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Abstract

We have used isothermal titration calorimetry (ITC) to identify and describe binding-coupled
equilibria in the interaction between two protein subunits of archaeal ribonuclease P (RNase P). In
all three domains of life, RNase P is a ribonucleoprotein complex that is primarily responsible for
catalyzing the Mg2*-dependent cleavage of the 5’ leader sequence of precursor tRNAs during
tRNA maturation. In archaea, RNase P has been shown to be composed of one catalytic RNA and
up to five proteins, four of which associate in the absence of RNA as two functional heterodimers,
POP5-RPP30 and RPP21-RPP29. NMR studies of the Pyrococcus furiosus RPP21 and RPP29
proteins in their free and complexed states provided evidence for significant protein folding upon
binding. ITC experiments were performed over a range of temperatures, ionic strengths, pH values
and in buffers with varying ionization potential, and with a folding-deficient RPP21 point mutant.
These experiments revealed a negative heat capacity change (ACp), nearly twice that predicted
from surface accessibility calculations, a strong salt dependence to the interaction and proton
release at neutral pH, but a small net contribution from these to the excess ACp. We considered
potential contributions from protein folding and burial of interfacial water molecules based on
structural and spectroscopic data. We conclude that binding-coupled protein folding is likely
responsible for a significant portion of the excess ACp,. These findings provide novel structural-
thermodynamic insights into coupled equilibria that enable specificity in macromolecular
assemblies.

We have used isothermal titration calorimetry (ITC) to identify and describe the
thermodynamics of binding-coupled equilibria in the interaction between two protein
subunits of archaeal ribonuclease P (RNase P), a ribonucleoprotein (RNP) complex that is
primarily responsible for endonucleolytic removal of the 5’ leader sequence during tRNA
maturation (1-3). RNase P was first shown to function as a ribozyme in bacteria, where the
mass ratio between the large catalytic RNase P RNA (RPR) and the small protein (RNase P
Protein, RPP) is 90:10 (2, 4). In contrast, the RPR in eukaryotes is accompanied by on the
order of nine proteins, accounting for 70% of the mass of eukaryal RNase P (2, 5, 6).
Archaeal RNase P appears to be an intermediate between bacterial and eukaryal enzymes,
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with 4 to 5 RPPs and a mass ratio of ~50:50 between RNA and proteins (2, 7). Interestingly,
the increased RPP content in RNase P is associated a decrease in the pre-tRNA cleavage
catalytic activity of the isolated RPR in the three domains of life (2, 8, 9). Thus, comparative
studies of these RNase P variants will help address the manner by which protein cofactors
might subsume some of the structural and functional responsibilities of the RNA catalyst.

Recent attention has been drawn to archaeal RNase P due to its semblance to the eukaryal
enzyme, yet simpler architecture (10). Five distinct proteins have been identified to be
associated with the RPR in Pyrococcus furiosus (Pfu) RNase P, four of which function as
two binary complexes (10, 11). POP5-RPP30 has been shown to interact with the catalytic
domain (C-domain) of the RPR and enhances the cleavage rate, Ko (12, 13), while RPP21-
RPP29 binds to the RPR specificity domain (S-domain) and increases substrate affinity, Kg
(12, 14). The fifth protein, L7Ae, is thought to recognize a kink-turn (K-turn) structural
motif on the RPR and has been shown to elevate the temperature of optimal activity of the in
vitro reconstituted enzyme from 55°C to 70°C (15, 16).

NMR studies of the Pfu RPP21 and RPP29 proteins in isolation and in their 30-kDa 1:1
complex showed that several structural elements observed in the complex are poorly formed
in the free proteins (14, 17). Structural studies of RPPs from several archea, including Pfu
and the highly homologous Pyrococcus horikoshii (Pho), have revealed that RPP21 is a
member of the zinc ribbon fold family, with an N-terminal helix-turn-helix (17, 18), while
RPP29 is a member of the Sm fold family, consisting of a central beta barrel with helices at
both N and C termini (19-21). Both Pfu RPP21 and RPP29 are highly basic proteins, with
isoelectric points (pl) estimated at 10.3 and 10.2 (http://web.expasy.org/protparam/), as
consequence of high proportion of positively charged Lys or Arg residues (RPP21, 30%;
RPP29, 20%). The assembled RPP21-RPP29 complex projects an extensive electropositive
surface on one side, possibly for complementary electrostatic pairing with the negatively
charged surface of the RNA subunit (14). Their protein-protein interface is composed of
helices 1-4 and strand p2 of RPP29, and the N-terminal helices of RPP21 (Figure 1, S1), and
is characterized by both hydrophobic and electrostatic interactions, leading to surface burial
of about 2400 A2. A large fraction of the region comprising this interface, a total of 50
residues, including residues 17-48 and 116-123 of RPP29 and residues 9-18 of RPP21, are
insufficiently structured in the isolated proteins to produce observable NMR signals (due to
dynamic exchange between multiple conformations on timescales that lead to signal
broadening), but become structured and NMR-observable in the presence of its partner (14,
17).

