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Abstract

To characterize driving forces and driven processes in formation of a large-interface, wrapped
protein-DNA complex analogous to the nucleosome, we have investigated the thermodynamics of
binding the 34 bp H’' DNA sequence to the E. coli DNA-remodeling protein Integration Host Factor
(IHF). Isothermal titration calorimetry (ITC) and fluorescence resonance energy transfer (FRET) are
applied to determine effects of salt concentration (KCl, KF, KGlutamate (KGlu)), and of the excluded
solute glycine betaine, on the binding thermodynamics at 20°C. Both the binding constant K, and
enthalpy AH®qps depend strongly on [salt] and anion identity. Formation of the wrapped complex is
enthalpy-driven, especially at low [salt] (e.g. AH®gps = —20.2 kcal - mol™t in 0.04 M KCI). AH®gps
increases linearly with [salt] with a slope (dAH®¢/d[salt]) which is much larger in KCI (38 + 3 kcal
- mol™IM™) than in KF or KGlu (average 11 + 2 kcal - mol™*M™1). At 0.33 M [salt], Kyps is
approximately 30-fold larger in KGlu or KF than in KCI, and the [salt] derivative SKgps = dInKqpe/
din[salt] is almost twice as large in magnitude in KCI (8.8 £ 0.7) as in KF or KGlu (average —4.7
1 0.6).

A novel analysis of the large effects of anion identity on Kgps, SKops and on AH® g dissects
coulombic, Hofmeister and osmatic contributions to these quantities. This analysis attributes anion-
specific differences in Kgps, SKgps and AH®gps to (i) displacement of a large number of waters of
hydration (estimated to be 1.0 (+ 0.2) x 103) from the 5340 A2 of IHF and H’ DNA surface buried
in complex formation, and (ii) significant local exclusion of F~ and Glu™ from this hydration water,
relative to the situation with CI~, which we propose is randomly distributed. To quantify net water
release from anionic surface (22% of the surface buried in complexation, mostly from DNA
phosphates), we determined the stabilizing effect of glycine betaine (GB) on Kgps: dinKq,s/d[GB] =
2.7 £ 0.4 at constant KCI activity, indicating the net release of 150 H,O from anionic surface.

Introduction

The crystal structure of the specific complex of E. coli Integration Host Factor (IHF), a
relatively small (22 kDa) heterodimer, with the 34 base pair (bp) DNA sequence of the H' site
from bacteriophage A reveals that H' DNA is sharply bent and wrapped in a “U-turn” about the
arms and body of IHF (Figure 1A).1 This structure eloquently illustrates the role of specific
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binding and DNA wrapping by IHF in assembly of bacterial and phage multiprotein-DNA
complexes in vivo; indeed this complex facilitates action-at-a-distance in transcription
initiation, repllcatlon initiation, site-specific recombination, and transposition, and phage
packagmg

IHF heterodimers specifically recognize the H' site (also the H1 and H2 sites) during A phage
integration into the E. coli chromosome.® Biophysical studies indicate that the bent and
wrapped conformation of the H' DNA observed in the co-crystal is adopted in solution. Lorenz
et al used fluorescence resonance energy transfer (FRET) to determine the distance between
fluorescent probes attached by six-carbon linkers at the ends of a 55 bp fragment with IHF
bound at a central H'site.” The observed interprobe distance (55 A) is in close agreement with
that predicted by projecting an additional helical turn (10 bp) from each end of the 34-mer in
the cocrystal (52 A)). Hydroxyl radical DNA footprinting studies indicate that the IHF — H’
DNA binding interface in solution is extensive, with protection extending over 30 bp. 89
Formation of this interface at low [salt] is thermodynamically favorable at nM reactant
concentrations.”s 9 10; 115125 13 FRET detected fast kinetic studies indicate that the
mechanism of formation of the wrapped complex involves diffusion-limited initial binding
followed by bending, with an activation energy for bending comparable to that for breathing
of an AT base pair ina duplex.l4?

DNA wrapping, the process whereby a protein binds and bends a large segment of DNA around
its surface, is a common structural and mechanistic motif in large protein-DNA assemblies. In
addition to the IHF — 34 bp H' DNA complex, structurally well-characterized examples of
wrapped DNA complexes include the nucleosome, with 147 bp of duplex DNA wrapped in
1.65 turns of a left-handed superhelix around the core histone octamer, and and the complex
of E. coli single-stranded DNA binding protein (SSB) with two single-stranded dC3sg
oligomers, where the DNA is wrapped in a tennis ball seam pattern on the surface of SSB.
Direct or indirect biophysical evidence has been obtained for DNA wrapping as part of the
function of other nucleic acid binding proteins including RNA polymerase 161 UvrB, 18;
19 pNnA gyrase, 20;21; 22 topoisomerase 1V, 23 Jac repressor pepA 25 and DnaA.26
Investigations of the thermodynamics and mechanism of DNA wrapping have been conducted
primarily with IHF 9; 27 and ssB.15: 28; 29

These three structurally-defined wrapped complexes all bury large numbers of DNA
phosphates and cationic residues (primarily K, R: in some cases, H and/or the N-terminal amino
groups) of the protein in the interface. Table 1 uses a 6 A cutoff distance to characterize what
groups are in proximity to one another in these wrapped interfaces. In the IHF — H' DNA
complex, 24 cationic groups and 4 anionic (D, E) groups are within 6 A (see Table 1 and Fig
1) of an anionic phosphate oxygen of H' DNA. (A complete distribution of charges in the
vicinity of the interface is shown in Figure 1B). Strikingly, the composition of the IHF — H’
DNA interface (Figure 2) is very similar to that of the nucleosome, which is approximately 4
times larger, involves 5 times as many DNA phosphates and histone cationic groups, and bends
DNA almost 4 times as much. In both complexes, almost 90% of protein-DNA contacts are
with the DNA backbone.30: 31 The SSB — ssDNA interaction involves stacking between DNA
bases and aromatic protein residues, so is qualitatively distinct; the interface composition is
accordingly similar but not identical to these wrapped interfaces involving ds DNA (see Figure
2 and Table 1).

In addition to its intrinsic interest and its value as a model system for the nucleosome and other
large protein-nucleic acid assemblies, the IHF — H’ DNA interaction is an excellent system to
investigate the contributions of salt ions and water of hydration to the thermodynamics of a
protein-nucleic acid interaction. In particular, its large interface and numerous charge-charge
appositions amplify the significance of coulombic, Hofmeister, and osmaotic contributions.
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Previous work in this area with IHF and SSB has demonstrated that, despite the large net
positive charge on their DNA-binding surfaces, both systems exhibit DNA-binding constants
which are much less [salt]-dependent than would be predicted by analogy to simple oligocation
- DNA binding.%: 27; 32, 33 pNA-binding of IHF and SSB is enthalpy-driven (highly
g)éotgzermic) at 20°C, and this enthalpy is highly dependent on both [salt] and temperature.27;

’

To gain a more detailed understanding of the driving forces and driven processes in DNA
wrapping, we have quantified the always-large but anion-specific effects of KCI, KF, and KGlu
on the binding constant, enthalpy, and entropy of specific binding of IHF to the H' DNA site
by isothermal titration calorimetry (ITC) and FRET. These data are interpreted using a novel
thermodynamic analysis which separates coulombic, Hofmeister and osmotic effects of salt
concentration, and predicts the amount and thermodynamic consequences of release of water
and salt ions from the vicinity of the interfaces buried in complexation.

FRET Determinations of IHF-H DNA Binding Constants (Kqps) as a Function of Concentration
of Destabilizing Salts (KCI, KGlu) and a Stabilizing Osmolyte (Glyine Betaine)

IHF — H' DNA binding analyzed by FRET provides both structural” and thermodynamicl4?
15 information. In a separate communication, the data are analyzed for structural information.
Here the FRET assay is used to quantify and compare effects of [KCI] and [KGIu] on the
binding constant K¢ for formation of the specific wrapped IHF — H' DNA complex.

