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Abstract: We analyzed the thermodynamics of a complex protein—protein binding interaction using the
(engineered) Zspa—1 affibody and it's Z domain binding partner as a model. Free Zspa—1 exists in an equilibrium
between a molten-globule-like (MG) state and a completely unfolded state, wheras a well-ordered structure
is observed in the Z:Zspa-1 complex. The thermodynamics of the MG state unfolding equilibrium can be
separated from the thermodynamics of binding and stabilization by combined analysis of isothermal titration
calorimetry data and a separate van't Hoff analysis of thermal unfolding. We find that (i) the unfolding
equilibrium of free Zspa—1 has only a small influence on effective binding affinity, that (i) the Z:Zspa—1 interface
is inconspicuous and structure-based energetics calculations suggest that it should be capable of supporting
strong binding, but that (iii) the conformational stabilization of the MG state to a well-ordered structure in
the Z:Zspp—1 complex is associated with a large change in conformational entropy that opposes binding.

Introduction of the effects of coupled folding and changes in conformational
entropy? 8 In fact, such structure-based energetics calculations

Biomolecular interactions involving proteins are complex . e -
Ihave been shown to provide almost quantitative accounting of

events with a number of coupled chemical processes. One leve he bindina th d 380 here hiah luti
of complexity is due to the fact that they occur in water solution the binding thermo ynamiesin cases where nigh-reso ution
and in the presence cosolutes such as salts and buffer Compo§tructura| data on the interacting components is available and
nents. A second and interconnected level of complexity is the binding does not involve for instance specific metal ion

conformational. The extent of conformational change in a protein binding or polyele_ctrolyte effect_s. .
upon binding a ligand is sometimes modest with only small Here we describe an analysis of the thermodynamics of a

perturbations of side chains and no changes in the protein more complicated protetrprotein interaction and support it with
backbone conformation. Such interactions are commonly re- structure-based energetics calculations. The system consists of
ferred to as “rigid body” interactions. Other cases which involve 1€ Zspa-1 affibody and it's Z domain binding partner. The Z
larger loop or domain movements or changes in secondarydoma'n is a small three-helix bundle protein with 58 amino acid
structure content are more loosely referred to as “induced fit’ re5|dhu?s denv?ad from ng offf_sevgral homologous modules in
or “coupled folding”. Applied fields such as protein engineering stap_ ylococea pro_teln o A |b0d|es are blqdlng proteins
and drug discovery provide an incentive to understand the OPtainéd by combinatorial protein engineering followed by

thermodynamics of binding and conformational change in detail, S€/€ction of a binder by panning the phage-displayed library

Unfortunately, the large body of experimental thermodynamic 292inst @ target proteifi.An affibody library contains mutant
data that is available on proteirotein interactions (see for variants of the Z domain in which 13 side chains in helix | and

instance the compilation by Stifess at a first glance confound- Il are randomly varied. The positions were originally selected

ing with regard to the wide range of observed thermodynamic ~ o\"vi "1 Freire, E Proteins: Struct, Funct., Genet994 19, 291-301.
characteristics of proteinprotein interactions; it might appear (4) Spolar, R. S.; Livingstone, J. R.; Record, M. Biochemistry1992 31,

P N I . 3947-3955.
that anyth_lng is possible”. However, S|gr_1|f|c_ant progress towa_rd (5) Makhatadze, G. I.; Privalov, P. L. Mol. Biol. 1993 232, 639-659.
a correlation between structure and binding thermodynamics (6) Privalov, P. L.; Makhatadze, G. J. Mol. Biol. 1993 232, 660-679.

: : [T (7) D’Aquino, J. A.; Gomez, J.; Hilser, V. J.; Lee, K. H.; Amzel, L. M.; Freire,

has been madg in cases Wherg conforma.tllonal chapge is limited. > £ ‘5l oieins: Struct., Funct., Genet996 25, 143-156.
The progress is due to application of empirical relations between (8) Spolar, R. S.; Record, M. Bcuenceh1994 263 7|77_7|784.
changes in thermodynamic state functions and changes in (9 Hoin.J. R.; Ramaswamy, S.; Murphy, K. Mol. Biol. 2003 331, 497~
solvent-accessible surface atefacomplemented with estimates  (10) Lavigne, P.; Bagu, J. R.; Boyko, R.; Willard, L.; Holmes, C. F. B.; Sykes,

B. D. Protein Sci.200Q 9, 252—-264.
(11) Nilsson, B.; Moks, T.; Jansson, B.; Abrahamde; Elmblad, A.; Holmgren,

T'Royal Institute of Technology (KTH). E.; Henrichson, C.; Jones, T. A.; UnleM. Protein Eng.1987 1, 107—
* Goteborg University. 113.
(1) Stites, W. EChem. Re. 1997, 97, 1233-1250. (12) Nord, K.; Gunneriusson, E.; Ringdahl, J.; Stal, S.;"dhM.; Nygren, P.-
(2) Murphy, K. P.; Freire, EAdv. Protein Chem1992 43, 313-361. A. Nat. Biotechnol1997, 15, 772-777.
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Scheme 1 . Zspp—1 Unfolding and Binding Equilibria

complex native denatured
(MG state)
Zspm
i 5 S
S —— 5
5
Conformational Unfolding
stabilization -
and binding

as the side chains responsible for protein interactions in the as well as a conformational change (stabilization) on binding.
complex between the B domain of protein A and an immuno- It should also be relevant for protein engineering to understand
globulin Fc domairt? The Zspa-1 affibody was selected as a  why Zspa-1 is an intermediate-affinity«M) and not a high-
binder to protein A, and it also binds with micromolar affinity  affinity (M) binding protein; that is, to investigate if suboptimal

to the Z domain, i.e., its own originating scaffdtti Several binding is primarily due to the structure of the binding surface
other affibodies, some of which are high-affinity (nanomolar) or to the fact that -1 is forced to adopt an ordered structure
binders!>16have been isolated, and a range of applications has or if it simply can be attributed to the poor thermal stability of
been described (see for instance refs 17 and 18). We appreciate¢the MG state. The analysis is based in Scheme 1, which shows
the potential use of affibody-target protein systems as modelsthe thermodynamic states and equilibria that are relevant at low
for structural and thermodynamic studies of protgimotein (uM) Zspa-1 concentrations. The available structural information
interactions. With the Z:ga-1 pair as a starting point, we  consists of the structure of the free Z domain, determined in
determined the solution structure of the complex and carried solution using NMR® the structure of the Z:ga-1 complex,

out a preliminary characterization ok#a-1.'® We found that  which was determined using both N¥#R6and X-ray crystal-

the complex contains a rather large (ca. 1609 iAteraction lography?” and the fact that the MG state ofZa—1 has been
interface with tight steric and polar/nonpolar complementarity. characterized to the extent that the average secondary structure
The structure of &pa-1 in the complex is well-ordered in @  content and topology are knovifias described above.
conformation that is very similar to that of the Z domain. 10 girategy is to first analyze the thermodynamics of thermal
However, the conformation of the fregwa-1 is best3c_haracter- unfolding of both Z and Z-x 1. These data yield the temper-
ized by comparisons with protein molten gIobu?é#._ it shows . ature-dependent equilibrium constant for unfolding of the MG
reduced secondary structure content, aggregation propensity .. Zea 1 (Kuntor) and the unfolding enthalpyMHCunoid).

poor thermal stability, and binds the hydrophobic dye ARS The unfolding thermodynamics is then used to subtract the effect

;Lh'SZ'\QG state of d%;:\_l |sdthe dnattl\{[e gtatel n ?e ?tzisfen"ce of 4f MG state folding from the effect of stabilization and binding
€ £ domain, and the ordered state is only adopted following ;. |+ (isothermal titration calorimetry) data on the ZqZ-1

