8) is defined as a triple-resonance NMR experiments as input to the automated
function of the back-calculated relaxation paramet&¥s, ( resonance assignment program AUTOASSI&@R){ this
R*, and HNOE?), the experimental relaxation parameters program was developed in part with data sets for CspA
(R, R, and HNOE), and the uncertainties in the experimental described here. It was observed that the following data sets
measurementss(, o,, and ounog): were sufficient to provide reliable and robust assignments
with AUTOASSIGN: >N—HN HSQC, HNCO, HNCA,
(R, — Rl*)2 (R, — Rz*)2 CA(CO)NH, HA(CA)NH, HA(CA)(CO)NH, CBCANH, and
= 2 3 CBCA(CO)NH. The results provided by AUTOASSIGN
03 03 analysis of the peak-picked 2D and 3D NMR spectra are
(HNOE — HNOE*)2 summarized in Table 2. The reliability of these assignments
) (8) was ascertained through manual analysis of the same data
OHNOE in tandem with the development of the automated analysis
. i program. As neither the N-terminal residues (Met-1 or Ser-
The optimal parameter values for each residue are the onesy nor the two proline spin systems exhibit intraresidue amide
that prowde .the smallest SSI_E va}lug, a}nd the S|mplesF modellsN_lHN cross-peaks, only 66 backboR®—1HN peaks,
consistent with goodness of fit criteria is chosen. Additional \ynich define “roots” of the generic amino acid spin systems
criteria in model selection require th&¢ > 0.90,7e > 30 (Gss) of CspA in AUTOASSIGN, are expected in the HSQC
ps, andRex > 0.5 Hz; otherwise, simpler models are chosen. spectrum. GS roots are defined as the backB&Ne-1HN
Values of the global rotational correlation timg, were resonances of each spin system that is compiled by AU-

SSE

optimized iteratively, as described elsewhe#6)( Uncer-  ToASSIGN from the triple-resonance spectra. Two spin
tainties in the derived motional parameters were estimatedsystemS are considered “degenerate” when their GS roots
by Monte Carlo methodsA7, 54). are simultaneously within 0.025 ppm in théN dimension

RESULTS and 0.35 ppm in the!®™N dimension. The number of
“assigned GSs” (Table 2) refers to the number of spin
Automated Analysis of Backboht, 13C, and!®N and Side ~ systems that could be assigned to sequence-specific residues.
Chain'3Cf Resonance AssignmentSigure 2 shows the 2D The number of “assigned residues” is generally greater than
15N —HN HSQC spectrum of CspA at pH 6.0 and 3D. As the numbers of assigned GSs as the chemical shifts*pf C
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Table 2: Summary of AUTOASSIGN Analysis for CspA CC(CO)NH-TOCSY, H(CC)(CO)NH-TOCSY, CCNH-

Triple-Resonance NMR Data TOCSY, and H(CC)(CO)NH‘TOCSY spectra to prOVide
residues 69 side chainH, 3C, and ®N resonance assignments. In
GSs expected 66 addition, 2D H—'H TOCSY experiments on samples
GSs observed 67 dissolved in bothH,O and?H,0 were analyzed. These 2D
degenerate GS roots 8 experiments were required to complete resonance assign-
2§$§?§§SGSS 625 ments of aromatic protons and were complementary to the
assigned residues 68 3D data sets because they had much higher resolution in
percent assigned residues 99% aliphatic proton dimensions. The resulting listf, 15N,
execution time (s) 16 and!3C resonance assignments is presented in Table S2 of
number of assignments the Supporting Information. The intraresidue and sequential
(expected) AUTOASSIGN analysis manual analysis 'H and*3C connectivities that were observed in the triple-
backbone resonance experiments and used to establish these assign-
HN (67) 65 66 ments are summarized in Figure 3. Individual assignments
He (79p 77 79 of side chain amide protons for three Asns and two Gins
12&(?@) g? gg were made using the relative amplitudes GHH? and H—
5 (66) 64 66 H¢ NOE peak intensities, respecpvelﬁﬂ). For th§_33
1305 (59) 49 59 nondegenerate methylenéd110 pairs of stereospecific’H
side chain assignments were obtained using the HYPER program.
N (6) 6 6 Characterization of Secondary Structure in Csp8ec-
HN (11F 11 11