IHF Titrations at Constant Salt/Solute Concentration—Figure 3 shows the quality of
representative data obtained in a forward FRET-detected titration of FAM-TAMRA labeled H
"DNAwith IHF at0.26 M KCI. Asthe IHF concentration is increased from 0 to 10 pM, emission
spectra (counts/second) collected between 500 and 615 nm from solutions excited at 490 nm
show a significant decrease in the FAM peak at 515 nm (Fig. 3A). Subtracting the emission
spectrum from an intensity-normalized DNA fragment labeled only with FAM reveals the
FRET effect as a concomitant increase in the TAMRA peak centered at 577 nm (Fig. 3B).
Titrations of H' DNA with IHF at constant salt concentration were analyzed by fitting theta
(0), the fractional increase in TAMRA emission, to a 1:1 binding model (see Methods).

The quality of FRET protein titrations and their fits are illustrated in Figure 4. Increasing [KCI]
(Fig. 4A) or [KGIu] (Fig. 4B) weakens binding, as demonstrated by the increase in [IHF]
required to attain half-saturation of the H’ site. Isotherms are well-fit by a single (1:1) binding
mode at all [salt] investigated. The best fit value of the binding constant, Kg,s, decreases from
approximately 2.1 x 108 M1 in 0.16 M KCl to 4.0 x 10 M in 0.26 M KCI (Table 2). In KGlu,
Kobs decreases from 3.5 x 107 M1 at 0.33 M to 1.5 x10 M1 at 0.68 M KGlu (Table 2).
(Because binding is less [salt]-dependent in KGlu than in KCI, a wider and higher range of
[KGIu] could be investigated.) Plots of log Kgps from FRET experiments vs log [K*] are linear
within the uncertainty (see Fig. 8 below); the slopes SKgps = dInKps/dIN[K*] differ by a factor
of two (approximately —9.1 in KCI and —4.6 in KGlu; Table 3).

Salt/Solute titrations of IHF/H' DNA Mixtures—To examine in more detail the roles of
salt ions and water on the thermodynamics of forming IHF — H' DNA complexes, mixtures of
IHF and H' DNA were titrated with KCI, KGlu or glycine betaine (GB) and assayed by FRET.
These experiments allow a direct measurement of the effect of [solute] on the equilibrium
extent of binding. In a “salt-back” titration, a solution of IHF — H' DNA complexes (1:1 ratio
of IHF to H'DNA) initially at 0.182 M K* (i.e. 0.16 M X") was titrated with KCI or KGlu.
Titration with either salt drives dissociation of IHF — H'DNA complexes, resulting in an
increase in FAM donor emission and a corresponding decrease in TAMRA emission. A
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representative FRET-detected salt-back titration with KGlu is shown in Figure 5A. As [KGIu]
is increased from 0.16 M to 0.72 M, the TAMRA emission decreases by > 90%. Analysis of
these data (see Methods and Supplemental Fig 1) reveals that the fraction of H' DNA complexed
with IHF (0) decreases from saturation to zero over this range of [KGIu]. The resulting log
Kops Values (determined from data in which 0.1 < 6 < 0.9) are plotted as a function of log
[K*] in the inset to Fig. 5A, yielding SKq,s = —5.1 for this representative titration. Values of
SKgps determined by FRET salt-back titrations agree well with those determined by protein
titrations (see Table 3). These large differences in Kgps and in SKqps for K* salts of CI™ and
Glu™ demonstrate that one or both of these salt anions is/are exerting more than a purely
coulombic effect on the binding free energy.

In contrast to the destabilizing effects of salt, the osmolyte GB stabilizes protein-nucleic acid
complexes. Because GB is strongly excluded from the water of hydration of anionic surface
and does not appear to be either excluded or accumulated to a significant extent from other
types of surface of most globular proteins and duplex DNA,34: 39 this osmolyte drives binding
of IHF to H’ DNA and other processes which bury and dehydrate anionic surface (in this case
primarily anionic DNA phosphate oxygens). Analysis of thermodynamic data for the
interaction of GB with anionic surfaces of proteins and DNA indicates that the hydration of
this surface is approximately 0.22 H,0 per A2-34: 35 |n the IHF — H' DNA crystal structure,
1200 A2 of anionic surface are buried (almost entirely DNA phosphate oxygens). If this surface
dehydrates significantly in complexation, the stability (AG°yps = —RTInKyps) of the IHF-H’
DNA complex is predicted to increase approximately linearly with [GB], and the initial slope
of this plot (the GB m-value) provides a measure of the net amount of water released from
anionic surface in complex formation.36:

To apply this analysis, 1:1 mixtures of IHF and H' DNA at a FRET-detectable DNA
concentration and a salt concentration at which the extent of binding is initially small (initial
0 < 0.3 in the absence of GB) were titrated with glycine betaine. A representative titration
(monitored by TAMRA emission) is shown in Figure 5B. Addition of GB drives binding,
causing the TAMRA emission to increase by > 100%. Analysis of these data (see Methods and
Supplemental Fig 1) shows that 6 increases from 0.29 (in the absence of GB) to 0.87 (at 1.5
M GB) and that Kqps for IHF-H'DNA binding increases by more than an order of magnitude
per molar GB added. For [GB] < 1.5 M, a semi-log plot of Kgps as a function of [GB] is linear
(see inset to Fig. 5B), and yields a slope dInK,s/d[GB] = 2.9 + 0.4. Due to the favorable
preferential interaction of GB and KClI, a small correction is necessary, yielding dInKps/d[GB]
= 2.7+ 0.4 at constant KCl activity (see Methods). Above 1.5 M GB, preliminary data indicate
that Kgps attains a broad maximum and then decreases at high [GB]. Similar effects of high
[GB] have been previousls\‘/ observed on Kqps for protein folding and for binding of lac repressor
to lac operator DNA.37; 38; 39

ITC determinations of AH°y,s and Ky for IHF-H DNA Interactions from Forward and Reverse

Titrations

Binding Enthalpies AH®,,s—ITC detects the heat absorbed or evolved for each sequential
addition of one reactant to the other, providing a direct measure of the enthalpy change AH
°obs for formation of the IHF-H’ DNA complex. Figure 6 plots enthalpy data for forward (IHF
into H' DNA) and reverse (H' DNA into IHF) ITC titrations at representative concentrations
of KCI (panels A, B), KF (panel C) and KGlu (panel D). Other examples of ITC data and
baseline controls for forward and reverse titrations at high and low concentrations of the salts
investigated are shown in Supplemental Figures 2 and 3. In KCI, the binding enthalpy
(observable in Fig. 6 as the plateau at the beginning of each titration where there is complete
binding of all the titrant added) increases strongly (i.e. decreases in magnitude) with increasing
salt concentration. In contrast, AH®ys increases modestly with increasing [KGlu] or [KF].

J Mol Biol. Author manuscript; available in PMC 2009 March 14.
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These dependences of the binding enthalpy on salt concentration for the three K* salts
investigated (KCI, KF, KGlu) are shown in Figure 7. In all cases, binding is exothermic at 20°
C with enthalpies ranging from approximately —20 kcal - mol™1 at 0.04 M KCl or KF to -5
kcal - mol~1 at 0.53 M Glu™. Binding enthalpies increase linearly with salt molarity in all three
salts. In the low salt limit ([K*] — 0), AH®,ps approaches —21 kcal - mol~t in KCl and KF, and
—10 kcal - mol™! in KGlu. Although the binding enthalpies in KGIlu increase in parallel with
those in KF, they are systematically offset by 11 kcal - mol™~1 (Figure 7). We interpret this offset
as the result of uptake of 1.1 + 0.2 protons by IHF in binding H' DNA (data not shown) because
the enthalpies of deprotonation of glutamate and phosphate differ by 10 kcal - mol™ (see
Supplemental Text). The slope dAH®,ps/d[K*] is much larger in KCI than in KF or KGlu (8.5
+ 0.8); see Discussion. For all three salts investigated, the [salt]-dependence of the enthalpy is
much larger than that expected for a purely coulombic salt effect, which should be primarily
entropic in water.40; 41; 42;

Binding Constant Ky,s—For the high-purity oligomer strands investigated here, under
solution conditions where the binding constant Kgp,s does not exceed 3 x 107 M1, fits to the
ITC enthalpy data as a function of titrant concentration (Figure 6) are expected to provide
accurate determinations of Ky for binding of IHF to the intact 34 bp duplex. For all three salts
investigated, binding constants decrease with increasing salt concentration, as evidenced in
Figure 6 by an increase in breadth of the late sigmoid region of the enthalpy-monitored binding
isotherms (the region where a significant fraction of the titrant is unbound). Thermodynamic
quantities obtained from the ITC data of Figure 6 are listed in Table 4. As observed above
using FRET, binding is detectably tighter in Glu™ (and F") relative to CI™. For all salt
concentrations examined, binding is enthalpically driven and opposed by the entropic
contribution to AG°gps.

