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ABSTRACT. H NMR resonances of the phage 434 Cro protein were assigned using standard 2D NMR
methods, and its solution structure determined using 867 distance constraints in distance geometry (DIANA)
calculations ultimately refined by restrained molecular dynamics (GROMOS). In the 20 best NMR
structures, the average pairwise backbone and heavy atom RMSDs are 0.638 and 1.53+ 0.15 A,
respectively, for the structurally well-defined residues6®. Residues 13 and 66-71 at the N- and
C-termini are structurally disordered. The region@b includes fivea-helices and tight turns which
define the hydrophobic core of the protein. The backbone and heavy atom RMSDs for residites 4

are 0.92+ 0.12 and 1.99 0.12 A, respectively, for the NMR versus the crystal structures, but there are
significant differences in the side-chain conformations and solvent accessibilities for some core residues.
Analytical ultracentrifugation experiments confirm that 434 Cro is monomeric even at the high NMR
concentrations. 434 Cro folding under NMR solution conditions is two-state as indicated by coincident
urea denaturation curves from circular dichroism and intrinsic fluorescence measurements. They vyield
values for 434 Cro stability which show good correspondence to the free energy for global unfolding
determined by NMR hydrogen exchange measurements for the slowest exchanging amide protons.

The bacteriophage 434 Cro and repressor are sequenceand DNA binding. The small size, the high solubility and
specific DNA-binding proteins which regulate the lysis ~ monomeric nature in aqueous solutions, the absence of any
lysogeny “switch” of the phage, and have been extensively disulfides or prosthetic groups, and the availability of a good
characterized genetically and biochemically (Ptashne, 1986).expression system and high-resolution structural information
434 Cro is a monomer while the repressor is a dimer in the make 434 Cro a convenient model for physical and structural
free form, although both bind specifically to DNA as dimers studies of both folding and DNA binding. The folding and
(Harrison & Aggarwal, 1990). The 71-residue 434 Cro and stability of 434 Cro can be compared with those of other
the 69-residue monomeric N-terminal DNA-binding domain structurally homologous, single-domain, alhelical, mon-
of the 434 repressor (RI69) are remarkably similar in  omeric proteins for which NMR and folding data are
sequence and structure, as indicated by the high-resolutionavailable, including R%69, the monomeric N-terminal
crystal structures of the two proteins in the absence of DNA domain of bacteriophagk repressor consisting of residues
and in their DNA-protein co-crystal structures [see Harrison 6—85 (¢-s5; Huang & Oas, 1995a,b, 1996), and the
and Aggarwal (1990) and references therein]. The NMR N-terminal domain (residues-76) of the bacteriophage22
structure of R+69 free in solution has been determined c2 repressor [P22 c2(76): Sevilla et al., 1994]. It may
(Neri et al., 1992a). Here we determine the NMR structure be noted that unlike the last three mentioned 434 Cro is the
of 434 Cro free in solution and examine its stability under whole protein and not a fragment corresponding to a specific,
these solution conditions. single domain. The essential first step is to characterize 434

We are interested in the 434 Cro as a model single-domainCro in solution, and this paper is focused on obtaining the
o-helical protein for solution studies of its structure, folding, *H NMR resonance assignments and the three-dimensional
solution structure of 434 Cro and on comparing it with its
t Supported by DGICYT Grant PB93-0189 from the Ministerio de  Crystal structures in the free and DNA-bound forms. We

Ediuczlcitm y %iencia, Spc?in. or th " also examine the folding and the stability of 434 Cro under
The coordinates and constraints for the 20 NMR structures have ; it
been deposited in the Brookhaven Protein Data Bank with PDB ID NMR solution conditions.
codes 1ZUG for coordinates and R1ZUGMR for restraints.
* Corresponding authors at Serrano 119, 28006 Madrid, Spain. EXPERIMENTAL PROCEDURES
§ Instituto de Estructura de la Materia.
" Centro de Investigaciones Biologicas. Expression and Purification of 434 Cro ProteirThe
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1 Abbreviations: ASA, solvent-accessible surface area; CD, circular plasmid pRW74 containing the gene for the 434 Cro protein

dichroism; COSY, two-dimensional (2D) correlated spectroscopy; DTT, Under the control of &ac promoter was a generous gift from
dithiothreitol; EDTA, ethylenediaminetetraacetic adigl;gs, N-terminal the laboratory of Professor Stephen Harrison (Harvard

domain of phage repressor (residues®5); NMR, nuclear magnetic  Unjversity). The 434 Cro purification protocol used was that

resonance; NOE, nuclear Overhauser enhancement; NOESY, 2D nuclea age .
Overhauser effect spectroscopy; R39, N-terminal domain of 434 of Mondragon et al. (1989a) modified as described below.

repressor (residues—b9); SDS-PAGE, sodium dodecy! sulfate 5 mL of overnight culture oEscherichia colstrain AB1899
polyacrylamide gel electrophoresis; P22 c2{b), N-terminal domain lac (Zazo et al., 1992), containing plasmid pRW74, was

(residues +76) of phageP22 c2repressor; RMSD, root mean square ; £ ;
deviation; TSP, sodium 3-trimethylsilyl(2,2,3,2H4)propionate; TOC- lnnocglatelg mt(l) 4100 mL Orf_] Ierrl}cchBrotE ('ITB'?l'medlum
SY, 2D total correlation spectroscopy: Tris, tris(hydroxy)aminomethane; (Sambrook et al., 1989) with 1Qdy/mL carbenicillin at 30

