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ABSTRACT. Thermodynamic parameters describing the phage 434 Cro protein have been determined by
calorimetry and, independently, by far-UV circular dichroism (CD) measurements of isothermal urea
denaturations and thermal denaturations at fixed urea concentrations. These equilibrium unfolding transitions
are adequately described by the two-state model. The far-UV CD denaturation data yield average
temperature-independent values of 09®.10 kcal mot! M~ for m and 0.984 0.05 kcal mof? K—1

for ACpu, the heat capacity change accompanying unfolding. Calorimetric data yield a temperature-
independenAC,y of 0.95+ 0.30 kcal mof! K~1 or a temperature-dependent value of 1490.10 kcal

mol~! K~1 at 25°C. AC,u and m determined for 434 Cro are in accord with values predicted using
known empirical correlations with structure. The free energy of unfolding is pH-dependent, and the protein
is completely unfolded at pH 2.0 and 28 as judged by calorimetry or CD. The stability of 434 Cro is
lower than those observed for the structurally similar N-terminal domain of the repressor of phage 434
(R1-69) or of phagé. (1s-ss), but is close to the value reported for the putative mononfe@co. Since

a protein’s structural stability is important in determining its intracellular stability and turnover, the stability
of Cro relative to the repressor could be a key component of the regulatory circuit controlling the levels
and, consequently, the functions of the two proteins in vivo.

An understanding of the physical interactions underlying number of proteins 1, 2) or on the denaturanfprotein
the structure, folding, and function of a protein requires a binding model (DBM) 8, 4). Combined analyses of chemical
complete thermodynamic description of its conformational and thermal denaturation data which assume a temperature-
stability. Such a description relies on quantitative analyses independentAC,y and the thermodynamic equivalence of
of thermally or chemically induced foldirgunfolding transi- thermally and chemically denatured states have been reported
tions (monitored by calorimetry or spectroscopically), fol- for various proteinsZ, 5—12).

lowed by a data extrapolation to given conditions of  The conformational stability and the principal thermody-
temperature, pH, etc. To extrapolate thermal denaturationnamic parameters\Gy, AHy, ASy, Tm, and AC,u) Which
data, the change in heat capacityQ, ) and its temperature  describe the folding transitions of bacteriophage 434 Cro
dependence must be known. These are best determined byrotein are examined here. In vivo, Cro and the repressor
calorimetry, although other methods have also been devel-proteins regulate the switch between phage lysis and lysog-
oped. Extrapolation of data from chemical denaturation (e.9., eny by sequence-specific DNA binding3). 434 Cro has
urea and guanidine hydrochloride) is based either on theseveral properties that are desirable for physical studies of
linear free energy model (LEM)found to be valid for a  thermodynamic stability and of structurstability correla-
tions. It is a small (71-residue) single-domain protein with
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domain;9, 18) and R1-69 (19). The available thermody-  chemical equilibrium in the CD instrument for at least 5 min

namic parameters that define the foldingtefgs and R1- before data were recorded. Under the experimental conditions
69 are compared with those determined for 434 Cro in this that were used, the unfolding transitions are reversible as
study, and their possible implications on the folding and the verified by the temperature scan obtained for a sample

biological roles of these proteins are discussed. coinciding with a second scan for the same sample cooled
immediately after the first scan, and from the mean residue

MATERIALS AND METHODS ellipticity at 222 nm, P]222 (in deg cn? dmol™?), of a sample
, , at a given urea concentration being the same irrespective of
Preparation of Protein whether the sample at a given urea concentration was

prepared by the addition of urea or by diluting the sample
with a high level of urea. The equilibrium was achieved

rapidly as seen by the rapid recovery of the initial CD signal

on cooling for thermal transitions and the CD signal being

unchanged on equilibrating a sample after addition of urea
for a few minutes or overnight.

A plasmid containing the gene for 434 Cro under the
control of atac promoter (pRW74) was initially used to
overexpress and purify the protein as reported previously
(15). To enhance the protein yield, the gene was recloned
into the T7 promoter-based pET11b expression sysgn (

A PCR-amplified fragment containing the 434 Cro gene with
its initiator ATG codon forming the end of add restriction

site and the TAA stop codon followed byBanHlI site was
generated using the plasmid pRW74 as a template, purified Differential scanning calorimetry (DSC) and isothermal
(Promega Wizard kit), and then cloned into tNeld and titration calorimetry (ITC) data were obtained in a MicroCal
BanHI sites of the plasmid pET11b. The construct was VP-DSC calorimeter and in an ITC unit of the Microcal
verified by DNA sequencing (DNA sequencing facility of  System (MicroCal Inc.). Samples for calorimetry were
CIB-Madrid). To express the 434 Cro protetscherichia  prepared by dissolving the lyophilized protein in the desired
coli strain BL21(DE3) was transformed with the plasmid, buffer followed by filtering and dialyzing overnight against
grown to late logarithmic phase, and then induced with 0.4 the same buffer. The buffers that were used contained 100
mM isopropyl S-p-thiogalactoside fo 5 h at 37 °C or mM KCI and 20 or 25 mM sodium glycine or acetate or
overnight at 25C. The cells were then harvested and lysed, phosphate depending upon the desired pH (pH 2.0, 2.65, 3.0,
and the protein was purified by ion-exchange and reverse-4.0, 4.5, and 6.0). No corrections were made for temperature
phase HPLC as befor@f). The protein purity was verified  effects on pH. Samples were saturated with nitrogen to
in a 15% SDS-PAGE gel with Coomasie blue staining and minimize oxidation of the single Cys present in 434 Cro
by HPLC in a Vydac-Greverse-phase column. The absor- which can lead to oligomerization and the consequent
bance at 280 nm was used to determine protein concentratiorirreversible transitions. In DSC measurements, the samples
using aneggo of 6970 Mt cm™* in 6 M guanidinium  were routinely heated to 375 K using scan rates of 60 or 90
hydrochloride (ultrapure from ICN Biomedicals) or 6370 K/h, cooled slowly in the calorimeter, and reheated to check
M~ cm™! under native conditions (determined as described the reversibility of folding. The sample volumes in DSC