Comparison of FRET and ITC-Determined Binding Constants as a Function of [KX]

Values of K, determined by FRET and ITC experiments (Tables 2 and 4, respectively) as a
function of [KX] are directly compared on a log-log scale in Figure 8. At the same [KX],
Kobs determined by FRET are uniformly larger than those determined by ITC. We hypothesize
that the one base overhang and/or the fluorophores present in FRET studies contribute
favorably to binding (see Supplemental Text), consistent with the observation that the TAMRA
quantum yield increases by ca. 20% in the complex relative to its value in free DNA (data not
shown). Favorable interactions with fluorophores are also exhibited by SSB where a 10-fold
increase in binding strength together with an increase in the quantum yield for Cy3 was found
for a FRET-labeled (dT)7q construct.44 In our FRET studies at 20°C, performed at free [IHF]
ranging from 1 nM to 10 uM, IHF dimer dissociation does not make a detectable contribution
to the binding assay (see Supplemental Text).

Although values of SKg, for the different H' DNA fragments investigated by FRET and ITC
in principle will differ because of the greater number of negative charges (a total of 6 more
negative charges) at the ends of the FRET fragment, no significant difference was detected in
fits to the individual datasets (Table 3). To combine the two data sets and obtain the best fit
SKps, a constant offset was applied to values of log Kqps for the FRET fragment (0.6 in KCI,
0.9 in KGlu; see Supplemental Text). The combined data together with the combined ITC
enthalpies are reported and analyzed in Figure 9 below.

Discussion

Salt concentration, cation valence and the chemical identity of the salt anion are key
determinants of stability (AG®qys) Of virtually all protein-nucleic acid complexes. Well-studied
examples include the interactions of E. coli lac repressor tetramer with operator and

J Mol Biol. Author manuscript; available in PMC 2009 March 14.
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nonoperator DNA and of E coli RNA polymerase with promoter and nonpromoter DNA (see
for example: 45,46;47,4 ) At constant [salt] (0.13 M), the lac repressor — lac operator binding
constant increases by a factor of 104 as the anion is varied across the Hofmeister series from
I~ to F~46 Analogous effects are observed on the thermodynamics of mteractlons of single-
strand binding proteins with single-stranded DNA (see for example: 33; ) Generally, for
any choice of anion, Kqps decreases strongly with increasing [salt]. In CI™ salts (KCI or NaCl),
in the absence of Mg?2* divalent cations, values of SKops, the log-log derivative of the binding
constant with respect to [salzg5 range from —5 to —11 for various specific and nonspecific lac
repressor—DNA complexes,™ and from —8 to —20 for various RNA polymerase — DNA
complexes 7350 for E. coli SSB, a detailed series of studies by Kozlov and Lohman have
characterized the large effects of salt concentration and the nature of the anion on AH®gs and,
where accessible, Kqps 0f complex formation.28; 32; 33 The extensive set of data reported here
quantifying the large effects of [KCI], [KF] and [KGIu] on Kgps and AH®gps for the large-
interface specific complex between IHF and H' DNA (summarized in Figure 9) provide an
opportunity to develop and test a general quantitative interpretation of coulombic, Hofmeister
and osmotic effects of salt concentration on protein-nucleic acid interactions. While Kgps is
expected to exhibit a strong dependence on [salt] (at low [salt]) because of the neutralization
of DNA phosphate charge by basic protein side chains in the interface, this coulombic effect
is not expected to be anion-specific. Moreover, since coulombic effects of [salt] are primarily
entropic in aqueous solution, they are not the origin of the effects of [salt] on AH®gps.

Both Kgps and AH® s for the specific wrapping of duplex DNA on IHF are much more [salt]-
dependent in KClI than in KF or KGlu, whose effects are indistinguishable within uncertainty.
For the combined ITC/FRET data sets, Panel A of Figure 9 shows that SK is approximately
twice as large in magnitude in KCI (—8.8 £ 0.7) as in the combined KF/KGIlu dataset (—4.7 £
0.6). Atan intermediate [salt] (0.33 M) where only minimal extrapolation is needed to compare
the CI™ and the combined F7/Glu™ data sets, Kyps is approximately 30-fold larger in KF/KGlu
than in KCI (Table 3). Determinations of the binding enthalpy AH®,,s extend to lower [salt]
(0.06 M salt) where Ky is too large to measure by either assay. For each salt investigated,
corrected values of AHgs decrease linearly with decreasing [salt] and approach the same
limiting low-salt value (AH® s = —20 kcal at 20°C) for all three salts studied (Figure 9B). The
slope (dAH®,,¢/d[salt]) is much larger in KCI (38 * 3) than in the combined KF/KGlu dataset
(11 2).

Dissecting the [Salt]-Dependences of Kgps and AH®gps into Coulombic and Hofmeister-
Osmotic Contributions

To interpret these strong and anion-specific effects of [salt] on Kgps and AH®gps Of binding of
IHF to H'DNA, we develop and apply a novel analysis which dissects the experimental
SKops and the derivative dAH®gps/d[salt] into a) Coulombic and b) Hofmeister-osmotic
contributions.

a) Coulombic contributions—Coulombic contributions of [salt] are defined as those
arising from differences in long-range (coulombic) interactions of salt ions with structural
charges on the IHF — H' DNA complex and on the uncomplexed IHF and H'DNA. Since
coulombic effects depend on the valence of the salt ion but not its chemical identity, they should
be the same for all three 1-1 salts investigated. Coulombic effects on processes involving
nucleic acids are manifested even at very low salt concentration.®L: 92 for IHF — H' DNA
binding, coulombic effects are expected to be the primary salt effect at low [salt], since no
evidence exists for strong site-binding of any of these salt ions to IHF or duplex DNA. For
binding of an oligocation LZ* to a polyanionic nucleic aC|d at low salt concentration, where
salt effects appear to be purely coulombic, 40; 41; 53; 54; 55 the observed log-log derivative
of the binding constant with respect to salt concentration
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SKaops = dInKns/din[salt] = S K2 is negative, relatively independent of [salt] and
temperature, and proportional to the oligocation valence Z. The strong increase in Kgpg for
DNA-binding of LZ* with decreasing salt concentration is an entropic effect, as expected for
a process that reduces local salt ion concentration gradients. By analogy to PB calculations for

Kcoulombic

other protein-nucleic acid interactions, S K ops for binding IHF to H'DNA is also expected
to be relatively independent of [salt] and temperature.56’ 57,58 59; 60

b) Hofmeister-osmotic contributions—At moderate to high concentrations, salts affect
processes like the creation of an air-water interface and the transfer of a hydrocarbon solute to
water in which only uncharged surfaces are involved and no coulombic effect is expected.
These salt effects exhibit a distinct functional form, in which AG° s 0f the process is typically
a linear function of [salt]. Both the functional form and rank order of these salt effects on model
processes mirror what are referred to as Hofmeister effects of salts at moderate to high
concentrations on biopolymer processes involving changes in ASA (e.g. unfolding,
dissociating or dissolving biopolymers).61; 62 The solute partitioning model 34: <8; 63; 64;
65; 66; 67 (SPM) dissects these salt effects into an ion-specific competition with hydration
water to make short-range (noncoulombic) interactions with the biopolymer surface (described
by partition coefficients K, for cation and anion) and a nonspecific (osmotic) component
arising from the reduction in water activity with increasing salt concentration, which drives
processes in the direction in which hydration water is released. The SPM has recently been
applied to interpret effects of salts on the surface tension of water and obtain individual partition
coefficients of the cation and anion describing their distributions between local water at the
air-water interface and bulk water.8°; 66

Here we use the term Hofmeister effect to refer only to the ion-specific (nonosmotic) part of
this composite salt effect. In the following thermodynamic analysis, the SPM is introduced to
quantify and interpret the contributions of Hofmeister and osmotic effects to the [salt]-
dependences of Kqps and AH®gps 0f biopolymer processes like IHF — H” DNA binding.