UV, ultraviolet. °C. 434 Cro expression was induced with 0.4 mM isopropyl
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f-p-thiogalactoside when the optical density at 600 nm of used for COSY (Aue et al., 1976) and NOESY (Kumar et
the culture was 081.0. Cells were pelleted by centrifuga- al., 1980) spectra. TOCSY spectra were obtained using the
tion after overnight growth, resuspended in lysis buffer (200 standard MLEV17 spin-lock sequence (Bax & Davis, 1985).
mM KCI, 50 mM Tris-HCI, 2 mM EDTA, 5% glycerol, 1.4  Mixing times were 60 or 150 ms for NOESY spectra and
mM S-mercaptoethanol, pH 7.9) at1 mL of buffer/g of 80, 40, or 26 ms for TOCSY spectra. Water signal
cells, and lysed in a French press. Lysed cells were diluted suppression was achieved by presaturation or by WATER-
into three times their volume of Buffer 8 (10 mM Tris-HCI, GATE (Piotto et al., 1992). Data were zero-filled, resolution-
2 mM EDTA, 5% glycerol, 1.4 mM3-mercaptoethanol, pH  enhanced, and base line corrected using phase-shifted sine
8.0) and 400 mM KCl, and centrifuged at 9000 rpm for 45 bell or square sine bell window functions (optimized for
min to remove cell debris. The supernatant was decantedevery spectrum) and processed using Bruker UXNMR
into three times its volume of Buffer 9 (10 mM Tris-HCI, 2  software. 'H NMR resonances were assigned using standard
mM EDTA, 5% glycerol, 1.4 mMB-mercaptoethanol, pH  sequential assignment procedures {iivich, 1986). Random
9.0) containing pre-equilibrated SP-Sephadex C-25 (Phar-coil aCH proton chemical shifts from Wishart et al. (1995)
macia) & 1 g of dryresin per 10 g of cell wet weight and were used to compute the difference between the observed
was gently stirred for 23 h. 434 Cro was eluted from SP- and random coil chemical shifts of tleCH proton for each
Sephadex C-25 using from 61 M KCI gradient in Buffer residue-its chemical shift index or CSI (Wishart et al., 1991,
8 and concentrated with 60% ammonium sulfate. It was 1992). 3Jun, coupling constants of non-overlapping signals
resuspended in minimal volume of Buffer 8 plus 100 mM were estimated by the analysis of a TOCSY spectrum [40
KCI and purified by reverse phase HPLC on a Vydac-C ms mixing time, 4096x 512 {, x t;) data size, in 9:1 bD:
preparative column using a linear-@0% acetonitrile/water/  ?H,O NMR buffer at 20°C] using the method of Stonehouse
0.1% trifluoracetic acid gradient monitored at 280 nm. The and Keeler (1995).
major peak corresponding to 434 Cro was pooled and Amide Proton Exchange by NMRTo identify slow
lyophilized. Its purity was>95% in a 15% SDSPAGE exchanging amide protons, the protein in 0.5 mLidfO
gel with Coomassie Blue staining and in an analytical Vydac- NMR buffer solution at pH 6.0/20C or pH 4.5/10°C was
C, reverse-phase column. The reverse-phase step does ndyophilized in an NMR tube, redissolved in 0.5 mL 1,0
alter Cro structure: its NMR spectrum in native, agueous of equivalent pH (the pH was rechecked at the end of every
conditions [at 20°C and in 100 mM KCI, 25 mM KHPQ,, exchange experiment), and consecutive 2D-TOCSY spectra
1 mM DTT, 0.01% NaN at pH 6.0 (NMR buffer)] is with a short mixing time of 26 ms (to observe only the NH
identical to the NMR spectrum obtained for the protein aCH type three-bond couplings) were recorded. TOCSY
purified by the earlier protocol in which Sephadex G-50 was peaks still present 3 and 12 h after exchange initiation were
used instead of reverse-phase HPLC (Mondragon et al.,-qualitatively classified as the slow and the slowest exchang-
1989a). The yield of pure Cro was 5 mg/L of culture, and ing (most protected) amide protons, respectively. The
its concentration was determined from the absorbance at 28Gexchange rates at pH 6.0 and 2D for the most protected
nm with €250 = 6970 M cm™ (Gill & von Hippel, 1989). amide protons were estimated using 1D NMR as follows.
Sedimentation EquilibriumThe monomeric state of 434  Exchange was initiated as described before, and immediately
Cro at NMR concentrations was confirmed by sedimentation a continuous series of 1D spectra, each with 32K data points,
equilibrium experiments in a Beckman Optima XL-A ultra- 8475 Hz spectral width (14 ppm), 80 scans, and an
centrifuge using a Ti60 rotor and six-channel Epon charcoal acquisition time of 5 min, was recorded. 3 h after initiation
centerpieces. 70L samples of 434 Cro in the concentration of exchange only the slowest exchanging amide proton
range 0.+1.00 mM in NMR buffer were centrifuged at signals which do not overlap in the 1D spectra and which
40 000 rpm and at 20C. Radial scans were monitored at were previously identified in the TOCSY are observed. Their
250, 280, or 300 nm and recorded evé@rh after 10 h of peak intensities were integrated after they were base line
centrifugation. Successive radial scans were superimposableorrected, and their intensities were normalized relative to
after 18 h of centrifugation, indicating equilibrium. The the non-exchanging 3,5-aromatic protons of the single Tyr.
apparent relative molecular masslJ of 434 Cro was The integrated intensities(t), of each of these NH signals
determined by analyzing equilibrium radial scans using the at a given timet, (=3 h) after initiation of exchange, was
program XLAEQ (Beckman) with the partial specific volume fitted to a single exponential decalff) = 1(0) exp(—kext)
of 434 Cro set to 0.753 mL ¢ as calculated from its amino  + base line, to determine the individual exchange rkig (
acid composition (Laue et al., 1992). and the intensity at time zert(0). 1(0) for any NH signal
NMR Spectroscopy.NMR samples were prepared by in the absence of signal overlap is expected to be 1 when
dissolving the lyophilized protein in a 9:1,8:?H,0 or in a normalized to the two non-exchanging Tyr 3,5-aromatic
2H,0 solution of NMR buffer in 5 mm diameter tubes. NMR  protons, so only those amide protons for which the fitted
spectra at pH 6.0/4.5 and at temperatures 10/20Z3®ere value ofl(0) was in the range 1.08 0.12 are reported. The
recorded on a Bruker AMX-600 NMR spectrometer with a base line term was 0 in every case except Leu54 where it is
H frequency of 600.13 MHz and TSP as the chemical shift 2 because of signal overlap with two non-exchanging
reference. 1D spectra were obtained using 32K data points,aromatic Trp protons. Backbone amide proton exchange in
8475 Hz spectral width (14 ppm), and were averaged over proteins is in the EX2 limit wherebykex = (Kop)(ki)
16, 32, or 80 scans. 2D spectra with a spectral width of (Englander & Kallenbach, 1984). Sindeg the intrinsic
8475 Hz 1 s recycle delay, an acquisition data matrix size exchange rate for residugis known (Bai et al., 1993Kop,
of 2048 x 512 {, andt,, respectively), and at least 80 scans the equilibrium constant for going from the ensemble of
were acquired in the phase-sensitive mode using time-states where it is protected from solvent to an ensemble
proportional phase incrementation (TPPI) technique (Marion where it is solvent-exposed, atds,, = —RTIn Ky, can be
& Wiithrich, 1983). Standard phase-cycling sequences weredetermined.
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Determination of Three-Dimensional StructuréNon- CD and Tryptophan Fluorescence Experiment€D
sequential and long-range NOE cross-peaks were assignedneasurements were performed in a Jasco J720 spectropo-
in consecutive rounds of peak assignments and distancdarimeter equipped with a Neslab temperature control unit
geometry calculations as follows. Possible assignments forand calibrated with-)-10-camphorsulfonic acid (Chen &
NOE cross-peaks were obtained using the program XEASY Yang, 1977). Fluorescence measurements were done in a
(Bartels et al., 1995), and their intensities were determined Perkin-Elmer LS-50B spectrofluorometer thermostatically
using integration routines in XEASY. The intensities were controlled at 293 K. The respective protein concentrations
converted into upper distance bounds with the program and cuvette path lengths were-120 uM and 1 or 2 mm
CALIBA calibrated using scaling factors chosen to reproduce for far-UvV CD measurements; 16A60xM and 1 cm for
the correct distance limits for proton pairs separated by fixed near-UV CD measurements;—30 uM and 1 cm for
distances, e.g., HB2HB3 distancesyCH-methyl in Val etc. fluorescence measurements. CD spectra were collected at
(Glntert et al., 1991). Cross-peaks which could not be 20 nm/min with a bandwidth of 1 nm, 2 or 4s response time,
integrated due to partial overlap were qualitatively classified and averaged over 6 (for far-UV) or 10 (for near-UV) scans.
as strong, medium, and weak and assigned distance con¥or intrinsic protein fluorescence measurements the samples
straints of 3.0, 4.0, and 5.0 A, respectively. Initial structures were excited at 280 nm with an excitation slit width of 2.5
were calculated from the NMR-derived upper bounds using nm, and the emission spectra, which were averaged over 2
the variable target function method implemented in the scans, were recorded using an emission slit width of 5 nm.
distance geometry program DIANA and the REDAC strategy Thermal denaturations were monitored only by far-UvV CD
(Guntert & Wiuthrich, 1991). The best structures at the end using the ellipticity at 222 nm and a heating rate of2h.
of each cycle were used to resolve ambiguities in the cross-Urea denaturations at pH 6.0 andZDwere monitored using
peak assignments with the program ASNO (&t et al., the ellipticity at 222 nm (far-UV CD) or 275 nm (near-UV
1993). The program GLOMSA (Gutert et al., 1991) was  CD) and by intrinsic fluorescence. In the latter, the ratio of
used to obtain stereospecific assignments from structuresthe fluorescence emission at 340 nm to 360 nm (on either
obtained in the final stages of the distance geometry side of the emission maximum for native or unfolded protein)
calculations. For protons not stereospecifically assigned, andwas used since the ratio, in addition to normalizing protein
the methyl and aromatic protons, the usual pseudo-atomconcentrations, also gave improved native and unfolded base
corrections were applied (Whrich, 1986). No constraints  lines. Both urea- and temperature-induced folding transitions
from H bonds or fron?Jyn, Values were used in the structure  equilibrate very rapidly, as verified by samples equilibrated
calculations. The best structures obtained in the final round for a few minutes or overnight, giving identical CD or
of DIANA calculations were further refined by restrained fluorescence signals. Consequently, urea denaturations were
molecular dynamics using the program GROMOS (van carried out by the serial addition of small aliquots of a
Gunsteren & Berendsen, 1987) using the following protocol concentrated stock solution of urea to the protein sample. A
and parameters previously used in our laboratory for structurefresh stock solution of urea (ultrapure from ICN Biochemi-
calculations (Santoro et al., 1993; Rico et al., 1994). The cals) in NMR buffer was prepared prior to each experiment
five best DIANA structures were first energy minimized, and as described by Pace et al. (1990). After each addition of
then each was subjected to a simulated annealing protocolurea the sample was equilibrated for about 5 min and then
consisting of a heating period of 5 ps, a high-temperature the CD or fluorescence signal was recorded. Each time the
(1000 K) run of 20 ps from the trajectory of which one cuvette became full, a new sample of the protein in a urea
structure was extracted after every 5 ps; this was followed concentration somewhat lower than the last measurement was
by a cooling procedure of 5 ps at 600 K and a final 5 ps at used and the process was repeated, with the correspondence
300 K, averaged, and finally energy minimized. 20 final between overlapping parts of the curve being used to check
energy-minimized NMR structures were thus generated. Thefor any systematic errors. Both the amount of protein
input constraints for the structure calculation and the atomic required as well as errors associated with preparing individual
coordinates for the calculated structures are deposited withsamples in various urea concentrations are minimized by this
the Brookhaven Protein Data Bank. serial addition method.