Calorimetry

in refs 21 and 22). experiments were 0.52 mL with protein concentrations of
around 106-200 uM. A molecular massM,, of 8060 Da
CD Measurements and a partial specific volume of 0.753 mL/45) were used

in transforming calorimetric data to temperature-dependent
partial molar heat capacities and were then subjected to
single- and multiple-fitting procedures based on the equations
described elsewher@4—26) using SigmaPlot 4.0 software
(Jandel). ITC data were acquired at 15 and°5 the cell
volume being 1.348 mL. Three injections each ofi@0of

a 0.427 mM protein solution in 5 mM potassium acetate (pH
5.0) (buffer A) were made into the calorimetric cell contain-
ing buffer B (20 mM phosphate) or buffer C (20 mM glycine)
at pH 2.0, the final protein concentration being 27. In
separate control experiments, the same three pulses of 30
uL of buffer A without protein were injected into the cell
filled with buffer B or C to determine the heats of mixing
for the buffers alone:-160 and 30Q«cal for buffer B and

CD measurements were performed in a Jasco J720
spectropolarimeter equipped with a Neslab temperature
control circulating water-bath unit. Thermal and urea unfold-
ing transitions were monitored by the far-UV CD signal at
222 nm using protein concentrations of-120 uM and in
the presence of 100 mM KCI, 25 mM KRGOy, and 1 mM
DTT and at pH 6.0. The solution pH measured at room
temperature was used without further corrections for tem-
perature effects. Each unfolding experiment was carried out
two or more times, and the data were combined and then
analyzed. CD spectra were collected gsinl or 2 mnpath
length cuvette at a rate of 20 nm/min, a bandwidth of 1 nm,
and a 2-4 s response time and averaged over six scans.

Thermal unfolding curves were obtained using a heating rateC’ respectively, mixing with buffer A. These were subtracted

of 20 °C/h. The cuvette temperature was calibrated using from the heats of protein transfer to pH 2.0 and then corrected

anflfrt,frgfal rtgtzzz]3223‘351Jha?grg?&egﬂbgoagg‘égze% ;[/Ci?hfor the heats of ionization2{) to determine the unfolding
P enthalpy. The pHs of the mixture measured at the end of

DRl sampes i dealratons et Arehne experment were 20 and 2.2 for he phosphae an
y P P q glycine buffers, respectively.

of a concentrated stock solution of urea (ultrapure from ICN
Biomedicals) prepared using the protocol described by Pacep 44 Analysis

et al. 3). After each addition of urea, the cuvette capped

with a Teflon stopper was inverted repeatedly to ensure Analysis of Far-UV CD Denaturation Dat&ar-UV CD
complete mixing and then allowed to reach thermal and thermal and urea denaturation data were analyzed using the
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two-state model for the native (N) to denatured (U) equi-
librium (N < U) with an apparent equilibrium constaig
(=[UJ/[N] = fulfy). fu andfy are the fractions of denatured

Padmanabhan et al.

rium unfolding experiment were obtained at least in dupli-
cate, combined, and then fit to the appropriate equations
listed above using Kaleidagraph (Synergy Software, PCS

and native protein, respectively, at a given temperature orInc.) or Sigmaplot for Windows (Jandel) software. The errors

urea concentrationf{ + fy = 1). The free energy of
unfolding at temperaturg& (in kelvin), AGy(T) (=—RTIn

listed are those reported by these fitting algorithms.
Additional thermodynamic parametei, whereAHy =

Ku, R being the universal gas constant), and the observedO, Ts whereAS, = 0 and where the protein has maximum

CD signal,d, are related as follows (see rafs12 and15):

_ Oyt 6y exp(-AG/RT)
~ [1+ expAG,/RT)]

)

wherefy and6y are the signals for the fully native and fully

unfolded states, respectively (“baselines”), and correspond 'S
to the pre- and post-transition zone plateau regions. They
are usually described as linear functions of temperature (

in degrees Celsius) and urea concentration, [@)] (

ON(LIU) = 6° + ayot + byo[Ur] )

®)

where 6° are the intercepts andy and by values the
temperature- and urea-dependent terms, respectively.

The urea dependence Af5, in isothermal urea denatur-
ations described by the linear extrapolation model (LEM)
(1,2 29 is

AGy(T,[Ur]) = AG(T,0) — m[Ur]

Oy(t,[Ur]) = euo + ayet + by[Ur]

(42)

The free energy of unfolding & and zero urea\Gy(T,0)
= mG,, whereC,, is the urea concentration at the midpoint
of the folding transition wherGy(T,[Ur]) is zero.

The denaturant binding model (DBM3,(4) for isothermal
urea denaturation yields

AG(T,[Ur]) = AG,(T,0) — RTAnIn(1 + ka) (4b)

whereAn is the change in the number of urea binding sites
upon unfolding,k the binding affinity of protein for urea,
and a the molar activity of ureak, a, and urea activity

stability, andT.S, the transition temperature for cold dena-
turation, can be obtained using the following expressiaas (
30):
Ty =Ty — (AH/AC, 1)
=T, exp(-AS,/AC, ) =
T exp[-AH/(TAC, )] (9)
AGy(max)= AH, + AC, (T, — Ty)) =
AC, (T, — Ty) (10)

(8)
-

Analysis of Calorimetry DataDSC curves were fit to
equations that could be applied to the two-state transition
model. Two different approaches were used to defilk,
andASy: (a) in terms ofAH, and Ty, (eqs 5-7, [Ur] = 0)
as described in detail elsewhei{-26, 31) or (b) in terms
of Tp andTs (eqgs 8-10) as described below. Both approaches
were used for individual or multiple-curve fitting under the
assumption thaAC, y is temperature-dependent since, from
a consideration of the calorimetric curves, it is clear @at-

(T) and C,y(T) have different slopes so tha&C,y is not
constant but decreases with temperature in the transition
temperature range. For simplicit@, n(T) and Cpu(T) were
assumed to be linear functions of temperature in most fittings.

Con(M = ay, + by (T-T) (11a)
Cou(M=ay, +byT-T) (11b)
AC,(T) = Aa, + Ab, (T —T) (12)

wherea andb are constants anti is any selected reference
temperature. Thus, wheR = T, the following may be

coefficients used in this study are from Makhadatze and derived @5):

Privalov @) or from their data fitted to temperature- and

urea concentration-dependent polynomials (as irlegf
The temperature dependencea\@y(T,[Ur]), the enthalpy

(AHg'), and the entropyAS,') can be expressed a9

AGy(T,[Ur]) = AHy'(T) — TAS,(T)
= AH,/(1— TIT,) — AC, x
[(To —T) + TIn(T/T)1 (5)

AHY'(T,[Ur]) = AH, + AC, (T = T,)) (6)
AS)(T,[Ur]) = AH, T + AC, ' In(T/IT,))  (7)

whereT,' is the temperature (in kelvin) at the midpoint of
the folding transition wherdaGy = 0, AHy' the enthalpy at

AHY(T) = Aay (T = Ty) + (1) Aby (T — T)? (13)

