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ABSTRACT. Sequence-specific DNA recognition by bacterial integrase Tn916 involves structural re-
arrangements of both the protein and the DNA duplex. Energetic contributions from changes of
conformation, thermal motions and soft vibrational modi of the protein, the DNA, and the complex
significantly influence the energetic profile of proteiDNA association. Understanding the energetics

of such a complicated system requires not only a detailed calorimetric investigation of the association
reaction but also of the components in isolation. Here we report on the conformational stability of the
integrase Tn916 DNA binding domain and its cognate 13 base pair target DNA duplex. Using a combination
of temperature and denaturant induced unfolding experiments, we find that the 74-residue DNA binding
domain is compact and unfolds cooperatively with only small deviation from two-state behavior. Scanning
calorimetry reveals an increase of the heat capacity of the native protein attributable to increased thermal
fluctuations. From the combined calorimetric and spectroscopic experiments, the parameters of protein
unfolding areTy, = 43.8+ 0.3°C, AHy, = 255+ 18 kJ mol?, AS, = 0.80+ 0.06 kJ mot?, andAC,

= 5.0+ 0.8 kJ K mol™%. The DNA target duplex displays a thermodynamic signature typical of short
oligonucleotide duplexes: significant heat absorption due to end fraying and twisting precedes cooperative
unfolding and dissociation. The parameters for DNA unfolding and dissociatioAtdxe= 335+ 4 kJ
mol~*andAC, = 2.7+ 0.9 kJ K’ mol~*. The results reported here have been instrumental in interpreting
the thermodynamic features of the association reaction of the integrase with its 13 base pair target DNA
duplex reported in the accompanying paper [Milev et al. (2@i8chemistry 423481-3491].

Antibiotic resistance of bacteria is spread by promiscuous complex when compared to its free native form).{
conjugative transposond)( One of the most thoroughly  Surprisingly, the protein appears more disordered in the
studied representatives of the family is the Tn916 element DNA-bound stateJ). The DNA target site keeps a B-form
carrying resistance to tetracycline. Excision of the Tn916 conformation in the bound state except that the major groove
transposon requires the formation of a complicated nucleo-is widened in the middle of the duplex.
protein complex similar to thé-phage “intasome”3). In In the accompanying paper, we describe the energetics of
the synaptic complex, the C-terminal catalytic domain of the e association reaction of the DNA binding domain with
transposon-encoded integrase is brought to the cleavage sitg,o 13 bp target DNA duplexS|. The reaction exhibits a
by the N-terminal DNA plndlng domain, which binds to large negative heat capacity changeg,, which is itself
repeated sequences within the transposon arm. temperature-dependent and cannot be accounted for by the

The solution structure of the N-terminal DNA binding ' 5m6unt of polar and nonpolar surface buried at the complex
domain complexed to a 13 bp DNA duplex has been solved interface, as would be the case for a rigid body type of

by NMR skf)ectroscopﬂ). Unlike most other major groove  ,sqqciation. A steep increase of the heat capacity of the
binders, the Tn916 integrase recognizes its DNA target by ¢, jex was observed before the thermal transition into the

positionin%the fa}:e of a_threef-s;[]randédhee_t intr? the r(rjla_jorh unfolded protein and dissociated DNA strands. This behavior
groove. The conformation of the protein is changed in the .14 only be interpreted with the help of the thermodynamic
" This work was supported in part by the Swiss National Science parameters of unfolding of the free protein and the duplex

Foundation. DNA described in the present papé).(
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MATERIALS AND METHODS transition of the proteinKy = (fu/1 — fy). For the duplex
DNA, Ky = (fuN]o/1 — fu). The unfolding enthalpyAHp,

Materials.Experiments were conducted in standard buffer . & - i midpoinT,, was obtained from the tem-

composed of 50 mM Na-phosphate, 100 mM NaCl pH 6, .
ionic strength 0.16 M. The pH of samples containing urea perature dependence K, according to
or GdmCF was adjusted after addition of the denaturant. Urea i (M=
- . U
and GdmCI concentrations were determined by refractometry. AH AC
All chemicals were of analytical grade and were used without K (T.) exp{—m(i _ 1) — U S |n(l) }
. . . . . U m m
further purification. Overexpression and purification of the R\T, T/ RT Th
N-terminal 74-residue DNA binding domain containing a 3)
Cys57Ala mutation was performed as descritgd $ingle-
stranded oligonucleotides were purchased from Metabion R is the gas constant aniC;, is the heat capacity change.
GmbH (Martinsried) and were purified by HPLC. For duplex Equations +3 can be combined to analyze thermal unfold-
preparation, equimolar amounts of the two complementary ing curves by nonlinear curve optimization. SinGg AHm,
strands were mixed and annealed by heating t6@@&nd andAGC, are strongly interdependent, the statistical signifi-
slowly cooling to room temperature. Concentrations were cance of the values extracted from the analysis of a single
determined fromAg after dialysis and complete digestion trace is low. However, wheAC; is small compared tdHn,
by phosphodiesterase | (Sigma). the second term in the curly brackets of eq 3 can be
Methods.CD measurements were carried out on a Jasco heglected.
J-715 instrument and fluorescence measurements on a Perkin- In a different treatments andS, were defined from the
Elmer LS 50B luminescence spectrophotometer as describedinear pre-transitional and post-transitional parts of the
(5). In thermal unfolding experiments by CD the continuous Melting trace to obtain a plot df, = (S — S/S, — &)
heating rate was 0.5 or 1 deg minIn thermal unfolding ~ againstT. From such plotsAHy, was calculated a)
experiments by fluorescence, the temperature of the Peltier- f
th.ermos.tr_slted cuvette holder was increased stepwise with 5 AH, = (2n + Z)RTmz(@) (4)
min equilibration time between steps. The temperature was aT/1=T,
controlled by a sensor in physical contact with the sample
solution. Denaturant induced conformational changes wereAC, was obtained from plots oAHy, versusT (Kirchoff
monitored from the position of the fluorescence emission plots). To this end, thermal stability was varied by changing
maximum induced by excitation at 295 nm, after®2uM the solvent conditions. Knowin@m, AHm, and AG;, the
protein had been incubated for 425 h at the desired unfolding free energAGy was calculated from the Gibbs
denaturant concentration. DSC experiments were per-Helmholtz equation:
formed on a VP-DSC calorimeter (MicroCal Inc) as de-