The programs SYBYL version 6.1 (Tripos Inc., St. Louis,  Analysis of Denaturation and Free Energy Determination.
MO) and MOLMOL (Koradi et al., 1996) were used in Denaturation curves were analyzed using a two-state model
structure analysis, molecular graphics manipulations, detec-for the N(native}>U(unfolded) equilibrium. The observed
tion of possible H bonds, and surface area calculations free energy of unfoldingXGo9 and the unfolding equilib-
(Richards, 1977). The average NMR structure was analyzedrium constant Ky) are related as
with the Shifts subroutine in MOLMOL to identify residues
whoseaCH could be subject to sizable ring current effects.  2Gobs = ~RTINKy = —RTIn{(yy = y)/(y = yu)} )

The criteria for H-bond formation are proteacceptor

distance<2.40 A and the donerproton—acceptor angle wherey, yn, andyy are the observed, native, and unfolded
<35°. Surface area calculations used the standard solventCD or fluorescence signal at a given temperaturgif
radius of 1.4 A. The polar and nonpolar components and degrees Kelvin) or urea concentration. Equation 1 can be
the total accessible surface areas for native 434 Cro (fromexpressed as

its NMR and crystal structures) and denatured 434 Cro

(modeled as an extended structure witfsheet dihedral  (Ynox MyoX) + (Yoo + Mygx)e 20T
angles; Livingstone et al., 1991; Myers et al., 1995) were y= 1+ e—AGobJRT) )
determined using atomic radii from Richards et al. (1977)

in the program VADAR, which implements the surface area wherex corresponds to the absolute temperature in temper-
calculation program ANAREA (Richmond, 1984). ature denaturation and to urea concentration in urea dena-
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turation. The native base line is described by the intercept 1986). Continuous sequential backbetf@ckbone NOEs

at zerox, Ynox, and the slopemyox. Yuox and myox are the (aN, NN, andgN) facilitated assignments of most backbone
respective unfolded base line slope and intercept. The proton resonances except where these were absent, such as
fraction of native protein under given solution conditions between some residues in the stretch-48 and at the

can be calculated from the observed CD or fluorescence C-terminus (Figure 2). These few residues (Lys42, Lys66,
signal (y) and the corresponding fully unfoldedy) and Arg45, and the PraoJ/f protons) were assigned on the basis
fully native (yn) spectroscopic signals using the following of their unique spin systems from among the remaining
expression: native fractiosr (y — yu)/(yn — Yu)- The unassigned resonances, from compatible NOESs in successive
temperature dependenceABy,sis a modified form of the rounds of structure calculations, or from assignments in
Gibbs—Helmholtz equation and is described by eq 3a model peptides. For example, since structure calculations
(Becktel & Schellman, 1987); the urea dependench®@fps (see below) indicated that residues—68L are disordered,

is assumed to be linear and is given by eq 3b (Santoro & their *H NMR assignments could be inferred or confirmed

Bolen, 1988). from those in a synthetic water-soluble peptide fragment of
434 Cro containing these residues under identical solution
AGy(T)=AH, (1 - T/T,) — AC[(T,—T) + conditions (Padmanabhan et al., unpublished data). Strong

TIn(T/T,)] (3a) and distinct NOE cross-peaks between Prod4) and
Arg43 aCH protons and between Pro58, ¢') and Asp57
AG, = AG, e, — Mureal; aCH protons enabled the identifipation of the two Pro
AG —mC,, for AG,,,=0 (3b) residues and showed that both are inttlams conformation
water ' obs (Withrich, 1986). All of the aromatic ring protons and the
_ side-chain amide resonances of GIn and Asn were easily
HereTn andc_m are the temperature_ z_and urea concentration jgentified by comparing spectra obtained in 9:30:#H,0
at the_ midpoint of the folding tran_smon WhemGobs=_ 0, and 100%°H,0. The only backbone amide protons uni-
AHp is the enthalpy alm, andAG,; is the heat capacityn dentified are those of Metl and GIn2 possibly due to the
and AC, are also assumed to be temperature mdependent.pH used €6.0). The side-chaifH NMR resonances were
Since an accurate value f&GC, cannot be directly deter-  a5signed for most residues except for some lysines. 'fihe
r_nmed from only the_denaturatlon data in this study, we used NMR resonance assignments are provided in Table 1 of the
fixed values ofAC, in the range 0.91.4 kcal mof? K1, Supporting Information.
Each denaturation ex.perlment was repeated at Iegst twice, The presence of five helices roughly spanning residues
and the data were subjected to a six-parameter nonlinear Ieasjf_15, 19-26, 30-38, 47-53, and 58-63 in 434 Cro can
square fitting: four parameters for the native and unfolded pe jnferred from criteria summarized in Figure 2 and include
base lines anth andCy, for urea denaturation, aHr, and the following. (i) Strong, nearly contiguous sets of sequential
Tm, for thermal denaturation. Curve fittings and the reported g (j i4+1) NOES, and medium rangkn(i,i+2), os(i,i+3),
errors were obt_alned using Kaleidagraph (_Synergy Software,daN(i’i_i_3), and dun(i,i+4) NOEs are seen in the helical
PCS Inc.) or Sigmaplot (Jandel Corporation) software. regions, while few or no such NOEs are seen in the regions

RESULTS between helices and, in particular, in the stretch of residues
41-46 and 66-71 (Withrich, 1986). (i) 3June Values