Thermodynamic Analysis of Coulombic and Hofmeister-Osmotic Contributions to the [Salt]
Dependences of Kgps and AHps; Comparison with the Effect of a Nonelectrolyte

To interpret salt effects on K,p,s, We begin by assuming that SK,s, the log-log salt derivative
. .. . . . lombic
of Kops, is composed of additive contributions from coulombic effects SKop ™™ and
) . Hof—osm ) .
Hofmeister-osmotic effects S K ops of salt concentratlon,52 as defined above:
(31[11(0[,'&-

=SK..=S Kcmflmnl)ic +5S KHfoo.sm
oln[ KX] ot obs obs @)

To test the validity of the assumption of additivity of coulombic and Hofmeister-osmotic
effects, which is the only currently feasible starting point for this analysis, it will be important
to quantify the noncoulombic (i.e. Hofmeister) component of the interactions of salt ions with
compounds that model the charged, polar and nonpolar sub-surfaces of proteins and nucleic

Kc()u/ombic .

acids. We also assume that S Kops is independent of temperature (because coulombic salt
effects in water are largely entropic) and [salt], and is the same for all 1-1 salts. For binding of
oligolysines and polyamines to DNA, which appear to be primarily coulombic interactions,
SKps is indeed independent of salt concentration in the accessible range (below 1 M sa 2
independent of temperature and the same for the various small 1:1 salts investigated.68? 9
Hof—osm
The solute partitioning model (SPM) predicts that SK pps is proportional to [salt], with a
proportionality constant which is determined by a) the amount of water of IHF and DNA
hydration which is displaced/released in forming the complex (ABy,0) and b) the partition

J Mol Biol. Author manuscript; available in PMC 2009 March 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vander Meulen et al.

[
lOgK()I).\' = lOgKref ia SK{)I).\'.C()uIlOg (

Page 8

coefficients K j of the cation and anion which describe the ratio of their local concentrations
in this water of hydration to their bulk concentration. The difference in the amount of water of
hydration of the product complex and the uncomplexed reactants is defined as ABp,0;
ABy,0 = by,0 AASA, where AASA s the difference in water accessible surface area (ASA)
between the IHF — H' DNA complex and the uncomplexed reactants, and by,o is the average
hydration of those reactant 2 surfaces which are buried in the interface in the complex.

_ AB,,
SKl ™™ = (Kpy + Kp- = D—22(1 + 6,,)[ KX]

muzo @3)

where "mo = 333 mol H,0/kg, dkx is a relatively small correction term (|ok x| « 1) for salt

nonideality and concentration scale conversion, and the ion partition coefficients K ; are
defined as:

mif’f mi”f
Koo =\ | 39 Ko =| o
-

K+

(4)

For formation of the wrapped IHF — H" DNA complex, ABy,q is expected to be large and
negative; from the estimated AASA of complexation (-5340 A2) and the model compound
estimate of by,0 (0.18 H,0/A2), ABy,0 = — 103 H,0.

The SPM also predicts the dependence of K 0f IHF-H’ DNA binding (or any other process)
on the concentration of a nonelectrolyte like glycine betaine:

Nk, p AB,,
OMR&opy _ 1)( 11_0)(1 +5GB)

=(K .

oG] - Kros 55.5 ®)
In equation 5, 6gp is a correction term (|5gg| <K 1) for GB nonideality and concentration scale
conversion. For glycine betaine, the composite term (K, — 1) ABy,0 in Eq 5 has been dissected

into contributions from different types of biopolymer surface. Ata coarse-grained level, glycine
Kam'onic _

betaine is found to be completely excluded ( “»e8  — O) from approximately two layers of
water of hydration (0.22 H,0/A2) of anionic surface, but not significantly excluded from (or
accumulated at) other types (nonpolar, polar, cationic) of protein or native dsDNA surface

Kl'l()l'[[””()”l(,‘ — 1

("ron ). However, GB accumulates near guanidine and/or cytosine rings, which
complicating its effect on sSDNA processes. A similar decomposition for Hofmeister salts is
in progress. for GB, therefore, eq. 5 becomes

OInK s
J0|GB]

— —O.OISAB‘:’”Z””'C surface (f()l‘[GB] —3 0)
2 (5A)

and the dependence of In K5 of IHF-H’ DNA binding on [GB] is predicted to provide a direct
measure of the amount of water released from anionic (primarily DNA phosphate, possibly
also IHF carboxylate) surface in complex formation.

For salts, integration of Egs. (1, 2), neglecting any concentration-dependence of g, yields Eq.
6 for Kqps as a function of concentration of any salt, relative to its extrapolated value at a
sufficiently low reference salt concentration (Kef) where only coulombic effects of salt are
significant.

KX]
[KX]rer

Pkt

AB
) +1/2.303 [m#] (K, o + K o = 2(KX] = [KX]ep)(1 + )

H,0

(6)
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Differentiation of Eqg. 3 with respect to temperature yields Eq. 7 for the [salt]-derivative of the
binding enthalpy:

0AH , 9 OnK... AB
obs 2 obs 0 o o

——— =RT"— . K .AH® . +K _AH° _)1+6,

J[KX] oT J[KX] m,‘m)( pK* ot T8 x pX 1+ 6 o

where AHp. and AH®p- are the van’t Hoff enthalpy changes for the process of transferring
cations and anions from bulk solution to the relevant water of hydration of IHF and H'DNA
(AH®p+ = RT2dInKp,/dT).

The net effect of the opposing contributions of Hofmeister interactions and osmotic effects of
salt ions on the observed salt derivative SKqps (eq. 2) and therefore on log Kqps (eq. 6) for a
1:1 salt is determined by the quantity ABp,o (Kp+ + Kp— — 2). For the nonelectrolyte glycine
betaine, the analogous term in eq. 5 is ABy,0 (Kp,gg — 1). The integer (-2 for a 1:1 salt, -1
for a nonelectrolyte) is the purely osmotic contribution of the solute (a driving force for
complexation with increasing [solute] because of displacement/release of water of hydration).
70; 71572573 for 1:1 salts this purely osmotic effect is reduced (and can be eliminated or
reversed) if either or both salt ions compete with water of hydration (i.e. K j > 0) to interact
noncoulombically with the surfaces of IHF and H' DNA which are buried and desolvated in
the complex. For a 1:1 salt, osmotic and Hofmeister effects completely compensate if Ky +
Kp- =2, in which case the average local concentration of salt ions (cation plus anion) in the
vicinity of the reactant IHF and H’ DNA surfaces which are buried in complexation is equal
to the bulk concentration of salt ions. In this case Hofmeister and osmotic contributions to
SKops sum to zero. For salts where Ky, + K, > 2, Hofmeister interactions of the ions with the
relevant biopolymer surfaces are dominant over the osmotic effect, and the combined
Hofmeister-osmotic contribution destabilizes complexes with increasing [salt].

Since osmotic and coulombic effects of salts on processes in water are primarily entropic, only
the Hofmeister interaction of salt ions with biopolymer surfaces (quantified by Kp, j) contributes
to the salt dependence of the binding enthalpy. Eq. 7 shows that the derivative dAH®¢/d[salt]
is determined by the product ABp,0o (Kp+AH®p+ + Kp-AH®, ). Hence AH g of IHF-H' DNA
binding (or any other process) is predicted to be independent of [salt] for a completely excluded
salt. For salts which are not completely excluded and for which the enthalpies of transfer of
salt ions from bulk solution to the relevant regions of biopolymer surface are negative, the
binding enthalpy AH®ps is predicted to increase with increasing [salt] (since ABy,o < 0). For
asalt in the middle of the Hofmeister series (Kp+ + Kp- = 2), the [salt] dependence of the

. . . . . . R SK = S KC()ul()mI)ic
binding constant is predicted to be equal to the coulombic contribution ( > obs obs )

Hof-osm __
because S Kobs =0 while the [salt] dependence of the binding enthalpy (dAH®ghs/d[salt])

can be much greater than the negligible small coulombic contributions if Hofmeister
interactions have significant enthalpies (AH®p+, AH®,).