?hztrz\?:gtlazr?zt:;irl)rfh;‘t g:ccu;su Upeosrgstiwgrlﬁé ':V;nrgree ?é(t%Tslve equilibrium. The deconvoluted binding thermodynamics ob-
A1 SUGQ g€ 10P0IogY  tained in this way can be viewed as containing contributions

of the Z domain is rgtalned n t.he MG stéﬁebut. that it is for the transition from an MG state okga-1 to the well-ordered
represented by a multitude of rapidly interconverting conforma- . . o
structure found in the complex (conformational stabilization)

tions in which helices | and Il are being transiently unfolded. . Lo .
Furthermore, the MG state is only marginally stable, and a and the thermodynamic contributions for binding of such a
' ' stabilized Zpa-1 structure to the Z domain. It is not possible

significant fraction of —1 exists in a completely unfolded - S
9 &pa1 P y to experimentally separate the processes of stabilization and
state at room temperature. L . . -
binding. It is, however, possible to compare the observed binding

H_e_re.""e dissect the thermody_nam|c§ O.f thesz;’.z . b'f‘d'”g thermodynamics to what would be expected frohypothetical
equilibrium as a model for proteirprotein interactions involv- binding reaction in which Z (free state structure known) and

ing both a significant shift in the foldingunfolding equilibrium Zepa1 (ordered three-helix bundle structure assumed) form a

(13) Deisenhofer, JBiochemistry1981, 20, 23612370, . Z_:ZspAﬂ complex (structure known). Thls_compa_msqn then

(14) FEkIund GM A;gésészg k5 492%% M.; Nygren, P.-A Proteins: Struct., yields clues with regard to the thermodynamic contribution from
unct enet . e .

(15) Nord, K. Nord, O. UHle, M.: Kelley, B.; Ljungquist, C.; Nygren, P’-A t_he conformational stabilization ofsga-1 upon complex forma-
Eur. J. Biochem2001, 268 4269-4277. tion. Independent analyses of the binding entropy and the

(16) Gunneriusson, E.; Nord, K.; UllieM.; Nygren, P. A Protein Eng.1999 .
12, 873-878. expected effects based on (known) changes in secondary

(17) Rnmark, J.; Hansson, M.; Nguyen, T.; UhjéV.; Robert, A.; Stéhl, S.; structure content then, finally, confirm unfavorable and favorable
Nygren, P.-A J. Immunol. Method2002 261, 199-211. . L . . .

(18) Gunneriusson, E.; Samuelson, P.; Ringdahl, J.nf@ra, H.; Nygren, P.- contributions to binding arising from changes in conformational
A.; Stahl, SAppl. Environ. Microbiol. 1999 65, 4134-4140. i i i

(19) Wahlberg, £ Lendel. C Helgstrand. M.: Allard, P.: Dincbas-Renavist, entrqpy and desolvgtlon effects, respectlvely..The analysis also
V.; Hedqvist, A.; Berglund, H.: Nygren, P.-AHard, T. Proc. Natl. Acad. provides a comparison of the thermal stability of theaZ1

Sci. U.S.A2003 100, 3185-3190.
(20) Semisotnov, G.; Rodionova, N.; Razgulyaev, O.; Uversky, V.; Gripas, A.;

Gilmanshin, R.Biopolymers1991, 31, 119-128. (25) Zheng, D.; Aramini, J. M.; Montelione, G. Protein Sci.2004 13, 549—
(21) Dobson, CCurr. Biol. 1994 4, 636—640. 554,
(22) Ptitsyn, O.Trends Biochem. Scl995 20, 376-379. (26) Lendel C.; Wahlberg, E.; Berglund, H.; Eklund, M.; Nygren, ‘P,
(23) Regan, LProc. Natl. Acad. Sci. U.S.£2003 100, 3553-3554. T.J. Blomol NMR2002 24 271-272.
(24) Lendel, C.; Dincbas-Renqvist, V.; Flores, A.; Wahlberg, E.; Dogan, J.; (27) Hagbom, M.; Eklund, M.; Nygren, P.-ANordlund, PProc. Natl. Acad.
Nygren, P.-A; Had, T. Protein Sci.2004 13, 2078-2088. Sci. U.S.A2003 100, 3191-3196.

J. AM. CHEM. SOC. = VOL. 126, NO. 36, 2004 11221



ARTICLES Dinchas-Renqvist et al.

affibody as compared to the originating Z domain including a in which R is the gas constanf\G;, 4 is the free energy difference
measure of the heat capacity change°) for the formation between native and unfolded states, @ty et aNd A pioia rer Are
of the MG state from the completely unfolded state, which enthalpy and entropy differences, respectively, at the reference tem-

provides an additional illustration of the conformational dynam- PeratureTrr (here chosen to be 2%C). The heat capacity change
ics of a molten-globule-like protein. ACpunioid has been assumed to be temperature independent. [The

subscriptuntois has been introduced to distinguish the folding thermo-
Methods dynamics from the binding thermodynamics.] An alternative param-

. . . ) etrization of the free energy difference can be made to obtain
Proteins and Chemicals.The Z domain and the a1 affibody oy

were produced and purified as described previotfsyoncentrations —AG 01

were determined spectrophotometrically using values for the extinction Kunfold = eXF(T) =

coefficientsezgo = 5500 Mt cm™ for Zspa-1 and ep7s = 1490 Mt 1 T

cm~1 for Z calculated for tryptophan and tyrosine absorption. TMAO exr{(ﬁ)(ACQunfw(T —Ty—TIn ?))) )]

(trimethylamineN-oxide dihydrate; 98% purity), betaine ((carboxy- S

methyl)trimethylammonium hydrOXide; inner salt; anhydrous; 98% where two references ternperaturé’s| and Ts are defined by

purity), and analytical grade guanidine hydrochloride (GuaHCI) were AHZ i TH) = 0 andAS, i Ts) = 0.

obtained from Sigma-Aldrich. Equations 4 and 5, together with either eq 6 or 7, were fitted to
CD Measurements of Helix Content and Thermal Unfolding.The experimental data using nonlinear least-squares regression routines

thermal denaturation of a1 and Z was monitored by circular  ayailable within Origin 7.0 (OriginLab Corporation, 2002). The molar

dichroism (CD) using a Jasco J-810 spectropolarimeter with a Peltier gjlipticities of the native and unfolded states were assumed to be linear

type temperature controller (Jasco PTC-423S) and a cell with an optical functions of temperatur: [6]y = ay + byT and PJu = ay + byT.

path length of 1 cm. The samples contained 20 ta®Bprotein in 20 The values of the foua, b, ay, andby coefficients were determined

mM potassium phosphate buffer at pH 5.7 or 7.25, with or without 1 py fitting data at the low and high-temperature ends of the melting

M TMAO (Zspa-1), or at pH 5.7 with 0, 1,02 M GuaHCI (Z domain).  profiles or by optimization together with the thermodynamics param-

The CD signal (ellipticity) was measured at 222 nm as a function of eters. The possibility thakC ;4 in €q 6 is insignificantly small was

temperature and converted to molar ellipticity prior to analysis. Heating tested by comparing the E-statisBtdor fits with a fixed value

rates of 120°C h™* or 30°C h™* with a detection response time of 2 Acg =0 to fits in whichACS s Was an adjustable parameter.

s were used. No significant differences could be detected between datarg assess the quality of the data and the fits, we compared results

sets obtained with these two heating rates. o obtained with eq 6 to those obtained with eq 7 by interconverting values
The fraction _helleH was calculated from the molar ellipticity at  of T, andTs to values OfAH?, (g AN AS, g at 25°C anduice versa
222 nm according to (Table 1). Other parameters such as the melting temperagufer
which AG]«,(T) = O can be calculated from any set of fitted
_ ([0]obsa— [6]0) @ parameters using standard thermodynamic relationships. Standard errors