H NMR Assignments and Secondary Structure in 434 Cro. (estimated for 55 out of 63 possible residues excluding Met1,
Sedimentation equilibrium analytical ultracentrifugation ex- GIn2, two Pro, and four Gly) are<6 Hz for residues in
periments of 434 Cro at concentrations between 0.1 and 1helices and>6 Hz for interhelical N- or C-terminal residues
mM and in the same solution conditions as those used in (Withrich, 1986). (iii) TheaCH proton chemical shifts
the NMR experiments yield weight-average molecular minus the random coil value for a given residue, referred to
weights that are essentially identical and equal to the as the chemical shift index or CSl, is negative (by more than
molecular weight calculated from the amino acid sequence 0.1 ppm) for residues in the helices as expected [see Wishart
(data not shown). This confirms that the protein is mono- etal. (1991, 1992)]. CSl values were used only qualitatively
meric even at millimolar concentrations, as has been reportedbecause they can be altered by aromatic ring current
(Harrison & Aggarwal, 1988). Consequently, all the NMR effects: residues whose CSI may be so affected are indicated
data we report for 434 Cro are intramolecular. in Figure 2 and were identified by analyzing the NMR

434 Cro in solution conditions favoring the native folded structures (see below) as described in the Experimental
state (20 or 30C and in 100 mM KClI, 25 mM KHPQO, 1 Procedures. (iv) Residues involved in hydrogen bond (H
mM DTT, 0.01% NaN at pH 6.0; NMR buffer) shows good bond) formation such as in helices or helix termini typically
NMR spectral dispersion unlike several other helical proteins exhibit slower amide protonsolvent exchange (Englander
such as interleukin-4 (Powers et al., 1992), the P22€2(1 & Kallenbach, 1984). In a 2D-TOCSY spectrum at pH 6.0
76) domain (Sevilla et al., 1994), and tlig g5 domain and 20°C we identified 30 NHe.CH cross-peak 3 h after
(Huang & Oas, 1995a). The spectral dispersion and generalinitiation of amide proton exchange, and eight of these still
quality of the NMR data are illustrated in the NOESY remained 12 h after exchange initiation. All of these
spectrum of 434 Cro shown in Figure 1, and essentially corresponded to residues in helices or their C-terminii.
complete 'H NMR assignments for 434 Cro could be Solution Structure Calculations of 434 Cr&alculations
achieved from 2D'H NMR spectra without'®>N or °C of solution structures used the procedures described in
isotope labeling.™H NMR resonances were assigned em- Experimental Procedures. These involved several repeated
ploying the standard strategy of identifying individual amino rounds of assigning non-sequential and long-range cross-
acid spin systems from COSY and TOCSY spectra, and peaks in NOESY spectra which were then converted with
sequential connectivities from NOESY spectra“fitfich, the programs XEASY and CALIBA to distance constraints
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Ficure 1: 2D'H NMR NOESY spectral{ frequency of 600.13 MHz) with mixing time 150 ms of 434 Cro (1 mM) in 100 mM KCI, 25
mM KH,PQ,, 1 mM DTT in 9:1 HO:D,0, pH 6.0, 20°C, showing spectral dispersion in the NNH andaCH—NH regions. The signal
with the unusually large chemical shift value of 11.38 corresponds teNlireof Arg12.

for use as input in DIANA, the distance geometry program number of medium-range NOEs is consistent with the high
for structure calculations. Distance constraints were derived a-helical content, while the absence of medium- or long-
from the 150 ms mixing time NOESY spectrum cross- range constraints for the C-terminal residues 86 indicates
checked with the 60 ms NOESY spectrum for the absencethat these do not have any regular structure (see also Figure
of spin-diffusion contributions. The best DIANA structures 2). The average pairwise RMSD (Table 2) is high when all
were used to stereospecifically assign the methyls of threebackbone or all heavy atoms are considered: 2:60.96
Leu residues and nine out of 30 possi#g’ protons and 3.004 0.76 A, respectively, but decrease considerably
(excludes all Ala, Thr, Val, lle, Pro, and Gly residues and to 0.634 0.14 and 1.53k 0.15 A, respectively, when only
14 others without distinct chemical shift assignments for the residues 465 are considered. Thus residues6b are

B andg’ protons) with the program GLOMSA and were then structurally well-defined but not residues-3 or 66-71.
subjected to another DIANA calculation; the resulting Figure 3A shows the backbone conformations in the final
structures were refined by restrained molecular dynamics 20 energy-minimized structures of 434 Cro superimposed
using the program GROMOS (see Experimental Procedures)for minimal RMSD over the structurally well-defined
to generate the final 20 energy-minimized NMR solution residues 465 with the five structurally disordered C-
structures. Table 1 summarizes the numbers of the structurterminal residues 6671 omitted for easy visualization.

ally relevant intraresidual, sequential, and medium- and long-  Analysis of the Three-Dimensional NMR Solution Structure
range constraints and the total used for the final structures,of 434 Cro. 434 Cro has five short helices spanning residues
the residual violations, and the potential energies. The large4—15, 19-26, 30-38, 4754, and 58-63 (depicted by the
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FiGure 2: Summary of NMR data. (i) Sequential®—NH (d,n), NH—NH (dan), and @@H—NH (dgn) NOE connectivities; medium-

range @H—NH (dun(i,i+2), dan(i,i+3), dun(i,i+4)), CaH—CBH (dys(i,i+3)), and NH-NH (dnn(i,i+2)) NOE connectivities for residues

i, i+2,i+3 andi+4. Strong, medium, and weak NOEs are indicated by thick, medium, and thin bars, respectively, and the se@kntial

NOE with the following Prod proton is indicated by an open bar in the row correspondindy,to (i) Amide proton exchangey. “O”

and ‘®” indicate residues whose amide protons were detectable in TOCSY spectra 3 and 12 h, respectively, after exchange was initiated
by dissolving the lyophilized protein i#H,O at pH 6.0 and 20C (see Experimental Procedures). (i) The chemical shift index, CSl, is the
observed minus random ca@ilCH chemical shift. 4" and “—", respectively, indicate positive and negative CSI of more than 0.1 ppm, “0”
indicates CSI (positive and negativep.1 ppm, the blanks at positions 27, 39, and 64 are Gly whosex®¥ protons have opposite CSl,

and “*” indicates residues whoseCH appear to have more thar0.1 ppm contributions from ring current effects in the average NMR

structure analyzed as described in Experimental Procedures. (iv) Amide proforoton vicinal spir-spin coupling constan®Jyne: <6

Hz (filled black squares) and 6 Hz (open squares).

Table 1: NMR Structure Calculations Summary

Table 2: Structure Comparisons

no. of constraints

<35 35<45 =45
type of constraints total A A Aa
intraresidual || — j| = 0) 217 80 81 56
sequential|{ — j| = 1) 259 90 43 126
medium-range (% |i —j| =5) 207 7 51 149
long-range |{ — j| > 5) 184 29 155
all 867
Residual Constraint Violations in the Final 20 Structures
av no. of distance
range (A) constraint violations
0.00-0.25 74.5
0.25-0.50 37.1
0.50-0.75 1.9
0.75-1.00 0.1
>1.00 0
maximum violation ( A 0.60
av sum of violations ( A) 20.9
av range
total energy (kJ mott) —4119  —4628 to—3567
Lennard-Jones energy (kJ m¥)l —2663 —2766 to—2555
NOE term (kJ mot?) 121 93to 142

aUpper limit is 5.0 A plus appropriate pseudo-atom corrections.