Application to Effects of Salts (KCI, KF, KGlu) and Glycine Betaine on the Thermodynamics
of IHF-H' DNA Binding

a) Salt Effects—KCl is typically in the middle of the Hofmeister series; changes in [KCI] in
the molar range typically have only small effects on protein processes, relative to salts from
the extremes of the Hofmeister series. For purposes of illustration, and as a first order

approximation to the likely behavior of IHF — H' DNA binding, we assume that Ky k+ =
Hof—osm _ coulombic  _ _ . A
Kp,cl- = 1so that SKker = Oand S Koswrer = S Koptiisaiy = =88 Thisisa large coulombic

effect, but it is much smaller in magnitude than that predicted by analogy to oligocation binding
(SKops = —18) using the net cationic charge on the interface of IHF (+20).
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To interpret the shifts in Kgpg and in SKqps in the combined KF/KGlu data set relative to KCI
requires knowledge of AB,o. No direct measurement of this quantity is available, but its value
can be estimated from the application of the SPM to interpret salt effects on the solubility of
model compounds, for which ABp,o = 0.18 H,0/AZ (LM Pegram, unpublished results).
Similar values have been obtained from the SPM for the thickness of the local region at the
air-water interface (0.19 H,0/A2)66 and for the hydration of anionic biopolymer surface (0.22
H,0/A2).38 From the estimated AASA of formation of the IHF — H' DNA complex (—5340

A2) and the model compound estimate of byy,o (0.18 H0/A2), AB,0=~1000 H0. Fixing
oulombic
the values of ABp,0, K j)(lnl'((l:l.s‘a(//), Kp K+ and Ky c|- to the above best estimates, the combined

KF/KGlu data set (log Kqps Vs. log [K*]) was fit to Eq. 6. The resulting fitted curve yields

Kp F- = Kp,Glu- = 0.44, so that moderate exclusion of F~ and Glu™ is capable of describing the
shift in both Kqpg and SKqps in KF/KGlu relative to KCI. The curvature predicted by the fit is
consistent with these KF/KGlu binding data, though they could be equally well fit by a straight
line. The curve shown for the combined KF/KGlu dataset in Fig 9 uses the KF activity
coefficient and molarity conversion term (1 + dk). Slightly more curvature is predicted in the
plot of log Kqps for this parameter set using the conversion for KGlu; we are currently testing
for the presence of this curvature at higher [KF] or [KGIu].

The parameters used in Figure 9 (ABy,0= —1000 H,0, Ky k+ = Kp cl- = 1, Ky - = Ky glu- =
0.44) are a plausible set of SPM quantities to describe salt effects on log Kqpg for IHF — H’
DNA binding. Are these capable of describing the experimental salt effects on AH®yps? From
Figure 9B we see that the answer is in the affirmative; the linear increases in AH®,pg With
increasing salt concentration, with a slope dAH°gp¢/d[salt] in KCI which is significantly larger
than in KF/KGlu, are clearly consistent with equation 7 and with partition coefficients of K*
and CI™ which are larger than those of F~ and Glu™, provided that the local-bulk partitioning
enthalpies of these salts are negative and of similar magnitudes. At a more quantitative level,
itis clear that the almost four-fold difference in slopes dAH®ns/d[salt] between them is much
greater than the approximately two-fold difference in anion partition coefficients. If all the ion
partitioning enthalpies are small in magnitude, which is consistent with data on the temperature
dependences of dAH°yp¢/d[salt] (Vander Meulen PhD thesis, 2007), it is necessary that the
partitioning enthalpies of both K* and CI~ be negative, and that the partitioning enthalpy of
CI™ be significantly more negative than that of F~ or Glu™. With two equations and three
unknowns, the values of individual ion partition coefficients cannot be uniquely determined.
A typical set is used to obtain the fits in Figure 9B: AH®, i+ = —1.3 kcal, AH®, c- =—1.0 kcal,
AH®p p- = AH®p gy = +1.6 kcal. The composite set of SPM salt ion parameters used in Figure
9 is listed in Table 5.

b) Effect of GB—Since the primary interaction of GB with native protein and DNA surface
is complete exclusion from two layers of water of hydration of anionic surface, the effect of
GB on the IHF-DNA binding constant quantifies the net amount of water of hydration of
anionic surface released in forming the complex. From the structure, approximately 1200 A2
of DNA phosphate surface are buried in the complex, and therefore approximately 260 H,O
would be released from DNA phosphates if they were completely dehydrated in the complex
(ABH,0= —260). The derivative of In Kqps with respect to [GB] at constant KCI activity,
dInKgps/d[GB])akc = 2.7 £ 0.4, indicates that about half that number of H,O are released
(AB,0= —150). This might mean that about half of the original amount of water of DNA
phosphate hydration is retained in the interface. Alternatively, or additionally, a significant
amount of water might be taken up by anionic surface exposed in a process coupled to DNA
binding, as for example if salt bridges between carboxylate and basic side chains of IHF break
and hydrate in complexation.
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In the range of salt concentrations investigated (> 0.15 M for Ky, > 0.06 M for AH® ),
predicted Hofmeister and osmotic contributions to K and Hofmeister contributions to AH
°obs Of formation of this large interface protein-DNA specific complex are always significant.
Figure 10 predicts the effects of lower and high salt concentrations, based on Eqs 6 and 7, and
predicts the decomposition of AG°yps = —RTIn(Kqps) into enthalpic (AH®gps) and entropic
(TAS®,ps) contributions over this wide [salt] range in both KCI and KF/KGlu. Because AH
°obs and the Hofmeister and osmatic contributions to AG°,ps and TAS® s Vary linearly with
[salt] whereas the coulombic contribution to AG®qps and TAS® s Varies linearly with the
logarithm of [salt], plots of these thermodynamic quantities vs. both [salt] and log [salt] are
informative. For KCI and KF/KGIu, Figure 10A shows the predicted nonspecific osmotic
contribution and salt-specific Hofmeister contributions to AG®,ps, AHps and TAS® g @S
functions of salt concentration (linear scale, the appropriate functional form for these effects).
Figures 10B and 10C extrapolate the observed AG°gps, AH®gps and TAS® s Of IHF — H' DNA
binding to low and high concentrations of these salts (0.005 M — 2 M), using a log [salt] scale
on which coulombic effects are linear.

At sufficiently low salt concentration (< 0.05 M), Hofmeister and osmotic effects do not
contribute significantly to AG®gps, AH®gps and TAS® s Of IHF-H'DNA binding in any 1:1 salt,
and all these thermodynamic quantities are predicted to be the same for any 1:1 salt. In this
low salt regime, AG°gps and TAS® ¢ are predicted to vary linearly with log [salt] because the
origin of the [salt] dependence is entirely coulombic, and AH® s is predicted to be essentially
independent of [salt]. Different PNAI, with different ABp,0, will exhibit correspondingly
different cutoffs for the low-salt all-coulombic regime of [salt] effects. At higher salt
concentrations, differences in AH® g, for different salts and different [salt] become detectable,
and AG°gps and TAS® s in general deviate from the low-salt all-coulombic [salt] dependence.

For KCI, in the scenario modeled here, AG°yps does not deviate from a coulombic salt
dependence because of the postulated compensation between Hofmeister and osmotic
contributions of this salt to SKps. TAS®ps does deviate from a coulombic dependence because
this compensation does not apply at the level of TAS®qps (equations 6 and 7). At salt
concentrations higher than the experimental range (experimentally inaccessible), a regime of
approximate enthalpy-entropy compensation is predicted, in which AH®gps and TAS®gps Vary
much more strongly with KCI concentration than does AG°gps. (This compensation will be
even more complete at the level of AG®qps if the coulombic component of SKy, is reduced in
magnitude at high salt concentration.)

For KF/KGlu, AG°yps and TAS® g begin to deviate significantly from the universal purely-
coulombic behavior predicted for any 1:1 salt at approximately 0.05 M KF/KGIu because the
osmotic contributions of these salts with excluded anions to SKobs exceed their Hofmeister
contributions. As a result, above 0.05 M salt, Kgyps of IHF — H' DNA binding is larger in KF/
KGlu than in KCI. The thermodynamic origin of this effect is the more favorable AH®gps in
KCI; the molecular origin is the stronger interaction of CI™ than of F~ or Glu™ with the surfaces
of free IHF and H' DNA that are buried in the interface of the complex. Formation of the
complex displaces/releases salt ions and water; the salt ion contribution arises from changes
in both coulombic and Hofmeister interactions in complexation. For KClI, the thermodynamic
contribution of displacing ions and water is the same at all [salt]; for KF/KGlu this contribution
becomes increasingly favorable with increasing [salt] because the replacement of CI™ (K = 1)
with F~or Glu™ (K = 0.4) causes the osmotic effect of increased [salt] to exceed the Hofmeister
interaction effect. At salt concentrations only slightly above the experimental range, AG®gps iS
predicted to exhibit a local maximum, and then decrease at higher [salt]. In this same range of
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[salt], enthalpy-entropy compensation is predicted for KF/KGlu, as for KCI; AH®gps and TAS
°obs are predicted to vary much more strongly with [salt] than does AG®gps.