W 614 — [6]0) in best-fit values were calculated from the covariance matrix, and these
errors were propagated to other parameters derived from best-fit values.
where P]opsais the observed molar ellipticity, and the reference values  ITC Analysis of the Z:Z spa-1 Binding Equilibrium. The thermo-
[0l and P]c for 100% a-helix or 100% random coil, respectively, ~ dynamics of Z:Zps-1 association was measured using a MCS-ITC
are given by? titration microcalorimeter (MicroCal Inc., Northampton, MA) with a
cell volume of 1.3608 mL. All solutions were degassed before the ITC

_ _ 25 experiments, which were performed at different temperatures in 20 mM
(01 = 4000((1 ng) + 1000 ) potassium phosphate buffer at pH 5.7 and 7.25 with or without added
[0]c = 640 — 45T 3) TMAO or betaine and at 28C in 20 mM Tris buffer at pH 7.25. The

protein samples were dialyzed against the same batch of buffer prior
to experiments to minimize artifacts due to minor differences in buffer
composition. Solutions of Z at concentrations in the range 300 to 400
uM were injected into the calorimeter cell containing 30 to/A of
Zspa-1. A typical experiment consisted of a2 preliminary injection
followed by 24 subsequent 14 injections. Reaction heats observed
toward the end of the titrations were similar to the heats of dilution
measured in control experiments where Z was titrated into buffer.
Baseline correction and integration of the calorimeter response was
carried out using the Origin software (MicroCal Inc.) provided with
the calorimeter. The obtained binding enthalpy values were then
corrected for heats of dilution and fitted to a model in which the variable
parameters are the stoichiometry of identical sitgs &n apparent
dissociation constantk{’™, and an apparent association enthalpy
K (AHirc). We note that all thermodynamic quantities reported here are
nfold = ___unfold (5) calculated based on macromolecular concentrations and neglecting any
Kunfora T 1 nonideality of the solutions. They are therefore only relevant at specific
buffer and concentration conditions.
The thermodynamics that determiKgno is given by Deconvolution of Folding and Binding Thermodynamics.The
calorimetrically measured enthalpy of binding ofp£-1 to the Z

in which T is the temperature ifC andn = 58 is the number of amino
acid residues in Z andséa 1.

van't Hoff Analysis of Thermal Stability. Thermal melting profiles
of Zspa-1 and Z were analyzed using a two-state model for the unfolding
thermodynamics. The molar ellipticity is then

[a]obsd: (1 - funfold)[g]N + funfold[e]u (4)

in which [#]n and [p]u represent temperature-dependent molar ellip-
ticities of the native and unfolded states, respectively. The fraction of
unfolded proteirfunoia IS related to the equilibrium unfolding constant
Kunfold as

f

K _ — AGjoiq _ — 1 AHP _
unfold = €X RT =e RT unfold,ref (28) Scholtz, J. M.; Quian, H.; York, E. J.; Stewart, J. M.; Baldwin, R. L.
Biopolymers1991, 31, 1463-1470.
R T (29) Devore, J. LProbability and statistics for engineering and the sciences
TAS ioldrer™ ACB unfoldd T — Trer — TN T (6) 4th Ed. ed.; Wadsworth, Inc./International Thomson Publishing Inc.: USA,
ref, 1995.

11222 J. AM. CHEM. SOC. = VOL. 126, NO. 36, 2004
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Table 1. Thermodynamics for Zspa—1 and Z Domain Unfolding at 25 °C2
AHEnfu\d AC;‘unfo\d Asﬁnfu\d AGSnfo\d
protein/conditions equation kcal mol~! calmol7tK™* cal mol=t K™t kcal mol~! Tw(°C) Ts(°C) Tu(°C)
Zspa-1
pH 7.25 6 30.3+0.1 0 (fixed) 96+ 0.3 1.7+0.2 424+ 1.4 c c
30.1+0.4 -39+ 114 96+ 1 1.5 40.8 d d
7 28+ 5 97+ 16 88+ 15 1.4 40.0 —153+3 —260+ 6
pH 7.25 1 M TMAO 6 30.1+0.1 0 (fixed) 94+ 0.3 21+0.2 47.0+ 1.5 c c
29.9+ 0.9 122+ 195 92+ 2 2.5 50.4 d d
7 30+ 5 105+ 16 94+ 14 2.3 49.6 —151+2 —264+6
pH 5.7 6 30.8+0.1 0 (fixed) 98+ 0.3 1.6+0.2 41.1+1.4 c c
30.0+ 0.4 27+ 198 96+ 1 1.4 39.2 d d
7 28+ 5 100+ 18 90+ 16 1.9 40.7 —-152+3 —258+7
pH5.7,1 M TMAO 6 30.2+0.1 0 (fixed) 93+ 0.3 25+0.2 515+ 15 c c
30.2+ 0.7 160+ 147 93+ 2 2.5 49.8 d d
7 32+5 110+ 16 98+ 14 2.8 49.6 —151+2 —264+5
Z domain
pH 5.7 6 21.0+15 415+ 62 544+ 3 49+24 79.8 -11+8 —26+5
7 26+ 4 300+ 43 71+11 5.2 78.9 —-38+4 —63+5
pH 5.7, 1 M GuaHClI 6 27.3+0.9 335+ 104 78+ 2 41+15 65.9 —37+25 —56+ 17
7 27+ 4 335+ 46 78+ 11 4.2 66.7 —37+2 —57+7
pH 5.7, 2 M GuaHCI 6 26.7+1.3 316+ 209 80+ 3 29+22 54.8 -42 4+ 56 —59+ 38
7 27+ 7 390+ 107 73+21 2.7 54.9 —26+4 —38+6

aNumbers in bold are best-fit values. Other numbers are derived from best-fit VAEsrs not determined due to co-variation of errors in other
parameterst Ts and Ty not defined whem\Cg g = 0. 9 Not determined due to uncertainty &C5 o/

domain,AHrc, contains contributions from the intrinsic binding event,
AHg;. and the enthalpy of folding of the fractidhoig Of Zspa-1 that

data, but it is equally applicable to protein bindifigWe used the
implementation of the methodology that is available as the STC

is unfolded in the absence of Z. Hence, corrected binding enthalpies (structure-based thermodynamics calculation) suite of programs (ref

were obtained using
AHging = AHire — finoidHioin = AHre + funroid®Hinroa (8)

wherefusoid and AHE;, were obtained from the van't Hoff analysis of
the thermal stability of &a-1 as described above. The corrected
AHg;4 values at different temperatures were fitted to
AH;ind(T) = AHgind,ref+ AClg,bino(-l- - Tref) ©)
to obtain the best-fit values &fHg;,4 at Trer = 25 °C andACR ;4
The apparent dissociation constant for thepsZ1:Z complex
measured by ITCKG™ contains contributions from the actual binding
reaction (dissociation constakt) as well as from folding of &pa-1.
Considering the linked equilibria in Scheme 1, one can derive

Kgpp
Ke= 17K

unfold

(10)

from which the free energy for the binding reactiay;,q can be
obtained as

d

1+K
AGS 4= — RTln(Ki) = RTln(T:;f""’) 11)
d

CorrectedKy values were calculated for the ITC experiments (Table

10, available at http://www.pence.ca/ftp/). All methods and parameters
including calculation of surface areas (1.4A probe) and parametrization
of AC? and AH° were those described by Lavigne et’dl..