RMSD (A)
434 Cré 434 Cré vs R1-69f
residues NMR vs X-ray  vsX-raf  vs NMRd

all residues

backbone 2.6a 0.96

heavy atoms 3.08 0.76
residues (465)

backbone 0.6 0.14 0.92+0.12 1.30+0.08 1.19+0.12

heavy atoms 1.53 0.15 1.99+0.12
AASA (A2
structure AASAnonpolar AASApolar AASAptal
434 Cro (1-65) X-ray’ 4110 570 4680
434 Cro (+-65) NMRe 3960 1040 4990
434 Cro (+71) NMRe 4050 1040 5080
R1-69 (1-63) X-ray 3550 280 3830
R1-69 (1-63) NMR! 3420 390 3810
R1-69 (1-69) NMRd 3430 400 3830

220 NMR structures of 434 Cro from this study434 Cro X-ray
structure (residues-165) from Mondragon et al. (1989&)R1—-69
X-ray structure (residues-163) from Mondragon et al. (1989b).

d Average of the 20 NMR structures of RB9 from Neri et al. (1992).

e Average of the 20 NMR structures of 434 Cfd-or superposition of
the backbone atoms only of residues@b of 434 Cro and residues
2—63 of R1-69. 9 Calculated as described in Experimental Procedures.

ribbon diagram in Figure 3B). The helices assigned on the regions of the Ramachandran map (not shown). The values

basis of backbone¢(y) angles and hydrogen-bonding
patterns are consistent with the qualitative NMR criteria
discussed earlier and shown in Figure 2. Backbame)
dihedral angle distributions in the 20 final NMR structures
(Figure 4) for residues in structurally well-defined helical
and interhelical regions are quite narrow (small angular

for Lys16 and Asn55 are not unusual since Asn, like Gly,
can have ¢,y) both positive (Richardson & Richardson,
1989) as can helix-terminating residues like Lys16 which
terminates helix 1 (Schellman, 1980; Nagarajaram et al.,
1993, Sevilla et al., 1994). H bonds identified in the NMR
structures (Table 3) on the basis of the criteria that the

RMSDs; data not shown) but are especially broad (large proton—acceptor distance is2.40 A and the accepter

angular RMSDs) for the N- and C-terminal residues3l
and 65-71 which show structural disorder. All non-glycine
residues except Lys16 and Asn55 hagg/( in the allowed

donor-proton angle is<35° are fully compatible with
residues whose amide protons exchange slowly with solvent
(Figure 2). Continuous stretches of (EHi.4) H bonds
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Ficure 3: Stereoview of the polypeptide backbone of 434 Cro (residue86l (A) The final 20 energy-minimized NMR structures
superimposed over residues@5. (B) Ribbon diagram of the average of the 20 best NMR structures. (C) The average of the 20 best NMR
structures (thick line) and the crystal structure (thin line) superimposed over resig6és 4

180 p——1 L L L L L L boundaries and are the first and last residues whosat@ns

lie on the helix cylinder axis (Richardson & Richardson,
1988) or are those which form helical H bonds but do not
have the canonical helicabfy) angles (Presta & Rose,
1988). Helices 1, 2, and 5 have the favorable N-cap residues
Thr3, Thrl8, and Asp57, respectively; helices 2, 3, and 5
have the favorable C-cap residue Gly, and the Pro residue
at the start of helix 5 can also be favorable (Richardson &
Richardson, 1988; Presta & Rose, 1988; Doig & Baldwin,
1995). Helix 1 is the longest and the most highly charged,
while helices 4 and 5 are the shortest, helix 4 also being the
most hydrophobic. All the helices have several intrinsically
helix-destabilizing and few helix-stabilizing Ala and Arg
residues (Baldwin, 1995). Figure 5 is a contact map for the
434 Cro structures. The five regions along the diagonal with
the highest densities of contacts correspond to the five
helices. The up-diagonal region of Figure 5 shows the
interhelical contacts in the average of the 20 NMR structures
of 434 Cro: there are several contacts for helix 1 with helices
3 and 5 (but not between helices 3 and 5) and also for helix
2 with helix 4. Few or no contacts occur for other sets of

Residue Number
FiGURe 4: Backbone ¢,1) angles for each residue in the 20 best pelices. These features are also apparent in the ribbon

NMR structures and in the crystal structure. Each dot indicates the . P
value in one NMR structure, the bar indicates the range of NMR diagram of the 434 Cro structure shown in Figure 3B.

values, and the filled square indicates the crystal structure value. The side chains of 23 non-Ala/Gly/Pro residues are well-
defined with low conformational flexibility, as deduced from

specific for a-helices as well as the (GQ—NH;) and their y1 angular RMSD (Figure 6A) being15° and from

(CO-4—NHi+1) H bonds characteristic of a C-cap residue their y; angular order parameters (Figure 6B) bein@.95

are observed (Table 3). The N- and C-caps define helix (0 and 1 describe completely random and completely well-
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Table 3: H Bonds in NMR and X-ray Structures (Residue$3y o E“ &
donor acceptor NMR X-ray £ v :
Arg7 NH Thr3 O 18 1 o L Bt f -
Arg7 eNH Leu6l O 1 M
Leus NH Leud O 11 1 280 = hal - R
Lys9 NH Ser5 0 20 1 = J.==® os = B
Lys10 NH Glué O 18 1 L dh e O
Arg11 NH Arg7 O 11 1 S w4, O Bipeteie
Argl2 NH Leus O 20 1 E < PP v 0 . e o
Arg11eNH Leu54 O 1 z 3 1 . | oy "'-====- 0
Argl11yNH, Leu54 O 1 g T gl . !
Argl2 NH Leu8 O 1 - - m
Arg12 eNH Glu37e0 1 ? v by
Arg12 yNH, Met17 O 1 ¥ 3 I m
Arg12NH, Glu37e0 1 T 20+
llel3 NH Lys9 O 14 1 y L)
Alal4 NH Lys10 O 20 1 4 -
Leul5 NH Argll O 20 1 Z 10- In =
Lys16 NH llel30 20 1 2 " e
Metl17 NH Argl2 O 20 1 i . .
GIN19¢NH, Glu37¢0 1 o Tem it &l
Glu21 NH Thr18yO' 1 LA pA A pa
Leu22 NH Thrl8 O 20 1 ——Helix 1---  Helix2- -Helix 3- Helix4-  Helix 5
Ala23 NH GIn19 O 20 1
Thr24 NH Thr20 O 20 1 Residue Number
ll&}laszzg s: ﬁ!ﬂgg 38 i Ficure 5: Contact plot of the interhelical interactions in 434 Cro.

Gly27 NH Thr24 © 15 Contacts correspond to distances of A. The filled squares in the
up-diagonal region are contacts observed in the average of the 20

Z?A%%yNHHz -ﬁﬁgg)% 18 11 NMR structures, and in the down-diagonal region they are contacts
GIn34 NH GIn30 O 19 observed in the X-ray structure. The open squares in the up-diagonal
Leu35 NH GIn31 0 18 region are contacts in the X-ray structure that are not observed in
Glu37 NH le33 0 20 1 the average of the 20 NMR structures, and in the down-diagonal
Ala38 NH GIn34 0 20 region the open squares are contacts observed in the average of
Gly39 NH lle36 O 20 the 20 NMR structures but not in the X-ray structure. The filled
Val40 NH Leu35 O 19 1 squares close to or along the diagonal are intrahelical contacts or
Thr41l NH Leu35 O 17 1 those between successive helices.

lle50 NH Phe46 O 20 1

Ala51 NH Leu47 O 20 1 from the average of the 20 NMR structures for native 434
Met52 NH Phe48 O 20 1 ;

Ala53 NH Glua9 O 20 1 Cro and modeling denatured 434 Cro as an extefiesuket
Leu54 NH lle50 O 20 1 (see Experimental Procedures) are listed in Table 2. These,
Asn55 NH Met52 O 15 1 as will be discussed later, can be related to the thermody-
Cys56 NH Ala51 0 20 1 namic parameters describing 434 Cro folding transitions.
Trp60 NH Asp5760' 20 1 Amide Prot Exch in 434 CroAmid t