scribed B). AGy(T) = AHm(Tm)'(l _T +
Analysis of Spectroscopic DatAnalysis of heat-induced T
and denaturant-induced unfolding curves followed the for- o+ TV _
malism describing a simple two-state transition between the ACP[T Tm =T In(Tm) RTInK, (5)

folded and unfolded state, N and U, respectively. At each

temperature or denaturant concentration, the observed signal Data from isothermal denaturant titrations were analyzed
S representing either the molar ellipticity or the shift of the following the linear extrapolation mode (LEM). The free
fluorescence emission maximum, is given by energy of unfolding in the presence of denaturaAt,(D),

is given by
S=f,Q+ 1 -fYS @

wherefy is the fraction of unfolded molecule ais) andSy

refer to the folded and unfolded state, respectiv&lyand wheremp has units of kJ mof M~* and describes the linear
Sy were assumed to be linear functions of temperature or dependence oAGy(D) on [D]. AG(W) is the free energy
denaturant concentration of the general fogn= S, + of unfolding in the absence of denaturant. Since for a
o,TorS, =S+ o,[denaturant], witho indicating the N monomolecular unfolding transitiddy is 0 at [D] = [D] /2,

or U state. For a given total concentration {N}he we can write

equilibrium unfolding constarky is defined by

AGy(D) = —RTIn K,(D) = AG,(W) — mpy[D] (6a)

AGy(D) = my[D] — mp[Dly (6b)
fn N n—1 K
K :&Hmm ) Equations 1, 2, and 5 were combined to obtain a fitting
v 1—f, 5 function suitable to perform a nonlinear regression analysis

of the unprocessed experimental data resulting in optimized

wherem is the stoichiometric coefficient of an unfolding Vvalues formp, [Dliz S, and o,. The free energy of
subunit (if unfolding is coupled to subunit dissociation) and unfolding at zero denaturant concentration was calculated

n = Y'm is the order of the reaction. For the monomeric from AGu(W) = mp[D]1z. _ _
Analysis of DSC Data. Decenlution Analysis Decon-

2 Abbreviations: ASA, solvent-accessible surface area; bp, base pair'VOIUtlon of the heat capacity traces followed the formalism

CD, circular dichroism; DSC, differential scanning calorimetry: Gdmcl, described elsewher@+<9). In short, the excess enthalpy of
guanidinium hydrochloride; MD, molecular dynamics. a macromolecular system undergoing two-state unfolding,
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when defined as an “excess” over its native state, is
[AH= f,AH (7)

where AHc, is the calorimetric molar enthalpy of denatur-
ation of the cooperative unit. The excess heat capacity is
obtained by differentiation of eq 7:

cal

o,
C,0= Con + fu(Coy = Cp) + AHeapr =
o

ca|a—_|_ (88.)

Con+ fUAC, + AH

AGC, is the heat capacity change of unfoldirig,y andCp n

are the heat capacities of the unfolded and folded state,

respectivelyCyn is a linear function of temperature of the
form a + b x T, C,uy can be approximated by a weak
parabolic functionc + d x T + e x T2 The progress of

unfolding (fraction unfolded) is linked to the equilibrium
constant through eq 2. After explicit differentiation of the

Milev et al.

requires the collection of thermograms at several different
protein concentrations. The slope of plots @f,, vS my
numerically equal$C, — vyw. vm values of the protein, 13
bp DNA duplex, and the complex were computed according
to Karshikoff & Ladenstein 11). This method reproduces
with high precisionvy of globular proteins. Indeed, the
calculatedvy is within 2% of vy estimated from the amino
acid sequence according to Makhatadze etla#)) For the
calculation, 20 NMR conformers of the complex and 25
NMR conformers of the protein were used and the DNA
was modeled in an ideal B-form conformation. Values of
vm used in eq 10 were 0.561 g cffor DNA, 0.715 +
0.006 g cm? for protein, and 0.65% 0.003 g cm? for the
complex.

Calculation of Salent-Accessible Surface Area and MD
Simulations.ASA was calculated with the help of the
program NACCESS using the default set of atomic radii and
parameters1@). Calculation of ASA of the native protein
was performed on the mean structure of the NMR ensemble
representing the unbound form of the protein after minimiza-

last term on the right-hand side of eq 8a, the excess heattion by standard methods using CHARMM. The unfolded

capacity is given by
AHC(:lIAHVH
RT

fu(l - fu)
“n—f,(n—1)
(8b)

where AHy is the van't Hoff enthalpy of the process. If
AH,y is temperature-independent in the narrow temperature
range where unfolding takes plackH,y equals ¢Rd In
Ku)/a(1/T) according to eq 3. For cooperative two-state
unfolding AHca = AHy4. The combined egs 2, 3, and 8 were
fitted to the experimental heat capacity data to calculate the
thermodynamic unfolding parameters characterizing a co-
operative unfolding unit. For the general casei ajver-
lapping, formally independent unfolding processes the ap-
parent heat capacity is expressed as

[C,0= C,n + fUAC, +

k k

[T,0= Con+ S FuAC,,; + 3 AH
1 1

calja__|:

(8c)

The van't Hoff enthalpy was calculated from DSC data
according to

AC,/n
AHy = (VN + DTy | RICp max— N

where Cy max iS the height of the heat absorption ped. (
The absolute heat capaci@, was derived from the
apparent heat capacit@,,, according to 10)

Capp -

C

9)

(Cp, — vy)my + const (10)

wherevy, is the partial specific volume of the macromolecule
and my is its mass in the calorimetric céllThe procedure

3 Note that in the present form eq 10 formally violates the calculus-
of-units rules. The reason is that the first term should actually reads
(Cp — vmpuCpp)mu, Wherepy, is the density of the solution ar@, , is
the heat capacity of the solvent per unit mass. As explained in the
original paper 10), for most experiments in dilute aqueous solutions,
the producto,Cyp ~ 1 cal K™t cm3, and the numerical value of the
slope ACy/Amy becomesC, — vy.

state was modeled by the polypeptide in its fully extended
conformation. The unfolding heat capacity was calculated
using elementary contributions pe? &f polar, nonpolar and
aromatic surface described it4—16). Molecular dynamics
simulations in explicit solvent, using Particle Mesh Ewald
summations for long-range electrostatics, were performed for
a simulation time of 2 nsl(7). The program CHARMM with

the Charmm27 parameter set was uskgj 19).