For later reference we explain the treatment of the dissociation
entropy term in more detail. It is divided into contributions from changes
in solvation ASs), conformational entropyAS.on), and rotational
and translational entropyA&):

ASO(T) = ASsolv(T) + Asconf+ As't (12)

in which the solvation term is calculated fromASA valueg
AS (T) = 0.45AASAnp In(T/384) — O.26AASAp In(T/335) (13)

The appropriate value for the change in rotational and translational
entropy is a matter of some discussion. We use the cratic entropy value
AS: = RIn(Yss) = —8 cal mol't K71, corresponding te-TAS; = 2.4
kcal moflt at 25°C, which is numerically close to values suggested
by recent experimental and theoretical wétké The contribution to
conformational entropy is further divided as (see ref 7 and work cited
therein)

Asconfz Asowex + ASe)ﬁu + ASob (14)
in which AS,—ex is due to the increase in entropy of a side chain when
it is moved from a buried to exposed environmehg.,, represents

2), and values at different temperatures were fitted to an expressionthe side chain entropy gained when a secondary structure unfolds, and

completely analogous to eq 6 to obtaV§;;., ¢ (The best-fit values
of AHE;q s @NdACS ;4 to €9 9 were treated as fixed parameters in
these fits.)

Structure-Based Calculations of Thermodynamic Parameters.

ASy, is the corresponding gain in backbone entropy on unfolding.
Values for these entities (which in general are positive for unfolding
and negative for folding) have been measured for all side chains except
proline’3* Here, we seiASx-u = ASp, = 0 in the calculations and

Calculations of binding thermodynamics were performed using the treat AS,, e as in ref 10 in the calculations on the reaction with

parametrization ofAC3, AH°, and AS’ in terms of changes in
accessible surface areAASA) and experimentally calibrated confor-

hypothetically stabilized €-4-1. We also make use of tabulated values

mational entropy effects derived by Freire, Murphy, and collabora- (31) Gomez, J.; Freire, E. Mol. Biol. 1995 252, 337—350.

tors23730 This parametrization was obtained from protein unfolding

(30) Hilser, V. J.; Gomez, J.; Freire, Broteins: Struct., Funct., Genet996
26, 123-133.

)
(32) Yu, Y.; Lavigne, P.; Kay, C. M.; Hodges, R. S.; Privalov, P.JLPhys.
Chem. B1998 103 2270-2278.
(33) Amzel, L.Proteins: Struct., Funct., Genet997, 28, 144-149.
(34) Lee, K. H.; Xie, D.; Freire, E.; Amzel, L. MProteins: Struct., Funct.,
Genet.1994 20, 68—84.
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Table 2. Isothermal Titration Calorimetry Data for Z:Zspa—1 Association

values from ITC corrected for folding?
temp AHprc KqPP AHgng K
conditions (°C) (kcal mol™Y) (uM) n funfold (kcal mol™) (M)
pH7.25 10.8 —-0.3+£0.1 15+10 1.15+0.04 0.005 —0.2+£0.1 15+1.0
12.9 —-1.2+£0.1 1.3+ 0.6 0.974+0.02 0.007 —1.0£0.1 1.3+ 0.6
14.8 —244+0.1 1.6+0.7 0.98+0.03 0.010 —214+01 1.6+0.7
16.8 —25+£0.1 0.52+0.2 1.01£0.01 0.014 —21+£0.1 0.524+0.2
18.8 —35+£0.1 0.61+0.1 0.93+0.01 0.020 —29+£0.1 0.59+0.1
215 —-4.7+0.1 0.81+0.1 1.094+0.01 0.031 —-3.7+0.1 0.79+ 0.1
24.1 —72+£0.1 0.79+£ 0.1 0.924+0.01 0.049 —57+£0.1 0.75+£ 0.1
27.1 —8.7+£0.1 0.97+£0.1 1.01£0.01 0.078 —6.3+£0.1 0.90+0.1
30.2 —11.0+£0.1 1.0£0.1 0.924+0.01 0.125 —7.3+£0.1 0.89+0.1
pH 7.25, 20 mM Tris 25.2 —-9.5+0.1 0.61+0.1 0.96+ 0.01
pH 5.7 125 —23+£0.1 34+1.1 0.864 0.02 0.008 —21+£0.1 34+1.1
14.4 —-3.0+£0.1 1.9+£0.3 0.84+ 0.01 0.012 —2.6+0.1 1.9+0.3
15.7 —-3.6+0.1 0.95+ 0.3 0.89+ 0.02 0.015 —-3.2+0.1 0.94+ 0.3
18.1 —4.8+£0.1 0.79+£ 0.3 0.894+ 0.02 0.023 —4.1+£0.1 0.78+: 0.3
21.2 —5.7+£0.1 1.6£0.1 0.81+0.01 0.039 —45+0.1 1.5+0.1
24.1 —7.7+£0.1 2.0+ 0.3 0.804+ 0.01 0.065 —5.6+0.1 1.9+0.3
27.1 —11.4+0.1 1.8+£0.2 0.91+0.01 0.105 —-8.1+0.1 1.6+0.2
30.1 —13.9+£0.2 1.7£0.3 0.90+ 0.01 0.163 —8.9+£0.2 14£0.3
pH 7.251 M TMAO 13.7 —21+£0.1 0.6+ 0.15 0.96+ 0.01 0.002 —2.0+£0.1 0.6+ 0.15
15.3 —28+0.1 0.5+£0.15 1.04£0.01 0.003 —2.7+0.1 0.5£0.15
20.0 —4.1+£0.1 0.25+ 0.05 0.96+ 0.01 0.008 —3.8+£0.1 0.25+ 0.05
25.0 —6.3+£0.1 0.374+0.05 0.91+£0.01 0.018 —5.8+0.1 0.364 0.05
30.1 —-8.2+£0.1 0.514+0.06 0.99+ 0.01 0.041 —7.0£0.1 0.49+ 0.06
pH 7.25 3 M betaine 13.2 1a01 0.4+£0.2 0.88+ 0.02
20.6 -1.7+£0.1 1.3£0.7 0.814+0.03
24.1 —-3.0+£0.1 1.0£0.2 1.07£0.01
30.1 —-55+0.1 15+0.2 0.91+0.01

aZ:Zspa-1 binding parameters corrected for the shift in the equilibrium between the MG and completely unfolded statgs 0 ZC data for betaine
containing samples could not be corrected due to reasons described in the text.

for AS.c-y and AS, (ref 7) when estimating loss of conformational  ACj 4 in €q 6 by allowing it to vary were not successful
entropy for the actual stabilization ofsga-1. because the inclusion of the extra variable parameter was not
statistically significant. Fitting the melting data to eq 7, which
_ i relies on obtaining a more precise value AC] g ON

Z and Zspa-y Folding Thermodynamics. The thermal expense of the precision of other parameters, yields values
stability of Zspa-1 was monitored at pH 5.7 and 7.25 in the  5rq4nd 100 cal moF K. We conclude that @41 unfolding
presence and absence oM TMAO. The stability of the Z i, g1ves a heat capacity change which is small but that a precise

domain was measured at pH _5.7 in the presence of O 1_, and 2value, possibly in the range 0 to 200 cal moK—L, cannot be
M GuaH(_:I. I_Exa_njples of melting profiles are shown_m Figure resolved using thermal melting experiments. The stabilizing
1. Zspa-1 is significantly less stable than the Z domain and has effect of TMAO on Zspa 1 is due to a subtle effect on the

a Tmfyalutedf#‘ 42°C, got\Tlpared to Zgé_:l.tf.or Z. Thereo:s tnoH unfolding entropy, whereas the enthalpy change is unaffected
significant difference betweens#x - stabilities measured at p within the resolution of our experiments.