In this paper, we report the thermodynamic characterization of the Pfu RPP21-RPP29
association using isothermal titration calorimetry (ITC). The heat capacity change
accompanying complex formation, AC;, ops, Was measured as a means of assessing the
thermodynamic impact of the spectroscopically-observed coupled folding during the specific
interaction between the proteins (22). A much larger negative ACp ops Was obtained than that
predicted from changes in solvation from the accessible surface area, AASA, buried in the
interface between the proteins (i.e., the hydrophobic effect). To assess the correlation
between this thermodynamic parameter and structural insights related to the extent of
coupled folding observed by NMR, we considered other thermodynamic linkages that could
contribute to ACp s (ion, proton and water), and uncovered important correlations to
folding and binding. These insights were corroborated through analysis of a point mutant
(RPP21/A14V) that exhibits less coupled folding based on NMR analysis, and a smaller

ACp obs- This structure-thermodynamic analysis has yielded important correlations between
global thermodynamic measurements and the details of residue-specific interactions that
enable assembly of the RPP21-RPP29 complex. These insights may prove to be generally
applicable for understanding the assembly of multi-subunit RNP complexes.
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Materials and Methods

Structure-Thermodynamic Calculations

The extent and character of the RPP21-RPP29 intermolecular interface was analyzed using
the VADAR webserver (http://vadar.wishartlab.com/) (23), with the default parameters for
definitions of radii and residue polarity, and method of surface calculation. The coordinates
from all ten models of the NMR structure of the Pfu RPP21-RPP29 complex (PDB ID:
2KI7), were used as input to VADAR either intact, or after separating coordinates for the
two chains. The mean and standard deviation of intermolecular polar and nonpolar surface
burial were obtained by comparing the accessible surface areas of the complex and
individual chains. A structurally predicted heat capacity change, AC;, sy, was computed from
the change in accessible polar and nonpolar surface from the empirical relation (24)

AC) str=0.45AASA,p — 0.26 AASApolar (1)

where AASAp, and AASAlqr, are the changes in surface accessible nonpolar and polar or
charged surface areas, respectively.

Sample preparation

The Pfu RPP29 and RPP21 proteins were overexpressed and purified as previously
described (14, 17, 25). The same purification procedure as for wild type RPP21 was used to
obtain purified Pfu RPP21/A14V, in which Alal4 is mutated to Val. After dialysis into the
NMR buffer individually (10 mM Tris pH 6.7, 10 mM KCI, 0.3 mM ZnCl,, 0.02% NaN3),
each protein solution (< 2 mL) was transferred into a membrane tubing (Spectra/Por 3
dialysis tubing, 3.5K MWCO), and both the proteins were dialyzed twice for = 6 h in the
same container against a 250 to 350-fold excess of the standard 1TC buffer [20 mM
cacodylate (pH 6.7), 10 mM KCI, 0.3 mM ZnCl,, and 0.02% NaN3) at room temperature.
Cacodylate buffer was chosen due to its small ionization heat change from —0.41 kcal mol~1
at 10°C to —1.33 kcal mol~1 at 55°C, resulting in a relatively temperature-independent pH
within the experimental temperature range (26). Protein concentrations were determined
from extinction coefficients calculated based on their amino acid sequence (37,470 M1
cm~1 for Pfu RPP29 and 16,180 M~1 cm™1 for Pfu RPP21) at 280 nm (http:/
www.expasy.ch/tools/protparam.html). The ITC samples were further diluted to the desired
concentrations using the same batch of buffer that was used for dialysis, and were
thoroughly degassed under vacuum with gentle stirring before use.

Isothermal titration calorimetry

Al ITC experiments were carried out on a VP-1TC calorimeter (MicroCal, Inc.,
Northhampton, MA) with a first 3 L injection (discarded during analysis) followed by a
series of 5 pL injections with a spacing of at least 400 s between each injection. The
measured heat pulses for each injection were integrated and normalized per mole of the
injectant to obtain the binding enthalpy, AH,y,s. Heats of dilution were obtained by averaging
the last few integrated heat pulses after saturation, and that value was subtracted from all the
integrated heat pulses. The corrected AHgp Were plotted as a function of molar ratio and fit
via nonlinear least squares regression to a single binding site model to obtain values of
stoichiometry (N) and association constant (Ka). The Gibbs free energy of binding (AGgps)
and entropy change (AS,ps) were obtained from the Gibbs relation:

AG=—-RTInK,=AH-TAS (

where, R is the gas constant and T is the temperature in Kelvin.
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The bulk thermodynamics of the interactions are more completely described with a
measurement of the heat capacity change of binding (ACp), which defines the temperature
dependence of AH and AS:

AH(T)=AC, (T-T,) @)

AS(T)=AC,In (T/T.) @)

where Ty and Tg are the temperatures at which the net binding AH and AS are zero,
respectively. Thus, AC, was obtained from the slope of JAH/OT in titrations of RPP29 into
RPP21 performed over the temperature range of 10°C to 55°C (27). Tg was obtained from
the modified Gibbs-Helmholtz relation, which combines equations 2-4 :