RESULTS

The N-terminal 74 residues of the Tn916 integrase, also
known as INT-DBD, are sufficient for sequence-specific
DNA recognition. The solution structures of the N-terminal
domain alone as well as complexed to a 13 bp target DNA
duplex (sequences'-B&AGTAGTAAATTC-3' and 8-
GAATTTACTACTC-3) have been solved by NMR spec-
troscopy 8, 4). The DNA binding domain used in the present
study comprised residues-Z4 of the integrase. The missing
N-terminal Met does not participate in binding and has no
effect on the stability of the complex (not shown). Experi-
ments were performed in the same buffer used for NMR
structure determination by Wojciak et aB)(

In the first part of this Results Section, we describe
isothermal unfolding of the protein induced by chemical
denaturants. Thermal unfolding of the protein monitored by
CD and fluorescence spectroscopy is described in the second
part, and unfolding observed by differential scanning calo-
rimetry in the third part. In the last part of Results, melting
of the duplex DNA as monitored by CD spectroscopy and
by DSC is presented.

Conformational Stability of Protein Deduced from Dena-
turant Unfolding.The protein contains a single tryptophan
located at the DNA binding site. The fluorescence emission
spectrum has a peak centered at 342 nm. Thermal and
chemical denaturation shifts the emission maximum by 12
14 nm to the red and quenches emission (not shown). The
shift of the emission maximunima, was used to follow
denaturant induced unfolding (Figure 1). Unfolding by urea
and GdmCl is well described by a two-state transition from
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Ficure 1: Protein unfolding induced by GdmCI (A) and urea (B)
monitored by the shift of the tryptophan emission maximum.

Symbols, experimental data; lines, best fits from nonlinear regres-

sion analysis according to eq 6. Unfolding experiments were
performed between 27 and 22 (curves from left to right). (C)
Slopesmp from LEM analysis (eq 6) of GdmCI unfolding (filled
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Ficure 2: Thermal unfolding followed by circular dichroism. The
data are presented as the change of the molar ellipticity per residue
at 219 nm (filled symbols, left axis) and at 285 nm (open symbols,
right axis). Lines are best fits for a two-state transition according
to combined eqs 3.

and loops scaled according to the relative content of these
structure element20). In the near-UV region from 260 to
300 nm, there is a well-defined peak centered at 285 nm,
which mirrors the asymmetric environment of tyrosine and
aromatic residues (Figure 1 of Supporting Information).
Thermal unfolding as well as denaturant unfolding decreases
the CD signal maximally at 219 nm (change of secondary
structure) and 285 nm (change of tertiary structure in the
environment of aromatic residues). The two wavelengths
were used to follow thermal unfolding (Figure 2). The shape
of the melting curves conforms to one major structural
transition taking place in a relatively narrow temperature
range. Below 30°C the signal changes linearly at both
wavelengths. This behavior is typical for many proteins and
probably results from gradual structural changes in the native
state. Above 60°C the signal at 219 nm displays a
temperature slope of about 14 degZcdmol* K~ while

the signal at 285 nm remains constant. The spectral changes
agree with a two-state unfolding mechanism (egs 2 and 3).
Values of T, and AHy, deduced from the data at 219 and
285 nm are the same within error (Table 1). The apparent
difference between the two nonnormalized melting curves
of Figure 2 is due to the very different slopes before and
after the main conformational transition. The difference

symbols) and urea unfolding (open symbols). The dashed lines disappears when the data are normalized to fraction of

indicate the mean values.

unfolded protein (see Figure 8A of the Discussion).
Thermal Unfolding Followed by Fluorescence Spectros-

the folded to the unfolded state (eq 6). The concentration of copy.Figure 3 shows thermal melting curves represented as

denaturant at the transition midpoint, [[2] progressively

the shift of the fluorescence emission maximum after

shifts to lower denaturant concentration as the temperatureexcitation at 295 nm. As for CD melting, the data agree with

increasesAGy was calculated by the linear extrapolation
method assuming a linear dependence Ads, on the
denaturant concentration. Values AfGy from urea and
GdmCl unfolding are very similar, implying no significant
influence of (solvent screened) chargeharge interaction
to the stability of the protein at pH 6 (Table 1 of Supporting
Information). Values ofmp for GAmCI unfolding are the
same within error between 12 and 22Z, whereasn, from
urea unfolding is slightly decreasing with increasing tem-
perature (Figure 1C).

Thermal Unfolding of Protein Followed by CD and

simple two-state transition from the folded to the unfolded
state. Values off, and AH, are identical within error to
those deduced from the CD melting traces in Figure 2 (Table
1). Taken together, the close correspondence of the midpoint
temperatures,, and the van’'t Hoff enthalpieAH,, deduced
from the CD changes at 219 and 285 nm and from the shift
of the fluorescence emission maximum very strongly indi-
cates that the disruption of secondary and tertiary structure
elements are tightly coupled processes conforming to a
simple two-state transition reaction.

Heat Capacity Change of Protein Unfoldinghe heat

Fluorescence Spectroscopy. Thermal Unfolding Followed by capacity change of unfolding is defined A€, = 9AH./

CD SpectroscopyBelow 240 nm, the CD spectrum of the
proteirf indicates contributions from-helix, 5-sheet, turns,

4 See Figure 1 of Supporting Information.
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Table 1: Thermodynamic Parameters for Thermal Protein Unfolding Measured by CD, Fluorescence &nd DSC

T (°C) AHr, (kJ mot?)

AC, (kJ K-t mol™?)