AS,(T) = (Aay ), — Aby,Ty) In(T/TY +
Aby (T =T (14)
Ky(T) = exp[AS(TVR — AHy(TYRT]  (15)
Co(T) = Coy + AC, UK /(1 + Ky) +
(K /R[AH /T + K)]? (16)
For each DSC curve, instead of the usual six adjustable
parametersAHpm, Tm, Aay, Aby, Aay, andAby (24, 25), six

others corresponding @y, Ts, Aayn, Abyn, ann andbyn
are used in the fittings. Using; andT, instead ofAH,, and

Tw', andAC, ' the heat capacity increment assumed to be T, is more appropriate for 434 Cro since for some solvent
independent of temperature (the primes indicate values inconditionsAGy(Tm) = 0 but is negative at all temperatures
the presence of urea). ThisC, ' can be extracted from (AGy < 0 andfy < 0.5 for pH <3.0). TheT/Ts fitting
combined thermal and urea denaturation data using differentprocedure was used in the simultaneous fitting of the
procedures that assume a two-state unfolding transifion (  averaged melting curves measured for pH 2.65, 3.0, 3.5, 3.75,
12) or from calorimetry (see below). Data for each equilib- 4.0, 4.5, and 5 assuming thbg, AC,y, and T, were the
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same for all the data sets, whiég , and Ts were adjusted ' , , r

for each curve (makingwn adjustable allows the curve
positions along th€&, axis to be aligned). Thus, for the set 1F
of seven different curves, we have 17 adjustable parameters
B3+ 7x2). g 08
It is known that at leasC,y can be a nonlinear function =
of temperature 32, 40). So the curves for pH-3.5 were =z 06
subjected to fittings wher€,y and C,n were assumed to £
have quadratic temperature dependences to check if nonlinear'; 04 r
baselines improve the quality of the fit. For simplicity, the @ 02 |
coefficient for the quadratic term is assumed to be the same &= ™
for both C,y andC,n so that the heat capacity increment, ok
AC,y, is again defined by eq 12. Thus,
Con(M = ayp+ by(T— Ty + (T — T)? (173)
Cou(M =aynt by (T =Ty +cy(T — Th)2 (17b)
The ITC data were corrected for the heats of dilution and 1+
further analyzed using the following equations:
o 08
AHtot = AHU + AHi,prot + AHi,phos (18&) %
AH = AHy + Ao+ AHg, (180 2 08 T
) -
AAH, = (AHi,phos_ AHi,gly) = S 04
p(Ahi,phos_ Ahi,g|ly) (19) E 02
whereAH; pror, AHiphos @NdAH; gy are the heats accompany- 0r
ing proton transfer to protein, phosphate, and glycine buffers, ' ' . .
respectivelyAh are the heats of ionization for the phosphate 0 5 4 6 8
and glycine COOH groups with the lowedt palues (from Urea activity

ref 27) which together with the experimentally determined

AAH,y; provide values fop, the number of protons trans- FiGUre 1: Isothermal urea denaturation data for 434 Cro at )} (
. . 15 (@), and 25°C (O) monitored by the far-UV CD signal at 222
ferred to protein from buffer at pH 2 (phosphate or glycine). nm.(DS)qution conéiti)ons are pH 63./0, 100 mM KCl, 295 mM KH

Thesep values and the average heat effect per proton ir‘ 434pQ,, and 1 mM DTT. Lines are fits of the data using the parameters
Cro (=0.57 kcal mot?, estimated from the number of acidic listed in Table 1 (see the text) for (A) the linear extrapolation model
groups in the protein, four Glu, one Asp, and one C-terminal and (B) the denaturant binding model.

carboxyl, and the reported heats of ionization for these |sothermal Urea Denaturations by Far-UV CDrhe

groups;27) provide values forAH; pror. experimental data and model fittings for urea denaturation
curves at constant temperatures of 5, 15, and@%plotted
RESULTS as the fraction of the folded protein are shown in panels A

(LEM) and B (DBM) of Figure 1. The data set obtained at

All the data accumulated thus far for 434 Cro, NMR, far- a given temperature was individually subjected to a six-
and near-UV CD and the intrinsic Trp fluorescence spectra, parameter nonlinear least-squares fitting, four of which de-
its monomeric nature over a wide concentration range (up scribe the native and unfolded baselines. The remaining two
to millimolar levels), and the coincident equilibrium unfold- parameters are and C,, or m and AGy(T,0) for LEM (eq
ing curves obtained using different spectroscopic probes, are4a), andAn and AGy(T,0) for DBM (eq 4b). In the latter,
consistent with two-state foldindl). When monitored by  values fork, the intrinsic protein-urea binding constant, and
the strong far-UV CD signal at 222 nm characteristic of the a, the activity of urea, were separately assigned as described
helices (as in 434 Cro), thermal and urea denaturation curvesn Materials and Methods (note tHatlecreases and the urea
at pH 6.0 and the protein concentrations that were used areactivity increases with temperatue®; Table 1 lists the best-
reversible and equilibrate rapidly between the folded and fit values obtained using the two modeatsvalues are, within
unfolded forms. Isothermal urea denaturation curves were error, independent of temperature over the examined range,
obtained at five different constant temperatures from 5 to the average being 0.98 0.09 kcal mot* M~1. C,, values
25°C. Thermal denaturations were carried out in the presencewhich are more accurately determined appear to have some
of different fixed concentrations of urea ranging from 0 to 3 temperature dependence, whil&y(T,0) values, the zero-
M (maximum temperatures of 785 °C) and from 6 to 7 urea value at temperatures between 5 antiZ%ange within
M (maximum temperature of 50C). Sample exposure to the error of the measurement. As for some other small pro-
high temperatures was kept short to minimize any protein teins (7, 10), the change in the number of denaturant binding
modification by urea decomposition products and consequentsites,An, is small and relatively invariant with temperature
irreversibility (7). between 5 and 28C with a mean value of 35 3. AGy-
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Table 1: Analysis of Isothermal Far-UV CD Urea Denaturation Data for 434 Cro

parameter 5°C 10°C 15°C 20°C 25°C
Cm (M urea) 3.32+0.08 3.31+ 0.06 3.56+ 0.05 3.42+ 0.09 3.07+0.15
m (kcal mol* M~1) 0.99+0.10 1.03+ 0.06 0.91+ 0.05 1.01+ 0.12 1.00+ 0.14
AGy(T,0) (kcal mol?) 3.284+0.38 3.40+ 0.25 3.23£0.31 3.44+ 0.47 3.05: 0.49
k 0.086 0.078 0.071 0.065 0.061
An 33+£2 3642 3342 3744 37+5
AGy(T,0) (kcal mol?) 4.12+0.42 4.13+0.28 3.87+0.23 3.97+ 0.50 3.52+ 0.58

2 Solution conditions are 100 mM KClI, 25 mM KRQ, (pH 6.0), and 1 mM DTTP? Estimates folCy,, m, andAGy(T,0) in the first three rows
were determined using the linear extrapolation model (LEM), wkjl&n, and AGy(T,0) in the bottom three rows were determined using the
denaturant binding model (DBMAGy(T,0) is the value 80 M urea, andAn is the nearest integral value (see the text).