ondary structural elements of CspA were identified using a
& Expected number refers to the total count of possible resonancescombination of data, including medium- and long-range
from Ser-2 to Leu-70 in CspA Number of expected assignments  ;iarctrand NOES,J(HN—H®) coupling constants, amidel—
includes glyc_mes of degeneratéd-ind nondegeneraté$i ¢ Side chain 2H h dch iAECe andASCE val
IHN and N includes those from three Asns, two GlIns, and one Trp. exchange rates, and character an values
[where AOC*# = §C*fops — 0C*P; (56)]. These data are
) o summarized in Figure 3. From this information, five
C’, and H nuclei of residue — 1 can be detected on the g qrands corresponding to polypeptide segments of residues
""N—H" resonances of the GS assigned to residuén 513 18 22 30-33, 50-56, and 63-70 were identified.
addition to the 65 assigned GSs, two additional GSs were e sirand hydrogen bonds were determined on the basis of
observed that appear to be due to chemical or conformationakpe interstrand backboréackbone NOEs and the locations
heterogeneity present in some samples'- and *N- of slowly exchanging amides. CspA contains five antipar-
enriched CspA. In general, manual interpretation of these 41| p-strands (Figure 4).5-Strands +4 form a Greek-
3D spectra can require weeks of analysis. The execution key topology. Two bulges were defined by the patterns of
time of AUTOASSIGN in determining sequence-specific slowly exchanging amide protons and of unambiguotis-H
packbone resonance assignments from these CspA data seisn gnd H—He NOE's in theB-sheets; they are at positions
is ~16 s on a Sun Sparc 20 workstation. Lys-10 onf-strandB1 and Asn-66 orB-strandf5.
One significant problem encountered in the analysis of ~Amide!H—2H Exchange RatesAmide 'H—2H exchange
resonance assignments for CspA was the slow appearanceates for CspA at pH* 6.0 and 3@ are unusually fast for
of new cross-peaks in the spectra due to apparent chemicah folded protein; nearly all of the amide proton sites are fully
decomposition in CspA samples purified according to the exchanged within about 2 h. Twenty-five backbone amide
previously published protoco(). To avoid misinterpreta- sites which were observed aftes min of H—2H exchange
tion of assignments due to decomposition products, the peakare considered in this study to be “slowly exchanging”.
lists from 3D triple-resonance spectra were filtered by the Among these slowly exchanging backbone amide protons,
AUTOASSIGN program to exclude cross-peaks Wil — the six slowest (Val-9, lle-21, Thr-22, Val-30, Val-32, and
'HY values different from those observed in*&N—HY Val-51) exhibit exchange rate constanks,ranging from
HSQC spectrum recorded on a freshly prepared sample. (.024 to 0.055 mint.
The assignments determined by parallel manual analysis Experimental Conformational Constraintsn total, 699
of these same triple-resonance spectra were found to beNMR constraints were included in the structure refinement.
consistent with those obtained by the AUTOASSIGN An additional 279 upper distance limits were found to be
program (Table 2). However, the program had some nonrestrictive on the conformations generated by DIANA
difficulties in completing resonance assignments for residues and were not used in the calculations. Table 3 summarizes
Ser-2 and Gly-3. These difficulties are related to the fact the three kinds of experimental constraints used in the
that the CspA samples are heterogeneous with respect to thénput: (i) NOE-derived upper-bourtH—H distance con-
N-terminal residue Met-1, which is absent+80% of the straints, (i) hydrogen-bond constraints, and (iii) constraints
molecules (see Materials and Methods). This heterogeneityon dihedral angle®, v, and x!. The distribution of the
resulted in multiple spin systems for residues Ser-2 and Gly- NOE-derived constraints along the protein primary sequence
3. Moreover, the intensities of Hresonances in this is shown in Figure 5A; the average number of distance
N-terminal polypeptide segment were very weak due to constraints per residue is 10.4. Amide-N hydrogen bond
solvent-saturation transfer effects. donors were identified as slowly exchanging amide protons,
Manual Analysis of Side Chain Resonance Assignments.and acceptors were identified from the constraints imposed
These backbontH, 13C, and®N and & resonance assign- by interstrandNOEs. Dihedral angle constraints were
ments were next extended by manual analysis of 3D PFG obtained from the program HYPER as outlined in Materials
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Ficure 3: (Top) Summary of information derived from triple-resonance data sets and used for establishing intraresidue and sequential
correlations of spin systems. Data derived from CA-type (intraresidue correlations) experiments are indicated with red bars beneath the
amino acid sequence, while data from CO-type (sequential correlations) experiments are indicated with blue bars. (Bottom) Summary of
NMR data used to identify secondary structural elements in CspA. Slowly exchanging backbone amide3 hin at pH 6.0 and 36C)

are indicated by filled circled{, < 30 min) or starst,, > 30 min). Values ofJ(HN—H%) coupling constants are indicated by vertical bars;

filled bars indicate that the data provided a useful estimat®q Hz) of the corresponding coupling constant, while open bars indicate that

the experimental data provide only an upper bound on its value. Values of conformation-dependent secondAyCshiftel AOCF are

plotted with solid bars. The locations of fiygstrands in the sequence of CspA are indicated with arrows.
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FiGure 4: Schematic diagram of the flvlé-strands of CspA. Unambiguous interstrand backbone NOEs are indicated with arrows, and
locations of interstrand hydrogen bonds involving slowly exchanging amide protons are denoted by squiggly lines.