CD Spectroscopy

43.4 (219 nm)
43.7 (285 nm)

258 25 (219 nm)
23@ 25 (285 nm)

Fluorescence Spectroscépy

44.2 275+ 30
Differential Scanning Calorimetfy
single transition 44.1 23& 12 (cal) 4.0+ 0.6 (at 25°C)
Figure 5B 248+ 13 (VH) 3.7+ 0.6 (atTm)
vH/cal=1.04+ 0.07
single transition 43.7 25% 13 (cal) 4.9+ 0.6 (at 25°C)
Figure 5C 236t 12 (vH) 5.8+ 0.6 (atTm)
vH/cal=0.92+ 0.07
two transitions 34.8 (fit) 22+ 4 (fit) 1.9+ 0.1 (fit)
Figure 5C 44.1 (fit) 243k 12 (fit) 2.6+ 0.5 (fit)
deconvolution analysis 28 5 (fit) 30 + 10 (fit)
Figure 5D 43.7 (fit) 245+ 19 (fit)
Kirchhoff plot® 57+04
mean value 43.8 0.3f 255+ 1879 5.0+ 0.89

aConditions: 50 mM Naphosphate, 100 mM NaCl, pH 6.0Maximal possible error from systematic variation of the slopes in the pre-
transitional and post-transitional regions of the melting cur¢&D from three experiment& Errors are SD of seven experimert&rom Figure
4. "Mean value for main transitiod.These values are used in the accompanying paper (
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Ficure 3: Thermal unfolding followed by fluorescence spectros-
copy. The data are presented as the shift of the tryptophan
fluorescence emission maximum. Different symbols refer to
independent experiments. Lines are best fits for a two-state transition

according to the combined eqs-3.

dTm. To estimateACp from the slope of a plot oAH,, against
Tm (Kirchoff plot), a variation of ofT,, and AH,, values in

260

240- i
220 /
200- e
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AH_ (kJ mol™)
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FiGure 4: Determination of the heat capacity of unfoldi§yC,,
from spectroscopic data. The slope is a linear best fitAGy of
5.7 + 0.5 kJ K1 mol~%. Filled symbols, data collected in the
presence of urea; open symbols, data collected in the presence of
GdmCI; see the text for details and Table 2 of Supporting
Information.

a broad temperature range had to be achieved. To this endSPectroscopy (Figure 3 of Supporting Information). Third,
thermal unfolding experiments were repeated in the pres-ACp calculated from the data of Figure 4 is in good
ence of small, nondenaturing amounts of GdmCI or urea. agreement witA\C, deduced from the DSC experiments to

Figure 4 shows the Kirchoff plot obtained with the enlarged P& Presented now.

set of T, and AHy, values (Table 2 of Supporting Informa-
tion). The slope of the plot yieldaAC, of 5.7 &+ 0.5 kJ K*
mol~.

Thermal Unfolding of Protein Followed by DSC. Partial
Molar Heat Capacity Figure 5A shows the temperature-
dependence of the partial molar heat capacity of the protein.

The chosen procedure for obtainingC, may be flawed The transition maximum and the shape of the calorimetric
since the enthalpy and heat capacity of denaturant bindingtrace are independent of the protein concentration and the
to proteins are negative and may affect the calculated "ate of heating, in agreement with a reversibfeono-
thermodynamic parameters. The cosolutes may also influenceMolecular conformational transition. Hence, slow kinetic
the unfolding mechanism. However, three observations Steps are not affecting the conformational transition. To
indicate that the procedure is applicable in the present case@liminate possible complications caused by aggregation at
First, thermal melting curves recorded in the presence of high temperatures, DSC experiments were performed with
nondenaturing amounts of urea or GdmCI are monophasic/oW protein concentrations (typically 0.5 mg T so that
and can be fit by the same two-state transition model (Figure the absolute heat capacit, could not be measured
2 of Supporting Information). Second, the progress of Precisely. ThereforeC, was obtained from the change of
unfolding (u) is identical at any given pair of temperature the apparent heat capacity with protein concentration (eq 10).
and denaturant concentration when monitored by two dif-
ferent experimental probes, fluorescence and far-UV CD 5 See Figure 4 of Supporting Information.
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Ficure 5: Thermal unfolding of the protein observed by DSC. (A) Temperature dependence of the partial molar heat capacity function
(heavy line). The intrinsic heat capacity change is modeled in two ways: connection of the heat capacity of the folded state between 5 and
15 °C with the heat capacity of the unfolded state abov&@%thin solid line); connection of the heat capacity of the folded state between

15 and 25°C with the heat capacity of the unfolded state above®Hdotted line). The heat capacity of the denatured state calculated
according to the HKF mode®—) and the MP model-x —) are also indicated. Experiments were performed withubprotein in

standard buffer of pH 6.0. (B) Excess heat capacity function calculated with the help of the dotted “baseline” of panel A. The experimental
data (symbols) are best described by a single transitien1 in eq 8c). (C) Excess heat capacity function calculated with the help of the

solid “baseline” of panel A. The experimental data (symbols) are best described by two transitioRsr( eq 8c). (D) Deconvolution of

the apparent partial molar heat capacity. The two-component reactions corresponding to a minor and a major transition are indicated by
broken lines. The experimental function (solid line, corresponding to the trace of panel A) and the function synthesized using the two
component reactions (dotted line) match perfectly. See the text for detailed description of the different analyses of the DSC traces.

The value ofC, at 25°C is 12.25+ 0.50 kJ K'* mol™?, Heat Capacity Change from DSC Melting Ger The
corresponding to 1.4% 0.12 J K per g of protein. Thisis  difference between the partial heat capacity of the unfolded
well within the range of specific heat capacities for other and the folded state represents the direct calorimetric estimate
small globular proteins and equal to that of barnd$e 21). of the unfolding heat capacity changaC’*. Taking the

The initial slope of the pre-transitional portion of the specific mean of the MP and the HEK model calculationsG, at
heat capacity below 15C is small, 6-7 x 103 J K2 g 25°C is 3.9 kJ K mol* (53 J KX mol residue?), and 4.1

but increases abovel5°C to 12.5x 102 JK2g™ This | jK-1mol-*at 10°C (56 J K™ mol residue?). Considering

increase may point to a small conformational transition he uncertainties of the model calculations, the two values
preceding the main unfolding reaction, as will be discussed ¢ Acc@ 10 in agreement withC, of 5.7 + 0.5 kJ K
o . .