T . T T T The lower line in Figure 2A corresponding to the fully
folded protein baseline was generated as follows. In 0 M
urea, the CD data in the pretransition region-2® °C) are
a function of temperature alone, and a linear fit provides
the intercept and temperature coefficient. These were com-
bined with the pretransition (520 °C) CD data obtained in
the presence o2 M urea to evaluate the coefficient for
the urea-dependent term. Thus, the native baseline (eq 2) is
given by the equatio@n(T,[Ur]) = (—15420+ 36) + (10
] + 2)t + (92 £+ 150)[Ur]. Here#@y is in units of deg cr
dmol! at 222 nm t in degrees Celsius, and [Ur] in molar.
This expression was used for all the thermal denaturation
- curves obtained at fixed urea concentrations, including those
at 2.5 and 3 M urea where the protein is not completely
folded at any temperature and the pretransition baselines are
i not defined. The urea-dependent term in eq 2 (or eq 3)
essentially offsets the baselines by a constant amount in the
. thermal denaturation curves, and is small relative to the native
baseline intercept value for8 M urea. The CD signal at
7 222 nm arises principally from helical conformations and
from studies with isolated helical peptide33), and the
temperature dependence (in degrees Celsiugpphjfor a
100% helical peptide of chain length is given by (44000
+ 250)(1 — 3/N;). This expression can be used to determine
[©]222 for each helix in 434 Cro using as the helical length
LSNP, N; as determined in the three-dimensional structi#e 15).
: — . L L If it is further assumed [as done previousli?)] that the
0 20 40 60 80 observed @]z, for the whole protein is a weighted sum of
Temperature (°C) the [@]22 for each helix, the weight being the ratio of the
Ficure 2: Thermally induced transitions of 434 Cro at fixed urea number of [jesir(]:iues An that helix to thde tota:jnumber inléh(;,;
o . protein, and then the temperature dependence wou e
g%nnceﬁrg{ag'zoznﬁlﬁfa?’pll_" g_’oﬁrfogl mm,v? Egegsb%,\tﬂhzga%\édcf predicted to 'be{-16700+ 95t) for. 434 Cro as compared
mM DTT. Each curve is the composite of at least two different t0 the experimental folded baseline @M urea obtained
experiments. (A) Mean residue ellipticity®].2,, data. The lower above.

native baseline and the upper unfolded baseline were generated as : :
described in the text. (B) Data depicted in panel A plotted as fraction The upper baseline for the unfolded protein was generated

of protein folded using the baselines shown in panel A. using the approach described in other repoBs3¢). CD
data for the thermal transitions in the presence of 2.5 or 3
(T,0) from DBM and LEM differ by about 0.5 to 0.8 kcal M urea in the post-transition region (where it is defined over
mol~%, as observed for some other proteifs 10, 26). a sufficiently wide temperature range) and those obtained
Thermal Denaturations in Fixed Urea Concentrations by for the fully unfolded protein at 6 M urea (not shown) when
Far-UV CD. Figure 2 illustrates the effects of urea on fit individually as linear functions of temperature yielded
thermostability; as the fixed urea concentration increases,essentially the same slope whose mean value?i4.41 deg
high-temperature unfolding (heat denaturation) occurs atcn? dmol ! K~1 with a standard deviation of 2.04 deg tm
lower temperatures, and low-temperature unfolding (cold dmol~* K~%. These fits are therefore parallel to one another,
denaturation) is apparentyb3 M urea. Using different  with a constant offset corresponding to the urea-dependent
procedures ), these CD thermal denaturation data were contribution in eq 3. The latter was subsumed by individually
analyzed to determineAC,y which is assumed to be fitting the post-transition region for each thermal denaturation
temperature-independent (even though it does vary at leasturve (including those for zero or low urea where this region
to a small extent with temperaturg, 29), once the folded is not defined over a sufficiently wide temperature range)
and unfolded baselines were defined as discussed below. as a linear function of temperature whose coefficient is set

A
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Ficure 3: Analysis of thermal unfolding curves of 434 Cro monitored by the far-UV CD signal at 222 nm in various concentrations of
urea at pH 6.0, 100 mM KCI, 25 mM K§PO,, and 1 mM DTT. (A)AHy' vs Ty, plot obtained by van't Hoff analysis. (B) Analysis of

thermal denaturation datéa & M urea using the method of Chen and Schelln@4) &s described in the text. (C) Fits Af5, to eq 5 using

thermal denaturation data obtained in the absence of urea and isothermal urea denaturation data at lower temperatures obtained by LEM
(large white squares with solid line showing the fit) or from DBM (large black squares with dotted line showing tBg {if))(Fits (solid

lines) of AGy to eq 5 using the thermal denaturation data obtained in the presence of the indicated urea concentratie® Mrorea,

data at lower temperatures are from LEM analysis of isothermal urea denaturations (white squares). Only every fourth data point is shown
for the curves in panels BD, and the error bars are indicated only in panel C for clarity.

to the mean value indicated above to generate individual Ky’ = A — A(T.//T) + C In(T,,//T) derived from eq 5 with
unfolded baselines. Abeing equal to-[AC, ' + AS)(To)l/RandC being equal