AG (T)=AC,y (T — T,) — TAC, In (T/T,) (5)

Likewise, titrations of RPP29WT into RPP21/A14V were performed in standard ITC buffer
from 5°C to 55°C, yielding AHgps, and subsequently ACp, gps.

lon and proton linkage effect

Protein stock solutions were thoroughly dialyzed twice in the standard ITC buffer containing
50 mM, 100 mM and 150 mM KClI, respectively. A reverse titration of RPP21 into RPP29
was performed due to the low solubility of RPP29 at KCI concentrations above 150 mM.
The ion linkage number was obtained from the slope of d(log K)/d(log I), where the sign of
the slope indicates whether the ions are absorbed (slope > 0) or released (slope < 0) (28).
The same set of experiments were performed at 10°C and 55°C in order to measure the
effect of ion linkage on the net AHgps Within the experimental temperatures.

To determine proton linkage, the protein stock solutions were dialyzed twice in buffers with
different buffer ionization enthalpies (AHjon), namely cacodylate and ACES, at two different
pH values, 6.7 and 6.1 (26). As for ion linkage, the dependence of AHgps 0n AHjgn, 0AHgps/
0AHiqn, reports the number of protons (Ny+) that are transferred between the proteins and
the buffer, with a positive sign of N+ indicating proton uptake (protonation), and proton
release (deprotonation) from a negative dependence. With N+ determined, the net binding
enthalpy AHgps Was corrected, at each temperature, for the enthalpy of ionization to obtain
the enthalpy of binding (AHping) (27, 29):

AHops=AHpina+Ny, AHjon (6)

H+

Correcting AHgps at each temperature for the proton linkage effect yielded a corrected AC,
for subsequent structure/thermodynamic analysis.

ACj, and binding-coupled folding

Structural/thermodynamic relationships have established empirical and theoretical links
between the magnitude of AC, and the extent of binding-coupled protein folding (22,
30-32). Following this approach, we used the corrected AC, to obtain a thermodynamic
estimate for the number of residues (R) that become ordered upon association of Pfu RPP21
and RPP29. Briefly, the approach stipulates that for a protein-protein interaction, at the Tg
(the temperature at which AS;¢c IS zero), the entropy changes from the hydrophobic effect
(ASHE) and losses of rotational and translational degrees of freedom (ASy;), are balanced by
other effects including binding-induced folding (ASqther)-
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ASssoc :OZASHE +AS+ASqther ©)

ASy is well correlated with changes in nonpolar surface area, and can be determined
empirically from AC,, (after correction for other effects):

AS,,=1.35AC, In (T4/386) (g)

The entropy change from loss of rotational and translation degrees of freedom, ASy;, can be
derived on statistical thermodynamic grounds to correspond to the cratic entropy of 8 cal
mol~1 K1 (24, 33), though an empirical value of 50 + 10 cal mol~1 K1 has been found to
agree with structural data (22); we used this empirical estimate here. Finally, an empirical
analysis of ASyiher from folding of a number of different proteins yielded an average folding

entropy cost per residue, AS, = — 5.6 cal mol 'K~ (22, 31). Thus, % was estimated from:

g ASother _ = (AS,, +AS,1) 135 AC, In (T,/386) — 50
T As, AS, B 5.6

NMR spectroscopy

Two dimensional 1H-1°N NMR spectra of [U-15N]- and [U-15N, 13C]-RPP21 and RPP21/
A14V were recorded at 55°C on a Bruker DRX600 instrument equipped with a
cryogenically cooled triple resonance single-axis gradient probe. Samples were ~ 1 mM,
with a slight excess of RPP29, in 10 mM Tris-HCI (pH 6.7), 10 mM KCI, 0.3 mM ZnCl,,
and 0.02% (w/v) NaN3, and were prepared as previously described (14, 25).

Results and Discussion

Structure-Thermodynamic Calculations

A change in surface hydration upon formation of a macromolecular complex is generally
understood to be the most significant contributor to heat capacity changes ACj, that
accompany binding and protein folding (24, 30, 31, 34); thus, in principle this
thermodynamic parameter, ACp, s, can be predicted once high-resolution structural data is
available (22, 24). The interface between Pfu RPP21 and RPP29 in the NMR-derived
structure of their 1:1 complex (Figure 1) buries 642 + 64 A2 of polar accessible surface area
(AASAyg)) and 1772 £ 79 AZ of nonpolar accessible surface area (AASAp). Empirical
structure-thermodynamic correlations (equation 1) thus predict binding heat capacity change
(ACpstr) of =630 + 69 cal mol~1 K™1. This AC, & value is limited by the assumption of only
minor changes in the interface between RPP29 and RPP21, and cannot account for
contributions from changes in other linked equilibria, such as binding-coupled folding of the
proteins.