Leu61 NH Asp57 O 19 1 mide Proton Exchange in roAmide proton
GIn62 NH Pros8 © 1 exchange is very rapid at pH 6.0 and 20, the solution
Tyr63 NH Val59 O 20 1 conditions used for the NMR structure determination. Lower
Gly64 NH Trp60 O 19 1 temperature (10C) and pH (4.5) slow down exchange in

a Proton—acceptor distance 2.4 A; acceptor-donor-proton angle, 434 Cro but induce changes in the chemical shifts which
<35°. Hbonds are listed if present in10 NMR structures (the number  |ead to considerable spectral overlap. The very rapid
of NMR structures is given in column 3) or in the crystal structure exchange at pH 6.0 and 2@ could, however, be exploited
(column 4). to estimate the exchange rates for the most protected, slowest

exchanging amide protons using 1D NMR under these
definedy, respectively; Hyberts et al., 1992). Almost all soplution conditions. 434 Cro has eight such very slowly
of these residues are located in regions of regular structureexchanging amide protons at pH 6.0 and°’@0which were
such as in the helices or their boundaries and include Val59,identified using 2D-TOCSY as described earlier. Table 4
Met52, LeuB/22/35/54, all lle and aromatic residues, Glu6/ lists five of these eight residues whose amide proton signal
49, Argl1l, GIn19/30/34, Thr24/41, and Asp57. Moreover, intensities do not appear to have contributions from other
among these residues the fractional solvent-accessible surfaceverlapping signals in 1D spectra recaidh after initiation
areas (ASA) are<0.10 for Leu 8/22/54, Trp60, 11e33/36/ of exchange. The observed exchange rates for these five
50, and GIn19. The residues which have the lowest amide protons K., their intrinsic exchange ratesk)X
fractional ASA (<0.05) and constitute the compact hydro- calculated according to Bai et al. (1993), ah@,, = —RT
phobic core of 434 Cro include, in addition to Leu8/22/54, In Ko, = —RTIn(kedki) are also listed in Table 4AGq, for
11e33/36/50, Leu6l, Ala23/51, and Pro44 (Figure 6C), and the slowest exchanging amides is a measure of the free
all of these except Pro44 are present in the helices. Theenergy for global unfolding (Bai et al., 1994). The five
amide protons of Leu54, 1le36, 1le50, and Ala51 are also slowest exchanging amide protons in 434 Cro listed in Table
among those most protected against solvent exchange (Figurd have similar values foAGg, with a mean value of 3.%
2, Table 4). The changes in the nonpolar, polar, and 0.5 kcal mot™.
total accessible surface are@sASAnonpolas AASApolan and CD and Intrinsic Fluorescence Measurements of 434 Cro
AASAa, respectively) on unfolding 434 Cro as calculated Folding and Stability. The folding and stability of 434 Cro
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180 urea-denatured>6 M urea) and temperature-denatured (75
150 ] A °C) 434 Cro (Figure 7A). A “residual” CD signal attributed
to a thermal base line effect has also been observed for
q 1204 several other thermally denatured proteins. Near-UV CD
£ g0 spectra characterize the environment and rigidity of aromatic
= residues. The near-UV CD spectrum of native 434 Cro has
60 a maximum at 275 nm, whereas #6 M urea no near-UV
30 CD signals are observed (Figure 7B). The intrinsic fluo-
rescence emission maximum on excitation at 280 nm is at
9 348 nm for native 434 Cro, and this shifts to 353 nm with
5 024 B a decrease in intensity on urea denaturation (Figure 7C).
£ Thermal transitions monitored by far-UV CD at protein
§ 0.4 concentrations around 20M are >95% reversible and
8 equilibrate very rapidly (see Experimental Procedures). CD
S 061 spectra recorded for a series of temperatures (not shown)
- have an isodichroic point at 205 nm, suggesting the presence
0.8 - . . . .
of just two conformations for each residue, helix, and random
10 chain (Holzwarth & Doty, 1965). The thermal transitions
c were analyzed as described in Experimental Procedures using
g 081 fixed AC, values between 0.9 and 1.4 kcal mioK ™1 [this
< AC, range is based on the 434 Cro sequence length and the
5 087 7 rij per residueAC, values reported by Alexander et al. (1992)
;,’ 0.4 ﬁ% ‘5 iil D and Myers et al. (1995) for a number of proteing{C, can
.5- t:J also be estimated from its observed linear correlation with
& 024 E ‘il Lm [i] d! éj T% the change in the nonpolar and polar solvent-accessible
00 - ' surface area®ASAnonpolar@aNdAASAyoar respectively, using
T T | the following expressions based on the transfer of model

compounds from the liquid state to water (Spolar et al., 1992)
Residue Number

FIGURE 6: (A) y1 angular RMSD; (B): angular order parameter;  AC, = (0.32+ 0.04)AASA, o p01a) —

(C) fraction of accessible surface area for each residue in the 20

best NMR structures versus amino acid sequence. The bar indicates (0.14+ 0'04)(AASApolar) (4a)

the range of NMR values, and the square indicates the crystal ) ) )

structure value in C. or based on the dissolution of solid model compounds

(Murphy & Freire, 1992)

Table 4: Parameters for Urea Denaturation and for the Slowest

Exchanging Amide Protons of 434 Cro ACp =(0.45+ 0'02)(AASAnonpoIa) -
Urea Denaturation (0.26+ 0-03)(AASApolar) (4b)
probe b Cm (M)P AGyaeP®
far-Uv CD 1.02 3.50 3.6 AASAnonpolar aNd AASApoiar for 434 Cro listed in Table 2
near-UvV CD 1.14 3.48 3.9 and eq 4a givA\C, ~ 1.13+ 0.20 kcal mot* K1 (or 1.24
fluorescence 1.05 3.35 3.5 + 0.20 kcal mot K1 for the X-ray structure), while eq 4b
mean 1.07 3.44 3.67

yields AC, ~ 1.50+ 0.10 kcal mot? K~ (or 1.70+ 0.10
kcal molt K~ from X-ray data). Although eq 4b predicts
a higherAC, [ascribed to differences in calculatidgASA;

Amide Proton Exchange
NH residue k (min™)  ke(Min™)  AGep = (—RTIn Kgp)P¢

::gég ﬁg i'ﬁ igz gg see Myers et al. (1995)], the range 684 kcal mott K1
lle50 132 4.2 10°3 33 for AC, is sufficiently conservative and yieldg, around
Alas3 12.92 5.5¢ 1072 45 333 K, AHy, = 40-60 kcal mot! (AHy, = 70 + 4 kcal
r';qeeufrf‘ 2.64 3.8<10°° 3?-)87 mol~1 from the slope of an approximately lineartiy versus

1/T van't Hoff plot in the narrow temperature range around
8(; lfn keal rf(leAF éM‘l- bStaGg/agiDerroc;Sfil far-UV CD, 24°$ fftgm Zﬂg Tm), aNdAGyater = 2.5-3.6 kcal mof? (20 °C) or 2.0-3.0
orman water, N€ar- an uorescence, 0 o H
20?% form andAG::::er; amide proton exchange, 14% for mafgfsop. kca.l mol* (37 °C). The values are tentatlvg because,
¢In keal mot™ at pH 6.0 and 20C in NMR buffer. is _flxed and a_ssumed to be temperature !ndepe_ndent. A
reliable experimental method of determiniyC, is by
calorimetry. However, thermal transitions of 434 Cro
in NMR solution conditions was examined using CD and monitored by calorimetry are irreversible, and no more than
intrinsic Trp fluorescence. Protein concentrations for CD g0os of the native 222 nm far-UV CD signal is recovered
and fluorescence are lower than for NMR, but native 434 on cooling the thermally denatured protein at concentrations
Cro is monomeric over this entire concentration range, as >100 uM (requ|red for Ca|0r|metry and near-UV CD)
shown earlier in sedimentation equilibrium measurements. Consequently, only the thermal transitions monitored by far-
Native 434 Cro has the far-UV CD spectrum of a helical UV CD (222 nm) and around 20M protein concentration
protein with two minima at 206 and 222 nm. The mean were analyzed.AC, can also be determined by a combined
residue ellipticities at 222 nm@] 2., (in deg cn? dmol™?), analysis of thermal and chemical denaturations, for example,
are around-14 000, 0, and-6000, respectively, for native, urea denaturations at various temperatures and thermal
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FIGURE 7: (A) Far-UV CD; (B) near-UV CD; (C) fluorescence emission spectra of native (pH 6.0C2@ M urea in NMR buffer),
thermally denatured (pH 6.0, 7&, 0 M urea in NMR buffer), and urea-denatured (pH 6.0°,206.5 M urea in NMR buffer) 434 Cro.
See text for protein concentrations. (D) Fraction of native 434 Cro versus urea concentration at pH 6.0@id PR buffer monitored
by ellipticity at 222 nm @) and 275 nm 4), and by fluorescenced).