In one procedure for analyzing the CD thermal denatur- to —AC,'/R (7, 34). This fitting for the 3 M urea thermal
ation data,AH,' and T, at each urea concentration are denaturation data (Figure 3B) yields tWg' values for the
estimated by a van’t Hoff analysis (linearkq, vs 1/T plot) hot and cold denaturation transitions (29.#00.11 and
of the corresponding thermal denaturation curve over the —3.57+ 0.34°C, respectively) as long as the initial guesses
narrow temperature range<b °C) where the transition for T, chosen in the fitting were above 8Q or below—40
occurs (0.4< fy < 0.6). The slope of a linear plot &fH,, °C, with both fittings yielding the same temperature-
versus Ty’ is then used to evaluatAC,y' (5, 7). Heat independen\C,,,’ of 1.00+ 0.02 kcal mot? K1,
denaturation is essentially complete for 434 Cro for all urea  Following the method of Pace and Laurers AGy(T,0)
concentrations examined, and a linear fit of fkid,, versus was determined over the entire transition region (G0fy
T data yields aAC,y' of 1.17 £ 0.09 kcal mot! K1 < 0.95) of the thermal denaturation curve obtained in the
(Figure 3A). This value is approximate because the analysisabsence of urea (indicated by dropping the primes from the
assumes thahH;,' is constant over the narrow temperature thermodynamic parameters) and combined with the lower-
range (even though it is temperature-dependent/s@gl,’ temperatureAGy(T,0) determined in isothermal urea dena-
# 0), and since urea binding to protein has an enthalpic turations, and then the entire set was fit to eq 5 witH,,
contribution which increases with urea and is opposite in Ty, andAC,y as variable parameters. Figure 3C shows the
sign from the unfolding enthalpyl), AH,' can differ from data using either LEM or DBM values for the lower-
the true unfolding enthalpy. temperaturé\Gy(T,0) values (Figure 1 and Table 1) and the

In the procedure described by Chen and Schelln3dh ( respective fits generated using different initial guesses for
a single thermal unfolding curve exhibiting both heat and T, as discussed aboveAGy = 0 at the two distinct
cold denaturation (e.gni3 M urea) is fit to the equation In  temperatures (see Table ZJ;, which corresponds to heat
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Table 2: Analysis of Thermal Denaturation of 434 Cro at Fixed Urea Concentrations

[urea] (M) Tn' (°C) Tn® (°C)P AHp, (kcal mol?) AH,® (kcal mol1)° AC,u' (kcal molrt K1)
0 57.0£0.1 —35.5+2.6 46.6+ 0.5 —37.5+ 0.6 0.91+ 0.03
1 49.8+ 0.1 —23.7+ 3.0 40.5+ 0.6 —34.1+ 0.6 1.014+ 0.05
2 41.6+ 0.1 —14.24+2.0 30.7£ 0.3 —27.0+0.3 1.03+ 0.05
2.5 35.1+ 0.1 —7.9+0.5 21.9+ 0.3 —19.84+ 0.3 0.97+ 0.02
3 29.7£0.1 —3.5+0.3 17.3£ 0.2 —16.0+ 0.2 1.00+ 0.02

aThe conditions are pH 6.0, 100 mM KCI, and 25 mM KD, ® Cold

(low-temperature) denaturation values.

denaturation with enthalpxH., andT¢ which corresponds

to cold denaturation with enthalppH.° for the same ° C ]
temperature-independentC,y of 0.91 + 0.03 kcal mot? - .
K~ when the fittings included LEMAGy(T,0) or aAC,y 5[ .
of 0.714 0.03 kcal mot* K~ when DBMAGy(T,0) values r ]
were included (Table 2). WhildH,, and T, for the heat : 2
denaturation are essentially identical using LEM or DBM ~ ~ 4 - —
AGy(T,0) values,AH,® and T,° are considerably different 5 L ]
(Figure 3C). The sensitivity of such fits to the low- £ [ ]
temperature values ahGy(T,0) and its errors, as well as *x LN e T T
the importance of determinindAGy(T,0) at the lowest — 6

possible temperatures, has been emphasized in earlier reportsg

(5, 29). This was done to the extent possible in this study.

The procedure described above was extended to analysis©O 5

of thermal denaturation data at lower urea concentrations
(0—2 M) with LEM AGy'(T) values included as the low-

temperature points since these appear to be closer to those 4

estimated independently by calorimetry (see below). In the

presence of 2.5 ah3 M urea, cold denaturation could be

observed over the entire low-temperature range employed,

and so LEM AGy'(T) values were not included in the

analysis. Figure 3D shows the experimental data for each

urea concentration and the individual best fits [the corre-

sponding stability curve$(29)] to eq 5 using initial guesses

for Ty as described earlier. The best fit parameter values

are listed in Table 2 and show that in the range 81M

urea AC,' values are very similar to, though somewhat

greater than, thoseni0 M urea. For the range of-8 M

urea, the average temperature-independent valua@gy,’

is 0.98+ 0.05 kcal mof! K™% ThisACyy', Tm, andAHp in

0 M urea (Table 2) and eqs-80 yield aT, of 9.5°C, where

AH = 0 andTs= 12.8°C whereAS= 0 and the temperature

of maximum protein stability calculated is 3.2 kcal mbl
Thermal Unfolding of 434 Cro As Determined by Dif-

ferential Scanning CalorimetnA straightforward analysis

of DSC data requires the transitions to be reversible, typically

verified by checking for superimposable DSC curves ob-

p (K
""I""'I""I'
M ST

| NI

T

t(°C)

Ficure 4: DSC data for 434 Cro at various pHs. (A) The
temperature dependence of the partial molar heat capacity at pH
2.0, 2.65, 3.0, 3.5, 3.75, 4.0, 4.5, and 5.0 (from left to right according
to increasing stability). All solutions contained 100 mM KCI and
20—25 mM sodium glycine (pH 24) or acetate or phosphate (pH
4—6). (B) The results (dotted lines) of the multiple best fit based
on egs 1116 are shown for four curves selected from panel A
(solid lines). The dashdot lines show the best fit,n and C,y
linear functions common for all curves in this figur€,n = 2.99

+ 0.012(°C) andC,y = 4.18 + 0.0002(°C) both in kcal K*
mol.

this, the CD spectrum an@] ., characteristic of native 434
Cro at pH 6.0 and 25C persist up to pH 4.0;@]22 is
slightly lower at pH 3.0, while at pH 2.0, the characteristic
helical CD signals are absent (data not shown) and the

tained in sequential scans for the same sample cooled in thespectrum resembles that of thermally denatured 434 I5)o (

calorimetric cells after each run. The DSC curves were
reversible at all pH values that were studied, except at pH
6.0 where they are irreversible at the protein concentrations
that were used (around 1@®), as reported previousiip).

The pH 2.0 heat capacity curve is, in fact, typical for
unfolded proteins; its shape closely matches that calculated
from the protein’s amino acid conter3d), although the latter
values are about 10% greater at each temperature. Such a

This was the case even when the samples were saturatediscrepancy, also reported for other proteins, is probably the

with nitrogen to minimize oxidation of the single Cys in 434
Cro and any consequent intermolecular disulfide bond
formation.

Lowering the pH to improve reversibility is frequently
accompanied by broadening of the DSC transitions and
lowering of Tr, (19, 24—26, 36—39). This was also seen with

consequence of assuming that the unfolded protein is
completely random in structure with all its constituent amino
acids optimally hydrated and with no neighboring group
interference as in the small model compounds.