IHF was overexpressed from a pET21a vector (a gift from Phoebe Rice) in a 60 L fermenter,
and purified in 200 g frozen cell paste increments. Purification followed the scheme of Nash
et al.”4 with slight modifications as decribed previously.27 IHF was determined to be > 95%
pure by SDS-PAGE; the concentration was determined using an extinction coefficient (280
nm) of 4920 M~ cm~1-27 Circular Dichroism (CD) and Differential Scanning Calorimetry
(DSC) were used to show that, at uM concentrations required for ITC, the folded of dimer of
IHF is stable at 20°C at both 0.04 M and 0.20 M KCI. Likewise, ITC dilution experiments with
IHF and FRET binding assays show no evidence for dissociation of the IHF dimer at 20°C.

In ITC experiments, the DNA binding activity of IHF, as determined from the titration
stoichiometry, was routinely >90%. In FRET experiments, however, IHF adsorption to
eppendorf vials during sample preparation reduced the effective protein activity. FRET activity
measurements (below) were carried out in parallel with binding constant assays. The activity
assay was performed by titrating 35 nM H’ DNA with the highest concentration IHF stock
solution used for the binding assay (ca. 1 uM IHF; see FRET sample preparation details below).
The buffer was diluted with a low salt buffer such that the final [KCI] was 0.13 M or [KGIu]
was 0.18 M. Binding under these conditions is essentially stoichiometric to 80% saturation of
the DNA, and the curve in this region was extrapolated to the signal plateau to determine the
binding activity. By this method, the activity of a nominal 1 uM stock IHF preparation was
routinely 75% —100%.

In FRET binding assays, data points at low [IHF] were collected using IHF from a lower
concentration (ca. 0.2 uM) IHF stock solution, which displayed a further reduction in effective
IHF activity. The activity of this stock was determined by performing duplicate measurements
at various IHF concentrations, using both the high and low concentration IHF stock solutions,
and attributing the difference in the FRET signal to protein activity. The activity was routinely
ca. 50% for the low concentration stock solutions. The simplicity of this activity correction is
warranted, based on IHF dimer stability measurements (cited above) and control experiments
(below) that eliminated possible complications from time- or concentration-dependent
dissociation of IHF dimers at 20°C.

DNA oligomers

The H' DNA site is a GC-capped 34 bp duplex matching the A phage H' site, with the same
sequence but lacking the 5’ overhanging bases and nick(s) of the crystallized oligomer. For
ITC, the full sequences are as follows: the H’ “top” sequence: 5'-
GCCAAAAAAGCATTGCTTATCAATTTGTTGCACC-3'; the complentary H' “bottom”
sequence, 5'-GGTGCAACAAATTGATAAGCAATGCTTTTTTGGC-3'. Highly purified (2
HPLC purifications) DNA 34-mer strands for ITC studies were obtained from RNA-TEC
(Belgium). RNA-TEC HPLC analysis indicated that each strand was > 95% pure, with trace
amounts of both earlier- and later-eluting impurities.

HPLC-purified, 5'-fluorophore-labeled DNA 35-mer strands for FRET studies were obtained
from Integrated DNA Technology (IDT). The oligonucleotides were identical to the ITC
fragment except that the 5’ end was extended by one base (dT for the top strand, dC for the
bottom strand) to avoid fluorophore quenching by terminal guanines. A 34 bp duplex was the
product of annealing 35-mers each with one overhanging pyrimidine at the 5’ end, to which
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the FRET donor (6-carboxyfluorescein (FAM)) and acceptor (tetramethylrhodamine
(TAMRA)) were attached. The top strand FAM is linked to the 5’-deoxythymidine through a
six carbon phosphoramidite linker; TAMRA is attached to the bottom strand 5’-deoxycytodine
by the same linker. Except for the choice of overhanging pyrimidine on the bottom strand, the
oligomer is identical in design to a fragment investigated previously by FRET.14 15 DT
HPLC analysis indicated that each strand was > 95% pure and approximately 100% labeled
with its fluorescent dye. The FRET top strand contains four additional negative charges (two
from additional DNA phosphates, two from the fluorescein) relative to its ITC counterpart.
The FRET bottom strand contains two additional negative charges relative to its ITC
counterpart (from DNA phosphates; TAMRA is net neutral).

Duplex H’ was generated by mixing equimolar quantities of the complementary single strands,
then incubating in a water bath at 85°C followed by overnight cooling. Typically the annealing
of strands was 90 — 95% complete, as judged by HPLC analysis. The remaining 5 — 10%
(probably unannealed strands) should not affect ITC and FRET since nonspecific binding
(27; unpublished results). Concentrations of the ITC and FRET fragments were determined
using molar extinction coefficients at 260 nm of 4.2 x 10° M~lcm~1(27) and 4.8 x 10°
M~tcm™ (calculated using the IDT values of 260 TAMRA = 2.9 X 104 M~tecm ™1 and

€260 FAM = 2.1 x 104 M~tcm ™), respectively.

The buffer for all FRET and ITC binding studies was 0.010 M Ko,HPO,4 (pH 8.3 at 20°C) and
0.001 M Ko,EDTA. In experiments with KGlu, significant additions of potassium hydroxide
(up to 0.02 M) were required to adjust the pH to 8.3, so that the [K*] concentration exceeded
that of the anion of interest by up to 0.042 M at high [Glu™]. In experiments with glycine
betaine, the solute was added to a solution containing 0.26 M KCI. In FRET titrations, the
buffer also contained 100 pg/mL BSA to minimize adsorption of IHF to the cuvette walls.

ITC Data Collection and Analysis

Almost all titrations reported here were obtained on a VPITC (Microcal, Inc). Normalized heat
signals were calculated using the bundled Origin software. (A small number of experiments
were performed with an earlier generation Omega ITC (Microcal, Inc) as indicated in Table
4.) Data were analyzed and plotted in Igor Pro 5/6.

An ITC titration includes heat contributions from ligand binding, ligand heat of dilution, as
well as the mechanics of ligand addition. Subtraction of the baseline signal (the latter two
contributions) was performed in one of two ways. For titrations in which the reaction was
effectively completed early in the titration, the heat of macromolecule dilution was determined
internally through back-extrapolation of the last 8-10 injections. In these cases, we verified
that the protein heat of dilution was comparable to these baseline values in order to eliminate
the the possibility of complications from nonspecific binding. In weaker binding titrations (0.22
M K* and above), a control titration of macromolecule into buffer was performed and
subtracted from the binding titration.

Binding titrations were fit to a 1:1 binding model. ITC fits directly yield values for the standard
enthalpy of binding AH®,,s and the binding constant Kgy,s. Standard free energy and entropy
of binding are determined from AG®,ps = —RTINKgpg and AS°®gps = (LU/T)(AH®gps — AG°gps)-
In all ITC studies, the starting concentration of the biopolymer in the cell was 5 — 25uM. At
these concentrations, values of Kg,s <3 x 107 M1 appear to be accurately determined; if
Kops €xceeds this value, it must be determined from the final 10% (or less) of the titration. This
region of the titration may be disproportionately affected by the presence of DNA impurities
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(e.g., imperfectly annealed strands and/or duplexes with one or more missing bases (failure
sequences)).

IHF binds DNA nonspecifically at <0.1 M KCI with a small occluded site size of only 3to 5
bp (27; KVM unpublished%. At these low salt concentrations, nonspecific binding to the 34 bp
specific H' DNA fragment 7 and slow dissociation kinetics of specific complexes9 complicate
the analysis of reverse (DNA into IHF) titrations. Therefore, at or below 0.1 M K*, only forward
(IHF into DNA) ITC titrations were performed to determine AH® s (but not Kqys) for specific
binding.