The RPP21-RPP29 interaction is characterized by a large negative AC,

Titrations of RPP29 into RPP21 performed over a temperature range from 10°C to 55°C
yielded high quality ITC data (Figure 2) that allowed accurate determination of AHgps
(enthalpy change), K (association constant) and N (stoichiometry) of binding (Figure 2, S2,
Table 1). The temperature dependence of binding enthalpy, 0AH/0T, was linear over the
temperature range sampled (Figure 3); this observation permits the simplifying assumption
that equilibria contributing strongly to AH are not substantially shifted over the temperature
range sampled (34, 35), although gradual shifts in many equilibria with small contributions
cannot be ruled out (36). Fitting the enthalpy data to equation (3) yielded an experimental
value of ACy gps Of ~1115 + 18 cal mol~t K™1, nearly twice that predicted from
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intermolecular surface burial alone (above). The data also revealed a Ty of 25.4°C (298.6 £
0.2 K), below which the RPP21-RPP29 interaction is endothermic and above which it is
exothermic (Figure 2, Figure 3). It is worth noting that because the enthalpy of binding is
near zero at 25°C, binding between RPP21 and RPP29 is undetectable by ITC near this
temperature, a consideration that might easily be overlooked when planning calorimetric
experiments.

Despite the strong temperature dependence of AH, the binding affinity Ka, and thus AG, was
relatively insensitive to temperature over the range sampled (-9.0 to —10.4 kcal mol™1)
(Figure 3, Table 1). From the temperature dependence of Ka and equations 2 and 5, the
temperature at which AS was zero, Tg, was 34.6°C (307.8 £ 0.1 K). Below this temperature,
binding was favored by a net entropy increase (AS > 0), and unfavorable above (AS < 0).
The analysis also illustrates the curvature in the temperature dependence of AG (Figure 3).

These experiments provided access to the parameters Ts and ACp, required for structure-
thermodynamic interpretation according to equation 9. However, because other linked
equilibria can contribute to ACp ops (34, 35), we sought to first identify and correct for these
effects. In particular, we considered significant contributions to ACp, ops from ion and proton
linkage, and burial of interfacial water molecules, which have been described as significant
contributors to ACyp, ops in other systems (28, 29, 36-41).

RPP21-RPP29 binding is accompanied by ion uptake with a small effect on ACp

Two intermolecular ion pairs have been observed in the RPP21-RPP29 interface from both
Pfu and Pho (14, 42). Glu47 and Asp72 of Pfu RPP29 are observed to pair with Arg17 and
Arg38 of Pfu RPP21 (14), and a similar interface is observed in the Pho RPP21-RPP29
complex (42). Based on this observation, it was reasonable to expect an effect on the
RPP21-RPP29 interaction from changes in solution ionic strength since favorable
electrostatic contacts would be weakened at high salt concentration (43, 44). Despite this
expectation, the binding affinity K increased with increasing ionic strength, | (Figure 3,
S3, Table S1). The d(log Ka)/o(log I) trend appeared to be nonlinear over the ionic strengths
sampled. Although it is beyond the scope of this study to explore in depth the underpinnings
for this non-linear ionic strength dependence, similar behavior has been reported
phenomenologically before (37), and we surmise it reflects equilibria between binding-
incompetent conformations at lower ionic strengths, and competition between protein-
protein and protein-solute ion pairing interactions at higher ionic strengths.

At 55°C, 30 mM | (i.e., the conditions of the NMR experiments (14)), the slope of d(log
Ka)/0(log 1) was 3.5, indicating that uptake of this many ions, not release, is linked to
RPP21-RPP29 binding (Figure 3)(28). At 10°C, a similar ionic strength dependence is
observed, with a slope of 3.7 at 30 mM |. Notably, the nonlinear dependence of d(log Ka)/0
(log I implies that at higher ionic strength, ion release favors protein binding, as predicted
from the structurally observed intermolecular ion pair. The non-integral number of absorbed
ions may be understood by considering the relatively non-specific interaction between
solvent ions and an ensemble of unfolded states for the proteins, in which the screening ions
transiently exchange between protein and solvent (45). Unfortunately, sample precipitation
at higher ionic strengths prevented sampling a wider range of ionic conditions, and more
complete characterization of the effect.

These experiments established thermodynamic linkage between ions and protein binding.
The contribution of this linkage effect to AC,, ops Were directly assessed from independent
measurements of dAHq/0T at the ionic strengths of interest. Titrations of RPP21 into
RPP29 performed in 150 mM KCI over a temperature range from 10°C to 55°C revealed a
slightly larger ACp, of 1177 + 15 cal mol~1 K1, almost within experimental error of those
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in 10 mM KCI (Figure 3). Thus, while ion linkage is observed to significantly affect the
affinity of the RPP21-RPP29 interaction, we find that over the range of 10 to 150 mM KCl,
it does not contribute significantly to ACp, gps.