below. . o mol~! obtained from the Kirchoff plot of Figure 4.
The heat capacity of the denatured protein is constant ) ) ] -
above 65°C and has a value of 189 0.7 kJ K- mol-1 Evidence for a Minor Conformational Transition Preced-

(2.13+ 0.08 J K g-1). The heat capacity of a denatured ing the Main _Unfolding ReactiorCalculation of thermody- .
globular protein can be calculated by adding up the partial "@mic unfolding parameters from DSC data can be done in
molar heat capacity of the constituent groups of the protein. tWo ways. The principle assumption is that the observed
Makhatadze and Privalov modeled the heat capacity of thetemperature dependence of the molar heat capacity results
amino acids of a fully solvated and unstructured protein by from two contributions: the change of the heat capacity of
using data on small organic model compounds (model MP, the protein on going from the folded state to the unfolded
22). Another recent procedure uses data on side chainstate, called the “intrinsic” heat capacity change, and the
analogues, poly-glycines and denatured proteins (model“excess” heat capacity resulting from the enthalpy fluctuation
HKF, 23). The expected heat capacity of the infolded protein in the transition zone7( 8). The intrinsic heat capacity is
calculated by models MP and HFK, respectively, have been modeled by extrapolating the pre- and post-transitional heat
added to Figure 5A. The experimental heat capacity trace capacities into the transition zone in proportion to the
of the protein is enveloped by, calculated by models MP  progress of the heat absorption. The resulting “baseline” is
and HKF above 65C. then subtracted from the experimental data to obtain the



3498 Biochemistry, Vol. 42, No. 12, 2003 Milev et al.

remaining excess heat capacity peak (Figure 5B,C). This
procedure is not trivial in the present case because the initial
heat capacity of the folded protein increases nonlinearly 12
before the main melting transition. In other words, we have
to decide how to define the “baseline”. If we take the heat
capacity trace between 15 and 25 as the heat capacity of
the unfolded protein, the “baseline” marked by the dotted
sigmoidal line of Figure 5A results. Calculation of the excess
heat capacity by subtracting this baseline from the main trace
yields the trace shown in Figure 5B. Alternatively, we take
as the heat capacity of the unfolded protein the trace between 154
5 and 15°C and subtract the corresponding “baseline” (thin

solid line of Figure 5A) from the main trace to obtain the 0 20 40 60 80
excess heat capacity curve shown in Figure 5C. Though the Temperature (°C)

traces of Figure 5B, C appear similar, close inspection reveaIsFIGUREG_ Thermal unfolding of the duplex DNA followed by CD
distinct differences. Analysis of the trace of Figure 5B fits The chahge of ellipticity of a 65M DNA sample was monitored.

perfectly to a single transition (best fit for= 1 in eq 8c) at 251 (lower trace) and 283 nm (upper trace). Continuous lines
and AHqy of 238 + 12 kJ mot™. Analysis of the trace of  associated with the corresponding symbols are best nonlinear

Figure 5C fits best to two transitions (best fit fo= 2 in eq regression fits according to eqs-4. The inset shows the fraction
8c), as indicated by the dotted curves with midpoint of unfolded duplex calculated from the two experiments.
temperatures of 34.8C and 44.1°C, respectively. The

0.8

Fraction of single strand

enthalpy change&Hfj" defined by the area under the peak reacti_on and proceeding with_ a (elatively low heat absorption,
of Figure 5C is 255+13 kJ mot™. yet with a Iarge heat capacity increase. Thg mean value of
o AC, of unfolding is 5.0+ 0.8 kJ K’ mol~L. This value was

A second way to calculate the enthalpy of unfoldingis by \;seq to analyze the thermodynamics of protddNA
performing a van't Hoff analysis according to eq 9. In the 5550ciation described in the accompanying paBer (
case of a single trfnsitioln between the folded and unf?lded Conformational Stability of Target DNA DuplesThe
state, the ratia\H, /AH;" has to be 1. Indeed\H;/AH" temperature-induced unfolding and refolding of the 13 bp
is 1._04i 0.07 f(_)r the excess he_a_t capacity trac_e of Figure target DNA duplex was characterized by CD spectroscopy
5B, in accord W|thHa smglle transition. However, in the case 5,4 psc. The melting transition was highly reversible, as
of Figure 5C,AH/AH is 0.92+ 0.07. Although this jnferred from the reproducibility of both the heat capacity
ratio is perhaps not S|gn|f|cantly below unity, it |nd|c.ates trace and the ellipticity changes upon cooling and reheating
that the unfolding reaction between 15 and°@€5shown in of the sample. The CD spectrum of the DNA is typical for
Figure 5C is not perfectly two-state and is best described by short synthetic DNA duplexes and displays reversible tem-
a minor and a major transition. perature-induced changes (see Figure 2 in Milev et al. (2003)

A more rigorous analysis according to eq 8 makes no Biochemistry 42 3481-3491). Figure 6 shows thermal
assumption about the “baseline” connecting the pre- and post-melting of the DNA monitored at 251 and 283 nm where
transitional heat capacity traces but uses a general value fotthe spectral changes are maximal. The data are well described

the heat capacity function of a folded protef, § of eq 8). by the van't Hoff formalism for bimolecular two-state
The mean temperature dependenceCgf; of stable small unfolding (egs +4). The same enthalpy of unfolding is
globular proteins is 6.2 1.0 x 1073 J K2 g™ (set of 12 calculated from the 251 nm and the 283 nm melting trace.
proteins; Table 3 inZ1)). Analyzing the trace of Figure 5A Figure 7A presents the partial molar heat capacity function

with this value ofC, y (recalculated for the molecular mass of DNA melting obtained by DSC. The heat capacity peak
of INT-DBD), one obtains the minimal model shown in develops from a rather low temperature and is asymmetric.
Figure 5D, which accurately describes the experimental heatThe latter feature is typical for unfolding linked to dissocia-
capacity trace by two transitions. The main transition has a tion. Temperature-induced strand dissociation is also evident
Tm of 43.74+ 0.3°C and aAHy, of 245+ 19 kJ mot™. The from the increase of,, with increasing DNA concentration.