denaturations at various urea concentrations [see Scholtzorrelation (although not as good as that observed be-
(1995) and Huang and Oas (1996)], and such experimentstween AC, and AASA): m (cal mor!* M~1) = {368 +
are currently in progress. 0.11AASAww)} (Myers et al., 1995). This expression yields
Urea denaturations were monitored by far-UV CD (222 estimates fom (in kcal molt M%) of ~0.92 and 0.88 for
nm), near-UV CD (275 nm), and intrinsic fluorescence. The the NMR and X-ray structures of 434 Cro, respectively,
urea-induced transitions equilibrate very rapidly, are revers- which are reasonably close to that observed experimentally.
ible, and were analyzed as described in Experimental
Procedures. Uncertainties @, (like T, are small but can DISCUSSION
be large form (like for AHy) and, as a consequence, for Comparison of the NMR and X-ray Structures of 434 Cro.
AGyaer(Pace et al., 1990). This appears to be the case withThe backbone and heavy atom RMSDs for residue&st
the fluorescence and near-UV CD data (Table 4). Figure between the X-ray structure (Mondragon et al., 1989a) and
7D shows that the CD and fluorescence urea denaturationthe NMR structures are, respectively, 082.12 and 1.99
data plotted as the fraction of native protein versus urea+ 0.12 A (Table 2), indicating similar overall structural
concentration are superimposable. The fitted parametersfeatures (Figure 3C). However, the NMR and crystal
listed in Table 4 are similar within error. At 2L, pH 6.0, structures do not overlap exactly and show some significant
and in NMR buffer, the three spectral probes together give differences. The backbone,{y) dihedral angles (Figure 4)
an averagen value of 1.074 0.06 kcal mof* M~ and an and H bonds (Table 3) characteristic of helices in the NMR
averageCn, value of 3.44+ 0.08 M. These, by the linear structures parallel those in the crystal structures, but most
extrapolation method (LEM) used in eq 3b, yield an average of the side-chain H bonds in the crystal are not seen in the
AGyatervalue of 3.7+ 0.2 kcal mot?, which is in the range  NMR structures. In particular, side-chain H bonds involving
of values for AGuaer at 20 °C obtained from thermal  Argl2, Metl7, GIn19, and Glu37 in the crystal, which were
denaturations for th&C, values used. MoreoverGyater suggested to fix the carboxy terminus of helix 3 to the rest
from urea denaturations is in excellent agreement Wi, of the molecule (Mondragon et al., 1989a,b), were observed
values for the slowest exchanging amide protons determinedin none or very few of the NMR structures (Table 3). The
under similar solution conditions (see previous section). The lack of NOE constraints and the somewhat higher confor-
averagem value is close to the value 0.99 kcal mbM 1 mational flexibility of Arg12 and Met17 can partially explain
calculated by multiplying the number of helical residues in this. It can also be the consequence ofjthand fractional
434 Cro E43) and the per residuen value for helix ASA of GIn19 and GIu37 in the crystal structure differing
unfolding &0.023 kcal mot! M~ per residue), consistent  significantly from the NMR structures: (& x—ray: X1.NMR,
with observations for other all-helical proteins (Scholtz et andy: nwvr Order parameters are67°, —113+ 13°, and 0.98,
al., 1995). Them values andAASA also show a linear  respectively, for GIn19, and-67°, —161 + 24°, and 0.92,
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respectively, for Glu37; (b) fractional ASA (X-ray) are 0.17
and 0.06 for GIn19 and Glu37, respectively, whereas the
respective average fractional ASA (NMR) are 0.08 (range
0.05-0.12) and 0.22 (range 0.6D.28) for GIn19 and
Glu37. In general, the fractional ASA in the crystal for
almost all other residues, especially the least solvent-

Padmanabhan et al.

indicated are highly coincident in the two proteins, and they
show similar patterns in the distributions of thety) angles

and H bonds characteristic of helices. The C-caps Lys16
and Asn55 of helices 1 and 4 of 434 Cro whasand v
angles are both positive have as their corresponding residues
Gly in R1-69 also with bothp andy angles positive. In

accessible ones in the hydrophobic core, lie within or only the two proteins, all the other helix C-caps are Gly and both
slightly outside the ranges observed in the NMR structures have favorable but different N-cap residues for helices 1, 2,
(Figure 6C). Besides GIn19 and Glu37, other residues with and 5. Argl2, GIn19, and Glu37 in 434 Cro are conserved

well-defined side chains in the NMR structures whgse
torsion angles differ from the X-ray value include Leu8
(Xl,NMR = —169 + 150; X1X-ray = 1570), Leu22 Ql,NMR =
173 + 40; X1 X-ray = _1570), Thr41 6{1,NMR = —-52 + 40;

in the equivalent positions in R169, and H bonds involving
their side chains are detected in all but the 434 Cro NMR
structures. Eleven of the non-Gly/Ala/Pro residues with well-
defined side chains in the 434 Cro NMR structures have their

Yixray = —20°), and, in particular, Phe4g{nwr = 39 + equivalent residues in R169 well-defined in the R169

5% yixrqay = —52°) and Leu54 finwr = —153 + 13 NMR structures, and six of these (lle13, GIn19, Leu22, lle33,
Yixray = —66°), the three Leu also being among the core Phe46, and Trp60 in 434 Cro) share the same identity in the
residues with the lowest fractional ASA as discussed earlier. two proteins. The side-chain conformation of Phe46 in the
All the largest violations ¥1.5 A) of the NMR distance ~ NMR structures of 434 Croy{ = 34 + 4°) unlike in its
constraints when applied to the X-ray structure involve at crystal structure); = —52°) is closer to those in the R1
least one of the above residues whose side-chain torsion69 crystal 1 = 55°) and NMR structuresyf = 54 + 7°).
angles in the NMR structures differ significantly from those Several of the hydrophobic core residues (fractional ASA
in the crystal (data not shown). As seen in Figure 5, the < 0.05) in the two proteins are in equivalent positions, and
overall patterns of interhelical and other contacts are similar many of these (residues 22, 23, 33, 51, 54, and 61 in 434
in the NMR and X-ray structures, but there are differences Cro) share the same identity. The parallels in the overall
as reflected by the open squares in the up-diagonal regionpacking of R:69 and 434 Cro may also be appreciated
for X-ray structure contacts not observed in the NMR from their AASA values listed in Table 2.

structures and vice versa in the down-diagonal region.
Values forAASAnonpolas AASApoian aNAAASAsera Obtained
from the X-ray and the NMR structures for residues6b
(X-ray structure coordinates are available only for these
structurally defined residues) listed in Table 2 indicate
differences by at most 5% iAASAnonpolar aNd AASAsotal
values but significantly more ilhASApqar Values. These,
however, do not lead to appreciable differences in the
predicted values foAC, andm, the parameters describing
folding transitions. The crystal structures of free 434 Cro
and of each monomeric unit of the 434 Cro dim&NA