5.7 and 7.25, but the additiorf & M TMAO is stabilizing and . ) ] o . .
the T,y value increases to approximately %0. The Z domain With the Z domain, we find that it is not possible to _flt
is destabilized by the addition of GuaHCI, as expected. AHinoid rer AN Arpoiqrer IN €9 6 when the heat capacity
The thermodynamics of unfolding was quantified using eqs change is fixed t0ACG yyqq = 0 (Figure 1). Simultaneous
6 and 7 (Table 2). The fitting procedure involves simultaneous OPtimization of all three parameters yieliH,q values in
optimization of six or seven parameters. It is nevertheless the range 21 to 27 kcal mol K™* and AS] 4 values in the
restrained if the ellipticity baselines for the native and unfolded range 50 to 80 cal mot K™* (25 °C) depending on GuaHClI
states are sufficiently long. This is the case fepZ1 in the concentration. Best-fit values oACp 4 consistently fall
presence of TMAO and for Z in the presence of GuaHCI. Within the range 300 to 400 cal mdl K™* at the different
Comparisons between best-fit thermodynamic parameters ob-GuaHCI concentrations and when using different parametrization
tained in the presence and absence of cosolvent or at differentof the free energy. (An effect of denaturant on protein unfolding
pH values can then give an indication of the reliability of the heat capacity is not expecté.We conclude that the Z domain
thermodynamic data in the absence of TMAO or GuaHCl, also unfolds with a smallerAHg 4 than Zspa-1 and that the
when the pre- and postmelting baselines are less well-defined.thermal stability difference between the two proteins is due to

Results

Fits to eq 6 show that thermal unfolding of#-1 occurs entropic effects in combination with a significantly larger heat
with an enthalpy change on the order of 30 kcal Mand capacity change upon folding of the Z domain. The effect of
entropy changes in the range-988 and 92-93 cal moit K1 denaturant on the thermodynamics of Z unfolding appears to

in the absence and presence of TMAO, respectively. The fits be a combination of enthalpic and entropic effects, but the
are very good also when the heat capacity change is fixed to
ACE inioid = O (Figure 1). Attempts to resolve a small value of (35) Felitsky, D. J.; Record, M. TBiochemistry2003 42, 2202-2217.
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-5000 ———m——7——7——7———7——7—1— Figure 2. Isothermal titration calorimetry (ITC) data for titration of the Z
domain onto the &a-1 affibody at 30°C in 20 mM potassium phosphate
buffer at pH 7.25. The upper panel shows the baseline corrected instrumental

-10000 4 i response. The lower panel shows the integrated data (solid squares) and
the best-fit of the binding parameters (solid line).
g -15000 - in Figure 3. We attribute the nonlinearity to a temperature-
g dependent shift of the foldedunfolded equilibrium of MG state
5 20000 Zspa-1 Which is coupled to the stabilization and binding of
'§, ZspAfl to Z.
=, The thermal stability parameters determined in the previous
.5'.‘* -25000 - section predict that 13% (pH 7.25) and 16% (pH 5.7) 1
= is unfolded at 30C and in the absence of the Z domain, whereas
the corresponding fraction at pH 7.25cah M TMAO is 4%.
-30000 e L .
The apparent binding enthalpies were therefore corrected for
T T T T T T T T T T T T T T T 1 the effects expected forsga-; folding, and the results are shown

0 10 20 30 4 50 60 70 8 90 in Figure 3 and Table 2. As an example, the apparent binding

Temperature (°C) enthalpy at 30°C and pH 5.7 is—13.9 kcal mot?, but this
Figure 1. Thermal denaturation ofsga-1 and Z at pH 5.7 monitored as ~ value becomes-8.9 kcal mot! when the exothermic heat of

molar ellipticity at 222 nm. Solid lines with thesga-1 data represent fits folding of 16.3% of _1 with a folding enthalpy of~30.1
to eq 6 withACp .,y = O (fixed). With the Z data, solid lines represent keal 9 1 has b ZSPAbtl ted 9 Py

fits to eq 6 WithAC .4 treated as an adjustable parameter and dashed cal mo as ee_n S_u racted. . .

lines fit with ACR 10 = O (fixed). The corrected binding enthalpies show linear temperature

dependencies (Figure 3) and were thus fitted to eq 9 to obtain

evidence is inconclusive because of the uncertainties associatedalues ofACg ;.4 and AHg,,4 at 25°C. The apparent binding
with the thermal melting data of Z in absence of GuaHCI. constants were also corrected using eq 10 (Table 2), but these

Thermodynamics of Z:Zspa-1 Complex Formation. The corrections are less dramatic and always less than 20%. The
Z:Zspa-1 binding equilibrium was monitored using ITC in the resulting Ky values were translated taGg, 4 at different
temperature range 10 to 3C and at four buffer conditions:  temperatures (not shown), and these data were used together
phosphate buffer at pH 7.25 and 5.7, and at pH 7.25 in the with the previously determinedCg ., ; and AHg,, to obtain
presencefoil M TMAO or 3 M betaine. Additional experiments  the reference values &S;4 and, subsequently, a reference
in Tris buffer were also performed in order to investigate any value for AGg;,4 at 25 °C. The ITC data obtained in the
protonation effects. The osmolytes TMAO and betaine were presence of betaine could not be corrected for folding effects,
used to monitor binding of the fully formed MG statgrz-1 because the strong absorption in the far-UV region prohibits
to validate the procedure used to deconvolute the binding CD and stability measurements ofe4-1 in betaine containing
thermodynamics from effects arising from the MG state-to- solutions. However, the effectf @ M betaine on the NMR
unfolded equilibrium. An example of the ITC data is shown in spectrum of Zpa-1 is very similar to that 61 M TMAO (not
Figure 2, and the analyses of all experiments are summarizedshown) suggesting that the two osmolytes have similar effects
in Table 2. Complex formation is found to be an exothermic on Zspa-1 Stability and that the required corrections therefore
reaction at all temperatures exceptiw M betaine at low are small.
temperatures. The apparent dissociation constants are 0.6 to 3 The thermodynamic parameters for the &£ 1 binding
uM in buffer and 0.25 to 0.«M (stronger binding) in the equilibrium are summarized in Table 3. This table also contains
presence ©l M TMAO. The reaction enthalpies are linear the values of the temperatur&s (above which association has
functions of temperature in the presence of TMAO and betaine a favorable enthalpy contribution), an@s (below which
but significantly nonlinear in the absence of osmolytes, as shown association is favored by entropy effecls; and Ts are also
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Table 3. Thermodynamics of the Z:Zspa—1 Interaction at 25 °C Corrected for Zspa—1 Folding?