I

O

wwI

and Methods. Structure generation calculations were thenlowest target function values were chosen to represent the
carried out using the program DIANA as described in solution structure of CspA. Each resulting structure satisfies
Materials and Methods. Finally, 16 conformations with the all of the distance constraints to within0.5 A and all of
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Table 3: Summary of Input Constraints for Structure Calculations
of CspA

total number of NMR constraints
total number of upper-bound NOE constraints
intraresidue constraints € j)
interresidue constraints  j = 1)
backbone-backbone constraints
backbone-side chain constraints
side chair-side chain constraints
interresidue constraints @i —j < 5)
backbone-backbone constraints
backbone-side chain constraints
side chair-side chain constraints
interresidue constraints € j > 5)
hydrogen bond constrairits
total number of dihedral angle constraits
¢
Y
Xl
pairs of stereospecifically assigned-G resonances

699
531

90
160

50

4

106
48

8

7

33

2 Pairs of upper- and lower-bound hydrogen bond constrdifairs
of upper- and lower-bound dihedral angle constraints.

the dihedral angle constraints to withirb®.

Analysis of the Solution Structure of CspR@verall, the
solution structure of CspA is reasonably well-defined from
these NMR data, except for the polypeptide segment from
Ser-2 to Lys-4, and portions of surface loops corresponding
to polypeptide segments from Asn-39 to Gly-48 and from
Gly-58 to Gly-61. Superpositions of the backbone atoms
for 16 conformers of CspA generated in these DIANA
calculations are shown in Figure 6A. Backbone and heavy

Biochemistry, Vol. 37, No. 31, 19980889

Number of NOE's

HNOE

—

atom rmsds for these superposed structures are listed in Table
4, and the corresponding dihedral angle order parameters
(57), S(¢) and Jv), are summarized in panels A and B of

Figure 7. The stereochemical quality of these structures was

o

also examined using the program Procheck-NMB) (
Figure S10 in the Supporting Information shows a Ram-
achandran plot for the structures, excluding residues with
an angular order paramet&fp) or ) smaller than 0.8.
Except for residues in poorly defined regions of the protein
structure with low dihedral angle order parametersgatt
1y values occur in low-energy regions in the Ramachandran
plot. A stereoview of a representative CspA conformer is
presented in Figure 6D.

Backbone Dynamics of CspAuantitative analysis of the
Ry, Rz, and HNOE data was possible for 58 well-resolved

backbone amide groups and one Trp side chain group. The
decay of the intensities was monoexponential for each residue

in theR; andR; curve-fitting procedure. The average values
of R, R;, and HNOE over these 59 sites are 2.39, s
7.40 s, and 0.59 unit, respectively. Plots of HNORE,,
and T, values obtained for each-N\H site are shown in
panels B-D of Figure 5. The values d&;, R, and HNOE,
along with their measurement uncertainties, are also listed
in Table S3 of the Supporting Information. Backbofis
atoms of residues Gly-3, Asp-46, and Gly-61 h&yealues

of less than 2.078, while the!*N of residue Ser-35 has the
longestR; value, 2.9 s'. LargeR; values ¢10 s') were
observed for backbone-N\H sites of Lys-16-Asn-13, Phe-
31, His-33, Thr-54, and Lys-60°N atoms in polypeptide
residues (or polypetide segments) Gly-3, Asn-B9s-43,
Asp-46, and Gly-58Gly-61 have HNOE values of less than
0.5 unit; the HNOE for the N'H site of residue Gly-3 is
negative.

2

o

15

25 35 45
Residue Number

FicUrRe 5: Plots of the distributions in the sequence of {&)-H

NOE constraints, (B) HNOE values, (C) backbdfid R; values,

and (D) backboné®N R, values, for residues Gly-3_eu-70.
Intraresidue and interresidue constraints are indicated in panel A
with solid bars and hatched bars, respectively. Arrows indicate the
locations off-strands in the sequence. Uncertainties in estimates
of HNOE, R, andR, measurements are also plotted.

55 65

The principal components of the inertia tensor derived
from unsolvated atomic coordinates of the NMR structure
of CspA are 0.90:1.00:1.00. The corresponding ratios of
rotational correlation times about each of these principal axes,
computed assuming oblate ellipsoidal hydrodynam&@, (
are 0.96:1.00:1.00. Accordingly, the isotropic rotational
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FIGURE 6: Stereoviews of the solution NMR structure®fcoli CspA. The N termini are labelel in each stereoview. (A) Atomic coordinates

of backbone (N, € and C) atoms of 16 solution NMR structures, optimally superimposed with respect to the average coordinates of the
pB-core backbone structure (i.e., residues9519-22, 50-56, and 63-69). Also shown (in pink) is a superposition of backbone atoms of

the crystal structurelQ) of CspA on these same reference coordinates. (B) Summary of backbeidéobind vector order parametefZ,

on a ribbon diagram96) of a representative solution NMR structure of CspA; the backbone ribbon is shown in blue for sitesSivhere