The heat capacity of the native prote@,, increases with
temperature, while that for the unfolded staig,,, shows

434 Cro (Figure 4A). Decreasing the pH below 5 destabilizes almost no such dependence (Figure 4A). The simplest
the native protein, and at pH 2.0, the heat absorbance peaks&pproach to DSC data analysis is based on linear approxima-
completely disappear from the melting curve. Consistent with tions for the temperature dependences of ligth andC,y
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Table 3: Analysis of DSC Data of 434 Cro at Various pHs

A? B2 ca
pH Tm(°C) AHp (kcal mol™) Tm(°C) AHp, (kcal moi) Ts(°C) AGy max(kcal mor?)  AGy(25°C) (kcal mol?)
268 — - - - 7.0+£0.2 —0.72+ 0.2 —1.36+0.2
3.00 - - - - 7.6+0.1 0.02+ 0.2 0.57+ 0.2
3.50 32.6+ 2.0 27.5+ 3.0 329+ 2.0 272+ 2.4 8.5+ 0.05 1.08+ 0.1 0.55+ 0.1
3.75 39.5+ 1.0 324+ 2.4 40.5+ 1.0 329+ 24 9.1+ 0.05 1.77£0.1 1.29+ 0.1
4.00 419+ 1.0 325+ 2.4 42.7+ 1.0 32.6+ 2.4 9.2+ 0.05 2.03+-0.1 1.55+ 0.1
4.50 47.4+ 0.5 37.6+ 2.4 47.1+ 0.5 36.3£ 24 9.7+ 0.05 249+ 0.1 2.03£0.1
5.00 49.0+£ 0.5 39.9+ 2.4 49.14+ 0.5 39.3+2.4 9.8+ 0.05 2.65+ 0.1 2.20£0.1
6.00 57.2+ 0.5 4554+ 4.¢0¢ - - 10.7+0.1 3.66+ 0.2 3.23£ 0.2

andividual curve fittings based oAH./T equations with linear (column A) and quadratic (column@)(T) functions. Column C lists the
results of multiple fitting based ofi/Ts equations with linea€,u(T), a Ty of 7.6 °C, and aAGy,max 0f AG(Ts) at 25°C (see the text)? Fitting of
these DSC data usimyHq/Tm equations not possible because the population of the native stafeSsat any temperaturéT,, estimated from the
irreversible DSC curve? Extrapolated value using eq 22.

and consequentAC, y. This works well for curves with a 60 2 <
Tm of >40°C, since the nonlinearity dE,y is known to be - ]
noticeable only below this temperatu@?(40). Therefore, 50 F E
the linear approximation oAC,y was used throughout this o ]
study for both individual and multiple-DSC curve fitting. = 40 3 B
Some of the DSC curves for 434 Cro are broad and exhibit ‘5 C ]
clear heat capacity changes below*@ So we also checked ‘_E 30 - E
if a nonlinear approximation of the baselines could alter the C 3
curve fittings. For this, the quadratic term coefficies)(93 T 20 a E
x 107 kcal K2 mol™1) was determined using a second- g . ]
order regression through the curve obtained at pH 2. A :':E 10 3
nonlinear temperature dependence was also assumeglfor P F ]
since that forC,y has been attributed to the temperature ofE 3
dependences of the heat capacities of hydrophilic groups : .
exposed to water3@, 40). -10 z/ 3

S N T WY WOV DU N YN SN NN N SO M NN S B

The algorithms based on thg, curve fitting (without
previous separation of the excess heat capaCity) give 40 60
for each curve a uniqué&H; value that is equal to the T (°C)
calorimetric and van't Hoff heat effects. A separate deter- ) . )
mination of the calorimetric and van't Hoff enthalpies cannot F'GURE 5. Plot of AHy VS Tr, with the ITC and multiple-fit data

. - . included. The white circles and white triangles correspond to the

be reliably achieved for small proteins such as 434 Cro, gaia jisted in columns A and B of Table 3, respectively. White
because of their broad transitions and, hence, small unfoldingsquares are unfolding enthalpies at 15 and®@5determined by
enthalpies?4, 25). Instead, two-state behavior was inferred isothermal titration calorimetry as described in the text. The black

from the quality of the fits of the DSC data to the two-state gifc'e lct_orlrespond?_é_o thgrﬁoigt V‘Lhaﬁe"d t U(Thr)] =0 a? determined
: H H y multiple-curve tting. € dashed line snows a linear regression
model. Another problem arises from the baseline uncertalntythrough all data points present in the figure (see eq 20). The solid

caused by low structure stability and a not so insignificant jine corresponds to eq 22 as determined by multiple-DSC curve
population of the unfolded species at any temperature. In fitting.
fact, the entire set of experimental data presented in Figure
4A can be adequately analyzed only by a multiple-curve Ty, (5, 10, 26). The small size and the relatively low stability
fitting where the baselines are assumed to be the same foof 434 Cro allow reliable determination &fH., over only a
all curves in the set. Figure 4B shows the result of such a narrow temperature range. This decreases the quality of the
fitting with the common best fit baselines using thgTs regression analysis and increases the magnitudes of the errors
equations (eqs 1316) for four of the DSC curves. associated witlAC,y andAGy. To overcome this problem,
Table 3 lists the unfolding parameters determined using the unfolding heat effect at lower temperatures was obtained
linear and quadratic baselines in single- and multiple-curve from pH-induced unfolding monitored by ITC. The multiple-
fitting of the DSC data. The correspondind, versusTn curve fitting of DSC data, in addition, directly yieldg,
plot is shown in Figure 5. The DSC experiments reveal a Which can serve as a reliable reference for the low-
sharp drop in protein stability in the acidic pH range. Such temperature range. Inclusion of these additional data in the
effects are typically entropic (electrostatic) in origin. Small AHm versusTy plot clearly helped to improve the quality of
heat effects that might accompany unfolding in the acidic the linear regression analysis.
pH range as a result of proton transfer are nearly fully offset As seen from Table 3, introducing nonlinear baselines
by the approximate equivalence of the ionization enthalpies causes only slight changes in the single-curve best fit
of the buffers and the protein acidic groud9,(30, 41, 42). parameters. This suggests that deviations of the baselines
The observedAH,, values thus reflect the true unfolding from linearity are not great, and/or thaH, rather tharC,
enthalpies, andC,y can be evaluated using the Kirchhoff is the most important parameter in defining the shape and
relation: AC, = [d(AH)/d(T)], from plots of AH, versus height of any particulartC, peak. The linear regression

o
N
o
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Ficure 6: Plot of T, vs pH of the data taken from Table 3. Since
for the curve at pH 3.0 coincides withT;, these two correspond
to T, The minimal-order polynomial used which adequately fits
all the data on the graph &, = —366 + 421.8(pH)— 86.4(pH¥

+ 5.9(pHY. The derivative of this polynomial and the data from

Padmanabhan et al.

from the derivative of a minimal-order polynomial which
adequately fits all the data depicted in Figure 6. There is
essentially no proton exchanging upon unfolding at pH 5
where the slope is nearly zero. The number of protons
exchanging is about 1 at pH 4, and around 1.5 at pH 3.25
(maximum observed slope). The slope appears to increase
above pH 5.0, but the lack of additional data above this pH
hampers any conclusive analysis of this region.