Acg,bind AH;\HG Asg\ﬂd _TAS;Ind AG;IHU Kg TS TH Kd(TH)

conditions cal mol~t K~? kcal mol=* cal mol~t K% kcal mol—* kcal mol—t (uM) (°C) (°C) (uMm)
pH 7.25 —370+ 20 —554+0.2 9.1+ 0.3 —27+£01 —-82+03 1.0£ 0.6 32+1 10+ 1 0.7+ 04
pH 5.7 —400+ 30 —6.8+0.2 3.7£0.3 -11+01 —-7.9+03 1.6+ 0.3 28+ 1 8+ 2 0.9+ 0.5
pH 7.25 1 M TMAO —310+ 10 —-55+0.1 104+ 04 —-3.1+£01 —-86+£0.2 0.5+ 0.2 35+ 1 7+1 0.3+ 0.1

pH7.253 M betain@ —390+10 —35+0.1 16.2+05 —48+02 —-83+03 0.8+ 0.4 38+ 1 16+ 0.5 0.6+ 0.4

aData obtained wit 3 M betaine are not corrected (see text).

the temperatures for optimum binding affinity and minimum The change in heat capacity upon binding is the same within

in AGg,,q respectively). Complex formation at 2& is in all experimental error for pH 5.7 and pH 7.25370 to—400 cal
cases favored by both entropy and enthalpy changes, but themol~! K~1) and somewhat smaller in the presence of TMAO
values of AHE,,4 and —TAS;;,4 vary with 0 to 3 kcal mot! (—310 cal moft K™%). The temperature dependence of the
between the different solution conditions. binding affinity, finally, is in all cases small and hardly resolved
The differences observed between pH 5AHE,, = —6.8 in the investigated temperature range. This is because the

kcal mof™) and 7.25 AHG;,, = —5.5 kcal mof*) could be due  ACR ., values are moderate and because the measurements
to a protonation linkage effeét, presumably involving @  are made at temperatures closeTtg where the temperature
decreasedH, of His18 in the Z domain upon binding. Thisis  dependence of the affinity is zero as it goes through its optimum
because the binding is somewhat weaker at the lower pH (whereyg|ye.

a histidine residue exposed to water is expected to be protonated) Secondary Structure Content of Zpa_+ in Free and Bound

and beca_us_e the difference Xty (—1 keal ”_‘0“) corre- States. The formation of a Z:€pa-1 complex results in a
sponds within error to the expected exothermic uptake c_)f one significant increase in the average helicity obrZ1 as
protqn by phosphat_e buffe_r._l—!owgver, the control experiment illustrated in Figure 4, in which CD spectra of the interacting
in Tris bu_ffer for which the ioinization enthalpy is much larger components and the complex are compared. All spectra show
than that in phosphate butfer (11.'3 vsl kca] Motespectively) negative minima at 208 and 222 nm and changes sign from
shows that any linked protonation effect is small at pH 7.25. negative to positive at 202 nm, and these are the characteristic

The measured difference of-a2 kcal mol* more exothermic . .
reaction in Tris buffer would correspond to an average proto- features of predominantly helical secondary structure. However,
the magnitude of the CD signal of MG statespf-1 is

nation shift of 0.2 H. The small magnitude of any possible ~~ .
effect and the fact that the data is obtained using phosphateS'gm_flcantly sma_lle_r than that of the Z domain (as noted
previously), and it is also smaller than the CD measured for

buffer therefore excludes the possibility that the binding he 7- lex. It bl lcul h buti
thermodynamics data are contamined by linked buffer proto- "€ £-Zspa-1 cOMplex. Itis possible to calculate the contribution
from Zspa-1 to the CD of the complex, because the secondary

nation effects. -
structure content of Z does not change upon complex formation.
(36) Baker, B. M.; Murphy, K. PBiophys. J.1996 71, 2049-2055. The Z:Zspa-1 sample for which the CD spectrum is shown in
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the Z domain but that a significant thermodynamic difference
between the two proteins also exists due to an almost immeasur-
ably small heat capacity change (100 cal MdK~1 or less)
for unfolding of Zspa-1. The heat capacity change in protein
folding is closely related to changes in water-accessible polar
and nonpolar surface area resulting from the formation of a well
packed hydrophobic core which is not accessible to water. An
inspection of the structure ofsga—1 in complex with Z shows
that optimal core packing and protection from water are not
possible if not all three helices are simultaneously present. The
structural data that indicate incomplete helix formation and/or
i local unfolding events in helices 1 and 2 and other biophysical
evidence for molten globule-like behavior igp4-1 are therefore
consistent with the observed folding thermodynamics which
suggest that the hydrophobic core is not completely packed and/
or solvent exposed in the affibody.
Possible Thermodynamic Basis for Suboptimal Binding
] of Zspa—1 t0 Z. The size of phage-displayed affibody libraries
(on the order of 10phages) is small compared to the number
of possible mutants~10"), and this puts obvious limits on
the possibilities that the optimal binding proteins are presentin
a single library. Strong binding witky values in the nanomolar
range has still been observEdt is therefore clear that neither
the relatively small size of the three-helix domain nor the fact
that a limited area of the total surface (13 residues) is
randomized in the phage-displayed library are a priori limiting
for strong binding. This conclusion is also supported by the
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Figure 4. Circular dichroism (molar ellipticity) of Z4), Zspa-1 (O), and
the Z:Zspp-1 complex ©O). The CD of Zpa-1 in the complex (filled gray
circle) was calculated as described in the text. The data are from

measurements in 20 mM phosphate buffer at pH 5.7 and (total) protein
concentrations of 25 to 36M.
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Figure 4 contained 2aM Z and 10uM Zspa-1, Where the

excess of Z was motivated to optimize the fraction of bound
Zspp-1. The fact that a small fraction ofsga—1 is not bound
(7% sinceKyq = 1.2 uM) was considered in the calculations,
but the presence of an insignificantly small fraction (3%) of
unfolded Zpa-1 at 20 °C was neglected. The calculated CD

observation that second-phase selection, or so-called “affinity
maturation”, of affibodies can result in selection of much
improved binderd®16However, most (publicly available) work
on affibodies describe the identification of binding proteins with
affinities in the range 10 to 10°°> M. This is also the case

with Zspa-1; the Z:Zspa—1 complex is about 2 to 3 orders of
magnitude weaker than the strongest affibody:target complexes,
and also compared to the Z domain:lg-Fc comgleXpart from
the use of Z:4pa-1 as a model for proteinprotein interactions,
-2 i g ' it might therefore also be important for engineering of binding
stabilization of helical secondary structure, which we quantify roteins to understand the structural basis for the fact that the
and discuss further below. binding is not stronger. As a starting point for the discussion,
one can identify three possible sources for loss of free energy
of strong (nanomolar) binding in the case ofp£-1: (i) the
MG State Zspa_1 Comformation Is Entropically Unfavor- decrease_d thermal stability, which requires folding of a signifi-
able. The native state of thesga_1 affibody in the absence of ~ ¢ant fraction of the ensemble at room temperature an_(_j as much
the Z domain is a state which is conformationally reminiscent S 15% at 30C and pH 7.25Kunroi = 0.14; Table 2), (ii) the

of a molten globule as discussed in the Introduction. The thermal fact that the binding interface in some way is suboptimal, or
unfolding data of Z and Za 1 presented here allows for a (iii) the fact 'that the folded gpA,l isin a mplten-globule-llke
thermodynamic interpretation of the structural differences. The state fqr which a conformational stabilization _to form_the three
analysis of thermal stability of Z in the absence of denaturant fu_II hehces and a completely packed core is required upon
is not highly precise due to the high melting temperatdig ( binding to Z o . o

of ca. 80°C), but a comparison of the values obtained at the It would in pr!nC|pIe also pe possmle that self-assouapon of
different GuaHCI concentrations shows that the folding reaction £spa-1 results in weaker binding and that the disruption of

is enthalpy driven, involves a heat capacity change on the orderZsPA-1 aggregates also contributes to the observed enthalpy of
of —300 to —400 cal mot! K-1, and results in a total folding and binding. Zpa-1 is known to self-associate at high
stabilization of ca. 5 kcal mof at 25°C. These values are not concentr.atic.)ps at ,Wh,iCh .the CD spectrum changes, but t.here
untypical for a small globular protein, as judged by comparison are no significant indications of such effects at goncentratlons
of data compiled by Felitsky and Recd®The folding stability beIOW. 50 xM.** An unmeasurably small fraction of self-
of Zspa-1 in the free MG state is significantly lower than that a_tsso_mated gea-1 CanNot be completely ruled out because gel
of the parental Z domain witliy = 42 °C andAGS, g = 1.7 filtration of 100uM Zspa-1 Samples suggests a somewhat larger
kcal mol*1. The analysis indicates that the folding enthalpy is 37)
favorable and perhaps even more favorable than in the case ot(

signal of Zspa—; in the complex is virtually identical to that of
the Z domain (Figure 4) as expected from the observed
secondary structure of the complEXThe difference between
the CD of free and boundséa-; demonstrates a conformational