minor transition has &, of 28.1+ 5.0 °C and aAHy, of Linear extrapolation of the initial and final heat capacities
29.7+ 10.4 kJ mot*. AC, of the main transition is 2.& into the transition zone (dotted lines in Figure 7A) shows a
0.5 kJ K'* mol™* and of the minor transition 1.9- 0.1 kJ very small difference af,, between the heat capacity of the
K1 mol™. duplex and the sum of the heat capacities of the unfolded

Values of Ty, AHy, and AC, obtained from the different ~ complementary strands. The mean apparent transition en-
analyses of the DSC traces in Figure 5 as well as from thalpy obtained by integration of the four heat capacity peaks
thermal unfolding monitored by CD and fluorescence delimited by the dotted “baselines” is 332 4 kJ mof™
spectroscopy in Figures 2 and 3 are put together in Table 1.(AHpeakin Table 2). A very similar value is obtained from
The thermodynamic parameters deduced from independenglotting 1/T versus the concentration of DNA duplex (Table
calorimetric and spectroscopic experiments agree well. 2).

Thermal denaturation of the DNA-binding domain of inte- Heat Capacity Change of DNA Dissociation and Unfold-
grase Tn916 follows the two-state mechanism of unfolding ing. The heat capacity of the duplex increases steeply below
closely but not perfectly. There is firm calorimetric evidence the onset of the main transition. The average initial slope is
for a temperature-induced, partial conformational change 0.192+ 0.017 kJ K2 mol™%, corresponding to 25 103 J
starting about 25C below the main cooperative unfolding K~2 per g of DNA. The latter value is four times higher than
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capacity function of the fully folded DNA duplex. If so, the
linear extrapolation of the pre-transitional heat capacity into
the melting zone cannot be used to estimate the heat capacity
change characterizing unfolding and dissociation of the DNA
duplex between low temperature and high temperature, say,
between 5 and 70C. This peculiarity of DNA melting is
well documented for short duplexe®4( 25); hence, a good
value of AC, is difficult to gain from DSC. An averag&C,
value of 0.270+ 0.089 kJ K'* (mol bp)* for DNA unfolding

and dissociation was reported based on precise calorimetric
analysis of polynucleotide26); a value of 0.196 kJ K

(mol bp)* was obtained from Kirchoff's plots okHy, versus

5 y y y Tm from DNA melting data 26, 27). We have combined the
data published in reference®4( 25, 28) and have corrected
them for different GC content (Figure 6 of Supporting
Information). From this large data set we calculaig, of
0.21+ 0.07 kJ K* (mol bp), corresponding taAC, of

2.7 £ 0.9 kJ K* mol™? for unfolding and dissociation of
the 13 bp target DNA duplex. Subtracting 2.7 kd'Hnol*

from the heat capacity at 68C in Figure 7A one obtains
the heat capacity of the folded duplex at that temperature.
The straight line connecting this point with the heat capacity
at the lowest temperature where the duplex is fully folded
yields, as a first approximation, the intrinsic temperature
dependence of the heat capacity of the folded state {dash
dotted line in Figure 7A). The slope of this function is £9
13JK?moltor (8.8+ 1.7) x 10°3J K2 per g of DNA,

: : : ' in good agreement with (1& 2) x 102 J K2 g~* found

for duplexes of 10, 12, and 16 base pa§)(

) With the help of the duplex heat capacity function so
Ficure 7: Thermal unfolding of the duplex DNA followed by DSC. constructed, we can calculate the “baseline” linking the low

(A) Melting of 33, 65, 90 and 112M duplex DNA (left to right) . - .
in standard buffer and at a scanning rate of 1 degtnillelting and the high temperature limbs of the DSC trace (thin

temperatures are 45.8, 47.6, 48.3, and 48, Irespectively. Dotted  Sigmoidal line in Figure 7A) and construct the excess heat
lines connecting the pre-transitional and post-transitional traces capacity function shown in Figure 7B. Deconvolution
model the apparent intrinsic heat capacity change. The calculatedanalysis of the excess heat capacity function with the help
heat capacity of the folded duplex is indicated by the dakttted of eq 8¢ yields two different, partially overlapping phases:

line (see text about how this line was constructed). (B) Excess heat_ itial dual heat ab i foll d b h f
capacity function calculated from the trace for;88 duplex DNA an iniual gradual heat absorption, 1ollowed by a phase o

and the thin solid “baseline” of panel A. The low- and high- intense heat absorption associated with the disruption of bulk
temperature components indicated by dashed lines correspondpacking interactions and bimolecular strand dissociation. The

respectively, to a broad pre-transitional accumulation of thermal first phase is centered around 2C and proceeds with
energy and to cooperative melting accompanied by strand dissocia- ; o ;
tion. Addition of the two components (dotted line) perfectly matches absorption of 1520% of the total heat. The enthalpies of

the experimental data (symbols). the two processes are listed in Table 2.

Summarizing the analysis of the DNA duplex melting, we
Table 2: Enthalpy (kJ moF) of Dissociation and Unfolding of the note that the enthalpy change of the main transiti®Hdax

401

351

30

25

p

20+

154

Partial molar C_(kJ K™ mol™)

104

Temperature (°C)

30

Excess C, (kJ KE' mol*")

Temperature (°C)

13 bp DNA Duplex Measured by DSC and by €D of Table 2) is well documented by independent calorimetric
DSC CcDe and spectroscopic experiments. As is typical of short DNA
AHgeod AHpea® AHpeal AHy 9 AHu duplexes, there is a significant premelting phaseldaq of
7442 332+ 4 341 3351 2 334 Table 2). Because of this gradual heat absorption below the

- Pr— main transition AC, could not be measured directly. On the
Conditions: 50 mM Na-phosphate, 100 mM NaCl, pH 6.0Mean  1,,qi¢ of nublished results for many different DNA duplexes,
of four experiments performed with 33, 65, 90, and 148 duplex lculateAC. of 2.7 + 0.9 kJ K- IL for the 13 b
DNA. ¢From melting monitored by CD, Figure 8Enthalpy ac- we calculat p O 2. : mo or the p

cumulated as a result of the gradual increase of the heat capacity belowduplex DNA. This value was used to analyze the thermo-
the main cooperative transition, as obtained by deconvolution analysisdynamics of protein-DNA association described in the
of the excess heat capacity function of Figure 7Bnthalpy of the accompanying papeb).

main cooperative dissociation and unfolding step in Figure 7A.

f Calculated from the slope of a plot ofTl/ against the duplex DNA
concentration (Figure 5 of Supplementary Informatidrifrom the
analysis of the shape of the heat absorption peak according to eq 9.