0.75, pink where 0.6 & < 0.75, red where& < 0.60, and gray for sites for which motional parameters could not be obtained. (C)
Summary of backbonB., terms and order parametegson the same NMR structure of CspA; the backbone ribbon is shown in blue for
sites where (< Rex < 3.0 Hz, pink where 3.0 HE R < 10 Hz, red wherdRe, = 10 Hz, and gray for sites for which motional parameters

could not be obtained. (D) Location of the previously characterized single-stranded nucleic acid-binding epitope on the current structure of
CspA (for details of these chemical shift perturbation measurements, s@e &fle chain atoms are shown in orange except for the nine
aromatic groups which are shown in yellow; the nucleic acid-binding epitope includes seven surface aromatic side chains and accounts for
much of the internal dynamics of the molecule. The backbone ribbon is shown in blue for backbbhsitids exhibiting no chemical shift

change upon complex formation, red for sites with significiant chemical shift changes upon complex formation, and gray for sites where
the chemical shift perturbation could not be reliably characterized.

tumbling model used in this dynamical analysis of CspA is relaxation data depend significantly on the initial value of
reasonably valid, although the relaxation properties at somethe overall correlation timeg,, used in the analysis.
sites may be affected to a small degree by anisotropic MODELFREE analysis started with an initial estimate of
tumbling effects. m based on the average rafiB,/R,[] excluding sites with

In our experience, the model selection and optimized ratios differing by more than two standard deviations from
motional parameters derived from Lipai$zabo analysis of  the mean value. This initial valudR,/R,(Jwas iteratively
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Table 4: Atomic rmsds for the Final 16 CspA Structdres
residue range

all residues (569)
ordered regiorfs
core region$

backbone atoms
1.45 (1.16-1.77p A

heavy atoms

2.01(1.63-2.26) A
0.84(0.68-1.27) A 1.38(1.121.47) A
0.62 (0.4+0.78) A 1.07(0.881.47) A

armsds are relative to the mathematical average structdiee
ranges of rmsd values computed are shown in parenthedés|-

Biochemistry, Vol. 37, No. 31, 19980891

For several backbone-N\H sites, the'>N relaxation data
could be fit only by including an additional contribution to
the R, relaxation rateRex. Thirteen®N sites (Figure 6C)
were fit with Ry, terms of>2 Hz: Gly-3, Lys-10, Trp-11,
Phe-12, Asn-13, Phe-18, Gly-19, Phe-31, His-33, Lys-43,
Asp-46, Thr-54, and Lys-60. THhg. values of these NH
sites suggest the presence of multiple diamagnetic environ-

defined regions refer to the parts in the structure that have a sum for Ments within CspA that interconvert on the micro- to

the ¢ andy order parameters of 1.5. 9 Core regions refer tg-sheet
residues 59, 19-22, 50-56, and 63-69.

Table 5: Rotational Correlation Timey) for Three Cycles of
MODELFREE Calculations

cycle R/R.B Tminit (NS) Tm—opt (NS)
1 3.03+0.23 5.37£ 0.35 4.90+ 0.04
2 2.85+0.20 5.114+0.30 4.90+ 0.04
3 2.70'+0.22 4.88+ 0.34 4.88+ 0.04

aThe valuelR,/R,[is the mean ratio oR»/R;. The initial value of
[(R/Ry[y is 3.31+ 1.02 averaged over all 59-N\H sites for whichRy
andR; data were obtained.[R,/R;[Tatio for 49 N—-H sites that satisfy
the conditionR/R; — [R/Ry[dy| < 1.00. The 10 excluded residues are
G3, K10, W11, F12, N13, H33, G41, D46, G58, and K6OR,/R,[]
ratio for 38 N-H sites from cycle 1 that were fit witRex < 1.5 Hz.

The 11 excluded residues are F18, G19, D24, V30, F31, N39, K43,

G45, V51, T54, and T68, along with the 10 residues listed in footnote
b. 4 All of the R, values were corrected usifRyy values computed in
cycle 2: Rycor = Rz — Rex. The resulting value offRo/R; Qi corr IS 2.68

+ 0.18 averaged over all 59 residulR:/R,[was then calculated using
44 residues which satisfy the condititiR/R; — (R/Ri[Hicon] < 0.18.

millisecond time scale.

Tryptophan-11 Backbone and Side Chain Dynamics in
CspA. The cross-peak of the single tryptophan side chain
indole N—H (Trp-11) is also well-resolved in the 2BN—

IHN HSQC spectrum of CspA (Figure 2), allowing accurate
determination of itd°N relaxation parameters. Under these
conditions, the Trp-11 indole Natom has arfr; of 2.08 4
0.10 s, anR; of 6.88+ 0.13 s'%, and an HNOE of 0.64-
0.07 unit. Both the side chain and backbone Trp-11HN
relaxation data fit model 4. The best-fit values $f ze,
and R for the indole N-H are 0.72+ 0.04, 34+ 23 ps,
and 1.31+ 0.30 Hz, while for the backbone N\H, the
corresponding values are 0.880.05, 168+ 154 ps, and
13.394 0.92 Hz. The Trp-11 N—H bond vector exhibits

a relatively highS value for a side chain group, indicating
that even though it is on the surface of CspA this indole
ring exhibits relatively restricted sub-nanosecond mobility.
However, the requirement for a significaRiy contribution

to fit both the Trp-11 backbone and side chain relaxation

The 15 excluded residues are G3, M5, G17, F20, G41, D46, Q49, s52,data indicates that the environments of theseHNbonds