DISCUSSION

Structural Stability of 434 Cro434 Cro exhibits unfolding
thermodynamics typical for a number of other small, globular
proteins b—12, 19, 24—26, 36—39). Its thermal stabilities
as characterized by if&, values agree for both far-Uv CD
and calorimetric thermal transition data, while the thermo-
dynamic stability described by the free energy of unfolding,
AGy, is modest even at pH 6.AGy(25 °C) in 0 M urea
from urea denaturation data analyzed with the denaturant
binding model (DBM) is higher than with the linear
extrapolation model (LEM) [as reported for some other
proteins b, 10)]. AGy from the multiple fitting of the DSC
data lies between those from DBM and LEM. Overall, these

Table 3 were used to estimate the number of protons exchangedAGu values compare favorably with estimates from hydrogen

upon unfolding as defined in eq 23.

through all data points in Figure 5 (shown by the dashed
line in this figure) corresponds to the following equation:

AHy(kcal mol'™') = —=7.1+ 0.95(°C)  (20)

This corresponds to a constak€,y of 0.95+ 0.03 kcal
mol~! K~ Multiple-curve fitting based on the linear
approximation of heat capacities yields the following equa-
tions from eqs 12 and 13 (whéh = T):

AC, y(kcal mol *K™) =
1.19— 0.01147 — 280.73) (21)

AH, (kcal mol'™) =
1.19(T — T,) — 0.00577 — T,)? (22)

Equation 22 (not to be confused with a second-order
regression through the data depicted in Figure 5) ap-
proximates very well thé\Hy, versusT,, data. According to
eq 21,AC,y varies from 1.28 to 0.14 kcal # mol~* for
the temperature range of-@00 °C. At pH 6.0, where the
DSC transition is irreversible, a fairly preci3g of 57.2+
0.5°C can nevertheless be estimated. This yieldgHy of
45.5 kcal mot?! (eq 22) or 47.2 kcal mot (eq 20). From
egs 13, 14, and 21AGy(25 °C) is 3.234 0.2 kcal mot?,
or using the constarAC,y value given above, it is 3.07
kcal mol .

The pH dependence of, (Figure 6) can be used to
estimateAv, the number of protons associated with protein
unfolding @9, 41).

Av = v, — vy = (AH,/2.30RT, (T, /dpH) (23)

wherevy and vy are the number of protons bound to the
denatured and native states, respectivaly.is estimated

exchange studies of the slowest exchanging amide protons
(15). The experimentain values match well the predictions
based on correlations with the change in solvent-accessible
surface area upon unfoldingtd) or from data for other
helical peptides and proteing4) as noted earlierl).

The thermodynamic stability at any temperature can be
determined using eq 5 onaeH, T, andAC,y are known.
These have been determined for 434 Cro in this study using
calorimetry and, independently, by analyzing chemical and
thermal denaturation data using different reported procedures.
Far-UV CD thermal denaturation data in conjunction with
urea denaturation LEM and DBMGy values vyield tem-
perature-independe®C, y values of 0.9 0.05 and 0.71
=+ 0.03 kcal mof! K1, respectively, in the absence of urea,
while AC,y values determined in the presence ef3LM
urea are essentially identical to one another and slightly
higher than m O M urea. Increases iAC,y with urea
concentration are small for some proteins such as ribonu-
clease A and hen egg white lysozym®, (but are signifi-
cantly greater for barnasé). AC, calculated directly from
the multiple fitting of DSC curves is temperature-dependent
as has been observed in calorimetric studies of a number of
other proteins. The constant temperature-indepen€pt,
estimated from the linear slope of a plot&H,, versusTy,
(both obtained from DSC data) almost coincides with that
from the far-UV CD thermal urea denaturation, and so the
two yield essentially identicaAGy (25 °C) valuesAGy (25
°C) determined directly from the multiple-DSC curve fitting
is somewhat higher. The level of correspondence between
the far-UV CD chemical and thermal denaturation and
calorimetric data is quite good given the assumptions and/
or extrapolations involved in either determination as is clear
from Table 4 which lists, for comparisod\C,y values
determined for a number of other small proteins using the
two independent methods. On a per residue bas,y
values for 434 Cro are about 14 cal mbK~* (far-Uv CD
thermal and LEM data), 12 cal mdl K™ (far-UV CD

using the data in Table 3 and the slope at each pH determinedhermal and DBM data), and 14 cal mélK~! (from the
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Table 4: AC,y from Calorimetry and Chemical and Thermal Denaturation Data for Some Proteins

calorimetry chemical and thermal denaturatton

proteirt no. of residues ACpu ACy/residue ACpu ACy/residue refs
ribonuclease T1 104 1.340.07 12.9 1.65+ 0.20 (u) 15.9 5,38
barnase 110 1.7¢ 0.05 155 1.88t 0.70 (p) 17.1 45, 46
ribonuclease A 124 1.0¢ 0.07 8.8 1.28+ 0.20 (u) 10.3 47
Iso-1-CytC 108 1.3%0.06 12.7 1.37 0.06 (p) 12.7 48
Ov3 domain 56 0.74-0.14 13.2 0.64t 0.11 (g,u) 11.4 6, 39
Barstar 89 1.12-0.24 12.6 1.46+ 0.07 (g) 16.4 8,49
Sac7d 66 0.5& 0.02 7.6 0.86+ 0.02 (g,u) 13.0 10
434 Cro 71 0.95t 0.30/1.01+ 0.10 13/14 0.98t 0.05 (u) 13.8 this study

2|s0-1-CytC, iso-1-ferricytochrome; Ov3 domain, ovomucoid third domaikC, in kilocalories per mole per kelvilCy/residue in cal K*
mol~2. (g), (p), and (u) indicate data from GdnHCI, pH, and urea denaturation, respectively, combined with thermal den&tUhetifirst reference
corresponds to calorimetry and the second to chemical and thermal denaturation.