Discussion

Starovasnik, M. A.; Braisted, A. C.; Wells, J. Rroc. Natl. Acad. Sci.
U.S.A.1997, 94, 10080-10085.
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average molecular weight than (monomeric) Z samfles.
However, as the dissociation constant for thespZ: self-
association equilibrium appears to be in the millimolar range,
the expected effects on the binding affinity are negligible.
Furthermore, the possibility that the disruption of a small fraction
of self-associated -1 present at 5«M accounts for the

analysis there is a standard-size interface in 52 of the 75
complexes in which a 1600+400) A2 total surface area is
buried. The corresponding buried surface in the sgaZa
complex is 1632 A Other structural parameters of the 21

are also similar to average values. These include the number of
hydrogen bonds at the interface (10 in &p£-1; average of

excess exothermic binding enthalpy at higher binding enthalpies10.1 &4.8) in 75 complexe®), the fraction nonpolar compared

would imply that the thermodynamics of disruption of ag-

to polar or charged interactions at the interface (64% in

gregates is identical to the thermodynamics that we attribute to Z:Zspa-1, 56 & 6% in the average complex), and number of

Zspa-1 folding. This is unlikely, in particular when considering
that the binding enthalpy correction is much smaller in the
presence of TMAO, whereas TMAO has little or no effect on
the self-association observed at higher concentrafibns.

Thermal Instability of Z spa—1 Has Only a Small Effect
on Binding Affinity. With regard to the first source ofsga-1
“misbehavior”, that the shift of the MG state unfolding
equilibrium at higher temperature (3C) results in a weaker
complex than binding of a folded sga-1 ensemble at low
temperature or in the presence of TMAO, there is clearly an
effect, but it is not very large. The data in Table 2 show that
the apparent binding affinity at 3@ is improved by only about
10% (pH 7.25) to 20% (pH 5.7) when the process of binding is
thermodynamically separated from the shift in the unfolding
equilibrium. A somewhat larger effect is observed when
comparing binding in buffered water (at pH 7.25) to binding in
the presence fol M TMAO, in which case the apparent
dissociation constant drops fromyM to 0.5uM at 30°C or
from ca. 0.7uM to 0.25uM at 20 °C. However, part of the
effect of the added osmolyte appears to result from some
mechanism related to complex formation rather than to the
action of the cosolvent to stabilizesga—1. This is becaus&qy
values that have been corrected for coupled folding indicate
stronger binding in both TMAO and betaine-containing solutions
than in phosphate buffer at pH 7.25. The molecular origin for
the effect of TMAO and betaine on binding might or might not
resemble the effect that is observed on protein foldf#jbut
it is small and not completely resolved and therefore not
discussed further. Hence, we conclude that thermal instability
of MG state of Zpa-1 is not the primary explanation for weak
binding. Simple insertion of numbers into eq 10 shows that a
value ofKynioig = 1 (50% unfolded Zpa-1) only would reduce
the apparent binding affinity by 50%. In fact, to account for an
apparent binding affinity of uM for coupled folding and
binding with a (correctedKqpina = 10 nM for binding, one
would need a thermal instability correspondind<t@foiq = 100
(99% unfolded).

Structure of the Z:Z spp—1 Interface Is Inconspicuous.A
suboptimal binding interface is obviously a potential explanation
for weak binding. To assess if the interaction interface in the
Z:Zspa-1 cOMplex in any way appears to lack features signifying
strong binding we compared it to structural statistics for other
known protein-protein complexes and also calculated the
expected thermodynamics for binding of a (hypothetic) ordered
three-helix bundle ga-1. Lo Conte et al. analyzed a large
number of structural parameters in 75 protepmotein com-
plexes of known three-dimensional structéftéccording to this

(38) Bolen, D. E.; Baskakov, I. VJ. Mol. Biol. 2001, 310, 955-963.

(39) Zou, Q.; Bennion, B. J.; Daggett, V.; Murphy, K. £.Am. Chem. Soc.
2002 124, 1192-1202.

(40) Lo Conte, L.; Chothia, C.; Janin, J. Mol. Biol. 1999 285 2177-2198.
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interface atoms (186 in Zgéa-1; 211 + 81 average). It is
therefore difficult to point out any specific discrepancy of the
Z:Zspp-1 interface that would signify a complexation that is
weaker than in proteinprotein complexes for which dissocia-
tion constants in the range pM to nM have been measured, as
judged by a comparison of structural data compiled by Lo Conte
et al#? and stability data compiled by Brooijmans et4l..

It is not, in general, possible to a priori relate the structure
and interactions observed at a proteprotein interface to a
free energy of binding with a precision sufficient to resolve
dissociation constants of 10 nM as compared touM,
corresponding to a free energy difference of 2.7 kcal thol
However, significant progress has been made for protein
complexes where the structures of all interacting components
in both free and complexed states are known. For instance,
Lavigne et al. used the structure-based approach described in
the Methods section to calculate a dissociation constant (40 pM)
for the complex between microcystin-LR and the catalytic
domain of protein phosphatase-1 which is in excellent agreement
with the experimental value (39 pMj.Similarily, Horn et al.
used high-resolution X-ray structures to compute thermodynamic
parameters for binding of the OMTKY 3 serine protease inhibitor
to two serine proteases. They obtained valueA®G§ that are
correct within the limits of experimental uncertainty (ca 100
cal molt K1) and values ofAH°, —TAS’, andAG° which in
all cases fall within 1 to 4 kcal mol of observed values and
significantly less when conformational dynamics was consid-
ered? A similar analysis of the Z:g»-1 complex is not possible,
because the free (MG stateyra-1 appears to adopt multiple
interconverting conformations. However, it is interesting to
compare the observed binding thermodynamics to what would
be expected under the assumption that the structures of free
and complexed €1 were identical, because this comparison
might point to effects that can be traced to the conformational
stabilization that occurs ingéa-1 upon binding.

Hence we calculated expectAd,, AH®, and—TAS’ values
for Z:Zspa-1 binding using the parametrization of changes in
solvent accessible surfaces areas and conformational entropy
developed by Freire, Murphy, and co-workers (descibed in the
Methods section). The calculations were carried out for 10
structural models in each of the PDB entry files for Z (ref 25;
1Q2N.pdb and Z:gpa-1 (ref 19; 1HOT.pdb) to assess the
precision of the output and to allow for a better sampling of
possible free and bound state conformations. The friga £
structure was in all cases assumed to be the same as in the
corresponding Z:€pa—1 complex. Hence, for dypothetical
complex formation, in which the structures of free and bound
Zspa-1 are identical, we obtain average values\@y = —394
cal moit K1 (range of—331 to —484 cal mot! K=1), AH°®

(41) Brooijmans, N.; Sharp, K. A.; Kuntz, |. Proteins: Struct., Funct., Genet.
2002 48, 645-653.
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= 0.2 kcal mof?! (—5.9 to +5.5 kcal mot?), and—TAS = capacity change, without a priori estimates of surface area
—22.9 kcal mot?! (—18.6 to—28.5 kcal mot?) for binding at changes, as
25°C. Comparing these to the experimental parameters in Table

3, we find that the ranges of calculated values A2 and ~ — ASont = ASo(T) + AS; — AF;(T) =
AH® include the experimental values but that the calculations T _
significantly overestimate the favorable entropic contributions ACeing In(385) T AS — ASindT) (15)

to binding; the observed values 6fTAS;;,; range from—1 to ) )