DISCUSSION

Conformational Stability of the DNA Binding Domain of
Integrase Tn916The DNA binding domain follows closely
the mean value for stable globular proteins 0k61072 J but not perfectly the two-state model of unfolding. Figure
K=2 g (7). Therefore, the experimentally observed pre- 8A shows that the heat-induced shift from the native to the
transitional heat capacity may not reflect the intrinsic heat unfolded state exhibits the same temperature dependence



3500 Biochemistry, Vol. 42, No. 12, 2003 Milev et al.

A 25+ B
0.8 _ 201
©
(0] L
s € 15
€ fy ]
c 0.4 <
fe 4
_% L<91 104
©
(1 5
0.0
; . . . 0 T .
30 40 50 60 0 20 40
Temperature (°C) Temperature (K)

Ficure 8: Thermal stability of the integrase DNA binding domain. (A) Fraction of unfolded protein as a function of temperature. Symbols
refer to thermal unfolding followed by fluorescence (asterisks), CD signal at 219 nm (filled squares), and CD signal at 285 nm (open
squares). Solid line, progress of unfolding calculated from DSC data in Figure 7C, including two transitions. Broken line, progress of
unfolding calculated from DSC data in Figure 7B, including only a single transition. (B) Thermal stability curves. Symbols: isothermal
unfolding by urea (closed circles), isothermal unfolding by GdmCI (filled squares), thermal unfolding in the presence of nondenaturing
amounts of urea (open circles, Table 2 of Supporting Information), and thermal unfolding in the presence of nondenaturing amounts of
GdmCl (open squares, Table 2 of Supporting Information). The lines illustrate best results from nonlinear least-squares regression analysis
according to the GibbsHelmholtz eq 5. Heavy line, simulation based on the mean values measured by DSC (Table=143.9°C,

AHp, = 250 kJ mot?, AC, = 4.6 kJ K’ mol1. Dotte line, combined urea, and GdmCI unfolding dafa:= 45 °C, AHy, = 267 kJ mot?,

AC, = 4.3 kJ Kt mol™L.

when monitored by the progress of heat uptake (DSC), the correlation has no rigorous thermodynamic foundation, it is
melting of secondary structure elements (CD signal at 219 a useful operational criterion to judge whether unfolding
nm), and the disruption of tertiary packing interactions (CD proceeds with a typical exposure of molecular surface.
signal at 285 nm and tryptophan fluorescence emission). Assuming that the 74-residue DNA binding domain unfolds
Good correspondence between DSC-derived and spectroscopyto a fully extended peptide chain, we calculedg values of
derived parameters is achieved if a minor pre-transition with 4.12 kJ mot* M1 for urea-induced unfolding and 8.72 kJ
Tm around 30°C is considered, but not if only the main mol~* M~* from the amount of exposed surfacg3). The
transition is considered (compare solid with dashed line in predictions correlate well with the mearnymaalues of 4.84
Figure 8A). Combination of data from denaturant-induced 4 0.33 and 7.62: 0.84 kJ mol! M~ of Figure 1C. Also,
unfolding and from unfolding by heat give a consistent the mean value oAC, of 5.0+ 0.8 kJ K'* mol~* (Table 1)
picture of the energetics of the unfolding process. Figure agrees well withPAC, of 5.5+ 0.8 kJ K mol~* calculated
8B shows the protein stability curve constructed with the from the change of surface exposure according to different

help of eq 5. parametrization scheme$4—16). One may therefore con-
The thermodynamic parameters of unfolding are within clude that chemical and thermal denaturation of the DNA
the range of values for stable globular proteifs)( At 43 binding domain leads to a highly solvated state lacking

°C the specific enthalpy of 3% 0.2 kJ (mol residue) and significant intermolecular contacts. This is further supported
the specific entropy of 11.8 0.7 J KX (mol residue)? are by the fact that the heat capacity of the protein in the

among the highest reported for proteins (Table 3 ofl&)f unfolded state matches the heat capacity predicted for a fully
This applies also to lower temperatures since the specific Solvated polypeptide chain (Figure 5A).
heat capacity change is similar as for other proteins;-63 By inference it follows that the folded DNA binding

11 JK* (mol residue)*. The unfolding free energy is rather  domain has a compactly folded structure, which is confirmed
low, about 14 kJ mof' at 25 °C (Figure 8B), and is by packing density calculations performed on 25 NMR
comparable taAGy of the SH3 spectrin domain29). It conformers. The calculated volume of voids and cavities of
appears that strong packing interactions are largely compen-2150+ 60 and 13+ 10 A3, respectively, are typical of a
sated by unfavorable entropic factors so that the stability of compact proteini1). The specific void volume per atom is
the DNA binding domain is low. Whether low stability is  1.80+ 0.05 A3, similar to the median value for 35 proteins
an intrinsic feature of the DNA binding domain of Tn916 of molecular weight below 14 kDal{). The protein is also
integrase or only a feature of the isolated 74-residue DNA compact according to calorimetric criteria since the partial
binding domain is not known. Interestingly, according to specific heat capacity at 2% resembles a typical globular
NMR data, the DNA-bound protein is more unstructured than domain @1). However, starting from-15 °C, C, increases
the free protein, which is rather unusual. Low Stablllty rapid|y, indicating heat absorption byatempera’[ure-depend-
implies increased flexibility and facilitates local unfolding, ent process. The changes in the environment of aromatic
hence, the low stability of the folded structure may have residues and the overall secondary structure also show
biological meaning 0, 31). temperature dependence below’8D Still, the heat capacity
Themp value for denaturant-induced unfolding at constant increase is not exceptionally steep and does not indicate
temperature as well as the heat capacity change of unfoldingsubstantial structural rearrangements and increasing surface
are thought to correlate with the surface of protein exposed exposure between 2 and 3G. In the NMR structure taken
to solvent upon unfolding 1@, 15, 32). Even if this at 27°C, close to the onset of the main heat absorption peak,
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Ficure 9: Flexibility of the integrase DNA-binding domain from
MD simulations. Root-mean-square deviations (rms) glatms
from the average trajectory structure as a function of residue
number. Continuous line, simulation at 278 K; broken line,