RPP21-RPP29 binding involves net proton release

To assess proton linkage in the RPP21-RPP29 interaction, AHgps values were measured
from ITC titrations at pH 6.7 in buffers with highly divergent ionization enthalpies:
cacodylate (AH;on = —1.334 kcal mol~1 at 55°C) and ACES (AHiqn = 6.921 kcal mol ™1 at
55°C) (Table 2, Fig. S4) (26). These experiments revealed a dAHqps/0AHjq, of —0.7,
indicating release of protons by the proteins to the bulk solvent as a result of complex
formation (Table 2) (27, 29). Considering the non-integer proton linkage number and that
the pK, of the imidazole group of histidine sidechains (which might be involved in coupled
folding) is typically between pH 5 to 8 (46, 47), we postulated that lowering the pH should
increase the linkage number. To test this premise, we performed analogous ITC experiments
in cacodylate and ACES buffers at pH 6.1, which yielded a new linkage number of —-1.1.
These experiments demonstrate that the binding of RPP21 to RPP29 is accompanied by net
deprotonation, and most likely implicate histidine sidechains. Note that the experimentally
observed linkage numbers could correspond to ionization at one site, or at multiple sites with
similar pK, values.

We sought a structural explanation for the observed proton linkage. There are six histidine
residues in the Pfu RPP21-RPP29 complex. Four of them (His60RPP29 Hisg7RPP21
His87RPP21 and His97RPP21) are away from the protein-protein interface and are in well-
structured regions of the free proteins (14). However, two histidines in RPP29 are in the
dimer interface, His34RPP29 and His46RPP29 (Figure 4); the latter, albeit not universally
present, is highly conserved among archaeal RPP29 homologs (14). Moreover, both are in
the region of the protein (residues 17-48) that is believed to fold upon binding, based on the
absence of backbone resonances from NMR spectra in the absence of RPP21 (14). Without a
knowledge of the protonation states of histidine side chains, all histidines were assumed to
be protonated at both Ne2 and N&1 positions during computational refinement of the
solution structure of the Pfu RPP21-RPP29 complex (14). Consequently, structure
calculations could not yield structures in which a deprotonated imidazole nitrogen could
accept a hydrogen bond. However, in the homologous Pho RPP21-RPP29 crystal structure
(42), these histidines in RPP29 appear to be involved in hydrogen bonding interactions that
can only be accommodated by N&1-deprotonated, Ne2-protonated imidazole rings, both
donating and accepting hydrogen bonds; three of those hydrogen bonds are intramolecular,
and one is to a glutamate (Glu21RPP21) sidechain carboxylate in RPP21 that is also
conserved between Pfu and Pho (Figure 4, S6). Thus, deprotonation-dependent hydrogen
bonding interactions by one or both of these histidine sidechains are a likely source of the
experimentally determined proton linkage.

Having identified proton linkage as a contributor to ACy, o, We proceeded to correct this
value using equations 3 and 6 (27, 29). Because the ITC experiments were conducted in
cacodylate buffer, which has a low AH;o (=0.717 kcal mol™1 at 25°C) (Table 2), and small
temperature dependence (-20.55 cal mol~1 K=1) (26), linkage of a single proton required
minimal correction of AC,, to —1100 + 18 cal mol~1 K=1. This analysis leaves an excess AC,
of ~500 cal mol~1 K1 (ACp 0bs = ACp str) Yet unaccounted for by ion and proton binding.

Burial of structured water

The burial of water molecules in a molecular interface has been argued on experimental and
theoretical grounds to be a significant source for ACy, o5 in interactions involving proteins
(36, 39-41). Literature estimates of the contribution to ACp, from burying a water molecule
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(i.e., transferring from the solvent to the protein) vary widely, from nearly negligible to that
of the heat capacity of water of 18 cal mol™ K1 (48), or to as much as 72 cal mol~1 K~1 for
a completely buried water molecule making four hydrogen bonds (36). Based on these
approximations, for the excess AC, of ~500 kcal mol~1 K1 to be contributed by binding
water, on the order of 7-28 water molecules would have to be fully sequestered upon
formation of the RPP21-RPP29 complex.

To indirectly assess whether significant numbers of water molecules might become
sequestered in the interface upon binding, we examined ordered water molecules in the 2.2
A crystal structure of the highly homologous Pho RPP21-RPP29 complex (2ZAE)(Figure
S6)(42). In this structure, there are two copies of the RPP21-RPP29 complex in the
asymmetric unit, providing additional confidence in the identification of structured waters.
Well-defined density within a cavity inside RPP29 has been assigned to a water molecule
modeled within hydrogen bonding distance of the carboxylate sidechains of Glu47 and
Glu73, and the backbone amides of Leu48 and 11e49. Though not in direct intramolecular
contact with other residues, Glu47RPP29 is positioned to form an intermolecular ion pair with
the guanidinium group of Arg17RPP21 (Arg22 in Pho; Figure S6). Moreover, Glu47RPP29
and Leu48RPP29 are in a poorly structured region in the free Pfu protein. Consequently, if
coupled folding of RPP29 involves sequestration of the crystallographically observed water
molecule, this too could contribute to ACp, ops. Although this premise is difficult to confirm
experimentally (39), if we assume that four new hydrogen bonds are formed upon binding-
coupled folding, this could contribute as much as 72 cal mol™1 K1 to ACp obs (36).
Additional ordered water molecules were observed in the Pho RPP21-RPP29 complex, 23 of
which are within 1 A of an asymmetry-related water molecule. However, these are either
mostly surface exposed or far from the protein-protein interface, and therefore would not be
expected to contribute significantly to binding ACp ops, Unless their ordering accompanies
the binding-coupled folding of those regions of the protein with which they interact.
Because such changes in protein solvation would be included in the empirically determined
parameter AS,(22), we do consider them explicitly here. If only a single buried interfacial
water molecule is taken as a contributor to ACp ops, this value can be corrected from -1100
to 1028 cal mol™1 K1,