E56, S57, G58, K60, A64, G65, and N66.

refined using three cycles of MODELFREE calculations by

are modulated on the microsecond to millisecond time scale
either by slow motions of neighboring groups or by slow
motions of the Trp-11 indole ring itself. TH&, contribution

a process analogous to that described by Li and Montelionerequired to fit the Trp-11 backbone NH, 13.4 Hz, is

(46) in the analysis of'®N relaxation data for type-
transforming growth factor. This process of iterative refine-
ment ofry, and associate LipatriSzabo motional parameters,

summarized in Table 5, converged on an optimal global value

Tm Of 4.88 4+ 0.04 ns.

The resulting motional parametef (re, andR.,) derived
from the extended LipariSzabo analysis are plotted in
panels C-E of Figure 7, and are also listed Table S4 of the
Supporting Information. The numbers of backboneH\
sites that were best fit to models-5 were 4, 17, 11, 22,

especially dramatic. These dynamics probably have func-
tional significance, as Trp-11 is within the single-stranded
nucleic acid-binding epitope of CspA<{11, 20).

DISCUSSION

Automated Analysis of Backbone Resonance Assignments
from Triple-Resonance NMR Datd riple-resonance NMR
data are especially well suited for automatic analysis with
computer software0). The AUTOASSIGN program3?2)
uses constraint propagation methods from artificial intel-

and 4, respectively. Data for residues Gly-41 and Asp-46 ligence to narrow the domain of possible sequence-specific

did not fit well with any of the five models. In the final
calculation, the data were fit with model 5 for Gly-41 and
model 4 for Asp-46. The generalized order parame®rs
ranged from 0.33 to 0.98 unit. Lowe® values were
observed for'SN atoms located in residues (or polypetide
segments) Gly-3, Asn-39Lys-43, Asp-46, Ser-57Gly-61,
and Leu-70. The locations of sites with low values$f
(Figure 6B) indicate that the N- and C-terminal regions, and
the two polypeptide loops connectifigstrands33—/4 and
B4—p5, undergo relatively large amplitude internal motions
on the sub-nanosecond time scale—M sites of residues
Met-5, Gly-17, Gly-41, and Leu-70 appear to be particularly
dynamic, and could only be fit by assuming a multiple-time
scale model of the internal motions (model 5). Forty-three
15N sites were fit to models with effective correlation times
for internal motionz, ranging from 30 to 300 ps, and the
15N atom of residue Gly-3 was fit with & value of ~500

assignments for each spin system to unique positions in the
primary amino acid sequence. The particular set of triple-
resonance experiments used here included *2D-1HN
HSQC and 3D HNCO data for defining theN—HN “roots”

of each spin system, together with 3D HACA(CO)NH,
HACANH, CA(CO)NH, CANH, CBCA(CO)NH, and CB-
CANH data to establish intraresidue and sequential correla-
tions of the spin systems. Back-to-back data collection on
identical samples of all these experiments is crucial for
achieving the smallest and most accurate match tolerances.
The total collection time for the eight experiments was
approximately 7 days, and the analysis time was significantly
reduced from a few weeks of manual work to the few hours
of time required for semiautomated peak picking of these
spectra plus~16 s for AUTOASSIGN execution. In
addition, once the backbone (ané) @sonance assignments
were determined by AUTOASSIGN, the manual analysis of

ps. However, Monte Carlo uncertainty analysis indicates that the peripheral side chain assignments was quite straightfor-

these larger, values have very large uncertainties.

ward to complete. In addition to CspA, AUTOASSIGN has
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been applied successfully in analysis of resonance assign-of the mathematical average coordinates of the 16 NMR
ments for several other proteins, with molecular masses structures to the X-ray structure is 0.61 A. Ty«bulges at
ranging from 7 to 17 kDa 32, 61—63). The primary positions Lys-10 and Asn-66 are well-defined by the inter-
limitation for small proteins such as CspA involves the strand NOEs and hydrogen bonds in the solution structure.
commercial peak-picking software used in this analysis, as Similar 5-bulges are also found in the crystal structures of
certain spectral artifacts cannot yet be reliably edited without CspA fromE. coli (10) and in homologous positions in CspB
some human intervention. from B. subtilis(14, 15).