Folding and Stability of 434 Cro.Many small single-
domain proteins lacking disulfide bonds awd proline
peptide bonds show two-state folding transitions, i.e., transi-
tions involving only native and unfolded conformations
without significant populations of intermediate conforma-
tions. Criteria used to ascertain two-state folding behavior
include coincidence of equilibrium denaturation transitions
monitored using different probes, the equivalence of the
calorimetric and van't Hoff enthalpies, and the requirement
that the unfolding free energy and its dependence on the
denaturant estimated from equilibrium denaturation transi-

co-crystal (Mondragon & Harrison, 1991) among themselves tions is identical to that obtained from the kinetics of folding
have global backbone and heavy atom RMSDs of @53 and refolding (Jackson & Fersht, 1991). For 434 Cro,
0.05 and 1.48+ 0.24 A, respectively, for residues—43. equilibrium urea denaturation transitions monitored by far-
DNA binding induces a few conformational changes in some UV CD, which is a probe of secondary structure, and by
of the protein residues in the DNA-binding or protein near-UV CD and fluorescence, which are probes of tertiary
dimerization interface. However, the NMR structures of 434 structure, yield superimposable curves (Figure 6D) and very
Cro free in solution determined in this study show variations similar estimates for the urea denaturation parameters (Table
from the structure of each DNA-bound 434 Cro monomeric 4). The coincidence of equilibrium denaturation transitions
unit in the DNA—protein co-crystal which, more or less, monitored using the different spectroscopic probes demon-
parallel those seen with the free 434 Cro crystal structure. strates that under equilibrium NMR solution conditions 434
Comparison of the Structures of 434 Cro and the 434 Cro folding is two-state.
Repressor N-Terminal Domain R89. Residues 465 of Folding transitions of 434 Cro in the solution conditions
the 71-residue 434 Cro protein and residues2 of the used for the NMR experiments do not appear to be amenable
69-residue 434 repressor N-terminal fragmenti82 show to calorimetric measurements, as mentioned earlier. Mea-
remarkable homology in their sequence and in their crystal surements of the folding and unfolding kinetics of 434 Cro
structures with backbone RMSB 0.8 A (Mondragon et and their dependences on the denaturant concentration were
al., 1989b). This RMSD is comparable to that seen betweennot done, but 434 Cro most likely exhibits the very fast
the NMR structures of 434 Cro from its X-ray structure folding kinetics (in sub-milliseconds) observed fég_gs
(Table 2) or between the average-R89 NMR structure and  (which is very similar in size, structure. and sequence to 434
its X-ray structure (the respective backbone and heavy atomCro) and possibly for the allx-helical 51-residuelac
RMSDs for residues-163 are 1.09 and 1.69 A; Neri et al., repressor headpiece (Huang & Oas, 1995b). The latter study
1992). We have listed in Table 2 the backbone RMSDs for led to the proposal that this rapid folding behavior may be
residues 465 of our 434 Cro NMR structure versus residues a characteristic of alh-helical proteins. The kinetics of 434
2—63 of the average R169 NMR structure and versus the Cro folding, whether the helical secondary structure forms
R1-69 crystal structure for the sake of completion. The simultaneously or otherwise with the tertiary structure for
helices and other structural elements spanning the residueshis one-domain, single hydrophobic core protein and
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whether the individual helices are intrinsically stable, remain conditions. Bai et al. (1994) report thAG, = AGuyater if
to be investigated. One or both of the capping residues of global unfolding controls the slowest exchanging amide
helices 1, 2, 3, and 5 in 434 Cro are favorable, as mentionedprotons: factors such a&4,0 in exchange experiments
earlier, but all of the helices are short with several intrinsi- versus'H,O in urea denaturation measurements, residual
cally helix-destabilizing residues and few helix-stabilizing structure in the unfolded state which blocks amide proton
Ala and Arg" residues. The intrinsic stabilities of the helices exchange, and, most notably, the presenagsgprolines in
of 434 Cro and their correspondence to those in the nativethe native structure can makes,, > AGyates Whereasi\Gop
protein is currently being investigated in its synthetic water- < AGyaer if €xchange is controlled by nonglobal, local
soluble peptide fragments. unfolding processes or if residual structure in the unfolded
The two-state folding behavior under equilibrium condi- state does not block amide proton exchange. Although the
tions and the averaga andAGawrvalues for 434 Cro from  observed equivalence &Gy, and AGyaier for 434 Cro may
urea denaturation experiments parallel the behavior of thebe the result of the canceling out of the different factors
similar 1g—ss (Huang & Oas, 1995, 1996). 434 Cro as mentioned above, a simpler explanation is that global
discussed earlier shows exceptional sequence and structuralnfolding governs the exchange of the most solvent-protected
homology to R¥-69, the monomeric N-terminal domain of amide protons in 434 Cro. This is consistent with what has
the 434 repressor. Since the two proteins exhibit a high generally been observed with other single-domain proteins
degree of correspondence in their structural elements and inwhich either do not haveis-prolines in their native structure
their packing, it is highly likely that they show very similar like 434 Cro or in which theis—transproline isomerization
folding behavior. NMR studies of the urea-denatured state effects on amide proton exchange have been accounted for.
of R1—69 showed residual structure in the segment @5 The close correspondence betweeB,,..-from urea dena-
where the side chains of residues-5D appeared to form  turation andAG,, for the most protected amide protons under
a hydrophobic cluster, and this was proposed as a possiblehe same solution conditions for 434 Cro also appears to
folding nucleation site (Neri et al., 1992b). The correspond- validate the use of the linear extrapolation method (LEM)
ing segment in 434 Cro spans residues-82, and it is to determine free energies of unfolding from chemical
interesting to note that the majority of the slowest exchanging denaturation.

amide protons in 434 Cro (Table 4) are present within this | summary, the 434 Cro NMR resonance assignments
region. Residual structure in the denatured protein if presentand solution structure obtained in this study are the first steps
in significant populations has implications in the thermody- for examining its structure and those of its recently reported
namic analysis of the folding and stability of the protein. yariants (Desjarlais & Handel, 1995) in different solution
Whether any residual structure is present in urea-denaturetconditions as well as for a structural characterization of its
434 Cro and, if so, the populations, the locations in the pNA binding in solution. Moreover, the structural similarity
protein, and the correspondence to that inf8@ all remain  of 434 Cro to several other DNA-binding gene-regulatory
to be examined. proteins makes comparative studies of this family of helical
The averagen value for 434 Cro is on a per residue basis globular proteins relevant both in understanding their folding
in the range observed for other small monomeric proteins. as well as the basis for their DNA-binding specificities. We
It is close to a value that can be predicted from studies on have characterized the thermodynamic stability of 434 Cro
peptide helices as observed with other all-helical proteins jn NMR solution conditions, and further studies character-
consistent with the general conclusion that protein denatur- jzing the folding of 434 Cro, and the structures and stabilities
ation by urea is largely a consequence of the interactionsgf jts synthetic peptide fragments using NMR and other

between urea and peptide groups (Scholtz et al., 1995).spectroscopic methods are currently in progress.
Furthermore, as is observed for many proteins without

disulfide cross-links which exhibit a simple two-state unfold- ACKNOWLEDGMENT

ing mechanism, then value predicted fronAASA for 434

Cro agrees reasonably well with that determined experimen- S.P. thanks Dr. S. Subbiah (Stanford University) for
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On the other hand, 434 Cro is the whole protein exhibiting SUPPORTING INFORMATION AVAILABLE

the specific DNA-binding activity required for its biological
regulatory function. Its modest stability under physiological
conditions may therefore be among the factors modulating
its in vivo concentration relative to that of the 434 repressor
and consequently in the lysis versus lysogeny regulation of
the life cycle of phage 434.

AGuyaer for 434 Cro agrees very well withG, for the  ajlexander, P., Fahnestock, S., Lee, T., Orban, J., & Bryan, P. (1992)
most protected amide protons under the same solution Biochemistry 313597-3603.

Table listing the'H chemical shift assignments for 434
Cro (4 pages). Ordering information is given on any
masthead page.
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