Extent of coupled folding from ITC agrees with NMR data

Application of equation 9 to the experimentally determined Ts (308 K) and corrected AC,,
(-1028 cal mol~! K1) of the Pfu RPP21-RPP29 interaction yields an % of 47, providing a
numerical estimate for the effective number of residues that fold upon binding. This number
agrees favorably with NMR-observed folding of 50 residues upon formation of the Pfu
RPP21-RPP29 complex, despite the different metrics involved in the two techniques (Figure
1; residues 17-48 and 116-123 of RPP29 and Residues 9-18 of RPP21) (14). In the NMR
studies, “foldedness” was assessed based on the observation and assignment of resonances
in standard triple resonance NMR experiments. Since residues in regions of the protein that
are meta-stable are subject to conformational sampling on timescales that lead to loss of
NMR signals (49), the absence of signals from such regions is often interpreted as indicative
of poorly formed structure. Population of such alternative conformations directly leads to an
increase in Cp, compared to a protein with a single stable conformation (30, 34, 35), but also
through the reorganization of solvent molecules and ions that facilitate folding. Thus, in the
case of binding-coupled folding, the large excess negative AC, arises from narrowing of the
energy landscape through reduction in the number of conformations that can be significantly
populated by the protein and its tightly associated ligands (including ions and water
molecules).
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This explanation for the magnitude of AC, was corroborated by NMR and ITC studies of a
point mutant that interferes with proper formation of the RPP21-RPP29 interface. NMR
studies of the interaction between RPP29 and a variant of RPP21 with an Ala-Val
substitution at position 14 (RPP21/A14V), revealed a similar extent of binding-coupled
protein folding in RPP29, but not in RPP21/A14V. That is, 40 residues from RPP29 (17-48
and 116-123) that did not produce NMR signals in the free protein were observed in the
accompanying complex with RPP21/A14V. However, residues 9-18 which give rise to
observable signals in the wild type complex (Figure 1), cannot be assigned in the complex of
RPP21/A14V with RPP29 (14, 17, 50). Moreover, because Alal4 is in the region of RPP21
that is unstructured in the absence of RPP29 (Figure 1) but makes important intermolecular
packing interactions in the complex, this mutation can be expected to affect RPP29 binding
more than the integrity of the RPP21 structure. Indeed, 1H-15N NMR spectra of RPP21 and
RPP21/A14V are more similar than the corresponding spectra of their complexes with
RPP29 (Figure 5); nevertheless, the differences in spectra of the free proteins does indicate
that in the free protein Val14 does measurably perturb the RPP21 structure, indicating that
this region of the free protein is not fully unfolded. We determined AC, for this interaction
via ITC, by measuring AHgps of binding from 5°C to 55°C, yielding a ACp, ops 0f =932 cal
mol~1 K1, This value was corrected by assuming, as for the wild-type interaction, 1)
insignificant contribution from ion binding to ACy, 2) 0.7 proton transfer upon binding at pH
6.7, and 3) sequestration of one water molecule at a cost of 72 cal mol~1 K=1, This yielded a
AC,, of —845 cal mol~1 K1 and a Tg of 304 K for the Pfu RPP29WT-RPP21/A14V
interaction (Figure 6, S5 and Table S3). Application of equation 9 to these values estimates
an R of 40 residues folding upon binding. This result is qualitatively consistent with the
reduced extent of binding-coupled protein folding evident from the NMR spectra for the
interaction of the RPP21/A14V point mutant with RPP29 (40 for the mutant, 50 for the wild
type proteins).

Caveats and sources of uncertainty

Structural interpretation of thermodynamic data (22, 24) is complicated by the many
interactions that contribute to the net thermodynamic parameters measured, and imprecise
knowledge of the magnitude of the effects. As noted above, changes in protein solvation are
generally considered to be the major contributor to negative ACp of binding, via the
hydrophobic effect (30, 31, 34, 51), though estimates differ on the empirical relation
between surface area burial and AC;, (24, 51). Moreover, binding-induced heat capacity
changes in excess of AC,, s are common in protein-ligand, protein-DNA and protein-protein
interactions, even in systems with little evidence for coupled conformational changes (32,
39, 52), complicating efforts to obtain insightful structure-thermodynamic correlations.
Similarly, the contribution to AC, from the complete or partial burial of water molecules
upon formation of a protein-protein complex is difficult to estimate accurately, and it seems
likely that its magnitude will be highly system-dependent. Lastly, estimates of R, the
number of residues that fold upon binding, are further dependent on AS,, an empirical
estimate of the per-residue entropy change that accompanies folding (22, 31); though not
explicitly considered in the development of that parameter, it seems likely that AS,, includes
contributions from multiple coupled equilibria, including coupled binding of water
molecules, ions and changes in ionization.