Description of the Solution NMR Structure of CspAatpH  The atomic coordinates of the crystal and solution NMR
6.0. The structure of CspA is a closgtbarrel formed by structures oE. coli CspA are most different for surface loops
two f-sheet surfaces. It contains five strand§,through betweerp strand$33 andf4, and betweeji4 andf5 (Figure
/35, corresponding to polypeptide segments of residuek3s 6A), where considerable motion is indicated by tihl
18—-22, 30-33, 50-56, and 63-70. The first fours-strands relaxation data. In the crystal structure of CspA, the
have a Greek-key fold topology. Two residues, Lys-10 and conformation of the polypeptide segment of residues Asn-
Asn-66, in thesgg-sheets (Lys-10 iffl and Asn-66 in35) 39—Tyr-42 between strang?3 ands4 could not be modeled
form S-bulges. These two bulges break strafidsand/5 reliably due to high thermal factors for atoms in this portion
into two small pieces, namef§1'—p1" andp5' —p5". Two of the structure 10); i.e., the averag® value for backbone
B-sheet surfacesi-sheet 1 angs-sheet 2, are formed by atoms in this polypeptide segment is 72, #hile the average
strandsfl'’'—p2—[3 andpl —f4—p5 —p5". The slowest B value for all backbone atoms is 27.3.AThe high thermal
exchanging backbone amide protons are those of residuedactors in this loop suggest that it is partially disordered in
Val-9, lle-21, Thr-22, Val-30, Val-32, and Val-51. The side the crystallization environment. These observations are
chain groups of these residues (except Thr-22) point to the consistent with the NMR data which reveal a relatively low
interior of the protein, forming the hydrophobic core of the number of constraints (Figure 5A), low values of backbone
protein. The antiparalle3-sheets are stabilized by the dihedral angle order parameters (Figure 7A,B), low values
backbone hydrogen-bonding network within fheheets and  of the generalized order parametgt (Figure 7C), and
hydrophobic interactions between the t@xsheets. Surface relatively largere values (Figure 7D) in this region of the
loops connecting strand8l and 32, and 32 and 33, in protein structure.
f-sheet 1 and strangk!l andg5s in -sheet 2 are quite short, Comparison of the Solution Structure of CspA with Other
while the polypeptide loop connectiffigsheets 1 and 2 (i.e., Proteins. CspA is a member of the oligonucleotide/oli-
between strand83 andp4) is about 13 residues long. The gosaccharide-binding (OB) fold family9( 10, 14—17).
current structure determination is much more precise, ac-Many other single-stranded nucleic acid-binding proteins
curate, and complete than the initial description of the chain utilize similar 5-barrel-like structures to form their nucleic
fold that we presented previousIg)( acid-binding epitopes. Using the refined CspA coordinates

An especially important feature of the CspA structure is described here, structural database searches of the Brookhaven
the presence of seven solvent-exposed aromatic residuesProtein Data Base (PDB) with the program DALI using
including side chains of residues Trp-11, Phe-18, Phe-20, standard search parametedd)(identify a long list of proteins
Phe-31, His-33, Phe-34, and Tyr-42 (shown in yellow in (or domains) of structural homologues. Aside from the
Figure 6D). These aromatic residues are highly conservedpublished X-ray and NMR structures of CspA and CspB,
among various members of the prokaryotic cold-shock these other structural homologues have little or no detectable
protein and Y-box protein families (Figure 1). RNP1 and sequence homology with CspA. Significantly, however,
RNP2 RNA-binding sequence motif8, (18, 19), Lys-Gly- many of these proteins have biochemical functions that
Phe-Gly-Phe-lle and Val-Phe-Val-His-Phe, are located in involve single-stranded DNA or RNA binding. Structural
antiparallel strandg2 and$3, respectively. The aromatic homologues of CspA that have little or no sequence identity
side chains of these evolutionarily conserved RNP sequencebut exhibit similar biochemical functions include portions
motifs (Phe-18, Phe-20, Phe-31, and His-33) are on theof the RNA-binding domain oE. coli polyribonucleotide
surface of the CspA protein. The aromatic side chain of nucleotidyltransferasé&§), the human mitochondrial sSDNA-
conserved residue Trp-11 is also turned onto the surface bybinding protein 66), E. coli translation initiation factor 1
theS-bulge at Lys-10 irf-strandf1. Aromatic residue Phe-  (67), the ssDNA-binding protein from gene V of filamentous
34 which is highly conserved among the bacterial cold-shock bacteriophages M13 and f6&-71), the ssDNA-binding
proteins (Figure 1) is largely solvent accessible in CspA. protein from filamentousPseudomonaghage Pf3 72),
The resulting evolutionarily conserved surface aromatic elongation factor G fromThermus thermophilug73), a
cluster (shown in Figure 6D) appears to play important roles domain of yeast aspartyl tRNA synthetas@)( a domain
in the single-stranded nucleic acid-binding epitope 11, of E. coli lysyl tRNA synthetase 715), human replication
20). protein A (76), staphylococcal nucleasé?), and a domain

Comparison of Solution NMR and X-ray Crystal Structures of E. coli topoisomerase 178). Some of these structures
of CspA. A comparison of the atomic coordinates for the are shown in Figure 8. The chain fold of CspA is also
CspA backbone chain fold of the 16 NMR conformers with strikingly similar to those of ribosomal protein S17 from
the corresponding coordinates for the CspA backbone atomsBacillus stearothermophilug79) and the RNA-binding
of the 2.0 A X-ray crystal structurel() is also shown in domain ofE. colirho transcriptional termination facto8@).