FRET Samples, Data Collection and Analysis

Samples—IHF and DNA samples for FRET measurements were dialyzed and concentrations
determined spectrophotometrically at high concentration (> 10 uM IHF, 1.5 uM DNA); the
samples were then diluted into eppendorf vials containing buffer and BSA to make FRET stock
reagent solutions of ca. 1 uM. Lower concentrations of reagents were obtained from these
stocks by serial dilution, using eppendorf vials that had been pre-incubated in buffer-BSA
solution for ca.10 hours to reduce adsorption of IHF. (In our hands, IHF (and HU) adsorb more
strongly to eppendorf vials than to quartz cuvettes (regardless of siliconization)). Samples for
FRET measurements were prepared in the cuvette by adding buffer, then DNA, then protein,
manually mixing for 15 seconds, and equilibrating for 3’ in the temperature-controlled
fluorometer cell carriage. Thermal equilibrium was also achieved on this timescale, as
determined in dummy runs using a thermocouple probe to measure the sample temperature.
For both protein and solute titrations, a separate aliquot of both IHF and DNA was used for
each point in the titration. In protein titrations, the DNA concentration in the cell was typically
35 nM. In “solute titrations”, IHF and H' DNA were added at equimolar concentrations
(typically 35 nM). The different salt concentrations in each sample were obtained by combining
the appropriate volumes of a high salt and low salt buffer. Betaine titrations were performed
similarly, using 0 M and 4 M Betaine buffers (in 0.26 M KCI).

Controls were performed to ensure that chemical equilibrium was achieved at each point. First,
addition of unlabeled DNA to an already-equilibrated reaction mix, followed by manually
mixing, re-equilibrated within the dead time of the measurement. This indicates relatively rapid
on-off rates at these salt concentrations, as expected.g? 14,15 Thermodynamic stability of the
dimer at the nM concentrations required for FRET was indicated by a lack of sigmoidicity in
plots against total IHF concentration. Furthermore, an increase in the experimental
concentration regime (using a 50-fold higher DNA concentration of 1.5 uM) had no effect on
the measured Kgps. Controls were also performed to eliminate the possibility that the IHF
heterodimer is metastable, in which case DNA binding would trap the dimeric state of the
protein and prevent the observation of equilibrium. At various protein concentrations, the
transfer efficiency did not change over a period of several hours. Changing the order of reagent
addition (protein, then DNA) and/or allowing the protein to equilibrate at nM concentrations
for up to one hour in the cuvette prior to addition of DNA had no effect on the FRET efficiency.

Data Collection—FRET experiments were performed in an L-shaped PTI (Photonic
Technology Instruments) fluorometer, equipped with a Xe lamp and single monochromators
on the excitation and emission beam path. Measurements were taken in a Starna 160 pL
fluorometer cuvette using magic angle conditions. FRET intensity measurements were used to
assay titrations of labeled H' and H1 DNA with IHF, as well as titrations of IHF —H’ DNA
mixtures with salts (KCI, KGlu) and the osmolyte glycine betaine.

Analysis of Protein Titrations—Binding isotherms in IHF (forward) titrations of DNA
were obtained from the fractional change in TAMRA fluorescence. For our purposes, use of
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this quantity was desirable because it normalizes the signal for DNA concentration, cuvette
alignment and lamp intensity, reducing the noise in a titration. Using this approach, two
emisson spectra were obtained at each point in the titration: one from 500 — 615 nm using an
excitation wavelength of 490 nm; the other an excitation wavelength of 560 nm (a wavelength
at which only TAMRA absorbs) and a wavelength range of 570 to 615 nm. The latter spectrum
was used to normalize the sample signal intensity.

The fractional change in TAMRA fluorescence was calculated using the principles developed
by Clegg as follows.”® First, the portion of the 490 nm-excited spectrum due to TAMRA was
isolated by subtracting a reference spectrum of DNA labeled with FAM only (see Figure 3 for
spectra pre- and post- subtraction). Prior to subtraction, the reference spectrum was normalized
to the fluorescence intensity of each FRET DNA spectra over the wavelength range where only
FAM emits (510 — 530 nm). The resulting signal at each wavelength from 570 — 615 nm was
divided by the signal at the corresponding wavelength from the spectrum obtained through
excitation at 560 nm.

The resulting quotient at each wavelength is a ratio of the TAMRA fluorescence obtained
primarily through energy transfer from FAM, to the TAMRA fluorescence obtained by direct
excitation. This quantity, termed ‘ratioa” by Clegg (i.e., it is an “acceptor ratio’),75 has been
used previously in binding assays. (In these cases, the observed ratioa was converted to an
observed FRET efficiency prior to fitting.”> 76 775 78) Determinations of ratioa at each
wavelength are equivalent mathematically,75 so were averaged to reduce noise. The intrinsic
magnitude of ratiq/% is a function of both the FRET efficiency and the extinction coefficients
of the FRET pair.

In protein titrations, we used the observed ratiop (ratioa®) at each point in a protein titration
as a binding signal. The fraction of H' DNA molecules occupied by IHF, 6, is then determined
according to

obs __ ratio™n

ratzoA i

jomax _ i HMmin
raIlO/1 ranoA (9)

where ratioa™" and ration™ are empirically-determined values for ratioa of free DNA and
IHF-bound DNA, respectively. For IHF titrations, values of ratio,™" (ca. 0.15) and
ration™X (ca. 0.6) were determined by fitting. (This approach requires that the ratio of TAMRA
extinction coefficients e490 TAMRA/€560 TAMRA iS the same in the free and bound states, which
we verified).

Values of K, for each titration were calculated through iterative fitting using Kqps as a fit
parameter. Equation 10 describes the dependence of 6 values on Kgpg

[ D]I()I Kol)s[ D]m/ [ D]/m Kob.x‘[ D]m/

(10

where [P]iot and [D]yor are the total IHF and DNA concentrations at each point in the titration.
Each value listed in Table 2 represent the results of global fitting to all protein titrations at the
given salt condition. The listed error shows the standard deviation in Ky, obtained from the
individual datasets.

Analysis of FRET Solute Titrations—The quantities ratioa™" and ratioa™* may be a

function of solute concentration. Therefore direct FRET solute titrations required separate
determination of these quantities in order to generate an experimental upper and lower baseline.
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The description of this determination follows and is illustrated in Supplementary Figure 1.
Protein titrations at several solute concentrations were performed on the same day as the solute
titration (an example titration set is provided in Supplementary Figure 1a). We find that
ratioa™" is independent of solute concentration for all solutes examined by FRET, but that
rationM® displays a slight dependence on [KGlu] and [KCI], but not [glycine betaine]. Over
the range of [KGIlu] examined (0.30 — 0.70 M), ration™@* decreases by ca. 15%, as illustrated
in Supplementary Figure 1a. Over the range of [KCI] examined (0.18 — 0.30 M), it decreases
by 10 — 15%. The origin of this dependence is likely the [salt]-dependence of egam 490, Which
would impact ratioa™@, but not ratioa™". We examined the [KGlu]-dependence of FAM
fluorescence intensity and found it to change linearly on a semi-log plot, decreasing 25% over
the range 0.16 to 0.80 M KGlu. Therefore, ratiop™® was obtained by interpolation to generate
a full upper baseline (see dotted line in Supplementary Figure 1b).

In GB titrations, the activity of KCl is reduced by its preferential interaction with GB, thereby
exerting a secondary and indirect effect on the stability of the IHF — H' DNA complex. Using
the analysis of Hong et al,37 we corrected for this to calculate the effect of GB on In Kobs at
constant KCI activity

3an(,,,S _ 6an(,,,S _ S K()])SA0Sm34
oms |, “\ om3 my 2m3ma(l + &4)p3 (1

where components 3 and 4 are GB and KClI, respectively. For GB and KClI, a recent analysis
has obtained AOsmaa/(m3my) = —0.046 M1 gJ Cannon, unpublished result), approximately
half as large as the value previously reported. 7 (1 + &4) is a KCI molality-activity correction,
equal to 0.89 at 0.26 M KCI. For KCI, SKps = —8.8, so that the final term in equation 11 is
—0.23. Note that the Hong et al reference contains a typographical error in the sign of this term
(equation (A6) in the original paper).