Thus, the quantitative insights from the present studies are tempered by a number of sources
of uncertainty, if of unequal scope and magnitude: (1) the accuracy in obtaining the relevant
calorimetric data AHops, ACp, Ts and Ka, (2) the imperfect empirical relationships between
ACp and ASHg, and in estimation of AS,, (3) the magnitude of the effect of binding-coupled
water sequestration on ACy ops, and (4) the imperfect correlation between the NMR
spectroscopic metric of “foldedness” and the thermodynamic parameters measured. Despite
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these limitations, by integrating complementary spectroscopic, crystallographic and
mutagenesis data we are able to provide significant qualitative, if not highly quantitative,
structure-thermodynamic insights into the interaction between these protein components of
archaeal RNAse P.

Conclusion

We have used ITC to gain insights into the disorder to structure transition that accompanies
formation of the heterodimer comprising Pfu RPP21 and RPP29, two subunits of archaeal
RNase P. Titrations uncovered a large negative excess AC, that could not be accounted for
by ion or proton linkage, or sequestration of interfacial water molecules, thereby
establishing strong thermodynamic linkage of protein folding to binding; the magnitude of
this effect is consistent with that expected from qualitative NMR studies. lon linkage
experiments revealed unexpected ion uptake at low ionic strength, suggesting that
electrostatic repulsion disfavors formation of favorable intraand intermolecular interactions
that otherwise stabilize the complex while proton linkage measurements suggest that
histidine side chain deprotonation is required for proper folding and binding. These data
provide both global and site-specific insights into the structural and thermodynamic basis for
the specific interaction between these highly charged and thermostable proteins, which
subsequently assemble with a large RNase P RNA subunit to facilitate tRNA 5" maturation.

The binding-coupled folding of Pfu RPP21 and RPP29 exemplifies the notion that
intermolecular interactions are required for formation of functionally relevant structures.
Such induced fit, and its implied conformational sampling, lowers the energy barrier for
generating complementary macromolecular interfaces and acts as a gating mechanism that
enables biological function only upon completion of an array of conformational switches
(22, 53-56). Indeed, the unique structural features resulting from coupled folding during
assembly of Pfu RPP21-RPP29 are likely critical for generating its high-affinity, RNA-
binding surface. Although the dramatic changes observed during formation of the Pfu
RPP21-RPP29 heterodimer are not mirrored in the Pfu POP5-RPPP30 complex (57, 58), we
recently demonstrated induced-fit during assembly of the archaeal RNase P holoenzyme,
wherein the Pfu RNase P RNA could rescue in vitro a 24-amino acid deletion in RPP29 that
compromised its ability to bind RPP21 (59). Therefore, it appears that co-folding of
interacting pairs in large RNPs represents a general theme for achieving the specificity and
functional payoffs from induced-fit mechanisms.

Supplementary Material

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

Structures of Pfu RPP21 and RPP29 as observed in their complex.(14, 17) The proteins
adopt folds commonly observed in RNA-binding proteins: RPP21 is a zinc ribbon, while
RPP29 is a member of the Sm-like proteins. Ribbon diagrams are colored to indicate the
structured cores of RPP21 (green) and RPP29 (red) based on NMR studies, with the
segments that become ordered upon binding highlighted in blue. For RPP21, zinc-chelating
cysteines are shown as sticks, and zinc as a sphere.
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Figure 2.

Calorimetric titration of RPP29 to RPP21 is endothermic at 10°C (a) and exothermic at 55°C
(b) in standard ITC buffer (20 mM cacodylate pH 6.7, 10 mM KCI, 0.3 mM ZnCl, and
0.02% NaN3). Each peak (top panel) shows the power required to maintain a fixed
temperature difference to the reference cell upon injection of 5 pL of 200 pM of RPP29 into
20 uM of RPP21. The integrated heats were normalized per mole of the ligand (RPP29),
corrected for heat of dilution and fit to a single binding site model by nonlinear least-squares
analysis (bottom panel). Best fit values are shown in Table 1.
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Figure 3.