Figure 6A. The NMR and X-ray structures Bf coli CspA It is remarkable that this wide range of gene products uses
have essentially identical chain folds. For backbone atomsdifferent amino acid sequences to generate similar three-
of the B-sheet core region (i.e., residues Met\fal-9, Gly- dimensional structural motifs that have homologous functions

19-Thr-22, Lys-56-Glu-56, and Ala-63-Ser-69), the rmsd  for binding single-stranded oligonucleotides.
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nuclease (7). The regions of these proteins that are structurally
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identifying proteins (or domains) that have similar biochemi-
cal functions (e.g., single-stranded nucleic acid-binding
functions) but no easily detected amino acid sequence
homology. CspA provides an especially striking example
of using structural homology as a basis for identifying gene
products that have related biochemical functions. Moreover,
information on thebiochemical functions of CspA has
provided important insights into its potentiallular func-
tions. For example, in part on the basis of the evidence for
its in vitro ssSRNA-binding activity, it has been proposed that
CspA may function in the cellular physiology of cold-shock
adaptation as an RNA “chaperond’3). According to this
model, a sudden drop in temperature induces duplex forma-
tion of MRNA molecules, disrupting the translational ma-
chinery. Working together with a cold-shock-induced RNA
helicase CsdAg1), CspA is proposed to bind single-stranded
MRNA molecules with low affinity and specificity, maintain-
ing the RNA in single-stranded states at low temperatures
so that translation can resume. CspA may also function as
a transcriptional regulator through its mMRNA-binding activi-
ties (12, 13).

Similarities of biochemical functions that can be deduced
by structural homology searches are valuable for developing
hypotheses regarding cellular functions but do not provide

Structural database searches with programs such as DALIdirect information about the cellular roles of gene products