In solute titrations with KGlu and glycine betaine, the wavelength of maximum FAM emission
was noticeably slightly blue-shifted at the highest concentrations. This effect was replicated
in singly-labeled FAM-DNA conjugates, and FAM-only DNA spectra at the given solute
concentration were used as the reference fluorescein signal in the subtraction step.

Structural Calculations

Figure 1 was generated using Pymol.79 The structure is PDB code 11HFL modified to
incorporate the missing 3 C-terminal residues in IHF chain o using Modloop.80 This modified
structure was used to calculate the cationic and anionic composition of the interface.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Cationic and anionic residues in the IHF-H'DNA interface: (A) Positively charged functional
groups of K, R, H side chains (blue) and negative carboxylate oxygens of D, E side chains
(red) on IHF which are within 6 A of an anionic DNA phosphate oxygen (pink) are highlighted.
Calculations are from the coordinates of the crystal structure of the IHF — H' DNA complex
(PDB code 1IHF1). (B) Distribution of distances between each structural IHF charge (positive
or negative) and the nearest anionic DNA phosphate oxygen. Structural IHF charges within 6
A of an anionic DNA phosphate oxygen are considered to be part of the interface, together
with the partner DNA phosphates.
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Figure 2.

Analysis of binding interfaces of wrapped DNA-protein complexes. The surface area buried
from solvent (AASA) is broken down into percent contributions from nonpolar, cationic,
anionic, and other polar surface for the (A) DNA and (B) protein. For the protein, cationic
surface includes all guanidino, imino, and amino nitrogens and anionic surface includes all
carboxylate oxygens. For DNA, anionic surface includes anionic DNA phosphate oxygens (2
anionic phosphate oxygens per phosphate group). IHF: IHF — H' DNA complex (PDB code
11HFL); NCP: nucleosome core particle — 147 bp DNA (PDB code 1KX531); SSB: single-
stranded DNA binding protein — 2 dCs5 (PDB code 1EYGSL).
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Representative FRET data for H' DNA —

IHF interactions at 0.26 M KCI (0.282 M K*, 20°C).

(A) Representative fluorescence emission spectra of FAM-TAMRA labeled H' DNA (200 nM)
as a function of [IHF], plotted with a spectrum from a singly-labeled FAM-DNA conjugate.
Excitation at 490 nm (maximum FAM absorbance). (B) Increased TAMRA fluorescence due
to energy transfer from FAM to TAMRA, obtained by subtracting the intensity- normalized
signal of 200 nM FAM-only H' DNA from the spectra shown in panel A.
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Figure 4.

Representative FRET-monitored IHF (forward) titrations of H' DNA at 20°C, pH 8.3 at various
KCl and KGlu concentrations: (A) Fractional change in TAMRA fluorescence (equal to 6, the
fraction of H' DNA molecules complexed with IHF) is plotted as a function of [IHF]fec at 0.16
M KCI (open triangles), 0.20 M KCI (open squares), and 0.26 M KCI (open circles). (B)
Normalized TAMRA fluorescence is plotted as a function of [IHF]¢e for binding to H' DNA
at 0.33 M KGlu (open triangles), 0.43 M KGlu (open squares), 0.48 M KGlu (open circles),

0.58 M KGlu (open diamonds), and 0.68 M KGlu (open ribbons).

J Mol Biol. Author manuscript; available in PMC 2009 March 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Vander Meulen et al.

Page 26

Q
©
o

T

!

[KGIu]

0.16 M
0.20M
0.24 M
0.28 M
032 M
0.36 M
042M
048 M
0.55 M
0.63 M
0.78 M

)
®
o

(o2}
T
log Kps (
N N o
o »un o
T T T
| | |

o
(&)
T
L

|

| | | |
06 -05 -04 -03 -0.2
4 log [K']

Counts/Second (X 107)

|
500 520 540 560 580 600

Wavelength (nm)

Figure 5.

FRET-monitored solute titrations of IHF-H’'DNA complexes at 20°C, pH 8.3 (A)
Representative “salt-back” titration. A family of TAMRA emission spectra for titration with
KGluofal:1 mixture of IHF and H' DNA (each 35 nM) initially at 0.16 M KGlu (top spectrum).
The inset plots the logarithm of the observed binding constant (log Kqps) versus the logarithm
of K* concentration for the most accurate binding data (0.1 < 6 < 0.9; obtained for 0.25 M <
[KGIu] <0.59 M). A linear fit to the data yields a log-log slope of —=5.1 £ 0.2. (B) Representative
glycine betaine (GB) titration. TAMRA emission spectra for a titration of a 1:1 mixture of IHF
and H' DNA (each 50 nM) with GB at 0.26 M KCI, 20°C. The inset shows a semi-log plot of
binding constants K, obtained from these data as a function of molar GB concentration (for
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the data in the figure, the slope is 2.6 £ 0.2, and the intercept is 15.8 £ 0.2). Maximum intensities

differs in Figures A and B differ because of differences in monochromator slit settings and
lamp intensities.
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Figure 6.

Representative binding isotherms at 20°C for IHF-H’ DNA interactions obtained by isothermal
titration calorimetry (ITC) as a function of salt concentration and the identity of the salt anion.
(A) Forward (IHF into DNA) titrations in KCI; (B) reverse (H’'DNA into IHF) titrations in KCI;
(C) reverse titrations in KF; and (D) forward and reverse titrations in KGlu.
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Figure 7.

ITC-determined binding enthalpies AH® s for formation of specific IHF-H'DNA complexes
in KCI, KGlu, and KF as a function of [K*] in KCI (circles), KF (triangles) and KGlu (squares).
Forward titrations are plotted as open symbols and reverse titrations as closed symbols. Results
of all experiments are plotted,; fitting errors for each experiment are far less than the scatter of
repeat determinations and are not shown.
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Figure 8.

Log-log plot of IHF-H' 'DNA binding constants (Kgps) as a function of [K*] determined either
by FRET-detected forward titrations of 34 bp H'DNA (fluorophore labels covalently attached
viaone-base 5’ overhangs; see Methods) (open squares) or by ITC forward and reverse titrations
using unlabeled, blunt-ended H' DNA oligomers (solid circles; see Methods). Kqp,s data
obtained in KCI (blue), in KF (brown), and in KGlu (green). Inset plots values of log Kqps from
FRET-monitored salt-back titrations in KCI (blue) and in KGlu (green); different experiments
with the same salt are indicated with different symbols in the same color.
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Figure 9.

Analyses of log Kgps and AH® o, of IHF-H'DNA binding in terms of coulombic, Hofmeister,
and osmotic effects of KCI, KF and KGlu. (A) Analysis of log Kgps (0r AG®ps). FRET-and
ITC-determined binding constants (see Fig. 8) are plotted as a function of [K*] by subtracting
the systematic offset caused by chemical differences in the H'DNA oligonucleotides (see
Discussion). The plotted curves are obtained from equation 6 which quantifies the coulombic,
Hofmeister, and osmotic effects of these salts on log Kgps Using the constraints described in
the text and the values of the parameters listed in Table 5. (B) Analysis of AHgps. ITC-
determined binding enthalpies obtained from the data of Figure 7 by correction for the enthalpy
of deprotonation of KGlu are plotted vs K* concentration. The plotted lines are obtained from
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equation 7 quantifying Hofmeister contributions to the enthalpy using the same parameters as
in Figure 9A, and tabulated in Table 5.
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Page 33

SPM extrapolations to high and low concentrations of [K*]. (A) Hofmeister and osmotic (Hof-
osm) contributions AG°Hof-gsm (Solid line), TAS®Hof.osm (dashed line) and AH®gf.0sm (dotted
line) for KCl and KF/KGlu using values of K, and AH®, in Table 5. The quantities are plotted
versus [K*], demonstrating the linear relationship between the Hofmeister-osmotic terms and
[salt], as well as the partial (KGIu/KF) or full (KCI) compensation between enthalpic and
entropic Hof-osm contributions to AG° . (B) and (C) display the predicted behavior of IHF
— H’ DNA binding thermodynamics at high and low [salt] for KCI (B) and KF/KGlu (C). Solid
lines, dashed lines, and dotted lines show the extrapolation of AG®gps, TAS®ghs, aNd AH®gps,
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respectively. The data are represented using the color scheme of Figures 8 and 9, except that
no distinction is made betweenFRET and ITC data.
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