Table 5: Summary of the Thermodynamic Parameters for 434 Cro and Comparison with Those-&% &1dAs—ss

parameter 434 Cro R1-69 M-8
Tm (°C) 57.04+0.1/57.2+ 1.0 70.7£ 0.5 57.2+ 0.1
AHp, (kcal mol?) 46.6+ 0.05/47.2+ 3.0/45.5+ 2.4 58.6+ 2.4 68+ 1
ACgu (kcal molrt K1) 0.98+ 0.05/0.95+ 0.03 [1.28— 0.0114(°C)] 0.80+ 0.02 1.44+0.03
m (kcal M~* mol™?) 0.99+ 0.10 na 1.13t 0.02
AGy(25°C) (kcal mol™) 3.05+ 0.49/3.07+ 0.3/3.23+ 0.2 5.20+ 0.40 4.30+ 0.20
AGy(max atT = Ts) (kcal mol™) 3.2/3.39/3.66 5.8 4.6
Ts = Tmax (°C) 12.8/11.0/10.6 4.7 13.2

aThe entries for 434 Cro are (in order) from far-UV CD chemical and thermal denaturation data, from linear extrapolation/aflR8ET,
data, and from multipl&~/Th fitting of DSC data as obtained in this study for the conditions mentioned in the’tB&C data at pH 7.0, 200 mM

NaCl, and 20 mM PIPESL9). ¢ Chemical denaturation data at pH 8.0,

100 mM KCI, 25 mMzRA;,, and 99% RO (9).

calorimetric value at 28C), which are values similar to those
reported for a number of other globular proteins (Table 4;
see also refslO, 43, and 50). The experimentalAC,y
determined for 434 Cro lies in the range of 0-9060 kcal
mol~t K1 predicted for this protein 16) using known
empirical correlations that linkC, to the solvent accessible
surface areas in the native and unfolded structu#8s51,

52). Discrepancies among these predictions and with ex-

perimental values can be as much as 28%).(The reasons
for these discrepancies though not entirely cléar 26) have

and R1-69, in particular, exhibiting almost 50% sequence
identity. Table 5 lists the parameters describing their
thermodynamic stabilities. For 434 Cro, parameters obtained
in this study using chemical and thermal denaturation as well
as calorimetry are listed. Those listed for-Ra9 are from
calorimetry (L9) and for 46-gs from chemical denaturation
data @), since these, to our knowledge, are the only ones
available [thel repressor N-terminal fragment (residues
1-92) has been studied calorimetrically but tends to dimerize
at high concentrations; see f&f]. AC,y values for 434 Cro

been attributed to differences in accessible surface areaand R1-69 are closer to one another, not surprising given

calculations used in deriving the empirical correlations
(43).

The stability of 434 Cro decreases with acid pH with a
net uptake of about one to two protons at pM. This must

their near-identical structures and the correlatiom\@i,y

with structure 42—44, 51, 52); the five helices in both
proteins are equally long, and the backbone conformations
of their structurally well-defined regions are almost exactly

be due to one or two groups which in the native state are superimposablelb, 16). Relative to those for 434 Cro and
shielded from solvent and thereby from protonation, but R1-69, AC, for A¢-gs is larger, possibly due to its larger

which upon unfolding in acid pH take up protor29). These
groups must therefore have lovK in the native state

size (80 residues vs 71 for 434 Cro and 69 for89), the
longer lengths of helices 1 and 4 of its five helices [by three

relative to those in the denatured state and probably involve and two residues, respectively, compared to those in 434 Cro

one of the four Glu or the single Asp present in 434 Cro
(there are no histidines). In model compounds.sofor Glu
cluster around 4.5 and 4 for AsppJ). Shielding of these
acidic groups from solvent could occur by the formation of

and in RE69 (16)], and the consequent structural varia-
tions.

T for R1-69 is considerably higher than fag_gs or for
434 Cro, the latter also having the lowest,. For several

buried salt bridges. Indeed, such a salt bridge is present insmall proteins, it has been observed that a Aiglloes not

native 434 Cro between Glu37 and Argl2, both of which

necessarily imply an unusally high stability, i.e., laly&y

have low solvent accessibilities [the other acidic residues values, but stems as a direct thermodynamic consequence

are significantly more exposed to solveri4( 15)]. The
consequent lowering of theKpof Glu37 could account for
the essentially complete unfolding by pH 2.0.
Comparison of the Stabilities of 434 Cro with the N-
Terminal Domains of 434 (R169) andi RepressorAs-gs).
434 Cro and the N-terminal domains of 434 (R89) andi
repressor As—gs) are remarkably similar in structure. Their

from these proteins typically having smaiC,y and AHy,
values ¥, 10, 29, 36, 50). The thermodynamic stabilities of
434 Cro, R}69, andls—gs lie within the range observed
for such small globular proteins. The maximukGy
estimated assuming a consta\t, y is lowest for 434 Cro
and highest for R169 (Table 4), the two differing by around
2 kcal mol? [AGy values listed forle—gs are obtained in

sequences are also considerably similar to those of 434 CroD,O and exceed those in,8 by ~0.5 kcal mott at 37°C
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(9)]. This is striking given the high degrees of sequence and monomericA Cro is sufficiently stable to be substantially
structural similarity between 434 Cro and R@9. Amino populated relative to the dimer under conditions used for
acid substitutions that enhance intrinsic helix stabilities have the formation of DNA-bound complexes in contrast to earlier
been shown to stabiliz&-—gs (55). Intrinsic helix stabilities studies where only stable dimers or unstructured monomers
in 434 Cro are low, but are predicted to be even lower for of 1 Cro were presumed to exish9). Furthermore, mono-
R1-69 (56), indicating that this may not be the basis for mericA Cro was proposed to exist in vivo at substantial levels
the higher stability of R169. Tertiary and packing interac- and its degradation linked to maintaining its concentrations
tions are more important determinants of protein stability. within certain thresholds5Q). The reported stability of the
Sauer and co-workers have shown elegantly that the stabilitymonomericA Cro is significantly lower than that of thé
of the dimeric Arc repressor protein (another helinrn— repressor N-terminal domain, and is close to or lower than
helix DNA-binding protein) is enhanced when buried salt that of 434 Cro. The lower structural stability of the Cro
bridge-forming residues are replaced with nonpolar residuesprotein relative to the N-terminal domain of the repressor
that are compatible with steric and hydrogen-bonding (and possibly the intact repressor) observed in phages 434
requirements in the tertiary structufgr}. This suggests that andA may therefore constitute a general and important role
buried salt bridges could lower a protein’s stability. 434 Cro in regulating the relative intracellular concentrations of this
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