simulation at 298 K. The secondary structure elements are indicated

as follows: hatched, loops; blaghsstrands; light gray, turns; dark
gray, a-helix; upper black bars, residues contributing to the
hydrophobic core. For a model of the protein, see Figure 1 of the
accompanying papeb).
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duplexes increases steeply with temperature and becomes
approximately equal to the summed heat capacities of the
separated strands. As suggested previously, this reflects
temperature-dependent noncooperative structural fluctuations
of the duplex, e.g., end fraying and twisting as also seen in
the present study (Figure 7). Because of this difficulty, we
have decided to use a calculated value of 2.8.9 kJ K*
mol~* for AC, of our DNA duplex. The calculation is based
on a large set of data for different oligonucleotides and
considers the GC content. The validity of the calculated heat
capacity change is supported by three observations. First,
the heat capacity function of the folded duplex derived with
the help ofAC, of 2.7 kJ K'* mol~! (dash-dotted line of
Figure 7A) is identical with the heat capacity function
calculated for several other short duplex28)(Second, the
enthalpy of the main dissociation and unfolding reaction
(AHpeaxOf Table 2) changes by less than 10% whe@, is
varied within its limit of uncertainty oft 0.9 kJ K’ mol™2.
Third, extrapolating the total melting enthalpy back to room
temperature with the help &C;, of 2.7 kJ K’ mol™?, one
obtainsAH, AS andAG of duplex formation at 28C of 27

kJ (mol bp)?, 76 J K% (mol bp)* and 4.1 kJ (mol bp}.,

the secondary structure elements are intact, and the eXte”depespectively. These values are typical for natural and

loops L1 and L2 are well defined and are anchored to the
body of the protein, contributing to the hydrophobic core
(see Figure 1 of accompanying papé&), DNA binding
affinity is preserved up to 36C (5). Most likely, the initial

slope of the heat capacity function reflects gradual accumula-

tion of thermal motions.

In an attempt to gain information about the flexibility of
the protein, we performed 2 ns MD simulations in explicit

synthetic DNA molecules. The dissociation constant of the
13 bp duplex DNA increases fromx 10°* M at 5°C to

1 x 108 M at 30°C. At 30 °C and 30uM concentration,
the duplex is still more than 98% populated.

CONCLUSIONS

The main purpose of the present thermodynamic analysis

water. The results are shown in Figure 9. Excluding the chain WaS to aid in the interpretation of the association reaction

termini, the highest fluctuations are seen in turns T1 and T2
and loop L2. Turn T2 is pulled away from thehelix by
~4.5 A without disrupting of the local turn conformation
yet causing destabilization of tlwehelix, which is shortened
by 2 residues3). The chemical shifts of Lys 54 and Arg 55
of loop L2 change on addition of DNA. Turn T1 is also
pulled by~1.8 A toward the DNA. There seems to be some
built-in flexibility in these regions of the protein. Whether
such modular motion takes place in the absence of DNA is
not known. On average, the protein is fluctuating more at
higher temperature, particularly in its C-terminal half (Figure
9). Taken together, MD simulations make it likely that the
increase in heat capacity above IE reflects partial

destabilization and increased thermal motions, perhaps

preferentially in the C-terminal half.

Conformational Stability of Target DNA DupleQurrent
knowledge about the thermodynamic stability of DNA lags
behind our much deeper understanding of protein stability
for reasons that have been discuss2d—26). The heat
capacity change associated with DNA dissociation and

unfolding has long been believed to be negligible because
the heat capacities measured immediately before and afte
the main heat absorption peak of a thermogram are similar.

On the other hand, Kirchoff analysis shows that the melting
enthalpy is temperature-depende®?)( Large AC, values
have been measured by isothermal titration calorimeXy (
25, 34). A more consistent picture of duplex melting has
emerged only recently26). Isolated DNA strands form

temperature-sensitive intramolecular structures, which are
disrupted upon duplex formation. The heat capacity of short

[

between the Tn916 integrase and its cognate target DNA.
For one, it was necessary to know the thermal stability and
conformational state of the associating molecules in the range
of 5—30°C in which calorimetric and spectroscopic protein-
DNA binding experiments were performes) (The analysis
shows that the protein and the short target DNA duplex are
folded up to 3C°C. Second, the heat capacity profile of the
protein and the DNA had to be clarified in order to interpret
the heat capacity profile of the protetDNA complex 6).

The present DSC experiments demonstrate that the protein
accumulates temperature-sensitive structural fluctuations
below the onset of the cooperative unfolding transition. The
gradual, nonlinear structural changes of the protein leading
to a minor transition around 38C could be noticed only
from the heat capacity trace but not from the spectroscopic
data. The thermal features of the protein, the steep pre-
transitional heat capacity increase of the target DNA, the
melting enthalpies of both molecules and their heat capacity
changes of unfolding are indispensable to understand the
energetics of the protein-DNA association reaction. Apart
from its particular purpose, the present work also reveals
temperature dependent conformational dynamics and flex-
ibility in a DNA binding domain. These features may be of
general importance to sequence-specific DNA recognition
in view of the fact that proteinDNA association reactions
are often accompanied by remarkable structural rearrange-
ments.
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SUPPORTING INFORMATION AVAILABLE 16

Table with thermodynamic parameters for denaturant- 17
induced unfolding; figure and table with data for thermal
unfolding in the presence of nondenaturing amounts of urea
and GdmCI; figure showing the CD spectrum of the protein;
figure showing fraction of unfolded protein as a function of
temperature and urea concentration; figure showing raw data
of DSC experiment; figure showing plot of T versus
natural logarithm of duplex concentration; figure showing
AC, for 23 DNA duplexes normalized for their GC content.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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