(64) provide an important bioinformatics approach for

in physiological processes. Moreover, as is true of homo-
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logues identified by sequence similarity, functional homolo- contains a strongly polarized positively charged electrostatic
gies suggested from structural homologies are not alwaysfield appropriate for attracting polyanionic nucleic acid
reliable or easily understood. For example, in addition to molecules {0). Mutational analysis of CspBoligonucle-
identifying structural homologues of CspA with single- otide interactions has confirmed the location of this binding
stranded nucleic acid-binding functions, DALI also identifies epitope by demonstrating that surface aromatic or basic
several structural homologues with apparently unrelated groups of residues (CspA numbering) Lys-10, Trp-11, Lys-
biochemical functions, including staphylococcal toxic shock 16, Phe-18, Phe-20, Phe-31, Phe-34, and His-33 are required
syndrome toxin-1 &2), turnip leaf cytochromef (83), for formation of cross-linked CspBssDNA complexesi(l).
pertussis toxin &4), E. coli verotoxin-1 85), and several Mutational analysis of the free energies of CspgsDNA
others. Some of these proteins have biochemical functionsinteractions further demonstrates roles for surface aromatic
involving oligosaccharide binding that may be physiochemi- residues Phe-18, Phe-20, and Phe-31 in forming the nucleic
cally (and evolutionarily) related to the nucleic acid-binding acid-binding epitope20). In addition, fluorescence quench-
mechanism of CspA. It is not clear why some of the ing experiments demonstrate significant changes in the
oligonucleotide-binding proteins share a similar fold with solvent accessibility of the indole side chain of residue Trp-
oligosaccharide-binding proteins; however, structural simi- 11 upon complex formatior2Q, 94). Taken together, these
larities of these other proteins (or domains) and CspA may results demonstrate that the single-stranded nucleic acid-
be a manifestation of an ancient functional divergence within binding epitope of CspA is localized withifi-strand seg-
a single protein (or domain) fold family or may represent ments Val-9-Asn-13 (in1"), Phe-18-lle-21 (in 52), and
simple coincidence. Val-30—His-33 (in33), together with surface loops Ala-14
Relationship to the RNP RNA-Binding Structural Motif. Gly-17, Phe-34GIn-49, and Gly-58-Gly-61. The surface
The most widely found and best-characterized single-strandedaromatic and basic residues within this single-stranded
RNA-binding motif is the RNP maotif (for reviews, see refs oligonucleotide binding epitope are also strongly conserved
8 and19). The key identifying feature of the RNP motif is  in the family of the cold-shock domain that spans a wide
the RNP (also called the RRIMRNA recognition motif) range of organisms from bacteria to humans (Figure 1), and
consensus sequence, comprised of RNP1 and RNP2 sequendeclude the strongly conserved RNP1 and RNP2 sequence
motifs together with other well-conserved structurally im- motifs. Conserved surface-exposed aromatic residues of
portant residues8( 19). Three-dimensional structures are strands31”, 52, and$3 within this binding epitope (Figure
now available for RNP domains from several ssRNA-binding 6D) form a hydrophobic face suitable for aromatic/base
proteins 86—92). Invariably, these domains exhilie,5503 stacking interactions with splayed conformations of single-
secondary structures, in which the fofirstrands form a  stranded nucleic acids.
single 5-sheet surface with the RNP1 and RNP2 sequence Functional Significance of Internal Motions in CspAhe
motifs oriented opposite one another in two central antipar- N relaxation studies complement our solution structure
allel hydrogen-bondef-strands (strand83 andj1, respec- analysis by providing evidence for internal motions within
tively). The S-sheet face of the RNP structural motif, this nucleic acid-binding epitope of unliganded CspA. In
together with residues in polypeptide loops, forms the particular, polypeptide segments Asn-39s-43 and Gly-
ssRNA-binding epitope89—91, 93), with the twoa-helices 58—Gly-61, corresponding to two surface loops within the
on the opposite side of the molecule. It is quite remarkable epitope, exhibit relatively small values of backbone il
that CspA, an alff-sheet protein with no obvious evolution- bond vector order parameters (Figures 6B and 7), an
ary relationship with the RNP moatifs, also uses similar RNP1 indication of relatively large motions on the sub-nanosecond
and RNP2 sequence motifs on antiparallel hydrogen-bondedtime scale. In addition, backboA®@ atoms within polypep-
f-strands 2 and3) to form part of its single-stranded tide segment Lys-16Asn-13 exhibit unusually larg&ex
nucleic acid-binding epitope. Significantly, the order of terms indicative of chemical exchange broadening (Figures
RNP1 and RNP2 sequence motifs along the amino acid6C and 7). Several other-\H sites within the RNP1 and
sequence is distinct for CspA-like folds (where RNP1 is RNP2 sequence motifs (including Phe-18, Gly-19, Phe-31,
followed by RNP2 sequence motifs as in Figure 1) and RNP and His-33) also exhibit significant {6 Hz) Rex values.
folds (where RNP2 is followed by RNP1 sequence motifs). The backbone!>N atom of residue Lys-60 also has a
The CspA-like and RNP structural motifs thus appear to relatively highRe value, 4.6 Hz.
represent examples in which different gene families have Although the precise motions that give rise to these
converged on a similar molecular recognition epitope from dynamic features of the NMR data are not yet determined,
very different evolutionary directions. one reasonable mechanism that accounts for much of the
Single-Stranded Nucleic Acid-Binding Epitop&lthough apparent exchange broadening'eX resonances involves
it has not yet been possible to determine the 3D structure of conformational fluctuations of the Trp-11 side chain con-
a CspA-nucleic acid complex, the location of the single- formation on the microsecond to millisecond time scale. For
stranded nucleic acid-binding epitope is well-established. each of the corresponding multiple side chain conformers
Chemical shift perturbation studies reveal that complex of Trp-11, aromatic ring current shifts would result in
formation with single-stranded nucleic acids affects the significant chemical shift differences for backbone amide
environments of backbone amith® and HY resonances that  resonances in polypeptide segment Lys-28n-13 and
are mostly clustered together on one face of the CspA within the nearby RNP1 and RNP2 sequence motifs. These
molecule @), as shown in Figure 6D. Supporting evidence different side chain conformers would also exhibit different
for this nucleic acid-binding epitope comes from electostatic ®N<—'H chemical shifts, and hence exchange broadening,
field calculations on botk. coli CspA andB. subtilisCspB for the side chain indolé’N‘—!H resonances. Regardless
indicating that this face of these homologous molecules of the precise nature of these fast (i.e., sub-nanosecond) and
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slow (i.e., microsecond to millsecond) time scale motions
of surface loops and side chains within the nucleic acid-
binding epitope, it is likely that these dynamics will be altered

by nucleic acid interactions.

The resulting changes in

dynamics upon complex formation will contribute to changes

in entropy associated with complex formation, and therefore

to the overall thermodynamics of the binding process.
Conclusion. This paper describes nearly complétg 1°C,

and®™N resonance assignments and a solution NMR structure
of E. coli Csp A. Structural database searches reveal that

the CspA chain fold is used by many other single-stranded
nucleic acid-binding proteins and demonstrates how, in the 16.

absence of clear sequence homology, analysis of structural

homology can provide important clues about relationships
between protein functions.’®N relaxation data reveal
relatively large amplitude sub-nanosecond motions of surface 19,
loops within the single-stranded nucleic acid-binding epitope 20.
of CspA. Slower motion dynamics, on the microsecond to
millisecond time scale, are also observed for backbonéIN
vectors in the vicinities of residues Trp-11 and Lys-60.
These portions of CspA are all within the nucleic acid-
binding epitope. Changes in these dynamics of CspA are
proposed to contribute to changes in entropy upon complex
formation, and thus to modulate binding affinity and function.

Further studies are now in progress to better characterize

the kinetics of these dynamics in free and nucleic acid-bound
CspA and to determine their precise role in the thermody-
namics of nucleic acid recognition.
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