Thermodynamics of the RPP29-RPP21 interaction as measured by ITC. (a) Temperature
dependence of AH (red triangles), —TAS (blue squares) and AG = —RT In K (black circles),
obtained from fitting the calorimetric data to a one-site binding model. The line for AH is a
linear fit of the data to equation 3, yielding a slope, AC, of ~1115 cal mol™* K™* and x-
intercept, Ty of 298.6 K. The line for AG shows its curvature and represents the fit of the
data to modified Gibbs-Helmholtz relation (equation 5), which reports a Tg of 307.8 K,
using the AC,, value obtained from the slope of JAH/OT. The line through —TAS was
generated from equation 4 using the best-fit values from dAH/0T and dAG/0T. Uncertainty
in plotted thermodynamic values represent the standard deviation of three measurements
repeated under the same conditions, except for 20°C (single) and 30°C (duplicate). (b) lon
linkage as assessed by the effect of ionic strength on the calorimetrically determined K.
Lines represent a phenomenological fit of the data to a quadratic of the form ax2 +bx + c.
The slopes of the log Ka vs. log | relationship at 55°C (black) and 10°C (red) are positive at
low ionic strength (~3.5 at 30 mM), indicating ion uptake upon binding; negative slopes are
implied at higher | but could not be measured due to sample precipitation at higher salt
concentrations. (c) Temperature dependence of AH at two different salt concentrations, 10
and 150 mM KCI. Best fit values at 150 mM KClI are within error of those in 10 mM KCI.
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Figure 4.

Hydrogen bonds to histidine side chains in the crystal structure of the Pho RPP21-RPP29
complex (PDB ID: 2ZAE) provides a structural explanation for proton linkage in the
binding of Pfu RPP21 and RPP29. (a) Cartoon diagram of the Pho RPP21-RPP29 complex
colored as in Figure 1. The squared region in (a) is magnified in (b), showing the four
possible hydrogen bonds. Three of them are intramolecular hydrogen bonds in RPP29
between acceptor E470 and protonated donor H34Ne2, donor G36N and deprotonated
acceptor H34N31, and deprotonated acceptor H46N&1 and donor E47N within RPP29. One
intermolecular hydrogen bond was also observed between acceptor RPP21E210¢2 and
protonated donor RPP29H46Ne2. The residue numbers are labeled in green for RPP21 and
in red for RPP29, respectively.
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Figure 5.

Two dimensional 1H-1°N NMR spectra of RPP21 and RPP21/A14V free and bound to
RPP29 reveal differing extent of coupled folding. (a) Overlay of portions of the correlation
spectra of RPP21 (black) and RPP21/A14V (red) in their free states, and (b) in the presence
of RPP29.
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Figure 6.

Temperature dependence of thermodynamic parameters for the interaction of Pfu
RPP21A1V4 with RPP29. Legends as in Figure 3(a); the AH for the wild type (WT) proteins
is also included for comparison (red diamonds, dashed line). A AC,, (-932 cal mol~1 K1)
was obtained by fitting the AH data to eq. 3, and T (304 K), from equation 5. The smaller
negative AC, (i.e., less steep slope) is consistent with less coupled folding for the mutant
than for the wild type protein.
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Temperature dependent thermodynamics for titration of RPP29 into RPP212

Table 1

Tem

° N Ka (/109) AG AH TAS
W 095640063 917£236 -900+014 17.10£053 260804
B rosxooss 199 02601 1164021 2090£012
20°

b 0900:0014 055+348 -935£021 595:015 15293026
30 00860063 3315 10424008 5104045  524+051
Jxs 4.46
%" osesxo10r  OPF  -1028+008 -1025:025 005027
T 1030002 M0 1034014 -1584%127  -549%139
2 1002x0062 1000 1022005 -2353:042 -1329+039
X 0970£0033 204:095 -940£032 -3L98+051 2256073

Page 20

aBuffer: 20 mM cacodylate (pH 6.7), 10 mM KCI, 0.3 mM ZnCl2, and 0.02% NaN3, Binding parameters are N (number of RPP29 binding per

RPP21), KA (association equilibrium constant) in M_l, and AG, AH and TAS in kcal mol~1, Reported uncertainties are the standard deviation of
the three repeat data sets at each temperature, except at 20°C, which are standard fitting errors. Least squares fitting of AH and AG to equations 3

and 4 yield ACp -1,115 +18 cal mol~1 K_l, TH 298.6 + 0.2 Kand T§ 307.8 £ 0.1 K.

bec_. . . . .
Titrations of RPP29 into RPP21 at 20°C and 30°C were performed once and twice, respectively.
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Table 2

Proton linkage revealed by the thermodynamics of titration of RPP29 into RPP21 in buffers with different
ionization enthalpies, AH;qp,, at pH 6.1 and pH 6.7, at 55°C.2

b
pH  Buffer  AHion” (keal  Ap(ecalimol)  9AHpy/dAH oy

mol1)

Cacodylate -1.334 -32.0+05 07
ACES 6.922 -37.6 + 0.4 '
Cacodylate -1.344 -343+0.1 11
ACES 6.922 -43.0+0.2 .

a o .
Reported values are the average and standard deviation of three replicates at pH 6.7, and average and root mean square of the error of two

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

wduosnue Joyiny vd-HIN

replicates at pH 6.1.

bThe buffer ionization enthalpy at 55°C are from published values of AHjon and ACp at 25°C. (26)
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