—5 kcal mol. The conformational adaptation, or induced fit, Given experimental values at pH 7.25 ACpping = —370 +
of the Z domain surface is considered in the calculations, since 20 €&l Mol K™%, AS’ing = 9.1+ 0.3 cal mof* K™* at 25°C,
we used the free Z structure as reference, and the discrepancfi?d ASt = —8 cal mor't K™t as before, we obtaithSeont =

in the calculated binding entropy is therefore likely due to that —/8+ 6 lcal moorl K™%, corresponding to -ASont = 23 + 2
conformational stabilization in a1 upon binding is not kcal molt at 25°C. This number is comparable to that obtained

considered. from calculations based on changes in helicity. It also coincides

Conformational Stabilization of Zspa-1 Is Associated with with the entropy descrepapcy that.ls obtained in thg structure
S . based calculations assuming binding of a hypothetigah4
an Unfavorable Entropy Change.An indication from experi-
) . that assumes the bound-state structure. We therefore conclude
mental data of the magnitude of the conformational entropy

penalty can be obtained from a comparison of the observedthat the stabilization of the MG state of freep£-1 to an ordered

average helicity in free a1 to what is observed in the three-helix structure in the complex is associated with a

. . _ significant conformational entropy penalty.
Z:Zspa-1 complex. Inserting the valu&onsa = —20 500 deg : o .
cn? dmol-1 for Zspa_1 and—29 500 deg cidmol-* for the Z Desolvation Forces and Binding Heat CapacitySo what

. ! . ’ .
domain at 10C (Figure 1) in eq 1, we obtain fractional helicities then drives the formation of the Zs#x-1 complex? An obvious

_ ; 4 . - contribution comes from the desolvation forces, i.e., the
fiu = 55% (32 residues in-helical conformation) for &pa-1 hydrophobic effect. Water is relieved from constraining surfaces
andfy = 77% (45 helical residues) for Z. The latter value yarop ) 9

corresponds rather well to the helicity calculated from the upon complex formation, and presumably also as the conforma-

structure (PDB entry 1Q2N.pdb) in which 44 of 58 residues tion of Zspa—y changes from the MG state to the bound-state

adopt ana-helical conformation. In the NMR structure of the Z’:g(;ture(;f ?)?: di;hls Tehﬁee(r:r:ac?]?ttl;'(?:tjfsthveerayesf{;x/(;rg:rl]yetnotr;he
Z:Zspa-1 complex, there are 41 helical residuesairhelical by 9. 9 Py

conformation and an additional three residues in;@h&lix at 25°C can be estimated (as described above) Aoy =

_ . = — 1
conformation in Zpa—1. We can therefore expect that the TACP'b'"dlr.](T/S.SS). 28 keal _mor.
. . . o It should in principle be possible to separate and compare
conformational entropy loss associated with the stabilization of A . L
the contributions to the desolvation effect originating from the

the free MG state into the bound state structure corresponds to S o " .
. : . L events of stabilization and binding of a stabilized conformation
folding of 12 residues from random coil conformation into a

helical conformation. D’AquIno et al. measuraGy -, andASy, by analyzing the heat capacity changes. This is because the heat

o . ; . capacity change for conformational change is the difference
values (see description of eq 14) for helix unfolding for all amino : o
. Lo . : between the experimentally observa®€; .., and the value
acids except proline in the context of two different pairs of "

. . . : . obtained from the structure-based calculations for binding of
mutants of a peptide corresponding to the leucine zipper region, with a preformed bound-state structure. However. both
of GCN4. NMR data on free &oa—1 shows that helix Ill in free SPA-1 P ] '

1 -1
Zspa-1 is stable and that helices | and Il are transiently forr#ed. these \{all_Jes_faII close t6-400 cal mof K . and the
L . uncertainties in the structure-based calculations appear to be
The observed loss of helicity insga-1 is therefore an average

o X . g e . on the order of 200 cal mol K~ It is therefore not possible
and it is not possible to identify any specific region or fragment . : .
. ) ) . to resolve the heat capacity of conformational changesin4
in which conformational change occurs. However, an estimate

of the effect can be obtained as an expected average for theexperlmentally. One might speculate that a significant fraction

different residues present in helices 1 or 2. The valu&\Ry ., of the desolvation effect comes from th.e complex format|_on as
. , - . suggested by structure-based calculations. Some contribution
+ AS) thus obtained from the D’Aquino data is 4.6 cal (mol ) o .
. 1 -1 . . from the conformational stabilization is also likely, as suggested
residues)t K=t (for unfolding), and it corresponds to an

unfavorable conformational entropy contribution (for folding) ?geazcggnrﬁzirr'fogo?; u dn;%lilizg t:;gg:;dt)g nzrgl\fvsefgfrjc?gi din
of 16 kcal mot? at 25°C (helix formation of 12 residues) and )

. . : - the complex, and a high degree of order is associated with a
an even more unfavorable value if additional residues in the . . -
: : . low heat capacity, but the free Z domain unfolds withAa
loop connecting helices 1 and 2 insga-1 also become

conformationally restricted in the complex. Chunoi Of ca. 400 cal mol* K, whereas the heat capacity

. ) o change for thermal unfolding of the MG stategr£-1 is smaller.
Another way to estimate the conformational contribution to |1 is reasonable to assume that the “lack” of heat capacity

the binding entropy is provided by an analysis based on the jpserved for Zea1 unfolding instead should appear as a

assumpt.iona that the entropies of both nonpBland polar  consequence of the ordering and desolvation that accompanies
desolvatiof® are zero at 385 K. (This is equivalent to stating ihe transition to a more ordered structure upon binding.

that both the reference temperatures in eq 13 are 385 K.) With o vever, the uncertainties associated with the calculations and
this assump_tlon, the conformational e_ntrppy change can be,g experimental determination &C2 4 for Zspa_1 pro-
calculated directly from the measured binding entropy and heat it 4 quantitative assessment of the fractions of the total

expected heat capacity change associated with the transition

(42) Baldwin, R. L.Proc. Natl. Acad. Sci. U.S.A.986 83, 8069-8073.
(43) Murphy, K. P.; Freire, E.; Paterson, Proteins: Struct., Funct., Genet. from a fuIIy unfolded state to the MG state _and from th? MG
1995 21, 83-90. state to the ordered bound-state conformation, respectively.
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Binding Enthalpy. The Z:Zspa-1 binding enthalpy is favor- regard to buffer effects that accompany some of the literature
able for complex formation, and it constitutes about half of the datd unfortunately exclude any further discussion about whether
binding free energy at room temperature. Favorable binding Z:Zspa-1 is thermodynamically more similar to an antibeey
enthalpies (at 28C) are in fact observed with most specific peptide complex than to other proteiprotein complexes. The
protein—protein interactions (some protease-inhibitor complexes observed binding enthalpy is consistent with a number of
are examples of exceptions) and apparently without exceptionspecific interactions at the Zsga_1 interface, for instance 10
in antibody-antigen complexes (see for instance ref 1 for a hydrogen bonds. However, enthalpically favorable hydrogen
review and also refs 44 and 45 and work cited therein). The ponding is also expected when secondary structure is formed

magnitude of the binding enthalpy in the case ofgpZ1 (—5.5 in bound-state Z-a_1, as well as a consequence of desolvation
kcal mol?) appears to be smaller than that in peptidatibody and electrostatic effects.

complexes, where valuesl5 kcal mot? or lower are frequent,
but the range of values observed and the uncertainties with  Acknowledgment. This work was supported by the Swedish
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